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Long QT syndrome type 1: clinical @
and functional characterization of KCNQ1
variant c.1111G>C
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Abstract

Background Congenital long QT syndrome is a clinical disorder of genetic origin characterized by delayed
repolarization of the myocardium, electrocardiographic QT prolongation, and increased risk of syncope, and

sudden cardiac death due to polymorphic ventricular tachycardia. KCNQ1-related congenital long QT syndrome
(LQT1) is the most prevalent of the long QT syndrome genetic subgroups and is typically caused by pathogenic
missense or protein-truncating gene variants. Phenotypic features, computational analysis, and electrophysiological
characterization of the variant are essential steps in assessing the pathogenicity of DNA variants and contribute to the
future management of patients.

Methods We report the results of the clinical evaluation of five Lithuanian families with a rare pathogenic
heterozygous KCNQT variant ¢.1111G> C [p.(Ala371Pro)], including computational Kv7.1 protein structure analysis,
molecular dynamics simulations, and electrophysiological characterization of the affected Kv7.1 channel.

Results The individuals with the pathogenic variant (n=9) exhibited phenotypic LQTS features during an exercise
stress test (mean QTc during peak exercise was 497 +26 ms; mean QTc during the 4th minute of the recovery —

485+ 22 ms) despite the low penetrance in the resting 12-lead ECG (mean QTc 423 +37 ms) or their symptomatic
status. The sudden cardiac deaths of two females at the age of 34 years were reported in these families. Molecular
dynamics simulations showed that the change p.Ala371Pro might disrupt the structure of the helix A in the Kv7.1
protein. Functional evaluation revealed that the pathogenic variant reduced the conductance of the channel by 46%,
while the voltage dependence of activation was not affected.

Conclusions This is the first functional description of the KCNQT variant ¢.1111G> C that causes LQT1 phenotypic
features. The variant is highly suggestive of the risk of disease-related cardiac events, particularly under adrenergic
urge.
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Background

Congenital long QT syndrome (LQTS) (ORPHA:101016)
is the first described and most common cardiac chan-
nelopathy. It is a clinical disorder of genetic origin char-
acterized by delayed repolarization of the myocardium,
electrocardiographic QT prolongation, and height-
ened risk of syncope, and sudden cardiac death due to
polymorphic ventricular tachycardia known as Tors-
ades de Pointes [1]. Pathogenic variants in the KCNQI
(MIM#607542), KCNH2 (MIM#152427), and SCNSA
(MIM#600163) genes are the leading causes of the dis-
ease. KCNQI-related LQTS (MIM#192500) comprises
45% of the disease and is the most prevalent of the three
major LQTS genetic subgroups [2].

KCNQI1 encodes the voltage-gated potassium channel
a-subunit (Kv7.1, UniProtKB P51787), which is respon-
sible for the slow-activating, late-repolarizing potassium
current (I,) in the human heart. Kv7.1 forms homotet-
ramers and assembles with the B-subunit encoded by
KCNE]I [3]. Each Kv7.1 monomer contains an intracel-
lular N-terminal helix (residues 1-121), six membrane-
spanning segments with a voltage-sensing domain and
a pore domain (residues 122-348), and four intracellu-
lar C-terminal helices A-D (residues 349-676) [4]. The
function of the channel is regulated by KCNE1, calmodu-
lin, and other regulators [5, 6].

Pathogenic variants in KCNQI can cause KCNQI-
related LQTS and other phenotypes. Protein-truncating
and missense variants are known to be causative. How-
ever, genotype—phenotype correlations are unclear, and
there is still a lack of knowledge of how pathogenic vari-
ants change channel structure and function. Electro-
physiological characterization of ion channel alterations
is increasingly recognized as a critical step in assessing
the pathogenicity of DNA variants, particularly missense
variants. Functional testing provides essential biophysical
evidence to support genotype—phenotype relationships
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and to ensure that genetic findings are clinically relevant
[7].

We report on the KCNQI1 variant
NM_000218.3:c.1111G>C, NP_000209.2:p.(Ala371Pro),
(rs199473412), which was identified in five seemingly
unrelated Lithuanian families tested due to LQTS. Clini-
cal features of variably affected adults, the results of pro-
tein modelling and electrophysiological experiments are
presented.

Materials and methods

Enrolment and clinical evaluation

Five Lithuanian families (Fig. 1, Suppl. Mat. 1)
with the rare pathogenic KCNQI variant NM_
000218.3:c.1111G > C were identified at Vilnius Univer-
sity Hospital Santaros Klinikos. A comprehensive clinical
evaluation of nine adults was performed between Decem-
ber 2022 and December 2023 during their follow-up
according to the study protocol. The study was approved
by the Regional Committee for Biomedical Research Eth-
ics. All subjects gave their written informed consent. The
investigation was conducted according to the principles
of the Helsinki Declaration. Clinical evaluation included
anamnesis of disease-related symptoms, collection of
family history, 12-lead ECGs at rest in a supine position
and at brisk standing, transthoracic echocardiography
with left ventricle (LV) strain analysis, and exercise stress
test (EST) (Suppl. Mat. 2).

