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Abstract

Mammalian BK channels are modulated by estrogen and non-steroidal estrogen-like compounds (i.e. xenoestrogens), but the effects are
dependent on channel composition. (Xeno)estrogens preferentially activate BK channels through accessory 3 subunits, but reduce single-
channel conductance by interaction with o subunits. In this report, the xenoestrogen tamoxifen was applied to chicken BK channels, in
order to asses the mechanism behind drug interaction and to determine the extent to which (xeno)estrogen interaction is extended to avian
BK homologs. As with mammalian isoforms, the properties of chicken BK channels were modulated by tamoxifen in a subunit-dependent
manner. Tamoxifen reduced single-channel conductance through interaction with the o subunit. However, if the expression construct
included the 3 subunit, tamoxifen increased the channel’s open probability and shifted the voltage-activation range to more negative
potentials. This effect on channel gating was concentration-dependent, with an ECsq of about 0.2 M. Tamoxifen-mediated reductions in
gating charge and in the intrinsic energetics that govern channel equilibrium. The relative contribution of these two effects on channel
gating was altered by 3 co-expression. Modulation by (xeno)estrogens may be an evolutionarily conserved mechanism for non-genomic
hormonal actions, and the limited conservation between avian and mammalian [3 subunits may suggest potential binding motifs.
Alternatively, the data are consistent with a tamoxifen-mediated conformation change in the o subunit that alters the way o and 3 subunits
interact, resulting in enhanced gating without direct binding to 3.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

In many excitable cells, large-conductance, Ca2+-, and
voltage-sensitive K* channels (BK) constrain calcium influx
during stimulation, and this negative feedback influences a
number of processes including cell excitability, neurotrans-
mission, secretion, muscle contraction, and hearing [1-5].
This central role in calcium-triggered events has led to
considerable interest in the normal biophysical properties
of BK channels and in mechanisms for modulating their
behavior [6]. Channel properties can be diversified by co-
assembly with accessory proteins [7—11]. Of these accessory
proteins, auxiliary 3 subunits have received the most atten-
tion, because they substantially alter BK channel gating
properties [12] and pharmacology [13-15].
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A family of four 3 subunit isoforms have been identified
in human (31-p4), each conferring specific biophysical
properties to the BK channel [7]. Orthologs have been
found for other mammalian species [16], and an avian
homolog has been cloned from chicken and quail [17]. The
topologies and functional effects of the avian B and
mammalian 31 subunits are similar, even though sequence
identity is low [18]. It remains to be seen whether the avian
and mammalian homologs affect BK pharmacology in
comparable ways.

The BK channel’s response to toxins, kinases, and other
modulators is largely dependent on subunit composition,
and there is a growing appreciation for how 3 subunits can
alter BK channel pharmacology [7]. Estrogen and xenoes-
trogens (i.e. non-steroidal estrogen-like compounds) exert
genomic and non-genomic effects on cellular physiology
[19-21], and one of the non-genomic, plasma membrane
associated targets is the BK channel [22]. In heterologous
expression of mammalian isoforms, BK channels were
preferentially activated by the application of 17(3-estradiol
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[22] or structurally related xenoestrogens [23-25], but
these effects only occurred when channel constructs
included both o and B1 subunits. It is unclear whether
all members of the mammalian 3 subunit family behave
similarly, but recent evidence suggests that 173-estradiol
also acts through the mammalian 34 subunit [26]. Surpris-
ingly, the sequence identity between [31 and (34 subunits is
poor (~22% amino acid identity) [26], limiting potential
interaction motifs. Since conserved residues are generally
shared with other 3 isoforms [17,26], the binding motif and
steroid sensitivity may be conserved among all family
members. Therefore, it was hypothesized that the xenoes-
trogen tamoxifen (Tx) would preferentially activate
chicken homologs, when the channel included the cf3
subunit.

Results indicated that avian and mammalian BK chan-
nels were modulated by Tx in similar ways. In addition, the
results extended previous results by showing a voltage-
dependent inhibition of BK channels through interaction
with the o subunit alone. The conserved modulation of
avian BK channels by (xeno)estrogens offers the potential
for exploiting subunit-dependent pharmacology to deter-
mine molecular composition at the single-channel level
[27]. An underlying rationale for this work is the desire to
explore BK channel heterogeneity in the chicken cochlea,
where graded expression of the BK 3 subunit has been
implicated in the functional gradients that relate to sensory
processing in that organ [18,28].

2. Materials and methods
2.1. Plasmid constructs and HEK transfection

BK channels were expressed in HEK293 cells using a
calcium—phosphate transfection kit (Invitrogen, Carlsbad,
CA) or through cationic-lipid-mediated transfection (Lipo-
fectamine 2000, Invitrogen). Cells were propagated in
high-glucose DMEM (Mediatech, Herndon, VA) with
6 mM L-glutamine and supplemented with 10% fetal
bovine serum (Sigma, St. Louis, MO), 1% penicillin/
streptomycin (Invitrogen), and 6.25 wg/ml Plasmocin
(Invivogen, San Diego, CA). In some cases, Fungizone
(Invitrogen) was added to growth media at 1.25 pg/ml to
prevent contaminants. However, Fungizone was omitted
from media during transfection, and recordings were made
on cells incubated for at least 72 h without this antimy-
cotic. The cells were maintained in a humidified atmo-
sphere with 5% CO, at 37 °C. Cells were cycled through no
more than six passages before fresh stocks were seeded. It
should be noted that growth media included the pH-sensi-
tive dye phenol red, which has been shown to act as a weak
estrogen [29]. It is unlikely that phenolic compounds or
endogenous serum estrogens competed with tamoxifen
during experimental recordings, since (xeno)estrogen
modulation is readily reversible (see Section 3) and growth

media was exchanged with a phenol and serum free saline
for at least 5 min prior to establishing BK recordings.

