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A de novo mutation in the KCND2 gene, which encodes the Kv4.2
K+ channel, was identified in twin boys with intractable, infant-
onset epilepsy and autism. Kv4.2 channels undergo closed-state
inactivation (CSI), a mechanism by which channels inactivate with-
out opening during subthreshold depolarizations. CSI dynamically
modulates neuronal excitability and action potential back propa-
gation in response to excitatory synaptic input, controlling Ca2+

influx into dendrites and regulating spike timing-dependent plas-
ticity. Here, we show that the V404M mutation specifically affects
the mechanism of CSI, enhancing the inactivation of channels that
have not opened while dramatically impairing the inactivation of
channels that have opened. The mutation gives rise to these op-
posing effects by increasing the stability of the inactivated state
and in parallel, profoundly slowing the closure of open channels,
which according to our data, is required for CSI. The larger volume
of methionine compared with valine is a major factor underlying al-
tered inactivation gating. Our results suggest that V404M increases the
strength of the physical interaction between the pore gate and the
voltage sensor regardless of whether the gate is open or closed. Fur-
thermore, in contrast to previous proposals, our data strongly suggest
that physical coupling between the voltage sensor and the pore gate is
maintained in the inactivated state. The state-dependent effects of
V404M on CSI are expected to disturb the regulation of neuronal
excitability and the induction of spike timing-dependent plasticity.
Our results strongly support a role for altered CSI gating in the
etiology of epilepsy and autism in the affected twins.
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Recently, a de novo mutation in the KCND2 gene was iden-
tified by exome sequencing in monozygotic twin boys with

intractable seizures starting in infancy, autism, and intellectual
disability (1). KCND2 encodes the Kv4.2 voltage-gated K+

channel. Kv4.2 and other members of the Kv4 family serve as the
pore-forming subunits in inactivating, somatodendritic A-type
K+ (ISA) channels, which are widely expressed in the brain (2–
8). Kv4.2 is the sole pore-forming subunit in ISA channels found
in pyramidal cells in the CA1 region of the hippocampus (6, 7).
The hallmark property of ISA channels is the ability to inactivate
without opening during subthreshold excitatory postsynaptic
potentials (5, 8, 9). This occurs through the mechanism of closed-
state inactivation (CSI) (5, 10). CSI determines the steady-state
availability of ISA channels and thereby controls resting excit-
ability and firing frequency (5, 8, 9). In addition, CSI temporarily
increases excitability in response to excitatory synaptic input,
boosting the back propagation of action potentials and Ca2+

influx into dendrites (7, 11–17). As a result, CSI is a key com-
ponent in mechanisms of spike timing-dependent synaptic plas-
ticity (13, 17). We previously reported that V404M, the Kv4.2
mutation associated with epilepsy and autism, impairs CSI, but
the underlying mechanism has not been characterized (1).
Voltage-gated K+ channels, such as Kv4.2, contain a tetra-

meric assembly of pore-forming subunits (18). Each subunit

contains six transmembrane segments, S1–S6, and a reentrant
loop (Fig. 1A). Segments S1–S4 from each subunit form the four
peripherally located voltage sensor domains, whereas the single
central pore for ion permeation is formed by S5, S6, and the
reentrant loop, which functions as the K+ selectivity filter (18). In
response to depolarization, the voltage sensor domains undergo
several conformational changes between closed states before
opening of the pore (Fig. 1B) (10, 21). Voltage sensor transitions
lead to an activated conformation, C*, that is permissive for pore
opening, a cooperative step in which the so-called bundle-crossing
gate formed by the S6 segments opens to permit ion flow through
the channel (27–29). Coupling between the voltage sensor domain
and the pore gate is mediated by residues in the S4–S5 linker,
which interact with residues in S6 that form the gate (Fig. 1A) (22,
30, 31). The V404M mutation is located in S6 immediately after
the conserved sequence proline–valine–proline (PVP), which
bends to open the pore gate (Fig. 1A) (29). Residue V404 in
Kv4.2 is known to be centrally involved in operation of the pore
gate, in coupling voltage sensor conformational changes to the
gate, and in CSI (10, 22, 26, 32).
The mechanism of CSI is distinct from common forms of in-

activation that are tightly coupled to pore opening, such as N-type
inactivation, in which a tethered blocker domain occludes the
open mouth of the pore, and C-type inactivation, which is
thought to involve conformational changes at the selectivity
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filter located near the extracellular mouth of the pore (23, 33–
35). In contrast, CSI in Kv4 channels is coupled to voltage
sensor conformational changes evoked by depolarization rather
than to pore opening (5, 10, 24). From partially or fully acti-
vated closed states, the voltage sensor can enter an alternative
conformation, C‡, in which the bundle-crossing gate becomes
reluctant to open (Fig. 1B) (5, 21, 22). Evidence suggests that
the bundle-crossing gate is responsible for occluding the pore in
the inactivated conformation. Accordingly, open channels
would need to close to inactivate (22, 24, 25).
Previously, we showed that the V404M mutation dramatically

slows macroscopic current decay and decreases steady-state in-
activation during prolonged depolarizations (1). These effects are
dominant when V404M and wild-type Kv4.2 subunits are coex-
pressed at a 1:1 ratio and are evident in the presence of auxiliary K+

channel interacting protein (KChIP) and dipeptidyl peptidase-like
protein (DPP) subunits (1), which associate with Kv4 subunits in
vivo to form ISA channels (8, 36–38). We have now investigated the
mechanism by which V404M alters CSI. Our data indicate that the
V404M mutation has a unique combination of seemingly paradoxi-
cal, state-dependent effects on inactivation gating in Kv4.2 channels.
Surprisingly, we found that the CSI mechanism is intact in mutant
channels. Indeed, despite the effect of V404M on the kinetics of
macroscopic current decay, the mutation increases the stability of
the inactivated state. As a result, inactivation directly from pre-
open closed states is enhanced in mutant channels compared with

