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SYMPOSIUM REVIEW

Getting to the heart of hERG K* channel gating
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Adam P. Hill"? and Jamie I. Vandenberg!-?

"Victor Chang Cardiac Research Institute, 405 Liverpool Street, Darlinghurst, NSW 2010, Australia
2St Vincent’s Clinical School, University of NSW, Darlinghurst, NSW 2010, Australia

Abstract Potassium ion channels encoded by the human ether-a-go-go related gene (hERG) form
the ion-conducting subunit of the rapid delayed rectifier potassium current (Ix;). Although hERG
channels exhibit a widespread tissue distribution they play a particularly important role in the
heart. There has been considerable interest in hERG K channels for three main reasons. First,
they have very unusual gating kinetics, most notably rapid and voltage-dependent inactivation
coupled to slow deactivation, which has led to the suggestion that they may play a specific role in
the suppression of arrhythmias. Second, mutations in hERG are the cause of 30—40% of cases of
congenital long QT syndrome (LQTS), the commonest inherited primary arrhythmia syndrome.
Third, hERG is the molecular target for the vast majority of drugs that cause drug-induced LQTS,
the commonest cause of drug-induced arrhythmias and cardiac death. Drug-induced LQTS has
now been reported for a large range of both cardiac and non-cardiac drugs, in which this side
effect is entirely undesired. In recent years there have been comprehensive reviews published on
hERG K™ channels (Vandenberg et al. 2012) and we will not re-cover this ground. Rather, we
focus on more recent work on the structural basis and dynamics of hRERG gating with an emphasis
on how the latest developments may facilitate translational research in the area of stratifying risk
of arrhythmias.
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hERG K* channels have unusual gating kinetics rise to considerable phenotypic diversity amongst the 38

different VGK channel subtypes. The Kvl1l.x subfamily
Voltage-gated K (VGK) channels can exist in one of  jg unique within the VGK family in that the transitions
three main conformational states: closed, open and in-  petween the closed and open states are considerably slower
activated (Fig. 1A). Differences in the kinetics and voltage  than the transitions between the open and inactivated
dependence of the transitions between the closedand open  gtates. In addition the transitions between the open and
states and between the open and inactivated states gives  jnactivated states are voltage dependent (Vandenberg
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et al., 2012). This unusual combination of kinetics gives
rise to an apparent inward rectification that is crucial
for maintaining a prolonged plateau phase of the cardiac
action potential (Fig. 1B). Just as importantly, the rapid
and voltage-dependent recovery from inactivation during
the terminal phase of cardiac repolarization coupled
to slow deactivation during the early diastolic period
confers upon these channels an important role in the
suppression of ectopic beats during the late repolarization
phase (Fig. 1C). There has been considerable interest
in elucidating the molecular basis of the unusual gating
kinetics of hERG ever since their discovery (Sanguinetti
etal. 1995; Trudeau et al. 1995). In recent years, discoveries
involving structural analysis of the cytoplasmic domains
of hERG and application of rate equilibrium free energy
relationship (REFER) analysis have started to give us
a much more detailed understanding of the structural
basis of the unusual behaviour of these important
channels.

A slow (AV)
Closed

Figure 1. HERG K+ channel gating
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hERG K* channel inactivation

Most VGK channels exhibit one, or both, of two
major types of inactivation, termed N-type and C-type.
N-type inactivation is caused by an occlusion of the
ion-conducting pore by the intracellular N-terminal
domain, and is also known as ball-and-chain inactivation.
Unlike Shaker K* channels, hERG K™ channels completely
lack this N-type inactivation mechanism. Instead, the
inactivation observed in hERG K™ channels more closely
resembles C-type inactivation of Shaker K™ channels
(Smith ef al. 1996). C-type inactivation is not as well
understood as N-type inactivation but is thought to
involve conformational rearrangements of the selectivity
filter, which directly prevent the conduction of ions
(Hoshi & Armstrong, 2013). C-type inactivation in
hERG K* channels exhibits some critical differences
from that of Shaker K™ channels, such as an intrinsic
voltage dependence, i.e. not directly coupled to the

