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Multistate Structural Modeling and Voltage-Clamp Analysis
of Epilepsy/Autism Mutation Kv10.2-R327H Demonstrate
the Role of This Residue in Stabilizing the Channel Closed

State
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Voltage-gated potassium channel Kv10.2 (KCNH5) is expressed in the nervous system, but its functions and involvement in human
disease are poorly understood. We studied a human Kv10.2 channel mutation (R327H) recently identified in a child with epileptic
encephalopathy and autistic features. Using multistate structural modeling, we demonstrate that the Arg327 residue in the S4 helix of
voltage-sensing domain has strongionicinteractions with negatively charged residues within the S1-S3 helices in the resting (closed) and
early-activation state but not in the late-activation and fully-activated (open) state. The R327H mutation weakens ionic interactions
between residue 327 and these negatively charged residues, thus favoring channel opening. Voltage-clamp analysis showed a strong
hyperpolarizing (~70 mV) shift of voltage dependence of activation and an acceleration of activation. Our results demonstrate the critical
role of the Arg327 residue in stabilizing the channel closed state and explicate for the first time the structural and functional change of a

Kv10.2 channel mutation associated with neurological disease.

Introduction

The Kv10.2 channel (encoded by the KCNH5 gene) belongs to the
ether-a-go-go (EAG) family within the voltage-gated potassium
(Kv) channel superfamily (Saganich et al., 1999). EAG channel
family members, including both Kv10.1 and Kv10.2, are overex-
pressed in cancer and have been suggested as tumor markers as
well as cancer therapeutic targets (Camacho, 2006; Hemmerlein
et al., 2006; Mello de Queiroz et al., 2006; Stithmer et al., 2006;
Huang et al., 2012). Kv10.2 is natively expressed in the nervous
system (Saganich et al., 1999; Ludwig et al., 2000; Ju and Wray,
2002; Schonherr et al., 2002); however, the functions of Kv10.2 in
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the nervous system and its involvement in human diseases other
than cancer are not well understood (Wulffet al., 2009). Recently,
we identified a human Kv10.2 channel mutation (R327H) in a
child with epileptic encephalopathy with seizures intractable to
medical therapy and autistic features via exome sequencing
(Veeramah et al., 2013). To understand how this R327H muta-
tion, which substitutes a single residue within the voltage-sensing
helix S4, affects the structure and function of Kv10.2, we per-
formed this structural and functional study.

The crystal structures of mammalian Kv channels in the open
state have been determined (Long et al., 2007), and recently the
transitions of Kv channel from the activated (open) state to rest-
ing (closed) state have been studied using long (=200 us) all-
atom molecular dynamic simulations (Jensen et al., 2012),
providing six structure snapshots of the intermediate states dur-
ing channel gating. Here, using multistate structural modeling,
we constructed a Kv10.2 voltage-sensing domain (VSD) model
containing the wild-type (WT) Arg327 or mutant His327 residue
in all six states obtained from molecular dynamic simulations
(Jensen et al., 2012) and provide evidence showing that the rest-
ing and early activation state of the channel are destabilized by
R327H mutation. This dynamic model suggests that the Arg327
residue of WT Kv10.2 has strong ionic interactions with nega-
tively charged residues within the S1-S3 helices in the resting
state and states transiting into or out of the resting state but not in
the activated state. The R327H mutation weakens the ionic inter-
action between residue 327 and negatively charged residues of



Yang, Vasylyev et al. e Kv10.2 R327H Mutation

S1-S3, thus favoring channel opening. Consistent with this pre-
diction, voltage-clamp analysis revealed a remarkable hyperpo-
larizing shift in the voltage dependence of activation and an
acceleration of activation. Together, our results demonstrate the
role of the Arg327 residue in stabilizing the closed state of the
channel and explicate, for the first time, the structural and func-
tional change of a Kv10.2 channel mutation associated with neu-
rological disease.

Materials and Methods

Structural modeling and residue interaction maps. The alignment between
Kv10.2 and other Kv channels was generated with ClustalW2 and man-
ually refined based on previous studies (Long et al., 2007; Pathak et al.,
2007; Lee et al., 2009; Zhang et al., 2009). Six different states of Kv1.2/
Kv2.1 “paddle chimera” voltage-gated K* channel (Protein Data Bank
identification number 2R9R) obtained in a molecular dynamics simula-
tion were kindly provided by Dr. David E. Shaw, D. E. Shaw Research
(New York, NY) (Jensen et al., 2012). Modeling of the S1-S4 VSD in six
states was performed with SWISS-MODEL (Arnold et al., 2006; Bordoli
etal., 2009) and refined as described previously (Yang et al., 2011, 2012,
2013). Models were further energy minimized, analyzed, and visualized
in Molecular Operating Environment (MOE; Chemical Computing
Group). Ligand and receptor interaction maps were constructed using
MOE.

