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ABSTRACT OF THE THESIS

Voltage- and Calcium-Activated Potassium Channel Voltage Sensor Remodeling

by Modulatory Beta Subunits and Heme

Saemi Park
Master of Science in Physiological Sciences
University of California, Los Angeles, 2014
Professor Alan Grinnell, Co-Chair

Professor Riccardo Olcese, Co-Chair

Large-conductance voltage- and Ca’"-activated K channels (BK) have a broad distribution of
expression in mammalian cells. BK channels are activated by the membrane depolarization and
elevation of intracellular free calcium. When the channel is activated, it allows an increase in
potassium permeability, which hyperpolarizes the membrane electrical potential, suppressing
cellular excitability. This membrane hyperpolarization decreases the activity of voltage-gated
channels, including Ca®" channels: the latter confers a significant role of BK channels in the

internal calcium homeostasis. BK channels are involved in various fundamental physiological
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processes including the control of blood pressure and neuronal excitability. The BK channel is a
homotetramer consisting of four pore-forming alpha subunits, which encode for seven
membrane-spanning domains (S0-S6) and two large intracellular domains, RCK1 and RCK2.
S0-S4 segments are known as the voltage sensing domain (VSD); S5 and S6 form the pore
region and are involved in ion selectivity, while the RCK domains assemble into the ligand-
sensing Gating Ring superstructure. In different tissues, the activity of BK alpha subunits is
tuned by their association with modulatory beta subunits, betal-4. The first project investigated
the voltage-dependent structural rearrangements of the human BK channel in the presence of
betal subunit. The data showed that the association of beta 1 remodeled the VSD movements. It
is postulated that the association with betal destabilizes the active conformation of the voltage
sensor in the absence of Ca", thus producing an overall right shift in its voltage dependence. BK
channels are also modulated by small cytosolic ligands such as heme. The RCK1-RCK2 linker
possesses a conserved heme regulation motif (HRM) and exhibited structural homology to
cytochrome C (CytC), a hemoprotein. In particular, BK Methionine-691 aligned with M80 of the
CytC, the second axial ligand (outside the HRM) to the heme iron. The goal of the second project
aimed to understand the role of M691 in the BK regulation by heme. The mutation M691A
dramatically diminished the inhibition of BK channel opening by heme (100 nM) compared with

the wild-type BK, suggesting that M691 is critical for heme binding.
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CHAPTER 1: INTRODUCTION

Ion Channels

Ion channels are transmembrane proteins that serve as macromolecular pores to permit the flux
of ions (Hille, 2001). Pores of most ion channel proteins across the membrane of animal cells are
narrow and highly selective (Alberts et al., 2002). Ion channels have an efficient ion transport
rate, 10° times faster than the maximum rate of transport of the any carrier protein (Alberts ef al.,
2002). Because ion channels do not use an energy source to transport actively, the mediated
transport is down electrochemical gradients (Alberts e al., 2002). Inorganic ions such as Na',
K", Ca®", or CI diffuse through ion channels across the lipid bilayer membrane (Alberts ef al.,
2002). In various cells, the mediation of ion fluxes via channels contributes to fundamental
functions (Alberts ef al., 2002), which include setting the resting membrane potential, shaping
electrical signals, regulating the movement of messenger Ca>", and modulating the net ion flux

across the epithelial cells of secretory tissues (Hille, 2001).

Ion channels can open and close in response to different stimuli (Hille, 2001). To be specific,
different stimuli that can promote channel opening include changes in membrane potential,
temperature, mechanical stress, and ligand binding (Cui ef al., 2009; Hou et al., 2009; Latorre et
al., 2010; Lee & Cui, 2010). The major types of ion channels based on their activation
mechanism are voltage- and ligand-gated channels (Hille, 1992). Voltage-gated ion channels
open and close by sensing changes in the membrane potential with voltage sensor domains
(Bezanilla, 2008; Swartz, 2008). In most cases, two states of voltage sensors include resting and
active states in order to operate the opening of the channel (Swartz, 2008). Voltage-gated ion

channels have low channel open probability when the voltage sensors are in the resting state;



membrane depolarization can promote voltage sensor activation and in turn increase the channel
open probability (Lehmann-Horn & Jurkat-Rott, 1999). The mechanism of voltage sensing is

discussed in the later section.

Ligand-gated ion channels conduct ions across cell membranes in response to extracellular
neurotransmitters including acetylcholine, glutamate, glycine, or gamma-aminobutyric acid
(Hille, 1992; Swartz, 2008). Also, binding of intracellular mediators such as ions or nucleotides
can cause the channel to open by inducing a conformational change of the channel (Alberts et al.,
2002). For example, the increased concentration of cyclic guanosine monophosphate (cGMP) in
darkness promotes the open state of channels in the rod plasma membrane to allow the flux of
cations such as Na” and Ca®" (Fain, 2011). Also, the binding of intracellular Ca activates BK

channels (Wei et al., 1994).

Ion Selectivity and Gating

Two critical properties of ion channels include ion selectivity and gating. The channel contains
the narrowest part of the passage called the selectivity filter, which limits passage for the
permeating ions with associated water molecules. Therefore, a high concentration of ions
increases the ion flux through the channel but only up to the maximum rate. As one of the
properties of ion channels, gating of the channels separates them from any simple aqueous pores.
Ion channels fluctuate between open and closed states in response to certain stimuli, discussed in
the previous section. The prolonged stimulation by depolarization or ligand binding promotes
some ion channels to enter non-conducting inactive or desensitized states, respectively, which

makes them resistant to channel opening (Alberts ef al., 2002).



The BK Channel

Large-conductance voltage- and Ca”"-activated K™ channels (BK) are unique in that they are
gated by both voltage and ligands, and they have a broad distribution in mammalian cells (Hoshi
et al., 2013; Latorre & Brauchi, 2006; Latorre et al., 2010). BK channels are activated by
membrane depolarization and elevation of intracellular free calcium concentration ([Ca®']y),
conferring a significant role in the regulation of membrane excitability and internal calcium
homeostasis (Shipston, 2013). Because of their exquisite Ca sensitivity, Yazejian et al. (2000)
showed that endogenous BK channels can be used to measure the dynamics of intracellular Ca®"
changes at active zones of the Xenopus nerve terminal during synaptic activity. BK channels are
involved in various basic physiological processes including the control of blood flow and
neuronal excitability (Shipston, 2013). For instance, in vascular smooth muscle, BK channel
activation by membrane depolarization and [Ca®]; elevation leads to K efflux and thus induces
membrane hyperpolarization, which in turn deactivates voltage-gated Ca®" channels (Ledoux et
al., 2006). Thus, intracellular calcium concentration decreases and the muscle relaxes. Therefore,
BK channels play an important role in setting vascular tone (Ledoux et al., 2006). Also, BK
channels are involved in the regulation of the circadian rhythm (Meredith et al., 2006). In the
suprachiasmatic nucleus (SCN), BK channels play a major role in repolarization of the
membrane after an action potential (Colwell, 2011). In order to have day and night difference in
the circadian rhythm of the SCN neurons, K conductance is inactive during the day and active at
night (Kuhlman and McMahon, 2004; Kuhlman and McMahon, 2006). Although it is not clear
what mechanism is driving the day and night difference in circadian rhythms of SCN neurons to

date, recent work has shown that BK channels are partially responsible for silencing electrical



activity at night by hyperpolarizing the cell membrane (Montgomery & Meredith, 2012;
Montgomery et al., 2013). Dysfunction of BK channels may lead to numerous
pathophysiological conditions, including hypertension (Grimm & Sansom, 2010), asthma

(Seibold et al., 2008), epilepsy and dyskinesia (Du et al., 2005).

