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Structure of KCNEI1 and Implications for How It Modulates the KCNQI1
Potassium Channel ™
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ABSTRACT: KCNEI] is a single-span membrane protein that modulates the voltage-gated potassium channel
KCNQI1 (Kvy7.1) by slowing activation and enhancing channel conductance to generate the slow delayed
rectifier current (/ks) that is critical for the repolarization phase of the cardiac action potential. Perturbation
of channel function by inherited mutations in KCNE1 or KCNQI results in increased susceptibility to
cardiac arrhythmias and sudden death with or without accompanying deafness. Here, we present the three-
dimensional structure of KCNEI1. The transmembrane domain (TMD) of KCNEI is a curved o-helix and
is flanked by intra- and extracellular domains comprised of a-helices joined by flexible linkers.
Experimentally restrained docking of the KCNE1 TMD to a closed state model of KCNQI suggests that
KCNEI1 slows channel activation by sitting on and restricting the movement of the S4—S5 linker that
connects the voltage sensor to the pore domain. We postulate that this is an adhesive interaction that must
be disrupted before the channel can be opened in response to membrane depolarization. Docking to open
KCNQI indicates that the extracellular end of the KCNEI TMD forms an interface with an intersubunit
cleft in the channel that is associated with most known gain-of-function disease mutations. Binding of
KCNEI1 to this “gain-of-function cleft” may explain how it increases conductance and stabilizes the open
state. These working models for the KCNE1—KCNQI1 complexes may be used to formulate testable
hypotheses for the molecular bases of disease phenotypes associated with the dozens of known inherited
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mutations in KCNEI and KCNQI.

KCNEI! (previously called minK) belongs to the KCNE
family of single-span membrane proteins that modulate the
activity of several voltage-gated K™ channels, including
KCNQI (Ky7.1). In cardiac myocytes, KCNE1 forms
obligate complexes with KCNQI to generate the slowly
activating cardiac delayed rectifier current (Ix;), a critical
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determinant of myocardial repolarization (/-3). In the
cochlea, this same channel complex enables secretion of Kt
into endolymph and is critical for hearing (4). KCNEI1
modulates KCNQI function by slowing voltage-stimulated
channel activation, increasing conductance, and eliminat-
ing channel inactivation (2). The relevance of KCNEI1 to
proper channel function is underscored by heritable mutations
in KCNEI that are linked to congenital long QT syndrome
(LQTS)" and deafness (5-9). Although a number of structures
of K* channels and cytosolic channel accessory proteins have
been determined (/0-12), as have structures for cytosolic
domains of KCNQ family members (13, 14), little informa-
tion exists regarding the structure of KCNEI or any other
transmembrane channel regulatory subunit belonging to the
KCNE family. Here, we report the three-dimensional struc-
ture of full-length human KCNE! in model membranes and
propose a working structural model for how the transmem-

! Abbreviations: GOF, gain-of-function; LMPG, lyso-myristoylphos-
phatidylglycerol; LQTS, long-QT syndrome; NMR, nuclear magnetic
resonance; PRE, paramagnetic relaxation enhancement; RDC, residual
dipolar coupling; rmsd, root-mean-square deviation; TMD, transmem-
brane domain; TROSY, transverse relaxation-optimized spectroscopy.
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FIGURE 1: Examples of NMR data from which structural restraints were derived for KCNE1. All spectra were acquired for uniformly
I>N-labeled KCNEI in LMPG micelles at 40 °C and pH 6.0. The bottom left panel is an example of data used to obtain paramagnetic
relaxation enhancement-derived distances. The 600 MHz TROSY spectra from KCNEI are shown before (paramagnetic) and after
(diamagnetic) reduction of a nitroxide spin-label attached to the side chain of Cys64 in the Cys105Ala/Ser64Cys single-cysteine mutant
form of KCNEI. The bottom right panel are superimposed 800 MHz TROSY and semi-TROSY spectra of wild-type KCNE1 that was
marginally aligned within a stretched 5% polyacrylamide gel. Not shown is the corresponding pair of spectra from an unaligned sample.
Doublets from both pairs of spectra were used as illustrated in the top panel to determine the "H—"N residual dipolar couplings [for Leu63
(left) and Asp85 (right)] by subtracting the J coupling measured in the isotropic spectra from the J + D coupling observed in the aligned
spectra. Additional technical details are presented in the Supporting Information.

brane domain of this accessory protein contributes to
modulation of KCNQI.

MATERIALS AND METHODS

Abbreviated materials and methods are presented in this
section. Full details are provided in the Supporting Informa-
tion.

