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I N T R O D U C T I O N

The human ether-a-go-go–related gene (hERG) encodes 
the pore-forming subunit of the potassium channel 
responsible for the cardiac delayed rectifier current 
(IKr), a critical component of the repolarization phase 
of the cardiac action potential (Sanguinetti et al., 1995;  
Trudeau et al., 1995). Like all voltage-gated potas-
sium channels, the hERG K+ channel is tetrameric with 
each subunit composed of six transmembrane domains  
(S1–S6). Within this arrangement, the first four trans-
membrane helices (S1–S4) form the voltage-sensing  
domain (VSD), whereas the pore domain is formed by 
the last two (S5 and S6) and contains the activation 
gate, formed at the cytoplasmic extremity of the S6 helices 
(Perrin et al., 2008). The general principles of electro-
mechanical coupling are well understood. Depolariza-
tion of the transmembrane electrical potential drives 
outward movement of the VSD within the bilayer, and 
this “upward” motion pulls on the short linker between 
the S4 and S5 helices, the S4–S5 linker, which in turn is 
coupled to motion of the activation gate via specific in-
teractions and results in channel opening (Long et al., 
2005). This overall picture also holds for the hERG 
potassium channel (Tristani-Firouzi et al., 2002). How-
ever, despite the overall structural homology to other 
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voltage-gated potassium channels, hERG channels ex-
hibit unique gating kinetics characterized by slow acti-
vation and deactivation as well as rapid, voltage-sensitive 
inactivation and recovery from inactivation. Notwith-
standing the importance of these kinetics in determin-
ing the role of hERG in repolarization, the underlying 
molecular basis is poorly understood.

A particularly intriguing property of voltage gating in 
hERG, as well as other voltage-gated channels, is the so 
called mode shift of the VSD. Mode shift refers to the 
observation that the voltage range for VSD return is 
more hyperpolarized than the voltage range for upward 
movement of the VSD. In other words, after the VSD 
has moved upward, it is stabilized in the up state and 
therefore more energy in terms of a larger voltage gra-
dient needs to be applied to allow return of the VSD to 
its resting state. This mode shift was first observed in 
squid axon sodium channels (Bezanilla et al., 1982) 
where holding the membrane potential at 0 mV for sev-
eral minutes shifted the voltage range over which gating 
charge was transferred across the membrane by 70 mV 
in the hyperpolarized direction relative to when the 
membrane was held at 90 mV. Subsequently, the same 
phenomenon has been observed in many other volt-
age-gated channels including hERG, HCN, and Shaker 
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294 Mode shift regulation in hERG channels

phenomenon that has not been reported for other  
voltage-gated channels that provides insight into the 
unique deactivation properties of hERG channels.

M A T E R I A L S  A N D  M E T H O D S

Molecular biology
hERG cDNA (a gift from G. Robertson, University of Wisconsin, 
Madison, WI) was subcloned into a pBluescript vector containing 
the 5 and 3 untranslated regions of the Xenopus laevis  globin 
gene (a gift from R. Vandenberg, University of Sydney, Sydney, 
New South Wales, Australia). Mutagenesis was performed using 
the QuikChange mutagenesis method (Agilent Technologies) 
and was confirmed by DNA sequencing. The E518C mutation in 
the S3–S4 linker was introduced as a site for fluorophore labeling. 
Two native extracellular cysteine residues (C445 and C449 in the 
S1–S2 linker) were removed and replaced with serine residues to 
prevent mistargeted labeling. This construct (C445S:C449S:E518C) 
will be referred to as E518C throughout the manuscript. In ex-
periments involving acquisition of fluorescent signals as a mea-
sure of VSD movement, this construct is representative of wild-type 
hERG. Mutant channel cDNAs were linearized with BamHI and 
cRNA transcribed with T7 RNA polymerase using the mMessage 
mMachine kit (Ambion).

Oocyte preparation
Xenopus oocytes were prepared as previously described (Clarke 
et al., 2006). Stage V and VI oocytes were isolated, stored in tissue 
culture dishes containing ND96 (2.0 mM KCl, 96.0 mM NaCl, 
1.8 mM CaCl2, 1.0 mM MgCl2, and 5.0 mM HEPES) supple-
mented with 2.5 mM sodium pyruvate, 0.5 mM theophylline, 
and 10 µg/ml gentamicin, adjusted to pH 7.5 with NaOH, and 
incubated at 17°C. All experiments were approved by the Garvan/
St. Vincent’s Animal Ethics Committee (approval ID 08/34). 
Xenopus oocytes were injected with 5–10 ng cRNA and incubated 
at 17°C for 24–48 h before electrophysiological recordings and 
up to 72 h for fluorescent experiments.

Electrophysiology
All experiments were undertaken at room temperature (21–22°C). 
Two-electrode, voltage-clamp experiments were performed using  
a GeneClamp 500B amplifier (Molecular Devices). Glass mi-
croelectrodes had tip resistances of 0.3–1.0 MΩ when filled with 
3 M KCl. Oocytes were perfused with ND96 solution (see previ-
ous section). In all protocols, a step depolarization of 10 mV 
from the holding potential of 90 mV was applied at the start 
of each sweep to enable offline leak current subtraction. We  
assumed that the current leakage was linear in the voltage range 
160 to 80 mV. Data acquisition and analysis were performed 
using pCLAMP (version 9.2; Molecular Devices) and Excel (Micro
soft) software.

For fluorometry experiments, we tested labeling at several posi-
tions in this region, and although all positions gave signals with 
comparable characteristics, we found that methanethiosulfonate-
rhodamine (MTSR; Toronto Research Chemicals) labeling of po-
sition 518C gave the most reproducible and consistent results and 
so was chosen for this study. A summary of MTSR fluorescent re-
ports from other positions (Fig. S1) as well as TMRM (tetrameth-
ylrhodamine maleimide) fluorescent reports from 518C (Fig. S2) 
is presented in the Supplemental material. Oocytes were labeled 
with 5 µM MTSR in a depolarizing solution (98 mM KCl, 1 mM 
MgCl2, 2 mM CaCl2, and 5 mM HEPES, pH 7.4) for 1 min on ice 
in the dark. Experiments were performed on the stage of an 
Eclipse Ti-U inverted microscope (Nikon) with epifluorescent at-
tachment. MTSR has a maximum for light absorption at 565 nm 

(Barros et al., 1997; Piper et al., 2003; Bruening-Wright 
and Larsson, 2007). So what is the physical basis of the 
mode shift? Villalba-Galea et al. (2008) reported that a 
VSD can exist in three states: a resting position with the 
VSD in the “down” state and two “up” positions. First, 
an active position is populated immediately after depo-
larization, and second, a relaxed position populated as 
the VSD forms additional interactions to stabilize the 
up conformation. It is this relaxation, as the VSD be-
comes stabilized in the up state, which is thought to be 
responsible for the mode shift.