wild-type Kv4.2. However, inactivation is severely impaired after
the channel opens, because V404M dramatically slows the rate of
pore closure, consistent with evidence that open Kv4.2 channels
must close to inactivate (24–26). We also find that the increase in
side-chain volume that occurs in the valine-to-methionine muta-
tion plays a key role in the kinetic changes in gating seen in
V404M channels. A size-compensating, conservative mutation of a
nearby interacting residue reverts channel properties to resemble
those of wild-type Kv4.2. Due to the state-dependent effects of
V404M on CSI, our results indicate that the V404M mutation will
have complex, voltage-dependent effects on excitability and syn-
aptic plasticity in the hippocampus and elsewhere in the brain (5,
7, 8, 11–17). Our results strongly support a causative role for the
V404Mmutation in Kv4.2 in the clinical phenotype of infant-onset
epilepsy, autism, and intellectual disability in twin boys who carry
the mutation (1).

Results
CSI Mechanism Is Intact in V404M Channels. Wild-type Kv4.2 or the
V404M mutant was expressed in Xenopus oocytes with KChIP3a,
an auxiliary subunit that removes the vestigial N-type, open-state
inactivation of Kv4.2 channels, making it feasible to study CSI
gating in isolation (39–42). The functional properties of wild-type
and mutant channels were analyzed using a two-electrode
voltage clamp (43, 44). Expression of V404M generated ro-
bust currents that decayed extremely slowly compared with
wild-type Kv4.2 (Fig. 1 C–E), indicating that the mutation
dramatically impairs access to the inactivated state after the
channel opens (1). Similar results were obtained when wild-
type Kv4.2 or the V404M mutant was coexpressed with
KChIP3a and DPP6s (Fig. S1A).
Despite the slow decay of macroscopic V404M currents, a pre-

pulse inactivation experiment revealed that the CSI mechanism
is intact in mutant channels (Fig. 2 A–C and Fig. S1B). From
−110mV, the membrane was stepped to prepulse potentials from−130
to +10 mV before a test pulse to measure the remaining current
amplitude. The extent of inactivation during the prepulse was de-
termined from the ratio of the remaining current amplitude to the
maximal current amplitude measured in the absence of the pre-
pulse. Wild-type Kv4.2 channels that opened during the prepulse
(Fig. 2A, e.g., magenta trace) or the test pulse rapidly inactivated
(Fig. 2A). Wild-type channels were maximally inactivated at the
steady state at −40 mV and more positive voltages (Fig. 2C). In
V404M channels, significant CSI occurred at voltages where the
probability of channel opening is low, similar to the wild type (Fig.
2B, e.g., green trace). In contrast, V404M channels that opened
during either the prepulse or the test pulse exhibited little sub-
sequent inactivation (Fig. 2B, e.g., cyan trace). Plotting the nor-
malized current amplitude during the test pulse vs. prepulse
potential showed that V404M channels undergo CSI, with maximal
inactivation occurring at a prepulse voltage of approximately
−60 mV, which inactivated more than 80% of the channels (Fig. 2C).
In contrast to the wild type, however, CSI was significantly less ef-
fective at more positive prepulse voltages that open the channel,
consistent with the extremely slow decay of macroscopic V404M
currents (Fig. 2C).
V404M shifted the inactivation curve by approximately −10 mV

compared with the wild type (Fig. 2C), whereas it shifted the peak
conductance voltage curve by about +6 mV with no change in
slope (Fig. 2D). In Kv4 channels, shifts in the activation and in-
activation curves are not coupled, because channels need not open
before inactivating (10).

Closed V404M Channels Inactivate More Rapidly than the Wild Type,
but V404M Dramatically Slows Inactivation After Opening. We com-
pared the kinetics of CSI from preopen closed states and from the
open state in the wild type and V404M channels (Fig. 3A). To
characterize the kinetics of inactivation directly from closed states,
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Fig. 1. V404M significantly slows macroscopic current decay. (A) Mem-
brane topology of Kv4.2 subunit is shown. The voltage sensor (trans-
membrane segments S1–S4) and pore (S5, S6, and reentrant loop) domains
are bracketed. Control of channel activity by voltage is primarily due to
positively charged residues (+) in the S4 segment (19, 20). Circled residues
indicate the approximate locations of V404 in S6 immediately after the
PVP motif and E323 in the S4–S5 linker. Voltage sensor is coupled to the
pore gate by interactions between S4–S5 linker and S6 gate residues, in-
cluding V404 (boxed). (B) Highly simplified gating scheme shows essential
features of CSI based on available evidence (10, 21–25). In response to
depolarization, the voltage sensor domain undergoes transitions between
closed states to reach an activated conformation, C*, that is permissive for
pore opening. The channel inactivates preferentially from partially acti-
vated closed conformations or C*. For CSI, the voltage sensor transitions to
an alternative conformation, C‡, that corresponds to the inactivated state
(I) if the pore gate is closed. Reflecting evidence that open channels must
close to inactivate, there is no direct pathway between the open and
inactivated states (25, 26). (C and D) Representative current traces from (C )
wild-type Kv4.2 (black traces) or (D) V404M (red traces). In this figure and
subsequent figures, wild-type and mutant Kv4.2 constructs were coex-
pressed with KChIP3a. Note that V404M currents are shown on a com-
pressed time base. Currents were evoked by pulsing from −100 mV to
voltages from −60 to +60 mV. Traces shown were obtained at 20-mV in-
crements. (E ) Representative wild-type (black) and V404M (red) currents
recorded at +20 mV were scaled to the same amplitude and overlaid.
Traces are shown on the same time base.
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a prepulse inactivation protocol was applied using prepulses of
varying durations. The current amplitude during the test pulse was
plotted vs. prepulse duration, and the data were fitted with a single
exponential function to estimate the inactivation time constant,
τinact. To characterize the kinetics of inactivation after opening, a
single exponential function was fitted to the decay of macroscopic
currents evoked by step depolarizations. Values of τinact obtained
from these protocols were plotted vs. prepulse voltage or step
voltage (Fig. 3 B–D).
In wild-type channels, the onset of inactivation directly from

