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Electromechanical coupling of the Kv1.1 voltage-gated K+ channel
is fine-tuned by the simplest amino acid residue in the S4-S5 linker
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Abstract
Investigating the Shaker-related K+ channel Kv1.1, the dysfunction of which is responsible for episodic ataxia 1 (EA1), at the
functional and molecular level provides valuable understandings on normal channel dynamics, structural correlates underlying
voltage-gating, and disease-causing mechanisms. Most studies focused on apparently functional amino acid residues composing
voltage-gated K+ channels, neglecting the simplest ones. Glycine at position 311 of Kv1.1 is highly conserved both evolution-
arily and within the Kv channel superfamily, is located in a region functionally relevant (the S4-S5 linker), and results in overt
disease when mutated (p.G311D). By mutating the G311 residue to aspartate, we show here that the channel voltage-gating,
activation, deactivation, inactivation, and window currents are markedly affected. In silico, modeling shows this glycine residue
is strategically placed at one end of the linker helix which must be free to both bend and move past other portions of the protein
during the channel’s opening and closing. This is befitting of a glycine residue as its small neutral side chain allows for movement
unhindered by interaction with any other amino acid. Results presented reveal the crucial importance of a distinct glycine residue,
within the S4-S5 linker, in the voltage-dependent electromechanical coupling that control channel gating.
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Abbreviations
EA1 Episodic ataxia type 1
I Current

Kv Potassium voltage-gated channel
Kv1.1WT Wildtype potassium 1.1

voltage-gated channel
Kv1.1G311D Mutant potassium voltage-gated channel
Kv1.1WT/G311D Heteromeric wildtype and mutant

potassium voltage-gated channel
PD Pore domain
PPM Prediction of proteins in membrane
S Segment
TEVC Two-electrode voltage-clamp
V Voltage
VSD Voltage-sensing domain
WT Wildtype

Introduction

The passage of K+ ions through voltage-gated potassium (Kv)
channels depends on conformational changes that occur in
response to a variation in transmembrane potential. It is well
accepted that out of the 6 transmembrane segments of a chan-
nel’s α-subunit (Fig. 1a), the first four (S1-S4) function as the
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voltage-sensing domain (VSD). The other two segments, the
S5 and S6 helices, and the P loop between them make up the
pore domain (PD) that determines the channel’s potassium
selectivity and through which K+ ions flow. The VSD is con-
nected to the PD by the S4–S5 linker, which is suggested to be
responsible for electromechanical coupling [14, 18]. A Kv
channel is made of four such α-subunits. While the channel
remains closed during membrane hyperpolarization, depolar-
ization results in the S4 helix of each subunit to move 6–8 Å
outward through the membrane [11]. It particularly does so
because of the presence of a regular pattern of positively
charged amino acids within it. Movement of the S4 sensor
would pull on the S4-S5 linker resulting in a structural rear-
rangement of the PD, the outcome of which is the opening of
the channel pore. The amphipathic α-helical S4-S5 linker is
comprised of about 14 amino acid residues (region 310 to
324) and is the critical and direct binding site for anesthetics
[6]. Despite the linker’s strategic position within the channel,
its function has been relatively overlooked.

Episodic ataxia type 1 (EA1) is an inherited Kv1.1 α-
subunit channelopathy characterized by drastic attacks of
ataxia and myokymia [10]. Currents that pass through
Kv1.1 are crucial for normal neuronal membrane potentials,
excitability, action potential threshold, action potential fre-
quency and neurotransmitter release [2, 13]. Heterozygous
point mutations in the Kv1.1 gene (KCNA1), located on chro-
mosome 12p13, that result in dysfunctional Kv1.1-containing
channels alter these membrane properties resulting in EA1
symptoms [8, 9].

