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Abstract

Small-conductance Ca2*-activated K* (SK) channels mediate neuron excitability and are
associated with synaptic transmission and plasticity. They also regulate immune responses and the
size of blood cells. Activation of SK channels requires calmodulin (CaM), but how CaM binds and
opens SK channels has been unclear. Here we report cryo-electron microscopy (cryo-EM)
structures of a human SK4-CaM channel complex in closed and activated states at 3.4- and 3.5-
angstrom resolution, respectively. Four CaM molecules bind to one channel tetramer. Each lobe of
CaM serves a distinct function: The C-lobe binds to the channel constitutively, whereas the N-lobe
interacts with the S4-S5 linker in a Ca2*-dependent manner. The S4-S5 linker, which contains
two distinct helices, undergoes conformational changes upon CaM binding to open the channel
pore. These structures reveal the gating mechanism of SK channels and provide a basis for
understanding SK channel pharmacology.

Introduction

Ca?" is arguably one of the most crucial cellular signals, and it affects virtually every aspect
of a cell. Gardos first discovered a link between Ca2* and K* permeability in 1958 when he
recognized that Ca2* can enhance the K* permeability of human erythrocytes (1). Since
then, several studies have reported a similar “Gardos effect” in various types of neurons (2).
We now know that this effect is mediated by a family of Ca%*-activated K* channels (3).
These channels were historically cataloged as intermediate- or small-conductance Ca?*-
activated K* (SK) channels to distinguish them from the well-studied large-conductance
Ca?*-activated K* (BK) channels (4-8). Widely expressed in neurons of the central nervous
system, SK channels contribute to the after-hyperpolarization following an action potential
and mediate the intrinsic excitability of neurons (9). SK channels are also implicated in
synaptic transmission and plasticity. In T lymphocytes, SK channels modulate the activation
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of immune responses (7, 10, 11). In erythrocytes, they regulate cell volume, and their
dysfunction causes cell dehydration and hemolysis (8, 12-15).

Given the physiological importance of SK channels, it is important to understand how they
work at a molecular level. Although both SK and BK channels are activated by Ca2*, their
amino acid sequence identities are low, and their channel gating mechanisms are completely
different. Ca2* ions open BK channels directly, whereas Ca2* ions open SK channels via
calmodulin (CaM) (4, 16). CaM opens SK channels in a cooperative manner with high Ca2*
sensitivity (median effective concentration, around 100 to 400 nM) (4-7, 17). The structures
of BK channels have been studied in molecular detail (18, 19), but the Ca*-CaM gating
mechanism of SK channels has remained a mystery. To understand the structural basis of
gating in SK channels, we determined structures of a full-length human SK channel in
closed and activated states by using single-particle cryo-electron microscopy (cryo-EM).

Characterization of a human SK4-CaM channel complex

After an initial screening of 25 SK proteins from different species by fluorescence-detection
size-exclusion chromatography (20), we identified human SK4 (also known as 1K, K¢z3.1,
KCNN4, or Géardos channel) as a promising candidate for structural studies. We then
expressed and purified human SK4 from mammalian cells. Purified full-length SK4
channels, although having a predicted molecular mass of 48 kDa, migrate at about 37 kDa
SDS—polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1A). CaM was copurified with
the channel in both the presence and absence of Ca2*. This observation suggests that Ca2* is
not necessary for the SK-CaM interaction and that CaM constitutively binds to the channel.

To examine the function of the purified SK4-CaM complex, we reconstituted it into
liposomes and monitored K* flux by means of a fluorescence-based assay (21).
Proteoliposomes were reconstituted with a high concentration of K* (150 mM KCI), then
diluted into K*-free solution while ionic strength was maintained with 150 mM NaCl. In the
presence of Ca?*, a fluorescence decrease was observed owing to K* efflux out of the
liposomes (Fig. 1A), which could be inhibited using two different SK4 channel blockers,
NS6180 and senicapoc (22, 23). Thus, the purified SK4-CaM protein complex (hereafter
referred to as SK-CaM) recapitulates the functional Ca2*-activated K* efflux and
pharmacological inhibition characteristic of native channels.

Architecture of Ca?*-free SK-CaM channel complex

We first determined the structure of SK-CaM in the absence of Ca2* to a resolution of 3.4 A
(figs. S1 and S2). We found that four SK subunits form a fourfold-symmetric tetramer that is
~95 A in length and 120 A in width when viewed from within the plane of the membrane
(Fig. 1B). Transmembrane helices S5 and S6 form the ion channel pore, which is surrounded
by membrane-embedded helices S1 to S4. The domain comprising these four helices
interacts with the pore domain from the same subunit (Fig. 1C). This arrangement is similar
to that of the BK channel (also known as Slol) but different from that of domain-swapped
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Ky1 to K7 channels, where helices S1 to S4 interact with a neighboring pore domain (18,
24, 25).