fast (AV)
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A, Gating scheme for hERG K* channels showing the three main conformational states, closed, open and
inactivated. Transitions between the closed and open states are slow whereas transitions between the open
and inactivated states are rapid. Transmembrane segments (S1-S6 and the pore helix, P) as well as the main
extracellular (S5P) and intracellular (S4S5, PAS and cNBH) domains are labelled in the open state conformation. B,
Current profile for /k (lower trace) during a ventricular action potential (upper trace). As a consequence of the
unusual gating kinetics there is relatively little current flow during the first portion of the action potential plateau
but as the plateau voltage slowly decreases Ik, increases, due to the rapid and voltage-dependent recovery from
the inactivated state back to the open state. C, Response of hERG current to premature action potential stimuli.
As hERG channels recover from the inactivated stated into the open state, during repolarization an ‘ectopic beat’
will result in a large increase in outward current followed by rapid re-inactivation and hence the transient current
spike. The envelope of the peak current spike reflects the recovery from inactivation followed by deactivation.

Modified from Lu et al. (2001).
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voltage dependence of activation (Perry et al. 2013b)
and much more rapid kinetics of both the forward
(open-to-inactivated) and reverse (inactivated-to-open)
transitions (Smith et al. 1996). Much of our understanding
of the structural and molecular components that under-
lie C-type inactivation of hERG K' channels has been
discussed in detail elsewhere (Vandenberg ef al. 2012), so
this review will focus on the most recent advances in our
understanding of this crucial gating mechanism.

Capturing a snapshot of the inactivated state

There is no doubt that obtaining an atomic resolution
structure of the hERG K* channel in the open-inactivated
conformation would constitute a dramatic leap forward
in our understanding of the C-type inactivation process,
but to do this requires a high level of expression and
purification of functional hERG channel protein. Despite
considerable efforts this remains an elusive goal. Two
recent studies utilized chimeric approaches with bacterial
KcsA (Hausammann & Griitter, 2013) or rat Kvl1.2
(Dhillon et al. 2014) potassium channels to help stabilize
the hERG protein, with the latter reporting a degree
of expression and purification of functional chimeric
hERG-Kv1.2 channels in Pichia pastoris. Until we are able
to obtain suitable levels of purified protein for X-ray
crystallography or cryo-electron microscopy experiments,
homology modelling and molecular dynamics (MD)
simulations remain valuable tools for examining the
molecular basis of hERG channel inactivation (Stansfeld
et al. 2008; Durdagi et al. 2012; Kopfer et al. 2012;
Dempsey et al. 2014). These MD simulation studies
suggest that the selectivity filter of hERG channels is
stabilized by an H-bonding complex involving key residues
Ser620 (pore helix) and Asn629 (post-selectivity filter), in
addition to water molecules and other pore helix residues,
and that breakdown of this network may trigger the
conformational rearrangements of the selectivity filter
that underlie inactivation. In particular, ‘flipping’ of
selectivity filter residues Val625, Gly626 and Phe627 has
been suggested to underlie the final transition to the
inactivated state (Stansfeld et al. 2008; Durdagi et al.
2012; Kopfer et al. 2012). These MD simulations are
largely supported by a wealth of mutagenesis data in hERG
channels.

Obtaining a molecular ‘movie’ of inactivation gating
using REFER/®-value analyses

The hERG K* channel, like all other ion channels, is
a highly dynamic protein that undergoes a complex
sequence of molecular and structural rearrangements
in order to transition from one stable state to another

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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(i.e. from an open state to an inactivated state). While
X-ray crystallography remains the gold standard for
resolving atomic resolution protein structures, it lacks a
temporal dimension and so cannot be used to elucidate
the molecular gymnastics that underlie the gating trans-
itions ofion channels. REFER analysis is a powerful protein
engineering technique that has been extensively applied
to understand the conformational changes that occur
during protein folding and unfolding (Fersht & Daggett,
2002) and to study the gating transitions of nicotinic
acetylcholine receptors (Auerbach, 2003). Theoretically,
REFER analysis can be applied to any transition pathway
between two stable end states, but is not applicable to
study processes that involve multiple successive trans-
itions, such as the activation of voltage-gated ion channels,
which requires the transition through several closed states
before reaching the open conformation (Wang et al. 1997).
The voltage-dependent inactivation of hERG K* channels,
however, can be well described by a two-state mechanism
(Wang eral. 2011) and so is amenable to analysis using the
REFER technique.

