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Abstract 

Background  Mutations in the HERG potassium channel are a major cause of long QT syndrome type 2 (LQT2), which 
can lead to sudden cardiac death. The HERG channel plays a critical role in the repolarization of the myocardial action 
potential, and loss-of-function mutations prolong cardiac repolarization.

Methods  In this study, we investigated the efficacy and underlying molecular mechanism of ICA-105574, an HERG activa-
tor, in shortening the duration of cardiac repolarization in severe LQT2 variants. We characterized the efficacy of ICA-105574 
in vivo, using an animal model to assess its ability to shorten the QT interval and in vitro, in cellular models mimicking severe 
HERG channel mutations (A561V, G628S, and L779P) to evaluate its impact in enhancing IKr current. Additionally, molecular 
dynamics simulations were used to investigate the molecular mechanism of ICA-105574 action.

Results  In vivo, ICA-105574 significantly shortened the QT interval. LQT2 mutations drastically reduced IKr ampli-
tude and suppressed tail currents in cellular models. ICA-105574 restored IKr in A561V and G628S. Finally, in silico 
data showed that ICA-105574 stabilizes a pattern of interactions similar to gain-of-function SQT1 mutations and can 
reverse the G628S modifications, through an allosteric network linking the binding site to the selectivity filter 
and the S5P turret helix, thereby restoring its K+ ion permeability.

Conclusions  Our results support the development of HERG activators like ICA-105574 as promising pharmacological mol-
ecules against some severe LQT2 mutations and suggest that molecular dynamics simulations can be used to test the ability 
of molecules to modulate HERG function in silico, paving the way for the rational design of new HERG activators.
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Background
The KCNH2 gene encodes a voltage-gated K+ channel 
(human ether-à-go-go, HERG) in neurons and cardiac 
cells. Its primary role involves cardiac repolarization 
through the rapid delayed rectifier K+ current (IKr), which 
significantly influences the duration of the QT interval 
on the surface electrocardiogram (ECG) [1, 2]. Abnor-
malities in the HERG channels are characterized by two 
distinct cardiac disorders, namely Long QT Syndrome 
(LQTS) and Short QT Syndrome (SQTS), which manifest 
as the prolongation or the shortening of the QT interval 
on the ECG. Congenital LQTS accounts for nearly 40% 
of cases [3, 4], while the majority of LQTS cases stem 
from pharmacological blockade by various clinically used 
drugs. Mutations in HERG channels can result in a loss 
of function due to defective trafficking, abnormal chan-
nel gating or reduced ion permeation. Notably, approxi-
mately 90% of LQT syndrome type 2 (LQT2) mutants 
exhibit reduced synthesis and defective trafficking [5, 
6], yet certain mutations (e.g. G628S, N629D) [7, 8] near 
the selectivity filter (SF) can maintain normal traffick-
ing while failing to exhibit ion selectivity and conduct-
ance in physiological solutions. On the other hand, SQT 
type 1 (SQT1) mutations (e.g. N588K, T618I, S631A) 
are often associated with reduced or loss of inactivation, 
resulting in a shorter QT interval [9, 10]. The large num-
ber of LQT2-associated missense mutations distributed 
throughout the HERG sequence poses a challenge to 
pharmacological treatments. Of note, Priori and cowork-
ers showed that substrate-specific therapy with mexile-
tine, which shortens the QT interval, confers arrhythmic 
protection in LQT3 [11, 12]. This suggests that, in princi-
ple, QT interval shortening is an effective strategy for the 
treatment of LQT2. This could be achieved with HERG 
activators [13], which enhance the rapid component of 
the delayed rectifier K+ current (IKr) and may be able to 
shorten the duration of cardiac repolarization in LQT2.

Structurally, HERG channel is a homotetramer con-
sisting of an N-terminal cytosolic Per-Arnt-Sim (PAS) 
domain followed by six transmembrane segments: 
S1-S4, forming the voltage-sensing domain (VSD), and 
S5-S6, together with the S5P turret region and the P 
helix, forming the pore-forming domain (PD); and the 
C-terminal cyclic nucleotide-binding homology domain 
(CNBHD), all intertwined by long disordered regions 
[14]. The HERG channel undergoes critical kinetic tran-
sitions between its closed (deactivation), active and 
inactivated states that regulate cardiac repolarization. 
Despite the recently available cryo-EM structure, the 
distinctive mechanism of rapid inactivation and recov-
ery, and slow deactivation remains poorly understood 
due to the limited structural information available for the 
closed and inactivated states and are mostly the results of 

indirect indications obtained from homologues [15–20]. 
A recently determined cryo-EM structure for the HERG-
astemizole complex has confirmed the general under-
standing that blockers bind to a hydrophobic pocket at 
the entrance of the SF, thus blocking the passage of K+ 
ions, and provides further tools for structure-based 
screening of HERG-related cardiotoxicity [21–24].

While HERG drug screening is primarily focused on 
the identification of drug-induced arrhythmic com-
pounds, it has also revealed agonists (activators) that can 
enhance the outward current IKr amplitude [25]. These 
compounds show distinct mechanisms of action, with 
the majority inhibiting C-type inactivation, while oth-
ers delay deactivation, increase channel open probability, 
or exhibit a combination of  these effects. From a struc-
tural perspective, these compounds appear to target dif-
ferent regions of the protein while avoiding blocking the 
channel [26]. Several activators have been investigated 
as potential candidates for different congenital LQTS 
mutations representing a novel approach to the preven-
tion of ventricular arrhythmias associated with LQTS 
[26]. However, they carry the risk of inducing early repo-
larization, leading to an excessive correction of action 
potential duration (APD), which could ultimately shorten 
the QT interval to proarrhythmic levels (i.e., SQT). One 
such compound is ICA-105574, a derivative of 3-nitro-
n-(4-phenoxyphenyl) benzamide, that is the most potent 
IKr activator to date [27, 28]. Previous experimental and 
computational studies have revealed its binding site 
within a hydrophobic pocket located between two adja-
cent subunits, where it interacts with residues in the pore 
helix, the base of the SF, and the S6 segments [29–31]. 
ICA-105574 is proposed to act through a subtle change 
in the configuration of the selectivity filter that disrupts 
inactivation gating, with a demonstrated stoichiometric 
dependence where binding of multiple ICA-105574 mol-
ecules is required for optimal activity of the compound 
[32]. Importantly, ICA-105574 exhibits a complex mech-
anism of action, affecting both conductance and gating 
properties of the HERG channel [27].

In this study, we employed a multi-pronged approach 
using in vivo and in vitro electrophysiology and molecu-
lar dynamics (MD) simulations to explore the therapeu-
tic potential and mechanism of action of ICA-105574 in 
LQT2 and in severe HERG mutations, specifically A561V, 
G628S, and L779P, derived from our cohort of LQT2 
patients. First, we validated in  vivo the ability of ICA-
105574 to rescue QT prolongation in a sotalol-induced 
animal model mimicking LQT2. Then, we subcloned 
and expressed the above mentioned severe LQT2 HERG 
mutations in specific established stable cell lines to study 
their functional activity on current amplitude before and 
after ICA-105574 treatment, with our results indicating 
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that ICA-105574 restores IKr amplitude in cellular models 
(A561V and G628S). Finally, we performed MD simula-
tions to elucidate the molecular mechanisms of action of 
ICA-105574 in both wild-type and mutant HERG chan-
nels. There we revealed how ICA-105574 can rescue the 
permeability to K+ of the G628S mutation by stabilizing a 
pattern of interactions analogous to that observed in sim-
ulations of two SQT1 mutations (i.e., N588K and S631A) 
through an allosteric network connecting distant regions 
of the protein.