The clinical case of an EA1 patient with a G311Dmutation
within the S4-S5 linker of the Kv1.1 α-subunit has been re-
cently described in our previous study [12]. The biophysical
properties of this novel mutation were, however, not assessed.
The importance of this residue is evident in its high conserva-
tion, being evolutionary preserved in distinct species as well
as amongst the different Kv channels of the Shaker, Shal,
Shaw, and Shab families (Fig. 1b). All voltage-gated potassi-
um channels have generally the same mechanism for voltage-

Fig. 1 a Schematic model of the
Kv1.1 subunit showing the G311
residue within the S4-S5 linker
(red) that links the voltage sensing
domain to the pore domain. b
MUSCLE 3.6 was used to obtain
an amino acid alignment of dif-
ferent Kv channels. Alignment
shows the G311 residue
(highlighted) is almost complete-
ly conserved in various Kv
channels
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sensing and gating that rely on the presence of certain con-
served residues. The fact that a human channelopathy results
from mutations of the glycine located at the position 311
strongly suggests that this distinct residue may play an impor-
tant role in channel gating.

In this present study, we focus on the effect of a Kv1.1G311
mutation on Kv1.1’s voltage-dependence and kinetics. Our
results provide insights on a distinct requirement for glycine
in interactions controlling the conformational dynamics oc-
curring at the level of the S4-S5 linker that opens Kv channels,
electromechanically.

Results

Changes in voltage-dependence of activation and in-
activation, and on window current

Oocytes injected with WT RNA showed typical whole-cell
delayed rectifying currents upon depolarization. The mutation
remarkably reduced Kv1.1 current amplitudes (Fig. 2a) like

that reported previously in Karalok et al. [12]. Oocytes
injected with homomeric Kv1.1G311D RNA had mean currents
significantly lower (22 ± 2 μA measured at + 60 mV, n = 8,
p < 0.005) than that of homomeric Kv1.1WT currents (60 ±
8 μA, 60 mV, n = 8). Injecting oocytes with a 1:1 heteromeric
mix of Kv1.1WT and Kv1.1G311D channels in the same
amount of RNA as in the homomeric experiments resulted
in a mean current (Kv1.1WT/G311D = 36 ± 4 μA, n = 8,
p < 0.05) reduction of 40%. This suggests the mutation effect
is not dominant negative.

To test the voltage-dependence of Kv1.1 current activation,
tail currents were elicited at − 50 mV after pre-pulse commands
of 200 ms from − 80 to + 80 mV. Tail current peak amplitudes
were plotted as pre-pulse potential function and fitted with the
Boltzmann function I(V) = 1/{1 + exp[(V0.5 − V)/k]}, whereV0.5
is the half-maximal voltage, and k the slope factor. The muta-
tion G311D shifted the current-voltage (I/Imax – V) curves of
both homomeric and heteromeric channels to more positive
potentials (Fig. 2b). This rightward shift resulted in a significant
change in V0.5 of activation from − 28 ± 0.8 to 14 ± 2.8 mV
(p < 0.0001, n = 24) for homomeric Kv1.1G311D channels, and

Fig. 2 a Representative Kv1.1WT, Kv1.1G311D, and Kv1.1WT/G311D whole
cell current families. Tail currents were recorded at − 50 mV preceded by
several pre-pulse voltage commands. b Kv1.1 activation (I–V) curves de-
rived from peak amplitudes of tail currents plotted as a function of pre-pulse
potentials and fitted with a Boltzmann function. c Voltage-dependent inac-
tivation of Kv1.1 channels. Cells were depolarized to various pre-pulse
potentials, from − 80 to + 20 mV in + 10 mV increments for 20 s, and then

held at + 40mV test potential for 200msec. Steady state inactivation curves
were derived from the normalization of peak current amplitudes at + 40mV
(I/Imax) and plotted as a function of the pre-pulse potentials. d Effect of
mutation on window currents, the triangular area under the overlapping
point of the activation, and inactivation curves of the respective channel.
The calculated areas were WT= 40.0, Kv1.1G311D = 23.8, Kv1.1G311D/
WT = 32.3
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to −9 ± 1 mV for the heteromeric Kv1.1WT/G311D channels
(p < 0.0001, n = 24). While the WT curve sharply rises and
reaches maximum current within a narrow voltage range, the
mutation causes a much more gradual rise. This is correctly
represented by the slope factor that increases dramatically for
the KvG311D (k = 32 ± 3, p < 0.0001, n = 24) and Kv1.1WT/

G311D (k = 19 ± 1, p < 0.0001, n = 24) curves when compared
to that of the Kv1.1WT (k = 13 ± 0.7, n = 24).