In a two-state process the kinetics of the transitions
between the two states are proportional to the height of
the energy barrier separating the two end states (AAG"),
whereas the equilibrium of the reaction is proportional to
the energy difference between the two end states (AAG")
(Fig. 2A). Engineered point mutations can be used to
systematically probe the relative timing of individual
residue or domain motions during the transition between
two stable end states by comparing perturbations to the
free energy changes in kinetic (AAG') and thermo-
dynamic (A AG°) relationships. In a REFER plot, the slope
of AAG! versus AAG’ is denoted as the ®-value, and
hence the technique is often referred to as ®-value analysis.
REFER analysis has shown that inactivation of hERG
K* channels does not merely involve a conformational
rearrangement within the conducting pore of the channel
as previously thought, but requires sequential motions of
multiple interconnected domains throughout the protein
(Wang et al. 2011). For instance, manipulating the
external K* concentration produced a ®-value close to 1,
indicating that a loss of K* from the selectivity filter
occurs very early in the transition from the open to
the inactivated state. Diminishing ®-values were then
observed for families of mutations in the pore helix (® ~
0.85), S5 helix (& ~ 0.75), S5P linker (& ~ 0.6), S4
helix (& ~ 0.50), S4-S5 linker (& ~ 0.45), S6 helix
(® ~ 0.3) and pore helix again (® ~ 0.25) (Wang et al.
2011; Perry et al. 20134,b) indicating that these domains
in the hERG protein undergo sequential conformational
rearrangements during inactivation, similar to the
sequential motion of interconnected domains that are
required to open a Japanese puzzle box or in the conversion
of a transformer robot.
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The importance of intra- and inter-subunit
domain-domain interactions

The sequential motion of multiple interconnected
domains during C-type inactivation suggests a level of
domain—-domain coordination that is probably achieved
by an extensive network of intra- and inter-subunit
interactions between different domains of the hERG
channel protein. Although REFER analysis provides
invaluable temporal information about the role of
residues/domains during the inactivation transition
pathway, it does not provide information about changes
in environment or specific molecular-level interactions
of that residue/domain. However, a combination of
homology modelling, molecular dynamics simulations
and double mutant cycle analysis data is beginning to
build a picture of these molecular networks. While much
of the early focus in this area surrounded interactions
between the pore helix and selectivity filter (Stansfeld
et al. 2008), it is becoming increasingly clear that a much
more complicated network of interactions exists. Recent
studies have suggested that the pore helix alone forms
molecular-level interactions with the S1 helix (Colenso
et al. 2013), S5 helix (Lees-Miller et al. 2009; Ferrer et al.
2011; Durdagi et al. 2012; Perry et al. 2013a) and S6
helix (Durdagi et al. 2012; Perry et al. 2013a). Crucially,
REFER analysis suggests that the pore helix plays a dual
role during the inter-conversion between the open and
inactivated states of hERG channels. At an early stage
of the inactivation transition pathway the loss of K
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ions from the selectivity filter is linked to S5 domain
motion through multiple pore helix residues, including
Thr618 (Perry et al. 2013a), which double mutant cycle
analysis suggests is energetically coupling with His562
(Lees-Miller et al. 2009), Trp568 (Ferrer et al. 2011)
and/or Ile567 (Perry et al. 2013a) residues in the S5
helix of the same subunit. In the later stages of the
inactivation transition pathway, the pore helix couples
S6 helix motion to a putative final rearrangement of
the selectivity filter via a putative inter-subunit inter-
action between Phe619 of the pore helix and Ile642 of
the neighbouring S6 helix (Perry et al. 2013a). Molecular
dynamics simulations indicate that distal S6 motion is an
important step preceding entry into the inactivation state
and may, in part, underlie enhanced affinity of many drugs
for the inactivated state of the channel (Chen et al. 2002;
Stansfeld et al. 2007). In addition to the pore helix inter-
actions, combined REFER analysis, molecular homology
modelling and double mutant cycle analysis suggests an
inter-subunit energetic coupling between hydrophobic
residues on the S4 helix (Leu529, Leu530, Leu532, Val535)
and S5 helix (Ile560, Ile567) of the neighbouring subunit
during inactivation gating (Perry et al. 2013b).

