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5 BKc;-Channel Structure and Function

Daniel H. Cox

5.1 Introduction

Among ion channels, the large-conductance Ca’*-activated K* channel (BK ¢, chan-
nel) is in many ways unique. It has a very large single-channel conductance—ten
times that of most vertebrate K™ channels—and yet it maintains strict K selectivity.
It senses as little as 200 nM Ca?*, but it contains no consensus Ca**-binding motifs,
and it is the only channel to be activated by both intracellular Ca>* and membrane
voltage. In fact, there is a synergy between these stimuli such that the higher the
internal Ca?* concentration ([Ca?*]), the smaller the depolarization needed to ac-
tivate the channel. Furthermore, the BK¢, channel has its own brand of auxiliary
subunits that profoundly affect gating. In this chapter, I will discuss what is under-
stood about the origins of these properties in terms of allosteric models and channel
structure. At the outset, however, I should say that there is not yet a crystal structure
of the BK(, channel or any of its components, so much of the current thinking about
BK,-channel structure relies on analogy to other channels.

5.2 BKc,-Channel Topology

BK, channels are formed by pore-forming o subunits and in some tissues auxiliary
B subunits. Both are integral membrane proteins. Four o subunits alone form a fully
functional channel (Adelman et al., 1992; Shen et al., 1994), while 3 subunits play
a modulatory role (McManus et al., 1995; Orio et al., 2002; Fig. 5.1A). cDNAs
encoding a BK¢,-channel o subunit were first identified as the drosophila mutant
slowpoke (slo) (Atkinson et al., 1991; Adelman et al., 1992). Taking advantage
of sequence homologies, slo cDNAs were then cloned from many species including
human (Butler et al., 1993; Knaus et al., 1994a; Pallanck and Ganetzky 1994; Tseng-
Crank et al., 1994; McCobb et al., 1995), and three slo-related genes were found.
None, however, encode for a Ca>*-activated channel—s/o2./ (Bhattacharjee et al.,
2003) and slo02.2 (Yuan et al., 2000) encode for Na-activated K channels, and slo3
(Schreiber etal., 1998) encodes for a pH-sensitive KT channel. Thus, the original slo
gene, now termed slo-1, KCNMAI, or K¢, 1.1, is the only BK¢,-channel gene, and
ignoring splice variation mammalian Slol proteins share greater than 95% amino
acid identity. This strikingly high degree of homology suggests that there has been
strong evolutionary pressure to maintain the functioning of these channels within
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Fig. 5.1 BKc, channels are composed of a and 3 subunits. (A) Schematic diagram of a BK¢,
channel viewed from the top down. The channel contains four « and four 8 subunits. (B) Putative
membrane topologies of the BK¢, o and 3 subunits.

narrow tolerances. Mammalian Slo1 channels are blocked by the classic BKc,-
channel blockers charybdotoxin, iberiotoxin, and tetracthylammonium (Butler et al.,
1993; Dworetzky et al., 1996).

Shown in Fig. 5.1B are the proposed membrane topologies of the BK ¢, and 3
subunits. The a subunit (~1200 amino acids) is arranged much like a purely voltage-
gated (Ky-type) KT channel subunit, complete with an amphipathic S4 helix that
likely forms the channel’s voltage-sensor (Bezanilla, 2005), and a K*-channel pore
sequence (Heginbotham et al., 1992). Different from K channels, however, the Slol
subunit has an extra transmembrane segment at its N-terminus, termed SO, that
places its N-terminus outside the cell. This was demonstrated by Meera et al. (1997)
who showed that an antibody applied extracellularly can bind to an epitope placed
at the N-terminus of human Slo1(hSlo1), even if cells transfected with hSlo1 are
not permeabilized. The purpose of this BK¢,-specific adaptation is not known, but
a study of chimeric channels containing portions of drosophila Slo1 (dSlol) and
mouse Slol (mSlo1) has implicated SO as the sight where o and 3 subunits interact
(Wallner et al., 1996). Perhaps allowing for this interaction is SO’s primary function.

The Slo1 subunit also contains a large (~800 amino acid) C-terminal extension
that constitutes two thirds of its sequence. This extension contains four somewhat hy-
drophobic segments that were originally thought to be membrane spanning; however,
immunohistochemical and in vitro translation experiments have shown them to be
intracellular (Meera et al., 1997). For the purposes of discussion Slo1’s cytoplasmic
domain may be divided into proximal and distal portions, with a region of low
conservation across species marking the division (Butler et al., 1993). It has been
argued that the proximal portion contains a domain found in bacterial K* channels

172


u8809509
Inserted Text
#

u8809509
Note
Space before alpha.

u8809509
Cross-Out

u8809509
Inserted Text
subunits


SVNY290-Chung July 25, 2006 14:52

5. BKca-Channel Structure and Function

and transporters termed an RCK domain (Jiang et al., 2001). The distal portion,
also known as the “tail”, contains perhaps another RCK domain (Jiang et al., 2002)
and a domain that very likely forms a Ca®*-binding site termed the “Ca** bowl”
(Schreiber and Salkoff, 1997; Bian et al., 2001; Bao et al., 2002, 2004; Niu et al.,
2002; Xia et al., 2002). I will discuss the RCK and Ca** bowl domains later, in the
context of Ca’*-sensing.

The Slo1 subunit also has a region that binds heme, and nanomolar heme dra-
matically inhibits channel opening (Tang et al., 2003). The physiological significance
of'this interaction, however, has yet to be established. Nor in fact has the significance
of the observation that part of Slo1’s tail domain has homology to serine proteases
(Moss et al., 1996). Both of these regions are indicated in Fig. 1B.

BKca B subunits (there are now 4) are much smaller than the o subunit (191—
279 amino acids). They have two membrane-spanning domains, intracellular N and
C termini, and a fairly large extracellular loop (116—128 amino acids) (Knaus et al.,
1994a; Lu et al., 2006). This loop contains four cysteine residues that form two
disulfide bridges, the pairings of which are unclear (Hanner et al., 1998), and in B-1
a lysine residue (K69) which crosslinks to the external pore-blocker charybdotoxin
(Manujos et al., 1995). Four B subunits can interact with a single BK¢, channel
(Wang et al., 2002). BK¢, B subunits will be discussed again later in the context of
their functional effects.

5.3 The Origin of the BK¢c, Channel’s Large Conductance

The most striking property of the BK¢, channel is its very large single-channel
conductance. In symmetrical 150 mM Kt the BK(, channel has a conductance
of 290 pS (Cox et al., 1997a), while other vertebrate K™ channels have conduc-
tances ranging from 2 to 50 pS (Hille, 1992). The prototypical Shaker K* channel,
for example, has a conductance of 25 pS under these conditions (Heginbotham
and MacKinnon, 1993), which means at +50 mV it passes 7.8 million ions
per second, while the BK¢, channel passes 11.6 times more, or 90 million ions
per second. Interestingly, however, the BKc, channel is not less selective for
K™ than Shaker. For every 100 K* ions allowed to pass through either channel
fewer that 1 Na* ion is allowed to pass (Blatz and Magleby, 1984; Yellen, 1984;
Heginbotham and MacKinnon, 1993). How is it that the BK¢, channel can maintain
this high degree of selectivity and yet pass ions much more quickly that other K™
channels?

A priori one might suppose that it has to do with the structure of the se-
lectivity filter, the narrowest part of the pore, which interacts most closely with
the permeating K* ions and therefore might reasonably be rate limiting. Crystal
structures, however, have been determined now for five Kt channels: KcsA (Doyle
et al., 1998), KvAP (Jiang et al., 2003), MthK (Jiang et al., 2002), KirBac1.1 (Kuo
et al., 2003), and Kv1.2 (Long et al., 2005), and despite varying conductances, the
selectivity filters of these channels are identical. Each spans about a third of the way
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Fig. 5.2 Rings of negative charge increase the BK¢, channel’s conductance. (A) Pore sequences
of four K™ channels. All four have the K*-channel signature sequence indicated in grey, and mSlo
and MthK have two acidic glutamates near the end of S6 shown also in grey. (B) Ribbon diagram
of the crystal structure of the pore region of MthK. Indicated in redjare the glutamates highlighted
in A. (C) Unitary currents from a wild-type mSlo1 channel and a mSlo1 channel that contains the
double mutation E321N/E324N. The size of the channel’s unitary current is reduced by half by
the mutations. The figures in 4, B, C, were adapted from Nimigean et al. (2003).

through the bilayer starting from the outside, and the same “signature sequence”
TVGYG (Heginbotham et al., 1992) provides carbonyl oxygens that form four K™
binding sites (Fig. 5.2A and B). K™ ions pass through this filter in single file sepa-
rated by water molecules (MacKinnon, 2003). The BK, channel also contains the
“TVGYG” signature sequence, and so does the Shaker channel, so it seems unlikely
that it is differences in this structure that account for the BK¢, channel’s unusually
large conductance. Similarly, all the crystallized K™ channels have wide shallow
external mouths that one would suppose would provide good diffusional access to
ions entering from the outside (Fig. 5.2B). Indeed, both the BK, channel and the
Shaker channel (after a point mutation is made) can be blocked from the outside by
the pore-plugging toxin charybdotoxin (MacKinnon and Miller, 1988; MacKinnon
etal., 1990; Goldstein and Miller, 1992; Stocker and Miller, 1994), which makes spe-
cific contacts with the external mouth, so both channels must have similar external
architectures.

Given these observations it seems likely that the large conductance of the BK,
channel arises from modifications inside the channel, on the cytoplasmic side of
the selectivity filter. Recent experiments support this notion, and two mechanisms
appear to be at play. First, using the crystal structure of the open MthK channel
as a guide (Fig. 5.2B; Jiang et al., 2002), it appears that the BK¢, channel has
two rings of negatively charged glutamate residues on the inner pore-helix, just at
the internal entrance of the channel, and Nimigean et al. (2003) and Brelidze et al.
(2003) have shown that when these residues are neutralized to glutamine, the outward
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conductance of the BK, channel decreases by half (Fig. 5.2C). Thus, part of the
reason for the large conductance of the BK¢, channel is rings of negative charge at
the inner mouth of the channel. These rings attract K™ creating a ~3.3-fold increase
in the local [K*]—from 150 mM to 500 mM in the experiments of Brelidze et al.
(2003)—and this increases the rate at which K* ions encounter the inner mouth of
the selectivity filter. In fact, at very high internal [K*] (over 1 M) neutralizing these
charges has no effect on the channel’s conductance (Brelidze et al., 2003) presumably
because the local [K™] is very high under this condition, even without the negatively
charged rings, and the rate of K diffusion to the inner entrance of the selectivity
filter is therefore no longer rate limiting (Brelidze et al., 2003).