Next-generation sequencing

Next-generation sequencing analysis of the probands’
peripheral blood genomic DNA (III-1 from the 2nd fam-
ily and II-1 from the 5th family, Fig. 1) was performed
using the TruSight Cardio Sequencing panel (Illumina
Inc., San Diego, CA). One hundred seventy genes were
analyzed, including the genes associated with pro-
longed QT (Suppl. Mat. 3). Prepared DNA libraries were
sequenced on the Illumina MiSeq system. Data analysis

p whiwt_ /wt *Iwt__ wi/wt ]
D O [] D O
1 ) 1 2 1 V2 1 2 1 2
53yrs 59yrs
‘ “Iwt % /i ‘ *w *lwt
1 O | @) ® [ &5 &
1 2 3 4 1 §4 i 3 1 2 1-4 1
y
il i Wit *fwt 1. whwt_ wiwl_Twt Tt , 3rd 4th 5th
O @ O"0"e ST "R e @
i 2 5] 4 W5 67 1 2 3 4 5 6 78
34yrs |
v */wb *fwt <> *fwt S wt/thS *fwt 4
1 2 3 4-5 6 7 2 3
1st 2nd

Fig. 1 Genealogies of 1st-5th families. Arrows indicate probands. Black symbols show affected individuals. Asterisks indicate a KCNQT variant
NM_000218.3:c.1111G>C, NP_000209.2:p.Ala371Pro (rs199473412). WT — wild type. A diamond shape indicates unspecified gender
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was performed using a standard Illumina bioinformatic
workflow. The variants were analyzed and annotated
using VariantStudio 3.0 software. In silico analysis of the
variants was performed using Mutation Taster [8], Poly-
Phen-2 [9], SIFT Human Protein [10], and similar tools.

Polymerase chain reactions and Sanger sequencing
Polymerase chain reaction (PCR) was performed on
gDNA regions flanking the KCNQI variant NM_
000218.3:c.1111G > C, NP_000209.2:p.(Ala371Pro),
(rs199473412) in the remaining adult samples, using
primers designed with the Primer-Blast tool [11]. The
resulting PCR products were sequenced using the Big-
Dye® Terminator v3.1 Cycle Sequencing Kit (Thermo
Fisher Scientific, USA) and ABI 3130xL Genetic Analyser
(Thermo Fisher Scientific, USA). The obtained sequences
were then aligned with the reference sequence of the
KCNQI (NCBL: NM_ 000218.3).

Analysis of protein structure and molecular dynamics
simulations

Protein sequence was downloaded from the UniProt
database (UniProt: P51787) [12]. Structural data on pro-
tein interactions were queried and analyzed using the
PPI3D web server [13]. The structure models for the frag-
ment of KCNQI1-calmodulin interaction (involving only
helices HA and HB from KCNQ1) containing Ala371Pro
and Ala371Thr variants were generated by homology
modelling in the PPI3D web server [14] using PDB struc-
ture 6VO0O as a template [15].

Molecular dynamics simulations were performed
using GROMACS software (2020.4 version) [16], using
CHARMM36m parameters for the protein (July 2021
version) [17]. The protein was placed in a dodecahedral
periodic simulation box with a 10 A distance between
the protein and the box boundary. The box was filled
with CHARMM-modified TIP3P water molecules [18]
and several sodium and chloride ions to recreate a 0.15
M salt concentration and to keep the system neutral. To
explore the reproducibility of the results, three different
copies of the same system were created with a different
initial placement of ions using different random seeds.
The clashes in the assembled protein-solvent system
were removed by performing steepest descent optimi-
zation until the maximum force threshold on any of the
atoms reached 1000 kJxmol 'xnm™ . Afterwards, the
system underwent 100 picosecond NVT (constant num-
ber of particles, constant volume, constant temperature)
equilibration using 2 fs time steps at 300 K temperature,
with the positions of the nonhydrogen atoms of the pro-
tein constrained in space, allowing the protein hydro-
gens, water solvent and ions to relax and rearrange. The
final step, a 500 ns constant temperature production run
for each of the three copies, was carried out using the
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following settings/parameters: 2 fs time steps; V-rescal-
ing algorithm for the temperature coupling with t = 0.1
ps time constant, using the protein atoms versus the rest
of the system as two coupled groups; Parrinello-Rahman
algorithm for the pressure coupling with 1, = 2 ps time
constant and 4.5 x 10~ bar ~ ! isothermal compressibil-
ity for water; Verlet cutoff scheme; Particle Mesh Ewald
(PME) algorithm for the electrostatic interactions with a
1.2 nm cutoff and 4th-order cubic interpolation with 0.16
nm grid spacing for Fast Fourier Transform; 1.2 nm cutoff
for the van der Waals interactions; snapshots recorded to
the hard drive with 1 ns interval. The resulting trajecto-
ries were analyzed using the Bio3D library (version 2.4.5)
in R [19]. The structural elements of the trajectories were
analyzed using DSSP program (v. 4.5.6) [20]. The amino
residue contacts were analyzed using Voronota-JS expan-
sion of Voronota software (v. 1.29.4307) [21].

