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SYMPOSIUM REVIEW

Allosteric interactions and the modular nature of the
voltage- and Ca2*-activated (BK) channel
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The high conductance voltage- and Ca?*-activated K* channel is one of the most broadly
expressed channels in mammals. This channel is named BK for ‘big K’ because of its
single-channel conductance that can be as large as 250 pS in 100 mm symmetrical K*. BK
channels increase their activity by membrane depolarization or an increase in cytosolic Ca*.
One of the key features that defines the behaviour of BK channels is that neither Ca>* nor
voltage is strictly necessary for channel activation. This and several other observations led to
the idea that both Ca®* and voltage increase the open probability by an allosteric mechanism.
In this type of mechanism, the processes of voltage sensor displacement, Ca** binding and pore
opening are independent equilibria that interact allosterically with each other. These allosteric
interactions in BK channels reside in the structural characteristics of the BK channel in the
sense that voltage and Ca®* sensors and the pore need to be contained in different structures
or ‘modules’. Through electrophysiological, mutagenesis, biochemical and fluorescence studies
these modules have been identified and, more important, some of the interactions between them
have been unveiled. In this review, we have covered the main advances achieved during the last
few years in the elucidation of the structure of the BK channel and how this is related with its
function as an allosteric protein.
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Introduction ubiquitously expressed among mammalian tissues (Toro
et al. 1998). As its activation leads to membrane hyper-
polarization, it serves as a negative-feedback mechanism
for the excitatory events that lead to increases in calcium
concentration or membrane depolarizaton. In vascular
smooth muscle cells, BK channels play a key role in
regulating the contractile tone (Nelson & Quayle, 1995;
Brenner et al. 2000); in chromaffin cells they help to
terminate the action potential and thus modulate secretion
(Neely & Lingle, 1992; Solaro et al. 1995), and in neurons
they colocalize with voltage-dependent calcium channels
and are involved in the control of neurosecretion (Sah &
Davies, 2000).

The BK channel is a homotetramer of its pore-forming
a-subunit, which is encoded by the gene Slo1 (KNCMA1)

Since the first characterization of its single channel
properties in rat muscle cells and rabbit skeletal muscle
(Marty, 1981; Pallotta et al. 1981; Latorre et al. 1982),
the large-conductance voltage- and Ca’"-activated K*
(BK) channel has held a fascination for many ion
channel biophysicists and physiologists on account of its
unusual characteristics. The BK channel has a very large
single-channel conductance (250-300 pS in symmetrical
150 mM KCl; Pallotta et al. 1981; Latorre et al. 1982,
1989), its open probability increases on membrane
depolarization or an increase in intracellular calcium
concentration (Pallotta et al. 1981; Cui et al. 2009), and it is

This review was presented at The Peter Stanfield Festschrift, which took
place at the Warwick Medical School, University of Warwick, Coventry,
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and is a member of the voltage-dependent potassium
(Kv) channel superfamily. As in all other Kv channels, the
S4 transmembrane segment is part of an intrinsic voltage
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sensor (Diaz et al. 1998; Cui & Aldrich, 2000, Ma et al.
2006). Gating and ionic currents in BK channels can
be elicited by membrane depolarization in the absence
of calcium, suggesting that this is a voltage-dependent
channel (Stefani ef al. 1997; Horrigan & Aldrich, 2002).
This divalent cation, by binding to sites contained in
the BK C-terminus, acts as a modulator able to decrease
the necessary energy to open the channel, promoting a
leftward shift in the open probability (Po) vs. voltage
relationships (reviewed in Magleby, 2003).

The BK «-subunit can be divided into two parts: the
transmembrane region and the intracellular C-terminus
region (Fig.1). The transmembrane region is formed
by seven TM segments (S0-S6): an extra hydrophobic
segment at the NH, terminus (S0) compared with the
Kv channels (Meera et al. 1997), the voltage sensor
domain (VSD) (S1-S4), and the pore domain (S5-S6).
Thus, the NH, terminus of the protein is placed at the
extracellular side of the membrane. The intracellular
C-terminal comprises about two-thirds of the protein
containing four hydrophobic segments, several alternative
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Figure 1. a- and B1- subunit of the BK channel
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splicing sites, and a stretch of negatively charged amino
acids (aspartates) dubbed the ‘Ca** bowl’. The cytoplasmic
domain of each @-subunit can be divided into two separate
structures, both with sequence homology to the ‘regulator
of K™ conductance’ (RCK). These two tandem C-terminal
RCK domains form a gating ring that comprises the eight
RCK domains from the four BK «-subunits (Yuan et al.
2010; see below).