BK Channel Membrane Topology and Structure

The BK channel pore-forming alpha subunit contains seven membrane-spanning domains (SO-
S6) as shown in Figure 1A (Meera et al., 1997; Wallner et al., 1996). S1-S6 segments are
homologous to regions of proteins of the voltage-gated potassium channel (Ky) family, but BK
channels in particular have an additional unique transmembrane helix (S0), which brings the N-
terminus extracellular (Wallner ef al., 1996). S0-S4 segments are known as the voltage sensing
domain (VSD) while S5 and S6 form the pore region and are involved in ion selectivity (Latorre
& Brauchi, 2006). The transmembrane region is only about a third of the entire amino-acid
residues and the rest is the cytoplasmembrane domain (C-terminus) (Hoshi ef al., 2013). This
cytoplasmic C-terminal domain consists of two regulators of conductance for K* (RCKI and
RCK2) (Hoshi et al., 2013). The transmembrane segment S6 and RCK1 are linked by a short
stretch of amino-acids (~20 residues), and a long loop (~ 100 residues) connects RCK1 and
RCK2 (Hoshi et al., 2013). The BK C terminus encompasses two Ca’" sensors with micromolar
affinity: one in RCK1 (Xia et al., 2002;Yusifov et al., 2010) and one in RCK2 (Yusifov et al.,
2008), known as the “Ca bowl” (Schreiber & Salkoft, 1997). A large cytoplasmic structure, the
“Gating Ring” (GR) (Fig 1B), is formed by the assembly of four pairs of RCK1-RCK2 domains
in the homotetrameric BK channel (Leonetti et al., 2012; Yuan et al., 2010; Wu et al., 2010) and

is responsible for transducing ligand sensitivity to the pore (Javaherian ef al., 2011; Savalli et al.,



2012; Miranda et al., 2013; Budelli et al., 2013). The functional interactions between the
transmembrane and Gating Ring domains are allowed because of their close proximity (Yang et

al., 2008) although the exact distance is not known yet.

The Voltage-Sensing Domain

The plasma membrane of cells separates the cytoplasm from the external medium. Different
ionic species keep their concentration in equilibrium across the bilayer depending on their
electrochemical gradient (Bezanilla, 2008; Swartz, 2008). Due to the distribution of these ionic
species, different charges exist across the membrane, which is converted to a membrane potential
between ~-40mV and ~—100 mV (negative inside the cell). The membrane potential can vary
based on the cell type and the cell cycle phase. In response to changes in the membrane potential,
an electric charge or an electric dipole can be re-adjusted in a different way within a
transmembrane protein, causing a protein conformational change that may control its function
(Bezanilla, 2008). A measurable transient/gating current is increased by the movement of the
charge or dipole (Armstrong & Bezanilla, 1973). There are different mechanisms to sensing the
electric field in proteins (Fig 2). The possible candidates are charged amino acids such as Asp,
Glu, Arg, Lys and His because of their ability to orient in the field and traverse it (Fig 2A). On
the other hand, the voltage can be sensed by amino acid side chains with an intrinsic dipole
moment such as Tyr (Fig 2B). As another alternative, the a-helix with its intrinsic dipole moment
constitutes a possible voltage-sensing structure (Fig 2C). Also, free ions can associate in the
cavities of proteins. The protein changes its conformation as a result of the movement of the free

ions promoted by changes in an electric field (Fig 2D) (Bezanilla, 2008).



The voltage-sensing domain (VSD) is formed by the conserved S1-S4 transmembrane segments
of voltage-activated ion channels. The fourth membrane-spanning segment, S4, is notable as it
contains several positively charged residues (Arg or Lys) (Noda et al., 1986; Tempel et al.,
1987). Charged residues may also be carried in S1-S3 segments. Despite the original thought
that only voltage-activated ion channels contain S1-S4 voltage-sensing domains, it has been
shown that a VSD contributes to the regulation of the hydrolysis of membrane phosphoinositides
in a phosphatase from the Ciona intestinalis (Fig 3) (Murata et al., 2005; Kohout et al., 2008).
Another exception is the voltage-activated proton channel which consists of the S1-S4 segments
without a distinct pore domain (Fig 3) (Sasaki et al., 2006; Ramsey et al., 2006). The information
about the three-dimensional distribution of S1-S4 domains with respect to the pore was obtained
from the X-ray structures of the bacterial KyAP and the eukaryotic Ky1.2 channel: the VSD
adopts transmembrane orientation and seems to have a loose attachment to the pore domain

(Jiang et al., 2003; Long et al., 2005; Long et al., 2007).

In the BK channel, the VSD is composed of conserved transmembrane helices S1-S4 with the SO
segment. Based on electrophysiological studies, overall 2.4 charges were estimated per BK
channel (Diaz et al., 1998; Horrigan & Aldrich, 1999; Horrigan et al., 1999), notably less than a
typical Ky channel (up to ~16 charges per channel (Jensen et al., 2012). Typically, the S4
segment of the BK channel carries four positively-charged Arg residues (RO, R2, R3, and R4
equivalent to Ky channels) (Fig 4); but only R4 contributes to voltage sensing (Ma et al., 2006;
Pantazis ef al., 2010a). Another example of different characteristics from a typical Ky channel is
that the S2 and S3 of the BK VSD contains charged amino acids that play a critical role in

sensing the voltage (Ma ef al., 2006; Pantazis et al., 2010a); thus the BK channel carries fewer



and more “decentralized” voltage-sensing charges than in Ky channels (Fig 4). To be specific, S2
bears two voltage-sensing residues, Aspl35 and Argl67, and S3 has an additional voltage-
sensing charge, Asp186 (Ma et al., 2006). This charge distribution leads to complex relative
motions during voltage-dependent activation: fluorometry experiments propose that S4 diverges
from SO, S1 and S2, while S2 approaches S1 upon depolarization of the membrane (Pantazis &
Olcese, 2012; Pantazis et al., 2010b). The voltage-dependent movements of S2 and S4 segments
reciprocally enhance their voltage-sensing properties in a collaborative mode (Pantazis et al.,
2010a). In agreement with the idea that the BK voltage-sensing process involves multiple
voltage-sensing charges at different positions, multiple kinetic components can appear in BK

gating currents (Contreras et al., 2012).

