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Most proteins, such as ion channels, form well-organized 3D
structures to carry out their specific functions. A typical voltage-
gated potassium channel subunit has six transmembrane segments
(S1–S6) to form the voltage-sensing domain and the pore domain.
Conformational changes of these domains result in opening of the
channel pore. Intrinsically disordered (ID) proteins/peptides are con-
sidered equally important for the protein functions. However, it is
difficult to explore the structural features underlying the functions
of ID proteins/peptides by conventionalmethods, such as X-ray crys-
tallography, because of the flexibility of their secondary structures.
Unlike voltage-gated potassium channels, families of small- and
intermediate-conductance Ca2+-activated potassium (SK/IK) channels
with important roles in regulating membrane excitability are acti-
vated exclusively by Ca2+-bound calmodulin (CaM). Upon binding of
Ca2+ to CaM, a 2 × 2 structure forms between CaM and the CaM-
binding domain. A channel fragment that connects S6 and the CaM-
binding domain is not visible in the protein crystal structure, sug-
gesting that this fragment is an ID fragment. Herewe show that the
conformation of the ID fragment in SK channels becomes readily
identifiable in the presence of NS309, the most potent compound
that potentiates the channel activities. This well-defined conforma-
tion of the ID fragment, stabilized by NS309, increases the channel
open probability at a given Ca2+ concentration. Our results demon-
strate that the ID fragment, itself a target for drugs modulating SK
channel activities, plays a unique role in coupling Ca2+ sensing by
CaM and mechanical opening of SK channels.
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Most proteins typically adopt one or more well-defined 3D
structures, or domains, to carry out their specific functions.

Voltage-gated potassium channels are such an example, with six
transmembrane segments (S1–S6) forming the voltage-sensing
domain and the pore domain (1, 2). Conformational changes of
these domains result in opening of the channel pore. Unlike the
well-structured proteins, there are proteins or fragments of pro-
teins that lack well-defined 3D conformations (3–8). These pro-
teins, termed “intrinsically disordered” (ID) proteins/peptides,
typically are flexible in their secondary structures and often can
adopt multiple conformations. Consequently, the structures of ID
proteins are difficult to determine by conventional methods, such
as X-ray crystallography, and it is difficult to explore the structural
features responsible for functions by ID proteins. Nevertheless,
emerging evidence shows that ID proteins/peptides are equally
important for the protein functions.
Small- and intermediate-conductance Ca2+-activated K+ (SK/

IK) channels play important roles in regulating membrane excit-
ability by Ca2+ (9–13). SK and IK channels belong to the same
gene family, with four genes identified: KCNN1 for KCa2.1 chan-
nels (SK1), KCNN2 for KCa2.2 (SK2), KCNN3 for KCa2.3 (SK3),
and KCNN4 for KCa3.1 (IK) (11, 13). We recently identified a
functional SK2 channel splice variant, SK2-b, which is less sen-
sitive to Ca2+ for its activation (14). By dampening the firing of
action potentials, activation of SK/IK channels contributes to the
regulation of neuronal excitability, dendritic integration, synaptic

transmission, and plasticity in the central nervous system (9, 11, 13,
15, 16). In the cardiovascular system, vascular endothelial cells
express both IK and SK3 channels, which are implicated in the
endothelium-derived hyperpolarizing factor–mediated vasodila-
tion (17–20). The importance of SK/IK channels is demonstrated
further by their potential roles in clinical abnormalities (21–24).
SNPs in the SK/IK genes are thought to play a role in cardiovas-
cular abnormalities, such as familial atrial fibrillation (22, 25).
Compromised SK channel activities may be a contributing factor
of hypertension (21). Activation of SK channels in the nucleus
accumbens region of the brain could help treat alcohol addiction
(26). Administration of positive SK channel modulators is bene-
ficial in animal models of neurodegenerative diseases, such as
ataxia (27). Given the roles of SK/IK channels in physiological and
pathophysiological conditions, a tremendous amount of effort has
been devoted to developing small molecules targeting SK/IK chan-
nels including such compounds as 1-ethyl-2-benzimidazolinone
(1-EBIO) and NS309 (15, 28–32). Although 1-EBIO is the proto-
type of these compounds, NS309 is the most potent one. Some of
these compounds, such as chlorzoxazone and riluzole (Rilutek),
have been used in multiple clinical trials for neurological disorders,
such as alcoholism and cerebella ataxia (http://clinicaltrials.gov).
However, it has not been known how these compounds, such as
NS309, achieve their effects in potentiating SK/IK channels.
Like voltage-gated potassium channels, SK/IK channels are tet-