For testing the voltage-dependence of inactivation, oocytes
were depolarized to pre-pulse potentials from − 80 to + 20 mV
in + 10 mV increments for 20 s, and then held at a + 40 mV test
potential for 200 msec. Steady state inactivation curves were
derived from normalized peak current amplitudes at + 40 mV
(I/Imax) plotted as a function of pre-pulse potentials. The muta-
tion left shifted the inactivation curves towards more negative
potentials (Fig. 2c). The inactivation curve V0.5 of both
Kv1.1G311D (− 39 ± 0.5, n = 10) and Kv1.1WT/G311D (− 37 ±
0.3, n = 10) were statistically different from that of Kv1.1WT (−
30 ± 0.5, n= 10, p < 0.0001). However, no significant difference
was found between the voltage-dependence of the inactivation
curves of Kv1.1G311D and Kv1.1WT/G311D. Indeed, the slope fac-
tors for the inactivation curve were the same for all three groups.
The overlapping triangular area between the activation and inac-
tivation curves represents the number of tonically active channels
responsible for thewindow current (Fig. 2d). This area,measured
using an integration gadget (OriginLab, Northampton,MA), was
3/5th of that of the WT for Kv1.1G311D and 4/5th of the WT for
that of Kv1.1G311D/WT (Fig. 2d).

Changes in kinetics of activation and deactivation

Activation time constants derived from currents recorded as in
Fig. 2a were obtained from single exponential fits of the rising

phases of test currents. The difference in deactivation rates
was examined from a family of tail potentials. Following a
depolarizing command to + 40 mV, a family of tail currents
was obtained at potentials between − 20 and − 80 mV (Fig. 3).
The time course of deactivation was determined by fitting a
single exponential function to the tail currents. Time constants
were then plotted as a function of membrane potential. Time
constants at V0.5 (τV0.5) were derived from the equation
τ = τV0.5 exp.{(V − V0.5)/k}. While there were no statistical
difference between τ of activation at the various voltages from
− 10 to + 80 mV, the activation τV0.5 of the mutant
(Kv1.1G311D = 7 ± 0.3 ms, n = 12) was half that of the wild
type (WT = 14 ± 2 ms, n = 12, p < 0.0005). Kv1.1G311D/WT

was amidst the two latter groups at 9 ± 0.5 ms and was also
significantly faster than WT, (n = 12, p < 0.005). As for deac-
tivation, the mutation resulted in a faster deactivation ob-
served for both Kv1.1G311D and Kv1.1WT/G311D currents
(n = 12). Deactivation τV0.5 of the wild type (WT = 19 ±
1 ms, n = 12) was significantly greater than that of mutant
(Kv1.1G311D = 14 ± 0.9 ms, n = 12, p < 0.005). There was no
significant difference between the τV0.5 of Kv1.1G311D/WT (19
± 0.5 ms, n = 12) and that of WT.

Changes in slow-inactivation

To determine kinetics of slow inactivation, oocytes were
depolarized at + 60 mV for 3.5 min. Representative inactiva-
tion currents of Kv1.1WT, Kv1.1G311D and Kv1.1WT/G311D

were superimposed in Fig. 4a for a clear comparison. The
decaying phase of resulting current was fitted with a double
exponential. The decaying phase of the Kv1.1G311D current
had a smaller fast component contribution when compared
to Kv1.1WT (n = 12, p = 0.0004; Fig. 4b). Nevertheless, τ fast