How do voltage-dependent VSD movements open the channel pore? In Ky channels, the S4-S5
linker seems to function as a linkage mechanism connecting the movement of VSD to open the
ion conduction gate at the cytoplasmic ends of the four S6 segments (Long et al., 2007; Jensen et
al., 2012). However, the structural correlates of the BK VSD-gate coupling mechanism are not
clear. It is possible that the S6-RCK1 linker, connecting the transmembrane region of the protein
with the Gating Ring domain, has a role in the VSD-gate coupling process. The length of this
linker segment in the absence of Ca’” changes the open-state probability and voltage curve
position on the voltage axis without a major difference in steepness of the curve (Niu et al.,
2004). In addition, it has been suggested that Leu and Phe residues positioned in the middle of
S6 mediates the effects of VSD activation and Ca®” binding on the ion conduction gate

equilibrium (Wu et al., 2009).



Voltage and Calcium Dependency

BK channels open in response to both voltage and the intracellular calcium, and their voltage
dependence varies depending on the calcium concentration (Horrigan & Aldrich, 2002; Latorre
et al., 2010; Hoshi et al., 2013). The increase of intracellular calcium concentration can shift the
conductance-voltage curves towards more hyperpolarized potentials, producing channel opening
at more negative potentials (Fig 5). When the ion conduction gate is closed, the BK VSD is
stabilized in the resting conformation in the absence of intracellular Ca’’. Membrane
depolarization activates the BK voltage sensors, which increases the pore open probability (Pp).
When the ion conduction gate is open, the voltage sensors can be activated by depolarization
more easily. Also, the Ca>" affinity is increased by the activation of the voltage sensors, and
binding Ca®" further assists voltage-sensor activation. Thus, depolarization and/or greater

intracellular calcium concentration promotes channel opening (Hoshi et al., 2013).

Modulatory Subunits

BK channels co-assemble with auxiliary subunits betal-4, and leucine-rich repeat-containing
proteins (LRRCs; gamma subunits), allowing functional diversity by modulating Ca*" and
voltage sensitivity as well as their kinetic properties, and current inactivation and/or rectification
(Wallner et al., 1995; Jiang et al., 1999; Yan & Aldrich, 2012). Studied in this thesis, BK beta
subunits consist of two transmembrane (TM) helices, TM1 and TM2, connected by a long
extracellular loop as shown in Fig.1A (Poulsen et al., 2008; Sun ef al., 2012). Co-assembly of
BK channels with betal subunits is abundant in arterial smooth muscle (Brenner et al., 2000;
Orio & Latorre, 2005; Wallner et al., 1995). Betal subunits slow down BK channel activation

and modify the voltage- and Ca”"-sensing properties of BK channels. Beta2 subunits, expressed



mostly in the brain and endocrine cells, have a striking feature that allows BK channels to have
fast inactivating properties by a “ball and chain”-like mechanism (Brenner et al., 2000; Hu et al.,
2003; Orio & Latorre, 2005; Uebele et al., 2000; Wallner et al., 1999; Xia et al., 1999). In testes
and adrenal cells, beta3 subunits are abundant and inactivate the BK channel (Uebele et al.,
2000; Orio et al., 2006; Wu et al., 2013). Beta4 subunits are primarily expressed in the brain and

reduce the sensitivity to changes in membrane potential (Contreras ef al., 2012).

Fig. 6 shows the differential modulation of BK channels by betal and beta2 subunits across a
wide range of intracellular calcium concentration (Orio et al., 2006). At high [Ca*'];, both betal
and beta 2 subunits facilitate BK channel opening at more negative membrane potentials (Orio et
al., 2006). However, BK channels co-expressed with betal do not show this left shift of the
conductance-voltage relationship at submicromolar intracellular calcium concentrations (Orio et
al., 2006). Also, previous studies showed that the presence of beta2 subunits altered the voltage-
sensing and kinetics properties of BK VSDs, mainly represented by S4 (Savalli et al., 2007;
Contreras et al., 2012). Moreover, the coexpression of beta2 enhances channel opening by

facilitating voltage sensor activation (Savalli et al., 2007).

Modulation of the BK Channel by Small Molecules

In addition to voltage and Ca’", BK channels are modulated by various small molecules
including protons (H"), heme/hemin, Mg*", carbon monoxide, reactive oxygen/nitrogen species,
lipids, and metabolites (Latorre et al., 2010; Cui et al., 2009; Lee & Cui, 2010; Hou et al., 2009).
Hemin, the oxidized form of heme [Fe(II) protoporphyrin-IX], has been shown to decrease the

opening of BK channels at depolarized membrane potentials (Horrigan ef al., 2005). It has been



shown that heme interacts with the linker region between RCK1 and RCK2 (Tang et al., 2003;
Yi et al., 2010; Jaggar et al., 2005), which contains a conserved heme-binding motif (CXXCH)
(Tang et al., 2004; Wood & Vogeli, 1997) (Hou et al., 2009). The sensitivity of the BK channel
to heme was disrupted by mutations in this sequence (Williams et al., 2004; Tang et al., 2003;
Jaggar et al., 2005), suggesting that this sequence serves as the binding site for heme (Hou et al.,
2009). As an important regulator of protein function, heme has been shown to reduce the
allosteric coupling of voltage sensor activation and Ca>" binding to channel opening (Horrigan et

al., 2005).

Thesis Aims

Understanding the operation of BK channels is critical not only because they are involved in
various physiological functions but also because their dysfunction can lead to detrimental
pathophysiological conditions (Du et al., 2005; Werner et al., 2005; Seibold et al., 2008; Grimm
& Sansom, 2010). Thus, gaining knowledge about the BK channel will tremendously contribute
to the basis of the medical research related to BK dysfunction. In my Master’s Thesis project, I
studied the molecular bases of altered BK channel voltage sensitivity in the presence of betal
subunits, in particular the structural rearrangement of the Voltage Sensor transmembrane
segments in the absence or presence of betal subunits. In the second part of my thesis, I
investigated the role of a methionine (M691) in the linker of RCK1 and RCK2 on heme-
mediated BK channel regulation, which may act as a coordinating heme residue. To address
these questions, I used two voltage clamp techniques: Cut-open Oocyte Vaseline Gap (COVG)

voltage clamp fluorometry and patch clamp.
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CHAPTER 2: Materials and Methods

Molecular biology

Mutagenesis: Single point mutations were generated with the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, CA). In vitro site-directed mutagenesis is a very useful tool to
study the relationship between protein structure and function. The QuikChange site-directed
mutagenesis method allows site-specific mutation in double-stranded plasmids. It is performed
using PfuUltra™ high-fidelity DNA polymerase. The PCR product is checked on a 1% agarose
gel and then transformed into competent bacteria, XL1-blue, with the appropriate selective
antibiotics. The mutations were then confirmed by sequencing. A hSlo clone (#U11058) without
extracellular cysteines (C14S-C141S-C277S) was used (Savalli et al., 2006). Background
mutations also included R207Q to increase Po at low [Ca*']; (Diaz et al., 1998; Ma et al., 2006).
A single cysteine was substituted at position 135 for site directed fluorescence labeling in order
to track voltage-dependent conformational rearrangements in the vicinity of the extracellular

flank of the S1 transmembrane segment (Pantazis & Olcese, 2012).

