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Lipid regulation of hERG1 channel function
Williams E. Miranda 1, Jiqing Guo2, Haydee Mesa-Galloso1, Valentina Corradi 1, James P. Lees-Miller2,

D. Peter Tieleman 1✉, Henry J. Duff 2✉ & Sergei Yu. Noskov 1✉

The lipid regulation of mammalian ion channel function has emerged as a fundamental

mechanism in the control of electrical signalling and transport specificity in various cell types.

In this work, we combine molecular dynamics simulations, mutagenesis, and electro-

physiology to provide mechanistic insights into how lipophilic molecules (ceramide-sphin-

golipid probe) alter gating kinetics and K+ currents of hERG1. We show that the sphingolipid

probe induced a significant left shift of activation voltage, faster deactivation rates, and

current blockade comparable to traditional hERG1 blockers. Microseconds-long MD simula-

tions followed by experimental mutagenesis elucidated ceramide specific binding locations at

the interface between the pore and voltage sensing domains. This region constitutes a unique

crevice present in mammalian channels with a non-swapped topology. The combined

experimental and simulation data provide evidence for ceramide-induced allosteric modula-

tion of the channel by a conformational selection mechanism.
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Lipophilic regulation of integral membrane proteins known as
voltage-gated ion channels has been firmly established as an
essential physiological mechanism1–3. The lipid-specific

binding to ion channels from different families has shown a
direct impact on the conformational equilibrium and kinetics of
their gating states and ion permeation4–6. While lipid regulation
of membrane protein function is firmly established, the
mechanisms by which lipids induce functional changes in
voltage-gated ion channels remain poorly understood. A major
breakthrough in near-atomic resolution Cryo-EM studies led to
the discovery of a novel structural topology, so called non-
swapped topology, in human ion channels7–10. Ion channels from
ERG, HCN and CNG families feature a distinctive packing of the
Voltage-Sensing Domain (VSD) against the Pore Domain (PD),
known as nonswapped topology. This unique topology may be
linked to dramatically different permeation and gating regulatory
mechanisms compared to well-studied canonical swapped
domain channels11.

Previous functional studies have linked altered gating kinetics
and conduction for human ERG1 (expressed in HEK293 cells) to
changes in the levels of membrane-localized molecules, such as
cholesterol, polyunsaturated fatty acids, and some types of
phospholipids2. The accumulation of sphingolipid-derived cer-
amides in the myocardium of patients with cardiovascular disease
has been related to prolongation of the QT interval in the elec-
trocardiogram and increased risk of developing heart
arrhythmias12,13. The mechanisms proposed for ceramide-
induced modulation of hERG1 properties include indirect
effects on cell expression, altered channel trafficking to the
plasma membrane, and the translocation of the channel into lipid
rafts14,15, but the molecular mechanism of hERG1 blockade by
ceramides remains unknown.

In this work, we combined molecular dynamics (MD) simu-
lations at the coarse-grained (CG) and all-atom (AA) levels of
resolution using the workflow recently developed4 with muta-
genesis and electrophysiology experiments to understand the
molecular mechanisms by which membrane-localized ceramides
modulate hERG1 function. Specifically, we used the synthetic
probe C6-ceramide, hereafter referred to as ceramide or CER6
(Supplementary Fig. 1a-inset), which mimics many effects of the
endogenous ceramides during physiological or pathological sti-
muli14–17. Our electrophysiology experiments show that ceramide
application results in activation of the channel at more hyper-
polarized potentials, faster deactivation rates, and block of K+

currents (IhERG1) similar to that produced by many common
blockers associated with drug-induced QT prolongation18. Our
MD simulations based on the recently reported hERG1 open-

state structure10 (Fig. 1a–d) show accumulation of ceramides at
the VSD–PD interface created by the nonswapped topology of the
channel. In this region, the amphipathic ceramides can establish
long-lasting contacts with polar, hydrophobic, and amphipathic
residues. In silico mutagenesis at the VSD–PD interface shows
reduced accumulation of ceramides in this region. Overall, these
observations indicate that ceramides are nonconventional tonic
blockers of IhERG1 that target the channel through the lipophilic
route and interact allosterically with aromatic residues in the pore
domain via the crevices present in the nonswapped topology. The
combination of electrophysiology and modelling provides evi-
dence that CER6 is a gating modulator that promotes channel
deactivation via a conformational selection mechanism rather
than blockade of the conventional hydrophilic permeation path-
way located in the pore domain.

Results
Effects of ceramide application on hERG1 isoform A proper-
ties. Exogenous application of increasing concentrations of CER6
(2, 20, 100, and 500 µM) led to a progressive decrease of peak tail
current for hERG1A-WT (Supplementary Fig. 1a), resulting in
half-maximal inhibitory concentration (ICCER6

50 ) and a Hill coef-
ficient of ~22 µM and ~1, respectively (Table 1). Furthermore,
apparent tonic block of the channel was observed at the highest
ceramide concentration of 500 µM (Fig. 2a, b), suggesting that
ceramides targeted the closed state of the channel. We also tested
the inhibitory effects of ceramides with shorter and longer tails
than CER6 (CER2 and CER8) using the same protocol as
above. The ICCER8

50 and Hill coefficient resulted ~98 µM and ~1,
respectively (Supplementary Fig. 1a), showing near five-fold
decrease in inhibitory potency compared to CER6. In contrast,
the CER2 did not decrease WT currents to 50% even at the
highest concentration of 500 µM studied (Supplementary Fig. 1a).
Overall, these results indicate that CER6 is the strongest channel

a b c d

Fig. 1 Structural domains of the open-state hERG1 channel considered in this work (PDBID: 5VA2). a Structural organization of one monomer. The
voltage-sensor domain (VSD), the pore domain (PD), and the cytoplasmic domain (CTD) are highlighted in green, blue, and gray cartoons, respectively.
The inset displays key residues (licorice representation) of the PD accessible from the VSD–PD interface. The panels b and c show side- and extracellular
views, respectively, of the full tetrameric hERG1 structure. Panel d displays the S2 and S4 helices (green cartoons) from one of the VSDs, highlighting key
residues (licorice representation) involved in voltage-dependent gating. The C, O, N, and S atoms in a and d are colored in cyan, red, blue, and yellow,
respectively.

Table 1 Values of IC50 and Hill coefficients calculated from
dose-response curves for hERG1 variants.

