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Abstract

Large conductance Ca?* and voltage activated K* (BK) channels control membrane
excitability in many cell types. BK channels are tetrameric. Each subunit is comprised of
a voltage sensor domain (VSD), a central pore gate domain, and a large cytoplasmic
domain (CTD) that contains the Ca?* sensors. While it is known that BK channels are
activated by voltage and Ca?*, and that voltage and Ca?* activations interact, less is
known about the mechanisms involved. We now explore mechanism by examining the
gating contribution of an interface formed between the VSDs and the aB helices located
at the top of the CTDs. Proline mutations in the aB helix greatly decreased voltage
activation while having negligible effects on gating currents. Analysis with the HCA
model indicated a decreased coupling between voltage sensors and pore gate. Proline
mutations decreased Ca?* activation for both Ca?* bowl and RCK1 Ca?* sites,
suggesting that both high affinity Ca?* sites transduce their effect, at least in part,
through the aB helix. Mg?* activation was also decreased. The crystal structure of the
CTD with proline mutation L390P showed a flattening of the first helical turn in the aB
helix compared to WT, without other notable differences in the CTD, indicating structural
change from the mutation was confined to the aB helix. These findings indicate that an
intact aB helix/VSD interface is required for effective coupling of Ca?* binding and
voltage depolarization to pore opening, and that shared Ca?* and voltage transduction
pathways involving the aB helix may be involved.

Slo1 channel | BK channel | Ca%*-activated K* channel | allosteric coupling | patch clamp
Significance

Large conductance BK (Slo1) K* channels are activated by voltage, Ca?*, and Mg?* to
modulate membrane excitability in neurons, muscle, and other cells. BK channels are of
modular design, with pore-gate and voltage sensors as transmembrane domains and a
large cytoplasmic domain CTD containing the Ca?* sensors. Previous observations
suggest that voltage and Ca?* sensors interact, but less is known about this interaction
and its involvement in the gating process. We show that a previously identified structural
interface between the CTD and voltage sensors is required for effective activation by
both voltage and Ca?*, suggesting that these processes may share common allosteric
activation pathways. Such knowledge should help explain disease processes
associated with BK channel dysfunction.
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Introduction

Large conductance Ca**- and voltage-activated K* channels (BK, Slo1, Maxi-K, Kcal.1,
KCNMA gene) are widely distributed and opened by the synergistic action of depolarization and
intracellular Ca®" (1-17), with intracellular Mg** modulating the activation (18, 19). Open BK
channels allow the outward movement of intracellular K, which drives the membrane potential
in a negative direction, decreasing the excitability of cells by deactivating voltage dependent Na*
and Ca®" channels. Through this negative feedback system, BK channels modulate many
physiological processes, including smooth muscle contraction (20), release of neural transmitters
(21), repetitive firing in neurons (22), and renal K" secretion (23). Defects in BK channels can
lead to epilepsy and dyskinesia (24, 25), hypertension (23), and contribute to human obesity (26).
The voltage- and Ca**-dependent gating of BK channels can be described by two-tiered allosteric
gating mechanisms formulated as discrete state models (5, 11), and also by more general models
(6), including the modulation by Mg?* (18, 27, 28). However, less is understood about the
specific allosteric pathways involved in voltage and Ca®" activation of the channel.

It is known that the BK channel is of modular design, with the voltage sensors and pore gate
forming the transmembrane domain of the channel (TMD), and the large cytosolic domain
(CTD) containing the Ca?" sensors (3, 4, 7-17). Removing the CTD removes all Ca*" sensitivity
(29), leaving a voltage gated channel (29, 30). However, the coupling between voltage sensors
and the pore gate is greatly reduced in the absence of the CTD (30), leading to a marked decrease
in voltage activation (29, 30). This suggests that the CTD may also contribute to transduction
from voltage sensors to the pore gate. Previous studies have identified a dynamic interface
between the aB helix of the CTD and the voltage sensors (16, 17, 31). The purpose of our paper
is to determine the contributions of the aB helix at this interface to voltage and Ca®" activation.

The structure of one of the four identical subunits of a BK channel is shown by the cartoon in
Fig. 14, and the complete cryo-EM structures of metal free and Ca®" and Mg?* bound BK
channels are shown in Figs. 1C, D. Each subunit has a voltage sensor domain (VSD) comprised
of transmembrane segments S1-S4 that are preceded by an SO transmembrane segment that
modulates the voltage sensor (32). Following S4 are transmembrane segments S5-S6, that
contribute to the central pore gate domain (PGD), which is formed from four such S5-S6 pairs,
one from each subunit. The location of the gate that blocks the central pore is debated, but
movement of the pore lining segment S6 in the intracellular cavity near the entrance to the
selectivity filter may reposition hydrophobic residues to exclude water, blocking conduction (33,
34). The four VSDs surround the central pore gate domain.

The large cytosolic domain (CTD) of the BK channel, also referred to as the gating ring (31,
35) is seen in Fig. 1C, D). Each subunit contributes tandem RCK1 and RCK2 domains to the
CTD, for a total of eight RCK domains. Each RCK1 contains a high affinity RCK1 Ca?" binding
site (7, 36), and each RCK2 contains a high affinity Ca** bowl binding site (4), for a total of
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eight high affinity Ca?" sites in the CTD. In addition, there are four low affinity Mg?>" sites per
channel, each coordinated between residues on the top of the CTD and the bottom of the voltage
sensor (28). Removing the CTD removes all Ca?>" and Mg** sensitivity (29).

The CTD is anchored to the TMD through four peptide C-linkers, each connecting S6 of the
TMD to the N-lobe of the RCK1 domain of the same subunit in a swapped manner. BK channels
have a relatively short S4-S5 linker extending from S4 in the VSD to S5 in the PGD of the same
subunit. The short S4-S5 linker in BK would constrain the depolarization induced upward
movement of S4 in BK (16, 17), which may explain why only one positive residue in each S4
contributes to the voltage dependence of gating in BK (37).

