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Abstract

The voltage and Ca2* activated K* (BK) channels are involved in the regulation of neurotransmitter
release and neuronal excitability. Structurally, BK channels are homologous to voltage- and ligand-
gated K* channels, having a voltage sensor and pore as the membrane-spanning domain and a
cytosolic domain containing metal binding sites. Recently published electron cryomicroscopy (cryo-
EM) and X-ray crystallographic structures of the BK channel provided the first look into the assembly
of these domains, corroborating the close interactions among these domains during channel gating
that have been suggested by functional studies. This review discusses these latest findings and an
emerging new understanding about BK channel gating and implications for diseases such as epilepsy,
in which mutations in BK channel genes have been associated.

BK channels

Large conductance Ca2*-activated K* channels (BK channels, see also Box 1) have a large
unitary conductance of ~100-300 pS and activate in response to membrane depolarization and
binding of intracellular Ca?* and Mg?* [1-4]. The channel is formed by four pore-forming
subunits that are encoded by a single Slo1 gene [5-7]. BK channels achieve functional diversity
primarily through alternative splicing of the Slol mRNA and modulation by accessory 3
subunits [8-10]. There are four types of B subunits (B1-4); each type displays a distinct tissue-
specific expression pattern and uniquely modifies gating properties of the channel [11-22].
B4 subunits are most exclusively expressed in the brain [12-15]. 2 and B3 subunits are also
neuronally expressed, whereas the B1 subunit primarily distributes in smooth muscle cells
[12-15].

Box 1

Nomenclature for BK channels. A variety of different names are used in
discussions of BK channels

e Gene of the pore-forming subunit:
- KCNMA1
— Slo/Slol

—  Slowpoke

e Protein of the pore-forming subunit:
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- Slol
— Alpha () subunit

¢ Functional channels (comprising four pore-forming subunits and auxiliary 3
subunits):

- Large conductance Ca?*-activated K* channels

— Slol - only composed of the pore-forming subunit
-  Maxi-K

- BKorBKcy

- Kgaldl

Structural

In neurons such as those in hippocampus and cerebellum, the Slo1 subunit shows a specific
distribution to the axons and presynaptic terminals [23-25], and BK channels are usually found
in close proximity with voltage-gated Ca2* channels [26-31]. During an action potential,
membrane depolarization and Ca2* entry through Ca?* channels activate BK channels, which
help to terminate the action potential, produce fast after-hyperpolarization and shut Ca2*
channels [11,32,33]. Through this negative feedback mechanism, BK channels regulate
membrane excitability and intracellular Ca?* signaling. Consequently, BK channels play an
important role in controlling neurotransmitter release [34—-38], fast after-hyperpolarization and
are involved in spike frequency adaptation [39-42].

What are the structural domains of BK channels that are involved in sensing voltage, Ca2* and
Mg?2* ions? Furthermore, what are the mechanisms by which these domains open the channel
gate to allow the influx of K* ions? These questions are key to understanding the physiological
functions of BK channels. Recent functional studies, homology models, the electron
cryomicroscopy (cryo-EM) and X-ray crystallographic structures of BK channels are enabling
new insights into the biophysical underpinnings of BK channel gating. These latest findings
will be discussed in this review, along with additional questions that emerge regarding the
exact details of the structural domains that are important for BK channel gating as well as in
neuronal physiology and pathophysiology.