Fig. 3 Activation time constants were obtained from the rising phase of
currents elicited by a + 10 mV depolarization steps from a − 80 mV
holding potential. Tail currents recorded for 300 ms at − 50 mV were
used to obtain deactivation time constants. a Normalized and
superimposed representative Kv1.1 deactivating currents showing the
current from the G311D mutation (red) is the fastest to deactivate. b

Activating and deactivating current traces were fitted with single expo-
nential functions. Time constants of the currents were plotted as a func-
tion of membrane potential. Three plots on the right are activating and the
three on the left are deactivating time constants. The data points are mean
± SE of 12 cells
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(p = 0.02, n = 14) and τ slow (p = 0.02, n = 14) were both low-
er in the Kv1.1G311D currents indicating a faster inactivation
(Fig. 4c). In comparison to Kv1.1WT, Kv1.1WT/G311D had a
lower τ slow; however, there were no significant difference in
percent fast component and in τ fast. Recovery from inactiva-
tion (refractory period) was measured with a double-pulse
protocol of two consecutive 5 s + 60 mV pulses that are sep-
arated by interpulse intervals of increasing durations ranging
from 0.010 to 21 s. No statistical difference was found in the
rate of recovery; thus, the refractory period was not affected
by the mutation (Fig. 4d).

Protein structural analysis

The open model of Kv1.1 produced by homology modeling
using the template of Kv1.2 as reported by Pathak et al. [19] is
in very good agreement with that which we reported previous-
ly [9] with only minor differences in external, extracellular
loop regions (Fig. 5). The position of the protein in the mem-
brane was examined using the prediction of proteins in mem-
branes (PPM) server [17]. Interestingly, this places the S4-S5
linker helix at the interface of the lower membrane as befitting

its amphipathic nature. The hydrophobic side of the helix
comprised of three leucine (L312, L315, L319) and two gly-
cine (G311, G316) residues in the wild type is buried within
the membrane as is leucine 326 which is part of the S5 helix.
The polar side of the helix is formed by lysine 310 and two
glutamine (Q313, Q317) residues which reside in the intracel-
lular space. The membrane interface therefore runs along the
length of the linker helix. Interestingly, the substitution of
G311with aspartic acid (G311Dmutation) does not affect this
arrangement of amino acids relative to the membrane (Fig. 5).
One factor that may influence this is the ability of D311 to
form a bond with K310 (D311 OD2 to K310 NZ is 2.5 Å)
(Fig. 5d). Relative to the wild type in which no such bond can
exist, this interaction would be expected to neutralize the pos-
itive charge of K310which resides at the bottom of the voltage
sensor helix containing several important positively charged
residues. In wild-type Kv1.1K310 may actually point out of the
membrane. Analysis of the similarly generated closed struc-
ture (Fig. 5a, c) demonstrates another intriguing interaction of
D311, this time with H308. The charge on K310 would in the
closed form be left unchanged but the negative charge on the
aspartic acid side chain would no longer be shielded by this

Fig. 4 Kinetics of slow
inactivation. a Superimposed
inactivation currents elicited by
depolarization to + 60 mV for
3.5 min. The decaying phase of
the current was fitted with a
double exponential. b Fast
component contribution of the
decaying phase (n = 12). c Bar
graph showing τfast and τslow of
decaying currents (n = 14). d
Normalized peak current
amplitudes of currents elicited
using a double-pulse recovery
protocol were plotted as a func-
tion of interpulse interval. The
solid lines show the fit with the
double exponential function. Data
points are mean ± SE of 10 cells
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lysine. Instead, it is free to interact with the N atom of the
H308 side chain. Both interactions (D311 with K310 in the
open form and D311 with H308 in the closed form) would be
expected to inhibit the movement of the linker helix from both
the open and closed forms. Overall, however, the structure of
Kv1.1G311D is not dramatically changed, (Fig. 5).