Assessing subunit co-operativity during hERG
inactivation gating

Techniques such as REFER analysis, coupled with
double mutant cycle analysis and molecular modelling,

C

Inactivated

Open

Figure 2. Reaction co-ordinate diagrams for hERG inactivation

A, lllustration of how REFER analysis can be applied to hERG K* channel inactivation. A perturbation to a very
early step in the transition from the open state to the inactivated state (red solid line shows WT and red dotted
line shows mutant) will give rise to a ®-value close to 1; B, lllustrates how a perturbation to a very late step in the
transition from the open state to the inactivated state (blue solid line shows WT and dotted line shows mutant)
will give rise to a ®-value close to 0. C, ‘Japanese puzzle box’ model of hERG inactivation. The ®-value for removal
of external K* (1) was close to one. Mutations in the different domains of the channel resulted in a progressive
decrease in ®-value corresponding to progressively later steps in the inactivation process starting with the pore
helix (2, ®-value ~ 0.85), S5 helix (3, ®-value ~ 0.7), S5P linker (4, ®-value ~ 0.6), S4 helix (5, ®-value ~0.5),
S4S5 linker (6, ®-value ~0.45), S6 (7, ®-value ~ 0.3) and the pore helix again (8, ®-value ~0.15). The final step
is presumed to involve a conformational rearrangement of the SF (9).

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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can provide invaluable information on the molecular
rearrangements that underlie inactivation in hERG
channels. So far, however, these studies have only been
performed on homotetrameric mutant channels and have
not addressed whether there is co-operativity amongst
subunits during gating. Understanding co-operativity
is likely to be of physiological relevance given that a
proportion of native I, channels will be heterotetramers,
comprising a mixture of hERGla and hERG1b subunits
(Jones et al. 2014).

Wu et al. (2014) recently addressed the question
of whether hERG channel inactivation requires sub-
unit co-operativity by developing a concatenated hERG
channel (i.e. a channel in which subunits are joined
by an intracellular linker), which makes it possible to
introduce mutations separately into each of the four sub-
units (Wu et al. 2014). They showed that concatenated
hERG channels containing an S620T mutation in the
pore helix, or a double mutant (G628C + S631C) in the
selectivity filter, of a single subunit can almost completely
abolish inactivation. This result suggests that there is a
high degree of concerted motion between all four sub-
units during inactivation. In stark contrast, successive
T618A mutations of the pore helix produced additive
perturbations to inactivation that are consistent with
a sequential model of co-operative interactions, while
successive M645C mutations in the pore-lining S6 domain
suggested a complete lack of subunit co-operativity.
While at first glance these results appear contradictory,
it becomes clearer when we consider them together with
the sequential ‘Japanese puzzle box’ model of inactivation
gating. The S620T mutation may improve the stability
of an H-bonding network between the pore helix and
selectivity filter (containing Gly628) and so stabilize a
conducting conformation of the selectivity filter which
attenuates transition into the inactivated state (Stansfeld
et al. 2008). The study of Wu and colleagues then suggests
that the improved stability of the selectivity filter resulting
from an S620T mutation in just a single subunit is enough
to prevent the late stage transition into the inactivated
state in an all-or-none fashion and promotes the idea
that the final transition step requires a concerted motion
of all four subunits. In contrast to Ser620, Thr618 of
the pore helix is involved at a much earlier stage in
the inactivation transition pathway (Perry et al. 2013a)
such that conformational changes involving this residue
may simply play a role in ‘priming’ each subunit to
inactivate, a process which would not require a high
degree of co-operativity between subunits. Thus, at least
for inactivation gating in hERG channels, the degree
of co-operativity between subunits may alter between
different stages of the transition pathway. Whether this
is also true for channel opening, or in other types of
VGK channels, is not known but certainly worthy of
investigation.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Role of cytoplasmic domains in regulating hERG K+
channel deactivation