ramers, and each subunit consists of six transmembrane segments.
However, SK/IK channels are activated exclusively by Ca2+-bound
calmodulin (CaM) tethered to the channel C terminus (33, 34).
CaM serves as the high-affinity Ca2+ sensor, with four canonical EF
hands, two located at the CaM N terminus (N-lobe) and the other
two at the C terminus (C-lobe) (35). The CaM N- and C-lobes are
connected by the CaM linker. Binding of Ca2+ to CaM causes
significant changes in the conformations of both CaM and the CaM
binding domain (CaMBD), leading to the formation of a 2 × 2
complex between CaM and the CaMBD (14, 36, 37). A channel
fragment, R396–M412, which connects S6 and the CaMBD, is not
visible in the protein crystal structure, indicating that this frag-
ment is an intrinsically disordered fragment (IDF). Although
Ca2+-dependent formation of this 2 × 2 complex is a critical initial
step for Ca2+-dependent activation of SK channels, it is not clear
how the binding of Ca2+ to CaM is coupled to the eventual opening
of the SK channel.
Here we show that the conformation of the IDF becomes clearly

identifiable from the protein crystals of CaM–CaMBD complexed
with NS309, a potent positive channel modulator (38, 39). In the
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structures, both ends of the IDF are anchored to CaM with or
without NS309. Binding of NS309 results in the transition of the
unstructured IDF to a well-defined structure. This distinctive IDF
conformation, stabilized by binding of NS309 or cross-linking
A477 of the CaMBD and F410 of the IDF, increases the channel
open probability at a given Ca2+ concentration. Our results dem-
onstrate that the IDF plays a unique role in coupling binding of
Ca2+ to CaM and the mechanical opening of SK channels. The
results further show that the IDF is the target for compounds, such
as NS309, thus providing a rationale for development of small-
molecule compounds targeting ID proteins (3, 40).

Results
Interaction Between CaM and the CaMBD at the CaM Linker Region.
A previous report shows that the channel fragment, R396–M412,
which connects S6 and the CaMBD, is not visible in the structure of
the CaM–CaMBD2-a complex (Fig. S1A) (37). Sequence align-
ment shows that this fragment is highly conserved in SK channels,
fromDrosophila to human, as well as among all four subfamilies of
SK channels, including SK1, SK2, SK3, and IK (Fig. 1A). Our de-
termination of the structure of the CaM–CaMBD2-a complex from
multiple sets of X-ray diffraction data (at the resolution of 1.5–1.7
Å; Table S1, PDB code 4J9Y) consistently shows the interaction
between the CaM linker region and E39–K402 of the missing
channel fragment (Fig. 1B and Fig. S1B) instead of the previously
reported interaction between the CaM linker region and the pol-
yhistidine tag used to purify the CaMBD (Fig. S1A) (37).
Fig. 1C shows the electron density map with the refined

structure coordinates for amino acid residues E399, L400, T401,
and K402 at the CaM linker region (near D78 and T79 of CaM,
at 1.54 Å) superimposed. Assigning these four amino acid resi-
dues yields a much better representation of the electron density

map in that region than the polyhistidines (Fig. 1C and Fig. S1 C
and D). These four amino acid residues wrap around the CaM
linker region and form a cuff-like structure (Fig. 1D) that in-
teracts with the following amino acid residues from CaM: K75,
K77, D78, T79, D80, S81, and E84 (within the 5-Å radius of the
cuff residues; Fig. 1D). Among these CaM residues, D78 and
T79 interact with all four cuff residues. Analysis further shows
that T79, but not D78, interacts only with these four cuff resi-
dues (within the 5-Å radius).

