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Abstract 

Background  Cyclic Nucleotide-Binding Domain (CNBD)-family channels display distinct voltage-sensing properties 
despite sharing sequence and structural similarity. For example, the human Ether-a-go-go Related Gene (hERG) channel 
and the Hyperpolarization-activated Cyclic Nucleotide-gated (HCN) channel share high amino acid sequence similar-
ity and identical domain structures. hERG conducts outward current and is activated by positive membrane potentials 
(depolarization), whereas HCN conducts inward current and is activated by negative membrane potentials (hyperpo-
larization). The structural basis for the “opposite” voltage-sensing properties of hERG and HCN remains unknown.

Results  We found the voltage-sensing domain (VSD) involves in modulating the gating polarity of hERG. We identi-
fied that a long-QT syndrome type 2-related mutation within the VSD, K525N, mediated an inwardly rectifying non-
deactivating current, perturbing the channel closure, but sparing the open state and inactivated state. K525N rescued 
the current of a non-functional mutation in the pore helix region (F627Y) of hERG. K525N&F627Y switched hERG 
into a hyperpolarization-activated channel. The reactivated inward current induced by hyperpolarization mediated 
by K525N&F627Y can be inhibited by E-4031 and dofetilide quite well. Moreover, we report an extracellular interaction 
between the S1 helix and the S5-P region is crucial for modulating the gating polarity. The alanine substitution of sev-
eral residues in this region (F431A, C566A, I607A, and Y611A) impaired the inward current of K525N&F627Y.

Conclusions  Our data provide evidence that a potential cooperation mechanism in the extracellular vestibule 
of the VSD and the PD would determine the gating polarity in hERG.
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Background
The human Ether-a-go-go Related Gene channel (hERG) 
is expressed as the rapidly activating delayed recti-
fier potassium current (IKr) in cardiac myocytes, and 
it plays a critical role in the repolarization of the action 
potential (AP) of ventricular cardiomyocytes [1]. The 
deficiency of hERG is usually associated with long-QT 
syndrome type-2 (LQT2), featured by a prolongation of 
the QT interval of the surface electrocardiogram (ECG) 
and T-wave abnormalities [2, 3]. hERG is a depolariza-
tion-activated potassium channel, characterized by an 
extremely fast and atypical C-type inactivation [1, 4–6]. 
Channels will conduct potassium when hERG is in an 
activated state, but will not conduct ions when it is in an 
inactivated state and a closed state [1, 6]. Because hERG 
activation is slow relatively than rapid inactivation, its 
current-voltage (I-V) curve is demonstrated as a bell-
shaped relationship [1, 6].

hERG belongs to the cyclic nucleotide-binding domain 
(CNBD) clade of the voltage-gated potassium channel 
(Kv) superfamily, which contains hyperpolarization-
activated and cyclic nucleotide-gated (HCN) channels as 
well [7]. Both hERG and HCN channels share a similar 
architecture with a centrally-located pore flanked by four 
identical subunits [6, 8, 9]. Each channel is a homote-
tramer, composed of four subunits. Each subunit consists 
of 6 transmembrane helices (S1-S6), in which S1-S4 is the 
voltage-sensing domain (VSD), S5-S6 is the pore domain 
(PD), and the carboxy-terminal is the cyclic nucleotide-
binding domain (CNBD) [6, 8, 9]. The S4-S5 linker deter-
mines the coupling between VSD and PD [1, 10, 11]. 
Upon depolarization, the S4 helix will translate along its 
axis outwardly and move across the membrane [12–15]. 
This gating motion of the four VSDs can drive the con-
formational changes in the coupling machinery of the 
S4-S5 linker that opens the channel’s gate eventually [11, 
12, 15, 16]. Despite these structural similarities between 
hERG and HCN channels, hERG is activated by mem-
brane depolarization whereas HCN channels are acti-
vated by hyperpolarization [6, 8, 9]. It is a mystery that 
how channel proteins with such high homology are elic-
ited by completely different membrane voltages (depo-
larization vs. hyperpolarization) and mediate opposite 
currents. Since hERG and HCN channels have evolved 
from the same ancestor [7], it might be reasonable to 
speculate the structural basis for opposite gating polarity 
could be subtle and may lie in variations of several amino 
acid residues. However, the structural basis for the differ-
ent voltage dependence between hERG and HCN chan-
nels is still largely unknown.

The PD of hERG contains all the molecular elements 
necessary for potassium conduction and for activa-
tion and inactivation gating. Activation is classically 

associated with conformational rearrangements at the 
inner helix bundle (the activation gate) whereas C-type 
inactivation involves structural changes at the selectiv-
ity filter (the inactivation gate) [1, 11, 17]. The motion of 
the S4 helix drives the activation gate through the S4-S5 
linker at the intracellular surface and modulates the inac-
tivation gate through the S1-S4 near the extracellular sur-
face [15, 18–25]. Converting the depolarization-activated 
channel of hERG into a hyperpolarization-activated 
channel can be achieved by mutating a single residue 
in either the S4-S5 linker [23, 26] or the S6 helix [27]. 
D540K of hERG is a well-known channel that carries the 
reactivated inward current induced by hyperpolarization 
[23, 26]. Proline substitution of V659 (V659P) within the 
S6 helix of hERG also passes inward non-deactivating 
current upon hyperpolarization [27]. The conductance-
voltage (G-V) relationship of both the D540K and V659P 
channel exhibits an increased conductance upon hyper-
polarization, which is well described by a Boltzmann 
function with a V1/2 around -100 mV (-117 mV for D540K 
[26], and -99.7 mV for V659P [27]). For hERG and several 
other depolarization-activated ion channels [28, 29], the 
polarity of ion channel gating can be determined by the 
pore domain as well.