One feature of the mode shift that is particularly  
variable between channel types is the time course of the 
voltage shift, ranging from hundreds of milliseconds in 
hERG (Piper et al., 2003) to seconds in Shaker (Barros 
et al., 1997) and minutes in sodium channels (Bezanilla 
et al., 1982). The observation that these time courses 
correlate with the rate of C-type inactivation in each of 
these channel types has led to the suggestion that the 
mode shift is related to entry into the inactivated state. 
Another study has suggested that the mode shift is  
dependent on the load placed on the VSD by the pore 
domain (Haddad and Blunck, 2011). In both cases, the 
picture is clouded by the fact that the voltage-sensitive 
phosphatase, ci-VSP, without a linked pore domain or a 
C-type inactivation process, also displays mode shifting 
(Villalba-Galea et al., 2008). There is therefore still 
some question about how and why mode shifting oc-
curs and what determines its characteristics in different  
voltage-gated channels.

Given the importance of deactivation gating kinetics 
for the physiological role of hERG K+ channels in car-
diac repolarization, we have investigated how hERG 
deactivation is modulated by mode shifting of the 
VSD. Previous studies have identified the cytoplasmic 
N-terminal domain of hERG as a critical factor regulat-
ing channel deactivation (Morais Cabral et al., 1998; 
Wang et al., 1998). Furthermore, it has been shown that 
deletion of just the distal N-terminal tail, either amino 
acids 2–25 (Ng et al., 2011) or 2–12 (Wang et al., 1998), 
completely recapitulated the accelerated deactivation 
phenotype observed with truncations of a majority of 
the N-terminal cytoplasmic domain. It has also been 
suggested that the N-terminal tail may interact with the  
S4–S5 linker to modulate deactivation of hERG (Li et al.,  
2010; De la Peña et al., 2011). We therefore hypothe-
sized that truncation of the N-terminal tail could be  
affecting the VSD mode shift. In this study, we have 
measured VSD movement using voltage-clamp fluorom-
etry and ionic current flow to investigate the role of the 
N-terminal tail in mode shifting. Although modification 
of the N-terminal tail, either through truncation or 
point mutation, does not alter the VSD mode shift, it 
does uncouple the shift from closure of the cytoplasmic 
gate, suggesting a crucial role for the N-terminal tail  
in coupling channel closure to VSD return. This is a 
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and a maximal emission at 586 nm. The dye was excited with light 
produced by a super high pressure mercury lamp (model HB-
10104AF; Nikon) filtered through a 525-nm band pass excitation 
filter and passed via a dichroic mirror and 40× objective (CFI Plan 
Apochromat 40×, numerical aperture 0.95; Nikon) to the oocyte 
in the bath chamber. Fluorescence emission was collected via the 
same high NA 40× objective and filtered through a 565-nm long 
pass emission filter before being passed to a 9124b Electron 
Tubes photomultiplier tube (PMT) module (Cairn Research)  
attached to the auxiliary port of the microscope. Voltage signals 
from the PMT were filtered and/or amplified using an Integra 
PMT Controller (Cairn Research) and then digitized using an 
Axon Digidata 1322 A/D converter (Molecular Devices) and  
acquired simultaneously with the current record on a computer 
running pCLAMP 9.2 software.

Data analysis
The voltage dependence of the distribution between open and 
closed states depends on whether the channels start from the 
closed state or whether they start from the open state. To distin-
guish between them in our analysis of ionic currents, we refer to 
the scenario of channels starting in the closed state as being 
“steady-state activation,” whereas when the channels start in the 
open state we refer to that as “steady-state deactivation.” For analy-
sis of steady-state activation and deactivation as well as the voltage-
dependent distributions of VSD movement, data were acquired 
using experimental protocols shown in individual figures and  
fitted with a Boltzmann function:
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where I/Imax is the relative conductance, V0.5 is the half-activation 
potential, Vt is the test voltage, and k is the slope factor. In experi-
ments in which the free energies associated with voltage-dependent 
activation or deactivation were examined, the same datasets were 
fitted with the thermodynamic form of the Boltzmann equation:
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where G0 is the work done at 0 mV, zg is the effective number 
of gating charges moving across the electric field, E, F is Fara-
day’s constant, R is the universal gas constant, and T is the ab-
solute temperature.

Online supplemental material
Fig. S1 shows comparisons of the voltage-dependent equilibria of 
current activation and VSD upward motion for MTSR-labeled 
E518C, E519C, and L520C hERG channels. Fig. S2 shows a bipha-
sic fluorescent profile for TMRM-labeled 518C hERG. Fig. S3 
shows the effect of N-terminal truncation on mode shift of ionic 
current in wild-type hERG. Table S1 is a summary of parameters 
for Boltzmann fits to the voltage-dependent equilibria of ionic 
current activation and deactivation for the alanine scan of the 
hERG N terminus. Online supplemental material is available at 
http://www.jgp.org/cgi/content/full/jgp.201110761/DC1.

Figure 1.  Mode shift of hERG channels. (A) Example traces 
recorded in response to protocols shown to measure the voltage-
dependent equilibria of activation (i) and deactivation (ii) of 
E518C hERG channels. Insets are expansions of the highlighted 
regions. Peak currents were measured at the points marked with 
asterisks. (B) Example fluorescent traces recorded from MTSR-
labeled 518C using voltage-clamp fluorometry in response to the 
protocols shown to measure activation/upward motion (i) and 
return (ii) of the VSD of E518C hERG. (C) Summary of voltage 
dependence of equilibria of activation and deactivation. Solid 
lines are fits of the Boltzmann equation to current data, whereas 
broken lines are fits of the Boltzmann equation to the fluorescent 
data. V0.5 values were 4 ± 0.9 mV and 44 ± 2 mV for current acti-
vation and deactivation, respectively (SEM; n = 10) and 1.4 ± 2 mV 

and 50.9 ± 1 mV for upward motion and return of the VSD, 
respectively (SEM; n = 12).
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R E S U L T S