Plasmid mutagenesis and bacterial cloning

For wild type KCNQI expression, plasmid
pIRES(A7Mut) CyOFP1_KCNQI was used, it was a gift
from Al George (Addgene plasmid # 173162; http://n2t
.net/addgene:173162; RRID: Addgene 173162). KCNQI
variant NM_000218.3: ¢.1111G>C was created follow-
ing the Thermo Scientific site-directed mutagenesis
protocol, according to the manufacturer’s guidelines.
Bacterial colonies were screened by PCR and restriction
analysis. Altered sequence region was verified by Sanger
sequencing.

Cell transfection

Human embryonic kidney (HEK293T/17) cells (ATCC)
were seeded in 24-well plates (Thermo Scientific Bio-
lite 24-well Multidish) at 80,000 cells/ml density, a day
before the transfection. According to the manufacturer’s
protocol, the Lipofectamine® 3000 Transfection Reagent
(Thermo Fisher Scientific) was used for transient trans-
fection. KCNE1 coding plasmid was pIRES_EGFP_
GA_KCNEL], it was a gift from Al George (Addgene
plasmid # 173160; http://n2t.net/addgene:173160; RRID:
Addgene_173160). Cells were transfected with differ-
ent plasmid combinations (KCNQ1_wt; KCNQ1_mut;
KCNQ1_wt+KCNE1, KCNQI1_mut+KCNE1), main-
taining the plasmid DNA amount recommended by
manufacturer. After transfection, cells were incubated
(37 °C, 5% CO,) and allowed to express the transgene for
2448 h before electrophysiological analysis.

Electrophysiological recording

Whole-cell voltage-clamp recordings were performed
on human embryonic kidney (HEK293) cells trans-
fected with wild-type KCNQ1 (WT) or with the KCNQ1
p.(Ala371Pro) variant (A371P), together with the
KCNE1 subunit. The HEK293 cell line was chosen due
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to its consistent morphology [22], adhesion character-
istics [23], and widespread use in ion channel research
[24], making it a well-established model for functional
analysis. Plasmids co-expressing KCNQ1 (together with
CyOFP1) and KCNEL1 (together with EGFP) were used
to identify transfected cells for the voltage-clamp record-
ings. Cells exhibiting fluorescence, indicating successful
transfection, were selected for the electrophysiological
recordings.

Recordings were conducted at room temperature
(21+1 °C) 2-3 days post-transfection using a Multi-
clamp 700B amplifier (Molecular Devices) controlled
by pCLAMP 10.5 software (Molecular Devices). Patch
microelectrodes were pulled from borosilicate glass
capillaries using a Flaming/Brown micropipette puller
(Model P-1000; Sutter Instrument Co., USA) and had a
resistance of 2—-4 MQ when filled with the intracellular
solution.

The intracellular solution contained (in mM): 140 KCI,
1 Na2-ATP, 2 EGTA, 10 HEPES, 0.1 CaCl2, 1 MgCl2,
and 10 glucose, with pH adjusted to 7.4 using KOH. The
extracellular solution contained (in mM): 140 NaCl, 4
KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose, with
pH adjusted to 7.4 using NaOH. Chromanol 293B, dis-
solved in DMSO at a final concentration of 10 uM, was
used as a specific inhibitor of KCNQ1 channels.

Membrane currents were recorded using the voltage-
clamp protocol that starts from a holding potential of -90
mV and depolarizing steps of 2-s duration and applied
in 20 mV increments up to + 70 mV. The steady current
values at the end of a 2-s pulse were used for evaluation.
The activation threshold for the KCNQI1 current was
near — 40 mV [25]. To assess leak conductance, currents
at three subthreshold potentials (-90, -70, and - 50 mV)
were used for the linear extrapolation of leak currents at
-30— +70 mV. Leak subtraction resulted in the isolation of
the voltage-dependent current component. The voltage-
dependent current components were normalized to the
cell membrane capacitance to obtain current densities
(pA/pE).

Current densities were also used to generate conduc-
tance-voltage (G-V) curves to determine the voltage
dependence of channel activation. To obtain G-V curves,
the change in current (AI) was divided by the change in
membrane potential (AV) at each voltage step. The G,
and V,,, were obtained by fitting the G-V curve with a
Boltzmann equation (Origin Pro).