Transmembrane segments: S0, the voltage
sensor and the pore

The minimal molecular component necessary and
sufficient for BK activity is its pore-forming «-subunit,
and functional channels are formed as tetramers of this
protein (Shen et al. 1994). Tetramerization is driven by an
association segment (BK-T1 segment) located between
the S6 and the a-helix denominated S7 in the intra-
cellular C-terminal region (Quirk & Reinhart, 2001).
The additional TM segment SO places the N-terminus

Ol subu

A, the a-subunit of the BK channel is formed by 7 transmembrane (S0-56) segments and a large C-terminus.
Segments S1-S4 have been implicated in voltage sensing whereas S5 and S6 form the conduction pore. SO plays
an important role in the functional coupling between a- and B1-subunit. The C-terminus contains two putative
RCK domains where the Ca?* and Mg?* binding sites are located. All BK 8 subunits contain two transmembrane
segments leaving their N- and C-terminus oriented towards the interior of the cell. B, voltage sensor domain (VSD).
BK's VSD is positioned between the TM segments S1-54, and four charged residues contribute to the channel
voltage membrane sensitivity, D153 and R167 in the S2, D186 in the S3 and R213 in the S4. C, the pore. Three
residues have been identified in BK pore as partially responsible for the channel high conductance, D292, E321
and E324. Additionally, in the pore, as in the majority of K* channels, is located the signature sequence GYG,
responsible for the high K+ selectivity of this channels. D, Ca?* and Mg?* sites. Spread throughout in the BK
cytoplasmatic domain are located the high affinity Ca2* sites, D362, D367 (in the RCK1), D898 and D890 (in the
denominated calcium bowl in the RCK2), and the low affinity Ca2* site, E399 (RCK1), which is shared with the
site that coordinate Mg?*, D99 and N172 in the VSD, and E372 and E399 in the RCK1. The residue R213 showed

here is electrostatically affected by the Mg?+ binding.
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towards the extracellular side and adds an extra intra-
cellular linker between the SO and the S1 compared to Kv
channels (Fig. 1; Meera et al. 1997). The exact position of
S0 is unknown, but the experiments of Liu et al. (2008),
using disulfide cross-linking, indicate that SO lies in close
proximity to the S3-S4 loop. SO is centrally positioned
among the extracellular ends of S1-S4 transmembrane
segments (Fig.2A). A recent report using the disulfide
crosslinking technique locates SO next to S3 and S4 but not
to S1 and S2 (Liu et al. 2010), an observation in agreement
with a tryptophan scanning mutagenesis study of SO that
suggests that the middle and the N-terminus of this TM is
in direct contact with the voltage sensor domain (S1-54)
(Koval et al. 2007; Semenova et al. 2009). The proximity
of SO to the voltage sensor has led to speculation that this
transmembrane domain contributes to the stabilization

Figure 2. Current structural status of the BK channel
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of the voltage sensor in its resting state compared to Kv
channels that lack this extra transmembrane segment.

The BK structure recently resolved by electron
cryomicroscopy at 1720 A shows a large protrusion at the
periphery of the voltage sensing domain (VSD) which, as
has been suggested, should correspond with the additional
helix SO and the extracellular ~40 N-terminal residues of
the BK «v-subunit (Wang & Sigworth, 2009) (cf. Fig. 2Band
C). Note that Fig. 2A is based on the model of the structure
of Kv1.2 in the closed state (Yarov-Yarovoy et al. 2006) and
the SO position is one consistent with the experimental
results.

As with other Kvs, the o-subunit contains a positively
charged TM domain (S4); however, only one, R213
(Fig. 1), of the three positively charged residues present
in S4 has been directly implicated in the voltage sensing

