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Molecular Determinants of KCNQ (Kv7) K⫹ Channel
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Epilepsy is caused by an electrical hyperexcitability in the CNS. Because K ⫹ channels are critical for establishing and stabilizing the
resting potential of neurons, a loss of K ⫹ channels could support neuronal hyperexcitability. Indeed, benign familial neonatal convulsions, an autosomal dominant epilepsy of infancy, is caused by mutations in KCNQ2 or KCNQ3 K ⫹ channel genes. Because these channels
contribute to the native muscarinic-sensitive K ⫹ current (M current) that regulates excitability of numerous types of neurons, KCNQ
(Kv7) channel activators would be effective in epilepsy treatment. A compound exhibiting anticonvulsant activity in animal seizure
models is retigabine. It specifically acts on the neuronally expressed KCNQ2–KCNQ5 (Kv7.2–Kv7.5) channels, whereas KCNQ1 (Kv7.1) is
not affected. Using the differential sensitivity of KCNQ3 and KCNQ1 to retigabine, we constructed chimeras to identify minimal segments
required for sensitivity to the drug. We identified a single tryptophan residue within the S5 segment of KCNQ3 and also KCNQ2, KCNQ4,
and KCNQ5 as crucial for the effect of retigabine. Furthermore, heteromeric KCNQ channels comprising KCNQ2 and KCNQ1 transmembrane domains (attributable to transfer of assembly properties from KCNQ3 to KCNQ1) are retigabine insensitive. Transfer of the
tryptophan into the KCNQ1 scaffold resulted in retigabine-sensitive heteromers, suggesting that the tryptophan is necessary in all KCNQ
subunits forming a functional tetramer to confer drug sensitivity.
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Introduction
Mutations in four of the five human KCNQ genes [proteins,
Kv7.1–Kv7.5 (Gutman et al., 2003), here referred to as KCNQ1–
KCNQ5] lead to inherited diseases (Jentsch, 2000). Dominantnegative KCNQ1 mutations are associated with cardiac arrhythmias (Wang et al., 1996), whereas patients carrying recessive
mutations on both alleles additionally suffer from congenital
deafness (Neyroud et al., 1997). In contrast, a gain-of-function
mutation was found in patients with an autosomal dominant
atrial fibrillation (Chen et al., 2003). Mutations in KCNQ2 or
KCNQ3 lead to dominantly inherited benign familial neonatal
convulsions, a neonatal epilepsy (Biervert et al., 1998; Charlier et
al., 1998; Singh et al., 1998). Mutations in KCNQ4 underlie a
form of dominant progressive hearing loss (Kubisch et al., 1999).
KCNQ2 and KCNQ3 are mainly found in the nervous system
and colocalized in several neuronal populations (Schroeder et al.,
1998; Cooper et al., 2000). This suggests that KCNQ2 and
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KCNQ3 form heteromeric channels in a subset of neurons, which
is further supported by heterologous expression (Schroeder et al.,
1998; Yang et al., 1998) and coimmunoprecipitation studies
(Cooper et al., 2000). However, both proteins are not always
colocalized in brain (Cooper et al., 2000). It is thus likely that,
within the CNS, also homo-oligomeric KCNQ2 or KCNQ3 channels are expressed, which are known to be functional in heterologous expression systems (Schroeder et al., 1998; Yang et al.,
1998).
KCNQ2–5, and in particular KCNQ2/3 heteromers, display
properties of M-type K ⫹ channels (Wang et al., 1998; Kubisch et
al., 1999; Schroeder et al., 2000). These channels display slowly
activating and deactivating K ⫹ currents with distinct electrophysiological and pharmacological properties and are suppressed
by the activation of muscarinic acetylcholine receptors (Brown
and Adams, 1980). Because M-type K ⫹ channels are already active at slightly depolarized potentials around the threshold of
action potential firing, their modulation may control neuronal
excitability. This suggests that activators of KCNQ2/3 channels
might be useful in treating epilepsy. Indeed, after the identification of KCNQ2 and KCNQ3 as genes underlying a form of human
epilepsy, it became clear that the anticonvulsive drug retigabine
[N-(2-amino-4-[fluorobenzylamino]-phenyl)carbamic
acid;
D-23129] activates these channels (Wickenden et al., 2000).