Gmax — Gmi
G (V) = szn + ( max Vir‘l/l.m‘) (1)
Gpin is the minimal conductance, G,,,, is the maxi-

mal conductance, Vy,, is the voltage where 50% of the
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maximal conductance level is reached and s is the slope
factor.

The Shapiro-Wilk test (Origin Pro) was used to assess
normality. Since the data did not follow a normal dis-
tribution, statistical analysis was performed using the
non-parametric Kruskal-Wallis test (Origin Pro) to
evaluate statistically significant differences among mul-
tiple groups. The Mann-Whitney U test (Origin Pro)
assessed statistically significant differences between
the two groups. Statistical significance was defined as
p<0.05. In the figures, significance levels are indicated
as follows: *p<0.05, ***p <0.005. Results are presented as

mean + standard error, with “n” representing the number
of cells.

Results

Clinical evaluation

The demographic, clinical and electromechanical char-
acteristics of individuals with the heterozygous KCNQI
variant ¢.1111G > C were analyzed (Table 1). Nine adults
with an insignificant predominance of males (56%) were
included in the study; the mean age of the patients was
33.4+10.8 years. Four patients (44%) were considered
symptomatic: one had multiple syncopal episodes dur-
ing physical activity (playing competitive sports games),
and the other three experienced arrhythmical presyn-
cope, provoked by physical exertion. Manifestation of the
disease-related symptoms was observed from childhood
to puberty within the range of 10 to 16 years. Between
the molecular diagnosis and clinical investigation (mean
3.7+ 1.3 years), all patients were asymptomatic, though
four patients (44%) were taking beta-blockers (propran-
olol). Sudden cardiac deaths were observed in three out
of five unrelated LQT1 families: the deaths of females at
the age of 34 years (II-2, 2nd family; III-4, 1st family, both
obligatory had a familial variant), the death of the male
at 53 years of age (I-1, 2nd family) and male at the age of
59 years (I-1, 5th family). During clinical evaluation, pen-
etration in the 12-lead ECG at rest was observed in one
patient (III-1, 2nd family). Overall, in the 12-lead ECG at
rest, mean QTc was 423 + 37 ms and median QTc was 422
(392; 454) ms. Abnormal Tpeak-Tend and Tpeak-Tend/
QT ratio values or those related to high arrhythmic risk
were not observed in the cohort. Upon standing briskly,
four patients (44%) developed penetration in the 12-lead
ECG. Mean QTc was 453+ 18 ms and median QTc was
459 (439; 466) ms when standing briskly. During the 4th
minute of the recovery phase of the EST, four patients
(44%) developed diagnostic QTc prolongation of >480
ms. The mean observed QTc during the 4th minute of
the recovery phase of the EST was 485+22 ms and the
median was 478 (472; 503) ms. During the peak exercise
phase, eight patients (89%) developed QTc prolonga-
tion of >480 ms. Mean QTc was 497 £+ 26 ms and median
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Table 1 Comparison of clinical and electromechanical phenotype of the variant carriers

No 11-1, 1st -3,1st 1I-1,2nd 1I-1,2nd 1I-5,2nd 11I-6,2nd  1-2,3rd I-1,4th [I-1, 5th
Sex M M F F M F F M M

Onset of symptoms, years 14 none none none 1 10 none none 16

Age at molecular diagnosis, years 35 32 45 13 25 19 33 45 18

Age during clinical evaluation, years 38 34 49 18 29 23 39 47 24
Syncope/presyncope with stress presyncope none none none syncope  presyncope none none presyncope
Resting QTc?, ms 374 437 452 468 447 427 417 416 409

Brisk standing QTc? ms 437 452 462 437 469 459 421 473 465

EST peak exercise QTc?, ms 504 532 482 481 483 520 447 513 511

EST 4th min of recovery QTc?, ms 463 490 478 510 474 503 454 517 472
Tpeak-Tend, ms 40 80 67 80 80 80 80 80 40
Tpeak-Tend/QT ratio 0.11 022 0.16 0.18 0.18 0.27 0.22 0.18 0.11

GLS, % -20.1 -174 =216 —22.7 -204 -215 —24.7 N/A N/A

EMW, ms 0 =37 -13 -8 -14 -18 19 N/A N/A
Longitudinal mechanical dispersion, ms 27 41 26 32 37 20 34 N/A N/A

EMW Electromechanical window, EST Exercise stress test, F Female, GLS Global longitudinal strain, M Male, SCD Sudden cardiac death

acorrected QT values were calculated using the Bazett formula
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Fig. 2 Left: llI-3 1st family member QTc dynamics* in 12-lead ECG during EST. A PRETEST/at rest HR=86 bpm, QTc 429 ms; (B) 200 W/peak exercise
HR=163 bpm, QTc 532 ms; (C) 1 st min of recovery HR=150 bpm, QTc 506 ms; (D) 4th min of recovery HR=115 bpm, QTc 490 ms. Right: grafical QTc
dynamics of all patients during exercise stress test. HR — heart rate, bpm — beats per minute, R 1 min - 1 st min of recovery; R4 min — 4th min of recovery. *
RR-QT couples measured in lead Il, corrected with the Bazett formula and average provided

QTc was 504 (482; 513) ms during this stage of the EST
(Fig. 2).

