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The accessory 31 subunit modulates the Ca?*- and voltage-activated K* (BK) channel gating properties
mainly by increasing its apparent Ca?* sensitivity. 31 plays an important role in the modulation of
arterial tone and blood pressure by vascular smooth muscle cells (SMCs). 17(3-estradiol (E2) increases
the BK channel open probability (P,) in SMCs, through a 31 subunit-dependent modulatory effect.
Here, using molecular modeling, bioinformatics, mutagenesis, and electrophysiology, we identify a
cluster of hydrophobic residues in the second transmembrane domain of the 31 subunit, including the
residues W163 and F166, as the binding site for E2. We further show that the increase in P, induced by
E2 is associated with a stabilization of the voltage sensor in its active configuration and an increase in
the coupling between the voltage sensor activation and pore opening. Since 31 is a key molecular player
in vasoregulation, the findings reported here are of importance in the design of novel drugs able to
modulate BK channels.

The large conductance, Ca®*- and voltage-activated K" (BK) channel is a tetrameric transmembrane protein
composed of o subunits that form the K selective pore!. The « subunit is broadly expressed in mammalian
tissues?, where it is co-expressed with an accessory 3 subunits in a tissue-specific manner*®. The o subunit com-
prises seven transmembrane segments (S0-S6), leaving the amino terminus exposed to the external medium. The
large intracellular carboxyl terminus domain consisting of two RCK domains contains the Ca** binding sites. The
different 3 subunits (31-34) are formed by two transmembrane segments linked by a large extracellular loop and
are responsible for the modulation of the biophysical and pharmacological characteristics of the o subunit*®. The
B1 subunit is abundantly expressed in smooth muscle cells and acts to increase the apparent sensitivity to Ca®*
and dramatically slows down the activation and deactivation channel-gating kinetics’~'2. The presence of the BK
/1 channel lowers the risk of pathologies associated with the vascular tone by causing a membrane hyperpolar-
ization, decreasing vasoconstriction, and inducing a faster relaxation of the blood vessels'*!*. 3 subunits appear
to regulate the BK channel activity by targeting specific gating mechanisms'"!*!°. In particular, by biasing the
equilibrium resting-active of the voltage sensor towards its active configuration, 31 increases the apparent BK
Ca?* sensitivity!*1® Co-expression of BK a and 3 subunits can dramatically modify pharmacological responses of
the channel'’~!° as potential targets for channel modulators such as alcohol?, estrogens'?, hormones?' and fatty
acids®%.

173-Estradiol (E2) is the main circulating oestrogen in women and reaches a plasma concentration of
30-400 pg/mL before menopause. E2 regulates growth and the development of the reproductive system, also,
helps to maintain the osseous tissue, the central nervous system and the vasodilatation in the vascular tissue®’.
The protective effect of E2 in the vasculature and against cardiovascular disease (CVD) has been demonstrated in
several hormone replacement studies*>?. E2 activates BK channels'®?’-*" via a process that requires the presence
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Figure 1. BK channel expression in HEK 293 cells. (a) Immunofluorescence of channels formed by the o
subunit; green: anti-KCal.1 and Alexa Fluor 488 antibodies. (b) Immunofluorescence of the 31 subunit; red:
anti-MaxiK- 31 and Alexa Fluor 568 antibodies. (c) Immunofluorescence of channels formed by co-expression
of a/31 subunits; yellow: merged image of green and red antibodies in cells expressing o and 31 subunits. Blue:
DAPI nuclear stain. (d) Quantification of membrane expression by flow cytometry (% cells). c:: 49.2 £2.7; B1:
41.5140.8, ain a/B1 co-transfected cells: 41.4 £ 2.8; 81 in a/B1 co-transfected cells: 46.1 £ 2.6. Error bars:
standard error of mean (SEM).

of the 31 subunit!>>!. Valverde et al.'® were the first to propose that E2 affected BK channels by binding to 31, but
it is still a matter of debate whether the agonistic action of E2 on BK channels is caused by its binding to the 31
subunit or to the /31 complex. Moreover, the molecular nature of the E2 binding site and the mode of action of
the hormone are at present unknown.

Importantly, evidence has mounted that under physiological conditions, acute application of E2 (100 nM)
decreases smooth muscle excitability by activating BK channels**>**. Notably, E2 or its membrane-impermeant
form (E2-BSA) can induce a fast increase in BK channel activity in MCF-7 breast epithelial cancer cells with an
ECs, of 80 pM reaching a maximal effect at 10 nM>*. Rapid effects of E2 have also been reported in neurons of the
area postrema where nanomolar concentrations of E2 can decrease the firing rate most probably by increasing
BK current®. All these examples underscore the physiological importance of the regulation of BK channels by E2
and made worthwhile efforts in determining the molecular nature of the interaction between this hormone and
the BK channel.

Here, we expressed the 31 subunit alone or co-expressed with the BKa subunit, and demonstrated that E2
binding did not require the presence of the BKa subunit. We established that E2 increases P, by stabilizing the
voltage sensor in its active configuration and increasing the coupling between voltage sensor activation and pore
opening. Notably, we found that E2 binds to a hydrophobic cluster of residues, E2-binding pocket, in the second
transmembrane segment of 31. Furthermore, we showed that residues tryptophan 163 and phenylalanine 166 in
1 subunit, are necessary to stabilize E2 in the E2-binding pocket, since substitution of these residues eliminated
the E2 effect on BKa/31 channel.

Results

E2 binds to the 31 subunit. We studied the E2.binding in BK channels by transfecting HEK 293 cells with
BKo, 31 and BKa/B1 subunit, respectively. Membrane expression was evaluated by immunocytochemistry and
flow cytometry (Fig. 1). The o and 31 subunit reach the plasma membrane when expressed alone or as a a/31
complex (Fig. la—c). Membrane expression was quantified using extracellular labeling and flow cytometry and
was detected in 30-40% of the studied cells (Fig. 1d).

We explored the binding characteristics of E2 to the BK channel by E2-binding assays using a
membrane-impermeant conjugate of fluorescein isothiocyanate-labelled E2 covalently linked to albumin
(E2-BSA-FITC) as described in Methods. The binding was analyzed by confocal microscopy and quantified
by flow cytometry (Fig. 2). In support of our previous results!®, E2-BSA-FITC binds to a/31 expressing cells
(Fig. 2¢,e) with an normalized Median Fluorescence Intensity (nMFI) of 2.89 £ 0.29 but not to control untrans-
fected cells or to BKa expressing cells (Fig. 2a,b,e). Also, E2 binds to cells expressing the 31 subunit alone, with an
nMFI of 3.21 £ 0.43, suggesting that the E2-binding site is located in the 31 subunit (Fig. 2d,e).

E2 stabilizes the voltage sensor in its active configuration. E2 can act as an activator of the BK
channel even in the absence of internal Ca?* '°. However, its mechanism of action is unknown. 31 modulates
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Figure 2. E2 binding to BK channel. (a) Representative images of HEK 293 cells without transfection, (b)
transfected with o subunit, (¢) cells transfected with a/31 subunits, and (d) cells transfected with 31 subunit,
showing bright field and FITC channels. All cells were treated with 10 uM E2-BSA-FITC. (e) Membrane
binding quantification of E2-BSA-FITC by flow cytometry using a normalized Median Fluorescence Intensity
(nMFI). o: 1.1440.07 (black bar), 31: 3.21 £ 0.43 (red bar), o/31: 2.89 +0.29 (squared pattern red bar). Error
bars: SEM, ***P < 0.001.