hERG1 variant WTa B Y652Aa F656Ca M651Ta F557La

ICCER6
50 [µM] 22 8 17 385 46 33

|Hill| 0.8 1.1 1.0 0.5 0.9 1.9
Stable levelb 0.3 0.1 0.1 0c 0.4 0.4

aReported for hERG1 isoform A.
bResidual current (IhERG1/Icon) extrapolated at infinite [CER6].
cEstimated value. No clear asymptote was observed even at [CER6]= 500 µM.
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Fig. 2 Ceramides induce apparent closed-channel block. a Tonic block experiments on cardiomyocytes cell-line. The time course of the change of IhERG1A
tail currents were recorded by a train of test pulses. After recorded baseline control currents (P0), 500 µM C6-ceramide was added and the membrane
potential was held at −80 mV with no test pulse given for 5 min. Then, the test pulses (P1-P15) were reapplied and channel currents were recorded in the
presence of ceramide. b Superimposed current traces of P0 and P1-P15. Similar results were found in all 5 tested cells. Raw data are provided in Source
Data—Fig. 2a, b. Panels c and d show the contact mapping for ceramides (extracellular view) from CG-MD simulations for hERG1A-WT open- (n= 4) and
closed- (n= 3) PD states, respectively. The voltage-sensor and pore-domains (VSD and PD) are shown as green and blue cartoons, respectively. The
residues identified using the maximum-occupancy criteria are shown in a red surface representation. The residues identified through contact-duration but
not through maximum-occupancy metrics are highlighted as a yellow surface. A color-coded list of residues is provided in Source Data—Fig. 2c, d. For each
system, the contact-duration and maximum-occupancy metrics were calculated considering the tetrameric structure of the channel, totalling 4 × n replicas
per-residue (see Source Data for Supplementary Figs. 5 and 6). The last 8 microseconds of each replica were used for analysis. Panels e and f show an
illustrative snapshot for the binding of CER6 at the VSD–PD interface (light green and blue molecular surfaces, respectively) of the open- and closed-PD
states, respectively. Only one of four VSD–PD interfaces is shown for clarity. The other subunits are shown in dark-gray color. The residues R537, F557,
M651, and F656 are shown for perspective only, represented as spheres and colored according to polarity (blue: polar(+), white: apolar). The ceramide
molecule is shown in balls and sticks representation and colored based on bead polarity (purple: polar headgroup, orange: apolar tails). The binding-free
energy calculated with FEP approach are shown (Source Data—Supplementary Fig. 2e, f).
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blocker among the tested ceramides, establishing its utility
for characterizing molecular mechanisms of channel–lipid
interactions.

To further characterize the effect of this lipid on conduction
and kinetic properties of WT, we chose [CER6]= 20 µM, which is
similar to the ICCER6

50 value (Table 1). Application of ceramide
concentrations in the micromolar range (1–40 µM) have been
found to trigger pathophysiological stimuli for apoptosis in
cardiomyocyte ischemia/reperfusion cell models14–17 and mimics
the IC50 values of mid-affinity hERG1 blockers. For the WT, there
was an ~35% reduction of peak tail current with respect to
control experiments (Supplementary Figs. 1b and 2a). We also
observed a left-shift of half-maximal activation voltage (Vact

1=2) by
~15 mV (Supplementary Fig. 2b) and a decrease of the
deactivation time-constant (τdeact) by ~50% (Supplementary
Fig. 2c). These alterations are reflected in the I–V relationship,
which shows that ceramides induce activation of the channel at
more hyperpolarized voltages (−20 <V < 0mV), but the current
is more inhibited at depolarized voltages (V ≥+20 mV) with
respect to control experiments (Supplementary Fig. 1c). In
summary, ceramide application induces a profound alteration
of the K+ currents and gating properties of the WT channel.

Properties of in silico membrane models. Next, we assessed the
stability and properties of protein-free bicomponent membrane
patches (POPC:CER6= 8:2) to be used as models for investi-
gating hERG1–lipid interactions in CG- and AA-MD simulations.
Overall, we found similar values for surface area per lipid (general
and specific), bilayer thickness, distribution of functional groups
along the membrane normal and the absence of ceramide clusters
in both CG- and AA-MD simulations (Table 2 and Supplemen-
tary Fig. 3a and b). The use of CG-MD simulations resulted in
faster lateral diffusion coefficients and a slight asymmetry in the
distribution of ceramide headgroups along the membrane nor-
mal. The asymmetry in ceramide distribution between the two
leaflets is attributed to flip-flop events sampled during the CG-
MD simulation (Table 2 and Supplementary Fig. 3a and b).
Specifically, we observed a total of 18 flip-flop events from 14 (out
of 100) CER6 molecules in this patch (Table 2), which showed
either single (10 molecules) or double (four molecules) transitions
(Supplementary Fig. 3c and d) at a rate of 3.6 ± 1.4 events/µs
(Supplementary Fig. 3e). The increased diffusion rates in the
plane of the membrane and the occurrence of flip-flop events in

CG-MD simulations are a consequence of the smoother energy
surface in CG systems, which enhances the sampling compared to
AA-MD simulations19–21.

Mapping ceramide contact regions for WT open- and closed-
PD states. We performed four replicas of CG-MD (10 µs each)
for WT in the open state (Supplementary Fig. 4a and b) and used
the last 8 µs for the analysis of channel-ceramide contacts. Using
the contact-duration metric (sum of single-contact events), we
identified a total of 69 contact residues within the upper-quartile
for this channel variant, which were distributed among the
transmembrane helices of the channel (Supplementary Fig. 5a).
Among these 69 contact residues, 33 were also identified as
maximum-occupancy (longest single-contact event) outliers,
which were mainly localized at the VSD–PD interface spanning
helices S4–S6 (Fig. 2c and Supplementary Fig. 6). In contrast, the
remaining 36 contact residues were involved in frequent short-
lived contacts with the ceramides and located away from the
VSD–PD interface (Fig. 2c). Accordingly, the VSD–PD interface
regions of the channel showed the highest ceramide density
(Supplementary Fig. 7a), although the density pattern is not
symmetric among all four interfaces. The number of ceramides in
contact with the channel converged to ~31 ± 1 among the four
replicas (Supplementary Fig. 8a). Most of these molecules (≥90%)
contacted the channel for ≤1 µs during single binding events
(Supplementary Fig. 9). Notably, only one or two ceramides
displayed long-lasting binding events of 4–6 µs in three of the
four replicas (Supplementary Fig. 9).

At the VSD–PD interface of each monomer in WT open state,
a ceramide molecule can be stabilized by interactions with polar
and non-polar residues. For instance, we observed contacts
between ceramides’ polar headgroups and the sidechain of
residue R537 from VSD-S4 helix in our CG-MD simulations
(Fig. 2e). Notably, the residue T526 (Fig. 1d) was specifically
targeted by ceramides’ headgroups and not by POPC headgroups
in CG-MD simulations, while R537 was accessible to both types
of lipids (Supplementary Fig. 10). In turn, ceramides’ hydro-
phobic tails preferentially contacted residues from the VSD-
facing hydrophobic surface of the PD in the vicinity of F557,
M651, and F656 (Fig. 2e). We performed backmapping22 of
specific frames from CG-MDs (see Methods) to obtain atomic-
level resolution of ceramide interactions at the VSD–PD interface
of WT open state. In this regard, our AA-MD simulations show
that ceramides’ headgroup can establish hydrogen bonds with the
sidechains of residues T526 and R537 (Supplementary Fig. 11a-
d). From these simulations, it is also worth noting the dynamics
of residue F656. The aromatic sidechain adopts two distinguish-
able conformational states oriented towards the protein–lipid
interface or towards the water-filled internal cavity of the channel
(Supplementary Fig. 12a). This F656 sidechain dynamics is
reflected by the average bi-modal distribution of the sidechains’
distance with respect to the center of the internal cavity
(Supplementary Fig. 12b). There is a ceramide-induced shift for
F656 sidechains towards the protein–lipid interface orientation in
simulations performed for WT open state (POPC:CER6 patch) in
comparison to our 2-µs long AA-MD simulation of the WT
channel inserted in a POPC membrane patch23 (Supplementary
Fig. 12b).

We also performed CG-MD simulations (three replicas, 10 µs
each) using the WT closed-state PD model3 to investigate the
influence of the PD states on ceramide binding. For the closed-
state PD, the total number and distribution of contact residues as
well as the number of ceramide molecules in contact with the
channel (~29 ± 0.3) are reminiscent of the open state (Supple-
mentary Figs. 5b and 8b). In contrast, the number of residues

Table 2 Properties of POPC:CER6 (8:2) membrane-only
systems simulated in this work (AVERAGE ± SD).