In vitro transcription: The plasmids carrying cDNAs of WT and mutant channels were linearized
with a specific single-cutter restriction enzyme (generally Not I, New England Bioloab). The
linear cDNA was then used as the template for in vitro transcription (1-2 ug per reaction) to
produce capped cRNAs (MMESSAGE MACHINE; Ambion, Austin, TX). Capped RNA mimics
most eukaryotic mRNAs found in vivo, because of a 7-methyl guanosine cap structure at the 5'
end. The reaction of the in vitro transcription kit includes the cap analog [m7G(5")ppp(5")G],
which is incorporated as the first or 5' terminal G of the transcript because its structure precludes

its incorporation at any other position in the RNA molecule. The reaction ran at 37°C for 2h. The

11



cRNA was then precipitated with LiCI2 at 20°C and resuspended in water. After assessing RNA
concentration with the spectrophotometer (wavelength = 260 nm) and RNA quality by agarose

gel, cCRNA was stored at —80°C.

Oocyte preparation and injection

Xenopus laevis (NASCO, Modesto, CA) oocytes are an excellent system to express ion channels
for electrophysiological studies, as their large size (~1 mm diameter) allows the micro-injection
of cloned RNA into their cytosol, which is readily translated into functional protein. After
surgical excision from the frog, the oocytes (stage V-VI) were defolliculated via a mechanical
and enzymatic treatment (collagenase type I in a Ca’’-free solution). The same day of
preparation or the day after, oocytes were injected with 50 nl of total cRNA (0.01-0.1 ug/ul) with
a Drummond nano-injector. Injected oocytes were maintained at 18°C in an amphibian saline
solution supplemented with 50 ug/ml gentamycin (Invitrogen, Carlsbad, CA), 200 uM DTT (to
prevent the external cysteines from forming disulfide bonds) and 10 uM EDTA. Three to six
days after injection, oocytes were stained for 2 minutes on ice with 20 uM MTS-TAMRA (Santa
Cruz Biotechnology, Inc.), a fast-reacting and highly selective label that allows the attachment of
a fluorescent dye to the thiol group of the introduced cysteine residue in a depolarizing K"
solution (in mM: 120 K-Methanesulfonate (MES), 2 Ca(MES),, and 10 HEPES, pH=7). MTS-
TAMRA stock (100 mM) was dissolved in DMSO and stored at -20°C. The oocytes were then
thoroughly rinsed in a dye-free solution and, in some experiments, loaded with the Ca chelator

BAPTA (100 nl at 10 mM, pH=7) prior to being mounted in the recording chamber.

Voltage clamp fluorometry

12



In developing my thesis, I have made considerable use of the voltage-clamp fluorometry
technique, a powerful tool to track protein conformational rearrangements optically (Mannuzzu
et al., 1996; Cha & Bezanilla, 1997). This technique takes advantage of the fact that many
fluorophores are sensitive to their local environment (Lakowicz, 2006). It is possible to
conjugate such fluorophores to a specific protein site and, if this area undergoes a motion that
results in a change of the fluorophore environment, a deflection in the fluorescence emission will
be observed. Voltage clamp fluorometry was pioneered in Shaker K' channels expressed in
oocytes clamped by two-electrode voltage clamp (Mannuzzu et al., 1996), and was shortly after
implemented in the Cut-open Oocyte Vaseline Gap (COVG) voltage clamp technique (Cha &

Bezanilla, 1997).

The COVG technique (Stefani and Bezanilla, 1998; Pantazis & Olcese, 2013) is a low-noise, fast
clamp technique that can allow control of the internal solution. The oocyte is mounted in a triple-
compartment Perspex chamber, with a diameter of 600 um for the top and bottom holes (Figure
7). The voltage clamp circuit is then assembled around the mounted oocyte by the placement of
six salt bridges and one intracellular electrode, imposing three simultaneous voltage clamps. The
three chambers are electrically-isolated by vaseline gaps: the upper chamber isolates the oocyte
upper domus and maintains it under clamp; the middle chamber provides a guard shield by
clamping the middle part of the oocyte to the same potential as the upper chamber; the bottom
chamber allows to clamp to ground the intracellular compartment of the oocyte, through the
saponin-permeabilized membrane. Changes in fluorescence signal and ionic currents were
simultaneously measured from the same area of membrane isolated by the top chamber (Gandhi

& Olcese, 2008). The optical setup consists of a Zeiss Axioscope FS microscope with filters

13



appropriate for MTS-TAMRA (Semrock). The light source is a 100 W halogen lamp. A TTL-
triggered Uniblitz VS 25 shutter (Vincent Associates, Rochester, NY) is mounted on the
excitation light path. The objective (Olympus LUMPlanFl, 40%, water immersion) has a
numerical aperture of 0.8 and a working distance of 3.3 mm (Olympus Optical). The emission
light is focused on a PIN-08-GL photodiode (UDT Technologies, Torrance, CA). A Dagan
Photomax 200 amplifier is used for amplification of the photocurrent and background

fluorescence subtraction.

The external solution contained (mM): 120 Na-MES (2-(N-Morpholino) ethanesulfonic acid), 10
K-MES, 2 Ca-(MES),, 10 Na-HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
(pH=7.0). The internal solution contained (mM): 120 K-Glutamate, 10 HEPES (pH=7.0).
Solution for the intracellular micro-pipette was (mM): 3000 Na-MES, 10 NaCl, and 10 HEPES
(pH 7.0). Low-access resistance to the oocyte interior was obtained by permeabilizing the oocyte
with 0.1% saponin dissolved in the internal solution. Experiments were conducted at

temperatures of 22-24°C.

Analysis: Experimental data were analyzed with a customized program developed in the UCLA
Dept. of Anesthesiology, Division of Molecular Medicine, with fitting routines running in
Microsoft Excel. The G(V) curves were calculated by dividing the current-voltage relationships
(I(V) curves) by the driving force (Vim-Ek), where V,, is the membrane potential and Ex the
equilibrium potential for K', estimated from the Nernst equation. Data for the membrane
conductance (G(V)) and the fluorescence (F(V)) curves were fitted to Boltzmann distributions of

the form:
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Gmax
G(V) = ZF(V1/2_Vm) = AFmin
(1 + exp RT >

and

AFmax - AFmin

zF(V1/2=Vim)
1+ exp RT

A(F(V)) = — AFpin

where G, and F,,, are the maximal G and F;, F,,;; is the minimal F; z is the effective valence of
the distribution; V4 1s the half-activating potential; V), is the membrane potential; F, R and T are

the usual thermodynamic values. For each experiment, G(V) and F(V) curves were constructed.