Our results allow us to propose that in silico methods 
are now sufficiently mature to evaluate molecules based 
on their ability to rescue channel conductance, indicate 
a molecular framework that can be used to rationalize its 
mechanism of action, and provide valuable insights into 
the therapeutic potential of ICA-105574.

Methods
ICA‑105574 preparation
ICA-105574 was synthesized following a recently 
reported procedure by Zangerl-Plessl et al. [30], which is 
also employed in our recently published study [33], with 
only one modification—the use of HTBU (CAS number: 
94790-37-1) in lieu of HATU (CAS number: 148893-10-
1) as a coupling reagent.

In vivo electrophysiological experiments
Male and female animals were obtained from Charles 
River Laboratories Italia SRL (Italy), and were kept in 
specific cages (Tecniplast, Italy), under controlled envi-
ronment, with 12 h light/dark cycle and room tempera-
ture at 23  °C. The guinea pigs had free access to water 
and food. After an acclimatizing period of one week, the 
animals were enrolled for the in vivo electrophysiological 
experiments. A subcutaneous telemeter was implanted to 
record the ECG signal in conscious and free-moving ani-
mals by the DSI PhysioTel Implantable Telemetry system. 
All procedures were performed in a quiet room to mini-
mize animal stress. Each guinea pig was anaesthetized 
with 3–5% isofluorane-vet (Piramal Critical Care B.V. 
Netherlands). During the surgical operation, a thermally 
controlled heating pad was employed to avoid the drop of 
animal body temperature, and an ophthalmic tears solu-
tion was applied (Tears Naturale® P.M., Alcon) to avoid 
the ocular dehydration. A subcutaneous telemeter (Phys-
ioTel ETA-F20 transmitter, Data Sciences International 
(DSI), USA) was implanted to record the ECG signal in 
conscious and free-moving animals by the DSI PhysioTel 
Implantable Telemetry system. After the surgical proce-
dures, a recovery period was allowed to animals. In all 
animals, the baseline ECGs were recorded for 30 min in 
resting conditions in conscious animals. In analogy with 
previously published methodology [34, 35] the LQT2 

syndrome was chemically induced by administering 
50 mg/Kg of sotalol per os into the cheek pouch[35], and 
the ECG signal was recorded for 90 min.

A single dose of ICA-105574 (15 mg/Kg, solved in: 50% 
poly(ethylene glycol) 400, 30% N,N-dimethylacetamide 
and 20% H20) was intraperitoneally administered and 
the ECG signal was recorded for 90 min after injection. 
The ECG was acquired by Ponemha 6.50 software ver-
sion (DSI), the measurement of ECG parameters was 
performed offline by 3 blinded investigators. To assess 
the trend of QTc change, while accounting for repeated 
measurements at pre-specified timepoints, we fitted a 
mixed effects linear regression model. Briefly, mixed 
effects linear regression models are a set of powerful sta-
tistical tools that permit the extension of linear regres-
sion to data with a hierarchical structure [36]. The QTc 
was thus inserted as the only outcome variable, and pre-
set timepoints as the explanatory covariate. In all related 
analyses, p values were calculated using Kenward-Roger 
method of standard errors and degrees of freedom [37].

Cloning of HERG‑WT and mutants in heterologous systems
The commercial clone of full-length human HERG 
(NM_000238.3) cloned in pCMV6-XL4 (Origene) was 
subcloned in pmCherry-N1 (Clontech) to generate a 
functional chimera. Site-direct mutagenesis was per-
formed using QuickChange II XL kit (Agilent Tech-
nologies) to generate the single HERG mutations: 
pmCherry-N1-HERG-A561V, pmCherry-N1-HERG-
G628S and pmCherry-N1-HERG-L779P. All the plasmids 
were entirely sequenced. Primers are indicated in the 
supplementary information.

Cell culture and transfection
To generate Human Embryonic Kidney (HEK293) sta-
ble cell lines, HEK293 cells were cultured in Dulbecco’s 
modified Eagle medium supplemented with 10% fetal 
bovine serum (FBS) and 1% penicillin/streptomycin, 1% 
of l-glutamine, sodium-pyruvate to 1 mM and 1% non-
essential amino acid solution at 37  °C in 5% CO2 and 
selected by G 418 Sulfate (Calbiochem). Cells were tran-
siently transfected by Effectene (Qiagen) with 1 µg plas-
mid (pmCherry-N1-HERG-WT and -A561V, -G628S 
and -L779P) and the HERG-mCherry-positive cells were 
sorted by BD FACS Aria III (Becton Dickinson).

Immunofluorescence
HEK293 cells with pmCherry-N1-HERG-WT or 
mutants were stained with primary antibody anti-HERG 
(ab196301, Abcam), anti-Pan Cadherin (C1821, Sigma) 
or anti- Actin (PA116889, ABR). Secondary antibod-
ies were DyeLight488-conjugated donkey anti-rabbit 
IgG (Jackson Lab). Dako mounting medium (Agilent 
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Technologies) was applied to all slides. Confocal micros-
copy was performed with a Leica TCS-SP8 confo-
cal microscope equipped with an HCX PL APO 40X/
numerical aperture = 1.25 oil immersion objective than 
exported to Adobe Photoshop (Adobe Systems, Moun-
tain View, CA).

Protein extraction and immunoblotting
48  h after transient transfection of HEK293 cells with 
pmCherry-N1-HERG-WT or mutants (A561V, G628S 
or L779P) have been lysated in RIPA buffer (50 mM Tris 
HCl, pH 7.5, 150  mM NaCl, 1% NP-40, 0.5% sodium 
deoxycholate, 0.1% SDS) containing a cocktail of 10% 
protease inhibitors (Complete Mini, Roche). 30  μg of 
total proteins, quantified by the Pierce® BCA Protein 
Assay Kit (Thermo Scientific), were resolved by SDS-
gel electrophoresis on Mini PROTEAN TGX Stain-Free 
4–15% gradient Gels (Biorad) using Tris/Glycine/SDS 
buffer (Biorad), and blotted on 0.2  µm nitrocellulose 
using Trans Blot Turbo Transfer System (Biorad). The 
nitrocellulose membrane was saturated with a solution of 
TBS 1x, 0.1% Tween 20 (TBS-T) and 5% Skin Milk. After 
washes in TBS 1x + 0.1% Tween20 (TBS-T), the mem-
branes were probed with different antibodies diluted in 
BSA 3% in TBS-T: anti-HERG (P0749 Sigma Aldrich, 
ab196301 Abcam) and anti- α Tubulin (2125 Cell Signal-
ling) as reference protein. Secondary antibodies, con-
jugated with HRP (Promega), were diluted in BSA 3% 
in TBS-T and membrane was incubated for 1 h at room 
temperature. Immunoblotting membranes were revealed 
using the Clarity Western ECL substrate (Biorad) and 
detected using ChemiDoc MP Imaging System (Biorad).

