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BACKGROUND The slowly-activating delayed rectifier current IKs
contributes to repolarization of the cardiac action potential, and is
composed of a pore-forming a-subunit, KCNQ1, and a modulatory
b-subunit, KCNE1. Mutations in either subunit can cause long QT
syndrome, a potentially fatal arrhythmic disorder. How KCNE1
exerts its extensive control over the kinetics of IKs remains
unresolved
OBJECTIVE To evaluate the impact of a novel KCNQ1 mutation on
IKs channel gating and kinetics
METHODS KCNQ1 mutations were expressed in Xenopus oocytes in
the presence and absence of KCNE1. Voltage clamping and
MODELLER software were used to characterize and model channel
function. Mutant and wt genes were cloned into FLAG, Myc and HA
expression vectors to achieve differential epitope tagging, and
expressed in HEK293 cells for immunohistochemical localization
and surface biotinylation assay.
RESULTS We identified 2 adjacent mutations, S338F and F339S, in
the KCNQ1 S6 domain in unrelated probands. The novel KCNQ1 S338F
mutation segregated with prolonged QT interval and torsade de
pointes; the second variant, F339S, was associated with fetal
bradycardia and prolonged QT interval, but no other clinical events.
S338F channels expressed in Xenopus oocytes had slightly increased
peak conductance relative to wild type, with a more positive

Introduction
Congenital long QT syndrome (LQTS) is an inherited
disorder carrying a high risk of lethal cardiac arrhythmias.1,2
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activation voltage. F339S channels conducted minimal current.
Unexpectedly, S338F currents were abolished by co-expression with
intact WT KCNE1 or its C-terminus (aa63-129), despite normal
membrane trafficking and surface co-localization of KCNQ1 S338F
and wt KCNE1. Structural modeling indicated that the S338F
mutation specifically alters the interaction between the S6 domain
of one KCNQ1 subunit and the S4-S5 linker of another, inhibiting
voltage-induced movement synergistically with KCNE1 binding.
CONCLUSIONS A novel KCNQ1 mutation specifically impaired
channel function in the presence of KCNE1. Our structural model
shows that this mutation effectively immobilizes voltage gating by
an inhibitory interaction that is additive with that of KCNE1. Our
findings illuminate a previously unreported mechanism for LQTS,
and validate recent theoretical models of the closed state of the
KCNQ1:KCNE1 complex.
KEYWORDS Arrhythmia; Ion channels; Long QT syndrome;
Structural modeling; Genetics
ABBREVIATIONS IKs ¼ slowly activating delayed rectifier current;
LQTS ¼ long QT syndrome; VS ¼ voltage sensor; WT ¼ wild type
(Heart Rhythm 2013;10:728–737)
All rights reserved.
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Most cases of LQTS are caused by loss-of-function mutations
in ion channels that regulate the repolarization phase of the
cardiac action potential, including KCNQ1 (KVLQT1) and
KCNE1 (Isk, MinK). These genes encode the a- and
b-subunits of a heterotetrameric complex that produces the
slowly activating delayed rectifier current IKs (Kv 7.1), an
outward potassium current important for the rapid phase
(phase 3) of repolarization.3–5 Mutations in these same genes
have been linked to short QT syndrome and familial atrial
fibrillation.6 Although KCNQ1 by itself can form voltagegated ion channels, the distinctive IKs current requires
coassembly with KCNE1. Interaction with KCNE1 greatly
increases the voltage required for IKs channel opening while
increasing channel conductance, slowing the time course of
activation and deactivation,3–5,7 and enabling adrenergic
http://dx.doi.org/10.1016/j.hrthm.2012.12.033
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Figure 1

Pedigree (A) and 12-lead electrocardiogram (B) from proband 1 at 7 years of age.