At the C-terminal end of S6, the helix unwinds near the inner leaflet of the cell membrane.
This allows the polypeptide to make a sharp turn before two helices, HA and HB, that run
almost parallel to the membrane plane. HB is followed by the HC helix (Fig. 1D). The HC
helices from four SK subunits make up a coiled coil located at the center of the channel,
which is important for channel assembly and trafficking (26, 27). Because this region of the
channel is flexible, the local structure is not as well resolved as other regions, and the last 41
residues are invisible in the structure. Consistent with previous studies (28, 29), the
peripheral ends of HA and HB form the binding site for the CaM C-lobes, which are visible
in the cryo-EM map (Fig. 1D). On the basis of light scattering and analytical
ultracentrifugation experiments performed on CaMs and channel fragments, Halling et al.
suggested that two to eight CaM molecules may bind to one channel (30). In the context of a
full-length channel, we observed that one CaM binds to one SK subunit, resulting in four
CaMs per channel tetramer.

Dynamic CaM N-lobe as a Ca?* sensor

When C4 symmetry was imposed during cryo-EM reconstruction, the CaM N-lobes of the
channel complex exhibited poor density, which precluded model building of this portion of
CaM (Fig. 1, B to D, and fig. S1C). This suggests that the N-lobes exhibit static disorder,
consistent with high mobility in the absence of Ca2*. When the structure was reconstructed
without imposing symmetry, only one of the four CaM N-lobes was visible (fig. S1C). To
analyze the static disorder of the CaM N-lobes further, we expanded the data set and
reoriented each subunit onto a single position according to the C4 point group (31). We then
performed focused classification and subsequent refinement (fig. S3A). Through this
strategy, three distinct conformations of CaM with improved N-lobe density were identified

(Fig. 2).

In these reconstructions, the differences in the CaM C-lobes are subtle, resulting from a
slight sliding along the HA and HB helices (fig. S3, B and C). In contrast, the CaM N-lobes
exhibit large positional variations. It is evident that the N-lobe can swing from the periphery
of the channel (Fig. 2, red) all the way to the center of the channel, close to the coiled coil
(Fig. 2, blue). The N- and C-lobes of CaM are connected by a central linker, which has the
capacity to maintain an a-helical structure or unwind into a loop, allowing CaM to adopt
multiple conformations (32). Under Ca2*-free conditions in SK-CaM, this flexible linker
permits the N-lobe to undergo long-range, rigid-body-like motions, traveling from the
bottom of the S2 helix to the bottom of the S4-S5 linker (Figs. 2B and 1D), while the C-lobe
maintains its interaction with the HA and HB helices (fig. S3C). Previous mutagenesis
experiments suggested that the two lobes of CaM serve distinct functions in the SK channel
complex (33-35): The C-lobe interacts with SK channels in a Ca?*-independent manner,
whereas the N-lobe senses Ca%* and gates the channel. Our structure supports these findings
by demonstrating a permanent bound CaM C-lobe and a dynamic N-lobe. This molecular
plasticity of the N-lobe seems ideal for rapid detection and response to local Ca2* signals.
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Transmembrane domain and ion conduction pore

Although the SK channel has a similar topology to the BK channel, we noticed two
interesting differences. First, the S1 and S2 helices in SK are much longer than those in BK
(18). Each about 60 A in length, S1 and S2 in SK extend beyond the membrane boundary,
into the cytoplasmic space (Fig. 3A). The second difference involves the S4-S5 linker,
which in SK consists of two a-helices, SysA and Sy5B, rather than the short turn observed in
BK and other non-domain-swapped members of the six-transmembrane ion channel
superfamily, including the K10 to K12, Slo2, and HCN channels (18, 36-39). In voltage-
gated ion channels — whether domain-swapped or not — the S4-S5 linker plays a critical
role in channel gating by coupling movements of the voltage sensor to opening of the pore.
But SK is voltage-insensitive (5, 6, 17). Its particular S4-S5 linker structure is apparently
suited to confer CaM-mediated Ca2* sensitivity to the SK channel gate.