In this study, we found the voltage-sensing domain also 
plays a critical role in modulating the gating polarity of 
hERG. An LQT2-related mutant on the S4 helix, K525N 
[30], mediated an inwardly rectifying non-deactivating 
current upon hyperpolarization. K525N perturbed pore 
gate closure and preserved the open and inactivated 
state. Interestingly, K525N together with either F627Y 
(K525N&F627Y) or hERG blockers, created a hyper-
polarization-activated channel with V1/2 is about -103.2 
mV. K525N&F627Y was still inhibited by pore blockers, 
dofetilide, and E4031. Moreover, we found that a poten-
tial extracellular interaction between the S1 helix and the 
S5-P region is critical for the hyperpolarization-activa-
tion channel of K525N&F627Y.

Results
K525N&F627Y is a hyperpolarization‑activated channel
We chose to use hERG as a model channel, to explore 
the role of the voltage-sensing domain in modulating its 
rectification property. On transfection with hERG cDNA, 
CHO-K1 cells expressed a large potassium current with 
biophysical properties reminiscent of the IKr current in 
cardiomyocytes [6] (Fig.  1a). A slowly activating potas-
sium current developed during depolarizations above -60 
mV with maximum at a potential 0 mV in hERG-express-
ing cells (Fig.  1b). It opens with evident inactivation at 
more positive potential (Fig.  1a, and b). Analysis of the 
tail current allowed us to characterize the half-activation 
voltage (V1/2) which is -18.7 ± 1.1 mV (Fig. 1c, and i). The 
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C-type inactivation gate of hERG contains 626GFG628 
motif in the selectivity filter [4, 5]. As one of the key 
determinants of C-type inactivation, F627 regulates the 
asymmetrical constricted-like conformation of the selec-
tivity filter [4] (Fig. 1d). The tyrosine substitution of F627 
(F627Y) leads to an ion non-conducting channel under 
physiology solutions (Fig. 1a-e), consistent with previous 
studies [4, 31–33].

We investigated channel properties of many double 
mutants that combined mutations of gating charge and 
F627Y (Fig. 1d). To our surprise, the nonfunctional sin-
gle mutant of F627Y was rescued by the K525N muta-
tion (Fig.  1f ). Moreover, K525N&F627Y was activated 
by membrane hyperpolarization and mediated non-
deactivated inward current (Fig.  1f-h, and Additional 
file  1: Fig. S1), in stark contrast to the wild-type (WT) 
hERG that was activated by membrane depolarization 

and conducted outward current (Fig.  1a, and b). Such 
behavior is reminiscent of the hyperpolarization-induced 
activation of D540K [23, 26] and V659P [27] of hERG, 
W434F-P475D of Shaker-IR [34], L226P of NachBac 
[28], and L271P&D312N of SKOR [29]. We observed 
K525N&F627Y was completely closed at physiologi-
cal membrane potentials and began to conduct a slowly 
activated inward current as the membrane voltage was 
changed from -70 to -135 mV (Fig. 1f, g, and Additional 
file  1: Fig. S1). Such activation properties are exactly 
opposite to those of WT hERG, which was activated by 
more positive membrane potentials (Figs. 1a, and b; from 
-60 to +60 mV). The voltage dependence of the peak tail 
current for K525N&F627Y was fitted to a Boltzmann 
function, yielding a V1/2 of -103.2 ± 4.1 mV (Fig. 1h, and 
i), 84.5 mV more negative than that for WT (Fig. 1i). Also, 
K525N&G628S is a hyperpolarization-activated channel 

Fig. 1  K525N&F627Y is a hyperpolarization-activated channel. a Representative currents of WT hERG overexpressed in CHO cells. The step voltage 
protocol (below) varies from -60 to +60 mV with a holding potential of -90 mV. The green arrow and red arrowhead indicate the measurement 
region of outward currents and tail currents, respectively. The 0 pA is indicated by a dashed line. b The normalized current-voltage (I-V) curve 
of WT hERG (n≥6) and F627Y (n≥6). Measured currents are indicated by the green arrow in Fig. 1a. c The normalized conductance-voltage (G-V) 
curve of WT hERG (n≥6). Measured currents are indicated by the red arrowhead in Fig. 1a. d Diagram of an hERG channel subunit that can be 
divided into a VSD (S1-S4) and a PD (S5-S6). K525 in the S4 helix and F627 in the selective filter is indicated by a red and purple star, respectively. 
The potential interacting residues (F431, C566, I607, and Y611) are also labelled with black dots. F431 is in S1, C566 is in S5, I607 and Y611 are 
in the pore helix. e Representative currents of F627Y. Step voltage protocol (below) varies from -165 to +30 mV with a holding potential at -70 mV. 
f Representative currents of K525N&F627Y. Step voltage protocol (below) varies from -130 to +30 mV with a holding potential at -70 mV. g The 
normalized I-V curve (n≥6) and h The normalized G-V curve (n≥6) of K525N&F627Y. i V1/2 values of WT hERG and K525N&F627Y (n=12). Error bars 
represent mean ± SEM
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similar with K525N&F627Y (Additional file  1: Fig. S1). 
The gating polarity of K525N&F627Y and K525N&G628S 
is reversed to WT hERG (Fig. 1c, h, and Additional file 1: 
Fig. S1).