Ca”" binding to the Ca®" bowl and RCK1 sites in the CTD leads to a near rigid-body lateral
tilting (away from pore) of the N-lobes formed by the upper part of each RCK1 domain (16, 17,
31). This lateral tilting moves the RCK1 attachment point for each S6-RCK1 C-linker laterally
and downwards, pulling on S6 to potentially open the pore gate. Simultaneously, the lateral
tilting of the N-lobe moves the aB helix located at the top of each N-lobe both upwards and
laterally to push upwards and laterally on the bottom of S4-S5 linker/VSD to potentially open the
channel (16, 17). A morphing movie in Hite, Tao, and MacKinnon (17) clearly illustrates these
simultaneous actions of the Ca**-induced pulling on S6 through the C-linker and the upwards
and lateral pushing on the S4-S5 linker/VSD. A similar upward and outward movement of the
oB helices at the top of the N-lobes induced by 10 mM Ca?" for vertebrate BK channels can be
seen in a movie in Yuan et al. (31). Supporting that Ca**-induced pulling on the S6-RCK 1
linkers contributes to channel opening are the observations that shortening the C-linkers by
deleting amino acids increases open probability over a range of Ca** concentrations, and that
lengthening the C-linkers decreases open probability (38, 39).

In the absence of Ca*", shortening the C-linkers left shifts V12, the voltage for half activation,
to more negative potentials, and lengthening the C-linkers right shifts V1,2 to more positive
potentials (39). These shifts in voltage activation induced by changing the length of the C-linker
arising from the Ca®'-sensing CTD, suggests coupling between the Ca?" and voltage activation
pathways. This observation is one of many suggesting coupling between voltage and
Ca?*activation in BK channels, as detailed in reviews (14, 15, 40). A few of these will be
mentioned. Removing the CTD right shifts Vi, by > 50 mV (29) by decreasing the coupling
between voltage sensor movement and the pore gate (30). A small but significant interaction
between Ca®* binding and voltage sensor activation is required to account for the Ca>"
dependence of Po (6). Ca?’ binding to the RCK1 Ca?" site is voltage dependent (41). Functional
studies suggest that residues in the AC region (N-lobe) of the CTD interact with the VSD (25).
Ca?" binding alters VSD rearrangement (42). Ca>" sensor occupancy left shifts the Q-V curves,
with strong allosteric coupling between Ca?*-binding sites and voltage sensors (43). Strong
correlations have been observed between VSD rearrangements and conformational changes in
the CTD, which support a pathway that couples Ca** binding to channel opening through the
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voltage sensor (44). Mg?" binding between the VSD and the CTD directly couples voltage, Ca>",
and Mg?" sensors (19, 28).

The structural studies (16, 17) discussed above and Fig. 1C, D, showing that the aB helices at
the top of the N-lobe of the CTD interact directly with the S4-S5 linker/VSD, implicate the aB
helix as a potential key structural element in the coupling between voltage and Ca*>* sensors and
suggest that the oB helix may be part of a shared pathway for voltage and Ca®" activation (17).
Functional support for this proposal is the finding from an alanine scan of the AC region of the
N-lobe, that alanine substition at two sites in the oB helix decreased both Ca?" sensitivity (25)
and interactions among residues in the aB helix and VSD (19). A prediction of coupling of
voltage and Ca?" sensors through the aB helix is that disruption of the aB helix should alter both
Ca?" and voltage activation of the BK channel.

In this paper we test this hypothesis by disrupting the aB helix with point proline mutations.
We first examined a proline substitution in the middle of the helix, and found that L390P shifted
voltage activation to more positive potentials and decreased Ca" sensitivity. A high resolution
crystal structure of the CTD L390P mutant showed that the effects of the mutation were local to
the aB helix, limited to flattening one turn of the aB helix. L390P did not alter the normalized
gating currents. Analysis of Po versus voltage data with the HCA model (45) indicated that
L390P reduced voltage activation by decreasing the coupling between voltage sensors and the
pore gate. Mutations eliminating either the high affinity RCK1 Ca?" sites or the Ca*"-bowl sites
showed that L390P still reduced Ca** activation when either type of site was examined
separately, suggesting that both types of high affinity Ca*" sites require an intact oB helix for full
function. Proline mutations at other sites in the aB helix also reduced both voltage and Ca®"
activation. oB helix mutations also decreased activation by 10 mM Mg?* acting at the low
affinity Mg?" site. Our findings suggest that an intact aB helix is required for effective voltage,
Ca?*, and Mg?" activation of BK channels. Coupling of voltage, Ca’*, and Mg?* activation
through the aB helix would allow voltage, Ca*>*, and Mg?" to share activation pathways.

Results

Disruption of the aB Helix Right Shifts V1,2 to More Positive Potentials, with Little
Effect on the G-V Slopes. If the aB helix plays a major role in the transduction of voltage-
and Ca’"-activation to the pore gate in BK channels, then disruption of the aB helix might be
expected to alter voltage and Ca®" activation of the channel. To test this hypothesis a proline was
substituted for a leucine in the middle of the three turn aB helix that interfaces with the S4-S5
linker/VSD to obtain L390P channels (Fig. 14, B). X-ray crystallography then indicated that the
L390P mutation caused a structural change to the aB helix by flattening the first turn of the
helix, with structural changes limited to the aB helix (Fig. 1B, E, F).
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To test if this structural changes to the aB helix altered voltage and Ca" activation, the
voltage required for half-activation of the channel, V12, was determined for L390P channels for
comparison to WT channels. Vi, for WT and L390P channels was first obtained in the absence
of Ca" to determine the effect of aB helix disruption on voltage activation. V1, was then
determined in the presence of 100 uM Ca®* to measure the effect of aB helix disruption on Ca**
activation.

For WT channels in 0 uM Ca**, the mean voltage for half activation was 176 mV (SEMs and
p values are in SI Appendix, Table S2). Disruption of the aB helix with L390P then right shifted
the G-V curve to more positive potentials, giving a mean V12 of 242 mV. This indicated that a
66 mV greater depolarization was required to activate the channel in the absence of Ca®" after
disrupting the aB helix (Fig. 2 and SI Appendix, Fig. S1 and Table S2). Proline substitutions at
other positions along the aB helix (L385P, L387P, E388P, A389P, F391P, and F394P) also right
shifted the voltage required for half activation in the absence of Ca** by from 44 to 109 mV,
depending on the location of the mutation (Fig. 2 and S Appendix, Fig. S1 and Table S2). Hence,
more positive potentials are required to activate the channel when the aB helix is disrupted,
indicating that an intact oB helix is required for effective voltage activation.