regulation.8 How KCNE1 interacts with KCNQ1 to produce
these extensive functional alterations is incompletely
understood.9,10
In this report, we analyze 2 mutations—KCNQ1 S338F
and F339S—occupying adjacent sites within the S6 transmembrane domain. One of these (S338F) does not affect
KCNQ1 channel function by itself, but causes a complete loss
of conductance when coassembled with KCNE1 or the Cterminal residues of KCNE1 that physically associate with
KCNQ1.10,11 The other mutant carries almost no current, and
its voltage-dependent activation by KCNE1 is minimal and

extremely right-shifted.12,13 Structural modeling of the
KCNQ1 homotetramer predicts that the variant phenylalanine
at residue 338 in 1 subunit forms van der Waals attachments to
the S4-S5 helical linker of a neighboring subunit, impeding
channel opening. The combined inhibitory interaction of
KCNE1 and the S338F mutation effectively immobilizes the
S4-S5 linker, rendering the channel unable to open at
physiologic voltages. Our findings elucidate a novel coassembly specific mechanism for LQTS and provide high-resolution
structural and mechanistic insights into KCNQ1:KCNE1
modulatory interaction and gating of IKs.
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Figure 2

Pedigree (A) and 12-lead electrocardiogram (B) from proband 2.

Methods

Electrophysiology

A detailed Methods supplement is available online.

Stage V oocytes were prepared from mature Xenopus laevis
follicular tissue (Nasco, Fort Atkinson, WI). Oocytes were
injected with combinations of KCNQ1/KCNE1 cRNA, and
current responses were analyzed under 2-electrode voltage
clamp by using an OpusXpress 6000A parallel oocyte
voltage clamp system running OPUSXPRESS 1.1 and
CLAMPFIT 9.1 software (molecular devices).

Subjects
Subjects of this study were referred after presenting with
syncope and/or ventricular tachyarrhythmias with prolonged
QT intervals and family histories of unexplained or sudden
cardiac deaths. Subjects were recruited and evaluated in
accordance with a human subject research protocol approved
by the University of Miami Institutional Review Board.

Mutation identification
DNA was isolated by using a commercial kit (Puregene
DNA Isolation Kit, Gentra Systems/Qiagen, Minneapolis,
MN), and individual exons from 5 genes—KCNQ1, KCNH2,
SCN5A, KCNE1, and KCNE2—associated with LQTS were
amplified with published primers14,15 by using the polymerase chain reaction.

Epitope tagging and membrane expression
We used differential epitope tagging to facilitate microscopic
visualization and biotinylation of membrane-bound mutant
and wild-type (WT) a- and b-subunits. Details pertaining to
these experimental procedures can be found in the online
supplement.

Molecular modeling
Structural models of WT and S338F/F339S mutants of
KCNQ1 in the closed state were built by using MODELLER
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software.16 We used as a template the closed-state structure
of KCNQ1 modeled by Sanders and co-workers.17,18 Atomic
models were rendered by using Ribbons software.19

Results
Clinical subjects
The first proband was a 7-year-old Caucasian child referred
for the evaluation of syncope and LQTS. The proband’s
mother had LQTS and received an implantable cardioverterdefibrillator at the age of 29 for recurrent syncope and
cardiac arrest (Figure 1). At the age of 7 years, the proband
experienced 3 episodes of loss of consciousness over a 6month period. The first episode occurred while swimming at
the age of 7 years when he was noted to have fixed pupils,
apnea, and cyanosis. He recovered spontaneously after brief
chest compression; an electroencephalogram and a computed
tomography scan of the brain were normal. A second episode
occurred 2 months later while swimming; an electrocardiogram was reportedly normal. Four months later, he suddenly
fell while running around the pool and lost consciousness for
more than a minute. An electrocardiogram revealed sinus
bradycardia at 58 beats/min and a QT/corrected QT interval
of 510/505 ms (Figure 1). He was treated with betaadrenergic blockade, and at the age of 8, he received an
implantable cardioverter-defibrillator.
The second proband was a full-term infant with a strong
paternal family history of premature sudden death
(Figure 2A), who presented with fetal bradycardia (o110)
and a prolonged QT interval during the first month of life
(Figure 2B); his half-sister reportedly died suddenly in
infancy while crying. He was treated with beta-adrenergic
blockade and is now 8 years old, with no complaints of
palpitations, syncope, or cardiac arrest and recorded corrected QT intervals ranging from 440 to 500 ms.