BK channel activity by displacing VSD equilibrium towards the active state!*!. In order to examine the possible

effects of E2 on resting-active VSD equilibrium, we measure gating currents. Gating currents reflect the displace-
ment of the charges contained in the voltage sensor. We measured gating currents to examine the effect of E2 on
BK modulation by 31 in Xenopus laevis oocytes expressing BKo and BKa/81 channel (Fig. 3). We were able to
detect robust gating currents in the absence or in the presence of E2 (Fig. 3a). E2 shifted the Q-V curve 35mV
to the left along the voltage axis in channels composed of o/31 subunit (Fig. 3b,c), but did not affect the gating
currents of channels formed by the « subunit alone (Fig. 3b,c). These results suggest that E2 targets the 31 subunit
modifying the resting-active voltage sensor equilibrium of BKa/31 channel. The 31 subunit stabilizes the voltage
sensor domain (VSD) of BK channels in its active configuration'*!S. Notably, E2 strengthened this stabilization
of the VSD in BKa/B1 channel, shifting the half voltage of the Q-V curve, V| 5 to the left, with no change in the
Q/V curve slope suggesting that the equivalent charge per voltage sensor is unaltered by the hormone (Fig. 3¢).

E2 binding site is located in a hydrophobic pocket in TM2 of the 31 subunit. We further investi-
gated the potential residues involved in E2 binding to the 31 subunit by computational modeling of the 31 subu-
nit, a systematic structure-activity relationship modulation and a docking study (Fig. 4). E2-docking simulations
to the 31 subunit showed the existence of a hydrophobic cluster of residues (W163 and F166) in the second trans-
membrane segment (TM2) of 31 that can define an E2 binding pocket and that E2 is intercalated between the 31
subunit transmembrane segments (Fig. 4a,b). These results hint that 7—stacking and Van der Waals interactions
between the tryptophan 163 (W163) and the benzyl ring of E2 are partially responsible for the E2 binding, which
was further stabilized through additional hydrophobic interactions (Fig. 4b), in particular with the phenylalanine
166 (F166).

In an attempt to position the 31 subunit in the /31 complex, we used the SO transmembrane domain of the
a subunit as a reference for locating the 31 subunit in the complex. The molecular modeling of the complex
show (Fig. 4c,d) that the 31 subunit resides between the voltage sensors of two adjacent o subunits. TM2 is in
the neighborhood of SO and that TM1 is close to the S1 and S2 segments. Notably, this result agrees with those
of Liu et al.*, that by determining the extent of crosslinking between cysteines located in the 31 and the o subu-
nit, concluded that the extracellular end of TM2 makes contact with SO and that TM1 is near to both S1 and S2.
Our modelling also gives a natural explanation as to why E2 binds only to 31 and not to c.. A 400 ns molecular
dynamics (MD) simulation of the two transmembrane segments of 31 in the 31/E2 complex inserted into a lipid
bilayer surrounded by a 0.15M KCl solution revealed that both 31 transmembrane segments remain parallel to
each other during the last 200 ns of MD (Fig. 4e, orange). On the other hand, the last 200 ns MD simulation of
complex o/31/E2 inserted into a lipid bilayer surrounded by a 0.15M KCl solution of a 400 ns MD, shows that
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Figure 3. E2 modulates VSD equilibrium in BKa/B1 channels. (a) Representative gating current recordings
from o channels (black traces), and o/B1 channels (red traces) in absence or presence of E2, as indicated. (b)
Gating charge-voltage relationships for o (¢) and o/31 channel complexes (¥). Q-V relationships for o exposed
to E2 (¢) and o/B1 subjected to E2 (V), are also shown. (c) Quantification of V5 obtained from the Q-V curves
from o channels (black bars) and «/31 channels (red bars), with or without E2 as indicated (mean + SEM).
Non-parametric t-tests were used to compare results between channels and experimental conditions. *P < 0.05.

the transmembrane segments of 31 in complex o/31 is more stable than 31 membrane system (Fig. 4e, blue).The
E2 interaction is mainly with residues W163 (99% of the time of simulations) and F166 (73%) in TM2 also the
simulation of the o/31/E2 complex reveals that E2 binds to the 31 surface that is in contact with the lipid bilayer
as is observed in the Fig. 4c,d.

Mutants W163l and F166A in TM2 abolish binding of E2to 31. We explored the role of W163 as a
possible site of interaction for E2 with the 31 subunit by substituting it with isoleucine (31W163I). Isoleucine was
used because it is a residue as hydrophobic as tryptophan but lacks the aromatic ring that putatively interacts with
E2. As observed before for 31 subunit, the mutant 31W 1631 is efficiently detected in the plasma membrane when
expressed alone (43.21 £4.08%) or in combination (31.71 £ 2.48%) with the o subunit (o/31W163I) (Fig. 5a,b,g).
We further explored the role of F166 in the binding of E2 due to its close location to the W163 residue and its pos-
sible association with the stabilization of the binding through hydrophobic interaction. We replaced the phenyla-
lanine in position 166 by an alanine (31F166A), transfected the mutant and investigated the expression in plasma
membrane alone or in combination with the BKa subunit. The mutant 31F166A expressed well in the plasma
membrane, and quantification using flow cytometry showed it does in 21.74 £ 1.9% of HEK cells (Fig. 5¢,d).

We also used the F159 residue, located towards the N-terminus of TM2 but outside the hydrophobic pocket as
a negative control for the binding experiments. We found that the 31F159A mutant expresses alone in the plasma
membrane in a 21.10 4 0.3% of the cell population (Fig. 5d,g). On the other hand, point mutations in TM2 of
the B1 subunit (T169A and L172A) were previously shown to eliminate the effects of lithocholate, a steroid with
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Figure 4. Molecular modelling of E2 interaction with BK 31 subunit. (a) Docking simulation of E2 into the 31
subunit. The sampling conformations were performed using the whole 31 and the E2 conformations with the
better 10 docking scores are shown. (b) The E2 molecule with the best docking score (amino acid residues at less
than 3 A from E2) is shown close to hydrophobic residues W163, and F166. (c) An upper view of the whole BK
a/B1/E2 channel complex. Note that the 31 subunit resides between two adjacent voltage sensor domains. (d)
Lateral view of the BK o/31/E2 channel complex. Color code: Blue: SO; Red:S1; Grey:S2. For the sake of clarity,
the 31 transmembrane segments were colored differently. TM1: violet; TM2:green. The E2 molecule is shown

in CPK. (e) Backbone RMSD profile of 31 TM segments of the 31/E2 complex in a membrane system (orange),
and RMSD profile of 31 TMs in the complex a/31/E2 (blue). Last 200 ns of two trajectories are shown.

a similar structure to E2 on the BK channel”. To determine if the binding sites for lithocholate and E2 were the
same or overlapping, we also produced 31 subunits containing the mutations 31T169A and 31L172A. These 31
mutant subunits were expressed in the plasma membrane and quantification indicates that 22.3 +0.93% of cells
expressed 31T169A and 35.6341.15% 31L172A (Fig. 5e-g).

E2 binding experiments showed that there is no steroid binding to cells transfected with 31W163I, o/31W 1631
or 31F166A (Fig. 6a—c,h), after incubation with 10pM of E2-BSA-FITC. These results, together with the docking
study, suggests that the W163 and F166 residues are crucial for the interaction between E2 and 31. We evaluated
the roles of 31 mutants F159A, T169A and L172A in E2 binding to the 31 subunit. Binding assays demonstrated
that these point mutations alone or in combination with the BKa subunit behaved similarly to the wild-type 31
subunit (Fig. 6d-g). Quantification using flow cytometry showed a nMFI of 3.33 £ 0.6 for 31F159A, 3.30 & 0.6 for
B1T169A and 2.85 0.6 for 31L172A thus ruling out any involvement of these residues in the E2- binding site.
This evidence leads us to conclude that even though the F159 residue has the same characteristics as the F166, it
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Figure 5. Mutant BK 31 channel expression in HEK 293 cells. (a) Immunofluorescence of HEK cells showing
plasma membrane expression of 31 mutant W163I expressed alone, (b) or in combination with a subunit. (c)
Immunofluorescence of 31 mutant F166A expressed alone, (d) 31 mutant F159A (e) 31 mutant T169A and (f)
of 31 mutant L172A. (g) Quantification of levels of membrane expression measured by flow cytometry (% cells),
B1W163I: 43.21 +-4.1 (blue bar); 31, o/31W1631: 31.71 £ 2.4 (blue and black squared pattern) using an antibody
against 31 when o/31W163I were co-transfected; 31F166A: 21.74 £ 1.9% (green bar); 31F159A: 21.10£0.3%
(purple bar); 31T169A: 23.98 + 1.1 (orange bar); 31L172A: 35.63 £ 1.1 (yellow bar); antibody against o when
o/31W1631 were co-transfected (blue and white squared pattern bar): 32.59 + 2.5; Error bars: SEM. Red: anti-
MaxiK-31and Alexa Fluor 568 antibodies; blue: DAPI nuclear stain.

is not part of the binding site of E2. Also, even though there is evidence of their role of T169A and L172A in the
binding of other steroids®, our results showed that they are not part of the E2-binding site.

a/31W163l and a/31F166A BK channels are not activated by E2.  Wild type BK channels alone
or in combination with the 31 subunit responded to Ca*" and E2 as reported previously'® (Fig. 7a-d and
Supplementary Fig. S1). We compared the activation kinetics when exposed to Ca?* for BKa, /31, a/31W1631
and o/31F166A channels. The results show that the 31W1631 and 31F166A mutants do not alter BK channel
gating properties when co-expressed with o subunit (Supplementary Fig. S1).