Property/resolution CG simulationa AA simulationb

SA/lipidc [Å2] 60.0 ± 0.6 59.7 ± 0.7
SA/POPC [Å2] 62.5 ± 0.6 62.3 ± 0.8
SA/CER6 [Å2] 52.1 ± 2.2 51.5 ± 1.6
DPOPC
X�Y [× 10−7 cm2/s] 6.6 ± 0.3 0.9 ± 0.2

DCER6
X�Y [× 10−7 cm2/s] 13.8 ± 0.1 1.0 ± 0.3

Thicknessd [Å] 39 40
Ceramide clusterse — —
Flip-flop eventsf 18 —

SA surface area; Dlipid
X�Y : Lateral diffusion coefficient calculated using lipid headgroups.

aThe last 1.5 µs of CG-MD trajectory (5-µs long) were used for analysis.
bThe last 250 ns of AA-MD trajectory (1-µs long) were used for analysis.
cGeneral SA calculated as box area (x–y plane)/total number of lipids.
dMembrane thickness for CG and AA systems were calculated from the average distribution of
POPC headgroups along the membrane normal (Supplementary Fig. 3a and b, respectively).
eCeramide headgroups were considered for clustering analysis. Further details on the calculation
of these properties is available in the “Methods” section further below. The raw data for SA and
clustering calculations are provided in Source Data—Table 2.
fCharacterized according to Ingolfsson et al.21, using the 5 µs CG-MD trajectory (Supplementary
Fig. 3c–e).
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resulting in maximum-occupancy outliers at the VSD–PD
interface of the closed state is reduced almost by half with
respect to the open state (Fig. 2d and Supplementary Fig. 6) and
there is a decrease of ceramide density at these regions
(Supplementary Fig. 7b). Sampling limitations are reflected by
the asymmetric density profiles (Supplementary Fig. 7a and b),
which limits our assessment on the number of ceramide binders
to specific open/closed pore configurations (Supplementary Fig. 8a
and b). Noteworthy, free energy perturbation (FEP) simulations
indicate that ceramides bind with a higher affinity to the
VSD–PD interface of the closed-state PD (−8.7 ± 1.6 kcal/mol,
Fig. 2f) compared to the open state (−4.0 ± 1.1 kcal/mol, Fig. 2e)
despite the reduction of maximum-occupancy residues. This
indicates that WT-ceramide complex is around 4.7 kcal/mol more
stable for the closed- vs open-state PD. We found apolar and
polar residues at the VSD–PD interface involved in the formation
of maximum-occupancy binding pockets in the closed state of
hERG1-WT (see Source Data—Fig. 2c, d), specifically L532,
V533, L539, E544 (S4 helix); A561, H562, W563 (S5 helix); Y611,
V612, I639, L666, Y667 (S6 helix). This is inline with the
amphipathic nature of ceramide molecules.

Ceramide-induced effects on other hERG1 variants. To further
assess the relevance of residues from the VSD–PD interface on
ceramide-induced alteration of K+ currents and gating kinetics of
hERG1A, we performed mutagenesis experiments based on our
contact analysis (see above) and previous mutagenesis data on
hERG1A–drug interactions3,24. We also assessed the influence of
ceramide on the isoform B of the channel (hERG1B). This variant
is 340 residues shorter than hERG1A at the N-terminal region,
showing an initial segment of 36 residues that is unique to this
isoform and displays a different gating behaviour compared to
hERG1A25. In general, the single-residue substitutions hERG1A-
F557L, M651T, and F656C at the PD led to higher residual
currents (ICER6/Icontrol) with respect to WT at increasing ceramide
concentrations (Fig. 3a). This is reflected by changes in ICCER6

50
(Table 1), most notably for F656C (~18-fold increase). The large
ICCER6

50 = 385 µM for hERG1A-F656C prompted us to use
[CER6]= 400 µM (instead of 20 µM) for investigating ceramide-
induced gating alterations on this variant (described further
below). In contrast, the variants hERG1A-Y652A and hERG1B
showed smaller residual currents (Fig. 3a and Supplementary
Fig. 2a) and smaller ICCER6

50 values (Table 1) with respect to WT,
indicating higher sensitivity to ceramide-induced block. Most of
hERG1 variants displayed similar Hill coefficient of ~1 (Table 1).

The single-residue substitutions were combined to obtain
double mutants, resulting in hERG1A-variants that also show a
significant increase of residual currents at [CER6]= 20 µM with
respect to WT (Supplementary Fig. 2a). Specifically, little to no
block was observed for hERG1A-F656C/F557L even at the
highest ceramide concentration of 500 µM (Fig. 3a). We therefore
performed CG-MD simulations (four replicas of 10-µs long each)
for this ceramide-insensitive double mutant. In keeping with the
lack of ceramide-induced block observed in experiments, our
simulations showed a drastic reduction of maximum-occupancy
residues and decreased ceramide density at VSD–PD interface for
hERG1A-F656C/F557L compared to WT (Fig. 3b, c and
Supplementary Fig. 7a, c). Although, the distribution of contact
residues is reminiscent of the WT open state (Supplementary
Fig. 5c).

Notably, the VSD residue T526 (Fig. 1d) was specifically
targeted by ceramides’ headgroups in our simulations (see above).
Therefore, we focused on exploring the effects of different
substitutions at this position on voltage-dependent activation. As
expected, the equivalent substitution T526S resulted in similar

Vact
1=2 values with respect to WT in control and ceramide

application experiments (Supplementary Fig. 2b). In contrast,
the nonequivalent substitutions T526M and T526N resulted in a
significant left-shift of Vact

1=2 with respect to WT in both assays
(Supplementary Fig. 2b). Furthermore, both mutations modulate
differently the effects of ceramide application with respect to
control experiments, displaying a significant right-shift of Vact

1=2 for
hERG1A-T526M but no appreciably detected effects for
hERG1A-T526N (Supplementary Fig. 2b).

Overall, for most of the hERG1 variants analyzed in this work,
ceramide application resulted in left-shifted Vact

1=2 and decreased

τdeact values vs control (Supplementary Fig. 2b, c), indicating
simultaneous activation at more hyperpolarized voltages and
faster deactivation kinetics. This is reflected by qualitative trends
between ICCER6

50 and changes in both gating properties relative to
control: Δτdeact and ΔVact

1=2 (Fig. 3d, e, respectively). Lastly, we
performed substitutions for the VSD residue L529 as negative
control in this work. This residue was not among the maximum-
occupancy outliers in our CG-MD simulations for the open- nor
the closed state (Source Data—Fig. 2c, d). In keeping with our
simulations’ predictions, the hERG1-L529A mutant showed
statistically similar values of residual currents vs WT and similar
Vact
1=2 and τdeact after ceramide application with respect to control

experiments (Supplementary Fig. 2a–c).