Molecular genetics
Proband 1 harbored a novel transition mutation in exon 7 of
KCNQ1 that resulted in substitution of cytosine for thymine
at position 1013 (NM 000218), causing a serine (TCT) to
phenylalanine (TTT) switch at position 338 (S338F;
Figure 3A). All relatives of proband 1 with long QT intervals
carried the same S338F mutation. Proband 1 was also
heterozygous for a previously reported D85N (G253A)
mutation in KCNE1, inherited from his asymptomatic father.
Two S338F carrier siblings have had no documented
arrhythmias or syncope to date.
In proband 2, KCNQ1 sequencing revealed a T4C
substitution at position 1016, resulting in the replacement
of a phenylalanine codon (TTC) with a serine codon (TCC)
at position 339 (F339S; Figure 3B). This mutation was not
identified in either parent. No other KCNQ1 or KCNE1
variants were found.

Protein expression studies
Voltage clamp experiments were performed in Xenopus
oocytes on the 2 KCNQ1 a-subunit mutations (S338F and

Figure 3 Adjacent novel mutations in the KCNQ1 S6 transmembrane
domain. Partial KCNQ1 exon 7 DNA sequence from proband 1 (A) and
proband 2 (B).

F339S), alone and in combination with WT and D85N-variant
KCNE1 b-subunits. Background currents from endogenous
oocyte a- and b-subunits were minimal (Figure 4A). Homomeric WT- and S338F-KCNQ1 conducted similar amounts of
current, but the S338F current exhibited more positive
activation voltage, slightly greater conductance at activation,
and more rapid inactivation of the time-dependent outward
current. S338F also lacked a rapidly deactivating tail current
(Figure 4A). In contrast, homomeric F339S channels had
extremely poor conductance at all voltages (Figure 4B).

Mutant S338F exhibits defective activation by
KCNE1
As expected, co-expression of KCNE1 with KCNQ1 generated a current exhibiting typical features of IKs, with a more
positive voltage of activation and current amplitudes (mA) and
densities (mA/mF) that were approximately 40 times greater
than that produced by WT KCNQ1 alone (Figures 4B and
4C). Channels consisting of KCNE1 alone conducted a small
current (Figures 4B and 4C). Remarkably, channels formed by
S338F-KCNQ1 with WT-KCNE1 exhibited severely
depressed current amplitude and density compared with either
protein alone (Figures 4B and 4D), and the resulting current
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Figure 4 KCNQ1 S338F mutation induces a dysfunctional interaction with KCNE1. A: Homomeric currents generated by wild-type (WT) KCNQ1 and
S338F and F339S variants. B: Addition of KCNE1 activates WT and suppresses mutant KCNQ1 currents. C–E: Current density-voltage relationships for
KCNQ1 and IKs currents. F: KCNE1 C-terminal domain represses KCNQ1 S338F currents.

did not display other typical kinetics of WT IKs (Figures 4B
and 4C). Similarly, the co-injection of KCNE1 and F339S
produced channels that conducted significantly smaller timedependent outward currents compared to either protein alone,

with no observable tail currents (Figures 4B and 4E). Thus,
both S338F and F339S mutations result in markedly abnormal
interactions between KCNQ1 and its accessory subunit,
producing an overall loss of function. A complete summary
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Figure 5 Dominant negative effects of KCNQ1 S338F and F339s mutations. A: Current density-voltage relationships for wild-type (WT), mutant, and mixed
a-subunits. B: Effect of KCNE1 co-expression on WT and mutant KCNQ1 current density. C: Inhibitory effect of KCNQ1 mutants on KCNE1-generated currents.
D: Dominant negative effect of S338F on WT KCNQ1/IKs current. E: Differential effect of KCNE1 D85N variant on WT and S338F mutant KCNQ1/IKs currents.

