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ABSTRACT 

Large conductance Ca2+-activated K+ channels (BK channels) are expressed 

ubiquitously in both excitable and non-excitable cells and are important for a range of 

physiological functions. BK channels gate K+ efflux in response to concurrent 

depolarized membrane voltage and increased intracellular Ca2+ to modulate action 

potential shape and duration in neurons, regulate contractility in smooth muscle, and 

control fluid secretion by epithelial cells in the airway and gut.  In addition, mutations in 

the human BK channel gene (KCNMA1) are linked to neurological disease, such as 

epilepsy and paroxysmal dyskinesia. Thus, BK channel modulators may provide 

treatment avenues for BK channelopathies. It will be important to expand our arsenal of 

BK channel-selective activators and inhibitors and to grow our understanding of their 

molecular mechanisms of action. Discovery of new channel modulators will further lead 

to a greater understanding of BK channel structure and function. 

 To better understand the basic structure-function relationship of BK channel 

gating in response to increased intracellular Ca2+ concentration, in this work I initially 

investigate structural determinants of BK channel activation in response to 

conformational changes following Ca2+ binding. I analyze crystal structures of the BK 

channel cytosolic Ca2+-sensing domain (CSD), also known as the “gating ring”, formed 

by the C-terminal domains of each of the four identical pore-forming subunits. In the 

Ca2+-bound state, N449 from the adjacent subunit contacts the bound Ca2+ ion, forming 

a “Ca2+ bridge.” Mutating N449 to alanine eliminates this coordinate interaction, and 

using electrophysiology, I found that BK channels with the N449A mutation exhibit a shift 

in the voltage required for half maximal activation (V1/2) towards more positive voltages. 

Using size-exclusion chromatography, I observed that the purified BK channel CSD with 
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the N449A mutation shows reduced gating ring oligomerization in response to Ca2+ 

compared to the wild-type CSD. 

 To further probe molecular determinants of BK channel gating and increase our 

arsenal of BK channel gating modulators, I optimized a fluorescence-based high 

throughput screening approach to discover compounds with BK channel inhibitor activity 

with 99.73% confidence. Through this approach I discovered that the µ-opioid receptor 

agonist, loperamide, is a potent BK channel inhibitor. Loperamide (LOP) reduced the 

open probability of channels at depolarized voltages, but not at very negative voltages 

when the voltage-sensor is at rest. I observed a weak voltage dependence of loperamide 

inhibition, consistent with loperamide binding shallow within the inner cavity to block the 

channel pore. I quantified the inhibitory effect of LOP using an allosteric model in which 

LOP blocks conduction through open channels and binds with 45-fold higher affinity to 

the open state over the closed state. These data suggest that loperamide may represent 

a new class of “use-dependent,” open channel blockers. Together this work describes an 

approach to understanding BK channel structure and function with the goal of identifying 

and developing novel therapeutics for the treatment of BK-related diseases. 
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CHAPTER 1 

INTRODUCTION 

 

Part I: Introduction to K+ Channels 

Ion transport across the plasma membrane is fundamental for all known life, 

governing critical processes including electrical signaling in excitable cells, muscle 

contraction, ATP synthesis, and enzyme activity, among many others. Movement of ions 

across the plasma membrane is achieved through membrane transporters, including 

solute carriers (SLC), P-type ATPases, and ATP-binding cassette (ABC) transporters, 

which facilitate ion movement along or against their concentration gradient according to 

a fixed stoichiometry, and ion channels, which provide an aqueous pore across the lipid 

bilayer allowing ions to rapidly diffuse according to their electrochemical gradients 

(Giacomini et al., 2010; Hediger et al., 2004; Hille, 2001). Ion channels often open and 

close (“gate”) in response to physiological stimuli that may include ligand binding, 

transmembrane voltage, or mechanical displacement, and contain structural features 

which govern selectivity for one or more ions over others (Hille, 2001).  

Potassium (K+) is a major cation within the cytoplasm of cells, where a large K+ 

concentration gradient relative to the extracellular space, set in part by active exchange 

of Na+ and K+ by the Na+/K+ ATPase, is used by K+-selective ion channels to facilitate 

rapid K+ efflux across the membrane. K+ permeability in turn controls the resting 

membrane potential of most key excitable and non-excitable cells, including neurons, 

cardiac and smooth muscle, and β-cells of the pancreas (Hille, 2001; Kaplan, 2002). 

One exception important to mention are skeletal muscle cells, in which chloride (Cl-) 

transport accounts for roughly 80% of the membrane conductance to set the resting 

membrane potential (Pedersen, Riisager, de Paoli, Chen, & Nielsen, 2016). Thus, K+ 

channel activity is required for critical cell functions, including electric signaling in muscle 
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and brain, hormone secretion, and cell proliferation, among many others (Kadir, Stacey, 

& Barrett-Jolley, 2018).  

K+ channels form as tetramers of pore-forming subunits, with the central pore 

domain formed by two transmembrane helices (S5 and S6) from each subunit (Doyle et 

al., 1998; MacKinnon, 1991; MacKinnon, Aldrich, & Lee, 1993). Within the central pore 

domain of each subunit is a specialized “selectivity filter” loop (amino acid sequence 

TVGYG), which are positioned to form a narrow pore that confers a K+ selectivity 

10,000-fold greater than that of other cations such as Na+, Ca2+, or Mg2+ (Doyle et al., 

1998; Hille & Schwarz, 1978; Miller, 2000; Nardi & Olesen, 2008; Neyton & Miller, 1988). 

For voltage-gated K+ (Kv) channels, four transmembrane helices preceding the pore of 

each subunit (S1-S4) form a voltage sensing domain (VSD), where there is a net 

displacement of positively charged Arg side-chains within the S4 helices towards the 

extracellular leaflet of the plasma membrane, driven by electrical depolarization (Hille, 

2001; Seoh, Sigg, Papazian, & Bezanilla, 1996). Complex relative movements among 

helices of the VSD upon depolarization results in an “active” conformation of the VSD 

that is in turn allosterically coupled to opening of the pore and consequent K+ permeation 

(Hille, 2001; Latorre et al., 2017; Yang, Zhang, & Cui, 2015).  

Some K+ channels additionally contain cytosolic regulator of K+ conductance 

(RCK) domains, which may be allosterically coupled to the VSD or pore gate to regulate 

channel gating in response to ligand binding (Giraldez & Rothberg, 2017). In humans, 

these channels include a H+-activated K+ channel from sperm, slo3; two neuronal Na+-

activated K+ channels, slo2.1 (known as “slick”) and slo2.2 (“slack”); and the ion channel 

of focus for the remainder of this work, a large-conductance Ca2+-activated K+ channel 

expressed ubiquitously in excitable and non-excitable cells, slo1, better known as the 

“BK” channel (Adelman et al., 1992; Bhattacharjee, Von Hehn, Mei, & Kaczmarek, 2005; 



3 
 

Leonetti, Yuan, Hsiung, & MacKinnon, 2012; Yuan et al., 2003; Zhang, Zeng, & Lingle, 

2006).  

 

Part II: BK Channel Structure and Function 

The BK (“Big Potassium”) channel, so-called due to its large single-channel 

conductance (as large as 300 pS conductance in symmetrical K+, compared to 20, 90, 

and 200 pS for shaker, a canonical Kv channel, slo2.2, and slo3, respectively), is 

activated in response to a combination of membrane depolarization and cytosolic Ca2+, 

leading to rapid K+ efflux and membrane hyperpolarization (Barrett, Magleby, & Pallotta, 

1982; Heginbotham & MacKinnon, 1993; Hite et al., 2015; Latorre, Vergara, & Hidalgo, 

1982; Marty, 1981; Moczydlowski & Latorre, 1983; Pallotta, Magleby, & Barrett, 1981; 

Schreiber et al., 1998). As with Kv channels (noted above), BK channels are assembled 

as a tetramer of four identical pore-forming subunits, with each subunit consisting of a 

pore/gate domain (PGD) and a VSD, except in the case of BK channels the VSD 

contains an additional N-terminal transmembrane helix (S0). The BK channel VSD is 

functionally distinct from that of Kv channels. Upon VSD activation, as discussed above, 

charged sidechains traverse the membrane electric field producing measurable “gating 

current” that precedes channel opening (Hille, 2001; Latorre et al., 2017; Yang et al., 

2015). By calculating the maximum gating charge displaced over the number of 

channels, it was discovered that, overall, the BK channel contains approximately 2 

voltage-sensing charges, compared to approximately 12 voltage-sensing charges for Kv 

channels. Thus, BK channels are much less voltage-sensitive than Kv channels 

(Aggarwal & MacKinnon, 1996; Horrigan, Cui, & Aldrich, 1999b; Zagotta, Hoshl, Dittman, 

& Aldrich, 1994; Zhang et al., 2006). 

As also noted above, each BK channel subunit contains a pair of non-identical 

cytosolic RCK domains, RCK1 and RCK2, encoded in tandem at the C-terminal end of 
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the subunit. The paired RCK domains of each subunit together form a Ca2+ sensing 

domain (CSD) that contains Ca2+ binding sites, which together contribute to channel 

activation (Figure 1-1). The Ca2+ binding sites of each CSD consist of two high affinity 

Ca2+ binding sites. One site is located at the interface of RCK1 and RCK2 within a group 

of Asp residues (D889, D892, D895, D897) known as the Ca2+-bowl, while the second 

high affinity site resides within RCK1, comprised of D362 and D367 (Bao, Rapin, 

Holmstrand, & Cox, 2002; Schreiber & Salkoff, 1997; Xia, Zeng, & Lingle, 2002; Zhang 

et al., 2010). A low affinity divalent binding site, known as the Mg2+ site, is found at the 

interface of the VSD and CSD, comprised of the side chains of D99 and N172 (in the 

VSD) and E374 and E399 in RCK1 (Budelli, Geng, Butler, Magleby, & Salkoff, 2013; 

Golowasch, Kirkwood, & Miller, 1986; Hite, Tao, & MacKinnon, 2017; Horrigan & Ma, 

2008; Roosild et al., 2010; Yang, Sau, Lai, Cichon, & Li, 2015; Yang et al., 2007; Yang 

et al., 2013). 

Together, the CSDs of each subunit form a tetrameric assembly called the 

“gating ring”, because of the role of the CSDs in channel gating. Binding of Ca2+ to the 

gating ring shifts the voltage dependence of BK channel gating towards less depolarized 

voltages, in effect enabling the activation of channels at physiological membrane 

potentials (Hille, 2001). While these ion binding sites were all identified by functional and 

mutational experiments, over the past decade atomic resolution structures of the BK 

channel gating ring have been resolved to confirm the configuration of each site (Hite, 

Tao, & MacKinnon, 2017b; Tao & Mackinnon, 2019; Y. Wu, Yang, Ye, & Jiang, 2010; P. 

Yuan, Leonetti, Hsiung, & MacKinnon, 2012; P. Yuan, Leonetti, Pico, & Hsiung, 2010). 

 

A Dual Allosteric Model of BK Channel Activation 

 Although BK channels are activated synergistically by depolarized voltage and 

Ca2+ binding to the CSD, it is possible to activate BK channels with either high Ca2+ (at 
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very negative voltages) or strong depolarized voltage alone (in the absence of Ca2+), 

allowing for detailed study of the contribution of the VSD or CSD to channel gating 

through analysis of channel gating kinetics.  BK channel open probability can be 

described quantitatively by a “dual allosteric scheme” which accounts for BK channel 

activation through interactions between the VSD, CSD, and PGD (Table 1-1; Scheme 0) 

(Cui & Aldrich, 2000; Cui, Cox, & Aldrich, 1997; Horrigan & Aldrich, 2002; Horrigan, Cui, 

& Aldrich, 1999a; Rothberg & Magleby, 2000). 

 Using the dual allosteric model, the major features of BK channel gating can be 

described by activation of four VSD's and four CSD’s, which are both allosterically 

coupled to the PGD as well as each other. As discussed above, each VSD can conform 

to a “resting” or “active” state depending on membrane depolarization, while Ca2+ 

binding to the CSD translates to large conformational changes of the gating ring, each of 

these factors contributing to the transition of the PGD to an open (i.e. conducting) state 

from its closed state. While specific structural elements governing coupling are under 

investigation, equilibrium constants which describe the probability ratio of the VSD, CSD, 

and PGD to be in their active, Ca2+-bound, and open states, respectively, and allosteric 

coupling constants which quantitatively describe the strength of coupling between each 

domain, can be used to model BK channel open probability. 

Specifically, equilibrium constant J describes the probability of each of the four 

VSDs to be in its active (A) versus resting (R) conformational state, while the CSD can 

be either unbound (X) or bound (XCa
2+) with a dissociation constant KD. The probability of 

the pore to be in its open (O) or closed (C) state is described by the equilibrium constant 

L. Each of these three domains also interact allosterically, described by coupling 

constants E (VSD-CSD), D (VSD-PGD), and C (CSD-PGD).  

This model provides a framework to quantitatively describe BK channel open 

probability over a range of voltages and [Ca2+] and, consequently, to characterize the 
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Figure 1-1: Architecture of the BK α pore-forming subunit. Cartoon 
architecture of two of the four pore-forming α subunits, K+ conduction pathway 
represented by the central arrow. Each subunit contains a voltage-sensor 
domain (S0-S4, orange), a pore gate (S5-S6, grey), and two non-identical 
Ca2+-sensing RCK domains, RCK1 (yellow) and RCK2 (cyan).  
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molecular basis for BK channel gating alteration due to mutation, drug, or tissue-specific 

auxiliary subunit. For example, if a drug strictly alters Ca2+ binding to the CSD (K), one 

would expect to observe altered gating at increasing Ca2+ concentrations, but not in the 

absence of Ca2+. This is also true for voltage-sensor activation (J), where one would 

expect to observe gating effects at depolarized voltages when the VSD should be active, 

but not at very hyperpolarized voltages when the VSD is at rest, regardless of Ca2+ 

concentration. If gating is altered in the absence of both Ca2+ and depolarized voltage, 

this would be reflected in the pore open-close equilibrium (L). Assaying gating properties 

over wide ranges of voltage and Ca2+ can be used to estimate allosteric coupling 

constants (C, D, E). Thus, the dual allosteric model is a powerful tool which can identify 

distinct mechanisms of channel activation on inhibition by drugs, mutations, or auxiliary 

subunits.  

 

BK Channel Auxiliary Subunits 

 The BK channel pore forming subunits are nearly ubiquitously expressed in 

human tissues. In addition to these principal pore-forming (“α”) subunits, BK channels 

can co-assemble with tissue-specific β and γ auxiliary subunits to fine-tune gating 

behavior (for full review, see Li & Yan, 2016). These auxiliary subunits do not substitute 

for the pore-forming α subunits, but instead bind to the α subunits in an apparent 1:1 

stoichiometry. So far, eight subtypes of auxiliary subunits have been identified (4 

subtypes each within β and γ families). 

These subunits can modulate the voltage sensitivity, Ca2+-sensitivity, and gating 

kinetics of the channel, leading to diversity in functional properties of the channel 

depending on the co-expression of beta or gamma subunits in different tissues. For 

example, β1 subunits, originally found in smooth muscle and later revealed to be present 

in the brain and kidney, increase Ca2+ and voltage sensitivity as well as slowing  
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BK channels gate among closed (C) and open (O) states, described by the 
equilibrium constant L. Gating between O and C states is modulated by 
activation of four voltage-sensors (R->A)4 and four Ca-sensors (X-> XCa)4, 
according to the coupling constants D and C; voltage-sensor and Ca2+-
sensor activation are also directly coupled to one another according to the 
coupling constant E. 

Table 1-1: Scheme 0: Dual-allosteric model of BK channel activation  
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macroscopic gating kinetics of associated BK channels (Behrens et al., 2000; Knaus, 

Garcia-Calvo, Kaczorowski, & Garcia, 1994; Orio & Latorre, 2005; Semenov, Wang, 

Herlihy, & Brenner, 2006). Alternatively, β4 subunits, expressed primarily in the brain, 

confer iberiotoxin (IbTX) and charybotoxin (CTX) resistance while slowing channel 

opening and closing kinetics, effectively inhibiting channels at low Ca2+ by decreasing 

intrinsic pore gating equilibrium (L0) and CSD-VSD coupling (E), but compensating in 

high Ca2+ by enhancing CSD-pore coupling (Behrens et al., 2000; Muyan Chen & 

Petkov, 2009; Meera, Wallner, & Toro, 2000; Wang, Rothberg, & Brenner, 2006).  

 BK channel γ subunits contain leucine-rich repeat motifs and shift BK channel 

activation towards less depolarized voltages (Li & Yan, 2016; Yan & Aldrich, 2012). For 

example, γ1 subunits are expressed in acinar epithelial secretory cells in the gut, where 

they shift BK channel voltage dependence by approximately 140 mV towards 

hyperpolarized voltages (Yan & Aldrich, 2012; Yan & Aldrich, 2010; Yang et al., 2017). 

These channels are thus active even at resting Ca2+ concentrations and regulate K+ 

efflux even in the absence of Ca2+ signals. 

 Recently, high resolution cryo-EM structures of human BK channels in complex 

with the β4 subunit have revealed that β4 subunits bind to BK channels almost 

exclusively through contacts with S1 and the pore helix with 1:1 subunit stoichiometry 

(Tao & Mackinnon, 2019). In contrast, functional studies have revealed that only a single 

γ1 subunit is required to recapitulate the full gating shift of BKαγ1 channels (Gonzalez-

Perez, Johny, Xia, & Lingle, 2018). However, detailed molecular modes of action and 

stoichiometry of auxiliary subunits and their effect on BK channel gating is an ongoing 

topic of research. 

 

 

 



10 
 

Part III: BK Channel Pharmacology 

 Pharmacological pore-blockers, allosteric inhibitors, and activators are critical as 

tools to better understand BK channel gating mechanics. Understanding their distinct 

molecular modes of action gives insight towards the structure and function these highly 

complex channels. 

 

Pore Blockers 

A critical distinction must be made when referring to molecules which effectively 

reduce (“inhibit”) BK channel currents. These compounds can act as “pore-blockers,” 

which sterically block K+ from reaching or permeating the channel pore, or “allosteric 

inhibitors,” which destabilize open conformations of the channel through thermodynamic 

inhibition of allosteric gating mechanisms. BK channel pore blockers include scorpion 

toxins (like charybdotoxin and iberiotoxin), naturally-occuring small molecules (like 

paxilline), and divalent cations like Ba2+ and Mg2+ (Armstrong & Taylor, 1980; Armstrong 

& Binstock, 1965; Galvez et al., 1990; Giangiacomo, Garcia, & McManus, 1992; 

Giangiacomo et al., 1993; Goldstein & Miller, 1993; Kutluay, Roux, & Heginbotham, 

2005; MacKinnon, Heginbotham, & Abramson, 1990). While all pore blockers produce 

the same end-result of obstructing the channel pore, distinct mechanisms of each 

molecule including binding site, blocking rate, and voltage dependence provide an 

opportunity to experimentally distinguish molecular mechanisms of channel blockade.  

Polyamines such as spermine and spermidine are long, charged molecules 

which can bind in the intracellular cavity of BK channels and sterically obstruct the pore  

(Kurata, Marton, & Nichols, 2006; Snetkov, Gurney, Ward, & Osipenko, 1996; Suma, 

Granata, Thomson, Carnevale, & Rothberg, 2020; Zhang, Niu, Brelidze, & Magleby, 

2006). The positive charge of these molecules facilitates channel block. First, negative 

charges within the entrance of the intracellular pore cavity attract these molecules near 
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the pore. Once channels are activated, they are driven further towards the channel pore 

by the membrane electric field and ion conductance, increasing block as a function of 

voltage and K+ conductance (Hille, 2001; Taglialatela et al., 1993; Woodhull, 1973; 

Zhang et al., 2006). Increased length of polyamines also apparently increases the 

voltage dependence of blockade, indicating longer polyamines may simultaneously 

interact with negatively charged residues lining the pore cavity and localize within the K+ 

permeation pathway simultaneously, facilitating stronger inhibition by obstructing the 

pore and obscuring charges which typically attract K+ ions (Snetkov et al., 1996; Zhang 

et al., 2006)  

Consistent with these “voltage-dependent” blocking characteristics, polyamines 

do not inhibit channels at negative voltages, apparently due to electrostatic repulsion by 

the membrane and opposing influx of K+ ions (Hille, 2001; Hille & Schwarz, 1978; 

Snetkov et al., 1996; Vandenberg, 1987; Zhang et al., 2006). Tightly binding toxins 

charybdotoxin (CTX) and iberiotoxin (IbTX), bind to the extracellular vestibule and 

obstruct the pore, causing up to minutes-long periods of inactivity (Candia, Garcia, & 

Latorre, 1992; Galvez et al., 1990; Giangiacomo et al., 1992). Conversely, because 

polyamines do not bind to their receptor site tightly, channel blockade is extremely rapid 

and manifests by a reduction in unitary conductance rather than increased channel 

closed times (Snetkov et al., 1996; Zhang et al., 2006). 

 Tetraethylammonium (TEA), a positively charged quaternary amine molecule, is 

also a voltage dependent, open channel blocker (Armstrong & Binstock, 1965; Kutluay et 

al., 2005; Lenaeus, Vamvouka, Focia, & Gross, 2005; Li & Aldrich, 2004; Tasaki & 

Hagiwara, 1957; Villarroel, Alvarez, Oberhauser, & Latorre, 1988). In addition to 

blockade from the cytosolic side of the pore, TEA can also block at an extracellular site 

on the pore of BK channels with higher relative affinity due to interactions with residue 

Y293 near the outer mouth of the pore (Heginbotham & MacKinnon, 1992; Lagrutta, 
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Shen, Rivard, North, & Adelman, 1998; Vergara, Moczydlowski, & Latorre, 1984; Yellen, 

1984). TEA apparently binds to the selectivity filter to mimic and displace a dehydrated 

K+ ion at the extracellular site, stabilized by Van der Waals interactions between 

hydrophobic sidechains and the hydrocarbon tails of TEA (Choi, Mossman, Aubé, & 

Yellen, 1993; Lenaeus et al., 2005).  

