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Abstract
Accessory β-subunits of the KCNE gene family
modulate the function of various cation channel αsubunits by the formation of heteromultimers. Among
the most dramatic changes of biophysical properties
of a voltage-gated channel by KCNEs are the effects
of KCNE1 on KCNQ1 channels. KCNQ1 and KCNE1
are believed to form native IKs channels. Here, we
characterize molecular determinants of KCNE1
interaction with KCNQ1 channels by scanning
mutagenesis, double mutant cycle analysis, and
molecular dynamics simulations. Our findings suggest
that KCNE1 binds to the outer face of the KCNQ1
channel pore domain, modifies interactions between
voltage sensor, S4-S5 linker and the pore domain,
leading to structural modifications of the selectivity
filter and voltage sensor domain. Molecular dynamics
simulations suggest a stable interaction of the KCNE1
transmembrane α-helix with the pore domain S5/S6
and part of the voltage sensor domain S4 of KCNQ1
in a putative pre-open channel state. Formation of
this state may induce slow activation gating, the
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pivotal characteristic of native cardiac IKs channels.
This new KCNQ1-KCNE1 model may become useful
for dynamic modeling of disease-associated mutant
IKs channels.
Copyright © 2011 S. Karger AG, Basel

Introduction
KCNE accessory subunits modify the biophysical
properties of several voltage-gated cation channels in
ways that often recapitulate the characteristics of native
currents in various tissues. A broad variety of channels
may recruit KCNE β-subunits, including KCNQ1[1, 2],
ERG [3], HCN4 [4], Kv1.1, Kv1.3 [5], Kv2.1, Kv3.1 [6],
and Kv4.3 [7, 8]. Modulation of voltage-gated KCNQ1
channels by KCNE1 (MinK, IsK) causes the most
dramatic change in biophysical properties.
Homotetrameric KCNQ1 (KvLQT1, Kv7.1) channels
activate with relatively fast kinetics and partially inactivate.
In contrast, KCNQ1/KCNE1 heteromeric channels
activate far more slowly at more positive potentials, do
not inactivate and have an increased single channel
conductance [1, 2, 9, 10]. KCNQ1/KCNE1 channel
current resembles the cardiac slow delayed rectifier
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potassium current IKs, which contributes to terminal
repolarization of the cardiac action potential. Mutations
in KCNE1 or KCNQ1 reduce IKs and cause long QT
syndrome (LQTS), predisposing affected individuals to
arrhythmia and sudden cardiac death [1, 2]. Diseaseassociated mutations in KCNQ1 or KCNE1 might directly,
or through an allosteric mechanism, prevent interactions
of KCNE1 with its binding region on the channel [11].
The stoichiometry of KCNQ1/KCNE1 channels was
reported to be variable [12, 13], or a fixed stoichiometry
of 4 KCNQ1 α-subunits to 2 KCNE1 β-subunits in
functional channel complexes was suggested [14, 15]. A
direct interaction of the transmembrane domains of
KCNQ1 with KCNE1 has been proposed, but the specific
amino acid interactions remains controversial [16-23]. The
solution NMR structure of a synthetic partial KCNE1
peptide (K27: KLEALYILMVLGFFGFFTLGIMLSYI)
shows that this peptide adopts an α-helical structure [24].
Recently, the NMR structures of full-length KCNE1
confirmed that the transmembrane domain of KCNE1 is
an α-helix that is flexible around the central T58. A model
based on NMR-structural coordinates and Rosettadockings of KCNE1 to KCNQ1 suggest binding of
KCNE1 to a “gain-of-function cleft” [25].
Here, we study the interaction of KCNE1 with
KCNQ1 in the closed state using double mutant cycle
analysis. We incorporate our experimental results into a
3D model and perform Molecular Dynamics (MD) simulations to assess the stability of the modeled channel
complex as well as to analyze further molecular details.
Our model may represent a pre-open closed state and is
in good agreement with recent results of several
experimental studies [12-15, 21-23]. The modeled
structure suggests a molecular basis for the slow activation
of IKs.
Materials and Methods