Quantifying the protein interaction interface between the aB helix and the S4-S5
linker/VSD. Fig. 1 shows that the structural changes from mutating the aB helix with L390P
were localized to the aB helix (Fig. 1E, F). Consequently, for the mutated aB helix to alter
gating, the mutation would have to alter a functional interaction at an interface between the aB
helix and some other part of the channel. Hite et al. (17) have identified a protein-protein
interface between the RCK1 N-lobe and the S4-S5 linker/VSD in the open BK channel. To
further quantify interface interactions, we measured the protein interaction interface (buried
surface area), which is a direct measurement of protein-protein interaction, between the aB helix
and the S4-S5 linker/VSD for both closed and open Aplysia BK channels. For closed channels
the area per subunit of the protein interaction interface between the aB helix and the S4-S5 linker
was 280 A2, and between the aB helix and the combined S4-S5 linker/VSD was 299 A?. For
ligand bound open channels these numbers were 270 A? and 643 A2, respectively, showing
protein-protein interaction at the interface in both the closed and open states, with a large
increase in the total protein interaction interface when the channel is open.

Our observations that the L390P mutation flattens the first turn of the aB helix, with no
significant changes in structure elsewhere in the RCK1-RCK2 domains (Fig. 1E, F), requires that
the L390P mutation alters interaction at the interface between the aB helix and the S4-S5
linker/VSD. That both Ca?* and voltage activation are reduced by L390P acting at this interface
suggests that this interface could provide a common pathway through which voltage and Ca**
activation could interact.
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Disruption of the aB Helix with L390P has Negligible Effect on Gating Charge
Movement. In contrast to the large right shifts in Vi, required for activation with proline
substitution in the aB helix, the voltage sensitivity of activation, as indicated by the slopes of the
G-V curves, remained relatively unchanged (Fig. 2 and SI Appendix, Fig. S1 and Table S2).
Similar slopes suggest similar effective charge movement for activation.

If effective charge movement is similar after disruption of the aB helix, what then accounts
for the large right shifts in V1,2? One possibility is that the movement of the voltage sensors
occurs at right shifted voltages after disrupting the aB helix. Another is that pore opening is no
longer tightly coupled to voltage sensor movement (30). A comparison of gating currents
recorded from WT and L390P channels indicated that disruption of the aB helices had negligible
effect on Q-V curves (Fig. 3). Hence, the right shift in the G-V curves with L390P does not arise

from a right shift in voltage sensor activation.

Disruption of the aB Helix with L390P Increases the Intrinsic C-O Equilibrium
Constant Lo and Decreases the Coupling Factor D between Voltage Sensors and
Pore Gate. We next considered whether the L390P induced right shift in G-V curves arose
from a decrease in the intrinsic closed-open equilibrium constant Lo or from a decrease in the
allosteric factor D that couples voltage sensor activation to pore gate opening (30, 45).
Decreasing either of these factors would make it more difficult to open the channel. Po was
measured over wide ranges of voltage for WT and L390P channels and the data fitted with the
HCA (45) model to estimate Lo and D. Compared to WT, L390P increased Po at negative
potentials where the channels opened spontaneously with the voltage sensors nearly at rest (Fig.
4B, C), and decreased Po at positive potentials (Fig. 4C). Fitting the Po versus V curve in Fig. 4
with the HCA (45) model indicated that L390P significantly increased Lo 12.8 fold, from
7.42x107 £ 0.96x1077 for WT channels to 9.47x107 + 2.17x10° for L390P channels (p<0.01).
L390P also significantly decreased the coupling factor D by 4.94 fold, from 29.3 + 3.0 for WT
channels to 5.93 = 0.73 for L390P channels (p< 0.0001).

In terms of the HCA model, the L390P induced increase in Po at negative voltages arose from
a 12.8 fold increase in the intrinsic closed-open equilibrium constant Lo, and the decrease in Po at
positive voltages arose from a 4.94 fold decrease in the coupling factor D between voltage
sensors and pore gate. An increase in Lo in isolation would left shift G-V curves. Consequently,
the observed increase in Lo is not responsible for the right shift at positive potentials observed in
Fig. 2. The right shift occurs because the 4.94 decrease in coupling factor D is applied at
increasing power with each activated voltage sensor (Fig. 44). With four activated voltage
sensors, the L390P mutation decreases effective coupling by 29.3*%(WT)/5.93%(L390P) or 596
fold. The increased Lo suggests that disruption of the aB helix removes a normal inhibition on
opening in WT channels. Similar to the dual action of the L390P mutation on increasing Lo and
decreasing D, removing the entire gating ring also removes a normal inhibition on opening and
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decreases coupling between voltage sensors and pore gate (30).

Disruption of the aB Helix Decreases High Affinity Ca2* Sensitivity. Removing the
CTD (29) or mutating both the RCK 1 and calcium bowl Ca** binding sites in the CTD (7, 8)
removes all Ca®* sensitivity from BK channels. Hence, the CTD is necessary to both bind Ca**
and to transfer the energy of Ca?* binding in the CTD to the PGD to open the channel. If the aB
helix is involved in this transduction, then disruption of the aB helix might be expected to reduce
Ca?" sensitivity. This question was explored by using the Ca**-induced leftward shift in Vi, as a
measure of Ca?" sensitivity (46). For WT BK channels, increasing Ca** from 0 to 100 uM left
shifted Vi from 176 mV to -32 mV, for a A shift of -208 mV (Fig. 2 and SI Appendix, Table S2
which includes SEMs and p values). Thus, for WT channels, 0 to 100 uM Ca>" provided
activation equivalent to A208 mV of depolarization, as the voltage had to be shifted A-208 mV to
negate the opening effect of 100 uM Ca*".

In contrast, after disrupting the aB helix with L390P, increasing Ca*" from 0 to 100 pM left
shifted V12 from 242 mV to 140 mV, for a A shift of -102 mV, only 49% of the A-208 mV Ca?*-
induced left shift for WT (Fig. 2 and ST Appendix Table S2). Thus, disrupting the aB helix with
L390P reduced the effective transduction of high affinity Ca*" binding from the gating ring to the
pore gate by 51%.