and functional domains of BK channels

The Slo1 subunit contains three main structural domains (Figure 1), with each domain serving
adistinct function: the voltage sensing domain (VSD) senses membrane potential, the cytosolic
domain senses Ca2* ions, and the pore-gate domain (PGD) opens and closes to control K*
permeation. The activation gate, which changes conformation during channel activation from
restricting K* flux to permeating K* flux, resides in the PGD that may be located at either the
cytosolic side of S6 [43] or the selectivity filter [43-46]. The VSD and PGD are collectively
called the membrane-spanning domains and are formed by transmembrane segments S1-S4
and S5-S6, respectively [47], similar to voltage-gated K* channels. The S4 helix contains a
series of positively charged residues and serves as the primary voltage sensor, which moves
toward the extracellular side in response to membrane depolarization [5-7]. However, in BK
channels only one of the charged residues (Arg213) has been shown to contribute to voltage
sensing [48]. Also unique to BK channels is an additional SO segment, which is required for
B subunit modulation [17,49] and may function in modulating voltage sensitivity [50]. The
cytosolic domain is comprised of two RCK (regulator of K* conductance) domains, RCK1 and
RCK2 [51] (Figure 1). These domains contain two putative high affinity Ca* binding sites:
one in the RCK1 domain at position Asp362/Asp367 (this numbering scheme is based on the
mbr5 sequence of mouse a subunit) [52,53] and the other in a region termed the Ca%* bowl
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that contains a series of Asp residues [54,55], located in the RCK2 domain [51]. The Mg2*
binding site is at the interface between the VSD (Asp99 and Asn172) and cytosolic domain
(Glu374 and Glu399) [52,53,56] (Figure 2B). In addition, other signaling molecules such as
carbon monoxide [57] and heme [58-60] also modulate gating properties of the channel by
interacting with residues in the cytosolic domain. While these studies have identified the
sensors for voltage and metal ions, the results also show that these sensors and the activation
gate are spatially separated. How the voltage and metal ion binding open the activation gate
over this distance is not clear. In this article, we present results from recent studies that suggest
the interactions between different structural domains are important for coupling the sensors to
the activation gate.

Homology and structural models support interactions between the structural

domains

Based on the homology of primary sequences and predicted secondary structures, structural
models of BK channels have been constructed using the crystal structure of the mammalian
Ky1.2 channel [61] as a template for the membrane-spanning domains, VSD and PGD [48,
56,62-65], and the structure of prokaryotic Ca2*-gated K+ channel, MthK, from
Methanobacterium thermoautotrophicum, for the cytosolic domain [60,65-70]. Recently, the
structure of the cytosolic domain of Slo1 has been solved and is used to construct the homology
model of BK channels [51] (Figure 1C). The structure of the Ky/1.2 channel revealed that S5
to S6 from four a subunits form a central pore with the VSDs positioned at four corners of the
pore domain [61]. The VSD associates with the PGD via three major interactions (Figure 2A):
(1) physical connection between the VSD and PGD through the S4-S5 linker [61,71,72] (2)
interactions between the S4-S5 linker and the cytosolic side of S6 [71-75], and (3) interactions
between S4 and S5 of a neighboring subunit [61,76,77]. All of these interactions may mediate
the coupling between voltage sensor movements and the opening of the activation gate of
Ky channels, and by analogy, BK channels [71-77]. In the MthK channel, each subunit
contains two transmembrane segments that form the pore and eight identical cytosolic RCK
domains that form the gating ring complex, where four of the eight RCK domains are tethered
to the inner helices of the pore and the other four are independent and derived from an
alternative initiation codon [66]. The RCK domain consists of alternating  strands and o
helices, labeled as BA to aJ, which adopts a Rossmann-fold topology where the B sheets are
sandwiched between the a helices. The N-terminal part of the eight RCK domains from BA to
aF forms the core of the gating ring, while the C-terminal part froms aG to a.J form a C-terminal
lobe [66,78]. Ca2* binding to the gating ring induces an expansion of its diameter, which pulls
the peptides tethered to the pore to open the channel [66,79]. A similar gating ring, formed by
four pairs of RCK1 and RCK2 domains, exists in BK channels (Figure 1C) [51,78], where the
RCK1 adopts a similar structure as the RCK domains in MthK and similar nomenclatures are
used to describe the secondary structures, while the RCK2 structure is less conserved and the
secondary structures are described by different nomenclatures [51].

