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ABSTRACT

A hallmark of large conductance Ca?*- and voltage-activated K* (BK) channels is its dual regulation
by two distinct physiological stimuli, intracellular Ca2* and membrane potential. The specialized
sensing modules responsible for detecting cytosolic Ca?* elevation and membrane depolarization
can act synergistically and independently allowing BK channels to operate in a wide-ranging of
internal Ca?* and voltage conditions. The functional contributions of the Ca?* and voltage sensors
to the channel opening arise from allosteric interactions propagated among three structural
domains: a pore domain (PD), a voltage-sensor domain (VSD), and two Ca2*-binding sites located
on non-identical regulators of conductance for K* (RCK) domains that form a cytosolic gating ring
(CTD). However, the strength of the Ca?*- and voltage sensors coupling and their functional
relevance on the BK channel gating mechanism is still an unresolved matter. Using gating currents
analysis, we examined the allosteric coupling between Ca2* and voltage sensors. Our results
reveal a strong energetic interplay between the voltage- and CaZ*-sensing modules through a
coordinated interaction mechanism in which Ca?* binding to a single a-subunit affects all VSDs
equally. Interestingly, the two distinct Ca2*-binding sites contained in the RCK1 and RCK2
domains appear to contribute equally to decrease the free energy necessary to activate the VSDs.
Some diversity in the physiological roles of BK channels is given by co-assembly of pore-forming
a-subunits with tissue-specific B-subunits. Particularly, B1-subunit affect dramatically VSD
function, although the biophysical and molecular mechanisms are still under debate. Preliminary
results suggest that B-subunits, specifically f1- and 3b-subunits does not affect the CTD-VSD
allosteric interaction. However, the presence of B1-subunit, in addition to its known effect
stabilizing the active configuration of the voltage sensor, appears to decrease the extension of

VSD displacement and/or to modify the membrane electric field.



INTRODUCTION

Diverse cellular functions including synaptic transmission, muscle contraction, exocytosis, gene
transcription, and cell motility involve rises in cytosolic Ca2* as a primary signal in the transduction
mechanisms (Ghosh and Greenberg, 1995; Berridge et al., 2000). The activation of Ca?*-
dependent conductances is probably some the most rapid response in the signaling pathway
leading to immediate as well as long-term physiological changes (Clapham, 2007). Within the
several types of Ca2*-dependent ion channels (Hille, 2001), the Ca2*-activated K* channels have
widespread distribution encompassing a broad diversity of cell types (Schwarz and Passow, 1983;

Latorre et al., 1984).

Increased K* permeability of the plasma membrane induced by elevated intracellular Ca2* was
initially evidenced in human erythrocytes at the end of the '50s (Gardos, 1958). Two decades later,
Ca?*-mediated K* currents were identified by pharmacological manipulations of the internal Ca?*
concentration in invertebrates and vertebrates neurons (Krnjevij and Lisjewicz, 1972; Meech,
1978). Subsequently, a variety of Ca?*-activated K* channels were described based on their
molecular and pharmacological properties. At the single-channel level, the first CaZ*-activated K*
channel was identified because of its unusual large unitary conductance in cultured rat skeletal
muscles (Pallotta et al., 1981), chromaffin cells (Marty, 1981) and reconstitution in bilayers from
rabbit transverse tubules (Latorre et al., 1982). Under symmetric K* conditions (100 mM), this
channel has the largest single-channel conductance within the K* family ranging from 200 to 300
pS, earning its name of BK (for Big K*) (Marty, 1983) or MaxiK (Latorre and Miller, 1983). A decade
later, the discovery of the Slowpoke (Slo) mutation in Drosophila which abolishes a Ca2*-sensitive
component of outward K* currents in muscles (Elkins et al., 1986; Singh and Wu, 1989) and
neurons (Saito and Wu, 1991), eventually led to the identification of the first gene as the structural

locus encoding the BK channel (Atkinson et al., 1991; Adelman et al., 1992) and its mammalian



orthologs (Butler et al., 1993; Dworetzky et al., 1994; McCobb et al., 1995), showing that the BK
channel is well-conserved across the evolutionary scale and that the extensive alternative splice

variants of the BK channels are the product of a single gene.

Besides its very large unitary conductance, the hallmarks of BK channels include a very high K*
selectivity (Latorre and Miller, 1983) and a synergistic regulation by internal Ca?* and membrane
potential (Marty, 1981; Pallotta et al., 1981; Latorre et al., 1982). Owing to these properties, BK
channels can operate over a wide dynamic range of intracellular Ca2* concentration (from 0 to 10
mM) and voltage (from —200 to +300 mV) covering all possible physiological and pathological
conditions (Yang and Cui, 2015). The BK channel activation leads to pore opening and a rapid
efflux of K* ions that contribute to repolarize the membrane potential regulating the membrane
excitability, intracellular ion homeostasis, Ca?* signaling, and cell volume. Such roles into the
cellular functionating along with its ubiquitous distribution in a variety neuronal and non-neuronal
tissues make BK channels versatile players controlling several physiological processes that
include smooth muscle contraction (Dopico et al., 2018), action potential duration (Vandael et al.,
2010; Jaffe et al., 2011; Contet et al., 2016) and subsequently the firing frequency (Kimm et al.,
2015; Contet et al., 2016) and neurotransmitter release (Griguoli et al., 2016), hearing (Pyott and

Duncan, 2016), circadian rhythms (Meredith et al., 2006), and gene expression (Li et al., 2014).

Modular design of the BK channel structure.

Cloning of the Slo1 gene (also referred to as Kca1.1 and KCNMA1 gene in mammals) (Kaczmarek
et al., 2017) and later the protein hydrophobicity profile and membrane topology analysis through
several experimental approaches revealed many properties of BK channel (Adelman et al., 1992;
Butler et al., 1993; Wallner et al., 1996; Meera et al., 1997). Each a-subunit is composed of a N-
terminal transmembrane domain (TMD) and a cytosolic tail domain (CTD) at the C-terminus. The

set of transmembrane (TM) segments define two functional domains: (1) the ion conducting part



of the channel (S5-S6), termed the pore domain (PD), and (2) the S0—-S4 voltage-sensing domain
(VSD) (Figure 1A). The S1-S6 transmembrane helices in the PD and VSD are homologous to
those in the family of voltage-dependent K* (Kv) channels, but with an additional SO helix in Slo1
that attaches to the VSD leaving the channel’s N-terminus pointing towards the external side of

the cell (Wallner et al., 1996; Meera et al., 1997).

Appended to the TMD is a large sequence that extends into the cytosol (CTD) consisting of almost
two-thirds of the entire sequence (~1100 amino acids). The CTD is composed of two non-identical
regulators of K* conductance (RCK) domains, RCK1 and RCK2 domains, each contains distinct
Ca?*-binding sites. Based on the full-length cryo-EM structures of Aplysia californica BK channel
(aSlo1), it was established that the large S6-RCK1 linker creates a domain-swapped architecture
of the CTD (Hite etal., 2017; Tao et al., 2017) (Figure 1B). Thus, the VSD of one a-subunit contact
with the cytoplasmatic Ca2* domain from a neighboring subunit. Also, unlike the Kv channels
where the VSD is domain-swapped contacting the PD of the adjacent subunit, in BK channels the

VSD interacts directly with the PD of the same subunit (Figure 1B,C).

Four pore-forming a-subunit assemble to form a functional BK channel (Shen et al., 1994; Quirk
and Reinhart, 2001) (Figure 1C). Thus, the overall architecture of BK channels follows a modular
design containing three distinct modules: the ion-conducting PD, the VSD, and the ligand-sensing
CTD arranged into a ring-like tetrameric structure dubbed the gating ring (Wu et al., 2010; Yuan
et al., 2010; Hite et al., 2017; Tao et al., 2017). The modular design suggests that each individual
module may undergo relatively independent conformational changes in response to corresponding
stimuli, while also enabling allosteric coupling through extensive protein-protein interactions (Zhou

et al., 2017).
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A B a-subunit

Side View
Top View

Gating Ring

Figure 1. Structure of BK channel.

(A) Membrane topology of a single pore-forming a-subunit highlighting its three distinct domains:
PD (S5-pore helix-S6), VSD (S0-S4), and CTD (two non-identical regulators of K* conductance
(RCK) domains per a-subunit). (B) Color-coded map of PD (blue), VSD (orange), and CTD (green,
RCK1; light green, RCK2) from the Aplysia californica Slo1 (aSlo1) structure (Protein Data Bank
[PDB] ID: 5TJI) (Hite et al., 2017). Note that the VSD is not domain-swapped whereas S6—RCK1
linker creates an arrangement in which the RCKs are domain-swapped (TMD of the a-subunit
resides on top of the CTD of a neighboring a-subunit). (C) Organization of the full homotetrameric
BK channel structure showing the octameric arrangement of RCK domains in the CTD forming the
gating ring (Side View) and the non-domain swapped architecture of the TMD where the VSD
attachment with the PD from the same polypeptide chain (Top View).
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lon Conduction Pore Module.

The PD of the BK channel comprises the S5-S6 transmembrane segments and the pore helix
(PH) from each a-subunit (Figure 1C) forming an aqueous pore in the center of the channel, where
ion selection and permeation occur. A signature sequence, TVGYGD, which is characteristic of
the selectivity filter (SF) of many K* channels, is located between the pore helix and S6 (Figure
2A,B) (Heginbotham et al., 1994). BK channel is highly selective for K* over Na* (Blatz and
Magleby, 1984; Yellen, 1984; Eisenman et al., 1986), and paradoxically, it has a largest unitary
conductance exceeding that of the Kv channels by an order of magnitude (Carrasquel-Ursulaez
et al., 2018) despite the pore architecture similarity (Adelman et al., 1992; Butler et al., 1993;
Brelidze et al., 2003). The molecular mechanism underlying to this unusually large conductance
has not yet been fully resolved but is partly derived from two clusters of acidic residues that are
located at the intracellular and extracellular entrances of the K* permeation pathway (Figure
2C,E). These clusters of negative charges serve as electrostatic traps to attract and concentrate
local K* increasing the single-channel conductance (Brelidze et al., 2003; Carvacho et al., 2008).
Thus, the outer negative ring of four D292 residues in the external entrance of the selectivity filter
(Figure 2B,C) contribute to ~40% of the unitary conductance (Haug et al., 2004). Furthermore,
unlike the Kv channels, an inner ring of eight negative charges (E321 and E324) (Figure 2B,E)
surround the entrance of the internal vestibule (the aqueous region underneath the selectivity
filter). Neutralization of this internal ring reduces the unitary conductance by about half (Brelidze
et al., 2003; Nimigean et al., 2003). At very high symmetrical K* concentrations, the maximal
conductance is identical in wild-type (WT) indicating that the negative charges increase the K*
concentration in the internal vestibule through long-range electrostatic interactions. Meanwhile,
interactions between the residues F315 and L312 of neighboring a-subunits (Wu et al., 2009;
Carrasquel-Ursulaez et al., 2014; Hite et al., 2017) constitute a stable hydrophobic ring (Figure
2B,D) whose distortion of its geometry has important effects on the unitary conductance of the

channel (Carrasquel-Ursulaez et al., 2014).
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Figure 2. Structural features of the pore domain.

(A) Side view of secondary structure of two a-subunits of the pore domain (S5-PH-S6). Residues
of selectivity filter are highlighted. (B) Alignment of K* channels pore domain including Pore Helix
(PH), Selectivity Filter (SF) and S6 segment: aSlo1 (UniProt Accession Number (AC): Q5QJC5),
mSlo1 (Q08460), hSlo1 (Q12791), Shaker-related (B2RU13), Kv1.2 (P16389), Kv2.1 (Q14721),
KcsA (POA334), and MthK (027564). Signature sequence of K* channels SF (TVGYGD) and
residues involved in determining the large single-channel conductance are highlighted and
indicated with position numbers of mSlo. Outer Negative Ring (ONR) contains four D292 residues
located at the PD outer entrance (C), eight hydrophobic residues (L312 and F315) form a
Hydrophobic Ring (HR) (D), and eight glutamate residues (E321 and E324) located at the PD
inner entrance form the Inner Negative Ring (INR) (E). Atomic coordinates were taken from the
aSlo1 structure (PDB ID: 5TJI).
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The accessibility experiments (Zhou et al., 2011) and the recent full-length structural information
(Hite et al., 2017; Tao et al., 2017) revealed that the diameter of the internal entrance to the BK
channel is ~20 A which is much wider than in Kv channels (~10 A), which has led to consider the
effect of vestibule size on unitary channel conductance (Naranjo et al., 2016). Indeed, reducing
the effective volume of the internal cavity of BK channel by decreasing the diffusion coefficient of
K* using sucrose or reducing the size of the inner vestibule by increasing the side chain of the 321
and 324 residues diminishes the single channel conductance in BK channels (Brelidze and
Magleby, 2005; Geng et al., 2011). Thus, most of the electric field along the pore drops in the
selectivity filter and only ~7% of the total resistance of the conductive pathway lies in the inner
cavity of BK channels (Brelidze and Magleby, 2005; Carvacho et al., 2008; Geng et al., 2011;
Diaz-Franulic et al., 2015) (~200 pS in symmetrical 100 mM K*) whereas in Shaker K* channels
(~20 pS in symmetrical 100 mM K*) this pore region entails most of the electrical resistance (Diaz-

Franulic et al., 2015; Naranjo et al., 2016).

Specialized-Sensory Modules.

The opening and closing processes of the pore domain (PD) are influenced by the status of the

Ca?* and voltage sensors (CTD and VSD).
Voltage-Sensing Domain.