In vitro electrophysiological experiments
Stable HEK293 cell lines expressing the single muta-
tion were split and seeded to perform electrophysiologi-
cal recordings. Only the cells expressing mCherry were 
chosen for current recordings by the Axiobserver micro-
scope (Zeiss, Germany) equipped with the Colibri 7 
(Zeiss, Germany) to recognize the fluorescent signal. As 
described in Milani et. al [38]. the extracellular solution 
contained the following chemicals (in mM): 140 NaCl, 5 
KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 Glucose and NaOH 
to reach a final pH of 7.4. A stock solution was prepared 
solving ICA-105574 by DMSO to reach a concentration 
of 10 mM. The stock solution was solved in extracellular 
solution to test ICA-105574 at the final concentration of 
10 µM. The following intracellular solution (in mM): 130 
KCl, 1 MgCl2, 10 HEPES, 10 EGTA, 5 Mg-ATP and KOH 
to stabilize the pH value at 7.2) was prepared [38]. The 
patch-clamp glass pipettes (WPI, USA) were pulled by a 
P-97 puller (Sutter Instruments, USA). HERG currents 
were recorded in voltage-clamp mode by the patch-clamp 

technique in whole-cell configuration. The Multiclamp 
700B (Axon Instruments, USA) patch-clamp amplifier 
was connected to the DigiDadata 1322A (Axon Instru-
ments, USA), an AD/DA converter related to a personal 
computer running pClamp software (Version 9.2, Axon 
Instruments, USA) used to record and analyze the HERG 
currents. Data were tested by two-way ANOVA with an 
appropriate post-hoc correction (Šidák test). Two-tailed 
P values were calculated with the statistical significance 
threshold set at p < 0.05.

Statistical methods
Continuous data were presented as mean ± SD. Ionic cur-
rent data are reported as mean ± SEM, per convention. 
In vitro ionic current data were compared using two-way 
ANOVA with Šidák post-hoc tests to account for the 
effects of voltage and treatment. In  vivo data were ana-
lyzed using a mixed-effects linear regression model to 
account for repeated measurements from the same ani-
mals at pre-specified timepoints, using  the `lmer` func-
tion from the `lme4` package in R. Statistical analyses 
were performed using RStudio (Version 4.1.1; Boston, 
MA, USA). Two-tailed p-values were calculated, with 
statistical significance set at p < 0.05.

Molecular docking protocol for ICA‑105574
ICA-105574 (3-nitro-N-[4-phenoxyphenyl]-benzamide) 
was docked into the cryo-EM structure of the HERG 
channel (PDB: 5VA2) in the WT using the induced fit 
docking (IFD) program from Schrodinger software 
(Release 2021–4, Schrödinger, LLC) [39]. The WT-
ICA system was generated using this process, while the 
A561V-ICA and G628S-ICA systems were created by 
mutating specific residues in the WT-ICA system dur-
ing the CHARMM-GUI system preparation protocol 
[40]. The binding site of the molecule was defined within 
the hydrophobic pocket situated below the selectivity fil-
ter (SF) between two adjacent subunits, as predicted by 
Zangerl-Plessl et. al. [30]. The binding site for each mol-
ecule was defined by a combination of residues from two 
neighboring subunits (chain-A: 622, 649; chain-B: 557, 
652). The size of the box was set to 10 Å, with the geo-
metric center being the centroid of the selected residues. 
Residues within a 5 Å radius of the binding site were set 
as flexible, except for the selectivity filter residues, which 
were constrained to prevent changes in the SF pore. Fur-
thermore, it has also been suggested that multiple ICA-
105574 molecules are necessary for channel activity [32]. 
Consequently, we repeated the docking protocol to place 
another ICA-105574 molecule into diagonally opposite 
fenestration. Once we generated and selected the docked 
structure with two molecules based on the docking score 
and glide gscore, we constructed the system with a POPC 
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bilayer, water, and salt (KCl), followed by a brief equili-
bration phase with the protein restrained and the ligand 
flexible, ultimately generating the initial structure for the 
MD simulations.

Molecular dynamics (MD) simulations details

(a)	Tetrameric HERG channel

MD simulations were performed for eight different 
systems that represent WT (WT), two SQT1 muta-
tions (S631A and N588K), two LQT mutations (A561V 
and G628S) and ICA-105574 bound WT (WT-ICA), 
A561V mutation (A561V-ICA) and G628S mutation 
(G628S-ICA). In the present study, the simulations were 
performed with the PAS domain unlike the earlier com-
putational studies which include only the transmem-
brane region with the C-terminal domain. The open state 
cryo-EM structure of HERG was used for the WT (PDB: 
5VA2) and SQT1 mutation S631A (PDB: 5VA3) [18]. 
HERG channel with SQT1 mutation N588K or LQT2 
mutations A561V and G628S were generated by mutat-
ing the WT, while ICA-105574 bound systems were 
generated using the molecular docking protocol. The 
missing extracellular loops of the transmembrane domain 
(L432-L452, L510-L520, P577-I583 and W597-G603) 
in the cryo-EM structure were modelled using Model-
ler [41]. The membrane-protein systems were prepared 
using charmm-gui web service [40]. The protein was 
embedded in POPC bilayer and solvated with TIP3P 
water model [42]. On average, 400 POPC molecules 
were introduced into both the outer and inner side of 
the lipid bilayer. The solvated systems were neutralized 
by adding counterions and an appropriate number of K+ 
and Cl− ions were added to maintain the salt concentra-
tion of 200  mM. A set of preliminary simulations with 
a mix salt concentration of 200  mM KCl and 200  mM 
NaCl were performed to ascertain K+ ion selectivity of 
channels in the present setup. The average box size of 
the resulting systems was ~ 16.5 x ~ 16.5 x ~ 17 nm3. A 
constant electric field was applied to the system in the 
Z-direction to impose transmembrane voltage difference 
in the range + 700  mV to + 750  mV to observe outward 
potassium ion permeations. All simulations were per-
formed using CHARMM36m forcefield [43] with NBFIX 
parameter [44] for potassium ion and carbonyl oxygen 
interaction. The parameters for ICA-105574 molecule 
were obtained using CGenFF program [45], which per-
forms automated assignment of parameters and charges 
by analogy and compatible with CHARMM forcefield. 
Simulations (Tables S1 and S2) were performed with and 
without the application of a restraint on the backbone 

dihedral angles (φ and ψ) of the selectivity filter (SF) resi-
dues from S624 to G628 using alphabeta collective vari-
able defined in PLUMED software [46]. The reference 
value for the dihedral angles were used from the cryo-
EM structure. Potassium ions were placed in the SF at 
different sites (S1-S4) to prevent the collapse of the SF in 
the beginning of the simulations. Ion permeation mecha-
nisms in potassium ion channels have been found to be 
ambiguous in nature, depending on the type of force field 
considered, the membrane potential, and the charge cor-
rections for the ions. In preliminary simulations with 
dihedral restraints (Table S1B), we observed mostly a soft 
knock-on mechanism for the ion permeations using the 
CHARMM force field with NBFIX parameters, regard-
less of the initial configuration of the ions ([KKKKK] or 
[KWKWK]). In addition, the mixed KCl and NaCl simu-
lations for the wild-type system established the ion selec-
tivity with outward K+ ion movement and no inward/
outward Na+ ion movement in the presence of torsional 
restraints. Therefore, subsequent production simulations 
were run with [KWKWK] ion configuration and KCl salt 
only for uninterrupted ion permeations (see Movie S1 
and Table  S2). All systems were simulated in two repli-
cates with production run ranging from 1 to 2 μs for each 
system. The systems were energy minimized using steep-
est descent algorithm. This was followed by multiple step 
equilibration protocol in NVT and NPT ensembles with 
gradual decrease in the position restraints of protein and 
lipids (cf., Table S3). The temperature was maintained at 
310 K using the velocity rescale method [47] with relaxa-
tion time of 1 ps and the pressure was kept constant at 
1 bar using c-rescale barostat [48]. All simulations were 
performed using periodic boundary conditions and the 
long-range interactions were calculated using the par-
ticle mesh Ewald (PME) summation method [49]. The 
cut-off distance for electrostatic and van der Waals inter-
actions was set to 1.2  nm. The bonds were constrained 
with LINCS algorithm [50], and the integration time 
step was set to 2  fs. All simulations were performed 
using GROMACS software (version 2021.X) [51] with 
PLUMED (Version 2.8) [46]. The stability of the simu-
lated trajectories was ensured based on backbone RMSD 
computed over the production run for tetramer assembly 
and the pore domain of different subunits (Figure S1, S2).