Recently, a structure of the BK channel at 1.7-2.0 nm resolution was obtained using cryo-EM
[80] (see also Ref. [81] for a recent review of the cryo-EM technique). The residues displayed
on the extracellular face and the spatial dimension of the membrane-spanning region in the
cyro-EM structure of the BK channel are similar to that of Ky,1.2 [61,72] and a prokaryotic
cyclic nucleotide-gated channel, MiotiK [82], congruent with the homology model of the VSD
and PGD domains in BK channels [80]. Likewise, the MthK gating ring can be spatially
overlapped with the BK channel structure, supporting the gating ring model of BK channels
[80]. More recently, a crystal structure of the cytosolic domain of Slo1, including both RCK1
and RCK2, has been solved at 3.0 A resolution [51]. In the same study, the tetrameric assembly
of the gating ring of a homologous Na*-sensitive Slo2 channel was also solved at 6 A resolution
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[51]. These structures indicate that the RCK1 and RCK2 domains from four Slol subunits
indeed form a gating ring in BK channels similar to that of the MthK channel.

In addition, these structural results reveal important features that are unique to BK channels.
First, compared to the Ky/1.2 structure, the membrane-spanning domains of the cryo-EM BK
structure contains an additional structural component, which is likely to account for the unique
S0 segment in BK channels, as well as the N-terminus and S0-S1 linker that flank SO [80]. The
SO segment is located at the periphery of the VSD, adjacent to the S2 domain, which is
consistent with the results of previous studies using chemical cross-linking to detect the
proximity of the SO segment with other transmembrane segments [62,80]. At such a location,
the SO segment may not directly affect the interaction between S4 and the PGD within the
membrane.

Second, the cytosolic domain of the BK channel is larger than that of MthK channels. Each
RCK domain of the MthK channel contains 217 amino acids [66], while RCK 1 and RCK2 of
the BK channel contain 266 and 376 amino acids, respectively [51]. Although RCK1 and RCK2
also adopt a Rossmann fold the gating ring in BK channels is larger than that in MthK along
the central axis [51,80]. Similar to that in MthK, the gating ring in BK channels also contains
an assembly interface and a flexible interface between RCK1 and RCK2, with the flexible
interface formed by a helix-turn-helix from both RCK domains. However, the interface
between the two RCK domains is more extensive in BK channels, indicating a highly specific
and strong interaction between the two domains.

A third important feature that was revealed by the structural data is that the cytosolic domain
is spatially close to the membrane-spanning domains. Overlapping the structures of Ky/1.2 and
the gating ring of MthK channels on the cryo-EM BK structure does not give rise to any gap
between the two structures [80]. The crystal structure of the RCK1 domain can also fit well
with the cytosolic face of the membrane-spanning domains [51]. This feature is consistent with
previous functional studies [56,83] that suggest an intimate interaction between the VSD and
cytosolic domain during BK channel gating.

The crystal structure of the Slo1 cytosolic domain reveals that the Ca?* bowl is part of the
RCK2 domain, and a strong electron density at the center of the Ca?* bowl structure is
consistent with a bound Ca2* ion [51]. Unlike in the MthK channel where the Ca2* binding
sites are clustered at the flexible interface between adjacent RCK domains, the Ca2* bowl is
closer to the subunit-subunit interface known as the assembly interface in the gating ring
complex. The crystal structure does not identify the second Ca2* binding site in RCK1.
Although Asp367 is clearly shown in the structure, no Ca2* ion appears near the site albeit the
structure was solved in 50 mM Ca2*, a concentration that far exceeds the saturating
concentration for this site as determined by functional studies (~100 uM) [52,84]. One possible
reason for this result is that the membrane-spanning domains may influence the structure of
this Ca2* binding site in RCK1 so that the Ca?* binding site cannot bind to Ca2* in the crystal
structure due to the lack of the interaction from the membrane-spanning domains. It was shown
that mutations in the S0-S1 loop altered Ca?* sensitivity of the channel [85], while in the cryo-
EM BK channel structure the cytosolic S0-S1 loop is proposed to snugly fit in between the
VSD and gating ring to fill the void between the core and C-terminal lobe (also known as the
peripheral subdomain) of the gating ring [80]. In addition, the structure was solved in a solution
with low pH (at pH 4.8), and the high concentration of protons may interfere with Ca2* binding
to the putative Asp367 site [86].

