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Calmodulin (CaM) is a ubiquitous intracellular calcium sensor that
directly binds to and modulates a wide variety of ion channels.
Despite the large repository of high-resolution structures of CaM
bound to peptide fragments derived from ion channels, there is no
structural information about CaM bound to a fully folded ion chan-
nel at the plasma membrane. To determine the location of CaM
docked to a functioning KCNQ Kþ channel, we developed an intra-
cellular tethered blocker approach to measure distances between
CaM residues and the ion-conducting pathway. Combining these
distance restraints with structural bioinformatics, we generated
an archetypal quaternary structural model of an ion channel–CaM
complex in the open state. These models place CaM close to the
cytoplasmic gate, where it is well positioned to modulate channel
function.
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Voltage-gated ion channels respond to fluctuations in Ca2þ
concentration in order to regulate membrane excitability,

cardiac rhythm, and synaptic transmission between neurons.
Although many ion channels are regulated by intracellular cal-
cium, most voltage-gated channels do not directly bind calcium;
instead, they employ the ubiquitous Ca2þ-binding protein, calmo-
dulin (CaM). CaM consists of two globular domains (N- and
C-lobes), each of which contains two calcium-binding EF hand
structures permitting the binding of up to four Ca2þ ions. CaM
communicates changes in intracellular Ca2þ levels by binding to
consensus sites known as CaM-binding motifs (e.g., IQ, 1-5-10,
1-8-14) in both the presence and absence of Ca2þ, leading to
changes in channel function (calmodulation) (1–4). Furthermore,
calcification of either the N- or C-lobe of CaM allows for the mod-
ular regulation of channel assembly and gating through lobe-spe-
cific interactions of CaM with voltage-gated ion channels (5, 6).

For the KCNQ family of potassium channels [Q1–Q5; voltage-
gated Kþ channel ðKvÞ7.1–Kv7.5], CaM binds to the intracellular
C-terminus to regulate channel assembly (7, 8), trafficking (9, 10),
and function (7, 11, 12). The KCNQ C-terminus contains two
CaM-binding motifs: a Ca2þ independent (IQ-like) and Ca2þ
dependent (1-5-10), which are separated by approximately 135
residues (13). CaM binds to KCNQ channels in the absence or
presence of calcium; however, CaM binding requires both motifs
to be intact, consistent with in vitro studies that indicate a 1∶1
stoichiometry for the CaM∶KCNQ C-terminus protein–protein
interaction (8, 11, 14). Fittingly, mutations that disrupt CaM
binding to either of these motifs in Q1 and Q2 channels are as-
sociated with long QTsyndrome (LQTS) and benign familial neo-
natal convulsions (BFNC), respectively (7, 9–11). Taken together,
these studies indicate that one CaMmolecule will simultaneously
interact with both CaM-binding motifs in the KCNQ C-terminus.

Current structural information for ion channel–CaM com-
plexes is limited to structures of CaM bound to peptides derived
from the cytoplasmic parts of ion channels. In many of these
high-resolution structures, CaM wraps around a single α-helical
peptide (15, 16). However, for KCNQ subunits harboring two
CaM-binding motifs, CaM is predicted to wrap around multiple
cytoplasmic KCNQ helices similar to structures of CaM bound to

peptides derived from either the SK Ca2þ-activated Kþ channel
or the pre-IQ domain of the Cav1.2 voltage-gated Ca2þ channel
(17–19). Although these published structures (and the inevitable
structure of CaM bound to a KCNQ-derived peptide) are ex-
pected to faithfully mirror the structure of CaM when bound to
a functioning channel, these isolated structures do not provide
any information about the quaternary structure of the full-length
ion channel–CaM complex. To determine where CaM resides
on a functioning KCNQ channel, we developed an intracellular
tethered blocker approach to measure distances between CaM
residues and the crystallographically known quaternary ammo-
nium-blocking site on voltage-gated Kþ channels (20). Using
these distance restraints, we generated 3D structural models of
the Q2/Q3 channel–CaM complex in the open state using the
rKv1.2 and CaM–Cav1.2 crystal structures (21, 22). These models
place CaM close to the cytoplasmic gate, where it is well posi-
tioned to communicate changes in intracellular calcium to a func-
tioning Q2/Q3 channel.