The voltage-dependence in BK channels is mainly derived from voltage-sensing residues in their
intrinsic voltage-sensing domain (VSD). The S0-S4 transmembrane segments of each a-subunit
form the VSD where S1-S4 structure shows a compact arrangement consistent with a role as a
modular voltage-sensing (Tao et al., 2017) (Figure 3A). The first direct evidence that BK channels
possess an intrinsic VSD came from gating current measurements in absence of Ca2* by Stefani

et al. (Stefani et al., 1997). The gating current is the electric current produced by the translocation

14



of charges or the reorientation of dipoles located on the VSD which transverse the membrane
electric field upon changes in membrane potential reflecting the voltage-sensing apparatus work
(Bezanilla, 2000, 2018). In the seminal paper of Stefani et al. (Stefani et al., 1997), the number of
gating charges (voltage-sensing charges) per channel estimated by the Q/N method (maximum
gating charge (Q) displaced during depolarization over the number of channels (N)) is about 4-5
electronic charges (e,) (Stefani et al., 1997). However, later studies estimated that each VSD
carries 0.6 voltage-sensing electronic charges or an equivalent of 2.4 e, per channel (Horrigan
and Aldrich, 1999; Horrigan et al., 1999). These results indicate that the BK channel VSD carries
about three to five-fold less voltage-sensing charges than typical Kv channel VSDs like Shaker,
whose effective valence correspond to the movement per channel of ~12-14 ¢, (Aggarwal and

MacKinnon, 1996; Noceti et al., 1996; Seoh et al., 1996; Schoppa and Sigworth, 1998).

The special sequence of basic residues (mainly arginines (R)) located in the S4 transmembrane
segment, each separated by two uncharged residues, is a pattern that is highly conserved in the
voltage-dependent channels. It has been well established that the S4 is the principal component
in voltage sensing of Kv channels because it harbors nearly all charged residues involved in
voltage sensitivity (R1-R4 residues) (Aggarwal and MacKinnon, 1996; Seoh et al., 1996; Islas and
Sigworth, 1999; Gandhi and Isacoff, 2002; Jensen et al., 2012) which can partially or completely
cross the membrane electric field and contribute practically to total gating charge (each residue
account for ~1 ¢,) (Aggarwal and MacKinnon, 1996; Gandhi and Isacoff, 2002). Although BK
channel carries also an S4-based sensor containing regularly spaced basic residues, R207, R210,
and R213, that correspond to the canonical voltage-sensing R2, R3, and R4 residues in S4 of Kv,
only R213 contributes to gating charge (Ma et al., 2006) (Figure 3B). Neutralization of the R207
or R210 residues do not affect the total gating charge, while voltage-sensing R213 contributes
about half of the total gating charge (Ma et al., 2006). In addition, E219 at the C-terminus of S4

was suggested to sense voltage (Zhang et al., 2014). Thus, the voltage-sensing residues in BK
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channels are not restricted to S4. Specifically, S2 TM segment harbors two potential voltage-
sensing residues, D153 and R167, and an additional voltage-sensing charge is located in S3
(D186) (Figure 3A) (Ma et al., 2006). The decentralized distribution of gating charges and the
relatively weak voltage sensitivity suggest that the movement of the BK channel VSD undergo
small movements of S2, S3, and S4 in response to voltage changes that differ from a large S4

movement during voltage sensing in Kv channels (Ma et al., 2006)
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Figure 3. Structure of the voltage-sensing domain.

(A) Side view of secondary structure of TM region of a single a-subunit. The VSD (S0-S4) are in
orange and the PD (S6-PH-S6) is in light gray. The potential voltage-sensing residues located in
the S2 (D153 and R167), S3 (D186), and S4 (R213) TM segments are highlighted (positively and
negatively charged residues were colored blue and red, respectively). (B) Alignment of S4 TM
segment of Kv channels: aSlo1 (UniProt Accession Number (AC): Q5QJC5), mSlo1 (Q08460), hSlo1
(Q12791), Shaker (P08510), Kv1.2 (P16389), Kv2.1 (Q14721). Canonical voltage-sensing
residues in S4 TM segment of Kv channels (R0-R4) are highlighted. The numbers indicate the
charged residues in mSlo1.
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Consistent with this scenario, voltage-clamp fluorometry (VCF) studies demonstrated that the
relative movements of the voltage sensing S2 and S4 segments in the membrane electric field
result in reciprocal and cooperative interactions between these two TM (Pantazis et al., 2010;
Pantazis and Olcese, 2012). On the other hand, the aSlo1 structure shows that S4 helix is packed
tightly in an antiparallel fashion with S5 in the PD of the same a-subunit (Figure 1 B,C), maybe
restricting the S4 movement of the BK channels VSD (Tao et al., 2017; Zhou et al., 2017), whereas
the Kv channel S4 is mostly separated from S5 (Long et al., 2005, 2007), appearing much freer to
undergo conformational change (Tao et al., 2017). In addition, the S3-S4 paddle and charge
transfer center that are important for gating charge movements in other Kv channels (Long et al.,

2005) do not exist in aSlo1 structure (Tao et al., 2017; Zhou et al., 2017).

Calcium-sensing Domain.

Intracellular Ca2* binds to the large cytosolic tail domain (CTD) of BK channels serving as the
primary chemical sensor to respond to changes of Ca?*, typically in the range of 100 nM to 300
MM, and other intracellular ligands. The main structural components of CTD are two nonidentical
RCK domains (namely RCK1 and RCK2) that are linked in tandem (Figure 1) (Yuan et al., 2010).
The overall architecture of BK channel CTD are conserved with its prokaryotic counterparts (Jiang
et al., 2001; Ye et al., 2006; Lingle, 2007; Wu et al., 2010; Yuan et al., 2010, 2012; Pau et al.,
2011; Giraldez and Rothberg, 2017; Hite et al., 2017; Tao et al., 2017) where the four CTDs or
eight RCK domains from the tetrameric BK channel stack together and form a large gating ring
structure (Figure 4A). Two distinct conformations of the BK channel gating ring have been
detected from crystal structures solved in unliganded and Ca?*-bound forms (Wu et al., 2010;
Yuan et al., 2010, 2012; Hite et al., 2017; Tao et al., 2017), resembling a similar “expansion” of
the gating ring induced by Ca2* in the MthK gating ring. Thus, the gating ring operates as a chemo-

mechanical transducer, converting the free energy of Ca2* binding into structural rearrangements.
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Two high-affinity Ca2*-binding sites have first identified from electrophysiological and mutagenesis
experiments: one located in the RCK1 domain (Bao et al., 2002; Xia et al., 2002), and the other
located in the C-terminus of the RCK2 domain, known as the “Ca?* bowl” (Schreiber and Salkoff,
1997). These two sites are located near the periphery of the gating ring (Figure 1B) with the Ca?*
bowl at the assembly interface between neighboring a-subunits and the RCK1 Ca?*-site in the N-
lobe of the RCK1 domain (Figures 4A) (Wu et al., 2010; Yuan et al., 2010, 2012; Hite et al., 2017,

Tao et al., 2017).

Several residues markedly noncontiguous in the primary structure has been proposed to
contribute in the formation of the RCK1 Ca?*-sensor (Figures 4B), distinguishing the key role of
D367, E535, and R514 in coordination of a Ca?* (Xia et al., 2002; Zeng et al., 2005; Zhang et al.,
2010; Tao et al., 2017). Other residues known to interfere with Ca?*-dependent activation
mediated by the RCK1 Ca?*-site, such as D362 (Xia et al., 2002) and M513 (Bao et al., 2002), do
not appear to be part of the Ca2* binding-pocket but likely contribute indirectly to Ca2* binding by

stabilizing the RCK1 Ca?*-site (Yang et al., 2015).

In the RCK2 domain, high-affinity Ca?* sensing is attributed to a Ca?*-binding region termed the
“Ca?* bowl”, which contains consecutive aspartate residues at positions 897-901 (hD894-hD898)
within RCK2 domain (Wei and Salkoff, 1994; Schreiber and Salkoff, 1997). Functional inferences
and liganded structures of the gating ring (isolated Slo1 CTD structures (Yuan et al., 2012) and
full-length aSlo1 structure (Tao et al., 2017)) have identified the residues Q892 (hQ889), D895
(hD892), D898 (hD895), D900 (hD897), as Ca?*-coordinating residues (Figures 4C). Interestingly,
residue N449 in the RCK1 domain forming part of the intersubunit assembly interface from an
adjacent a-subunit was found to directly contact with the Ca2* bound in the Ca2* bowl, indicating
that the Ca2* bowl site may be influenced by Ca2* occupancy status of RCK1 in a neighboring a-

subunit.
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Figure 4. High-Affinity Ca?*-binding sites in the gating ring.

(A) Cryo-EM structures of the aSlo1 gating ring in the unliganded (Side View; PDB ID: 5TJl) and
Ca?*-bound (Side and Top view; PDB ID: 5TJ6) conformation, in which Ca?* (orange spheres) is
bound at RCK1 site (green) and Ca2* bowl (light green). (B-C) Structural and functional differences
between the high-affinity Ca2*-bindings sites located on RCK1 and RCK2 domains, respectively.
(B) High-resolution view of the RCK1 binding site with coordination mediated by D367, E535, and
R514 residues. D362 and M513 are proposed to stabilize the local structure of the Ca2*-binding
site. (C) High-resolution view of the RCK2 binding site. Cluster of aspartate residues forming the
Ca?* bowl and Ca?* coordinating residues are labeled. Ca?*-, Cd?*- and Ba?*-dependent activation
mediated by the RCK1 Ca?*-site (B) and Ca?* bowl (C) are shown (Xia et al., 2002; Zeng et al.,
2005; Zhou et al., 2012). Activation by Cd?* (light green) and Ba2* (green) occurs selectively
through the RCK1 Ca2*-site and Ca2* bowl, respectively.
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Electrophysiological studies of the mutants D362A/D367A (Xia et al., 2002) or M5131 (Bao et al.,
2002) and 5D5A (Schreiber and Salkoff, 1997) that selectively abolish the function of the RCK1
Ca?*-site and Ca?* bowl, respectively, show that each one is responsible for about half of the BK
channel's Ca?* sensitivity, while the double RCK sites mutants are only activated by Ca?* at
concentrations at concentrations greater than 1 mM (Bao et al., 2002; Xia et al., 2002). However,
the RCK1 and RCK2 Ca?*-binding sites have distinct functional properties conferred by their
different molecular structures and relative positions within the gating ring (Wu et al., 2010; Yuan
etal., 2010, 2012; Hite et al., 2017; Tao et al., 2017) Thus, the RCK sites differ in their Ca?* binding
affinities (Bao et al., 2002; Xia et al., 2002; Sweet and Cox, 2008), divalent cations selectivity
(Oberhauser et al., 1988; Schreiber and Salkoff, 1997; Zeng et al., 2005; Zhou et al., 2012),
voltage dependence (Sweet and Cox, 2008; Savalli et al., 2012; Miranda et al., 2018) and in their

contribution to gating mechanism (Yang et al., 2010, 2015).

The apparent Ca?* dissociation constants (Kp) estimated for each RCK sensor show that Ca?*
bowl has higher affinity for Ca?* with values of 3.1 and 0.88 uM for closed and open channel
(Figure 4B), respectively, whereas the RCK1 Ca?*-site has an affinity of 23 uM when the channel
is closed and 4.9 yM when the channel is open (Figure 4C) (Sweet and Cox, 2008). The structural
differences between the RCK sites are also made evident by differential selectivity with other
chemically distinct divalent cations (Oberhauser et al., 1988; Schreiber and Salkoff, 1997; Zeng
et al., 2005; Zhou et al., 2012). For example, it has been established that Cd?* selectively interacts
with the RCK1 site, whereas Ba2* acts exclusively through the Ca2* bowl (Figure 4B,C) (Zeng et
al., 2005). Additionally, only activation involving the RCK1 site was shown to be sensitive to
voltage (Sweet and Cox, 2008; Miranda et al., 2013, 2016, 2018), and whereas the N-lobe of
RCK1 is involved in the ability of RCK1 Ca?* binding to act on the PD domain but does not
participate in activation involving the CaZ* bowl (Yang et al., 2010). Overall, considering the

nonequivalence of these two Ca2* sensors it is reasonable to assume that the pathway through

20



which Ca?* binding in RCK1 leads to channel activation differs from that involving Ca?* binding in

the in the Ca2* bowl.

Different from the two high-affinity Ca?*-binding sites in the cytosolic RCK1 and RCK2 domain,

another cation-binding site is formed between the RCK1 N-lobe domain and the cytosolic side

TMD of adjacent a-subunits (Figure 5A). Both Ca?* and Mg?* ions can bind to this site with

affinities in the millimolar range (Golowasch et al., 1986; Oberhauser et al., 1988; Shi and Cui,

2001; Zhang et al., 2001), but at physiological conditions the site is more likely occupied by Mg?*

being known as the Mg?*-binding site.
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Figure 5. Low-Affinity Mg*-
binding site.

(A) Cryo-EM structure of the aSlo1
in the Ca?*/Mg?*-bound state (PDB
ID: 5TJ6). Mg?* (blue spheres) is
bound to the low-affinity site forming
by the interface between the TMD of
one a-subunit and the gating ring of
the neighbor a-subunit. (B) High-
resolution view of the Mg?*-binding
site. Residues E374, E399, and
T396 (RCK1 domain) and N161
(VSD) appear to contribute to Mg?*
coordination. Residues D99 and
R342 form a salt bridge that may
help stabilize the bound Mg?*
structure. Ca?*- (dark gray) and
Mg?*-dependent (blue) activation
mediated by the Mg?*-binding site
(left axis) and the Mg?* effect on le-
offF peak (right axis) are shown (Xia
et al.,, 2002; Yang et al., 2008a).