Determination of the KCNEI Structure. Human KCNE1
was expressed in Escherichia coli, purified into LMPG
micelles, and prepared for solution NMR spectroscopy at
pH 6.5 and 45 °C as described previously (/5). Resonance
assignments were previously completed (/5) and deposited
in the BioMagResBank as entry 15102. Backbone structural
restraints were acquired in the form of backbone and Cg
resonance chemical shifts, residual dipolar couplings (RDCs),
and short-range nuclear Overhauser effects. Five different
Ser-to-Cys single-cysteine forms of KCNEI were nitroxide
spin-labeled and used to measure paramagnetic relaxation
enhancements (PREs) that were converted to amide proton—
spin-label distances (/6). The mutant forms of PMP22 used
for the PRE measurements (see the Supporting Information)
exhibited only minor changes in TROSY NMR peak posi-

tions, indicating little structural perturbation due to the
mutations and subsequent chemical modification. Examples
of the NMR data from which the PRE and RDC data were
acquired are shown in Figure 1. The NMR restraints were
used to calculate the three-dimensional structure of KCNE1
using XPLOR-NIH (/7). Two sets of acceptable structures
were initially obtained in which the extramembrane segments
of the protein were arranged around the TMD in a topologi-
cally quasi-mirror fashion. One of these two sets was deemed
to be correct because of better agreement with 'H—N
residual dipolar couplings from the extramembrane domains.
These particular couplings were not used in the primary
structural determination because of the known flexibility of
parts of the extramembrane domains (/5). A table describing
the statistics of the determined KCNEI structure is provided
in the Supporting Information. The coordinate file for a
representative of the ensemble that best satisfies all the data
was deposited in the Protein Data Bank (entry 2k21) and is
available in the Supporting Information.

Data-Restrained Docking of KCNEI to the KCNQI
Channel. Twenty low-energy models each for both the open
and closed states of the KCNQ1 channel were developed as
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described previously (/8) using a combination of homology
modeling and ROSETTA calculations, drawing heavily upon
the K,2.1 crystal structure (10, 18) and the related ROSETTA
models of Yarov-Yarovoy et al. (/9). The 10 lowest-energy
NMR structures of the TMD (sites 45—71) were then docked
in backbone-only mode into each of the 40 KCNQI
structures using ROSETTA-DOCK (20) in conjunction with
application of very loose experimental/topological restraints.
(i) KCNEI1 sites 55 and 56 were restrained to be located
near the center of the bilayer on the basis of their inacces-
sibility to reagent added from either side of the membrane
(21). (i) KCNEI1 has an N-terminal-extracellular/C-terminal-
intracellular topology, so it is reasonable to restrict its tilt
with respect to the bilayer normal to <50°. (iii) On the basis
of single- and double-mutation structure—function comple-
mentarity, KCNE] sites 58 and 59 are thought to be in the
proximity of sites 340 and 339 in KCNQI, respectively (22).
(iv) On the basis of single- and double-Cys insertion
mutagenesis followed by functional testing in the presence
and absence of Cd(II), sites 51 and 54 of KCNEI1 are
believed to be proximal to site 331 of KCNQI, while site
51 is also believed to be proximal to site 328 of KCNQI1
(23). Eighty thousand candidate models were generated,
which were then filtered using the experimental restraints
described above with more stringent cutoffs, followed by
clustering of the structures that satisfied the restraints into
structural families. This led to approximately 200 families
each for the open and closed states. Representatives from
each family were then subjected to additional ROSETTA-
DOCK calculations, this time in residue side chain-inclusive
mode (24). The resulting ca. 3000 models were then refiltered
using more even more stringent cutoffs for the experimental
restraints and also additional open state-specific restraints
(see the Supporting Information), which led to the 17 open
state models and 28 closed state models (see Results and
Discussion). Single representative structures that reflected
the mean from each state were selected and subjected to
further energy minimization. The PDB coordinates for these
models are provided in the Supporting Information.

The key assumptions that were made in developing the
models of the KCNE1—KCNQI1 complexes described above
are as follows: (i) the KCNQI open and closed state models
are essentially correct, (ii) the presence of KCNEI1 does not
perturb the structures of KCNQ1’s open and closed states,
(iii) the conformation of the KCNE1 TMD observed in
LMPG micelles is retained when bound to KCNQ1, and (iv)
those experimental restraints that were applied to both the
open and closed states are equally applicable to both states.