A similar mutation changing the same glycine residue at
position 311 into a serine was previously reported to result in

partial loss-of-function of Kv1.1 channels and EA1 [22]. The
functional characterization of the Kv1.1G311S mutant showed
that the voltage dependence of activation for Kv1.1G311S
channels was shifted by ~ 30 mV and the slope of the activa-
tion curve was more shallow (Kv1.1G311S k = 13.4 vs wild
type k = 8.1), indicating that Kv1.1G311S has a reduced voltage
dependence of activation. The rising phase of Kv1.1G311S cur-
rents was best fitted with a single exponential (as for G311D),

Fig. 5 The predicted structure of Kv1.1-D311 mutant in the closed (a, c)
and open (b, d) conformations. a Closed conformation showing the four
polypeptide chains of the tetramer labeled A to D in different shades of
blue. b Open conformation showing the four polypeptide chains labeled
A to D in shades of green. Panels a and b are shown in the same relative
orientation. Thus, the predicted movement of the S4 helix (red, subunit
A), S5 helix (blue, subunit A), linker helix (orange, all subunits), and S6
helix (pink) can be readily appreciated. The approximate position of the
membrane is shown as horizontal black lines. Panels c and d show novel
interactions of D311 in the closed and open conformations respectively
with regions expanded from panels a and b boxed. Panels c and d are
windows on the same superimposition of the closed and open

conformations. Distances as shown are therefore representative of the
extents of the conformational change expected. Colors are the same as
panels a and b except the S5 helix (blue) is from a neighboring subunit, B.
c Closed conformation interactions (yellow dashed lines) between D311
OD1 and H308 ND, and between D311 OD2 and L328 N and R324 O.
The latter side chains are drawn as lines for clarity whereas the main chain
bonds are drawn as sticks. d Open conformation: similarly, interactions
between D311 OD1 and K310 NZ. The homologous models were pro-
duced using Swiss Model and the Kv1.2 predicted conformations as
published by Pathak et al. [19]. Drawings were made using the PyMol
molecular viewer
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yielding a time constant of activation that was slower than the
wild type. Furthermore, the time constants for deactivation
and slow inactivation were faster for Kv1.1G311S compared
to wild type [22]. These biophysical parameters clearly indi-
cate that Kv1.1G311S mirrors the functional properties of
Kv1.1G311D channels. Interestingly, the modeling of the
Kv1.1G311S mutant showed that similar interactions take place
between the hydroxyl side chain of S311 and K310 in the
open state (Fig. 6b), but also between this side chain and
R324B O, contributed by a neighboring subunit in the predict-
ed closed position (Fig. 6a).

There is considerable conformational change between the
open and closed forms as demonstrated by the movement of
D311 OD1 by more than 21 Å (Fig. 5c, d). Although highly
hypothetical, there is a consensus of agreement that such
movement must occur during depolarization and repolariza-
tion of the membrane. The glycine residue in the wild type
Kv1.1 at position 311 is strategically placed at one end of the
linker helix which must bend and slide smoothly past neigh-
boring regions of the protein during the opening and closing
of the channel (Figs. 5c, d or 6a, b shows the limits of
movement). This is befitting of a glycine residue as its lack
of a side chain precludes bonding or sterical clashes with other
amino acids. Its substitution by an aspartate introduces a large
side chain with accompanying steric hindrance as well as a
strong negative charge in a region close to the membrane.

Discussion

Conformational changes responsible for Kv gating, that com-
mence with the sensing of a transmembrane potential change
and end with the opening or closing of the channel pore,
depend on the S4-S5 linker. In our simulation, the rotation
of the linker helix is clearly apparent as is its repositioning
relative to other structural elements (Fig. 5). The angle

subtended by the S4-S5 linker (orange, Fig. 5) and the S4
helix (red, Fig. 5) increases from around 50° in the closed state
to 70° in the open (Pathak et al. [19]). However, little is known
about how this linker translates sensor responses to gating
conformation. In this study, we characterize the effects of
the EA1 G311D mutation located in the intracellular S4-S5.
The fact that this glycine is a conserved residue in voltage-
dependent potassium channels emphasizes its importance in
voltage-dependent gating. We report a loss-of-function
depicted as reduced current amplitudes and window currents.
The window current area (the area under which steady-state
activation and inactivation curves intersect) was smaller for
the mutant indicating the voltage range within which number
of channels that are not inactivated and available for reactiva-
tion are smaller. More importantly, we report altered voltage-
dependence as the half-maximal activation voltage was
shifted nearly 40 mV towards more depolarized potentials.
Thus, channels composed of subunits containing the G311D
mutation required stronger depolarizations to activate, as indi-
cated also in the positive shifts in heteromeric Kv1.1WT/G311D