Mutagenesis studies in the N-terminus of the RCK1 domain identified that E374 and E399 are
critical for Mg2* sensing (Shi and Cui, 2001; Xia et al., 2002), which is in accordance with the
structural evidence regarding the determinants of Mg2* coordination, besides of the residue T396
(RCK1 domain) and the residue N172 located at the S2—S3 loop in the neighboring a-subunit (Tao
et al., 2017) (Figure 5B). Additionally, the residue D99 located at the SO0—S1 loop have been
identified functionally as a key residue in the formation of the inter-subunit Mg2*-binding site at the
interface between the VSD and CTD (Yang et al., 2008a). However, the critical role of D99 on
Mg?* sensitivity appears to be related to stabilize the bound Mg?* structure by interacting with
some other nearby charged residues, including the R342 at the S6-RCK1 linker (Tao et al., 2017)

(Figure 5B).

Allosteric gating mechanisms consistent with the modular structure of BK channels.

Gating mechanisms are best formulated in terms of what is known about the structure of an ion
channel. Several kinetic models have been developed to understand the modular nature of the
BK channel. Thus, the ability of VSD and CTD sense voltage and intracellular signaling molecules
can enhance the PD opening by electromechanical and chemomechanical coupling in a
nonobligatory fashion (functional independence of the three distinct structural modules) is well
described in terms of allosteric mechanisms (Monod et al., 1965). The dual allosteric model
proposed by Horrigan and Aldrich (2002) (Figure 6) stands out due to its optimum balance
between simplicity and predictive capabilities providing a useful framework for analyzing BK
channel gating mechanisms in terms of domain/domain interactions (Horrigan and Aldrich, 2002).
Latorre et al. (Latorre et al., 2017) show a rational approach to the experimental study of BK

channels using the HA kinetic model.
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Figure 6. HA allosteric gating model of BK channels.

Scheme of HA allosteric model (Horrigan and Aldrich, 2002)
indicates the possible conformations of the PD (C-O), VSD (R-
A) and Ca?* sensors (U-B-Ca?*) in each of four a-subunits.
Channel opening is defined by the equilibrium constant, L;

VSD activation is defined by the equilibrium constant J, Ca2*
binding is defined by the binding constant K. The allosteric
relationships between the modules are described by the

allosteric factors D, C, and E.

. VSD-PD allosteric coupling.

In the absence of voltage sensor activation and Ca?* binding, the BK channel activation gate (PD)

can transit between the closed (C) and open states (O) with an intrinsic open probability (Po)

(Pallotta, 1985) of ~1077 (Horrigan and Aldrich, 1999; Cui and Aldrich, 2000). The C-O equilibrium

is governed by the equilibrium constant L, which is regulated by four independent and identical

voltage and Ca?* sensors.
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In the absence of Ca?* binding, depolarization membrane activates the VSD transiting from resting
(R) to activated (A) state facilitating the channel opening (Figure 7). The function of each VSD is
defined by the equilibrium constant J(V), whereas that the VSD activation ability of affect the

equilibrium of the PD is define by the allosteric factor D.

How the voltage-driven conformational changes of the VSD are coupled with the opening of the
pore is yet unclear, although the S6 TM segment appears to play an important role. Interactions
between E219 and E321/E324 (Zhang et al., 2014), located on the cytosolic side of S4 and S6,
respectively, may contribute to VSD—-PD coupling. Mutations of VSD residues (E180, E186, and
R210) also were shown to produce effects consistent with a reduction in coupling energies
between VSD and PD (Ma et al., 2006), which suggest that interactions between residues in
different TM segments can impact on VSD-pore interaction. Additionally, based on functional data
and molecular modeling it has been proposed that a “hydrophobic ring” may act as an integration

node between the allosteric signals from both domains (Carrasquel-Ursulaez et al., 2014, 2018).

Il. CTD-PD allosteric coupling.

Similarly, saturating Ca?* binding increases BK channel open probability by four orders of
magnitude from ~10"7-10-3 when the voltage sensors are at the resting state (Horrigan and
Aldrich, 2002; Yang et al., 2010), indicating a strong interaction between Ca?* binding and channel
opening (Figure 8). The transition of Ca2* sensors between unbound (U) or Ca2* bound (B-Ca?*)
conformations is defined by equilibrium constant K which depends on Ca?* concentration ([Ca?*])
and the Ca?* dissociation constant (K, ). For simplicity, the two high-affinity Ca2*-binding sites per
a-subunit are treated as a single site in the HA model, giving four effective Ca2*-binding sites. The
VSD activation ability to affect the equilibrium of the PD is defined by the allosteric factor D. Thus,
each Ca?* sensor increase the Po by the allosteric factor C reflecting the energetic coupling

between the Ca?* binding and channel opening processes.
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Figure 8. Ca?-gating of BK
channels.
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The molecular mechanism of chemomechanical coupling between the CTD and the PD in BK
channels is the best understood at a molecular level. Ca2*-induced rearrangements of the gating
ring (Yusifov et al., 2008, 2010; Wu et al., 2010; Yuan et al., 2010, 2012; Javaherian et al., 2011;
Miranda et al., 2013; Hite et al., 2017; Tao et al., 2017) is transmitted to the PD through the S6-
RCK1 linker that connects these two domains. Shortening of the linker increases channel activity,
while its elongation decreases Ca?* sensitivity (Niu et al., 2004). This led to the proposal that the
S6-RCK1 linker, the gating ring, or both acting in series operate like a passive spring such that the
conformational change promoted by Ca?* binding to the gating ring directly pulls the linker to open
the gate. The recent structural information of aSlo1 suggests that the RCK1 N-lobe of the gating
ring may contribute spring-like properties (Hite et al., 2017). Interestingly, the protein-protein
interface formed by the non-covalent interaction between the RCK1 N-lobe, the VSD, and the S4-
S5 linker may also play an important role to propagate any conformational changes in the CTD

upon Ca?* binding to the PD (Hite et al., 2017).

lll. CTD-VSD allosteric coupling.

Ca?* binding and VSD activation process are also directly influenced by the status of the voltage

sensors and Ca?* sensors, respectively, when the channel is closed (Figure 9). Such energetic
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interaction is described by the allosteric factor E. For simplicity, the standard HA model assumes

that Ca?* and voltages sensors interact through a mechanism where the Ca?* binding to one a-

subunit affects only the VSD in the same subunit (Horrigan and Aldrich, 2002).
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Figure 9. Ca?*-voltage
sensors coupling in BK
channels.

(Left): CTD-VSD allosteric
model in closed channels.
(Right): Ca?* binding to
sensors on CTD increase
the VSD activation through
the coupling factor E
describing the CTD-VSD
energetic interaction (E =

e—BAGRE, A/RT).

The extent of the CTD-VSD allosteric interaction as well its molecular nature is by far the least

unclear within the framework of the dual allosteric gating mechanisms of BK channel. Interactions

between VSD and CTD during BK gating have been revealed by results showing that Ca2* binding

alters the R-A equilibrium of voltage sensors (Horrigan and Aldrich, 2002; Savalli et al., 2012;

Carrasquel-Ursulaez et al., 2014). Furthermore, fluorescence-based studies indicate that the

structural rearrangements of the gating ring during channel gating show voltage dependence

(Miranda et al., 2013). Again, the physical interface between the RCK1 N-lobe and VSD has been

suggested to provide the structure capable of mediating the crosstalk between these sensory

modules and their synergy in activating the pore domain (Yang et al., 2007; Sun et al., 2013; Tao

et al., 2017; Zhang et al., 2017). However, different studies have put forth opposing conclusions
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about the strength of functional interaction (in energetic terms) between voltage sensors and Ca2*

sensors (Horrigan and Aldrich, 2002) (Carrasquel-Ursulaez et al., 2014).

The full-length structures now provide a stronger basis for thinking about how VSD-CTD
interactions may affect channel gating, suggesting that Ca?*-induced rearrangements of the N-
lobe RCK1 directly produce a displacement of the voltage sensors away from the pore axis, which
in turn induces an equivalent displacement of the S5 helices near the plasma surface, favoring
pore opening (Hite et al., 2017). The possibility that a major component of the VSD-CTD
interaction through the RCK1-VSD, and then via linkers to the PD, contradict previous proposals
that voltage and Ca?* sensors are only weakly coupled leading to rethink the standard HA model

for dual activation of BK channel.

So far, several questions regarding the structural and functional bases of the allosteric interplays
that underlie the Ca?* and voltage activation mechanisms of BK channel are still open such as:
What is the extent of the allosteric interaction between Ca?* binding and VSD activation and how
relevant it is these specialized-sensory modules crosstalk on the BK channel gating?
Mechanistically, how does the Ca?*-VSD coupling occur? Given the nonequivalence of the two
high-affinity Ca?*- binding sites in the CTD, does each kind of Ca?* site located on RCK1 and RCK2

domain distinct energetic contributions to the CTD-VSD interaction?
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Hypothesis

Ca?* binding and VSD activation process in BK channels are strongly coupled involving
independent allosteric pathways via the two distinct RCK1 and RCK2 Ca?* sensors interact with

the voltage-sensing domains.

Main Aim

Evaluate the energetic coupling between Ca?* binding and the voltage-sensing domain activation
and determine the functional role of the two distinct high-affinity Ca2*-binding sites on the CTD-

VSD allosteric interaction.

SPECIFIC AIMS
- Characterize the Ca?*-induced effect on voltage-sensing domain activation independently from
the pore opening process.

- Elucidate the interaction mechanisms which the allosteric coupling between Ca?* binding and

VSD activation occurs.

- Evaluate the energetic contribution to the VSD equilibrium of the two high-affinity Ca2*-binding

sites contained in the RCK1 and RCK2 domains.
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METHODOLOGY, RESULTS AND DISCUSSION

For the following sections refer to the attached manuscripts:

Lorenzo-Ceballos Y, Carrasquel-Ursulaez W, Castillo K, Alvarez O, Latorre R. (2019). Calcium-

driven regulation of voltage-sensing domains in BK channels. bioRxiv. DOI:10.1101/520429.
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Abstract

Allosteric interplays between the voltage-sensing domain (VSD), the Ca?*-binding sites, and the
pore domain govern the Ca?*- and voltage-activated K* (BK) channel opening. However, the
functional relevance of the Ca?*- and voltage-sensing mechanisms crosstalk on BK channel gating
is still debated. We examined the energetic interaction between Ca?* binding and VSD activation
measuring and analyzing the effects of internal Ca%* on BK channels gating currents. Our results
indicate that the Ca?* sensors occupancy has a strong impact on the VSD activation through a
coordinated interaction mechanism in which Ca2* binding to a single a-subunit affects all VSDs
equally. Moreover, the two distinct high-affinity Ca2*-binding sites contained in the C-terminus
domains, RCK1 and RCK2, appear to contribute equally to decrease the free energy necessary
to activate the VSD. We conclude that voltage-dependent gating and pore opening in BK channels

is modulated to a great extent by the interaction between Ca?2* sensors and VSDs.



Introduction

Diverse cellular events involve calcium ions as a primary mediator in the signal transduction
pathways triggering, among other signaling processes, Ca?*-activated conductances. Since the
BK channels are regulated by cytosolic Ca?* and depolarizing voltages (Marty, 1981; Pallotta et
al., 1981; Latorre et al., 1982), they are integrators of physiological stimuli including intracellular
Ca?* elevation and membrane excitability. BK channels are modular proteins where each module
accomplishes a specific channel function. Thus, different modules harbor voltage and Ca?*
sensors that communicate with the channel gate allosterically (Cox et al., 1997; Horrigan and
Aldrich, 1999, 2002; Horrigan et al., 1999; Rothberg and Magleby, 1999, 2000; Cui and Aldrich,
2000). Functional BK channels are formed by homotetramers of a-subunits (Shen et al., 1994)
each comprising a transmembrane voltage-sensing domain (VSD) and an intracellular Ca2*-
sensing C-terminal domain (CTD) that can independently modulate the ion conduction gate in the
pore domain (PD) (Latorre et al., 2017). The CTDs consist of two non-identical regulators of the
conductance of K* domains (RCK1 and RCK2) arranged into a ring-like tetrameric structure
dubbed the gating ring (Wu et al., 2010; Yuan et al., 2010, 2012; Hite et al., 2017; Tao et al.,
2017). Each RCK domain contains distinct ligand-binding sites capable of detecting Ca?* in the

micromolar range (Schreiber and Salkoff, 1997; Bao et al., 2002; Xia et al., 2002).

In the absence of Ca?*, the activation of VSD decreases the free energy necessary to fully open
the BK channels in an allosteric fashion (Horrigan and Aldrich, 1999; Horrigan et al., 1999). Under
these experimental conditions, very positive membrane potentials are required to drive all voltage
sensors to its activated conformation (Cui et al., 1997; Stefani et al., 1997; Horrigan et al., 1999;
Contreras et al., 2012), ultimately leading to a significant activity of the BK channel. Hence, in cells
like neurons, an appreciable open probability of BK channels at physiologically relevant voltages
necessarily involves the activation of Ca2* sensors on the gating ring. The allosteric interplays

established between the functional and structural modules (VSD-PD, CTD-PD, and CTD-VSD)
3



are key in enabling BK channels to operate over a dynamic wide-range of internal Ca2* and voltage
conditions by fine-tuning the channel’s gating machinery. Therefore, understanding the structure-
functional bases that underlie the Ca?* and voltage activation mechanisms interrelationship

becomes essential.