The addition of E2 does not change the electrophysiological properties of the BK channel when the BKa sub-
unit is expressed alone (Fig. 7a-d). Confirming our previous results'’, BKa/31 channels robustly respond to E2 in
the nominal absence of Ca?*(~20 nM) by shifting the V5 of GV curve about 50 mV to the left along the voltage
axis, indicating that E2 is able to modify BK channel activity only when co-expressed with 31 (Fig. 7b-d). As
predicted by the binding assays, BK o/31W163I and o/3F166A channels were insensitive to E2, with virtually the
same phenotype as BKa expressed alone (Fig. 7a—d). This result was in line with the observation that these chan-
nels behaved similarly to BKa/31 channels regarding their activation kinetics and Ca?" and voltage sensitivities
(Supplementary Figs S1 and S2). In contrast, E2 did not promote changes in the macroscopic currents in the case
of the o, a/B1W163I channels and a/B1F166A, but in the case of /31 channels these currents peaked at 5 min
after the addition of E2 and they remained constant for 30 min (Supplementary Fig. S3).

Additionally, we investigate the effect of E2 on the VSD resting-active equilibrium in BK o/31W163I and o/
B1F166A channels, by measuring gating currents in Xenopus laevis oocytes (Fig. 8). We detected robust gating
currents for both mutant channels in control conditions and the presence of E2. As shown in Fig. 8, mutations
W163I and F166A in the 81 subunit maintain general features of the 31 wild type on the VSD equilibrium dis-
placement, i.e., produce a stabilization of the VSD in its active configuration. However, in contrast to wild type
BKa/31 channels, in those BK channels formed by either W163I or F166A 31 mutant, E2 is ineffective to produce
an additional effect on the VSD equilibrium. Our data strongly support that E2 binds to the 31 subunit, and that
is specifically interacting with residues W163 and F166 residues in TM2.
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Figure 6. E2 binding to different 31 subunit mutants. (a) Cells transfected with 31 mutant 31W163L. (b) Cells
transfected with a/31W163I. (c) Cells transfected with 31F166A. (d) Cells transfected with 31 mutant 31F159A.
(e) Cells transfected with 31 mutant 31T169A. (f) Cells transfected with 31 mutant 31L172A. Upper: bright-
field; bottom: fluorescence field. (g) Membrane binding quantification of E2-BSA-FITC by flow cytometry in
nMFI of 31W1631: 0.97 £ 0.1 (blue bar); o/31W1631: 1.05+£ 0.1 (blue and white squared pattern bar); 31F166A:
0.8410.1 (green bar); 31F159A: 3.33 £ 0.1 (purple bar); 31T169A: 3.30 £ 0.6 (orange bar); 31L172A: 3.37+0.6
(yellow bar). Error bars: SEM, ***P < 0.001.

Discussion

BK channel expression is ubiquitous, but their function and cellular and tissue specificity are dependent on their
co-assembly with auxiliary proteins, such as 31 subunits, which are responsible for ensuring the correct biological
context of the channels activity”!4, In this study, we demonstrated that wild-type and mutant 31 subunits could
be expressed in the plasma membrane without the BK« subunit, and that hydrophobic residues located in TM2
of 81 subunit are responsible for estradiol binding.

3 subunits not only provide diversity in the physiological functions of the BK channel by modifying its
dynamic range of response but have also been shown to be indispensable for mediating the modulation of
BK channels by specific molecules, producing dramatic changes in their pharmacological properties®. Several
steroid-like molecules such as dehydrosoyasaponin-I have been found to activate BK channels only when
co-expressed with 31, increasing the open probability and causing an 80 mV leftward shift in V ;*-%°. A similar
effect was observed with tamoxifen®**!*!. Other steroids, such as the adrenal androgen dehydroepiandrosterone,
activated BK channels through the 32 subunit, while corticosterone shifted the voltage activation curve to the
left when o and (34 subunits are co-expressed!®. All these results suggest that BK channels require the 3 subunit
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Figure 7. E2 effect on BK channel macroscopic currents. (a) Representative macroscopic ion current
recordings from « channels (black traces), a/B1 channels (red traces), o/31W163I (blue traces) and a/31F166A
(green traces) without 10 uM E2 at time 0 min or with E2 at 30 min. (b,c) Conductance-voltage relationships
for v (black), a/B1 (red), o/31W163I (blue) and o/31F166A (green) channel complexes before (circles) and
after exposition to 10 pM E2 (squares). Lines represent the best Boltzmann fit. (d) Quantification of V5
obtained from the G-V curves from BK o channels (black bars), a/31 channels (red bars), «/31W163I channels
(blue bars) and a/B1F166A channels (green bars)with or without E2 as indicated (mean 4= SEM). Differences
between channels and experimental conditions were analysed using ¢-test. Half activation voltages (V ;) were:
o: 164+ 6mV (black filled bar); a/31: 173 £ 3 mV (red filled bar); a/31W1631: 164 +=4mV (blue filled bar),
a/B1F166A: 160 £4mV (green filled bar); a+ E2: 163 =3 mV (black empty bar); o/31 +E2: 1194+2mV (red
empty bar); a/31W1631+E2: 172 4 mV (blue empty bar), a/31F166A + E2: 164 £5mV (green empty bar).
#*%%P <0,0001. n=5-8.

to respond to steroids and that 3 subunits can differentiate between different types of steroids. We assessed the
binding of E2 to the BK channel and demonstrate that E2 bound to a hydrophobic pocket at the TM2 of the 31
accessory subunit, highlighting the importance of this accessory subunit as a possible pharmacological target.

Litocholic acid is another steroid that has been shown to act as a BK channel modulator at micromolar con-
centrations (ECs, =45 M) only in when {31 is present*>**. Computational models and electrophysiological exper-
iments led to the conclusion that residues T169 and L172 located in the TM2 of the 31 subunit®’ formed part of
the binding site for this estrogen analogue; however, the present study ruled out any involvement of these residues
in the interaction between the E2 and the 31 subunit.