Plasmid. Kv10.2 cDNA was synthesized from human fetal brain total
RNA (Clontech) using SuperscriptIll Reverse Transcriptase (Invitro-
gen). The PCR product was cloned into pGEMT-easy vector (Promega)
and then subcloned into pPCDNA3mod (Cummins et al., 2001). In a
second step, an EcoRI-NotlI fragment from pIRES2-EGFP (Clontech)
was cloned into downstream of the stop codon of Kv10.2 to generate
plasmid phKv10.2-IRES-EGFP. Sequencing of the insert and comparing
it with the reference sequence NM_139318 confirmed a 988 aa open
reading frame, including one variant (c. 2233G>A; p. A745T) within the
C terminus of the channel, which has been reported as a natural variant
with a minor allele frequency (MAF) = 0.25 (www.1000genomes.org).

Transfection of human embryonic kidney 293 cells. Human embryonic
kidney 293 (HEK293) cells, 80% confluent in a 24-well plate, were trans-
fected with phKv10.2-IRES-EGFP (1 ug/well) using Optifect (Invitro-
gen). Transfected cells were incubated at 37°C in 5% CO, for 48 h before
recording the non-inactivating outward rectifying K* currents pro-
duced by Kv10.2 channels (Ju and Wray, 2002; Schonherr et al., 2002) in
cells with green fluorescence.

Electrophysiology. Current was recorded from HEK293 cells using the
whole-cell voltage-clamp method. Pipette resistance was 1.3—2 M{) when
filled with the intracellular solution (in mm): 130 KCI, 10 EGTA, 10
HEPES, 1 MgCl2, and 5.6 glucose, pH adjusted to 7.3 with KOH (287
mOsm). The series resistance of 2-5 M{) was compensated by 70%. The
extracellular solution contained the following (in mm): 133 NaCl, 3 KCl,
1 CaCl,, 1 MgCl,, 10 HEPES, 10 4-AP, and 5.6 glucose, pH adjusted to 7.3
with HCI (288 mOsm). Data were recorded using an Axopatch 200B
amplifier, digitized by Digidata 1322A (Molecular Devices). Data were
analyzed using pClamp 10 (Molecular Devices) and Origin 8.5 (Origin-
Lab) software. Currents were evoked by 3 s test voltage steps ranging
from —140 to +50 mV (in 10 mV increments), followed by a 1-s-long
step to 0 mV to obtain G/G,,,, ratios, from a holding potential of —100
mV. G/G,,,, was calculated for the respective test voltages as the ratio of
the instantaneous tail current amplitude to the maximal amplitude of the
instantaneous tail current. The rising phase, excluding an initial 10 ms, of
the current was approximated by a single exponential. The data are pre-
sented as means *= SE. Data were evaluated with Student’s t test, and
significant difference was accepted when p < 0.05.

Results

Multistate structural analysis

Kv channels are membrane proteins that consist of six transmem-
brane segments, including S1-S4 as the VSD, a relative indepen-
dent domain that transforms membrane potential changes into
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channel gating, and S5 and S6 as the pore-forming module (Fig.
1A). Functional Kv channels are tetramers assembled from four
independent subunits.