The voltage dependence of Ca?*-dependent gating ring rearrangements (Miranda et al., 2013,
2018) and RCK1 site occupancy (Sweet and Cox, 2008; Savalli et al., 2012; Miranda et al., 2018)
as well as the perturbation of VSD movements by CaZ2* binding (Savalli et al., 2012) support the
idea that the energetic interaction between both specialized sensors may be crucial to favor BK
channel activation. The physical CTD-VSD interface has been suggested to provide the structure
capable of mediating the crosstalk between these sensory modules and their synergy in activating
the pore domain (Yang et al., 2007; Sun et al., 2013; Tao et al., 2017; Zhang et al., 2017).
However, the strength of the interaction between voltage and Ca?* sensors and their relevance to
BK channel activation is still an unresolved matter (Horrigan and Aldrich, 2002; Carrasquel-
Ursulaez et al., 2015). Also, the functional role that plays each of the high-affinity Ca2*-binding
sites on the CTD-VSD allosteric interaction is an open question. The RCK1 and RCK2 Ca?*-
binding sites have distinct functional properties conferred by their different molecular structures
and relative positions within the gating ring (Wu et al., 2010; Yuan et al., 2010, 2012; Hite et al.,
2017; Tao et al., 2017). Thus, the RCK sites differ in their Ca?* binding affinities (Bao et al., 2002;
Xia et al., 2002; Sweet and Cox, 2008), divalent cations selectivity (Oberhauser et al., 1988;
Schreiber and Salkoff, 1997; Zeng et al., 2005; Zhou et al., 2012), voltage dependence (Sweet
and Cox, 2008; Savalli et al., 2012; Miranda et al., 2018) and in their contribution to allosteric
gating mechanism (Yang et al., 2010, 2015). In particular, only the RCK1 site appears to be
involved in communicating the Ca?*-dependent conformational changes towards the membrane-
spanning VSD (Savalli et al., 2012; Miranda et al., 2018). Recently, the Aplysia BK structure shows

that the N-lobe of RCK1 domain is in a non-covalent contact with the VSD and the S4-S5 linker



being this RCK1-VSD interaction surface rearranged when comparing the liganded and Ca?*-free
structures (Hite et al., 2017; Tao et al., 2017). Actually, it has been hypothesized that any Ca?*-
induced rearrangements of the gating ring should be ultimately transmitted to the pore domain via
the VSD (Hite et al., 2017; Zhou et al., 2017). Thus, defining what extent Ca?* binding influences
to VSD is crucial in determining how important is the crosstalk between sensors in decreasing the

free energy necessary to open the BK channel.

Here, we examined the Ca%*-dependence of the VSD activation estimating the allosteric coupling
between Ca2?* and voltage sensors. By analyzing gating currents under unliganded and Ca?*-
saturated conditions, we found a strong energetic influence of the Ca2*-binding on the voltage
sensors equilibrium in an independent manner of the channel opening. These findings point out
that a major component in the synergistic Ca2* and voltage activation of BK channels can reside
on the sensory domains communication. We also found that the Ca2*-dependent behavior of the
voltage sensor activation is consistent with an CTD-VSD allosteric coupling that occurs through a
concerted interaction scheme where each Ca2*-bound to high-affinity sites affect equally all
voltage sensors in the BK tetramer. Notably, we found that the two distinct RCK1 and RCK2 Ca?*

sensors exert equivalent contributions on VSD via independent allosteric pathways.



Results

Allosteric coupling between Ca?-binding and voltage sensor activation is strong. We
characterized the effects of Ca2*-binding on voltage sensor activation in BK channels by analyzing
gating current measured on inside-out patches of Xenopus laevis oocyte membrane. Families of
gating currents (/) were evoked at different intracellular Ca?* concentrations ([Ca?*])) ranging from
0.1 to 100 uM in K*-free solution (Figure 1A). For all experiments, first we measured /s in the
nominal absence of Ca2* (“zero Ca2*” condition), and then we perfused the internal side with
solutions containing Ca2* at increasing concentrations. The amount of gating charge displaced
(Q¢) at each Ca?* concentration was obtained by fitting the initial part of the ON-gating current
decay to a single exponential (fast ON-gating; see Methods) and integrating it. In this manner, we

determine only the gating charge displaced before the BK channel opening.

The increase in internal Ca?* promotes a leftward shift of the Q. versus voltage (Qq(V)) curves
(Figure 1B, C) which indicate that Ca2*-binding facilitates the activation of the voltage sensor being
more prominent as binding sites occupancy increases. Revealing a strong energetic interaction
between both sensors, a significant Ca?*-induced shift of voltage sensor activation occurs (AVy =
-142.6 + 4.5 mV) under Ca?*-saturated conditions for high-affinity binding sites (100 uM). Such
large shift means that Ca2*-binding to the RCK Ca?*-binding sites alters the VSD equilibrium
promoting a decrease in the free energy (AAGS®) that defines the voltage sensor resting-active (R-

A) equilibrium by ~8 kJ/mol (AAGS® = -7.98 + 0.27 kJ/mol).
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Figure 1. Effects of Ca?*-binding on VSD activation in BK channels.

(A) Representative gating current (/) recordings at different internal Ca2* concentrations (from 0
to 100 pM). /s were evoked by the indicated voltage protocol of 1 ms duration. (B) Gating charge-
voltage relationships (Q.(V)) were obtained by integrating the fast component for each ON /g
trace. Normalized gating charge data (QC(V)/QC, MAX) (mean + SEM) were fitted using a single
Boltzmann function (solid lines). (C) V;; obtained from the Q¢(V) curves as a function of Ca?*
concentration (mean + SEM). At zero” Ca?* condition Vy (0caz+) = 174.5+ 2.4 mV (n = 25), whereas
Ca?* binding produce a leftward shift in Vi (AVy): 0.1 uM Ca2* (AVy =-12.1£3.5mV, n=5); 0.5
MM Ca?t (AVy =-22.9+ 1.8 mV, n=5); 1 uM Ca?* (AVy =-37.1+£3.5mV,n=5); 5 uyM Ca?* (AVy4
=-58.8+6.7mV, n =6); 10 uyM Ca?* (AVy =-127.9 + 13.9 mV, n = 6); 100 yM Ca?* (AVy = -142.6
+4.5mV, n =7). The one-way ANOVA followed by Dunnett’s post-hoc test analysis was used to
assess statistical significance of the Ca2*-induced shifts in V; (***p< 0.001).
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A visual inspection of the current records indicates that the kinetics of the ON-gating current is not
much affected by the concentration of Ca2* present in the internal solution. However, it is apparent
that the OFF-gating current is dramatically modified becoming smaller in amplitude and with
slower kinetics as the internal Ca?* concentration is increased (Figure 1A and Figure 1—figure
supplement 1A). At least two components can be resolved in the OFF gating current decay
(Figure 1—figure supplement 1B,C), and the relative contribution of the slower component
increases as internal Ca?* augmented reflecting an increase of the open probability of channel
Figure 1—figure supplement 1D,E). This kinetic behavior recapitulates the effect describe on
gating charge displacement as a function of the depolarizing pulse duration (Horrigan and Aldrich,
2002; Contreras et al., 2012; Carrasquel-Ursulaez et al., 2015), and confirm that this phenomenon
is associated with the time course of channel opening revealing the allosteric interaction between

voltage sensors and the pore gate (Horrigan and Aldrich, 2002).

Ca? binding to single a-subunit affects the R-A voltage sensor equilibrium of all four
subunits equally. Taking advantage of the dose-dependent effect of Ca2* on voltage sensor
activation we investigated the underlying mechanism of the Ca2*-voltage sensors communication
in the context of the well-established Horrigan-Aldrich (HA) allosteric gating model (Horrigan and
Aldrich, 2002). Two different mechanisms were proposed by Horrigan and Aldrich for the
interaction between the Ca?*-binding sites and voltage sensors. The first mechanism supposes
that Ca?* binding to one a-subunit affects the VSD in the same subunit only (Scheme |) (Figure
2A), while the second mechanism assumes that the Ca?2* binding affects the four VSD equally
(Scheme Il) (Figure 2B). It should be noted that the standard HA model makes two simplifying
assumptions by considering a single Ca?*-binding site per a-subunit and the Scheme | as the Ca?*

binding-VSD interaction mechanism underlying BK channel gating (Horrigan and Aldrich, 2002).
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Figure 2. Model-dependent behavior of the Q. (V) curves based on the CTD-VSD interaction
mechanisms according to the fractional occupancy of Ca?*-binding sites.

(A-B) Cartoons representing two interaction schemes between voltage sensors and Ca?*-binding
sites (modify from Horrigan and Aldrich (2002)). The Scheme | (A) assume that Ca2* binding only
affects the voltage sensor of one a-subunit (E,;;). The Scheme Il (B) predicts that binding of Ca?*
to one a-subunit affects VSD in all subunits equally, increasing the voltage sensor equilibrium
constants (J) E,,-fold in all four subunits (Ex,, when the four Ca?* sites are occupied). In both
schemes, a single Ca?*-binding site is considered in each a-subunit. (C-D) Predictions of Q¢ (V)
relationships at different internal calcium concentration (from 0 to 10 mM) by two distinctive
interaction mechanisms between Ca?*-binding sites and voltage sensors (Scheme | and Scheme
I), respectively. Qc(V) curves were generated using Equation 4 (blue: Model I) or Equation 6 (red:
Model I1), and the following set of parameters: z;= 0.58, J,= 0.018, Kp,= 11 uM and Ejy;; = Ef,=25.



For a better comprehension, we simulated the normalized Q. (V) curves over a wide range of Ca2*
concentrations (from 0 to 10 mM) for each Ca?*-VSD interaction scheme (Figure 2C,D). Here we
assume that the measurement of the fast gating currents captures the charge displaced by R-A
transitions and exclude the charge associated with the transition between the activated estates.
This assumption is reasonable since the Ca2*-binding rate constant estimated for BK is about 108
M-'s-1 (Hou et al., 2016) implying that at 10 uM internal Ca?* (the highest non-saturating Ca?*
concentration tested) the time constant of the Ca?* binding is 1 ms, while the VSD activates with
a time constant of ~30 ps at the higher voltage tested (see the Supplementary Information for

details of the simulations).

At extreme conditions of low (0.03 to 0.1 uM) and high (=100 uM) internal Ca2*, the VSD activation
behaves in a mechanism-independent manner since all voltage sensors are in the same functional
state (unliganded or saturated). However, the distinctive effects on Q. (V) curves at intermediate
Ca?* concentrations (1-10 pyM) provide useful signatures to distinguish between these two
mechanisms. Scheme | predicts two functional states of the VSD depending on occupancy status
of the Ca?* site (Ca?* bound and unbound) such that the Q. (V) curve behavior is described by the
fractional distribution of the unliganded and Ca?*-saturated functional states like an all-or-none
allosteric effect (Figure 2C; Figure 2—figure supplement 1B and Equation 4 in Supplementary
Information). On the contrary, the Ca?*-binding effect on the VSD activation according to the
Scheme |1l is characterized by a five-component Boltzmann function (Figure 2—figure
supplement 1C and Equation 6 in Supplementary Information). Each component represents a
single functional state determined by the number of Ca?* bound to the channel (from 0 to 4). In
such case, the Qq(V) curves resulting from a distribution of functional states behaves as an
equivalent single Boltzmann leftward shifted by an incremental allosteric effect (from E to E*) as

the number of Ca?* bound to the channel increases (Figure 2D).
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To elucidate the mechanism by which Ca?* and voltage sensors interact, we performed fits of the
Qc(V) data using the two different models represented in the Scheme | and Scheme |l (Figure
3A,B). The allosteric factor E that accounts for the coupling between the Ca2*-binding sites and
the voltage sensors was constrained to values calculated from the experimental data of the Q¢ (V)
shift at the Ca?* saturating conditions (100 uM) in relation to the same curve in the absence of
Ca?*. The z,, ], and K|, parameters obtained during the fitting procedure of each model are very
similar (Figure 3C). The fitted values of the affinity constant (K, = 3 - 5 uM) agree with previous
reports (Cox et al., 1997; Horrigan and Aldrich, 2002) although slightly smaller than those
estimated on the closed conformation of the channel (K, = 11 pM). However, we found that the fit
with the Scheme Il to the Q. (V) curves (Figure 3B) is better than the fit to the data using Scheme
| (Figure 3A)_as indicated by the Akaike model selection criteria (AIC) (Akaike, 1974). Moreover,
Model Il generates a Vy-log[Ca?*] curve (solid line) that accounts for the dose-response Vy-
log[Ca?*] experimental data reasonable well (Figure 3D). Also, the behavior of Q.(V) curves at
intermediate Ca2* concentrations (1-10 uM) is qualitatively consistent with the phenotype exhibit
by the Ca2?*-VSD scheme Il (Figure 2D and Figure 3B). Thus, the experimental dose-dependent
effect of Ca?* on voltage sensor activation reveals that Ca?*-binding to a single a-subunit of BK
channels increases E-fold the equilibrium constant J that defines the equilibrium between resting

and active conformations of the voltage sensors in all four subunits.
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Figure 3. Dose-dependent effect of Ca?* on voltage sensor activation is predicted by a Ca?*-
VSD interaction mechanism defining that Ca?*-binding equally affects the VSD in all four a-
subunits.