Cuff–Linker Interaction on Ca2+-Dependent Channel Activation. Be-
cause it was not known whether the interaction between the CaM
linker and the target proteins has functional consequences, we
sought to determine whether the interaction between the channel
cuff and the CaM linker region might affect the Ca2+-dependent
activation of the SK channel. From the structural data (Fig. 1),
mutations were made in selected amino acid residues from
both the channel cuff and the CaM linker, and their effects on
Ca2+-dependent channel activation were tested using inside-out
patches. Compared withWTSK2-a (EC50= 0.32± 0.03 μM, n= 8),
both L400A and E400A become less responsive to Ca2+ for their
activation, with the EC50s at 0.69 ± 0.14 μM (n = 5, P = 0.007) and
0.47 ± 0.02 μM (n = 4, P = 0.023, respectively (Fig. 2A). T401A, on
the other hand, does not change its Ca2+-dependent channel acti-
vation significantly (EC50 = 0.27 ± 0.03 μM, n = 3, P = 0.346).
Although T79 of CaM interacts directly with all four cuff residues,
it is located closer to K402 (Fig. 1D). Therefore we tested whether
changes in the polarity of T79 of CaMmight affect Ca2+-dependent
channel activation.
A mutant CaM, T79C, was created to take advantage of (i) the

lack of cysteine residues in CaM and the presence of only one
cysteine residue, C3, located at the channel N terminus on the
channel cytoplasmic side and (ii) methanethiosulfonate (MTS)
reagents that can modify the cysteine residue directly during
experiments (41). When coexpressed with SK2-a (WT), the T79C
mutation itself does not alter the Ca2+-dependent channel activa-
tion (EC50= 0.35± 0.02 μM, n= 3, Fig. 2C), nor does application of
methyl methanethiosulfonate (MMTS, neutral, 2 mM, EC50 =
0.33 ± 0.008 μM, n = 3, Fig. 2C). However, charged MTS reagents,
such as 2-sulfonatoethyl methanethiosulfonate (MTSES, a negative
charge, 2 mM) and 2-(trimethylammonium)ethyl methanethiosul-
fonate (MTSET, a positive charge, 2 mM), rapidly reduce the
current amplitude (Fig. 2B and Fig. S2B), resulting in significant
shifts of Ca2+-dependent channel activation to the right, with
EC50s at 0.76 ± 0.08 μM (n = 4, P = 0.007) and 0.92 ± 0.03 μM
(n = 3, P = 0.001), respectively (Fig. 2C). Control experiments
using SK2-a coexpressed with WT CaM show that MTSES (2
mM) or MTSET (2 mM) has no impact on Ca2+-dependent
channel activation, with the EC50 at 0.35 ± 0.002 μM (n = 3) or
0.36 ± 0.04 μM (n = 4), respectively (Fig. S2A and Fig. 2C). The
effects of charges at CaM T79 are confirmed further by the CaM
mutants T79D and T79K, both of which become significantly less
responsive to Ca2+ for their activation (EC50 = 1.19 ± 0.19 μM,
n = 4, and 2.48 ± 0.25 μM, n = 3, respectively) (Fig. S2C).
Although results from these mutants indicate that the channel

cuff and the CaM linker are involved in Ca2+-dependent channel
activation, shifts in the dose–response curves by these mutations
are not necessarily the consequence of disruption of the in-
teraction between the channel cuff and the CaM linker. We next
used mutant cycle analysis to address this causal relationship,
independent of our structural data. If there is no direct interaction
between the channel cuff and the CaM linker, the coupling co-
efficient, Ω, will be unity (42, 43). Based on the structural data,
the SK2-a:CaM pairs WT:WT, E399Q/K402L:WT, WT:T79D,
and E399Q/K402L:T79D were expressed in TsA cells, and their
Ca2+-dependent activation was determined. The EC50s are 0.32 ±
0.03 μM (n = 8), 0.77 ± 0.06 μM (n = 3), 1.19 ± 0.19 μM (n = 4),
and 1.02 ± 0.07 μM (n = 3), respectively. There are no signifi-
cant differences in changes of the Gibbs free energy (ΔΔG)
among the threemutants (Fig. 2D), indicating the direct interaction
between the channel cuff and the CaM linker. Most importantly,
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Fig. 1. Structure of the channel cuff (E399–K402) and its interaction with the
CaM linker. (A) Alignment of the amino acid sequences R396–M412 of SK
channels from different species, Drosophila to human, plus the sequence of
the rat IK channel. This fragment, including the cuff and the IDF, is highly
conserved. D, Drosophila; apt, Apteronotus; g, chicken; m, mouse, h, human;
r, rat. Numbering is based on the rSK2-a sequence. The only differences be-
tween IK and SK channels in this region are F and N at the equivalent posi-
tions of L400 and T401 of the rSK2-a sequence. (B) Structure of the entire 2 × 2
CaM–CaMBD2-a complex. The surface models represent CaM (salmon and
gray), and the cartoon represents the channel fragment (green and purple).
The structure was determined from protein crystals in the presence of Ca2+