of current properties for all channel stoichiometries is
provided in Supplementary Table 1.
Co-expression of a KCNE1 C-term fragment (aa63-129)
previously shown to physically interact with the S6 domain
of KCNQ111 had a similar negative effect on S338F current
amplitude (Figure 4F, n ¼ 19; Supplementary Table 1).
Taken together, these data indicate a specific role for
KCNE1:KCNQ1 contact in the manifestation of the KCNQ1
S338F defect.

Dominant-negative effect of KCNQ1
heterotetramers
As is shown in Figure 5A, homomeric S338F had a greater
peak current density than did WT KCNQ1, but a more
positive activation voltage, while homomeric F339S current
density was extremely low (Figure 5A). Co-expression of
S338F with WT KCNQ1 at a 1:1 ratio generated a current
density that was greatly reduced compared with either
protein expressed separately (Figures 5B and 5C), suggesting the formation of heterotetramers with reduced cooperativity or stability and/or inability to interact with endogenous
oocyte KCNE1-like proteins.

Dominant negative effect of KCNQ1 mutants on
activation by KCNE1
To confirm the dominant negative effect of the S338F
mutation, we expressed both WT and mutant a-subunits at

varying ratios in the presence of KCNE1 (Figure 5D). When
S338F and WT KCNQ1 were co-expressed at approximately
equal stoichiometry, almost no activation by KCNE1 was
observed, suggesting that the depressive effect of the S338F
mutation is dominant.

Functional interaction of KCNE1 D85N mutant with
KCNQ1 WT and S338F mutants
In addition to the S338F mutation, proband 1 had a rare
variant in KCNE1, D85N (rs1805128; MAF ¼ 0.8%–2.5%),
previously associated with drug-induced LQTS.20–23
Accordingly, we analyzed channels containing various
combinations of WT and mutant a- and b-subunits. WT
KCNE1 and D85N (Figure 5E) generated identical small
currents in the absence of co-expressed a-subunits (o1 mA/
mF at 20 mV), likely through interaction with endogenous
Xenopus a-subunits. However, the D85 variant activated WT
KCNQ1 channels with reduced efficacy compared to WT
KCNE1. S338F had identical inhibitory interactions with
both WT and variant KCNE1 (Figure 5E).

S338F mutant traffics normally in the presence of
KCNE1
To explore the possibility of trafficking defects, cell surface
biotinylation experiments were performed in HEK293 cells
transfected with combinations of FLAG-tagged WTKCNQ1, Myc-tagged S338F-KCNQ1, and HA-tagged
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KCNE1 (see Supplemental Methods). As expected, WT
Q1:E1 channels appeared as bands at 75 and 100 kDa
(KCNQ1) and 15 kDa (KCNE1), which were enriched at the
membrane surface (Figure 6A). Equivalent membrane
enrichment was seen for S338F Q1:E1 channels
(Figure 6B), arguing against a KCNE1-induced trafficking
defect. Confirming these findings, immunocytochemistry
demonstrated colocalization of all 3 proteins at the cell
surface, alone and in combination (Figure 6C–6F). WT
KCNQ1 was observed at the cell surface when co-expressed
with KCNE1 (Figure 6C), with some intracellular staining
reflecting high channel overexpression as noted elsewhere.24