All patients had normal LV ejection fraction (>55%)
and no concomitant structural heart disease or signs of
myocardial ischemia during transthoracic echocardiog-
raphy. LV strain analysis was performed, and the elec-
tromechanical window (EMW) was calculated in seven
patients from the cohort. The data of two patients was
lost during the image transmission process. One patient
had reduced global longitudinal strain (GLS) (III-3, 2nd
family, GLS -17.4%). The rest had GLS within normal
ranges. Significant longitudinal mechanical dispersion
was observed in three patients (43%). The mean value of
longitudinal mechanical dispersion was 31.0+7.2 ms. A
majority of the patients (71%) had negative EMW.

One patient (I-2, 3rd family) in the cohort was asymp-
tomatic, and her electromechanical parameters remained
in the normal range during the entire clinical evaluation.

Genetic findings

Heterozygous KCNQI variant NM_000218.3:c.1111G
> C, NP_000209.2:p.(Ala371Pro), (rs199473412) was
detected in 2 probands from 3rd and 5th families by
next-generation sequencing and seven other individu-
als from 1st — 4th families by Sanger sequencing. There
are reports of alternative pathogenic variant ¢.1111G >
A disrupting the same amino acid residue in KCNQI and
possibly resulting in p.(Ala371Thr) substitution [26—29].
KCNQI variant ¢.1111G > C was not found in the gno-
mAD v4.0.0 database [30]. ClinVar includes an entry for
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this genomic variant (ID: 237221). In silico analysis pre-
dicted that this variant in a protein’s sequence is likely
to cause functional damage: PolyPhen—possibly patho-
genic (1), Sift—pathogenic (0), MutT—pathogenic (0.99),
AlphaMissense predicts the variant as pathogenic (0.999)
[31]. The variant is classified as pathogenic according to
ACMG criteria (14 points: PM1 strong, PM5 strong, PP3
strong, PM2 supporting, PP5 supporting).

Protein structure analysis and molecular dynamics
simulations
KCNQL1 is a transmembrane protein, forming a tetra-
meric potassium channel. Each KCNQI1 subunit binds
calmodulin, an obligatory subunit of the channel, and
other regulatory subunits (KCNEs 1-5) and signaling
lipid phosphatidylinositol 4,5-bisphosphate [15, 30]. In
the known experimental structures of KCNQI, the pro-
tein forms a domain-swapped tetramer in the membrane,
and each KCNQI subunit interacts with one calmodulin
molecule in the cytosolic part (Fig. 3, A). Residue 371 is
located at this KCNQI1-calmodulin interaction interface.
To investigate possible impacts of the p.Ala371Pro
substitution on the protein structure, 500 ns molecular
dynamics simulations were performed on wild-type and
mutant protein fragments. Each simulation was done
in three copies to ensure the reproducibility of the cal-
culations. Root Mean Square Deviations (RMSD) from
the initial structure show that simulations converge to
equilibrium, with the RMSDs in the last 100 ns of the
simulation being between 2.5 and 3 A (not shown). The
500 ns snapshots from the six runs are displayed in Fig.
3B. Partial unwinding of the helical structure is visible
where the altered residue 371 is located after introducing
the change from alanine to proline. HA helix has been
shown to participate in significant and conserved con-
formational changes, necessary for proper KCNQ1 func-
tioning [15]. According to these simulation results, the

B wild type

A KCNQ1-CaM
dimer

KCNQ1-CaM
hetero 8-mer (A;B,)

| Membrane \ Cytosol

Fig. 3 The structure of KCNQ1-calmodulin (CaM) complex (PDB:6UZZ) (A)
and the results of molecular dynamics simulations of the protein fragment
involving the p.Ala371Pro substitution (B). KCNQT1 is green, calmodulin is
blue, and the altered residue 371 is shown in yellow spheres. Predicted
structural differences between two protein forms are highlighted in red
circles
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substitution p.Ala371Pro may disrupt the structure and
impact the protein function.

Another pathogenic variant of the same residue has
been reported, p.Ala371Thr [26-29]. To compare the
structural consequences of these two substitutions, we
also performed simulations of the p.Ala371Thr variant
using the same protocol. We compared the a-helix occu-
pancies for residues 366—376, the helix starting position,
and contacts of the residue 371 with calmodulin (Suppl.
Mat. 4 Table S1). According to the simulation results,
the variant p.Ala371Thr does not affect the a-helix, but
both variants seem to form more contacts with calmod-
ulin than the wild-type protein. Moreover, additional
hydrogen bonding was observed in our models of the
p-Ala371Thr variant, which can also affect the protein
function (Suppl. Mat. 4 Fig. S1). Thus, at the structural
level the newly reported substitution p.Ala371Pro seems
different from the previously known variant p.Ala371Thr.