Evidence of interactions between structural domains

In the Slol subunit, the cytosolic domain is connected to S6 by a peptide linker of 17 amino
acids, which is called the C-linker here. By altering the length of the C-linker by deleting amino
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acids or inserting poly-AAG segments, it has been demonstrated that the activity of the BK
channel is dependent on the C-linker length [87]. The channel is less active with increased
Clinker length at the same voltage, both in the absence or presence of Ca%* [87]. This data is
consistent with a model that suggests that a tug of the S6 segment by the cytosolic domain, via
the C-linker, opens the activation gate; a longer linker reduces the force and decreases the
sensitivity to Ca2* modulation [87]. This mechanism is similar to that observed in the MthK
channel, where Ca2* binding causes an expansion of the gating ring that pulls the linker
connecting the gating ring to the inner helix of the pore to promote channel opening [66,79].

Besides interacting with the PGD, the cytosolic domain also intimately interacts with the VSD
that mediates Mg2*-dependent activation. The Mg?* binding site is located at the interface
between the VSD and cytosolic domain, formed by Asp99 in the SO-S1 loop, Asn172 in the
cytosolic end of S2, and Glu374 and Glu399 in RCK1 (Figure 2B). In forming the Mg2* binding
site, two residues come from RCK1 of one Slo1 subunit and the other two residues come from
the VSD of the neighboring subunit [56]. In order for these residues to coordinate the Mg2*
ion, the VSD and cytosolic domain from neighboring subunits must be in close proximity. To
further demonstrate this, Asp99 in the VSD domain and GIn397 (which is close to Glu374 and
Glu399) in the cytosolic domain were mutated to cysteine residues, where they spontaneously
formed a disulfide bond [56]. This demonstrates that the proximate distance between these two
residues is between 2.9 and 4.6 A [56]. The bound Mg2* ion activates the channel by interacting
with the VSD via an electrostatic repulsion, with Arg213 located at the cytosolic end of S4
promoting channel opening [83]. Due to this interaction, it is more difficult for the gating charge
to return to the resting state, resulting in a leftward shift of the Q (charge)-V (voltage)
relationship [83]. This electrostatic repulsion of Arg213 by Mg?* can be mimicked by a positive
charge added to GIn397 via mutation or chemical modification [83]. A calculation based on
this result indicates that the distance between Arg213 in the VSD domain and GIn397 in the
cytosolic domain is at most 9.1A [83]. These distances calculated from functional data need
to be confirmed by high resolution structures that include both the membrane-spanning and
cytosolic domains.

In BK channels, voltage sensor movements can be detected when the gate is either closed or
open [88]. It has been shown that Mg?* affects the movements of the voltage sensor more
prominently when the channels are in the open state [83,89]. During a depolarizing voltage
pulse, channel opening gradually increases until a steady state is reached; correspondingly, the
off-gating currents, which measures the voltage sensor movement to the resting state, become
smaller and decay at a slower rate [83]. This indicates that the electrostatic repulsion between
the bound Mg?* and the S4 segment becomes stronger as the channel opens. These results
suggest that the opening of the activation gate in the PGD may alter the alignment between the
VSD and cytosolic domain such that the bound Mg?* ion is situated closer to the S4 segment.
Thus, the activation gate may interact with the cytosolic domain, VSD, or both to cause such
an alignment shift (Figure 2). Reciprocally, a shift in the alignment between the VSD and
cytosolic domain should also affect the opening of the activation gate, although no evidence
supporting this mechanism has been provided. Moreover, it is not clear if Mg2* binding to the
interface between the two domains facilitates such an alignment shift, which may contribute
to Mg2* dependent activation in addition to the electrostatic interactions between bound
Mg?2* and the S4 segment.