Electrophysiology
Whole-cell currents in Xenopus oocytes were recorded
with standard two-electrode voltage clamp techniques with a
Turbo TEC10-CX amplifier (npi) at room temperature (22-24 C).
Data were acquired with Clampex (pCLAMP 8.0, Axon
Instruments) and analyzed with Clampfit (pCLAMP 8.0, Axon
Instruments), the custom program Ana, and Origin 6.0 (Microcal).
Whole cell currents were recorded in ND96 recording solution
(in mM: 96 NaCl, 4 KCl, 1.8 MgCl2, 0.1 CaCl2, 5 HEPES; pH 7.6).
Molecular biology

Site-directed mutagenesis of KCNQ1 cDNA subcloned
into the pSGEM vector was performed by PCR using the
megaprimer method and Pfu polymerase. All constructs were
confirmed by automated DNA sequencing. KCNE1 cDNA was
subcloned into the pSP64 vector. The constructs were linearized
with NheI or EcoRI. In vitro synthesis of poly-A-capped cRNA
was performed with SP6 and T7 mMessage mMachine kits
(Ambion).
Molecular modeling and MD simulations
A consensus KCNQ1 homology model was generated
using YASARA (YASARA Biosciences, Vienna, Austria). Ten
different KCNE1 models with different bending at central
glycines (G52, G55 and G60) were generated. Docking of energyoptimized KCNE1 conformers to the KCNQ1 S5-S6 homology
model was performed using an α-helix packing approach with
the Global Range Molecular Matching program (GRAMM v1.03
[26]). The non-covalent bond finder 9 was used to further
determine the interaction of the favoured KCNE1 molecule with
its putative binding site in KCNQ1. The model that positioned
T58 and S338 in close proximity was chosen for molecular
dynamics simulations. Molecular dynamics all atoms mobile.

The model was placed in an explicit membrane/solvent
environment. Free MD simulations were performed with
GROMACS [27] based on a protocol for the simulation of
membrane protein homology models. Model building and MD
simulation settings are described in more detail in the
supplementary material section (http://www.ruhr-unibochum.de/bc1/kation/download/Strutz-Seebohm_et_al_Cell_
Physiol_Biochem_supplementary_material.doc).
Double-mutant cycle analysis
The steady state activation curve was obtained by tail
current analysis from pulse protocols employing a fixed “tail”
pulse to 0 mV [28].
The resulting curve was fitted by

Oocyte expression
Xenopus laevis frogs were anesthetized with tricaine
(0.17%) and ovarian lobes were removed. The ovarian lobes
were cut into small pieces and enzymatically treated for 1.5-2 h
with collagenase (1 mg/ml, Worthington, type II) at room
temperature in Ca2+-free ND96 solution, containing in mM: 96
NaCl, 2 KCl, 1 MgCl2, 5 HEPES (pH 7.6). Stage V oocytes were
collected and injected with 50 nl of RNA. Oocytes were injected
with 1 ng Kv1.5 cRNA, 5 ng of KCNQ1 cRNA, or 5 ng KCNQ1
cRNA plus 1 ng of KCNE1 cRNA. Oocytes were maintained at
17-18 C in ND96 storage solution (in mM: 96 NaCl, 4 KCl, 1.8
MgCl 2 , 0.1 CaCl 2 , 5 HEPES (4-(2-hydroxyethyl)-1piperazineethanesulfonic acid), gentamicin (50 mg/l); pH 7.6).

where Imax is the (estimated) maximal current, z the apparent
gating valence, R the universal gas constant, T the absolute
temperature, and ΔG0 the free energy difference between the
closed and the open state at zero voltage. This description is
based on the simplifying assumption that gating can be
described by a two-state process. The resulting values for ΔG0
were averaged. ΔG0 values are expressed in units of RT (see
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Fig. 1. Secondary structure of KCNE1
and identification of regions important
for specific effects of KCNE1 on KCNQ1.
a, The cartoon on the left shows the
secondary structure of KCNE1 and the
positions of the borders of segments that
were deleted to identify regions in KCNE1
important for effects on KCNQ1.
Representative current traces of KCNQ1
(Q1) expressed in the absence or
presence of KCNE1 (E1) wild type or the
four different deletion mutants are
shown. The pulse protocol used is
indicated above. b, Current amplitudes
were analyzed and plotted vs. potentials.
c, GV curves were determined by tail
current analysis.