(b)	Cyclic-nucleotide binding homology domain 
(CNBHD) of HERG channel

MD simulations were performed for CNBHD to access 
the effect of LQT2 mutation L779P on the overall stabil-
ity and conformation of the domain. The L779P muta-
tion corresponds to the residue number 69 in the PDB 
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file of the solution structure (PDB ID: 2N7G) [52]. All 
simulations were performed using GROMACS [51] with 
charmm36 forcefield [43] and the TIP3P water model 
[42]. The systems were solvated, neutralized by adding 
counter ions and an appropriate number of Na+ and Cl− 
ions were added to maintain the salt concentration of 
150 mM. This was followed by energy minimization using 
steepest descent method. The temperature was main-
tained at 310 K using v-rescale thermostat [47] and pres-
sure was kept constant at 1 atm using c-rescale barostat 
[48]. The simulations were performed using periodic 
boundary conditions and particle mesh Ewald method 
[49] was used to treat long range electrostatic interac-
tions. The cut-off distance for short-range electrostatic 
and van der Waals interactions was set to 1.0  nm. The 
bonds were constrained with LINCS [50]. Three inde-
pendent simulations were run for 1 μs each with frames 
saved at every 10 ps.

Results
In vivo electrophysiological experiments demonstrate 
the shortening of the QT interval mediated by ICA‑105574
To evaluate the efficacy of ICA-105574 in shortening 
the QT interval in LQT2 patients, we performed in vivo 
electrophysiological experiments by recording the ECG 
signal in conscious guinea pigs. Our choice was pri-
marily due to different issues: (1) to enroll the animal 
model with the cardiac electrophysiological phenotype 
as closely as possible to human; (2) to avoid any possi-
ble effect of the anesthetic on the sensitivity to drug [53, 

54]; (3) to observe any possible side effects in free moving 
animals; (4) to employ the smallest animal model with an 
easily recognizable T wave requiring the smallest amount 
of drug possible. To combine all the above reported 
aspects, we decided to employ the guinea pigs, since their 
cardiac ion currents are similar to humans [55–57], with 
an easily identifiable P, Q, R, S and T waves recapitulating 
the LQT2 phenotype.

We investigated the effect of the IKr activator ICA-
105574 in a chemically induced LQT2 guinea pig. The 
LQT2 condition was mimicked by pre-treating the 
guinea pig with 50 mg/Kg of sotalol, with a pronounced 
prolongation of the QTc interval from a baseline of 
255 ms (IQR: 252–259 ms) was consistently obtained in 
all guinea pigs (∆QTc +41  ms, +17%; p  < 0.001) [35, 58, 
59]. Despite marked QTc prolongation, during the elec-
trocardiographic registration no spontaneous arrhyth-
mic events were observed. Following the demonstration 
of successful induction of LQT2, a single intraperito-
neal dose of ICA-105574 at 15 mg/Kg was administered. 
Immediately upon drug administration, QTc interval 
normalization was consistently obtained in all guinea 
pigs (∆QTc −43  ms, −14%; p  < 0.001). This effect was 
transient and by 30 min after administration QTc inter-
val normalization waned with QTc lengthening back to 
values comparable to ones prior to ICA-105574 admin-
istration. No other biologically significant effects on the 
principal electrocardiographic parameters were observed 
(Fig. 1).

Fig. 1  A In vivo LQT2 ECG recordings. LQTS was successfully induced in all animals after sotalol treatment (252 ± 10 ms vs. 295 ± 9 ms 
for the baseline and sotalol treated guinea pigs, respectively; p < 0.001). Importantly, a pronounced and statistically significant shortening of the QTc 
interval was obtained in guinea pigs after ICA-105574 administration, normalizing the QTc in all animals (295 ± 9 ms vs. 254 ± 4 ms, before and after 
ICA administration, respectively). Importantly, despite the marked QTc shortening, no arrhythmic events were observed in the studied animals 
after ICA-105574 administration. B Pairwise comparisons were performed and the main relevant differences regarding the ECG values, are shown 
as histograms.
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In vitro electrophysiological analysis of ICA‑105574 with, 
A561V, G628S and L779P
We then characterized the functional properties of 
HERG mutations (A561V, G628S and L779P) and their 
response to ICA-105574 as an IKr activator. We generated 
(pmCherry-N1-HERG-WT, -A561V, -G628S and -L779P) 
and established single stable cell lines for each condition 
to perform electrophysiological studies following ICA-
105574 perfusion. The pmCherry-N1-HERG-WT was 
transiently transfected into HEK293 cells and protein 
expression was assessed by Western blot and localized by 
confocal microscopy. While validation in cardiomyocytes 
would enhance the translational relevance of HERG func-
tionality and drug responses, HEK293 cells were chosen 
as they are widely utilized for HERG channel studies due 
to their efficient and reproducible expression of ion chan-
nels, as established in prior research [3, 8, 60, 61]. These 
preliminary analyses confirmed the correct expression 
of the chimera and its distribution along the cell mem-
brane (Figure S3). Similarly, we generated and performed 
the experiments for all the HERG mutations (Figure 
S4(A)). Moreover, we extended our in vivo analysis using 
a Fluorescence Recovery After Photobleaching (FRAP) 
approach, confirming regular trafficking of HERG-WT, 
-A561V, and -G628S, while highlighting the defective 
trafficking of HERG-L779P (Figure S4(B), S4(C)). Both 
mCherry-N1-HERG-A561V and -G628S were stained 
along the plasma membrane with some diffuse staining 
in the cytoplasm, similar to the HERG-WT. In contrast, 
the HERG-L779P was mainly localized in the cytoplasm, 
with enrichment around the perinuclear region. The 
localization of all HERGs proteins were not affected by 
ICA-105574 treatment (Figure S4(B) and S4(C)).