Patch clamp
The patch clamp technique makes possible the measurement of ionic currents passing through
ion channels (Neher & Sakmann, 1976; Sakmann & Neher, 1984; Neher & Sakmann, 1992). In
this technique a small heat-polished glass pipette is pressed against the cell membrane where the
ion channels are embedded and forms an electrical seal with a resistance of ~1-10 GQ (Hamill et
al., 1981). The high resistance of the seal ensures that most of the current originating in a small
patch of membrane flows through the pipette, and from there to current-measurement circuitry.
An electrode (a silver wire coated with AgCl), located inside the glass pipette and connected to
the circuitry, converts the ionic current into electrical current. This configuration is defined as
cell-attached. Other possible configurations are (Horn and Patlak, 1980; Hamill et al., 1981,
Neher and Sakmann, 1992):

(1) inside-out configuration, where the pipette is rapidly withdrawn from the cell-attached
configuration without destroying the giga-Qseal, leaving a cell-free membrane and allowing

current recordings in known intracellular solutions;
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(2) whole-cell configuration, where after giga-seal formation the membrane patch is
disrupted providing a direct low resistance access to the cell interior allowing for recordings
from the ion channels in the whole cell membrane;

(3) outside-out configuration, where the pipette is gently withdrawn from the whole-cell
configuration without destroying the giga-Q seal, leaving a cell-free membrane patch exposing
the outer leaflet of the lipid bilayer to the bathing solution;

(4) perforated patch, where the pipette contains specific antibiotics (such as gramicidin,
anphotericin B or nystatin) that, once inserted in the plasma membrane, provide electrical access

to the cell interior while preserving the cytoplasm content.

Detailed protocol for patch clamp experiments reported in this thesis:

BK channels were overexpressed in Xenopus oocytes. One to two days after injection, the
vitelline layer of the oocytes was removed with two forceps to expose the plasma membrane.
Membrane patches in the inside-out configuration were perfused with bath solutions containing
(mM) 115 K-MES, 5 KCl, 5 HEDTA (N-(hydroxyethyl)-ethylenediaminetriacetic acid), 10
HEPES (pH 7.0). The [Ca*'] in this solution was varied by adding CaCl,. The free [Ca’'] was
first theoretically calculated with WEBMAXC v2.10
(http://www.stanford.edu/~cpatton/maxc.html) and then measured with a Ca*" electrode (WPI,
Sarasota, FL). The borosilicate glass pipettes (WPI, Sarasota, FL) were filled with the bath
solution at the lowest free [Ca®"] (~0.09 pM). The input resistance of electrodes was between 1.5
and 2.5 MQ. After measuring the I-V curve with a voltage ramp from -180 mV to 100mV, the
seal was excised by giving a short exposure to negative pressure. Experiments shown in this

thesis were done in the inside-out configuration. The holding potential was 0 mV. Ionic currents

16



were digitized at 5 kHz and filtered at 1 kHz. G(V) curves were obtained for different BK clones

(hSlo and hSlo-M691A).

Heme preparation:

Hemin, iron protoporphyrin IX chloride (Sigma-Aldrich) was used to apply heme in the
experiments. Heme was dissolved in 30mM NaOH, and 1mM aliquots were stored at -80°C. On
the day of experiment, a fresh heme tube was thawed right before use and diluted in the bath
solution to the desired concentration of ~5 uM. The absorbance of the diluted heme was
measured with the spectrophotometer (wavelength=385 nm, extinction coefficient=58.5
mM'ecm™). The volume of diluted heme to add to the chamber containing 500ul of the bath
solution was calculated to deliver a final concentration of 100nM. The time course of heme
action was recorded by pulsing every 6 seconds at 140mV for 50ms (OmV holding potential).
When the seal was stabilized, heme was applied and mixed gently. The recording was continued
until the amplitude of the evoked current was in the plateau phase after the application of heme.
To prevent delivering degraded heme, the diluted heme in the bath solution was used only up to

4 hours. Otherwise, fresh heme stock was prepared with the protocol described above.
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CHAPTER 3: Remodeling of the BK VSD by betal subunits

RESULTS

The co-expression of betal subunit remodels the BK channel voltage sensor

The voltage clamp fluorometry technique was used to track the movement of the BK channel
voltage sensors optically, in order to resolve their conformational changes during channel gating.
The voltage-dependent relative arrangement of VSD segments could be established by
introducing pairs of fluorophore-quenchers, which upon depolarization may move closer or away
from each other (Pantazis et al., 2010b; Pantazis & Olcese, 2012). Thus, taking advantage of
tryptophan-induced quenching, short-range protein interactions (e.g. between two VSD
segments) can be measured (Mansoor et al., 2002). Fluoroscence quenching occurs when the
tryptophan side chain moves toward a fluorophore by photo-induced ¢ transfer upon van der
Waals collision shown in Figure 8A (Mansoor et al., 2002; Pantazis and Olcese 2012). On the
other hand, when Trp and a fluorophore are close to each other, this e transfer occurs prior to
channel activation and there will be unquenching if the distance between Trp and a fluorophore

increases (Pantazis and Olcese 2012).

Previous experiments indicate that the extracellular end of betal TM1 is in the close proximity to
S1 and S2, and TM2 is in contact with SO (Liu ef al., 2008). In order to study the interaction
between S1 on the pore forming alpha subunit and the modulatory betal subunit (Fig 1E), I co-
expressed an alpha subunit carrying a single cysteine (for conjugation with MTS-TAMRA) at
position 135 on the extracellular flank of the S1 segment. To control the calcium concentration
of the oocytes, a calcium-selective chelator (BAPTA) was injected which reduced the free

calcium in the cells virtually to zero. This was done because betal subunits show different
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modulation depending on the calcium concentration (Fig 6; Orio et al., 2006). Figures 8B-C
show that the fluorophore labeling position S135C of the alpha subunit expressed without betal
subunit reports voltage-dependent conformational rearrangements. The fluorescence recordings
(Fig 8C) show that upon depolarization, the fluorescence increases in intensity, suggesting S4
moves away from S1 (Pantazis & Olcese, 2012). It was found that the coexpression of wild-type
betal subunit resulted in low expression (~30uA at 120mV) but a stronger voltage-dependent
unquenching of the fluorophore (Fig 8D and E), compared with the one observed for alpha
subunit expressed alone. Since the fluroescence signal is generated by molecular movements,
this experiment provides the first evidence that the structural rearrangements of BK channel

voltage sensor are altered by the coexpression of betal subunit.