but without NS309. Note that the structure of the IDF is not identifiable. (C)
Electron density map of the channel cuff (light blue) and the CaM linker (D78
and T79, wheat) constructed using 2mFo–DFc coefficients calculated in PHENIX.
The map is contoured at 1.0 σ and is overlaid with coordinates from the
current, refined model for the cuff residues (yellow sticks) and D78 and T79 of
CaM (salmon sticks). (D) The interaction between the channel cuff and the
CaM linker (gray, vertical). T79 of CaM is located closed to K402 of the cuff.
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the coupling coefficient, Ω, is 2.81 ± 1.28 (mean ± SD), which is
significantly larger than 1 (P < 0.03), demonstrating unequivocally
that the channel cuff (E399–K402) interacts directly with the CaM
linker region, particularly T79. Disruption of such interactions by
mutations causes shifts in Ca2+-dependent activation of these
mutants. Furthermore, the interaction between the channel cuff
andCaM linkermeans that bothN- andC-terminal ends of the IDF
are anchored to CaM in the intact and functional channel, even
though our structural data were obtained from the channel frag-
ment (Fig. 1B).

Structure of the NS309 Binding Site. We next tested the potential
functions of the IDF, A403–M412 (Fig. 1A). The structure of the
IDF is not identifiable in the protein complex regardless whether
the protein crystals are obtained in the presence of Ca2+ (Fig.
1B) or not (36). Attempts were made to crystallize the CaM–
CaMBD2-a complex associated with NS309, the most potent
positive modulator of SK/IK channels (38, 39). By soaking the
naive crystals of CaM–CaMBD2-a in solution with the saturating
concentration of NS309 for a prolonged period, we successfully
determined the structure of the NS309-bound protein complex at
the resolution of 1.7 Å (Fig. 3, Fig. S3, and Table S1, PDB code
4J9Z). The NS309 binding site is located at the interface be-
tween the CaM N-lobe and the CaMBD (Fig. 3A and Fig. S3A),
similar to that of 1-EBIO (44). The most striking and unexpected
feature of the NS309-bound CaM–CaMBD2-a structure is the
appearance of the structure of the IDF (Fig. 3 B and C and Fig.
S3 B–F, compare with Fig. 1B). The appearance of the IDF
structure has led to additional contact points between CaM and
the channel, such as the formation of a salt bridge between E404
of the IDF and K75 of CaM at the CaM linker (Fig. 3B and Fig.
S4A). Without NS309, the structure of the E404 side chain
cannot be determined beyond the β-carbon. The NS309 binding
site has unique structural features that may account for its high
potency (Fig. S4 B and C). For instance, the location of the
benzene ring of NS309 differs from that of 1-EBIO (Fig. S4B).
Most notably, NS309 forms contacts with F410 of the IDF (Fig. 3
A and B). To verify the functional interaction between NS309
and F410 of the IDF, mutations at F410 were introduced, and
their responses to the application of NS309 were determined.
Shown in Fig. 3D are the results of the F410L mutation, which
significantly decreases the potency of NS309, with the EC50 in-
creased from 0.44 ± 0.14 μM (n = 3) to 1.79 ± 0.24 μM (n = 5,
P = 0.007). The F410L mutation does not have any impact on its

Ca2+-dependent activation (EC50 = 0.34 ± 0.03 μM, n = 4)
(Fig. S4D).