activation curves compared to WT. Tight coupling between
voltage sensing and pore opening results in channel activation
that is along a narrow voltage range as indicated in the
Kv1.1WT curve in Fig. 1b. The mutation seems to have affect-
ed this coupling with a broadening of the depolarizing voltage
range before reaching maximal activation. The increase in
slope factor of activation is a clear indication of the mutant
channel’s decreased voltage-dependence. On the other hand,
inactivation curves show these channels more readily inacti-
vate at more negative potentials. These findings support the
need for therapeutic drugs that target the window area, by
shifting voltage-dependent activation and inactivation curves
thereby widening the window area and increasing the current.

Co-assembly of mutated subunits with WT subunits usually
result in heteromeric channels with biophysical properties some-
where intermediate between that of the channels composed of

Fig. 6 Predicted interactions of
S311 in the closed (a) and
open (b) states. Modeling,
colors and residues are as
described for Fig. 5
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homomeric WT and of homomeric mutant subunits. Our results
show that Kv1.1 subunits carrying the mutation can form
homomeric Kv1.1G311D channels, albeit with altered kinetics
and voltage-dependence. Co-expression results indicate channel
properties that lie in-between their homomeric counterparts, sug-
gesting heteromeric channels form altered yet functional chan-
nels. However, despite the evidence for changes in gating kinet-
ics and voltage-dependence, decrease in number of channels due
to haploinsufficiency cannot be ruled out. The presence of WT
subunits alongwithG311D subunits did not improve the slope or

V0.5 of the inactivation curve; a dominant-negative effect is thus
apparent for the voltage-dependence of inactivation.

Voltage differences across the membrane move positively
charged residues within the S4 segment leading to gating con-
formational changes. While the consensus points to the im-
portance of five positively charged residues (Arg or Lys) that
repeat at every third position, the role of the seventh positively
charged amino acid K310 that is completely conserved in the
Kv1 family has been overlooked.

In the G311D mutant, the presence of the negatively
charged D311 at a position adjacent to the seventh cation
resulted in the weakening of K310’s contribution towards gat-
ing charge, hindering S4 (and consequently S4-S5) movement
leading to the depolarizing rightward shift and decrease in the
channel’s voltage-dependence of the observed activation
(Fig. 3b). In the open state (Fig. 5d), D311 would bind to
K310 masking the effects of the charged residues, and a left-
ward shift of the inactivation curve is observed that demon-
strates a closure that requires less membrane depolarization
but with no change in slope indicating the voltage-
dependence of inactivation is left unaltered.

The new salt bridge formed between D311and K310, ef-
fectively negates their charges. Indeed, if K310 is no longer
providing a positive charge (effectively 14% of the total
charge on S4), the impetus due to the depolarization of the
membrane forcing the conformational change towards the
open configuration of the channel will be reduced.While such
a bond in the open state would theoretically cause a slowing of
the transition to a closed conformation, an acceleration in the
deactivation and slow-inactivation processes was observed. It
may be possible that due to the loss of positive charge, the
fully open state is not achieved or maintained. This could
however, be secondary to the dysfunctional voltage-
dependent activation. The dysfunctional voltage dependence
of activation and the accelerated closure strongly point to a
destabilization of the open configuration. A more stable
closed configuration that is possible through the D311-H308
bond is likely another contributing factor altering the voltage
dependence of activation.