Proline substitutions at positions L385P, L387P, E388P, A389P, F391P, and H394P in the
oB helix also reduced the Ca**-induced left shift in V., with reductions to 82%, 50%, 52%,
58%, 38%, and 82% of WT, respectively (Fig. 2 and SI Appendix, Fig. S1 and Table S2). L387P
and F391P gave the greatest reduction in Ca®" sensitivity, consistent with previous observations
obtained from an alanine scan of the oB helix, where L387A and F391A were found to reduce
Ca”' sensitivity (25). The reduction in Ca®" sensitivity by L387A and F391A was less than half
the reduction with proline substitutions at these sites, indicating that side-chain replacement with
alanine can also reduce Ca®" sensitivity, but that disrupting the aB helix with proline is more
effective. Taken together, the observations in this section indicate that an intact aB helix is
required to fully couple Ca?* binding in the CTD to pore opening in the PGD.

Interestingly, the proline mutations L385P and H394P near the ends of the aB helix gave the
smallest reductions in Ca®" sensitivity but the greatest right shifts of V2 for voltage activation
(Fig. 2 and ST Appendix, Fig. S1 and Table S2), indicating differential effects of the aB helix on
Ca”" and voltage activation, depending on the position of the substituted residues.

Disruption of the aB Helix Reduces High Affinity Ca?* Sensitivity through Both the
Ca?* Bowl and RCK1 Ca?* Sites. The previous section showed that disrupting the oB helix
with L390P and other proline mutations reduced Ca*" activation. To examine whether this
reduction arose from decreased effectiveness of one or both high affinity Ca®* sensor pathways,
we tested the effect of disrupting the aB helix on each Ca** sensor separately. The mutation
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D898-902N (5D5N) (4, 7) was used to eliminate the Ca*>" bowl, leaving only the RCK1 Ca?*
sensor pathway, and the mutation D362A/D367A (2D2A) (7) was used to eliminate the RCK1
Ca?" site, leaving only the Ca?" bowl sensor pathway.

AV1/2 0-100 pm ca Was -208 mV for WT channels, -166 mV for SD5N channels, and -54 mV for
L390P/5D5N channels (Fig. 5 and ST Appendix, Fig. S2 and Table S3 which includes SEMs and
p values). Removing the Ca®" bowls thus reduced Ca** sensitivity to 80% of WT, indicating that
RCK1 Ca?’ sites in the absence of Ca*" bowls can contribute 80% of the total Ca?" sensitivity of
WT channels in the absence of Ca*" bowls. Disrupting the aB helix of these 5SD5N channels with
L390P (L390P/5D5N channels) then reduced Ca?* sensitivity to 33% of SD5N channels (Fig. 5
and SI Appendix, Fig. S2 and Table S3).

AV1/2 0-100 pm ca Was -208 mV for WT channels, -119 mV for 2D2A channels, and -64 mV for
L390P/2D2A channels. Removing the RCK1 Ca*" sites thus reduced Ca®" sensitivity to 57% of
WT, indicating that the Ca®* bowls in the absence of RCK1 sites can contribute 57% of the total
Ca?" sensitivity of WT channels. Disrupting the aB helix of these 2D2A channels with L390P
(L390P/2D2A channels) then reduced the Ca®" sensitivity to 54% of 2D2A channels. Thus, both
types of high affinity Ca?" sites, Ca>" bowl and RCK 1, require an intact oB helix for their Ca**
activation to be fully functional. However, L390P had differential effects on reducing the Ca*
sensitivity from the two Ca®" sites. L390P/5D5N channels had 33% of the Ca** sensitivity of
5D5N channels, whereas L390P/2D2A channels had 54% of the Ca*" sensitivity of 2D2A
channels (Fig. 5 and ST Appendix, Fig. S2 and Table S3).

In the absence of L390P mutations, our observations that RCK1 Ca?" sites acting alone make a
greater contribution to Ca* activation than Ca** bowl sites acting alone, and that the sum of
AV172 0-100 um ca for RCK1 Ca?* sites alone and Ca*" bowl sites alone can exceed AV1/2 0100 um
cafor WT channels has been described previously (47, 48). Also observed by others have been
equal contributions of the RCK1 Ca? site and Ca?" bowl to left shifts in Vi, (7, 8, 49), and equal
contributions of these sites to decreasing the free energy necessary to activate voltage sensors
(43). The reason for the apparent differences in the relative contributions from the two types of
Ca?" sites is not known.

Disruption of the aB Helix Reduces Low Affinity Mg?* Activation. The previous
sections showed that disruption of the aB helix reduced high affinity Ca?" activation through
both Ca?* bowl and RCK1 Ca?" sites. To explore whether proline mutations of the oB helix also
changed activation through the low affinity Mg?" site, we compared the shift in V1, for mutated
and WT channels for 0 =10 mM Mg?"*. In these experiments, Mg>* would be expected to act
predominantly on the low affinity Mg?" sites (27). Results for Mg?* activation of WT channels
and for seven different proline substitutions in the aB helix are presented (Fig. 6 and S7
Appendix, Fig. S3 and Table S4 which includes SEMs and p values). For WT channels, AVi0-

10mM Mg Was -60 mV, generally consistent with previous work (7, 18, 27, 50). Proline mutations
9
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to the aB helix then reduced the Mg?* induced left shift to 57% - 92% of WT. Hence, an intact
oB helix is required for full Mg?" activation.

Increasing Ca?* 100-fold for Channels with Disrupted aB Helices Does Not
Restore High Affinity Ca?* Sensitivity. To explore whether the proline substitutions in the
oB helix decreased the Ca®* activation by decreasing the effective occupancy at the high affinity
Ca?" binding sites, we increased Ca>" from 100 uM to 10 mM to see if the 100-fold increase in
Ca" would restore the reduced Ca**-induced left shift for oB helix mutated channels to that of
WT channels. Results are shown in Fig. 7 and ST Appendix, Fig. S4 and Table S2. For aB helix
mutated channels, AV1/20-100 M cais plotted as black bars, and AV1/2 100 um —10 mM ca 1S plotted as
yellow bars, for comparison to WT channels, plotted as a white bar (Fig. 7B). To determine
whether the 100-fold increase in Ca®* restores activity at the high affinity Ca?" sites, it is first
necessary to know what the 100-fold increase in Ca>" would do at the low affinity Mg?* site.
Previous studies have shown that the low affinity Mg?* site is equally activated by 10 mM Ca**
and 10 mM Mg** (7, 18, 27, 50). Consequently, the effect of 0 to 10 mM Mg?* on delta V12 (Fig.
6) can be used as a measure of expected effect of 100 uM to 10 mM Ca** on the low affinity
Mg** site.