Mode shift in hERG channel gating
Mode shifting of the hERG VSD has previously been 
demonstrated using measurements of gating currents 
(Piper et al., 2003) though no effect has been reported 
on ionic currents, i.e., a hyperpolarized shift of deacti-
vation (gate closing) relative to activation (gate open-
ing). Fig. 1 A shows typical examples of current families 
recorded from E518C hERG channels (representative 
of wild type [see Materials and methods]) using proto-
cols to measure steady-state activation (V0.5, 90, measured 
from a holding potential of 90 mV) and deactivation 
(V0.5, 40, measured from a holding potential of 40 mV). 
The V0.5 values for steady-state activation and deacti-
vation were measured as 4.0 ± 0.9 mV and 44.8 ± 
0.2 mV (SEM; n = 10), respectively (Fig. 1 C). This shift 
in the voltage dependence of steady-state deactiva-
tion compared with activation is consistent with the 
mode shift observed previously for hERG gating cur-
rents (Piper et al., 2003) and is similar in magnitude to 
that measured for other ion channels (Wonderlin and 
Strobl, 1996; Barros et al., 1997). To examine VSD 
movement associated with this mode shift of ionic cur-
rent, we used voltage-clamp fluorometry. Fig. 1 B shows 
representative fluorescent traces recorded from MTSR-
labeled E518C hERG channels in response to protocols 
to measure the voltage-dependent equilibria of VSD  
upward motion/activation (Fig. 1 B, i) and VSD return 
(Fig. 1 B, ii). For VSD activation, the peak fluorescent 
response during the test pulse was plotted against volt-
age to give representation of voltage-dependent move-
ment of the VSD during the activation process and 
fitted with the Boltzmann function. For deactivation, 
the decaying phase of the fluorescent record during the 
test pulse was fitted with exponential functions and  
extrapolated to their plateau. This steady-state value  
was then plotted against the test pulse voltage and fitted 
with the Boltzmann function. The midpoints for VSD 
activation and return were 1.4 ± 2 mV and 46.4 ± 1 mV, 
respectively (SEM; n = 12), indicating the VSD mode 
shift paralleled that measured in the ionic current re-
cords for E518C channels (Fig. 1 C).

Effect of N-terminal truncation on hERG mode shift
The aforementioned analysis shows a clear hyperpo-
larized shift in the voltage dependence of steady-state  
deactivation compared with activation for E518C chan-
nels and a corresponding shift in VSD return relative  
to VSD upward movement. This is consistent with the 
concept of a mode shift occurring as the VSD is stabi-
lized in the up conformation. Fig. 2 illustrates the 

Figure 2.  Effect of N-terminal truncation on mode shift of hERG 
channels. (A) Example traces recorded in response to protocols 
shown to measure the voltage-dependent equilibria of activation 
(i) and deactivation (ii) of 2–25 hERG channels. Insets are ex-
pansions of the highlighted regions. Peak currents were measured 
at the points marked with asterisks. (B) Example fluorescent 
traces recorded using voltage-clamp fluorometry in response 
to the protocols shown to measure activation/upward motion  
(i) and return (ii) of the VSD of 2–25 hERG. (C) Summary of 
voltage dependence of equilibria of activation and deactivation. 
Solid lines are fits of the Boltzmann equation to current data, 
whereas broken lines are fits of the Boltzmann equation to the 
fluorescent data. V0.5 values were 2 ± 0.3 mV and 10 ± 0.4 mV 
for current activation and deactivation, respectively (SEM; n = 7). 

V0.5 values were measured as 0 ± 1 mV (SEM; n = 8) and 43 ± 7 mV 
(SEM; n = 11) for activation and return of the VSD, respectively.
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Collectively with the equilibrium activation data, these 
data suggest that the N-terminal tail does not play a  
major role in hERG activation.

We next examined the relationship between VSD re-
turn and closing of the gate. In a previous publication 
we have reported the effects of the 2–25 truncation on 
the rate of current deactivation and showed that the 
truncation accelerates both the fast and slow time con-
stants (fast and slow) and that the fast component was 
the dominant factor in the rate of deactivation at nega-
tive potentials for both wild-type and truncated hERG 
(Ng et al., 2011). In this study, we have therefore only 
examined the fast time constant (fast). Fig. 4 A shows 
representative current (Fig. 4 A, i) and fluorescent  
records (Fig. 4 A, ii) for MTSR-labeled E518C and 2–25 

same analysis of ionic current and VSD movement in 
2–25 truncated hERG channels. Typical examples of 
families of ionic currents and representative fluores-
cent traces from the truncated hERG constructs are 
shown in Fig. 2 (A and B, respectively). The midpoint 
of steady-state activation for 2–25 only differed from 
E518C by a small but significant amount (V0.5, 90 2 ± 
0.3 mV, SEM; n = 7; Student’s t test, P < 0.05), whereas 
the V0.5 of steady-state deactivation of the N-terminally 
truncated construct was shifted 35 mV in the de-
polarized direction relative to E518C (V0.5, 40 8.0 ± 
0.3 mV, SEM; n = 7; Fig. 2 C). Therefore, in the 2–25 
construct, the mode shift of ionic current has been 
dramatically reduced. It should be noted that the  
2–25 truncation resulted in similar changes in the 
wild-type background to those observed in the E518C 
(Fig. S3), illustrating that these effects are a function 
of the deletion of the N-terminal tail and not a prop-
erty of the E518C background.

This reduction in the hyperpolarized shift in steady-
state deactivation relative to activation observed in the 
2–25 background suggests that either (a) deletion of 
the first N-terminal 25 aa of hERG reduces the VSD 
mode shift or (b) VSD mode shift could still be occur-
ring but is no longer translated to the gate. Analysis of 
fluorescent records from MTSR-labeled 2–25 chan-
nels showed that upward movement of the VSD occurred 
over the same voltage range as in E518C (V0.5 0.0 ± 1.0 mV, 
SEM; n = 8) and VSD return was still shifted in the hyper-
polarized direction (V0.5 44.0 ± 5.0 mV, SEM; n = 13), 
demonstrating that VSD mode shifting was still intact. 
These data therefore suggest that N-terminal deletion 
in hERG uncouples the VSD mode shift from the S6 
activation/deactivation gate.

Kinetic effects of N-terminal truncation in hERG channels
To further interrogate the relationship between VSD 
motion and opening/closing of the activation gate in the 
context of mode shifting, we examined the kinetics of 
the processes. The effects of the N-terminal deletion on 
the rates of ionic current activation and VSD upward 
motion are shown in Fig. 3. Electrophysiological records 
measured in response to standard envelope of tails proto-
cols were acquired (Fig. 3 A), and the data were fitted with 
exponential functions to derive the time constants for 
activation of ionic current (act), which are reflective of the 
rate of opening of the cytoplasmic gate (Fig. 3 B). Over 
the voltage range tested, the effect of the 2–25 trunca-
tion on the rates of activation was minimal (Fig. 3 C),  
causing a slight but significant deceleration of the rate 
of opening of the gate at some potentials, with no sig-
nificant effect at others. Likewise, the time constants 
of upward motion of the voltage sensor measured 
from the fluorescent signal are summarized in Fig. 3 D  
and show a similar pattern, that is, either no effect or a 
slight deceleration depending on the membrane voltage. 