Figure 6 KCNQ1 S338F-KCNE1 channels traffic
normally to plasma membrane. A: Biotinylation
identifies membrane-localized wild-type (WT)
KCNQ1-KCNE1 channels. B ¼ bound fraction of
cell lysates; NT ¼ nontransfected; Unb ¼ unbound
fraction of cell lysates; WT ¼ KCNQ1 WT-FLAG.
B: Equivalent membrane localization of WT and
S338F mutant KCNQ1 in the presence of KCNE1.
Left lane: Biotinylated fraction of WT KCNQ1FLAG and KCNE1-HA-transfected HEK293 cells.
Right lane: Biotinylated fraction of KCNQ1-S338FMYC and KCNE1-HA-transfected HEK293 cells.
C–F: Membrane colocalization of WT and S338F
mutant KCNQ1 in the presence of KCNE1. C:
Membrane localization of WT KCNQ1-FLAG in
the presence of WT KCNE1-HA. Arrows denote
fluorescent signal at the cell surface; star denotes
signal within the intracellular compartment. The
nucleus has been counterstained with 40 ,6-diamidino-2-phenylindole (blue). D: Membrane colocalization of KCNQ1 S338F and KCNE1. Green denotes
S338F KCNQ1-MYC; red denotes WT KCNE1-HA.
Colocalization (yellow) can be seen at the cell surface
(arrow) and within the interior of the cell (star). E:
Membrane colocalization of KCNQ1 S338F and
KCNE1 in the presence of WT KCNQ1. Red denotes
anti-HA (KCNE1); green denotes anti-MYC (S338F
KCNQ1). F: Membrane colocalization of KCNQ1
S338F and KCNQ1 WT in the presence of KCNE1.
Triple-transfected cells as in panel E were imaged for
S338F (MYC; green) and WT KCNQ1 (FLAG; red).
Again note signal colocalization at the cell membrane
(arrow) and, to a lesser extent, within the cell interior
(star).

KCNQ1 S338F similarly colocalized with KCNE1 at the
plasma membrane, both in the absence (Figure 6D) and in
the presence (Figures 6E and 6F) of WT KCNQ1. These
results additionally exclude the possibility that the dominant
negative effect of the S338F mutant on WT channels results
from a trafficking defect arising in heteromeric channels.

Structural modeling of KCNQ1 WT and S338F mutant
interactions with KCNE1
We used MODELLER software to build closed-state structures of the WT and S338F/F339S variants of KCNQ1
channels, assuming a tetramer with a fourfold axis of
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Figure 7 Structural modeling of KCNQ1 mutant channels. A and B: Model of wild-type (WT) KCNQ1 channel in the closed state. A (Bottom view): As
visualized along an axis perpendicular to the plane of the cell membrane from the cytosolic side. Dashed circles and connecting arrows show the direction of
rotation of the VS domain during channel opening. Red dot denotes the central pore. B (Side view): In the plane of the cell membrane. Blue, green, cyan, and
purple denote individual monomers; gray denotes the S4-S5 helical linker connecting the VS domain (helices S1-S4) to the pore-forming domain (helices S5/P/
S6) within each monomer; red arrow denotes the path of potassium ions. C and D: Impact of the S338F variant on the KCNQ1 channel structure. In parts C and
D, the interface of 2 monomers (cyan and green) is highlighted within the tetrameric KCNQ1. Gray denotes the S4-S5 helical linker. C: Model of KCNQ1 WT in
the closed state. D: Model of KCNQ1 S338F in the closed state. Red denotes side-chain moieties of residues S338/F338 in the S6 helix, which are shown
interacting through van der Waals forces with W248/L251 residues in the S4-S5 helical linker of an adjacent monomer. E and F: Impact of the F339S variant on
the KCNQ1 channel structure. In these models, only 1 monomer is shown (blue) so as to highlight interhelical interactions within each monomer. Gray denotes
the S4-S5 helical linker; red denotes side-chain moieties of F339/S339 and T265/I268 involved in intramolecular van der Waals contacts between S5 and S6
helices. E: Model of KCNQE1 WT in the closed state. F: Model of KCNQ1 F339S in the closed state.

symmetry (Figure 7A); each monomer contains an Nterminal voltage sensor (VS) domain and a C-terminal
pore-forming domain.17 The pore domain of each monomer
crosses over its neighbor in an orthogonal fashion, creating
the central ion-conducting channel. Because the extracellular
opening of the pore always remains open, gating of the
cytosolic vestibule is key to controlling ion flow (Figure 7B).