the closed state became faster with increasing depolarization until
−40 mV (Fig. 3B). As the open probability increased at more posi-
tive voltages, however, CSI was progressively slower. Similar results
have been reported previously, providing evidence that Kv4.2
channels preferentially inactivate from preopen closed states (24–26,
37). According to this proposal, inactivation is slower after opening,
because open channels must close before inactivating.
V404M channels inactivated rapidly from preopen closed states

(Fig. 3C). Surprisingly, given the slow decay of macroscopic V404M
currents, inactivation from the closed state was significantly faster in
mutant channels, with τinact values that were 2.1- to 4.6-fold less in
V404M than in wild-type channels over the tested voltage range
(Fig. 3D). In contrast, the inactivation of V404M channels after
opening was extremely slow, as expected from macroscopic current
traces (Fig. 3C). The difference in inactivation kinetics from open
and closed states was striking at voltages between −50 and −20 mV,
where both the open- and closed-state protocols were applied (Fig.
3C, boxed area). These data account for the results of the prepulse
inactivation experiment, in which little current decay was observed
in V404M channels that opened during prepulses, despite the fact
that significant inactivation occurred at those voltages (Fig. 2B, e.g.,
cyan trace).
It is important to note that time constant values obtained by

fitting macroscopic current decay of V404M channels are likely
to be underestimated, because the rate of decay depended on
current amplitude, with larger amplitudes decaying more rap-
idly, even with constant perfusion (Fig. S2). These results
suggest that part of the decline in mutant current amplitude
during long pulses results from the accumulation of extracel-

lular K+, which would decrease the driving force on K+ and
thereby, decrease current amplitude.

V404M Dramatically Slows Deactivation. Given the evidence that
Kv4.2 channels inactivate preferentially from preopen closed
states (24–26, 37), we tested the hypothesis that the V404M
mutation dramatically slows inactivation after opening by sig-
nificantly decreasing the rate of pore closure. After opening
channels with a depolarizing pulse, the kinetics of closing at
voltages between −120 and −45 mV were estimated by fitting a
single exponential function to tail current decay to obtain values
of the deactivation time constant, τdeact (Fig. 4). V404M slowed
channel closing dramatically over the tested voltage range, with
τdeact values that were 50- to 200-fold greater in mutant than in
wild-type channels (Fig. 4B). These results suggest that V404M
specifically inhibits inactivation after opening by dramatically
reducing the rate at which the pore gate closes.

V404M Does Not Alter the Time Constant of Pore Opening. To in-
vestigate the effect of V404M on pore opening, the kinetics of the
opening transition were characterized using a two-pulse reactivation
protocol (45). After a brief pulse from −100 to +60 mV to maxi-
mally open channels, the membrane was repolarized to −100 mV
for a variable time (Δt) before a second test pulse to +60 mV was
applied (Fig. 5 A and B). If Δt is sufficiently short, the channel
should return only to the most proximal closed state, C*, in which
case the second pulse should isolate the opening (C* to O) transi-
tion (Fig. 1B). Although this may not be perfectly achieved, when Δt
is short, the kinetics of opening during the second pulse should
approach that of the opening transition. This protocol revealed that
the minimum value of the activation time constant during the sec-
ond pulse (τact) did not differ significantly between mutant and wild-
type channels (Fig. 5 C and D). Thus, the V404M mutation dra-
matically slows the kinetics of pore closing (Fig. 4) while having little
effect on the kinetics of the opening transition (Fig. 5 C and D).
Because V404M dramatically slows deactivation compared with

the wild type (Fig. 4), it was necessary to use longer interpulse
intervals to estimate reactivation kinetics in mutant channels (Fig.
5 B and C). Similarly, returning to the original activation kinetics
took significantly longer in V404M channels than in the wild type,
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Boltzmann functions (solid curves). For V404M, only data obtained using prepulses from −130 to −70 or −60 mV were fitted due to reduced inactivation at
more positive potentials. Fitted values of the midpoint voltage (V1/2,inact) and the slope factor (k), provided as mean ± SEM, were the wild type (n = 18), −69 ±
1 and 4 ± 0.2 mV, respectively, and V404M (n = 21), −80 ± 1 and 5 ± 0.2 mV, respectively. Values of V1/2,inact differed significantly (P < 0.00001 by ANOVA
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reflecting the increased time needed to close mutant channels to
reestablish the initial conditions (Fig. 5 B and C). During the first
pulse, apparent activation kinetics were faster in wild-type than in
mutant channels (Fig. 5 C, symbols at Δt = 0, and E). This likely
reflects competition between activation and the inactivation of
open channels that occurs in the wild type but is significantly re-
duced in mutant channels due to the dramatic impairment of in-
activation after pore opening.