A TEA derivative with a ten-carbon hydrophobic tail, decyltriethyl ammonium 

(C10-TEA), can enter and bind in the pore from the cytosolic side when the channel is 

either open or closed. (Li & Aldrich, 2004). This is in contrast to other Kv channels which 

include a cytosolic gate at the bundle crossing of S6, where bulky TEA derivatives can 

only reach their binding site at the pore after voltage-dependent opening of the cytosolic 

gate (Choi et al., 1993; Guo & Lu, 2001). Specific to BK channels, the blocking rate of 

C10-TEA is rapid, and channel closing does not require unbinding of C10-TEA from its 

inhibitory site (Li & Aldrich, 2004), indicative of the BK channel pore including a wide, 

hydrophobic intracellular vestibule which is accessible from the cytosol even in the 

closed state. 

Upon initial investigation it appeared another bulky quaternary ammonium ion, N-

(4-[benzoyl]benzyl)-N,N,N-tributylammonium (bbTBA), reaches its inhibitory site within 

the pore cavity in a state-independent fashion (Wilkens & Aldrich, 2006). However, upon 

further analysis it was discovered that access of bbTBA to its receptor site in a closed 

channel required at least one voltage sensor to be active (Tang, Zeng, & Lingle, 2009). 

Thus, while bbTBA may not strictly require gated access, this derivate provides insight 

into the dimensions of the BK channel pore.  

Whereas quaternary ammonium derivatives are not very selective blockers 

among K+ channel types, a much more selective BK channel blocker is the neurotoxin 

paxilline, identified in high throughput drug screens of fungal lysate (Kaczorowski & 

Garcia, 2016). Paxilline represents a family of tremorgenic indole diterpenes molecules 
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(Nardi, Calderone, Chericoni, & Morelli, 2003). Like bbTBA, paxilline is able to access its 

receptor site within the pore in both the closed and open conformation. However, 

paxilline preferentially binds to closed BK channels with 500-fold greater affinity relative 

to open channels (Zhou & Lingle, 2014). According to in silico docking and mutagenic 

functional studies, the inhibitory site for paxilline is formed by a hydrophobic pocket 

between S6 and the pore helix. When the pore is closed, hinge residue G311 within S6 

forms a hydrophobic pocket with M285 from the pore helix. Through hydrophobic 

interactions, paxilline wedges tightly between these residues to stabilize a binding pose 

which blocks the K+ permeation pathway. However, in the open pore conformation, the 

hydrophobic pocket between G311 and M285 shrinks, preventing paxilline from 

accessing this receptor site (Zhou & Lingle, 2014; Zhou, Tang, Xia, & Lingle, 2010; 

Zhou, Xia, & Lingle, 2020). Mutation of G311 can completely disrupt BK channel 

blockade by paxilline (Zhou et al., 2010, 2020). 

The BK channel pore can also be blocked by ions such as Mg2+ and Ba2+. Mg2+ 

blockade is more similar to that of TEA or polyamines, driven into the pore at 

depolarized voltages and reducing unitary conductance (Ferguson, 1991; Snetkov et al., 

1996; Zhang et al., 2006). On the other hand, Ba2+ is unique in that is it able to bind 

deep within the selectivity filter and cause long periods of inactivity (Miller, 1987; Neyton, 

1996; Piasta, Theobald, & Miller, 2011). 

Characterization of BK channel pore blockers requires careful examination of 

many mechanistic features in order to accurately identify a molecular mode of action.  

 

Allosteric Inhibitors 

 BK channel allosteric inhibitors differ from pore blockers in that they do not 

sterically hinder K+ permeation, but instead thermodynamically destabilize open 

conformations of the channel. For example, the endogenous molecule heme apparently 
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inhibits BK channels by binding the gating ring to effectively uncouple VSD activation (D) 

and CSD binding (C) from pore-opening (Horrigan, Heinemann, & Hoshi, 2005; Tang et 

al., 2003). In effect, heme shifts the voltage dependence of channels towards more 

depolarized voltages, even at saturating Ca2+ concentrations. 

 Other notable potential inhibitors of BK channels include ketamine, an inhaled 

analgesic which inhibits BK channel currents by decreasing channel open times 

(Denson, Duchatelle, & Eaton, 1994). Interestingly, ketamine inhibition is attenuated by 

increased Ca2+ concentration. Another reported BK channel alkaloid from a medicinal 

plant, tetrandrine, preferentially inhibits BK channels complexed with β-subunits by 

shortening channel open and closed times (Ransom, Liu, & Sontheimer, 2002; Wu, Li, & 

Lo, 2000). It should be noted, however, detailed mechanisms by which these molecules 

inhibit BK channels is not currently known. 

 

Activators 

Several small molecule BK channel activators have been identified, with a wide 

range of distinct molecular structures and mechanisms to increase the open probability 

of the pore. Endogenously, carbon monoxide potentiates BK channel activation by 

binding the gating ring to increase CSD Ca2+ binding affinity, with the activating effect 

being neutralized at saturating Ca2+ concentrations or through mutation of Ca2+ binding 

sites (Hou, Xu, Heinemann, & Hoshi, 2008). Alternatively, the smooth muscle relaxant 

NS11021 slows BK channel deactivation kinetics, although the location of its binding site 

is not yet known (Rockman, Vouga, & Rothberg, 2020). Two other BK channel activators 

with markedly different molecular structures, Cym04 and NS1619, increase channel 

open probability through a similar mechanism, which involves driving the VSD toward 

the activated state, as well as directly driving the pore toward the open state (Gessner et 

al., 2012). While the S6-RCK linker is required for Cym04 activation, the binding site for 
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this activator is also unknown. Taken together, the modular nature of BK channels 

arising from its distinct structural features is reflected in diverse pharmacology. BK 

channel blockers, allosteric inhibitors, and activators (Figure 1-2) exhibit distinct 

mechanisms and likely distinct binding sites. Thus, BK channels present promising 

opportunities for targeted drug design and therapeutic development. 

 

Part IV: BK Channels and Human Physiology 

BK channels are expressed in excitable cells such as vascular smooth muscle 

(McCobb et al., 1995; Vogalis et al., 1996) neurons in the central nervous system 

(Knaus et al., 1996; Tseng-Crank et al., 1994) and non-excitable cells such as numerous 

cell types of the kidney (Grimm & Sansom, 2007; Morton et al., 2004; Piwkowska et al., 

2015) and secretory epithelial cells of the gut (Linley, Loganathan, Kopanati, Sandle, & 

Hunter, 2014) where they are critical for normal physiological function.  

In smooth muscle, BK channels control vascular tone. Basal intracellular Ca2+ 

concentrations (approximately 100 nM) are not sufficient to activate BK channels 

(Jaggar, Porter, Lederer, & Nelson, 2000). However, following voltage dependent Ca2+ 

channel (CaV) activation, ryanodine receptors mediate localized cytosolic Ca2+-release 

events known as “Ca2+ sparks”, which can result in localized Ca2+ concentrations in the 

ten-micromolar range (Berridge, 2009; Jaggar et al., 2000; Jaggar, Stevenson, & 

Neslon, 1998; Nelson et al., 1995). Depolarization in concert with this Ca2+ release can 

activate BK channels, resulting in rapid K+ efflux to repolarize 

the cells and cease Ca2+-dependent constriction. In effect, BK channels are part of a 

negative feedback loop to limit vasoconstriction and control vascular tone. 

Like in smooth muscle, neuronal BK channels may exist within Ca2+ 

microdomains (Neher, 1998). However, BK channels in the central nervous system are  
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Figure 1-2: Molecular diversity of BK channel blockers, allosteric inhibitors and 
activators. 

Activators 

Allosteric Inhibitors 

TEA 

Pore Blockers 

Spermine 

Heme 



17 
 

not straight-forward inhibitors of neuronal activity. Generally, in slow-firing neurons, BK 

channels are largely responsible for repolarization following an AP, thus their blockade 

elongates AP duration and may decrease firing rates (Contet, Goulding, Kuljis, & Barth, 

2016; Smith, Nelson, & Du Lac, 2002). Alternatively, in fast firing neurons, rapidly 

activating Kv3 channels are highly expressed and primarily regulate repolarization, and 

BK channel activation, which occurs on a relatively slower time scale, is responsible for 

the after-hyperpolarization phase of an AP. In this case, BK channel blockade reduces 

the cell refractory period, which in turn leads to increased excitation (Contet et al., 2016; 

Gittis et al., 2011). 

Thus, when blocked, BK channels can increase or decrease action potential (AP) 

width or firing rate depending on neuronal subtype or brain region (Brenner et al., 2005; 

Gu, Vervaeke, & Storm, 2007; Nelson, Krispel, Sekirnjak, & Lac, 2003; Shao, 

Halvorsrud, Borg-Graham, & Storm, 1999). For example, blockade of BK channels 

decreases neuron firing rates in CA1 neurons of the hippocampus (Gu et al., 2007) but 

increases firing rates in the medial vestibular nucleus (Nelson et al., 2003). Gain-of-

function mutant BK channels in the suprachiasmatic nucleus apparently increase or 

decrease neuronal firing rate in a manner regulated by the circadian clock (Montgomery 

& Meredith, 2012). Additionally, BK channel activity can modulate neurotransmitter 

release (Hu et al., 2001; Knaus et al., 1996; Misonou et al., 2006; Raffaelli, Saviane, 

Mohajerani, Pedarzani, & Cherubini, 2004). 

 

BK Channelopathies 

BK channels have been implicated in human pathologies including movement 

disorders, neurologic disorders, epileptic phenotypes, and developmental disorders 

(Bailey, Moldenhauer, Park, Keros, & Meredith, 2019). Human pathologies linked to BK 

channels may arise from altered expression or altered gating, which in turn can be 
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attributed to single nucleotide polymorphisms (SNPs) in the gene encoding the BK pore-

forming subunit (KCNMA1) or associated auxiliary subunit genes (KCNMB1-4, or 

LRRC26, 52, 55, and 38) (Bailey et al., 2019). For example, SNPs which reduced β1 

function or expression have been linked to hypertension (Amberg, Bonev, Rossow, 

Nelson, & Santana, 2003; Gollasch et al., 2002; Yang et al., 2013). SNP’s leading to 

reduced expression of KNCMA1 have been identified in patients with autism, 

developmental delay, and intellectual disability (Laumonnier, 2006). Genome-wide 

association studies indicate an increased number of SNPs within the BK α subunit in 

patients with alcohol dependence (Han et al., 2013; Kendler et al., 2012). Although no 

individual SNP was statistically significant, ethanol is a direct activator of BK channels, 

and application of ethanol to neurons of the rat nucleus accumbens increased dendritic 

BK channel activity and reduced somatic-generated action potential duration (Dopico, 

Anantharam, & Treistman, 1998; Dopico, Bukiya, & Martin, 2014; Martin et al., 2004). 

Moreover, global knockout of BK channels in C. elegans completely abolishes ethanol-

induced intoxication, assayed by measurements of movement coordination (Davies et 

al., 2003). 

The gain-of-function missense mutation D434G has been linked to generalized 

epilepsy and paroxysmal dyskinesia (GEPD). Functionally this mutation results in 

increased open times and greater Ca2+ binding affinity in neuronal BK channels (Díez-

Sampedro, Silverman, Bautista, & Richerson, 2006; Lee & Cui, 2009; Wang, Rothberg, 

& Brenner, 2009). Another gain-of-function mutation, N995S, results in “drop attacks” or 

sudden loss of muscle tone in the affected patients, which is linked to increases in BK 

channel VSD activation and opening rate (Li et al., 2018). There are roughly 15 

additional point mutations associated with BK channel dysfunction and human disease, 

and understanding these mutations and how they specifically contribute to human 

disease and pathology is an ongoing area of research (Bailey et al., 2019). 
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In some cases it has been possible to generate animal models to understand 

mechanisms by which BK channel dysfunction leads to specific pathologies (Bailey et 

al., 2019). Knockout of the β4 subunit in mice leads to an epileptic phenotype, consistent 

with human point mutation D434G (Brenner et al., 2005; Wang et al., 2009). Deletion of 

the β1 subunit disrupts BK channel activity through reduced Ca2+ sensitivity, leading to 

vasoconstriction and hypertension, as well as urinary bladder dysfunction  (Bonev et al., 

2000). Similarly, disruption of astrocytic BK channels by pharmacological blockade (TEA 

and IbTX), global BK α knockout, or increase in extracellular K+ reduces cerebral blood 

flow due to vasoconstriction in mice (Filosa et al., 2006; Girouard et al., 2010). Mice with 

global α subunit knockout also exhibit phenotypes of erectile dysfunction, overactive 

bladder, and incontinence (Meredith, Thorneloe, Werner, Nelson, & Aldrich, 2004; 

Werner, Zvara, Meredith, Aldrich, & Nelson, 2005). Erectile dysfunction in a diabetic rat 

model was ameliorated by injection of human BK channel cDNA (Christ et al., 2004). 

These and other animal models may present opportunities for development of 

therapeutics to counter these BK channel-mediated pathologies. 

 

Part V: Therapeutic Outlook for BK Channels 

 Presently, both BK channel activators and inhibitors have been pursued and 

patented for the treatment of human pathology. Smooth muscle pathology such as 

incontinence, erectile dysfunction, and hypertension have been the most common point 

of research, perhaps due to the more straightforward function of BK channels in smooth 

muscle tissue where activating BK channels causes muscle relaxation, while inhibiting 

BK channels potentiates constriction (Kaczorowski & Garcia, 2016). 

BK channel activators have shown promise as therapeutics in animal models 

(Bentzen, Olesen, Rønn, & Grunnet, 2014). For example, application of potent activator 

NS1619 has improved models of hypertension in rats (Revermann et al., 2014; Vang, 
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Mazer, Casserly, & Choudhary, 2010), erectile dysfunction in human tissue in vitro 

(González-Corrochano et al., 2013; Spektor et al., 2002), and incontinence in rats and 

human bladder tissue in vitro (La Fuente et al., 2014; Soder & Petkov, 2011). A more 

potent and selective BK activator, NS11021, also enhanced function in rat and in vitro 

human penile arteries (Király et al., 2013; Kun et al., 2009) and is protective against 

cardiac ischemic reperfusion injury models in rats (Bo Hjorth Bentzen et al., 2009; 

Borchert, Hlaváčková, & Kolář, 2013). 

 BK channels have also shown promise as a therapeutic target for 

neuropathology. Selective knockout of BK α subunits in nociceptive neurons of the 

dorsal root ganglia of mice potentiated inflammatory pain as identified by behavioral pain 

tests, such as increased paw-licking time following formalin injection. Moreover, 

systemic injection of NS1619 in wild type mice reduced paw-licking time compared to 

vehicle controls (Lu et al., 2014). BK channels have been a long time theoretical target in 

sleep and circadian disorders (Meredith et al., 2006) but did not have a therapeutic proof 

of concept until recently when it was revealed melatonin lengthens motionless sleep in 

C. elegans in part by activating BK channels (Niu et al., 2020).  

BK channel inhibitors also have therapeutic potential. Application of BK channel 

inhibitors reduces intraocular pressure in animal models of glaucoma, where ocular 

epithelial cells are found to express BKα/γ1 channels (Kaczorowski & Garcia, 2016; 

Yang et al., 2017).  The BK channel γ1 subunit is upregulated in prostate cancer cells 

(Gessner et al., 2006), and proliferation of these cancer cells can be inhibited through 

BK channel blockade by iberiotoxin (Bloch et al., 2007; Gackière et al., 2013), though 

the underlying mechanism for this is not well understood. Ex vivo blockade of BK 

channels by paxilline reduced proliferation, migration, and protease secretion in rat 

fibroblast-like synoviocytes, which are highly invasive in rheumatoid arthritis patients and 
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secrete proteases which destroy collagen (Tanner et al., 2015). Functional experiments 

found that BK channel inhibitor paxilline could reduce currents from channels with the 

epileptic gain-of-function mutation N995S (Li et al., 2018), and can also reverse 

thalidomide-induced memory loss in mice (Choi et al., 2018).  

Unfortunately, the therapeutic potential of BK channel modulators has not yet 

manifested in a drug approved for treatment of human patients. The activators NS1619 

and NS11021 have shown promise in animal models, but have not been useful in 

treating human disease due to significant off-target effects. NS1619 has been shown to 

cause non-selective permeability of the inner membrane of the mitochondria 

(Cancherini, Queliconi, & Kowaltowski, 2007). NS11021 was similarly toxic to 

mitochondria, even at fairly low doses (Aon, Cortassa, Wei, Grunnet, & O’Rourke, 2010). 

Paxilline is not a therapeutic option due to inhibition of the sarco/endoplasmic reticulum 

Ca2+-ATPase (SERCA) (Bentzen et al., 2014; Bilmen, Wootton, & Michelangeli, 2002). A 

BK activator developed by Bristol Meyer Squibb (BMS-204352) for treatment of 

reperfusion injury from stroke was simply not effective in human trials, apparently due to 

low potency (Jensen, 2002; Kaczorowski & Garcia, 2016).   

One BK activator, known as Andolast, is currently in clinical trials for the 

treatment of asthma (Phelps, 2017). Several reported BK channel inhibitors have been 

patented by Merck for the treatment of glaucoma, hypertension, depression, diabetes, 

and heart arrhythmia (Chen et al., 2003; Meng Chen, Doherty, Liu, Natarajan, & 

Tynebor, 2005; Gao & Shen, 2006; Nardi & Olesen, 2008; Shen & Doherty, 2005), 

however the basis for these drugs as therapeutic options is not public knowledge. In all, 

it is clear that BK channels represent a rich target for therapeutic intervention.  

Increasing the known library of BK channel-modulating compounds will be critical 

moving forward in the development of novel BK channel drugs. 
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Discovery of Novel BK Channel Drugs 

 To date, the most cost efficient and practical method for the discovery of novel 

channel modulating compounds is high-throughput screening (HTS), in which a scalable 

assay is used to evaluate hundreds of thousands-to-millions of randomized molecules 

for changes in channel activity. Even weakly-modulating compounds can be used as a 

molecular template to be optimized by medicinal chemists for potency and specificity 

(Kaczorowski & Garcia, 2016). Therapeutic efficacy and molecular modes of action for 

novel compounds can be interrogated to both increase the library of potential BK 

channel drugs and to better understand BK channel function in general (Kaczorowski & 

Garcia, 2016; Sugathan, Pradeep, & Abdulhameed, 2017). 

 Whereas advances in computing power and data handling have given rise to an 

increased prevalence of in silico screening approaches, the most predominant HTS 

methods are cell-based fluorescence assays, where ion-specific or membrane potential 

fluorescent reporters are loaded into cells expressing specific ion channels to measure 

ion channel activity indirectly as a function of ion flux or changes in membrane potential 

(Kaczorowski & Garcia, 2016; Sugathan et al., 2017). Successful K+ channel HTS have 

used a highly specific Tl+ indicator dye to measure channel activity (Weaver, Harden, 

Dworetzky, Robertson, & Knox, 2004). Briefly, K+ channels readily conduct Tl+ ions, thus 

once channels are activated intracellular Tl+ concentrations increase, leading to 

fluorescence of the Tl+ indicating dye (Hille, 1973; Park, 1994; Weaver et al., 2004). In 

this way, K+ channel activators and inhibitors can be assessed by a relative increase or 

decrease in Tl+-mediated fluorescence response, respectively (Weaver et al., 2004). 

Using a fluorescence imaging plate reader (FLIPR), these experiments can be 

performed and analyzed using automated protocols, and many experiments can be 

conducted in parallel using 384-, 1536-, or even 6144-well plate formats. Many chemical 

libraries are commercially available that contain over 100,000 compounds, which may 
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focus on either natural or synthetic small molecules, peptides, protein fragments, or 

antibodies (Gordon, Barrett, Dower, Fodor, & Gallop, 1994; Kaczorowski & Garcia, 2016; 

Quispe-Tintaya, 2017; Sugathan et al., 2017).  

 Despite the advantages of cell-based fluorescent assays, there are limitations. 

Some variability in biological responses for each compound is expected, thus statistical 

confidence in the accuracy of an identified compound must be optimized by either 

testing compounds more than once, or by minimizing response variability by assay 

design (Zhang, Chung, & Kevin, 1999). Thus very precise, reproducible measurements 

are required to minimize signal:noise and avoid erroneously identifying functionally inert 

compounds (false positives) or missing a potential channel modifier (false negatives) 

(Zhang et al., 1999). In other words, when designing a BK channel Tl+ flux assay, one 

would seek to construct a system where BK channel opening elicits a very large 

fluorescence response with little variability, while the absence of BK channel activity 

would produce little to no fluorescence. 

 The statistical evaluation of a particular HTS was standardized by the Z’ statistic, 

which describes the separation of the maximal and minimal response by the equation: 

 

𝑍𝑍′ = 1 −
3𝜎𝜎𝑐𝑐+ + 3𝜎𝜎𝑐𝑐−
|𝜇𝜇𝑐𝑐+ − 𝜇𝜇𝑐𝑐−|

 

Eq. 1.1 

 

where 3σc+ and 3σc- represent the variance of positive and negative controls, and µc+ and 

µc- represent the mean response of positive and negative controls, respectively (Zhang 

et al., 1999). This equation is perhaps more intuitively visualized in Figure 1-3. Although 

compounds may only be tested once, a compound producing a response three standard 

deviations above negative controls has a 99.85% chance of being confirmed when 
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retested. The Z’ statistic is now an industry standard when designing a particular HTS, 

where a score of 1 represents an idealized assay with 0 variability within controls and a 

positive response approaching infinity. A Z’ score of >0.5 generally indicates a 

statistically robust assay suitable for high volume screening (Zhang et al., 1999). 