The major effect of retigabine on KCNQ channels is a shift of
their voltage dependence to hyperpolarized membrane voltages,
resulting in an increase of K ⫹ currents close to the resting potential of neurons. In addition, retigabine accelerates the activation
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and slows the deactivation of these currents (Tatulian et al.,
2001). Retigabine-treated KCNQ2/KCNQ3 channels had a more
negative half-activation potential and a higher maximal open
probability, which both give rise to the increase of the macroscopic current amplitudes (Tatulian and Brown, 2003). Of particular clinical importance is the fact that retigabine does not
affect cardiac KCNQ1 channels but has a significant impact only
on KCNQ2–KCNQ5 isoforms (Tatulian et al., 2001; Wickenden
et al., 2001).
Given the physiological importance of KCNQ channels and
their potential role as drug targets, we set out to identify structures determining their subunit-specific retigabine sensitivity. A
chimeric approach was chosen in which distinct protein segments between KCNQ1 and KCNQ3 were exchanged, because,
from all KCNQ channels, KCNQ3 exhibits the largest shift in
voltage dependence in response to retigabine. We thereby identified a crucial amino acid important for the retigabine sensitivity
of KCNQ K ⫹ channels.

Materials and Methods
cDNA constructs. Starting from KCNQ cDNAs, which were subcloned
into the expression vector pTLN, the KCNQ1/KCNQ3 chimeras and
point mutants were constructed by recombinant PCR and verified by
sequencing. After linearization with HpaI, capped RNA was transcribed
using SP6 RNA polymerase in mMessage mMachine kit (Ambion, Austin, TX).
Expression in Xenopus laevis oocytes. Individual stage V–VI oocytes
were obtained from anesthetized frogs and isolated by collagenase treatment. Total KCNQ cRNA (10 ng) was injected into oocytes (also for
coinjection experiments, which contained a 1:1 cRNA mixture). After
injection, oocytes were kept at 17°C in ND96 solution (in mM: 96 NaCl, 2
KCl, 1.8 CaCl2, 1 MgCl2, and 5 HEPES, pH 7.4).
Electrophysiology. Three to 5 d after injection, two-electrode voltageclamp measurements were performed at room temperature in ND96
using a Turbotec05 amplifier (NPI Electronics, Tamm, Germany) and
pClamp8 software (Axon Instruments, Union City, CA). For experiments examining the effect of retigabine, 10 M retigabine was added to
ND96 from a 116 mM retigabine stock solution, which was prepared in
DMSO and kept at 4°C in the dark. Voltage protocols for current recordings were as follows (unless stated differently): starting from a holding
potential of ⫺80 mV, cells were clamped for 3 s (see data in Fig. 1) or 2 s
(see Figs. 2–7) to test potentials between ⫺140 and ⫹140 mV in steps of
20 mV, followed by a 200 ms tail pulse to ⫺30 mV. Tail current analysis
was used to determine I/Imax curves (which are sometimes referred to as
apparent popen in the literature). Because the KCNQ3(S5-TD;Q1) chimera does not reach stationary current amplitudes even after 3 s, the
parameters obtained for this construct do not reflect steady-state values.
Tail current amplitudes were measured at ⫺30 mV by extrapolating to
the time of the voltage step. Because channel gating is slow compared
with the voltage jump, these currents are proportional to the number of
channels that are open at the preceding test-pulse voltage. Values were
obtained from at least three different batches of oocytes with at least six
oocytes per batch. The values were normalized to the mean tail current
amplitude at ⫹40 mV measured in the absence of retigabine and averaged. Values are given as means ⫾ SEs, unless stated otherwise.
Quantitative analyses of I/Imax curves and dose–response curves. To determine the parameters for the voltage dependence of activation, I/Imax
curves were fitted by a Boltzmann function:
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where Bmin and Bmax are the minimal or maximal I/Imax values, respectively, R is the molar gas constant, zq is the slope factor (equivalent
charge), F is the Faraday constant, T is the absolute temperature in
kelvins, V is the transmembrane potential, and V1/2 is the potential of

half-maximal activation. Dose–response curves were fitted with a Hill
equation:
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where Vmax is the saturation value for the shift of the V1/2 curves in
response to retigabine, c is the retigabine concentration, K0.5 is the concentration for the half-maximal V1/2 shift, and nH is the Hill coefficient.
Molecular modeling. Three-dimensional models for KCNQ1 and
KCNQ3 were generated using the x-ray structure of KvAP (Protein Database accession number 1ORQ) as a template. The initial sequence
alignment between KvAP, KCNQ1, and KCNQ3 was generated with the
ClustalW program using standard parameters. In addition, a secondary
structure prediction was performed for KCNQ1 and KCNQ3 to prove
whether the predicted transmembrane ␣-helices were correctly aligned
with the ␣-helices of the KvAP structure, leading to refinements of the
initial alignment in regions of low homology. The resulting sequence
alignment is shown in Figure 2. According to this alignment, amino acid
residues were exchanged in the template structure (Protein Database
accession number 1ORQ). Insertions and deletions in KvAP were modeled by using a database search approach included in the software package WHATIF (Vriend, 1990). The database was searched for a peptide
sequence of the appropriate length, which was fitted into the template.