Betal perturbs BK S4 activation and pore opening

Very likely, the S1 transmembrane helix has no contribution to the voltage-sensing process of
BK channels since this part of the protein has no charged amino acids (Ma et al., 2006). Pantazis
and Olcese (2012) showed that the native Trp of S4 (W203) was necessary to observe changes in
the voltage-dependent fluorescence from S1. Thus, I could study how betal association can
rearrange S1 and S4 with respect to each other. In the presence of betal and virtually zero
calcium in the cells, the voltage dependence of fluorescence change was shifted to right
compared with that of alpha alone (Fig 9A). This shift (36.6 £ 0.6 mV; n=4) indicates that betal
association in the absence of calcium promotes stabilization of the BK VSD further in the resting
conformation. Figure 9B shows the mean change in fluorescence over maximum fluorescence
for alpha with betal (5.3%) was over three times greater than those for alpha alone (1.5%). This

quantitative difference in the delta-F signal is discussed below.
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DISCUSSION

Fluorophore placed on the S1 segment reports an unquenching event representing the separation
of S1 from S4 when the BK channel is formed by alpha subunits alone in virtually zero calcium,
whereas the same position in the presence of betal subunit reports an increase in the voltage-
dependent fluorescence change. These results provide the first evidence that the association with
betal subunit produces an overall structural remodeling of the voltage sensor. While the precise
nature of this remodeling cannot be inferred from the present results, further investigation
including different pairs of site-directed labels and quenchers should provide details of the

molecular reorganization.

The VSD in the presence of betal subunit and zero calcium results in a more stabilized resting
voltage sensor state, which activates at more depolarized potentials (See Fig. 9). It is speculated
that the association with betal alters the molecular rearrangements that underlie the VSD
activation transition, destabilizing the active conformation of the voltage sensor and thus

producing an overall right shift in the voltage dependence of channel gating.

How does the VSD remodeling by betal result in a right shift of the VSD voltage dependence?
Two of possible interpretations of the increased AF signal acquired from betal-containing
channels are shown in Fig. 10. Firstly, betal association may change the resting positions of S1
and S4, decreasing the relative distance between them. This would increase the frequency of
collisions between the S1 label and S4 Trp and thus augment the quenching process. Upon

depolarization, S4 departs from S1 to assume its active state, generating brighter fluorescence.
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The closer proximity of S1 and S4 in the resting state may stabilize S4, hindering its activation
transition. Another possible mechanism is that the betal association does not modify the resting
positions of S1 and S4 but promotes the voltage-dependent movement of S4 towards a different
active state. This position could be farther from the S1 label, resulting in increased fluorescence
(Fig 10) and less stability than for the active state of betal-less channels, which would result in a
depolarizing shift of VSD activation. These hypotheses are not mutually exclusive. To test them,
site-directed fluorescence labeling will be used at different positions of S1 and similar optical
methods will be used to test whether betal association perturbs VSD activation. Also, the new
direction of S4 can be determined by optically tracking its movement from positions 17, 18, 19,
and 20 at the extracellular flank of SO as well as 145 (S2) in the presence of betal (Pantazis et
al., 2010b; Pantazis & Olcese, 2012). The mechanism of beta subunit modulation will be
resolved by fitting data with a model of BK channel activation (Pantazis et al., 2010a).
Furthermore, the effect of other modulatory subunits on the BK VSD can be similarly
investigated and compared. Dissecting different subunit modulations can help explain the

distinctive effect of betal.
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CHAPTER 4: Cytochrome C-like domain of the BK channel and modulation by heme
RESULTS

The human BK channel contains a cytochrome C-like domain

Small ligands can modulate the BK channel by binding to its intracellular Gating Ring formed by
four pairs of RCK1 and RCK2 domains (Hou et al., 2009). A conserved heme regulatory motif
(HRM, CXXCH) typical of cytochrome C-like proteins binds heme with 68 nM kD and is
located within the RCK1-RCK2 linker (Tang et al., 2003). To investigate the functional and
structural similarities, sequences of the RCK1-RCK2 linker of the human BK channel and the
human cytochrome C (CytC) were aligned (Fig 11A). It was found that critical elements for the
function and structure of CytC were conserved in the BK linker region, including apoptotic
factor 1 (Apafl), cardiolipin, and heme-interacting residues (Fig 11A). In addition to the HRM,
the second axial ligand (Met) of the heme iron was also conserved in this linker region (Fig.
11A). The axial ligands of the human CytC play a crucial role to hold the Fe atom in place (Fig.
11B). However, the role of Met 691 in the heme-dependent regulation of the BK channel
remains to be elucidated. Thus, I wanted to study whether Met 691 in the BK contributes to

heme binding in the following experiments.

M691 plays a crucial role in the heme-mediated regulation of BK channels

Recent studies have shown that hemin, the oxidized form of heme [Fe(Il) protoporphyrin-I1X],
diminishes the BK currents (Horrigan et al., 2005). In order to investigate whether M691 is
critical for heme binding in human BK channels, this residue was substituted by Ala and the

heme modulation of the mutated channels was compared to the one of WT channels.
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WT and M691A mutant channels were expressed in Xenopus oocytes and the heme effect on BK
channel activation was assessed with the patch-clamp technique in the inside-out configuration.
BK channel currents were recorded at 140 mV (0 mV holding potential) every 6 seconds in the
presence of 1.69 uM [Ca®"]. When the K current stabilized, heme was applied to the bath
solution at a final concentration of 100nM. The pulse protocol persisted until a new steady-state
of the K" currents was observed. The data were obtained following the same protocol for both

WT and the mutant.

As expected, a dramatic decrease of K' currents was recorded from the frog oocyte
overexpressing WT BK channels by the application of 100 nM heme (Fig. 12A). The
concentration of heme was chosen based on the information that the estimated free heme
concentration in cells is approximately 100 nM or less (Smith ef al., 2011; Sassa, 2004). Despite
the current reduction in wild-type BK, the mutant (M691A) showed a much smaller decrease in
the BK currents (Fig 12B). As seen in the representative current traces, the BK current after
addition of 100 nM heme was mostly abolished in the wild-type channel, with currents
decreasing from ~2.5 nA to less than 0.5 nA at 140 mV (Fig 12A). On the other hand, the
amplitude of the current was only diminished approximately from 2 nA to 1.7 nA in the mutant
channel (Fig 12B). Furthermore, the mean fractional inhibition of BK currents by 100 nM heme
confirms this effect, going from a 61.6 + 14.6 % (n=3) decrease in the wild-type to only 13.2 +
2.23 % (n=3) in M691A (Fig 12C). Thus, these results show that M691 is important for heme-

mediated regulation of BK channels.
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The BK voltage-dependent activation shift by heme was abolished with the substitution of
M691

The application of 100 nM heme strongly inhibited WT BK channels (Fig. 13A and B). As
previously shown (Horrigan et al, 2005), 100 nM heme induced a shift towards more
depolarized potentials of the mean normalized G(V) curve (n=3) (Fig 13B). The half-activating
potential (Vi) of the wild-type changed from 81.2 + 3.03 to 126 £ 1.67 mV (n=3) after the
addition of heme (Fig 13B). Conversely, in M691 channels, the mean normalized G(V) curve
(n=3) was largely unperturbed by heme addition (Fig 13D). The values of V,,, were nearly the

same before and after heme (98.2 +4.13 and 100 + 8.76 mV, Fig. 13D).