The structural basis of KCNE1 subunit interaction
with the KCNQ1 channel was previously explored by
determining the functional effects of deletion of the Nor C-termini of KCNE1 [29]. Here, we show that deletion
of residues 11-38 (Δ11-38) or truncation of 49 amino acids
from the C-terminus (Δ80-129) do not impair the ability
of KCNE1 to slow the rate or shift the voltage dependence
of KCNQ1 channel activation. However, deletion of
amino acids 39-43 (Δ39-43) or truncation of 56 amino
acids from the C-terminus (Δ73-129) caused a further
rightward shift in the voltage dependence of activation
resulting in smaller currents at 60 mV (Fig. 1).

Alanine scan and double-mutant cycle analysis
identify putative interaction sites between KCNE1
and KCNQ1
To identify putative sites of interaction between
KCNE1 and the KCNQ1 channel, we employed a
scanning mutagenesis approach, introducing point
mutations into the S5 and S6 domains of the KCNQ1 αsubunit. Residues were individually mutated to alanines.
If the wild type sequence contained an alanine, it was
mutated to cysteine [29]. These mutants or the KCNQ1
wild type were expressed in Xenopus oocytes in the
absence or presence of KCNE1. Coexpression of
KCNE1 resulted in a shift in the V1/2 of the wild-type
KCNQ1 activation curve by +45 mV. Individual alanine
substitutions of five residues in S5 and three residues in
S6 of KCNQ1 reduced this shift by KCNE1. The four
mutations Y267A, F270A, F339A, and F340A had the
most pronounced effects, reducing the shift of the V1/2 of
activation to values of less than +23 mV, while L271A,
I274A, F275A, and A344C mutations caused only a minor
reduction (Fig. 2A).
To gain further insight into the interactions of these
residues in KCNQ1 with KCNE1, we used doublemutant cycle analysis, a method allowing to measure the
strength of intramolecular and intermolecular interactions
in proteins [30]. It involves analysis of the free energy of
transition between two states – in this study the open and
closed channel state – for a wild-type protein, two single
mutants, and the corresponding double mutant. From these
free energies, the free energy changes caused by the
mutations can be calculated. If the two mutated residues
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Fig. 2). The voltage of half-maximal activation (V1/2) is related to
ΔG0 by V1/2 = -ΔG0/z. The following state model was used to
calculate putative interaction energies.
The state Q-E denotes the heteromeric KCNQ1/KCNE1
channel, Qmut-E denotes the heteromeric KCNQ1(mutated)/
KCNE1(wt) channel, etc. The coupling energy, ΔΔG, reported
in Fig. 2, was calculated by
ΔΔG = [ΔG0(QMut-EMut) - ΔG0(Q-EMut)] -[ΔG0(QMut-E) ΔG0(Q-E)]

Results and Discussion
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Fig. 2. Alanine scan and double-mutant
cycle analysis of S5 and S6 to identify
putative interaction sites between
KCNQ1 and KCNE1. a, Several amino
acids in S5 and S6 of KCNQ1 were
individually mutated to alanines (native
Ala to Cys), and the channels were
recorded in the absence or presence of
KCNE1. The respective GV curves were
determined by tail current analysis, and
the effects of KCNE1 coexpression on
GV were expressed as the differences in
the voltages of half-maximal activation
V 1/2(Q1+E1) –V 1/2(Q1). Effects of KCNE1
coexpression on amplitudes of currents
recorded at 40 mV are presented as IQ1+E1/
IQ1 (n = 8–24). b, Double-mutant cycle
analysis of selected KCNQ1 mutants with
5 KCNE1 T58X mutants. The ΔΔG values
were calculated from GV curves obtained
from tail currents (n = 6–14) as described
in Methods. The ΔΔG values (in units of
RT) are plotted vs. the respective KCNE1
and KCNQ1 mutant (left) or plotted vs.
the respective KCNE1 mutant to show
the mild energetic perturbances by
mutation T58S (right). The mean ΔΔG
effects by the respective KCNQ1 mutant
are shown in the small upper left inlay.