The above evidence demonstrates that the cytosolic domain of BK channels interacts with the
membrane-spanning domain not only by a tugging of the PGD via the C-linker but also by a
nudging through side chain interactions at the VSD that are affected by the opening of the
activation gate (Figure 2). In addition, a recent study suggested that although the four VSD in
BK channels are separated at four corners along the rim of the PGD, the activation of these
voltage sensors may be cooperative, and this cooperativity may arise from the interaction of
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VSDs with the cytosolic domain [90]. Nevertheless, while these results fit well with the cryo-
EM structure in which the cytosolic and membrane-spanning domains are located in close
proximity, aqueous crevices exist where the domains may not directly interact. A central
antechamber between the membrane-spanning and cytosolic domains has been shown to
accommodate the N-terminus of the accessory 2 subunit, which blocks the pore and causes
inactivation, and protects it from intracellular trypsin digestion [91,92]. This antechamber is
spacious and large enough to accommodate the first 19 residues in the N-terminus of the 2
subunit since Arg19 was protected from trypsin digestion [91]. Therefore, the residues from
the membrane-spanning and cytosolic domains, which line the wall of the antechamber, may
not interact with each other. Interestingly, when the channel is in the closed state, the 32 N-
terminal peptide binds to a site in the antechamber that differs from the site in the inactivated
state, and fewer residues are accommodated in the antechamber [92]. These results suggest
that the size of the antechamber may be altered during channel gating and some residues lining
the walls may change distance and interactions during channel gating. However, the exact
structures lining the inner face of the antechamber, how it extends in size, and whether its
alteration during channel gating contributes energy to gating remain unclear.

Domain interactions in Ca2* dependent activation

A prevalent model proposed for ion channel activation by intracellular ligands is that ligand
binding alters the conformation of the cytosolic domain, which pulls to open the activation
gate via a peptide linking the membrane-spanning domain to the cytosolic domain (a tugging
model) [66,93-95]. On the other hand, in BK channels Mg?* activates the channel by pushing
the voltage sensor via an electrostatic interaction and involving the interaction among side
chains in different structural domains (a nudging model). Since Ca2* sensitivity of BK channels
depends on the length of the C-linker [87], it has been suggested that Ca2*activates the channel
through a tugging model. However, recent results show that Ca2* binding to the two different
high affinity sites activates the channel with distinct properties, suggesting that the mechanisms
underlying Ca2* dependent activation via the two sites may be more complex.

The difference in Ca2* binding sites was first noted in a study when the Ca* bowl was mutated,
and it was found that the channel retained partial Ca2* sensitivity and an intact sensitivity to
Cd2*, Based on these results, it was proposed that BK channels may contain a second Ca%*
binding site, which can also bind to Cd2*, to activate the channel [54]. This proposal was
verified later in a study to show that the putative second Ca2* binding site in RCK1 (Asp362/
Asp367, where Asp362 has a minor effect on Ca2* sensitivity) is responsible for Cd2*
sensitivity of the channel [96]. More importantly, the affinity of Ca2* for the two sites differs
[52,84,97]. Estimated by measuring open probability of the channel in various intracellular
Ca?* concentrations ([Ca2*];) and then fitting the data to the MWC allosteric model that was
originally proposed by Monod, Wyman and Changeaux to describe the binding of oxygen to
hemoglobin [98] and subsequently adopted to describe voltage and Ca2* dependent activation
of BK channels [99], the dissociation constant of Ca2* at open (Ko) and closed (Kc) states are
5.6 uM and 26.8 pM for the site in RCK1, and 0.88 uM and 3.13 pM for the Ca2* bowl [84].
In the MWC model, each Ca2* ion binding to the channel favors the transition for channel
opening by a factor C = Kc/Kg. Hence, Ca2* binding to the site in RCK1 contributes more
than binding to the Ca2* bowl to activating the channel (C = 4.75 vs. 3.55) [52,84,100].
Corresponding to the difference in affinity, Ca* binding to the Ca?* bowl and to the site in
RCK1 is responsible for the increase of activation rate in 0-10 pM and 10-300 pM [Ca2*];,
respectively [96].