Plasmids for expression in mammalian cell lines were
created by ligating full-length cDNA clones into pcDNA
3.1 (Invitrogen). The chicken o subunit, used throughout
this paper, was the minimal variant described previously as
agorceslol [30,31] (accession number U23821). A clone of
the chicken 3 subunit was generously provided by Corrina
Oberst Sonderegger and Klaus Bister (accession number
AF077369) and subcloned into pcDNA3.1 for heterolo-
gous expression. Transfection mixes included pEGFPLuc
(BD Biosciences Clontech, Palo Alto, CA) for fluorescence
detection of transfected cells.

2.2. Electrophysiology and recording solutions

Patch-clamp recordings were made 2448 h after trans-
fection. HEK cells, subcultured onto glass coverslips, were
transferred to an inverted microscope with epi-fluores-
cence illumination. Growth media was exchanged with a
high-Na™ bath saline (154 mM NaCl, 6 mM KCl, 5 mM
CaCl,, 2 mM MgCl,, 5 mM HEPES, buffered to pH 7.4
with NaOH) to facilitate seal formation. Microelectrodes
were pulled from borosilicate glass capillaries (World
Precision Instruments, Sarasota, FL) to a resistance
between 5 and 10 M{) and coated with ski-wax or Sylgard
(World Precision Instruments) to reduce capacitance. Pip-
ettes were filled with an internal solution consisting of
142 mM KCI, 0.5 mM MgCl,, 5 mM HEPES, 2 mM diBr,.
BAPTA (Molecular Probes Inc., Eugene, OR), and enough
CaCl, to give a free Ca** concentration of 1 wM. This Ca**
concentration was set using a calcium electrode (Micro-
electrodes Inc., Bedford, NH) calibrated with multiple
Ca’* standards (World Precision Instruments). After form-
ing a tight seal (>2 G()) to a GFP-positive cell, brief
depolarizing voltage steps were applied in whole-cell
recording mode. If fast, voltage-gated outward currents
indicative of BK channels were evident, the pipette was
gently moved away from the cell until an outside-out
excised patch was obtained. The bath saline was exchanged
fora high—K+ control saline (142 mM KCI, 0.5 mM MgCl,,
1.08 mM CaCl,, 5 mM HEPES, 2 mM EGTA, buffered to
pH 7.2 with KOH, giving 0.2 uM free Ca**) so that patches
were exposed to isometric potassium. The internal solution
contained 1 pM [Ca**] for outside-out patches and 0.2 uM
[Ca®*] for inside-out patches. At these concentrations, the
effect of the (B subunit on steady-state activation was
minimized, while keeping the voltage range for channel
activation at reasonable potentials (20-140 mV) [18]. The
external face of the patch was continuously perfused with a
high-potassium control saline.

For drug testing, Tx was added to this external control
saline by 1:1000 to 1:100,000 dilutions from a 10 mM Tx
stock dissolved in 100% DMSO. Final DMSO concentra-
tion did not exceed 0.1%, and this concentration of DMSO
did not alter the biophysical properties of BK channels
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when it was included in control saline without tamoxifen
(data not shown). During recordings, patches were con-
tinuously and locally perfused by the experimental saline,
using a gravity driven reservoir attached to a micromani-
fold (ALA Scientific, Westbury, NY). The manifold’s
outlet was placed 200 wm away and directly opposite
the excised patch. In general, each patch was exposed to
a control saline, 1 puM Tx, and then washed with the
control saline. Additional concentrations of Tx were
applied to the patch, with intermittent washes, until the
seal was lost. All chemicals were obtained from Sigma
unless otherwise indicated.

The number of channels per patch was determined by
estimating the maximum patch conductance and dividing
by an approximate single-channel conductance of 250 pS.
Each patch contained between 1 and 100 BK channels.
Even when a large number of channels were present,
single-channel current amplitudes could be resolved with
voltage pulses that produced low-open probabilities. From
these single-opening events, current—voltage curves were
generated and single-channel conductance was obtained
from the slope of linear least-squares fits to these data.
Transient and steady-state BK properties were determined
from ensemble-averaged current recordings of 10-25 sti-
mulus presentations. Leak currents were estimated at
voltage steps that did not elicit channel activity and linearly
subtracted off-line. Stray capacitance was minimal, but
residual capacitance currents at the potassium equilibrium
potential were fit with exponentials and piecewise linearly
subtracted off-line so that fast-deactivation kinetics could
be easily ascertained. In some cases, ensemble-averaged
activation currents did not appear to reach saturation (see
some intermediate steps in Fig. 2A). To determine if this
could lead to erroneous conductance—voltage curves when
using tail-current analysis, activation curves were fit with
exponential curves and steady-state conductance—voltage
relations were generated using steady-state current levels
instead of tail-currents. First, steady-state current levels
from these curve fits deviated less than 2% from peak
currents reached at the end of the 100 ms voltage pulse
(peak current = mean current from 95 to 100 ms). Second,
conclusions based on tail-current G-V curves were sup-
ported by this alternative approach, and any error intro-
duced by non-saturating activation curves was deemed
minor.