Under physiological solutions (external: 5 mM K+ and 
140 Na+ versus internal: 145 mM K+), the reversal poten-
tial of WT hERG and K525N&F627Y was around -60 mV 
(Additional file 2: Fig. S2); and it changed to about 0 mV 
(Additional file  2: Fig. S2) while symmetric potassium 
solutions were applied (external and internal: 145 mM 
K+). Therefore, the reversal potential of WT hERG and 
K525N&F627Y was strictly determined by the potassium 
gradient between the extracellular (external) solution 
and intracellular (internal) solution. K525N&F627Y and 
K525N&G628S remained a potassium channel with a 
limited permeability to sodium and NMDG (Figs. 2a, and 
Additional file 2: Fig. S2), which is similar to WT hERG 
(Fig. 2b).

K525N&F627Y is inhibited by hERG channel blockers
hERG channel physiologically conducts ions through the 
alpha (α) pore [6]. However, the omega (Ω) pore would 
be created by mutating some gating charges in the S4 
of voltage-gated ion channels, especially the first gat-
ing charge [35–37]. K525S has been reported that it can 
create an extra Ω pore in hERG [38]. Therefore, a ques-
tion is raised on whether the hyperpolarization-activated 
conductance of K525N&F627Y is indeed carried by the 
hERG channel, and if true, whether it is still carried by 
the α pore. To address these questions, we first investi-
gated the K525N&F627Y current sensitivity to some 
hERG channel blockers. Dofetilide and E4031 are both 
classical blockers through sitting in the central cav-
ity of the α pore [39–41]. We found that both dofetilide 
(Fig. 3a-c) and E4031 (Fig. 3d-f ) also significantly inhib-
ited the inward current of K525N&F627Y. The sensitivity 
of K525N&F627Y to both blocker is dramatically reduced 
compared with wild-type hERG, which might be attrib-
uted to an inability of the open gate to trap blockers in 

the pore at hyperpolarized potentials [40]. The similar 
phenomenon was also observed for the D540K mutant 
[40]. The G-V curve of K525N&F627Y was dramatically 
left-shifted in the presence of either dofetilide (Fig.  3g-
i) or E4031 (Fig.  3j-l). Given that dofetilide and E4031 
often act as blocker binding in the α pore [39, 41], and 
the K525N&F627Y channel shares the same ion selectiv-
ity and permeability as the WT hERG channel (Figs.  2, 
and Additional file 2: Fig. S2), it is reasonable to speculate 
the inward current of K525N&F627Y is still through the 
α pore as WT hERG.

K525N perturbs the channel closed state, presents an open 
and an inactivated state
To explore the hyperpolarization-activated gating mech-
anism of K525N&F627Y, we characterized the channel 
properties of K525N. K525 is proximate to the S3-S4 
linker that regulates hERG activation gate [42, 43]. Unlike 
WT hERG, K525N produced an instantaneous cur-
rent that was observed upon hyperpolarization as well 
as depolarization (Fig.  4a, and d). K525N still exhibited 
properties of a depolarization-activated channel, and 
tail currents at -150 mV were progressively larger as 
if the membrane potential was depolarized (Fig.  4a, b, 
and Additional file  3: Fig. S3). The tail current demon-
strated compromised deactivation, and half of the maxi-
mum conductance remained at -150 mV (Fig. 4a, and b). 
K525N can not be fully closed even if the voltage is -170 
mV (Fig. 4a, and b). The G-V curve of K525N is dramati-
cally left-shifted compared with WT hERG (Fig. 4b), giv-
ing a V1/2 of -95.6 ± 3.9 mV and -19.3 ± 2.1 mV for K525N 
and WT, respectively (Fig.  4c). An inwardly rectifying 
current was still detected at more positive potentials 
(-46.2 ± 3.9 mV) with a maximum current recorded at 
more negative potentials than WT hERG (6.0 ± 0.8 mV) 
(Fig.  4d-f ). With further depolarization, the current of 
K525N amplitude decreased progressively (Fig.  4d, and 
e), which is due to the channel voltage-dependent inac-
tivation. Thus, K525N perturbed channel closure and 

Fig. 2  K525N&F627Y is a K+ selective channel. a Analysis of relative K+ permeability over Na+, or NMDG+ of K525N&F627Y based on Erev 
measurement (n≥6). b Analysis of relative K+ permeability over Na+, or NMDG+ of WT hERG based on Erev measurement (n≥6). Error bars represent 
mean ± SEM
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preserved the channel activation state and inactivation 
state.