The B1 subunit increases the apparent BK channel Ca?" sensitivity mainly by stabilizing the active configu-
ration of the VSD but also it enhances Ca*" binding to the RCK1 and Ca?* bowl, with a large effect on channel
gating”!'%*!, Gating-current studies have shown that besides 31, 32 and 34 also stabilize the voltage sensors of
the « subunits in their active conformation, while 33 does not alter the voltage sensor equilibrium®!11644-46,
The leftward shift of Q-V relationships induced by E2 entail a decrease in the energy needed to open the pore.
E2 increases P, by shifting the G-V curve to less positive voltages without affecting the channel voltage depend-
ence. The question is then whether we can explain this result by an E2 effect on the resting-active equilibrium
of voltage sensor (Fig. 3). We can explain this shift in Q-V with no change in the effective valence (Fig. 3) using
a two-tiered allosteric model. In this model the voltage-dependent equilibrium constant, J, that describes the
resting (R)-active (A) equilibrium is given by Eq. (1):

= A Joe®VIRT — (V= Vo/RT

(1)
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Figure 8. E2 is unable to modulate VSD equilibrium in o/31W163I and o/31F166A mutant channels. (a) Left:
representative gating current recordings from o/31W163I channels (blue traces), in the absence or presence

of E2, as indicated. Right: Q/Qmax versus membrane potential relationships fora/31W163I in control (filled
blue circles) and after the addition of E2 to a final concentration of 10 uM (open blue circles). n=3. (b) Left:
representative gating current recordings from o/31F166A channels (green traces), in the absence or presence
of E2, as indicated. Right: Q/Qmax versus membrane potential curves for a/31F166A in control (filled green
circles) and after the addition of E2 to a final concentration of 10 .M (open green circles), n = 3. The red line
corresponds to the Boltzmann function that best fit the /31 channel data.

where J; is the equilibrium constant at 0mV, z; is the apparent number of gating charges per voltage sensor, V
the membrane voltage, V, the half-activation voltage of the Q-V curve, R is the universal gas constant, T is the
absolute temperature (typically 295K), and F is Faraday’s constant. Hence the leftward shift in the Q-V curve
promoted by E2 with no change in z; can be explained by an increase in J,. The ratio between the equilibrium
constant after (J;*) and before (J;) E2 addition is thus given by Eq. (2):

j2 ZF(Vy=V§)
— =e RT

Jo 2

SCIENTIFIC REPORTS |

(2019) 9:9965 | https://doi.org/10.1038/s41598-019-45942-1 9


https://doi.org/10.1038/s41598-019-45942-1

www.nature.com/scientificreports/

Therefore, the change in J, after the addition of E2 can be calculated from the change in Q-V half-activation
voltage, and the new value can be introduced into the equation to calculate the open probability?’, Py, in the
absence of internal calcium (Eq. (3)):

_ L(1 + JD)*
L(1 + JD)* + (1 + ))* 3)

129

where L is the equilibrium constant that describes the closed-open reaction and D is an allosteric factor that
couples voltage sensor activation with pore opening. Assuming that the values of D and L are as reported by Orio
and Latorre'!, the predicted change in half-activation voltage of the G-V induced by E2 is —15mV. This value is
less than the —53 mV change in V5 obtained experimentally (Fig. 7b,c), suggesting that E2 may modify other
parameters of the model, related to channel activation. The full leftward shift of G-V promoted by E2 is recovered
if the allosteric factor D, which couples voltage sensor activation with pore opening, is increased from 24! to 30.
Thus, the effects of E2 on BKa/B31 channel can be explained by an increase in the equilibrium constant that define
the resting-active voltage sensor transition and in the coupling of voltage sensors with the pore.

We investigated the E2-binding site using an “in silico” approach with a molecular docking between the TM2
of the 31 subunit and E2, and identified a tryptophan residue at position 163 as an important constituent in this
interaction, possibly due to a -7 interaction with the benzene ring of E2. w stacking interactions are a strong,
noncovalent binding force that can form between the aromatic side chains of amino acids and other aromatic
rings via electrostatic interactions*®**. These interactions are common between small molecules and proteins
through the aromatic rings of amino acids such as tryptophan. Notably, alterations in these interactions have been
correlated as basic chemical mechanisms in CVD, Alzheimer’s disease and cancer, thus increasing interest on
them as potential pharmaceutical targets®. In the current study, we replaced tryptophan at 163 with an isoleucine
residue, resulting in the loss of binding between E2 and the 31 subunit and abolishing the estrogen-activating
effect on the BK channel. This interaction appears to be further stabilized by phenylalanine 166 residue through
hydrophobic interactions. A similar effect has previously been demonstrated in human and rat 432 nicotinic
receptors, where mutation of a single tryptophan in the C terminus of the a4 subunit eliminated the potentiation
by E2, through a ©-7 interaction®*2. Furthermore, computational simulations of the effects on the crystal struc-
ture of Niemann Pick C2 Protein also revealed that -7 interactions stabilized the E2 binding through F66, V96
and T100 residues™.

The BK31 subunit has become a subject of interest because of its expression and involvement in the regulation
of the cardiovascular tone. A gain-of-function polymorphism, with a single residue change (E65K) in the 31 sub-
unit has been associated with increased Ca®* sensitivity of the BK channel, resulting in more efficient feedback on
vascular contractility, working as a protecting factor against myocardial infarction and stroke®. The above finding
is of particular relevance in aging women, where the E65K mutation is a robust genetic factor associated with
protection against CVD!*34-36, Hormone replacement therapy has also been an important subject of research, and
loss of steroid hormones is known to increase the risk of CVD in women?>*7%, The direct relationships between
E2 and both CVD and to BK channels highlights the importance of clarifying the role of this hormone in specific
protein targets.

In summary, E2 binds directly to the 31 subunit of the BK channel through a hydrophobic pocket located in
theTM2 mainly via the W163 and F166 residues. It also biased the resting-active equilibrium of the BK channel
voltage sensor towards its active conformation and increased the coupling between the VSD and the pore open-
ing. These results provide an explicit binding site and mechanism whereby E2 can modulate BK channel activity.

Methods

Reagents and antibodies. Membrane impermeable E2-BSA-FITC and soluble 173-Estradiol (E2) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Extracellular rabbit anti-MaxiK-o was purchased from
Alomone Labs (Jerusalem, Israel), Intracellular goat anti-KCal.1 antibody from Santa Cruz Biotechnology
(Dallas, TX, USA) and extracellular rabbit anti-MaxiK-31 from Novus Biologicals (Littleton, CO, USA). Nuclear
marker 4/,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) and secondary antibodies anti-rabbit Alexa
Fluor 488, 568 and anti-goat Alexa Fluor 488 were acquired from Invitrogen (Waltham, MA, USA).

Heterologous expression systems.  Cell culture and gene transfection. HEK 293 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM), Gibco (Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS), Lonza (Basel, Switzerland) at 37 °C and 5% CO,. Once the cells reached 60% of confluence were
transfected using Lipofectamine 2000 (Invitrogen) and human BKa (U11058) or BK31 (U25138) harbored in
pcDNA3.1 plasmids kindly provided by L. Toro (University of California, Los Angeles, CA) with 1.5 pg of either
the o, the B1 or a combination of both subunits in a 1:2 proportion of a:31. Point mutations in the 31 subunit
were made using a QuickChange kit from Agilent Technologies, (Santa Clara, CA, USA) following the manufac-
turer’s instructions. Cells used for the expression, binding assays and ionic current recordings were seeded on
12-mm glass coverslips coated with poly-D-lysine (Sigma-Aldrich).

Xenopus laevis oocytes.  X. laevis oocytes were used to measure gating currents (Ig). nMESSAGE mMACHINE
from Ambion (Waltham, MA, USA) was used for in vitro transcription of both subunits. The oocytes were
injected in a proportion of 1:5 of c:31 with 0.5 pg/pl of the respective RNA, 4-8 days before recording.

Expression assays. For the immunochemistry assays, we used nonpermeabilized labeling for the membrane
expression of o and 31 subunit and permeabilized labeling to investigate the co-expression of both. 24 hours
after transfection, cells were seeded on 12-mm glass cover slide. We carried out nonpermeabilized labelling
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according to Bian et al.”. Briefly, live cells, were washed twice with PBS at 37°C and incubated for 1 h at 4°C with
either MaxiK-a (1:250) or MaxiK-31 (1:500) antibodies. The cells were washed twice with PBS and incubated
with Alexa Fluor 488 conjugated anti-rabbit antibody (1:1000) for MaxiK-a and Alexa Fluor 568 conjugated
anti-rabbit antibody (1:1000) for MaxiK-31 for 1h, followed by washing twice with PBS-FBS, and a fixing step
with paraformaldehyde (3%), the nuclei were stained with DAPI (300 nM) for 15 minutes at room temperature,
washed thrice in PBS, mounted with DAKO (Agilent Technologies, Santa Clara, CA, USA) and visualized with
a confocal microscope. For permeabilized labelling, the cells were fixed with paraformaldehyde (4%) for 20 min,
permeabilized with PBS and Triton X100 (PBS-T) (0.1%) with bovine serum albumin (2%) for 3 min. After two
washes with PBS-T, the cells were incubated with intracellular goat anti-MaxiK-o (1:1000) and MaxiK-31 (1:250)
antibodies overnight at 4 °C, the secondary antibody and nuclei labelling, mounting and visualization were made
as described above.