(A-B) The experimental Q.(V) data were fitted with the two possible allosteric interaction
mechanisms between voltage and calcium sensors described by the Scheme | and Scheme II.
The blue and red lines represent the global fits by Model | and Model Il, respectively. The allosteric
factor E (Ey; and Ey,) was constrained to the value obtained from the individual fitting of the
Qc(V)/Qc, max curves at0and 100 uM Ca?* (experimental E (E,,,) equal to 26.4). The z;, ], and
K, parameters were allowed to vary freely. (C) Parameters for the best fits of the Q. (V) data. Note
that the allosteric factor E for Model | (Ey;;) and Model Il (Ey,,) have different interpretations, being
Eyz = Eexp Whereas Ey, = ‘{/IE given that the four voltage sensor will be altered in 2.3-fold (Ey,
= 2.27) with each additional Ca2* bound. Based on the Akaike Information Criterion (AIC), the best
model fit to the Q. (V, [Ca?*]) data is achieved using the Ca2*-VSD interaction scheme described
by Model Il. (D) The Ca?*-dependence of V;-Q:(V) curves are superimposed with the predicted
Vi by Model 1l (red line).
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High-affinity Ca?*-binding sites in RCK1 and RCK2 domains contribute equally to the
allosteric coupling between Ca?* and voltage sensors. Under physiological conditions, the
RCK1 and RCK2 high-affinity Ca2*-binding sites are responsible by all calcium sensitivity of the
activation of BK channel (Schreiber and Salkoff, 1997; Bao et al., 2002, 2004; Xia et al., 2002).
However, distinct physiological roles of the RCK1 Ca2*-sensor and Ca?* bowl may be based in
their functionally and structurally distinctive properties (Zeng et al., 2005; Sweet and Cox, 2008;
Yang et al., 2010; Savalli et al., 2012; Tao et al., 2017). Below, we asked what the energetic
contribution to VSD equilibrium is of the two high-affinity Ca2*-binding sites contained in the RCK1

and RCK2 domains.

To elucidate the effect of each Ca?*-sensor on the VSD activation we used mutations that
selectively and separately abolish the function of the two differents RCK Ca?*-sites. Disruption of
the RCK1 Ca?*-sensor by the double mutant D362A/D367A (Xia et al., 2002) reduces significantly
(48%, AVy 362ap367A) = -74.9 £ 4.7 mV) the leftward shifted of the Q:(V) curves at 100 yM Ca2*
compared with the wild-type (WT) BK channel (Figure 4A,C).We also examined the effect of the
mutant M513| (Bao et al., 2002) which have been shown to eliminate the Ca?* sensitivity derived
from the RCK1 site (Bao et al., 2002, 2004; Zhang et al., 2010). In this mutant, the 100 uM Ca?*-
induced shift in V7 of VSD activation curve is also considerably smaller relative to WT (about 54%,
AVy ws13)) = -65.4 = 2.6 mV) (Figure 5). Therefore, both mutations affect the CaZ*-induced
enhancement of activation of voltage sensor very similarly through the RCK1 site (Figure 5C),
although their mechanisms action could be quite different. The M513 residue appears to
participate in the stabilization of the proper conformation RCK1 Ca?*-site whereas D367 is a key
residue in the coordination of Ca?* ion (Wu et al., 2010; Zhang et al., 2010; Tao et al., 2017). On
the other hand, neutralization of the residues forming part of the Ca2* bowl (Schreiber and Salkoff,
1997) (6D5A mutant, see Methods) on the RCK2 domain decreases the leftward shift of the Q. (V)

curve when Ca?* is increased to 100 yM by approximately 54% (AVyspsa= -65.7 £ 4.7 mV).
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Figure 4. The high-affinity Ca?*-binding sites contribute equally to allosteric coupling
between calcium and voltage sensors in BK channels.

(A-B) Representative gating current (/) recordings at 0 and 100 uM of [CaZ*] for the RCK1 site
mutant (D362A/D367A) and the RCK2 site mutant (5D5A), respectively. (C-D) Gating charge-
voltage curves (Qc(V)) were obtained at 0 Ca2* (open symbols) and 100 uM Ca?* (filled symbols)
for D362A/D367A and 5D5A mutants, respectively. Boltzmann fitting to the experimental data
(mean £ SEM) is indicated by solid lines (Vypss2apsera) = 178.0 £ 2.7 mV, n = 12 and Vyspsa) =
176.4 £ 4.6 mV, n = 17 at “zero” Ca?*; Vy(pss2amse7a) = 104.2 + 7.3 mV, n = 7 and Vyspsa) = 110.8
+ 6.7 mV, n =6 at 100 yuM Ca?*). For comparison, all Q. (V) plots include the Boltzmann fit of the
Qc(V) curves for WT at 0 Ca?* (dashed black line) and 100 uM Ca?* (solid black line). (e)
Quantification of the Vi shift (AVy) in the Q¢(V) curves and the free energy change (AAGS®)
induced by 100 uM Ca?*. The non-parametric t-test was used to evaluate statistical significances
between WT BK channel and the RCK sites mutants (***p<0.001).
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Figure 5. Mutations abolishing Ca?*-sensing by the RCK1 binding-site reduce the Ca?-
induced effect on voltage sensors activation similarly.

(A) Representative gating current (Ig) recordings at 0 and 100 uM of [Ca2*]i for the RCK1 site
mutant M513l. (B) Gating charge-voltage curves Q. (V) were obtained at 0 Ca2* and 100 uM Ca2*
(open and filled symbols) for the M513l mutant. Boltzmann fitting to the experimental data (mean
+ SEM) is indicated by solid lines (Vys13)y = 170.4 £ 4.4 mV, n = 17 at “zero” Ca?* and Vyws13n =
105.0 £ 6.3 mV, n =4 at 100 yM Ca?*). For comparison, the Q. (V) plot includes the Boltzmann fit
of the Qq(V) curves for WT at 0 Ca?* and 100 uM Ca?* (dashed and solid black line). (C)
Quantification of the Vy (AVy) shift in the Q¢ (V) curves and the free energy change induced by
100 uM Ca?* (AAGS?). The non-parametric t-test was used to compare statistical significances
between WT BK channel and the RCK1-site mutants (***p<0.001).
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Surprisingly, the effect of Ca?* binding on AV}; from each high-affinity Ca?* site is roughly half
relative to WT channels with both intact sites (Figure 4E). Therefore, both high-affinity Ca2*-
binding sites contribute equally to decrease the free energy necessary to activate the VSD. Thus,
the change of free energy of the resting-active equilibrium of the voltage sensor in response to
Ca?*-binding at RCK2 site is ~ -4 kJ/mol (AAGS® (p3s2am367a) = -4.2 + 0.3 kd/mol and AAGS* ws13r) = -
3.6 £ 0.5 kd/mol) (Figure 4C and Figure 5C). In the same way, the occupation of the RCK1 Ca?*-
binding site decreases the free energy necessary to activate the VSD in -3.8 + 0.4 kJ/mol
(AAGS*spsa)). Remarkably, these findings reveal an additive effect of Ca2*-binding to the RCK1
and Ca?* bowl sites on the VSD activation which suggest independent allosteric pathways through

which they exert their modulation on the VSD.

Taking these results into account, we expanded the Ca2*-VSD interaction model described by
Scheme Il considering the energetic contribution of the two kinds of Ca2* sensors on the VSD per
a-subunit (Eyr = Eg, * Eg,) (Figure 2—figure supplement 1E). As described in the above model
fittings, the allosteric factors E of each one RCK1 and RCK2 sites (Eg; and Es,) were constrained
to values equivalent to the Ca?*-induced energetic perturbations of the voltage sensor equilibrium
for the 5D5A and D362A/D367A mutants, respectively. However, the inclussion of the two Ca?*
sensors in the Ca2*-VSD interaction model does not produce better fits to Q¢ (V, [Ca?*]) according
to the AIC criteria (Table 1 and Figure 3B), the estimated Kp parameters for each Ca2*-binding
sites (Kp; = 15.6 yM and K, = 1.9 uM)) by the experimental data fitting agrees very well with the
apparent Ca?* affinities previously reported in the literature (Bao et al., 2002; Xia et al., 2002;
Sweet and Cox, 2008). Interestingly, modest positive cooperativity (G = 2.6) between the two Caz*-
binding sites located in the same a-subunit is required to achieve a good estimation of the K
parameters (Table 1), where the Ca2* bowl site has an affinity for Ca2* about 8-fold greater than

does the RCK1 Ca?*-sensor.
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Discussion

Recent insights into a major interplay between voltage- and Ca?*-sensing modules in the
BK channel are supported by functional and structural studies (Yuan et al., 2010; Savalli
et al., 2012; Miranda et al., 2013, 2016, 2018; Carrasquel-Ursulaez et al., 2015; Hite et
al.,, 2017; Tao et al.,, 2017; Zhang et al., 2017), offering a new perspective in our
understanding of its multimodal gating mechanism. However, the CTD-VSD allosteric
coupling as well its molecular nature has yet to be firmly established since their direct
assessment is subject to great experimental challenges. Based on the functional
independence of the distinct structural domains (PD, CTD, and VSD), the energetic
relationship between the sensory modules can be directly defined comparing the voltage
sensor equilibrium change at extreme Ca?* stimulus conditions limiting the status of the
Ca?*-binding sites to two well-defined configurations: unliganded and saturated (Horrigan

and Aldrich, 2002).

Using this approach, this work straightforwardly establishes that Ca?*-binding to high-
affinity sites make a significant and direct energetic contribution to the equilibrium of the
resting-activated transition (R-A) of the VSD facilitating their activation (AVy = -142.6
45 mV and AAGE® = -7.98 + 0.27 kJ/mol). This result resolves a previous debate
regarding to the magnitude of the Ca?*-driven shift of the Q.(V) curve, because it has
been reported a similar leftward shift (AVy4 = -140 mV and AAGS® = -7.9 kJ/mol; at [Ca?*];
= 100 uM) (Carrasquel-Ursulaez et al., 2015) and a smaller leftward shift (AVy = -33 mV
and AAGS® = -1.9 kJ/mol; at [Ca?*];= 70 yM) (Horrigan and Aldrich, 2002) at saturating
Ca?* concentration. The reason for the contradictory findings is not clear to us; since we

used a similar experimental approach. Even if we assumed that the calcium effect on
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VSD is underestimated at 70 uM Ca?* (Horrigan and Aldrich, 2002) compared to 100 yM
as saturating condition of the binding sites, we observed a significative greater effect in
Ca?* concentrations (1, 5and 10 uM, Figure 1C) where less than 50% of the Ca?* sensors

are occupied (Kp = 11 yM (Cox et al., 1997; Horrigan and Aldrich, 2002)).

Fluorescence studies that optically track the motions of the voltage sensor or gating ring
provide two lines of evidence that support these findings. First, conformational
rearrangements of the voltage sensors detected using voltage-clamp fluorometry can be
provoked by Ca?*-binding to the high-affinity sites. The sudden rise of intracellular [Ca?']
by UV flash induced-photolysis of caged Ca?* prompts a leftward shift in both
conductance-voltage (G (V)) and fluorescence-voltage (F (V)) relationships. These results
suggest that functional activation of the gating ring is propagated to VSD leading to
structural perturbations of voltages sensors, thereby favoring its active conformation
(Savalli et al., 2012). Second, the structural rearrangement of gating ring in response to
Ca?" has a voltage dependence (Miranda et al., 2013, 2018) attributable to the voltage
sensor operation. The origin of these voltage-dependent motions has been recently
established via modifications on the voltage-sensing function of the BK channel using the
patch-clamp fluorometry technique (Miranda et al., 2018). Both the charged residue
mutations on the S4 transmembrane segment (R210, R213, and E219) and the co-
expression of B1-subunit with BKa channel modify the conformational changes of the
gating ring triggered by depolarization in correspondence to the observed G (V) shift for
these channel constructs. In contrast, perturbations of pore opening equilibrium like the
F315A mutation or the assembly of BKa channel with y1-subunit does not modify on the

voltage-dependent reorganization of the gating ring (Miranda et al., 2018).

18



Mechanistically and in a channel opening-independent fashion, how does the CTD-VSD
coupling occur? Taking into account the homotetrameric configuration of the BK channel,
Horrigan and Aldrich (Horrigan and Aldrich, 2002) defined the general gating scheme of
BK channel considering the simplest CTD-VSD interaction model in which voltage
sensors and Ca?*-binding sites solely interact within the same subunit. However, the VSD
movement at non-saturating Ca?* conditions which entail distinct functional states of the
Ca?" sites (unliganded and liganded), unveiled that the standard HA model can not
explain the mechanistic interaction governing the allosteric coupling between the Ca?*
and voltage sensors. Given that Ca?*-binding will influence only a fraction of voltage
sensors, Scheme | would evidence Qq(V) curves characteristic of an all-or-none model
showing two well-distinguishable components Boltzmann that correspond to Ca?'-
affected and unaffected VSD fractions (Figure 3A). Conversely, an energetic effect of
each Ca?'-site on all the voltage sensors of the tetramer would lead to an equivalent
functional status of each VSD, so that the Q-(V) curves behaving in an incremental
shifted fashion as increasing the fractional occupancy of the Ca?* sites. The VSD and
Ca?" sites interacting in such a fashion (Scheme Il) reproduce reasonably well the
behavior of the Ca?*-dependent gating charge movement observed in our experiments
(Figure 3B). This concerted CTD-VSD communication may underlie a mechanism
analogous to the mechanical strategy of interaction between the homooctameric ring of
RCK domains and the pore module described for bacterial K* channels (Jiang et al., 2002;
Ye et al., 2006; Lingle, 2007; Pau et al., 2011; Smith et al., 2012, 2013). Both in MthK
and BK channels, the Ca?*-site occupancy triggers a conformational change conveying

to a symmetric overall rearrangement of the cytosolic tetrameric structure that finally is
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propagated to the transmembrane regions (TMD) via C-linker and in the BK channel also
via the protein-protein interfaces between the gating ring and the TMD (Jiang et al., 2002,
2003; Ye et al., 2006; Yuan et al., 2010, 2012; Pau et al., 2011; Smith et al., 2012; Tao
et al., 2017). Consequently, we can speculate that each Ca?*-binding event produces a
gradual conformational expansion of the gating ring affecting the four voltage sensors in

each step through the progressive perturbations within the protein-protein interfaces.