Functional evaluation

Identification and selection of cells expressing KCNQ1
Pathogenic variants in KCNQ1 alter the [, causing a
prolonged QT interval [3] and, in rare cases, short QT
syndrome [33, 34]. To investigate the functional effects
of the p.(Ala371Pro) variant in KCNQ1, HEK293 cells
were transfected with either wild-type (WT) or mutant
(A371P) KCNQI1 channels together with KCNE1 sub-
unit. Transfected cells expressing KCNQ1 or KCNE1
were identified for electrophysiological analysis based
on CyOFP1 fluorescence (co-expressed with KCNQ1) or
EGFP fluorescence (co-expressed with KCNE1) (Fig. 4).

KCNQ1 variant causes a significant reduction in current
density

In the heart, the functional Kv7.1 channels are assem-
bled with KCNE1 subunits, which substantially alter
the function and biophysical properties of the channel.
KCNEI1 notably enhances KCNQ1 current amplitude [3,
35, 36]. Given this, we examined how A371P influence
the electrophysiological properties of KCNQ1 + KCNE1
channels.

Representative current traces of HEK293 cells trans-
fected with WT+KCNE1 and A371P+KCNE1 are
presented in Fig. 5, A. Significant differences between
current densities of tested groups were observed
even at +10 mV and became progressively larger with
increasing depolarization steps (Fig. 5, B). At +30 mV,
WT +KCNE1 produced a significantly higher current
density (15.8+1.09, pA/pF, n=11) than A371P + KCNE1
(10.84+0.48 pA/pF, n=24, Fig. 5, B). At +70 mV, this
difference was even higher, 33.92+2.44 pA/pF, n=11
in WT+KCNE1 and 19.87+0.86 pA/pF, n=24 in
A371P + KCNEL1 (Fig. 5, B). These findings demonstrate
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Fig. 4 Left: Light microscopy image showing cell patched with a microelectrode. Right: Fluorescence microscopy image of the same field of view, with

an arrow indicating the CyOFP1-positive patched cell
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Fig.5 A Patch clamp analysis of I, in HEK293 cells transfected with WT +KCNET or A371P +KCNET. A Upper panel: The voltage-clamp protocol that starts
from a holding potential of =90 mV and depolarizing steps of 2-s duration and applied in 20 mV increments up to + 70 mV. Lower panels: Representative
whole-cell current traces. B Dependence of current density on membrane potential (I-V) for the indicated groups. The number of cells in each condition
is specified in the text. Data are shown as mean +SEM. *p <0.05, ***p < 0.005

that the A371P led to a partial loss-of-function in chan-
nels formed by co-expression of KCNQ1 + KCNEI.

Chromanol sensitivity of altered KCNQ1/KCNE1 channels

To verify the origin of observed outward currents, we
tested the sensitivity of these currents to chromanol
293B, a selective KCNQ1 blocker. The current density
observed in cells co-expressing WT + KCNE1 was sig-
nificantly reduced by chromanol to 10.7+3.98 pA/pE,
(n=6; Fig. 6) at +70 mV, confirming the contribution
of currents mediated by KCNQ1 channels. Moreover,
A371P + KCNE1 was also sensitive to chromanol: cur-
rent density was significantly reduced to 10.86 + 1.45 pA/
pE at +70 mV (n=7; Fig. 6). These results suggest that,

although A371P reduces current density, the channel
remains chromanol sensitive.

The effects of KCNQ1 variant on the activation and
conductance of the channel

Reduced current density in A371P+KCNE1 may be
due to reduced channel conductance or shifted volt-
age dependency. A371P + KCNE1 did not alter the volt-
age dependence of activation compared to WT + KCNE1
(Vi/2: =21.16+1.57 mV, n=24 for A371P + KCNEI1 vs.
-15.49+2.1 mV, n=11 for WT +KCNE1; Fig. 7A, C).
However, the maximal conductance (G, Wwas sig-
nificantly reduced in A371P+KCNE1 (0.27+0.01 nS/
pE, n=24) compared to WT+KCNE1 (0.5+0.04 nS/
pE, n=11) (Fig. 7A, B). These findings demonstrate that
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Fig. 6 Current densities (pA/pF) at +70 mV in HEK293 cells transfected with WT+KCNE1 or A371P +KCNE1T with and without Chromanol 293B (10 uM).
Chromanol 293B was applied to block the KCNQ1 current. Bars represent mean + SEM; each diamond corresponds to an individual cell. ***p < 0.005

A371P disrupts normal channel gating by decreasing the
maximal conductance.