The gating polarity of K525N is pharmacologically reversed 
by E4031 and cisapride
Both E4031 and cisapride bind in the central cavity of 
the PD near the inactivation gate of hERG channel [39, 
41, 44]. To further explore the role of the inactivation in 
the gating polarity of hERG, we studied the influence of 
E4031 and cisapride on the channel properties of K525N. 
In the presence of E4031 at 3 μM (> IC100 = 1 μM on WT 
hERG in CHO cells [45]) and Cisapride at 10 μM (> IC100 

= 1 μM on WT hERG in CHO cells [46]), the outward 
current was almost completely blocked (Fig.  5a, and d). 
However, a partial inward current of K525N remained 
(Fig. 5a, and d), showing the peak current was more sen-
sitive to E4031 and cisapride than the steady-state cur-
rent (Fig.  5b, c, e, and f ). The residual inward current 
(Fig. 5a, and d) is reminiscent of that of K525N&F627Y 
(Fig. 1f ). The tail current of the residual inward current 
was increased as the membrane potential decreased from 
-100 mV (Fig. 5g, and h). The G-V curve can be fitted by 
a Boltzmann function with the V1/2 of -147.0 ± 12.7 mV 
and -119.6 ± 5.4 mV for K525N with E4031 and cisapride, 

Fig. 3  K525N&F627Y is inhibited by dofetilide and E4031. a Representative currents of K525N&F627Y with or without 10 μM dofetilide. Inward 
currents were elicited with -135 mV (the protocol see below). b histogram of I/I0 at -135mV with or without dofetilide (n≥6). c I-V curves 
of K525N&F627Y with or without dofetilide (n≥6). d Representative currents of K525N&F627Y with or without 3 μM E4031. e histogram of I/I0 
at -135mV with or without E4031 (n≥6). f I-V curves of K525N&F627Y with or without E4031 (n≥6). g Representative step currents of K525N&F627Y 
with or without dofetilide. The step voltage protocol (below) varies from -165 to +30 mV. h The G-V curve (n≥6) and i V1/2 values (n≥6) 
of K525N&F627Y with or without dofetilide. j Representative step currents of K525N&F627Y with or without E4031. k The G-V curve (n≥6) and l V1/2 
values (n≥6) of K525N&F627Y with or without E4031. Error bars represent mean ± SEM. *P<0.05, **P<0.01; ***P<0.001, two-tailed Student’s t-test
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Fig. 4  K525N perturbs the channel closure and preserves the open and inactivated state. a Representative step currents of K525N elicited 
with a complicated protocol. The step voltage protocol (below) varies from -150 to +60 mV with a holding potential of -70 mV. Since channels were 
instantaneously open at -70 mV, a -170 mV was applied before the step trying to close the pore gate and to detect the activation kinetics. A -150 
mV followed the step to detect tail currents. b The G-V curve (n≥6) and c V1/2 of activation values (n≥6) of K525N. d Representative step currents 
of K525N elicited with an easier protocol. The step voltage protocol (below) varies from -150 to +60 mV. e The G-V curve (n≥6) and f the voltage 
at the peak current (n≥6) of K525N. Error bars represent mean ± SEM. ***P<0.001, two-tailed Student`s t-test

Fig. 5  The gating polarity of K525N is switched by E4031 and cisapride. a Representative step currents of K525N with or without 3 μM E4031. 
Green arrows indicate peak currents, and red arrowheads indicate steady-state currents. b I-V curves of peak currents (n≥6) and c steady-state 
currents (n≥6) of K525N with or without E4031. d Representative step currents of K525N with or without 10 μM cisapride. Green arrows indicate 
peak currents, and red arrowheads indicate steady-state currents. e I-V curves of peak currents (n≥6) and f steady-state currents (n≥6) of K525N 
with or without cisapride. G-V curves of K525N with or without g E4031 and h cisapride. Error bars represent mean ± SEM
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respectively (Fig.  5g, and h). E4031 and cisapride con-
verted a depolarization-activated channel of K525N into 
a hyperpolarization-activated channel.

The extracellular interaction between the VSD and PD 
is critical for functions of K525N&F627Y
The extracellular and intracellular interaction of the 
voltage-sensing domain and the pore domain regu-
late voltage-gated ion channel functions including the 
hERG channel [18, 20, 22, 24, 25, 47]. The VSD-PD 
interaction is the mechanism that confers voltage-
dependent inactivation in hERG, and whether the 
hyperpolarization channel of K525N&F627Y can be 
regulated by the extracellular interaction of the VSD 
and the pore is not clear. Based on the cryo-EM struc-
ture of hERG (PDB:5VA1) [6], we observed the extracel-
lular interaction is potentially composed of the F431 on 

the S1, C566 in the S5, I607, and Y611 on the pore helix 
[6, 19, 22] (Fig. 6a). These potential interaction sites are 
flanked by K525 in the S4 and F627 in the selective fil-
ter (Fig.  6a). Mutating F431, C566, I607, and Y611 to 
the alanine with K525N&F627Y background did not 
change the expression pattern of hERG on the plasma 
membrane (Additional file  4: Fig. S4). With mutations 
of F431A, C566A, and Y611A, K525N can not rescue 
the current of F627Y at all. The mutation of I607A also 
partially disrupted the rescue effect of K525N on F627Y, 
and the inward current of K525N&F627Y&I607A was 
significantly reduced (Fig.  6b-d). Mutations of other 
residues beyond this region, such as I409A, barely 
affected functions of K525N&F627Y (Additional file 4: 
Fig. S4). F431A, C566A, and Y611A eliminated the cur-
rent of K525N as well (Additional file 4: Fig. S4). There-
fore, the potential interaction between the VSD and 