V404M Significantly Slows Recovery from Inactivation. Our data show
that V404M accelerates the onset of inactivation from preopen
closed states (Fig. 3D). To further investigate the effect of the
mutation on the stability of the inactivated state, we compared the
kinetics of recovery from inactivation in wild-type and mutant
channels (Fig. 6). Maximal inactivation was induced from the closed
state by applying a prepulse to −40 mV (the wild type) or −60 mV
(V404M). The membrane was then stepped for varying durations to
recovery voltages between −120 and −80 mV. The extent of re-
covery was determined by measuring peak current amplitude during

a test pulse to +60 mV, which was normalized to the maximal
current amplitude in the absence of the inactivating prepulse and
plotted vs. recovery time (Fig. 6 A and B). The data were fitted with
a single exponential function to estimate the time constant of re-
covery, τrec. The V404M mutation dramatically slowed the kinetics
of recovery from inactivation, increasing τrec by 3.3- to 5.4-fold
compared with wild-type channels over the tested voltage range
(Fig. 6C). Thus, we find that V404M accelerates the onset of in-
activation from preopen closed states and slows recovery from in-
activation. These data indicate that the V404M mutation increases
the relative stability of the inactivated state. Taken together, our
results indicate that the V404M mutation significantly enhances the
inactivation of closed channels but dramatically impairs inactivation
after opening by slowing closure of the pore gate.

Increase in Side-Chain Volume Contributes Substantially to Functional
Effects of V404M Mutation. To investigate the mechanism by which
V404M alters inactivation gating, we tested the hypothesis that an
increase in side-chain volume makes a significant contribution to
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protocol for wild-type Kv4.2 (■; n = 5–12) and V404M (red ●; n = 7–10) have been plotted vs. prepulse voltage. Values of τinact, provided as mean ± SEM,
differed significantly at all voltages. †P < 0.0001; ‡P < 0.00001. WT, wild type.
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the mutant phenotype. Replacing valine 404 with methionine in-
creases the volume of the side chain by ∼20% from 139 to 168 Å3

(46). To compensate for the volume increase, we introduced a
second site mutation at a nearby residue. We chose E323, a
conserved acidic residue at the cytoplasmic end of the S5 segment
(Fig. 1A), for the following reasons. Thermodynamic double-
mutant cycle analysis indicates that V404 interacts with residues
in the S4–S5 linker and the cytoplasmic end of S5 during CSI, with
particularly strong energetic coupling to E323 (22). Previously, the
same approach had identified the analogous residues in Shaker,
V476, and E395 as exhibiting strong energetic coupling during
voltage-dependent activation (30). Consistent with these results,
high-resolution X-ray structures of Kv1.2 and a Kv1.2/Kv2.1 chimera
and a homology model of Kv4.2 based on those structures show that
these residues are within atomic proximity (Fig. 7A) (18, 22, 47, 48).
Fortuitously, the conservative E323D mutation compensates well for
V404M, decreasing side-chain volume by ∼18% (141 Å3 in gluta-
mate vs. 117 Å3 in aspartate) without changing the acidic character
of the side chain (46). As a result, the total volume of aspartate plus
methionine differs by less than 2% from the original glutamate and
valine residues.
We generated the single E323D and double E323D+V404M

mutants, which were expressed in oocytes in the presence of KChIP3a
for functional analysis. The E323D and E323D+V404M constructs
generated active channels that activated and inactivated in a more
depolarized voltage range than wild-type Kv4.2 (Fig. S3). We assessed
whether introducing the E323D mutation rescued those channel
properties most significantly affected by V404M, namely the kinetics
of inactivation, deactivation, and recovery from inactivation (Fig. 7).
Macroscopic E323D currents inactivated rapidly, similar to the

wild type (compare Fig. 7B with Fig. 1C). Strikingly, combining the
E323D mutation with V404M restored rapid decay of the mac-
roscopic current (Fig. 7C). It was infeasible to compare decay
kinetics for the wild type, V404M, E323D, and E323D+V404M at
the same voltage, because the E323D mutation, alone or with
V404M, dominantly shifts the voltage dependence of activation
(Fig. S3) and because inactivation becomes slower as the proba-
bility of opening increases (Fig. 3B). We, therefore, compared the
minimum values of τinact obtained by fitting macroscopic current
decay to approximate the fastest kinetics of inactivation after
opening (Fig. 7D). In contrast to V404M, values of τinact,min for the
E323D+V404M double mutant and the E323D single mutant
were in the same range as the wild type (Fig. 7D).
We used the prepulse protocol shown in Fig. 3A to characterize

the kinetics of inactivation from partially or fully activated closed
states. Again, it was infeasible to compare the onset of inactivation

in all of the constructs at a single voltage due to the depolarized
shift caused by the E323D mutation (Fig. S3). We, therefore,
fitted plots of τinact vs. prepulse voltage with single exponential
functions to estimate the minimum values of τinact from the closed
state for each construct (Fig. S4). In contrast to V404M, τinact,min
values in E323D+V404M and E323D channels did not differ
significantly from that of the wild type (Fig. 7E).
In V404M, slow closing of the pore gate dramatically slows the

inactivation of open channels (Fig. 4) (26). In contrast, the kinetics
of deactivation in double-mutant E323D+V404M channels did not
differ significantly from the wild type over a large voltage range (Fig.
7F). Interestingly, deactivation was significantly faster in the E323D
single mutant than in the wild type between −90 and −45 mV.
Reduction of side-chain volume at position 323 may contribute to
this effect, which is opposite to that of V404M.
To compare the kinetics of recovery from inactivation, maximal