As mentioned above, the communication pathway through which the Ca?*-driven
conformational changes are propagated to the voltage sensors appears to critically reside
on the CTD-VSD interface that involves non-covalent interactions between RCK1 N-lobe
and S0-S4 transmembrane segments (Yang et al., 2007, 2008, 2010; Sun et al., 2013;
Hite et al., 2017; Tao et al., 2017). Scanning mutagenesis of RCK1-N terminal subdomain
indicated that residues on the BA-aC region are involved into the allosteric connection of
the Ca?*-dependent activation mediated by RCK1 site occupancy but not to the Ca?* bowl
(Yang et al., 2010). In line with this study, the selective activation of the RCK1 domain
was identified to be responsible for the Ca?*-induced VSD rearrangement (Savalli et al.,
2012) and the voltage dependence of the Ca?*-driven motions of gating ring (Miranda et
al., 2016, 2018), suggesting that CTD-VSD allosteric coupling is primarily determined by
the RCK1 site. However, our results are inconsistent with this picture. The constructs
D362A/D367A and 5D5A (D894A-D898A) selectively impaired the Ca?*-sensitivity of the
RCK1- and RCK2-sensors, respectively, by neutralization of residues that are involved in
contributing to Ca?*-coordination (Zhang et al., 2010; Tao et al., 2017). Comparing the
fast gating charge movement at 0 Ca?* and saturating Ca?* conditions reflects that the

energetic effect of Ca?*-binding on voltage sensor equilibrium is practically identical (~ -
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4 kJ/mol) for either the D362A/D367A mutations or 5D5A mutations (Figure 4). Thus, our
findings establish that the RCK2-driven contribution to CTD-VSD energetic coupling is
quite similar to the RCK1-driven contribution. The functional role of the RCK2-sensor on
Ca?*-sensitivity of VSD activation was further corroborated using the M513] mutation
(Figure 5). This point mutation hinders the Ca?*-dependent activation associated with the
RCK1-sensor presumably by disrupting the structural integrity of the binding site and the
transduction via through the BA-aC region (Zhang et al., 2010). Thus, another residue
involved in the BK Ca?*-dependent activation mediated by the RCK1 Ca?*-binding site
but not forming part of the site itself decreases the Q. (V) leftward shift almost in the same

amount as it does the D362A/D367A mutant.

Interestingly, beyond the energetic contribution of each RCK site to the voltage sensor
equilibrium is the same, its addition mimics the VSD Ca?*-sensitivity of the fully occupied
sites. These findings remind us of early reports showing that each RCK site mutant shifts
the Ca?*-dependent G (V) by approximately half relative to WT channels (Bao et al., 2002;
Xia et al., 2002). Our results suggest an autonomy of the two RCK-sensors indicating
independent allosteric pathways through which they exert their modulation on the VSD
but does not discard some cooperativity effect between them. Indeed, various lines of
evidence indicate albeit modest a cooperativity between the two high-affinity Ca2*-binding
sites although their nature is still unclear (Qian et al., 2006; Sweet and Cox, 2008; Savalli
etal., 2012). Intra and intersubunit structural connectivity support the putative cooperative
interactions between the Ca?* sensors at the gating ring (Yuan et al., 2012; Hite et al.,
2017). Actually, a recently functional study of the intrasubunit connections between the

RCK1 site and Ca?* bowl (R514-Y904/E902 interactions) has shown that such
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connections are potential candidates of the structural determinants underlying to a
cooperative mechanism between the RCK1- and RCK2-sensor involving either to
preserve the integrity of RCK1 Ca?*-binding site or the allosteric propagation pathway
towards transmembrane domains (Kshatri et al., 2018). On the basis of the cryo-EM
structure of Aplysia californica BK channel, Hite et al. (Hite et al., 2017) proposed that
there should be a positive cooperativity of the Ca?*-binding at RCK1 site and Ca?* bowl
since the Ca?*-induced conformational change of the RCK1-N lobes from closed to open
configuration depends on functional state (unliganded and liganded) of both RCK sites.
Our analysis based on the CTD-VSD interaction model predicted a small and positive
cooperative relation (G = 2.6) among the two high-affinity Ca?* sites within the same a-
subunit, which has been suggested by an earlier study (Qian et al., 2006). It is noteworthy
that K, parameters achieved for each Ca?*-binding sites (Kp; = 15.6 uM and K, = 1.9
uM) by the experimental data fitting agrees very well with the apparent Ca?* affinities
previously reported in the literature (Bao et al., 2002; Xia et al., 2002; Sweet and Cox,
2008). Together, all this new information recapitulate a more relevant functional role of
the cooperative interactions between RCK sensors within the same subunit on Ca?*-

dependent activation of the channel (Qian et al., 2006).

In conclusion, our results depict a remarkable, and direct energetic direct interplay
between the specialized sensory modules (VSD and CTD). Our findings together with the
emerging structural-functional information establish a new paradigm about how the
stimuli integration (depolarization and intracellular Ca?*) modulates the BK channel
activation and its relevance within a physiological context. Notable and unexpected is the

equivalent role of the distinct ligand-binding sites at the cytosolic domain to the allosteric
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regulation on voltage sensing. Additional studies to discern the molecular bases
underlying in the Ca?*and voltage propagation pathways and the cooperative interactions
of the RCK1 and RCK2 regulatory domains may provide new clues about the dual gating

mechanism of BK channel.
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Methods

Channel Expression.

Xenopus laevis oocytes were used as a heterologous system to express BK channels. The cDNA
coding for the human BK a-subunit (U11058) was provided by L. Toro (University of California, Los
Angeles, CA). The cDNA coding for independent mutants of each two high-affinity Ca2* site from
BK channel, the double mutant D362A/D367A (Xia et al., 2002) and the mutant M513I (Bao et al.,
2002) in the RCK1 Ca?*-binding site and the mutant 5D5A (Schreiber and Salkoff, 1997)
(D894A/D895A/D896A/D8I7A/DBIBA) in the RCK2 Ca?*-binding site or calcium bowl, were kindly
provided by M. Holmgren (National Institutes of Health, Bethesda, MD). The cRNA was prepared
by using mMMESSAGE mMACHINE (Ambion) for in vitro transcription. Xenopus laevis oocytes were
injected with 50 ng of cRNA and incubated in an ND96 solution (in mM: 96 NaCl, 2 KCI, 1.8 CaCl,

1 MgClz, 5 HEPES, pH 7.4) at 18°C for 4—8 days before electrophysiological recordings.

Electrophysiological recordings.

All recordings were made by using the patch-clamp technique in the inside-out configuration. Data
were acquired with an Axopatch 200B (Molecular Devices) amplifier and the Clampex 10
(Molecular Devices) acquisition software. Gating current (/) records were elicited by 1-ms voltage
steps from —90 to 350 mV in increments of 10 mV. Both the voltage command and current output
were filtered at 20 kHz with 8-pole Bessel low-pass filter (Frequency Devices). Current signals were
sampled with a 16-bit A/D converter (Digidata 1550B; Molecular Devices), using a sampling rate of
500 kHz. Linear membrane capacitance and leak subtraction were performed based on a P/4

protocol (Armstrong and Bezanilla, 1974).

Borosilicate capillary glasses (1B150F-4, World Precision Instruments) were pulled in a horizontal
pipette puller (Sutter Instruments). After fire-polished, pipette resistance was 0.5-1 MQ. The
external (pipette) solution contained (in mM): 110 tetraethylammonium (TEA)-MeSOs, 10 HEPES,

2 MgClz; pH was adjusted to 7.0. The internal solution (bath) contained (in mM): N-methyl-D-
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glucamine (NMDG)-MeSOs, 10 HEPES, and 5 EGTA for “zero Ca?*” solution (~0.8 nM, based on
the presence of ~10 uM contaminant [Ca2*] (Cui et al., 1997). For test solutions at different Ca2*
concentrations (0.1-100 uM), CaClz was added to reach the desired free [Ca?*], and 5 mM EGTA
(0.1-0.5 uyM) or HEDTA (1-10 yM) was used as calcium buffer. No Ca?* chelator was used in 100
MM free Ca?* solutions. Free calcium concentration was estimated using the WinMaxChelator
Software and checked with a Ca2*-electrode (Hanna Instruments). All experiments were performed
at room temperature (20-22 °C). To measure /¢ at different Ca2* concentrations in the same oocyte,
the patch was excised and washed with an appropriate internal solution at least 10 times the

chamber volume.
Data Analysis.

All data analysis was performed using Clampfit 10 (Molecular Devices), Matlab (MathWorks) and
Excel 2007 (Microsoft). The first 50-100 us of the ON-gating currents were fitted to a single
exponential function and the area under the curve was integrated to obtain the charge displaced
between closed states (Qc) (Horrigan and Aldrich, 1999, 2002; Contreras et al., 2012; Carrasquel-

Ursulaez et al., 2015). Q. (V) data for each [Ca?*] were fitted using a Boltzmann function: Q.(V) =

% , where Q¢ max is the maximum charge, z, is the voltage dependency of activation,
ZEeP V)
1+e

Vy is the half-activation voltage, T is the absolute temperature (typically 295 K), F is the Faraday’s
constant, and R is the universal gas constant. Q¢ max, V4, and z, were determined using least
square minimization. Q¢(V) curves were aligned by shifting them along the voltage axis by the

mean AV = ((Vy) — Vy) to generate a mean curve that did not alter the voltage dependence

(Horrigan and Aldrich, 1999). All error estimates are SEM.

The Ca?*-induced effect on VSD activation was quantified as the V; shift relative to “zero” Ca2*

condition: AVy =V, (Ica*]) ~ Vy (o [ca2*],)" For wild-type (WT) BK channel and the RCK Ca?*-sensor

mutants (D362A/D367A, M513I and 5D5A), the energetic contribution of Ca?*-binding on resting-

active (R-A) equilibrium of the voltage sensor was calculated as changes in Gibbs free energy of
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VSD activation induced by 100 uM Ca?*: AAGE“zF(zQ(loouM[CaH]i) VH(loouM[CaZ+]i)_

7o otea1) Vo))
Model fitting.

We fit the Q. (V, [Ca®*]) experimental data using two distinct interaction mechanism between Ca2*-
binding sites and voltage sensor (see Scheme | and Scheme Il in the Figure 2A,B) within the
framework of Horrigan-Aldrich (HA) general allosteric model (Horrigan and Aldrich, 2002).
Assumptions and considerations for the equations that describe each one of the Ca2*-VSD
interaction schemes are given in the Supplementary Information. In terms of the HA allosteric

mechanisms, the voltage sensor R-A equilibrium is defined by the equilibrium constant J according

zjF(V-Vy) zjFV
totherelation j = e~ ’rr = J,e rT , where ], is the zero voltage equilibrium constant and z; the

gating charges displacement per voltage sensor. In this fashion, the fraction of the total charge

displaced essentially between closed states, (QC(V)/QC‘ MAX) in the absence of calcium can be

written as: Qc(V)/Qc¢, max (Ca*" < Kp) = %}_1 where K}, is the dissociation constant of the high-

affinity calcium-binding site with all voltage sensors at rest and the channel closed. In the presence
of saturating Ca2* (100 yM), the equilibrium of the R-A transition /] becomes amplified by the

allosteric factor E, which defines the coupling between Ca?*-binding sites and voltage sensors,

RTln(E)+ZJFV

and JE = Jye RT . The Qc(V)/Qc, max

. 1
being Qc(V)/Qc, max (Ca** » Kp) = w01
measured in the presence of high [Ca2*] and “zero Ca2*” condition at the same voltage (so that J

be canceled out) but in the limit where voltage where /=1 > 1 is:

Qc(V)/Qc, max (Ca®* > Kp) _JE

= =F
QC(V)/QC, MAX (Ca?t « KD) (lim J=1>1) ]

Thus, the Gibbs free energy perturbation of the voltage sensor R-A equilibrium when the high-

affinity binding sites are approximately 100% occupied by Ca?* (100 pyM) is a straightforward

measure of the allosteric factor E: E = e~3AG/*/RT
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Based on these conditions, the allosteric parameter E values were calculated and introduced in
each of the two Ca2*-VSD interaction models as a fixed parameter. Once E was obtained, the
families of Q. (V, [Ca?*]) curves were simultaneously fitted to the model equations (Equation 3 and
Equation 6) (see Supplementary information) by minimizing least-squares estimating the z,, J, and
K, parameters for each model. To select the better Ca?*-VSD interaction scheme that describes
the experimental data, the model fits were compared according to their Akaike Information Criterion
(AIC) (Akaike, 1974) values, calculated as AIC = 2p — 21In(L), where p is the number of free
parameters and In(L) is the maximum log-likelihood of the model. The best model fitting is that

achieving the lowest AIC values. Minimum AIC values were used as model selection criteria.

The best model fit of the Ca2*-VSD interaction scheme was extended including two high-affinity
Ca?*-binding sites per a-subunit (Figure 2—figure supplement 2D,E). The contribution of each
Ca?*-binding site to the free energy of the voltage sensor equilibrium may be split in two, such as

Ca Ca
E =Es *Eg, = ¢~(8AGT* (5D + BAGTSD)/RT \yhare Es, and E, are the allosteric factor E for the RCK1

and RCK2 sites. Thus, for the global fit of the Q¢ (V,[Ca%*]) curves, we constrained the allosteric
parameter Eg; and Es, obtained experimentally for the RCK2 Ca?*-sensor mutant (5D5A) and RCK1
CaZ*-sensor mutant (D362A/D367A), respectively, as described above. The rest of the parameters
z;, Jo,» Kp1, Kp2, and G, where Kp; and K, are the dissociation constants of the RCK1 and RCK2
sites and G is a cooperativity factor between the two sites within the same a-subunit of the BK

channel, were allowed to vary freely.
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Supplementary Information

Assumptions and model predictions. We assume that the four voltage sensors act
independently transiting between two states, resting (R) and active (A), governed by the voltage-
dependent equilibrium constant J. The R—A equilibrium is displaced toward the active state by
membrane depolarization generating a fast gating charge movement (Q.) before channels
opening. Additionally, the Ca2*-binding to high-affinity sites shifts the voltage sensor equilibrium
toward their active configuration through an allosteric coupling described by the factor E (Figure
2—figure supplement 1A). By assuming the simplified standard model for the BK channels
(Horrigan and Aldrich, 2002), where each a-subunit has a single Ca2*-binding site, we established
the possible states and their connections through which each voltage sensor transit in presence
of Ca?* (Figure 2—figure supplement 1B;C) following the CTD-VSD interaction mechanisms

described by the Scheme | and Scheme Il (Figure 2A,B).

