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The mechanisms by which voltage-gated channels sense changes in membrane voltage
and energetically couple this with opening of the ion conducting pore has been the source
of significant interest. In voltage-gated potassium (Kv) channels, much of our knowledge
in this area comes from Shaker -type channels, for which voltage-dependent gating is quite
rapid. In these channels, activation and deactivation are associated with rapid reconfig-
uration of the voltage-sensing domain unit that is electromechanically coupled, via the
S4–S5 linker helix, to the rate-limiting opening of an intracellular pore gate. However, fast
voltage-dependent gating kinetics are not typical of all Kv channels, such as Kv11.1 (human
ether-à-go-go related gene, hERG), which activates and deactivates very slowly. Compared
to Shaker channels, our understanding of the mechanisms underlying slow hERG gating
is much poorer. Here, we present a comparative review of the structure–function relation-
ships underlying activation and deactivation gating in Shaker and hERG channels, with a
focus on the roles of the voltage-sensing domain and the S4–S5 linker that couples voltage
sensor movements to the pore. Measurements of gating current kinetics and fluorimet-
ric analysis of voltage sensor movement are consistent with models suggesting that the
hERG activation pathway contains a voltage independent step, which limits voltage sensor
transitions. Constraints upon hERG voltage sensor movement may result from loose pack-
ing of the S4 helices and additional intra-voltage sensor counter-charge interactions. More
recent data suggest that key amino acid differences in the hERG voltage-sensing unit and
S4–S5 linker, relative to fast activating Shaker -type Kv channels, may also contribute to the
increased stability of the resting state of the voltage sensor.
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INTRODUCTION
OVERVIEW
The finely tuned voltage-dependence of ion channels has long
been a topic of interest for ion channel biophysicists. For voltage-
gated K+ (Kv) channels, much of the knowledge gathered to date
on voltage-dependent gating has focused on structure–function
relationships in the archetypal Shaker channel and other closely
related members of the Kv1 family. However, the fast voltage-
dependent activation (opening) and deactivation (closing) gating
kinetics of Shaker are not typical of all Kv channels. For exam-
ple, Kv11.1 (human ether-à-go-go related gene, hERG) channels
activate and deactivate very slowly. hERG channels underlie the
cardiac delayed rectifier current, I Kr, and their unique voltage-
dependent gating properties are critical to normal repolarization
during the cardiac action potential. This highlights the impor-
tance of understanding the processes involved in hERG function.
However, compared to Shaker-like channels, the processes regu-
lating the gating of hERG channels are much less clear. This review
focuses on the molecular determinants of the unique voltage-
dependent activation and deactivation kinetics of hERG channels.
To begin, the rest of this section provides a brief review of gen-
eral Kv channel structure and function and an introduction to
the differences between hERG and Shaker gating kinetics. The
following sections will then focus on the roles of the S4 voltage
sensor and S4–S5 linker in the slow gating of hERG channels. As
part of this discussion potentially important structural differences

between hERG and Shaker channels within these regions will be
highlighted.

BASIC Kv CHANNEL ARCHITECTURE
In their simplest form, Kv channels consist of a tetrameric assembly
of identical α-subunits around a central pore. Each α-subunit has
six α-helical transmembrane segments, S1–S6, and cytoplasmic N-
and C-terminal domains (Figure 1A). The voltage-sensing domain
of each α-subunit is comprised of segments S1–S4. Importantly,
the S4 segment has the distinction of containing four to eight
basic residues (Arg or Lys), spaced apart by pairs of hydrophobic
residues, that allow it to act as the primary voltage sensor. The
S1–S3 segments, which possess a number of negatively charged
residues (Papazian et al., 1987), complete the voltage-sensing
domain and are thought to help stabilize the positively charged
S4 segment in the lipid bilayer and to define the pathway for its
movement through the electric field (reviewed in Börjesson and
Elinder, 2008; Chanda and Bezanilla, 2008; Catterall, 2010).

The pore domain of an α-subunit is formed by the S5 and S6
segments, which are joined by a re-entrant pore helix and loop
(P-loop). The X-ray crystal structures of selected bacterial and
eukaryotic Kv channels have been solved (Jiang et al., 2003; Long
et al., 2005a, 2007; Chen et al., 2010) and show that the pore
domains are arranged with four-fold symmetry around the ion
conduction pathway, while the voltage-sensing domains lie at the
periphery (Figure 1B; Long et al., 2005a; Chen et al., 2010).The
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FIGURE 1 | Kv channel structure. (A) Cartoon representation of the
membrane topology of a Kv channel α-subunit. Key charged residues
within the voltage-sensing domain are highlighted. Negative charges
highlighted in black are highly conserved, whereas those in gray are
conserved only in the eag channel family. (B) Ribbon representation of
the Kv channel tetrameric assembly based on the Kv1.2 crystal structure

(Long et al., 2005a). Each subunit has been highlighted a different color
for clarity. The model shows a view from the top of the channel looking
down along the permeation pathway (at center). (C) Alignments of
primary S1–S4 sequences in Shaker, Kv1.2, and hERG channels. Key
charged residues are highlighted with the same color scheme as in
panel A.

crystal structures of bacterial KcsA and MthK channels (Doyle
et al., 1998; Jiang et al., 2002a,b) suggested that the convergence
of the bottom of the M2 helices (analogous to S6 in eukaryotic Kv
channels) at a“bundle crossing”forms an activation gate to control
access between the pore and the cytoplasm. A conserved glycine
residue has been proposed to serve as the “hinge” that allows the
activation gate to open and close (Jiang et al., 2002a). Eukary-
otic channels typically also have a PxP motif that lies distal to the
glycine hinge, which is thought to introduce a sharp bend in the S6
helix that may contribute to opening and closing of the activation
gate (del Camino et al., 2000; del Camino and Yellen, 2001) and/or
coupling of the pore to the voltage-sensing domain (Lu et al., 2002;
Long et al., 2005b). Although the X-ray crystal structures present
only a static view and cannot alone show the dynamics of Kv chan-
nel gating, they have provided the structural framework necessary
to describe the processes underlying Kv channel gating in response
to changes in membrane voltage.

THE ELECTROMECHANICAL BASIS OF VOLTAGE-DEPENDENT Kv
CHANNEL GATING
The culmination of Kv channel activation in response to depolar-
ization is the opening of the intracellular gate allowing passage

of K+ ions through the channel pore. Subsequent membrane
repolarization causes channel deactivation and the closure of the
activation gate. It is instructive to consider the electromechanical
processes of activation and deactivation in two parts, where (i) the
change in membrane potential is first “sensed” by the channel and
then (ii) translated into opening or closing of the activation gate.

Prior to any structural information, Hodgkin and Huxley
(1952) proposed that voltage-dependent K+ and Na+channels
possessed four charged particles that resided in the membrane
electric field and served as voltage sensors, moving between acti-
vated and deactivated positions in response to changes in voltage.
Membrane depolarization increased the probability that all four
voltage sensors would be in the activated position, which was
necessary for channel opening. When any of the sensors were
in a deactivated position, the channel would be in one of sev-
eral possible closed states. Evidence in support of this model was
provided some 22 years later by measurements of the movement
of gating charges across the membrane electric field, showing a
capacitive gating current associated with channel activation (e.g.,
Armstrong and Bezanilla, 1974; Gilly and Armstrong, 1980). The
S4 transmembrane segment was proposed to serve as the voltage
sensor when it was found that Kv channel α-subunits and Nav
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channel domains contain a conserved sequence of repeating pos-
itively charged residues (Noda et al., 1984; Papazian et al., 1987).
While the role of S4 as the primary voltage sensor for Nav and Kv
channels is now widely accepted, the dynamics of sensor move-
ment through the electric field, which trigger opening and closing
of channel, remain to be precisely defined.

Three general models of voltage-dependent S4 movement have
been proposed: (i) the helical-screw or sliding helix model, where
S4 rotates along its axis while being translated across the mem-
brane to move gating charges across the electric field (Durell
et al., 1998; Keynes and Elinder, 1999); (ii) the transporter-like
model, where a mostly rotational movement of S4 (and perhaps a
rearrangement of the membrane) essentially flips S4 charges from
one side of the membrane to the other (Papazian and Bezanilla,
1997), and; (iii) the paddle model, initially based on the crystal
structure of KvAP, in which a voltage sensor paddle comprised of
S4 and the C-terminal half of S3 form a rigid structure that moves
through the membrane and in close proximity to S1 and S2 (Jiang
et al., 2003). While there has been significant debate over which
model is most accurate, in recent years the models show some
consensus. These models suggest that the series of gating charges
is moved 6–15 Å across the membrane by S4 rotation and trans-
lation. A more detailed discussion concerning models of voltage
sensor movement can be found in several recent reviews (Bör-
jesson and Elinder, 2008; Chanda and Bezanilla, 2008; Catterall,
2010).