These rings of negative charge, however, must not be the whole story, as their
neutralization only reduces the outward K* flux by half (at 150 mM K* on both
side of the membrane) (Brelidze et al., 2003; Nimigean et al., 2003), leaving a
channel with still a very large 150 pS conductance. Another mechanism must also
be involved, and it seems to be that the internal vestibule and internal mouth are
larger in the BK ¢, channel than they are in other vertebrate K™ channels. This idea
rests on four observations. First, Li and Aldrich (2004) showed that large quaternary
ammonium compounds diffuse much more rapidly into the BK¢, channel from the
inside, on their way to blocking the channel, than they do into the Shaker channel
(Li and Aldrich, 2004). Second, once they are inside, the BK¢, channel can close
behind them, while the Shaker channel cannot (Li and Aldrich, 2004). Third, when
Brelidze and Magleby (2005) increased the concentration of sucrose on the internal
side of the channel to slow diffusion up to and through the inner vestibule, they found
that the BK¢, channel’s conductance was reduced in a manner that indicated that
the rate of motion of K™ through the inner vestibule is an important determinant of
conductance. And four, based on the amount of sucrose needed to make K™ diffusion
from bulk solution to the internal mouth of the channel rate limiting, Brelidze and
Magleby (2005) estimated that the BK¢, channel’s internal mouth is twice as large
(20 A in diameter) as that of the Shaker channel (Webster et al., 2004; Brelidze
and Magleby, 2005) and similar in size to the large-conductance (~2004 pS) MthK
channel (Jiang et al., 2002) (Fig. 5.2B). Thus, controlling the size and shape of the
portion of the pore that is internal to the selectivity filter, and strategically placing
charges there to attract K™ ions, appears to be how nature has produced K™ channels
of differing conductances but common selectivities.

The large conductance of the BK¢, channel indicates that the K*-channel
selectivity filter is exquisitely designed for both selectivity and high throughput,
and it suggests that the selectivity filter is not working at maximum capacity in K*
channels with lower conductances. It is interesting to consider, however, whether as
the inner mouth and vestibule of a Kt channel becomes larger, does more of the
membrane potential drop across the selectivity filter. And if so, does the increased
electric-field strength drive ions through the selectivity filter more quickly than they
can go through in smaller-conductance channels? Perhaps this is another reason for
the enhanced conductance of the BK¢, channel? As far as I am aware this remains
an open question?
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5.4 BKc,-Channel Gating, Studies Before Cloning

Because of their large conductance, with the advent of the patch-clamp technique
BK¢, channels were among the first channels to be studied at the single channel level,
and throughout the 1980s several rigorous studies of their gating behavior were per-
formed (Methfessel, and Boheim, 1982; Magleby and Pallotta, 1983; Moczydlowski,
and Latorre 1983; Pallotta, 1983; McManus and Magleby, 1988, 1991; Oberhauser
et al., 1988; Latorre et al., 1989; McManus, 1991; Markwardt and Isenberg, 1992).
In brief they lead to the following important observations: BK¢, channels can be
activated both by Ca?* and voltage, and they can be activated by voltage to high
open probabilities over a wide range of [Ca>*]. Hill coefficients for Ca?*-dependent
activation are usually observed to be greater than 1 and sometimes as high as 5
(Golowasch et al., 1986). More typically, however, they are between 1 and 4 sug-
gesting that at least four Ca?* ions bind to the channel and they act to some degree
cooperatively when influencing opening. Analysis of the dwell times of the chan-
nel in open and closed states indicates that the channel can occupy at least five
closed states and three open states, and that there are multiple paths between closed
and open. These observations lead McManus and Magleby in 1991 to propose the
following model of BK¢,-channel Ca?*-dependent gating at +-30 mV.

Ca(j CC 2 CaL 2 Ca
C C C C - C @
58 uM 580 uM 215 uM 64 UM
.0306 9.14 7.68
+ 30mV Ca™ Ca™
(0] O L (0]
0.072  uM 77 uM
Scheme I

Here the channel binds four Ca?* ions, and there is a single conformational change
between closed and open. Each Ca>*-binding step has unique rate constants and
therefore also a unique affinity constant (as indicated). After binding the second
Ca’" ion, the model channel is observed to open with a detectable frequency, but it
is the large difference in affinity between the open and closed conformations for the
third bound Ca?" that drives channel opening. As will be discussed below, although
the unique importance of the third binding event is no longer widely accepted, the idea
that the channel undergoes a single conformational change allosterically regulated
by multiple Ca’*-binding events remains an important part of all current models of
BK,-channel gating.
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5.5 BKc,-Channel Gating, Macroscopic
Current Properties

The cloning of slol made it possible to express BK¢, channels at high density in
heterologous expression systems and to study their behavior as a population. Shown
in Fig. 5.3A are mSled, macroscopic currents recorded from an excised inside-out
patch from a Xenopus oocyte. The internal face of this patch was exposed to 10 uM
Ca*, and the membrane potential was stepped from —80 mV, where the channels
were all closed, through a series of increasingly more positive potentials, and then
back again to —80 mV. From these data one can determine the conductance of the
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Figure 5.3 mSlol macroscopic currents recorded from Xenopus oocyte, inside-out
macropatches. The internal face of each patch was exposed to 10 wM [Ca®*]. (A) (left) 20 ms pulses
from —80 mV to between —80 and +150 mV in 10 mV increments. (middle) The traces on the left
have been expanded and fitted with exponential functions. (right) Time constants of activation plot-
ted as a function of voltage. (B) (left) Tail currents recorded in response to repolarization to a series
of potentials after depolarization to +100 mV. (middle) The traces on the left have been expanded
and fitted with exponential functions. (right) Time constants of deactivation plotted as a func-
tion of voltage. (C) Normalized conductance vs. voltage curve (G—V curve) determined from the
data in 4. The data have been fitted with a Boltzmann function (G/ G e = 1/(1 + e®12=7)/RT)
with 7, = 24.6, g = 1.54. Also indicated is the G-V curve of the mammalian Kv.1.1 channel
(Grissmer et al. (1994). This figure was adapted from figure 1 of Cui et al. (1997).
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membrane as a function of voltage (Fig. 5.3C), and the time course of channel acti-
vation (Fig. 5.3A). Similarly, by activating the channels with a prepulse to +100 mV
and then stepping back to various potentials, the time course of deactivation can be
examined (Fig. 5.3B). Plotted in Fig. 5.3C is the conductance of the mSlo1 channel,
relative to its maximum (G / Gax), as a function of test potential. As is evident the
channel is significantly voltage dependent and exhibits an e-fold change in conduc-
tance per 16.5 mV. This corresponds to an apparent gating charge of ~1.54 e, which
is significant but substantially less than that of the prototypical voltage-dependent
K™ channel, Shaker, or its mammalian homologue Kv1.1 (dashed line).

In Fig. 5.3A (center) the traces from the left have been expanded and the
activation time courses fitted with single exponentials. The surprising result here
is that, over the entire voltage range, the traces appear well fitted by this simple
function. Furthermore, the time course of deactivation is also well fitted by a single
exponential at a series of potentials (Fig. 5.3B) (DiChiara and Reinhart, 1995; Cui
etal., 1997). Given the complex behavior observed at the single channel level, and the
eight states in Scheme I, this is a surprise, as in principle a kinetic scheme with eight
states will relax with a time course described by seven time constants. Some of these
could be small, and some could be similar to one another, so reasonably one might
expect to see fewer than seven, but more than one. Even more striking, however,
if one performs the same experiments at a variety of [Ca?*] (Fig. 5.4), increasing
[Ca®*] speeds activation (Fig. 5.4A) and slows deactivation (Fig. 5.4B), but single
exponential relaxations are still observed throughout. This result suggests that there
is a single rate-limiting conformational change that is influenced by voltage and
[Ca®*] and dominates the kinetics of channel gating over a wide range of conditions
(Cui et al., 1997). To be strictly correct, however, I should say that over a wide range
of conditions the kinetics of activation follow an exponential time course but for
a very brief delay, on the order of 200 s (Cui et al., 1997; Stefani et al., 1997;
Horrigan et al., 1999). The significance of this delay will be made more apparent
below.

If one looks at the effect of [Ca?*] on the steady-state gating properties of
the mSlol channel, one sees that Ca>* shifts the mSlol G-V curve leftward along
the voltage axis, with for the most part little change in shape (Fig. 5.5A). This
effect is quite dramatic. The shift starts at ~100 nM [Ca®*] (Meera et al., 1996;
Cox and Aldrich, 2000) and continues at concentrations as high as 10 mM, having
shifted by this point over 200 mV ([Ca®*] up to only 1000 wM are shown). Thus, the
mSlo1 channel’s response to [Ca?*] spans five orders of magnitude, and one might
reasonably ask how the channel is able to respond to such a wide range of [Ca?*]?
And what determines the magnitude of the channel’s G-V shift as a function of
[Ca**]? The studies described below address these questions.

If one takes the steady-state data of Fig. 5.5A and turns it on its head, plotting
now G/ Gpax as a function of [Ca’*] at several voltages (Fig. 5.5B), one sees that
the apparent affinity of the channel for Ca’* ranges from less than 1 WM to greater
than 300 wM and is steeply voltage dependent. Early single-channel work suggested
that this behavior arises from voltage-dependent Ca** binding (Moczydlowski and
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Figure 5.4 Activation rates increase and deactivation rates decrease with increasing [Ca®*].
(A) Currents recorded after voltage steps to +70 mV were normalized to their maxima and
superimposed. Each curve is fitted with an exponential function, and 1/7 is plotted in the lower
panel as a function [Ca?*]. (B) Tail currents were recorded at —80 mV, after depolarizations to
4100 mV. These currents were then normalized to their minima and superimposed. Each curve is
fitted with an exponential function and 1/ is plotted as a function of [Ca**] in the lower panel.
This figure was adapted from figure 6 of Cui et al.(1997).

Latorre, 1983), however, with the cloning of slo/ it became clear that the Slol
channel can be near maximally activated in the essential absence of Ca>* with very
strong depolarizations (> 300 mV) (Meera el al., 1996; Cui et al., 1997), and that
the rate of channel activation at very low [Ca?*] is too fast to be due ACa“—binding
with high affinity after the voltage step (Cui et al., 1997). Thus, the BK¢, channel is
a voltage-gated channel that is modulated by Ca?* binding.