Figure 3.  Effect of N-terminal truncation on kinetics of hERG 
activation. (A) Typical examples of currents recorded in response 
to the envelope of tails protocols shown for E518C (i) and 2–25 
(ii) hERG channels. In these examples, the activating potential 
was 100 mV. (B) Peak tail currents plotted against the duration 
of the activating pulse for the examples shown in A. The black 
line is a fit of a single exponential to the activation time course.  
(C) Summary of the voltage dependence of rates of activation of 
ionic current. Error bars are SEM; n ≥ 8. (D) Summary of the 
voltage dependence of the rates of VSD activation/upward mo-
tion derived from single exponential fits to the fluorescent time 
course using the same protocol illustrated in Fig. 1 B (i). Error 
bars are SEM; n ≥ 7. The inset shows example fits to fluorescent 
traces from MTSR-labeled E518C recorded at 100 mV.
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Molecular basis of coupling of VSD to gate closing
Our experiments involving 2–25 truncated hERG chan-
nels showed that this region couples VSD return to 
closing of the gate to define the voltage sensitivity and 
rate of channel deactivation. To identify the specific 
molecular players involved in coupling, we performed 
an alanine scan of the N terminus of wild-type hERG. 
For each alanine mutant, we recorded ionic currents to 
measure steady-state activation and deactivation (Fig. 5 A) 
as previously described in Figs. 1 and 2. Example analy-
ses illustrating the effects of the alanine mutants at posi-
tions R4, R5, and G6 on steady-state activation and 
deactivation of ionic current are shown in Fig. 5 B. 
These datasets were fitted with the thermodynamic 
form of the Boltzmann equation (see Materials and 
methods), and G0, the difference between the free 
energy terms associated with activation (G0, act) and de-
activation (G0, deact) was calculated for each mutant. 
The full set of V0.5 as well as G0 for voltage-dependent 
activation and deactivation of ionic currents is pre-
sented in Table S1. Fig. 5 C illustrates the change in 
G0 caused by each alanine mutant relative to wild-
type hERG (termed G0 on the y axis of Fig. 5 C). 
This measure of the change in the difference between 
the voltage-dependent equilibrium of deactivation rela-
tive to activation is a simple measure of the effect of the 
mutation on the magnitude of the mode shift of ionic 
current. It is clear from Fig. 5 C that there is a delinea-
tion of the effects of the mutants between the first 9 aa 
(which we have previously identified as the unstruc-
tured tail) and amino acids 10–25 (which we have shown 
forms an  helix [Ng et al., 2011]). In particular, muta-
tion of three amino acid residues in this region, R4A, 
R5A, and G6A, contributes strongly to coupling with 
G0 of 3 kcal/mol. The clustering of these three 
residues in the unstructured tail suggests that this is the 
effector region for coupling the VSD to the cytoplasmic 
gate during deactivation and is consistent with these 
residues being the molecular players defining the effect 
of the 2–25 truncation.

To confirm that these residues are indeed the mo-
lecular determinants of coupling of VSD return to clos-
ing of the cytoplasmic gate by the N-terminal tail, we 
again used voltage-clamp fluorometry. If closing of the 
gate has become uncoupled from return of the VSD, we 
would expect to see normal VSD mode shift, reported 
by the fluorescent change, in the same manner as we 
have already demonstrated for the 2–25 truncation. 
That is, the hyperpolarized shift of VSD return relative 
to VSD upward motion should be the same in the mu-
tants as in the wild type. Fig. 6 A illustrates steady-state 
activation and deactivation of ionic current for the 
three point mutants identified in Fig. 5 in the back-
ground of E518C (to enable labeling with MTSR). In 
exactly the same manner as illustrated for the 2–25 
truncation (Fig. 2 and Fig. S3), the overall equilibria of 

hERG at a test potential of 120 mV. The decay of the 
current traces and fluorescent records were both fitted 
with exponential functions to extract the time constants 
defining gate closure and VSD return, respectively. The 
voltage dependence of this relationship is summarized 
in Fig. 4 B. In E518C, the fast component of current 
deactivation overlays the rate of VSD return over the 
entire range of voltages tested. This is consistent with 
return of the VSD defining the fast component of de
activation in hERG, and moreover, at negative voltages, 
where fast is dominant, this is the rate-limiting step for 
closure of the gate.

Fig. 4 B also illustrates the effects of the 2–25 trunca-
tion on the kinetics of gate closure and VSD return, 
showing that the effect on the two processes is markedly 
different. Although the former is 6-fold faster in 2–25, 
the latter is only modestly accelerated by 1.5–2-fold. 
These data show that in the background of the trunca-
tion, the rate of VSD return is no longer the limiting 
factor for deactivation of ionic current (the gate closes 
much faster than the VSD returns at all voltages tested) 
and provide further evidence that the N-terminal tail 
couples the VSD to the gate during deactivation and 
deletion of the N-terminal uncouples this process.

Figure 4.  Effect of N-terminal truncation on kinetics of hERG 
deactivation. (A) Typical examples of ionic current (i) and fluo-
rescence (ii) recorded after repolarization to 120 mV from a 
depolarized holding potential for E518C and 2–25 hERG. The 
fast time constant (fast) for deactivation of ionic current was de-
rived from a fit of a double exponential function to the decaying 
phase of the current after repolarization. Time constants for VSD 
return were derived from fits of a single exponential to the decay-
ing phase of the fluorescence record. (B) Summary of the voltage 
dependence of rates of deactivation and VSD return for E518C 
and 2–25 hERG channels. Error bars are SEM; n ≥ 7.
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activation and deactivation are shifted in the depolar-
ized direction in this background, but the relative ef-
fects of each of the mutants remain the same as in the 
wild-type background illustrated in Fig. 5 B. Specifically, 
R4A and R5A had a small but significant effect on the 
midpoint of steady-state activation (V0.5 3.7 ± 1.1 mV 
and 2.8 ± 1.3 mV, SEM; n > 4) for R4A and R5A, respec-
tively, compared with 4 ± 0.9 mV (SEM; n = 10) for 
518C, whereas G6A was not significantly different from 
E518C (V0.5 3.4 ± 1.5 mV, SEM; n = 6; one-way ANOVA, 
Dunnett’s post test, P < 0.05). In contrast, midpoints of 
steady-state of deactivation for R4A (19.3 ± 2.5 mV, 
SEM; n = 7), R5A (10 ± 0.9 mV, SEM; n = 4), and G6A 
(16.1± 1.2 mV, SEM; n = 5) were all significantly 
shifted in the depolarized direction relative to E518C 
(44.8 ± 0.2 mV, SEM; n = 10; one-way ANOVA, Dunnett’s 
post test, P < 0.05).