Remarkably, interactions in the modeled G311D are also
seen in the G311S mutant between the hydroxyl sidechain of
S311 and K310 in the open state, but also between this
sidechain and R324B O, in the predicted closed position
(Fig. 6). This evidence further supports the conclusion that

the presence of a glycine residue at position 311 is essential
for proper channel gating.

We have not been able to examine the effect of themembrane
phospholipids on this system, other than to predict the most
likely limits of the intra- and extra-cellular interfaces.
Interestingly, H308 lies fully within these bounds of the mem-
brane in the open state, suggesting that it is not charged and
therefore deprotonated. In the closed configuration, however,
the side chain of H308 lies on the boundary of the membrane’s
cytosolic face, a position which is also observed in the original
closed model of Kv1.2 [23]. Interactions of H308 with the high-
ly polar phospholipid head groups is a tantalizing possibility and
the further effect upon binding with D311 in the Kv1.1G311D
mutant, which would bring the negatively charged D311 in
proximity of the phospholipids, could be substantial. This might
stabilize the closed configuration even more. Movement from
the one configuration to the other is quite large, duringwhich the
side chain of D311 must contribute some inhibition due to steric
hindrance. It could be that movement from open to closed is
indeed favored by energetic concerns during transformation
from the one conformation to the other.

All KCNA1 mutations associated with EA1 result in loss of
Kv1.1 channel function. Yet each residue mutation has its own
signature effect on the channel’s biophysical parameters. For
example, the mutation Kv1.1R324T located further down along
the S4-S5 linker, showed positive shifts in activation and inac-
tivation curves with an insignificant change in slope factor indi-
cating limited effect on voltage dependence [21]. Results of
mutagenesis studies suggest that only specific residues in or
close to the S4-S5 linker are critical for normal voltage depen-
dence.While somemutations in theKv1.2 S4-S5 linker (L321F,
K322R, M325A, R326K) had indifferent currents and voltage-
dependence when compared to that of Kv1.2WT, the Kv1.2G329T
(that corresponds to Kv1.1G327) exhibited positive shifts of V1/2
activation and a broadening of the activation voltage range [15]
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like that observed in theKv1.1G311S [22] and theKv1.1G311Dwe
have studied. A loss-of-function accompanied with increased
voltage-dependence of activation has been reported for EA1
mutations at locations other than the S4-S5 linker [10, 22].
The loss-of-function described in our study is likely responsible
for the EA1 symptoms reported for the patients carrying the
G311D mutation [10]. In basket cells, a Kv1.1 loss-of-function
results in longer action potentials and consequently in an en-
hancement of their Ca2+ transients that cause presynaptic in-
creases in γ-aminobutyric acid (GABA) release from their ter-
minals leading to a reduced Purkinje cell inhibitory output [2, 7].
Deep cerebellar nuclei would, as a result, be hyperexcitable,
altering cerebellar output and causing the episodic ataxia symp-
toms characteristic of EA1. Kv1.1 channel loss-of-function at
juxtaparanodal and axonal branches cause peripheral nerve
hyper-excitability resulting in the typical EA1myokymia symp-
toms [5, 7, 8, 19, 20].

In conclusion, here, we present evidence for the important
role played by a glycine residue within the S4–S5 linker for
the voltage-dependent gating of Kv1.1 channels. The changes
in the kinetics of activation/deactivation and slow inactivation
and the structural analysis we report further confirm a strong
effect of the mutation on the channel’s gating and stresses the
mutation as a cause for the observed symptoms previously
reported in the patient.

Materials and methods

Mutagenesis

Kv1.1 human cDNA was subcloned into an oocyte pBF ex-
pression vector. Site-directed mutagenesis was performed
using QuikChange protocol (Stratagene, La Jolla, CA, USA)
and verified by automated sequencing. cRNA was synthe-
s i z ed us i ng “mMESSAGE mMACHINE™ SP6
Transcription Kit (Ambion, Life technologies, Carlsbad, CA,
USA). cRNA concentrations were quantified by electrophore-
sis with ethidium bromide staining and spectrophotometric
analysis.