5.6 A Simple Model of BK¢,-Channel Gating

The properties discussed above—a tetrameric channel (Shen et al., 1994), multiple
Ca’* binding sites, a single rate-limiting conformational change between open and
closed influenced by both Ca’>* binding and membrane voltage—lead naturally too,
and can be accounted for in great part by a simple model of gating known as the
voltage-dependent Monaux Wyman Changeux model, or VD-MWC model (Cui
et al., 1997; Cox et al., 1997b). While better and more complex models of BKc,-
channel gating exist and will be discussed below, the simplicity and mathematical
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Figure 5.5 Steady-state gating properties of mSlo1 macroscopic currents as a function of voltage
and [Ca®**]. (A) mSlol G-V relations determined at the [Ca®*] indicated. Each curve has been
fitted with a Boltzmann function. In the lower panel V;,, from the Boltzmann fits is plotted as a
function of log[Ca?*]. (B) Data like that in A were converted to Ca*" dose—response curves. The
curves displayed were determined at —50 to +90 mV, in 20 mV increments. Each curve has been
fitted with the Hill equation (Eq. 5.6), and the Kp-spparen: is plotted as a function of voltage in the
lower panel. The figures in 4 and B, were adapted from Cui et al. (1997).

tractability of the VD-MWC model make it a useful tool by which to gain and
intuitive understanding of the properties of an ion channel modulated by both
ligand binding and membrane voltage. The VD-MWC model is represented by
Scheme Il

Co 4K ©Ci @YK C2 (23)K¢ Cs(1/4/K ¢ Cq

Closed @ Ca EH Ca Eﬂ Ca EE Ca @ @

lTL(V) lT CL(V) lTCZL(V) lTCSL(V) lTC“L(V)
«— «— «— «— QX
Open 88?887’ % TE%T

O 4k, O g2k, 92 @3k, O3 (14K, Os
Scheme II  (The VD-MWC Model)
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Horizontal steps represent Ca’*-binding events, each with dissociation constant
K¢ in the closed conformation and K¢ in the open conformation. Vertical steps
represent the concerted conformational change by which the channel opens. The
equilibrium constant between open and closed in the absence of Ca’* is referred
to as L. The MWC model without voltage dependence was first formulated to
describe four oxygen molecules binding to homotetrameric hemoglobin (Monod
et al., 1965). It is easily adapted to the homotetrameric BK¢, channel supposing
now four Ca®*-binding sites one in each subunit (Cui et al., 1997; Cox et al.,
1997b).

Important properties of the MWC model are as follows. In response to ligand-
binding individual subunits do not undergo conformational changes on their own,
but rather all subunits undergo a conformational change together that is coincident
with channel opening. All binding sites are assumed to be identical. The binding of
Ca’* at one site does not affect the affinities of neighboring sites except indirectly
via promoting opening. And, in order for ligand binding to promote opening the
open conformation of the channel must bind Ca?* more tightly than the closed
conformation. We may rely on the law of detailed balance (which does apply to the
BK¢, channel; McManus and Magleby, 1989) to see why this is so. This law states
that for any cyclic gating scheme the product of equilibrium constants on any path
between two given states must be equivalent. Considering then the paths between
states Cy and O; in Scheme II, we may write

4[C 4[C K
[ a]X =L [ a], which can be rearranged to X = L—C, 5.1
Kc Ko Ko

where X is the equilibrium constant between C; and O;. Thus, in the MWC model
each ligand-binding event alters the equilibrium constant between closed and open
by a factor C = K¢/Ko , a situation with two interesting consequences. First, if
K¢ = Ko, Ca®* binding will occur, but it will not produce opening, and second,
the effect that Ca’* binding has on channel opening can be increased by either
decreasing K¢ , that is making the open channel bind Ca>* more tightly, or increasing
K¢, making the closed channel bind Ca** more weakly. The apparent affinity of the
channel, therefore, can increase as a result of a true decrease in binding affinity, a
result that demonstrates that even the simplest of ligand-dependent gating systems
can behave counter intuitively.

The behavior of the MWC model can be made more intuitive by considering
the effect of each binding event in energetic terms. Shown in Fig. 5.6 is the MWC
model plotted as an energy diagram, with energy on the vertical. Here K¢ was
assumed to be 10 M and Ko\l pM, and for simplicity L was assumed to be 1 such
that the energies of the closed and open conformations of the channel are equal in
the absence of bound Ca’*. Each Ca’*-binding event then reduces the energy of the
closed channel by AGc = RT In K¢, or —28.3 KJ mol~!, and it reduces the energy
of the open channel by AGo = RT In K¢, or —34.0 KJ mol~!, such that each Ca**-
binding event tips the energetic balance toward opening by —5.7 KJ mol~!. Thus,
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Figure 5.6 Energy diagram for the MWC model. As each Ca?* ion binds, the energy of the
open and closed conformations are lowered by differing amounts due to differences in binding
affinity. This lowers the energy of the open channel relative to the closed. For simplicity L has
been assumed here to equal 1 such that Cy and Oy have the same energy. This is not the case for
the BK¢, channel where L(0) is ~0.0006.

it is necessarily the difference between AGo and AGc, and therefore the ratio of
K¢ to Ko, that drives opening, not their absolute values, and the more Ca®*-binding
sites the channel has the stronger the effect.

In the VD-MWC model voltage dependence is added simply by supposing that
the central conformational change involves the movement of some gating charge O
through the membrane’s electric field such that the equilibrium constant between
closed and open becomes voltage dependent. That is

- @ — OFV /r
L(V)= [Col = L(0)e , (5.2)

and with this stipulation the open probability of the model is given by

1
Po en — . 5.3
' 1+[Ca] ' Y
1+ §° Lo yuy
1Jr[ al | L(0)
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Even without fitting the data it is apparent by inspection that Eq. 5.3 will display
many properties of the BK ¢, channel. It allows the channel to be maximally activated
by voltage in the absence of Ca?*, and it has the form

1

T+ 4777 e

P open —

which is a Boltzmann function, with the parameter 4 being related to the free energy
difference between open and closed in the absence of an applied voltage. For a given
0, this parameter determines the position of the G-V curve along the voltage axis,
while O determines it steepness. In the VD-MWC model 4 is Ca’>* dependent.

1 T’
A= Ke |1 (5.5)
Lo [Cal | Loy '
+ - -
Ko

As [Ca®*]increases, 4 decreases, and the model’s G-V relation shifts leftward along
the voltage axis. Since Q is independent of [Ca?*], the model’s G-V relation will
not change shape as [Ca®*] is varied—it will simply slide along the axis. While this
is not true for the BK, channel, it is true to a first approximation, particularly in the
middle [Ca?*] range (1 — 100 uM ).

In Fig. 5.7A, a series of mSlol G—V curves have been fitted simultaneously
with Eq. 5.3, and although the fit is not exceptional, as we expected, the model
does a reasonable job of capturing the Ca’>*-dependent shifting of the mSlo1 chan-
nel’s G—V relation. The fit suggests that K¢ = 11 pM, Ko = 1.1 pM, L = 0.00061
and Q = 1.40e. Notice, however, that the model is unable to mimic the shifting
nature of the mSlol G-V curve at [Ca’*] greater than 100 wM (data and fits in
grey; Cox et al., 1997b). This is now understood to be due the existence of a
low-affinity set of Ca®*-binding sites that are separate from the channel’s higher
affinity sites and not included in the model (Shi and Cui, 2001; Zhang et al.,
2001).

In Fig. 5.8A and B is shown a series of Ca?>* dose-response curves determined
at different voltages for the mSlo1 channel (fi/led) and the VD-MWC model channel
(open). Each curve has been fitted with the Hill equation

G _ Amp (5.6)

Gmax KD "
t (ﬁ)

and the resulting parameters are plotted in Fig. 5.8C—E. As expected from Fig 5.7,
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Figure 5.7 The VD-MWC model mimics mSlo1 gating. (A) mSlol G—V relations fitted with
the VD-MWC model (solid lines). All curves were fit simultaneously. [Ca?*] are as indicated.
[Ca®*] above 124 M are shown in grey and were not included in the fitting. (B) Current families
recorded at 0.84 uM, 10 wM, and 124 uM as indicated are shown on the left. VD-MWC-model
currents for the same [Ca*] are shown on the right. For model parameters see text and Cox et al.
(1997b). This figure was adapted from Cox et al. (1997b).

here too the model in many ways recapitulates the data. First, in both the data and the
model the extent of activation by Ca®* is limited by voltage (Fig. 5.8C), second, the
Hill coefficient (H) is ~1.5 to 2 for both the model and the channel over a fairly wide
voltage range (Fig. 5.8D), and, three, although the fit is not good at low voltages,
the model does predict, as appears in the data, an increase in the channel’s apparent
Ca?™ affinity (a decrease in Kp-apparent) as voltage is increased (Fig. 5.8E). Indeed,
this occurs even though neither of the model’s Ca’>*-binding constants K¢ and Ko
are voltage dependent.

Why is the apparent Ca>* affinity of the VD-MWC model voltage-dependent
even though its binding constants are not? One way to get at this question is to plot
open probability (Popen) for the model versus the mean number of Ca" ions bound
(Fig. 5.8F). Such a plot makes it clear that the model becomes more Ca>* sensitive
as voltage is increased, not because it binds Ca?>* more tightly, but because the
mean number of bound Ca”* ions needed to activate the channel becomes smaller.
At 4160 mV, for example, it takes only 1 bound Ca?* to activate the channel to a
Popen greater than 0.8, while at 0 mV, 4 bound Ca?" are required. This is a graphical
demonstration of the additive nature of the energies imparted to the closed-to-open
conformational change by Ca?* binding and membrane voltage. For the VD-MWC
model Pypeq is related to the free energy difference between open and closed, AG,
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Figure 5.8 The VD-MWC model mimics the mSlo1 channel’s Ca** dose-response curves. (A)
Ca’* dose-response curves are plotted for seven different voltages ranging from —40 to +80 mV
in 20 mV steps (symbols). Each curve is and has been fitted with the Hill equation (Eq. 5.6) (solid
curves), and the parameters of these fits are plotted as a function of voltage in C—E. (B) Simulated
data from the VD-MWC model. The parameters used for these simulations are those listed in the
text. (C—E) Comparison of the fit parameters from the data (closed circles) and the model (open
circles). (F) Plots of open probability of the model channel as a function of the mean number of
Ca’* ions bound to the model channel at a series of voltages. This figure was adapted from those

in Cox et al. (1997b).
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by the following function

1 1
P = =
open A_G AG'int rinsic + AGvc)ltage + AGCa @
RT RT RT RT
l+4+e 1+e
where
AGiyt rinsic = —RT In(L(0)), @ (5.7)
AGvoltage = _QFV/RT’
C
- _ B0
AGey = —4RT In Col
1+2—
Kc

Thus, as more energy is supplied for opening by voltage, less is required from Ca*-
binding to achieve a given Pypen. This is of course not just true for the VD-MWC
model but for a large class of models in which two stimuli are regulating a central
conformational change, and it is true for the more complex models to be discussed
below.