Results
To convert CaM binding into a structural reporter for Q2/Q3
channels, we chemically derivatized calmodulin into a “tethered
blocker” (Fig. 1A) when bound to Q2/Q3 channels. In this
intracellular variant, current inhibition requires CaM binding
to the channel instead of covalent modification of an extracellular
target cysteine residue (23). Similar to the extracellular version,
inhibition of channel function is dependent on tether length;
thus, distances between CaM and the blocker’s binding site can
be determined by comparing the magnitude of current inhibition
with a panel of CaM proteins chemically derivatized with differ-
ent-length tethers. For this intracellular tether blocker approach
to work as cartooned, three requirements must be met: (i) The
binding site of the blocker is known; (ii) The blocker binds to
Q2/Q3 channels with low affinity such that the freely diffusible
tethered blocker does not measurably contribute to channel
inhibition; and (iii) inhibition of Q2/Q3 function depends on
CaM binding to increase the local concentration of the tethered
blocker for its binding site.

For the blocker, we chose a quaternary ammonium, tetraethy-
lammonium (TEA), because its intracellular binding site on
voltage-gated Kþ channels is well established (20, 24) and TEA
internally blocks Q2/Q3 channels at millimolar concentrations in
excised patches (25). We chose to perform the tethered blocker
experiments in Xenopus oocytes to ensure that the chemically de-
rivatized CaM proteins would coassemble with KCNQ subunits
during biogenesis (7–10). Therefore, we first determined the IC50
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value for internal block of Q2/Q3 channels in Xenopus oocytes by
recording current from individual oocytes before and after injec-
tion with various concentrations of TEA. Assuming a cytoplasmic
volume of 500 nL (26), the IC50 for internal TEA block of Q2/Q3
channels was 2� 1 mM (Fig. S1), which, in contrast to ShakerKþ
channels (27), was essentially independent of voltage.

With a suitable blocker in hand, we generated a panel of
maleimido-quaternary ammoniums (QAs) with various length
tethers (32–66 Å) by varying the number of glycines between the
two moieties using solid-phase peptide synthesis (23) (Fig. 1B).
To transform CaM into a tethered blocker, we engineered indi-
vidual cysteines into the N- and C-lobes of CaM, which does not
contain any native cysteines, and labeled the purified mutants
with approximately 10-fold molar excess of a maleimido-QA
(Materials and Methods). The chemically derivatized CaM pro-
teins were purified by HPLC and the presence of the modification

was confirmed by electrospray mass spectrometry (Table S1).
Chemical modification of CaM did not disrupt Ca2þ binding, be-
cause the QA-derivatized CaM proteins bound phenyl-Sepharose
only in the presence of Ca2þ (Fig. S2A).

We first determined whether CaM binding to Kþ channels
could be exploited in an intracellular tethered blocker approach
by examining CaM derivatized at position T35C (N-lobe) (Fig. 2).
To allow the differently derivatized CaM proteins to compete
with endogenous CaM (6–15 μM) (21, 28) during Q2/Q3 channel
biogenesis (7–10), we coinjected CaM protein with channel
mRNA. This experimental design required us to compare oocytes
injected with derivatized CaM protein to water-injected controls.
Oocytes were coinjected with KCNQ channel mRNA and CaM–

T35C protein, and families of Q2/Q3 currents were measured 3 d
after coinjection. Oocytes injected with CaM–Gly7–QA (3 μM in
ovo) resulted in 43� 4% decrease in current, as compared to
water-injected controls (0 μM) (Fig. 2 A and B). Inhibition was
dependent on the amount of CaM–Gly7–QA injected (Fig. 2A)
and at 13 μMwas comparable to maximal block with 10 mMTEA
(Fig. S1), consistent with the injected CaM protein competing
with endogenous CaM for binding to Q2/Q3 channels. Inhibition
of Q2/Q3 current required the presence of the blocker (Fig. 2C)
because neither unlabeled CaM–T35C nor N-ethylmaleimide
(NEM)-capped version (CaM–T35C–NEM) reduced the current
(Fig. 2B).