inactivation was induced by pulsing to +60 mV (the wild type,
E323D) or +80 mV (E323D+V404M), followed by repolarization
to −100 mV for varying durations. The kinetics of recovery from
inactivation did not differ significantly in wild-type, E323D, and
E323D+V404M channels (Fig. 7G). Thus, the kinetics of inactivation
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Fig. 4. V404M dramatically slows pore closing. (A) Representative scaled
and overlaid tail currents from wild-type (black) and V404M (red) channels
were recorded on repolarization from +60 to −100 mV in a 98 mM KCl
bath solution. Tail current decay was fitted with a single exponential
function (dashed gray curve) to estimate the deactivation time constant
(τdeact). (B) Values of τdeact for the wild type (■; n = 24) and V404M (red ●;
n = 29) have been plotted on a log scale vs. tail potential. Values of τdeact,
provided as mean ± SEM, differed significantly at all voltages (P <
0.00001). WT, wild type.
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Fig. 5. V404M does not alter apparent kinetics of pore opening. The ki-
netics of the pore-opening transition were estimated by a two-pulse pro-
tocol, in which the membrane was stepped twice from −100 to +60 mV
separated by an interpulse interval of variable duration (Δt) (45). (A and B)
Representative current traces recorded during the second pulse to +60 mV
(black) are shown for (A) wild-type Kv4.2 and (B) V404M. Currents recorded
after interpulse intervals of various durations have been superimposed. Note
that V404M currents are shown on a compressed time base. Traces were
fitted with a single exponential function (red) to estimate the time constant
of activation (τact). (C) Values of τact for the wild type (■) and V404M (red ●)
during the second pulse have been plotted vs. interpulse interval (Δt). Note
the break in the timescale. Symbols at Δt = 0 ms indicate values of τact
obtained during the first pulse (E). (D) Box plot shows the minimum values
of τact (τact,min) from C obtained after the shortest interpulse interval for the
wild type (black) and V404M (red). Mean values of τact,min ± SEM were the
wild type (n = 11), 0.72 ± 0.06 ms and V404M (n = 20), 0.76 ± 0.09 ms. These
values did not differ significantly. (E) The kinetics of opening in the wild type
(■) and V404M (red ●) during the first pulse to +60 mV are compared. The
discontinuous current traces reflect the experimental sampling rates. Data
have been scaled to the same amplitude and overlaid. Single exponential fits
to the data (solid curves) are superimposed (the wild type, black; V404M,
red). WT, wild type.
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onset from the closed state and of recovery from inactivation
were similar in wild-type and E323D+V404M channels. These
results indicate that combining the E323D mutation with
V404M decreases the stability of the inactivated state to that of
wild-type channels.
Overall, our data indicate that the size-compensating E323D

mutation reverses the major effects of V404M on Kv4.2 channel
function, including changes in the stability of the inactivated
state and the kinetics of macroscopic current decay, inactivation
from the closed state, deactivation, and recovery from in-
activation. We conclude that the increase in side-chain volume at
position 404 makes a major contribution to altered inactivation
and deactivation gating in V404M channels.

Discussion
V404M Has Opposing, State-Dependent Effects on CSI Gating.Here, we
investigated the mechanism by which V404M, a mutation in Kv4.2
that is associated with epilepsy, autism, and intellectual disability
in twin boys, alters CSI gating (1). We found that V404M en-
hances inactivation from preopen closed states but dramatically
impairs access to the inactivated state after the channel opens. In
V404M channels, the onset of inactivation before opening is
accelerated compared with wild-type channels, whereas recovery
from inactivation is slowed. These results indicate that V404M
increases the relative stability of the inactivated state. In parallel,
the mutation dramatically slows closing of the pore gate, which
significantly impairs the inactivation of mutant channels that have
opened. The finding that slow pore closing is correlated with
dramatically impaired inactivation strongly supports the conclu-
sion that open Kv4.2 channels must close to inactivate by the CSI
mechanism (26). Indeed, closing is required if the pore gate is
responsible for occluding ion flow in the inactivated state, a pro-
posal that is highly consistent with our data (22, 24–26).

Role of Side-Chain Volume Suggests That V404M Increases Physical
Contact Between Pore Gate and Voltage Sensor.Our results indicate
that increased side-chain volume makes a substantial contribution to
the effects of V404M on Kv4.2 gating. We found that E323D, a
conservative mutation that compensates for the increase in side-
chain volume, rescues the major functional effects of V404M, in-
cluding changes in the kinetics of inactivation onset and recovery as
well as deactivation. Combination with E323D nullifies the oppos-
ing effects of V404M, reversing the increased stability of the inac-
tivated state and restoring prominent inactivation after opening.
We chose E323, because previous work established that it is
physically proximate and functionally coupled to V404 during
activation and inactivation gating (22, 30). Importantly, E323 is
located in the region that couples the voltage sensor domain to
the pore gate (Fig. 1A). Our data suggest that the larger me-
thionine residue in V404M increases the binding interface be-

tween the gate and the voltage sensor coupling region, thereby
strengthening their physical interaction, and that introduction of
the E323D mutation reduces the area of interaction to approx-
imate that present in wild-type channels.
Our finding that V404M enhances the stability of the inacti-

vated state is difficult to reconcile with previous proposals that
the S4–S5 linker and the S6 pore gate become uncoupled and
dissociate from each other on inactivation in Kv4 channels (10, 22,
25, 32). This hypothesis predicts that increased physical contact
mediated by methionine would slow uncoupling and thereby, de-
crease the rate of inactivation. In contrast, V404M accelerates the
onset of inactivation from preopen closed states. Furthermore, if
the pore gate dissociates on inactivation, it is difficult to account
for the finding that a second site mutation in the coupling region
restores the rate of recovery from inactivation to that found in
wild-type channels. Instead, our data support the conclusion that
physical coupling between the pore gate and the voltage sensor
domain is maintained in the inactivated state.