One might reasonably ask, however, just how far can this go? Can an ion channel
have an apparent affinity for its ligand that is higher that the true affinity of any of
its binding sites in either conformation? Remarkably, the answer to this question is
yes. This is illustrated in Fig. 5.9 where plotted for the model channel is Pyen as
a function of [Ca?*] at different values of L(K¢ = 10, Ko = 1)(Fig. 5.9A). These
curves were then normalized to have the same maximum and minimum, so that
their shapes could be easily compared (Fig. 5.9B), and then the [Ca®*] at which the
normalized curves are at half of their maximum value is plotted as a function of L in
Fig. 5.9C. At L = 1 the model’s Kp-apparent is 0.37 wuM while K¢ is 1 wM. Thus,
at even moderate values of L the apparent Kp of the model can be smaller than the
true Kp of the open channel. If one repeats this exercise, however, for a channel
with only one binding site, one finds that Kp-apparent cannot be less than Kq, and
it moves from K¢, when L is very small, to Ko, when L is very large. The peculiar
situation, then, where an MWC system displays an apparent affinity higher than any
of'is real affinities, results from the condition where significantly fewer ligands need
to bind to the channel to maximally activate it, than there are binding sites on the
channel. For the BK(, channel this situation would only pertain at voltages greater
than 4100 mV and not under physiological conditions.

Another question one might ask about the BK ¢, channel is what governs its Hill
coefficient (H)? And how should this coefficient—which is a standard measure of
the cooperativity of an allosteric system—vary with voltage? The data in Fig. 5.8D
tell us that the channel’s Hill coefficient slowly increases with voltage from ~1.5
to ~ 3.0, and for the model channel it displays a fairly constant but wavy pattern
around the value 1.7. What determines this value? A well known result for the MWC
model is that H for ligand binding is strongly dependent on L (Segel, 1993), and
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Figure 5.9 Properties of the MWC model. (A) Simulated dose—response curves for and MWC
model where Kc = 10, K, = 1, n = 4, and L was varied as indicated. (B) The 0 ACa“] values of
each curve in 4 were subtracted from each curve, and then they were each normalized to their
maximum to yield the curves plotted B. (C) The [Ca®>*] at which the curves in B are at half of their
maximum is plotted as a function of L. (D) Hill plots for the curves in B. The maximum slope
of these relations are defined as the Hill coefficient, which here does not change with L. (E) Hill
coefficient (H) plotted as a function of C, where C = K¢/K,. (F) Hill coefficient (H) plotted as a
function of the number of binding sites #n. Notice H increases with n and C.
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in the VD-MWC model it is therefore voltage dependent. Interestingly, however, if
instead of measuring Ca>* binding one measures channel opening, H for channel
opening is independent of L. This illustrated in Fig. 5.9D were a series simulated
Hill plots from an MWC model are displayed as a function of L. Each plot has the
same maximum slope and thus the same Hill coefficient. According to this model,
then, the BK¢, channel’s Hill coefficient should not vary with voltage, and indeed
this is true as well for more complex models, so long as voltage sensing and Ca’*
binding are acting independently on channel opening, and there is only one type of
Ca*-binding site.

If this is the case, however, then why does the model’s Hill coefficient—and
indeed the real channel’s—vary in Fig. 5.8D. The answer, at least for the model,
is that when the simulated data were fit with the Hill equation, as the voltage was
varied, the data were spread over different parts of the Pypeq—)V curve, and this
created and apparent change in H as different parts of the curve were emphasized in
the fitting. However, no real change is expected, and perhaps this technical problem
also contributes to the variation in H observed with fits to the real data. It is now
known, however —as will be discussed below—that the BK¢, channel has more
than one type of Ca’>*-binding site, a circumstance that could also give rise to a Hill
coefficient that varies with voltage, if different binding sites becomes more or less
important for channel opening as the membrane voltage changes.

If L does not govern the cooperativity of the MWC model, when viewed in
terms of channel opening, what does? The answer is C and n, where n represents
the number of binding sites the system contains, and again C = K¢/Ko. Fig 5.9E
and F shows that H increases as C increases and as z increases, and that an A value
of ~2 for the mSlo1 channel could be explained by supposing that the channel has
four binding sites (n = 4) with a C value of ~10 (C = K¢/Kp), as was done by
Cox et al. (1997b), or eight binding sites with a C value of ~3, which now appears
closer to the truth (Bao et al., 2002).

In addition to mimicking many aspects of mSlo1 steady-state gating, the VD-
MWC model can also approximate the Ca** and voltage dependence of the kinetics
of channel activation and deactivation (Fig. 5.7B) (Cox et al., 1997b). That is, it can
be made to activate more quickly with increasing [Ca?*] and voltage and deactivate
more slowly. To do this rate constants must be supplied for all of the transitions in
Scheme II, and two things have been found to be required. (1) The rate constant
of channel opening must increase with each Ca’>*-binding event, while the rate
constant for channel closing must decrease, and (2) the on rates and off rates for
Ca?* binding must be fast. In this limit the VD-MWC model approximates a two
state system whose open and closing rates are a weighted average of all the vertical
rate constant in Scheme II, each weighted by the percent of closed or open channels
that occupy the state that precedes each rate constant (gox et al., 1997b). For the
model in Fig 5.7 the Ca** on rates were assumed to be 10° M~!s~!, at the very
upper end of what is reasonable, and the off rates were then necessarily ~10%s~!
for the closed channel and ~103s~! for the open channel. These values produced
exponential kinetics under most conditions (Cox et al., 1997b). Thus, many of the
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attributes of both the steady-state and kinetic properties of BK,-channel gating can
be accounted for by the simple VD-MWC scheme, and what it seems to be telling us
is that, if there are four independent binding sites, then each has a K¢ of ~10 pM
and a Ko of ~1 wM, and the binding and unbinding of Ca** must be fast.

5.7 Interpreting Mutations

A useful aspect of the VD-MWC model and something that is not the case for models
with more complicated voltage-sensing mechanisms is that is easy to write down the
equation that governs its G-V position as a function of [Ca?>*]. Here in terms of the
voltage of half-maximal activation V7,

4RT F1+ICM/KQ] RT
V1 2 = In

OF (1% [Cal/Ko) + OF In[L(0)]. (5.9)
This equation states that /; » in 0 [Ca?*] depends on L and Q, and the extent to which
it moves with increasing [Ca?*] depends on K¢, Ko, and Q. An important result here
is that the steepness of the V', vs. [Ca’*] relation depends on the channel’s Ca®*
dissociation constants, as one might imagine, but also on Q. All other things being
equal the larger Q is, the smaller the shift. Thus, if one were to make a mutation that
affects the slope of the BK¢, channel’s V', vs. [Ca®*] relation, the VD-MWC model
suggests that this could either be due to a change in voltage sensitivity or a change
in Ca®* binding. We can determine which, however, by rearranging Eq. 5.8 to

(I +[Ca]/Kc)

QFV1/2 =4RT In [m

}+RTmumn, (5.9)

(where —QF Vi), is equal to the energy difference between open and closed) and
instead of plotting ;> vs. [Ca?*], plotting QF V; > vs. [Ca**]. On such a plot the
position of the curve at 0 [Ca>*] is determined solely by Z, while the shape of the
curve is determined by K¢ and K¢ (Cox el al., 1997b; Cox and Aldrich, 2000; Cui
and Aldrich, 2000). The VD-MWC model, therefore, provides a straightforward
means by which to distinguish between mutations that effect voltage sensing (Q),
Ca’* binding (K¢ or Ko), and the intrinsic energetics of channel opening (L (0)).

5.8 A Better Model of Voltage-Dependent Gating

Although the VD-MWC model provides a useful framework for thinking about a
channel regulated by voltage and ligand binding, there are aspects of the BK¢,
channel’s gating behavior that is fails to mimic. It does not predict the brief delay
(200 ps) in activation mentioned above. It does not mimic well the kinetic behavior of
the channel at far positive and far negative voltages, and it predicts that in the absence
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Figure 5.10 BKc,-channel gating currents are fast. (A) hSlol gating currents recorded with
pulses to the indicated potentials in the absence of [Ca?*]. (B) (1) and the time course of
ionic current activation (/x ). Gating charge moves before the channels open. (C) Alignment of the
S4 regions of the mSlol channel and the Shaker channel.

Pesitively-chargedresidues-are-boxed:
Negatively-chargedresidues-are-eireles: 4 was adapted from Stefani et al. (1997). B was adapted
from Horrigan and Aldrich (1999).

of Ca®*, single channel recordings should reveal only a single open state and a single
closed state, while the mSlo1 channel displays three closed and two open states under
this condition (Talukder and Aldrich, 2000). The most damming evidence against the
VD-MWC model, however, is the important observation—initially made by Stefani
et al. (1997) (see Fig. 5.10A), and then Horrigan and Aldrich (1999) (see Fig.
5.10B)— that BK¢,-channel gating currents are much faster than channel opening
and closing (Fig. 5.10B). The VD-MWC model predicts the two processes should
have the same time constant, as in the VD-MWC model voltage-sensor movement
is part of the central closed-to-open conformational change.

That this is not the case for the BK, channel, however, perhaps should not
be surprising as the Shaker channel’s gating currents also relax more quickly than
the channel opens, and this has been explained by supposing that voltage sensors
in each subunit move rapidly upon depolarization, and when all have moved to
their active conformation the channel undergoes an opening conformational change
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(which is also weakly voltage-dependent) (Bezanilla, 2005). Three things about the
BK¢, channel’s gating currents, however, are very different from those of Shaker.
BKca-channel gating currents are much smaller, they are much faster, and their off
gating currents are not slowed by channel opening (Stefani et al., 1997; Horrigan
and Aldrich, 1999). With Shaker the voltage sensors must wait for the channel to
close before they can return to their resting state, while this is not the case for mSlol
(Zagotta et al., 1994; Bezanilla, 2005).

In 1999, based on an extensive series of both gating and ionic current exper-
iments with the mSlo1 channel, Horrigan, Cui, and Aldrich proposed a model of
BK¢,-channel voltage-dependent gating that does a remarkably good job of account-
ing quantitatively for almost all aspects of BK,-channel gating in the absence of
Ca* (Horrigan et al., 1999; Horrigan and Aldrich, 1999). This model, termed here
the HCA model, is represented by Scheme II1.