Having demonstrated that the effect of these mutants 
is the same in either the wild-type or E518C background, 
we examined VSD motion for each of the three point 
mutants. Fig. 6 B shows examples of fluorescent records 
measured from MTSR-labeled R4A channels in re-
sponse to protocols to measure the voltage-dependent 
equilibria of VSD upward motion and VSD return, as 
previously described in Figs. 1 and 2. These data are 
summarized in Fig. 6 C for E518C and each of the three 
point mutants. V0.5 values for VSD upward motion were 
1.4 ± 2 mV, 20.9 ± 2.6 mV, 10.0 ± 3.5 mV, and 6.2 ± 3.8 
mV for 518C, R4A, R5A, and G6A, respectively (SEM;  
n > 4). These depolarized shifts in VSD upward motion 
are consistent with the shifts in current activation ob-
served in this background (Fig. 6 A). V0.5 values for VSD 
return were 46.4 ± 1 mV, 34.5 ± 7.2 mV, 29.6 ± 
3.8 mV, and 29.0 ± 4.4 mV for E518C, R4A, R5A, and 
G6A, respectively (SEM; n > 4). To compare the magni-
tude of the mode shift of ionic current and VSD mo-
tion, the datasets in Fig. 6 (A and C) were fitted with the 
thermodynamic form of the Boltzmann equation, and 
just as in Fig. 5, G0, the difference between the free 
energy terms associated with activation/VSD upward mo-
tion (G0, act) and deactivation/VSD return (G0, deact), 
was calculated for each mutant. This value is a mea-
sure of the difference in the voltage-dependent equi-
libria for deactivation/VSD return relative to activation/
VSD upward motion and so is a simple measure of the 
mode shift. Fig. 6 D shows that although each of the mu-
tants significantly reduced the mode shift of ionic current 
(one-way ANOVA, Dunnett’s post test, P < 0.05), none of 
them reduced the mode shift of the VSD. Because 
these observations parallel those in the 2–25 trunca-
tion, they confirm that these residues are the molecu-
lar determinants of coupling of the cytoplasmic gate to 

Figure 5.  Alanine scan of N-terminal tail. (A) Example traces re-
corded in response to protocols shown to measure the voltage-
dependent equilibria of activation (i) and deactivation (ii) ionic 
current in R4A hERG channels. Insets are expansions of the high-
lighted regions. (B) Summary of voltage-dependent equilibria of 
activation (i) and deactivation (ii) for R4A, R5A, and G6A mu-
tants. Solid lines are fits of the Boltzmann equation to data. V0.5 val-
ues for activation were measured as 3.7 ± 1.1 mV, 2.8 ± 1.3 mV, and 
3.4 ± 1.5 mV for R4A, R5A, and G6A, respectively (SEM; n > 4). 
For deactivation of ionic current, V0.5 values were measured as 
19.3 ± 2.5 mV, 10 ± 0.9 mV, and 16.1 ± 1.2 mV for R4A, R5A, 
and G6A, respectively (SEM; n > 5). (C) Mutation-dependent 
changes (termed G0) in the difference (G0) between the 
free energy terms associated with the voltage-dependent equilib-
rium of deactivation (G0, deact) and activation (G0, act) relative to 
wild-type hERG (SEM; n  21). Three amino acid residues in this 

region, R4A, R5A, and G6A, contribute strongly to coupling with 
G0 of 3 kcal/mol.
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VSD return. It should be noted that although R5A and 
G6A were not significantly different from wild-type, R4A 
actually had a larger G0 that would be consistent with 
an increased VSD mode shift of the VSD. We are cur-
rently unable to explain this observation, which may 
occur as a result of mutation-specific interactions in the 
region of the N-terminal tail. Nevertheless, in all the 
point mutants, the mode-shifted VSD is clearly uncou-
pled from the cytoplasmic gate.

Link between C-type inactivation and mode shift
Our results show that in wild-type channels, the mode-
shifted VSD is coupled to closing of the cytoplasmic 
gate via the N terminus of the channel. However, in  
addition to this coupling to downstream deactivation 
events, a previous study has suggested that mode shift-
ing of the VSD is coupled to upstream C-type inactiva-
tion events as a prerequisite for the mode shift to occur 
(Olcese et al., 1997). However, another study has shown 
that VSD mode shift is unaltered in inactivation-deficient 
channels (Piper et al., 2003). To investigate this phe-
nomenon, we examined the voltage dependence of 
the activation and deactivation of ionic current in the 
inactivation-deficient S631A hERG mutant. Fig. 7 A 
shows currents recorded to measure steady-state acti-
vation and deactivation of S631A channels, whereas  
the voltage dependence of these gating processes are 
illustrated in Fig. 7 B. Neither the V0.5 values for activa-
tion (20.32 ± 0.5 mV and 21.7 ± 0.7 mV for wild type 
and S631A, respectively, SEM; n ≥ 5) nor deactivation 
(54.9 ± 1.6 mV and 50.72 ± 0.9 mV for wild type 
and S631A, respectively, SEM; n = 4) of ionic current 
were significantly different (Student’s t test, P < 0.05). 
These data suggest that the lack of C-type inactivation, 
at least as a result of the S631A mutant, does not affect 
mode shifting.

D I S C U S S I O N

In this study, we examined the role of the N-terminal 
tail of the hERG channel in VSD mode shifting and it’s 
coupling to the activation gate to regulate current. Our 
data show that deletion of the first 25 aa from the  
N-terminal tail of the hERG channel accelerates deacti-
vation through a process of uncoupling gate closure 
from VSD motion, whereas under wild-type conditions, 
the rate of VSD return acts as the rate-limiting compo-
nent at negative potentials. At the molecular level, this 
coupling of the VSD to the gate is defined by a triplet of 
amino acid residues at positions R4, R5, and G6 in the 
unstructured region of the N-terminal tail. Further-
more, we show that in N-terminally modified channels, 