Importantly, the VS and pore domains are connected by a
short S4-S5 helical linker that is critical for transmitting
voltage-induced conformational changes in the VS to opening
of the pore. At the cytosolic gate, the S6 C-terminal hinges
outward, enforced by a proline at residue 343, creating an
opening for ions.17,25 Our model predicts that in the closed
state (Figure 7A), the S6 C hinge is forced to straighten by
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steric hindrance applied downward by the S4-S5 helical linker.
In this conformation, the interwoven S6 helices close off the
cytosolic vestibule of the pore. During membrane depolarization, the VS domains undergo a synchronized rotation about
an axis perpendicular to the membrane plane17,25 (see rotational arrow in Figure 7A). This movement pulls the S4-S5
helical linker away from S6, allowing the S6 helix to bend at
its hinge point at residue P343 and splay outward from the
central axis of the channel. This bending results in the opening
of the cytosolic pore to Kþ ions (Figure 7B).
Both S338 and F339 residues are located within the
functionally critical S6 helix and lie just 1 helical turn above
the hinge at residue P343. Structural modeling of the
tetrameric channel revealed that S338 in 1 monomer lies
close to residues W248 and L251 within the S4-S5 linker of
the neighboring monomer (Figure 7C and Supplementary
File 2). Thus, the substitution of a small polar serine with a
more bulky and apolar phenylalanine at this position will
likely result in the formation of a tight network of van der
Waals contacts among these residues (Figure 7D and
Supplementary File 3). In particular, overlapping of electron
clouds of the benzyl ring of F338 with those of the indole
moiety of W248 and the aliphatic side chain of L152 would
be highly energetically favorable. The result is to create a new
stable interaction between the S4-S5 linker of 1 monomer and
the S6 helix of another that does not exist in the WT tetramer.
Such an interaction would increase the energy required to
displace the S4-S5 linker away from S6, and channel opening
would thus require a higher membrane potential.

Structural modeling of KCNQ1 WT and F339S mutant
interactions
As described above, opening of the inner channel pore involves
bending and outward splaying of the S6 helices at the hinge
centered at position P343. During depolarization, the rotation of
the VS domains (Figure 7A) applies torque to the S5 helix that
is transmitted to S6 just above the hinge, promoting its outward
bending and opening of the channel. Transmission of this
torque requires a strong network of van der Waals adhesive
contacts between the antiparallel S5 and S6 helices (Figure 7A).
One strong adhesive contact is formed by sandwiching the
benzyl ring of F339 in S6 between the aliphatic side chains of
T265 and I268 in S5 (Figure 7E and Supplementary File 2). Our
model shows that the substitution of the bulky apolar phenylalanine with a small polar serine in the F339S mutant would
disrupt this contact, uncouple the S6 C-terminus from voltagedependent opening forces (Figure 7F and Supplementary File
4), and irreversibly inactivate the KCNQ1 channel.

Discussion
Our observations identify a novel KCNQ1 mutation that
qualitatively alters the effect of its accessory subunit KCNE1
from a positive modulation to a negative one, thereby
profoundly depressing the current density of IKs over a wide
range of voltages. In the absence of KCNE1, homomeric
S338F forms functional channels, exhibiting a positive shift