The AV1/2 100 um —10 mM ca for the four examined aB helix mutations in Fig. 7 was 46.8 + 3.2
mV (yellow bars) (data from S/ Appendix, Table S2). This was not significantly different
(p=0.14, paired t-test) from AVi20 10 mmmg0f 39.5 + 3.1 mV for the same four aB helix
mutations (Fig. 6, green bars, data from and S7 Appendix, Table S4). Hence, this comparison
suggests that increasing Ca?* 100-fold in Fig. 7 increased activation through the low affinity
Mg?* sites with negligible effect on the high affinity Ca®" sites. These observations would be
expected if proline mutations to the aB helix decrease Ca®" activation by disrupting a
transduction pathway involving the aB helix, rather than by decreasing the affinity of the Ca?"

SEensors.
Discussion

The aB Helix/VSD Interface is Required for Effective Voltage and Ca?* Activation
of BK Channels. Functional studies have suggested that voltage and Ca** sensors of BK
channels interact, as summarized in the Introduction (6, 13, 15, 28, 30, 40, 41, 43, 44), and that
the AC (N-lobe) region of the CTD is involved (25, 51). Structural studies have identified a
potential structural pathway to couple Ca*" sensors in the CTD with voltage sensors in the TMD
(16, 17, 31). This pathway includes the interfaces formed between the aB helices at the top of the
N-lobes of the CTD and the cytoplasmic sides of the S4-S5 linkers/VSDs (Fig. 1). If this is the
case, then disruption of aB helices at the interfaces would be expected to alter both voltage and
Ca’" activation (Fig. 14, B).
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We explored this possibility by creating an alpha subunit of the tetrameric BK channel that
has a proline substitution L390P in the aB helix, with the idea that the proline substitution would
disrupt the aB helix, which in turn would alter the interface between the aB helix and S4-S5
linker/VSD. Voltage activation was found to be less for channels formed from the L390P
subunits compared to WT channels, as indicated by 66 mV right shifts in the G-V curves. The
L390P channels also had a 49% reduction in Ca** sensitivity, as indicated by a 49% decrease in
the left shift of the G-V curves induced by increasing Ca>" from 0 to 100 pM (Fig. 2 and S/
Appendix, Fig. S1, and Table S2). Both the Ca?>" bowl and RCK1 Ca*" site were found to
contribute to Ca*"sensitivity in WT channels, as previously observed (7, 48). The L390P
mutation then reduced the contribution from both of these sites (Fig. 5 and SI Appendix, Fig. S2
and Table S3), suggesting that the aB helix may form a common element in an activation
pathway used by the two types of high affinity Ca?" sites.

Superposition of crystal structures of WT and mutated CTD showed that the proline mutation
L390P near the middle of the aB helix (L390P) caused local disruption of the first turn of the aB
helix without significant changes to other parts of the CTD (Fig. 1). Thus, the structural effects
of L390P were confined to the aB helix. Single proline mutations at four other examined sites on
the aB helix away from the ends, gave results similar to L390P, decreasing both voltage and
Ca”" activation (Fig. 2 and SI Appendix, Fig. S1 and Table S2). Proline mutations at either end of
the oB helix still decreased voltage activation, but had less of an effect on Ca>" activation.

Increasing Ca** 100 fold to 10 mM did not restore Ca** sensitivity after proline mutations to
the oB helix, indicating that the decrease in Ca®" sensitivity was unlikely to arise from decreased
on rates for Ca’" binding at the high affinity Ca** binding sites, consistent with structural
changes from the L390P mutation of the aB helix being local to the aB helix rather than
extending to the Ca?* binding sites. Mg?" activation was also decreased by aB helix mutations
(Fig. 6 and SI Appendix, Fig. S3 and Table S4), but less than for Ca*" activation. The Mg>"
coordinating site E399 on the CTD (7, 19, 52) occurs a few residues after the aB helix (Fig. 1C,
D). Altering the aB helix S4-S5 linker/VSD interface may change the spacing between the Mg?*
coordinating sites on the CTD and VSD, which could alter the effectiveness of Mg?" action.

Previous functional observations summarized in the Introduction suggest that voltage and
Ca?" sensors interact. Structural observations (16, 17, 31) and our measurements indicating that
the aB helices of the Ca?" sensing CTD interface with the S4-S5 linkers/VSDs, together with our
observations that a functional aB helix is required for effective voltage and Ca?" activation,
suggest that voltage and Ca*" activation may share the aB helix/S4-S5/VSD interface pathway.
A common shared element in voltage and Ca** activation could allow each sensor to share the
others’ activation pathway. We now consider potential gating pathways that may contribute to
voltage and Ca®" activation of BK channels.
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Potential Voltage Gating Pathways. We first consider two possible pathways for voltage
activation: canonical and CTD dependent (17, 30). These pathways are contained in the cartoons
in Fig. 14, B and in the Schematic in Fig. 8.

In canonical voltage activation, depolarization elevates S4 in the VSD, which then elevates S5
because of the short S4-S5 linker and extensive interface between S4 and S5 (16, 17). S5 then
interacts with S6 to open the pore gate in some manner. This canonical voltage activation
pathway is contained within the transmembrane domain: V — VSD — S5 — S6 — pore gate,
where VSD includes the S4-S5 linker (Fig. 8). Demonstration of canonical voltage activation in
BK channels is the observation that voltage still activates BK channels after removing the CTD
(29, 30), which removes the aB helix, N-lobe, and C-linker. However, previous studies showed
that voltage activation in the absence of the CTD requires extreme positive voltages (right shifts)
for even partial activation of the channel, with Po max from voltage activation being reduced to
29% of WT (29, 30). The Q-V curves were little changed after removing the CTD (left shift of
20 mV), and the coupling factor D was decreased 7.2 fold, indicating that the CTD is required to
fully couple the voltage sensors to the pore gate for voltage activation (30).