interact either directly or indirectly, the free energy change
for the double mutation differs from the sum of the energy
changes for the single mutations, and a coupling energy
ΔΔG between the two residues can be calculated (Fig.
2). Using this method, we explored the interactions of
the four key residues in KCNQ1 described above as well
as of four additional residues located in close proximity
to these key residues with the residue T58 of KCNE1.
This residue was previously reported to be crucial for
KCNE subtype-selective effects on KCNQ1 [12, 31].
For this analysis, we coexpressed KCNQ1 wild type and
the eight mutant subunits with KCNE1 wild type and five
different mutants containing mutations of T58 to either
A, S, C, V, or L. We found the strongest energetic coupling
of T58 in KCNE1 with F339 in KCNQ1 (mean ΔΔG=1.5–
4.5 RT), followed by F340 and F270, suggesting a possible
direct interaction of F339 in KCNQ1 with T58 in KCNE1
(Fig. 2b). The results further show a weak dependence
of energetic coupling on the volume of residue 58 in
KCNE1: Compared to substitutions with a small side
chain, substitution of T58 with larger residues or a Ser
with hydrogen bonding capabilities resulted in a shift of
the voltage dependence of activation to more positive
potentials (Fig. 2b). A good candidate for hydrogen bond

formation with T58 is the KCNQ1 residue S338. However,
mutation of S338 to alanine shifted the voltage dependence
of activation by +70 mV independent of the specific
mutation of T58. F270A, F339A and F340A mutations
impaired both the putative hydrogen bonding effects and
the volume effects. This may be the result of F339A and
F340A positioning S338 to allow for the putative hydrogen
bonding. Although double-mutant cycle analysis cannot
easily distinguish between direct and allosteric proteinprotein interactions, these data suggest that KCNE1 binds
to specific residues of the S5 and S6 domains of KCNQ1.
Combined with previous results obtained by analysis of
mutations in S4 [23], our findings suggest that KCNE1 is
positioned between S4 and S5/S6 of KCNQ1.
The putative KCNQ1-KCNE1 interactions defined
by mutation analyses were corroborated by molecular
modeling. We utilized a homology model of the S1-S6
domains of KCNQ1 based on the Kv1.2 K+ channel
crystal structure [32-34]. The KCNE1 transmembrane
domain was constructed as an α-helix in agreement with
previous reports [24, 25, 31]. We docked several
conformers of this putative KCNE1 transmembrane
peptide to the tetrameric KCNQ1 channel open state
homology model, allowing flexibility at glycines in the
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Fig. 3. 3D homology model of the
KCNQ1/KCNE1 channel. a, 3D model of
the KCNQ1/KCNE1 channel complex.
KCNQ1 (amino acids 89-358) was
modeled based on homology to known
Kv1.2 channel structures (see methods).
The KCNE1 model (amino acids 39-79)
was de novo created as a straight α-helix.
Two KCNE1 molecules were docked to
KCNQ1, positioning T58 of KCNE1 in
close proximity to F339 of KCNQ1 with
assumed flexibility at three central
glycines. The KCNQ1/KCNE1 model is
shown in top and side views. The
position of the membrane is shown in
the space filling model below. b,
Functionally important residues
(KCNQ1: L266, S338, F339, and F340;
KCNE1: T58) are positioned in a plane.
Residues KCNQ1-S338 and KCNE1-T58
are positioned in close proximity to
possibly favor hydrogen bonding (pink
line). c, The S338/T58 hydrogen bond
(gray bars) in MD simulations. The global
complex converged to a stable structure
during the last 10 ns of this simulation. The the putative hydrogen-bonding oxygen atoms of KCNQ1-S338 and KCNE1-T58 as
well as KCNQ1-F339 (π-system) and KCNE1-T58 were analyzed for distances and geometries characteristic of hydrogen bonds.
The analyses show that whereas one putative hydrogen bond system is present only in one subunit (putative hydrogen bond
distance/geometry between KCNQ1-F339 (π-system) and KCNE1-T58: 71%/0%), the other one is relatively stable in both
subunits during the simulation (putative hydrogen bond distance/geometry between KCNQ1-S338 and KCNE1-T58: 66%/85%).
(The pdb-file can be downloaded from our web-page under: http://www.ruhr-uni-bochum.de/bc1/kation/download/Q1E1nach_50_ns_sim_average_a.pdb).

center of the KCNE1 peptide as suggested by a previous
NMR study [25]. For further analysis we chose the model
that positioned the amino acid T58 in close proximity to
F270, S338, F339, and F340, in accordance with the results
from our double-mutant cycle analysis. Under these
constraints a kinking of KCNE1 and a kinking of the S4S5 linker in KCNQ1 with subsequent S4 repositioning
were required in order to allow direct interactions of T58
in KCNE1 and closest proximity of F270 and F340 in
KCNQ1 with the KCNQ1 residues S338 and F339. In
the final energy-optimized model the central KCNE1 helix
resides in a position between S4, S5, and S6, with its Cterminal part kinked towards the adjacent subunit. This
model differs in several details from previous models that
model the KCNE1 transmembrane domain as a straight
helix and position it to the crevice between the pore domain
S1-S4 and the pore domain S5-S6 as well [20, 23, 35].
Two KCNE1 peptides were docked to a tetrameric
KCNQ1 channel model to satisfy experimental data
suggesting the stoichiometry of 4 α-subunits with 2