Recordings were made with an Axopatch 200B ampli-
fier, Digidata 1322A digitizer, and the pClamp 9.0 software
suite (Axon Instruments, Foster City, CA). Data were
sampled at 20 kHz and low-pass filtered at 5 kHz. Statis-
tical analyses were performed using a Student’s z-test with
significance indicated by p < 0.05. Activation and deacti-
vation kinetics were estimated with least-square fits to
standard single-exponential curves in Clampfit, part of
the pClamp software suite. Event idealization, estimation
of open probability (NP,), and determination of mean open
dwell time for N channels were performed with the single-

channel analysis tools in Clampfit. Averaged values are
reported as means £ standard error of the mean. All
recordings were made at room temperature (22-25 °C).

3. Results
3.1. Tamoxifen alters single-channel conductance

In previous reports, 1 uM Tx reduced the single-
channel conductance of mammalian BK channels by
12-20% [24]. This effect was attributed to flickery block
of the channel through interactions with the channel
pore. Also, membrane impermeant forms of tamoxifen
were less effective at reducing channel conductance
when applied to the intracellular face of the channel,
suggesting that channel block occurs through interaction
with the extracellular portion of the channel [25]. Nota-
bly, the reduction in conductance was independent of co-
assembly with B1. Fig. 1 shows Tx effects on single-
channel gating of chicken BK channels, and salient
features are illustrated in the current traces of
Fig. 1A-C. Records in Fig. 1A were obtained from a
membrane patch excised from a cell consisting of only
pore-forming o subunits. At least four channels were
present in this patch. In control saline, a holding poten-
tial of 60 mV elicited a slope conductance of 275 pS.
When Tx was added to the control saline, single-channel
conductance decreased to 262 pS in 1 pM Tx and 193 pS
in 10 wM Tx. Open probability was relatively unchanged
by 1 uM Tx, but was substantially reduced at the higher
drug concentration, likely due to a concentration-depen-
dent reduction in mean open time duration (4.68 ms in
control saline, 3.39 ms in 1 puM Tx, 1.06 ms in 10 pM
Tx; see Fig. 1B).

The reduction in single-channel conductance was also
apparent in channels consisting of both o and cf3 subunits.
In Fig. 1C, unitary currents are shown for an inside-out
patch exposed to 0.2 wM Ca** and held at 80 mV. Tamox-
ifen is lipophilic, and therefore capable of traversing the
plasma membrane. The site of Tx and BK channel inter-
action (i.e. both gating energetics and conductance)
appears to be at extracellular sites [25]. Therefore, when
Tx is applied to inside-out patches, modulation of channel
behavior is moderately delayed (~2 min) compared to
when Tx is applied to outside-out patches (<0.5 min).
In Fig. 1C, channel open probability, single-channel con-
ductance, and mean open duration were relatively
unchanged immediately following the onset of 1 uM Tx
application. After 2 min of local Tx perfusion, open prob-
ability increased and conductance and mean open duration
decreased, supporting the notion that Tx acts at extracel-
lular sites of avian BK subunits. From these exemplar
traces, it appears that avian BK behavior mirrors that of
mammalian homologs, with Tx reducing single-channel
conductance regardless of co-assembly with cf and
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Fig. 1. Tamoxifen reduces single-channel conductance regardless of subunit composition. (A) Single-channel current traces are shown for an outside-out patch
excised from an HEK293 cell transfected with o subunits alone. The patch was held at 60 mV and exposed to isometric potassium. The intracellular solution
contained 1 pM [Ca®*], and the extracellular face was locally perfused with either control saline (upper trace), 1 wM Tx (middle trace) or 1 wM Tx (lower trace).
Open probability (NP,) and mean open duration (f,pe,) were determined from event idealizations of 30 s recordings. Single-channel conductance was
determined from unitary currents estimated from amplitude histograms. (B) High-time resolution records are shown for the patch in panel (A). (C) Single-
channel currents are shown for an inside-out patch from an HEK cell transfected with « and cf3 subunits. The patch was held at 80 mV, the intracellular solution
contained 0.2 wM [Ca*], and the intracellular face was locally perfused with control saline (top trace) or 1 WM Tx. Currents were recorded for long durations
and 10-s samples are shown for the beginning of the drug application (middle trace) and after more than 2 min of drug application (lower trace). Tx modulation
of inside-out patches was delayed compared to outside-out patches, suggesting that the lipophilic compound had to traverse the membrane of inside-out patches
and interact with extracellular binding sites. In panels (A—C), the lowest current level for each trace represents the closed state. (D) The averaged single-channel
conductance is shown for outside-out patches from cells transfected with a-only (open circles) or a + c¢f3 subunits (closed circles). Conductance values were
obtained from linear-regression fits to single-channel current amplitudes at membrane voltages ranging from —50 to 140 mV. Baseline values were obtained in
control saline before the application of tamoxifen (“‘C’’). Tamoxifen reduced single-channel conductance in a concentration-dependent manner, but this effect
was independent of subunit composition. Conductance returned to control values when patches were washed with control saline (““W’”). The number of patches
contributing to each data point varied between 6 and 14. Error bars indicate one standard error of the mean.

increasing channel open probability if o subunits are co-
assembled with c3.