CD C1 C2 C3 C4
Closed 4)c (3/2)Jc (2/3)Jc (1/4)]
ose — [X] —> [X] — [X[X] —> [(X]X]
HEI II II — [ Je—[x[x]
lTL(V) lT D L(V) lTDQ L(V) lTDG L(V) lTDA L(V)
Open %—» e Em— — ?,*g
4o (3/2)Jo (2/3)Jo 1/4)Jo
00 01 02 03 04
ZJF(Vth(:) ZJF(ViVlw)
JC =e RT J() =e RT
LV)= Lez,‘FV/RT D= Jo
Jc
Scheme II1

Notice it looks very much like the MWC model except here horizontal transitions
represent voltage-sensor activation, now one in each subunit, and the central closed-
to-open conformational change is also proposed to weakly voltage dependent. Thus,
the HCA model is an allosteric model of voltage-dependent gating, where instead
of voltage-sensor movement being required for channel opening, as is the case with
the VD-MWC model and models of Shaker gating, here the channel can open with
any number of voltage sensor’s active, but as each voltage sensor moves to its active
state, the open conformation of the channel becomes energetically more favored.
Also analogous to the MWC model, in the HCA model, in order for voltage-sensor
movement to promote channel opening it must lower the energy of the open state
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of the channel more than the energy of the closed state. Practically speaking, what
this means is the V;, for voltage-senor movement must be more negative when the
channel is open than when it is closed. Analogous to the factor C in the MWC model,
Horrigan, Cui, and Aldrich defined D to represent the factor by which the movement
of a voltage senor in the HCA model increases the equilibrium constant between
open and closed. They estimated D to be 17 for the mSlol channel (Horrigan et al.,
1999; Horrigan and Aldrich, 1999).

There are five parameters that govern the equilibrium behavior of the HCA
model. L(0) the equilibrium constant between open and closed at 0 mV when no
voltage sensors are active, zq the gating charge associated with this equilibrium con-
stant, V3. and V;, the half-activation voltages of voltage-sensor movement when the
channel is closed or open respectively, and z; the gating charge associated with each
voltage sensor’s movement. By measuring open probabilities at very low voltages,
Horrigan et al. (1999) and Horrigan and Aldrich (1999) were able to determine L (0,
to be ~2 e—6 and z, to be 0.4 e. By measuring gating currents and macroscopic @
ionic currents over a wide range of voltages, they were able to estimate V. to be
+155 mV, ¥}, to be 24 mV and z; to be 0.55 e. With these parameters the HCA
model nicely mimics the mSlo1 channel’s O—F and G-V curves in the absence of
Ca". Indeed a key feature of the data that is reproduced by the model is that at very
low open probabilities the mSlol log(Popen)-vs.-voltage relation reaches a limiting
slope that is less than the maximum slope of this relation and reflects just the voltage
dependence of the central conformational change (Horrigan et al., 1999).

Also, by studying the kinetics of gating and ionic currents Horrigan et al.
(1999) and Horrigan and Aldrich (1999) were able to specify all the rate constants
in Scheme III and then reproduce very well the kinetic behavior of both gating
and ionic currents. In qualitative terms what their work and that of Stefani et al.
(1997) suggests is that in response to changes in voltage the channel’s voltage sen-
sors move very rapidly and independently between an active and an inactive state,
with the process of channel opening and closing being much slower. Indeed, in
response to depolarization the voltage sensors of the closed channel reequilibrate
completely during the brief delay (~200 ws) that precedes macroscopic current acti-
vation (see Fig. 5.10B), and then, as the channels open, they equilibrate again among
open states. Upon repolarization the voltage sensors equilibrate very rapidly among
open states, before the channels close, and then they equilibrate again through the
closed states as the channels close. Combining these results, then, with observations
from VD-MWC modeling, it appears that the essentially monoexponential nature
of the BK(, channels macroscopic currents arises from a channel whose closed-
to-open conformational change is rate limiting under nearly all conditions and is
allosterically regulated by the faster processes of Ca’>* binding and voltage-sensor
movement.

Each voltage sensor in the HCA model carries a gating charge of 0.55e¢,
while each voltage sensor of the Shaker channel carries a gating charge of ~3.5¢
(Bezanilla, 2005). Thus the BK¢, channel’s voltage sensor appears to carry only 1/6
the gating charge of that of the Shaker channel. For the Shaker channel the gating
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charge has been shown to arise from the movement of 5 of 7 positively charges
residues in the S4 segment (Aggarwal and MacKinnon, 1996; seoh et al. 1996). An
alignment of the Shaker and mSlo1 S4 segments is shown in Fig 5.10C. The residues
that carry gating charge along with the approximate amount of charge they carry (ac-
cording to Agarwall and MacKinnon, 1996) are indicated in parentheses. The BK¢,
channel shares the 2nd, 3rd, and 4th positive charges that in the Shaker channel con-
tribute 1 full charge each to the gating charge. Thus, it is surprising that the BKc,
channel’s voltage sensor does not contain a larger amount of gating charge, and if
this is indeed the case, as it appears to be, then it suggests either that the movements
that this region undergoes during gating are not the same for the two channels, or
the electrical fields through which these movements occur are very different. Indeed,
one might question whether S4 is involved at all in the voltage sensing of the BK¢,
channel. Mutagenesis experiments, however, suggest that R213 and R210 carry a
small amount of gating charge (Diaz et al., 1998), so the S4 segment may form the
voltage sensor of both channels, but the reason why R207, R210, and R213 do not
contribute more gating charge to mSlo1 remains a mystery.

5.9 Combining HCA and MWC

Given the success of MWC-like models in describing Ca’>* sensing, and the HCA
model in describing voltage sensing, it is natural to combine the two to produce a
model of BK,-channel gating-like that shown in Fig. 5.11A. Here the top tier of
states represents the closed conformation of the channel, and the bottom tier the open
conformation. The horizontal transitions along the long axis represent Ca’>* binding
and unbinding. The horizontal transitions along the short axis represent voltage-
sensor movement. There is one open state and one closed state for every possible
combination of 1—4 voltage sensors active and 1-4 Ca’>*-binding sites occupied, and
thus 25 closed and 25 open states, or 50 states in all. Rothberg and Magleby (2000)
where the first to propose that a model of this form could mimic the essential aspects
of the gating of the BK¢, channel based on their analysis of the mSlo1 channel’s
single-channel behavior over a wide range of conditions.

At first glance this 50-state model might seem hopelessly complex, but it is
based on simple ideas about Ca>* and voltage sensing. And although it has many
states, if voltage sensors and Ca’*-binding sites are considered identical and inde-
pendent, its open probability is determined by just seven parameters—the five HCA
parameters, L(0), zy, Vie, Vho, and z;, plus the MWC parameters K¢ an Ko—so
there is reason to hope that they could be well constrained by electrophysiological
data. Indeed, Cox and Aldrich (2000), using voltage-sensing parameters close to
those determined from HCA modeling (Horrigan and Aldrich, 1999), and Ca** dis-
sociation constants close to those determined from VD-MWC modeling (Cox et al.,
1997b), were able to describe the shifting nature of the mSlo1 G-V relation between
0 and 100 wM [Ca?*] fairly well (Cox and Aldrich, 2000).
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(A)

SCHEME IV

(B) 0Ca+ 1Ca+ 2 Cat 3Ca*+ 4Cat

SCHEME V (closed tier)

Figure 5.11 Allosteric models of BKc,-channel gating (A) 50-state model first proposed by
Rothberg and Magleby (2000). (B) The 35 states of one tier of the 70-state model of Horrigan
and Aldrich (2002). 4 was adapted from Cox and Aldrich (2000). B was adapted from Cox et al.
(1997).
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One possibility that the 50-state model ignores, however, is that Ca?>* binding
to its site in a given subunit may directly alter the equilibrium for voltage sensor
movement in that same subunit and vice versa. If one takes this possibility into
account then the 50-state model must be expanded to a 70-state scheme with now
35 closed and 35 open states (Cox et al., 1997b), and one more parameter £ must
be added (Horigan and Aldrich, 2002). Analogous to C and D, E is the intrasubunit
coupling factor between Ca?* binding and voltage sensing. The 35 closed states of
such a model are depicted graphically in Fig. 5.11B. One has to imagine each of
these closed states being connected through an opening conformational change to a
corresponding open state. The open probability of the resulting 70-state model, first
proposed by Horrigan and Aldrich (2002), is given by the following equation

L( + Ko + Jo + JoKoE)*
L1+ Ko+ Jo+ JoKoE)4 +(+Jc+Kc+ JcKcE)4

2 F(V =Vjo) 2 F(V=Ve) %
b

L=LO)e; Jo=JoOe #°; Jo=J(O)e w
[Ca] [Ca]
Ke=——:1 Kop=-——.
C KC 5 (6] KO

(5.10)

P open —

where

But are the 20 extra states needed? Does Ca>* binding in fact directly affect voltage
sensing? Is E different from 1? Experiments with mutations that alter voltage sensing
suggest it is not (Cui and Aldrich, 2000); however, Horrigan and Aldrich (2002)
addressed this issue directly by measuring mSlol gating currents in 0 and 70 uM
[Ca’*]. They made the following interesting observations. mSlo1 on gating currents
exhibit two exponential components, fast and slow. O, can be assigned to the rapid
equilibration of voltage sensors in the closed channel before the channel opens,
and Qgow to the reequilibration of the voltage sensors among open-states after the
channels open. As this second component of charge movement is limited by the
speed of channel opening, it appears slow even though, once a channel is open, its
voltage sensors reequilibrate rapidly. The interesting result, however, is that, while
increasing [Ca®*] from 0 to 70 wM has a large effect on the Qyo—V relation (fast 4
slow)—it makes this curve much steeper and shifts it to the left (see Fig. 12D)—it
has very little effect on the QOy,5—V relation. It shifts it just —20 mV, and it does not
change its shape (Fig. 5.12C). Since this relation reflects the activation of voltage
sensors in the closed channel, the fact that it changes little when [Ca®*] is increased
indicates that indeed Ca?* binding does not have a large direct effect on voltage-
sensor movement. That is, £ is small. The —20 mV shift, however, does indicate that
it is not equal to 1. Horrigan and Aldrich estimated it to be 2.4.