Shortly after the discovery of hERG K* channels, it
was shown that deletion of the entire N-terminus, up
to residue 354, resulted in a dramatic acceleration of
the rate of channel closure (Schonherr & Heinemann,
1996). Later, Morais Cabral et al. (1998) showed that a
similar acceleration of channel closure could be achieved
by deletion of just the first 25 residues, which is often
referred to as the N-Cap domain. Consistent with this,
addition of a soluble peptide corresponding to the first
16 N-Cap residues was enough to partially restore the
slow deactivation phenotype of hERG channels in which
the entire N-terminus had been removed (Wang et al.
2000). However, X-ray crystallography carried out by
Morais Cabral et al. (1998) suggested that the initial
N-Cap domain did not form a stable structure, whereas
residues 26-135 formed a stable PAS domain, which is
a common protein—protein interaction domain in many
proteins. In hERG, the PAS domain appears to be a
‘hotspot’ for long QT-causing mutations, particularly
within a hydrophobic patch where mutations (e.g. F29L,
131S, 142N, Y43C, M124R) result in reduced thermal
stability of the PAS and retention of the channel protein
in the endoplasmic reticulum rather than expression at
the membrane (Gianulis & Trudeau, 2011; Harley et al.
2012; Ke et al. 2013). More recent NMR structures of the
N-Cap/PAS domains have shown that the N-Cap domain
comprises a dynamic flexible tail (residues 1-12) followed
byan amphipathic a-helix (residues 13-23) (Ngetal. 2011;
Muskett et al. 2011; Li et al. 2010). Mutagenesis studies
of the N-Cap reveal that two positively charged residues
in the flexible tail (Arg4, Arg5) play an important role
in slowing the deactivation rate (Ng et al. 2011; Muskett
et al. 2011) while the amphipathic helix may interact with,
and shield, the hydrophobic patch on the PAS domain to
help stabilize the protein (Adaixo et al. 2013). From these
studies a picture of the N-terminus of hERG channels is
beginning to emerge, in which the PAS domain forms a
stable protein—protein interaction with one or more other
regions of the channel protein, while the amphipathic helix
of the N-Cap may position the dynamic tail in the correct
orientation to form a functional interaction elsewhere
on the channel protein that slows the rate of channel
closure.

In addition to the large N-terminus, the hERG protein
also contains a large C-terminus, which can be roughly
split into three domains: a distal C-terminal tail (~
residues 873—1159), a cyclic nucleotide binding homology
(cNBH) domain (~ residues 749—872) and a C-linker
domain (~ residues 666-748) which connects to the
distal end of the S6 helix. Removal of the distal
C-terminus has little effect on channel gating (Akhavan
et al. 2003; Gustina & Trudeau, 2011) whereas removal
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of the c(NBH domain accelerates the rate of channel
deactivation in a manner similar to the deletion of the
N-terminus (Akhavan et al. 2003; Gustina & Trudeau,
2011). Indeed point mutations of several residues within
the C-linker or cNBH domains are enough to dramatically
accelerate hERG channel deactivation (e.g. Al-Owais
et al. 2009). Several recent X-ray crystallography and
NMR studies have obtained molecular-level structures
of C-linker/cNBH domains of mosquito ERG1 (Brelidze
et al. 2013; Li et al. 2014) as well as other EAG potassium
channel family members such as zebrafish ELK (Brelidze
et al. 2012) and mouse EAGI (Haitin et al. 2013). Despite
sharing significant structural homology with other cyclic
nucleotide binding domains the Kvl1.1 ¢cNBH domain
does not bind cyclic nucleotides (Brelidze et al. 2009).
Rather, an additional helix immediately C-terminal to
the cNBH domain folds back to occupy the cavity
that normally binds cyclic nucleotides, which has been
described as a self-liganded structure.