Our current observations provide further support for a role for the CTD in voltage activation.
We found that mutating the aB helix in the CTD in channels that were otherwise intact, right
shifted the G-V curves (Fig. 2 and SI Appendix, Fig. S1 and Table S2), had little effect on the Q-
V curves (Fig. 3), and decreased the coupling factor D 4.9 fold (Fig. 4), similar to but somewhat
less pronounced than the effects of removing the entire CTD. Our observations suggest that the
aB helix interface with the S4-S5 linker/VSD is a major contributor to CTD dependent coupling
between voltage sensors and the pore gate. We now consider how the CTD might contribute to
voltage activation and how disruption of the aB helix could decrease voltage activation through
more than one pathway.

In CTD dependent voltage activation, depolarization could elevate S4 of the VSD, altering the
relationship of the aB helix with the S4-S5 linker/VSD at their interface (Figs. 1, 8). This
alteration of the interface could promote or allow the lateral tilting of the N-lobes away from the
central pore. The lateral tilting would move the attachment point of the C-linker on the upper
part of the N-lobe laterally and downwards, pulling on S6 to open the pore gate: V— VSD —
aB helix — N-lobe — C-linker — S6 — pore gate (Figs, 1, 8), where VSD includes the S4-S5
linker. Disruption of the aB helix would disrupt this CTD depended voltage activation pathway
that uses a series C-linker to reach S6 and the pore gate. Support for a CTD dependent voltage
activation pathway comes from our observations, discussed above, that mutating the aB helices
(Fig. 2 and SI Appendix, Fig. S1 and Table S2) or removing the CTD (29, 30) greatly decreases
voltage activation through a decrease in the coupling factor D.

Further support for a CTD dependent voltage activation pathway comes from the observation
that lengthening the C-linker in 0 Ca" increases the voltage required for activation (39). This is
the case because the C-linker is a series component in the CTD dependent voltage activation
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pathway, being located between the N-lobe and S6 (Fig. 14, C and Fig. 8). As a series
component in the CTD dependent activation pathway, lengthening the C-linker would be
expected to increase the voltage required for half activation, as more voltage would be required
to remove the slack added by lengthening the linker, as observed (39). Whereas this observation
supports CTD dependent voltage activation, it is also consistent with the canonical voltage
activation pathway. For canonical voltage activation in 0 Ca?*, the C-linker-CTD complex would
act as a passive spring in parallel with the canonical voltage activation pathway (39). Because the
C-linker is very stiff (17), a major component of the spring is likely to arise from the movement
of the N-lobe of the CTD (51). Lengthening the C-linker for canonical voltage activation would
change the tension in the spring, changing the voltage required for activation, as observed (39).
Hence, the observation that increasing C-linker length in 0 Ca®" increases the voltage required
for half activation (39) would be consistent with both canonical and CTD dependent voltage
activation.

The observations summarized above suggest that both canonical and CTD dependent voltage
transduction pathways can contribute to voltage activation. Their relative contributions are likely
to depend on Ca*", which moves the N-lobe with the aB helix on top (16, 17), changing the
interface area between the aB helix and the S4-S5 linker/VSD (interface areas are presented in
the Results). Changing interface area could change the effectiveness of the interface.

Potential Ca?* Gating Pathways. We next consider two potential pathways for Ca**
activation (16, 17, 31), a C-linker dependent pathway and an aB helix dependent pathway (Fig.
14 and Fig. 8). In the C-linker dependent pathway, Ca*" binding to the high affinity Ca®" sites in
the CTD could tilt the top of each RCK1 N-lobe laterally away from the central pore. The lateral
tilting moves the attachment point of the C-linker on the upper part of each N-lobe laterally and
downwards, pulling on S6 to open the pore gate: Ca** — CTD — N-lobe — C-linker — S6 —
pore gate. In the aB helix dependent pathway, the lateral tilting of the N-lobe moves each aB
helix upwards and laterally to push upwards and laterally on the VSD and S4-S5 linkers to move
S5 and then S6 to open the pore gate: Ca>*— CTD — N-lobe — aB helix — VSD — S5 — S6
— pore gate (Fig. 14 and Fig. 8), where the VSD includes the S4-S5 linker. The first three steps
in each of these Ca®*activation pathways are the same.

Support for Ca?" activation through the C-linker comes from observations that shortening or
lengthening the C-linkers increases or decreases the Ca" activation, respectively (38, 39).
Support for the 0B helix dependent Ca®" activation pathway comes from our observations that
five different proline mutations in the central region of the aB helix decreased Ca*" activation,
with AV, for Ca*" ¢ 100 ym being decreased to ~47% of WT (Fig. 2 and SI Appendix, Fig. S1
and Table S2). The relative contributions of the C-linker dependent and oB helix dependent Ca**
activation pathways to Ca®" activation are not known. Furthermore, these pathways would
interact through an obligatory push-pull mechanism of channel activation (30). The Ca**-induced
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upwards and lateral movement of the N-lobes would push the aB helices against the bottoms of
S4-S5 linkers/VSDs. This push would then push the CTD away from the TMD, increasing the
tension in the C-linkers. This increased tension would then further pull on S6 to open the pore
gate. Simultaneously, the lateral and downward movement of the C-linker attachment point on
the N-lobe would increase the tension in the C-linker, pulling the CTD upwards so that the aB
helix would push on the S4-S5 linker/VSD, which could activate the channel through: aB helix
— VSD — S5 — S6 — pore gate, where VSD includes the S4-S5 linker. The relative
contributions of the two pathways to Ca?" activation, if this is the case, would likely depend on
the concentration of Ca®*, which increases the interface area between the oB helix and S4-S5
linker/VSD (see Results). Note that a mutation that reduces the push is likely to also reduce pull,
and a mutation that reduces the pull is likely to also reduce push (30), which could lead to
complications in identifying the relative contributions to Ca*" activation from pathways that
change either the push or the pull.

Our observations that the oB helix mutation L390P reduced Ca** activation for both the Ca**
bowl and the RCK1 Ca?" sites (Fig. 5 and SI Appendix, Fig. S2 and Table S3), suggests that both
of these high affinity Ca?" sites likely use the N-lobe, aB helix, and S4-S5 linker/VSD as
common elements in their activation pathways. Further support for possible common
transduction elements comes from the structural observations that Ca*>" bowl coordination is
completed through contribution of aN438 (hN499) from the RCK 1 N-lobe of an adjacent
subunit, and that the RCK1 Ca?" site is completed through aD356 (hD367) borrowed from the N-
lobe of the same subunit, such that the two high affinity sites may work jointly to tilt the N-lobe
laterally and upward as a common transduction element for the RCK1 and Ca?" bowl sites (16,
17). Functional studies further indicate that hR514 from RCK1 may coordinate with Ca?" bowl
hE902 and hY904, leading to additional potential common elements in the Ca?* bowl and RCK 1
Ca”" site activation pathways (48).