Tamoxifen regulation of single-channel conductance
was reversible and concentration dependent (Fig. 1D).
Outside-out patches were stepped through a range of
activation voltages, from —100 to 140 mV, and unitary
current amplitudes could be resolved in multi-channel
patches when open probability was low. Single-channel

conductance was determined for each patch by the slope of
linear, least-squares regression fits to current—voltage rela-
tions. Channels composed of o subunits alone had an
average single-channel conductance of 278 45 pS
(N=11) in control saline. This value decreased to
251 = 7 pS (10% reduction, p < 0.05) in the presence of
1 uM Tx. Conductance returned to 277 & 5 pS after the
patches were returned to control saline, so the Tx effect
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was completely reversible. For channels composed of o
and cf3 subunits, the average single-channel conductance
was 257 + 4 pS (N = 14) in control saline and 238 4 4 pS
in 1 wM Tx (7% reduction, p < 0.05). Upon washout of the
drug, conductance returned to 258 £ 5 pS. There was no
apparent rectification in current—voltage relations in the
presence or absence of Tx, so this blocking effect was
voltage independent. Concentrations of Tx above 1 pM
were increasingly more effective at reducing single-chan-
nel conductance (Fig. 1D). Lower concentrations had no
significant effect on o + ¢3 channels (p > 0.05), but had
modest, yet significant effects on «-only channels
(p < 0.05). Small differences in the effects of Tx on
channels with and without c3 co-expression are possibly
due to the small sample size and the estimation of con-
ductance from short duration recordings. Nevertheless,
these data confirm that the single-channel conductance
of chicken BK channels is reduced in the presence of
Tx, in a concentration dependent and reversible manner.

3.2. Tamoxifen shifts steady-state gating properties

In previous reports, the activation range of mammalian
BK channels shifted to more negative potentials in the
presence of Tx, and this effect was mediated through 31
subunits [24]. To test for similar effects on chicken BK
channels, steady-state properties were assessed by tail-
current analysis. Outside-out patches containing 1-100
BK channels were initially stepped from a holding
potential of 0 to —50 mV, and this was followed by a
series of steps to various activating voltages. Tail-cur-
rents were elicited by a final step to —40 mV. Since the
patches contained relatively few BK channels, the sti-
mulus was repeated for a total of 5-25 presentations, and
the resulting currents were ensemble-averaged and leak
subtracted off-line. Examples of ensemble-averaged
traces are shown in Fig. 2A, and two important observa-
tions can be made. First, a + cf3 channels showed slower
activation and deactivation kinetics than channels con-
sisting of a subunits alone. The slowing of channel
kinetics is a general attribute of accessory [3 subunits
[12,18]. Second, the presence of Tx caused a decrease in
the maximum steady-state currents, and this was attrib-
uted, in part, to the reduction in single-channel conduc-
tance. Steady-state conductance-voltage (G-V) curves
were constructed from tail-currents, and these curves
were normalized by the peak conductance derived from
Boltzman curve fits. Interestingly, the average reduction
in single-channel conductance was significantly smaller
than the reduction in maximum steady-state conductance
(p <0.05), when channels were exposed to 1 pM Tx
compared with control saline (Fig. 2B). Therefore, Tx
decreased the maximum open probability in addition to
reducing single-channel conductance. This effect on
maximum open probability is similar to that reported
for another xenoestrogen, ICI-182,780 [32].

Steady-state conductance—voltage curves are shown in
Fig. 2C for patches with a alone or a + ¢f3. In addition to
effects on channel kinetics, 3 subunits generally increase
the apparent calcium sensitivity of the BK channel, produ-
cing a leftward shift in the G-V curve and a more negative
V1. However, the half-activation voltage V;,, of a-only
channels was similar to that for o+ cPB channels,
63.8 £4.0 and 62.7 & 2.8 mV, respectively. In a previous
report, co-expression with the quail 8 subunit created BK
channels with slower kinetics and a more negative V;,, at
1 uM Ca* [18]. However, differences between current and
previous results lie primarily in the half-activation of «-
only channels, not in the effects of the B subunit. The
reason for this discrepancy is unknown and warrants
further investigation. Nevertheless, the chicken homolog
of the B subunit altered BK kinetics in a way that was
similar to previous studies [12,18]. The half-activation
voltage Vy,, of o + c[3 channels shifted to more negative
potentials in the presence of 1pM Tx (AVy,
> =13.8 £2.0mV), and this effect was statistically sig-
nificant (p < 0.05) and reversible. In contrast, the V;,, of
a-only channels shifted to the right in Tx (AVy,
»=—3.6 £ 1.1 mV), but while this change was statistically
significant (p < 0.05), it was not fully reversible at this Tx
concentration. It is also apparent from Fig. 2C that the
rightward shift in a-only channels is primarily due to a
change in Boltzman slope (i.e. a decrease in voltage
sensitivity).