These results with CaM–Gly7–QA indicated that comparing
batches of oocytes injected with derivatized CaM protein to
water-injected controls is a reliable approach for determining in-
tracellular block. To confirm this experimental approach, we also
injected CaM–Gly7–QA into oocytes already expressing Q2/Q3
currents (Fig. S2B). Families of Q2/Q3 currents from individual
oocytes were recorded before and after injection of CaM–

Gly7–QA (3 μM in ovo). Injection of CaM–Gly7–QA resulted
in 39� 9% reduction in current, which was comparable to the
reduction observed from oocytes coinjected with mRNA and
CaM protein (43� 4%) (Fig. S2C). The similar reduction of cur-
rent observed for both approaches validated the batch compar-
ison method and demonstrated that the magnitude of inhibition
does not critically depend on when the chemically derivatized
CaM is injected.

Although Q2/Q3 inhibition with CaM–Gly7–QA was approxi-
mately 1,000-fold more potent than internal block by TEA (3 μM
compared to 2 mM), this increased potency did not directly
demonstrate that the observed inhibition with CaM–Gly7–QA
was caused by CaM binding to Q2/Q3 channels. To determine
whether CaM binding was required for inhibition, we first tested

A

B

Fig. 1. Tethered blocker strategy for detecting CaM bound to functioning
KCNQ channels. (A) CaM protein chemically derivatized with an internal
channel blocker inhibits KCNQ function depending on tether length: If the
tether is long enough, the blocker will reach its binding site and block Kþ

conduction (Left), whereas shorter tethers prevent the blocker from effec-
tively inhibiting channel function (Right). Because the effective concentra-
tion of the blocker is dependent on tether length, the magnitude of
inhibition provides a distance between a CaM residue and the internal block-
er site. (B) Structures of the maleimido–QA linkers: n, number of glycines in
the linker; d, extended length of linkers rounded to the nearest angstrom
from the center of the quaternary ammonium (shown in red) to the olefinic
carbons on the maleimide.
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Fig. 2. Chemically derivatized CaM proteins behave as intracellular tethered blockers. (A) Families of Q2/Q3 currents recorded from oocytes injected with
channel mRNA or coinjected with T35C–Gly7–QA protein. Currents were elicited by 1-s test potentials from −100 to þ40 mV in 20-mV increments from a
holding potential of −80 mV followed by a tail pulse to −30 mV. Dashed line indicates zero current. Scale bars, 0.5 μA and 0.2 s. (B) Quantification of current
levels at 40mV from oocytes co-injectedwith different CaM proteins. Values are normalized to oocytes injectedwith only channel mRNA. Data are presented as
the mean� SEM from 2–4 batches of oocytes. (C) Families of Q2/Q3 currents recorded from oocytes injected with channel mRNA or co-injected with CaM
protein. Currents were elicited by 4 s test potentials from −100 to þ40 mV in 20 mV increments from a holding potential of −80 mV followed by a tail pulse
to −30 mV. Dashed line indicates zero current. Scale bars represent 0.5 μA and 0.5 s. (D) Families of Shaker–IR currents were elicited by test potentials from −100
to þ60 mV in 20-mV increments from a holding potential of −80 mV. Scale bars, 1 μA and 10 ms.
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CaM–Gly7–QA on Shaker–IR, which is a TEA-sensitive Kþ
channel that does not directly bind CaM (29). Coinjection of
CaM–Gly7–QA with Shaker–IR mRNA did not reduce current
levels (Fig. 2D), consistent with the notion that CaM binding
is required for inhibition with CaM–Gly7–QA. We also deriva-
tized a truncated CaM mutant with maleimido–Gly7–QA to gen-
erate a tethered blocker (BM–Gly7–QA) that cannot bind Q2/Q3
channels (13). Similar to the Shaker–IR control, BM–Gly7–QA
did not inhibit Q2/Q3 currents (Fig. 2 B and C). Together, these
results confirmed that CaM–Gly7–QA requires binding for inhi-
bition, fully satisfying the requirements of a tethered blocker.