Sequence analysis shows that Arg327 is located in the critical
S4 helix of the VSD (Fig. 1A). Within the S4 helix of VSD, Arg327,
together with Lys325, Arg329, and Arg331 (commonly known as
R[K]1-R4), are positively charged residues that sense changes in
the membrane potential and produce a conformational change of
the VSD, which in turn controls channel gating (Fig. 1A). Muta-
tion R327H, identified from a child with epilepsy and other neu-
rological diseases (Veeramah et al., 2013), occurs at the critical R2
position. At physiological pH, Arg (R) is a positively charged
residue, and His (H) is predominantly neutral (with a relatively
small proportion carrying positive charges). Because multiple
negatively charged residues existed in S0—S3 helices (Fig. 1B), we
hypothesized that Arg327 may form ionic interaction with these
negatively charged residues in certain channel gating states, and
mutation R327H may disrupt the ionic interaction between res-
idue 327 and negative charged residues, thus affecting channel
gating. To test this hypothesis, we constructed a Kv10.2 VSD
structural model based on the crystal structure of Kv1.2/Kv2.1
paddle chimera channel in its open state (Protein Data Bank
identification number 2R9R). Our structural model of Kv10.2
VSD in its open state is shown in Figure 1C. Positively charged
residues are labeled cyan (Arg327 are labeled gray), and nega-
tively charged residues are labeled red (Fig. 1C). As can be seen in
Figure 1C, the S4 helix of the Kv10.2 channel is in an “outward”
position (“outward” means close to the extracellular space and
“inward” means close to the intracellular space) in this activated
state, and the Arg327 residue is not in contact with any negatively
charged residues.

Because channel gating involves substantial conformational
changes of the S1-54 helix of the VSD, we tested the hypothesis
that Arg327 may interact with negatively charged residues in
other intermediate states during the channel gating process. Be-
cause the crystal structures of Kv channels in other gating states
are not yet available, we used structural snapshots obtained in a
recent all-atom level molecular dynamics simulation (Jensen et
al., 2012) of the Kv1.2/Kv2.1 paddle chimera channel as tem-
plates. This molecular dynamics simulation reveals the transi-
tions of Kv channel from activated to resting state (Jensen et al.,
2012) and generated six structural snapshots [1, activated state
(2R9R); 2, early deactivation state; 3, late deactivation state; 4,
resting state; 5, early activation state; and 6, late activation state].
These structural snapshots displayed asynchronous transitions of
the four subunits (subunits A-D), all having identical amino acid
sequences. We constructed Kv10.2 structural models based on all
six states (multistate structural modeling) for our analysis. For
clarity, only models based on subunit D in six states are shown in
Figure 1C-H. Interestingly, we observed that the S4 helix moves
from an outward to inward position relative to the S1-S3 helices
when it transits from activated state to resting state (Fig. 1C—F)
and moves from an inward to outward position when it transits
from the resting state back to activated state (Fig. IF-H). During
this gating transition, the distances between Arg327 and nega-
tively charged residues change dramatically (Fig. IC-H).

To investigate the interaction between Arg327 and other res-
idues in detail, we used Arg327 as a “ligand” in all these states to
probe the surrounding residues as “receptors” in these structural
models. By plotting the ligand-receptor interaction, we con-
structed an interaction map between Arg327 and surrounding
residues (Fig. 2A-F, left panels). From the structural models and
interaction maps, we observed that Arg327 does not interact with
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Figure 1.

Structural modeling of Kv10.2 Arg327 in six states. A, Schematic of the human Kv10.2 channel. The boxed area is VSD, which is enlarged at the right. PM: Pore-forming module.

Negatively charged residues are labeled red, and positively charged residues are labeled cyan. R327H mutation is labeled gray. B, The amino acid sequence of the SO -S4 helixis shown, highlighting
the negatively and positively charged residues. C—H, Structural model of the Kv10.2 channel VSD in six different states. Negatively charged residues are shown in red and sticks, whereas positively
charged residues are shown in cyan and sticks (Arg327 are shown in gray and sticks). Connecting loops between S0 and $1,and S2 and $3 are omitted in some panels for clarity. C, Activated state;
D, early deactivation state; E, late deactivation state; F, resting state; G, early activation state; H, late activation state. Note that residue 327 moves from the outward position to the inward position
from C toward F, establishing interaction with negatively charged residues. Residue 327 moves from the inward position to the outward position from F to , attenuating the interaction with

negatively charged residues.

any negatively charged residues in the activated state (Fig. 2A,
left), but it interacts with Asp251 in the early deactivation state
(Fig. 2B, left). When the channel enters the late deactivation state
and the resting state, Arg327 interacts with two negatively
charged residues (Asp218 and Asp261, Fig. 2C, left; Asp296 and
Asp261, Fig. 2D, left, respectively). When the channel transits to
an early activation state, Arg327 again only interacts with one
negatively charged residue (Asp296; Fig. 2E, left) and loses all
interaction with any negatively charged residues in the late acti-
vation state (Fig. 2F, left).