Unique Role of the IDF in Ca2+-Dependent Activation of SK Channels.
NS309 potentiates the channel activity by increasing the channel
open probability at a given Ca2+ concentration. In the presence
of 3 μM NS309, the EC50 for Ca

2+-dependent channel activation
is reduced to 0.054 ± 0.002 μM (n = 3, P < 0.001; Fig. 4A).
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NS309 does not increase the current amplitude further once the
channel activation has reached the maximal by Ca2+ (at 10 μM;
Fig. S5A), indicating that NS309 does not activate SK/IK chan-
nels directly. The appearance of the IDF structure by NS309 (e.g.,
Fig. 3C) led us to postulate that binding of NS309 to the protein
complex and its interaction with F410 might constrain the free-
dom of the IDF and result in a transition of an unstructured IDF
to a well-defined conformation and, consequently, potentiation of
the channel activity. We sought to test this hypothesis by cross-
linking F410 of the IDF and A477 of the CaMBD, two residues
known to interact with NS309 (Fig. 3A).
A cysteine residue was introduced at positions 410 and 477 of

SK2-a. F410C/A477C activates in response to Ca2+ with a slightly
reduced sensitivity (EC50 = 0.45 ± 0.06 μM, n = 4, P = 0.046) (Fig.
S5B), caused primarily by the F410C mutation (EC50 = 0.51 ±
0.02 μM, n = 3). The patch membrane expressing F410C/A477C
was exposed sequentially to solutions of 10 μMCa2+ to achieve the
maximal channel activation followed by 0.3 μM Ca2+ and 0.3 μM
Ca2+ with 1 mM 1,1-methanediyl bismethanethiosulfonate (MTS-
1-MTS). After the effect had reached steady state, the current
amplitudes at each solution were normalized to that of 10 μMCa2+.
Cross-linking by MTS-1-MTS significantly increases the current
amplitude of F410C/A477C at 0.3 μM Ca2+ (Fig. 4B), with the
normalized current more than doubled, from 21.1 ± 4.03% (be-
foreMST-1-MTS) to 47.0 ± 8.38% (after MTS-1-MTS; n = 3, P =
0.036, paired t-test) (Fig. 4C). Application of MTS-1-MTS to WT
SK2-a or to the single point mutations F410C or A477C showed
little change in Ca2+-dependent channel activation (Fig. S5 C–F).
Thus, cross-linking M410 of the IDF and A477 of the CaMBD by
MTS-1-MTS can mimic the effect of NS309, but, unlike NS309,
the effect of such cross-linking is irreversible (Fig. 4B).
We next sought to determine the potential impact of the salt

bridge formed between E404 of the IDF and K75 of the CaM
linker (Fig. S4A) on Ca2+-dependent activation of SK channels.
The interaction between E404 of the IDF and K75 of CaM is very
sensitive to mutations, such as E404A, E404C, and K75C, which
did not produce any measurable currents when expressed with
theirWT partners at Ca2+ concentrations as high as 100 μM. Even
the very conservative mutations E404D and K75R failed to re-
spond to Ca2+ when expressed individually withWTCaM or SK2-
a. However, when E404D is coexpressed with K75R, the mutant
pair becomes responsive to Ca2+ for its activation with reduced
Ca2+ sensitivity (EC50= 1.96± 0.18, n= 5) compared with theWT

pair (Fig. 4D; P < 0.001). NS309 (3 μM) significantly enhances the
Ca2+-dependent channel activation of the mutant pair (EC50 =
0.27 ± 0.02 μM, n = 4, P < 0.001) (Fig. 4D; compare with Fig. 4A),
indicating that E404D and K75R did express and that mutations
have little impact on the ability of NS309 to increase the channel
open probability. Collectively, the results suggest that the in-
teraction between K75 of CaM and E404 of the IDF is critical for
activation of SK channels by Ca2+.

IDF in Coupling Ca2+-Sensing and Channel Opening.We next addressed
whether the IDF, at its different conformations, might impact the
affinity of CaM for Ca2+, resulting in changes in Ca2+-dependent
channel activation by different mutants or by NS309. A simple
gating scheme shows that the apparent changes in Ca2+-dependent
activation of SK channels may result from changes of the affinity
of CaM for Ca2+ and/or changes in coupling of Ca2+ binding to
CaM and channel opening (Fig. S6A). Ca2+-dependent interac-
tions between CaM and the CaMBD2-a were measured using
fluorophore-labeled CaM(T34C), as we previously described (14).
The CaMBD2-a, with or without R396–M412 (Fig. S6 B and C),
shows the same Ca2+-dependent formation of the CaM–CaMBD-
a complex (the apparent affinity for Ca2+ = 0.28 ± 0.01 μM vs.
0.30 ± 0.03 μM, n = 3) (Fig. 5A), suggesting that the IDF does not
directly alter the affinity of CaM for Ca2+. No changes in the
apparent Ca2+ affinity for formation of the CaM–CaMBD2-a
complex are observed using CaM(T79D) or in the presence of
saturating amount of NS309 (EC50 = 0.32 ± 0.03 μM vs. 0.26 ±
0.02 μM, n = 3) (Fig. 5A). This finding is in contrast to our
previous report, which shows that the reduced sensitivity for
Ca2+-dependent activation of SK2-b, an SK2 splice variant, is
caused primarily by the reduced affinity of CaM for Ca2+ (14).
Thus, we conclude that the primary role of the IDF is to couple
binding of Ca2+ to CaM for mechanical opening of the channel
pore. The conclusion is consistent with the structural data which
show that Ca2+-dependent formation of the CaM–CaMBD com-
plex, as a consequence of binding of Ca2+ to CaM, must take
place before the channel cuff can interact with the CaM linker
(Figs. 1B and 3C) (14, 36, 37).