 Through a concerted effort of biophysicists, chemists, and statisticians, methods 

in HTS have improved assay viability to minimize cost and time of drug screening while 

maximizing accuracy and reliability (Kaczorowski & Garcia, 2016; Quispe-Tintaya, 2017; 

Sugathan et al., 2017; Zhang et al., 1999). Screens specifically directed towards BK 

channel gating modifiers will be critical to increasing the library of known BK channel 

modifiers, to better understanding channel gating behavior and potentially develop novel 

therapeutic drugs.  

 

Part VI: Research Questions and Hypothesis 

 BK channels are censors of concurrent depolarized voltage and intracellular Ca2+ 

increase, allowing rapid K+ efflux from the cell to control a wide range of physiological 

processes including vascular tone, cell excitability, electrolyte homeostasis, and kidney 

function. Though BK channels have proven to be useful targets for therapeutic 

intervention in a variety of pathologies, to date there are no drugs targeting BK channels 

on the market. However, targeting tissue specific complexes of BK and auxiliary subunits 

as well as distinct structural elements of BK channels such as the S0 helix and large 

cytosolic gating ring could prove fruitful in the search for potent and specific drugs. 

The overarching hypothesis of this work is that distinct structural features of BK 

channels regulate channel activity, which in turn provide an opportunity for novel gating 

modifiers to pharmacologically modulate channel function by unique mechanisms. To 

test this hypothesis, I investigate the structure-function relationship of a key residue 

within the BK channel gating ring and employ high-throughput screening to identify novel  
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Figure 1-3: Visualization of the Z’ statistic from simulated HTS assays. Arbitrary 
responses from positive (red) and negative (black) controls plotted by well. Solid lines 
represent the mean response and dotted lines represent ±3σ. The Z’ statistic 
accounts for data variability from both positive and negative controls to evaluate 
assay quality. Large “separation bands” (yellow) are preferred for quality “hit” 
detection. 
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BK channel gating modulators for subsequent detailed mechanistic interrogation. High 

resolution structures of the BK channel gating ring with and without Ca2+ present 

revealed a highly conserved intersubunit interaction between the sidechain of residue 

N449 of RCK1, and the Ca2+ ion bound within the Ca2+ bowl of RCK2 of the adjacent 

subunit (Hite et al., 2017; Tao & Mackinnon, 2019; Wu et al., 2010; Yuan et al., 2012, 

2010). To test the structural and functional importance of this residue, I generate a 

mutant (BK CSD N449A) to effectively remove the hydrogen-bonding side chain at 

position 449. I test structural and functional consequences of this mutation by comparing 

CSD structure, oligomerization, and channel activity at a wide range of voltages and 

Ca2+ concentrations with wild-type BK channels. I then present an optimized high 

throughput screening approach to identify novel BKα activators and inhibitors, and 

BKαγ1 inhibitors. Through these screens I identified a novel BK channel inhibitor, 

loperamide, which represents a novel class of µ-opioid agonist BK channel inhibitors 

(Mackerer, Clay, & Dajani, 1976) Finally, I characterize loperamide inhibition by 

measuring BK channel activity over a wide range of voltages [Ca2+] to understand the 

mechanistic basis of inhibition (VSD activation, Ca2+ binding to the CSD, PGD opening, 

or coupling between them). 
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CHAPTER 2 

MOLECULAR DETERMINANT OF BK CHANNEL GATING AT THE RCK DOMAIN 
INTERFACE 

 

Introduction 

Ca2+-dependence of BK channel opening is mediated by conformational changes 

in the “gating ring” as a response to increased intracellular [Ca2+] and subsequent Ca2+ 

binding to sites within the channel’s cytosolic RCK domains (Giraldez & Rothberg, 

2017). Residues D895 and D897 comprise a well-established Ca2+ binding site within 

RCK2 known as the “Ca2+ bowl,” one of two high affinity Ca2+ binding sites on the 

channel, and are responsible for much of the Ca2+-regulated activation of BK channels 

(Figure 2-1B, C) (Bao et al., 2002; Schreiber & Salkoff, 1997; Xia et al., 2002; Zhang et 

al., 2010). In addition to the Ca2+ bowl, there are at least two other Ca2+ binding sites in 

each RCK domain. Thus, mutations to the Ca2+-bowl do not completely eliminate Ca2+ 

sensitivity of BK channels (Li et al., 2018; Schreiber & Salkoff, 1997; Xia et al., 2002). 

Crystal structures of the Ca2+-bound and Ca2+-free BK channel gating ring have 

revealed intersubunit interactions which may play a role in BK channel gating (Hite et al., 

2017; Tao, Hite, & MacKinnon, 2017; Yuan et al., 2012, 2010). One intersubunit 

interaction is between the side chain of N449, a highly conserved residue located on the 

intersubunit interface of RCK1, and the Ca2+ ion bound at the Ca2+ bowl site in RCK2 of 

the adjacent subunit, forming a “Ca2+-bridge” (Figure 2-1C) (Hite et al., 2017; Tao et al., 

2017; Yuan et al., 2012, 2010). In contrast, the N449 side chain is rotated away from the 

Ca2+ bowl in the Ca2+-free gating ring structure. Although residue N449 is highly 

conserved within BK channels across species (Figure 2-1A), the energetic contribution 

of the Ca2+ bridge to Ca2+ binding and gating is unclear. 

In this chapter, I examine the role of the Ca2+ bridge in BK channel structure and 

gating by X-ray crystallography, biochemical analysis, and patch-clamp 
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electrophysiology. I observe that with the N449A mutation, which eliminates the metal-

coordinating amide side chain, the BK CSD is able to fold normally and forms diffracting 

crystals that are isomorphous with the WT protein. However, high affinity Ca2+-

dependent tetramerization of the BK CSD is disrupted in the N449A mutant, thus this 

residue is critical for stabilizing Ca2+-bound conformations of the CSD. Patch clamp 

experiments revealed that the N449A mutation also plays a role in channel gating in the 

nominal absence of Ca2+ where CSD activation is absent, thus N449 must also mediate 

Ca2+-free conformations of the gating ring which are important for channel gating. In 

contrast, N449D, a mutation which yields a negative charge at position 449, increases 

channel activity. Our results are consistent with a model in which gating of N449A 

channels is biased toward the closed state in Ca2+-free channels, and energetic coupling 

between Ca2+ binding and channel opening is reduced. 

 

Materials and Methods 

 

Protein Expression and Purification 

Wild type and mutant Ca2+-sensing domains (CSD; residues M340-Q1065) were 

overexpressed as fusion proteins containing a C-terminal human rhinovirus 3C (HRV-

3C) protease cleavage sequence followed by 6xHis tag and GFP following Q1065 in 

SF9 cells using the Bac-to-Bac baculovirus expression system (ThermoFisher 

Scientific). Before infection, 2 L cell cultures were grown in suspension in 4 L 

Erlenmeyer flasks at 27oC until they reached a cell density of 2x106
 cells/mL. Viral titer 

and cell viability was monitored 48-96 hours after infection by fluorescent microscopy 

until 90% infection efficiency was obtained, as indicated by the fraction of GFP- 
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Figure 2-1: Residue N449 and the Ca2+ bridge: A, Sequence alignment of BK 
channel encoding genes for human (homo sapian, KCNMA1), mouse (Mus 
musculus, KCNMA1), fruit fly (Drosophila melanogaster, slo1), and sea slug 
(Aplysia californica, slo1), species frequently used to study BK channels. 
Residue hN449 is colored red in all species. Conserved residues shaded cyan. 
B, Left: ribbon diagram of the full-length human BK channel (PDB 6V38; Tao & 
MacKinnon, Elife, 2019). Right: top-down view of the isolated gating ring formed 
by the four CSD from each subunit. Intersubunit contacts highlighted in red. C, 
Black arrows signify movement of RCK1 (yellow) following formation of the 
Ca2+-bridge, described by the coordination of Ca2+ by the Ca2+ bowl of RCK2 
(cyan) and sidechain of residue N449 of RCK1. Movement of RCK1 includes 
movement of residue H344 (purple), which is directly linked to the channel pore. 
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expressing cells. Cells were harvested by centrifugation at 5,000 relative centrifugal 

force (RCF) for 10 minutes and resuspended in 50 mL buffer A containing (in mM): 300 

NaCl, 50 HEPES, 3 tris(2-carboxyethyl)phosphine (TCEP)-HCl, 1 β-mercaptoethanol, 10 

imidizole, pH = 8.0. Before freezing overnight, 1 cOmplete EDTA-free protease inhibitor 

cocktail tablet (Roche) was added.  

Thawed cells were lysed on ice in a metal beaker by sonication using four 1 min 

pulses at 57 W in 1 min intervals. At each pulse interval, 200 uL 200 mM 

phenylmethylsulfonyl fluoride (PMSF) in acetone was added. Insoluble material was 

pelleted by centrifugation for 60 min at 36,000 RCF, and the supernatant was harvested 

and filtered by suction through a 0.45 µm filter. Using a Bio Rad Econo Pump attached 

to a Bio Rad Econo UV Monitor, a Hi-Trap chelating column (GE Healthcare) was 

charged with 5 volumes of 0.1M CoCl2, and equilibrated with 5 volumes buffer A followed 

by 5 volumes buffer B, containing (in mM): 300 NaCl, 50 HEPES, 3 TCEP-HCl, 1 β-

mercaptoethanol, 300 mM imidazole, pH = 8.0. Protein was loaded onto the Co2+-

charged column and washed with buffer A until UV absorbance was observed to fall to 

baseline. Protein was eluted in approximately 5 ml buffer B, and 500 uL HRV-3C 

protease (ThermoFisher Scientific) was added to the eluant and incubated at 4oC 

overnight on a rocking platform to cleave the 6xHis and GFP tag. 

The digested protein mixture was filtered through a 0.22 µm spin column (Costar 

Spin-X) at 12,000 RPM for 2 minutes, and was then loaded onto a Superose-6 10/300 

GL column using an AKTA FPLC system (GE Healthcare), which had been pre-

equilibrated using 2 column volumes of buffer C containing (in mM): 150 NaCl, 20 Tris, 

50 CaCl2, 3 TCEP-HCl, 2 β-mercaptoethanol, pH = 8.0. WT protein eluted under a single 

peak centered at approximately 14.9 mL; the collected fractions corresponding to this 
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peak were pooled and concentrated to approximately 6 mg/mL using a 50 kDa cut-off 

Vivaspin concentrator (Sartorious) and stored as aliquots in liquid N2 until use. 

 

Crystallography 

Crystals were grown by hanging drop vapor diffusion. Crystallization buffer (in 

mM: 100 LiSO4, 100 NaSO4, 50 NaOAc, 2% v/v PEG 4000, pH = 4.8) and crystals 

appeared in 7 to 10 days as hexagonal cylinders of approximately 300 um in length and 

diameter. Crystals were briefly transferred to a cryoprotection solution (crystallization 

buffer supplemented with 150 mM NaCl, 50 CaCl2, 3% v/v PEG 4000 and 30% v/v 

ethylene glycol), then mounted in nylon loops and frozen directly in a nitrogen stream. 

Diffraction data were collected at 100K under a nitrogen stream using a Rigaku 

MicroMax-007HF diffractometer, at a wavelength of 1.54 angstrom, at the Sidney 

Kimmel Cancer Center X-ray Crystallography facility at Thomas Jefferson University. 

Data were processed and scaled using HLK2000 (Otwinowski & Minor, 1997), and the 

structure was solved in space group P 63 2 2 by molecular replacement with Phaser 

(McCoy et al., 2007) using the human BK channel CSD (PDB accession number 3MT5) 

as the search model. The final model contained 1 peptide chain per asymmetric unit. 

Examination of electron density maps and model building and was performed using 

COOT and models were refined by positional, isotropic B-factor, and 

Translation/Liberation/Screw (TLS) refinement using Phenix (Emsley, Lohkamp, Scott, & 

Cowtan, 2010; Liebschner et al., 2019). Ramachandran plot analysis yielded 95.92% in 

most favored regions, 4.08% in allowed regions, and 0% in disallowed regions. Figures 

were prepared using Pymol (Schrodinger LLC) or Chimera (Pettersen et al., 2004). 
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Analytical Size Exclusion Chromatography (ASEC) 

Prior to size exclusion chromatography, purified aliquots of 6 mg/mL WT or 

N449A protein were dialyzed using 10 kDa cut-off Slide-A-Lyzer MINI dialysis units 

(ThermoFisher Scientific) into buffer containing various concentrations of free Ca2+, 

including nominally 0, 0.001, 0.01, 0.1, 1, and 3 mM Ca2+. All buffers also contained (in 

mM): 150 NaCl, 20 Tris-HCl, 3 TCEP, 2 β-mercaptoethanol, pH = 8.0. Solutions 

additionally contained CaCl2 to reach the desired free [Ca2+] (added Ca2+ in mM: 0.394, 

0.849, 1.430, and 4.270, for 1, 3, 10, and 100 µM free Ca2+, respectively). For buffers 

containing less than 1 mM free Ca2+
, 2 mM N-(2-hydroxylethyl)-ethylenediamine-

triacteticacid (HEDTA) and 5 mM nitrilotriacetic acid (NTA) were added and free Ca2+ 

was calculated using published stability constants implemented in MaxChelator software 

(http://maxchelator.stanford.edu/webmaxc/webmaxcE.htm). Conditions noted as 

nominally 0 Ca2+ contained 5 mM elthylene glycol-bis(2-aminoethylether)-N,N,N’,N’,-

tetraacetic acid (EGTA) with no added Ca2+. The oligomeric state of the BK-CSD was 

estimated by size exclusion chromatography using an AKTA FPLC system with 

Superose-6 10/300 GL column (GE Healthcare). Elution buffers were the same as 

described above. Protein elution was monitored by UV absorption at 280 nm. 

As elution peak volume (V) is an indicator of hydrodynamic radius of the protein, 

V, calibrated against a series of molecular weight standards, was used to quantify the 

molecular weight (and thus oligomerization) of CSD subunits. To calibrate our column, 

we used Gel Filtration Standards (Bio-Rad) including Vitamin B12 (1350 Da), Myoglobin 

(horse; 17000 Da), Ovalbumin (chicken; 44000 Da), γ-globulin (bovine; 158000 Da), and 

Thyroglobulin (bovine; 670000 Da). Estimated gel-phase distribution coefficient (Kav) was 

calculated using the following equation: 
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𝐾𝐾𝑎𝑎𝑎𝑎 =
(𝑉𝑉𝑒𝑒 − 𝑉𝑉𝑜𝑜)
(𝑉𝑉𝑐𝑐 − 𝑉𝑉𝑜𝑜)

 

Eq. 2.1 

 

where Ve is the observed elution volume, Vo is the void volume of the column (8 mL), 

and VC is the geometric column volume (24 mL), or the total volume of the column given 

its length and diameter. We plotted Kav for each standard as a function of its known log 

molecular weight and generated a calibration curve by fitting the data with a straight line 

(R2 = 0.97).  

Chromatography data were analyzed by plotting elution peak volume as a 

function [Ca2+] and fitting with a Hill equation (Figure 2-3E): 

 

𝑉𝑉𝑒𝑒 = 𝑉𝑉𝑒𝑒0 +
(𝑉𝑉𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 − 𝑉𝑉𝑒𝑒0)

1 + � 𝐾𝐾
[𝐶𝐶𝐶𝐶2+]�

𝑛𝑛𝐻𝐻 

Eq. 2.2 

 

where Ve0 = is the elution peak volume in nominally 0 Ca2+, Vemax is the asymptotic 

elution volume at limiting high Ca2+ concentrations, K is the Ca2+ concentration at half-

maximal effect, and nH is the Hill coefficient.  

 

Electrophysiology 

Wild-type, N449A, or N449D mutant human BK channel in the pcDNA3 vector 

were overexpressed in transiently transfected HEK293T cells. Cells were co-transfected 

with green fluorescent protein optimized for brightness and mammalian expression 

(pEGFP) to facilitate identification of transfected cells by fluorescence microscopy 

(Cormack, Valdivia, & Falkow, 1996). Recordings were obtained using excised inside-
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out patches from cells 1-2 days after transfection. Experiments were performed at room 

temperature (22-24oC). Solutions bathing both sides of the membrane contained 160 

mM KCl and 10 mM HEPES (pH = 7.4). For most experiments, the solution at the 

cytoplasmic face of the patch contained 2 mM HEDTA to obtain free Ca2+ concentrations 

as described above. For experiments in the nominal absence of Ca2+, buffers contained 

5 mM EGTA with no added Ca2+. Solutions were exchanged in the recording chamber 

with 10 times the chamber volume (~5 ml total) using a gravity-fed perfusion system, to 

enable measurement of channel activity for each patch over a range of different [Ca2+]. 

Voltage protocols were repeated 6 times for each patch and the resulting current traces 

were averaged. Recordings were obtained using a Dagan PC-ONE amplifier and 

pClamp 9 software. To minimize voltage errors arising from series resistance, only 

recordings whose maximal current was less than 4 nA were analyzed.  

 Analysis of mutations were quantified by comparing parameters obtained from G-

V relations after fitting with a Boltzmann function: 

 

𝐺𝐺/𝐺𝐺𝑒𝑒𝑎𝑎𝑒𝑒 =
1

1 + 𝑒𝑒�
−𝑧𝑧(𝑉𝑉−𝑉𝑉1/2)

𝑘𝑘𝐵𝐵𝑇𝑇
�
 

Eq. 2.3 

 

where G/Gmax = the normalized tail current amplitude, z is the effective gating valence, 

V1/2 is the voltage at half-maximal activation, kB is Boltzmann’s constant, and T is 

temperature. Estimates of V1/2 and z were used for comparisons of apparent Ca2+ 

sensitivity in WT versus mutant channels, in terms of V1/2 or z as a function of Ca2+ 

concentration. 
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Results 

 

Structure of the N449A Mutant CSD 

 To determine whether the N449A mutation alters CSD structure or Ca2+ 

coordination within the Ca2+ bowl site, we solved the crystal structure of the CSD with 

the N449A mutation. Crystals were grown in the presence of 50 mM Ca2+ to yield 

maximal occupancy of the Ca2+ bowl site. Although I tested many crystallization 

conditions, the best diffracting crystals were found in the same conditions as those that 

yielded the structure of the WT CSD (PDB accession number 3MT5; Yuan et al., 2010). 

These crystals appeared as short hexagonal rods; the largest crystals (around 300 um in 

each dimension) were diffracted and a complete data set was obtained from one crystal 

that diffracted to 3.5 angstrom. This crystal was found to be isomorphous (same space 

group and unit cell dimensions) to crystals of WT CSD, and the structure was solved by 

molecular replacement using the WT CSD as the search model. After refinement, the 

electron density map confirmed the N449A mutation, yielding a large negative difference 

density peak when the amide side was included at position 449 (Figure 2-2A). 

Analysis of the Ca2+ bowl reveals an electron density peak at the center of the Ca2+ bowl, 

consistent with the presence of a Ca2+ ion at this position (Figure 2-2B). We observe no 

other major structural changes within the N449A CSD structure compared to the WT 

CSD. It should be noted that in these crystallization conditions, the CSD does not form a 

gating ring within the crystal, either through crystallographic or non-crystallographic 

symmetry. Thus, we are unable to directly determine effects of the N449A mutation on 

gating ring structure in this experiment. Although it is not possible to rigorously evaluate 

possible changes in Ca2+ occupancy at the Ca2+ bowl site arising from the mutation, if 

changes did occur, they do not appear to be substantial at the current level of analysis. 

Based on these data, we conclude that the N449A mutation does not produce large 
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structural changes within an individual CSD, nor does it entirely disrupt Ca2+ binding at 

the Ca2+ bowl.  

 

The N449A Mutation Disrupts Ca2+-dependent Tetramerization of the Gating Ring 

Because the N449-Ca2+ bridge forms an intersubunit interaction, I hypothesized 

that N449 may be a key molecular determinant of gating ring formation or stabilization. I 

had initially observed that the purified WT CSD can be eluted as an apparent monomer 

from a size-exclusion column, and that elution can be substantially shifted by increasing 

[Ca2+] in the elution buffer, consistent with association of WT CSD subunits to form 

dimeric and tetrameric assemblies  (Figure 2-3). This paradigm led to my use of 

analytical size-exclusion chromatography (ASEC) to test whether the alanine substitution 

at position 449 would effect CSD tetramerization in solution. For WT BK-CSD, we 

observe an elution peak at 16.5 mL, consistent with an approximate 70 kDa monomer in 

the nominal absence of Ca2+. As [Ca2+] is increased up to 3 mM Ca2+, we observe a shift 

in the elution peak toward a local plateau of 15.5 ml. Fitting the elution peaks as a 

function of [Ca2+] with Eq. 2.2 yielded a K1/2 value of 25 μM Ca2+, which is remarkably 

consistent with estimates of KD obtained from electrophysiological analysis of BK 

channels Ca2+ activation (Cox, Cui, & Aldrich, 1997; Horrigan & Aldrich, 2002; Rothberg 

& Magleby, 1999). We observe an asymptotic peak elution value of 15.5 mL, consistent 

with a 280 kDa tetramer (Figure 2-3A, B). In contrast, the N449A CSD does not shift, 

eluting with a peak at 16.5 ml (consistent with monomeric CSD) with up to 3 mM free 

Ca2+ (Figure 2-3B, C). This observation is consistent with a key role for N449 in 

determining Ca2+-dependent association between CSD subunits.   