Figure 6.  Voltage-clamp fluorometry of residues contributing 
to coupling. (A) Summary of the voltage-dependent equilibria of 
activation (i) and deactivation (ii) of ionic current for R4A, R5A, 
and G6A mutants in the E518C background. Solid lines are fits of 
the Boltzmann equation to data. (B) Example fluorescent traces 
recorded from MTSR-labeled R4A E518C hERG using voltage-
clamp fluorometry in response to the protocols shown to measure 
upward motion (i) and return (ii) of the VSD. (C) Summary of 
the voltage-dependent equilibria of VSD upward motion and re-
turn. V0.5 values for VSD upward motion were 1.4 ± 2 mV, 20.9 ± 
2.6 mV, 10 ± 3.5 mV, and 6.2 ± 3.8 mV for E518C, R4A, R5A, and 
G6A, respectively (SEM; n > 4). V0.5 values for VSD return were 
46.4 ± 1 mV, 34.5 ± 7.2 mV, 29.6 ± 3.8 mV, and 29.0 ± 4.4 mV 
for E518C, R4A, R5A, and G6A, respectively (SEM; n > 4). 
(D) Difference between free energy terms (G0) associated 
with the voltage-dependent equilibrium of current deactivation 

relative to current activation (open) and VSD return relative to 
VSD upward motion (gray; SEM; n  6).
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previously used voltage-clamp fluorometry to investi-
gate the voltage sensitivity of VSD movement in hERG 
and other voltage-gated potassium channels (Smith and 
Yellen, 2002; Pathak et al., 2007; Van Slyke et al., 2010). 
These studies showed that upward motion of the VSD 
occurs over an overlapping range of transmembrane 
potentials with activation of ionic current and suggested 
that in hERG slow VSD movement is the rate-determining 
step in slow activation. In agreement with these find-
ings, gating charge measurements showed that the bulk 
of charge movement associated with the hERG voltage 
sensor movement is slow (Piper et al., 2003). The data 
we present here corroborate these previous observa-
tions. During activation, VSD movement is slow, on a 
time scale consistent with opening of the channel, and 
occurs at overlapping voltages. Moreover, we show that 
deletion of the first 25 aa from the N terminus of  
the hERG channel has little or no effect on the voltage 
dependence or rates of either VSD activation or  
gate opening.

In contrast to the multiple studies concerning activa-
tion, there have been no previous studies directly exam-
ining the relationship between VSD return and current 
deactivation in hERG or the molecular players involved 
in coupling and control of this process. Piper et al. 
(2003) measured gating charges associated with VSD 
upward motion (from holding potentials of 110 mV) 
and VSD return (from holding potentials of 0 mV), 
showing the latter was shifted in the hyperpolarized  
direction. They did not however examine the voltage 
dependence of the corresponding ionic currents. Our 
data show that currents elicited from a depolarized 
holding potential, describing closing of the hERG chan-
nel, occur with a midpoint of the voltage-dependent 
equilibrium shifted 40 mV in the hyperpolarized 
direction relative to channel opening. This is characteris-
tic of the mode shift observed in a range of voltage-
gated channels (Wonderlin and Strobl, 1996; Barros  
et al., 1997). The magnitude of the shift has been shown 
to be dependent on both the value and duration of the 
initial holding pulse. For example, in Shaker channels, 
where the mode shift has been best characterized, the 
shift occurs with a biexponential time course described 
by time constants of 4.1 s and 24 s at 0 mV (Barros et al., 
1997). Our data suggest that in hERG the process is 
faster because the 40-mV shift we report has occurred 
after just 500-ms depolarization. Although the kinetics 
of mode shifting was not a focus of this study, this faster 
time course in hERG is consistent with the concept  
of mode shifting being related to C-type inactivation, 
which occurs much faster in hERG channels than is 
typically found in other voltage-gated potassium chan-
nels (milliseconds compared with seconds; Smith et al., 
1996; Spector et al., 1996). However, our data also indi-
cate that in inactivation-deficient S631A hERG chan-
nels, the same mode shift still occurs as in wild-type 

VSD mode shifting still occurs, but this is uncoupled 
from the activation gate, the first time this has been  
observed in a voltage-gated channel.

Mode shifting in hERG channels
One of the defining features of hERG channel gating is 
the slow kinetics of the activation/deactivation process. 
Although activation/deactivation typically occurs over 
tens of milliseconds in voltage-gated potassium chan-
nels, in hERG this process is one to two orders of mag-
nitude slower (Wang et al., 1997). Several studies have 

Figure 7.  Mode shift of ionic current in S631A hERG. (A) Ex-
ample traces recorded in response to the protocols shown to 
measure the voltage-dependent equilibria of activation (i) and 
deactivation (ii) of ionic current in inactivation-deficient S631A 
hERG channels. Insets are expansions of the highlighted regions. 
(B) Summary of the voltage-dependent equilibria of activation 
and deactivation. Solid lines are fits of the Boltzmann equation 
to activation data, whereas broken lines are fits of the Boltzmann 
equation to the deactivation data. Neither the V0.5 values for ac-
tivation (20.32 ± 0.5 mV and 21.7 ± 0.7 mV for wild type and 
S631A, respectively, SEM; n ≥ 5) nor deactivation (54.9 ± 1.6 mV 
and 50.72 ± 0.9 mV for wild type and S631A, respectively, 
SEM; n = 4) were significantly different from wild type (Student’s 
t test, P < 0.05).
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the activation gate (Sanguinetti and Xu, 1999; Tristani-
Firouzi et al., 2002). However, there is much less under-
standing about how VSD return is coupled to closing of 
the activation gate. Certainly to some extent the same  
domain complexes seem to be involved. The S4–S5 has 
been implicated in numerous studies, and furthermore, 
it has been suggested that interactions between the  
S4–S5 and the N terminus likely contribute to slow de
activation in hERG (Li et al., 2010). Contrary to this how-
ever, Van Slyke et al. (2010) showed, using voltage-clamp 
fluorometry, that mutations in the S4–S5 linker acceler-
ated the rate of voltage sensor return, but this effect was 
not dependent on the presence of the N terminus. Our 
data show that modification of the hERG N-terminal tail, 
either through truncation (2–25) or point mutation, 
uncoupled VSD return from channel deactivation.  
Although in E518C hERG (a surrogate for wild type) 
VSD return and current deactivation were coincident, 
occurring at overlapping voltages, in 2–25 channels the 
midpoint for current deactivation was 40 mV in the 
depolarized direction compared with the midpoint of 
VSD return. The kinetics of the deactivation process also 
supported this uncoupling effect. In E518C channels, 
the fast component of the rate of ionic current deactiva-
tion/gate closing occurred on an identical time scale to 
VSD return, consistent with this being the rate-limiting 
factor in gate closing at negative voltages where the fast 
component is dominant. In contrast, gate closing occurs 
approximately six times faster than VSD return at all volt-
ages in 2–25 channels. As well as further demonstrating 
uncoupling of gate closure and VSD return, this relation-
ship suggests a possible molecular basis for the biphasic 
time course of hERG deactivation. The first, fast compo-
nent appears to be related to return of the VSD and is 
dominant at more negative potentials, whereas a second 
component, slower in the wild-type channel, may relate 
to an endogenous voltage-sensitive rearrangement of the 
cytoplasmic gate.