Discussion
Our experiments and simulations show that ceramide–channel
interactions can be simultaneously modulated by PD states and
accessibility to residues at the VSD–PD interface of the channel.
The combined simulation and experimental evidence point to a
mechanism where CER6 first partitions into the plasma mem-
brane and then preferentially targets the VSD–PD interface in the
closed-state hERG1 channels (Fig. 4). We therefore suggest that
ceramide-induced channel block occurs through a mechanism of
conformational selection26 of the closed-state PD/CER6 complex,
which decreases the population of open-state conducting chan-
nels (Fig. 4). The hERG1 closed-state PD structure used in this
work is a model derived from EAG channel structure that may
capture a preactivated state, where the pore is closed but the
VSDs display a depolarized (up) configuration similar to the open
state7 (Fig. 4). Our tonic block experiments cannot distinguish
between the “true” closed state with both PD and VSD in the
resting (closed) conformations and presumably preactivated state
captured in Cryo-EM structure. Accordingly, we cannot rule out
completely the possibility of ceramide targeting either or both
closed and the preactivated states of the channel. It can be con-
cluded, however, that ceramide does exhibit preferential binding
to the PD in its closed state.

In the framework of the conformational selection mechanism,
the inhibitory potency of ceramides can be influenced by the
changes of channel’s transition rate towards the closed state (see
above qualitative trends between ICCER6

50 and Δτdeact). This would
explain, at least in part, why hERG1A-variants with residue
substitutions that induce slower (F656C) or faster (Y652A)
transitions towards the closed state display low and high sensi-
tivity to ceramide-induced block, respectively. CER6 shows high
inhibitory potency for hERG1B isoform, which displays a fast
transition rate towards the closed state. Rapid deactivation in
hERG1B is attributed to a shorter N-terminal region with respect
to hERG1A-WT25. The measured Hill coefficients of ~1 for
hERG1A and B isoforms support a noncooperative binding
mechanism, where the interactions of ceramides with one pro-
tomer have no impact on lipid recruitment for the remaining
three VSD–PD interfaces.
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Fig. 3 Effects of ceramide application on conduction and gating properties of hERG1 variants expressed in mammalian HEK cells. a Dose-response
relationship for increasing [CER6]= 2, 20, 100, and 500 µM. Data are represented as mean ± SD. Raw values for residual current are provided in Source
Data—Fig. 3a. Panels b and c show the contact mapping for ceramides calculated from CG-MD simulations for hERG1A-WT and hERG1A-F656C/F557L
open-state (n= 4 for both), respectively. The extracellular view of the channel is shown, where the VSDs and the PD are shown as green and blue
cartoons, respectively. The residues identified using the maximum-occupancy criteria are represented with a red surface. The residues identified through
contact-duration but not through maximum-occupancy metrics are highlighted as a yellow surface. A color-coded list of residues is provided in Source
Data—Fig. 3b, c. For each system, the contact-duration and maximum-occupancy metrics were calculated considering the tetrameric structure of the
channel, totalling 4 × n replicas per-residue (see Source Data—Supplementary Figs. 5 and 6). The last 8 microseconds of each replica were used for
analysis. Panels d and e show scatter plots for pIC50 (−log[IC50]) vs the change (Δ= Control−Cer) in deactivation τ and activation V0.5 after ceramide
application, respectively (see Source Data—Supplementary Fig. 2b, c). The scatter plots for pIC50 vs τ and activation V0.5 after ceramide application are
shown in Supplementary Fig. 13a, b, respectively. Deactivation τ values in d were measured at −100mV, except for hERG1B (−50mV). [CER6]= 20 µM
was used for all measurements shown in panels d and e, except for the mutant hERG1A-F656C (400 µM). The legend for scatter plots for d and e is shown
at the bottom: hERG1A- WT (orange), Y652A (yellow), M651T (green), F557L (blue), F656C (purple), and hERG1B (gray). The tables in a and d, e indicate
the number of independent experiments (n), each performed on a different cell.
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The conformational selection mechanism could also help
explain residual currents present in dose-response curves of
hERG1A-WT, F557L, M651T, and F656C. The slow deactiva-
tion kinetics in these variants may result in a considerable
population of conducting open-state channels present, even at
the highest ceramide concentration. In contrast, the near-
absence of residual currents in fast-deactivating hERG1A-
Y652A may result from a reduced population of conducting
channels at increasing ceramide concentrations. This mutation
has, in general, suppressed hERG1A block by a vast array of
Class III antiarrhythmic and other torsadogenic proarrhythmic
drugs. Many of these proarrhythmic compounds are proposed
to bind into the internal cavity of the open-state PD through the
hydrophilic route27.

Our data clearly show that ceramide-induced current inhibi-
tion of hERG1A was significantly impaired in experiments by
F656C and F656C/F557L mutations. The F656C/F557L double
mutant significantly affected the binding of ceramides to the
VSD–PD interface in our simulations and is virtually insensitive
to CER6 application in the range of studied concentrations.
Although residues F656 from the S6 helices have been reported as
critical for drug access to the internal cavity through the hydro-
philic route28, our AA-MD simulations show that F656 side-
chains alternate configurations between the water-filled internal
cavity and the channel–lipid interface. The modelling data shows
that F656 could be exposed to interactions with lipid-localized
probes, in agreement with the interaction mechanism recently
proposed for the antiarrhythmic drug ivabradine3. Moreover, our
simulations and experiments suggest that the modulation of
ceramide-induced block by F656 is strongly related to changes in
deactivation kinetics, where the substitution F656C leads to
slower deactivation and a reduced number of closed-state chan-
nels that ceramides can interact with. The modelling and
experimental results taken together suggest that F656, besides
modulating channel deactivation kinetics as observed in our
mutagenesis experiments, could potentially be involved in direct
interactions with ceramides. Apparently, the residue F656 is
pivotal in mediating hERG1A-ceramide interactions either

directly via interactions at the VSD–PD interface or indirectly by
modulation of gating transitions. All in all, these results further
support our proposed mechanism where ceramides mainly
interact with the membrane-facing surface of the channel via the
lipophilic route and not at the internal cavity of the channel
(Fig. 4).

In general, ceramides induce the speeding of deactivation and
shifts in Vact

1=2 simultaneously. Therefore, the cause-effect rela-
tionships cannot be clearly evaluated from correlation analysis for
each property alone. A decade ago, the work of Ganapathi et al.15
suggested that ceramide-induced left-shift of Vact

1=2 in hERG1 may
be a consequence of channel sequestration into lipid rafts15. Our
experiments and simulations suggest that the specific targeting of
T526 by ceramides could drive, at least in part, the activation of
hERG1 variants at more hyperpolarized membrane potentials.
This residue is flanked by K525 and R528 (Fig. 1d), two major
gating-current contributors in hERG129. Only the S526 sub-
stitution (among T526X mutants) shows ceramide-induced left-
shifting of Vact

1=2 statistically similar to WT. This indicates that the
hydroxyl group at this position plays a major role for ceramide
(polar)interactions at the VSD as suggested by our MD simula-
tions. Overall, our experiments show that the polarity and size of
the sidechain at position 526 directly influences the effect of
ceramides on Vact

1=2 in the channel. We also propose that R537
from S4 helix, although not a major contributor to gating cur-
rent29, could help stabilize ceramide binding at the VSD–PD
interface of the channel.

In summary, our results show that ceramides are nonconven-
tional inhibitors of hERG1. Lipid-localized CER6 exhibits pre-
ferential binding to the closed state of the channel via a
conformational selection mechanism and acts as a gating mod-
ulator rather than direct blocker of the hydrophilic permeation
pathway. At the molecular level, the amphipathic nature of CER6
drives its accumulation at the VSD–PD interface created by the
nonswapped topology of hERG1 channel. These findings shed
light on the mechanisms by which lipophilic molecules such as
lipid second-messengers and hydrophobic drugs may contribute
to the onset of cardiac arrhythmias.