Besides these properties of the two Ca2* binding sites, the mechanism of how these binding
sites are coupled to the activation gate also differs. In a recent mutational scan, i.e. each residue
is individually mutated, of the N-terminal region of the RCK1 domain from BA to aC (thus
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called the AC region) mutations of ten residues are found to specifically alter the Ca2*
dependent activation originated from the site in RCK1 [100]. In the homology model of BK
channels (e.g., Figure 1C), the AC region is located just beneath the membrane spanning
domains like a pedestal; and it contains the putative CaZ* binding site Asp362/Asp367 and the
residues Glu374 and Glu399 that form the Mg?* binding site with Asp99 and Asn372 in the
membrane-spanning domain (Figure 2B). Interestingly, all ten residues, which alter Ca2*
sensitivity, are located at the surface of the AC region facing the membrane-spanning domains,
which may interact with residues in the VSD and PGD to mediate the coupling between
Ca?* binding site in RCK1 and the activation gate [100]. An independent study showed that
Ca®* dependent activation originated from the binding site in RCK1, but not from the Ca2*
bowl, is affected by voltage, which also suggests that the AC region may interact with the VSD
[84]. Taken together, these results suggest that a nudging model may be at least partially
responsible for the activation of BK channels by CaZ* binding to the site in RCK1 domain.
Given the distinct locations of the two Ca2* binding sites, where the Ca2* bowl is located at
the assembly interface between RCK1 and RCK2 and Asp367 is located close to the interface
between RCK1 and the membrane-spanning domains [51], it is possible that the two binding
sites may connect to the activation gate via different mechanisms.

BK channel dysfunction and neurological disorders

Achieving a better understanding of BK channel function is important not only for furthering
our knowledge of the involvement of these channels in physiological processes, but also for
pathophysiological conditions, as has been demonstrated by recent discoveries implicating
these channels in neurological disorders. One such disorder is schizophrenia where BK
channels are hypothesized to play a role in the etiology of the disease due to the effects of
commonly used antipsychotic drugs on enhancing K* conductance [101]. Furthermore, this
same study found that the mRNA expression levels of the BK channel were significantly lower
in the prefrontal cortex of the schizophrenic group than in the control group [101]. Similarly,
autism and mental retardation have been linked to haploinsufficiency of the Slo1 gene and
decreased BK channel expression [102].

Two mutations in BK channel genes have been associated with epilepsy. One mutation has
been identified on the accessory 3 subunit, which results in an early truncation of the protein
and has been significantly correlated in patients with idiopathic generalized epilepsy [103].
The other mutation is located on the Slo1 gene, and was identified through genetic screening
of a family with generalized epilepsy and paroxysmal dyskinesia [104]. The biophysical
properties of this Slo1 mutation indicates enhanced sensitivity to Ca2* and an increased average
time that the channel remains open [104-107]. This increased Ca2* sensitivity is dependent on
the specific type of B subunit associating with the BK channel [106,107]. In association with
the B3 subunit, the mutation does not alter the Ca2*-dependent properties of the channel, but
with the p4 subunit the mutation increases the Ca%* sensitivity [105-107]. This is significant
considering the relatively high abundance of the p4 subunit compared to the weak distribution
of the B3 subunitin the brain[12,13,15,106,107]. It has been proposed that a gain of BK channel
function may result in increases in the firing frequency due to rapid repolarization of APs,
which allows a quick recovery of Na* channels from inactivation, thereby facilitating the firing
of subsequent APs [104]. Supporting this hypothesis, mice null for the 4 subunit showed
enhanced Ca2* sensitivity of BK channels, resulting in temporal lobe epilepsy, which was
likely due to a shortened duration and increased frequency of APs [108]. An interesting
relevance to the mechanisms of BK channel activation as discussed above, the Slol mutation
associated with epilepsy only alters Ca* dependent activation originated from the Ca2*
binding site in RCK1, but not from the Ca2* bowl, by altering the coupling mechanism between
Ca?* binding and gate opening [100]. Since Ca2* dependent activation originated from the
Ca?* binding site in RCK1 is enhanced by membrane depolarization, at the peak of an action
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potential the binding of Ca2* to the site in RCK1 contributes much more than binding to the
Ca%* bowl to activating the channel [84,109].