We quantified the BK channel membrane-expression using non-permeabilized labeling and flow cytometry.
After a 24-hours transfection, live cells were washed twice with phosphate-buffered saline (PBS) at 37°C, incu-
bated for 1h at 4°C with either MaxiK-o (Alomone Labs, 1:50) or MaxiK-31 (Novus, 1:100). Cells were then
washed twice with PBS-FBS (2%) and incubated with Alexa Fluor 488 conjugated anti-rabbit antibody (1:300)
for 40 min. After another two washes with PBS-FBS, o and 31 expression was verified in a BD Accuri™ C6 flow
cytometer (BD Biosciences, San Jose, CA, USA).

Binding assays. We carried out binding assays as described before'®. To identify the E2 binding site we used
confocal microcopy and quantified the binding with flow cytometry. For the confocal assays we used cells seeded
on 12-mm glass cover slide and 24 hours after transfection, were incubated for 30 minutes with E2-BSA-FITC (10
pM) at 37°C and 5% CO, with DMEM and FBS 10%, washed twice with PBS at 37°and then visualized with a con-
focal microscope. For the binding quantification assays we used flow cytometry, suspended cells were incubated
for 30 min with 10 pM of E2-BSA-FITC at 37 °C and with washed twice with PBS-FBS at 2% and measured with
aBD Accuri™ C6 flow cytometer.

Image acquisition and analysis.  Cells were observed and images were collected by confocal microscopy
using an Eclipse 80i Nikon (Nikon, Tokyo, Japan) with an 408 nm violet, 488 nm-argon and 543 nm-He-Ne laser
diode lines, with a 450/35, 515/30 and 605/75 emission filters. Z-stack parameters were as follows: z-axis slices at
~1.0 pm intervals with a final Z-stack thickness of ~15 pm. Images were obtained using a water immersion 60X
objective and the EZ-C1 Nikon program. Images were analyzed using Image]J software (https://imagej.nih.gov/ij/
freely available from National Institutes of Health). The conditions, exposures and number of sections were iden-
tical for a specific experiment.

Flow cytometry acquisition and analysis.  For the flow cytometry quantification assays, each experiment
consisted of three technical replicates and was repeated at least thrice. The run limit of the samples was set to
20000 gated events with a flow set to 22 pl/min events per sample. Samples were manually re-suspended before
each acquisition and the cells were gated based on the light-scattering properties in the Side and Forward-scatter
parameters, HEK293 cells without transfection were used as control and fluorescence was detected with the FL1
(530/533 filter) detector using the BD Accuri™ C6 software. All analysis were made using FlowJo® (Tree Star,
Inc., Ashland, OR, USA) and normalizing as reported before. Briefly, we used the Median Fluorescence Intensity
(MFI) of each sample and normalized it to the MFI of the HEK293 cells without transfection as a negative control
using Eq. (4) .

_ MFI sample

nMFI =
MEFI control (4)

To compare among samples, the Shapiro-Wilk test and the Kruskal-Wallis non-parametric test (P < 0.01) was
performed using GraphPad Prism 6 (GraphPad Software, Inc., CA, USA).

Electrophysiology and data analysis. Ionic currents. Patch clamp recordings were carried out in
transfected HEK293 cells on 12-mm glass coverslips coated with poly-D-lysine. 24 h after transfection, ion cur-
rents were recorded using the inside-out configuration to determinate the Ca®*-sensitivity of the channel and
the E2 modulatory effect. Symmetrical solutions contained 140 mM KOH, 10 mM HEPES, 2mM KCl, and a
free Ca®>" concentration of ~20 nM or 3 uM. All solutions were adjusted to pH 7.4 using methanesulfonic acid.
Ca*? was buffered with 5mM EGTA (ethylene glycol-bis (3-aminoethyl ether)-N,N,N’,N’-tetraacetic acid), or
NTA (nitrilotriacetic acid), according to the Ca™? requirements. The Ca™ concentrations were estimated using
WinMaxChelator Software (http://www.stanford.edu/~cpatton/ maxc.html) and tested with a Ca?" electrode
(Thermo Scientific).

E2 experiments were conducted using the inside-out configuration; recordings were made in a ~20nM Ca™?
solution, to which 10 pM E2 solution was then perfused. Currents were elicited by 120 ms pulses at increasing
voltages from —80 to 250 mV in 10 mV increments, followed by a step at —60 mV to measure tail currents.
Measurements were made before the solution change and from the time of 5 min after, until 30 minutes. The
maximum effect of E2 occurred after 5min of exposure to E2. During recording, the E2 and different Ca™2 con-
centration solutions were applied to the membrane patches with a perfusion system. Borosilicate glass patch
pipettes (1B150F-4, World Precision Instruments, Sarasota, FL, USA) with resistances of 2-4 MQ were pulled in
a horizontal pipette puller (Sutter Instruments, Novato, CA, USA) and fire-polished with a microforge (Narishige,
Tokyo, Japan). All experiments were performed at room temperature (22-24°C) using an EPC7 patch-clamp
amplifier (HEKA, Lambrecht/Pfalz, Germany). The acquisition software was developed by Dr Patricio Orio using
the LabView programming environment (National Instruments, Austin, TX, USA)!!.
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Gating currents.  All Ig recordings were made in the inside-out patch-clamp configuration. The internal solution
comprised 110 mM N-methyl-d-glucamine-MeSOs;, 10 mM HEPES, and 5mM EGTA. The external (pipette)
solution contained 110 mM tetraethylammonium-MeSO;, 10 mM HEPES, and 2mM MgCl,. The pH was
adjusted to 7 with methanesulfonic acid. The internal Ca*" concentration was assumed to be 0 in 5mM EGTA.

Gating currents were elicited by 1-ms pulses at increasing voltages from —90 to 350mV in 10mV incre-
ments, as previously reported®"¢2. Ig recordings were made in excised patches containing & and a/31 BK chan-
nels. Channels were exposed to E2 by perfusing excised patches with an internal solution with 10 uM E2, at least
5-10 times the volume of the chamber. After solution exchange, the maximum effect of E2 on Ig occurred after
5min of exposure of the excised patch to the drug. Experiments were performed at room temperature (20-22°C).
Ig recordings in macro patches were carried out using borosilicate capillary glass pipettes as mentioned before.
The pipette resistance was 400-900 kQ (20-60 pm). Data were acquired with an Axopatch 200B amplifier (Axon
Instruments, San Jose, CA, USA) and Clampex 10 acquisition software (Axon Instruments). Both the voltage
command and current output were filtered at 20 kHz with an 8-pole Bessel low-pass filter (Frequency Devices).
Current signals were sampled with a 16-bit A/D converter (Digidata 1322 A; Axon Instruments), using a sampling
rate of 500 kHz. Leak subtraction was performed based on a P/4 protocol®.

Data analysis.  All data analyses were performed with Clampfit 10 (Axon Instruments), Analysis software
(kindly provided by Dr. Francisco Bezanilla), and Excel 2013 (Microsoft, Redmont, WA, USA). Gating currents
were integrated between 0 and 400 ps after the voltage step to obtain the net charge movement. Q-V relation-
ships were fitted with a Boltzmann function: Q = Q,,,../( 1 — exp(—zF(V — V)/RT)), where Q,,,, is the maximum
charge, z is the voltage dependency of activation, V, is the half-activation voltage, T is the absolute temperature
(typically 295K), F is the Faraday’s constant and R is the universal gas constant. Q,,,, V, and z were determined
by using the solver complement of Microsoft Excel. Data were aligned by shifting them along the voltage axis by
the mean AV, = (<V;> — V), then binning them in a range of 25mV, between —100 mV and up to 350 mV.