RESULTS AND DISCUSSION

Structure of KCNEI. Using solution NMR, we determined
the backbone structure of human KCNEI1 in LMPG micelles,
a model membrane system that was previously deemed to
be well-suited for studies of KCNEI from both NMR and
protein functional standpoints (/5). KCNEI1 is seen to be
comprised of an a-helical transmembrane domain (TMD,
residues 45—71) and flanking N- and C-termini that consist
of a series of flexibly linked o-helices, with the distal
C-terminus (residues 107—129) being disordered (Figure 2).
The observed conformation of KCNEI1 appears to reflect the
micellar environment in which the NMR studies of the

Biochemistry, Vol. 47, No. 31, 2008 8001

protein were carried out, which has previously been observed
for some other membrane proteins in micelles (25-27). The
overall shape of the protein is roughly spherical (Figure 2A),
yet the various segments are not compacted as in a well-
folded globular protein. Subsequent rigid body docking of
the NMR-determined structure into a 36 A sphere that likely
approximates the dimensions of an LMPG micelle leads to
a model in which most extramembrane helices are situated
on or near the micelle surface (Figure 2C). This model
reflects the amphipathicity of the helix spanning residues
12—23 and the presence of a net positive charge for the helix
spanning residues 92—106, properties that confer affinity for
the negatively charged surface of LMPG micelles. Flexible
linkage of the extramembrane helices may allow structural
adaptation to KCNE1’s local environment that, under physi-
ological conditions, will be defined primarily by how it
interacts with KCNQI.

The observed disorder of the distal C-terminus (Figure 2)
is consistent with previous NMR relaxation data (/5) and
with the observation that this intracellular segment can be
removed without perturbing normal KCNE1 modulation of
KCNQI function (28). However, disordered segments are
often involved in protein—protein recognition (29), and the
distal C-terminus of KCNE] is known to undergo interactions
with nonchannel proteins in cells (30), which may explain
the presence of disease-linked mutation sites (Vall09 and
Pro127) in this domain (/5).

The KCNEI juxtamembrane C-terminal domain contrib-
utes to the modulation of KCNQ1 and is also important for
preventing channel inactivation (9, 28), whereas the N-
terminus of KCNEI alters the pH sensitivity and pharma-
cological profile of the channel (37, 32). As illustrated in
Figure 3A, it is possible that the flexibly linked helices from
either or both termini may form an interface that spans
multiple subunits of the channel to preclude binding of more
than two KCNE]1 subunits to any single tetrameric channel.
This suggests an explanation for the known 2:4 stoichiometry
of the fully assembled KCNE1—KCNQI channel com-
plex (33, 34). Elucidating the details of the interactions of
the KCNE1 N- and C-terminal helices with KCNQI1 will
require future investigations.

The KCNEl TMD was the most precisely determined
domain of the structure (Figure 2D) and has the greatest
immediate interest because a number of determinants for
modulation of channel activation reside in this seg-
ment (35-37). That the TMD of full-length KCNEI in
LMPG micelles is helical agrees with the conclusion from
previous biophysical studies of the isolated TMD polypeptide
(38-40). However, what is novel and important about the
structure introduced here is that the KCNE1 TMD is seen
to adopt a curved helical conformation (Figure 2D), the
detection of which reflects the power of residual dipolar
coupling and paramagnetic relaxation enhancement NMR
measurements. While the possibility that this curvature could
arise from micelle-specific distortion cannot yet be ruled out,
this seems unlikely because the diameter of LMPG micelles
is expected to be similar to the span of native membranes
as a result of the long (C14) saturated acyl chain of LMPG.
Instead, the curvature likely arises from the backbone
conformational balance between glycines located in the TMD
and a number of 3-branched amino acids also located therein
(Figure 3B). It is noteworthy that the side chain of Thr58, a
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FIGURE 2: Structure of KCNEI. See the Supporting Information for experimental details of structural determination. (A) Ensemble of the
10 lowest-energy conformations determined by NMR (front view). Conformers were overlaid on the basis of minimization of the rmsd over
the entire molecule, excluding the disordered C-terminus. The N-terminus is colored orange, the transmembrane domain red, and the C-terminus
pink. (B) Representative single structure from the lowest-energy ensemble (front view). (C) Results of rigid body docking of the NMR-
determined KCNE] structure (back view, residues 11—107 only) into a 36 A sphere that represents the expected dimensions of an LMPG
micelle. The actual size and shape of LMPG micelles remain to be experimentally determined. (D) Front and side views of the overlaid
transmembrane domains of the 10 lowest-energy structures. In this case, the depicted overlay is based on minimization of the rmsd of the
transmembrane domain only. The side chain for Thr58 is depicted in van der Waals mode.