Compared with positively charged residue arginine, histidine
residues are predominantly neutral at physiological pH and of
smaller side chain size. Although it is difficult to predict the pH in
the vicinity of R327H within the folded protein and whether it
changes during gating, it is reasonable to assume that, under
physiological conditions, histidine residues are predominantly

neutral (with a relatively small proportion carrying positive
charges). Modeling of the R327H mutation channel in all six
states and construction of interaction maps showed that the
R327H mutation indeed impairs ionic interaction formation be-
tween residue 327 and negatively charged residues in S1-S3 (Fig.
2A-F, right panels). In the early deactivation state, the interaction
between the mutated His327 residue and Asp251 still existed (Fig.
2B, right). However, interaction with negatively charged residues
was not seen in the late deactivation state (Fig. 2C, right). In the
resting state, the mutated His327 residue lost its interaction with
Asp261 and Asp296 but formed a new interaction with Glu198
(Fig. 2D, right). The mutated His327 residue still has interaction
with Asp296 (Fig. 2E, right) in the early activation state but no
interaction with negatively charged residues in the late activation
state (Fig. 2F, right). Together, these data suggest that residue 327
contributes substantially to the stability of the Kv10.2 channel in
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Figure 2.

Interaction map of Arg327 and R327H mutation with surrounding residues. 4, Activated state; B, early deactivation state; C, late deactivation state; D, resting state; E, early activation

state; F, late activation state. Dashed arrows indicate residue interactions. Note that, in the R327H mutation, the interactions between residue 327 and surrounding residues are markedly reduced

in the resting state (and states transiting into or out of resting state).

its resting state via interacting with negatively charged residues.
By mutating the predominantly positively charged arginine with
the predominantly neutral histidine, the strong ionic interaction
between residue 327 and negatively charged residues in the rest-
ing state (and states transiting into or out of resting state) is
disrupted, resulting in a channel that can be more easily activated.

Because the molecular dynamic simulation of Kv1.2/Kv2.1
paddle chimera channel resulted in asynchronous conforma-
tional changes in the four subunits, we further explored the in-
teractions between the Arg327 residue and negatively charged
residues in all four subunits of Kv10.2 tetramer. Our results show
that, in the activated state, the Arg327 residue does not interact
with any negatively charged residues of the four subunits (Table
1). In the early deactivation state, the Arg327 residue interacts
with Asp251 of subunit B and subunit D but not subunit A or
subunit C (Table 1). In the late deactivation state, the Arg327
residue interacts with Asp251 of subunit B and Asp218 and
Asp261 of subunit D (Table 1) but not subunit A or subunit C. In
the resting state, Arg327 residue interacts with negatively charged
residues in all subunits (Asp296 of subunit A, Glu198 of subunit
B, Asp261 of subunit C, and Asp261 an Asp296 of subunit D)

Table 1. Interactions between Arg327 and negatively charged residues in all four
subunits of Kv10.2

Interactions between R327 and negatively charged residues

States Subunit A Subunit B Subunit C Subunit D
State 1 Activated None None None None
State2 Early deactivation None Asp251  None Asp251
State3 Late deactivation None Asp251  None Asp218, Asp261
State 4 Resting Asp296 Glu198  Asp261 Asp261, Asp296
State5 Earlyactivation ~ Asp251,Asp255 Asp261  Asp251, Asp255 Asp296
State 6 Lateactivation ~ None None None None