The shared functional consequences of N-Cap/PAS
domain and C-linker/cNBH domain deletions (i.e. faster
deactivation kinetics), together with their common
location in the cytoplasmic region of the channel
protein, make them obvious candidates for a functional
interaction that mediates the slow rate of channel
closure. An initial fluorescence resonance energy trans-
fer (FRET) spectroscopy study confirmed that the
N- and C-terminal regions are in close proximity in the
full length channels (Miranda et al. 2008). Since then, the
Trudeau group has shown that recombinant N-Cap/PAS
domains (residues 1-135) can restore the slow gating
phenotype of N-truncated hERG channels (Gustina &
Trudeau, 2009), although not in hERG channels where
the cNBH domain is removed (Gustina & Trudeau, 2011;
Gianulis et al. 2013). Similarly, FRET can be observed
between recombinant CFP-tagged N-Cap/PAS (donor)
and either N-terminal deleted hERG channels or isolated
c¢NBH domain protein labelled with citrine (acceptor) at
the C-terminus (Gianulis ef al. 2013), suggesting a direct
functional interaction between the N-Cap/PAS domain
and the cNBH domain. Interestingly, the co-expression
of N-Cap/PAS deleted channels with ¢cNBH domain
deleted channels can also partially restore the slow
deactivation gating, suggesting inter-subunit interaction
between these domains (Gustina & Trudeau, 2011). These
already convincing data are now supported by an X-ray
crystallography study in which isolated N-Cap/PAS and
c¢NBH domain proteins (i.e. without the transmembrane
region of the channel) from the closely related EAG family
member, mouse EAG1, form multiple interactions (Haitin
et al. 2013). An important finding in this study was that
the ‘flexible’ N-tail region was interleaved between the
PAS and ¢<NBHD and contributed to stabilization of the
interaction. Furthermore, although this structure did not
contain the pore domain or the first 15 residues of the
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N-Cap, the orientation of the tail segment was such that
it was predicted not to be close to the activation gate at
the cytoplasmic entrance to the pore. This does not pre-
clude the possibility that the N-tail may still adopt different
conformations in the open and closed states of the channel,
but it does suggest that the N-tail may have an indirect
effect on deactivation gating as its location is probably too
far away from the activation gate to bind directly. The one
caveat from this study is that the cNBH domain was iso-
lated from the C-linker domain, which in the homologous
HCN channels is located between the cNBH domain and
the pore domain (Zagotta et al. 2003). Whether the flexible
N-tail forms the same interactions with the PAS and cNBH
domains when the C-linker is present one can presume is
likely but not yet demonstrated.

Thermodynamic mutant cycle analysis experiments
have confirmed that at least one key interaction between
the PAS and cNBH domains of mEAGI is also present in
hERG channels. Specifically, Ng et al. (2014) have shown
that Arg56 in the PAS domain is energetically coupled
to the Asp803 residue in the cNBH domain of hERG
channels and loss of this interaction may underlie the
fast deactivation gating phenotype of the LQTS mutation
R56Q. Furthermore, they found that positively charged
arginine residues (Arg4, Arg5) within the disordered
region of the N-Cap interact with negatively charged
residues (Glu698, Glu699) of the C-linker domain. While
they suggested that this later interaction was more trans-
ient than the PAS-cNBH domain interaction, it is strong
enough to stabilize the open conformation of the channel
and thus slow deactivation, possibly via an allosteric trans-
mission to the S6 gate.

Recently, Thomson et al. (2014) used a concatenated
hERG channel to address whether hERG channel deacti-
vation requires subunit co-operativity by introducing
N-Cap mutations R4A/R5A, PAS domain mutation R56Q
or S6 helix mutation F656I into each of the four sub-
units one at a time. In all cases just one subunit muta-
tion was enough to fully accelerate the rate of
deactivation, suggesting that deactivation is a concerted
fully cooperative process. The one caveat with inter-
preting the results from this study, however, is that the
concatenation of the four subunits removes the free end of
three of the N-terminal cap-domains, which are important
for deactivation and so it is possible that deactivation in
the concatenated channels is not precisely the same as in
homotetrameric channels.

Role of the S4S5 domain in hERG K* channels

The S4S5 linker plays an important role in electro-
mechanical coupling of voltage sensor motion to opening
and closing of the ion conduction pathway. When studied
in isolation, the hERG S4S5 linker forms an amphipathic

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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helix (Ng et al. 2012), which suggests that it may lie parallel
to the membrane, at least in one conformational state of
the channel. Numerous mutations in the 4S5 linker affect
the voltage dependence and or kinetics of the open—closed
state transitions in hERG (e.g. Alonsoron ef al. 2008; Van
Slyke et al. 2010). Furthermore, its location at the interface
between the cytoplasmic domains and the transmembrane
domains makes it ideally placed to serve as a platform for
cytoplasmic domains to influence activation/deactivation
gating. de la Pena ef al. (2011) have shown that cysteines
introduced into the flexible tail of the N-Cap domain
(V3C) and in the S4S5 linker (Y542C) can form disulfide
bonds. They also showed that a cysteine introduced at
position 3 can interact with an endogenous cysteine
residue at position 723 in the C-terminal C-linker (de
la Penia et al. 2013). One must always be cautious with the
interpretation of disulfide experiments, as disulfide bonds
once formed are stable and two residues need only be in
close proximity briefly for a bond to form. Nevertheless
they were able to show that the rate of bond formation was
reversible as well as being ‘voltage-dependent), suggesting
that there is state dependence for the interaction. These
data appear to be at odds with the likely location of the
N-Cap/flexible tail and the cNBH/C-linker domains based
on the crystal structure of the mosquito PAS + ¢cNBH
domains (Haitin et al. 2013). One possibility could be
that in the context of the full length channel including the
pore domains and entire C-linker domain, the binding of
the N-tail to the PAS domain/cNBH domain groove may
not be very strong and so it may still be free to unbind
and interact with the S4S5 linker — in a state-dependent
manner.