We first used the tethered blockers to determine a distance
between the N-lobe of CaM and the TEA-binding site on Q2/Q3
channels. At the N-lobe residue, T35C, six different tether lengths
were tested at 3 μM final oocyte concentration (Fig. 3). As ex-
pected for a bona fide tether blocker, the magnitude of channel
inhibition was dependent on tether length: The shortest tether,
CaM–Gly3–QA, showed little to no inhibition; intermediate-
length tethers showed partial inhibition; and all tethers that con-
tained more than six glycine residues showed maximal inhibition
(approximately 50%). Plotting inhibition (normalized to maximal
inhibition) as a function of fully extended tether length (Fig. 3)
resulted in a monophasic curve, indicating that the tethered
blockers are reporting from a single CaM-binding site on a
KCNQ subunit. To calculate a distance, previous tethered blocker
studies on the Shaker Kþ channel have used the fully extended
linker length of the tethered blocker that results in the first sign of
inhibition (23). However, this metric for tether length yields dis-
tances that are systematically shorter than the atomic distances in
the subsequently published rKv1.2 structure (30). A reexamina-
tion (31) of these data revealed that a better metric for calculating
a tethered blocker distance is the end-to-end tether length of the
linker that results in half-maximal inhibition (d1∕2). Therefore, we
fitted the data to a Boltzmann equation to objectively obtain a
d1∕2 of 40� 1 Å between the N-lobe residue, T35C, and the
Q2/Q3 TEA-binding site.

To determine the precision of the measured distance, we also
measured the distance from T35C and the Q2/Q3 TEA-binding
site at different depolarizing potentials and with higher in ovo
concentrations of derivatized CaM. Repeating the analysis at dif-
ferent test potentials consistently resulted in a d1∕2 of 40� 1 Å
(Table S2), demonstrating that the measured distance is not
dependent on the depolarizing pulse. To determine whether the
calculated distances were also independent of the amount of
injected CaM protein, we repeated the experiments at an in ovo
concentration of approximately 15 μM (Fig. S2D). As expected,
the higher concentration of injected CaM–Glyn–QA that con-
tained more than six glycine residues (n ¼ 7 or 8) resulted in max-
imal inhibition (approximately 85%) that was greater than that
observed with 3 μM (approximately 50%). In addition, this
increased inhibition was not caused by disrupting CaM homeos-
tasis—as has been observed with CaM overexpression (32)—be-
cause CaM protein derivatized with shorter tethers did not inhibit
Q2/Q3 channel function (Fig. S2D). Moreover, fitting the 15-μM

data to a Boltzmann yielded a d1∕2 of 43� 1 Å, demonstrating
that the number of tethered blockers bound to functioning
Q2/Q3 channels does not appreciably affect the distance mea-
sured between CaM and the TEA-binding site. In total, the con-
sistency of the calculated distance at different voltages and in
ovo concentrations of derivatized CaM bolstered our confidence
in both the methodology’s robustness and the precision of the
distance measured with intracellular tethered blockers.

We next switched to the C-lobe of CaM and tested residue
T111C (Fig. 3). Compared to T35C, T111C is further away from
the TEA-binding site because maximal inhibition required tethers
with at least 10 glycine residues. Fitting the data to a Boltzmann
equation afforded a d1∕2 of 50� 1 Å. Lastly, to triangulate the
position of CaM bound to Q2/Q3 channels, we picked an addi-
tional CaM residue, T45C, to generate a third distance restraint
(Fig. 3). Although this residue is in the N-lobe of CaM, its d1∕2
(49� 1 Å) was comparable to the C-lobe residue, T111C (Fig. 3).