However, there are also indications of some potential differences in activation pathways, as
Ca?" binding is voltage dependent at the RCK1 Ca?" site, but not at the Ca*" bowl site (41), and
strong correlation has been observed between VSD function and RCK1 conformational changes,
but not between RCK2 and VSD function (44). Additional evidence for some possible
differences in the RCK1 Ca*" site activation pathway and the Ca*" bowl activation pathway are
our observations that disruption of the aB helix with L390P reduced the fractional contribution
to Ca®" sensitivity from RCK1 Ca?" sites more than from Ca** bowl sites (Fig. 5 and S/
Appendix, Fig. S2 and Table S3). Such a differential reduction could occur if the RCK1 Ca?" site
utalized the aB helix dependent Ca" activation pathway more than the C-linker Ca*" dependent
pathway.

aB Helix Mutations Decrease Mg?* Activation of BK channels. Mg?" is coordinated
between E374 and E399 on top of the N-lobe and N172 and other residues on the VSD, linking
14
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Ca?" sensors in the CTD with voltage sensors (16, 40, 53). Ten mM Mg?" activated BK channels
with a -60 mV shift in the G-V curves (Fig. 6 and ST Appendix, Fig. S3 and Table S4). We found
that seven different proline mutations in the oB helix reduced Mg?" activation to 57% - 92% of
WT, with L390P reducing activation to 72% of WT (Fig. 6 and SI Appendix, Fig. S3 and Table
S4), without significant changes in structure of the RCK1-RCK2 domains away from the aB
helix (Fig. 1E, F). These observations suggest that an intact aB helix S4-S5 linker/VSD interface
is required for effective Mg?" activation. If Mg?* binding electrostatically pulls the CTD with
attached aB helix closer to the S4-S5 linker/VSD, this could increase the push of the aB helix on
the S4-S5 linker/VSD, potentially increasing activation. Mutating the aB helix could then
decrease this activation, as observed.

Conclusion. Our experiments show that an interface formed between the aB helices at the top
of the cytosolic CTD and the bottom of the transmembrane voltage sensor domains plays a
critical role in both voltage and Ca?" activation of BK channels. This oB helix/voltage sensor
domain interface could couple voltage and Ca?* transduction pathways, allowing voltage and
Ca?" to activate through both independent pathways, and pathways with some shared
components.

Materials and Methods

Structure determination of human BK CTD L390P mutant. We determined the crystal
structure of the L390P mutant (PDB:6V5A) by molecular replacement using the human BK CTD
(PDB: 3MT5) with a deletion of the aB helix (residues 384-394) as a search model. The aB helix
harboring the L390P mutation was built near the end of structural refinement to reduce model
bias from molecular replacement. The final model was refined to a resolution of 2.0 A with
Rwork/Rfree= 20.3%/22.5%.

Electrophysiology recording. Site-directed mutagenesis and PCR were used to make the
constructs from the mbr5 splice of variant of mSlo1 (3). cRNA was synthesized and injected into
Xenopus laevis oocytes for channel expression. Inside-out patch clamp recording (30) was used
to record ionic currents and gating currents, which were digitized and analyzed with pClamp and
HEKA Elektronik systems. Solver in Excel was used for fitting the HCA model. For ionic currents
the pipette (external) solution contained (mM): 150 KCI, 2 MgCl., 5 TES buffer. The 0 Ca?*
internal solution contained (mM): 150 KCI, 1 EGTA, 1 HEDTA, and 5 TES, pH 7.0. The 100 yM
internal Ca?* solution contained (mM), 150 KC1, 0.1 CaCly, 5 TES, pH 7.0. The 10 mM internal
Ca?* solution contained (mM): 150 KC1, 10 CaCl,, 5 TES, pH 7.0. The 10 mM CaCl, was
replaced by 10 mM MgCl. for the 10 mM internal Mg?* solution. Experiments were at 22°C to
24°C. Error bars are SEM.

Additional information on materials and methods is provided in S/ Appendix.
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Figure Legends

Fig. 1. Cartoon, cryo-EM structures, and crystal structures of specified parts of the BK channel.
(A, B) Cartoon of one subunit of the tetrameric BK channel modified from (53). In the channel
the aB helix is under the S4-S5 linker/VSD of an adjacent subunit is a swapped manner. S1-S4
form the voltage sensor, S5-S6 contribute to the pore-gate domain, a C-linker connects S6 to
the N-lobe of the RCK1 domain. Ca?* bowl and RCK1 Ca?* sites are shown. The aB helix of the
N-lobe interacts with the S4-S5 linker and voltage sensor from an adjacent subunit in a
swapped configuration (16). L390P disrupts the first turn of the aB helix, which would reduce the
effectiveness of the aB helix/ S4-S5 linker voltage sensor interface. (C) Cryo-EM structure of the
Aplysia BK channel in the EDTA Ca?* and Mg?* free, presumably closed, state (PDB:5TJI) (17),
and (D), in the Ca?* and Mg?* bound, presumably open, state PDB:5TJ6 (16). S0-S4 which
include the voltage sensor are in silver, S5-S6 are in green, and the S4-S5 linkers in cyan. The
oB helices (red) forming the top of the RCK1 N-lobes move upwards and outwards from closed
to open, where they could push upwards and outwards on the S4-S5 linkers and voltage senosr
domains. Ca?* and Mg?" sites are indicated as colored balls. (E, F) The proline substitution
L390P of the aB helix caused local perturbations limited to flattening the first turn of the aB
helix. (E) Superposition of crystal structures of WT human BK CTD in grey (PDB:3MT5) (54)
and the L390P mutant CTD structure determined in this paper in red (PDB:6V5A). The most N-
terminal residue is K343. Refinement details in S/ Appendix, Table S1. (F) A close-up view
shows that the L390P mutation flattens the first turn of the aB helix (WT in grey, mutant in red).
A schematic of the residues in the aB helix is above the structure of the helix. The bracket
includes the first residue with altered position N384 and ends with L390P.