β-subunits and still satisfy the model of a variable
stoichiometry as suggested by others as this stoichiometry
is one possible stoichiometry in a variable model [12-15].
In order to analyze whether this 3D model represents
a stable channel complex we applied molecular dynamics.
We incorporated the model in an explicit solvent/
membrane model and conducted free MD simulations of
50 ns simulated time. Over the first 40 ns the voltage
sensors tended to tilt slightly and remained stable for the
last 10 ns of the simulation. Apart from these movements,
the model remained intact during simulation of 50 ns, and
the relatively small RMSD values of the transmembrane
α-helices indicate a stable conformation of this channel
complex.
Our model is in good agreement with the experimental data presented herein, as it explains the effects of
mutations at the following residues:
- KCNQ1 residue F339 directly interacts with
KCNE1 residue T58. The side chain of F339 interacts
with the Cγ or the hydroxyl group of T58 (Fig. 3b,c).

Strutural Model of KCNQ1/KCNE1
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Fig. 4. Comparison of the 3D model of the
KCNQ1/KCNE1 channel with published data.
a, A close view on the S4-linker-S5 region
(red), KCNE1 (yellow) and the lower S6
(magenta). The key residues KCNQ1-S338,
KCNQ1-F339 and KCNE1-T58 are colored
according to the CPK color code. After the
50 ns simulation the S4-linker-S5 region and
the lower S6 of the adjacent subunit are
denatured, whereas KCNE1 retains its αhelical fold. These effects by KCNE1 lead to
a closing of the bundle crossing (right). The
PAG motif of two adjacent KCNQ1 subunits
close the pore, whereas the other two
KCNQ1 subunits stay in an open position.
b, The S4 helix of KCNQ1 (residues 229–244)
and KCNE1 (residues 39–63) are shown in
stick representation. KCNE1 residues are
colored yellow. KCNQ1 residues that were
reported to be energetically linked to KCNE1
are colored green and magenta [23]. KCNQ1
residues that are not energetically liked to
KCNE1 are colored blue. Putative contacts
(atom distances ≤ 3 Å) of KCNQ1 and KCNE1
atoms were computed and are indicated by
thin lines. The number of atom contacts
between KCNQ1 and KCNE1 residues was
plotted vs. the energetic perturbance values
described by Shamgar [23] (right panel). The
methionine side chain of KCNQ1-M238
points into the center of the voltage sensor
domain S1-S4 and may stabilize it. M238 has only weak contact with KCNE1, but can strongly disturb complex energetics upon
mutation. Thus, effects by mutation of this residue cannot be simply explained by disturbance of direct interactions with KCNE1,
but instead suggest indirect coupling. c, The KCNQ1/KCNE1 model was scanned for transmembrane helices and inserted into a
Pch/Pea/Pse (1:1:1) membrane based on the transmembrane scan results. A 0.6 ns MD simulation was run to equilibrate the
system. The voltage sensor domain is shown in red (left picture) and the KCNQ1 residue A226 (green) is shown in space fill. The
phosphates of the phospholipids are shown in yellow and space fill and the position of the membrane is further indicated by a
dashed orange line. A close-up view is shown to the right. Water molecules in proximity to A226 are shown in space fill (middle).
As residue A226 is located in a water-filled crevice open to the outer environment, this residue can be state-dependently
chemically modified, as reported experimentally [21, 22]. d, The average KCNQ1/KCNE1 structure was cut at the level of the
residues F339/F340 and the central cavity. The KCNQ1 backbone and KCNE1 are colored blue and yellow, respectively. While the
side chains of F340 point to the central cavity in a standard KCNQ1 homology model, they are repositioned during the MD
simulation in the presence of KCNE1 to point away from the central cavity (The pdb-file can be downloaded from our web-page
under: http://www.ruhr-uni-bochum.de/bc1/kation/download/Q1E1-nach_50_ns_sim_average_a.pdb ).