Concentration-dependent effects of Tx were investi-
gated, and the results on steady-state properties are shown
in Fig. 3. Conductance—voltage curves are shown for a-
only channels in Fig. 3A. Half-activation shifted to more
positive voltages, and this shift increased with increasing
concentration of Tx (Fig. 3B). The change in V;,, was
apparently due to a Tx effect on Boltzman slope (Fig. 3C).
The change in slope and V,,, did not return to control
values after the 1 pM Tx application was washed with
control saline, and there was concern that this was due to
drift in the biophysical properties of these channels over
time. Since additional concentrations of Tx (0.1, 0.3, 3,
10 uM Tx) were applied in a random fashion, the con-
centration-dependent results in Fig. 3B and C, were not
likely due to gradual, time-dependent changes in channel
gating. Repeated washes with control saline after applica-
tion of high-Tx concentrations showed a partial return of
V1, and Boltzman slope to control values, but changes to
these parameters were not fully restored (data not shown).

The activation of BK channels co-assembled with cf3
was similarly dependent on Tx concentration. Conduc-
tance—voltage curves for o + c3 channels show that acti-
vation by Tx is retained at higher drug concentrations, with
the added effect of a decrease in voltage sensitivity
(Fig. 3D). The change in half-activation voltage was fitted
with a modified Hill equation, and this analysis gave an
ECsy of 0.2 uM Tx (Fig. 3E). For concentrations of Tx at
or below 1 uM, changes in the activation curve could be
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Fig. 2. Tamoxifen shifts activation to more negative potentials when o subunits are co-expressed with cf. (A) Leak-subtracted activation currents are shown for
exemplar outside-out patches from HEK cells transfected with « subunits alone (top panel series) or o and cf3 subunits (bottom panel series). Patches were
perfused with control saline (left panels) or 1 uM Tx in control saline (right panels). Current traces represent the average of 25 stimulus presentations. This
stimulus consisted of an initial voltage step from a holding potential of 0 to —50 mV. Activation steps ranged from —20 to 140 mV and were followed by a final
step to —40 mV. For these examples, current traces are shown for increments of 20 mV in voltage steps. (B) A comparison is made between the percent reduction
in average single-channel conductance (SCG) (Fig. 1D) and the percent reduction in averaged maximum steady-state conductance G, between 1 uM Tx and
control saline. Sample sizes: a-only SCG (11) and Gyax (15); o + ¢ SCG (14) and Gy,ax (13), (C) conductance—voltage (G—V) curves were constructed from
tail-currents at —40 mV for the control, drug, and wash conditions in (A). The G-V curves from multiple patches were fit to Boltzman functions
(G = Gmax/[1 + FMp=v)/ RT]), and each curve was normalized by the maximum conductance level from the fits. The averaged G-V curves are shown
for patches containing a-only (N = 15; left) and o + ¢ (N = 13; right) subunits. Boltzman functions were also fit to the averaged curves. Fit parameters: for o-
only, control z = 1.48, V, =63.6 mV, drug z = 1.31, V, = 66.8 mV, wash z = 1.22, V5, = 69.2 mV; for a + ¢ control, z = 1.35, V, = 62.9 mV, drug z = 1.29,
Vip=47.4mV, wash z=1.30, Vi, =57.9 mV. Error bars indicate one standard error of the mean.

represented by a leftward shift, but for higher concentra-
tions, the shape of the curve indicated that two processes
were involved. While a change in the slope of the Boltzman
fit was not apparent at lower Tx concentrations, there was a
significant decrease in slope at 3 and 10 uM Tx (p < 0.05)
(Fig. 3F). From these data, it is apparent that Tx alters both
single-channel conductance and voltage sensitivity regard-
less of subunit composition. Net activation by Tx, however,
is mediated through co-expression with c[3.

To further explore the mechanism of Tx modulation,
conductance—voltage curves for channels in control saline
or 1 pM Tx were fit with a voltage-dependent version of
the Monod—Wyman—Changeux model for allosteric pro-

teins [33]. This model, although simplified, has been used
previously to describe BK channel properties and is cap-
able of reproducing calcium and voltage dependence over a
wide range of conditions [12,34]. According to the model,
open probability (i.e. normalized conductance G/G,,y) as a
function of membrane voltage Vand calcium concentration
[Ca®*] is given by:

P, = : ) ey

N 2+ /K —orv
1+ {%} L(0) exp#7

where K. and K|, are the calcium dissociation constants for
closed and open states, respectively, L(0) is the open closed
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Fig. 3. Tamoxifen modulates BK channel behavior in a concentration-dependent manner. (A) G-V relations are shown for patches consisting of a subunits
alone. Control and 1 pM Tx curves are repeated from Fig. 2B and are shown alongside similar curves for higher tamoxifen concentrations. Boltzman curve fits
were used to estimate half-activation voltage and slope (i.e. voltage sensitivity) for each drug concentration. (B) The concentration-dependent shift in half-
activation voltage AV, is plotted for patches consisting of a subunits alone. Negative values indicate a rightward shift in half-activation. (C) The slope of the
Boltzman curve fits are shown for patches consisting of a subunits alone. Tamoxifen reduced voltage sensitivity in a concentration-dependent fashion. Baseline
values were obtained in control saline prior to drug application (“‘C’’). Similar curves were generated for patches from HEK cells transfected with « and cf3
subunits, including G-V curves (D), AV, curves (E), and Boltzman slope curves (F). The AV;,, of a +cB patches was fit to a modified Hill equation
AV = AVia /{1 + 10((l°g(EC50’[TXDX")}, resulting in an ECsq of 0.2 wM tamoxifen and a Hill coefficient n of 2.2. As with « subunits alone, Tx reduced
voltage sensitivity in a concentration-dependent fashion. Tested concentrations included 0.1, 0.3, 1, 3, and 10 wM Tx. Limited concentrations are presented in
(A and D) for clarity, since curves are clustered together. Error bars in all panels indicate one standard error of the mean.

equilibrium constant in the absence of Ca®* or applied
voltage, Q is the gating charge at equilibrium, and the
constant RT/F is approximately 25 mV at room tempera-
ture. A parametric analysis of Eq. (1) shows that K./K,
governs calcium affinity such that larger ratios increase the
spacing between G-V curves produced by different cal-
cium concentrations [12]. Placement of G-V curves along
the voltage axis is largely governed by L(0), whereas the
slope of the G-V curve is defined by Q. Data in this report
were collected with a single [Ca®*], so appropriate values
of K. and K, had to be determined prior to curve fitting. For
both a and a + ¢f3 channels in control saline, values for K,
and K, were held constant at 10 and 1 pM, respectively.
These values were chosen because they give reasonable fits
to data from mammalian isoforms [12]. Moreover, these
values were held constant when fitting data from Tx-
treated channels, since tamoxifen’s effects on BK gating
is apparently calcium independent [24]. The model was
applied to data for both channel configuration in either
control or 1 uM Tx salines (see Fig. 2C). From a compar-

ison of Eq. (1) and the Boltzman function used to originally
fit the data in Fig. 2C, it is easily shown that Boltzman
slope z is equivalent to gating charge Q in the MWC model.
It was shown in Fig. 3A—C that Tx caused a rightward shift
in Vj, for channels composed of a subunits alone, and that
this was due, in part, to a change in voltage sensitivity.
Curve fits to the MWC model supported the conclusion that
Tx caused a reduction in voltage sensitivity (i.e. gating
charge), but they also revealed a reduction in the intrinsic
energetics of channel opening (i.e. shift in L(0)). For a-
only channels, L(0) decreased from 470 in control saline to
367 in 1 uM Tx (22% reduction). Typically, a reduction in
L(0) results in a shift of the G-V curve to more negative
potentials. However, this effect was accompanied by a
reduction in gating charge from 1.48 in control saline to
1.37 in 1 pM Tx. Therefore, the net rightward shift in V;,,
for these channels resulted from a reduction in gating
charge and a reduction in the intrinsic energetics associated
with the central conformational change between closed and
open states. For channels composed of a and ¢f3 subunits,
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Tx also mediated reductions in Q and L(0), but the net effect
was fundamentally different than that observed with a-only
channels. In this case, the reduction in Q was from 1.35 in
control saline to 1.29 in 1 uM Tx, and the reduction in L(0)
was 62% from 329 in control saline to 125 in 1 wM Tx. The
profound effect on conformational equilibrium resulted in a
net leftward shift of the G-V curve in the presence of Tx.
Using the MWC model, it appears that Tx mediates two
primary effects on the voltage-dependent transitions
between open and closed conformations, but the relative
contribution of these two mechanisms to steady-state acti-
vation is modulated by the presence or absence of cf3.

3.3. Tamoxifen modulates channel kinetics

In most cases, excised patches contained multiple chan-
nels, making it difficult to draw conclusions about changes
to channel kinetics from dwell times in open and closed
states. However, activation and deactivation kinetics could
be estimated from ensemble-averaged current traces, as in
Fig. 2A. The regulatory properties of c[3 were similar to the
effects of quail 3 and bovine B1 [18,30], in that both
activation and deactivation rates decreased in channels
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comprised of o +cf compared with o subunits alone.
For example, mean-activation time constants at
+120 mV were 17.6 &+ 1.8 and 4.0 £ 0.6 ms for channels
with and without c3, respectively. Cells putatively expres-
sing o + cf3 subunits were produced by transfection with
separate plasmids for a and cf3. Therefore, it was possible
that not all a expressing cells were co-assembled with cf3.
While we are unable to quantitatively determine the stoi-
chiometries of excised channels, the distributions of acti-
vation time constants for channels from cells with and
without c3 were non-overlapping, suggesting that trans-
fection with separate plasmids consistently produced het-
eromeric channels.