Fig. 2. Proline mutations of the aB helix decrease both voltage and Ca?* activation. (A) Current
recordings for the indicated channels from inside-out macro patches. Voltage pulses were from -
80 to 260 mV with 20 mV increments, except for WT 100 uM Ca?* which were from -160 mV to
180 mV. Red trace for WT 100uM Ca?* is current at 180 mV. Other red traces are currents at
200 mV. (B) G/Gmax vs. V plots in 0 Ca?* (black lines through black filled circles, n=24) and 100
UM Ca?* (red lines through red open squares, n24). Dashed lines are Boltzmann fits for WT
channels and continuous lines for mutated channels. Additional data are in Fig. S1. Boltzman fit
parameters, SEMs, and p values are in S/ Appendix, Table S2. (C) V1,-Ca?* bar plots, where
the right end of each bar indicates 0 yM Ca?* and the left end 100 uM Ca?* as mean and SEM.
Bar length is taken as a measure of Ca?* sensitivity.

Fig. 3. Disrupting the aB helix with L390P has negligible effect on the gating current. (A) Gating
currents of WT and L390P BK channels. Voltage pulses were from -30 to 300 mV (WT) or from -
80 to 300 mV (L390P) with 20 mV increments. (B) Normalized gating charge-voltage (Q-V)
curves for on-gating currents. The smooth curves are fits to the Boltzmann function with a V12
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and slope factor of 159.1 £ 6.5 mV and 49.0 £ 6.7 mV for WT, and 169.0 £ 6.7 mV and 50.7
5.1 mV for L390P. The data points represent the mean £ SEM. n=8 for WT and n=10 for L390P.

Fig. 4. L390P increases the intrinsic closed-open equilibrium and decreases the coupling
between voltage sensors and pore-gate. (A) HCA model (45) for voltage dependent gating of
BK channels. L is the closed to open equilibrium constant for pore opening. D is the allosteric
factor coupling voltage sensor activation to channel opening. J is the relaxed to activated
equilibrium constant for each voltage sensor when the pore-gate is closed. Channel opening
increases D-fold for each activated voltage sensor (black dot). L and J increase with
depolarization. (B) Single channel currents recorded at -120 mV from membrane patches
containing many channels. (C) Plot of Po versus voltage for WT and L390P channels. WT data
from Zhang et al. (30). The continuous lines are fits with the HCA (45) model with parameters
for WT: Lo=7.42E-7, D = 29.3, Z, = 0.520 e,, Z,= 0.341 e, Vhc = 159 mV, and for L390P: Lo =
9.47E-6, D=5.94, Z, = 0.503 e,, Z = 0.440 e,, Vhc =169 mV, where Ly is L at 0 mV. n24.

Fig. 5. Both the Ca?* bowl and RCK1 Ca?* binding sites require an intact aB helix for effective
Ca?* activation. (A) Current recordings from the indicated channels. Red traces are currents at
200 mV. Voltage pulses were from -80 to 260 mV with 20 mV increments. 2D2A =
D362A/D367A, disrupts the RCK1 Ca?* binding site and 5D5N = D(898-902)A disrupts the Ca?*
bowl binding site (7). (B) G/Gmax Vs. V plots in 0 Ca?* (black lines through black filled circles,
n24) and 100 uM Ca?* (red lines through red filled circles, n24). Dashed lines are Boltzmann fits
for WT channels and continuous lines for mutated channels. Additional data in Fig. S2, with
Boltzmann fit parameters, SEMs, and p values are in S/ Appendix, Table S3. (C) V1.-Ca?* bar
plots, where the right end of each bar indicates 0 uM Ca?* and the left end 100 uM Ca?*, as
mean and SEM. n=4.

Fig. 6. Proline mutations of the aB helix reduce Mg?* activation by an average of 29%. (A)
Current recordings for the indicated channels. Red traces are currents at 200 mV. Voltage
pulses were from -80 to 260 mV, with 20 mV increments, except for H394P where the holding
potential was -80 mV and voltage pulses were from -40 to 300 mV. (B) G/Gmax vs. V plots for O
Mg?* (black lines through black filled circles) and 10 mM Mg?* (green lines through open green
squares). Dashed lines are Boltzmann fits for WT channels and continuous lines for mutated
channels. Additional data in Fig. S3. Boltzmann fit parameters, SEMs, and p values are in S/
Appendix, Table S4. (C) V12-Mg?* bar plots, where the right end of each bar indicates 0 Mg?*
and the left end 10 mM Mg?*, as mean and SEM. n24.

Fig. 7. The reduction in Ca?* sensitivity resulting from proline mutations of the aB helix is not
reversed by increasing Ca?* 100 fold to 10 mM, suggesting the reduced sensitivity is due to Ca?*
activation pathway dysfunction, rather than a reduction in high affinity Ca?* binding. (A) G/Gmax -
V plots for the indicated channels in: 0 Ca?* (black lines through filled black symbols); 100 uM

Ca?* (red lines through red open squares); and 10 mM Ca?* (yellow lines through yellow filled
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triangles). Dashed lines are Boltzmann fits to WT channels and continuous lines to mutated
channels. Additional data in Fig. S4. Boltzmann fit parameters, SEMs, and p values are in S/
Appendix, Table S2. n24. (B) V-Ca?" bar plots for V4,2 in 0 uM Ca?* (right end of bar), 10 mM
Ca?* (left end of bar), and 100 yuM Ca?* (line dividing each bar, as mean and SEM).

Fig. 8. Schematic showing possible voltage and Ca?* transduction pathways. One subunit is
shown, as was the case in Fig. 1A. In the channel, the aB helix is beneath the S4-S5 linker/VSD
of an adjacent subunit in a swapped configuration (16). VSD represents the S4-S5 linker/VSD.
Canonical voltage activation would be: V — VSD — S5 — S6 — Pore gate. CTD dependent
voltage activation would be: V — VSD — aB helix — N-lobe — C-linker — S6 — Pore gate. C-
linker dependent Ca?* activation would be: Ca?* — CTD — N-lobe — C-linker — S6 — pore
gate. aB helix dependent Ca?* activation would be: Ca** — CTD — N-lobe — aB helix — VSD
— S5 — S6 — pore gate.
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