For the ionic currents, G-V relationships were fitted using a Boltzmann function: G = G,,,,/(1 — exp(—zF(V —
V,5)/RT)), where G, is the maximum tail conductance, z is the voltage dependency of activation and V5 is the
half-activation voltage. G,.,» V1., and z were determined by using the solver complement of Microsoft Excel. Data
were aligned by shifting them along the voltage axis by the mean AV 5= (<V,5> —V,5), then binning them in
arange of 10mV, between —80 mV and up to 250 mV. Data was analyzed with a non-parametric t-test (P < 0.05)
using GraphPad Prism 6.

Molecular model of 31-subunit and molecular docking of estradiol. A homology model of the o
subunit of BK channel, sequence code Q12791 (UniProt), was built using the program Modeller®, as a reference
we used the Aplysia BK channel structure (PDB: 5TJI) for transmembrane segments and the human BK chan-
nel (PDB: 3MT5) as template for the x-ray structure of intracellular domain (see alignment in Supplementary
Information). Since the transmembrane loop of BK is longer than that of Aplysia, we performed a conforma-
tional sampling of this region using PSIPRED web service®*. The structural model of the human BK channel was
inserted in a POPC membrane of 200 x 200 A. A water (TIP3) box was added and neutralized with a concen-
tration of 0.15 mol/L of KCI. The system was submitted to energy minimization and subsequent equilibration
protocols by 200 ns using AMBER 18 software®, and under NPT ensemble at 310.

The sequence code Q16558 (UniProt) of the 31 subunit of the BK channel was used to predict its molecular
structure. The modelled sequence was reduced to the two B1-subunit transmembrane regions. Residues from
3-52 of the 31 primary structure define TM1 and TM2 is defined by residues 142-191. The external linker loop
between the o helices was reduced to 10 amino acids. Given the lack of reference structures for the 31 subunit,
an Ab-initio model was done using the QUARK online server®®® to generate a 3D structure of the 81 subunit
(see PDB in Supplementary Information). QUARK has been reported in CASP 2018¢ as one of the best algo-
rithms for ab-initio prediction. Its algorithm is based on a fragment-assembly method developed by the Yang
Zhang Lab%. The structural fragments used by QUARK range from 1 to 20 residues, which are ensembled trough
replica-exchange Monte Carlo simulation guided by an atomic-level knowledge-based force field. The two trans-
membrane segments were embedded into a phosphatidyloleoyl phosphatidylcholine (POPC) bilayer. Water mol-
ecules type TIP3P and 150 mM KCl complete the system. The whole system was then minimized and equilibrated
for 300 ns. Electrostatic interactions were computed using particle mesh Ewald under periodic boundary condi-
tions. The Ab-initio model of the 31-subunit was ensembled with the SO segment of BK channel model structure.
The minimum energy configuration of the 31-subunit and SO segment complex was sampled by 50,000 config-
urations using a Monte Carlo calculation®. The different configurations were ranked according to the energy
interaction between the 31 subunit and SO segment of BK. The SO segment was used as a reference to ensemble
the complex 31 subunit-a subunit.

The molecular structure of E2 molecule was obtained of PubChem (PubChem code: DB00783) and pre-
pared using LigPrep of Schrodinger 20197° The force field applied to E2 was OPLS3”! The ionization state was
defined at pH 7.0 +/— 2.0 using Epik software’> Stereoisomers and chiralities were determined directly from
three-dimensional structure. The grid size used was 20 x 20 A. The molecular docking of E2 was performed into
a wild-type systems using the extra precision method, ligand-flexible sampling and adding Epik states penalties.
All molecular docking simulations were performed using Glide 2019 from Schrodinger suite”®. Ten configura-
tions for E2 were chosen to do a post-docking minimization using a threshold of 0.5 kcal/mol.

Finally, the complex of the a/31/E2 system (under the same conditions of solvation and neutralization of o
subunit) was submitted to energy minimization and subsequent equilibrations protocol. Then, it was run 400 ns
using AMBER 18 software, under NPT ensemble at 310. All the figures were done of this article were done using
VMD software’.
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Data Availability
The data supporting the findings of this study are available upon request from the corresponding author (includ-
ing data presented in the main text and in the Supplementary Information).

References

1.
2.
3.

4.

10.

11

13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

27.
28.
29.
30.
31.

32.

33.
34.

35.
. Liu, G. et al. Locations of the betal transmembrane helices in the BK potassium channel. Proc. Natl. Acad. Sci. USA 105, 10727-32

37.
38.
39.

40.

Cui, J., Yang, H. & Lee, U. S. Molecular Mechanisms of BK Channel Activation. Cell 66, 852-875 (2009).

Latorre, R. et al. Molecular Determinants of BK Channel Functional Diversity and Functioning. Physiol. Rev. 97, 39-87 (2017).
Toro, L., Wallner, M., Meera, P. & Tanaka, Y. Maxi-K(Ca), a Unique Member of the Voltage-Gated K Channel Superfamily. News
Physiol Sci 13, 112-117 (1998).

Orio, P, Rojas, P, Ferreira, G. & Latorre, R. New disguises for an old channel: MaxiK channel beta-subunits. News Physiol. Sci. 17,
156-61 (2002).

. Torres, Y. P,, Morera, E ], Carvacho, I. & Latorre, R. A marriage of convenience: beta-subunits and voltage-dependent K+ channels.

J. Biol. Chem. 282, 24485-9 (2007).

. Torres, Y. P,, Granados, S. T. & Latorre, R. Pharmacological consequences of the coexpression of BK channel o and auxiliary

subunits. Front. Physiol. 5, 1-15 (2014).

. Brenner, R. et al. Vasoregulation by the betal subunit of the calcium-activated potassium channel. Nature 407, 870-6 (2000).
. Cox, D. H. & Aldrich, R. W. Role of the betal subunit in large-conductance Ca(2+)-activated K(+) channel gating energetics.

Mechanisms of enhanced Ca(2+) sensitivity. J. Gen. Physiol. 116, 411-32 (2000).

. McManus, O. B. et al. Functional role of the 3 subunit of high conductance calcium-activated potassium channels. Neuron 14,

645-650 (1995).

Nimigean, C. M. & Magleby, K. L. Functional coupling of the beta(1) subunit to the large conductance Ca(2+)-activated K(+)
channel in the absence of Ca(2+). Increased Ca(2+) sensitivity from a Ca(2+)-independent mechanism. J. Gen. Physiol. 115,
719-36 (2000).

. Orio, P. & Latorre, R. Differential effects of beta 1 and beta 2 subunits on BK channel activity. J. Gen. Physiol. 125, 395-411 (2005).
. Qian, X. & Magleby, K. L. Betal subunits facilitate gating of BK channels by acting through the Ca2+, but not the Mg2+-, activating

mechanisms. Proc. Natl. Acad. Sci. USA 100, 10061-6 (2003).

Amberg, G. C. & Santana, L. F. Downregulation of the BK channel betal subunit in genetic hypertension. Circ. Res. 93, 965-71
(2003).

Contreras, G. E, Neely, A., Alvarez, O., Gonzalez, C. & Latorre, R. Modulation of BK channel voltage gating by different auxiliary 3
subunits. Proc. Natl. Acad. Sci. USA 109, 18991-6 (2012).

Sun, X,, Zaydman, M. A. & Cui, J. Regulation of Voltage-Activated K(+) Channel Gating by Transmembrane 3 Subunits. Front.
Pharmacol. 3,63 (2012).

Bao, L. & Cox, D. H. Gating and ionic currents reveal how the BK¢, channel’s Ca?* sensitivity is enhanced by its 31 subunit. J. Gen.
Physiol. 126, 393-412 (2005).

Cox, D. H. & Aldrich, R. W. Role of the 31 Subunit in Large-Conductance Ca*" -Activated K Channel Gating Energetics. J. Gen.
Physiol. 116, 411-432 (2000).

King, J. T. et al. 2 and 34 subunits of BK channels confer differential sensitivity to acute modulation by steroid hormones. J.
Neurophysiol. 95, 2878-88 (2006).