The N-cap domain of hERG channels is clearly very
important for the slow deactivation phenotype of these
channels. One unusual feature of hERG channels with
the N-Cap deleted is that whilst they have much faster
deactivation kinetics, activation is minimally affected (Tan
et al. 2012). That deactivation is not simply the reverse of
activation in voltage-gated ion channels is a well-described
phenomenon that has been reported for a wide range
of voltage-gated channels and is best exemplified by the
measurement of on- and off-gating currents, which clearly
show quite distinct voltage dependences including for
hERG (Piper et al. 2003). This phenomenon is commonly
referred to as voltage sensor mode shift. In a recent
study using voltage-clamp fluorimetry, Tan et al. (2012)
showed that deletion of the N-tail does not affect the
mode shift of the voltage sensor but uncouples the mode
shift from closure of the cytoplasmic gate. The simplest
explanation for these data would be that the flexible tail
binds directly to the S4S5 linker and thereby modulates
the coupling of voltage sensor movement with activation
gate movement, consistent with the data from de la Pena
and colleagues (see above). However, this remains to be
definitively determined.

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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Congenital LQTS type 2: translational implications of
understanding hERG gating kinetics

Congenital LQTS is an inherited disorder associated with
a significantly increased risk of cardiac arrhythmias and
sudden death. As the name suggests, this condition is
defined by prolongation of the QT interval on the surface
ECG, which is a result of delayed repolarization of
ventricular action potentials. In theory, mutations in any
of the ion channels that contribute to the cardiac action
potential could result in LQTS. However, the three main
subtypes (LQTSI, caused by mutations in KCNQ1, LQTS2
caused by mutations in KCNH2, which encodes the hERG
K* channel, and LQTS3 caused by mutations in SCN5a)
account for >95% of genotype-confirmed cases (40-45,
35-40 and 5-10%, respectively; Splawski ef al. 2000).

The clinical presentation of LQTS can be highly variable,
ranging from death in utero to some patients living a
full life span without ever having any symptoms. Some

RN N

C
200 ms

Normal LQTS2

Figure 3. Whole heart simulations of LQTS type 2 based on
the O’Hara-Rudy human ventricular cell model incorporated
into the Cancer-Heart-Soft Tissue-Environment (CHASTE) that
incorporates the anatomical structure as well as the
epicardial, mid-myocardial and endocardial differences in ion
channel conductances

LQTS2 was simulated by reducing the /k, conductance by 50%. A,
Ikr; B, AP waveform; and C, ECGs from normal and LQTS2
simulations. Note the bifid T-wave in the LQTS2 simulations. D,
differences in the T-wave morphology observed when LQTS2 was
simulated by reducing activation (blue), enhancing inactivation (red)
or reducing conductance (black) such that the extent of QT
prolongation was the same. The three T-waves are aligned such that
the bottom of the trough is the same for each, to highlight the
differences in the extent of notching: least for the inactivation
mutant and most for the activation mutant. Figure modified from
Sadrieh et al. (2014).
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of this variability is related to subtype; for example,
patients with LQTS3 have fewer arrhythmic events but
when they do occur they are more likely to be lethal
(Zareba et al. 1998). But even within one subtype there
can be significant variability both between families with
different mutations as well as within families, i.e. there
is incomplete penetrance. Given that most families with
any given mutation are relatively small (typically <10
affected individuals) and the incidence of events is still
relatively rare (with severe mutations it is usually <5%
per annum), it is difficult to obtain sufficient statistical
power to determine which mutations are associated with
a severe or a mild phenotype. Being able to determine,
in advance, whether a given mutation is likely to be
associated with a high likelihood of sudden death is of great
clinical importance as patients with severe disease warrant
management with an implantable cardiac defibrillator
whereas patients with mild disease can be perfectly well
managed with -blockers (Priori et al. 2013). The dilemma
of how to assess risk and decide what is the most
appropriate treatment in any given individual has been
described as the Achilles heel of management of patients
with LQTS (Vincent, 2005). Is it possible that assessing the
severity of an hERG K* channel mutation in vitro could
assist with the assessment of clinical risk?