If the O,V relation does not change much with increasing [Ca®*], then
why does the Qi—V relation change so dramatically with increasing [Ca?*]
(Fig. 5.12D)? It turns out this is not so strange, and it is predicted by the 70-state
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FigureS.12 mSlo gating and ionic currents can be well described by the HA model (Scheme V see
Fig. 5.11B). (A) G-V relations determined at the following [Ca**], from right to left in wM: 0.27,
0.58,0.81,1.8,3.8,8.2, 19, 68, and 99. The curves were simultaneously fit with the HA model (con-
tinuous lines) with the following parameters: Kc = 11 pM, K, = 1.4 uM, V). = 150 mV, V},, =
0.7mV,z, =04,z; =0.55,L(0) =2 x 10~°. (B) The HA model can also mimic the kinetic be-
havior of mSlo1 macroscopic currents. Plotted are macroscopic current relaxation time constants
as a function of membrane voltage. Continuous lines represent fits to Scheme V. Steady-state
parameters were the same as in A. For kinetic parameters see Horrigan and Aldrich (2002, Table
III). (C) There is little change in the Qg,q—V relation of the mSlo1 channel when [Ca?*] is raised
from 0 to 70 wM. The small shift observed is —20 mV. (D) The HA model (continuous lines) can
also reproduce the changes observed in the relationship between the mSlol Qyy.—V relation and
the P,V relation as [Ca*'] is increased. This change occurs because as [Ca*'] is increased
fewer voltage sensors need to move to open the channel. All panels were adapted from figures in
Horrigan and Aldrich (2002).

or HA model. For a detailed explanation I refer the reader to the original publica-
tion (Horrigan and Aldrich, 2002). In brief, however, the answer is that the Qoa—V
relation of the HA model is a weighted average of the O—V relations of the open
and closed channels—with midpoints V}. and V}, respectively—weighted by the
fraction of channels that are open and closed at a given voltage. These relations
have the same shape but lie ~140 mV apart on the voltage axis. The addition of
Ca?* makes the channels open at lower voltages and thereby puts greater weight on
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the Qgpen—V relation than the Qcjoseq—V relation. According to the HA model, it is
changes in the weighting of these two curves with increasing [Ca*] that cause the
large change in shape and position of the Qyo—V curve.

Notice also in Fig. 5.12D that at 0 [Ca?T] the Orotal—V relation lies to the left @
of the e e eeJs and it is more shallow, while at high [Ca?T], the Qia—V relation Au: Please
is very similar in shape and position to the Pypen—) curve. This makes sense, as in ~ provide the
0 [Ca%"] on average three voltage sensors must become active before the channel ~ ™issing
opens, while in 70 wuM [Ca®*] just one is required (Horrigan and Aldrich, 2002). characters.

Not only did Horrigan and Aldrich show that their model could explain the

behavior of the channel’s gating currents, they also found a set or parameters that
could fit the channel’s G-V relation with [Ca®*] between 0 and 70 wM (Horrigan and
Aldrich, 2002) (Fig. 5.12A). Their estimates of K¢ and Kg, assuming four Ca?*-
binding sites, were 11 uM and 1.4 pM, C = 8, similar to estimates from the VD-
MWC model. And they also found rate constants for the closed-to-open transitions
in the model that enabled it to reproduce the channel’s macroscopic-current kinetics
fairly well (Fig. 5.12B). To approximate exponential kinetics again Ca>* binding was
assumed to be fast. Thus, the HA model reproduces BK¢,-channel behavior over an
impressively wide range of conditions, and it is the best explanation of BK¢,-channel
gating to date. Indeed, it also allows for variations in G-V steepness as a function of
[Ca?*], something else observed in the data and not accounted for by the VD-MWC
model.

5.10 The BK¢, Channel Has Low-Affinity
Ca’t Binding Sites

What is wrong with the HA model? It has yet to be compared quantitatively to
single-channel data, and if it were to be, it is unlikely that it would reproduce the
rapid flickers observed in such recordings (McManus and Magleby, 1988; Cox et al.,
1997b; Rothberg and Magleby, 1999,2000). Its fits to macroscopic-current kinetics
in the middle [Ca®*] range (~ 10 wM) could be improved, but the major problem
with this model is that—like the VD-MWC model—it saturates at 100 uM [Ca’*],
and therefore it does not predict additional G-V shifts at [Ca®*] greater than this.
This drawback was acknowledged by Horrigan and Aldrich and attributed to the lack
in the model of the low-affinity Ca?*-binding sites described by the Cui and Lingle
groups (Shi and Cui, 2001; Zhang et al., 2001; Shi et al., 2002; Xia et al., 2002).
These binding sites were discovered by studying the effects of Mg?* on BK¢,-
channel gating. Both groups found that raising intracellular Mg?* from 0 to 100 mM
shifts the mSlo1 G-V curve leftward ~100 mV, and that this occurs in the presence or
absence of 100-300 wM Ca’*, as if Mg?* were acting at separate sites from the Ca’*
binding sites. Furthermore, high Mg?* prevents Ca** from causing leftward G-V
shifts at concentrations greater than 100 wM, and the mutation E399N (indicated in
Fig. 5.13A) eliminates responses to Ca?* above 100 uM and Mg?* up to 10 mM.
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Thus, this mutation appears to eliminate a low-affinity Ca?*-binding site that is
responsible for the leftward G-V shifts cause by [Ca?*] above 100 uM; and it is also
the site of Mg?* action. Indeed when Zhang et al. (2001) added a low-affinity site to
the 50-state model discussed above, they found that the model could produce leftward
G-V shifts at high [Ca?*]. Thus, the BK¢, channel’s ability to respond to [Ca’*]
over five orders of magnitude is now understood to be due to the presence of both
low- and high-affinity Ca?*-binding sites. The low-affinity site has been estimated
to have the following dissociation constants for Ca’* : K¢-c,2-3 mM (Zhang et al.,
2001), Ko-c40.6-0.9 mM (Zhang et al., 2001), and for Mg?™ : Kc-Mmg8-22 mM (Shi
and Cui, 2001; Zhang et al., 2001), Ko-pmg2—6 mM (Shi and Cui 2001; Zhang et al.,
2001). Ca®*, therefore, binds weakly, but more tightly than Mg?*.

Under most physiological conditions, these low-affinity sites would not be
occupied by Ca?*; however, as [Ca?*] rises transiently into the tens of micromolar—
due to Ca®* entry through nearby Ca?* channels or release from intracellular stores—
Ca* binding at these sites may have a small effect (~10 mV G-V shift). Similarly,
cytoplasmic [Mg?*] has been estimated to be ~0.5 to 1 mM (Zhang et al., 2001), a
concentration that by acting through these sites would also be expected to produce a
small G-V shift (10-25 mV). As yet, however, what role these low-affinity sites play
in the functioning of the BK, channel in its native settings has yet to be explored.

5.11 The BKc, Channel Has Two Types of High-Affinity
Ca’*t-Binding Sites

Another important insight that came in a part from mutagenesis work is that, rather
than having a single type of high-affinity Ca*>*-binding site, as the HA and the VD-
MWC models assume, the BK¢, channel appears to have two structurally distinct,
and structurally novel types of high-affinity Ca?*-binding sites.

The great majority of Ca?*-binding proteins thus far discovered (over 300 and
counting) contain Ca’*-binding sites of the EF-hand type—calmodulin, troponin
C, and parvalbumin for example. In these sites the Ca®* ion is coordinated in a
pentagonal-bipyramidal arrangement by oxygen atoms from side chains of amino

Figure 5.13 Mutations that affect BK,-channel Ca?* sensing. (A) Diagram of the Slo1 subunit
indicating the putative RCK1 and RCK2 domains, the Ca** bowl, and the positions of mutations
D367A, E399A, M5131, and D5SNS. (B) Wild-tye mSlol G-V curves plotted for the following
[Ca**] from right to left in wM: 0, 0.5, 1.4, 10.60, 100, 300, 1000, 2000, 5000, 10,000, 20,000,
50,000, 100,000. (C) G-V curves as in B for the Ca>*-bowl mutation SD5N. (D) G-V curves as in
B for the RCK 1 mutation D362A/D367A.(E) G—V curves as in B for the double mutation SDSN+
D362A/D367A. On the right are shown V7, vs. [Ca?"] plots for the wildtype channel and the
various mutations. Notice that the double mutation in E eliminates Ca’* sensing below 1 mM, and
the sum of the V), vs. [Ca?*] curves for the 5SD5N mutation and the D362A/D367A mutation is
very similar to the wild-type relation. This indicates that the two mutations are additive and likely
acting on separate Ca>*-binding sites in Panels B-E are from figure 2 of Xia et al. (2002).

199


u8809509
Cross-Out

u8809509
Cross-Out

u8809509
Note
delete comma after M and delete it.


SVNY290-Chung July 25, 2006 14:52

Daniel H. Cox

acids spaced approximately every other residue over a loop of 12 residues (Falke
etal., 1994). Typically EF-hands come in pairs with binding at one site allosterically
affecting binding at the other site. Some proteins have as many as six EF hands,
although two or four is more typical (Cox, 1996). The EF-hand consensus sequence
is as follows: DX(D/N)X(D/N)-GXXDXXE (Falke et al., 1994). The BK, channel
has no such sequence.

The other well established high-affinity Ca’>*-binding motif is the C2 domain,
which is found in such proteins as protein kinase C, phospholipase A2, and synap-
totagmin. The C2 domain is composed of ~130 amino acids arranged in two four-
stranded B sheets (Nalefski and Falke, 1996). Ca®>* ions, usually two or three, are
coordinated by acidic residues and backbone carbonyl groups in loops that lie above
the B-stranded structure (Nalefski and Falke, 1996). The C2 domain also has a con-
sensus sequence that does not conform to any region in the Slo1 subunit. What can
be learned from these motifs, however, is that Ca®*-binding sites are likely to be
found in loop regions containing acidic residues, often spaced every other residue.

Although Slol does not have any canonical Ca’>*-binding motifs, there is a
region in the distal portion of Slo1’s C-terminal domain that roughly conforms to
these criteria and has been strongly implicated as a Ca®* binding site. This region
contains 28 amino acids, 10 of which are acidic. @

TELVNDTNVQFLDOQOQDDDDDPDTELYTLTQ

|
The Ca** Bowl 900

It was given the name “the Ca** bowl” (above) and proposed to be a Ca’>*-binding
site by Schreiber and Salkoff (1997) based on their observation that mutations in this
region cause rightward G-V shifts at moderate and high [Ca?*], but no shift in the
absence of Ca?* (Schreiber and Salkoff, 1997). Since then a number of observations
have supported this conclusion. Principally, when a portion of Slol that includes
the Ca®* bowl was transferred to the Ca**-insensitve Slo3 subunit, Ca>*-sensitivity
was conferred upon the previously insensitive channel (Schreiber et al., 1999). And
peptides composed of portions of Slo1 that include the Ca** bowl bind Ca®* in gel-
overlay assays (Bian et al., 2001; Braun and Sy, 2001y, and this binding is inhibited
by the mutation of Ca?*-bowl aspartic acids (Bian et al., 2001; Bao et al., 2004).