Valverde, M. A. et al. Acute Activation of Maxi-K (hSlo) by Estradiol Binding to the Beta Subunit. Science (80-.). 285, 1929-31
(1999).

Feinberg-Zadek, P. L. & Treistman, S. N. Beta-subunits are important modulators of the acute response to alcohol in human BK
channels. Alcohol. Clin. Exp. Res. 31, 737-44 (2007).

King, J. T. et al. Beta2 and beta4 subunits of BK channels confer differential sensitivity to acute modulation by steroid hormones. J.
Neurophysiol. 95, 2878-88 (2006).

Hoshi, T., Tian, Y., Xu, R., Heinemann, S. H. & Hou, S. Mechanism of the modulation of BK potassium channel complexes with
different auxiliary subunit compositions by the omega-3 fatty acid DHA. Proc. Natl. Acad. Sci. USA 110, 4822-7 (2013).

. Martin, P. et al. Arachidonic acid activation of BKCa (Slo1) channels associated to the 31-subunit in human vascular smooth muscle

cells. Pflugers Arch. Eur. J. Physiol. 466, 1779-1792 (2014).

. Gao, H. & Dahlman-Wright, K. The gene regulatory networks controlled by estrogens. Mol. Cell. Endocrinol. 334, 83-90 (2011).
. Manson, J. E. et al. Estrogen Therapy and Coronary-Artery Calcification. 2591-2602 (2007).
. Manson, J. E. & Woodruff, T. K. Reproductive Health as a Marker of Subsequent Cardiovascular Disease: The Role of Estrogen.

27710, 13-14 (2016).

Coiret, G., Borowiec, A.-S., Mariot, P,, Ouadid-Ahidouch, H. & Matifat, F. The Antiestrogen Tamoxifen Activates BK Channels and
Stimulates Proliferation of MCF-7 Breast Cancer Cells. Mol. Pharmacol. 71, 843-851 (2007).

De Wet, H. et al. Modulation of the BK channel by estrogens: examination at single channel level. Mol. Membr. Biol. 23, 420-429
(2006).

Provence, A., Hristov, K. L., Parajuli, S. P. & Petkov, G. V. Regulation of Guinea Pig detrusor smooth muscle excitability by
173-estradiol: The role of the large conductance voltage- and Ca2+--activated K+ channels. PLoS One 10, 1-14 (2015).

White, R., Darkow, D. & Lang, J. F. Estrogen relaxes coronary arteries by opening BKCa channels through a cGMP-dependent
mechanism. Circ. Res. 58, 607-615 (1995).

Dick, G. M., Rossow, C. E, Smirnov, S., Horowitz, B. & Sanders, K. M. Tamoxifen activates smooth muscle BK channels through the
regulatory beta 1 subunit. J. Biol. Chem. 276, 34594-9 (2001).

Hristov, K. L., Parajuli, S. P.,, Provence, A., Rovner, E. S. & Petkov, G. V. Nongenomic modulation of the large conductance voltage-
and Ca2+-activated K+ channels by estrogen: A novel regulatory mechanism in human detrusor smooth muscle. Physiol. Rep,
https://doi.org/10.14814/phy2.13351 (2017).

White, R. E. et al. Endothelium-independent effect of estrogen on Ca(2+)-activated K(+) channels in human coronary artery
smooth muscle cells. Cardiovasc. Res. 53, 650-61 (2002).

Coiret, G., Matifat, F., Hague, F. & Ouadid-Ahidouch, H. 17-beta-estradiol activates maxi-K channels through a non-genomic
pathway in human breast cancer cells. FEBS Lett. 579, 2995-3000 (2005).

Li, Z. & Hay, M. 17b-estradiol modulation of area postrema potassium currents. ] Neurophysiol (2000).

(2008).

Bukiya, A. N, Singh, A. K,, Parrill, A. L. & Dopico, A. M. The steroid interaction site in transmembrane domain 2 of the large
conductance, voltage- and calcium-gated potassium (BK) channel accessory 1 subunit. Proc. Natl. Acad. Sci. 108, 20207-20212 (2011).
McManus, O. B. et al. Functional role of the beta subunit of high conductance calcium-activated potassium channels. Neuron 14,
645-50 (1995).

McManus, O. B. et al. An activator of calcium-dependent potassium channels isolated from a medicinal herb. Biochemistry 32,
6128-33 (1993).

Bukiya, A. N,, Patil, S. A., Li, W,, Miller, D. D. & Dopico, A. M. Calcium- and voltage-gated potassium (BK) channel activators in the
5B-cholanic acid-3a-ol analogue series with modifications in the lateral chain. Chern Med Chem 7, 1784-92 (2012).

SCIENTIFICREPORTS| (2019) 9:9965 | https://doi.org/10.1038/s41598-019-45942-1 13


https://doi.org/10.1038/s41598-019-45942-1
https://doi.org/10.14814/phy2.13351

www.nature.com/scientificreports/

41. Duncan, R. K. Tamoxifen alters gating of the BK « subunit and mediates enhanced interactions with the avian 3 subunit. Biochem.
Pharmacol. 70, 47-58 (2005).

42. Bukiya, A. N. et al. Cerebrovascular dilation via selective targeting of the cholane steroid-recognition site in the BK channel 31-
subunit by a novel nonsteroidal agent. Mol. Pharmacol. 83, 1030-44 (2013).

43. Bukiya, A. N,, Belani, J. D., Rychnovsky, S. & Dopico, A. M. Specificity of cholesterol and analogs to modulate BK channels points to
direct sterol-channel protein interactions. J. Gen. Physiol. 137, 93-110 (2011).

44. Sweet, T.-B. & Cox, D. H. Measuring the influence of the BKCa {beta}1 subunit on Ca2+ binding to the BKCa channel. J. Gen.
Physiol. 133, 139-50 (2009).

45. Brenner, R. et al. BK channel beta4 subunit reduces dentate gyrus excitability and protects against temporal lobe seizures. Nat.
Neurosci. 8,1752-9 (2005).

46. Orio, P. et al. Structural Determinants for Functional Coupling Between the 3 and o Subunits in the Ca 2+-activated K+(BK)
Channel. J. Gen. Physiol. 127, 191-204 (2006).

47. Horrigan, F T. & Aldrich, R. W. Coupling between Voltage Sensor Activation, Ca*" Binding and Channel Opening in Large
Conductance (BK) Potassium Channels. J. Gen. Physiol. 120, 267-305 (2002).

48. Dougherty, D. A. Cation-p Interactions Involving Aromatic. J. Nutr. 137, 1504-1508 (2007).

49. Mcgaughey, G. B., Gagne, M. & Rappe, A. K. 2 -Stacking Interactions. 273, 15458-15463 (1998).

50. Rahman, M., Muhseen, Z., Junaid, M. & Zhang, H. The aromatic stacking interactions between proteins and their macromolecular
ligands. Curr. protein Pept. Sci. 16, 502-12 (2015).

51. Jin, X. & Steinbach, J. H. A Portable Site: A Binding Element for 17 -Estradiol Can Be Placed on Any Subunit of a Nicotinic 4 2
Receptor. J. Neurosci. 31, 5045-5054 (2011).

52. Paradiso, K., Zhang, J. & Steinbach, J. H. The C terminus of the human nicotinic alpha4beta2 receptor forms a binding site required
for potentiation by an estrogenic steroid. J. Neurosci. 21, 6561-6568 (2001).

53. Poongavanam, V., Kongsted, J. & Wiistner, D. Computational Analysis of Sterol Ligand Specificity of the Niemann Pick C2 Protein.
Biochemistry 55, 5165-5179 (2016).

54. Fernandez-Fernandez, J. M. et al. Gain-of-function mutation in the KCNMB1 potassium channel subunit is associated with low
prevalence of diastolic hypertension. J. Clin. Invest. 113, 1032-1039 (2004).

55. Nielsen, T. et al. The KCNMB1 Glu65Lys polymorphism associates with reduced systolic and diastolic blood pressure in the Inter99
study of 5729 Danes. ] Hypertens 26, 2142-2146 (2008).