S45B is wedged in between HA and S6, thus providing lateral contacts between the pore and
the cytoplasmic structural elements that ultimately attach CaM to the channel (Fig. 3B).
Hydrogen bonds formed between Lys197 on S»5B and Glu295 on HA from a neighboring
subunit, and between Asn201 on Sy5B and Arg287 on S6 from the same subunit, appear to
“glue” these structural elements together. Mutations of Arg287, possibly by interfering with
this interaction, change the intrinsic open probability of SK channels in the absence of Ca2*
(40). The inter-subunit connectivity of this interface (each S4-S5 linker interacts structurally
with S6 from two subunits) could be the structural underpinning of the high cooperativity of
Ca?* activation in SK (4-7, 17).

In the absence of Ca?* the SK channel is functionally closed. The structure, determined in
the absence of Ca2* also appears closed. Residues Val282 from each of the four S6 helices
form a constricted gate with radius less than 1 A (Fig. 3C). This finding is in good
agreement with studies that have used thiol-reactive methanethiosulfonate (MTS) reagents to
assess the reactivity of site-directed cysteine residues placed along the S6 helix (41-44).
Furthermore, it has been shown that replacement of Val282 by Gly produces a “leaky”
channel that conducts current in the absence of Ca?* (45). The structure also provides
information on the molecular basis of the channelopathy known as hereditary xerocytosis, a
type of hemolytic anemia associated with human SK4 mutations Val282Glu and Val282Met
(14, 15, 46, 47). These two gain-of-function mutations involve precisely that residue which
forms the narrowest constriction within the pore of the closed SK channel.

Structures of Ca2*-bound SK-CaM channel complex

To visualize an open conformation and understand how Ca2* activation occurs, we
determined the structure of the SK-CaM complex in the presence of Ca2* to a resolution of
3.5 A (figs. S4 and S5). We again observed that four CaMs bind to a channel tetramer (Fig.
4, A and B), just as in the Ca?*-free state. However, the density for the CaM N-lobe was
significantly improved relative to that in the Ca2*-free structure., permitting the building of
an entire CaM model. Ca2* binding alters the conformation of the CaM N-lobe and causes it
to attach firmly to the channel. The structure reveals several previously unidentified
interactions between Ca2*-bound CaM and the channel subunits. First, cytosolic portions of
the S1 and S2 helices, which extend into the cytoplasmic space, directly contact CaM (Fig.

Science. Author manuscript; available in PMC 2018 November 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lee and MacKinnon

Page 5

4, C and D). Such interactions provide a plausible justification for the extraordinary length
of S1 and S2. Second, the N-lobe interacts with HA and HC from an adjacent subunit (Fig.
4, C and D, yellow subunit). Through these newly formed interactions, Ca2*-bound CaM
and the SK channel form an extensive interaction network, with each CaM molecule
communicating with three channel subunits (Fig. 4, C and D, green, blue, and yellow
subunits). This distributed interaction could potentially permit conformational changes
brought about through the binding of one CaM N-lobe to influence the neighboring CaM
molecules. It seems likely that this structural property could give rise, at least in part, to the
high cooperativity that is characteristic of SK channel activation.

Two major differences between the full-length cryo-EM structure and the previously
determined crystal structure of CaM in complex with channel fragments (HA, HB, and part
of HC) (29) deserve attention. First, in the cryo-EM structure, the CaM N-lobe binding
pocket recognizes SysA, the first helix of the S4-S5 linker (Fig. 4, C and D), whereas in the
crystal structure, the N-lobe binds to HC rather than S45A (S45A was not included in the
crystallization construct). Many of the residues forming the HC binding site in the crystal
structure are buried at the center of the coiled coil in the cryo-EM structure (fig. S6). The
buried residues are therefore likely not accessible to the CaM N-lobe in the full-length
channel. We conclude that S4sA is the functional CaM N-lobe binding site.

Second, in the crystal structure the channel fragments and CaMs form a dimeric, twofold-
symmetric structure. On the basis of that observation, a mechanism was proposed in which
channel activation breaks down the fourfold symmetry, causing the channel to become a
twofold-symmetric dimer-of-dimers. This transition was proposed to generate a rotary force
to open the channel (29). Although this was a reasonable idea given the structures of channel
fragments, the full-length structure shows that the activated SK-CaM complex remains
fourfold-symmetric throughout (Fig. 4, A and B, and fig. S4C).