Although Ca2+-dependent oligomerization in WT CSD subunit could be arising 

from the N449-Ca2+ bridge, it was important to determine whether this interaction 

depended on Ca2+ coordination at the Ca2+ bowl. To test for dependence on the Ca2+  
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Figure 2-2: Electron density map of the BK CTD N449A mutation bound 
with Ca2+: A, Blue mesh: 2Fo-Fc map, 1.2 σ; Red mesh: Fo-Fc map, 3.8 σ. 
Difference density after refinement against the wild-type search model (PDB 
accession number 3MT5; Yuan et al., 2010). Placing an asparagine at the 449 
position creates a negative difference density peak, consistent with the mutation 
to alanine. B: Blue mesh: 2Fo-Fc map, 4 σ. Electron density peak of at the center 
of the Ca2+ bowl is consistent with the presence of a Ca2+ ion at this position.  
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Table 2-1.  Data collection and refinement statistics, hBK N449A CSD. 
Data Collection  
Space group P 63 2 2 
Cell dimensions  

a, b, c (Å) 146.53, 146.53, 182.19 
α, β, γ (º) 90, 90, 120 

Resolution (Å) 21.52  - 4.162 (4.31  - 4.16) 
Rmerge 0.166 (0.340) 
Rpim 0.077 (0.227) 
CC1/2 (0.843) 
I / σI 9.8 (3.6) 
Completeness (%) 90.4 (75.2) 
Multiplicity 5.0 (2.4) 
  
MR-SAD Phasing  
Number of sites 2 
Figure of Merit 0.726 
Map correlation 0.96 
  
Refinement  
Number of reflections 7611 
Rwork / Rfree 0.236 / 0.277 
Number of atoms  
  protein 4833 
  ligands 7 
Average B-factor  
  protein 64.48 
  ligands 55.53 
RMS(bonds) 0.003 
RMS(angles) 0.58 
Ramachandran favored (%) 95.92 
Ramachandran allowed (%) 4.08 
Ramachandran outliers (%) 0.00 
Rotamer outliers (%) 0.00 
Clashscore 7.18 
Number of TLS groups 4 
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bowl, I performed ASEC experiments using a double mutant (D897A/D895A, called 

“D2A”) which eliminates the two key Ca2+ coordinating carboxylate side chains, and thus 

excludes Ca2+ binding within the Ca2+ bowl (Bao et al., 2002). In these experiments, 

increasing [Ca2+] up to 50 mM produced no shift in the elution peak of the purified D2A 

CSD (Figure 2-4A). Therefore, eliminating the Ca2+ bridge using either the N449A 

mutation or the D2A Ca2+ bowl mutation is sufficient to disrupt Ca2+-dependent subunit 

assembly in solution. 

 

Role of N449 in BK Channel Gating 

  To determine the role of N449 in BK channel gating, we recorded voltage-

activated macroscopic currents from inside-out patches excised from HEK-293T cells 

transiently transfected with either WT, N449A, or N449D BK channels in a range of 

[Ca2+] (Figure 2-5, Figure 2-6). We quantified the effect of N449A by plotting normalized 

conductance determined from tail current measurements as a function of voltage. As 

expected for WT BK channels, at increasing [Ca2+], channels require less depolarized 

voltages for activation (Figure 2-6A). The most notable functional effect of the N449A 

mutation was a rightward shift in G-V relations towards more depolarized voltages at all 

Ca2+ concentrations (Figure 2-6B). Thus, removing the N449 sidechain inhibits voltage-

dependent gating of BK channels, and therefore contributes energetically to normal BK 

channel gating. 

 If N449 strictly plays a role in Ca2+ sensing, one would expect a relatively large 

gating effect at high [Ca2+], but little to no effect in the absence of Ca2+. However, in the 

nominal absence of Ca2+ the V1/2 measured for N449A is significantly more depolarized 

than WT (∆V1/2 = -23.4 mV, from 165 ± 6 mV to 188 ± 5 mV for WT and N449A, 

respectively). However, at 10 µM Ca2+ the change in V1/2 is 1.5-fold greater than in 

nominally 0 Ca2+ (∆V1/2 = -37.5 mV, from 30.7 ± 2 mV to 68 ± 4 mV). Therefore, 
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Figure 2-3: Effects of Ca2+ and the Ca2+ bridge on intersubunit associations.  
A, Schematic representation of the effect of Ca2+ on gating ring assembly. Green 
spheres represent Ca2+ 

ions. B, Representative chromatograms from separate 
experiments using WT BK-CSD. Increasing [Ca2+] from 0 causes a peak shift to 
lower elution volumes, indicating larger complexes with increasing [Ca2+] C, Gel-
phase distribution coefficient (Kav) plotted as a function of molecular weight from 
commercial standards (black) and fit with a straight line (R2 = 0.97). Kav determined 
for WT CSD in nominally 0 Ca2+ (red, 70 kDa) and 100 µM Ca2+ (blue, 280 kDa) D, 
Representative chromatograms from identical experiments using N449A BK-CSD. 
Grey bar represents volume consistent with a full gating ring. E, Elution volume as 
a function of Ca2+ 

concentration for WT (black) and N449A (red). While N449A 
mutants did not shift, BK-CSD data were fitted with a hill equation to yield the 
following parameters: K1/2 = 25 μM, nH = 1.0. 
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Figure 2-4: Additional effects of the Ca2+ bridge on intersubunit associations 
Representative chromatograms from ASEC experiments with mutant D895A/D897A, 
which elutes as a monomer up to 50 mM Ca2+.  
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increasing [Ca2+] appears to steadily increase the effects of N449A, indicating N449 may 

play a role in Ca2+-sensing. 

We also plotted G-V relations for N449D mutants (Figure 2-8; Eq. 2.3). N449D 

shifted channel opening to less depolarized voltages at low [Ca2+] (∆V1/2 at nominally 0 

Ca2+ =  22.4 mV, from 165 ± 6 mV to 142 ± 6 mV for WT and N449D, respectively), but 

not at relatively high Ca2+ (∆V1/2 at 3 µM Ca2+ = 3.23 mV, from 68.0 ± 3 mV to 64.8 ± 2 

mV for WT and N449D, respectively). This is consistent with the idea that adding a 

negative charge to N449 enhances the interaction with Ca2+ within the Ca2+-bowl to form 

the Ca2+-bridge at low Ca2+. The basis for a reduced shift in V1/2 at high Ca2+ is not 

entirely clear. It is possible the charge may be shielded at high [Ca2+], thus reducing the 

effect. Taken together, these data support a mechanism for residue N449 in which the 

sidechain interacts with Ca2+ bound within the Ca2+-bowl to facilitate channel gating. 

 

Discussion 

Recent structural studies have revealed that a well-conserved residue, N449, 

forms an intersubunit interaction between the N449 sidechain from RCK1 and a Ca2+ ion 

bound within the Ca2+-bowl of RCK2 on an adjacent subunit (Hite et al., 2017; Tao et al., 

2017; Yuan et al., 2012, 2010). This “Ca2+-bridge,” initially identified within early crystal 

structures of isolated BK CSD in the presence of Ca2+, has been observed in recent 

structures of full-length BK channels from both Aplysia and humans (Hite et al., 2017; 

Tao et al., 2017; Tao & Mackinnon, 2019). Understanding the structural and functional 

contributions of the Ca2+-bridge on BK channel gating is critical to understanding how 

Ca2+-binding and depolarized voltage contribute to pore opening. Our results suggest 

that N449 is not strictly required for Ca2+ binding within the Ca2+-bowl, but may play a 

role in stabilizing active conformational states of the gating ring in response to Ca2+-
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binding. For wild-type protein in solution, increased Ca2+ binding to the CSD leads to a 

conformational change within the domain which leads to tetramer stability, and therefore 

formation of the full gating ring. The idea that our observed shifts in WT BK-CSD elution 

volume represent functionally relevant conformational changes within the gating ring is 

supported by our estimated K1/2 for Ca2+-dependent tetramerization (25 µM). This value 

aligns with previously determined Ca2+ affinity for closed BK channels (Cox et al., 1997; 

Horrigan & Aldrich, 2002; Rothberg & Magleby, 1999), as may be expected from the 

isolated CSD in the absence of allosteric modulation by the PGD or VSD. Although this 

is most likely a complex series of shifting residues, our experiments show that deletion of 

the N449 sidechain by substitution with Ala is sufficient to abolish high affinity Ca2+ 

mediated tetramerization. The diminished structural stability of the N449 mutant is 

mirrored by our functional data, which show that N449A BK channels require more 

depolarized voltages to activate in all ranges of Ca2+. Importantly, N449A mutant 

channels are still Ca2+ sensitive, and gating is affected even in the nominal absence of 

Ca2+ (Figure 2-6). Additionally, adding a charge to N449 by way of mutation to Asp leads 

to channel activation at more hyperpolarized voltages in low or the nominal absence of 

Ca2+ (Figure 2-7). Thus, N449 is most likely not a direct molecular determinant of Ca2+ 

sensitivity but is required for normal channel function. 

N449 may also play a role in stabilizing Ca2+-free conformations of the gating ring 

which are important for channel function. In the Ca2+-free structure of the gating ring, a 

hydrogen bond is formed between N449 and residue Q889 from RCK2 of the 

neighboring subunit, proximal to the Ca2+-bowl (Hite et al., 2017; Tao et al., 2017; Yuan 

et al., 2012, 2010). Residue N449 may then act as a molecular switch, facilitating 

intersubunit contacts between domains as Ca2+ binds and unbinds from the Ca2+-bowl to 

stabilize functionally important conformations of the gating ring. 

 Future research accounting for direct energetic contributions of N449 in BK   
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Figure 2-5: Representative current traces from WT, N449A, and N449D BK 
channels. Representative recordings in nominally 0 Ca2+ 

(top) or 10 µM Ca2+ (bottom) 
from BK wild-type (black), BK N449A (red) or BK N449D (blue) channels. For 
nominally 0

 
Ca2+: Vhold = 30 mV; Vstep = 0 mV to 190 mV; 10 mV increments for 100 

ms; Vtail = +60 mV. For 10 µM Ca
2+

: Vhold = -60 mV; Vstep = -60 mV to 150 mV; 10 mV 
increments for 100 ms; Vtail = +60 mV.  
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Figure 2-6: Gating effects of mutation N449A 
A, Normalized conductance vs voltage (G-V) relations from recordings of WT-BK 
channels at nominally 0 (black), 1 (red), and 10 µM (magenta) Ca2+ for WT (solid) 
and N449A (empty) BK channels, fit with a Boltzmann function (Eq. 2.3, parameters 
presented in Table 2-2, Table 2-3). C, Mean V1/2 ± SEM plotted as a function of 
[Ca2+] as yielded from Boltzmann fits for WT (black) and N449A (red) channels. 
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Figure 2-7: Gating effects of mutation N449D. 
A, Normalized conductance vs voltage (G-V) relations from recordings of WT-BK 
channels at nominally 0 (black), 1 (red), and 10 µM (magenta) Ca2+ for WT (solid 
circles, identical to Figure 2-6) and N449D (empty circles) BK channels, fit with a 
Boltzmann function (Eq. 2.3, parameters presented in Table 2-4) B, Mean V1/2 ± 
SEM plotted as a function of [Ca2+] as yielded from Boltzmann fits for WT (black) 
and N449D (blue) channels. 
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channel gating will lead to an enhanced understanding of gating ring conformational 

dynamics and critical transduction pathways between the gating ring and channel pore.  
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CHAPTER 3 

DEVELOPMENT AND OPTIMIZATION OF A HIGH THROUGHPUT SCREEN FOR BK 
CHANNEL GATING MODULATORS 

 

Introduction 

As noted above, BK channels are important in control of neuronal excitability and 

smooth muscle contractility, and defects in these channels have been implicated in 

human diseases, including hypertension (Amberg et al., 2003; Gollasch et al., 2002; 

Yang et al., 2013), seizures (Díez-Sampedro et al., 2006; Lee & Cui, 2009; Wang et al., 

2009), and ataxia and developmental delay (Laumonnier, 2006). As of this writing, 

several BK channel activators have been investigated in clinical trials for smooth muscle 

relaxation, while yet another activator, Andolast, is currently in clinical development for 

the treatment of asthma (Nardi & Olesen, 2008; Phelps, 2017). BK channel inhibitors 

may prove useful in treating diseases such as generalized epilepsy with paroxysmal 

dyskinesia (GEPD), linked to a gain-of-function mutation which increases BK channel 

Ca2+ sensitivity (Díez-Sampedro et al., 2006; Lee & Cui, 2009; Wang et al., 2009). 

However, in general, it has proved difficult to identify selective BK channel modulators 

that are effective in treating disease (Kaczorowski & Garcia, 2016; Nardi & Olesen, 

2008). In addition, channel activators and inhibitors have long been used to provide 

insight toward channel permeation and gating mechanisms, and the discovery of 

chemically diverse BK channel modulators will likely be useful in revealing and detailing 

gating mechanisms (Eaton & Brodwick, 1980; Giangiacomo et al., 1993; Hille & 

Schwarz, 1978; MacKinnon, 1991; MacKinnon et al., 1993; Schreiber & Salkoff, 1997; 

Yellen, Jurman, Abramson, & MacKinnon, 1991).  Thus, discovery of BK channel 

activators and inhibitors remains important not only to develop medicines, but to better 

understand BK channel structure and function. 
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High throughput screening assays, in which a large number of compounds are 

tested in parallel for their ability to bind to or modulate activity of a target molecule, may 

be an efficient method for discovery of novel ion channel-targeting drugs. One strategy 

for screening involves use of cell-based assays in which a fluorescent dye is used for 

indirect measurement of channel activity. A viable fluorescence assay can be scaled up 

using multi-well (96-, 384-, or 1536-well) plates, so that hundreds of compounds can be 

tested in parallel, allowing the rapid evaluation of many structurally distinct compounds. 

Compounds identified as “active” through analysis of assay measurements can be 

verified by additional methods such as patch clamp electrophysiology to gain 

mechanistic information on a compound’s modulatory effect.     

In this chapter, I present optimization of cell-based high throughput screens 

(HTS) for the identification of activators and inhibitors of BK channels. Exploiting the 

permeability of Tl+ through open BK channels, I use a Tl+-sensitive fluorescent indicator, 

Thallos-AM, to probe channel activity. I optimized the assay for activators and inhibitors 

using HEK-293T cells stably over-expressing BKα subunits. I have also generated a new 

HEK-293T cell line which stably over-express BK channels containing the auxiliary γ1 

subunit (AG1) to directly probe small molecules targeting this complex. 

Starting with a screen of 1,280 FDA-approved compounds, we discovered 18 

potential BK channel activators. Of these 18, 10 false positives, which yielded a 

fluorescence signal independent of BK channel activity, were identified by screening 

against non-transfected HEK-293T cells. Potential “hits” were further validated using 

patch clamp electrophysiology. Because recordings are performed with excised 

membrane patches far away from the cell body and in controlled Ca2+-buffered solution, 

by applying drug directly to the cytosolic face of the patch we are able to distinguish 

between modulators acting directly on BK channels and those that might activate the 
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channels through stimulating Ca2+ entry through plasma membrane Ca2+ channels, or 

through stimulating Ca2+ release from intracellular stores. 

 

Materials and Methods 

 

Cell Culture and Generation of Cell Lines 

HEK293 cell lines stably overexpressing BKα subunits (HF1) were generously 

provided by the Dr. R. Aldrich (University of Texas Health and Science Center at San 

Antonio). BKα/γ1-overexpressing cells (AG1) were generated as follows. Unless stated 

otherwise, cells are incubated in DMEM (ThermoFisher, Cat No. 11965092) 

supplemented with 10% FBS. HEK-293T cells were first transfected by electroporation 

with a vector containing the human BK channel and gamma1 subunit (LRRC26) as a 

fusion protein (pcDNA6-myc-hslo-LRRC26-V5-His, generously provided by the Dr. 

Jiusheng Yan lab at MD Anderson Cancer Center, Houston TX; see Li, Fan, Kwak, & 

Yan, 2015). Cells recovered for 48 hours before being passaged into a 10 cm plate at 2 

x 106 cells/mL supplemented with 5µg/mL blasticidin for selection. 

The blasticidin concentration used for selection was determined as follows. 

According to established protocols, optimal concentration of antibiotic for selection of 

human cell lines is the concentration required to kill 100% of wild-type HEK-293T cells in 

5-10 days (Freshney, 2011). To determine this concentration, a separate group of HEK-

293T cells were sham-electroporated in DMEM (i.e. with no plasmid). Cells were plated 

at 0.05 x 106 cell/mL in a 24-well dish and incubated in media supplemented with 

blasticidin in duplicate, at blasticidin concentrations ranging from 0.5 to 20 µg/mL 

increasing by a factor of two. Cell morphology and adhesion as measurements of 

viability were evaluated every 24 hours by bright field microscope. At the end of ten 
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days, cell viability was confirmed by taking 20 µL samples from of each well 

supplemented with 10% trypan blue stain and counted manually using a hemocytometer. 

Cells that were adhered to the plate at the end of two weeks were mechanically 

resuspended before counting by pipetting. The blasticidin concentration used for 

selection (5 µg/mL in this case) was determined as the lowest concentration at which 

100% of the sham-electroporated cells were stained with trypan blue, indicating 

nonviability. 

After two weeks of incubation in blasticidin, dead cells were removed by 

aspiration, and surviving cells were passaged in a fresh 10 cm plate in medium 

supplemented with 5 mg/mL blasticidin and incubated until approximately 90% confluent. 

Cells were then resuspended by trypsinization and counted using a hemocytometer as 

previously described. Cells were then diluted to a concentration of 10 cells/mL and 

plated in a 96-well plate with 100 ul of cell suspension per well, to ideally deposit a single 

cell in each well. Wells containing just one cell were marked for further observation. For 

the AG1 cell selection, twelve wells out of 96 contained a single cell after passage. 

When observed to be 90% confluent, each of the twelve clonal lines from the 96-well 

plate were split and cultured in 6-well dishes. The resulting cell lines were each 

evaluated for channel expression by patch clamp electrophysiology (detailed below). 

The clonal cell lines that were confirmed to be expressing BKαγ1 channels were frozen 

in DMEM supplemented with 10% DMSO and stored at -180oC. 

 

Cell Preparation for HTS 

 Twenty-four hours prior to experiments, cells were plated in black-walled, clear-

bottom poly-D-lysine-coated 384-well plates using a MultiFlo cell dispenser at cell 

densities of 20,000 cells/well for BKα cells and 10,000 cells/well for AG1 cells, except 

where noted otherwise. 
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On the day of the assay, a Thallos-AM stock solution was prepared (25 µg 

Thallos-AM dye (TEFlabs, Austin, TX), dissolved in 7% w/v Pluronic F-127 in DMSO). 

The fresh Thallos-AM stock solution was used to prepare the Assay buffer, consisting of 

12.5 µL Thallos-AM stock solution dissolved in 10 mL chloride-free buffer (CFB, in mM: 

140 Na-Gluconate, 2.5 K-Gluconate, 6 Ca-Gluconate, 1 Mg-Gluconate, 5 Glucose, 10 

HEPES, pH = 7.4) and 5.2 mM probenecid to enhance Thallos-AM dye retention. Culture 

medium is removed from the wells by hand pipetting and plate inversion and replaced 

with 20 µL Assay buffer, followed by incubation for 60 minutes at room temperature in 

the dark for dye loading. Thallos-AM is taken up by the cells in the membrane-

permeable AM (ester) form. Importantly, the Thallos-AM form is not fluorescent, but 

becomes functional and membrane-impermeant upon cleavage by esterases in the 

cytosol; thus removal of excess Thallos-AM is not necessary following the loading 

protocol.  

 

Multi-well Fluorescence Acquisition and HTS Assay Design 

Fluorescence data acquisition was performed using an FDSS/µCell Functional 

Drug Screening System (fluorescence kinetic plate reader; Hamamatsu), which was 

used to dispense reagents from a 384-well “compound addition plate” into a 384-well cell 

imaging plate containing Thallos-loaded cells, and simultaneously acquire the time-

resolved digitized fluorescence signal from each well.  

In all of our experiments, two sets of compound addition plates were prepared. 

One of these plates contained drug stock solutions (dissolved in DMSO), while a second 

plate contained Tl+ flux stimulation buffer (TS buffer, described below). In every assay, 

32 wells were reserved as positive control, containing active drug (activator NS11021, 

75 μM final concentration; or inhibitor paxilline, 10 μM final), and 32 wells were negative 

control, containing only DMSO (0.15% v/v final concentration). 
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Figure 3-1: Method schematic for a high-throughput screen. 
A, Typical experimental flow for a high-throughput screen as described in Methods. 
Baseline fluorescence for cells loaded with Thallos is measured for 30 seconds before 
15 minute preincubation with compounds dissolved in DMSO. TS buffer is added at T 
= 0 and fluorescence is measured for 30 minutes. B, Raw measurements from a single 
well during a typical experiment. Dotted lines represent initiation of fluorescence 
detection (green), compound addition and incubation (blue), and TS buffer addition at 
T = 0 (grey).   
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During the course of an experiment, baseline fluorescence (excitation 

wavelength 480 nm, emission wavelength 540 nm) is recorded for 5 minutes. This is 

followed by simultaneous dispensing of 5 µL of compound into each well, and then 15 

minutes incubation. After this incubation, 5 µL TS buffer (final concentration in wells: 20 

mM KNO3, 10 mM TlNO3, 5 µM A23187 except as noted otherwise, in CFB) is 

simultaneously added to all wells. The high [K+] included in TS buffer depolarizes the 

cells, and the Ca2+ ionophore A23187 contributes to Ca2+ influx across the plasma 

membrane, both of which prime the BK channels for activation. After addition of TS 

buffer, fluorescence was recorded for an additional 30 minutes to measure the response 

to BK channel priming or stimulation. I have observed that all wells (including negative 

controls) reached a near-maximal fluorescence response after 30 minutes; thus the 

fluorescence amplitude for each well at 30 minutes served as a convenient index for 

normalization of response amplitudes across wells (Figure 3-1). 