Increasing the Forward Biases of Opening and of Inactivation from
Preopen Closed States Can Account for the Functional Properties of
V404M Channels. To identify changes in gating transitions that
could underlie the functional effects of V404M, we performed
kinetic modeling based on a previously published gating scheme
for Kv4.3 expressed with KChIP1 (40). This scheme was modi-
fied by eliminating two inactivated states accessed from the open
state (40). In the resulting model, sequential voltage-dependent
transitions between five closed states, C0 to C4, lead to a single
open state, O (Fig. 8A). Voltage-independent transitions lead
from the closed states to five parallel inactivated states, I0 to I4.
An allosteric factor f increases the probability of inactivation as
the channel transits toward C4. Inactivation from the open state
requires channel closure.
Using initial rate constant values from the previously published

model (40), wild-type data were fitted to this scheme (Table 1).
Simulations indicated that the model reasonably reproduced wild-
type currents elicited by a variety of pulse protocols as well as the
prepulse inactivation curve (Fig. 8 B and C). To fit V404M data,
α(V) and β(V) were fixed to the fitted wild-type values, and all other
rate constants were allowed to vary. Increasing the forward biases
of opening and of inactivation from preopen closed states was
sufficient to simulate the major functional properties of V404M,
including the kinetics of macroscopic current decay, deactivation,
and inactivation onset and recovery (Fig. 8D and Table 1). The
unusual prepulse inactivation curve of V404M channels was also
replicated (Fig. 8E). These results indicate that altering the ki-
netics of voltage-dependent transitions between closed states is
not required to simulate the properties of V404M.
Due to competition between CSI and opening, Kv4 channels ex-

hibit relatively weak coupling between voltage sensor conformational
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changes and opening of the pore gate (26, 40). The opening of
wild-type channels is not kinetically favored (26, 40). This is
recapitulated in the wild-type model, where the ratio of open-
ing and closing rate constants at 0 mV (kco,V = 0/koc,V = 0) is 0.65
(Table 1). Open channels close and inactivate. As a result, CSI
is prominent over a wide voltage range (10, 40). In contrast,
modeling indicates that the forward bias of opening in V404M
channels is significantly enhanced compared with the wild type
by a 3.7-fold increase in the opening rate constant, kco,V = 0,
paired with a dramatic 175-fold decrease in the closing rate
constant, koc,V = 0 (Table 1). The large decrease in the closing
rate constant is consistent with the slow deactivation of V404M
channels observed experimentally. The much smaller change in
the opening rate is reasonably compatible with the reactivation
experiment. Using the fitted values of koc(V) and kco(V), the time
constants of opening, τact, at +60 mV were estimated to be
2 and 1 ms in wild-type and mutant channels, respectively.
These values are in the same range as our experimental results

(compare with Fig. 5D). Because V404M increases the forward
bias of opening substantially, CSI is prominent only at voltages
where mutant channels have a low probability of opening.
Modeling indicated that enhancing inactivation from preopen

closed states was also required to adequately mimic the func-
tional properties of V404M channels. In the V404M model, the
inactivation rate constant was increased eightfold, whereas the
recovery rate constant was decreased fourfold compared with
the wild type, consistent with our experimental data.
We estimated the occupancy of the open state in wild-type and

mutant channels using the simulation program. At +60 mV, es-
timates of peak occupancy were similar in wild-type (62%) and
V404M (67%) channels. In contrast, steady-state occupancy of
the open state differed significantly. At the end of a 10-s de-
polarization to +60 mV, the occupancy of I4 was 96% in wild-
type channels but only 63% in V404M, with the remainder of the
mutant channels still in the open state.
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made using Pymol. (B) E323D currents were evoked by stepping from −100 mV to voltages from −60 to +60 mV in 10-mV increments. Representative
traces, obtained at 20-mV increments, are shown. (C ) E323D+V404M currents were evoked by stepping from −100 mV to voltages from −40 to +80 mV in
10-mV increments. Representative traces, obtained at 20-mV increments, are shown. (D) Box plot shows minimum values of τinact obtained by fitting the
decay of macroscopic currents with a single exponential function. Mean values of τinact,min ± SEM were the wild type (n = 6), 69 ± 2 ms at −40 mV; V404M
(n = 6), 6,912 ± 722 ms at −60 mV; E323D (n = 7), 41 ± 2 ms at 0 mV; and E323D+V404M (n = 8), 52 ± 4 ms at +20 mV. Because it was infeasible to compare
values of τinact,min for all of the constructs at the same voltage, statistical analysis is not reported. (E, Upper) Kinetics of inactivation from the closed state
at +10 mV for E323D (green ▲; n = 6) and at +20 mV for E323D+V404M (blue ▼; n = 8) were characterized using the closed-state protocol shown in Fig.
3A, Upper Left. Data are provided as mean ± SEM. (E, Lower) Box plot shows minimum values of τinact (τinact,min) for the wild type, V404M, E323D, and
E323D+V404M. Values of τinact,min were obtained by fitting single exponential functions to plots of τinact vs. voltage (Fig. S4). Mean values of τinact,min ±
SEM were the wild type (n = 8), 46 ± 3 ms; V404M (n = 7), 18 ± 2 ms; E323D (n = 5), 44 ± 4 ms; and E323D+V404M (n = 8), 49 ± 4 ms. Value of τinact,min for
V404M differed significantly from the wild type, E323D, and E323D+V404. *P < 0.00001. (F, Upper) Values of τdeact, obtained as described in Fig. 4, have
been plotted vs. tail voltage for the wild type (■), V404M (red ●), E323D (green ▲), and E323D+V404M (blue ▼). Values of τdeact in E323D differed
significantly from wild-type Kv4.2 (P < 0.01 to P < 0.0001) and E323D+V404M (P < 0.001 to P < 0.0001) between −90 and −45 mV. (F, Lower) Box plot
shows values of τdeact at −100 mV. Mean values of τdeact ± SEM were the wild type (n = 24), 1.4 ± 0.1 ms; V404M (n = 29), 105.9 ± 9.3 ms; E323D (n = 15),
1.2 ± 0.1 ms; and E323D+V404M (n = 10), 1.6 ± 0.3 ms. Value of τdeact for V404M differed significantly from the wild type, E323D, and E323D+V404. *P <
0.00001. (G, Upper) The wild type (■), E323D (green ▲), and E323D+V404M (blue ▼) were maximally inactivated by pulsing from −100 to +60 mV (the
wild type and E323D) or +80 mV (E323D+V404M) for 500 ms. Recovery from inactivation was monitored by repolarizing to −100 mV for various durations
before a test pulse to +60 mV (the wild type and E323D) or +80 mV (E323D+V404M). Remaining peak current amplitude during the test pulse was
measured, normalized to the peak current amplitude during the first pulse, and plotted vs. recovery time. (G, Lower) Box plot shows τrec at −100 mV for
the wild type, E323D, and E323D+V404M. Mean values of τrec ± SEM were the wild type (n = 4), 49 ± 4 ms; E323D (n = 13), 48 ± 2 ms; and E323D+V404M
(n = 7), 47 ± 6 ms. These values did not differ significantly. WT, wild type.
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V404M Mutation May Enhance Voltage Sensor Relaxation. During
CSI, partially or fully activated voltage sensor domains undergo an
alternative transition off the main activation pathway that makes
the pore gate reluctant to open (Fig. 1B) (10, 21). The available
evidence suggests that the inactivated state has two essential fea-
tures: the voltage sensor in this alternative conformation, C‡, and a
closed pore gate (21, 25). Recently, Covarrubias and coworkers
(10, 21) presented evidence that the voltage sensor conforma-
tional change during CSI gating corresponds to relaxation, an
inherent transition of activated voltage sensors to a more stable
conformation (49). Relaxation is promoted by depolarization and
results in an altered energy landscape that affects the steady-state
and kinetic properties of voltage sensor return to the resting
conformation (49). Relaxation occurs in voltage sensor domains
whether or not a pore domain is present (49, 50). In K+ channels,
voltage sensor relaxation can occur before or after opening of the
pore gate (21, 50–53). Previously, voltage sensor relaxation was
thought to underlie open-state C-type inactivation, in which con-
formational changes at the selectivity filter occlude ion flow (35,