A B
- -

MILSNTTAVT PFLTKLWQET VQQGGNMSGL ARRSPRSGDG KLEALYVLMV LGFFGFFTLG IMLSYIRSKK LEHSNDPFNV
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81 91 101 111 121

FIGURE 3: (A) Structurally based schematic that may explain the known 2:4 stoichiometry of the fully assembled KCNE1—KCNQ1 complex
(extramembrane view). The KCNQ1 tetramer is illustrated by the green shapes. The a-helical KCNE1 TMD is illustrated as a pink circle,
and the connecting lines and pink rectangles indicate hypothetical locations of the N- and/or C-termini from two KCNEI subunits. (B)
Sequence of KCNE1, with the NMR-determined locations of o-helices represented as red boxes.

residue that is central in the distinct modulatory effects of
KCNETI relative to its homologue KCNE3 (22, 36), is located
at the apex of the outer face of the curved helix and is well-
exposed to interact with KCNQI1 (Figure 2D). It should be
noted that the results of the structural calculations did not
support our earlier suggestion that the transmembrane helix
of KCNEI undergoes a break in helicity around sites 59—61
(15). The previous conclusion was based largely on NMR

relaxation data that indicate an increase in the local backbone
dynamics for those sites. This apparent discord in data
interpretation may be reconciled either on the basis of there
being increased local mobility at sites 59—61 within an
unbroken helix or, more likely, by the presence of confor-
mational exchange between a curved unbroken helix and a
less-populated structure in which there is a break at sites
59-61.
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FIGURE 4: Ribbon diagram depictions of the 17 open state models and 28 closed state models of the KCNE1—KCNQ1 complex that were
generated by high-resolution (side chain-inclusive) docking and found to be consistent with a series of experimental restraints. The
transmembrane domain of KCNEI (residues 45—71) is colored red, while the four KCNQI subunits are colored blue, orange, purple, and

green.

Mechanisms of KCNEI Modulation of KCNQI Channel
Function. To potentially gain insight into how KCNEI slows
channel activation and enhances conductance, we used
ROSETTA (20, 24) to perform ensemble docking of the 10
lowest-energy experimental KCNE1 TMD structures into
each member of a previously developed ensemble of 20 low-
energy KCNQI1 models (/8) for both open and closed
channel states. These channel models were developed in a
manner that relied heavily on the approach taken by Yarov-
Yarovoy et al. in their studies of the homologous K,1.2
potassium channel (/9). As described in detail in the
Supporting Information, this first phase of docking resulted
in 80000 models for the complex that were then filtered to
select models that satisfy experimentally derived restraints
for the vertical placement of KCNE1 with respect to the
center of the membrane (2/) and for Cz—Cp distances
between specific KCNEI—KCNQI residue pairs (22, 23).
In addition, we also employed open state-specific interresidue
distance restraints from recent disulfide mapping studies
(41, 42). These experimentally derived restraint filters
resulted in the selection of precisely converged structure
ensembles for the closed and open states as depicted in Figure
4. Figure 5 shows a representative pair of complexes that
resemble the average for the open and closed state
KCNE1—KCNQI ensembles. For both models, we observed
that KCNE1 forms direct contacts with the S5—P—S6 pore
domain and sits in a cleft between this pore domain and an
adjacent voltage sensor. These findings are consistent with
prior work that demonstrated the S5—P—S6 domain to be
critical for the biochemical interaction between KCNQI and
KCNEI (22, 36, 43). However, the cleft occupied by KCNE1

in the closed state is different from the one occupied in the
open state. Videos were prepared that show the structural
trajectory for the transition from the closed to open channel
state, based on simple linear extrapolation of atomic positions
(videos 1 and 2 of the Supporting Information). While these
videos do not represent an attempt to elucidate the transition
state for the interconversion between open and closed
conformations, the fact that the geometrically simplest path
for conversion between states does not require any stereo-
chemical abominations, such as atoms or chains passing
through each other, is reassuring.