Movement of the voltage-sensing unit in response to changes
in membrane potential is translated into the concerted opening
or closing of the activation gate within the pore domain. Solution
of the high resolution Kv1.2 crystal structure shows that within
the same α-subunit the voltage-sensing domain lies away from
the pore domain (Figure 1B), such that the top of S4 is actu-
ally in closer proximity with the pore domain of a neighboring
subunit (Long et al., 2005a; Chen et al., 2010). On the cytoplas-
mic face of the channel the α-helical S4–S5 linker appears to lie
across the distal S6 helix below the PxP motif within the same
subunit, suggestive of a possible coupling mechanism between
the two domains. Such structural observations are consistent with
functional studies showing that specific interactions between the

S4–S5 linker and the lower S6 segment are critical for voltage-
dependent gating (e.g., Chen et al., 2001; Ding and Horn, 2002,
2003; Lu et al., 2002; Tristani-Firouzi et al., 2002; Labro et al., 2008;
Nishizawa and Nishizawa, 2009). In the light of this evidence, it
is proposed that the outward movement of S4 upon depolariza-
tion may create tension in the S4–S5 linker, which would allow
the C-terminal end of S6 to pivot away from the central axis of
the pore to open the activation gate. Conversely, repolarization
and inward movement of S4 would tend to push the S4–S5 linker
radially inward and exert a force on the internal end of S6 so that
the activation gate closes.

hERG CHANNELS HAVE UNIQUELY SLOW ACTIVATION AND
DEACTIVATION KINETICS
Compared to most other Kv channels, hERG channel gating kinet-
ics are unusually slow (Figure 2). While archetypal Shaker chan-
nels activate with time constants of a few milliseconds, hERG
channels activate and deactivate over hundreds of milliseconds
(Sanguinetti and Tristani-Firouzi, 2006). Voltage-clamp fluorime-
try (VCF) and gating current data have been purported to show
that hERG slow activation and deactivation are due, at least in
part, to rate-limiting voltage sensor movement (Smith and Yellen,
2002; Piper et al., 2003). In stark contrast, S4 movement in Shaker
and other Kv channels is very rapid (e.g., Bezanilla et al., 1994;
Zagotta et al., 1994b; Mannuzzu et al., 1996; Cha and Bezanilla,
1997; Loots and Isacoff, 1998; Kanevsky and Aldrich, 1999) and
the rate-limiting step for channel opening and closing lies further
along the activation pathway and most likely involves the final
concerted opening (or closing) of the activation gate (Ledwell and
Aldrich, 1999; Bezanilla, 2000; Fedida and Hesketh, 2001). The
comparatively slower voltage sensor movement in hERG chan-
nels points to additional barriers or constraints to outward S4
movement that must be overcome before hERG channels can
open.

In addition to putative slow S4 movement, there may be other
mechanisms underlying slow hERG activation and deactivation
gating. For example, we have shown that electromechanical cou-
pling between the voltage-sensing domain and the pore domain
by the S4–S5 linker helix is less efficient in hERG when compared

FIGURE 2 | Comparison of gating and kinetics in Shaker and hERG

channels. Cartoon representation of ionic current, gating current and
fluorescence reports for Shaker (fast-inactivation removed) and hERG
channels in response to a depolarizing step from -80 to 0 mV, followed by a
repolarizing step to -60 mV. Fluorescence traces represent reports from

fluorophores attached at the outer end of S4, to Shaker A359C or hERG
L520C. Note the different timescales and step durations for the fast-activating
Shaker and slow-activating hERG channels. Schematics were generated
based on data from primary sources cited in the text (see Does Slow S4
Voltage Sensor Movement Underlie Slow hERG Gating Kinetics?”).
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to Shaker channels (e.g., Van Slyke et al., 2010) and this could
contribute to slow responses to changes in membrane potential.
hERG deactivation also appears to be more complex than that of
Shaker channels, in that additional modulation of deactivation
may come from the interaction of an N-terminal Per-Arnt-Sim
(PAS) domain with other regions of the channel, perhaps the S4–
S5 linker and/or the C-terminus (Morais Cabral et al., 1998; Wang
et al., 1998; Gustina and Trudeau, 2009, 2011; Fernández-Trillo
et al., 2011).

Following activation, and with continued depolarization, many
Kv channels undergo an additional gating process of inactiva-
tion where they enter into a non-conducting inactivated state that
is distinct from the closed state occupied at negative potentials.
Typically, inactivation is voltage-independent and relatively slow
compared to channel activation, such that significant outward cur-
rent may be observed before inactivation is observed as a decay
in current (reviewed in Kurata and Fedida, 2006). hERG inac-
tivation is unique in that both its onset and recovery (1–10 ms
timecourses) are much faster than the kinetics for activation and
deactivation (Wang et al., 1997). This is important for its physio-
logical role conducting repolarizing current during the late phase
of the cardiac action potential (Sanguinetti and Tristani-Firouzi,
2006). In further contrast to inactivation in channels such as
Shaker, hERG inactivation also appears to depend directly on the
membrane potential and the S4 segment has been proposed to
serve as the voltage sensor for both the inactivation and activation
processes (Piper et al., 2003). A thorough discussion of the voltage-
dependent features of hERG (and other Kv channel) inactivation
is beyond the scope of this review, and will not be discussed in
further detail here.

In sum, compared to other members of the K+ channel super-
family, hERG channels exhibit uniquely slow activation and deac-
tivation kinetics. The remainder of this review turns attention to
the structure–function relationships underlying these slow gating
kinetics, with particular focus on the interactions involving the
charged S4 voltage sensor and the S4–S5 linker helix that couples
the voltage-sensing domain to the pore. A comparison between
these structures in hERG and Shaker channels will be presented,
along with a discussion of the extent to which differences in the
amino acid sequences of these regions account for the differences
in the voltage-dependent gating kinetics of these two channel
types. Finally, the question of whether a gating charge transfer
center like that recently described for Shaker channels is present
in hERG channels is addressed.

REGULATION OF VOLTAGE SENSOR MOVEMENT IN hERG
AND SHAKER CHANNELS
IDENTITY AND LOCATION OF CHARGE-CARRYING RESIDUES IN THE
VOLTAGE-SENSING DOMAIN
As we do not yet have X-ray crystal structures for hERG or Shaker
channels, much of the structural information for these and other
Kv channels derives from comparisons of the primary sequences
and alignment with the Kv1.2 X-ray crystal structures (Long et al.,
2005a; Chen et al., 2010). Based on the high sequence homology
between Kv1.2 and Shaker channels, as well as the Kv1.2 crystal
structure, the S4 helix in Shaker contains six basic residues (R1-
R4, K5, R6; Figure 1), consistent with earlier predictions (Papazian

et al., 1987). Early mutagenesis studies (Liman et al., 1991; Papaz-
ian et al., 1991) had shown that neutralization of R1–K5 resulted
in a reduced voltage-dependence of activation, which suggested
that they, and consequently the S4 segment, were involved in volt-
age sensing. Direct measurements of gating charge from gating
current experiments in Shaker have shown that channel open-
ing is associated with the movement of ∼12–13 e0 charges across
the electric field (Schoppa et al., 1992; Aggarwal and Mackinnon,
1996; Noceti et al., 1996; Seoh et al., 1996). Gating current mea-
surements from charge neutralization mutants confirmed that the
gating charge associated with activation was indeed carried by
the S4 charges, with the largest contributions made from the four
outermost arginine residues (R1–R4) and perhaps a smaller con-
tribution from K5 (Aggarwal and Mackinnon, 1996; Seoh et al.,
1996). The potential contributions to the gating charge of three
negatively charged residues in S2 (E283, E293) and S3 (D316) that
are highly conserved among Kv channels (Figure 1A,C) have sim-
ilarly been assessed; with a significant contribution coming from
E293 in S2 and a much smaller contribution from D316 (Seoh
et al., 1996).

In addition to these charge neutralization studies, other stud-
ies were conducted to determine the extent of S4 transloca-
tion across the membrane. Some used the substituted cysteine
accessibility method, which involves mutating a specific residue
to a cysteine and determining its state-dependent accessibil-
ity to externally or internally applied cysteine-reactive com-
pounds such as methanethiosulfonate (MTS) reagents or p-
chloromercuribenzenesulfonate (pCMBS). After accounting for
methodological differences, the results of these studies (Larsson
et al., 1996; Yusaf et al., 1996; Baker et al., 1998; Wang et al., 1999)
suggested that the S4 charged residues reside in an intracellularly
accessible water-filled crevice at negative resting potentials and
that depolarization results in the first two (R1, R2) and perhaps
the third (R3) positively charged residues moving to an externally
accessible position. In a different approach, Starace et al. (1997),
Starace and Bezanilla (2001), Starace and Bezanilla (2004) substi-
tuted the S4 charges with histidine residues and determined their
accessibility by examining the state-dependent titration of gating
charge by intra- and extracellular pH. The results of these stud-
ies also suggested that at resting potentials, the Shaker S4 charges
reside in a narrow, intracellularly accessible water-filled crevice and
membrane depolarization results in the translocation of R1-R3,
and most likely R4, but not K5 or R6, across the membrane to an
extracellularly accessible crevice (Starace et al., 1997; Starace and
Bezanilla, 2001). Compared to the substituted cysteine accessibil-
ity method, the potentially charge-conserving nature of histidine
substitutions may contribute to a more native conformation of
the voltage-sensing domain, as it has been reported that cysteine
substitutions can affect the S4 topology such that the membrane
spanning portion is reduced (Wang et al., 1999). Intriguingly, his-
tidine substitution at R1 or R4 resulted in the formation of a
proton pore at hyperpolarized and depolarized potentials, respec-
tively (Starace and Bezanilla, 2001, 2004). This suggests that the
substituted histidine residue at position 1 and 4 bridges a very
narrow gap between the external and internal crevices in the rest-
ing and activated states, respectively (Starace and Bezanilla, 2001,
2004). Compared to the substituted cysteine accessibility method,
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the ability of the histidine scanning mutagenesis to show translo-
cation of R3 and R4 likely arises from the small size and improved
mobility of protons relative to MTS and pCMBS. To sum, activa-
tion of Shaker channels results in the translocation of R1-R3 and
probably R4 across the membrane, consistent with the conclusion
from gating current measurements showing that much of the gat-
ing charge is carried by these four residues (reviewed in detail in
Bezanilla, 2000; Catterall, 2010).