Discussion
In this study, we have demonstrated that an intrinsically disor-
dered SK channel fragment (the IDF), which connects S6 and
the CaMBD (Fig. 1A), plays a unique role in Ca2+-dependent
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activation of SK channels. Several lines of evidence support this
conclusion. First, the IDF is highly conserved in its primary
amino acid sequence, a characteristic of ID proteins/peptides (7).
Second, the presence of NS309, the most potent channel modu-
lator, has led to the transition of the unstructured IDF to a well-
defined conformation. Because both ends of the IDF are anchored
to CaM, such conformational changes are likely to occur and ac-
count for the action of NS309 in its potentiation of SK channel
activities. Furthermore, such conformational changes coincide
with increased channel open probability by NS309. Third, based on
the structural data, cross-linking of F410 of the IDF and A477 of
the CaMBD can increase the channel open probability at a given
Ca2+ concentration, mimicking the effect of NS309. Finally, the
IDF does not alter the affinity of CaM for Ca2+. Our results also
provide a structural basis for the greater potency of NS309 as
compared with other compounds targeting SK/IK channels.
For a typical K+ channel, S6 is part of the gate that controls the

opening and closing of the channel pore (1, 2). The region

immediately after S6 is proposed to have an important role in the
gating mechanism(s) for ligand-gated K+ channels, such as cyclic
nucleotide-gated channels (1, 45–50). Our results provide direct
structural and functional evidence that the IDF, highly conserved
and located immediately after S6 (Fig. 5B), plays a key role in
coupling the binding of Ca2+ to CaMand themechanical opening of
SK channels. Even though the structural data do not contain the
entire channel, the interaction between the channel cuff and the
CaM linker, confirmed by mutant cycle analysis of the full-length
SK2 channel and CaM, shows that both the N and C termini of the
IDF are anchored to CaM (Figs. 2B and 3C). Therefore, the con-
formation (or lack of conformation) of the IDF (compare Figs. 2B
and 3C) is not caused by the absence of the entire channel in our
structural data. Our results also show that the interactions between
CaM and the channel for Ca2+-dependent activation are much
more extensive than previously thought (14, 36, 37). In particular,
the interactions near the CaM linker contribute directly to the
mechanical opening of the SK channel after Ca2+ is bound to CaM.
Furthermore, the interaction between the channel cuff and the
CaM linker suggests that the entire CaM complex is located im-
mediately after S6 and very close to the plasmamembrane (Fig. 5B).
The results also provide a mechanistic explanation for the obser-
vation that phosphorylation of CaM T79 by protein kinase CK2
reduces the sensitivity of SK channels to Ca2+ by interferingwith the
mechanical coupling process rather than with Ca2+ binding to CaM,
as previously suggested (51). Regulation of the interaction between
the channel cuff and CaM linker by CK2 contributes directly to
regulation of the membrane excitability by neurotransmitters (52).
Although significant strides have been made in development of

small molecules targeting SK/IK channels (15, 28–32), knowledge
is lacking regarding the binding site for these compounds, and very
little is known about how these compounds achieve their potency.
In our previous report, we showed, by molecular docking, that
NS309, themost potent compound, seems to bemuchmore potent
than predicted based on the calculated binding energy (ΔG)
of NS309 for the binding site of phenylurea (PHU) (44). PHU
is ∼4,000-fold less potent than NS309 in potentiating SK/IK
channel activities. We speculated that the NS309 binding site
might have distinct structural features, because a previous report
suggested that NS309 may achieve its effect by stabilizing the
CaM–CaMBD complex (34). Indeed, the NS309-bound structure
shows that the NS309 binding site has its own unique structural
properties, in particular the appearance of the conformation of the
IDF, even though the NS309 binding site shares the same general
location with that of PHU or 1-EBIO (Fig. 3 and Fig. S4). The two
weaker compounds, PHU and 1-EBIO, fail to stabilize the con-
formation of the IDF (44).
ID proteins often adopt different conformations, which cannot