As an important aside, this disconnect of the effects of 
N-terminal modification (whether truncation or point 
mutation) on ionic currents and the fluorescent signal 
goes some way to answering a question posed by Smith 
and Yellen (2002) in regard to whether the signal from 
fluorescent probes bound to this region reflects move-
ment of the VSD or opening of the gate. The fact that 
modifications of the N terminus of the hERG channel 
significantly shift the voltage dependence of deactiva-
tion of ionic current, representing closing of the gate, 
while leaving the voltage dependence of the fluorescent 
signal unaltered indicates that the fluorescent signals 
do not report opening/closing of the gate, but rather 
movement of the VSD.

What is the nature of coupling of the VSD to gate?
Our kinetic and equilibrium data support the idea that 
the N-terminal truncation has uncoupled VSD mode 

hERG. This matches the previous observation by Piper 
et al. (2003) that the S631A mutant did not alter the 
hERG VSD mode shift as measured using gating cur-
rents. It does not, however, completely rule out the link 
between entry into the C-type inactivated state and the 
mode shift. We have previously shown, using a thermo-
dynamic analysis, that the region of the hERG protein 
where the S631 residue is located is involved very late in 
the inactivation process (Wang et al., 2011). It is possi-
ble therefore that in a multistep inactivation process, 
the S631A mutation affects a step after that which is  
a prerequisite for the mode shift.

A second hypothesis in regard to the mode shift in 
voltage-gated channels is that it occurs as a result of the 
mechanical load placed on the VSDs by the pore (Haddad 
and Blunck, 2011). Although our data do not provide 
any direct evidence for this, they do not exclude the 
possibility. Our results indicate that even in the back-
ground of N-terminal modification, there is tight cou-
pling of the VSD and gate during activation. During 
deactivation, modification or deletion of the N termi-
nus uncouples the gate from VSD motion. This could 
imply that there is a different load on the VSD from the 
gate, but there could be interactions between the VSD 
and other parts of the pore that remain in tact. Further-
more, in the presence of N-terminal truncation, we do 
see slightly faster VSD return (albeit much slower than 
ionic current deactivation). This altered rate of return 
could also occur as a result of a change in load on the 
VSD when it is uncoupled. Therefore, although our 
data give some clues to the mechanism of the VSD 
mode shift, it is clear that further studies of the molecu-
lar players within the VSD and pore domain will be nec-
essary to fully develop our understanding of the intricacies 
of how VSD mode shifting occurs.

Coupling of the VSD to the cytoplasmic gate
It is widely accepted that during activation of voltage-
gated channels, upward movement of the VSD in re-
sponse to depolarization of the transmembrane voltage 
is coupled to opening of the cytoplasmic activation gate 
via the S4–S5 linker (Tristani-Firouzi et al., 2002; Long  
et al., 2005). This short protein domain, the covalent link 
between the charge carrying S4 and the outermost of the 
pore domain helices, the S5, makes specific interactions 
with the distal end of the S6 transmembrane helix to 
regulate opening of the gate. In several channel types, 
including hERG, disruption of the specific interactions 
between the S6 gate and the S4–S5 linker has been shown 
to uncouple VSD movement from channel opening to 
some degree. For example, in Shaker, mutations in the 
S4–S5 (I384N) and S6 (F484G) cause complete separa-
tion of the charge–voltage and current–voltage relation-
ships during activation (Haddad and Blunck, 2011), 
whereas in hERG, the D540K mutant in the S4–S5 linker 
results in a U-shaped voltage dependence of opening of 
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relative to wild-type by eliminating the transfer of VSD 
mode shift to the gate.

So how does the N terminus of hERG act to regulate 
deactivation gating? The exact binding partner of the 
N-terminal tail within the relaxed conformation is 
something we did not seek to identify in this study, 
though our characterization of the specific residues 
within the tail which contribute to coupling gives us 
some clues. The triplet of amino acids with the most 
significant contribution to coupling are R4-R5-G6, the 
same basic region identified by Muskett et al. (2011) as 
contributing to regulating rates of deactivation in 
hERG. The clustering of positive charge in this region 
suggests it might interact with either an acidic residue/
patch via charge–charge interaction or alternatively via 
–cation interaction with an aromatic residue. In this 
regard, Muskett et al. (2011) identified an acidic patch 
on the cyclic nucleotide-binding domain (residues 843, 
847, 850, 857, and 864) as a potential site for inter
action. Alternatively, the S4–S5 linker contains both acidic 
(D540 and E544) and aromatic (Y542 and Y545) resi-
dues, and this region has been proposed to be the site 
of interaction for the N-terminal tail in previous studies 
(Li et al., 2010; De la Peña et al., 2011). Furthermore, 
our own data has previously identified the S4–S5 linker 
as a signal integrator with a dual role in activation and 
deactivation, i.e., the S4–S5 makes separate sets of inter-
actions in the open and closed states, and that Y545 in 
particular perturbed rates of deactivation. Either of 
these regions therefore has potential to be the site of 
interaction for the N-terminal tail that governs coupling 
during deactivation.

Although our analysis cannot answer the question  
of molecular interactions directly, it does give some  
insight into which states of the channel complex the  
N-terminal tail interacts with. Two pieces of evidence 
from our data point toward the N terminus interacting 
with an open channel state, stabilizing an interaction 
between the VSD and open gate. First, truncation of the 
tail does not affect activation (i.e., does nothing to the 
forward reaction). Second, truncation reduces the energy 
requirement of the open to closed transition (less change 
in transmembrane potential is required to return the 
VSD to the down conformation in 2–25 compared 
with E518C), suggesting the presence of the tail stabi-
lizes the open state. This fits with the observation  
by Wang et al. (1998) that exogenous application of a 
peptide corresponding to the first 16 aa stabilized an 
open state of the channel in single channel experi-
ments. Further to this, a recent study in Ci-VSP has sug-
gested three conformations for VSDs (Villalba-Galea  
et al., 2008): resting, active, and relaxed, where the 
transition from active to relaxed as the VSD forms ad-
ditional interactions to stabilize the up conformation is 
thought to be responsible for the mode shift observed 
after sustained depolarization. The authors suggest that 

shifting from the cytoplasmic gate. In 2–25, VSD mode 
shifting still occurs, but the gate closes faster than the 
VSD returns and over a different range of holding  
potentials. This is the first time that uncoupling of this 
nature has been reported. A previous study in Shaker has 
showed that mutation in the S4–S5/S6 regions uncou-
ples the VSD from the gate, but in this case the mode 
shift of the VSD was abolished (Haddad and Blunck, 
2011). The authors explain this in terms of the reduc-
tion in load on the VSD (as a result of uncoupling from 
the activation gate) reducing the propensity of the VSD 
to mode shift. So what distinguishes these two types of 
uncoupling that result in very different outcomes? Our 
data show that N-terminal truncation does not affect 
the activation process, suggesting two separate pathways 
with separate sets of interactions for activation and  
deactivation: First, the previously reported S4–S5 inter-
actions with the gate couple VSD upward movement to 
gate opening, and second, a set of interactions facili-
tated by the N-terminal tail couple return of the mode-
shifted VSD to closing of the gate.