Fig. 6  F431A, C566A, I607A, and Y611A impair the inward current of K525N&F627Y. a The cryo-EM structure of hERG (PDB: 5VA1) [6] highlighted 
with K525 (blue), F627 (yellow), and potential key residues (red in the S1 helix, and green in the S5-P region) of the extracellular interaction face 
between the VSD and the PD. The top view and side view of the interaction region are zoomed out and shown in the Right panel. b Representative 
step currents of F431A, C566A, I607A, and Y611A on top of K525N&F627Y, respectively. c Normalized I-V curves (n≥6) and d current density (n≥6) 
of F431A, C566A, I607A, and Y611A on top of K525N&F627Y, respectively. Error bars represent mean ± SEM. **P<0.01; ***P<0.001, two-tailed 
Student’s t-test
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PD is also involved in the hyperpolarization-activated 
properties of K525N&F627Y.

K525N&S631A is a “leak” channel
Previously, S631A was reported as an “inactivation-alle-
viation” mutant [48, 49]. Consistently, we found that the 
inactivation was absent even at +50 mV in S631A [48, 49] 
(Fig. 7a, and c). We first combined S631A with K525N to 

create K525N&S631A and recorded the channel behav-
ior at a large range of membrane potentials (Fig.  7b). 
Interestingly, K525N&S631A was a “leak” channel with 
substantial inward and outward currents (Fig. 7b, and c). 
The inward current of K525N&S631A was different from 
K525N, as a saturated current was achieved at negative 
potentials (Fig.  7b, and c). However, K525N&S631A is 
still a depolarization-activated channel with the voltage 

Fig. 7  K525N&S631A is a “leak” channel. a Representative step currents of S631A, and b K525N&S631A. c I-V curves (n≥6) of S631A, K525N, 
and K525N&S631A, respectively. Steady-state currents indicated by green arrows in Fig. 7a and b were quantified. d G-V curves of S631A, K525N, 
and K525N&S631A, respectively. e Representative step currents and f I-V curves (n≥6) of K525N with or without 10 μM ICA-105574. g G-V curves 
of K525N with or without 10 μM ICA-105574. In the presence of ICA-105574, the G-V curve was fitted by the Boltzmann equation (blue line). Error 
bars represent mean ± SEM
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dependence similar to K525N (Fig. 7d). ICA-105574 is a 
potent activator of hERG by alleviating the inactivation 
[50–52]. In the presence of ICA-105574, K525N also 
behaved as a “leak” channel (Fig. 7e), and the inward cur-
rent was saturated at negative potential as well (Fig. 7f ). 
ICA-105574 left-shifted the G-V curve of K525N chan-
nel at potential more negative than -80 mV significantly 
(Fig. 7g). Thus, the VSD and the PD together could also 
reshape hERG to a “leak” channel.

Discussion
The VSD is involved in switching the gating polarity 
of hERG
Both hERG and HCN belong to CNBD-family chan-
nels, sharing a similar structure [6, 8, 9]. Recently, several 
studies have revealed that the structural basis for the dif-
ferent polarities of the depolarization-activated channel 
and hyperpolarization-activated channel is associated 
with the pore domain of hERG [23, 26, 27]. D540K in the 
S4-S5 linker [23, 26] and V659P in the S6 helix [27] of 
hERG mediate the inward current that is gradually larger 
as if the membrane potential decreases. K540 interacts 
with R665 in the S6 helix to couple the VSD with the 
PD, underlying the mechanism of hyperpolarization-
dependent opening of D540K [23]. V659P introduces 
a kink that disrupts the coupling between the VSD and 
the PD [27]. In the Shaker channel, the combination of 
L434F and P475D, two residues in the PD, converts it 
to the hyperpolarization activated channel as well [34]. 
Whether the VSD is involved in determining the gating 
polarity of hERG? In HCN-EAG chimera channels, the 
substitution of serine in helix breaking transition in the 
S4 with a bulky hydrophobic amino acid flips the gating 
polarity from inward to outward-rectifying [53], suggest-
ing the VSD may be critical to the gating polarity. The 
S3-S4 linker is important for stabilizing the closed con-
formation of hERG relative to the open state [42, 43, 54]. 
As the first gating charge, K525 stabilizes the closed state 
of hERG. Mutations of K525 would disturb the pore gate 
closure, and left-shift the voltage dependence dramati-
cally [43, 54–58]. We found herein K525N also impairs 
the pore gate closure and preserves the open and inac-
tivated state. When cooperating with F627Y, a mutation 
in the inactivation gate [4, 31, 32], K525N successfully 
inverted the polarity of voltage dependence (Fig.  1e-h). 
Therefore, the VSD is also involved in modulating the 
gating polarity of hERG.