To define the functional changes induced by ICA-
105574 on LQT2 mutations, electrophysiological 
analysis was performed in HEK293 stable cell lines 
expressing HERG-WT and mutants (A561V, G628S, 
L779P), respectively. IKr was elicited by the voltage-
clamp protocol showed in Figure S5 in control condi-
tions and in presence of 10  µM ICA-105574. From 
a holding potential of −80  mV, voltage pulses were 
applied ranging from −60 to +70  mV in 10  mV incre-
ments, followed by repolarization to −  60  mV. Using 
this activation protocol, it was observed that the HERG 
channels functionality was impaired, as the mutations 
led to suppression of the tail currents. To properly 
study the voltage dependence of activation, it is neces-
sary to analyze the tail current amplitude elicited by a 
single repolarizing potential (–60 mV, Figure S5), which 
reflects the proportion of channels activated during 
the preceding depolarizing pulse. In the studied HERG 
mutations, suppression of the tail currents made it 
impossible to accurately calculate the activation curve 

parameters, including the half-activation voltage (V1/2) 
and the slope factor (κ), which are necessary to evalu-
ate the voltage dependence of HERG channel activa-
tion induced by the mutations (as in Sanguinetti et  al. 
for A561V and G628S [62]) and by ICA-105574. The 
A561V mutation reduced the steady state pre-pulse 
current amplitude and partially altered the HERG 
current behavior (Fig.  2 and Figure S5), resulting in a 
slightly flattened activation bell-shaped curve, whereas 
G628S and L779P mutations caused a drastic reduction 
in the IKr current amplitude across all voltages (Fig.  2 
and Figure S5). The G628S currents decrease at nega-
tive voltages as the I/V curve approaches the equilib-
rium K+ value. However, unlike the WT, the G628S 
channel remains open even at these negative volt-
ages, indicating altered gating behavior. Additionally, 
the L779P mutations produced currents that failed to 
reach a peak or plateau phase, preventing the formation 
of a bell-shaped curve in the I/V activation relation-
ship that is typical of WT. Taken together, these data 
allow us to speculate that G628S mutation, located in 
the pore region, negatively altered channel opening, 
consistent with previous findings for G628S [7, 31, 62, 
63], while L779P, located in a peripheral region, exhib-
its an altered localization with an enrichment around 
the perinuclear region (Figure S4(C)). The HERG stable 
cell lines (WT, A561V, G628S, L779P) were perfused 
with ICA-105574 (10  µM). The treatment induced a 
strong IKr activation on steady state currents in both 
WT and A561V (from 0 or −20 to +70  mV, respec-
tively). In G628S, although the activation curve is not 
bell-shaped, ICA-105574 is able to induce a statisti-
cally significative difference (from −30 to +70  mV) 
partially restoring the functionality of the mutated 
channels. Notably, both the A561V and G628S muta-
tions showed a statistically significant positive response 
to ICA-105574 (Fig. 2 and S5) demonstrated by: (1) the 
increase of current amplitude in the I/V relationship (in 
A561V the peak is more than quadrupled in size); (2) 
the change of the shape of the I/V relationship, which 
exhibited a rectification, partially resembling the WT 
one (Fig.  2). In A561V a complete bell-shaped curve 
was obtained, while in G628S the straight bent until 
to look like a half bell-shaped curve. This suggests that 
the IKr activator treatment could be able to induce an 
increment of the outward currents during the action 
potential plateau phase leading to acceleration of ven-
tricular repolarization and a reduction in the duration 
of action potential and consequently shortening the QT 
phase. This is the first study demonstrating that A561V 
and G628S HERG mutations are responsive to ICA-
105574 perfusion. Conversely, the HERG-L779P did 
not respond to ICA-105574, where IKr amplitude is not 
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increased and I/V activation curve did not undergo any 
change of shape, suggesting that ICA-105574 does not 
induce any alteration in HERG protein’ conformation, 
preventing channel opening.

Molecular Dynamics of WT, LQT2 and SQT1 HERG variants 
with and without ICA‑105574
Having shown that ICA-105574 can rescue the activity 
of G628S and A561V in vitro, we set out to understand 
the molecular determinants of this rescue mechanism 
using MD simulations. We focused on the compari-
son of the ions permeability of the WT and G628S sys-
tems (Fig.  3) alone or bound to ICA-105574 (WT-ICA, 
G628S-ICA). The G628S mutation, being in the SF, can 
have a direct effect on the conductivity of channel that 
is then rescued by ICA-105574. Of note, ICA-105574 
binds relatively far from the mutation site. Furthermore, 
we simulated two SQT1 mutations, namely S631A, and 
N588K, to investigate whether the effect of ICA-105574 
is structurally comparable to that of these pathological 
mutations, given their associated attenuated inactivation 

[9, 10]. To demonstrate the effect of ICA-105574, two 
molecules were docked into the opposite subunit fenes-
trations based on the previously identified binding site 
residues [29–31] (Fig.  3B). The rationale for using two 
ICA-105574 molecules is based on earlier study suggest-
ing that a single ICA molecule binding to a subunit is 
insufficient to enhance channel activity [30]. ICA-105574 
is found to be stable in WT-ICA and G628S-ICA systems 
over the course of simulations (Figure S7A, B). Our ener-
getic analysis reveals that ICA-105574 molecules forms 
favorable polar and non-polar interactions in the form of 
H-bond (S649) and pi-pi interactions (F557, Y652, F656) 
in the respective fenestrations (Figure S7C, D).

In a first round of preliminary simulations (three repli-
cates performed at + 350 mV and + 700 mV each, 200 mM 
KCl, 310  K, ~ 600–800  ns per run; Table  S1A), replicat-
ing the work of Miranda et al. [64], we observed, as pre-
viously reported, rapid inactivation on the ns time scale, 
manifested by the flipping of carbonyl oxygen atoms and 
subsequent SF distortion (Figure S6). In these simula-
tions, very few ion permeation events were observed 

Fig. 2  I/V relationships in HERG WT and mutants. The I/V graphs are derived by voltage clamp recordings showing WT, A561V, G628S and L779P 
activation currents recorded in basal condition (black square) and after 10 µM ICA-105574 perfusion (red dot). HERG activation currents (examples 
in Figure S5) were recorded in whole-cell configuration and measured at the end of the second pulse (steady-state currents), normalised 
to the maximum evoked current and plotted as a function of voltage to construct the steady-state activation I/V plot. Each value is represented 
as mean ± s.e.m. Statistical analyses were conducted using two-way ANOVA with Šidák post test. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. 
WT: n = 5, A561V: n = 6, G628S: n = 6, L779P: n = 4
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(except for the ions initially placed in the SF), followed 
by the intermittent collapse of the SF, which has been 
interpreted as a signature of the flickering ion current 
observed in HERG channels. Nonetheless, such a small 
number of transitions does not allow to obtain sufficient 
statistics to calculate the ionic conductance on the HERG 
active state. To overcome this limitation and ensure that 
the selectivity filter remains stable on the microsecond 
time scale, we restrained the backbone torsion angles 
(φ, ψ) for residues S624 to G628. These restraints have 
only the very localized effect of decreasing the likelihood 
of rotations of the backbone, without affecting other 
atomic motions including side-chains reorientations or 
modification of the size of the pore. This is done in the 
same spirit of symmetry restraints, or other restraints 
applied to compensate possible force-fields shortcom-
ings [65, 66]. Remarkably, simulations performed using 
the restraint (two replicates performed at ~ + 750 mV per 
system, 200  mM KCl, 310  K, 1–2  μs per run; Table  S2) 
allowed us to record multiple K+ permeation events with 
an average transition time (τ) between 100 and 300  ns 
(Fig. 4A) and corresponding to an ion conductance rang-
ing from 0.82 ± 0.07 pS to 2.10 ± 0.06 pS across all protein 
variants, except for the severe G628S LTQ2 mutation 
that do not show any conductance in agreement with our 
in vitro electrophysiology data (cf. Fig. 2). Notably, in the 
wild-type simulations, we observed an ion conductance 

of 1.27 ± 0.04 pS, which increased to 1.67 ± 0.09 pS in 
the presence of the activator ICA-105574. Most impor-
tantly, the G628S-ICA system display K+ permeation 
(cf. Table  S2) and an ion conductance of 1.72 ± 0.05 pS, 
in agreement with the ability of ICA-105574 to rescue 
such mutation in  vitro (cf. Fig.  2). Although the con-
ductance values from our studies are underestimated by 
an order of magnitude compared to experimental data, 
which reports a single-channel conductance between 10 
pS and 12.1 ± 0.8 pS  [2, 67, 68], these discrepancies are 
consistent with those obtained for other potassium ion 
channels through in silico methods [69–72]. Interest-
ingly, our model effectively demonstrated the impact of 
ICA-105574 on the channel conductance in both the wild 
type and the G628S mutant. Altogether these results sup-
port the use of our restrained MD simulations to explore 
the effect of ICA-105574 and of mutations on the HERG 
active state.