The primary sequence homology of hERG channels with Shaker
and Kv1.2 channels is considerably poorer than that observed
within the Kv1 channel family (Figure 1C). There has been lit-
tle consensus on how the sequences of hERG and Shaker channels
should be aligned and, thus, how to define exactly where the trans-
membrane segment borders (i.e., extracellular and intracellular
limits) are in hERG channels. Within the voltage-sensing domain
of hERG, the S4 segment has, depending on the alignment used,
up to seven basic residues (K1, R2–R5, K6, R7), although the
repeating sequence of a positive residue at every third position
separated by two hydrophobic residues capitulates after the fifth
arginine residue (Figure 1C). The amount of gating charge moved
with hERG activation has been estimated to be ∼6 e0 using lim-
iting slope analysis of the voltage-dependence of channel open
probability (Po); even after correction to 8 e0 by factoring in
the underestimation of total charge by the limiting slope method
(Zhang et al., 2004), this is still less than the ∼12 e0 observed for
Shaker. Cysteine substitution of only the three outermost hERG S4
positive charges (K1, R2, R3) resulted in significant decreases in the
total gating charge, which suggests that they transfer most of the
charge moved during activation (Zhang et al., 2004), compared
to the first four charges in Shaker (see above). Similar to E293
in Shaker, hERG D466 in S2 also appears to have a role in gat-
ing charge transfer (Zhang et al., 2004). The contributions of the
other two conserved negative residues in S2 (D456) and S3 (D501),
as well as three additional non-conserved negative charges in the
voltage-sensing domain (Liu et al., 2003) to gating charge have
not been assessed. To account for the ∼1 e0 per subunit difference
in gating charge between hERG and Shaker, Zhang et al. (2004)
aligned the first positive charge in hERG (K1; i.e., K525) with the
second positively charged residue in Shaker (R2; i.e., R365) and
rKv1.2 (R297). This was supported by the finding that hERG K1
but not R2 was accessible to externally applied MTSET (Subbiah
et al., 2004; Zhang et al., 2004), which the authors interpreted to be
consistent with similar experiments showing inaccessibility of the
equivalent Shaker R3 residue to external MTSET (Larsson et al.,
1996; Baker et al., 1998). A recent study using ROSETTA model-
ing and molecular dynamics to generate a hERG structural model
based on the available Kv1.2, KvAP, and Kv1.2–Kv2.1 chimera X-
ray crystal structures is also supportive of this hERG K1:Shaker R2
alignment (Subbotina et al., 2010).

The S4 alignment for hERGK1 and Shaker R2 presented by
Zhang et al. (2004) had been proposed before, based on the results
of alignment software (Liu et al., 2003; Subbiah et al., 2004), and
has since been used by others to interpret their findings (Subbiah
et al., 2005; Zhang et al., 2005; Es-Salah-Lamoureux et al., 2010). As
alluded to above, however, an alternative alignment where hERG
K1 aligns with Shaker R1 has also frequently been used (Wang
et al., 1997; Smith and Yellen, 2002; Silverman et al., 2003; Piper

et al., 2005; Elliott et al., 2009), based primarily on computer-
generated alignments of the hERG and Shaker sequences. Support
for this second alignment comes from a recent report that a stretch
of hERG S4 residues (523–529) encompassing the two outer-
most positive charges (K525, R528) becomes accessible to external
pCMBS with depolarization (Elliott et al., 2009). The region of
external pCMBS accessible Shaker S4 residues (I360–L366) also
includes the first two charged residues (R362, R365; Yusaf et al.,
1996), which suggests that the extent of S4 movement is very sim-
ilar in both hERG and Shaker channels. These results, along with
the finding that both hERG L523 and Shaker I360 correspond to
the interface between the extracellular solution and the cell mem-
brane at rest (Wang et al., 1999; Elliott et al., 2009), support an
alignment of hERG K1 with Shaker R1. Furthermore, compari-
son of the shifts in the voltage-dependence of activation caused
by cysteine substitution along the hERG and Shaker S4 segments
also agrees with a hERG K1:Shaker R1 alignment (Elliott et al.,
2009). The disagreement of these results obtained with pCMBS
with those showing that hERG R528C was inaccessible to MTSET
(Zhang et al., 2004) were reconciled by demonstrating that MTSET
can react with externally accessible cysteines in hERG and Shaker
without producing an appreciable effect on channel function and
may therefore give a less reliable report on cysteine accessibility
(Wang et al., 1999; Elliott et al., 2009). A consequence of a hERG
K1:Shaker R1 alignment is that the reasons for the 4 e0 difference
in gating charge between the two channels remains unclear.

DOES SLOW S4 VOLTAGE SENSOR MOVEMENT UNDERLIE SLOW hERG
GATING KINETICS?
In the previous section, we have discussed the structure of the
voltage-sensing domain and showed that the locations of the
charge-carrying residues in the hERG voltage-sensing domain are
similar to those for Shaker and Kv1.2 channels. Furthermore,
the extent of S4 translocation across the membrane with depo-
larization appears to be comparable in each of these channels.
Thus, gross structural differences between the voltage-sensing
domains are unlikely to be the underlying reason for the much
slower activation and deactivation kinetics of hERG compared
to Shaker channels. We now turn attention toward the rate at
which the S4 voltage sensor moves in response to changes in
membrane potential. VCF measurements on hERG S4 movement
were first performed a decade ago when three consecutive residues
(E518, E519, and L520) in the extracellular S3–S4 linker were
individually mutated to cysteines and labeled with a fluorescent
probe (tetramethylrhodamine-5-maleimide, TMRM); changes in
the fluorescent report from these positions were correlated with
the voltage- and time-dependence of the ionic current to provide a
“picture” of S4 movement (Smith and Yellen, 2002). Fluorophores
attached to E518 and E519 showed both fast and slow voltage-
dependent changes in fluorescence, while L520 gave a single slow
report (Figure 2). The slow fluorescence report from all three
positions correlated well with the voltage-dependent and tempo-
ral properties of ionic current activation and deactivation and
responded in parallel to maneuvers that altered the kinetics of
channel deactivation. In Shaker channels, fluorescent reports from
similar positions indicated that S4 movement occurs prior to and
at lower potentials than channel opening (Mannuzzu et al., 1996;
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Cha and Bezanilla, 1997; Loots and Isacoff, 1998). The overlap
of the voltage- and time-dependence of the hERG slow fluo-
rescence and ionic current signals suggested that S4 movement
reported by the probe is slow and likely the rate-limiting step in
the activation process (Smith and Yellen, 2002). Although the fast
fluorescence report from probes at E518 and E519 had kinetics
and a voltage-dependence that were well correlated with those of
channel inactivation, manipulations that affected inactivation did
not alter the fast fluorescence (Smith and Yellen, 2002) suggest-
ing that the fast fluorescence component is unlikely to represent a
direct report on inactivation gating dynamics.

Shortly after Smith and Yellen’s (2002) VCF measurements, the
first hERG gating currents were recorded and showed that the
kinetics of the movement of the majority of gating charge were
remarkably slower (τ ≈ 50 ms) than that reported for other Kv
channels, such as Shaker (Figure 2). Thus, these electrical mea-
surements supported the conclusion from the fluorescence mea-
surements that slow S4 movement underlies hERG gating kinetics.
hERG gating currents are unique among those of Kv channels in
that they have two components: (i) an initial very rapid transient
(τ ≈ 0.5 ms) and (ii) a slowly decaying component (τ ≈ 50 ms)
that carries the majority of the gating charge (Figure 2; Piper
et al., 2003). In contrast to the VCF data, which suggested that S4
movement occurred with a similar voltage-dependence to channel
activation, the voltage-dependence of total gating charge (Q–V )
movement was left-shifted relative to the conductance–voltage
(G–V ) relationship. This is more in line with Q–V and G–V
relationships previously described for Shaker channels (Bezanilla,
2000) and would appear to indicate that the majority of hERG gat-
ing charge movement precedes channel opening. Interestingly, the
Q–V for the fast component was right-shifted compared to the G–
V and very similar to the fluorescence–voltage relationship for the
fast fluorescence component reports from E518 and E519 (Smith
and Yellen, 2002). Also consistent with the reported fluorescence
data, the fast gating charge component did not correlate well with
hERG inactivation properties (other than its kinetics), indicating
that the fast gating charge movement did not reflect charge move-
ment associated with hERG inactivation. Instead, based on the
observation that the fast gating charge component contributed to
the majority of charge moved at potentials below the activation
threshold, Piper et al. (2003) concluded that the fast gating charge
transient corresponded to transitions between closed states early
in the activation pathway. In sum, the results of early VCF and gat-
ing current experiments in hERG channels suggested that gating
charge and S4 movement occurs prior to channel opening, but that
it is slow and therefore contributes to the slow activation process
characteristic of hERG.