The hyperpolarization‑activated mechanism 
of K525N&F627Y
The PD of the hERG channel contains the intracellular 
activation and extracellular inactivation gate [6]. Both 
gates are intimately regulated by the VSD (Fig. 8a) [6]. In 

the closed state at the rest membrane potential, the volt-
age sensor is located intracellularly, leading to the acti-
vation gate being closed and the inactivation gate being 
open [1, 6, 11]. Upon depolarization, the voltage sensor 
slides outwardly, inducing the activation gate to gradu-
ally open (Fig. 1a, and c) via the intracellular S4-S5 linker. 
Whereas the inactivation gate would keep open at a volt-
age lower than 0 mV, and close at higher voltages (Fig. 1a, 
and b). How the gating polarity of hERG is reversed in 
K525N&F627Y? K525 is the first gating charge of hERG 
[6], and eliminating the first gating charge may prohibit 
S4 from sliding down completely at hyperpolarization 
and prevent full closure of the activation gate [13, 59]. 
Since K525N left-shifts the voltage dependence sig-
nificantly and eliminates the closed state of the channel 
(Fig.  4a, and b), the S4 might be located extracellularly, 
preventing full closure of the activation gate and result-
ing in a “leaky open” state in K525N&F627Y (Fig.  8b). 
The inactivation gate may still open at hyperpolariz-
ing potentials, resembling the Shaker-IR-L434F-P475D 
channel [34]. However, as the membrane potential depo-
larizes, the inactivation gate gradually close (Fig.  8). 
K525N&F627Y only exhibits the open and the inacti-
vated state without the closed state. Therefore, it is the 
inactivation gate that determines the ion conductance of 
K525N&F627Y, which is reminiscent of the Shaker-IR-
L434F-P475D channel [34], and the voltage-dependent 
gate in the MthK potassium channel [60].

Non‑covalent interactions of the VSD and PD in Kv 
channels
Two tetrameric architectures identified amongst Kv chan-
nels: domain-swapped channels, such as Shaker, Kv1.2, 
and Kv7.1, and non-domain-swapped channels, such as 
hERG, HCN, and KvAP [6]. In domain-swapped chan-
nels, the VSD from one subunit is in close contact with 
the PD from the adjacent subunit, forming an extensive 
inter-subunit non-covalent interface. In non-domain-
swapped channels the VSD and PD from the same subu-
nit closely contact with a non-covalent interface as well. 
The non-covalent interface is located at the extracellular 
region of the VSD and PD. The non-covalent interface of 
domain-swapped channels is similar with that of non-
domain-swapped channels, which is supported by the 
Shaker channel [20] and hERG [25]. In Shaker K+ chan-
nel, the voltage sensor is coupled with the selective filter 
(VS-SF coupling) through the extracellular interaction 
chain composed of the S4, S5, P-Loop, and SF [20]. The 
L366H in the S4 restores the K+ conduction abrogated 
by W434F in the PD of the Shaker-IR channel. The dis-
ruption of the functional connection between contigu-
ous residues in the S4-S5-(P-Loop)-SF chain is sufficient 
to decrease the K+ conduction of L366H:W434F [20]. A 
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kinematic chain of residues that couples the VSD to PD 
consists of S4/S1 and S1/S5 subunit interfaces in hERG 
[25]. The movements of VSD electromechanically propa-
gates to the constriction of the SF following the S4-S1-S5-
(P-Loop)-SF route relevant for the C-type inactivation 
[25]. These paths in hERG resemble those for the Shaker 
channel, suggesting the presence of a common underly-
ing mechanism of electromechanical coupling across the 
superfamily of Kv channels.

K525N and drug treatment
LQT2-associated mutations broadly distribute in every 
domain of hERG [2, 30, 61]. A comprehensive study ana-
lyzing 226 different LQT mutations reported that 32% 
resided in transmembrane and pore domains [61]. Defi-
cient protein trafficking to the cell membrane is the dom-
inant mechanism for most of the mutations associated 
with LQT2 [3, 62]. The trafficking defect mutants can be 
pharmacologically corrected by culturing in the presence 
of pore-blocking drugs such as E4031 [62, 63]. Although 
K525N is still functional on the cell surface (Fig. 4), many 

channel functional properties are different from WT 
hERG. Neither activators nor inhibitors of hERG can 
restore the functions of K525N (Figs.  5 and 7). There-
fore, our study suggests alternative treatments should 
be developed for LQT2 patients carrying the K525N 
mutation. In addition, LQT2 syndrome in patients with 
K525N&R528P [30] may not be pathologically attributed 
to the K525N, since K525N is a gain-of-function mutant 
of hERG.