For Scheme I, in which Ca2*-binding sites and voltage sensors can only interact within the same
a-subunit, the activation of each VSD can occur through the Ro-Ao or Ri-A1 transitions according
to the functional state of the Ca?* site (unbound or Ca?* bound). The equilibrium of such transitions
is governed by J or JE,,,, respectively (Figure 2—figure supplement 2B). In the case of Scheme
I, in which binding of Ca?* to a single a-subunit affects the four voltage sensors equally, the R-A
equilibrium of each VSD would be affected by the number of Ca2* bound in the channel (0-4)
depicted in the model (Model Il) as five possible R-A transitions. According to this model, the J
constant increase E,,-fold for each occupied Ca?* site (Figure 2—figure supplement 1C). For
both schemes, the horizontal transitions R-R and A-A represent the Ca2*-binding equilibrium (K
or KE) when the VSD is in the resting or active conformation, respectively. The K equilibrium
constant is defined as the bound/unbound probability ratio for each Ca?*-binding site and depends

on Ca?* concentration ([Ca?*]) and the Ca?* dissociation constant (K,): K = [Ca?*]/Kp.
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Here, we assume that the voltage sensor movement at ON-gating currents is in equilibrium relative
to the binding of Ca?*. The assumption is reasonable since the Ca2*-binding rate constant
estimated for BK channel is about 108 M-'s™' (Hou et al., 2016) implying that at 10 uM internal Ca2*
the association time constant is 1 ms. Thus, Ca?* binding at this Ca2* concentration proceeds at a
pace about 33-fold slower than the voltage sensor movement (~30 ps). Based on this
consideration, the R-A transitions in the models would be predominant transitions whose
proportion will be determined by the [Ca?'] and K},. Therefore, predictions of the Q. (V) curves at
different Ca?* concentrations for Model | and Model Il were based on a given fractional occupancy
of Ca?* sites established by the probability of Ca2* bound (b) and unbound (1 — b) for each Ca?*-

sensor, and the energetic contribution to VSD equilibrium.

Simulations of the Q¢ (V) curves using the Scheme | (Model I) were obtained using the equation

Qc(V) _ _ 1 ; .
Qc, Max (1-b) (1 +]‘1) +b <1 + (]EMl)_l) (1);
where
po L 1 e .
_1+K_1_1+ KD _[Ca2+]+KD ()1
[Ca?*]
and
] =]Oe% (3)

Substituting b and J into Equation (1), the Ca2*-dependent voltage sensor activation for Model |

is given by the equation
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) [ K 1 [Ca?*] 1
Qc, max B <[C¢12+] + KD) —ZEV + <[Ca2+] + KD) —ZJFV 4)

Thus, the Q:(V) curves are determined by the proportion of two functional VSD populations with
a distinctive effect (unliganded effect or Ca2*-saturated effect) Consequently, the Q. (V) curves are

represented by a weighted sum of two Boltzmann functions.

Meanwhile, for the concerted CTD-VSD interaction Scheme Il (Model I1), the Qc(V,[Ca?*]) curves

would be determined using the general equation:

) nexpx 1
Qc max Z(X) (1=b)y""b <1 + UEzifzz)_l) )

x=0

The expression in the first bracket represents the fraction of VSD belonging to a channel with x (0
to 4) Ca?* bound, according to a binomial probability distribution. Thus, the Q. (V) curves result in
a weighted sum of five distinct Boltzmann functions corresponding to the five possible R-A
transitions (Figure 2—figure supplement 1C). By stating n = 4 because the tetrameric symmetry

of the channels, and substituting b and J into the previous equation (Equation 5) we have

4 -
QC—(V) _ Z (4) ( Kp )4 x [Ca?*] x 1 ©
Qc, max pomr x/ \[Ca?*] + Kp [Ca?*] + K, e—zR]:V
i 1455
JoEw2
It should be noted that at limiting Ca?* conditions, both schemes become equivalent where the

VSD activation is characterized by a single Boltzmann function. At zero Ca2*, the Q:(V) curves

are described by
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Qc, max
1+

whereas Ca?* saturating concentration J is multiply by the allosteric factor E, where E = E,;; = Efi,

depending on the model (Model | or Model I1):

QC(V)zl/ 1 \

—ZjFV |

Qc, max \1 +eT/
JoE

Given that each a-subunit has two Ca2*-binding sites, we expanded the CTD-VSD interaction

Scheme Il (Figure 2—figure supplement 1C) considering the existence of two Ca?*-binding sites
(Figure 2—figure supplement 1D,E). The Model Il includes the energetic contribution of RCK1
and RCK2 Ca?*-sites to the VSD activation. The factor E = Eg, * E5, where Eg; and Eg, are the
allosteric coupling between the VSD and the RCK1 Ca?*-site and RCK2 Ca?*-site, respectively.
The K; and K, constants define the bound/unbound transition for each RCK1 and RCK2 sites
being K; = [Ca?*]/ Kp, and K, = [Ca?*]/ K,,. Assuming that the Ca?* sensors of distinct a-subunit
do not interact, we only consider intrasubunit cooperativity between the RCK1 and RCK2 sites
defined by the factor G. Thus, the occupancy of one RCK site will affect Ca2*-binding equilibrium
to the other RCK site in the a-subunit (GK; and GK,) (Figure 2—figure supplement 1E). The
equilibrium J of the VSD increase Eg,-fold and E,-fold for the each Ca2* bound to RCK1 and RCK2

sites, respectively, reaching to JE& E4, when the eight Ca?* sites are occupied.
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Supplementary Figures
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Figure 1—figure supplement 1. Ca?* increase the slow component of the OFF gating
currents.

(A) Gating current (/g) recordings evoked by 200 mV pulses with different durations (from 0.2 to 4
ms) at 0 and 10 uM [Ca?*] conditions, respectively. (B-C) The top panels show the superimposed
traces of the Ic-OFF recorded at -90 mV evidencing a decrease in amplitude and a slower decay
of the OFF current as the duration of the pulse increases at 10 uM Ca?*. The dashed line
represents the baseline for each experiment. /c-OFF were fitted with an exponential function of
two-components (fast and slow components). Ic-OFF traces at 0.2 ms and 4 ms pulse duration
are displayed for each Ca?' condition. Orange and blue lines correspond to fast and slow
components of the two-exponential fits, respectively: (B) “zero” CaZ* (7 = 10 ys and t5= 44 us)
and (C) 10 yM Ca?* (1 = 25 ps and 75 = 212 us). (D-E) The relative amplitude of the OFF-charge
components, the fast (Qr) and slow (Qs) charge components were plotted against the pulse
duration and fitted with an exponential function representing the time course of the opening of the
channel: (D) “zero” Ca?" (tyc,2+ = 1.8 ms) and (E) 10 M Ca?* (749 ,m = 536 ps).
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Figure 2—figure supplement 1. Kinetic models of the VSD activation according to the CTD-
VSD interaction schemes.

(A) Sub-scheme describing calcium and voltage allosteric interaction for closed channels. The
VSD transit between two resting (R) and active (A) configuration governed by the equilibrium
constant J, whereas each Ca?* site undergoes unbound (U) - Ca?* bound (B) transitions governed
by the equilibrium constant K. The allosteric factor E accounts for the coupling between the
calcium and voltage sensors (CTD-VSD) (B-C) VSD kinetic models in presence of Ca2* according
to CTD-VSD interaction schemes | and Il (Figure 2A,B), respectively, where the vertical transitions
(R-A) represent the VSD movement and the horizontal transitions (R-R and A-A) are Ca2*-binding
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reactions when the VSD is in the resting or active conformation. For the Scheme | (B), each VSD
can undergo Ro-Ao or Ri-A+ transitions depending on the unbound or bound state of the Ca?* site
in the a-subunit, respectively. Thus, the R1-A1 equilibrium is defined by J increased E\;-fold ( JEy1).
For the Scheme Il (C), the Ro-Ao to R4-A4 transitions represent the VSD equilibrium with 0, 1, 2, 3,
and 4 occupied Ca?* sites in the channel. Thus, for each Ca?* bound the equilibrium constant J
increase E,,-fold reaching to JEj, when the four Ca?* sites are occupied. The thickness of the
arrows indicates the probability of transitions. (D) General sub-scheme of the CTD-VSD interaction
including two Ca?* sites for each CTD (RCK1 and RCK2 sites). For each RCK1 and RCK2 site the
unbound-Ca?* bound transitions are governed by the equilibrium constants K; and K,. The factor
G describe the cooperativity between the sites within the same a-subunit; and the Eg; and Ej,
factors define the allosteric coupling between the RCK1 and RCK2 sites and the VSD,
respectively. (E) Schematic representation of VSD kinetic model according to the extended
version of the Scheme Il (C) accounting for both RCK1 and RCK2 Ca?*-sites on each a-subunit.
For sake of simplicity, are only depicted the VSD transitions depending on the unbound or bound
state of the RCK sites within the same a-subunit: RCK1 site (R1,0-A1,0), RCK2 site (Ro,1-Ao,1) and
both sites (R1,1-A1,1).
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ADDITIONAL RESULTS AND DISCUSSION

Total voltage-sensing charges per channel in BK channels.

Characterization of voltage sensing process in BK channel has been widely approached including
the voltage-sensing residues (Diaz et al., 1998; Ma et al., 2006; Zhang et al., 2014), the allosteric
interaction with the pore and modulation (Horrigan and Aldrich, 1999; Horrigan et al., 1999; Ma et
al., 2006; Budelli et al., 2013; Zhang et al., 2017) by auxiliary subunits (Bao and Cox, 2005;
Contreras et al., 2012; Castillo et al., 2015). An important parameter of the voltage sensitivity is
the number of charges translocated during the gating process (Z). However, the total gating
charges per channel displaced during the activation process of the BK channel remains unclear

(Stefani et al., 1997; Horrigan et al., 1999).

Thus, the number of gating charges per channel in BK channel was determined by the Q/N method
(Zg/n = Quax/Ney). The number of channels (N) in the membrane patch was estimated using
non-stationary noise analysis (Sigworth, 1980) of ionic currents whereas the maximum value of
the charge (Qu4x) Was calculated from the gating current recorded in the same membrane patch
(Figure 10). From the ionic current recordings was calculated the mean current ({/)) and variance
(o?) in each isochrone, and the o2- (I) relationship was fitted using the theoretical variance
function: &2 = i(I) — (I)>/N (Figure 10B). This type of analysis is used to relate macroscopically
observable parameters, such as the total ionic current with microscopic parameters like the
number of functional channels in the patch of membrane N, as well as, the single-channel current
(i) and the maximum open probability, P, = Ij;4x/iN where I);,x is the maximum mean current

measured (Alvarez et al., 2002; Lingle, 2006).
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Figure 10. Determination of total gating charge displaced per channel from Q/N method in

BK channels.

(A) Representative experiment using Q/N method for BK channel. lonic currents (Top) were
evoked by repeated voltage pulses (300 sweeps) to 300 mV, and then in the same membrane
patch, after perfusing with K* free internal solution, gating currents (Bottom) were elicited by 1-ms
voltage steps from -90 to 350 mV. (B) Experimental variance (o2) - mean current ((I)) plot was
fitted using the theoretical variance function o2 = i(I}) — (I)*/N (red line) in order to obtain the
number of channels, N. (C) Maximum value of the charge, Q,,4x, was obtained by fitted to a single
exponential function ON-gating currents and integrating the area under the curve described by the
monoexponential fitting. Q. (V) data were fitted using a Boltzmann function (red line).
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According to the fact that the voltage-sensing charges in the BK channel are fewer than those
observed the other Kv channels, during activation of the voltage-sensing domain in the BK channel
the total number of charges displaced per channel is approximately 4.3 electronic charges (e,)
(Table 1) which fully agrees with early reports (4-5 ¢,) (Stefani et al., 1997). The smaller number
of gating charges indicates that more membrane depolarization is needed to move the VSD of BK
channels into the fully activated state. This weaker voltage sensitivity is critical to the physiological
role of BK channels because it enables BK channels to operate in a wide range of membrane
potentials to fine-tune channel activation and in turn the membrane voltage (Yang et al., 2015).
On the other hand, these findings indicate that the gating charges in BK channel is moving in
multiple steps and not between two states (R-A; single step) as is assumed by the HA model
(Horrigan and Aldrich, 1999; Horrigan et al., 1999). Thus, the estimations of Ze, from the slope of
a single-Boltzmann fit to the Q (V) curve (z;, = 0.6 per VSD, Figure 10D) underestimates the total
number of charges per channel (Z = 4z, = 2.4 ¢,) (Bezanilla and Villalba-Galea, 2013), and in turn,

the distinct contributions of the gating-sensing charges to the overall voltage dependence of the

BK channel (Ma et al., 2006).

Table 1. Summary of the experimental Z,,y (e,) values obtained by Q/N method.