In the case of interaction of the π-electron system of
F339 with the hydroxyl group of T58, a hydrogen bond
may be formed in one KCNQ1-KCNE1 system. In both
systems, the position of the aromatic side chain of
KCNQ1-F339 is very stable, suggesting strong interactions with KCNE1-T58.
- The hydroxyl group of KCNQ1-S338 is expected
to make direct contact/hydrogen bonding with residue T58

in KCNE1 in agreement with the expectations of a
hydrogen bond from the experimental data. As can be
seen in Fig. 3b,c, both residues form hydrogen bonds
during the main course of the MD simulation.
- KCNQ1-F270 and KCNQ1-F340 serve to position
S338 and F339 enabling the hydrogen bonding and
volume effects consistent with the important functions
of these residues suggested from the energetic
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coupling analyses (Fig. 2).
- KCNE1-F57 π-stacks with KCNQ1-F270, a
strong interaction that explains why the F270A mutation
causes a strong energetic perturbation.
Our KCNQ1/KCNE1 model is consistent with
previous experimental findings: An interaction of the
KCNE1 residues 55 and 56 with C331 in KCNQ1 that
has been demonstrated by crosslinking experiments would
theoretically be possible in our model with minor
repositioning of KCNE1 [36]. Potential interactions of
KCNQ1 residues S338, F339, and F340 with KCNE1
residues T58 and G59 have previously been proposed
and are consistent with our model [18, 19, 28]. Lerche et
al. showed that KCNE1 does not line the central cavity,
which is in agreement with our model and our experimental
data showing that binding of a specific inhibitor to the
central cavity is not disrupted by a KCNE1 mutation along
the transmembrane domain [16].
Our dynamic molecular model provides explanations
for various effects of KCNE1 on KCNQ1 channel
pharmacology. For instance, a benzodiazepine agonist of
KCNQ1 has no effect when KCNE1 is present [37].
Our model now demonstrates that the binding site for
this agonist in KCNQ1 overlaps with the KCNQ1KCNE1 interaction site and is thus blocked by binding of
KCNE1 to KCNQ1. Moreover, the model shows that
interaction of KCNE1 with the central S6 α-helix of
KCNQ1 would reposition the key residues for the block
by benzodiazepine L7 and chromanol 293B, F339 and
F340, to enable the higher affinity of binding observed
for KCNQ1/KCNE1 channels compared to KCNQ1
alone (Fig. 4d) [16, 30]. Residues crucial for the activation
of KCNQ1/KCNE1 channels by stilbenes and fenamates
can be expected to be accessible from our model, which
would enable the pharmacological action of the
compounds [38].
For our model, we used a stoichiometry of four
KCNQ1 subunits to two KCNE1 subunits, resulting in a
very stable model. However, other stoichiometries of
KCNQ1 to KCNE1 subunits are theoretically possible
and could be simulated by addition or deletion of KCNE1
peptides [12-14].
The combination of experimental data and the
molecular dynamics-derived 3D-model suggests that the
KCNE1 transmembrane domain binds to a cleft between
the pore module and the voltage sensor module of KCNQ1.
This specific KCNQ1 conformation represents a closed
state that is stabilized by helix-helix interactions,
hydrophobic interactions, van-der-Waals interactions,