Because no high-resolution structural information exists for
the Q2/Q3–CaM complex, we modeled a quaternary structure
using ion channel domains with known structures and our dis-
tance constraints. For Q2/Q3, we used the membrane-embedded
portion of rKv1.2 [Protein Data Bank (PDB) 2A79] (30) to model
the S1–S6 segments and transplanted the crystallographically de-
termined TEA-binding site from the KcsA–tetrabutylantimony
structure (PDB 2HJF) (20). For CaM, we used the crystal struc-
ture of CaM bound to the Cav1.2 pre-IQ domain (PDB 3G43)
(17) for three reasons: (i) Both CaM-binding motifs must be in-
tact for the KCNQ–CaM protein–protein interaction, suggesting
that CaM wraps around two helices (14); (ii) hydrophobic resi-
dues in the pre-IQ domain that make contact with CaM are also
present in the KCNQ–CaM–binding motifs (Fig. S3A); and (iii)
CaM binds to both KCNQ and Cav channels in the absence and
presence of calcium (18, 33, 34). To apply the radial distance re-
straints to these high-resolution structures, we approximated the
trajectory taken by the tethered blocker from CaM to the qua-
ternary ammonium-binding site (Fig. 4, large purple sphere).
Therefore, the first 20 Å was modeled as a straight line until it
emerged from the Kv inner vestibule (Fig. 4, blue sphere) where it
was allowed to splay off at an angle collinear with the S6 helix that
enabled the fourfold arrangement of CaM proteins. Four CaM
molecules (sans Cav1.2 peptides) were modeled because in vitro
data indicate a 1∶1 KCNQ∶CaM stoichiometry (8, 11). Two
KCNQ–CaM quaternary models satisfied the distance restraints
without observable van der Waals (VDW) clashes (Fig. 4). The
lack of a single KCNQ–CaM model arises from the degeneracy
with which CaM binds to its targets; thus, Fig. 4A depicts one
structural model where T111C faces the channel, whereas in
Fig. 4B the CaM subunits are essentially inverted (note the posi-
tion of T111C). In both models, the modeled CaMs are close to
the KCNQ channel gate (Fig. 4, Left).

We also generated quaternary structural models (Fig. S3 B
and C) of the complex using the crystal structure of CaM bound
to a peptide from the SK2 channel (PDB 1G4Y) (19) because
functional data suggest that CaM binds to a continuous KCNQ

Fig. 3. Distance measurements for CaM residues: T35, T45, and T111. Superimposed currents recorded from oocytes injected with 3 μM T35C–Glyn–QA,
T111C–Glyn–QA, or T45C–Glyn–QA protein are shown for each residue (Left). Currents were elicited with 4-s test potentials toþ40 mV from a holding potential
of −80 mV followed by a tail pulse to −30 mV. Dashed line indicates zero current. (Right) Normalized inhibition values plotted as a function of end-to-end
linker length. Data are presented as the mean� SEM from two to four batches of oocytes. The data were fitted to a Boltzmann equation to generate the
midpoint of inhibition (d1∕2): T35C, 40� 1 Å; T111C, 50� 1 Å; T45C, 49� 1 Å. Values are reported as mean� the error of the fit.
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peptide (35). Using the SK2–CaM structure as a model of the
KCNQ–CaM protein–protein interaction, however, did not fit the
distance restraints and required the systematic addition of 5 Å to
yield quaternary structures that did not contain nonnative con-
tacts. Thus, our experimentally determined distance restraints
indicate the protein fold of CaM in the CaV 1.2 pre-IQ domain
structure (17) may better represent CaM when it is bound to full-
length Q2/Q3 channels.

Discussion
Motivated by the plethora of high-resolution structures of iso-
lated ion channel domains, we developed an intracellular teth-
ered blocker approach to generate quaternary structural models
of ion channel–CaM complexes. Using a panel of intracellular
tethered blockers to generate distance restraints between CaM
and the Kv channel TEA-binding site, we generated quaternary
models of the Q2/Q3–CaM complex in the open state. In these
models, CaM is very close to the cytoplasmic gate of Q2/Q3 chan-
nels where it is well positioned to modulate Q2/Q3 channel gating
(calmodulation). The juxtaposition of the “CaM ring” to the Q2/
Q3 channel gate results in a cytoplasmic vestibule that is contin-
uous with the Q2/Q3 pore domain, which is in contrast to the
hanging gondola structure observed in classic Kv channels
(Kv1–4). This elongated permeation pathway predicts that the po-
tassium ions will enter and exit the Q2/Q3–CaM complex through
the center of the CaM ring. Given that the spacing between the
first CaM-binding motif and the cytoplasmic “bundle crossing”
(22) is conserved in the KCNQ family, our quaternary models
serve as structural scaffolds for all KCNQ–CaM complexes.

While developing the intracellular tethered blocker approach,
we were also able to glean some information about the dynamics
of the KCNQ–CaM protein–protein interaction at the plasma
membrane (Fig. S2B). Injecting CaM–Gly7–QA into oocytes
already expressing Q2/Q3 currents resulted in a similar magni-
tude of inhibition compared to coinjection with channel mRNA
(Fig. S2C). The rapid onset (approximately 2 h) indicates that the
chemically derivatized CaM proteins need not coassemble with
Q2 and Q3 channel subunits during biogenesis and can bind to

functioning channels at the plasma membrane. These results sug-
gest that at least one CaM-binding site is free or the injected CaM
rapidly exchanges with KCNQ-bound CaM proteins or other
intracellular scaffolding proteins (e.g., syntaxin 1A and AKAP79/
150) (35–37). Both scenarios illustrate the dynamic nature of the
KCNQ–CaM complex.