Changes in channel kinetics due to Tx were not readily
apparent in the examples of Fig. 2A, but consistent effects
were found when time constants were averaged from
single-exponential fits to activation and deactivation tran-
sients. Activation time constants could be reliably fit to
currents from voltage steps to 60-140 mV. Averaged
values are shown for a-only channels in Fig. 4A, and
curves in the presence or absence of Tx are overlapped.
The forward gating charge gy was calculated to determine
the voltage dependence on activation rate. For the curves in
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Fig. 4. Tamoxifen increases the activation rate of BK channels co-assembled with c¢3 subunits. (A and B) The macroscopic rate of channel activation t, was
estimated from single-exponential fits to activation currents. Straight lines represent curve fits to t, = Aexp(—q¢FV/RT). The activation rates of a-only channels
were unaffected by the drug (A), but activation rates increased when 1 pM Tx was perfused onto patches containing a + cf3 subunits (B). (C and D) Average-
deactivation time constants are shown for patches without (C) and with (D) c¢8 co-expression. The deactivation time constant for each patch was obtained by
averaging time constants from single-exponential fits to five tail-current traces at —40 mV, where each trace was elicited by separate activation steps (140—
100 mV). Time constants were then averaged across multiple patches to characterize the deactivation kinetics for channels with and with c¢f subunits.
Deactivation rates were faster when 3 uM Tx was present in the perfusate compared with control saline alone (p < 0.05), and this result was independent of co-
expression with ¢ subunits. Error bars in all panels indicate one standard error of the mean.
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Fig. 4A, gr was 0.49 + 0.03, 0.41 £ 0.04, and 0.44 £+ 0.04
for channels in control, 1 uM Tx, and wash conditions,
respectively. There was no significant difference between
control and drug conditions (p > 0.05). The activation
rates for channels pulled from cells transfected with o
and cP are shown in Fig. 4B. For these channels, Tx
increased activation rate at each voltage step. Gating
charge decreased from a control value of 0.61 £ 0.05 to
0.46 4 0.03 in the presence of 1 wM Tx, and this decrease
was statistically significant (p < 0.05). Upon washout of
the drug with control saline, gating charge returned to
0.57 £ 0.03, and this value was not statistically different
from the control value ( p > 0.05). Therefore, tamoxifen’s
action on activation kinetics was two-fold. First, Tx-
mediated voltage-dependent changes in channel kinetics
through a reduction in gating charge, and this effect may be
independent of cf3 co-expression. This change in forward
gating charge ¢; presumably reflects the reduction in
steady-state gating charge or Boltzman slope, shown in
Fig. 3C and F. Second, Tx increased the activation rate for
o +cP channels, reflecting a reduction in the energy
barrier for transitions from closed to open states.

The rate of channel deactivation also was investigated. In
a preliminary analysis, deactivation rates were obtained
from tail-currents generated at —40 mV from a single-
activation pre-pulse of 100 mV. For channels with and
without c¢[3, deactivation rate decreased in the presence of
1 uM Tx, but differences in the means of control and Tx
salines were not significant (p > 0.05). This result was
surprising given the observation that Tx (Fig. 1A-C) and
other (xeno)estrogens [32] destabilize the bursting open
state. However, variance in the averaged-deactivation rates
may have hidden Tx effects on this kinetic parameter. Since
BK channel gating is generally modeled with discrete-state
Markovian processes [35,36], it is legitimate to assume that
deactivation rates at —40 mV are independent of the pre-
pulse from which tail-currents were elicited. In Fig. 4,
deactivation time constants were averaged from tail-currents
elicited by multiple-activation pulses (five pulses between
140 and 100 mV), and these were combined for channels
without (Fig. 4C) and with (Fig. 4D) cp co-expression.
Paired Student’s r-tests revealed significant differences in
mean-deactivation rates between control and 3 pM Tx
salines, regardless of cf3 co-expression (p < 0.05). Kinetic
effects were concentration dependent so the higher Tx
concentration used in this analysis (3 wWM) was chosen to
clearly reveal modulation of channel deactivation. There-
fore, Tx increased the rate of deactivation, but in contrast to
effects on activation kinetics, the modulation of deactivation
was independent of channel composition.

4. Discussion

Many reports have established (xeno)estrogen sensitiv-
ity in mammalian BK channels, with channel activation

occurring through both 31 and 34 subunits [22-24,26,37].
The results in this paper extend this sensitivity to the
putative chicken (3 homolog. The features and magnitude
of effects on avian and mammalian channels were compar-
able [24]. Similarities included a reduction in single-chan-
nel conductance regardless of subunit composition and
activation by Tx in the presence of the cf3 subunit. How-
ever, the mechanism for Tx modulation remains unknown.
One prevailing view is that Tx interacts with extracellular
binding sites on as yet unidentified components of the BK
complex or on the a and 3 subunits themselves [25]. In this
model, Tx reduces single-channel conductance by binding
to the BK channel pore and activates the channel possibly
through direct binding to the 3 subunit.

To identify conserved residues that may act as interac-
tion domains, we aligned the amino acid sequences for
chick 3 and human 1-34 (Fig. 5A). The topologies of the
avian and mammalian subunits are highly conserved.
Common features include two transmembrane domains,
intracellular ends, a large extracellular loop, four con-
served extracellular cysteine residues, and a common
extracellular N-linked glycosylation site. However,
sequence diversity is high (Fig. 5B), with percent identity
ranging from 22 (B1-B4) to 46% (B1—p). In Fig. 5A,
conserved residues between cf3, B1, and (34 are boxed in
black. Only 32 residues were conserved, reflecting less
than 16% identity among these proteins. Of the conserved
residues, 24 (85%) were also common to human 32 and 33.
Inspection of Fig. 5A reveals the greatest commonalities
around four cysteines, which likely govern folding of the
extracellular loop [14]. Potential binding motifs may be
limited to conserved residues in the vicinity of these four
cysteines. By investigating the functional effects of these
domains, we may identify unique (xeno)estrogen binding
motifs. Alternatively, if specific binding sites are not
present in these domains, we may conclude that interaction
occurs through other indirect mechanisms.