π-stacking of aromatic residues, and a hydrogen bond
between KCNQ1-S338 and KCNE1-T58. This
stabilization of the closed channel state of KCNQ1 by
interaction with KCNE1 may represent the molecular
basis of right-shifted G/V curves and slowed activation.
When the KCNQ1/KCNE1 channels activate/open,
KCNE1 may slide from the pre-open position described
here to a different relative position in the channel complex
called “activation cleft” to increase current amplitudes
[23-31]. Crosslinking studies of cysteines introduced in
the S1 domain of KCNQ1 with engineered cysteines in
KCNE1 suggested that KCNE1 is involved in molecular
movements during channel gating [20]. Moreover, state-
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Fig. 5. Asignment of the 3D model of the KCNQ1/KCNE1
channel to kinetic states. KCNQ1/KCNE1 channels were
expressed in oocytes and currents were elicited by 40 mV pulses
after applying prepulses. Currents show a prominent cross over
phenomenon after about 1.75 s. The kinetic behavior of KCNQ1/
KCNE1 channels can be described by a modified KCNQ1 gating
model [9, 10] incorporating an additional closed inactivated
state C* [43]. This kinetic model is shown below. Prepulsing to
-60mV or -100mV results in the characteristic cross-over in the
simulated current traces. Additional information on the kinetic
model is given in supplementary material (http://www.ruhr-unibochum.de/bc1/kation/download/Strutz-Seebohm_et_al_Cell_Physiol_Biochem_supplementary_material.doc).
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dependent modification by MTS of a cysteine engineered
into the S4 voltage sensor domain of KCNQ1 (A226C)
was slowed 13-fold by KCNE1, suggesting that KCNE1
slows the transition of the voltage sensor to the open state
[22]. However, a second study showed uncoupling of
state-dependent MTS modification from pulse durations
in a set of KCNQ1 cysteine mutants, suggesting that the
voltage sensor can quickly adopt an open conformation,
and slow activation cannot be a direct result from slowed
voltage sensor transition to the open state. Thus, it is likely
that our dynamically stable KCNQ1/KCNE1 model
provides only a snapshot of one state. However, this
modeled state may represent one of the frequently
occupied stable states. In our model the KCNE1 peptide
destabilizes the S4-S5 linker α-helical structure and the
interacting lower S6 α-helical structure. The
destabilization of S4-S5 and the lower S6 may cause an
uncoupling of the voltage sensor movement from the
opening of the bundle crossing. The result would be an
uncoupling of the voltage sensor movement from channel
activation. Such an uncoupling would lead to slowed
activation kinetics, which are a hallmark of native cardiac
KCNQ1/KCNE1 channels.
The slowing of the activation and deactivation kinetics
observed in KCNQ1/KCNE1 channels compared to
homomeric KCNQ1 possibly reflects an increased energy
barrier between different gating states. Furthermore,
KCNQ1 shows an open state inactivation/flickery block
not present in KCNQ1/KCNE1 channels under standard
conditions [39, 40]. Thus, this open inactivated state does
not have to be accounted for in a KCNQ1/KCNE1 kinetic
model. However, there is an additional peculiarity present
in KCNQ1/KCNE1 gating. When preceded by a negative
prepulse, voltage-dependent channel activation is initially
slow, but later currents become larger compared to
currents elicited without using a prepulse [41]. This
crossover effect is illustrated in Fig. 5. This phenomenon
cannot be explained by a simple linear gating scheme
[42] such as:

However, the introduction of a closed inactivated
state C* as depicted below:

the state is made absorbing enough (see Fig. 5). With a
negative prepulse, channels reside mostly in C1 and “pass
over” the inactivated state C*2, leading to full current
activation. With a less negative prepulse, the activation
kinetics are initially faster because channels start from
states in which part of the voltage sensors are already
activated. However, the current that can be activated is
actually smaller because the inactivated state is
substantially populated.
The state presented by our dynamic 3D KCNQ1/
KCNE1 model could represent the structural correlate
of the closed inactivated state C*, as it fulfills several
prerequisites. First, the modeled state is based on a voltage
sensor domain in the activated (“up”) position representing
an open or open inactivated state. However, by
destabilization of the ordered structure of the opened
bundle, crossing the ion passage is compromised and this
state can be expected to be non-conductive. Further, the
modeled state seems to be relatively stable, as it would
be expected for C*. Negative prepulses may shift the
equilibrium of channels towards channels with voltage
sensors in the deactivated (“down”) position, which can
be expected to disrupt interaction between KCNE1, the
pore and voltage sensor domains. As a consequence of
reduced local interaction with KCNQ1, KCNE1 may be
relieved from its relative C* position to adopt a different
conformation in the channel complex. Such relative
flexibility of KCNE1 within the channel complex is
consistent with recent experimental findings [21]. Clearly,
further data is required to verify the hypothesis of a
preopen closed state.
Concluding, we present a dynamic 3-D structural
model of the KCNQ1-KCNE1-interaction based on a
large set of new and previously published data. We
suggest a model that positions KCNE1 in close proximity
to transmembrane domains S4, S5, and S6 of KCNQ1
and allows modulation of the pore module S5/S6, possibly
stabilizing a pre-open closed state. This model will be
useful in studying the structural and dynamic effects of
diverse LQTS mutant channels and may prove helpful in
determining the specific molecular pharmacology of
cardiac IKs channels.
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