Fig. 4 Ceramides induce hERG1 block by a conformational selection mechanism through a lipophilic pathway. CER6 molecules partition into the
membrane (after their application to the external milieu), followed by preferential binding to the interface between the voltage-sensing domain (VSD,
green color) and the pore domain (PD, gray color) of hERG1 channels displaying a closed-state PD (only one of the four VSD–PD interfaces is shown). As a
result, ceramides shift the population of hERG1A-WT channels towards the closed state (conformational selection), accelerating channel deactivation
kinetics (left-pointing black arrow). The mutations hERG1A-F656C and F656C/F557L (right-pointing red arrow) affect ceramide interactions at the
VSD–PD interface and induce slower channel deactivation kinetics, favoring the open state of the channel and the occurrence of residual currents (lack of
complete channel block). In contrast, the mutation hERG1A-Y652A and the truncated N-terminal region in hERG1B isoform (left-pointing red arrow) induce
faster deactivation kinetics, resulting in a higher population of ceramide-bound channels with closed-state PD and the lack of residual currents. Only two
states are represented in this mechanism, corresponding to the two hERG1 channel structures used for MD simulations in this work: closed-state PD
(homology model based on EAG Cryo-EM structure7, left) and open-state PD (hERG1 Cryo-EM structure10, right). Transitions at the VSD during activation
and deactivation are not represented due to current structural-model limitations (see discussion). The ion permeation pathway in the PD of the channel is
shown in blue color. Generic plasma-membrane phospholipids’ headgroups and tails are colored in orange and gray colors, respectively.
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Methods
Molecular biology. Methods for site-directed mutagenesis have been previously
reported24,30. The hERG1 constructs were transfected into mammalian HEK cells.
Single- and double-mutant constructs of hERG1 were produced using conventional
overlap PCR with primers synthesized by Sigma Genosys (Oakville, Ontario,
Canada) and sequenced using Eurofins MWG Operon (Huntsville, AL) (Supple-
mentary Table 1). Constructs were linearized with XbaI restriction endonuclease
and cRNA was transcribed in vitro using the mMessage mMachine T7 Ultra cRNA
transcription kit (Ambion, Austin, TX).

General setup for electrophysiological recordings. The extracellular solution
contained (in mM) NaCl 140, KCl 5.4, CaCl2 1, MgCl2 1, HEPES 5, glucose 5.5.
The pH of the solution was adjusted and kept at 7.4 with NaOH. Micropipettes
were pulled from borosilicate glass capillary tubes on a programmable horizontal
puller (Sutter Instruments, Novato, CA). The pipette solution contained the fol-
lowing: 10 mM KCl, 110 mM K-aspartate, 5 mM MgCl2, 5 mM Na2ATP, 10 mM
EGTA-ethylene glycol-bis(-aminoethyl ether)-N,N,N,N tetra-acetic acid, 5 mM
HEPES, and 1 mM CaCl2. The solution was adjusted to pH 7.2 with KOH. Stan-
dard patch-clamp methods were used to measure the whole-cell currents of hERG1
mutants expressed in HEK293 cells using the AXOPATCH 200B amplifier (Axon
Instruments)31. Unless otherwise indicated, the tail currents were recorded when
the voltage was returned to −100 mV from +50 mV. Transfected HEK cells were
patched to record the hERG1 currents31. For experiments evaluating tonic vs. use-
dependent block, we used stable-expressing hERG1-WT cells derived from cardi-
omyocytes (a kind gift from Drs. Rakesh Bhat and Michael Houghton)32. This cell-
line has the advantage of displaying very little endogenous repolarizing membrane
currents.

Voltage-dependence of activation and deactivation. From a holding potential of
−80 mV cells were depolarized for 1 s to a range of voltages from −100 to +40 mV
followed by a step to −100 mV (1 s) to record the tail currents. The isochronal tail
current–voltage plots were fit to a single Boltzmann function (1):

I=Imax ¼ 1= 1þ exp V1=2 � Vm

� �
=k

h i� �
ð1Þ

Where I/Imax is the normalized current, V1/2 is voltage of the half-maximal acti-
vation, k is the slope factor and Vm is the membrane potential. Deactivation of
hERG1 tail currents was measured by activating channels at +40, followed with a
short (5 ms) repolarization step to −120 mV and deactivating step at −120, −100,
−60, and −40 mV. Currents at different voltages were normalized and fitted. The
fitted data were averaged, and the n values are presented in Figures’ captions.
Ceramide (C2, C6 and C8) solutions were prepared according to Bai et al.16.

Briefly, ceramides were dissolved in DMSO in 20 mM stock solutions. Before
the experiments, the ceramides stock solutions were put and vortexed in the
extracellular solution containing BSA (bovine serum albumin, BSA: DMSO= 1:1).
The control solutions had equivalent concentrations of DMSO and BSA.

Statistical analysis of electrophysiological experiments. The software Clampfit
v8.2 and v9.2 and Excel 2016 were used for e-physiology data analysis. Electro-
physiology data were displayed using the software SigmaPlot v14.0 and Clampex
v9.2 was used to process data signal in e-physiology experiments. The null
hypothesis of this study predicted no difference between the IC50, Vact

1=2 and τdeact

values of the single to the double mutations assessed. The null hypothesis was
rejected when the p-value was <0.05 as evaluated by a one-way Analysis of Variance
with Tukey test to compare hERG1 variants. Two-tailed t-tests were performed to
assess statistical differences in Vact

1=2 and τdeact properties (ceramide vs control) for
each hERG1 variant considered in this study. All variance measures for electro-
physiological data are shown as mean ± standard deviation (SD). The study was
exploratory, there was no a priori reason to consider whether there were additive or
subtractive interactions. In addition, we acknowledge that there may be other
mutations, unknown to us at this time, which could be relevant. All of the com-
parisons were prespecified, and all of the comparisons are reported. The n values for
each point of the concentration-response relationship are presented in Fig. 3a.

Simulation systems setup. In this work, we considered the transmembrane and
C-terminal regions (residues 398–862, Fig. 1a–d) of the open-state Cryo-EM
structure of hERG1 (PDBID: 5VA2, 3.8 Å resolution)10. For the closed state we
used the recently reported structural model (residues 405–670)3, based on the
Cryo-EM structure of the homologous rat EAG1 channel (PDBID: 5K7L, 3.8 Å
resolution)7. The PDB Reader module of CHARMM-GUI33 was used for the
generation of the tetrameric structures and to perform in silico mutagenesis for the
open state.

Coarse-grained (CG) molecular dynamics (MD) simulations. To provide initial
mapping of ceramide distribution around hERG1 variants we performed multiple
coarse-grained MD simulations using the Martini force field, version 2.0 for lipids,
2.2 for proteins and with the nonpolarizable water model34. The Martini–Maker
module35 implemented in CHARMM-GUI was used to build the systems in

coarse-grained (CG) representation. The proteins were embedded in a 20 × 200 Å
bicomponent membrane patch composed of POPC and DPCE (8:2), resulting in
920 and 230 molecules, respectively (Supplementary Fig. 4a and b). The DPCE is a
general model ceramide lipid corresponding to atomistic C(d16:1/16:0) N-palmi-
toyl-D-erythro-sphingosine or C(d18:1/18:0) N-stearoyl-D-erythro-sphingosine.
The POPC lipid corresponds to atomistic C(16:0/d18:1) 1-palmitoyl-2-oleoyl-gly-
cero-3-phosphocholine. The protein/membrane systems were solvated and
counter-ions were added to achieve electro-neutrality at the physiological con-
centration (150 mM). Afterwards, the structure and topology of DPCE lipids were
modified through deletion of beads C2B–C4B, which corresponds to 10–12 carbon
atoms, to obtain and parameterize CER6 molecules [C(d18:1/6:0) N-hexanoyl-D-
erythro-sphingosine]. The standard parameters defining bonded and nonbonded
interactions for DPCE in Martini force field were then applied to the corresponding
beads in the CER6. For proteins, the ElneDyn elastic network model36 was applied
to each monomer of a given tetramer. The membrane-only system was built using a
similar protocol, resulting in a bilayer patch of 125 × 125 Å comprised of POPC:
CER6 (8:2), with 400 and 100 molecules, respectively.