Kv1.2 TM

C

interface

Gating ring BK Open gating ring Mthi

A, the transmembrane segments location using the cysteine cross-linking technique (Liu et al. 2008). Kv1.2/Kv2.1
chimera S1-S6 with superimposed, labelled circles, uniquely coloured for each subunit. TM1 and TM2 of 81
subunit are in white or black circles. B, BK 20 A structure. BK structure resolved by electron cryomicroscopy at 20 A
shows a large protrusion at the periphery of the VSD, which has been suggested to correspond to the additional
helix SO and the extracellular 40 N-terminal residues of BK a-subunit. C, a view of the BK map (mesh) with Kv1.2
transmembrane region and MthK gating ring docked. The blue triangle and the red polygon indicate possible
locations for the N-terminal region and the SO-S1 linker, respectively. The green oval is the proposed location of
the SO helix (Wang & Sigworth, 2009). D, left and centre panels, the BK gating ring solution at 6.0 A. The centre
panel is viewed down fourfold symmetry axis with RCK1 in blue and RCK2 in red. Calcium ions are shown as
yellow spheres. Right panel, the open gating ring structure from the MthK channel viewed down the fourfold
axis. Notice that a Ca2* binds to the assembly interface in the BK gating ring whereas two Ca%* ions bind to the
flexible interface in the MthK gating ring (Yuan et al. 2010).
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(Diaz et al. 1998; Ma et al. 2006). Also different from
other Kvs, a large portion of the gating charge movement
is contributed by residues D153, R167 in S2 and D186 in
S3 (Ma et al. 2006). Voltage clamp fluorometry, on the
other hand, revealed voltage-dependent conformational
changes of the $S3-54 region of R207Q mutant of the BK
channel (Savalli et al. 2006) and Pantazis et al. (2010)
using the same technique found evidence of cooperativity
between S2 and S3. Charge neutralization in one segment
modifies the effective valence of the other and vice versa, a
result explained by Pantazis ef al. assuming changes in the
dielectric (dynamic field focusing) induced by the creation
of aqueous crevices. In Kv channels the VSD is defined as
the structure comprising S1-S4 (Jiang et al. 2003). Most
probably, the architecture of the BK VSD would be affected
by the presence of the SO segment, which is something
that can be confirmed once the crystal structure has been
solved.

The pore domain of the channel is assigned to the
region contained between the S5 and S6 segments, which
includes the signature sequence of K* channel TVGYG
(Heginbotham et al. 1994). The external aspect of the
pore determines the block properties of charybdtoxin
(ChTx), iberiotoxin (IbTx) and tetraethylammonium
(TEA) (Vergara et al. 1984; Miller et al. 1985; MacKinnon
& Miller, 1989; Shen et al. 1994; Mullmann et al. 1999).
In general, the architecture of the conduction machinery
of BK channels is not different from that of other K*
channels but multiple alignments show that the external
loop (turret) between S5 and the pore helix of BK
channels contains several residues more than the other
K* channels analysed (Carvacho et al. 2008; Giangiacomo
et al. 2008). This difference in the turret length between
BK and Kv channels determines the specificity for only
one subfamily of K* channel toxins, a-KTx1.x, of the
BK channel (Giangiacomo et al. 2008). Experiments to
determine the structural motifs by the high conductance
in BK channels (~250 pS) has shown a ring of residues
in the inner vestibule entrance in the pore (E321 and
E324) that allow the concentrating of K* ions in the inner
vestibule through electrostatic mechanisms that double
the conductance for outward currents with respect to low
conductance Kv channels (Brelidze et al. 2003). Also, in
the external vestibule near to the selectivity filter, the
residue D292 would contribute to concentrate K* ions,
increasing the conductance of inward currents (Haug et al.
2004).

In Kv channels, voltage sensor activation leads to
the opening of the bundle crossing formed by the S6
segments. In BK channels, on the other hand, the coupling
mechanism between voltage sensor and pore opening is
unknown, yet Wu ef al. (2010) found that replacement
of the S6 residue L312 or F315 with polar amino acids
of smaller side chains strongly favoured the open-state.
Their homology modelling and molecular dynamics
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simulations support the notion that L312 of one subunit
strongly interacts with the aromatic ring of F315 in a
neighbouring subunit, coupling that greatly stabilizes the
closed configuration of the BK channel. It is still unclear,
however, if activation in BK channels is mediated by the
opening of the bundle crossing. The only evidence we have
so far is that a synthetic inactivation peptide applied inter-
nally acts as a state dependent blocker (Li & Aldrich, 2006).
This result implies that there is a considerable widening
of the pore during the transition from closed to open but
it does not demonstrate that the bundle crossing is the
rate limiting step to small cations when the channel is
closed.

A digression on the BK $1-subunit

In many tissues and in particular in smooth muscle, the
BK channel ¢-subunit is associated with a 81-subunit. The
Bl-subunit is an intrinsic membrane protein consisting of
two transmembrane domains (TM1 and TM2) and a large
(~120 residues) external loop and the functional coupling
between these two subunits is manifested as an apparent
increase in the BK Ca** sensitivity and a slowing of both
the activation and the deactivation kinetics of the channel
(reviewed in Orio ef al. 2002). This functional coupling
requires the SO segment (Wallner et al. 1996). However,
Morrow et al. (2006) reported that the physical association
between the a-subunit and the B1-subunit requires the
presence of S1, S2 and S3 segments (Morrow et al. 2006).
More recently Liu et al. (2010) found that TM1 is in close
proximity to S1 and S2 and TM2 is in the neighbourhood
of SO but of the adjacent «-subunit (Fig. 24; Liu et al.
2010).