The view that the slow fluorescence reports from E518C,E519C,
and L520C is correlated to S4 movement during activation has
recently been questioned. It had previously been reported that
labeling of wild-type (WT) hERG with TMRM did not result in
any voltage-dependent changes in fluorescence, which was inter-
preted to indicate that native cysteine residues did not contribute
to the fluorescence observed from the mutant channels (Smith
and Yellen, 2002; Van Slyke et al., 2010). Es-Salah-Lamoureux
et al. (2010) found that TMRM binding to two native cysteine
residues in the S1–S2 linker resulted in fluorescence reports that

modified the report from E519C in the S3–S4 linker. When the
native cysteine residues were substituted with valine, the fluores-
cence report from E519C was augmented and the fast fluorescence
report had a voltage-dependence (F–V ) that was left-shifted from
the G–V relationship and consistent with the voltage-dependence
of total gating charge in hERG movement (Piper et al., 2003).
The authors proposed that the fast fluorescence component from
E519C reports on rapid S4 movement while the slow component
reports on subsequent rearrangements associated with pore open-
ing and closing. Instead, it may be that the fast fluorescence change
from E519C reports on the early rapid gating charge movements
reported by Piper et al. (2003). Further investigation is required
to determine precisely which reconfigurations of the channel the
VCF measurements from the hERG S3-S4 linker are reporting on.

hERG ACTIVATION MAY INVOLVE A RATE-LIMITING STEP THAT IS
VOLTAGE-INDEPENDENT
In addition to the results of VCF and gating current experiments
that suggest the rate of hERG activation is limited by slow S4
movement, analysis of macroscopic ionic currents and kinetic sim-
ulations have led to predictions that the hERG activation pathway
involves a voltage-independent, rate-limiting step. Characteriza-
tion of the voltage-dependence of the activation time constant
(τact) showed that hERG channels activate in a sigmoidal fashion
(Trudeau et al., 1995; Liu et al., 1996; Wang et al., 1997), which
suggests that the activation pathway is a multi-step process, sim-
ilar to other Kv channels, such as Shaker (Zagotta et al., 1994a;
Fedida and Hesketh, 2001). Detailed analysis of the late phase of
activation (sometimes measured as the last 50% of the activation
time course) suggested that τact nears saturation at strongly depo-
larized potentials (15 ms at +160 mV), which is indicative of a
voltage-independent step that becomes rate-limiting at positive
potentials (Liu et al., 1996; Wang et al., 1997; Subbiah et al., 2004).
The strong voltage-dependence of the deactivation rate implies
that the final closed to open (and open to closed) transition
must be voltage-dependent, thereby requiring that the voltage-
independent transition precede the final opening transition (Liu
et al., 1996; Wang et al., 1997). Thus, the final linear kinetic model
(Figure 3A) for hERG gating proposed by Wang et al. (1997) has
three closed states preceding the final open state with a voltage-
independent transition between the second and third closed states,
immediately before the final opening step. Several other gating
schemes have also been proposed, with the major variations having
only two closed states (Oehmen et al., 2002) or with the addition
of a direct transition from the final closed state to the inactivated
state (i.e., channel opening is not required for inactivation; Clancy
and Rudy, 2001; Mazhari et al., 2001). All of these models retain a
voltage-independent transition prior to the final opening step. A
recent comparison of the above kinetic models found that the sim-
ple linear model first proposed by Wang et al. (1997) is best able
to reproduce the qualitative and quantitative behavior of hERG
channels under voltage-clamp and action potential simulations
(Bett et al., 2011).

The model for hERG gating proposed by Wang et al. (1997) is
limited in that it does not correlate transitions in the model with
changes in individual α-subunits, in contrast to gating schemes
such as the Zagotta Hoshi Aldrich (ZHA; Zagotta et al., 1994a)
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FIGURE 3 | Proposed schemes to describe hERG channel gating.

(A) the three closed state model proposed by Wang et al. (1997). Kf and Kb
represent voltage independent transitions that are rate limiting for opening
at strongly depolarized potentials. (B) The modified gating scheme
proposed by Piper et al. (2003) to account for the biphasic nature of hERG
gating currents and multiple sequential voltage-dependent transitions of the
voltage sensor.

and Schoppa and Sigworth (S–S; Schoppa and Sigworth, 1998a)
models for Shaker channel gating that were based on combined
gating current, macroscopic ionic current and single channel cur-
rent data. For example, the S–S model suggests that each subunit
independently proceeds through three voltage-dependent gating
steps, followed by two concerted transitions to a final closed state
and then to the open state (Schoppa and Sigworth, 1998a; Fedida
and Hesketh, 2001). Following the first records of hERG gating
currents, Piper et al. (2003) proposed an updated Markov model
that incorporated the Wang et al. (1997) hERG model as well as
the ZHA and S–S Shaker models (Figure 3B). This model takes
into account the biphasic nature of the hERG gating currents and,
similar to the ZHA and S–S models, assumes that each subunit
independently undergoes two sequential, voltage-dependent tran-
sitions before the channel proceeds in a concerted fashion through
two sequential closed states from where the channel may then
open. Also like the S–S model, the early independent transitions
were thought to correspond to movement of gating charge and
were rate-limiting at lower membrane potentials. The voltage-
independent transition between the last two closed states that
is rate-limiting at strongly depolarized potentials is maintained,
although the rate of the reverse transition is several-fold higher
than in the original Wang et al. model. The expanded model pre-
sented by Piper et al. (2003) is reasonably able to simulate ionic and
gating currents of WT and inactivation-deficient mutant hERG
channels under voltage-clamp conditions, although its ability to
accurately predict currents under action potential simulation has
not been assessed.

S4 MOVEMENT AND GATING ARE REGULATED BY INTRA-SUBUNIT
INTERACTIONS
The sections above have focused primarily on the location and
motion of positively charged residues in the S4 segment of the
voltage-sensing domain. We now turn attention toward the poten-
tial interactions between the S4 segment and the three other trans-
membrane segments that make up the voltage-sensing domain
(i.e., S1, S2, and S3), which may contribute to the regulation of
voltage-dependent S4 movement.

Early charge neutralization studies of the S4 segment in Shaker
channels, showed that two S4 mutants, K5Q (K374Q) and R6Q

(R377Q), did not produce functional channels (Papazian et al.,
1991). Expression and function of K5Q, and to a lesser extent
R6Q, could be rescued when paired with the neutralization of
highly conserved negative charges at the intracellular ends of S2
(E293Q) or S3 (D316N), which suggests that interactions between
these charged residues are important for protein folding and mat-
uration (Papazian et al., 1995). Using a similar charge reversal
approach (i.e., K5E, E293K, D316K), Tiwari-Woodruff et al. (1997,
2000) suggested that specific interactions occur between K5, E293,
and D316 in the same subunit and that these interactions may be
electrostatic in nature (but see below). Potential electrostatic inter-
actions were also shown between E283 at the extracellular end of
S2 and R3 and R4 in S4 (Tiwari-Woodruff et al., 1997, 2000).
As E283 did not exhibit state-dependent accessibility to external
MTS reagents (Wang et al., 1999; Tiwari-Woodruff et al., 2000),
it likely does not move relative to the electric field during chan-
nel activation. Thus, this latter result suggests that E283 interacts
sequentially with the charge-carrying R3 and R4 residues as they
move through the electric field (Tiwari-Woodruff et al., 2000).
The stabilization of partially activated and/or open states of the
channel by interactions of E283 with R3 and R4 is further sup-
ported by the observation that disrupting these interactions, by
mutation of E283, caused a depolarizing shift in the G–V rela-
tionship (Papazian et al., 1995). In sum, the above findings, in
combination with previous data on gating charge movement and
accessibility are consistent with the hypothesis that R3 and R4
interact with E283 near the extracellular surface of the channel
during activation, while interactions at the intracellular face of
the channel between E293, K5, and D316 tend to stabilize the
closed state. More recently, experiments with neutral unnatural
amino acid homologs for E283, E293, and D316 have suggested
that, while the interactions involving E283 are indeed electrosta-
tic in nature, E293 and D316 do not participate in electrostatic
interactions with S4 and are instead important in maintaining
the water-filled crevice at the base of the voltage-sensing domain
(Pless et al., 2011). Mutation of E293, D316, and/or K5 may thus
change the local dielectric within the water-filled vestibule, which
could result in an altered electric field and the observed effects
of these mutations on voltage-dependent Shaker gating. Determi-
nation of the X-ray crystal structures for Kv1.2, the Kv1.2–Kv2.1
paddle chimera and KvAP in the activated conformation confirm
the close proximities of E283 to R4 and of K5 to E293 and D316
(Jiang et al., 2003; Long et al., 2005a, 2007; Chen et al., 2010).

Compared to the interactions occurring in the voltage-sensing
domain in the activated conformation, for which there is high
resolution structural information, the nature of the interactions
occurring in the resting closed state are less clear. The ability of
R1 and R4 Shaker mutants to conduct protons or monovalent
cations through the voltage-sensing domain at hyperpolarized and
depolarized potentials, respectively (Starace and Bezanilla, 2004;
Tombola et al., 2005), suggests that these residues occupy simi-
lar positions in the resting and activated states. Mutation of E283
modulated these “gating pore” currents, suggesting that, like R4,
R1 approaches E283 during gating (Tombola et al., 2005). Disul-
fide bond formation between R1C and I241C in S1 or I287C in S2
in the closed state (Campos et al., 2007) also supports close prox-
imity of R1 and E283 in the resting state. Several structural models
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of Shaker, Kv1.2 and KvAP channels in the resting state have been
developed using these experimental data to constrain the position
of R1 close to E283 (Yarov-Yarovoy et al., 2006; Campos et al., 2007;
Pathak et al., 2007; Nishizawa and Nishizawa, 2008; Schow et al.,
2010; Vargas et al., 2011). Using molecular dynamics simulations
to calculate the gating charge transferred when the Kv1.2 S4 seg-
ment moves from a resting position, where R1 and E283 interact,
to an activated conformation, where R4 and E283 interact, resulted
in a value of ∼12–12.7 e0 (Khalili-Araghi et al., 2010), which is in
good agreement with experimental findings (Bezanilla, 2000).