The CG-MD simulations were run using GROMACS (v5.0.7)37. We used
restraints for the z position of the phosphate groups in the bilayers and for the
positions of backbone and sidechain atoms in the protein during staged equilibration
steps, according to the default protocol implemented in CHARMM-GUI. The
temperature was set to T= 310 K using the velocity rescaling method38. The
pressure was set semi-isotropically to 1 bar using the Berendsen barostat39 with a
time coupling constant of 5 ps and a compressibility value of 3 × 10−4 bar−1 (for
minimization and equilibration phases) and the Parrinello–Rahman barostat40 with
a time coupling constant of 12 ps and a compressibility value of 3 × 10−4 bar−1 (for
production phase). Nonbonded interactions were used in their shifted form with
electrostatic interactions shifted to zero in the range of 0–11 Å and Lennard–Jones
interactions shifted to zero in the range of 9–11 Å. A timestep of 10–20 fs was used
with neighbour lists updated every 10 steps. Periodic boundary conditions were used
in all simulations. Each production phase replica for hERG1-membrane systems was
run for 10 µs (5 µs for the membrane-only system).

Binding-free energies. The Free Energy Perturbation (FEP) method was used. The
channel-ceramide-bound systems obtained from the CG-MD simulations (Fig. 2e
and f) were used as the input for the FEP calculations. Coulombic and
Lennard–Jones interactions of the target lipid CER6 bound to the VSD–PD
interface were fully decoupled along a coordinate in the chemical space, termed λ.
To keep the CER6 molecules in the binding site and within the correct plane and
orientation of the membrane at high values of λ, we followed a CER6-restraining
scheme described by Corey et al.41. ΔΔGbind was calculated from the energy
required to decouple the CER6 molecule in the bound and free state, in each case
perturbing the Lennard–Jones interactions over 19 windows (with 0.05 spacing
from 0 to 0.7, and 1.0 spacing from 0.7 to 1.0). Three independent production
simulations of 250 ns were run with randomized initial velocities, using a stochastic
dynamics integrator. Energy values were calculated on the final 200 ns of simula-
tion data. Simulations were run in GROMACS (v5.0.7)37.

All-atom (AA) molecular dynamics (MD) simulations. The membrane-only
system was built using POPC and CER160 lipids (8:2), resulting in a bilayer patch
of 125 × 125 Å containing 400 and 100 molecules of each lipid type, respectively.
The CER160 is a model ceramide lipid defined in the Membrane–Builder module
of CHARMM-GUI42, which corresponds to C(d18:1/16:0) N-palmitoyl-D-erythro-
sphingosine. The system was solvated and counter-ions were added to achieve
electro-neutrality at the physiological concentration (150 mM). Afterwards, the
structure and topology of CER160 lipids were modified through deletion of
C7F–C16F carbon atoms to obtain and parameterize atomistic CER6 molecules.
The standard parameters defining bonded and nonbonded interactions for CER160
in CHARMM C36 force field43 were then applied to the corresponding atom types
in the CER6.

To build protein-membrane systems, we first chose five frames from one CG-
MD replica of WT open state, where at least one ceramide molecule was in contact
with key residues such as T526 and R537 from the VSD and residues F557, M651,
and F656 from the PD. These frames were the starting points for the backmapping
process using the backward.py22 protocol. The interactions were defined by the
CHARMM C36 force field for lipids and proteins43,44. The backmapped protein/
membrane systems were resolvated in 150 mM of KCL aqueous solution with
TIP3P water model45. The final systems’ sizes were 193 × 193 × 148 Å. The
atomistic simulations of membrane/protein systems (minimization, equilibration,
and production phases) were run using GROMACS (v5.0.7)37. We used restraints
for the z position of the phosphate groups in the bilayers and for the positions of
backbone and sidechain atoms in the protein during staged equilibration steps,
according to the default protocol implemented in CHARMM-GUI. The pressure
was set semi-isotropically to 1 bar using the Berendsen barostat39 with a time
coupling constant of 5 ps and a compressibility value of 3 × 10−4 bar−1 (for
minimization and equilibration phases) and the Parrinello–Rahman barostat40

with a time coupling constant of 12 ps and a compressibility value of 3 × 10−4

bar−1 (for production phase). Electrostatic interactions were computed using the
particle mesh Ewald (PME) method46. The LINCS method47 was applied to
restrain all the bonds, allowing a 2 fs integration timestep. The temperature was set
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to T= 310 K using the velocity rescaling method38, where the protein, the
membrane, and the solute were coupled separately. The pressure was set semi-
isotropically to 1 bar using the Parrinello–Rahman barostat40 with a time coupling
constant of 12 ps and a compressibility value of 3 × 10−4 bar−1. Periodic boundary
conditions were used for all simulations. Each production phase replica for hERG1-
membrane systems was run for 500 ns (1 µs for the membrane-only system).

Contact analysis. From the CG simulations, we assessed ceramide–protein and
phosphatidylcholine–protein interactions on a per-residue basis using contact-
duration and maximum-occupancy metrics, as described by Barbera et al.48. The
former quantifies the total amount of time individual amino acid residues are
within 6 Å of any lipid molecule bead. The latter is a measure of the longest
continuous contact a given amino acid residue has with any lipid molecule. The
contact cutoff of 6 Å is commonly used for determining contacts between beads in
CG-MD simulations48. As hERG1 is a homotetramer, each replica of CG-MD
provides by default four contact metric values for each residue. For each open-state
variant (WT and mutants) and the closed-state WT system we performed four and
three CG-MD replicas, respectively. Hence, the per-residue contact metric values
we report here were averaged from among 16 and 12 per-residue values for open-
and closed-state systems, respectively.

We also analyzed statistical significance based on percentiles as in Barbera
et al.48. In short, we focused our analysis on residues that belonged to the upper-
quartile (within the upper 25 %) of the contact-duration metric (see example in
Supplementary Fig. 5a–c). We also focused on those residues that resulted in
outliers from the maximum-occupancy metric (>Q3+ 1.5*IQR), where IQR=Q3
−Q1. The Q3 and Q1 are the third and first quartiles, respectively; IQR is the
interquartile range; and Q3+ 1.5*IQR is the upper boundary in the boxplot (see
example in Supplementary Fig. 6).

Density calculations. The average density of lipid headgroups, linker regions, and
hydrocarbon tails along the membrane normal (Z-axis) for CG and AA
membrane-only systems was calculated using the GROMACS tool g_density. We
also used the VMD plugin VolMap49 to compute 2D average density maps from
CG-MD simulations using the last 8 µs of each trajectory.