Data in this paper address the mechanisms of single-
channel block and channel activation by analogy to lipid-
mediated changes to channel properties. Previous reports
have suggested a flickery block mechanism for altering
single-channel conductance [24]. Flickery block is char-
acterized by brief transitions that produce noisy open-state
currents and an apparent reduction in channel conductance.
The traces in Fig. 1B show clear open-state plateaus,
without increased noise in the open state (S.D.=1.09 in
control saline; S.D.=1.28 in 10 puM Tx). While these
results cannot rule out extremely fast flickery block, other
possibilities must be considered, with a mind to guide
future investigations. There is a growing appreciation for
the influence of lipid content and bilayer mechanics on
channel properties, including single-channel conductance
and gating kinetics [38,39]. In fact, Tx-mediated changes
in conductance and deactivation kinetics were reminiscent
of reported cholesterol effects [40], where a substantial
increase in cholesterol content reduced both channel mean
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open time and single-channel conductance. It is possible
that the amphipathic nature of tamoxifen could act through
mechanical changes to the surrounding bilayer rather than
directly binding to the channel pore.

Increases in cholesterol content reduced mean open time
by reducing the energetics of transition from open to closed
states [40]. Similar observations have been reported for BK
channels in coronary endothelial cells, where the xenoes-
trogen ICI-182,780 also shortened the mean open-state
dwell time. Since coronary endothelial cells consist of o
subunits alone [41], the effect of Tx on channel deactiva-
tion was independent of (3 subunit co-expression, much
like the reported effects on single-channel conductance.
We observed a similar destabilization of the open state
(Fig. 2A—-C), even though this parameter was not quanti-
fied. By facilitating transitions from open to closed states,
drug application should result in accelerated-deactivation
kinetics. This notion is supported by the current data set,
where deactivation increased in the presence of Tx, regard-
less of c3 co-expression. Therefore, (xeno)estrogen mod-
ulation of BK channel kinetics is conserved among avian

and mammalian isoforms and can be extended to include
both Tx and ICI-182,780. Moreover, these effects occur
through interaction with o subunits alone, possibly by
changing the mechanical stresses in the membrane bilayer
rather than directly binding to the channel itself.
Tamoxifen modulation of «-only channels was also
manifested in steady-state gating properties. Previously,
it was concluded that Tx had little effect on the gating
properties of a-only channels, beyond reductions in single-
channel conductance [24]. The present results, however,
show a concentration-dependent reduction in voltage sen-
sitivity that was independent of co-expression with c3.
Studies on mammalian isoforms were limited to 1 pM Tx,
where the effect on voltage sensitivity may have been too
small to resolve. In order to further explore the mechanism
of interaction with the « subunits, steady-state G-V curves
were fit to a voltage-dependent MWC model. In this way,
we could determine whether Tx modulation was restricted
to reductions in voltage sensitivity (i.e. gating charge Q).
Interestingly, model fits to a-only data demonstrated an
unexpected reduction in the equilibrium constant £(0). In
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general, reductions in this parameter result in a leftward
shift in the G-V curves [12]. However, the net effect of
reductions in Q and L(0) resulted in voltage-dependent
inhibition of a-only channels. For BK channels composed
of o + cf3, the profound reduction in L(0) resulted in a net
leftward shift of G-V or activation. Therefore, Tx modula-
tion of a-only and a + cf3 channels was dependent on the
relative contributions of two gating mechanisms. This
model supports the idea that Tx mediates its effects through
conformational changes to the a subunit alone, instead of
direct binding to the 3 subunit. These results are supported
by recent evidence demonstrating low-affinity binding of
estradiol to o subunits [42]. The estradiol to « subunit
interaction was facilitated by co-expression with (3, but the
results did not support direct binding of estradiol to B
subunits [42].

In addition to addressing potential interaction mechan-
isms, the current data resolve an apparent discrepancy in
(xeno)estrogen effects on activation kinetics. In human
channels heterologously expressed in oocytes, 173-estradiol
accelerated the kinetics of BK channels comprised of o and
1 subunits [22]. It was surprising that Tx had no effect on
the activation kinetics of BK channels from canine smooth
muscle, since these channels most likely included o and 31
subunits [24]. The discrepancy between Tx effects on the
activation of avian and mammalian channels may result
from different recording conditions. In Fig. 4B, activation
rate increased with membrane voltage, but Tx-mediated
changes in gating charge reduced the steepness of this
relationship. As a result, tamoxifen’s effect on activation
rate was less pronounced at more positive membrane vol-
tages. Since results from canine smooth muscle cells were
obtained at 150 mV in 100 nM [Ca*], differences in chan-
nel kinetics may have been obscured.
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