DISCUSSION

A variety of small molecules bind the BK channel (Hoshi ef al., 2013). Previous studies have
demonstrated that intracellular heme binding modulates BK channel activity (Horrigan et al.,
2005; Tang et al., 2003; Jaggar et al., 2005; Hou et al., 2009; Hou et al., 2006). As shown in this
thesis, the functional and structural similarities of the human CytC and BK channel were
investigated by aligning their sequences (Fig 11A), which indicated that in addition to the HRM,
key elements of CytC were conserved in the BK channel, and that the second axial ligand to the
heme iron was aligned with M691 of the BK (Fig 11A and C). These similarities suggested that

the human BK channel contains four intracellular CytC-like domains.

To test if M691 in BK is critical for heme binding, the time course of 100 nM heme application
on BK currents was measured from wild-type and mutant (M691A) channels. Consistent with the

known effect of heme in the wild-type BK channel (Horrigan et al., 2005), the reduction of BK
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currents was more than 60% of the original in the presence of 100 nM heme (Fig. 12A and C).
However, the observed effect of heme on the mutant was notably different from that of the wild-
type (Fig 12). Using the same protocol, it was shown that the mutant exhibited a much smaller
decrease in the BK currents after application of heme (Fig 12B and C). Although heme could
still bind to the BK channel and diminish the K" currents, heme had a relatively small effect on
the BK channel in the absence of M691. This result suggests that the BK channel may have

markedly less affinity to heme in the absence of M691.

The normalized G(V) curves of the wild-type BK showed that the presence of 100 nM heme
shifted the curve towards more depolarized membrane potentials (Fig 13B). The shift was
measured to be about 45 mV, which is in good agreement with the one previously showed by
Horrigan et al. (2005). However, the substitution of M691 almost eliminated this shift of the
G(V) curves (Fig 13C). In fact, the G(V) curves of the control and 100 nM heme appear to be
nearly identical. Thus, the absence of M691 may reduce the sensitivity of the BK channel to

heme.

Consequences of having a CytC-like domain in the BK

Electrophysiological results in the present thesis provide the first evidence that M691 in BK is
significant for BK channel modulation by heme, although the mechanisms underlying the heme
sensing process by M691 needs to be delineated with further studies. The structural homology
between the human CytC and the BK channel suggests that the BK channel contains a CytC-like
domain (Fig 10). The hemoprotein CytC is involved in electron-transfer reactions between

complexes Il and IV (Kang and Crane, 2005). As the axial ligand, Met 691 with the BK CytC-
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like domain may accommodate the transfer of electrons. In addition, CytC has various catalytic
activities including peroxidase activity (Belikova et al., 2006), suggesting a potential protective
role of the BK channel for cells under oxidative stress. Binding of CytC to Apaf-1is known to be
a critical point in the apoptotic program (Belikova et al., 2006). It is postulated that the BK

CytC-like domain may be involved in the signaling cascade of apoptosis.
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Figure 1. BK channel topology, putative structure and beta subunit assembly. (A)
Membrane topology of BK alpha and beta subunit. In the channel-forming alpha subunit,
transmembrane segments S0-S4 form a voltage sensor. Segments S5 and S6 contribute to the
central, potassium-selective pore in the tetramer. The heme binding site exists between
intracellular domains RCK1 and RCK2. The heme regulatory motif (HRM, CXXCH) and the
putative second axial ligand (Met) to the heme Fe atom are shown in red square and circle
respectively. Two transmembrane helices (TM1 and TM2) of beta subunits are connected by an
extracellular loop. Note that four identical alpha subunit co-assemble in the plasma membrane to
form the functional channel or associate with beta subunits with 1:1 stoichiometry. (B) Side view
of a putative BK structure model, composed of the BK Gating Ring structure (PDB# 3NAF, red
and blue), associated with the homology model of the transmemrane based on the Ky1.2-2.1
channel (PDB #2R9R), and the ideal positions of SO helices were chosen according to Liu and
coworkers (Liu et al., 2010; Long et al., 2007; Wu et al., 2010). The pore domain is shown in
gray, while VSD helices are shown in orange. (C) Top view of the BK model, formed by alpha
subunits only. The pore domain is shown with K*, ®, in the middle and surrounded by four
VSDs. The charged VSD helices (S2, S3, S4, green) rearrange upon membrane depolarization
(Savalli et al., 2006; Pantazis et al., 2010a; Pantazis et al., 2010b; Pantazis & Olcese, 2012). (D)
BK alpha and beta subunits associate with a 1:1 stoichiometry (Knaus et al., 1994; Wang et al.,
2002). (E) The top view of the pore and a single VSD intimately associated with beta subunits is
closed-up: the TM1 of the beta subunit localizes near the S1 and S2 segments; TM2 near SO and
S4 of the adjacent alpha subunit (Wallner ef al., 1996; Morrow et al., 2006; Wu et al., 2009; Liu
et al.,2010; Morera et al., 2012; Wu et al., 2013).
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Figure 2. Possible mechanisms of voltage sensing. The simplified scheme of a transmembrane
protein (orange oval) and different active sites for sensing the voltage are shown. (A) In response
to changes in the membrane potential, charged amino acids (Asp and Arg) move within the
membrane. (B) An intrinsic residue dipole, such as Tyr, is re-oriented through changes in the
electric field. (C) A alpha-helix in the transmembrane contains a dipole moment (red to blue
gradient) equivalent to the length of the helix that separates + 0.5 electronic charges (e”); the oval
attached to the alpha-helix represents a fluorophore that alters emission based on the protein
conformation. (D) Ion (light blue circle) can be re-distributed in a channel within the protein
according to the electric field direction and causes a conformational change. Adapted from
(Bezanilla, 2008).
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Figure 3. Scheme of S1-S4 VSDs in different membrane protein types. The S1-S4 domains
(VSD) of the voltage-activated ion channels couple to an ion-selective pore domain (yellow);
only one VSD out of four is shown for clarity. In enzymes such as the Ci-VSP, VSD couples to a
phosphatase domain (yellow), while protons of the voltage-gated proton channels are thought to
directly permeate the VSD. Adapted from (Swartz, 2008).
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Figure 4. S2-S4 transmembrane segments of BK and Ky channels. The multiple sequence
alignment of VSD from mouse and Drosophila BK channels (mSlol, dSlol, respectively) and
Ky channels (Ky2.1, KyAP, Shaker, Ky1.2) is shown (Ma et al., 2006). Transmembrane
segments are marked by solid lines according to hydropathy analysis of BK (Wallner et al.,
1996) and dashed lines based on the crystal structure of KyAP (Jiang et al., 2003). Highly
conserved charged residues are in bold. Star marks indicate voltage-sensing residues in Shaker.
RO-RS5 represent conserved positive S4 charges. Adapted from (Ma et al., 2006).

31



A

Free [Ca?*]=2.83 uM Free [Ca?*]=871 uM
-100,0,30,90 mV -150,-100,0,30,90 mV

__{; omvV _+ omvV

90 mV A rsgoppton 90 MV

0.5nA o 30mvV

10 ms

-150 mV
=100 mV

vy

-
)

o
)

o
o
.