Conclusions
This work characterized the role of a long-QT syn-
drome type-2-related mutation in the voltage-sensing 
domain, K525N [30], in modulating the gating polar-
ity of hERG. Completely different from WT hERG, 
K525N together with F627Y reversed a depolarization-
activated channel into a hyperpolarization-activated 
channel. K525N&F627Y conducted ions upon hyper-
polarization and was non-conducted under depolari-
zation. A Boltzmann fitting curve of the tail current 
gave a V1/2 is about -103.2 mV. The non-deactivated 

Fig. 8  Suggested model for the inverted gating polarity of K525N&F627Y. a Upon depolarization, WT hERG sequentially forms three states, 
the closed, the open, and inactivated state. As the membrane potential depolarizes, S4 (yellow) of hERG slides extracellularly and slowly drives 
the activation gate open (red) via the S4-S5 linker (grey). Channels transit from a closed state into an open state that mediates an outward K+ 
current. Once the membrane potential is higher than 0 mV, S4 further translocates extracellularly, and channels are inactivated. Channels reach 
the inactivated state that is non-conductive to ions. The non-canonical coupling pathway between the VSD and PD is critical for the hERG channel 
function. b K525N&F627Y preserves two states of hERG, the open and the inactivated state. When the membrane potential is higher than -70 
mV, S4 (yellow) usually sits extracellularly. Channels stay in the inactivated state that is non-conductive to ions. Once the membrane potential 
hyperpolarizes, S4 would translocate mildly toward the intracellular, and relieve the inactivation gate. Channels transit into a “leaky open” state 
that mediates an inward K+ current
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inward current conducted by K525N&F627Y was still 
sensitive to hERG channel blockers. Pharmacologi-
cally, a hyperpolarization-activated channel was also 
achieved by blocking K525N with E4031 and cisap-
ride. Furthermore, we discovered that the extracellular 
interaction between the S1 helix and the S5-P region 
was crucial for the involvement of the VSD in modu-
lating the gating polarity of hERG.

Methods
Mutagenesis
The hERG construct was a gift from M. Sanguinetti 
(University of Utah), which has been described in our 
previous work [64]. hERG mutants were generated 
with QuikChange lightning II site-directed mutagen-
esis kit (Agilent) and confirmed by DNA sequencing. 
Primers used for site-directed mutagenesis are listed 
below.

mutation Forward primer Reverse primer

K525N gatcgggctgctgaacact-
gcgcggctg

cagccgcgcagt-
gttcagcagcccgatc

F627Y ctcaccagtgtgggctacg-
gcaacgtctc

gagacgttgccgtagcc-
cacactggtgag

G628S cagtgtgggcttcag-
caacgtctctcccaac

gttgggagagacgttgct-
gaagcccacactg

F431A ccctactcggctgccgcc-
ctgctgaaggagac

gtctccttcagcagggcg-
gcagccgagtaggg

C566A cgcactggctagccgc-
catctggtacgccatc

gatggcgtaccagatggcg-
gctagccagtgcg

I607A ctgggcggcccctccgc-
caaggacaagtatg

catacttgtccttggcg-
gaggggccgcccag

Y611A cctccatcaaggacaa-
ggctgtgacggcgctctac

gtagagcgccgtcacagc-
cttgtccttgatggagg

I419A catcctgctgctggtcgc-
ctacacggctgtcttc

gaagacagccgtgtaggc-
gaccagcagcaggatg

S631A gcttcggcaacgtcgctcc-
caacaccaac

gttggtgttgggagc-
gacgttgccgaagc

K525R ctgatcgggctgctgcg-
gactgcgcggctg

cagccgcgcagtc-
cgcagcagcccgatcag

K525C ctgatcgggctgctgtg-
tactgcgcggctgctg

cagcagccgcgcagtaca-
cagcagcccgatcag

K525S gagctgatcgggctgct-
gagtactgcgcggctg

cagccgcgcag-
tactcagcagcc-
cgatcagctc

K525M gatcgggctgctgatgact-
gcgcggc

gccgcgcagtcatcagcagc-
ccgatc

K525P gatcgggctgctgc-
cgactgcgcggctg

cagccgcgcagtcg-
gcagcagcccgatc

K525A gatcgggctgctggc-
gactgcgcggctg

cagccgcgcagtcgc-
cagcagcccgatc

K525V gatcgggctgctggtgact-
gcgcggctg

cagccgcgcagtcac-
cagcagcccgatc

K525E ctgatcgggctgctgga-
gactgcgcgg

gccgcgcagtctccagcagc-
ccgatcag

Cell culture and transient transfection
Chinese Hamster Ovary (CHO) cells were grown 
in 50/50 DMEM/F12 (Cellgro, Manassas, VA) with 
10% fetal bovine serum (FBS) and 2 mM L-glutamine 
(Gibco, Carlsbad, CA). To express ion channels, cells 
were split 24 hours before transfection, plated in 
60-mm dishes, and transfected with Lipofectamine 
3000™ reagent (Invitrogen, Carlsbad, CA), according to 
the manufacturer’s instruction. At 24 hours after trans-
fection, cells were split and re-plated onto coverslips 
coated with poly-L-lysine (Sigma-Aldrich, St. Louis, 
MO). A plasmid for cDNA of GFP (Amaxa, Gaithers-
burg, MD) was co-transfected to aid the identification 
of transfected cells by fluorescence microscopy.