Q/N Method
Experiments N Quuax (FC) Zy,n (eo)
1 7.7*10% 53 4.3
2 7.8*104 58 4.1
3 6.8¥108 4.8 4.4

4310.2
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Modulatory B-subunits effects on VSD.

At least some diversity in BK channel properties can arise from the cell-specific molecular
composition of the BK channel complex, including co-assembly with various accessory subunits
such as the B- and y-subunits (Knaus et al., 1994; Wallner et al., 1996; Brenner et al., 2000;
Uebele et al., 2000; Xia et al., 2000; Yan and Aldrich, 2010). In particular, the tissue-specific
expression of B-subunits dramatically modify the BK gating properties. B-subunits (1-34) are
encoded by four different genes (KCNMB1-4). All of them share a similar predicted topology,
containing two TM segments, TM1 and TM2, joined together by an external loop, and short
intracellular N- and C-terminal regions. 1, 2, and 33 exhibit high degrees of homology, whereas
4 is genetically more distant from the other B subunits. Several gating properties are potential
targets for regulation by auxiliary B-subunits including not only Ca?2* sensitivity and voltage-
dependent gating of BK channels (McManus et al., 1995; Cox and Aldrich, 2000; Bao and Cox,
2005; Orio and Latorre, 2005; Sweet and Cox, 2009) but also inactivation behavior (Wallner et al.,
1999; Uebele et al., 2000; Xia et al., 2000) and pharmacology (Dworetzky et al., 1996; Meera et

al., 2000).

Effect of B-subunits on allosteric CTD-VSD coupling.

Specifically, BK voltage-sensing properties are affected differentially by the B-subunits. 1, 2,
and B4 modify the R-A equilibrium constant stabilizing the voltage sensor in its active
conformation. Whereas 31 and 2 (albeit to a lesser extent) induce a leftward shift of the VSD
activation without changes in the apparent gating charge (Bao and Cox, 2005; Yang et al., 2008b;
Contreras et al., 2012), B4-subunit modify mainly the R-A equilibrium by decreasing in the number
of apparent gating charges per voltage sensor. 3-subunit has no effect on VSD equilibrium

(Contreras et al., 2012).

Functional and structural characteristics of p-subunit modulation have led to the idea of the

association of B-subunits alters the VSD—CTD interface and the interactions among CTD, PD and
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VSD that are key in the Ca?*- and voltage-dependent activation of BK channels, providing a novel
perspective on how subunits modify BK channel activation (Lee et al., 2010; Horrigan, 2012; Sun
et al., 2013). For example, perturbations of the VSD—CTD interface by mutations of residues N172
and E399 alter the ability of the B1- subunit to modify Ca?* sensitivity without affecting the VSD
modulation, which suggests that B1 primarily interacts with the VSD to alter voltage-dependent
gating (Yang et al., 2008b; Contreras et al., 2012), and in turn, such an interaction changes the
VSD-CTD interface to alter Ca?*-dependent gating (Sun et al., 2013). Thus, the VSD-CTD
interface changes may provide an allosteric mechanism to propagate the effects of different 31

subunits to all aspects of BK channel gating.

Could B-subunits modulate energetically to the allosteric VSD—CTD interaction being part of their
modulatory mechanism? To examine the effect of B-subunits on the interaction between Ca?*-
binding sites and VSD, gating current recordings at different internal [Ca2*] were obtained for BK
channel (BK(a)) co-expressed with B1-subunit (Figure 11A) and B3b-subunit (Figure 12A).
Electrophysiological recordings and data analysis were performed following the same protocol

described in Lorenzo-Ceballos et al. (Submitted Manuscript: (Lorenzo-Ceballos et al., 2019)).

Preliminary results show that similar to the VSD behavior in BK(a) channel, the increase in internal
Ca?* promotes a leftward shift voltage Q¢(V) curves obtained in presence of 31 (Figure 11B,C)
and B3b (Figure 12B,C) facilitating the activation of the voltage sensor. Given the difficulties of
detecting gating currents at saturating [Ca?*], the /s recordings under these Ca?* conditions are
not available for the BK(a/B1) and BK(a/B3b) constructs. However, despite it is not possible to
determine the energetic interaction between the specialized-sensory modules for BK(a/B1) and
BK(a/B3b) channels, the Ca?*-induced effect on VSD activation seems not to be affected by the

presence of 1 nor B3b (Figure 13).
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Figure 11. Ca?*-induced effects of on VSD activation in BK channels co-expressed with p1-
subunit.

(A) Representative gating current (/g) recordings at different internal Ca2* concentrations (from 0
to 5 uM). Ic were evoked by the indicated voltage protocol of 1 ms duration. (B) Gating charge-
voltage relationships (Qq(V)) were obtained by integrating the fast component for each ON /g
trace. Normalized gating charge data (QC(V)/QC_ MAX) (mean + SEM) were fitted using a single
Boltzmann function (solid lines). (C) V;; obtained from the Q:(V) curves as a function of Ca?*
concentration (mean + SEM): zero” Ca?* condition (V (0cazt) = 102.9 £ 1.6 mV, n = 13); 0.05 uM
Ca?* (V3 =82.7+6.2mV,n=5);0.1 uyM Ca?* (Vy = 86.4 £ 4.6 mV, n = 3); 0.5 uM Ca?* (V}; 75.0 £
48mV,n=4);1uM Ca?* (Vg =72.0£3.4 mV, n =8); 5uM Ca?* (V3 =49.8 mV, n = 2).
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Figure 12. Ca?*-induced effects of on VSD activation in BK channels co-expressed with B3b-

subunit.

(A) Representative gating current (/) recordings at different internal Ca2* concentrations (from 0
to 5 uM). Ic were evoked by the indicated voltage protocol of 1 ms duration. (B) Gating charge-
voltage relationships (Qq(V)) were obtained by integrating the fast component for each ON /g
trace. Normalized gating charge data (QC(V)/QC_ MAX) (mean + SEM) were fitted using a single
Boltzmann function (solid lines). (C) V;; obtained from the Q:(V) curves as a function of Ca?*
concentration (mean + SEM): zero” Ca®* condition (Vy (o ca2+) = 196.5 + 7.2 mV, n = 5); 0.1 yM
Ca?* (Vg =193.1 mV, n=1); 0.5 uM Ca?* (Vy = 190.4 mV, n = 2); 1 uM Ca?* (Vy = 175.6 mV, n =
2); 5uM Ca?* (V; =128.8 £ 13.9 mV, n = 3).
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Figure 13. Comparison of Ca?*- induced effects on VSD of BK(a) channel and in presence
of B1- and B3b-subunits.

Quantification of AV} obtained from of the Q-(V) curves (mean + SEM) as a function of Ca2*
concentration for BK(a) (black), BK(a/B1) (orange) and BK(a/B3b) (pink) channels.

Given the B3b-subunit do not produce appreciable modifications in the BK channel Ca2* sensitivity
(Xia et al., 2000) nor does it affect the VSD activation (Contreras et al., 2012) it would be expected
that the B3b do not play a modulatory role on the coupling between Ca?* sensor and the voltage
sensors. On the other hand, the B1-induced effect on VSD has been proposed to account for the
most modulatory properties including the apparent enhancement of the Ca?* sensitivity (Yang et
al., 2008b; Contreras et al., 2012). The idea is that by stabilizing of the active configuration of the
voltage sensor, the work that Ca2* binding must do to open the channel is decreased, and the net
effect is an apparent enhancement of the Ca?* sensitivity (Contreras et al., 2012). However, some
reports indicate that a true Ca?* affinity change it is necessary to fully account for the effects of
B1-subunit on Ca?* sensitivity (Cox and Aldrich, 2000; Bao and Cox, 2005; Sweet and Cox, 2009).

The strong energetic coupling between CaZ* and voltage sensors (Lorenzo-Ceballos et al., 2019)
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can be taken into account to another potential mechanism in the B1-induced Ca?* sensitivity such
that the stabilization of the voltage sensor in its active conformation favors the Ca2* binding.
Although these preliminary results do not allow us to rule out B-induced effects on the CTD-VSD
coupling and should be approached any mechanistic interpretation with caution, the ostensible
non-modify of Ca2*-voltage sensor interaction by 1 agrees with the voltage sensor as the primary
target regulated by the B1-subunit for all the functional consequences of B1 association (Yang et

al., 2008b; Contreras et al., 2012).

B1-subunit decrease the voltage sensitivity of VSD.

In addition to the dramatic leftward shift (about 60 to 70 mV) of the VSD activation induced by 1
(Bao and Cox, 2005; Contreras et al., 2012), has been suggested that B1 alter the function of the
voltage sensors affecting their voltage sensitivity (Orio and Latorre, 2005). However, this finding
is provided by the maximum voltage dependence of the In Po(V) relationship (maximum slope)
(Sigg and Bezanilla, 1997). Although the maximum slope is related to the voltage sensor-
associated activation of the channels, it is important to note that the steepness of the In Po(V)
curve is altered by other variables besides the number of voltage-sensing charges, including the

strength of coupling between the VSD and the PD (allosteric factor D).

To assess if the B-induced effect on VSD promotes also a reduction of the voltage dependence of
the voltage sensor movement, the total number of gating charges displaced per channel in
presence of B1- and B3b-subunits was determined by the Q/N method using the same
experimental strategies described above. Representative experiments for BK(a/f1) and
BK(a/B3b) constructs are presented in Figure 14 and Figure 15, respectively. Preliminary results
(Figure 16), shows that in presence of the 33-subunit the number of gating charges displaced per
channel did not change relative to BK(a) channels showing a value of 4.1 electronic charges which

indicate that in presence of B3 VSD behaves as the a-subunit alone (Contreras et al., 2012).
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Figure 14. Determination of total gating charge displaced per channel from Q/N method in

BK channels co-expressed with f1-subunit.

(A) Representative experiment using Q/N method for BK(a/B1) channel. lonic currents (top) were
evoked by repeated voltage pulses (300 sweeps) to 300 mV, and then in the same membrane
patch, after perfusing with K* free internal solution, gating currents (bottom) were elicited by 1-ms
voltage steps from -90 to 350 mV. (B) Experimental variance (o2) - mean current ((I)) plot was
fitted using the theoretical variance function a2 = i{I) — (I}?/N (red line) in order to obtain the
number of channels, N. (C) Maximum value of the charge, Q,,4x, was obtained by fitted to a single
exponential function ON-gating currents and integrating the area under the curve described by the
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monoexponential fitting. Q. (V) data were fitted using a Boltzmann function (red line).
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Figure 15. Determination of total gating charge displaced per channel from Q/N method in

BK channels co-expressed with 3b-subunit.

(A) Representative experiment using Q/N method for BK(a/B3b) channel. lonic currents (top) were
evoked by repeated voltage pulses (300 sweeps) to 300 mV, and then in the same membrane
patch, after perfusing with K* free internal solution, gating currents (bottom) were elicited by 1-ms
voltage steps from -90 to 350 mV. (B) Experimental variance (o2) - mean current ((I)) plot was
fitted using the theoretical variance function a2 = i{I) — (I}?/N (red line) in order to obtain the
number of channels, N. (C) Maximum value of the charge, Q,,4x, was obtained by fitted to a single
exponential function ON-gating currents and integrating the area under the curve described by the
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monoexponential fitting. Q. (V) data were fitted using a Boltzmann function (red line).
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In agreement with the previous report (Orio and Latorre, 2005), B1-subunit appears to affect also
the voltage dependence of VSD. In presence of B1-subunit, the number of gating charges
displaced during VSD activation per channel was less relative to BK a-subunit alone decreasing
from 4.3 electronic charges in BK(a) channels to 3.2 electronic charges in BK(a/B1) channels
(Figure 16). Reduction of the total charges in the presence of 1 suggest that the interaction the
voltage sensor in a-subunit with B1-subunit promotes a decreasing of the extension of VSD
displacement during channel activation and/or modifying the pattern of the membrane electric
field. Thus, the modulatory function of 1 to VSD in BK channels could involve a change in the

effective valence of the voltage sensor activation process
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Figure 16. B-subunits effect on total gating charges displaced during VSD activation of
BK(a) channel.

Scatter plot of Z,,y values (mean + SEM) for BK(a) (black), BK(a/B1) (orange) and BK(a/B3b)
(pink) channels. Each filled circle represents an Q/N experiment as are shown in the Figure 10,
Figure 14, and Figure 15. The vertical lines between the experiments (circles) represent the Z,

mean value.
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Concluding Remarks

The work presented in this thesis focuses mainly in the characterization of the Ca2*-driven effects
on VSD activation, trying to understand the allosteric interplay between Ca2* and voltage sensors
in the framework of the dual activation of the BK channel. The new structural information provides
insights into the physical basis underlying several features of the BK channels functionality
including a new perspective on how voltage sensing may affect the ability of the CTD to gate the
BK channel. Nevertheless, the molecular and mechanistic nature of the different transduction
pathways through which the specialized sensors converge to fine-tune of the channel gating is yet
not well understood. In this thesis is shown that the synergistic Ca2* and voltage activation of BK
channels is largely mediated by a remarkable sensory domains communication. The evaluation of
interaction schemes between voltage and Ca?* sensor proposed that a concerted interaction
mechanism appears to underlie in these allosteric CTD-VSD coupling. In addition, was identified
an equivalent modulatory role of the two high-affinity Ca2*-binding sites to the allosteric Ca?*-
regulation of the voltage-sensing process. Regarding the molecular bases underlying in the
allosteric propagation pathways and the cooperative interactions of the RCK1 and RCK2
regulatory domains, additional functional studies are needed to provide new clues on the dual
gating mechanism of BK channel. Preliminary findings suggested that the modulatory effects of
the auxiliary B1-subunit on the gating properties of BK channels occur by modifying the VSD
function including its voltage sensitivity but without affecting its allosteric relation with the Ca?*

Sensors.
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