Heart Rhythm, Vol 10, No 5, May 2013
in voltage-dependent activation, reminiscent of the rightward
shift in the voltage dependence of channel activation that
occurs when KCNQ1 complexes with KCNE1.26 Our model
shows that the S338F substitution causes this rightward shift
by creating a new “sticky” intermolecular bond between S6
and the S4-S5 linker that impedes voltage-induced movement
of the linker away from the pore. Since this movement is
required for pore opening, as shown by molecular dynamics
simulations17,27,28 (see Supplementary Files 2 and 3), greater
energy is required to open the channel, which is in excellent
agreement with our electrophysiologic data.
Our model further explains the catastrophic impact of
adding KCNE1 to S338F homotetramers. Cysteine mapping
and mutagenesis have identified multiple points of contact
between KCNQ1 and KCNE1, notably between the E1
transmembrane domain and the Q1 S6 domain (including
residues S338 and F339), between the E1 transmembrane
domain and the Q1 S1 domain of a different subunit, and
between the E1 extracellular domain and the S1-S2 linker of
Q1.10,26,27,29 Importantly, a recent structural model suggests
that KCNE1 contacts the S4-S5 helix from the side opposite to
that pressing on the S6 helix. This contact impedes the S4-S5
linker movement and thereby increases the voltage required
for pore opening.17,30 The “sandwiching” of the S4-S5 linker
between the new sticky interior phenylalanine and the exterior
KCNE1 C-terminus effectively immobilizes the S4-S5 helical
linker, rendering the channel unable to open.
Another interesting observation is that heterotetramers of
WT and S338F channels conduct much less current than
homotetramers of either protein. Again, our model predicts
that the mutant phenylalanine of 1 monomer interacts with
residues of a neighboring subunit, so that WT KCNQ1
gating or interaction with endogenous oocyte KCNE-like
proteins could be affected by the presence of 1 or more
S338F subunits within the same complex. Alternatively, the
presence of the large substitution at aa338 could impair the
4-sided symmetry of the heterotetrameric pore structure.
The adjacent F339S mutation from proband 2 results in a
nonfunctional channel. It, like the S338F mutant, exerted
dominant-negative effects on WT channel function, providing strong support for the concept that it is translated and
assembled into complexes with WT KCNQ1. Although we
cannot exclude a coassembly induced trafficking defect, our
structural model predicts that the F339S mutation disrupts a
critical strong contact between S5 and S6 (Figure 7F and
Supplementary File 4) that is highly likely to result in
misfolding and, consequently, either irreversible inactivation
of the channel or failure to form functional channels at the
surface. Our functional and structural data are consistent with
and expand on those of Yang et al,13 who previously
identified the F339S mutation and localized it to a critical
interhelical position in S6. It is intriguing to speculate that
the lack of clinical events in proband 2 is related to the
presence of a nonfunctioning channel, as opposed to the
dysfunctional channel in the family of proband 1.
The apparent lack of impact of coexisting rare KCNE1 and
KCNE2 variants in the family of proband 1 is noteworthy,
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although the small number of individuals prevents conclusive
interpretation.21,23,31 The D85N variant lies near a KCNQ1interacting D76 residue11 and has been associated with greater
QT interval length (þ10.5 ms).32,33 Both KCNE1 D85N and
KCNE2 Q9E variants have been implicated in drug-induced
LQTS and torsades de pointes,20–23 and D85N is frequently
identified as a second variant in patients with LQTS with other
mutations.34 In our studies, the presence of the D85N variant
had no effect—positive or negative—on S338F channel
conductance, possibly because the inhibitory interaction
between KCNE1 and KCNQ1 involves other contacts or
because the negative effect of S338F conceals the more subtle
effects of KCNE1 D85N on IKs.
One potential limitation of these studies is the presence of
competing effects of endogenous KCNQ1-like and KCNE1like channels previously identified in X. laevis oocytes.
However, the background currents contributed by these
channels were minimal throughout these experiments, and
it is unlikely that such currents masked important differences
between the WT and mutant channels or had mutationspecific impact on the exogenous channels.
The novel insight provided by our study is the identification of a mutation that causes abnormal bonding between
a-subunit amino acids within the tetramer, the effect of
which is magnified by the stabilizing effect of KCNE1
binding. Our findings further reinforce the importance for
channel gating and kinetics of direct contacts between
positions S338 and F339 in Q1 with E1 transmembrane
residues, as reported by others,26,35 and additionally provide
a new view of steric interactions among subunits of the
homotetramer and accessory subunits that affect the energy
requirements for gating.
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