Although the KCNQ–CaM protein–protein interaction is
dynamic, the monophasic inhibition curves indicate that the teth-
ered blockers are reporting from a single location (within approx-
imately 66 Å) on the KCNQ C-terminus and are not oscillating
between the two CaM-binding motifs. A single CaM on the
KCNQ C-terminus is also consistent with previous functional
data that suggest the syntaxin 1A and AKAP79/150 abrogate
CaM binding by partially masking only one CaM-binding motif
(35–37). In spite of this competition for the KCNQ C-terminus,
the distance restraints did not depend on the amount of injected
tethered blocker (Fig. 3 and Fig. S2D), suggesting that KCNQ
need not be fully occupied with QA-derivatized CaM molecules
to determine the location of CaM bound to KCNQ channels.

As with all structural determinations that rely on functional
measurements, there are some limitations to the intracellular
tethered blocker approach. First, the models depict the Q2/
Q3–CaM complex in the open state. Second, the distances mea-
sured by tethered blockers are radial; thus, the absolute position
of CaM with respect to a particular KCNQ subunit cannot be
determined. To approximate the position of each CaM molecule
in the quaternary structures, we have positioned the KCNQ sub-
unit such that the S6 pore helix bisects the center of each CaM
molecule. Given the short distance between the bundle crossing
and the first CaM-binding domain (approximately 15 aa), this is a
good approximation of the absolute position of CaM in the full-
length complex. Third, the approach does not speak to how the
KCNQ C-terminus is threaded through the lobes of CaM. With a
high-resolution structure of a CaM–KCNQ peptide complex, a
single Q2/Q3–CaM quaternary model could be generated using
tethered blockers; however, the molecular details of the protein–
protein interaction inherent to the full-length complex, such as
whether a single CaM binds to one KCNQ C-terminus or to two
adjacent C-termini simultaneously, will not be resolvable. Lastly,
we do not know whether the measured distances using wild-type
protein are from fully calcified, half-calcified, uncalcified, or an
amalgam of differently calcified CaM proteins. Because injecting
micromolar amounts of purified CaM protein does not affect Q2/
Q3 function (Fig. 2C), our current structural models are most
likely representative of the Q2/Q3–CaM complex under endo-
genous calcium concentrations. Future studies that utilize CaM
calcium-binding mutants (CaM12, CaM34, etc.) (38) will provide
insight into how calcification of the different CaM lobes affects
orientation on the full-length channel.

Given that the number of high-resolution structures of CaM
bound to peptide fragments from ion channels is steadily increas-
ing, the need to connect these structures to their respective ion-
conducting domains is vital for unraveling the mechanisms of
calmodulation. By chemically derivatizing CaM with different
channel blockers, the intracellular blocker approach can be ex-
panded to determine the location of CaM on a wide variety of ion
channels. Moreover, the approach is not limited to CaM, and
can be applied to other cytoplasmic regulatory and scaffolding
proteins that are essential for ion channel modulation.

Materials and Methods
Molecular Biology, CaM Expression, and Purification. For mRNA synthesis, DNA
constructs were linearized with the appropriate restriction enzyme and cRNA
was synthesized using in vitro runoff transcription with SP6 or T7 polymerase.
CaM DNAwas obtained from D. Yue (Johns Hopkins, Baltimore, MD) and sub-
cloned into the pET–DUET1 vector for protein expression and purification.
Cysteine point mutants were introduced by Quikchange site-directed muta-
genesis (Strategene); the CaM-binding mutant truncation (BM) was gener-
ated by cassette mutagenesis. All CaM mutations were confirmed by DNA

A

B

Fig. 4. Structural models of the Q2/Q3–CaM complex. (A) Side and cyto-
plasmic views of the complex, showing the channel subunits colored grey
and the four CaM molecules in different pastels. In the side view, only three
subunits are shown for clarity. Residues T35C (red), T45C (green), and T111C
(blue) are shown in space fill. Red spheres, potassium ions; purple sphere,
TEA-binding site; dark blue sphere, dummy ion to simulate trajectory of
the tethered blocker. (B) Membrane and cytoplasmic view of the complex
with CaM subunits inverted. Colors are the same as in A.
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sequencing of the entire gene. Wild-type and mutant CaM proteins were
expressed and purified as described previously (39, 40), with some modifica-
tions (SI Material and Methods).