C-terminus domain: RCK domains, Ca%* sensors
and Ca?t activation

The intracellular C-terminus domain comprising
two-thirds of the protein contains four hydrophobic
segments (Fig.1) and Salkoff’s group identified two
molecular domains, S0-S8 (‘core’) and S9-S10 (‘tail’ or
distal part of C-terminus domain), that when expressed
together were able to produce functional channels (Wei
etal. 1994). Closer inspection of the tail shows the presence
of a domain consisting of 28 amino acids containing nine
acidic residues including a string of five aspartate residues
dubbed the ‘calcium bowl.

The sequence and predicted secondary structure of
the cytoplasmic domain comprising amino acid residues
339-516 in hSlo1 that includes the S7 domain are homo-
logous to a regulatory domain for K+ conductance (RCK1
domain) that is found in a number of K* channels (Jiang
et al. 2001, 2002; Lingle, 2007). Homology models based
on the E. coli six transmembrane Kt channel and the

© 2010 The Authors. Journal compilation © 2010 The Physiological Society
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Ca’"-activated channel, MthK, have been proposed for
the BK RCK1 (Jiang et al. 2001, 2002; Shi et al. 2002; Xia
et al. 2002; Latorre & Brauchi, 2006). The existence of
a second RCK domain (RCK2) contained in the distal
part of the C-terminus has recently received support
in a structure-based alignment study of the C-terminus
of the BK and prokaryotic RCK domains (for a review
see Cui et al. 2009). Circular dichroism experiments, on
the other hand, support a structural homology of 90%
between the MthK RCK2 crystal and the proposed one
for BK. The structure proposed for BK RCK2 (residues
712-999) includes the high affinity calcium bowl, and has
the characteristic Rossman-fold topology of RCK domains
(Yusifov et al. 2008). In addition, the putative RCK2 under-
goes a Ca’*-induced change in conformation associated
with an «-helix to 8-folded structural transition; deletion
of the calcium bowl impairs this transition (Yusifov et al.
2008).

This year, the MacKinnon group determined the X-ray
structure of the human BK C-terminus at a 3 A resolution
(Yuan et al. 2010). This structure confirmed two tandem
RCK domains in each BK a-subunit and the deduced
tetrameric structure indicated that the BK C-terminus
forms a 350 kDa gating ring at the intracellular membrane
surface. This study also confirmed that the Ca*" bowl
located within the second of the tandem RCK domains
forms a Ca?* binding site. This site is located on the outer
perimeter of the gating ring, in a region denominated the
assembly interface (Fig. 2D). However, Yuan et al. (2010)
were unable to locate a second Ca’* binding site as pre-
dicted by the biophysical studies (Bao et al. 2002: Xia et al.
2002; see below). Thus, as is the case for the MthK channel,
the resulting structure of the BK gating ring is an octamer
of RCK domains but different from the MthK channel
(Jiang et al. 2002) where each subunit of the tetramer
contributes one RCK domain and another is assembled
from solution, and both RCK domains in the BK channel
are intrinsic to the a-subunit. Yuan et al. (2010) speculate
that this structural difference may be the origin of the
different places to which Ca®* is bound in these two gating
rings. In the MthK, Ca’>* binds on the “flexible’ interface
where a cleft between two RCK domains creates the Ca®*
binding site (Fig. 2D).

The structures of the BK gating ring, the MthK channel
(Jiang et al. 2002), and the chimeric Kv1.2/Kv2.1 channel
(Long et al. 2007) were used to build a complete BK
channel model. In this model some of mutations of
functional importance clustered towards the N-terminus
of RCKI1. These amino acids reside on the surface
of the gating ring that faces the VSD indicating that
Ca?* binding, besides contributing directly to the energy
necessary to open the pore, may modulate the voltage
sensor, an observation that can give physical reality to
the allosteric factor describing the interaction between
the voltage sensor activation and Ca®* binding in the

© 2010 The Authors. Journal compilation © 2010 The Physiological Society
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general allosteric gating mechanism proposed by Horrigan
& Aldrich (2002).