(Table 1). In the early activation state, the Arg327 residue again
interacts with negatively charged residues of all subunits (Asp251
and Asp255 of subunit A, Asp261 of subunit B, Asp251 and
Asp255 of subunit C, and Asp296 of subunit D) (Table 1). When
the channel reaches the late activation state, Arg327 residue does
not interact with any negatively charged residues of any subunits
(Table 1). These data provide additional evidence that Arg327 has
strong ionic interaction with negatively charged residues of all
four subunits in Kv10.2 tetramer in resting state (and states tran-
siting into or out of resting state).
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Figure3. The R327H mutation results in a gain-of-function phenotype of the Kv10.2 channel. 4, B, WT (A, bottom) and R327H (B, bottom) currents were evoked by 3-s-long test voltage steps
ranging from —140to +50mV (in 10mV increments), followed by a 1-s-long step to 0 mV to obtain G/G,,, ratios, from a holding potential of —100mV (4, B, top). Dashed line represents 0 current.
€, G/G,,,, was calculated for the respective test voltages as the ratio of the instantaneous tail current amplitude to the maximal amplitude of the instantaneous tail current. The data were it with
a single Boltzmann equation with the following parameters: WT (filled symbols), /'/> = —31.3mV, k = 19.7 mV, n = 19; R327H (open symbols), //'/2 = —96.2mV, k = 19.5mV,n = 11.D,
Shown s the voltage dependence of activation time constant derived from a single-exponential fit of WT (filled symbols, n = 17) and R327H (open symbols, n = 10) current traces. E, Mg * slows
activation kinetics of both WT and RH channels. Current traces of WT (left) and R327H (right) channels at 0 versus 5 mm Mg > ; traces were obtained on the same cellin response to the test voltage
of +40mV. F, Left, G/G,,,, of WT and R327H mutant channels at different extracellular Mg * . The data were fit with a Boltzmann equation. Filled squares, WT with 0 mm Mg? ™", V1/2 = —51.5
mV, k= 16.8mV,n = 6; filled triangles, WT with 5 mm Mg“, /2= —12.5mV, k= 17.1mV,n = 3; open squares, R327H with 0 mm Mg 2t s =—1281mV,k=142mV,n=5; open
triangles, R327H with 5 mm Mg ", V/2 = —58.1mV, k = 15.7mV, n = 3. F, Right, The difference between /'/2 of WT and R327H channel expressed as a function of extracellular Mg 2. With
the increase of Mg ™ concentration, the difference of /'/2 between WT and R327H became smaller.

3B,C), which was significantly different from the V. of WT
channel (p < 0.001). The slope of the Boltzmann curve was not
different between WT (20.7 = 0.5, n = 19) and R327H (20.6 =

Voltage-clamp analysis
To functionally assess whether these ionic interactions between
Arg327 and negatively charged residues contribute to the channel

gating, we conducted voltage-clamp experiments to study the
activation of WT and R327H Kv10.2 channels. At 1 mm Mg>*
levels, voltage-clamp analysis showed that WT Kv10.2 current
begins to activate at membrane voltages positive to —110 mV and
reached half-maximal activation (V) at —31.5 = 1.7 mV (n =
19; Fig. 3A,C). The R327H mutant channel was already active at
—140 mV and reached Vi at —106.6 * 3.8 mV (n = 11; Fig.

2.2,n = 11) channels (p > 0.05). The maximum conductance of
WT channel was 4.9 = 1.0 nS (n = 19) and for the R327H channel
was 5.6 = 2.3 nS (n = 11, p > 0.05), indicating that R327H
mutation does not affect the functional expression of the channel.

To assess the kinetics of activation, the rising phase of both
WT and R327H current, excluding an initial 10 ms, was fitted
with a single-exponential function. Activation kinetics of the mu-
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tant channel were significantly accelerated at voltages more neg-
ative than 20 mV, with a maximal difference at —60 to —70 mV,
a membrane voltage close to resting potential of most CNS neu-
rons (Fig. 3D). Together, these data show that the R327H muta-
tion enhances Kv10.2 channel activation and accelerates its
activation kinetics at a wide range of physiological membrane
voltages. These results indicate that R327H mutation makes the
channel easy to open and produces a gain-of-function phenotype
of the Kv10.2 channel, consistent with the multistate structural
modeling results.

It has been reported previously that extracellularly applied
Mg>" slows activation kinetics and depolarizes steady-state acti-
vation of EAG channels through binding to the residues at the
outer VSD (Terlau et al., 1996; Silverman et al., 2000, 2004;
Schonherr et al., 2002; Zhang et al., 2009). Therefore, it could be
possible that the hyperpolarizing shift seen in R327H mutation
might partially arise from interference with the Mg>" effects on
channel activation via the structural changes caused by this mu-
tation. To test this hypothesis, we recorded Kv10.2 activation at
two different concentrations (0 and 5 mMm) of extracellular
[Mg*"].