The helicity of the S5P turret as a signature of activation 
propensity
Having established a protocol that allowed us to accu-
mulate statistics about HERG in its conducting state, 
we calculated the ion occupancy probability at differ-
ent sites in the selectivity filter described previously for 
K+ ion channels (Fig.  4B). All ion-permeable systems 
show higher ion occupancy at the S2 site, which in turn 

Fig. 3  A Structural representation of the HERG tetramer with the SQT1 (N588K and S631A) and LQT2 (A561V, G628S and L779P) mutations 
highlighted in blue and red spheres respectively. A single monomer is shown with different domains identified in the cryo-EM structure (PDB: 
5VA2). The SQT1 mutations, N588K and S631A, are located near the selectivity filter and are known to attenuate the inactivation state, whereas 
the LQT mutation G628S directly affects the selectivity filter. B Laterally 90° rotated view of the binding site and highlighted selectivity filter (orange). 
ICA-105574 was docked into the HERG tetramer based on the previous mutagenesis study by Sanguinetti and co-workers (28–30). The docked 
structure is subjected to molecular dynamics (MD) simulations to obtain an equilibrated protein–ligand structure embedded in the lipid bilayer. The 
position of ICA-105574 in the equilibrated structure is consistent with previous findings and suggestions.
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prevents the collapse of SF [73]. In contrast, the ion occu-
pancy at S2 is drastically reduced in LQT2-G628S and is 
recovered in the presence of ICA-105574 in the G628S-
ICA system. Structural and computational studies sug-
gest that the active state of the HERG channel differs 
from inactivation in terms of the diameter of the SF and 

the heterogeneity in the dihedral angles of F627 [16, 17, 
64]. In our simulations, the average diameter for the SF 
residues is found to be stable and similar for wild-type, 
SQT1 mutations (N588K, S631A), and WT-ICA sys-
tems (Fig.  4C). While, in the presence of LQT2 muta-
tion (G628S), there is a notable increase in the diameter 

Fig. 4  A The plot describes the transition probability of an ion crossing event and the average transition time for a single permeation event i.e. 
how often ions pass through the HERG channel and how long each crossing takes. In the G628S mutant, no new ion crossings were observed, 
except for a few ions placed at the start to keep the channel structure stable. The inset table shows the average transition time for an ion 
permeation event in the HERG channel. B The plot represents the ion occupancy probability at different sites in the selectivity filter (SF) 
over the simulations i.e. how often ions occupy different positions in the SF during simulations. The SF is divided into six different sites namely 
S0 to S4 and S-Cavity. C Open state definition of SF: The plot shows the diameter of the SF averaged over all replica trajectories. The diameter 
is calculated by averaging over the interchain distance between the opposite carbonyl oxygens of the SF residues. The mutation G628S increases 
the diameter of the SF at the extracellular side. The ion occupancy sites are also highlighted for direct comparison of SF diameter and ion positions. 
D This plot shows the helical propensity (%) of the S5P turret helix (residues 584–592, highlighted in Fig. 3) across different systems. The values are 
averaged over monomers from replicated trajectories. Two distinct structural populations were observed: a weakly ordered structure (~ 30% helical 
propensity) in the G628S mutation and a well-structured helix (> 90% helical propensity) in WT, SQTs (N588K, S631A), and ICA-bound systems. 
For comparison, Figure S9 shows the population density of helical propensity across different systems.
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around F627 (0.80 ± 0.1  nm) and S628 (1.13 ± 0.08  nm) 
showing the effect of the mutation. Of note, the G628S-
ICA bound system showed only a small decrease in the 
SF diameter with respect to G628S, suggesting that in 
this range of values, SF diameter is not a clear signature 
of activation. To access any major conformational rear-
rangements and flexibility in the pore domain (PD) upon 
mutation or ligand binding, we analyzed the inter-residue 
pairwise distances for different systems with respect to 
the wild type (Figure S8 A-E). Overall, no major con-
formational changes in the pore domain were observed, 
except for a higher flexibility in the extracellular loops in 
the wild type and G628S as compared to the other sys-
tems (Figure S8F), suggesting that the differences we are 
looking for may be subtle and related to the conforma-
tional dynamics of the system. In HERG, experimental 
evidence emphasizes on the role of the S5P turret helix 
(residues 584–592) in the c-type inactivation mecha-
nism [74–76], and the S5P segment has been observed to 
exist between helical and unstructured conformations in 
MD simulations. Interestingly, we observe a clear trend 
in the helicity of this region within SQT1 mutations and 
ligand-bound HERG channel as compared to the wild 
type (Fig. 4D). Importantly, the G628S mutation has the 
least helical propensity, which is restored in the presence 

of ICA-105574. The activator is proposed to act primarily 
by attenuating rapid inactivation by increasing the stabil-
ity of SF and channel conductance; it is intriguing how 
the binding of ICA-105574 below the SF can exert its 
function via conformational changes at long distance in 
the S5P turret helix. In contrast both SQT1 mutations are 
localized within or in contact with this region (Fig.  3A) 
and may alter its role in c-type inactivation.

ICA‑105574 binding promotes the reorganization 
of hydrogen bonds through an allosteric network 
extending from the binding site to the S5P turret helix.
Having observed that WT-ICA, G628S-ICA and the 
two SQT1 mutation share an increased helicity in the 
S5P turret helix in comparison to the WT and, even 
more, G628S systems, we investigated how ICA-105574 
could exert such long-range structural effect. With 
this purpose we calculated the variation of the hydro-
gen bond (H-bond) occupancy in the pore domain of 
the HERG channel in the wild-type, G628S, and acti-
vator-bound G628S-ICA systems to identify changes 
in molecular interactions upon different perturba-
tions (mutation or ligand binding). The net H-bond 
occupancy (%) between two residues i and j is given 
by �HBij = HB

perturbation
ij −HB

reference
ij  where the 

Fig. 5  Hydrogen bond rearrangement upon perturbation in the form of mutations (G628S, S631A, N588K) or ligand binding (ICA-105574). The 
net H-bond occupancy (%) is highlighted in blue and red lines for the reference and the perturbed systems, respectively. The thickness of the lines 
represents the magnitude of the change. The mutations are shown as orange sphere. A Net H-bond occupancy (%) between G628S and WT 
( �HBij = HBG628Sij − HBWT

ij  ) shows the effect of the mutation in wild-type HERG: Blue lines show H-bonds that are lost in the mutant around the SF 
and the S5P turret helix, while red lines show H-bonds that are gained in the mutant at some residue pairs and the S6 helix end. B Net H-bond 
occupancy (%) between G628S-ICA and G628S ( �HBij = HBG628S−ICA