 In the case of our library screens, tested compounds were from the Prestwick 

Chemical Library (Prestwick Chemical, Inc), a collection of 1280 FDA/EMA-approved 

drugs. While relatively small, the Prestwick library is frequently used in HTS assay 

development as a start point to assess assay reliability and proof-of-concept for the 

ability of an assay to detect active compounds (Foerster et al., 2020; Howard, Estrada, 

Terrero, Tiwari, & Raman, 2020; Montanuy et al., 2020). Drugs are shipped as 

concentrated stocks in DMSO, thus each drug was diluted so that final concentrations 

were 15 µM and final DMSO concentration was 0.15% v/v.   

 

Fluorescence Response Analysis and Hit Detection 

 As noted above, fluorescence traces were normalized to the maximum 

fluorescence response after system equilibrium is reached. For activator assays, 

responses were quantified as the fluorescence rate increase following TS buffer 
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addition. To calculate the rate of fluorescence increase, raw data were fit with an 

exponential equation: 

 

𝐹𝐹 =  𝐴𝐴𝑒𝑒�
−𝑡𝑡
𝜏𝜏 � + 𝑦𝑦0 

Eq. 3.1 

 

where F is fluorescence, A is the amplitude, t is time, τ is the time constant of relaxation, 

and y0 is the asymptotic fluorescence response at equilibrium. Fluorescence rate 

increase was calculated by the inverse time constant.  For inhibitor assays, data were 

quantified using: 

 

𝐹𝐹𝑤𝑤𝑒𝑒𝑤𝑤𝑤𝑤 =
𝐹𝐹3.5

𝐹𝐹𝑒𝑒𝑎𝑎𝑒𝑒
 

Eq. 3.2 

 

where F3.5 is the fluorescence level 3.5 minutes after TS buffer addition and Fmax is the 

maximal fluorescence level of the well after reaching system equilibrium.  

As discussed in Chapter 1, assay measurements were evaluated using the Z’ 

score, defined as: 

 

𝑍𝑍′ = 1 −
(3𝜎𝜎𝑐𝑐+ + 3𝜎𝜎𝑐𝑐−)

|𝜇𝜇𝑐𝑐+ − 𝜇𝜇𝑐𝑐−|
 

Eq. 3.3 

 

where σc+ is the standard deviation of positive controls, σc- is the standard deviation of 

the negative controls, µc+ is the mean response of the positive controls, and µc- is the 
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mean response of the positive controls (a Z’ score >0.5 is considered to be a statistically 

“robust” assay (Zhang et al., 1999). 

 For screening purposes, a “hit” is determined by compounds which elicit a 

response at least 3σ greater than the mean negative control response of an assay plate. 

Five compounds exhibited high baseline fluorescence prior to Tl+ addition, and were 

excluded from analysis from each screen. 

 

Electrophysiology 

 Experiments were performed using inside-out patches excised from either HF1 or 

AG1 cells, as indicated, and recordings were performed as described in Chapter 2. 

Presence of BKα/γ1 channels was evaluated by comparing G-V relations at nominally 0 

Ca2+ compared to BKα. It has been established that the G-V relation at nominally 0 Ca2+ 

for BKα/γ1 channels is shifted by approximately -150 mV compared to BKα alone 

(Gonzalez-Perez, Ben Johny, Xia, & Lingle, 2018; Gonzalez-Perez, Xia, & Lingle, 2014; 

Yan & Aldrich, 2012; Yan & Aldrich, 2010).  

Drugs were dissolved in DMSO and introduced to the cytosolic face of the patch 

by a gravity fed perfusion system. Final DMSO levels were never greater than 0.1% v/v. 

Time constant of relaxation (τ) was quantified over a range of voltages for channel 

deactivation using standard voltage-step protocols (Horrigan et al., 1999b). To measure 

deactivation, channels are held at a voltage where channels are maximally activated, 

followed by steps to various hyperpolarized voltages to close the channels. Currents are 

fit with a single exponential:  

 

𝐼𝐼 =  𝐴𝐴𝑒𝑒�
−𝑡𝑡
𝜏𝜏 � + 𝑦𝑦0 

Eq. 3.4 
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where I is current, τ is the time constant of relxation and y0 is the level of steady state 

current.   

Effects of inhibitors were evaluated by time course. Currents were recorded by 

pulse protocol every 3 seconds while increasing concentrations of drug were perfused 

into the recording chamber. Mean current amplitude was recorded and fit with a Hill 

equation as previously described to estimate the IC50. 

     

Results 

 

Optimization of BKα Cell Plating Density for HTS 

 Optimal cell plating density is critical to efficient Thallos-AM dye uptake and 

subsequent activation of membrane channels and receptors during the assay. To 

determine the optimal cell density, HF1 and wild-type HEK-293T cells were plated using 

15000, 25000, 40000, and 50000 cells/well in 12-well replicates. Three wells at each cell 

density for BKα and wild-type HEK-293T did not receive Tl+ as a negative control of 

Thallos-AM dye specificity.  

In response to activation of BK channels with the agonist NS11021, we observed 

a fluorescence signal with 25000 cells/well that was lower in variance compared to 

15000 cells/well (Figure 3-2A), whereas wells with >25K cells yielded no further 

substantial decrease in response variance. Subsequent experiments using HF1 cells 

plating therefore used 25000 cells/well. Although non-transfected HEK-293T cells also 

exhibit a fluorescence increase due to Tl+ flux through endogenous channels or 

transporters, the rate of the fluorescence increase in non-transfected cells was slow, and 

easily distinguishable from the more rapid increase in HF1 cells (Figure 3-2B, C). As 

expected, we do not observe a fluorescence increase in wells without the addition of Tl+ 
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(Figure 3-2B, blue), consistent with reported specificity of Thallos for Tl+ over other ions 

present in these experiments (Hille, 1973; Park, 1994). 

 We next aimed to determine optimal concentrations of KNO3 and TlNO3 in TS 

buffer, to ensure consistent and robust fluorescence signals with an adequate 

signal:noise ratio. While we found no significant difference between a 10:5 mM or 20:10 

mM ratio of K+:Tl+ in DMSO control conditions (not shown), a ratio of 20:10 mM K+:Tl+ in 

our TS buffer elicited a robust increase in fluorescence in the presence of NS11021 

(Figure 3-3A, B). Using 20 mM K / 10 mM Tl, we measured a dose-response relation for 

application of NS11021 in the context of this assay. Although it was not possible to 

observe an asymptotically maximal effect of NS11021 due to limited solubility of the 

drug, we estimate an EC50 consistent with values determined from patch-clamp 

measurements, estimated at 28 µM  (EC50 = 28 µM; Figure 3-3C, D) (Kun et al., 2009; 

Rockman et al., 2020).  

To determine the robustness of this assay under optimal conditions as 

determined above, we calculated the Z’ score by measuring responses in positive and 

negative control assay conditions. For these measurements, 384-well plates were 

prepared with HF1 cells in which 192 wells were pre-incubated with 75 µM NS11021 (in 

0.15% DMSO, positive control), and 192 wells were pre-incubated with only 0.15% 

DMSO (negative control; Figure 3-4A). Following TS buffer addition, we observed a 

strong and consistent increase in fluorescence in positive control wells compared to 

negative controls (Figure 3-4B). Based on the fluorescence increase rates, we 

calculated  Z’ = 0.51, consistent with a robust assay in which the mean positive and 

negative control responses is separated by greater than six standard deviations of these 

means (Figure 3-4C, D).  
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Figure 3-2: Initial preliminary cell density optimization screen 
A, Normalized fluorescence emission from Tl+ flux experiments from wells where cells 
were plated at a density of 15000 cells/well (black, n = 9) and 25000 cells/well (red, 
n = 9). Grey dotted line in this and future panels represents time when TS buffer is 
added. B, Normalized fluorescence emission from Tl+ experiments from wells 
containing wild-type HEK-293T cells (red, n = 9), cells overexpressing BKα channels 
(black, n = 9) and BKα cells with Tl+ omitted from TS buffer. C, Fluorescence increase 
rate plotted for BKα (black) and HEK-293T (red) cells. Dotted lines represent mean 
fluorescence increase rate (BKα = 0.177 min-1 

± 0.003, red, HEK = 0.0882 min-1 
± 

0.002, black). 
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Initial Screen for BKα Activators 

 We next screened a small molecule library consisting of 1,200 off-patent drugs 

approved by the Food and Drug Administration (FDA), the Prestwick Chemical Library, 

to test compounds with a range of molecular structures and mechanisms of action. Four 

separate assay plates containing HF1 cells were used to screen the collection. As 

described above, each plate included 32 positive (75 µM NS11021) and 32 negative 

(DMSO) control wells, with the remaining 320 wells each receiving a different compound 

from the library to be tested (Figure 3-5A). We observed that positive control wells 

consistently yielded high fluorescent responses. Compounds which increased Tl+ flux 

compared to controls could be distinguished using a heat map corresponding to raw 

measured fluorescence emission (Figure 3-5B, C). A total of 18/1280 (1.4%) 

compounds were initially identified as “hits” that increased Thallos fluorescence (and 

apparent Tl+-influx), 10 of which showed responses 5σ above negative controls.  

 We carried these initial hits through a secondary screen in which compounds 

were assayed in triplicate using non-transfected HEK-293T cells (Figure 3-6A). Of the 

18 compounds tested, seven elicited fluorescence increases in HEK-293T cells that 

were nearly the same as those observed in HF1 cells (Figure 3-6A). Two compounds 

with strong fluorescence activity in HEK-293T cells were nystatin, an antifungal 

membrane pore-former (X. Lyu, Zhao, Yan, & Hua, 2016), and verteporfin, a cytotoxic 

catalyst of reactive oxygen species used to destroy vascularized tumors or 

neovascularization in patients with macular degeneration (Fingar et al., 1999; 

Konstantinou et al., 2017; Schmidt-Erfurth & Hasan, 2000) (Figure 3-6B, C). Four 

additional compounds elicited fluorescence responses smaller than that of HF1 cells but 

were nonetheless greater than HEK-293T negative controls. The secondary screen thus 

eliminated 11 of the 18 initial positives, resulting in a net hit rate of 7/1280 (0.5%).  
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Figure 3-3: Optimization of stimulus buffer and positive controls 
A, Normalized fluorescence emission from BKα cells preincubated with 75 µM 
NS11021. TS buffer included either 10:5 mM K+:Tl+ (red, n = 16) or 20:10 mM K+:Tl+

 

(black, n = 16). B, Fluorescence increase rate plotted by well from data in A. Dotted 
lines represent mean fluorescence increase rate (20:10 mM = 0.481 min-1 

± 0.010, 
black, 10:5 =.0.347 min-1 

± 0.010, red). C, Normalized fluorescence emission from 
experiments in 20:10 mM K+:Tl+ after preincubation with 75 (black), 30 (red), and 10 
(blue) µM NS11021. D, Mean fluorescence increase rate plotted as a function of 
NS11021 concentration from experiments shown in C (incr. rate = 0.172 ± 0.02 min-1, 
0.224 ± 0.003 min-1, 0.244 ± 0.001 min-1, 0.245 ± 0.001 min-1, and 0.292 ± 0.007 min-

1, and 0.481 ± 0.010 min-1 for 0, 1, 3, 30, and 75 µM NS11021, respectively; n = 8 wells 
at each concentration). Black line represents data fit with a Hill equation estimating an 
EC50 of 28 µM. Dotted red lines represent the target “hit” threshold, ±3σ from the DMSO 
control mean. 
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  Figure 3-4: Z’ plate for statistical evaluation of a BKα activator screening assay 
A, Experimental design of a Z’-plate for BKα activators B, Heat map at 2 minutes after 
adding TS buffer. C, Representative raw fluorescence measured following TS buffer 
addition (grey line). Wells incubated in NS11021 for 15 minutes show significantly 
increased fluorescence increase rate compared to DMSO controls D, Fluorescence 
increase rate plotted as a function of well number for positive control wells (NS11021, 
empty) and negative control wells (0.15% DMSO, filled). Solid red lines represent mean 
fluorescence rate and dotted red lines indicate 3 standard deviations above and below 
each mean used to calculate a Z’ of 0.51. 
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Secondary validation of one of these compounds by electrophysiology will be detailed 

later in this chapter. 

 

Development and Statistical Evaluation of an Inhibitor Assay 

 Novel BK channel inhibitors can be used to develop drugs specifically targeting 

gain-of-function channelopathies and better understand characteristics of BK channel 

gating. Using our established HTS, we can detect BK channel inhibitors with minimal 

adjustments to our methods. In order to maximize BK channel activity and thus the 

signal:noise ratio, we preincubate all wells with NS11021 for 5 minutes prior to 

compound addition. In order to evaluate this approach statistically we calculated a Z’ 

score as described previously.  Our inhibitor assay Z’-plate included 192 wells receiving 

75 µM NS11021 as negative control, and 192 wells receiving both 75 µM NS11021 and 

10 µM paxilline (PAX), a well-known potent and selective BK channel inhibitor, as 

positive controls (Figure 3-7A). Other than one well where cells had dislodged from the 

plate, we observed consistent inhibition in our positive control wells compared to 

negative controls (Figure 3-7B,C). Although we initially used fluorescence increase rate 

as our metric in the activator screen, we found using the fluorescence response at 3.5 

minutes a much more statistically consistent metric for our inhibitor screens (Eq. 3.2, 

Figure 3-7C, D). For this inhibitor assay we calculated Z’ = 0.50, consistent with an 

assay statistically suitable for HTS. 

 

Initial Screen for BKα Inhibitors 

 For our initial screen of inhibitors, the same 1,280 compound Prestwick library 

was used. The design of each plate was identical to the activator assay, with the single 

modification that all 384 wells were preincubated with 75 µM NS11021 five minutes 

before addition of DMSO, 10 µM PAX, or one of 1280 compounds (Figure 3-8A). During   
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Figure 3-5: BKα activator screen of 1,280 compounds. A, Experimental design of a 
drug screening plate. Columns 1, 2, 23, and 24 are reserved for positive and negative 
controls to ensure viability of each plate. Remaining wells receive one of 1,280 
compounds to be tested. B, Heat map at 2 minutes after adding TS buffer. Black circles 
(wells O6 and M7) emphasize “hit” wells in which fluorescence response was at least 3 
standard deviations greater than negative controls. Well P18 was fluorescent prior to 
addition of TS buffer and was therefore discounted from subsequent analysis. C, Raw 
data showing fluorescence measured following TS buffer addition (grey line). Only 
negative control wells and “hit” wells O6 and M7 are shown. D, Fluorescence increase 
rate plotted as a function of well number for all wells. Red line indicates mean 
fluorescence increase rate for negative control wells. Dotted red line indicates three 
standards deviations from the negative control mean. Dashed red line indicates five 
standard deviations from the negative control mean. Compounds which landed above 
the dotted red line were considered “hits” to be evaluated further. 
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Figure 3-6: Secondary Screening of 18 “hits” against HEK-293T cells. A, Mean ± 
SEM fold change in fluorescence increase rate compared to DMSO controls from HEK-
293T cells plotted for each “hit” compound identified in our initial screen (n = 3). 
Compounds which elicited a significant fluorescence relative to DMSO control wells 
were ruled out as BK specific activators. Dotted red line = 1. B, Normalized 
fluorescence emission elicited by a known pore-forming antifugal drug, nystatin (well 8 
in A). Compared to DMSO controls (blue), we observe rapid Tl+ flux in both HF1 (black) 
and HEK-293T cells (red). C, molecular structure of nystatin. 
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Figure 3-7: Z’-plate for statistical evaluation of a BKα inhibitor screening assay 
A, Experimental design of a Z’-plate for BKα inhibitors B, Heat map at 2 minutes after 
adding TS buffer. C, raw data read-out of normalized fluorescence emission following 
TS buffer addition. Wells incubated in NS11021+PAX for 15 minutes show significantly 
decreased fluorescence emission compared to NS11021 alone. D, Normalized 
fluorescence at 3.5 minutes over the max fluorescence after TS addition as a function 
of well number for positive control wells (red) and negative control wells (black). Solid 
red lines represent mean F3.5 / Fmax. Dotted red lines indicate 3 standard deviations 
above and below each mean used to calculate Z’ = 0.50.  
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Figure 3-8: BKα inhibitor screen of 1,280 compounds. A, Experimental design of a 
drug screening plate. Columns 1, 2, 23, and 24 are reserved for positive and negative 
controls to ensure viability of each plate. Remaining wells receive one of 1,280 
compounds to be tested. B, Heat map at 3.5 minutes after adding TS buffer. Black 
circles (wells A11 and P18) emphasize “hit” wells in which fluorescence response was 
at least 3 standard deviations lower than negative controls. C, Raw data showing 
fluorescence measured in wells A11 and P18 compared to controls following TS buffer 
addition (grey line). D, F3.5/Fmax plotted as a function of well number for all wells. Red 
line indicates mean fluorescence increase rate for negative control wells. Dotted red line 
indicates three standards deviations from the negative control mean.  
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our screen we observed strong inhibition of Tl+ flux in PAX control wells compared to 

NS11021 alone. A total of 8/1280 compounds inhibited Tl+ flux (0.63% hit rate). One of 

these compounds was explored further by patch clamp electrophysiology, which will be 

detailed later in the chapter (Figure 3-8 B, C). 

 
Optimization of Assay Methods for BKαγ1 Cells 

 In order to discover compounds which are tissue selective, it will be critical to 

separately screen for compounds using cells expressing auxiliary BK channel subunits. 

To test if our HTS assay could be used to detect compounds using BK channels co-

expressed with auxiliary subunits, we generated a monoclonal cell line stably 

overexpressing BKαγ1 channels (AG1). Presence of γ1 subunits was initially confirmed 

by electrophysiology. In the nominal absence of Ca2+, BK channels complexed with γ1 

subunits are active even at negative voltages (Yan & Aldrich, 2012; Yan & Aldrich, 2010; 

Yang et al., 2017), while BKα subunits alone in the nominal absence of Ca2+ require 

strong depolarization greater than 100 mV before macroscopic currents are observed. 

Thus, BK channel gating behavior is a simple method to evaluate the successful 

expression of γ1 subunits. We performed patch clamp electrophysiology experiments 

using excised patches from our generated AG1 cells in the nominal absence of Ca2+. We 

observed large macroscopic currents even at negative voltages (Figure 3-9A) and fitted 

the data with G-V curves to yield the following parameters: V1/2
 = 22.2 ± 4 0 mV, zδ = 

1.38 ± 0.10, n = 8 patches (Figure 3-9B). We observe a -143 mV shift in the V1/2 from 

channels from AG1 patches compared to BKα alone (from V1/2 = 165 mV to 22 mV), 

consistent with successful overexpression of BKαγ1 channels. 

 Next, we tested the ability for AG1 cells to detect inhibiting compounds in the 

context of our HTS. We observed extremely rapid Tl+ flux using AG1 cells, reaching 

equilibrium in under a minute even in the absence of NS11021 (Figure 3-10A, black). To 



72 
 

test the sensitivity of our AG1 inhibitor assay, we applied a wide range of PAX. In these 

experiments, rapid activation of AG1 cells in the presence of DMSO alone were not well 

described by a single exponential. We found measuring the fluorescence 3.5 minutes 

after addition was a statistically more consistent index of channel activity. Using AG1 

cells we detect dose-dependent inhibition of fluorescence using PAX at concentrations in 

the nM range, fitting with a Hill equations to yield an approximate IC50
 of 0.37 µM, 

consistent with previous estimates (Figure 3-10A, B) (Zhou et al., 2020). While a lack of 

tested PAX concentrations precludes precise estimation of the IC50 for PAX in these 

conditions, it is clear our assay is highly sensitive and detects inhibitor activity 3 standard 

deviations below negative controls at concentrations in the nM range (Figure 3-10D). 

 

Statistical Evaluation a BKαγ1 Inhibitor Assay 

  Z’-plates for our BKαγ1 cells were set up as described previously, with 192 wells 

receiving our positive control of 10 µM PAX, and 192 wells receiving 0.15% v/v DMSO 

(Figure 3-11A). Except for one well where cells dislodged from the assay plate, we 

observe a much greater fluorescent response in negative controls than those inhibited 

by PAX (Figure 3-11B). Using the fluorescence level at 3.5 minutes after TS buffer 

addition we calculated a Z’ of 0.74, consistent with an assay suitable for HTS (Figure 3-

11C, D).  