be determined by conventional methods such as X-ray crystallog-
raphy (3–5). Our results provide a rare example showing that the
presence of NS309, the most potent channel modulator (38, 39),
can constrain the freedom of the IDF and turn the unstructured
IDF into a well-defined conformation (Fig. 5B). The transition
from an unstructured to well-structured IDF, by NS309, correlates
with the increased channel open probability by NS309. This con-
clusion is corroborated by experiments, such as mutations or cross-
linking F410 of the IDF and A477 of the CaMBD by MTS-1-MTS
on the full-length channel (Fig. 4). Therefore, our results provide
direct evidence that NS309 can stabilize the conformation of the
CaM–SK complex, which favors channel opening, and achieve its
high potency (34). Compounds targeting SK/IK channels are
known to be beneficial in disorders of the central nervous system
and the cardiovascular system (27, 53). Thus, our results provide
a rationale for the development of small-molecule compounds
targeting the ID protein/regions (3, 40).

Methods
Protein Crystallization and Structure Determination. Details of protein ex-
pression, purification, and crystallization can be found in our previous reports
(14, 44). Briefly, the cDNA fragment encoding the C-terminal fragment
(R395–Q486) of a rat SK2 channel (SK2-a, GenBank accession number
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Fig. 5. The IDF does not alter the affinity of CaM for Ca2+. (A) Effects of the
IDF, NS309, or T79D on the Ca2+-dependent formation of the CaM–CaMBD2-a
complex. Fluorophore-labeled CaM(T34C) was mixed with channel pep-
tides R396–Q487 (cuff + IDF + CaMBD2-a) or D413–Q487 (CaMBD) at dif-
ferent Ca2+ concentrations. A CaM mutant, CaM(T34C/T79D), or NS309
(saturating) also was used for the binding assays as indicated. No changes
were seen in the apparent affinity for Ca2+ in Ca2+-dependent formation of
the CaM–CaMBD2-a complex under these manipulations. Values in paren-
theses indicate the number of experiments. (B) Structural model depicting
the location of the CaM–CaMBD complex and the appearance of the IDF by
NS309. Because of the interaction between the channel cuff and the CaM
linker, the CaM–CaMBD complex is located much closer to the plasma
membrane than previously thought. The unique conformation of the IDF,
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NM_019314) was cloned into pET-28b for protein expression, as was the rat
CaM cDNA (GenBank accession number NM_012518). Both were expressed in
Escherichia coli and purified to homogeneity. The channel fragment has
a polyhistidine tag at its C terminal end. Crystals of the protein complex were
grown in either sitting or hanging drops by vapor diffusion at 20 °C (14, 37).
Because of the poor water solubility of NS309, the preformed protein crystals
were incubated with NS309 at its saturating concentration, for 4–7 months
before diffraction data were collected for the NS309-bound CaM complexes.

Electrophysiology. Both SK2-a (WT or mutants) and CaM (WT or mutants)
along with GFP at a ratio of 5:2.5:1 (wt/wt/wt), were expressed in TsA201 cells
(14, 44). Channel activities were recorded 1–2 d after transfection, using an
insideout patch configuration at room temperature. The pipette solution con-
tained (in mM): 140 KCl, 10 Hepes, 1 MgSO4 (pH 7.4). The bath solution con-
tained (in mM): 140 KCl and 10 Hepes (pH 7.2). EGTA (1 mM), DibromoBATA
(0.1 mM), and HEDTA (1 mM) were mixed with Ca2+ to obtain desired free
Ca2+ concentrations. Currents were recorded by repetitive 1-s voltage ramps
from −100 mV to +100 mV from a holding potential of 0 mV.

Additional details of methods can be found in Supporting Information.

Statistical Analysis. Unless stated, all data are presented as mean ± SEM, and
the Student’s t-test or paired t-test was used for data comparison.
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