Discussion

The KCNQ1 variant c.1111G > C that results in the sub-
stitution p.(Ala371Pro) was identified in our recent anal-
ysis of clinical, electrical, and mechanical characteristics
of congenital LQTS (KCNQI and KCNH2 variants) in
Lithuania [37]. The variant was identified in 5 seemingly
unrelated Lithuanian families, presuming a possibility of
a common ancestor with a founder mutation in our pop-
ulation, which is to be clarified in further experiments. In
this article, we provide a detailed clinical analysis of adult
individuals with the ¢.1111G > C variant in KCNQI and
the results of functional experiments confirming the neg-
ative impact of the amino acid alteration.

The clinical features of nine tested individuals from
five families were heterogeneous, from one asymptom-
atic individual with all electromechanical parameters
normal to four individuals with symptoms during physi-
cal activities in childhood or puberty. There were sudden
cardiac deaths of two females at a young age. The QTc in

a 12-lead ECG at rest was not informative, because only
one patient had QTc prolongation there. QTc interval
prolongation was a “hallmark” of the disease for decades,
and yet, according to the modified LQTS diagnostic score
[38], the clinical diagnosis can be made from repetitive
prolonged QTc values. However, Wilde et al. provided
insight that “a single QTc will never be able to distinguish
all non-LQTS ECGs from all LQTS ECGs” [39]. Further-
more, it is also known from previous studies that the
QTc interval may be within normal range in up to 40%
of all genotype-positive individuals [40]. At peak exercise
phase during the EST, all our patients except one devel-
oped pathological QTc prolongation (from 481 to 532
ms) that failed to shorten properly in the recovery phase.
The cohort demonstrated a QTc adaptation pattern
unique for the LQT1 during exercise and early recov-
ery of the EST as a consequence of the dysfunctional Iy
channels, causing paradoxical QTc prolongation related
to adrenergic stimulation at fast heart rates.

However, risk assessment of the individual currently
relies not only on electrical parameters like the QTc, but
also clinical, genetic, and mutation-specific determinants
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[41]. Electromechanical parameters in LQTS were intro-
duced recently [42-44]. Accumulating evidence [41,
43, 45] demonstrates that LQTS is linked to subclini-
cal global and regional ventricular mechanical abnor-
malities. Sugrue et al. validated the EMW, a mismatch
between the end of electrical and mechanical systole, as a
risk factor in LQTS and showed that it outperformed the
heart rate-corrected QT interval as a predictor of symp-
tomatic status [45]. In our study, the majority of patients
had slightly negative EMW. Longitudinal mechanical dis-
persion, which is thought to mirror the electrical hetero-
geneity arising from prolonged subendocardial Purkinje
fibers action potentials, is also known to be longer in
LQTS patients compared with healthy individuals [43].
Several (43%) of our patients had a longitudinal mechani-
cal dispersion value > 33 ms, which by Haugaa et al. was
proposed to identify LQTS mutation carriers with a his-
tory of events [43].

Observed results of the clinical evaluation of the
KCNQI p.(Ala371Pro) variant carriers can be support-
ive of a pathogenic role of the variant, but any param-
eter cannot be conclusive in isolation. A comprehensive
approach employing electromechanical parameters,
clinical signs, and genetic information for understanding
variant pathogenicity, in line with functional and struc-
tural data, should be used.

max)- € The mid-point of the activation curve (V, ). Bars represent mean + SEM;

The KCNQI p.(Ala371Thr) pathogenic variant has
been previously reported in one family [26]. According
to limited clinical data, the mean QTc in two individu-
als with p.(Ala371Thr) was 506 ms, and sudden death
before 40 years occurred in one of three individuals. Vari-
ants in nearby residues p.(Ser373Pro) and p.(Leu374His)
have been reported as pathogenic [46]. The variant
p-(Ser373Pro) was detected in seven members of a Dutch
family [46]. The QTc values of the carriers varied from
422 to 540 ms (at rest), and sudden deaths of children
were reported, meanwhile most of the family members
with the p.(Leu374His) variant had severe QT interval
prolongation with symptoms observed since the age of
one [47].