ij − HBG628Sij  ) shows the rescue effect of ICA-105574: The figure shows two 
adjacent chains to represent different H-bonding patterns following the asymmetric binding of the activator in the HERG channel. ICA-105574 
binding increases the H-bond occupancy around SF (Y616-S620, S620-G626) and S5P turret helix (G584-Q592) in both chains, while some residue 
pairs have opposite H-bond occupancy changes in G628S and ICA-105574 systems (e.g., E637-S641, M645-S649). C, D Net H-bond occupancy (%) 
between S631A and WT ( �HBij = HBS631Aij − HBWT

ij  ), and between N588K and WT ( �HBij = HBN588Kij − HBWT
ij  ) shows the effect of mutations in terms 

of gain in H-bonds in the mutants at S5P turret helix and some residue pairs around the S6 helix end.
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perturbation factor could be mutation or ligand bind-
ing while the reference could be either WT or G628S. 
As shown in Fig. 5 (cf. also Table S4), red lines indicate 
residue pairs with higher H-bond occupancy (%) in the 
perturbed system, while blue lines indicate the same in 
the reference system (H-bond loss in perturbed sys-
tem). When comparing G628S with WT, the analysis is 
the result of an averaging over the four chains (Fig. 5A), 
whereas when comparing G628S with G628S-ICA, we 
had to take into account the asymmetric docking of the 
activator across two adjacent monomers, so we have 
analyzed the change in the H-bond occupancy in these 
chains separately (Fig.  5B). Our analysis showed that 
the G628S mutation decreases the H-bond occupancy 
around the SF (F617-S621, S620-G626, S631-N633) and 
in the S5P turret helix spanning from G584 to Q592 
as compared to the WT (Fig.  5A). Notably, binding of 
ICA-105574 to the G628S system resulted in a marked 
increase in H-bond occupancy, in both adjacent chains, 
for residues around SF (Y616-S620, S620-G626) and in 
the S5P turret helix residues (G584-Q592).

The asymmetric positioning of ICA-105574 also 
resulted in different H-bonding patterns in adjacent 
chains. For example, one chain had higher H-bond occu-
pancy near SF (F617-S621, S621-S624) and W568-W585, 
while another chain with more ICA-105574 contacts 
had increased H-bond occupancy in the S6 helical sub-
unit. In addition, some residue pairs (e.g. Y616-N629, 
E637-S641, M645-S649 and at the S6 helix end) have 
higher H-bond occupancy in G628S than in WT (Fig. 5A, 
red lines). However, this difference is reversed when 
ICA-105574 binds to G628S (Fig.  5B, red lines). Nota-
bly, we also observed a similar H-bond rearrangement 
in the S5P turret region when comparing the WT and 
WT-ICA systems (Figure S10A), supporting that this is 
a robust feature of ICA-105574 binding. Furthermore, a 
similar pattern is observed when comparing the WT with 
the S631A and N588K SQT1 variants (Fig.  5C, D and 
Table S5). Overall, the increase in turret helicity (Fig. 4D) 
and the decrease in RMSF (Figure S8F) observed above 
for both ICA-105574 bound and SQT1 systems can be 
attributed to a rearrangement of H-bonds occupancy, 
although the mechanism of stability may differ between 
systems. For example, the mutation of the polar amino 
acid (N588) to a charged amino acid (K588) increases 
helix stability by forming a salt bridge with D591, whereas 
mutation of S631A replaces the wild-type S631-N633 
H-bond with an N588-A631 H-bond.

While these observations further highlight a similarity 
between the binding of ICA-105574 and two SQT1 muta-
tions under study, they still do not fully describe how 
ICA-105574 may exert its long-range effect on the con-
formational dynamics of HERG. To this end, we focused 

on a single monomer chain and shortlisted residues with 
either higher net H-bond occupancy in G628S-ICA or 
Ei,ICA < −2.5kcal/mol (Figure S7D). We identified S624 
as a common residue in this list and defined it as the 
starting point of the allosteric network, coupling ICA-
105574 to the SF and the S5P turret helix. Specifically, 
we observed that the nitro group of ICA-105574, located 
behind the SF, formed favorable interaction with the 
hydroxyl group of S624 (Fig. 6A). This resulted in a popu-
lation shift of the chi (χ1) dihedral angle of S624, which 
describes the orientation of its side chain (Fig.  6B). We 
hypothesize that this favorable interaction may trigger a 
domino effect in the form of an increase in the H-bond 
occupancy of several neighboring residue pairs behind 
the SF (Y616-S620, S620-G626), as previously shown in 
Fig. 5, including A561-T618, F617-S621, S621-S624, with 
some of these occupancy changes manifesting as a sig-
nificant shift in side chain orientation (e.g. T618, S620) 
upon ICA-105574 binding (Fig.  6C). In particular, the 
changes observed for the region S620-S624 and the S5P 
turret helix are associated with a population shift in the χ
-dihedral distribution of F617 and the tryptophan clamp 
(W568-W586).

In Fig.  7, we have shown a 2D distribution of the χ1 / 
χ2 angle in the residue pairs W568-F617 (Fig. 7A, B) and 
W568-W585 (Fig.  7C, D). Here, we observed that the 
population density of the χ dihedrals for W568-F617 
increases for a basin (F617(χ2) ~ -100°, W568(χ1) ~ 180°) 
without changing the overall shape of the distribution. 
While in the case of W568-W585, there is a marked shift 
for W585 ( χ1 ) towards exclusively side chain orienta-
tion upon ICA-105574 binding, whereas the population 
for W568 ( χ1 ) dihedral is significantly higher in one state 
(~ 180°) in G628S-ICA compared to the G628S system. 
Thus, the pairing in the side chain orientations of these 
three residues may enhance the interaction between the 
S5, pore helix, and turret region in the activated state.

Altogether these results highlight the strong intercon-
nection among the residues in the vicinity of SF and how 
this connectivity may be exploited to stabilize it and res-
cue HERG activity. These results are also in agreement 
with the observation that mutation of any amino acid in 
this region is annotated as pathogenic or variant of con-
cern, with essentially no benign mutations [77, 78]. The 
A561V mutation also fall within this region. Of note, in 
silico, both the A561V and A561V-ICA systems exhib-
ited ion permeation comparable to the WT and all con-
ducting systems studied here, with ion occupancy in the 
SF consistent with the above observations (cf. Figure  4 
and Figure S11). Interestingly, the ion conductance for 
A561V-ICA (i.e., 1.66 ± 0.12 pS) is nearly the same as 
that observed for the WT-ICA and G628S-ICA systems, 
indicating some robustness. No obvious differences 
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were observed in the SF due to this mutation, further-
more S5P turret helicity is higher than WT (Figures S12, 
S13A). Additionally, the structural effect of ICA-105574 
binding is comparable to that reported for G628S-ICA, 
with an increase of hydrogen bond occupancy extending 
from the binding site to the S5P turret helix (Figure S14 
and Table  S6). Also, the allosteric effect of ICA-105574 
is robust, as evidenced by dihedral population shifts 
leading to conformational sidechain pairing between 
F617-W568 and W568-W585 in the A561V-ICA system, 
similar to those observed in G628S (Figure S15). Over-
all, these findings suggest that the A561V mutation does 
not impair conduction and may instead modulate the 
gating properties of HERG. Moreover, these results pro-
vide a mechanistic interpretation for the complex action 
of ICA-105574 on both gating and conductance. This is 
consistent with our in  vitro electrophysiological data 

showing the different effect of ICA-105574 on G628S 
and A561V mutations, with the latter showing an altered 
steady state pre-pulse current amplitude and only par-
tially distorted HERG current behavior.