The problem of how the gating ring extracts the
free energy of Ca’" binding to open the BK channel
gates was tackled by Niu er al. (2004) who proposed
that the RCK1-S6 coupling system is contained in the
linkers which behave as a passive spring that applies
force to the gates in the absence of cytoplasmic Ca®t
to modulate voltage-dependent gating. An internal Ca’*
increase changes the force and increases further the BK
channel open probability. We notice here that the crystal
structure of the MthK gating ring obtained in the absence
of Ca’* and comparison with the structure of the open
MthK (Jiang et al. 2002) channel allowed the visualization
of the open and closed conformations of the Ca’"
binding-domain (Ye et al. 2006). Calcium binding to each
of the RCK domains induces an expansion of the gating
ring that in turn can exert a lateral force on the pore
opening the channel.

Partial deletion or point mutations of the aspartates
contained in the calcium bowl produced BK channels
that were less sensitive to Ca’* (reviewed in Latorre &
Brauchi, 2006 and Cui et al. 2009). The fact that disruption
of the Ca’* bowl did not completely eliminate the BK
channel sensitivity was a clear demonstration that there
was more than one high Ca*" affinity site. The second
high-affinity Ca*" sensor was identified on the proximal
tail region embedded within the upstream RCK1 domain
(Bao et al. 2002; Xia et al. 2002). Additional research
identified a third lower affinity divalent cation sensing
domain in the RCK1 able to bind Mg** as well as Ca®>* (Shi
et al. 2002; Xia et al. 2002). Zeng et al. (2005) concluded
that the Ca®" bowl speeds up channel activation at low
Ca?* concentrations whereas the second high affinity site
(D362/D367) modulates both activation and deactivation
at [Ca*"] > 10 uM. Surprisingly, the binding of Ca’* to the
high affinity site contained in the RCK1 domain is voltage
dependent whereas at the Ca>" bowl is not (Sweet & Cox,
2008). RCK1 also contains a high affinity Zn** binding
site and BK channel activation by this divalent cation is
reduced when H365, D367 and E399 are mutated (Hou
et al. 2010).

Recently Yang et al. (2008b) found that Mg** is
coordinated at the interface between the voltage sensor
domain and the RCK1 domain to activate BK channels.
Side chains of amino acid residues Asp99 (intracellular
S0-S1 linker) and Asn172 (intracellular S2-S3 linker) in
the VSD and Glu374 and Glu399 in the RCK1 domain
of a different subunit domain form the Mg*" binding
site, suggesting a close proximity between these two
domains. This proximity, on the other hand, enables
the electrostatic interaction between the bound Mg**
and Arg213 contained in the S4 segment which in turn
affects the displacement of the voltage sensor giving an
elegant mechanistic explanation to the Mg*™ BK channel
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activation. The average distance between R213 and R397
in the resting state is 9.1 A (Yang et al. 2007, 2008a). The
data of Yang et al. (2008b) suggested that the VSD domain
of one subunit is located on top of the RCK1 domain
from the neighbouring subunit, implying that the packing
of the VSD domain or the cytoplasmic domain relative to
the pore domain in BK channels may differ from that of
MthK channels (cf. Yuan efal. 2010). This discrepancy may
be due to the unique structural features of BK channels
in particular to (a) the presence of SO, (b) the long cyto-
plasmic loop connecting S1 and S2, and (c) the interaction
and packing of the VSD with the RCK1 domain.
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Figure 3. Allosteric model for BK activation by voltage and
internal Ca2t+

The cartoon is the representation of one a-subunit that can undergo a
direct transition from the closed to the open configuration, a
transition that is determined by the equilibrium constant L.
Depolarization activates voltage sensors and in this case the transition
from closed to open is determined by LD where D is an allosteric factor
>1. Activation of voltage sensors makes it a factor of D times more
easy to open the channel. Ca?* binding also facilitates the channel
opening. In this case the transition from closed to open is determined
by LC (C > 1). Notice that if both voltage and Ca?* sensors are
‘activated’ channel opening is determined by LDC. Inset, the complete
allosteric model (Horrigan & Aldrich, 2002) taking into consideration
that BK channels are tetramers and including some interaction
between voltage sensor activation and Ca2* binding. In this type of
mechanism, neither voltage nor Ca?* binding is strictly coupled to
channel opening; these three processes are independent equilibria
that interact allosterically with each other.
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Conclusion

Due to its important physiological roles, malfunction
of BK channels can lead to hypertension and asthma
and induce hearing loss and epilepsy (reviewed in Cui
et al. 2009). Because of the profound involvement of
BK in the health problems described above, activators
and blockers of these channels have potential therapeutic
implications and the development of new drugs targeting
BK channels will be possible if the detailed relationships
between channel structure and function are known. It
is clear at present that voltage and Ca’' sensors are
located in different structures leading to pore opening
via independent equilibria that interact allosterically with
each other (see Fig. 3).
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