Structural basis for channel activation

Although the amino acid sequence of S45A does not correspond to a known canonical CaM-
binding motif (48), S45A is highly conserved, and residues directly facing the CaM N-lobe
pocket (Ala, Ser, and Leu) are identical across the SK channel family (Fig. 5A), suggesting
that this region is crucial to channel function. When the CaM N-lobe binds, it pulls the S4sA
helix downward and displaces it by 4 A (as measured at the C-terminal end of SysA) (Fig.
5B, activated state I). This in turn causes S45B to move outward, away from the pore axis.
Because Sy5B is tightly coupled to the pore-lining S6 helix (Fig. 3B), this displacement of
S45B expands the S6 helical bundle and enlarges the radius of the cytoplasmic pore entrance
to 5 A (Fig. 5, B and D). In addition, the channel gate formed by Val282 expands. Even after
this expansion, the Val282 side chain still constricts the pore to a radius of ~1.6 A (Fig. 5, C
and D), which is too narrow to permit the flow of hydrated K* ions. In this activated state I,
the channel is undergoing movements toward opening, although the pore appears to remain
non-conductive. The existence of such a channel conformation is supported by functional
studies, which indicate that the maximum channel-open probability of SK4 remains low (49,
50), usually 0.1 to 0.3, at saturating concentrations of Ca2*. Thus, even under maximal
stimulation, the channel is still more often in a non-conductive conformation.
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Through three-dimensional classification, we identified another activated state (Fig. 5, B to
D, activated state 1) and determined the corresponding structure at moderate resolution (4.7
A) (figs. S4C and S7). Compared with activated state I, the CaM N-lobe binding more
dramatically rearranges S4sA, Sa5B, and S6 in state I1. Sy5A and Su5B are displaced by an
additional 2 A (Fig. 5B, and fig. S7D), which causes S6 to move further away from the pore
axis. This expands the channel gate at the level of Val282 to a radius of ~3.5 A (Fig. 5, C
and D), which would allow permeation of partially hydrated K* ions. State Il is less
populated than state | (fig. S4C), which is consistent with open probability measurements
showing that activated channels occupy a conductive state with lower probability than they
occupy the non-conductive states. These analyses reinforce the notion that activated state 11
likely represents an open, conductive state of SK channels, although future higher-resolution
structures will be required to reach an unambiguous conclusion.

Our structures lead us to propose that the binding of the CaM N-lobe to S4sA initiates
channel activation. This proposal predicts that preventing the interaction between CaM and
S45A would preclude channel opening. To test this prediction, we introduced a cysteine at
position 181 on the S4sA helix. Ser181 is located in the middle of S45A and points directly
into the CaM N-lobe pocket. We reasoned that labeling this position with a negative-charged
MTS reagent (MTSES) would reduce the affinity of the CaM N-lobe and thereby impede N-
lobe binding (Fig. 5E). After exposure to MTSES, the current from the Ser181Cys mutant
channels diminished significantly (7 £ 7% remaining current), whereas the current from
wild-type channels showed only a small reduction (81 + 9% remaining current). These
results support the proposed role of the CaM N-lobe—S4sA interaction in channel gating.

Discussion

On the basis of the structural and functional analyses presented here, we propose a new
model for SK channel activation (Fig. 6). In the absence of Ca?*, CaM pre-associates with
the channel through its C-lobe. Meanwhile, the CaM N-lobe maintains only weak
interactions with the channel and is conformationally flexible. In this resting state, the
channel pore is closed. In the presence of increasing Ca2* concentrations, the CaM N-lobe
binds to Ca?*. This triggers a conformational change, which increases the affinity of the N-
lobe for the S4sA helix within the S4-S5 linker. Upon CaM binding, SssA is displaced
downward (towards the cytoplasm), which causes S45B to move away from the pore axis.
Such a movement rearranges the S6 helices, permitting the pore to open. As an aid to
visualizing the structural transition of SK channel activation, we animated the CaM
movement and the corresponding conformational changes in the SK channel upon Ca?*
binding. This animation illustrates how CaM opens the SK channel and encapsulates the
activation model (movie S1).

Several studies have shown that the phosphorylation state of CaM regulates SK channel
activity (51-53). When CaM is phosphorylated at position Thr79, the apparent Ca2*
sensitivity of the SK channel is reduced, causing the channel to close more rapidly (52). One
hypothesis to explain this is that Thr79 phosphorylation disrupts interactions between lipids
and the SK-CaM complex (53). Our study provides a basis for interpreting these functional
studies and perhaps for building on the hypothesis. Thr79 is positioned within the hinge that
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connects the CaM N- and C-lobes, which is wedged between S2 and HB and faces toward
the lipid membrane (Fig. 4, C and D). The addition of a phosphate group to Thr79 would
seem likely to influence the conformation of the surrounding channel subunits and/or
influence lipid-channel interactions.