Consistent with the previous results on channel steady-state
activation, Mg?" slowed activation kinetics of both WT and
R327H channels (Fig. 3E). Moreover, we found that removal of
extracellular Mg>" resulted in a hyperpolarizing shift of steady-
state activation of both WT and R327H channels: the Boltzmann
fit of the channel activation in 0 mm Mg>" had the following
parameters: V2 = —52.9 = 1.6 mV (WT, n = 6) and V2 =
—127.8 =2.9mV (R327H,n = 5),p <0.001;k = 17.6 £ 1.3 mV
(WT, n = 6); k= 13.2 = 2.3 mV (R327H, n = 5), p > 0.05 (Fig.
3F).In contrast, elevated Mg>" resulted in a depolarizing shift of
the channel steady-state activation. With 5 mm Mg>™, steady-
state activation curves were as follows: V2 = —10.7 = 1.0 mV
(WT,n=3)and V2 = —58.6 = 3.3 mV (R327H, n = 3), p <
0.01; k = 20.6 = 0.2 mV (WT, n = 3) and k = 18.1 =+ 2.0 mV
(R327H,n = 3),p > 0.05 (Fig. 3F). These data are consistent with
previous reports and indicate that, for both WT and R327H
channels, the presence of Mg>* was able to shift the activation
VY2 in a depolarizing direction.

As shown in Figure 3F, left, the shift of activation (AV'%) in 5
mM Mg>" compared with 0 mm Mg?™ for the R327H mutant
channel is significantly larger than that in WT (~70 vs ~40 mV).
Moreover, Figuew 3F, right, shows that the difference between
activation V2 of WT and R327H channel (AV2y/zy) became
bigger as the Mg>" concentration decreased. Both of these find-
ings indicate that the enhanced activation seen in R327H muta-
tion is not likely attributable to reduced Mg*" sensitivity of the
mutant channel. Because Mg>" sensitivity is mainly mediated by
the outer voltage sensor, our data suggest that the outer voltage
sensor probably has a normal conformation in the R327H mu-
tant channel, consistent with our argument that the R327H mu-
tation mainly effects inner voltage sensor charge pairing.

Discussion

In this study, we report structural and functional analyses of the
Kv10.2 Arg327 residue and mutated R327H using a novel multi-
state structural modeling and voltage clamp. The R327H muta-
tion, identified by whole exome sequencing in a patient with
epileptic encephalopathy (Veeramah et al., 2013), is the first mu-
tation of the KCNH5 gene associated with neurological disease.
Taking advantage of Kv channel crystal structures and recent
molecular dynamic simulations of Kv channel, we performed
detailed analysis of the interaction of the WT Arg327 and the
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substituted R327H with surrounding residues during channel
gating. Our results suggest that the Arg327 residue, a critical pos-
itively charged residue known as R2 of $4 helix within the VSD,
has strong interactions with negatively charged residues in the
resting state and other intermediate states transiting into or out of
the resting state. The R327H mutation resulted in reduced size of
the residue 327 side chain and a loss of positive charges, leading to
weaker interaction of residue 327 with negatively charged resi-
dues in the resting state, thus making the channel easier to open.

Kv10.2 channel is related to Drosophila EAG, Eag-related gene
(Erg), and Eag-like K™ channel (Elk) K* channel subfamilies,
which correspond to the mammalian Kv10, Kvl1, and Kv12
channel subfamilies, respectively (Ganetzky et al., 1999; Wulff et
al., 2009). The Drosophila Erg K™ channel is encoded by the
seizure locus, and the mutations in Erg cause a temperature-
induced hyperactivity and paralytic phenotype (Titus et al., 1997;
Wang et al., 1997). Additionally, a recent study reported that the
Kv12.2 (Elk2) channel knock-out causes persistent neuronal hy-
perexcitability and spontaneous seizures in mice (Zhang et al.,
2010). However, until recently, a role for EAG channels in sei-
zures was only inferred by analogy to the other K* channel sub-
families. Our identification of the first Kv10.2 mutation
associated with human disease, together with the structure-and-
function study we report here, provide compelling evidence for a
role of Kv10.2 channel in human neurological disease.

Kv10.1 and Kv10.2 channels have been associated previously
with cancer (Camacho, 2006; Hemmerlein et al., 2006; Mello de
Queiroz et al., 2006; Stithmer et al., 2006; Huang et al., 2012), but
their functional roles in the nervous system and neurological
diseases have not been revealed. Consistent with multiple neuro-
developmental deficits in the patient carrying the Kv10.2 R327H
mutation, including seizure and multifocal EEG spikes that were
almost continuous during sleep, severe language delay, autism,
and hypotonia (Veeramah etal., 2013), Kv10.2 has been shown to
be expressed in multiple areas of the brain (Saganich et al., 1999;
Ludwig et al., 2000; Ju and Wray, 2002; Schonherr et al., 2002).
Based on our structural and functional analyses, the Kv10.2
R327H mutation appears to confer gain-of-function changes on
the channel.