Although these associations between specific mutations in BK channel subunits and various
neurological disorders have been demonstrated by numerous studies, it is also important to
point out certain caveats with these studies, such as genetic linkage between BK channels and
different diseases do not necessary show causation as these studies were performed based on
correlation between changes in the protein/genetic marker and overall phenotype. Furthermore,
studies performed using a mouse model also can fail to indicate what may happen in higher-
order species, and this is especially true for BK channels, where certain B subunits are only
primate specific [110].

Conclusion

Since the initial discovery of BK channels three decades ago (see [65]) recent advancements
have led to the identification of the residues and functional units responsible for ligand and
voltage sensing of BK channels and the development of an allosteric gating model to explain
the channel’s functional properties [111]. However, we are just beginning to understand the
complex molecular interactions that couple the voltage and ligand sensors to the spatially
distant activation gate. The recently published cryo-EM and X-ray crystallographic structures
of the BK channel have provided the first look into the assembly of the quaternary structure
of this massive channel protein. The structure corroborates the close interactions among the
PGD, VSD and cytosolic domain that have been suggested by previous functional studies.
These recent results indicate that the interactions among the structural domains of the BK
channel are critical in coupling voltage sensor and metal ion binding sites to the activation gate.
Deciphering the exact details of the molecular mechanisms underlying the gating of BK
channels will be beneficial for achieving a better understanding of not only the general
principles for ion channel gating but also the pathophysiological conditions where mutations
in BK channels have been implicated.

Box 2

Organization in the potassium channel family. Potassium channels are
categorized according to the number of transmembrane (TM) segments in the
pore-forming a subunit

* 6 TM channels include a single pore and a voltage-sensing domain
— Voltage-gated K* channels (Ky/1.x-12.x)
e.g. Shaker-related (Ky/1.x-Ky/4.x)
— BK channels are a special member of this subfamily
e 4 TM channels include two pores
— Leak channels (Kopl.x-7.X, Kop9.x-13.X, Kop15.x-18.X)
e 2 TM channels include a single pore
— Inwardly rectifying K* channels (Kj:1.x-7.x)
— The MthK channel belongs to this family.
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Figure 1.

BK channel structure. A) Membrane topology of the Slol subunit of BK channels, which
highlights the SO segment, voltage sensing domain (VSD; S1-S4 segments), pore-gate domain
(PGD; S5, P and S6 segments) and cytosolic domain (RCK1 and RCK2). The positively
charged residues in S4, and the Ca2* and Mg?2* binding sites are indicated. B) Cartoon of a
functional BK channel where two opposing subunits are shown for clarity. Similar color
scheme as in (A) is used to identify different structural domains except for SO, which now has
same color as the VSD. C) A homology model of the BK channel. The model was constructed
by superimposing the crystal structures of the Ky/1.2-Ky,2.1 chimera in which the voltage-
sensor paddle has been transferred from Ky,2.1 to Ky/1.2 (PDB ID: 2R9R) [112] and the MthK
channel (PDB ID: 1LNQ) from Methanobacterium thermoautotrophicum [66] at the selectivity
filter, and then superimposing the BK channel gating ring (PDB ID: 3MT5) [51] onto that of
the MthK channel. Different structural domains of BK channels are depicted in surface
representation, with the same color scheme as in (A) and (B). Left: top view as seen from the
extracellular side. Right: side view. The model was constructed using UCSF Chimera v1.4.1
to superimpose the structures and VMD v1.8.7 to show them in surface representation.
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Figure 2.

Interactions between structural domains in BK channels. A) Cartoon of the BK channel.
Mg?2* and Ca2* show metal binding sites. Black arrows and heavy set lines are used to indicate
the following interactions: 1) between VSD and RCK1 in Mg2* dependent activation; 2)
between VVSD and PGD through S4 and S5; 3) between S4-S5 linker and S6; 4) the tug of the
S4-S5 linker and 5) between PGD and cytosolic domain through the peptide C-linker. The
gating ring formed by RCK1 and RCK2 is shown to undergo expansion during channel gating
similar to the MthK channel from Methanobacterium thermoautotrophicum. The structure in
dashed box is shown in more details in B. B) Cartoon showing residues involved in Mg2*
dependent activation.

Trends Neurosci. Author manuscript; available in PMC 2011 September 1.