In contrast to the data discussed above, other experimental evi-
dence suggests that Shaker R1 does not interact with E283 at rest
and is instead located in a “gating charge transfer center” formed
by F290 further down in the S2 segment, in the intracellularly
accessible water-filled crevice defined by E293 in S2 and D316 in
S3 (Figure 4A; Tao et al., 2010; Lin et al., 2011). In the Kv1.2 and
Kv1.2–Kv2.1 chimera crystal structures the highly conserved F233
residue (analogous to Shaker F290) forms part of the 10 Å thick
hydrophobic layer in the voltage-sensing domain that focuses the
transmembrane electric field and also separates the intracellular
and extracellularly accessible water-filled crevices in the voltage-
sensing domain. Based on this, F233 has been described as a
“hydrophobic plug” and “Phe gap” (Long et al., 2007; Chen et al.,
2010). The crystal structures, which depict S4 in its activated con-
formation, show that F233 separates K5 (i.e., Shaker K374) from
the extracellular crevice and it was proposed that the S4 charges
move across the electric field by sequentially flipping past the
phenylalanine residue, such that R1 occupies this position at rest,
consistent with a translocation of the S4 segment of 10 Å (Long

et al., 2007; Chen et al., 2010; Tao et al., 2010). It was recently
shown that the F290W mutation in Shaker increased the affinity
of the gating charge transfer center for lysine residues, presum-
ably due to an induced cation–π relationship (Tao et al., 2010;
Pless et al., 2011). In support of a resting R1–F290 interaction,
the charge-conserving R1K mutation (in the F290W background)
resulted in a right-shifted G-V relationship indicative of a sta-
bilized resting conformation and increased interaction between
the substituted K1 charge and the tryptophan residue at 290 (Tao
et al., 2010). A recent assessment of the ability of I287H and R1H
in Shaker to form a binding site for extracellular Zn2+ has also
shown that, at −80 mV, only a fraction of channels have voltage
sensors where I287H and R1H are in close enough proximity to
bind Zn2+ and this proportion decreases with changes in poten-
tial in either direction (Lin et al., 2011). This is consistent with
voltage-dependent translocation of S4 that moves R1 further away
from I287, and supports the idea of an inward movement of R1
away from I287 and, thus, E283 upon hyperpolarization. I287H
can form a Zn2+ binding site when paired with A359H in the
S3–S4 linker and Zn2+ binding to this site stabilizes the resting
state (Lin et al., 2011). These findings lend strong support to
the hypothesis that R1 does not interact with E283 in the fully
closed state, but is instead located further toward the intracellular
space, perhaps in the vicinity of the gating charge transfer cen-
ter. It is possible to reconcile these data with previous studies if
one considers that interactions with the gating charge transfer
center do not preclude R1 from approaching I287 and inter-
acting with E283 during transitions through partially activated
states.

FIGURE 4 | Structural models of the voltage-sensing domain and pore

domain. (A) ribbon representation of the voltage-sensing domain (S1, black;
S2, red; S3, yellow; S4, blue) in an open conformation based on the
Kv1.2–Kv2.1 chimera crystal structure (Long et al., 2007). Side chains found in
the proposed gating charge transfer center (D316, E283, and F290) and along
S4 (R1, R2, R3, R4, K5) are colored according to atom type: C, yellow; N, blue;
O, red; phenylalanine, green. For clarity, the S1–S2 linker has been omitted.

(B) Ribbon representation of the open pore domain (S5, gray; S6, blue) and
S4–S5 linker (red), based on the Kv1.2–Kv2.1 chimera crystal structure,
showing the close apposition of the S4–S5 linker and distal S6 helices. Proline
residues that form the highly conserved PxP motif in the distal S6 helix and
allow electromechanical coupling via the S4–S5 linker are highlighted in
yellow. Only two subunits of the tetramer are shown (two subunits have been
removed for clarity).
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As discussed above, the S4 segment of hERG contains a lysine
residue at the extracellular (K1; K525) and intracellular extremes
(K6; K538), while Shaker-type channels have an arginine at the
top of S4 (Figure 1C). The presence of both K1and K6 have been
reported to stabilize the closed state of hERG: mutations at these
positions caused a hyperpolarizing shift of the G–V relationship
and accelerated activation (Liu et al., 2003; Subbiah et al., 2004,
2005; Zhang et al., 2004, 2005; Piper et al., 2005; Subbotina et al.,
2010). Given that substitution of K1 or K6 with neutral (Q, C,
W, or A) and/or charged (D or E) residues caused destabiliza-
tion of the closed state, the lysine interactions are unlikely to be
electrostatic in nature. The stabilization of the hERG closed state
by K6 at the bottom of S4 is in stark contrast to the proposed
role played by K5 at the bottom of the Shaker S4 in stabilizing
the open state (see above, Tao et al., 2010; Lacroix and Bezanilla,
2011; Pless et al., 2011). Importantly, K6 is one of two consec-
utive positively charged residues at the bottom of the hERG S4
(R5 or R537 being the other) and either could potentially act as
the analogous residue to Shaker K5. Although not yet formally
assessed, the proximity of these two consecutive basic residues
may contribute to the differential effects of substituting K6 in
hERG, compared to K5 in Shaker. In contrast to the closed-state
stabilization of K1 and K6, neutralization or charge reversal of
the hERG S4 arginines (R2, R3, R4, R5) generally caused a mod-
erate depolarizing shift of the G–V relationship (Subbiah et al.,
2004, 2005; Zhang et al., 2004, 2005; Piper et al., 2005). Intrigu-
ingly, the arginine mutants often also affected the time constants
for channel activation and deactivation (Subbiah et al., 2004,
2005; Zhang et al., 2005). Together, these results suggest that
the arginines in the middle of S4 may be involved in interac-
tions that stabilize the open state or, alternatively, in facilitating
transitions leading to the open state. Overall, R2 and R3 were
shown to have the largest effects on both the voltage-dependence
and rate of channel opening (Subbiah et al., 2004, 2005; Piper
et al., 2008). As the analogous residues in Kv1.2 have been sug-
gested to form salt-bridges within the activated conformation of
the voltage-sensing domain seen in the Kv1.2 crystal structure
(Long et al., 2005a), these observations have been considered to
suggest that interactions involving R2 and R3 are particularly
important in stabilizing partially activated states and the slow
activation of hERG (Piper et al., 2005; Subbiah et al., 2005).
Similar parallels can also be drawn with the roles of Shaker R3
and R4 in stabilization of partially activated conformations (see
above).

As with Shaker channels, the potential interaction partners for
the S4 basic residues in hERG channels have been studied, albeit
less extensively. The voltage-sensing domains of hERG and other
eag family members possess three conserved negative charges in
S2 (D456, D466) and S3 (D501), as well as three additional acidic
residues not conserved across other Kv channel families: D411
(S1), D460 (S2) and D509 (S3), and an extra lysine at the base
of S1 (K407; Figure 1A,C). It is conceivable that the presence
of these non-conserved negative charges in hERG may result in
additional electrostatic interactions with S4 basic residues and per-
haps contribute to the uniquely slow gating of hERG channels.
Using double mutant cycle analysis and charge reversal muta-
tions, Zhang et al. (2005) found evidence for interactions between

K1 and D456 (equivalent to the proposed R1–E283 interaction
in Shaker) and between K6 and D411 at the base of S1, both
of which were proposed to stabilize the closed state and con-
tribute to slow hERG activation. The latter interaction would be
absent in Shaker channels, which do not possess a D411 equiv-
alent in S1. The same study showed that D456 also interacts
with R2 during partially activated states and that this interaction
facilitates activation. The same approach was used more recently
with charge neutralization mutants to show that R3 is energeti-
cally coupled during activation to all of the acidic residues in the
voltage-sensing domain (Piper et al., 2008), although note that
a R3–D411 interaction is inconsistent with the results of Zhang
et al. (2005), which specifically showed that R3 did not inter-
act with D411. The sum of these findings is a picture of hERG
activation that involves a voltage sensor that is stabilized at the
top and bottom by interactions involving K525 and K538, respec-
tively. Depolarization would provide sufficient energy to break
these interactions and new interactions of R528 and R531 with
D456 would form as the S4 segment is extruded. Based on find-
ings in closely related eag channels, R534 also likely interacts with
D456 in the activated state (Silverman et al., 2003), consistent
with the salt-bridges observed between the analogous residues in
the Kv1.2 crystal structure (Long et al., 2005a). Support for an
R534–D546 interaction is also provided by the observation that
Mg2+ binding to the pocket of negative charges in hERG formed
by D456 and the non-conserved D460 and D501 residues accel-
erated deactivation, presumably by disrupting the ability of R534
to interact with D456 and, thus, destabilizing the activated state
(Lin and Papazian, 2007). Thus, the sequential coupling of the S4
arginines to D456 at the top of S2 during hERG activation is very
similar to the model for Shaker channel activation proposed by
Papazian and colleagues (see above). This is in good agreement
with the observation that the extent of Shaker and hERG S4 extru-
sion appears to be quite similar (as discussed above, Elliott et al.,
2009).