Surface area (SA) calculations. We calculated general (SA/lipid) and specific
(SA/POPC and SA/CER6) values for CG and AA membrane-only systems
(Table 1). The former was obtained as the quotient of the membrane surface area in
the x–y plane divided by the total number of lipids (POPC and CER6) per-leaflet.
The latter was calculated using the software Grid-MAT(v2.0)50, considering spe-
cific beads from each lipid type (PO4 and GL1 for POPC; AM1 and AM2 for
CER6) and using 200 × 200 grid points with 1 Å spacing to generate tessellation-
like data.

Calculation of diffusion coefficients. The lateral diffusion coefficient for each
lipid type (DX–Y) was calculated from the mean square displacement (MSD) of the
molecules in the membrane plane after correction of periodic boundary effects:

MSD ¼ r t � t0
� �� r t0

� ��� ��2 ð2Þ
where r t � t0

� �� rðt0Þ
�� �� is the distance travelled in the lateral directions by the

headgroup from each lipid type between the times t and t0 The symbol 〈 〉 denotes
the average over both time and the number of molecules. The interval between the
10 and 90% of the trajectory was used to fit the MSD curve (y= 4Dt+ c) to
calculate the DX–Y using the GROMACS tool g_msd.

Clustering analysis. We analyzed clustering events for ceramides using the radial
distribution function (rdf) built-in script from VMD(v1.9.3) and considering
corrections for periodic boundaries. Specifically, we considered the formation of a
ceramide cluster if two or more ceramide headgroups were found within a radius of
5 Å in the x–y plane as described by Wang and Klauda51.

Hydrogen bonds analysis. Hydrogen bonds were computed using the GROMACS
tool g_hbond that considers distance and angle cutoffs of 3.5 Å and 30°, respec-
tively, for donor–acceptor pairs.

Visualization. The molecular graphics viewer VMD(v1.9.3)49 was used for
visualization.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
Data supporting the findings of this manuscript are available from the corresponding
authors upon reasonable request. A reporting summary for this Article is available as a
Supplementary Information file. Source data are provided with this paper.

Code availability
The scripts for analysis of protein–lipid interactions, clustering, surface occupancies as
well as input files for Free Energy Perturbations are available from https://doi.org/
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Received: 4 June 2020; Accepted: 29 January 2021;

References
1. Liin, S. I., Yazdi, S., Ramentol, R., Barro-Soria, R. & Larsson, H. P.

Mechanisms underlying the dual effect of polyunsaturated fatty acid analogs
on Kv7.1. Cell Rep. 24, 2908–2918 (2018).

2. Kudaibergenova, M., Perissinotti, L. L. & Noskov, S. Y. Lipid roles in hERG
function and interactions with drugs. Neurosci. Lett. 700, 70–77 (2018).

3. Perissinotti, L. et al. The pore-lipid interface: role of amino acid determinants
of lipophilic access by ivabradine to the hERG1 pore domain. Mol. Pharmacol.
96, 259–271 (2019).

4. Corradi, V. et al. Lipid-protein interactions are unique fingerprints for
membrane proteins. ACS Cent. Sci. 4, 709–717 (2018).

5. Corradi, V. et al. Emerging diversity in lipid-protein interactions. Chem. Rev.
119, 5775–5848 (2019).

6. Gu, R. X. & de Groot, B. L. Lipid-protein interactions modulate the
conformational equilibrium of a potassium channel. Nat. Commun. 11, 1–10
(2020).

7. Whicher, J. R. & MacKinnon, R. Structure of the voltage-gated K(+) channel
Eag1 reveals an alternative voltage sensing mechanism. Science 353, 664–669
(2016).

8. Lee, C. H. & MacKinnon, R. Structures of the human HCN1
hyperpolarization-activated channel. Cell 168, 111–120 (2017).

9. Sun, J. & MacKinnon, R. Cryo-EM structure of a KCNQ1/CaM complex
reveals insights into congenital long QT syndrome. Cell 169, 1042–1050
(2017).

10. Wang, W. & MacKinnon, R. Cryo-EM structure of the open human ether-a-
go-go-related K+ channel HERG. Cell 169, 422–430 (2017).

11. Ramentol, R., Perez, M. E. & Larsson, H. P. Gating mechanism of
hyperpolarization-activated HCN pacemaker channels. Nat. Commun. 11, 1–7
(2020).

12. Borodzicz, S., Czarzasta, K., Kuch, M. & Cudnoch-Jedrzejewska, A.
Sphingolipids in cardiovascular diseases and metabolic disorders. Lipids
Health Dis. 14, 1–8 (2015).

13. Kurz, J., Parnham, M. J., Geisslinger, G. & Schiffmann, S. Ceramides as novel
disease biomarkers. Trends Mol. Med. 25, 20–32 (2019).

14. Chapman, H. et al. Downregulation of the HERG (KCNH2) K(+) channel by
ceramide: evidence for ubiquitin-mediated lysosomal degradation. J. Cell Sci.
118, 5325–5334 (2005).

15. Ganapathi, S. B., Fox, T. E., Kester, M. & Elmslie, K. S. Ceramide modulates
HERG potassium channel gating by translocation into lipid rafts. Am. J.
Physiol. Cell Physiol. 299, C74–C86 (2010).

16. Bai, Y. et al. Sphingolipid metabolite ceramide causes metabolic perturbation
contributing to HERG K+ channel dysfunction. Cell. Physiol. Biochem. 20,
429–440 (2007).

17. Parra, V. et al. Changes in mitochondrial dynamics during ceramide-induced
cardiomyocyte early apoptosis. Cardiovasc. Res. 77, 387–397 (2008).

18. Chiamvimonvat, N. et al. Potassium currents in the heart: functional roles in
repolarization, arrhythmia and therapeutics. J. Physiol. 595, 2229–2252 (2017).

19. Marrink, S. J., de Vries, A. H. & Mark, A. E. Coarse grained model for
semiquantitative lipid simulations. J. Phys. Chem. B 108, 750–760 (2004).

20. Marrink, S. J., Risselada, H. J., Yefimov, S., Tieleman, D. P. & de Vries, A. H.
The MARTINI force field: coarse grained model for biomolecular simulations.
J. Phys. Chem. B 111, 7812–7824 (2007).

21. Ingolfsson, H. I. et al. Lipid organization of the plasma membrane. J. Am.
Chem. Soc. 136, 14554–14559 (2014).

22. Wassenaar, T. A., Pluhackova, K., Bockmann, R. A., Marrink, S. J. & Tieleman,
D. P. Going backward: a flexible geometric approach to reverse transformation
from coarse grained to atomistic models. J. Chem. Theory Comput. 10,
676–690 (2014).

23. Miranda, W. E. et al. Selectivity filter modalities and rapid inactivation of the
hERG1 channel. Proc. Natl Acad. Sci. USA 117, 2795–2804 (2020).

24. Lees-Miller, J. P. et al. Ivabradine prolongs phase 3 of cardiac repolarization
and blocks the hERG1 (KCNH2) current over a concentration-range
overlapping with that required to block HCN4. J. Mol. Cell. Cardiol. 85, 71–78
(2015).

25. Perissinotti, L. L. et al. Determinants of isoform-specific gating kinetics of
herg1 channel: combined experimental and simulation study. Front. Physiol. 9,
1–20 (2018).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21681-8 ARTICLE

NATURE COMMUNICATIONS |         (2021) 12:1409 | https://doi.org/10.1038/s41467-021-21681-8 | www.nature.com/naturecommunications 9

https://doi.org/10.6084/m9.figshare.13661033.v1
https://doi.org/10.6084/m9.figshare.13661033.v1
www.nature.com/naturecommunications
www.nature.com/naturecommunications


26. Hammes, G. G., Chang, Y. C. & Oas, T. G. Conformational selection or
induced fit: a flux description of reaction mechanism. Proc. Natl Acad. Sci.
USA 106, 13737–13741 (2009).