50, 54). However, studies using Kv1.2 and Shaker channels show
that the kinetics of voltage sensor relaxation and open-state C-type
inactivation are distinct (50). In contrast, in Kv4.2, the steady-state
and kinetic properties of CSI and voltage sensor relaxation, de-
tected as apparent immobilization of gating charge, are well-
correlated (21).
Our results suggest that the V404M mutation increases the

relative stability of the relaxed voltage sensor conformation. In this
case, V404M would enhance CSI in channels that have not opened
by increasing the rate of relaxation from preopen closed states and
decreasing the rate of recovery from the relaxed state. In parallel,
V404M dramatically slows gate closing and thereby, impairs CSI
after the channel opens. We propose that the V404M mutation
may also promote voltage sensor relaxation while the pore is open.
Relaxation after opening occurs prominently in channels that, like
Shaker, have strong coupling between the voltage sensor domain
and the pore gate and a kinetically favored opening transition (50).
Importantly, voltage sensor relaxation in the presence of an open
gate significantly slows gate closing (50). One interesting possibility

A

B

D

C

E

Fig. 8. Functional effects of V404M can be simulated by altering the kinetics of open/closed and closed/inactivated transitions. (A) Wild-type and V404M
data were modeled using a gating scheme with five closed states (C0 to C4), five parallel inactivated states (I0 to I4), and a single open state (O). The
scheme is a modified version of a previously published model for Kv4.3 expressed with KChIP1 (40). (B) Representative data obtained from wild-type
channels (Upper) is compared with simulations that were generated using modeled rate constants (Lower). From left to right, the panels show evoked
currents or simulations corresponding to IV series, deactivation, onset of inactivation at −60 mV, and recovery from inactivation at −120 mV, respectively.
Fitted rate constants are provided in Table 1. (C ) Prepulse inactivation curve for the wild type was constructed from simulated data (black circles and line).
For comparison, green squares show experimental data for the wild type from Fig. 2C. (D) Representative data obtained from V404M channels (Upper) are
compared with simulations that were generated using modeled rate constants (Lower). From left to right, the panels show evoked currents or simulations
corresponding to IV series, deactivation, onset of inactivation at −60 mV, and recovery from inactivation at −120 mV, respectively. Fitted rate constants
are provided in Table 1. Compared with the wild type, V404M increased the forward bias of opening and inactivation from preopen closed states. (E )
Prepulse inactivation curve for V404M was constructed from simulated data (black circles and line). For comparison, green squares show experimental
data for V404M from Fig. 2C.
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is that V404M increases the rate of voltage sensor relaxation at
depolarized voltages whether or not the pore gate has opened
and that, after gate opening, voltage sensor relaxation con-
tributes to the dramatic slowing of deactivation that we ob-
serve. Despite enhanced voltage sensor relaxation, CSI would
be significantly impaired, because the pore gate, which blocks
ion flow in the inactivated conformation, remains open. Gating
current or voltage clamp fluorimetry experiments will be
needed to investigate whether voltage sensor relaxation occurs
from the open state in V404M channels.
Because V404M is located in S6, its influence on voltage

sensor relaxation would be mediated by an allosteric mechanism
(55). A likely possibility is that increased physical coupling be-
tween the pore gate and the voltage sensor domain in V404M
channels promotes relaxation. This idea accords well with our
evidence that the size-compensating E323D mutation, which
presumably reverses increased physical coupling between the
pore gate and the voltage sensor domain, rescues the functional
effects of the V404M mutation that are evident both before and
after pore opening.