IS THE GATING CHARGE TRANSFER CENTER DESCRIBED FOR SHAKER
CONSERVED IN hERG?
Recently there has been considerable renewed interest in the reg-
ulation of the movement of S4 charges across the electric field in
response to changes in voltage. In large part, interest has focused
on the potential role of a highly conserved phenylalanine residue
in S2 (F290) that forms part of a hydrophobic plug at the base
of the voltage-sensing domain (Chen et al., 2010). As mentioned
above, it was recently suggested that F290 acts as a gating charge
transfer center in Shaker channels (Tao et al., 2010). Introduction
of a tryptophan residue at position 290 resulted in preferential
interaction of the gating charge transfer center with lysine (over
arginine residues), such that the closed or open conformations
of the voltage sensor could be stabilized depending on whether
a lysine occupied the first or fifth charged position in S4, respec-
tively (Tao et al., 2010). Although a cation–π interaction between
lysines and the native phenylalanine residue was ruled out (Tao
et al., 2010; Lacroix and Bezanilla, 2011), the increased affin-
ity for lysine caused by the F290W mutation is likely due to a
preferential cation–π interaction with the indole ring of the sub-
stituted tryptophan residue (Pless et al., 2011). Currently, there
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is still debate over whether F290 regulates the movement of each
individual S4 gating charge across the electric field in WT Shaker
(Tao et al., 2010) or if this interaction is limited to only the
fourth arginine (R4; Lacroix and Bezanilla, 2011). Nevertheless,
it seems clear that in the F290W mutant, the open state of the
channel is stabilized and activation is rapid with an arginine at
the top of S4 and a lysine at the bottom (i.e., R1, K5; Tao et al.,
2010).

To date, there is little published information regarding the
importance of the gating charge transfer center in voltage-gated
ion channels other than Shaker. The phenylalanine residue in S2
thought to form the gating charge transfer center in Shaker (F290)
is conserved in hERG channels (F463; see Figure 1C). We have
examined the effects of charge-conserving mutations in the S4
segments of hERG channels to address the question of whether
a gating charge transfer center also regulates S4 movement and
channel activation in hERG channels. In Shaker, switching the
position of the arginine at the top of S4 and the lysine at the bot-
tom (i.e., R1K–K5R) in the F290W background caused a dramatic
slowing of channel activation, deactivation, and gating charge
movement, consistent with the stabilization of the closed state
by the presence of a lysine at the top, but not the bottom, of S4
(Tao et al., 2010). Intriguingly, WT hERG channels, which present
slow activation, deactivation, and gating charge movement, have
a lysine (K1) as the outermost S4 charge and the arginine residue
immediately adjacent to K6, R5, aligns better with the repeating
sequence of S4 charges (i.e., KxxRxxRxxR537K538) and, thus, with
Shaker K5 (see Figure 1C). We have asked whether the different
nature of the charged residues at the ends of the S4 helix (i.e.,
lysine vs. arginine) contribute to the unique voltage-dependent
gating properties of hERG channels. We found that the charge-
conserving K1R mutation in hERG causes a large left-shift of
the G–V relationship (Cheng et al., 2012), consistent with pre-
vious reports that hERG K1 is important in stabilization of the
closed state of the channel (Zhang et al., 2004, 2005; Subbiah
et al., 2005). This finding is also in agreement with the obser-
vation in Shaker channels that a lysine at the outer end of the
S4 segment imparts greater resting-state stability than an argi-
nine residue (Tao et al., 2010) and is therefore supportive of a
gating charge transfer center mechanism. Investigating interac-
tions at the bottom of S4, we found that both R5K and K6R
mutations exhibited a right-shifted voltage-dependence of acti-
vation (Cheng et al., 2012). These data suggest that a lysine at
position 5 (i.e., R5K) destabilizes the open state, but at position
6 a lysine stabilizes the open state. Although the latter is in line
with the finding in Shaker that a lysine residue at the bottom
of S4 stabilizes the open state, the finding that a lysine at posi-
tion 5 destabilizes the open state is in contrast to the results in
Shaker (Tao et al., 2010). These data raise the question as to which
residue, R5 or K6, occupies the gating charge transfer center in the
activated state. Furthermore, it is apparent that the putative inter-
actions between the proposed gating charge transfer center and
the charged residues at the base of S4 in hERG appear to be more
complex than those described in Shaker channels. The different
identities (i.e., lysine or arginine) of the charged residues at the
extreme ends of the S4 segments in hERG and Shaker channels
and their resulting interactions with the putative gating charge

transfer center may contribute to the characteristically slow gating
of hERG channels.

ROLE OF THE S4–S5 LINKER IN hERG AND SHAKER CHANNEL
GATING
THE S4–S5 LINKER COUPLES THE VOLTAGE-SENSING AND PORE
DOMAINS
As mentioned above, the S4–S5 linker plays a pivotal role in Kv
channel gating. This short connecting linker lies at the internal
lipid interface and couples translation of the S4 voltage sensor
segment to opening and closing of the intracellular pore gate.
Crystal structure representations of the Kv1.2 channel open state
show that the S4–S5 linker lies in close apposition to the dis-
tal S6 segment of the same subunit (Figure 4B) and have led
to the proposal that the S4–S5 linker electromechanically cou-
ples voltage sensing with channel opening (Long et al., 2005a;
Chen et al., 2010). This critical role of the S4–S5 linker in Kv
channels is also supported by functional evidence. Chimeric con-
structs of Shaker and KcsA channels demonstrated that voltage
dependent gating requires the distal S4–S5 linker of Shaker from
L385 to L399 (Lu et al., 2002). Replacement of the Shaker S4–S5
linker, along with a portion of the distal S6 helix, with the cor-
responding sequence from the voltage insensitive KcsA channel
specifically abolished voltage dependent gating in Shaker chan-
nels. A similar chimeric approach using voltage-gated Kv1.5 and
Kv2.1 channels showed that voltage-dependent gating required
specific contacts between the S4 and S5 linker with the dis-
tal S6 helix, which allow for mechanical translation of volt-
age sensor movement to the S6 pore gate (Labro et al., 2008).
More recently, gating current and VCF measurements of voltage
sensor dynamics in Shaker channels showed that direct cou-
pling between R394, E395, and L398 in the S4–S5 linker and
Y485 in the distal S6 segment stabilizes the open state of chan-
nels (Batulan et al., 2010). A similar coupling role for the S4–
S5 linker has been reported in hERG channels. Charge rever-
sal of D540 in the S4–S5 linker destabilized the closed state
of hERG causing channels to re-open upon hyperpolarization
(Sanguinetti and Xu, 1999). Alanine substitution of R665, but
not other neighboring residues, in the distal S6 segment pre-
vented re-opening in D540K channels, suggesting that electro-
static repulsion between D540K and R665 causes re-opening
of the intracellular activation gate at hyperpolarized potentials
(Tristani-Firouzi et al., 2002). Subsequent studies showed that
cross-linking of cysteine residues engineered at D540 in the
S4–S5 linker and L666 in the distal S6 segment stabilized the
closed conformation of the hERG activation gate (Ferrer et al.,
2006). Interestingly, cross-linking of these residues also immobi-
lized a portion of voltage sensor gating charge, consistent with a
role of the S4–S5 linker in electromechanical coupling in hERG
channels.

Outward movement of the S4 helices is translated, via the S4–
S5 linkers, into a pivoted bending of the lower portion of the S6
helices that opens the aperture of an intracellular gate to permit
ion permeation. Comparison of channel structures crystallized in
the open state, such as Kv1.2, KvAP, and MthK (Jiang et al., 2002b,
2003; Long et al., 2005a; Chen et al., 2010), with those in the closed
state, such as KcsA, (Doyle et al., 1998) suggest that the intracellular
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gate in Kv channels is formed by the convergence of the S6 helices
near a highly conserved PxP motif that introduces a kink in the
α-helical structure to allow for electromechanical coupling with
the S4–S5 linker (Figure 4B). Upon depolarization, movement of
the S4–S5 linker is predicted to cause radial displacement of the
lower S6 helices in a manner that is dependent on the flexibil-
ity of a conserved “glycine hinge” higher up in S6. This model of
activation is supported by substituted cysteine accessibility stud-
ies showing that residues below the activation gate are accessible
to chemical modification by MTS reagents in both closed and
open states, while residues above are only accessible in the open
state (Liu et al., 1997). Furthermore, sites above the activation gate
were protected from MTS modification by binding of pore block-
ers, such as tetrabutylammonium (TBA), tetraethylammonium
(TEA), and the N-terminal inactivation particle (Liu et al., 1997;
del Camino et al., 2000). A scanning mutagenesis study pinpointed
V478 and F481 as sites that occlude ion permeation in the closed
state (Hackos et al., 2002), the former of which has been described
as a hydrophobic seal that prevents K+ access to the inner cavity of
the channel (Kitaguchi et al., 2004). This putative hydrophobic seal
in Shaker lies approximately one helical turn below the PVP motif-
induced kink in S6 and two turns above the S4–S5 linker contact
point in S6 (Y485) described by Batulan et al. (2010). Based on
these structural and functional data, a mechanism by which S4–S5
linker coupling of voltage sensor movement displaces the distal
S6 helices to dilate an intracellular pore aperture around V478
(in Shaker) presents a compelling model to describe Kv channel
activation gating.