27. Vandenberg, J. I. et al. hERG K(+) channels: Structure, function, and clinical
significance. Physiol. Rev. 92, 1393–1478 (2012).

28. Chen, J., Seebohm, G. & Sanguinetti, M. C. Position of aromatic residues in
the S6 domain, not inactivation, dictates cisapride sensitivity of HERG and eag
potassium channels. Proc. Natl Acad. Sci. USA 99, 12461–12466 (2002).

29. Zhang, M., Liu, J. & Tseng, G. N. Gating charges in the activation and
inactivation processes of the HERG channel. J. Gen. Physiol. 124, 703–718
(2004).

30. Wang, Y. et al. Role of the pH in state-dependent blockade of hERG currents.
Sci. Rep. 6, 1–10 (2016).

31. Guo, J., Zhan, S., Lees-Miller, J. P., Teng, G. & Duff, H. J. Exaggerated block of
hERG (KCNH2) and prolongation of action potential duration by
erythromycin at temperatures between 37 oC and 42 oC. Heart Rhythm 2,
860–866 (2005).

32. Bhat, R. & Houghton, M. Recombinant cardiomyocytes and cardiomyocyte cell
lines expressing herg. USA patent (2020).

33. Jo, S. et al. CHARMM-GUI PDB manipulator for advanced modeling and
simulations of proteins containing nonstandard residues. Adv. Protein Chem.
Struct. Biol. 96, 235–265 (2014).

34. de Jong, D. H. et al. Improved parameters for the martini coarse-grained
protein force field. J. Chem. Theory Comput. 9, 687–697 (2013).

35. Qi, Y. et al. CHARMM-GUI Martini Maker for coarse-grained simulations
with the MARTINI force field. J. Chem. Theory Comput. 11, 4486–4494
(2015).

36. Periole, X., Cavalli, M., Marrink, S. J. & Ceruso, M. A. Combining an elastic
network with a coarse-grained molecular force field: structure, dynamics, and
intermolecular recognition. J. Chem. Theory Comput. 5, 2531–2543 (2009).

37. Abraham, M. J. et al. GROMACS: High performance molecular simulations
through multi-level parallelism from laptops to supercomputers. SoftwareX
1–2, 19–25 (2015).

38. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity
rescaling. J. Chem. Phys. 126, 014101–014107 (2007).

39. Berendsen, H. J. C., Postma, J. P. M., DiNola, A. & Haak, J. R. Molecular
dynamics with coupling to an external bath. J. Chem. Phys. 81, 3684–3690
(1984).

40. Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: a new
molecular dynamics method. J. Appl. Phys. 52, 7182–7190 (1981).

41. Corey, R. A., Vickery, O. N., Sansom, M. S. P. & Stansfeld, P. J. Insights into
membrane protein-lipid interactions from free energy calculations. J. Chem.
Theory Comput. 15, 5727–5736 (2019).

42. Wu, E. L. et al. CHARMM-GUI membrane builder toward realistic biological
membrane simulations. J. Comput. Chem. 35, 1997–2004 (2014).

43. Klauda, J. B. et al. Update of the CHARMM all-atom additive force field for
lipids: validation on six lipid types. J. Phys. Chem. B 114, 7830–7843 (2010).

44. Best, R. B. et al. Optimization of the additive CHARMM all-atom protein
force field targeting improved sampling of the backbone phi, psi and side-
chain chi(1) and chi(2) dihedral angles. J. Chem. Theory Comput. 8,
3257–3273 (2012).

45. Jorgensen, W., Chandrasekhar, J., Madura, J. & Klein, M. Comparison of
simple potential functions for simulating liquid water. J. Chem. Phys. 79,
926–935 (1983).

46. Darden, T., York, D. & Pedersen, L. Particle mesh ewald: an w log(N) method
for ewald sums in large systems. J. Chem. Phys. 98, 10089–10093 (1993).

47. Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G. E. M. LINCS: a linear
constraint solver for molecular simulations. J. Comput. Chem. 18, 1463–1476
(1997).

48. Barbera, N., Ayee, M. A. A., Akpa, B. S. & Levitan, I. Molecular dynamics
simulations of Kir2.2 interactions with an ensemble of cholesterol molecules.
Biophys. J. 115, 1264–1280 (2018).

49. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J.
Mol. Graph. 14, 33–38 (1996).

50. Allen, W. J., Lemkul, J. A. & Bevan, D. R. GridMAT-MD: a grid-based
membrane analysis tool for use with molecular dynamics. J. Comput. Chem.
30, 1952–1958 (2009).

51. Wang, E. & Klauda, J. B. Molecular dynamics simulations of ceramide and
ceramide-phosphatidylcholine bilayers. J. Phys. Chem. B 121, 10091–10104
(2017).

Acknowledgements
This work was supported by the Canadian Institutes of Health Research Project Grant
FRN-CIHR: 156236 (S.Y.N., H.J.D., D.P.T., and J.P.L.-M.); the National Institutes of
Health grant R01HL128537-01 (S.Y.N., J.Q., and W.E.M.) and Discovery grants from the
Natural Sciences and Engineering Research Council of Canada (to H.J.D. and D.P.T.).
W.E.M. would like to acknowledge support from a Vanier Canada Graduate scholarship,
a Killam scholarship and an Alberta Innovates Health Solutions studentship. D.P.T.
acknowledges further support from the Canada Research Chairs program. Calculations
were carried out on Compute Canada resources, funded by the Canada Foundation for
Innovation and partners. We would like to acknowledge Drs. Michael Houghton and
Rakesh Bhat (Li Ka Shing Applied Virology Institute, University of Alberta) for kindly
providing the hERG1-WT expressing cells derived from cardiomyocytes.

Author contributions
W.E.M., V.C., D.P.T., and S.Y.N. designed the simulation studies. W.E.M. conducted the
molecular dynamics simulations and developed methods for analysis with assistance
from V.C. H.M.G. provided force field parameters for CG model of CER6 and performed
FEP calculations. J.Q., J.P.L.-M., and H.J.D. designed, conducted, and analyzed the
experiments. W.E.M. drafted the paper with assistance from all co-authors.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-21681-8.

Correspondence and requests for materials should be addressed to D.P.T., H.J.D. or
S.Yu.N.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-21681-8

10 NATURE COMMUNICATIONS |         (2021) 12:1409 | https://doi.org/10.1038/s41467-021-21681-8 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-21681-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Lipid regulation of hERG1 channel function
	Results
	Effects of ceramide application on hERG1 isoform A properties
	Properties of in silico membrane models
	Mapping ceramide contact regions for WT open- and closed-PD states
	Ceramide-induced effects on other hERG1 variants

	Discussion
	Methods
	Molecular biology
	General setup for electrophysiological recordings
	Voltage-dependence of activation and deactivation
	Statistical analysis of electrophysiological experiments
	Simulation systems setup
	Coarse-grained (CG) molecular dynamics (MD) simulations
	Binding-free energies
	All-atom (AA) molecular dynamics (MD) simulations
	Contact analysis
	Density calculations
	Surface area (SA) calculations
	Calculation of diffusion coefficients
	Clustering analysis
	Hydrogen bonds analysis
	Visualization

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