Riluzole, the first U.S. Food and Drug Administration-approved medication for amyotrophic
lateral sclerosis, has been suggested to act through SK channels (54, 55). Riluzole and
related compounds (e.g., 1-EBIO) potentiate SK channel activity and are proposed, on the
basis of crystal structures, to bind to the interface between the CaM N-lobe and HC (56-59).
Because our results redefine the native CaM N-lobe binding interface, we suggest that SK
channel potentiators may instead bind in between the CaM N-lobe and S4sA (fig. S8). Such
a possibility needs further exploration.

This study provides a plausible mechanism of SK channel activation and highlights the role
of the S4-S5 linker in coupling Ca2*-induced CaM binding to channel opening. Our
structures also provide a foundation for the development of therapeutic agents targeting SK
channels.

Supplementary Material
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Fig. 1. Functional characterization and architecture of the Ca?*-free SK-CaM channel complex.
(A) Purified SK-CaM channel complex and fluorescence-based liposome flux assay. Left,

SK-CaM complex in the presence or absence of Ca2* (2 mM CaCl, or 5 mM EGTA),
analyzed by SDS-PAGE. Right, SK-CaM complex-mediated flux. Fluorescence changes due
to K* flux were monitored over time (mean + SEM; n = 4 to 8). Proteoliposomes in the
presence of 2 mM CaCl, showed robust flux, which can be blocked by 10 uM NS6180 or
senicapoc. CCCP, carbonyl cyanide m-chlorophenylhydrazone. (B to D) Cryo-EM structure
of the Ca?*-free SK-CaM complex. Each channel subunit is shown in a different color.
Purple, CaM C-lobe in surface representation.
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Fig. 2. Conformational dynamics of CaM N-lobe.
(A and B) Cryo-EM reconstruction of the Ca2*-free SK-CaM complex. CaM N-lobe

densities (blue, yellow, and red) from three classes after focused classification are
superimposed on the consensus 3.4-A resolution map.
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Fig. 3. Transmembrane domain and ion channel pore.
(A) Comparison of single SK and BK subunits. Gray bars represent approximate boundaries

of the membrane bilayer. For clarity, only part of the BK intracellular domain is shown
(Protein Data Bank ID, 5TJI). (B) Interface between S45B and S6 helices shown in surface
representation. Gray, S6 helix from the same subunit as S45B. Blue, S6 and HA helices from
an adjacent subunit. (C) Channel pore with only two subunits shown for clarity. Pore radius:
red, <1.15 A; green, 1.15 to 2.30 A; purple, >2.30 A. Throughout the figures, single-letter
abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; G,
Gly; I, lle; K, Lys; L, Leu; N, Asn; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
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Fig. 4. Structure of the Ca?*-bound SK-CaM channel complex.
(A and B) Structure of the Ca2*-bound SK-CaM channel complex, colored as in Fig. 1

(purple, CaM). Ca2* ions are shown as pink spheres. (C and D) Interactions between CaM
(surface representation) and SK subunits.
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Fig. 5. Channel activation by CaZ*-bound CaM.
(A) Binding of CaM N-lobe to SK Sy5A. The cryo-EM density of SysA is shown (from the

3.5-A resolution map of the Ca2*-bound SK-CaM complex). Ca2* ions are shown as green
spheres. Inset, the amino acid sequence alignment of SysA from four human SK channel
subtypes. The region highlighted in cyan is absolutely conserved. (B) Conformational
changes in the S4-S5 linker and pore upon CaM N-lobe binding. Structures of different
states are aligned at the selectivity filter. (C) Top-down view of conformational changes in
the pore, shown from the extracellular side. (D) Radius of the pore in the activated states
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versus the closed state. The radius is plotted as a function of the distance along the pore axis.
V282 defines the narrowest constriction site of the cytoplasmic gate. (E) Preventing channel
activation by compromising the CaM N-lobe-S4sA interaction. 10 pM Ca2* or 2 mM
MTSES was applied as indicated. Quantification of remaining currents after MTSES
labeling is also shown (mean + SD; n = 4 to 5, Student’s ftest). WT, wild type.
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Fig. 6. Gating mechanism of the SK channel.

In the absence of Ca2* (left panel), the SK channel is closed. The CaM C-lobe stays

o 9._/
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Open

associated with the channel, whereas the CaM N-lobe barely binds to the channel. The very
flexible N-lobe can adopt multiple conformations, but its binding pocket remains closed (60,
61). When Ca2* binds to the CaM N-lobe (middle panel), the lobe rearranges into a more

open conformation, allowing it to interact with SysA. The N-lobe pulls the S5A helix

downward, which displaces S,45B away from the pore axis (right panel). This expands the S6

helical bundle and eventually opens the pore.
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