Electrophysiological recording
Whole-cell voltage-clamp recording was carried out 
at room temperature in CHO cells with an Axopatch-
200B amplifier (Molecular Devices, Sunnyvale, CA). 
The electrodes were pulled from borosilicate glass cap-
illaries (World Precision Instruments, Sarasota, FL). 
When filled with the intracellular solution, the elec-
trodes had resistances of 3-5 MΩ. The pipette solution 
contained (mM): KCl 145, MgCl2 1, EGTA 5, HEPES 10, 
and MgATP 5 (pH 7.3 with KOH). During the record-
ing, constant perfusion of the extracellular solution 
was maintained using a BPS perfusion system (ALA 
Scientific Instruments, Westbury, NY). The extracel-
lular solution contained (mM): NaCl 140, KCl 5, CaCl2 
2, MgCl2 1.5, HEPES 10, and glucose 10 (pH 7.4 with 
NaOH). Signals were filtered at 1 KHz and digitized 
using a DigiData 1550B with pClamp 11.2 software 
(Molecular Devices, Sunnyvale, CA). Series resistance 
was compensated by 60-80%.

Determination of relative permeability (PX/PK)
The permeability of TMEM175 for Na+ and NMDG+ 
relative to K+ was estimated based on the Goldmann-
Hodgkin-Katz current equation s[65] and the measured 
Erev using “bi-ionic” conditions:

Where R, T, F, and V are the gas constant, absolute tem-
perature, Faraday`s constant, and the reversal potential, 
respectively. In the whole-cell recording, the pipette solu-
tion is (in mM): KCl 145, EGTA 5, and HEPES 10 (pH 
7.3 with KOH). The sodium solution is (in mM): NaCl 
145, EGTA 5, and HEPES 10 (pH 7.3 with NaOH). The 
NMDG solution is (in mM): NMDG 145, EGTA 5, and 
HEPES 10 (pH 7.3 with HCl). Erev was determined using 

PX

PK
=

K
+

i
e

FV/RT − K
+

e

[X+]e − [X+]ie
(FV/RT )
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a pre-open at 0 mV step protocol in response to extracel-
lular solutions.

Data and statistical analysis
Patch-clamp data were processed using Clampfit 11.2 
(Molecular Devices, Sunnyvale, CA), and then analyzed 
in Origin 2018 (OriginLab, Northampton, MA). Voltage-
dependent activation curves were fit with the Boltzmann 
equation: G=Gmin+(Gmax-Gmin)/(1+exp(V-V1/2)/S)), 
where Gmax is the maximum conductance, Gmin is the 
minimum conductance, V1/2 is the voltage for reaching 
50% of the maximum conductance and S is the slope fac-
tor. Data are presented as means ± SEM. Significance was 
estimated using paired two-tailed students’ t-tests.
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Additional file 1: Fig. S1. K525N&G628S is a hyperpolarization-activated 
channel. a The expression pattern of hERG-EGFP, and F627Y-EGFP in CHO 
cells stained with Dil dye (red). b The representative ramp current of 
K525N&F627Y. The ramp protocol (below) ranges from -130 to +30 mV in 
5 seconds with a holding potential at -100 mV. c Representative currents 
of G628S. d Representative currents of K525N&G628S. e The G-V and e the 
I-V curve of K525N&G628S.

Additional file 2: Fig. S2. K525N&G628S is a K+ selective channel. a 
Representative current traces with ramp protocols and b histogram of 
the reversal potential of K525N&F627Y in the presence of different bath 
solutions. c Representative current traces and d histogram of the reversal 
potential of WT hERG channel in the presence of different bath solutions. 
e Representative current traces and f histogram of the reversal potential 
of K525N&G628S in the presence of different bath solutions. g Analysis of 
relative K+ permeability over Na+, or NMDG+ of K525N&G628S based on 
Erev measurement (n≥6). Error bars represent mean ± SEM.

Additional file 3: Fig. S3. Various K525 mutations disturb channel closure. 
a G-V curves of K525 mutants.

Additional file 4: Fig. 4. I419A did not impair the inward current of 
K525N&F627Y. a The expression pattern of K525N&F627Y&F431A-
EGFP, K525N&F627Y&C566A-EGFP, K525N&F627Y&I607A-EGFP, and 
K525N&F627Y&Y611A-EGFP in CHO cells stained with Dil dye (red). b The 
cryo-EM structure of hERG (PDB: 5VA1) highlighted with K525 (blue), F627 
(yellow), and F431 (red) and I419 (green) residues amongst the potential 
interaction face between the VSD and PD. The top view and side view of 
the interaction region are zoomed out and shown in the Right panel. c 
Representative step currents of K525N&F627Y, and K525N&F627Y&I419A, 
respectively. d Current density (n≥6) of K525N&F627Y, and 
K525N&F627Y&I419A, respectively. Representative currents of e K525N, f 

K525N&F431A, g K525N&C566A, and h K525N&Y611A. Error bars represent 
mean ± SEM. **P<0.01; ***P<0.001, two-tailed Student’s t-test.
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