  

Initial Screen for BKαγ1 Inhibitors 

 Returning to the Prestwick library of 1280 compounds, assay plates were set up 

as before, flanked by positive and negative controls (Figure 3-12A). During our assay 

we observed positive PAX controls had significantly reduced fluorescent responses 

compared to negative controls, and “hits” were easily identifiable visually using a heat 

map of fluorescent levels (Figure 3-12B). A total of 8/1280 compounds (0.63% hit rate)  
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Figure 3-9: Current recordings from AG1 (BKαγ1-containing) cells. A, 
Representative current recordings from BKαγ1 overexpressing cells: Vhold = -90 mV; 
Vstep = -90 mV to 120 mV, 10 mV increments, 75 ms; Vtail = -90 mV.  B, G-V relations 
of BKαγ1 (red) compared to BKα alone (black) from patches in the nominal absence of 
Ca2+ 

presented in Chapter 2. Solid line represent data fit with a Boltzmann function. G-
V curves from patches with cells overexpressing BKαγ1 left shifted by approximately 
143 mV compared to BKα alone (BKαγ1V1/2 = 22.2 ± 4 mV,  BKαV1/2 = 165 ± 6 mV). 
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Figure 3-10: Dose dependent inhibition of fluorescence by PAX in BKαγ1 cells 
A, Normalized fluorescence emission from wells containing BKαγ1 cells plated at 
10000 cells/well after 15 minute preincubation with 0 (black), 0.3 (red), or 3 (blue) µM 
PAX. B, Normalized fluorescence emission at 3.5 minutes over the max fluorescence 
after TS buffer addition plotted as a function of PAX concentration from experiments 
shown in C (F3.5 / Fmax

 
= 0.870 ± 0.010, 0.691 ± 0.020, 0.320 ± 0.002, 0.320 ± 0.010, 

and 0.322 ± 0.010 for 0, 0.3, 3, 10, and 30 µM PAX, respectively; n = 8 wells at each 
concentration). Solid black line represent fitting with a Hill equation, estimating an IC50 
of 0.42 µM. Dotted red lines represent the target “hit” threshold, ±3σ from the mean of 
negative controls. 
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Figure 3-11: Z’-plate for statistical evaluation of a BKαγ1 inhibitor screening 
assay A, Experimental design of a Z’-plate for BKαγ1 inhibitors B, Heat map at 3.5 
minutes after adding TS buffer. Cells from well F19 detached from the assay plate, 
therefore this well was not counted in further analysis C, Normalized fluorescence 
emission following TS buffer addition. Wells incubated in 10 µM PAX for 15 minutes 
show significantly decreased fluorescence emission compared to DMSO controls. D, 
Normalized fluorescence at 3.5 minutes after TS addition as a function of well number 
for positive control wells (black) and negative control wells (red). Solid lines represent 
mean fluorescence rate. Dotted red lines indicate 3 standard deviations above and 
below each mean used to calculate a Z’ of 0.74. 
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Figure 3-12: BKαγ1 inhibitors screen of 1,280 compounds. A, Experimental design 
of a drug screening plate as previously described. B, Heat map at 30 seconds after 
adding TS buffer. Black circles (wells M3 and P22) emphasize “hit” wells in which 
fluorescence response was at least 3 standard deviations lower than negative controls. 
C, Raw experimental data showing fluorescence measured in wells M3 (blue) and P22 
(magenta) compared to controls following TS buffer addition. D, F3.5 / Fmax plotted as a 
function of well number for all wells. Red line indicates mean fluorescence increase 
rate for negative control wells. Dotted red line indicates three standards deviations 
from the negative control mean. 
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were 3 standard deviations below the mean of negative controls. One “hit” from this 

screen was later identified as loperamide. A detailed analysis of BK channel inhibition by 

loperamide will be the topic of Chapter 4. 

 

Verification of BKα Activator and Inhibitor Hits by Patch Clamp Electrophysiology 

 Cell-based HTS assays using fluorescent probes provide a relatively fast and 

efficient method for screening large numbers of molecules. The limited number of “hits” 

can then be applied to excised patches in patch clamp electrophysiology experiments in 

order to confirm direct modulation of BK channels removed from the context of other cell 

processes which modulate BK channel activity, such as release of Ca2+ from intracellular 

stores (Bonev et al., 2000; Burdyga & Wray, 2005; Ledoux, Werner, Brayden, & Nelson, 

2006; Müller, Kukley, Uebachs, Beck, & Dietrich, 2007).  

 To investigate direct BK channel modulation by “hit” compounds, we collected 

recordings from patches excised from BKα-overexpressing (HF1) cells in the presence 

of these compounds on the cytosolic side of the channels. One hit from our BKα 

activator screen, nicardipine, exhibited mixed inhibiting and activating effects on BKα 

gating, reducing the size of macroscopic currents but shifting BK channel activation to 

less depolarized voltages and slowing deactivation rates (Figure 3-13A). When we 

applied 30 µM nicardipine to the cytosolic face of the patch, total macroscopic current is 

reduced during standard pulse protocols (Figure 2-13A). However, we observed a +24 

mV leftward shift of the G-V relations in 3 µM Ca2+ (Figure 3-13B). During these pulse 

protocols it appeared channel deactivation rates were slowed in patches exposed to 

nicardipine. The shift in G-V relations is apparently due to slowed channel deactivation 

rates (Figure 3-13C). Thus, our BKα activator screen can identify activating compounds, 
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even those which do not show straightforward gating effects in electrophysiology 

experiments.  

 A hit from our BKα inhibitor screen, lidoflazine, was able to inhibit BK channels in 

the presence of 10 µM Ca2+ in a partially reversible manner (Figure 3-13D). Normalized 

steady state current amplitudes decreased as a function of lidoflazine concentration, 

completely inhibiting currents at 30 µM (Figure 3-13D). To quantitatively describe BK 

inhibition by lidoflazine we fit normalized steady state current as a function of lidoflazine 

dose, estimating an IC50 of 4.07 µM. Thus, our BKα inhibitor screen can successfully 

identify compounds with direct BK channel inhibitor properties. An inhibitor discovered in 

our BKαγ1 inhibitor screen, later identified as Loperamide, will characterized in detail in 

Chapter 4.   

 

Discussion 

 Identification of novel BK channel modulators is important for the development 

drugs treating human pathologies. No BK channel inhibitor or activator is currently on the 

market due to a general lack of specificity and potency within the current library of known 

BK channel modulators (Kaczorowski & Garcia, 2016). In this chapter, I developed a 

novel screening approach which can reliably detect activators of BKα channels and 

inhibitors of BKα and BKαγ1 channels with minimal adjustments to HTS protocol. 

Candidate compounds identified using HTS were confirmed via patch clamp 

electrophysiology to interact directly with BK channels.  

There was initial concern that a cell-based assay for BK channel modulators in 

which compounds are dispensed into the extracellular well solution would be sub-

optimal, as much of the gating machinery is located within the membrane or within the 

cytosol. However, during initial optimization steps with the addition of NS11021, a BK 

selective activator known to bind within the vestibule on the cytosolic face of the  
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Figure 3-13: Drug screen “hits” confirmed by electrophysiology. A, 
Representative raw current traces from a single patch from HF1 cells in buffer 
containing 3 µM Ca2+ before (left) and after (right) addition of 30 µM nicardipine. Vhold 
= -30 mV; Vstep = -30 mV to 130 mV, 10 mV increments, 100 ms; Vtail = -60 mV. B, 
Normalized G-V curves from patches containing 30 µM nicardipine (red) or DMSO 
controls (black). Solid lines represent fits with Boltzmann equations yielding the 
following parameters: Control: V1/2 = 81.7 ± 7 mV, zδ = 1.15 ± 0.20 n = 3 patches; 30 
µM nicardipine: V1/2 = 56.9 ± 10, zδ = 0.99 ± 0.1, n = 3 patches. C, Time constant of 
relaxation plotted at a variety of voltages from patches containing 30 µM nicardipine 
(red) or DMSO controls (black). D, Representative raw currents from a single patch 
before (black) and after (red) application of 30 µM lidoflazine on the cytosolic face of 
the patch. Inhibition was partially reversible after perfusion with buffer containing 0.1% 
v/v DMSO (blue). E, Normalized steady state current amplitudes from experiments 
shown in D plotted as a function of lidoflazine concentration. Data are fit with a Hill 
equation to yield the following parameters: IC50 = 4.08 ± 1.30 µM, nH = 1.2 ± 0.1, n = 3. 

Nicardipine 
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channel, we observed dose dependent increases in Tl+ flux  with an estimated EC50 of 28 

µM, consistent with values previously reported from patch clamp electrophysiology 

experiments (Figure 3-3) (Kun et al., 2009; Rockman et al., 2020). When we applied 

PAX, a BK channel pore-blocker which also binds on the cytosolic side of the channel, 

we similarly observed dose dependent inhibition of Tl+ flux consistent with an IC50 value 

consistent with patch clamp electrophysiology experiments (0.37 µM, Figure 3-10) 

(Zhou et al., 2020). Thus, most likely due to DMSO-mediated increases in membrane 

permeability, location of a modulator binding site does not appear to be a limitation of the 

assay. 

After secondary screening the hit rate of our BKα activator screen was 0.5%, and 

the hit rate of both inhibitor screens was 0.6%, theoretically yielding 500-600 hits in a 

screen of 100,000 compounds. However, it is critical to note that the Prestwick library 

contains only FDA-approved, biologically active compounds, and has been known to 

result in unusually high preliminary hit rates across HTS formats (Siles, Srinivasan, 

Pierce, Lopez-Ribot, & Ramasubramanian, 2013). Randomized 100,000 compound trials 

contain a much wider variety of molecular structures and compounds tested, thus we 

expect a much lower hit rate in practice.  

In drug discovery, once candidate compounds are found it is also critical to 

determine their selectivity over other potential targets, which may further reduce the 

overall hit-rate. For example, many different chemical classes of compounds can block 

current through human ether-a-go-go related gene (hERG) K+ channels, which are 

critical for control of cardiac action potential repolarization. Blockade or disruption of 

these channels can lead to long QT syndrome and increased risk of arrhythmia 

(Vandenberg et al., 2012). Because of this, novel drugs in development are frequently 

tested for hERG K+ channel blockade (Kaczorowski & Garcia, 2016; Priest, Bell, & 
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Garcia, 2008; Su, Brown, Wang, & MacKinnon, 2016). Secondary screening against 

cells containing cardiac hERG K+ channels, as well as parental HEK cells as done in this 

work, will further decrease the hit rate of our HTS when used in a larger format.  

 Finally, while statistical analysis determined our HTS to be robust and suitable for 

HTS in this minimal format and lead to successful identification of both activating and 

inhibiting compounds, it will be critical when expanding to large-volume libraries to 

continue to monitor data variability. Our screen of the Prestwick libraries could be done 

in a single day on a total of four plates; however screens of 100,000s of compounds 

span over the course of days or weeks on hundreds of plates, each of which will need to 

be monitored to ensure identified hits are of quality.  

After successful identification of compounds, the next critical step is to examine 

modulating properties in detail to understand molecular mechanisms of action and 

evaluate compounds as potential therapeutics. To do this I selected a BK channel 

inhibitor identified in the HTS to characterize in detail in Chapter 4: µ-opioid agonist, 

loperamide. 
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CHAPTER 4 

MOLECULAR MECHANISM OF BK CHANNEL INHIBITION BY LOPERAMIDE 

 

Introduction 

 Using cell fluorescence-based high-throughput screening, we identified 

loperamide (LOP) as a BK channel inhibitor. LOP is an FDA-approved antidiarrheal 

medicine, best known as the active ingredient of the over-the-counter (OTC) medication 

Imodium. LOP activates µ-opioid receptors to inhibit the myenteric plexus, slowing 

intestinal motility (Mackerer et al., 1976; Otterson & Sarna, 1994). Absorption of LOP 

into the bloodstream and central nervous system is opposed by the efflux pump p-

glycoprotein (PGP), thus LOP is largely retained within the intestinal lumen (Miller, 

Panahi, Tapia, Tran, & Bowman, 2017; Sadeque, Wandel, He, Shah, & Wood, 2000). 

However, recent reports reveal very high doses of LOP, or taking LOP with an inhibitor 

of PGP, can lead to an increase in systemic and CNS absorption with resulting 

symptoms of opioid-like euphoria and side effects including deadly cardiac arrhythmias 

through inhibition of cardiac hERG K+ channels (Klein et al., 2016; Miller et al., 2017; 

Vakkalanka, Charlton, & Holstege, 2017).    

 BK channels are known to be expressed at the lumenal side of intestinal 

epithelial cells, where they appear to play a role in K+ secretion and electrolyte balance. 

Because loperamide concentrations are likely to reach 1-10 µM in the intestinal lumen 

with a normal therapeutic dose, it is possible that LOP may impact BK channel function 

under physiological conditions, and it will be important to understand the underlying 

mechanism (Beijsterveldt et al., 1995; Gonzalez-Perez et al., 2021; Miller et al., 2017; 

Schiller, Santa Ana, Morawski, & Fordtran, 1984; Yang et al., 2017). As noted above 

(Chapter 1), BK channels have a central pore-gate domain (PGD), formed at the 

interface of four identical subunits within the membrane (Hite et al., 2017; Tao et al., 
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2017). Tethered directly to the PGD of each subunit is a transmembrane N-terminal 

voltage sensing domain (VSD), and a cytosolic C-terminal Ca2+-sensing domain (CSD) 

(Hite et al., 2017; Tao et al., 2017). Activation of the VSD by depolarization and CSD by 

Ca2+ binding facilitate opening of the PGD by a dual allosteric mechanism discussed in 

detail previously (Chapter 1) (Horrigan & Aldrich, 2002; Rothberg & Magleby, 2000). By 

measuring channel currents in the presence of LOP, we can quantify the effect of LOP in 

the context of the dual allosteric mechanism in terms of its effects on rates or equilibrium 

constants, to understand the molecular basis of LOP inhibition and evaluate its potential 

as a novel therapeutic. 

In this chapter we describe the effects of LOP as a reversible, dose-dependent 

BK channel blocker. LOP primarily inhibited maximal BK current by decreasing channel 

open times at depolarized voltages but did not inhibit BK channel opening at negative 

voltages where voltage sensors are largely at rest. Blockade of BK channels by 

loperamide is very weakly voltage-dependent, consistent with the blocker binding 

potentially within the cavity of the BK channel pore, but not within the selectivity filter of 

the channel. The inhibitory effect of LOP can be described quantitatively with an 

allosteric model in which LOP blocks conduction through open channels and binds with 

45-fold higher affinity to the open state over the closed state. Loperamide may represent 

a new class of “use-dependent,” open channel blockers. 

 

Materials and Methods 

 

Electrophysiology 

 Electrophysiological recordings were performed using HF1 cells. Recording 

solutions contained 160 mM KCl and 10 mM HEPES (pH 7.4). Recording solutions 

containing nominally 0 free Ca2+ were identical to those described in Chapter 2. 
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Solutions containing 88 µM free Ca2+ contained 2 mM NTA with 0.972 mM CaCl2. 

Solutions bathing the cytosolic face of the patch contained LOP dissolved in DMSO at 

indicated concentrations, ranging from 0 to 30 µM. LOP was stored in 100 mM stocks 

that were further dissolved in recording solution so that the final concentration of DMSO 

in all experiments was 0.1% v/v. We did not observe an effect of DMSO on BK channel 

gating compared to DMSO-free solutions. 

 Experiments were performed at room temperature (22oC). Recordings were 

acquired using either a Dagan PC-ONE amplifier controlled by pClamp 9 software, or 

SutterPatch Inegrated Patch Clamp Amplifier controlled by SutterPatch data acquisition 

software. Solutions at the cytosolic face of the excised inside-out membrane patch were 

changed as described in Chapter 2. Leak subtraction in the nominal absence of Ca2+ 

was done using a -P/4 protocol from a holding potential of -50 mV. To minimize voltage 

errors arising from series resistance, we analyzed only recordings in which maximal 

current was  less than 4 nA. We estimate voltage errors arising from series resistance 

for our recordings were typically less than 6 mV, and data are presented without 

correction for series resistance. Each voltage protocol was typically repeated at least five 

times for each patch, and current traces were digitized using a sampling rate of 50 kHz 

and averaged in real time using pClamp9 or SutterPatch software. Single-channel 

recordings were acquired using pClamp9 in gap-free more, using a sampling rate of 50 

kHz and effective filtering of 5 kHz to yield a system dead time of approximately 36 µs. 

 

Data Analysis 

Conductance vs. voltage relations were generated from macroscopic tail current 

amplitudes as described in Chapter 2. Normalized G-V and merged Po-V/G-V data sets 

were fitted with the Boltzmann equation: 
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𝐺𝐺 =  
𝐺𝐺𝑒𝑒𝑎𝑎𝑒𝑒 − 𝑚𝑚𝑚𝑚𝑚𝑚
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+ 𝑚𝑚𝑚𝑚𝑚𝑚 

Eq. 4.1 

 

where G is the asymptotic maximal conductance, min is the asymptotic minimum Po 

value, when available (or 0 for single channel data sets) zδ is the effective gating 

valence, V1/2 is the voltage at half maximal activation, kB is Boltzmann’s constant, and T 

is temperature. 

 For recordings in which single-channel events were resolved for estimation of 

open probability (Po), dwell times at each conductance level were measured using 50% 

threshold detection in pClamp10, and NPo was calculated as the sum of the dwell times 

at each open conductance level divided by the recording time (McManus, Blatz, & 

Magleby, 1987; Sigworth & Sine, 1987). The number of active channels (N) per patch 

was estimated by dividing the maximum macroscopic tail current amplitude from the 

patch by the single channel current amplitude at the same voltage, and Po was 

calculated by dividing NPo by N (Koval, Fan, & Rothberg, 2007; Rockman et al., 2020; 

Wang et al., 2006, 2009). 

 The relation between [LOP] and maximal channel activity was analyzed by 

plotting Gmax values determined from fits with Eq. 2.3 as a function of [LOP] for a given 

voltage and fitting with a Hill equation: 

 

𝐺𝐺𝑒𝑒𝑎𝑎𝑒𝑒 =
1

1 + � 𝐼𝐼𝐶𝐶50[𝐿𝐿𝐿𝐿𝐿𝐿]�
𝑛𝑛𝐻𝐻 

Eq. 4.2 
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where IC50 is the concentration producing 50% inhibition, and nH is the Hill coefficient. To 

obtain reasonably well-constrained parameter estimates, this analysis was limited to 

voltages in which G/Gmax in the absence of LOP was greater than 0.8. 

 For analysis with the equilibrium voltage-dependent blockade model, G/Gmax data 

at individual voltages were plotted as a function of [LOP] and fitted with a modified Hill 

equation: 

 

𝐺𝐺/𝐺𝐺𝑒𝑒𝑎𝑎𝑒𝑒 =
𝑚𝑚𝐶𝐶𝑚𝑚

1 + �
𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎

[𝐿𝐿𝐿𝐿𝐿𝐿]�
𝑛𝑛𝐻𝐻 

Eq. 4.3 

 

where max is the maximum value of G/Gmax at a given voltage and Kapp is the 

concentration producing 50% inhibition at that voltage. These values of Kapp were then 

plotted as a function of voltage and fitting with the equilibrium block model (Woodhull, 

1973): 

 

    𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐾𝐾𝑎𝑎𝑎𝑎𝑎𝑎(0)exp �−𝑧𝑧𝑧𝑧𝑉𝑉
𝑘𝑘𝐵𝐵𝑇𝑇

�                     

 Eq. 4.4 

 

where  Kapp(0) is the value of Kapp extrapolated to 0 mV,  and zδ is the effective valence of 

the blocking molecule. 
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To quantify the voltage-dependence of loperamide inhibition and recovery from 

inhibition, effective rates (1/τdecay and 1/τrecovery) over range of voltages were fitted to a 

single exponential with a Boltzmann function (Stevens, 1978): 

 

𝑟𝑟𝐶𝐶𝑟𝑟𝑒𝑒(𝑉𝑉) = 𝑟𝑟𝐶𝐶𝑟𝑟𝑒𝑒0𝑒𝑒
�𝑧𝑧𝑧𝑧𝑉𝑉𝑘𝑘𝐵𝐵𝑇𝑇

� 

Eq. 4.5 

 

where rate(V) is the rate at voltage = V, and rate0 is the estimated rate at 0 mV. 

 Data across different patches are presented as means ± SEM. The experimental 

data presented represent results from a total of 87 different patches. 

 

Allosteric Model Analysis 

 To analyze the mechanism underlying effects of LOP on the gating of BK 

channels, G-V curves in the presence of nominally 0 Ca2+ were fitted with a dual 

allosteric model (Horrigan & Aldrich, 2002): 

 

𝐿𝐿𝑜𝑜 =
𝐿𝐿(1 + 𝐾𝐾𝐶𝐶 + 𝐽𝐽𝐽𝐽 + 𝐽𝐽𝐾𝐾𝐶𝐶𝐽𝐽𝐽𝐽)4

𝐿𝐿(1 + 𝐾𝐾𝐶𝐶 + 𝐽𝐽𝐽𝐽 + 𝐽𝐽𝐾𝐾𝐶𝐶𝐽𝐽𝐽𝐽)4 + (1 + 𝐽𝐽 + 𝐾𝐾 + 𝐽𝐽𝐾𝐾𝐽𝐽)4
 

Eq. 4.6 

 

where J = J0exp(zJV/kBT), L = L0exp(-zLV/kBT), and K = [Ca2+]/KD. For these equations, J0 

represents the equilibrium constant for VSD movement at 0 mv with zJ as the effective 

valence, L0 is the closed-to-open PGD equilibrium constant with zL as the effective 

valence, and KD represents the dissociation constant for Ca2+ binding to the CSD. The 

allosteric coupling constants C, D, and E represent the interaction between the CSD and 
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PGD (K:L), VSD and PGD (J:L), and VSD and CSD (J:K), respectively, as illustrated in 

Scheme 4-1 (Horrigan & Aldrich, 2002; Horrigan et al., 1999a; Koval et al., 2007).  

To test whether LOP inhibition could be described as blockade of open channels, 

we incorporated open and closed states bound to LOP, and parameters to describe the 

LOP binding equilibrium (M), as well as allosteric coupling of binding to the C-O 

equilibrium (M:L). This scheme (Scheme 4-1) use the simplifying assumption that a 

single LOP molecule can bind to produce the maximal inhibitory effect. Scheme 4-1 is 

described quantitatively by the following equation: 

 

𝐿𝐿𝑜𝑜 =
𝐿𝐿

𝐿𝐿 + 𝐶𝐶 + 𝐿𝐿𝑂𝑂 + 𝐶𝐶𝑂𝑂
 

Eq. 4.7 

 

In Eq. 4.6,  𝐿𝐿 =  𝐿𝐿(1 + 𝐾𝐾𝐶𝐶 + 𝐽𝐽𝐽𝐽 + 𝐽𝐽𝐾𝐾𝐶𝐶𝐽𝐽𝐽𝐽)4, 𝐶𝐶 =  (1 + 𝐽𝐽 + 𝐾𝐾 + 𝐽𝐽𝐾𝐾𝐽𝐽)4,  𝐿𝐿𝑂𝑂 =

 𝑀𝑀𝑀𝑀𝐿𝐿(1 + 𝐾𝐾𝐶𝐶 + 𝐽𝐽𝐽𝐽 + 𝐽𝐽𝐾𝐾𝐶𝐶𝐽𝐽𝐽𝐽)4, and 𝐶𝐶𝑂𝑂 =  𝑀𝑀(1 + 𝐽𝐽 + 𝐾𝐾 + 𝐽𝐽𝐾𝐾𝐽𝐽)4. O represents the 

channel open state, C represents the channel closed state, OB represent the channel 

open, blocked state bound by loperamide, and CB represents the channel closed, 

blocked state bound by loperamide. M represents the equilibrium constant for LOP 

binding ([LOP]/KD), and H is the allosteric constant for interaction between LOP binding 

and the closed-open equilibrium (M:L). To test whether gating in the presence of LOP 

might not block conduction, but instead allosterically stabilize the closed states, we used 

Eq 4.8: 

 

𝐿𝐿𝑜𝑜 =
𝐿𝐿 + 𝐿𝐿𝑂𝑂

𝐿𝐿 + 𝐶𝐶 + 𝐿𝐿𝑂𝑂 + 𝐶𝐶𝑂𝑂
 

           Eq.4.8 
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Thus, OB contributes to channel opening, and inhibition might occur through values of H 

< 1, such that LOP binding drives the gating to favor the CB states. Equations were fitted 

using the GlobalFit module in IgorPro8, using weighting (WaveMetrics, Inc., Lake 

Oswego, OR). 