With this in mind, what is the nature of the coupling 
between the VSD and gate during deactivation? It is 
clear from the literature that during activation the VSD 
is coupled to the gate via the S4–S5 linker (Sanguinetti 
and Xu, 1999; Tristani-Firouzi et al., 2002; Long et al., 
2005), so it is tempting to speculate that during de
activation, the same complex stays intact. However, as 
discussed above (Figs. 2, 4, and 6), deletion or point 
mutation of the N-terminal tail uncouples the VSD from 
the gate, suggesting the S4–S5, in the absence of the 
tail, dissociates from its site of interaction on the S6 
gate. Perhaps the simplest interpretation then would be 
that after activation, as the VSD mode shifts, the S4–S5 
changes conformation such that specific interactions 
with the gate are disrupted. The N terminus then binds 
to this relaxed conformation to couple it to the gate 
and regulate deactivation.

Regulation of slow deactivation in hERG channels  
by the N-terminal tail
Our data support the well-reported phenomenon that 
the N-terminal tail of hERG channels plays a role in regu
lation of gating. In particular, deletion of the N terminus 
(2–373 and 2–354), the EAG domain (1–135) alone, 
or short sections of the N-terminal tail before the PAS 
domain (2–9, 2–16, and 2–25) accelerates the rates 
of deactivation (Schönherr and Heinemann, 1996; 
Spector et al., 1996; Morais Cabral et al., 1998; Wang  
et al., 1998; Ng et al., 2011). However, none of these 
studies has examined the effect of these deletions on 
the voltage-dependent equilibrium of deactivation. We 
have demonstrated for the first time that in addition to 
accelerating the rate of channel closure, deletion of the 
N-terminal 25 aa effectively shifts the voltage-dependent 
equilibrium of the process in the depolarized direction 
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the exogenous peptide is not connected to any other 
channel domains, it cannot exert any force on the 
VSD/gate/X domain complex itself, but rather pro-
vides an interaction point or glue to stabilize the  
activated complex. For example, in this case the VSD 
might interact with one part of the peptide and the gate 
with another.

Based on these observations, Fig. 8 presents a possible 
domain level view of the complexes formed between 
the N-terminal tail, the VSD, the S4–S5, and the gate 
that are involved in regulating hERG gating. Although 
we cannot presume this to be the exact nature of the 
interactions, it represents perhaps the simplest inter-
pretation of the data and provides a framework for con-
sideration of the differential coupling of VSD motion to 
the gate in hERG activation/deactivation. In this sce-
nario, the S4–S5 has two conformations, associated with 
the up and down states of the VSD. In the down state, 
the S4–S5 directly binds the S6 gate to couple VSD up-
ward motion to opening of the gate. In the up (relaxed) 
VSD conformation, the S4–S5 orientation has altered 
such that it is no longer positioned to make direct con-
tact with the gate but requires the presence of the  
N-terminal tail as an adaptor to couple VSD return to 
gate closure.

Summary
The data we have presented here describe several 
novel features of hERG gating. We have demonstrated 
that mode shifting of the hERG VSD results in a cor-
responding shift in the voltage-dependent equilibrium 
of channel opening/closing and that at negative po-
tentials, coupling of the mode-shifted VSD to the gate 
defines the rate of channel closure. We have shown 
that deletion of the first 25 aa from the N terminus of 
hERG uncouples the gate from the VSD during deacti-
vation but not activation and proposed a dual mecha-
nism of coupling of the VSD to the gate in hERG 
channels. Furthermore, we have demonstrated that a 

as the most stable up state, the relaxed conformation is 
the one that has been observed in crystal structures of 
voltage-gated ion channels. Our data are consistent 
with the likelihood that of the two up states of the VSD, 
the N-terminal tail of hERG interacts with the relaxed 
state to regulate slow deactivation. Two potential argu-
ments point toward this conclusion, the first of them is 
a question of probability. If VSD relaxing/mode shift-
ing does correlate with entry to the C-type inactive state, 
then based on the kinetics of hERG channels, this 
would imply that the VSD activated conformation,  
although most likely the dominant functional confor-
mation in slower inactivating channels, is extremely 
transient in hERG. For example at 40 mV, the rate of 
VSD upward movement occurs with a time constant of 
200 ms (Fig. 3), whereas inactivation in hERG occurs 
100-fold faster at this potential (Wang et al., 1997). As 
a result, the equilibrium occupation of activated versus 
relaxed VSD conformations at depolarized potentials 
is heavily weighted toward relaxed, suggesting this as 
the most likely of the up conformations of the VSD to 
interact with the N-terminal tail. The second argu-
ment for the N-terminal tail interacting with the re-
laxed VSD is that the kinetics and voltage sensitivity of 
gate closing in the presence of the N-terminal tail clearly 
mirror those of the relaxed VSD, suggesting the com-
plex in which the N-terminal tail is involved includes 
the relaxed conformation.

A final clue into how the N terminus may regulate 
deactivation can be drawn from another important 
observation from the literature. Wang et al. (2000) re-
ported that injection of a peptide corresponding to the 
first 16 aa was capable of reestablishing slow deactiva-
tion in N-terminal truncated core hERG mutants ex-
pressed in oocytes. Although the authors do not report 
any effects on the mode shift, they suggest the N-terminal 
is involved in stabilization of a complex of interacting 
domains rather than exerting a mechanical regulatory 
effect on the open channel complex. That is, because 

Figure 8.  A simple domain level model of coupling of VSD 
mode shifting to the gate during hERG activation/deacti-
vation. (i) In the closed state, the N-terminal tail does not 
directly interact with the gate. (ii) Upon depolarization, 
the VSD moves in the membrane into the activated state. 
This upward motion is coupled to opening of the gate via 
direct interactions of the S4–S5 and the S6 helix. (iii) With 
sustained depolarization, the VSD relaxes. Relaxation of 
the VSD is accompanied by a conformational change of the 
S4–S5 linker that causes it to dissociate from its binding 
site on the S6. The N-terminal tail then acts as an adaptor 
between the S4–S5 and S6 to couple VSD return during 
repolarization to closing of the gate.
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triplet of residues in the unstructured region of the 
N-terminal tail, R4, R5, and G6, are the primary con-
tributors to coupling of VSD return to closing of the 
gate. Physiologically, the mode shifting reported here 
is significant in terms of the contribution of hERG 
channels to repolarization of the cardiac action poten-
tial. For each heart beat, the action potential typically 
has a duration of 200–300 ms (Nerbonne and Kass, 
2005). Mode shifting in hERG occurs over a similar 
time scale, meaning the membrane potential dwells at 
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