Gain-of-function K™ channel mutations associated with epi-
lepsy have been found previously in large-conductance calcium-
sensitive potassium channels (Du et al., 2005; N'Gouemo, 2011).
These mutations have been suggested to lead to increased neuro-
nal excitability and epilepsy via alternative mechanisms depend-
ing on the levels and expression pattern of the mutant channels in
different types of neurons: (1) mutant channels are dominant in
excitatory neurons, and the gain-of-function K * channel mutations
may enhance the afterhyperpolarization of the action potential, lead-
ing to faster repriming (removal of inactivation) of sodium channels,
thus allowing excitatory neurons to fire at a higher frequency; (2)
enhancement of activity of mutant K * channel within very negative
voltage domains might also lead to additional hyperpolarization and
the activation of hyperpolarization-activated cation current (e.g.,
I,), generating secondary depolarization; and (3) mutant
channels are dominant in inhibitory neurons, and the gain-of-
function K™ channel mutation may increase basal K* con-
ductance, reduce input resistance of the cellular membrane,
and impair the firing of inhibitory interneurons, thus relieving
inhibition on a neuronal network. The last mechanism has
been suggested previously for loss-of-function mutations of
voltage-gated sodium channel Navl.1 in severe childhood ep-
ilepsy (Catterall et al., 2010). Interestingly, loss-of-function
changes in potassium channels are also seen in epilepsy, in-
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cluding Kv7 (KCNQ) channel mutations of benign familial
neonatal convulsions (Lerche et al., 2001; Cooper, 2012;
Miceli et al., 2013), suggesting that both gain-of-function and
loss-of-function Kv channel mutations may contribute to ep-
ilepsy, probably via altering excitability of different neuronal
types. Kv10.2 has been found in cortical layer IV, which con-
tains both excitatory and inhibitory interneurons (Saganich et
al., 1999). A finely tuned and cell-specific balance of potas-
sium channel activities seems to be critical for neurons to
maintain normal functions.

Mutagenesis studies of positively charged residues in S4 helix
of a number of Kv channels have been reported previously
(Panaghie and Abbott, 2007). In particular, it has been found
that mutations of R2 residues cause a dramatic loss of voltage-
dependent gating in Kv7.2 and Kv7.4 channels, leading to ap-
parently constitutively activated channels at testing potentials
from —120 to 40 mV (Miceli et al., 2008, 2012). Our structural
analysis indicates that R2 (Arg327 of Kv10.2) interacts with
many negatively charged residues during channel gating into
and out of resting states, and the mutation of R2 (R327H)
weakens these interaction, destabilizing the resting state so
that the channel more readily opens. Voltage-clamp studies
are consistent with this hypothesis and show that the mutation
shifts channel activation V% of ~70 mV in a hyperpolarizing
direction, reinforcing the essential role of the R2 residue in
stabilization of the channel resting state. At first glance, the
R327H mutation reported herein retains voltage sensitivity of
the channel, which is in contrast to mutations of R2 studied in
the Kv7 channels (Miceli et al., 2008, 2012). However, we
cannot rule out the possibility that a very strong hyperpolar-
izing shift in voltage dependence of activation mediated by
R2Q mutant of Kv7.2 and Kv7.4 might make the mutant chan-
nels appear constitutively active, resulting in voltage indepen-
dence seen in the tested voltage range (—120 to 40 mV) but
that voltage dependence might be retained at membrane po-
tentials more negative than —120 mV. If this prediction turns
out to be correct, then our model is likely to be generalizable
for many additional voltage-gated ion channels.

Interactions between positively charged residues in S4 and
negatively charged residues in S1-S3 helices of VSD have been
implicated in the gating of both voltage-gated sodium and
potassium channels (Tao et al., 2010; Wu et al., 2010; DeCaen
etal, 2011; Delemotte et al., 2011; Pless et al., 2011; Vargas et
al., 2012; Yarov-Yarovoy et al., 2012). The present results,
based on a naturally occurring mutation found in a patient
with neurological disease, indicate that the R2 residue of the
Kv10.2 channel interacts with negatively charged residues in
S0-S3 helices in different conformational states during chan-
nel gating. Disruption of this interaction, in this case by sub-
stitution of the Arg327 with the histidine residue, destabilizes
the closed state of the channel. Thus, the R2 (Arg327) residue
of the WT channel appears to play a critical role in stabilizing
the channel closed state.
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