 To achieve parameter estimates that account for activity over wide ranges of P0 

and accurately reflect asymptotic minimum Po values, models were fitted using G-V data 

derived from tail current measurements for voltage >100 mV for the nominally 0 Ca2+ 

data set and voltage >-50 mV for 88 µM Ca2+ data set; these were combined with Po 

data for voltages <100 mV for the nominally 0 Ca2+ data set and voltages <-50 mV for 88 

µM Ca2+ data set. In addition, data points were weighted by the respective standard 

errors. Thus, the weighted χ2 is defined as: 

 

𝜒𝜒2 = ��
𝑦𝑦 − 𝑦𝑦𝑖𝑖
𝑤𝑤𝑖𝑖

�
2

𝑖𝑖

 

Eq. 4.9 

where y is a fitted value for a given data point, yi is the original data value for the data 

point and wi is the standard error for the data point. 

 

Results 

Using excised, inside-out membrane patches we recorded voltage-activated 

macroscopic BK currents over a range of LOP concentrations. At depolarized voltages 

with high (88 µM) Ca2+ and low (nominally 0) at the cytosolic face of the patch, addition 

of LOP at the cytosolic face inhibits BK current (Figure 4-1). BK channels fully recover 

normal activation when washed with 0.1% v/v DMSO.  With 88 µM Ca2+, where Ca2+-
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sensors are maximally activated, inhibition by LOP was delayed and manifested as a 

time-dependent decay which occurs after voltage-activation (Figure 4-2A). These initial 

observations of LOP inhibition are consistent with an open channel pore blocker, similar 

to tetraethylammonium (TEA) derivatives which bind at the mouth of the pore (Li & 

Aldrich, 2004; Wilkens & Aldrich, 2006). Although loperamide is often depicted as being 

electrically neutral, loperamide contains a piperidine ring that has an estimated pKa of 9 

to 11; thus it is likely that under the conditions of these experiments, loperamide has a 

valence of +1. 

We quantified the inhibitory effects of LOP on BK current by plotting normalized 

G-V relations fit with Boltzmann functions, as described in previous chapters (Figure 4-

2B, mean values ± SEM of Gmax, V1/2, and zδ in Table 4-1). Increasing LOP from 0 to 30 

µM most notably decreased the maximal normalized steady state current (Gmax) from 1.0 

to 0.0763 ± 0.008. These Gmax values were plotted as a function of LOP dose and fitted 

with a Hill equation to yield an IC50 of 1.1 ± 0.1 and Hill coefficient (nH) of 0.79 ± 0.06 

(Figure 4-2C). In contrast, the slopes of G-V relations did not show a clear LOP dose-

dependent change (Figure 4-2D, zδ = 1.83 ± 0.13 e0). 

To test if LOP inhibition was dependent on activation of BK CSD, we plotted G-V 

relations of BK channels in nominally 0 Ca2+. We observed that LOP inhibited maximal 

BK currents in the nominal absence of Ca2+, decreasing normalized Gmax to 0.138 ± 0.13 

with 30 µM LOP (Figure 4-3B, Table 4-2). In these conditions we calculated an IC50 of 

1.5 ± 0.5 µM, which was not significantly different from 1.1 ± 0.1 at 88 µM Ca2+  (t = 

0.814, p > 0.05). Thus, LOP appears to inhibit BK channels with a mechanism 

independent of CSD activation.  

Voltage activation of BK channels in nominally 0 Ca2+ occurs over a more 

depolarized voltage range, and with slower kinetics compared to 88 µM Ca2+ (compare 
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Figure 4-2B and Figure 4-3B). If access to the LOP binding site is restricted to an active 

conformation of the channel, we expect inhibition at 0 Ca2+ to occur with time-

dependence that correlates with slower voltage-activation kinetics. At 3 µM LOP, we did 

not observe a clear time-dependent decrease in current in nominally 0 Ca2+ as we did in 

88 µM Ca2+ (Figure 4-3A, compared to Figure 4-2A). Although inhibition does not 

appear to strictly depend on gated access to the PGD, gated access may not be a 

prerequisite for BK channel pore-blockers, as with C10-TEA and paxilline (Dong, Shi, 

Berke, Chen, & Jiang, 2005; Li & Aldrich, 2004; Zhou et al., 2020). Taken together these 

data suggest LOP inhibition may not require CSD activation, but likely depends on the 

voltage-activation pathway. 

 

Loperamide Inhibition of BK Current is Correlated with Voltage-activation 

 If voltage-activation is prerequisite to LOP inhibition, then we predict that LOP 

should preferentially inhibit BK channels at depolarized voltage but have little effect on 

gating at hyperpolarized voltages when the VSD is at rest. We tested this hypothesis by 

obtaining single-channel recordings from patches containing several BK channels in the 

presence of 0 and 30 µM LOP to assess the effects of LOP on single channel gating at 

very negative voltages. In the nominal absence of Ca2+, BK channels with 0 LOP gated 

with a mean open probability (Po) of 1.6 ± 0.1 x 10-6 (n = 7 patches) over voltages where 

the VSD is mostly at rest, ranging from -100 to -60 mV. With 30 µM LOP, the mean Po 

was 1.7 ± 0.2 x 10-6 (n = 7 patches) over the same voltage range. Therefore, BK channel 

opening was not affected by 30 µM LOP at these voltages (Figure 4-4B). We also did 

not observe an effect of LOP on BK channel unitary conductance at these voltages 

(Figure 4-4A). In contrast, we observed a strong inhibitory effect of 30 µM LOP at 

depolarized voltages. For example, Po at +60 mV was decreased with 30 µM LOP by  
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A 

Figure 4-1: Reversable inhibition of BK channels by loperamide. A, Molecular 
structure of loperamide. B, Normalized current amplitudes elicited by voltage steps 
to 120 mV (0 µM Ca2+, open circles) or 90 mV (88 µM Ca2+, filled circles) are plotted 
as a function of time; 30 µM LOP is applied at t = 5 sec and switched to 0 LOP at t = 
55 sec. 

B 

+ 
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3 μM loperamide 

     0 μM loperamide 

C D 

Figure 4-2. Effects of loperamide on BK channel gating in 88 µM Ca2+. A, 
Representative current traces in the presence of 88 µM Ca2+ with 0 (top) or 3 µM LOP 
(bottom). Vhold = -120 mV; Vstep = -120 mV to 70 mV, 10 mV increments, 75 ms; Vtail = 
-90 mV. B, Normalized conductance vs. voltage (G–V) relations from currents with 88 
µM Ca2+ and the indicated [LOP]. Solid lines represent fits with a Boltzmann equation 
(Eq. 2.3; parameters are presented in Table 4-1). E, Mean Gmax values vs. [LOP], 
determined from Boltzmann equation fits. Solid line represents fit with a Hill equation 
(Eq. 4.2): IC50 = 1.1 ± 0.1 μM, nH = 0.79 ± 0.06, (n = 5). D, Effective gating valence (zδ) 
vs. [LOP], determined from Boltzmann fits.  

B 
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3.7-fold (Po with 0 LOP +60 mV = 4.8 ± 0.1 x 10-4, n = 3; 30 µM LOP = 1.3 ± 0.6 x 10-4, n 

= 3), whereas the Po at +80 mV was decreased with 30 µM LOP by 3.5-fold (Po with 0 

LOP +80 mV = 1.9 ± 0.7 x 10-3, n = 5; 30 µM LOP = 5.4 ± 1.3 x 10-4, n = 5; Figure 4-4B). 

These data were reflected in the mean open times, decreasing by 30% from 0.46 ± 0.04 

ms to 0.32 ± 0.03 ms at +60 mV with 30 µM LOP (n0LOP = 5 patches, 2744 events; n30LOP 

= 5 patches, 7281 events, respectively), and decreasing 33% from 0.57 ± 0.08 ms to 

0.38 ± 0.008 ms at +80 mV with 30 µM LOP (n0LOP = 4 patches, 7144 events; n30LOP = 6 

patches, 8008 events; Figure 4-4C). 

 These data are consistent with LOP inhibiting BK channels through a mechanism 

driven by VSD activation, in which loperamide would act as an allosteric inhibitor by 

possibly immobilizing the VSD. However, it is possible that LOP is driven towards a 

blocking site in the PGD at positive voltages, and driven to unblock at negative voltages. 

To test this, we obtained single channel recordings with 88 µM Ca2+, where activation of 

the CSD shifts VSD activation to more negative voltages through a well-described 

allosteric mechanism (Horrigan & Aldrich, 2002). If negative voltages are driving LOP to 

dissociate from a blocking site in the pore, then LOP should show a reduced effect on 

BK channel activation at these negative voltages. 

 In the presence of 88 µM Ca2+, BK channels gated with Po of 0.0039 ± 0.0004 at 

voltages ranging from -130 to -160 mV at which the VSD are mainly at rest (Horrigan & 

Aldrich, 2002). At very hyperpolarized voltages, 30 µM LOP did not alter the Po 

compared to 0 LOP (Po = 0.0037 ± 0.0003, n = 3 patches; Figure 4-5A). However, at 

voltages ranging from -110 to -90 mV, 30 µM LOP decreased Po values by up to 2.7 fold 

(Po at -90 mV: 0 LOP = 0.0196 ± 0.001, n = 3 patches; 30 µM LOP = 0.00728 ± 0.0010, 

n = 3 patches; Figure 4-5B). Interestingly, the Po and mean open times are reduced by 

30 µM LOP to approximately the same level at -50 mV and +50 mV, voltages where the 



96 
 

  

Figure 4-3. Effects of loperamide on BK channel gating in 0 µM Ca2+. A, 
Representative current traces in the presence of nominally 0 Ca2+ with 0 (top) or 3 µM 
LOP (bottom). Vhold = 60 mV; Vstep = 60 mV to 300 mV, 10 mV increments, 15 ms; Vtail 
= 80 mV. B, G–V relations from currents with nominally 0 Ca2+ and the indicated [LOP]. 
Solid lines represent fits with a Boltzmann equation (Eq. 2.3; parameters and mean 
values are presented in Table 4-2). C, Mean Gmax values vs. [LOP], determined from 
Boltzmann equation fits. Solid line represents fit with a Hill equation (Eq. 4.2): IC50 = 
1.5 ± 0.5 µM, nH = 1.40 ± 0.30, (n = 5). 
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VSDs are mostly active (Figure 4-5C). Therefore, 30 µM LOP inhibits BK channels at 

negative voltages in high Ca2+ where VSDs are activated, but not negative voltages in 

low Ca2+ when VSDs are at rest. These data support a blocking or inhibition mechanism 

that is coupled to channel activation, but may be relatively weakly coupled to K+ efflux. 

This could be explained by a mechanism in which LOP binds outside of the K conduction 

pathway, or (alternatively) in the pore at a location distal to the selectivity filter, which 

would exhibit a weak intrinsic voltage-dependence.  

To further examine whether LOP inhibition of BK channels may be described by 

an open-channel blocking mechanism, we quantified the voltage-dependence of 

macroscopic current inhibition using an equilibrium blockade model (Woodhull, 1973). To 

do this, dose-response curves at individual voltages were fitted with a Hill equation to 

estimate the apparent KD (Kapp) at each voltage, and these Kapp values were fitted as a 

function of voltage with Eq. 4.4.   

Figure 4-6 shows G/Gmax data vs. [LOP], obtained with nominally 0 Ca2+, at 

voltages ranging from 160 to 300 mV that yielded maximal G/Gmax values ranging from 

0.38 to 1.0 (Table 4-3). Because this range of voltages represents primarily open BK 

channels with outward K+ currents, one might predict that if depolarization acted to drive 

LOP toward a blocking site in the pore, then one might observe a decrease in Kapp over 

the range of 160 to 300 mV, which could be attributed either to LOP being driven to a 

blocking site in the electric field, or to coupling of LOP movement with outward 

movement of K+, or a combination of both phenomena. The estimated Kapp values for 

these data ranged from 1.53 ± 0.62 to 2.03 ± 0.46 μM. Fitting these Kapp values as a 

function of voltage using Eq. 4.4 yielded a Kapp(0) of 1.3 ± 0.8 μM, and zδ of -0.03 ± 0.06 

e0 (Figure 4-6B). This estimate of zδ, which is not significantly different from 0 (p = 
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0.326), suggests that energetic interactions between LOP and the electric field and/or K+ 

efflux under these conditions are very weak.   

Because it is possible to shift the voltage-dependence of BK channel activation 

toward less depolarized voltages by increasing [Ca2+]i, we further tested the pore-

blocking hypothesis using the equilibrium blockade model with currents at 88 μM Ca2+. 

At voltages ranging from -10  to 70 mV, which yielded maximal G/Gmax values ranging 

from 0.80 to 1.0 with 0 LOP, the estimated Kapp values for these data ranged from 0.802 

± 0.13 to 1.36 ± 0.24 μM (Figure 4-6C, Table 4-3), Fitting Kapp vs. voltage with Eq. 4.4 

yielded a Kapp(0) of 1.2 ± 0.1 μM, and zδ of 0.15 ± 0.05 e0 (Figure 4-6D). In this case, zδ 

is small, but significantly different from 0 (p=0.0026), again consistent with relatively 

weak energetic interactions between LOP and the electric field and/or K+ efflux under 

these conditions. The observation that LOP inhibition is increased at depolarized 

voltages compared to negative voltages, but is only weakly coupled to K+ efflux, together 

argue that LOP may either act as an open channel blocker that binds at a shallow 

position in the pore, or that LOP may instead inhibit the channel by decoupling VSD 

activation from channel opening. 

 

Voltage-dependent Kinetics of Loperamide Inhibition 

 Since it is possible to observe time-dependent BK current inhibition at 88 µM 

Ca2+ at depolarized voltages, we can use the time constant of current decay observed   

to estimate the effective LOP on-rate and its possible voltage-dependence. We 

quantified the time course of current decay by fitting currents during a 50 mV pulse with 

single exponential functions (Figure 4-7A), and plotted the effective on-rates for LOP 

inhibition (1/τdecay) as a function of LOP concentration.  

 We observed effective on-rates increase linearly as a function of LOP over a 

concentration range from 0 to 30 µM, with a slope of 4.3 x 107 M-1s-1 (n = 4 patches) at 



100 
 

  

Figure 4-4. Inhibitory effect of loperamide depends on voltage-activation in 0 µM 
Ca2+. A, Representative single-channel recordings in nominally 0 Ca2+ with 0 or 30 μM 
LOP, at the indicated voltages. Open probability (Po) noted for each patch was 
determined by dividing NPo by the estimated number of channels in the patch (N = 23 
channels for this experiment; see Methods). B, Po-V and G-V relations for nominally 0 
Ca2+ 

(black) with 0 or 30 μM LOP (magenta), plotted together on semi-logarithmic 
coordinates. Po was measured from single-channel recordings at -100 through 100 mV. 
Solid lines show fits with a Boltzmann equation. C, Mean open times vs. voltage, 
determined from single-channel recordings in nominally 0 Ca2+ 
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Figure 4-5. Inhibitory effect of loperamide depends on voltage-activation in 88 
µM Ca2+. A, Representative single-channel recordings in 88 μM Ca2+ with 0 or 30 μM 
LOP, at the indicated voltages. (N=53 channels for this experiment). B, Po-V and G-V 
relations 88 μM Ca2+ with 0 (black), 10 (purple), or 30 μM LOP (magenta), plotted 
together on semi-logarithmic coordinates. Po was measured from single-channel 
recordings at -160 through -50 mV. Solid lines show fits with a Boltzmann equation. 
C, Mean open times vs. voltage, determined from single-channel recordings in 88 μM 
Ca2+. 
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 50 mV (Figure 4-7B). This estimated rate is at least an order of magnitude slower than 

the diffusion rate expected in aqueous solution (109 M-1s-1) (Smoluchowski, 1916), and is 

more consistent with a binding site which depends on LOP orientation, requires LOP to 

diffuse through the plasma membrane, or depends on a specific protein conformation. 

Based on our rate estimate and the estimated IC50
 value of approximately 1 µM at 50 

mV, we estimate the effective off-rate at this depolarized voltage to be relatively slow, 

approximately 43 s-1 (1 μM x 4.3 x 107 M-1s-1). To further test the voltage-dependence of 

LOP induced BK current decay, we also measured time constants of current decay at 

 +90 mV. These on-rates increased linearly with a similar slope of 5.8 x 107 ± 0.6 x 107 

M-1s-1 (n = 3 patches). Using the estimated on-rate at 50 mV, we estimate an effective 

valence for the LOP on-rate of 0.21 ± 0.11 e0 (Eq. 4.5), which is again consistent with 

voltage-dependent blockade. 

 Next, we estimated the rate of recovery from LOP inhibition using a two-pulse 

protocol. To do this, we drove channels toward the inhibited state in the presence of 

LOP by depolarizing channels to +90 mV; this was followed by steps to hyperpolarizing 

voltages for increasing time intervals to drive the channels towards the recovered state. 

We then depolarized to a second “test-pulse” to +90 mV (Figure 4-8A, B). Recovery 

was quantified by measuring the peak current in response to the test pulse as a fraction  

of the peak current following the conditioning pulse (i.e. maximum recovery). We plotted 

the measured fractional currents as a function of interpulse interval and fitted with a 

single exponential to estimate the time constant of recovery, and therefore the rate 

(1/τrecovery).  

 In the presence of 3 µM LOP, we estimated the rate of BK channel recovery from 

inhibition at -120 mV to be 471 ± 49 s-1 (n = 5 patches; Figure 4-8C, D). We also found 

that the rate of recovery was not [LOP]-dependent at concentrations up to 10 µM (533 ± 
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35 s-1, n = 5 patches, Figure 4-8C, D). We further observe that the LOP recovery rates 

at -120 mV are substantially slower than the rate of channel closing at this voltage, 

estimated from the time constants of tail currents at -120 mV (0 LOP τtail = 0.674 ± 0.050 

ms, n = 4; 3 µM LOP τtail = 0.710 ± 0.40 ms, n = 6; 10 µM LOP τtail = 0.680 ± 0.30 ms, n 

= 6; Figure 4-8C). These data are consistent with LOP inhibiting BK channels following 

channel activation, followed by a time- and voltage-dependent recovery primarily after 

channels are closed. 

  If recovery from LOP depends on channel deactivation, then we would expect to 

see slower recovery rates with interpulse voltages more positive than -120 mV. To test 

this, we replicated our double-pulse experiments adjusting the interpulse step to -80 mV. 

Indeed, in the presence of 3 µM LOP the recovery rate after stepping to an interpulse 

voltage of -80 mV was slower than recovery at -120 mV (242 ± 58 s-1, n = 4 patches; 

Figure 4-8C). We found this was also true in the presence of 10 µM LOP at -80 mV 

compared to -120 mV (296 ± 53 s-1, n = 5 patches; Figure 4-8C). Using these 

measurements, we estimate the effective valence of the LOP recovery rate to be -0.59 ± 

0.04 e0 and -0.47 ± 0.14 e0 for 3 µM and 10 µM LOP, respectively (Eq. 4.5; Figure 4-

8D). The voltage dependence of these rates are consistent with previous estimates of 

the effective valence for BK channel VSD deactivation (Horrigan & Aldrich, 2002; 

Horrigan et al., 1999a; Rothberg & Magleby, 2000). Together, our estimated effective 

on- and off-rates of LOP are consistent with LOP binding favoring the open/activated  

state of the channel, and dissociation occurring preferentially from closed/deactivated 

channels.  