There are many different types of clinically occurring
mutations in hERG with the two most common
groups being missense mutations followed by mutations
introducing premature stop codons. Mutations resulting
in premature stop codons will usually result in nonsense
mediated RNA decay (Gong et al. 2007) and then result
in a haplo-insufficiency phenotype. Missense mutations,
however, are likely to have a much more varied phenotype.
An estimated 80% of missense mutations result in reduced
trafficking efficiency (Kuzmicki et al. 2014). However,
reduced trafficking is not an all-or-none phenomenon but
is graded. Furthermore some mutant channels that have
reduced (but not absent) trafficking also have a gating
defect (Gianulis & Trudeau, 2011; Ke et al. 2013).

If we are going to use in vitro studies to characterize
the severity of LQTS2-associated mutations it is likely that
we will need to combine information on how mutants
affect trafficking, subunit—subunit interactions as well as
gating and these data will then need to be integrated
to estimate how much action potential prolongation is
caused by each mutant. The easiest way to integrate
such information is through computer modelling. Indeed,
many groups have already shown that the basic features
of LQTS2 can be reproduced in computer models of
isolated cells (Clancy & Rudy, 2001), cables of cells
and simulated whole hearts (Sadrieh et al. 2014). This
approach, however, will not necessarily overcome the
problems associated with lack of statistical power given
the relatively small numbers of patients affected with each
mutation. One approach to overcome this limitation is to
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group mutations according to their in vitro phenotype.
Analyses based just on mutation location (C-terminal,
N-terminal or pore-domain) have shown some promise
in aiding risk stratification (Moss et al., 2002). We suggest
that grouping mutations according to phenotype (e.g.
severe dominant negative trafficking defects compared
to mild trafficking defects with or without altered gating
and haplo-insufficiency caused by premature stop codons)
should be able to permit more fine-tuned stratification of
risk than that based on knowledge just of the mutation
location.

An additional advantage of using in silico approaches to
integrate in vitro data and derive quantitative estimates of
the effects on QT interval, is that one can look at how a
fixed monogenic defect will be modulated by small changes
in other modifying genes. This approach is sometimes
referred to studying the effect of a single defect in a
population of models (Sadrieh et al. 2013; Britton et al.
2013). For example, Sadrieh et al. (2014) showed that
the very different phenotypes (in terms of extent of QT
interval prolongation and T-wave notching) seen in two
unrelated patients with the same D501N KCNH2 genotype
could be reproduced by including <15% variations in the
expression levels of other repolarizing currents. Whilst
this does not prove that such variations are the cause
of the observed variation, it establishes it as a plausible
hypothesis. In this study, Sadrieh and colleagues also
showed that simulation of a reduced activation-gating
defect or enhanced inactivation gating defect could
produce different ECG phenotypes even when the extent
of QT prolongation was the same (Fig. 3). Whether
such differences in T-wave morphology are observed
clinically in patients with different mutations remains to
be determined.

Future directions

Detailed studies of the hERG K7' channel gating
are enabling the generation of biophysically accurate
models of hERG gating kinetics. Incorporation of these
molecular-level models into cells and ultimately whole
hearts that will permit more informed predictions of how
mutants affect the emergent properties of the surface
ECG in patients with LQTS. Beyond the intrinsic value
of understanding how things work, the real value of
using computer modelling will be that it will allow
for quantitative hypothesis testing of how altered hERG
function, whether due to mutations that alter levels of
expression and/or alter gating phenotypes, drug block
or altered patterns of expression affect cardiac electrical
activity in response to a range of physiological and
pathophysiological stimuli. Furthermore, the explosion
in big data from next generation sequencing studies
and cardiac imaging, combined with the phenomenal

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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increase in computational speeds, will contribute to the
development of even better whole heart-level models and
our ability to predict individual responses to specific
insults. This is likely to be first applied in the area of
assessing the pro-arrhythmic risk of drugs that block hRERG
K™ channels but in the long run this approach should also
help in all inherited heart rhythm disorders and ultimately
acquired arrhythmia syndromes.
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