A MISSING PxP MOTIF IN hERG MAY CONTRIBUTE TO ITS UNIQUE
GATING
Interestingly, hERG channels lack the well conserved PxP motif in
S6. This has raised questions as to the location of the intracellular
gate in hERG channels and how it is coupled to S4 movement.
Introduction of the PVP motif into hERG channels (substituting
the I655F656G657 triplet) apparently locked channels in the open
state (Fernandez et al., 2004). This suggests that the structure of the
hERG activation gate and its coupling to the voltage-sensing unit
is different from that in Kv channels such as Shaker. Robertson
and co-workers performed a cysteine scan of the distal portion
of S6 in hERG in an attempt to determine the structural ele-
ments that define the intracellular pore gate (Wynia-Smith et al.,
2008). Cysteine substitution at Q664,Y667, and S668 induced slow
deactivation and constitutive channel opening at negative poten-
tials. Mapping these sites onto models of the open and closed
states of the channel (based on Kv1.2 and MlotiK1 crystal struc-
tures, respectively) suggested that they form a gating ring that
occludes the permeation pathway in the closed state. Interestingly,
this occlusion site is positioned in the vicinity of the S4–S5 linker
contact point in S6 (L666) described by Ferrer et al. (2006) and
approximately two helical turns below the location of the gate
(V478) in Shaker channels. This suggests that the position of the
pore gate in hERG channels may be different from that described
in Shaker. If this is the case, the mechanism by which S4–S5 linker
interactions with S6 drive opening and closing of the gate is an
important issue that will require further investigation in order to
fully understand hERG’s unusual gating characteristics.

CRITICAL STRUCTURAL FEATURES OF THE hERG AND SHAKER S4–S5
LINKERS
Analysis of the Kv1.2 channel structure in the open configuration
shows that the S4–S5 linker spans residues S311-A323 and forms
three turns of an amphipathic helix (Long et al., 2005a). Sim-
ilar findings were reported from NMR structures of the Shaker
channel S4–S5 linker isolated and incorporated into lipid micelles
(Ohlenschlager et al., 2002). The amphipathic nature of the helix
is consistent with a position approximately parallel to the plane of
the membrane, and suggests that the short helix lies at the inter-
face of the internal phospholipid layer. NMR structures have also
been reported for the S4–S5 linker of hERG channels (Gayen et al.,
2012; Ng et al., 2012). These structures of isolated S4–S5 linker
peptide fragments formed in the presence of dodecylphospho-
choline (DPC) phospholipid demonstrate that the linker forms a
310-helix from S543 to Y545 (Gayen et al., 2012) or an amphipathic
α-helix from L539 to L550 (Ng et al., 2012). The structural dis-
crepancy may simply result from determination of structures using
peptide fragments of different length; the S4–S5 linker fragment
used by Gayen et al. was shorter (L539–A548) than that used by
Ng et al. (L532–F551). Indeed, residues 539–541 appear to adopt
a near helical configuration in the structure presented by Gayen et
al. However, as Ng et al. discuss, this discrepancy may also reflect
the dynamic nature of the S4–S5 linker structure. Both studies
are somewhat limited in this regard, in that the linker structure
is analyzed in an isolated peptide removed from both S4 and S5,
which tether the linker at either end, and also from steric interac-
tions with the S6 helices. Despite this limitation, these structures
represent the best available structural representations of the S4–S5
linker in hERG channels to date.

In Shaker channels a highly conserved leucine heptad repeat
runs from the distal S4 to the proximal S5, spanning the S4–S5
linker. Leucine zippers are important structural motifs that func-
tion as dimerization domains for protein–protein and protein–
DNA interactions. The role of the putative leucine zipper motif
in Shaker channels is unclear, but disruption of the hydropho-
bic domain sequence was shown to destabilize the open state of
the channel (McCormack et al., 1991). In particular, mutation of
the 2nd leucine residue (L382V) within the heptad repeat shifted
activation gating of Shaker channels by ∼+70 mV and reduced
the voltage-sensitivity. Gating current analysis in this “V2” mutant
showed no change in the amount of charge during activation, but
found that the on-gating charge movement became separated into
two components. In the V2 mutant, most of the charge moved
at negative potentials with a voltage dependence similar to that
in WT channels, but a small component of charge moved only at
more strongly depolarized potentials that correlates with the volt-
age dependence of opening of the mutant channels (Schoppa et al.,
1992). Subsequent kinetic analysis supported the generation of a
model in which the V2 mutation destabilized the open state of the
channel by disrupting late cooperative gating transitions without
greatly altering voltage sensor transitions earlier in the activation
pathway (Schoppa and Sigworth, 1998a,b). Consistent with this
idea, 4-aminopyridine, a drug shown to specifically inhibit late
gating transitions associated with final concerted channel open-
ing rearrangements, was shown to act on the same component
of charge movement altered by the V2 mutation (McCormack

www.frontiersin.org May 2012 | Volume 3 | Article 83 | 11

http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology_of_Ion_Channels_and_Channelopathies/archive


Cheng and Claydon hERG channel gating

et al., 1994). Taken together, these data suggest a critical role of
the hydrophobic leucine heptad repeat residues within the S4–S5
linker in coupling voltage sensor transitions to the opening of the
intracellular pore gate.

Alignment of the S4, S4–S5, and S5 linker regions in Shaker and
hERG suggests that an isoleucine/leucine heptad repeat may exist
in hERG as in Shaker, but that the repeat is naturally disrupted
by the presence of a glycine (G546) at the 2nd leucine position.
Given that substitution of the 2nd heptad leucine in Shaker (by
the V2 mutation) destabilized the open state of the channel, we
have proposed that the presence of a glycine at position 546 may
contribute to the slow gating kinetics that are peculiar to the hERG
channel (Van Slyke et al., 2010). We showed that restoration of the
leucine heptad (by the mutation G546L) destabilized the closed
state relative to the open state and accelerated channel activation
kinetics. VCF measurements suggested that this was due to faster
voltage sensor movement, from which it was inferred that the
S4–S5 linker glycine residue may constrain voltage sensor transi-
tions. Interestingly, when G546 was substituted by a number of
other different amino acids, the effects on gating were very sim-
ilar to those of the G546L mutation suggesting that the native
glycine residue contributed an additional energy barrier to activa-
tion of 1.9–4.3 kcal/mol (the energy equivalent to 1–2 H-bonds).
These data suggested that the helical content of the S4–S5 linker
is critical to the relative stability of the open and closed states
in hERG channels, rather than the presence of a leucine heptad
repeat. A “stiffer” helix produced by substitutions of G546 with
helix-forming residues, or perhaps by interaction of cytoplasmic
domains, biases the channel toward the open state, destabilizing
the closed state.

Resolvable helical NMR structures of the S4–S5 linker in Shaker
and hERG channels could only be detected in the presence of DPC
(Ohlenschlager et al., 2002; Gayen et al., 2012; Ng et al., 2012).
It is therefore important to consider whether the functional con-
sequences of S4–S5 linker mutations, such as those of G546, are
due to altered interactions between the side-chain at the position
of interest and the surrounding lipid environment. Interestingly,
although the S4–S5 linker is an amphipathic helix, both NMR
structures of the S4–S5 linker of hERG channels place Y542 and
G546 on the same face of the helix (Gayen et al., 2012; Ng et al.,
2012). Both of these sites have been implicated in interactions
of the S4–S5 linker with the N-terminus. Y542C was shown to
cross-link with V3C in the N-terminal domain (de la Peña et al.,
2011) and N -ethylmaleimide-labeled G546C prevented access of
the N-terminus to its interaction site (Wang et al., 1998). This func-
tional evidence suggests that although these residues align along
the hydrophobic surface of the helix in the NMR structures, this
face may be exposed to solvent in the full-length channel. Further
evidence against lipid interaction altering effects of G546 muta-
tions is that the G546A mutation (which does not significantly
alter the side chain structure nor, therefore, lipid interactions)
had just as dramatic an effect on gating as the introduction of
bulky hydrophobic residues that would be expected to alter lipid
interactions dramatically. In its native configuration within the
channel, the extent to which the S4–S5 linker interacts with the
surrounding lipid remains to be determined. The short S4–S5
linker, tethered at either end by S4 and S5 and crossing over

and interacting with S6 clearly resides, at least partially, within
a proteinaceous environment forming multiple protein–protein
interactions. Furthermore, the presence of internally accessible
canaliculi that have been proposed to project along the internal
length of S4 (Bezanilla, 2000), confer additional complexity when
considering the manner in which the channel protein interacts
with its lipid environment at this critical location. A recent LRET
study of the structural dynamics of the S4–S5 linker in response
to voltage sensor gating in KvAP channels showed that the linker
is highly dynamic, experiencing both translational and rotational
motions (Faure et al., 2012). Such dynamics are consistent with
the linker’s role in electromechanical coupling, and will need to be
taken into account when evaluating its involvement in potential
protein–lipid interactions.