 

Allosteric Model for Loperamide Inhibition 

 Using quantitative measurements of BK channel inhibition by LOP over a wide 

range of voltages, open probabilities, and LOP concentrations at both nominally 0 and 
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Figure 4-6. Analysis of loperamide inhibition by an equilibrium blockade model. 
A, G/Gmax vs. [LOP] at the indicated voltages, each at nominally 0 Ca2+. 
Superimposed curves show fits with a Hill equation (Eq. 4.3; fit parameters in Table 4-
3). B, Kapp values for the data in panel A plotted as a function of voltage (open symbols, 
corresponding to left axis), shown with G/Gmax vs. voltage at nominally 0 Ca2+ and 0 
LOP (red filled symbols, corresponding to right axis). Line superimposed on Kapp values 
shows fit using Eq 4.4, yielding a Kapp(0) of 1.3 ± 0.8 μM, and zδ of -0.03 ± 0.06 e0 C, 
G/Gmax vs. [LOP] at 88 μM Ca2+. Superimposed curves show fits with a Hill equation 
(fit parameters in Table 4-3). D, Kapp values for the data in panel C (open symbols, 
corresponding to left axis), shown with G/Gmax vs. voltage at 88 μM Ca2+ and 0 LOP 
(red filled symbols, corresponding to right axis). Line superimposed on Kapp vs. voltage 
shows fit with Eq 4.4 (Kapp(0) = 1.2 ± 0.1 μM,; zδ = 0.15 ± 0.05 e0. 
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Figure 4-7. Kinetics of loperamide inhibition. A, Representative BK currents in 
response to a voltage step to 50 mV, with the indicated [LOP] (Vhold= -90mV; Cai

2+ 
= 88 

µM). Increasing [LOP] leads to faster decay of the current after depolarization. B, Effect 
rate of inhibition (1/τdecay) vs. [LOP], estimated from currents at 50 and 90 mV, as 
indicated, from single exponential fits. The superimposed regression lines yielded 
slopes of 4.3 ± 0.4 x 107 M-1s-1 at 50 mV (n = 4), and 5.8

 
± 0.6 x 107 

M-1s-1 at 90 mV (n 
= 3).  
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Figure 4-8. Kinetics of loperamide recovery. A, B Representative currents from a 
double-pulse experiment in 0 (upper left) and 3 µM LOP (lower left); Vcond = 90 mV, 50 
ms; Vrecov = -120 mV, 0.1 to 9 ms, 0.3 ms increment; Vtest = 90 mV. Expanded views of 
boxed sections are shown to the right. C, Peak test current amplitude, expressed as a 
fraction of the peak conditioning current amplitude, vs. Vrecov duration. Data are plotted 
for Vrecov = -120 mV with 3 μM (filled squares, n=7) and 10 μM LOP (open squares, 
n=5), and -80 mV with 3 μM (filled circles, n=5) and 10 µM LOP (open circles, n=5). 
Curves show single exponential fits, yielding τrecovery of:  2.04 ms (-120 mV, 3 μM LOP); 
2.11 ms (-120 mV, 10 μM LOP); 3.87 ms (-80 mV, 3 μM LOP); 4.14 ms (-80 mV, 10 
μM LOP). D, Mean effective recovery rates (1/τrecovery) vs. Vrecov, plotted on semi-
logarithmic coordinates. Lines represent fits of these data points with Eq. 4.5, with 
rate0= 51.3 s-1,  zδ = -0.48 e0, 3 µM LOP; rate0= 91.1 s-1,  zδ = -0.37 e0, 10 µM LOP. 
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88 µM Ca2+, we sought to develop an allosteric model that can account for the observed 

effects of LOP on BK channel activity.  

 We developed a general scheme which describes LOP inhibition in the absence 

of Ca2+ based on a fifty-state, dual allosteric model (Table 4-4: Scheme 1; see: 

Methods) (Horrigan & Aldrich, 2002; Rockman et al., 2020). Looking to Scheme 4-1, in 

the absence of LOP and with no Ca2+ ions bound, channels would gate primarily among 

five closed (C) and five open (O) states in conformations with either 0, 1, 2, 3, or 4 VSDs 

activated. At each of these conformations a LOP molecule can bind, giving rise to ten 

additional LOP-bound states (five additional C and five addition O). The transition from 

each LOP-free state to its LOP-bound state is described by the equilibrium constant M. 

Allosteric factor H describes the preference for LOP to bind O versus C states when H > 

1. In turn, each of the ten LOP-free and ten LOP-bound states can exist with 0, 1, 2, 3, 

or 4 Ca-sensors activated, giving rise to a total of 100 kinetic states. Although this may 

sound complex, these parameters relate to channel activity as described by Eq 4.6, with 

only nine free parameters to describe activity over a 450 mV range of voltages, and Po 

ranging over seven orders of magnitude. 

Scheme 1 thus enabled quantitative testing of the hypotheses of whether LOP 

binds preferentially to open vs. closed states of the channel, and whether LOP might be 

trapped within the channel (and cannot dissociate from closed channels). In this context, 

it was also possible to distinguish between the hypotheses that LOP binds in the pore to 

block K+ conduction (Eq. 4.7), vs. LOP binding to at a locus outside of the pore, to 

energetically favor the closed states (Eq 4.8). 

 The parameters in Scheme 1 were constrained by pooled experimental G-V and 

Po-V data at six different [LOP] of 0, 0.1, 0.3, 1, 3, 10, and 30 μM, using global 

(simultaneous) fitting. We initially tested three hypotheses by partially constraining 

parameters. First, we tested whether LOP can block by binding either to open or closed 
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states (“O=C”), and whether LOP blocks by binding preferentially to open states (“O>C”).  

Finally, we tested whether LOP inhibits channels by preferentially driving the gating 

toward closed states. Because some parameters in the model were not tightly 

constrained by the experimental data, it was necessary to assume the value of the Ca2+ 

affinity constant (1/K) to be 20 μM, and we set an upper limit of 43 for the voltage sensor  

coupling constant (D) (Horrigan & Aldrich, 2002; Horrigan et al., 1999a, 1999b; Rockman 

et al., 2020; Rothberg & Magleby, 1999; Wang et al., 2006). 

 We observed that in a model with the assumption that LOP shows no preference 

for the open vs. closed states, it is possible to nearly recapitulate the effect of LOP on 

channel activity at depolarized voltages (Figure 4-9A), although at very negative 

voltages, channels exhibit decreased open probabilities in the presence of LOP (Figure 

4-9B), which is clearly inconsistent with the experimental data (χ2 = 2213.8). 

In contrast. in the model in which LOP binding was allosterically coupled to the 

open-closed transition, effectively able to energetically stabilize either the closed or open 

state, then the gating is best described by relative stabilization of the open state. This 

model now describes the gating over a wide range of voltages and [LOP] at both 

nominally 0 and 88 μM Ca, including gating at very negative voltages with low open 

probabilities (Figure 4-9C and D; χ2 = 602.5). In this model, the parameter H, describing 

the coupling between LOP binding and channel opening, yields a 45-fold higher affinity 

of LOP for the open state of the channel. Thus in the context of this model, LOP binds 

the closed states with an apparent affinity of around 59 μM, and binds to the open states 

with an affinity of around 1.3 μM. In terms of gating energetics, this corresponds to a 

stabilization of the open state in the presence of LOP by approximately 2.2 kcal/mole 

(RTxln(45)). 
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Table 4-4: Scheme 1. Model of BK channel blockade by loperamide. BK channels 
gate among closed (C) and open (O) states, described by the equilibrium constant L. 
Loperamide binds to and blocks conduction through the channels (OB, CB) in a 
concentration-dependent manner, described by equilibrium constant M; preference for 
O vs. C states is proportional to the coupling constant H. Gating between O and C 
states is modulated by activation of four voltage-sensors (R->A)4 and four Ca-sensors 
(X-> XCa)4, according to the coupling constants D and C; voltage-sensor and Ca-sensor 
activation are also directly coupled to one another according to the coupling constant 
E. Channel activity over a wide range of activity, blockade by LOP, are described by 
this scheme according to Eq. 4-6 and 4-7 (see Methods). 

Scheme 1 
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Figure 4-9. Quantitative description of BK channel blockade by loperamide. 
A, G–V and Po-V relations from currents with nominally 0 Ca2+ (filled symbols) and 
88 μM Ca2+ (open symbols) at the indicated [LOP]. B, G–V and Po-V relations from 
panel A plotted on semilogarithmic coordinates to emphasize channel activitiy at 
low Po. Solid lines in panels A-B represent fits using Scheme 1 in which LOP binds 
and blocks with equal affinity in the open or closed states. C, D, G–V and Po-V 
relations, with solid lines showing fits using Scheme 1, in which LOP blockade 
energetically favors the open state. E, F, G–V and Po-V relations, with solid lines 
showing fits using Eq. 4.8, in which LOP binding does not block conduction, but 
instead drives gating toward the closed state. 
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Finally, the scheme that assumes LOP is an allosteric inhibitor, and not a pore-

blocker, yields predictions that are inconsistent with the experimental data in terms of the 

predicted effects of LOP on channel activity over a wide range of voltages (Figure 4-9E 

and F; χ2 = 6761.7). 

 

Discussion 

 Loperamide is a widely used medication that is a potent µ-opioid receptor 

agonist. Peripheral and psychoactive effects of loperamide are limited due to rapid 

metabolism by the cytochrome system and low systemic absorption due to the actions of 

PGP (Sadeque et al., 2000). However, many other common drugs, including antibiotics 

(e.g. clarithromycin) and proton-pump inhibitors (e.g. omeprazole) inhibit the cytochrome 

system or PGP action (Hughes & Crowe, 2010; Klein et al., 2016; Ko, Sukhova, 

Thacker, Chen, & Flockhart, 1997; Ollier et al., 2015). The combination of loperamide 

with these drugs, or increasing loperamide intake intentionally, can lead to increased 

levels of loperamide in the blood and CNS, causing dangerous side-effects such as 

cardiac arrhythmia and respiratory depression (Miller et al., 2017; Vakkalanka et al., 

2017). Mean serum concentrations of loperamide in cases of overdose were reportedly 

as high as 270 ng/mL (or roughly 0.6 µM), a concentration which likely leads to effects 

on CNS opioid receptors (Bishop-Freeman et al., 2016). In contrast, concentrations of 

loperamide in the intestinal lumen may reach 5 – 10 μM ((0.004 g / 477 g/mol) / 1 L), 

which is well within the range to produce blockade of BK channels. If this is the case, 

then loperamide may further protect against the effects of diarrhea by limiting excess K+ 

loss. A better understanding of loperamide action may inform a more complete picture of 

its physiological effects. 

Our results suggest that LOP inhibits BK channels through a mechanism similar 

to that of an open-channel or “use-dependent” blocker. Our observations of LOP 
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inhibition mimic that of bulky, hydrophobic pore blockers of BK channels, such as bbTBA 

(Wilkens and Aldrich, 2006). Interestingly, we have observed that the apparent LOP 

affinity does not increase at nominally 0 Ca2+ with very depolarized voltages (up to +300 

mV) at which K+ efflux is high (Figure 4-2), as might be expected for a pore-blocker, 

such as bbTBA (Wilkens & Aldrich, 2006). However, at 88 µM Ca2+, the channel exhibits 

both voltage-dependent inhibition and recovery rates. The valence of the effective on-

rate at depolarized voltages where channels are open is 0.2 e0, consistent with a 

blocking site in the cavity of the channel that may block the K+ permeation pathway, but 

likely not within the selectivity filter. The valence of the recovery rate, -0.5 e0, is 

approximately the valence of BK channel deactivation, consistent with the idea that LOP 

dissociation is linked to channel deactivation (Figure 4-8).  

Finally, allosteric parameters estimated by an open-channel block model using 

our experimental measurements of BK channel activity over a wide range of conditions 

are more consistent with the effects of LOP than a mechanism where LOP preferentially 

drives channels to a closed state (Figure 4-9).  

 

Limitations of the Model 

While Scheme 1 captures the major features of LOP blockade, it does not 

capture all features. For example, with high Ca2+, the model predicts less blockade than 

what is observed with lower [LOP], specifically 0.1 and 0.3 μM, whereas it overpredicts 

the level of blockade with 30 μM LOP. It is important to acknowledge that there may be 

other factors that affect loperamide blockade that are not incorporated into the model. 

The voltage-dependence of the LOP blockade in the context of the scheme is derived 

entirely from the voltage-dependence of channel gating, so it is possible that an 

additional model parameter to account for intrinsic voltage-dependence of the LOP 

molecule may improve the prediction of the scheme. In addition, we observe that the 
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voltage-dependence of Kapp is different in nominally 0 and 88 μM Ca2+ (Figure 4-6), and 

accounting for this difference would likely require additional model parameters. 

In the allosteric model, Ca2+-dependence is accounted for by a single Ca2+ 

binding site, however it is now well known that BK channels contain two high affinity 

Ca2+-binding sites, as discussed in Chapter 1. Thus, our allosteric model is a 

simplification of the true Ca2+-dependent gating mechanism of BK channels. However, 

using a more complex model to account for additional Ca2+-bound states would require 

increasing the number of parameters, which may not be well constrained by our 

experimental data. Thus, this model should be considered a working hypothesis, and 

additional parameters to account for voltage-dependence and discrepancies in blocker 

affinity may be necessary in further iterations.  

 

Conclusions 

Because LOP appears to act as a use-dependent, open channel blocker, it is 

possible to that LOP represents a new line of BK channel inhibitors which could be used 

to specifically target gain-of-function channelopathies. In the future, structural biophysics 

and medicinal chemistry will be critical to uncover the structure-activity relationship of 

loperamide in terms of BK channel inhibition and specificity.  
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CHAPTER 5 

DISCUSSION 

 

Summary 

 BK channels are gated by structurally-distinct, modular domains, and my work 

has focused on understanding how features of these domains control channel gating, 

and how gating might also be modulated by pharmacological blockers of the channel. I 

have found that residue N449, which forms an apparent intersubunit interaction between 

the RCK1 and the Ca2+ bowl, is critical for high affinity Ca2+-dependent oligomerization of 

the gating ring in solution, and is a determinant of BK channel gating (Chapter 2). 

Mutant BK channels where the N449 sidechain is altered by mutation to Ala retained 

Ca2+ sensitivity, but G-V relations were shifted to more depolarized voltages. These 

results are consistent with the idea that N449 is a determinant of open-closed 

equilibrium in both Ca2+ free and Ca2+ bound states, and interactions between N449 and 

the Ca2+ bowl likely underlie stabilization of the open state of the channel.  

 Structurally distinct and functionally important features such as the intersubunit 

interface formed by N449 may be exploited as druggable targets for selective BK 

channel gating modifiers. I have presented a high-throughput screening approach 

suitable for the discovery of novel BKα inhibitors and activators and BKαγ1 inhibitors 

(Chapter 3), with the goal of discovering novel drugs. False positives within my initial 

screen of potential activators were efficiently detected by secondary screening against 

wild-type HEK-293T cells lacking overexpression of BK channels. I confirmed the BK-

channel modulating properties of compounds identified in in our screens by direct 

measurement of channel activity through patch clamp electrophysiology. Together, my 

drug screening approach detected novel BK channel activators from a relatively small 

screen of 1,280 compounds, and using the presented methods using an expanded 
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library of up to 100,000 small molecules may be useful in the determination of other 

novel BK channel gating modifiers. 

I have focused on determining the molecular basis of BK channel inhibition by 

loperamide, a µ-opioid agonist, which was among the most potent novel inhibitors of BK 

channel activity identified in my screens. To characterize the molecular mechanism of 

BK channel inhibition by loperamide I used patch clamp electrophysiology in concert with 

an allosteric modeling approach (Chapter 4). Loperamide inhibition does not appear to 

depend on calcium sensor activation, whereas BK channel currents were inhibited at 

depolarized voltages, but not at very negative voltages at which voltage-sensors are at 

rest. Loperamide inhibition is weakly voltage-dependent, suggesting that it may act in the 

pore at a site distal to the selectivity filter. My experimental observations of loperamide 

inhibition were described by an allosteric model in which loperamide preferentially binds 

to open channels and readily dissociates from closed channels.  

This is consistent with molecular mechanisms found for other pore-blockers of 

BK channels, such as the quaternary ammonium derivatives bbTBA and C10-TEA, 

except that loperamide appears to show a much stronger open-state preference than 

these other molecules. The selective BK channel blocker, paxilline, also binds tightly in 

the BK channel pore, but shows an opposite state-preference, energetically favoring the 

closed state. Loperamide represents a distinct mechanism in a new chemical class of 

BK channel inhibitors. 

Together, these data provide a framework for the identification and 

characterization of novel BK channel gating modifiers for the development of BK channel 

therapeutics and study of BK channel structure and function. 
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Complementary In Silico Approaches in Drug Discovery 

In silico computational methods are well suited to complement these findings for 

further investigation. An important question remaining is the location of the loperamide 

receptor site. While our data suggest loperamide binding is within the pore, the key 

residues that underlie coordination of loperamide are not yet known. Location of the 

loperamide receptor site would be useful in understanding its role in BK channel gating 

inhibition. 

One useful method for ligand receptor determination is in silico docking, where 

compounds can be positioned in different “poses” at various potential sites within the 

atomic structure of the BK channel. Interactions between the protein and molecule at 

each pose and each site are then scored for potential binding interactions, facilitating 

identification of the receptor site by narrowing down sites of interest for mutational and 

functional work or molecular dynamics simulation (Jorgensen, 2004; Kitchen, Decornez, 

Furr, & Bajorath, 2004; Stahl, 2000; Taylor, Jewsbury, & Essex, 2002). Docking was 

recently used with success in the discovery of the paxilline binding site within the BK 

channel pore cavity (Zhou et al., 2010, 2020).  

Once a binding site is mapped, molecular dynamics (MD) simulations, which 

simulate interactions of a biological system over time by treating each component 

(solvent, protein, ligands) as flexible, can be performed to investigate energetic 

contribution to ligand binding by specific residues (Salmaso & Moro, 2018). In fact, 

depending on available time and computational resources, MD can be used to simulate 

atomic trajectories hundreds of microseconds in duration, to investigate mechanisms 

such as ligand binding and unbinding, or protein conformational changes (Song et al., 

2018). Thus, in silico analysis may be useful in fully understanding specific residues 

which coordinate loperamide blockade of the channel pore. 
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Computational approaches can also be used in initial high-throughput 

identification of novel BK channel modifiers (Jorgensen, 2004; Lyu et al., 2019). Once a 

functionally relevant receptor site is identified through structural or functional work, high-

throughput in silico docking using ultra-large libraries containing tens of millions of 

compounds can be used to identify molecules which “fit” into the site of interest (Kitchen 

et al., 2004). This was recently accomplished for TRPV5, a highly selective Ca2+ channel 

of the kidney (Na & Peng, 2014), where researchers identified novel gating modifiers 

based on atomic structures of the PI(4,5)P2 binding site (Hughes et al., 2019). As with 

parallel cell-based screens, identified “hits” can be confirmed by secondary functional 

measurements through patch clamp electrophysiology. Reports of success through high-

throughput docking have not been publicly reported for BK channels, however using 

these approaches to target structurally distinct and functionally important sites such as 

the intersubunit interface formed by N449 may prove successful in the identification of 

potent and selective gating modifiers. Based on my results from Chapter 2, a selective 

inhibitor could function by binding within the subunit interface to neutralize charges 

around N449 and the Ca2+ bowl, while a charged molecule at the interface may facilitate 

the intersubunit interaction and thus channel activation.  

Once gating modifiers are identified, they can be used in subsequent in silico 

analysis to identify other novel active compounds. This is achieved through “fingerprint” 

analysis, where core chemical properties of known gating modifiers (e.g. position of 

charged or hydrophobic groups, globularity, overall polarity) can be used as a template 

to screen for additional molecules which share chemical features (Finn & Morris, 2013; 

Jorgensen, 2004; Willett, Barnard, & Downs, 1998). This type of analysis can also be 

used to tweak chemical groups of known modifiers to optimize potency and selectivity of 

known modifiers (Jorgensen, 2004). Thus, identification of novel BK channel gating 

modifiers such as loperamide can enable the discovery of similar blocking compounds. 
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Taken together, in silico methods can be used to complement biophysical 

strategies in drug discovery for a more complete approach to the identification and 

optimization of novel therapeutics. 

  

Possible Outcomes of Colonic BK Channel Blockade by Loperamide 

 I have discussed previously that with normal therapeutic doses in humans, 

loperamide is largely retained within the intestinal lumen (Miller et al., 2017; Sadeque et 

al., 2000), thus neurological and cardiovascular effects are limited to cases of intentional 

overdose, or ingestion of loperamide in combination with an inhibitor of PGP (Klein et al., 

2016; Miller et al., 2017; Vakkalanka et al., 2017). 

BK channels co-assembled with γ1 subunits (BKαγ1 channels) are known to be 

expressed in secretory epithelial cells of the colon and small intestine, where therapeutic 

doses of loperamide may inhibit these channels (Linley et al., 2014; Sandle & Hunter, 

2009; Sausbier et al., 2006; Yang et al., 2017) (Chapter 4). These BKαγ1 channels are 

active at physiological membrane potentials and are thought to be the primary mediators 

of K+ secretion within the colon (Gonzalez-Perez et al., 2014; Sandle & Hunter, 2009; 

Sausbier et al., 2006). Absorption of Na+ in the colon is critical for water reabsorption, 

and must be electrically driven by concurrent Cl- import and K+ efflux. (Giller & Phillips, 

1972; Hawker, Mashiter, & Turnberg, 1978), and K+ efflux in colonic cells is abrogated in 

global BK knockout mice (Sausbier et al., 2006). Moreover, BK channel protein and 

mRNA transcripts (evaluated by Western blot and RT-PCR, respectively) are both 

upregulated in colonic crypt cells from human patients with ulcerative colitis (Sandle et 

al., 2007). Thus, BK channels may play a role in increased K+ secretion and 

hypokalemia following secretory diarrhea caused by illness or enteric infection. 

(Lauritsen, Lauresen, Bukhave, & Rask-Madsen, 1988; Sandle, McNicholas, & Lomax, 
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1994; Speelman, Butler, Kabir, Ali, & Banwell, 1986). It is possible that in addition to µ-

opioid mediated inhibition of peristalsis, loperamide may act to reduces K+ loss in cases 

of secretory diarrhea by blocking K+ efflux through BK channels. 

  

Concluding Remarks 

 BK channels are highly modular proteins which contain unique structural 

elements and a diverse pharmacology. The therapeutic potential of BK channel-targeting 

drugs as well as evidence for subunit-specific gating modifiers argues that efforts to 

identify and develop BK channel therapeutics are promising and should be explored in 

future work. As a contribution towards achieving this goal, this work has added to the 

current knowledge of BK channel gating and pharmacology through the discovery of a 

molecular determinant of the Ca2+ binding site the modulates channel activation in the 

absence of Ca2+, optimizing a high-throughput screening that successfully identified a 

novel BK channel inhibitor, loperamide, which was determined to behave as an open 

channel blocker and likely binds within the wide cavity of the BK channel pore to stabilize 

the open, blocked state. 
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