Even large mutations in the Ca>* bowl, however, do not eliminate Ca>* sensing,
butrather they reduce the G-V shiftinduced by 100 wM Ca* by about half (Xiaetal.,
2002). Where is the remaining Ca’>* sensitivity coming from? One idea proposed
by Schreiber and Salkoff (1997) is that in addition to the Ca’* bowl, the BK¢,
channel has other high-affinity Ca?* binding sites. In support of this possibility they
noted that Cd** can activate the BK, channel, and that Ca?*-bowl mutations do not
affect Cd>* sensing as they do Ca?* sensing. They proposed that Cd*>* was binding
selectively to a second high-affinity Ca>*-binding site that is unrelated to the Ca®*
bowl.
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Also supporting this hypothesis came work from the Moczydlowski, Cox, and
Lingle groups who showed that large Ca>*-bowl mutants behave as if they have lost
half of their high-affinity Ca>*-binding sites (Bian et al., 2001; Bao et al., 2002;
Xia et al., 2002). And most importantly, mutations made far upstream of the Ca>*
bowl in the proximal part of the intracellular domain, M513I (Bao et al., 2002) and
D367A/D362A (Xia et al., 2002) (see Fig. 5.13A), also reduce the effectiveness of
[Ca’*] in shifting the mSlol G-V relation (see Fig. 5.13B-D). And when either
of these mutations is combined with a large Ca®*-bowl mutation, the channel’s
Ca* sensitivity is either severely impaired (Bao et al., 2002) or eliminated up
to 100 wM [Ca’*] (Fig. 5.13E). In fact, the Lingle group found that when they
combined D367A/D362A with the Ca**-bowl mutation D857-901N (5D5N) and
the low-affinity-site mutation E399A, the channel’s Ca** response was completely
eliminated up to 10 mM [Ca®*], and that D367A/D362A, unlike mutations made in
the Ca®* bowl, also eliminated, Cd** sensing (Zeng et al., 2005)—consistent with
the proposal that Cd?>* binds only to the second site (Schreiber and Salkoff, 1997).
Together, then, these results argue that the BK, channel has three types of Ca>*-
binding sites, two of high affinity and one of low affinity, and the two of high affinity
are thought to lie within different subdomains (proximal vs. distal) of the channel’s
large intracellular domain.

There is some disagreement as to the affinities of the two types of high-affinity
sites. Bao et al. (2002) estimated the Ca’*-bowl-related site to have the following
affinity constants for Ca>*: K¢ = 3.5 puMand Ko = 0.8 wM, while Xia et al. (2002)
made the following estimates K¢ = 4.5 puM and Ko = 2.0 wM. For the other site
Bao et al.’s estimates were Kc = 3.8 uM and Ko = 0.9 wM, similar to the Ca’*-
bowl-related site, while the Xia et al.’s estimates (Bao et al., 2002) were considerably
higher K¢ = 17.2 uM and Ko = 4.6 wM. These groups, however, used different
mutations and different models to make their estimates, so some disagreement is not
surprising. Which are closer to the truth is as yet unclear.

When making the above estimates both groups relied on the assumption that
there are four of each kind of binding site, one in each subunit. While this seems
most reasonable, it is not necessarily the case. A lot depends on the symmetry of the
intracellular portion of the channel and whether binding sites are contained with in
subunits or formed at their interfaces. If each type of binding site is contained within
a subunit, and there are three types of binding sites, then the total is 12. If some of
the binding sites are formed by the interfaces between subunits, and the cytoplasmic
part of the channel is fourfold rotationally symmetric, then still there must be 12.
But if the cytoplasmic part of the channel is twofold rotationally symmetric—a
dimer of dimers, as is the case for the small conductance Ca**-activated K™ channel
(Schumacher et al., 2001; Maylie et al., 2004)—then it could be that there are only
two of each type of site. And indeed there could be combinations of sites, some
at the interfaces and some within subunits, such that reasonably the channel could
contain 6, 8, 10, or 12 Ca®>* binding sites. Which is actually the case has yet to be
definitively determined, however, it appears that there are four Ca’*-bowl-related
sites, as when Niu and Magleby (2002) created hybrid channels that contained 1, 2,
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3, or 4 subunits mutated in the Ca>* bowl, they observed four phenotypes. Indeed,
this work also suggested that the binding of Ca>* at one Ca**-bowl does not greatly
affect binding at Ca?* bowls on other subunits, something that was assumed without
evidence in the modeling discussed above.

5.12 Is the BK¢, Channel Like the MthK Channel?

Another important question that has yet to be resolved is: how is the energy of
Ca* binding Aransduced into energy for opening? This question may be difficult to
answer without a crystal structure, but there is an interesting hypothesis from the
bacterial world. In 2002, a crystal structure of MthK, a bacterial Ca>*-activated K*
channel, was solved by the MacKinnon group (Jiang et al., 2002). Although this
channel is very different from the BK¢, channel in many respects—it contains only
two membrane spanning helixes and is not voltage-dependent—still it was proposed
that the BK¢, channel’s Ca’* sensing mechanism may be much like that of the
MthK channel (Jiang et al., 2001, 2002). The MthK channel is a fourfold symmetric
tetramer with a classic K*-channel pore sequence (TVGYG). Each monomer has an
intracellular C-terminal domain whose core is an RCK domain (Jiang et al., 2001)
(Fig. 5.14A). In the MthK structure eight RCK domains come together to form what
is called the channel’s “gating ring” (Fig. 5.14B)—four from the channel proper and
four more derived from a truncated piece of the channel generated off of a second
translation start site. Each RCK domain in the gating ring binds one Ca®*, and this—
it has been proposed—causes a shearing motion that leads to an expansion of the
ring and an opening of the channel’s gate (Jiang et al., 2002)(Fig. 5.14D).

Even though the homology between proteins is low (<20%), because of key
regions of conservation, and the mutagenesis experiments to be discussed below,
the MacKinnon group has proposed that the Slo1 subunit has an RCK domain that
forms the proximal part of its cytoplasmic domain (see Fig. 5.1B). Two lines of
evidence support this proposition. First, in the crystal structure of an E. coli RCK
domain—which takes the form of a Rossman fold—there is a salt bridge that is also
predicted to exist in the putative RCK domain of Slol. When Jiang et al. (2002)
mutated the residues in the mSlo1 channel that are predicted to form this salt bridge

Figure 5.14 The Ca*-sensing mechanism of the MthK channel. (A) Two RCK domains of the
MthK channel. Spheres represent bound Ca?* ions. (B) The “gating ring” of the MthK channel.
This structure must be envisioned as hanging below the channel in the cytoplasm. It is compose of
eight RCK domains. This crystal structure is from the work of Jiang et al. (2002). (C) Homology
model of a portion of mSlol RCK1. Indicated are residues whose mutation disrupts low-affinity
Ca* sensing and Mg?* sensing. (3) Jiang et al. have proposed that as Ca>* binds the gating ring
expands, due to a rearrangement of its RCK domains, that leads to stress on the linkers leading to
the pore helices, and this pulling action opens the channel. 4, B, D were adapted from Jiang et al.
(2002). C was adapted from Shi et al. (2002).
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Figure 5.15 An alanine scan of the Ca?*-bowl. (A) On the horizontal axis are listed the residues
of the Ca?* bowl. Each oxygen-containing side chain was mutated one at a time to alanine, and
the resulting effect on the influence that 10 wuM[Ca**] has on the free energy difference between
open and closed is plotted (Bao et al., 2004). These mutations were made in a M5131 background
to eliminate Ca>*-sensing through the RCK 1-related high-affinity Ca?*-binding site (Bao et al.,
2004). (B) Model from Bao etal. (2004) of Ca>* binding to the Ca* bowl, based on the mutagenesis
data in 4. This figure was adapted from those in Bao et al. (2004).

to reverse their charges, if either residue were mutated alone, the channel’s Ca’*
sensitivity was reduced; however, if both residues were mutated together, near wild-
type Ca’* sensitivity was restored. This result argues that a salt bridge was broken
by each single mutation and then reformed by the double mutation, and therefore
that the predicted salt bridge does exist in mSlo1. Second, the Cui group found that
if they supposed that the RCK domain existed in Slol in the position predicted by
Jiang et al., then mutations that they had identified as eliminating low-affinity Ca>*
sensing, E399N and D374A, nicely clustered around a site where Ca** or Mg?*
could reasonably bind (Shi et al., 2002) (Fig. 5.14C). Thus, it seems likely that the
proximal portion of Slo1’s intracellular domain does form an RCK domain now
referred to as RCK1.

The gating ring of the MthK channel is composed of eight RCK domains, while
if each Slo1 subunit were to have one RCK domain, then that would make only four.
The MacKinnon group however, has suggested that each Slo1 subunit has a second
RCK domain downstream of the first, and, although they did not specify where it is,
it is not difficult to identify a potential second RCK domain by homology to the first
(Roosild et al., 2004). So perhaps there are two per subunit that come together to
form an eight-membered gating ring like that of MthK. Indeed, consistent with this
hypothesis Niu et al. (2004) found that the length of the linker between S6 and RCK 1
has a large effect on the intrinsic energetics of channel opening. Lengthening the
linker makes it harder to open the channel with depolarization, while shortening the
linker makes it easier. Furthermore, lengthening the linker decreases the effectiveness
of Ca?* at opening the channel. Although not the only plausible explanation, this
is what might be expected if there is a gating ring that exerts an opening force on
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the pore’s S6 gate via these linkers, and this force increases as Ca?* binds and the
gating ring expands.

Some data, however, suggest that the mechanism by which the BK¢, channel
senses Ca’>* must be different from that of the MthK channel. First, the acidic
residues that bind Ca?* in MthK’s RCK domain are not acidic in the Slol RCK
domains. Second, the Slol residues M513 and D367 do not have counterparts in
the MthK RCK domains. They lie in regions of sequence that are aligned as gaps
with the MthK RCK sequence (Jiang et al., 2001, 2002). And third, the Ca?* bowl
lies outside and downstream of both putative RCK domains of Slo1. Thus, the best
candidates for Ca?*-binding sites in Slo1 do not exist in MthK, and the Ca?*-binding
sites of MthK do not exist in Slo1. It could be, however, that the gating-ring structure
is used by both channels, but the BK, channel has evolved a different mechanism
for linking Ca* binding sites to it.