In conclusion, our combined data suggest that the 
A561V, G628S and L779P mutants act on different 
aspects of HERG function, with A561V possibly affect-
ing gating but not conduction, G628S clearly disrupting 
the conductivity of the open state and L779P affecting 
protein localization as well function by strongly desta-
bilizing the CNBHD domain (supported by additional 
CNBHD simulations, which showed increased fluc-
tuations around the mutation, coupled with the loss 
of interactions in the inner core of the CNBHD; sup-
plementary information and Figure S13B). Importantly, 
our data showed that the IKr activator ICA-105574 can 
rescue the A561V and G628S HERG LQT2 mutations 

Fig. 6  Mechanism of the rescue effect of the IKr activator ICA-105574 in the G628S mutation. A The figure shows a schematic representation 
of the allosteric network linking ICA-105574 binding to the SF and the S5P turret helix in a single monomer chain of the G628S mutant. ICA-105574 
and the residues with higher net H-bond occupancy in the G628S-ICA system are highlighted as sticks, with H-bonds indicated by dashed lines. 
The surface representation shows the propagation path, with the gradual decrease in color indicating increasing distance from the ligand binding 
site. B, C S624 is defined as the starting point of the network because it forms a favorable interaction with the nitro group of ICA-105574. The Chi 
(χ)1 dihedral angle distributions of S620 and S624 are shown as 1D histograms, indicating significant population shifts or changes in the side chain 
orientations upon ICA-105574 binding.
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to different extents by a mechanism that we propose 
is similar to that of some known SQT1 mutations (i.e., 
S631A and N588K). ICA-105574 binding stabilizes 
a network of amino acids in the SF, pore helix and S6 
helix, allowing its effects to propagate ~ 2  nm away to 
the S5P turret helix. Several residues (such as W568, 
W585, S621, T618) that are part of the identified 
allosteric pathway have been clinically or genetically 

implicated as pathogenic (involved in LQT or SQT) or 
of unknown clinical significance [77, 78].

Discussion
LQTS predisposes young patients to develop ventricular 
fibrillation leading to sudden cardiac death. QT inter-
val duration is a strong predictor of arrhythmic events, 
with each 10 ms increase conferring a 15% increased risk 

Fig. 7  A-D χ2 dihedral distributions of residue pairs W568-F617 and W568-W585 in the G628S and G628S-ICA systems. These residues are 
highlighted in Fig. 6. The color opacity indicates the population density of each bin. The figure combines 2D distributions with 1D histograms 
to show population shifts in the dihedrals. The arrows indicate the changes in the distribution upon ICA-105574 binding, while the dashed square 
box indicates the most populated basin in 2D distribution upon ICA-105574 binding. A, B show the 2D distribution of W568-χ1 and F617-χ2 angles, 
and C, D show the 2D distribution of χ1 angle for W585-W568.
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[79]. Priori and coworkers showed that substrate-specific 
therapy with mexiletine, which shortens the QT interval, 
confers arrhythmic protection in LQT3 [11, 12]. Here we 
tested whether ICA-105574, an HERG activator, could be 
a good candidate to shorten the duration of cardiac repo-
larization in LQT2, by gaining an insight at three differ-
ent levels: in vivo, in vitro and in silico.

In vivo experiments confirmed that administration 
of ICA-105574 induced a pronounced and statistically 
significant shortening of the QT interval in LQT2 and, 
importantly, no arrhythmic events were observed. In par-
allel, our in vitro and in silico analyses showed that ICA-
105574 can partially rescue and restore the functionality 
of specific HERG LQT2 mutations by a promoting the 
reorganization of hydrogen bonds through an allosteric 
network extending from the ICA-105574 binding site to 
the S5P turret helix. We also propose that this mecha-
nism is the same as that observed in gain-of-function 
SQT1 mutations. Thus, we support the hypothesis that 
HERG channel activators may represent a potentially 
very powerful novel therapeutic strategy for LQT2 
patients. Our findings demonstrate the efficacy of ICA-
105574 in rescuing HERG channel function and shorten-
ing the QT interval; however, some limitations must be 
considered for its clinical application.

In silico [60], in vitro [31, 60, 80] and in vivo [28, 33] 
testing of ICA-105574 in different models of LQTS, has 
demonstrated its ability to shorten the action potential 
duration (APD) in ventricular cardiomyocytes in a con-
centration-dependent manner. In fact, it has been shown 
that extremely high doses of ICA-105574 (i.e., 10  μM) 
may result in excessive shortening of the QT interval 
leading to spontaneous occurrence of ventricular fibril-
lation [80]. However, later studies conducted at doses of 
1 μM did not demonstrate excessive shortening of the QT 
interval nor the pro-arrhythmogenic potential [28, 33]. 
In addition to QT interval duration, in vitro and in silico 
data provided by Perry and colleagues demonstrated that 
the overcorrection of repolarization induced by HERG1 
channel agonist ICA-105574 occurs as a result of a tem-
poral redistribution of the peak IKr to much earlier in the 
plateau phase of the action potential. This results in a 
shallower, more triangulated action potential [60], which 
has been elegantly shown to be a strong predictor of 
in vivo proarrhythmia by Hondeghem et. al. [81].

Additionally, the transient and short-lived effects of 
ICA-105574 observed in vivo necessitate frequent dos-
ing or continuous infusion, posing significant logistical 
challenges in therapeutic settings. Another potential 
limitation of HERG activators is their broader selectiv-
ity profile and possible off-target interactions, as they 
are known to modulate other ion currents, raising 
concerns about specificity [60]. Notably, ICA-105574 

has been shown to bind to the homologous hEAG1 
channel, albeit with opposing functional effects, high-
lighting the importance of sequence and structural 
differences in determining outcomes. Targeted experi-
mental validations, such as site-directed mutagenesis 
and cross-linking assays, could help confirm the molec-
ular interactions and allosteric pathways identified in 
our computational approach, including the key hydro-
gen bond networks and allosteric mechanisms linking 
ICA-105574 binding to the S5P turret helix. Notably, 
some of the identified key mutational hotspots, such 
as residues G626, Y616, and W568, are implicated 
in trafficking-deficient phenotypes in LQT2 [77, 78], 
underscoring their functional significance. However, 
additional studies are needed to comprehensively 
understand the selectivity profile of ICA-105574 and its 
potential interactions with other ion channels. All these 
limitations highlight the need for extensive experimen-
tal validation, comprehensive preclinical evaluations, 
and further optimization in drug design.

Conclusions
Our results support the development of HERG activa-
tors like ICA-105574 as promising pharmacological 
molecules against some severe LQT2 mutations. Our 
molecular mechanistic approach, which identifies key 
interactions between ICA-105574 and the pore domain, 
provides a valuable framework for guiding the rational 
development of novel HERG activators. These future 
compounds could aim to mitigate the transient effects, 
broaden specificity for HERG mutants, and enhance the 
safety profile, ultimately improving clinical translatability. 
We note that MD simulations such as the one performed 
here, which focus on the functional effect of a drug are 
optimally positioned to provide an in-silico platform to 
test the functionality of HERG activators, even in the dif-
ficult case of testing a drug rescue mechanism.
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