The KCNQI variant p.(Ala371Pro) is located in the
proximal part of helix A of the C-terminal region of
Kv7.1. Helices HA and HB interact with calmodulin, an
essential player in channel function and disease biology
[48]. Association with calmodulin is necessary for proper
channel assembly and function [49]. Kapplinger et al.
provided a conservation analysis and an extensive case-
control topology-based study identifying three regions
of high conservation (CR) within the C-terminal regions
of Kv7.1 that have a high probability of LQT1 pathoge-
nicity: CR1 (residues 349-391), CR2 (residues 509-575),
and CR3 (residues 585-607) [50]. Although missense
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pathogenic variants are most commonly detected in the
CR2 region, variants in CR1 may also profoundly affect
on protein structure and function. While our analysis of
protein structure and molecular dynamics simulations
does not provide evidence that the p.Ala371Pro substi-
tution directly alters CaM binding, it suggests possible
protein conformational changes. Furthermore, functional
studies showed that an alternative p.Ala371Thr sub-
stitution impaired CaM binding and disrupted chan-
nel expression [27]. Another study demonstrated that
p.Ala371Thr substitution may affect channel func-
tion via perturbed interactions with the C-terminus of
KCNEL1 [29]. Yet, our molecular dynamics simulations
results suggest that the structural consequences of the
newly reported Pro and previously known Thr substitu-
tions of the residue Ala371 might be partially different.
Using bacterial expression constructs, Gosh et al. also
did not detect any interaction between calmodulin and
KCNQI1 with the p.(Ser373Pro) mutation [51]. More-
over, when expressed in oocytes, KCNQI channels with
p.(Ser373Pro) failed to generate K* currents differently
from those recorded from uninjected control oocytes
over a range of test potentials from — 60 to + 60 mV, sug-
gesting that changes in calmodulin interaction with the
KCNQ1 C-terminus may predispose to LQT1 [51]. Func-
tional characterization of the p.(Leu374His) substitution
revealed that [;,-Leu374His exhibited a complete loss of
function compared to the WT channel [47]. Thus, the
results of both our computational modeling and previous
experimental studies of the nearby residues and an alter-
native change in this position suggest that the substitu-
tion p.(Ala371Pro) may affect the function of the protein.

QTc prolongation is associated with the reduction of
Iy current density, which is generated by the KCNQ1
channel when co-expressed with the accessory p-subunit
KCNEL1. To evaluate I, channel functionality, the com-
plex of KCNQI1 + KCNET1 is usually used [35, 36, 52].
Our results showed that the p.(Ala371Pro) KCNQ1
variant co-expressed with KCNE1 reduced current den-
sity at + 70 mV by about 40%, indicating partial loss of
function. Moreover, the remaining current density was
still chromanol sensitive. The reduction in current den-
sity observed with the p.(Ala371Pro) KCNQ1 variant
co-expressed with KCNE1 is consistent with previous
studies showing that various KCNQ1 pathogenic vari-
ants lead to decreased Iy,. For example, pathogenic vari-
ants in the C-terminal region of KCNQ1 co-expressed
with KCNEL, such as p.(Arg555Cys), besides a reduc-
tion in current density, also cause a marked rightward
shift in the voltage dependence of activation [53]. Simi-
larly, several other C-terminal mutants co-expressed with
KCNE], including p.(Arg555His), p.(Ala590Thr), and
p.(Gly589Asp), have been shown to reduce Iy, current
density and shift the voltage dependence of activation
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to more positive potentials [54-56]. In contrast, some
pathogenic variants, such as p.(Pro535Thr), do not alter
voltage dependence but reduce maximal conductance
[57]. In this study, the detected variant did not affect the
voltage dependence of activation but reduced the maxi-
mal conductance of the channel by 46%. The reported
variant results in a partial loss of function of KCNQ1
channels, which is compatible with observed LQT1 phe-
notypic features.

In our experiments, we investigated the homozygous
form of the p.(Ala371Pro) variant, yet in clinical set-
tings both homozygous and heterozygous carriers are
observed. This distinction is clinically relevant, as dif-
ferences in zygosity can influence the severity of the
phenotype and may involve mechanisms such as domi-
nant negative effects. In this study, we focused on the
direct impact of the p.(Ala371Pro) variant on potassium
currents. Whether the p.(Ala371Pro) variant exerts a
dominant negative effect is currently unknown. Het-
erozygous patients often exhibit a very mild phenotype,
while homozygous individuals show more severe symp-
toms [58]. However, dominant negative effects cannot be
excluded, as illustrated by the AF275 alteration, which
strongly suppresses Iy, function and leads to an LQT1
phenotype [59]. Therefore, our study addressed the vari-
ant’s direct functional consequences, while the potential
effects of heterozygosity and dominant negative interac-
tions remain important topics for future investigation.

Conclusions

This is the first functional description of the KCNQI
variant ¢.1111G>C causing LQT1 phenotypic features.
This pathogenic variant of the KCNQ1 channel disrupts
its normal functionality by decreasing the conductance,
which results in partial loss of function. The variant
highly suggests the risk of disease-related cardiac events,
particularly under adrenergic urge, predisposed by the
topology of genetic alteration in the Kv7.1 protein struc-
ture in the C-terminus helix HA.

Abbreviations

A371P  p.(Ala371Pro) variant

CR Regions of high conservation
DNA Deoxyribonucleic acid

ECG Electrocardiogram

EMW Electromechanical window
EST Exercise stress test

GLS Global longitudinal strain
GFP Green fluorescent protein
HEK Human embryonic kidney
LQTS Long QT syndrome

LaQmn Long QT syndrome Type 1
Lv Left ventricle

PCR Polymerase chain reaction

WT Wild-type
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