The KCNE1—-KCNQ1 models are best regarded as being
medium-resolution in nature, both because of the imperfect
precision of structures that satisfy the experimental restraints
used in docking (see Figure 4) and because of uncertainty
regarding some of the assumptions made in the restrained
docking calculations (see the end of Materials and Methods).
Therefore, a description of these models in terms of specific
residue—residue contacts does not appear to be merited.
However, even at moderate resolution, the general locations
of the KCNE1 TMD with respect to KCNQI1 suggests a
compelling mechanism for key aspects of KCNEI function.
In the closed state model (Figure 5), the intracellular end of
the KCNE1 TMD sits on the S5 end of the critical S4—S5
linker of KCNQI that connects the voltage sensor to the pore
domain and is thought to press downward on the cytosolic
end of the S6 helix to hold the channel gate in a closed
position (19, 44). At the same time, the curved nature of
KCNEI1 enables the upper end of the TMD to form extensive
contacts with a cleft formed between the upper part of S3
on the voltage sensor of one KCNQI1 subunit and the S5
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FIGURE 5: Details of the open and closed state KCNE1—KCNQI1 complexes. Ribbon diagrams of representative models for the closed and
open state KCNE1—KCNQI1 complexes, as generated by experimentally restrained docking calculations. The transmembrane domain of
KCNEI1 is colored red. The S4—S5 linker is depicted as a light green helix in the green subunit. The side chains of the four gain-of-
channel-function disease mutation sites in a selected GOF cleft are depicted in van der Waals mode (Ser140, Vall41, Ile274, and Ala300).

and S6 segments of another. We propose that this extensive
contact surface between KCNE1 and KCNQI creates an
adhesive interface between the two proteins that must be
disrupted following membrane depolarization before the
S4—S5 linker can be drawn back to allow the S6 gate to
spring open. This offers a plausible explanation for how
KCNEI delays KCNQI1 channel activation.

When the KCNQ1—KCNEI complex makes the transition
to the open state, the closed state contacts between the
KCNEl TMD and KCNQI1 are completely disrupted as
KCNQI rearranges itself around KCNEI, which itself
undergoes only modest changes in position, tilt, and rotation
(see Supporting Figure 2 and videos 1 and 2). In the open
state, the N-terminus of the KCNE1 TMD sits in a cleft that
is vertically situated along the bilayer normal at roughly the
same level as the selectivity filter and is in contact with three
different KCNQ1subunits: S1 from one subunit, S5 and the
end of the pore helix from a second subunit, and S6 from a
third subunit. Notably, this cleft is the location for four of
five known KCNQ1 gain-of-function (GOF) disease-associ-
ated mutations (Ser140Gly, Vall41Met, Ile274Val, and
Ala300Thr) (6, 45-47). Moreover, for at least three of four
of these mutations, the GOF channel phenotype is observed
only when KCNEI is present (see the Discussion in ref 75),
a condition that is explained by our open channel complex
model. In this model, the central domain/C-terminus of the
KCNE1 TMD sits at an interface between the cytosolic end
of S1 in one subunit and S5 in another. Placement of the
N-terminal end of the KCNEI TMD in this “GOF cleft”
likely stabilizes the open state of the channel and enhances

conductance. It is also noteworthy that residues near the
middle of KCNE1’s TMD are in contact with the end of the
“elbow” formed by the terminus of S4 and the ensuing
S4—S5 linking helix, an interaction that may also stabilize
the open channel state and possibly explains KCNE1-induced
changes in the state-dependent accessibility of the S4 segment
to chemical modifiers (48, 49).

In summary, determination of the KCNE] structure using
solution NMR and subsequent experimentally restrained
docking of the TMD into the KCNQI potassium channel
offers a working model for how the TMD of KCNE|1 plays
a central role in modulating KCNQ1 function. These models
and their underlying assumptions will, of course, have to
tested by future experimental work. Moreover, the working
models also do not directly address the nature of the transition
state between the open and closed forms of the channel,
which may be the point at which certain residues in KCNE1
and KCNQI play their key roles in channel modulation (cf.
ref 36). Our models also do not address how the juxtamem-
brane C-terminal domain of KCNEI1 works in concert with
the TMD to modulate KCNQI1 function (28, 50), a matter
that will also require additional studies. However, as the first
semicomprehensive attempt to describe the structural basis
for KCNE1’s modulation of KCNQI, it is hoped that the
proposed working models for KCNE1—KCNQI interactions
will provide a lucid basis for generating testable hypotheses
regarding both the mechanisms of KCNQ1 channel regula-
tion and the nature of the molecular defects that lead to long-
QT syndrome and the other disorders known to result from
dysfunction of KCNE1 and KCNQI.
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SUPPORTING INFORMATION AVAILABLE

Full methodological details, a structural quality table, a

schematic that outlines the restrained docking protocol used
in this work, a figure of the superimposed closed and open
state KCNE1—KCNQI1 complexes, supporting videos that
show extracellular and membrane views of the interconver-
sion between open and closed state KCNE1—KCNQI
models, and Protein Data Bank files for the open and closed
state KCNE1—KCNQI1 models. This material is available
free of charge via the Internet at http://pubs.acs.org.
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