V404M Is Expected to Significantly Alter Neuronal Excitability and
Synaptic Plasticity. In neurons, Kv4.2 assembles with KChIP and
DPP subunits to form ISA channels (8, 36–38). In twin boys
carrying the V404M mutation, ISA channels will contain a
mixture of mutant and wild-type Kv4.2 subunits. The functional
effects of V404M are dominant in channels containing both
V404M and wild-type subunits and are evident in the presence
of KChIP and DPP subunits (1). In neurons, therefore, the
V404M mutation would be expected to have complex, voltage-
dependent effects on excitability and synaptic plasticity. En-
hanced inactivation of closed channels might lead to greater
resting inactivation and higher basal excitability. After sub-
threshold excitatory synaptic activity, slower recovery from in-
activation might increase the window for coincidence detection
in mechanisms of spike timing-dependent plasticity, resulting in
inappropriate changes in synaptic strength. In response to
suprathreshold stimuli, firing activity after the first spike might
be dramatically suppressed by slow channel closure. Although it
is difficult to predict in detail the effects of the V404M muta-
tion on emergent neuronal properties, altered CSI gating is
predicted to dramatically impact excitability and synaptic
plasticity. This strongly supports the proposal that the Kv4.2
mutation underlies the etiology of epilepsy, autism, and in-
tellectual disability in the affected twins (1).
In human neurons, which live at 37 °C, changes in the expres-

sion, trafficking, and posttranslational modification of V404M-
containing ISA channels may also contribute to the clinical phe-
notype. Such effects are not evident in oocytes at 18 °C.

Dominant Gain-of-Function Gating Mutations Are Associated with
Early-Onset Neurological Diseases. In contrast to the severe clini-
cal consequences of the V404M mutation, which has dominant
gain-of-function effects on CSI gating (1), the consequences of
deleting the Kcnd2 gene in mice are surprisingly mild (7, 56). The
lack of dramatic phenotype was unexpected given the role of
Kv4.2 in generating ISA currents in the brain and transient out-
ward currents (Ito) in the heart (5, 7, 8, 56, 57). This suggests that
gene deletion can be reasonably well-compensated by altering
the expression of other channels. In contrast, the severe clinical
phenotype associated with V404M in humans suggests that it is
significantly more difficult to compensate for the effects of
dominant gain-of-function mutations that alter essential gating
properties, such as CSI. Kv3.3 provides a second example of
this phenomenon. Kv3.3, like other Kv3 channels, has special-
ized gating properties that promote sustained, high-frequency
firing in neurons (58). In cerebellar Purkinje neurons, Kv3.3
contributes to spontaneous pace-making activity (59, 60). In-
terestingly, dominant gain-of-function mutations that alter the
specialized gating properties of Kv3.3 channels cause infant-
onset spinocerebellar ataxia type 13 characterized by sub-
stantial cerebellar atrophy in the first few years of life, motor
delay, persistent locomotor deficits, and intellectual disability
(61–63). In contrast, Kv3.3 knockout mice have subtle pheno-
types (64, 65). Although mice with genetic deletions of Kv
genes have been extensively analyzed, relatively little is known
about the effects of dominant gain-of-function gating mutations
on neuronal excitability, synaptic plasticity, and circuit function
in vivo. Because such mutations may be associated with infant-
onset neurological diseases, this is an important area for future
investigation.

Materials and Methods
Channel Expression and Electrophysiology. All animal procedures were ap-
proved by the Chancellor’s Animal Research Committee at the University of
California, Los Angeles. Use of cloned human DNA sequences has been
approved by the Institutional Biosafety Committee at the University of
California, Los Angeles.

Plasmid cDNA clones of human KChIP3a and DPP6swere provided by Paul J.
Pfaffinger, Baylor College of Medicine, Houston, and Manuel Covarrubias,
Thomas Jefferson University, Philadelphia, respectively (36, 66). RNA encoding
wild-type or mutant Kv4.2 was mixed at a 1:1 molar ratio with RNA encoding
KChIP3a and injected into Xenopus laevis oocytes for functional analysis
using a two-electrode voltage clamp (43, 44).

Data are provided as mean ± SEM. Statistical significance was analyzed by
one-way ANOVA followed by Student’s t test. For comparisons of three or
more groups, using Student’s t test or the Bonferroni post hoc correction did
not alter which results were statistically significant.

Additional details are provided in SI Materials and Methods.

Kinetic Modeling and Simulations. Kinetic modeling and simulation of ex-
perimental data were performed using IChMASCOT (www.jadesantiago.
com/Electrophysiology/IChMASCOT/) and IonChannelLab (67) based on a
previously published gating model for Kv4.3 expressed with KChIP1 (40).
This model was modified by eliminating inactivated states I5 and I6 arising
from the open state. Data from wild-type channels were fitted using
IChMASCOT, setting the initial values of kinetic parameters to those of
Beck et al. (40). After fixing the α(V) and β(V) rate constants to the fitted
wild-type values, V404M data were fitted. Fitting was simultaneously
constrained by five representative datasets each for the wild type and
V404M, corresponding to a current–voltage (IV) series, prepulse inactiva-
tion traces, deactivation tail currents, inactivation onset at −60 mV, and
recovery from inactivation at −120 mV (Fig. 8). Simulations of experi-
mental data were performed using IonChannelLab (67). Peak occupancy
of open and inactivated states was estimated from IonChannelLab
simulations (67).
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Table 1. Fitted rate constants

Parameter, s−1 Wild type V404M

αV = 0 450 450
α1 0.23 0.23
βV = 0 2 2
β1 2.2 2.2
kco,V = 0 160 590
kco,1 0.27 0.13
koc,V = 0 245 1.4
koc,1 0.33 0.40
kci 25 200
kic 0.3 0.07

Voltage-dependent rate constants are defined as α(V) = αV = 0 × exp(α1 ×
VF/RT), β(V) = βV = 0 × exp(−β1 × VF/RT), kco,(V) = kco,V = 0 × exp(kco,1 × VF/RT),
and koc,(V) = koc,V = 0 × exp(−koc,1 × VF/RT). Fitted values of the allosteric
factor f: the wild type, 0.37; V404M, 0.25.
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