Heterologous expression of KCNA1 constructs

Wildtype (Kv1.1WT) and mutant (Kv1.1G311D) channels were
heterologously expressed in Xenopus laevis oocytes as in
Hasan et al. [9]. Oocyte extractions were performed in accor-
dance with international standards of animal care, the Maltese
Animal Welfare Act and the NIH Guide for the Care and Use
of Laboratory Animals. The procedure was approved by the
local Veterinary Service Authority. Briefly, oocytes were ob-
tained from Xenopus laevis that were deeply anesthetized with
an aerated 3-aminobenzoic acid ethyl ester methanesulfonate
salt (5 mM) and sodium bicarbonate (60 mM), pH 7.3.

Extracted stage V–VI oocytes were digested with
Collagenase type A, and each were microinjected with 5 ng/
μl, 50 nl cRNA. Homomeric channels composed of four iden-
tical WT or four mutated α-subunits, and heteromeric chan-
nels composed of both WT and mutated α-subunits were
expressed. For heteromeric channels, WT and mutated
cRNA were co-injected in a 1:1 ratio (2.5 ng/μl each, 50 nl
total volume) in the same oocyte. Oocytes were incubated in
ND96 solution (pH 7.4, 16 °C) containing in mM: NaCl 96,
KCl 2, MgCl2 1, CaCl2 1.8, HEPES 5, and 50 μg/ml genta-
micin. Chemicals used in this study were purchased from
Sigma-Aldrich.

Electrophysiology

Whole-cell currents were recorded at room temperature (~ 22 °C)
from oocytes using the two-electrode voltage-clamp (TEVC)
technique in accordance with previously described procedures
in Hasan et al. [9]. Currents were measured using a
GeneClamp 500 amplifier (Axon Instruments, Foster City, CA)
interfaced to a PC computer with an ITC-16 interface
(InstruTech, Port Washington, NY). Measurements were taken
48 h after cRNAmicroinjection. Pulledmicroelectrodes had a tip
resistance of < 1MΩwhen filledwith 3MKCl. The extracellular
solution contained (mM): NaCl 96, KCl 2, MgCl2 1, CaCl2 1.8,
HEPES 5, and pH 7.4. Recordings were analyzed with either
PulseFit (HEKA, Germany) or Origin 8 (OriginLab,
Northampton, MA). Leak and capacitive currents were
subtracted using a P/4 protocol.

Statistical analysis

Prism 7.04 (GraphPad Software, San Diego, CA) was used for
statistical analysis. Data are presented as mean ± standard er-
ror. Differences were tested using the two-tailed unpaired
Student’s t test, with p < 0.05 as the significant value.

Structural analysis

We previously presented an in silico molecular model for the
wild-type Kv1.1 potassium channel [9] based on the structure
of the Kv1.2 open channel. A similar approach was used to
model Kv1.1G311D using the amino acid sequence of the mutant
channel and either the open model or the closed model of Kv1.2
[19] as the template for homology modeling utilizing the
SWISS-MODEL server [1, 3, 4]. The lowest energy conformer
of the D311 mutation (computation in vacuo with the
GROMOS69 force field as implemented by Swiss-Pdb Viewer
and Swiss-Model) was used, complemented with manual single-
bond torsion angle rotation to minimize interaction distances of
selected residues (K310 CD-CE by 85.5° in the S311 mutation).
Use of the mutant sequence ensured interactions with neighbor-
ing subunits would be detected and modeled. To produce Figs. 5
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and 6, open and closed forms of the Kv1.1 model were
superimposed. Panels 5c and 6a depict the result of the superim-
positions with the open conformation removed for clarity. Panels
5d and 6b also depict the result of the superimpositions but with
the closed conformation removed for clarity. The extent of mo-
tion between open and closed forms is therefore represented by
panels 5c and 5d (or 6a and 6b) as drawn in the figures. The
predicted membrane-spanning region of both models was ex-
plored using the PPM server [16]. Further analyses and molecu-
lar images were made using PyMol version 2.3.
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