56. Senti, M. et al. Protective effect of the KCNMB1 E65K genetic polymorphism against diastolic hypertension in aging women and its
relevance to cardiovascular risk. Circ. Res. 97, 1360-1365 (2005).

57. Grodstein, F,, Manson, J. E. & Stampfer, M. ]. Hormone Therapy and Coronary Heart Disease: The Role of Time since Menopause
and Age at Hormone Initiation. J. Womens Heal. 15, 35-44 (2006).

58. Hodis, H. N. & Mack, W. J. Coronary heart disease and hormone replacement therapy after the menopause. 12, 71-75 (2009).

59. Bian, S. et al. Interactions betweenB-catenin and the HSlo potassium channel regulates HSlo surface expression. PLoS One 6 (2011).

60. Chan, L. Y,, Yim, E. K. E. & Choo, A. B. H. Normalized Median Fluorescence: An Alternative Flow Cytometry Analysis Method for
Tracking Human Embryonic Stem Cell States During Differentiation. Tissue Eng. Part C Methods 19, 156-165 (2013).

61. Castillo, K. et al. Molecular mechanism underlying 31 regulation in voltage- and calcium-activated potassium (BK). channels. Proc.
Natl. Acad. Sci. 112, 4809-4814 (2015).

62. Armstrong, C. M. & Bezanilla, E. Currents associated with the ionic gating structures in nerve membrane. Ann. N. Y. Acad. Sci. 264,
265-277 (1975).

63. Sali, A. & Blundell, T. L. [Pmine5]Comparative protein modelling by satisfaction of spatial restraints. J. Mol. Biol, https://doi.
0rg/10.1006/jmbi.1993.1626 (1993).

64. Buchan, D. W. A, Minneci, E, Nugent, T. C. O., Bryson, K. & Jones, D. T. Scalable web services for the PSIPRED Protein Analysis
Workbench. Nucleic Acids Res, https://doi.org/10.1093/nar/gkt381 (2013).

65. Case, D. A. et al. Amber 2017. University of California, San Francisco doi:citeulike-article-id:2734527 (2017).

66. Xu, D. & Zhang, Y. Ab initio protein structure assembly using continuous structure fragments and optimized knowledge-based force
field. Proteins Struct. Funct. Bioinforma., https://doi.org/10.1002/prot.24065 (2012).

67. Xu, D. & Zhang, Y. Toward optimal fragment generations for ab initio protein structure assembly. Proteins Struct. Funct. Bioinforma,
https://doi.org/10.1002/prot.24179 (2013).

68. Deng, H., Jia, Y. & Zhang, Y. Protein structure prediction. Int. J. Mod. physics. B 32, 1840009 (2018).

69. Avila-Salas, E et al. Study of interaction energies between the PAMAM dendrimer and nonsteroidal anti-inflammatory drug using a
distributed computational strategy and experimental analysis by ESI-MS/MS. J. Phys. Chem. B, https://doi.org/10.1021/jp2069122 (2012).

70. Jacobson, M. P. et al. A Hierarchical Approach to All-Atom Protein Loop Prediction. Proteins Struct. Funct. Genet. 55,351-367 (2004).

71. Harder, E. et al. OPLS3: A Force Field Providing Broad Coverage of Drug-like Small Molecules and Proteins. J. Chem. Theory
Comput, https://doi.org/10.1021/acs.jctc.5b00864 (2016).

72. Shelley, J. C. et al. Epik: A software program for pKa prediction and protonation state generation for drug-like molecules. J. Comput.
Aided. Mol. Des. 21, 681-691 (2007).

73. Friesner, R. A. et al. Extra precision glide: Docking and scoring incorporating a model of hydrophobic enclosure for protein-ligand
complexes. J. Med. Chem, https://doi.org/10.1021/jm0512560 (2006).

74. Humphrey W., Dalke A. & Schulten K. VMD: visual molecular dynamics. J. Mol. Graph, https://doi.org/10.1016/0263-
7855(96)00018-5 (1996).

Acknowledgements

We would like to thank Miss Luisa Soto and Mrs Victoria Devia for their excellent technical assistance and Dr Alfonso
Barreto for his helpful comments regarding the confocal assays. We also thank Drs. Miguel A. Valverde and Jose M.
Fernandez for comments on an early version of the manuscript. This work was supported by Projects FONDECYT
1150273 and 1190203 (to R. Latorre), 1180464 (to C. Gonzalez), 1180999 (to K.Castillo) and 1131003 (to FE Gonzalez-
Nilo) and by COLCIENCIAS Grant ID 120352128651 (YP Torres), COLCIENCIAS PhD Scholarship 528 (to ST.
Granados) and Air Force Office of Scientific Research grant under award number FA9550-16-1-0384 (R. Latorre).
The Centro Interdisciplinario de Neurociencia de Valparaiso is a Millennium Institute supported by the Millennium
Scientific Initiative of the Ministerio de Economia, Fomento y Turismo.

Author Contributions

S.T.G. carried out confocal microscopy, flow cytometry assays and ionic current recordings; K.C. and Y.L.-C.
performed gating current recordings; EB.-M., R.S. and M.R. carried out the molecular modelling; E.C. performed
ionic current recordings; S.T.G., K.C., Y.L.-C. and R L. analysed the data; S.T.G., R.L., K.C., W.C.-U. and Y.P.T.
wrote the manuscript; R.L., EG.-N., C.G. and Y.P.T. designed the experiments and directed research activities.

SCIENTIFICREPORTS| (2019) 9:9965 | https://doi.org/10.1038/s41598-019-45942-1 14


https://doi.org/10.1038/s41598-019-45942-1
https://doi.org/10.1006/jmbi.1993.1626
https://doi.org/10.1006/jmbi.1993.1626
https://doi.org/10.1093/nar/gkt381
https://doi.org/10.1002/prot.24065
https://doi.org/10.1002/prot.24179
https://doi.org/10.1021/jp2069122
https://doi.org/10.1021/acs.jctc.5b00864
https://doi.org/10.1021/jm051256o
https://doi.org/10.1016/0263-7855(96)00018-5
https://doi.org/10.1016/0263-7855(96)00018-5

www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45942-1.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:9965 | https://doi.org/10.1038/s41598-019-45942-1 15


https://doi.org/10.1038/s41598-019-45942-1
https://doi.org/10.1038/s41598-019-45942-1
http://creativecommons.org/licenses/by/4.0/

	The molecular nature of the 17β-Estradiol binding site in the voltage- and Ca2+-activated K+ (BK) channel β1 subunit

	Results

	E2 binds to the β1 subunit. 
	E2 stabilizes the voltage sensor in its active configuration. 
	E2 binding site is located in a hydrophobic pocket in TM2 of the β1 subunit. 
	Mutants W163I and F166A in TM2 abolish binding of E2 to β1. 
	α/β1W163I and α/β1F166A BK channels are not activated by E2. 

	Discussion

	Methods

	Reagents and antibodies. 
	Heterologous expression systems. 
	Cell culture and gene transfection. 
	Xenopus laevis oocytes. 

	Expression assays. 
	Binding assays. 
	Image acquisition and analysis. 
	Flow cytometry acquisition and analysis. 
	Electrophysiology and data analysis. 
	Ionic currents. 
	Gating currents. 
	Data analysis. 

	Molecular model of β1-subunit and molecular docking of estradiol. 

	Acknowledgements

	Figure 1 BK channel expression in HEK 293 cells.
	Figure 2 E2 binding to BK channel.
	Figure 3 E2 modulates VSD equilibrium in BKα/β1 channels.
	Figure 4 Molecular modelling of E2 interaction with BK β1 subunit.
	Figure 5 Mutant BK β1 channel expression in HEK 293 cells.
	Figure 6 E2 binding to different β1 subunit mutants.
	Figure 7 E2 effect on BK channel macroscopic currents.
	Figure 8 E2 is unable to modulate VSD equilibrium in α/β1W163I and α/β1F166A mutant channels.