@ 2.83uM
W 22uM
& 871uM

o
I

NORMALIZED
CONDUCTANCE
o
Y

o

200 -150 -100 -50 0 50 100 150 200
MEMBRANE POTENTIAL (MV)

Figure 5. BK channels are activated by the voltage and/or the intracellular calcium. (A) BK
current traces at various voltages are shown with two different free intracellular calcium
concentrations, 2.83 uM (left) and 871 uM (right). (B) Normalized G(V) curves are presented in
three different calcium concentrations, including 2.83 uM (orange), 22 uM (green), and 871 uM
(blue). Note that G(V) curves are shifted towards more hyperpolarized potentials with greater
calcium concentrations. Adapted from (Yusifov et al., 2008).
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Figure 6. Beta subunits modulate the voltage-dependence of BK channels in a wide range of
calcium. The obtained mean V; s values are plotted against calcium concentration. The best fit
sigmoid concentration—effect curves for alpha (open circles), alpha with beta 1 (closed black
circles), and alpha in the presence of beta 2 IR (without the fast inactivation motif) was added as
reference for visual comparison. Adapted from (Orio ef al., 2006).
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Figure 7. Cut-open QOocyte Vaseline Gap (COVG) Voltage Clamp Fluorometry. A
schematic drawing of the COVG recording chambers and voltage clamp circuits, the
fluorescence light path and the photodetector circuit. Fluorescence emission and ionic current
are recorded simultaneously from the oocyte expressing the BK channels labeled with
environment-sensitive fluorophores. Adapted from (Pantazis & Olcese, 2013).
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Figure 8. The co-expression of betal with BK alpha subunits perturbs the rearrangement
of S4 and S1. (A) The photochemistry of Trp-mediated quenching can be used to resolve the
voltage-dependent, relative movement of a Trp residue (W) and a fluorescently-labeled position
(F) (Pantazis ef al., 2010b; Pantazis and Olcese, 2012). The Trp residues collisionally quench
fluorescent labels by e exchange (Semenova et al., 2009; Mansoor et al., 2002; Marme et al.,
2003; Doose et al., 2005; Islas and Zagotta, 2006; Doose et al., 2009; Mansoor et al., 2010)=If
the Trp and label diverge upon activation, the fluorescence intensity will increase because of the
reduced probability of Trp/label quenching (Top). Fluorescence reduction upon membrane
depolarization reports the approach of the Trp and label during activation. (B) BK constructs are
illustrated as a simplified scheme, showing only the extracellular flanks of S1, S2 and S4 helices.
A cysteine at the extracellular flank of S1 was substituted and labeled with fluorophore (MTS-
TAMRA) to resolve conformational rearrangements from this region. (C) The representative BK
current and fluorescence (red) traces recorded simultaneously are shown at the same voltage.
(D,E) as in (B) and (C), respectively, in the presence of betal. Note that all experiments were
done in the virtual zero internal calcium.
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Figure 9. Betal-induced VSD remodeling hinders BK S4 activation and pore opening. (A)
Mean, normalized Conductance voltage dependence (G(V)) and changes in fluorescence voltage
dependence (F(V)) curves for alpha alone (black and red squares, respectively) and with betal
(grey and pink circles, respectively).G(V): alpha, -22.7 £ 6 mV and 0.80 + 0.04 ¢° (n=4); alpha
with beta 1, 57.3 + 6.0 mV and 0.50 + 0.07 ¢° (n=4). F(V): alpha, -74.3 + 1.6 mV and 0.63 +
0.03 ¢ alpha with beta 1, -37.8 £ 9.0 mV and 0.50 = 0.04 ¢’. (B) Mean fitted changes in
fluorescence/ maximum fluorescence (%) from A are 1.5 £ 0.40 (n=4) and 5.3 + 1.1 (n=4) for
alpha and alpha with beta 1 respectively. Errors are S.E.M.
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Hypothesis #2:

Figure 10. The relative distance between S1 and S4 increases in the presence of beta 1
subunit. Two of possible interpretations for the increase in fluorescence (Figure 9B) are shown
as a scheme. Upon the depolarization of the membrane, S4 moves farther away from S1 resulting
in the brighter fluorescence in the presence of betal (Fig.9B). The first hypothesis shows that
beta 1 association decreases the distance between S1 and S4 (top) in the resting state so there is
more quenching and fluorescence decrease in intensity. The delta-F is higher because the total
relative divergence distance between S1 and S4 is increased. In the second hypothesis, the
resting positions of S4 and S1 in betal-containing channels do not differ from those without
betal, but S4 moves further away from S1 with depolarization, resulting in less quenching of the
S1 label by the S4 Trp, hence higher delta-F.
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Figure 11. A putative cytochrome C (CytC)-like domain within the human BK channel. (A)
The primary sequence alignment of human CytC with the RCK1-RCK2 linker of the human BK
channel is shown. Structurally unresolved regions of the BK channel are shown as dotted lines.
The heme regulatory motif (HRM) (CXXCH) and the second axial ligand (Met) to the heme Fe
atom are shown in green boxes. Residues important for CytC / Apoptotic Factor 1 (Apafl)
complex formation are within blue boxes, while those necessary for the cardiolipin interaction of
CytC are shown in orange boxes. (B) The human CytC in the 3D structure (PDB ID: 1J3S;
Madej et al., 2012). The axial ligands to the heme H18 and M80 (which may correspond to H616
and M691 in BK) are shown as sticks. (C) The relative position of CytC-like domain between
RCKI and RCK2 is indicated with green. The HRM and M691 are shown as red bars.
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Figure 12. M691 is critical for the reduction of the BK currents by heme. (A) Representative
currents from wild-type (WT) BK currents Obtained from Xenopus oocytes excised patches,
elicited by pulses from 0 to 140 mV shown before (left) and after (right) heme (100nM)
perfusion for 660 s. (B) WT BK inhibition by heme is plotted with the scaled peak current
amplitude as a function of time. (C,D) As in (A) and (B), respectively, from BK channels with
mutation M691A. (C) The mean fractional inhibition of K™ currents from WT and M691A
channels is plotted as bar graphs with error bars (SEM). The percentages of the current
reductions for WT and M691A were 61.6 £ 14.6 % and 13.2 = 2.23 % respectively (n=3).
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Figure 13. M691A abolishes the effect of heme on the voltage-dependence of BK
macroscopic conductance. (A) Representative current traces of WT BK channels recorded at
different voltages before and after application of heme (100nM; green traces). (B) Mean,
normalized G-V curves from WT BK. (C,D) As in (A) and (B), respectively from the mutant BK
channels (M691A). Note that representative current traces of BK channels with M691A mutation
after heme are shown in purple traces in (C). Error bars (within the symbols when not visible)
represent SEM. The values of V(s and z for the WT control group were 81.2 = 3.03 mV and 1.68
+ 0.12 ¢” and those for the heme group were 126 + 1.67 mV and 1.38+ 0.09 ¢ (n=3). For
M691A, V5 and z for the control group were 98.2 = 4.13 mV and 1.88 £+ 0.03 ¢” and those for
the heme group were 100 + 8.76 mV and 1.59 + 0.05 ¢° (n=3).
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