Linker Synthesis, CaM Labeling, and Purification. The panel of maleimido-
quaternary ammoniums were synthesized and purified as previously
described (23). To chemically derivatize CaM with a maleimido-quaternary
ammonium or N-ethylmalemide, a CaM cysteine mutant was dissolved in
1 mL of PBS and reduced with 10-fold excess of tris(2-carboxyethyl)phosphine
(TCEP) for 10 min at room temperature (pH ¼ 7.6). The glycine linker or NEM
(12-foldmolar excess) was dissolved in 1mL of PBS and added dropwise to the
CaM protein solution. After 2 h, the reaction mixtures were transferred to a
3-mL Slide-A-Lyzer (3500 MWCO; Thermo Scientific) and dialyzed against 3 L
of PBS at room temperature. The labeled CaM proteins were purified by
using a C4 HPLC column (10 × 250 mm, 5-μm particles), eluting with solvent
A (95% water, 5% acetonitrile, and 0.1% TFA) and solvent B (95% acetoni-
trile, 5% water, and 0.1% TFA), forming a gradient of 35–50% B over 38 min.
Fractions containing strong absorption at 214, 260, and 280 nm were col-
lected and lyophilized. Labeling was confirmed by electrospray ionization
mass spectrometry (Table S1).

Electrophysiology. Oocytes were surgically removed from Xenopus laevis, de-
folliculated, and stored as previously described (41). Oocytes were microin-
jected with 15.2 ng of mRNA and 27–130 ng purified CaM protein 8–24 h
after surgery. For Q2/Q3 heteromeric channels, an equal amount of mRNA
(7.6 ng) for each subunit was injected. The final CaM concentration inside
the oocyte (3–18 μM) was calculated by assuming a volume of 500 nL for each
oocyte (26). Currents were recorded 66–74 h (24 h for Shaker) after injection.
Inhibition was determined by batch comparison of oocytes injected with
channel mRNA alone versus channel mRNA with CaM protein. The percent

inhibition obtained from each batch was normalized to the maximal inhibi-
tion value. Normalized values were plotted as a function of extended tether
length for each modified CaM. Distance curves were fit to a Boltzmann equa-
tion to generate a midpoint distance (d1∕2).

KCNQ2/3–CaM Model Generation. The rKv1.2 potassium channel (PDB 2A79)
(30) and CaM–Cav1.2 peptide (PDB 3G43) (17) crystal structure coordinates
were obtained from the Protein Data Bank (http://www.rcsb.org) and pro-
cessed using PyMOL (Schrodinger LLC) to isolate putatively extracellular
and intramembranous regions of the rKv1.2 channel and a CaM chain from
respective PDB coordinates. Using PyMOL, a dummy atom was placed 20 Å
below the quaternary ammonium-binding site (20, 24) to indicate the inflec-
tion point of a flexible chemical linker as it would angle into the channel
pore. Threonine residues (residues 34, 44, 110) were mutated to cysteine
using the mutagenesis wizard within PyMOL, selecting backbone-restrained
rotamers with minimal VDW clashes as indicated in the PyMOL graphical user
interface. The mutated CaM subunit was positioned at the intracellular end
of the isolated potassium channel structure to satisfy the distance restraints
between the gamma sulfur atoms of the mutated cysteine residues and the
quaternary ammonium-binding site (20, 24). VDW clashes between the chan-
nel and CaM were visualized using PyMOL (http://pymolwiki.org/index.php/
Show_bumps). Once a CaM orientation was determined that satisfied the
measured distance restraints without VDW clashes, the remaining three
CaM molecules were generated using basic symmetry operators within
PyMOL and confirmed to satisfy the distances without any CaM–channel or
CaM–CaM VDW clashes as described above.
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