One such binding site is apparently the Ca>* bowl, and it will be very interesting
to see this domain’s structure, as it is likely to reveal a novel Ca?*-binding site. Indeed,
while no structure is yet available, Bao et al. (2004) mutated to alanine all of the
oxygen containing side chains in the Ca>* bowl, and they determined that mutations
at two positions eliminated Ca®* sensing via the Ca?*-bowl-related site, D898 and
D900, while mutations at all other residues had less or no effect (Fig. 5.15A). They
proposed that perhaps it is these residues and the backbone carbonyl oxygen of
proline 902 that form the binding site (Fig. 5.15B). For now, however, this remains
a working hypothesis.

5.13 The Discovery of 31

As discussed above, only a single BKCa-channel gene has been identified (PaHanek

p : 5 : - Native BKc,
channels from various tissues, however, differ widely in thelr apparent Ca’* sen-
sitivities (Latorre et al., 1989; McManus, 1991). In neurons and skeletal muscle,
for example, the [Ca®*] at which BK¢, channels are half activated ([Ca]; /2) is be-
tween 5 and 100 wM at 0 mV, whereas in smooth muscle it is usually between 0.1
and 1 uM, and in some secretory cells it even lower (McManus, 1991). Some of
this phenotypic diversity may arise from alternative RNA splicing, as nine splice
sites and many alternative exons have been identified in mammalian slo1 sequences
(Adelmanetal., 1992; Butleretal., 1993; Pallanck and Ganetzky, 1994; Tseng-Crank
et al., 1994; Ferrer et al., 1996; Saito et al., 1997; Xie and McCobb, 1998; Hanaoka
et al., 1999; Langer et al., 2003). However, it now appears that the most important
source of functional diversity is the regulated expression of BKc,@ subunits (Lu
et al., 2006).

Although four a subunits form a functional channel, when Slo1 was purified
from airway smooth muscle it was found to be associated with a smaller auxiliary
subunit now termed 1 (Garcia-Calvo et al., 1994; Knaus et al., 1994a,b). When 31
was expressed with a, it was found to cause large leftward shifts in the channel’s
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G-V relation (Fig. 5.16A and B) such that at almost all voltages the channel be-
comes more Ca?" sensitive (McManus et al., 1995). At 0 mV, for example, the B1
subunit enhances the apparent Ca’* affinity of the mSlo channel by 10-fold (Bao
and Cox, 2005) (Fig. 5.16C). 31 also generally slows macroscopic relaxation kinet-
ics, particularly at hyperpolarized potentials (Dworetzky et al., 1996; Tseng-Crank
etal., 1996) (Fig. 5.16D), it prolongs single-channel burst durations (Nimigean et al.,
1999a,b), and it enhances the affinity of the channel for charybdotoxin (Hanner et al.,
1997).

A question of recent interest has been how, in terms of the HA model, does the
B1 subunit enhance the channel’s Ca?* sensitivity. While there is some controversy
in this area (Bao and Cox, 2005; Oria and Latorre, 2005), three observations appear
central. (1) B1 increases single-channel burst times even in the absence of Ca’*,
which indicates that 31 must be working, at least in part, on aspects of gating not
involving Ca?* binding (Nimigean et al., 1999b; Nimigean and Magleby, 2000); (2)
B1 does not change the critical [Ca®*] at which the BK¢, channel’s G-V relation
starts to shift leftward ~100 nM (Fig. 5.16E), which suggests that 31 does not greatly
alter the affinity of the channel for [Ca?*] when itis open K¢ (Cox and Aldrich, 2000);
and (3) gating current measurements reveal that 1 shifts the closed channel’s QOg,g—
V relation leftward along the voltage axis 71 mV (Bao and Cox 2005) (Fig. 5.16F).
This makes the channel’s voltage sensors activate at lower voltages, an effect that
lowers the free energy difference between open and closed at most voltages, and
thereby lowers the apparent affinity of the channel for Ca®* as well. Indeed, by
analyzing mSlo1 gating and ionic currents in terms an HA-like model with eight
rather than four Ca®* binding sites, Bao and Cox (2005), have suggested that B1%
steady-state effects are due to a —71 mV shift in V., a —61 mV shift in V},, and an
increase in K¢ from 3.7 uM to 4.7 wM. Thus, counter to what one might suppose,
the B1 subunit enhances the Ca®* sensitivity of the BK¢, channel by apparently
making the channel bind Ca?* with lower affinity when it is closed, and making its
voltage-sensors activate more easily.

5.14 Four 3 Subunits Have Now Been Identified

Since the identification of 1, three 31 homologues have been identified 32—34.
Their sequences are aligned with 1 in Fig. 5.17. Each has a unique tissue distribution
and unique effects on channel gating. 31 is primarily found in smooth muscle (Tseng-
Crank et al., 1996; Chang et al., 1997; Jiang et al., 1999), and 31’s ability to enhance
the BK¢, channel’s Ca?* sensitivity has been shown to be critical for the proper
regulation of smooth muscle tone (Brenner et al., 2000a).

B2 is expressed at high levels in kidney, pancreas, ovary, and adrenal gland,
at moderate levels in heart and brain, and at low levels in a wide variety of tissues
(Wallner et al., 1999; Xia et al., 1999; Behrens et al., 2000; Uebele et al., 2000;
Brenner et al., 20006). It has effects similar to 31 but it also has a longer N-terminus
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Figure 5.16 1 effects on BK¢,-channel gating. G-V relations determined from excised mem-
brane patches expressing (A) the mSlo1, channel (a subunit alone), or (B) mSlo1+31 (bovine).
(C) Ca**—dose response curves for mSlol, and mSlolq g;. [Ca“]l/z for mSlol, = 32.8 uM;
[Ca?™]/, for mSlolyip; = 3.4 uM at 0 mV. (D) Macroscopic currents recorded from Xenopus
oocyte macropatches expressing either mSlol,, or mSlo,g; Test potentials were between 0 and
200 mV. [Ca’>*] = 0.5 nM. Repolarizations were to —80 mV. Vj,iq = —50 mV. (E) Plots of Vij vs.
[Ca®*] for the mSlol, and mSlol,4g1 channels. Notice both channels start to respond to [Ca?*]
at ~100 nM. (F) Qg vs. voltage curves for the mSlol channel with and without B1. Notice B1
shifts this relation 71 mV leftward without changing its slope. Panel £ was adapted from Cox and
Aldrich (2000). Panel F was adapted from Bao and Cox (2005).
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Figure 5.18 The BK(, 32 subunit caused an N-type inactivation. (A and B) Current family
elicited with voltage steps from —100 mV to +140 mV from mSlol + B2 channels. Inactivation
occurs with a time constant of 20-35 ms. (B) When the N-terminal residues FIW are deleted
inactivation no longer occurs. (C) Sequence of the 32 N-terminus. Boxed are the residues deleted
in B. Panels 4 and B were adapted from Xia et al. (2003).

that causes rapid N-type inactivation (Wallner et al., 1999; Xia et al., 1999, 2003;
Brenner et al., 2000b) (Fig. 5.18A). Indeed, when the N-terminus of B2 is removed,
inactivation is eliminated (Wallner et al., 1999; Xia et al., 1999), and when it is
added back as a free peptide, inactivation is again observed as the peptide binds after
the channel opens (Wallner et al., 1999). Thus, a “ball and chain” mechanism does
seem to apply (Aldrich, 2001). Furthermore, Xia et al. (2003) found that residues
2—4 (FIW) are important determinates of inactivation rate and extent (Fig. 5.18B),
while the nature of the residues between this sequence and the first transmembrane
domain are not critical, so long as there are at least 12 of them. The 2 subunit is
thought to underlie the inactivation of the BK¢, channels of adrenal chromaffin cells
(Wallner et al., 1999; Xia et al., 1999).

B3 is expressed at low levels in a wide variety of tissues as well at high levels
in testis, pancreas, and heart (Behrens et al., 2000; Brenner et al., 2000b; Uebele
et al., 2000). It carries an unusually long C-terminus, and four splice variants of 33
(a—d) have been identified (Uebele et al., 2000) that differ from one another at their
N-termini (see Fig. 5.17). B3a—c cause rapid inactivation that is mediated in each
case by the subunit’s N-terminus (Uebele et al., 2000). The inactivation mediated by
B3a and B3c is less complete than that mediated by B2 (Uebele et al., 2000), while
B3b causes a very rapid inactivation (Xia et al., 2000; Uebele et al., 2000), so fast that
it can only be observed as a decay in current at high voltages where activation is also
very fast. 33d has no obvious effects on BK¢,-channel activation or inactivation;
however, all B3 subunits cause a pronounced inward rectification that is mediated
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by the B3 extracellular loop (Zeng et al., 2003). This loop, it has been proposed,
reaches over the top of the channel to interact with ions as they pass through the
channel and toxins as they block the channel. Supporting this proposal, o + 33
single-channel recordings show a rapid, flickery gating pattern that is removed when
the cysteine residues of the external loop are reduced, and the disulfide bridges they
form disrupted (Zeng et al., 2003).

The B4 subunit is found almost exclusively in the brain (Behrens et al., 2000;
Brenner et al., 2000b; Weiger et al., 2000), and its main effect on the channel is to
slow its kinetics (Behrens et al., 2000; Brenner et al., 2000b; Weiger et al., 2000;
Ha et al., 2004). It also has small effects (compared to B1) on steady-state gating
causing rightward G-V shifts at low [Ca®*] and leftward G-V shifts at high [Ca®*]
(Behrens et al., 2000; Brenner et al., 2000b; Weiger et al., 2000; Ha et al., 2004). 34
knockout mice display prolonged action potentials in the dentate gyrus and seizures
focused in this area (Brenner et al., 2005). The B4 subunit also renders the BK¢,
channel insensitive to block by charybdotoxin (Meera et al., 2000). There is still a
great deal to be learned about how BK¢, B subunits produce their varied effects.

5.15 Conclusions

Over the last two decades a great deal has been learned about the genetics and
biophysics of the BK¢, channel. The Slol gene was cloned. Sophisticated gating
models have been produced. 3 subunits have been identified as an important source
of functional diversity, and some progress has been made in the characterization
of the channel’s Ca>*-sensing mechanism. In the coming decade the challenge will
be to determine the structure of this channel and how this structure leads to the
behaviors that have been so carefully documented and explained in energetic terms.
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