CYTOPLASMIC DOMAINS MAY INTERACT WITH THE S4–S5 LINKER TO
MODULATE GATING
Deletion of the majority of the N-terminus, from residues 2-
354 or 2-373, dramatically accelerated hERG channel deactivation
(Schonherr and Heinemann, 1996; Spector et al., 1996). Subse-
quent studies showed that residues 2–16 were responsible for
regulating the rate of deactivation (Wang et al., 1998) and that slow
deactivation could be restored in N-terminal deleted channels by
the application of an N-terminal peptide corresponding to this
sequence (Wang et al., 2000) or to residues 1–135 (Morais Cabral
et al., 1998). These data demonstrated that the distal N-terminus
stabilizes the open state of the hERG channel. A high resolution
crystal structure of the N-terminus of hERG from residue 26–
135 was solved by Morais Cabral et al. (1998). Onto this, the
authors mapped the functional effects of individual mutations,
which demonstrated that residues F29 and Y43 had a particularly
large effect on deactivation gating and showed that these residues
were located within a hydrophobic patch that may form a com-
plex interaction surface. Recently, the NMR structure of the distal
N-terminus was reported (Li et al., 2010; Muskett et al., 2011; Ng
et al., 2011). This structure contains residues 1–135 and therefore
includes the first 25 amino acids missing from the previous crystal
structure. Driven by the NMR structure of the distal portion of
the N-terminus, along with mutational analysis, Vandenberg and
co-workers have suggested that residues R5 and G6 are essential
for slow deactivation of hERG gating and that the remainder of
the N-terminus contributes to deactivation gating by orienting the
distal N-terminal tail in such a manner as to promote interaction
with the core of the channel (Ng et al., 2011).

Interestingly, deletion of regions of the proximal N-terminus
(residues 138–373) have the opposite effect to distal deletions,
shifting the voltage dependence of activation in the hyperpolar-
izing direction (Viloria et al., 2000; Gómez-Varela et al., 2002)
and accelerating the time course of activation (Alonso-Ron et al.,
2008), suggesting that this region is important in stabilizing the
closed state of the channel. This is supported by the observa-
tion that a cluster of charged residues (three positive and one
negative between residues 362 and 372) in the proximal N-
terminus strongly stabilized the closed state of the channel (Saenen
et al., 2006). Thus, it is clear that the N-terminus plays a key role in
dictating the unusual activation and deactivation gating of hERG
channels.
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hERG channel deactivation is also modified by deletions of
the C-terminus. Deactivation was markedly accelerated following
deletion of the distal 236 residues of the C-terminus and was not
further accelerated by deletion of the N-terminal 2-354 residues
(Aydar and Palmer, 2001). These data suggest that the C- and N-
termini act in concert to modify deactivation behavior of hERG
channels. Subsequent studies support such a functional interac-
tion. A strategy of introducing positively charged lysine residues
within the C-terminus was used to discover putative functional
interaction sites (Al-Owais et al., 2009). This study showed that a
number of lysine substitutions within the cyclic nucleotide binding
homology domain (cNBHD) accelerated deactivation gating. The
authors mapped these sites onto a homology model of the cNBHD
and described a banded pattern of distribution suggesting a broad
interaction surface similar to that identified in the N-terminus
(Morais Cabral et al., 1998). Recently, the NMR structure of the
N-terminal 1–26 residues of hERG channels was mapped onto a
structural model of the cNBHD (Muskett et al., 2011). This study
highlighted the presence of several negatively charged patches on
the surface of the cNBHD that align well with the docked N-
terminal structure, which presents positive charges along one face
of an amphipathic helix formed by residues 13–23. Charge reversal
of a number of these negative acidic residues accelerated deacti-
vation suggesting that charge–charge interactions occur with the
N-terminus and a model was generated predicting electrostatic
interactions of R4, R5, and H7 in the N-terminus with D843, E847,
and D850 in the cNBHD. Consistent with a functional interaction
between N- and C-termini, application of an N-terminal pep-
tide could not restore slow deactivation in N-terminally truncated
channels that lacked the cNBHD (Gustina and Trudeau, 2011).
Taken together, these data suggest that the N- and C-termini of
hERG channels interact to modify deactivation behavior. Addi-
tional discussion of this topic may also be found in a companion
review by Barros et al. (2012).

In Shaker channels mutations within the S4–S5 linker alter
interactions with an N-terminal domain that binds within and
occludes the intracellular pore conferring rapid N-type inacti-
vation (Isacoff et al., 1991; Holmgren et al., 1996; del Camino
et al., 2000). A mutagenic scan of the S4–S5 linker revealed five
sites (L385, T388, S392, E395, and L396) that, when mutated,
altered N-type inactivation of Shaker channels (Isacoff et al.,
1991) and a subsequent study showed that chemical modifica-
tion of A391C altered binding of a soluble N-terminal inactivation
domain peptide (Holmgren et al., 1996). These data suggest that
the N-terminal inactivation domain comes into close proximity
with the S4–S5 linker in Shaker channels. Similarly, numerous
reports have suggested that the hERG N-terminus impacts gating
transitions via interactions with the S4–S5 linker. Modification of
a cysteine residue substituted at G546 in the S4–S5 linker with
N-ethylmaleimide interfered with the action of the N-terminus,
suggesting that a bulky adjunct attached to the S4–S5 linker
impedes binding of the N-terminus (Wang et al., 1998). Using
VCF, we have shown that truncation of the N-terminus (Δ2-354)
accelerated the fluorescence report of S4 return (Van Slyke et al.,
2010), suggesting that the N-terminus directly modifies voltage
sensor configurations. Further support for a functional interac-
tion between the S4–S5 linker and the N-terminus comes from a

study showing that a cysteine residue introduced at Y542 in the S4–
S5 linker prevented the restoration of slow deactivation induced by
the application of a 1–135 peptide fragment in N-terminal trun-
cated channels (Fernández-Trillo et al., 2011). Moreover, Y542C
could cross-link with a cysteine substituted at residue V3 in the
N-terminus (de la Peña et al., 2011). This interaction occurred
preferentially in the closed state and could be reversed under
reducing conditions. This provides strong evidence that the dis-
tal N-terminus is within close proximity of the S4–S5 linker, at
least in closed channels, and builds upon previous reports from
the same research group that a number of S4–S5 linker mutations
seem to mimic the acceleration of deactivation observed in N-
terminal mutant constructs (Alonso-Ron et al., 2008). Structural
evidence also points to a direct interaction of the N-terminus with
the S4–S5 linker. Li et al. (2010) presented the NMR structure
of amino acids 1–135 of the N-terminus of hERG and reported
chemical shifts of several residues within the N-terminal region
after the addition of an S4–S5 linker peptide that included residues
R541–V549. Such perturbations were interpreted to indicate a
direct interaction between the S4–S5 linker and N-terminus pep-
tides, and residues 86–94 were predicted to be key candidates for
binding. This interaction site is different from other N-terminal
interaction sites shown from functional studies, which describe
key roles for F29 and Y43 (Morais Cabral et al., 1998), V3 (de la
Peña et al., 2011), and R5 and G6 (Ng et al., 2011). This suggests
that multiple contact points may govern the functional interaction
between the N-terminus and the S4–S5 linker. Alternatively, since
the S4–S5 linker is integral to the dynamics of electromechanical
coupling, S4–S5 linker interactions with the N-terminus may be
state-dependent and this may account for some of the differences
observed. Additional functional studies by Ng et al. (2012) identi-
fied a complex pattern of gating modifying behaviors in channels
in which S4–S5 linker residues were mutated. This was interpreted
to suggest that the S4–S5 linker not only couples voltage sensor
movement to pore opening in hERG channels, but also takes part
in complex interactions as the channel transitions between closed
and open states. In particular, S543, Y545, G546, and A548 were
identified as key residues participating in interactions with other
channel domains. This observation is consistent with previous
studies that identified G546 as a critical site for hERG gating that
is within proximity with the N-terminal domain (Wang et al., 1998;
Van Slyke et al., 2010). It is conceivable that these contact points
(S543,Y545, G546, and A548) mediate multi-site interactions with
a complex formed by the N- and C-termini that modulate the open
state stability of hERG channels. Our VCF data suggest that this
may occur via alterations to the relative stability of resting/active
voltage sensor configurations (Van Slyke et al., 2010). Further-
more, our evidence that flexibility of the S4–S5 linker may be a
key determinant of rate-limiting voltage sensor gating could sug-
gest that such cytoplasmic domain interactions with the S4–S5
linker may alter gating by altering the flexibility of linker. Taken
together, this series of structural and functional evidence provides
strong support for a model in which the N- and perhaps also
the C-terminus modifies transitions between the open and closed
states by direct interactions with the S4–S5 linker that may modify
the stability of the activated configuration of the hERG channel
voltage sensor.
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SUMMARY
Despite significant attention, the mechanistic basis of the physi-
ologically and pharmacologically important slow activation and
deactivation processes in hERG channels remain unclear. Here, we
have taken a comparative approach to evaluate possible mecha-
nisms responsible by discussing the role of sequence divergence in
hERG and the archetypal Kv channel, Shaker. Structurally speak-
ing, the available data suggest that the voltage-sensing domain in
hERG channels is not significantly different from that in Shaker.
Functionally speaking, the intra-voltage-sensing domain charge–
charge interactions also seem quite similar in hERG and Shaker
channels. This leads the search for the mechanistic basis under-
lying hERG’s unique gating processes elsewhere. Recent evidence
suggests that a gating charge transfer center may exist within the
voltage sensor domain of hERG, as in Shaker channels, and that
key differences in the nature of the charges at the inner and outer
margins of the S4 segment are important in regulating gating

differences between these two channels. In addition, sequence
divergence at the level of the S4–S5 linker also contributes to the
slow gating in hERG channels. Data suggest that S4–S5 linker flexi-
bility changes may be a key determinant of hERG gating, enabling
integration of cytoplasmic domain interactions with the stabil-
ity of the voltage sensor domain in resting and activated states.
Although many questions remain concerning the intriguingly
unique gating characteristics of hERG channels, these new obser-
vations provide a tantalizing view of how Kv channel functional
diversity may have evolved via subtle alterations in the primary
sequence.
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