All loops were selected from the database so as to give a minimum root
mean square distance between the ends of the loops and the helices.
Loops with unfavorable backbone dihedral angles or van der Waals
clashes were excluded. Finally, these model structures were energy minimized, using the steepest descent algorithm implemented in the GROMOS force field (van Gunsteren et al., 1996). The structural representation was performed with the RIBBON program (Carson, 1991). All
programs were run on a Silicon Graphics (Mountain View, CA) Indigo
workstation.

Results
Retigabine sensitivities of KCNQ1 and KCNQ3
We first compared the effect of retigabine on KCNQ1, KCNQ2,
and KCNQ3 expressed as homomers in Xenopus oocytes (Fig. 1).
Tail current analysis was used to determine normalized I/Imax
curves (which are sometimes referred to as apparent popen curves
in the literature). From a holding potential of ⫺80 mV, oocytes
were clamped for 3 s to values between ⫺140 and ⫹40 mV (Fig.
1 B). Tail current amplitudes were measured in response to a
voltage step to ⫺30 mV by extrapolating to the time of the voltage
step and normalized to the mean tail current amplitude at ⫹40
mV measured in the absence of retigabine (see Materials and
Methods). In line with results from mammalian cell lines (Tatulian et al., 2001), KCNQ3 (Fig. 1C,E) and KCNQ2 (Fig. 1G) currents were affected by 10 M retigabine, whereas KCNQ1 was
insensitive (Fig. 1 D, F ). The values for the voltages of halfmaximal activation as determined from fitting a Boltzmann function to the I/Imax data (see Materials and Methods) are summarized in Table 1. Values were as follows: KCNQ1, V1/2 ⫽ ⫺29.1 ⫾
1.5 and ⫺30.9 ⫾ 2.4 mV (with 10 M retigabine); KCNQ2, V1/2 ⫽
⫺38.8 ⫾ 0.8 and ⫺55.9 ⫾ 0.6 mV (with 10 M retigabine);
KCNQ3, V1/2 ⫽ ⫺50.0 ⫾ 0.9 and ⫺89.4 ⫾ 1.9 mV (with 10 M
retigabine). The shift of the I/Imax curve in response to 10 M
retigabine is strongest for KCNQ3 (⫺39.4 mV) (Fig. 1 E) and
intermediate for KCNQ2 (⫺17.1 mV) (Fig. 1G). In contrast, no
statistically significant shift in V1/2 could be observed for KCNQ1
(Fig. 1 F), even at the highest retigabine concentration tested (100
M) (Fig. 1 H). These results agree well with the values reported
from mammalian cells (Tatulian et al., 2001) and led us to construct chimeras between KCNQ1 and KCNQ3.
The shifts in the activation curves of KCNQ2 and KCNQ3
were clearly dependent on the concentration of retigabine (Fig.
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the transmembrane region of human KCNQ1 and KCNQ3 proteins with that of the bacterial Kv channel KvAP (Fig. 2 A). Because the crystal structure of KvAP is known (Jiang et al., 2003),
this alignment allows a more precise prediction of intramembrane helices of KCNQ channels, which was then used to guide
the construction of chimeras. We first replaced the pore-lining
segments (S5–S6) of KCNQ3 with the corresponding stretch of
KCNQ1 and named this chimera KCNQ3(S5-P-S6;Q1) (Fig.
2 B). It yielded currents that were ⬎10-fold larger than KCNQ3
currents (Figs. 1C, 2C) and that were not changed by applying 10
M retigabine (Fig. 2C), as judged from the invariant I/Imax or
I–V curves (data not shown). This suggests that the segment encompassing helices S5–S6 and the pore region (P) are necessary
for the retigabine sensitivity of KCNQ3. To transfer retigabine
sensitivity into the KCNQ1 scaffold, we also constructed an inverse chimera [KCNQ1(S5-P-S6;Q3)], which, however, did not
yield measurable currents.

Figure 1. Retigabine sensitivities of KCNQ1 and KCNQ3. A, Molecular structure of retigabine.
B, Voltage protocol used for the experiments shown in C–H. From a holding potential of ⫺80
mV, oocytes were clamped for 3 s to values between ⫺140 and ⫹40 mV, followed by a
constant “tail” pulse of ⫺30 mV. C, D, Effect of 10 M retigabine (RBG) on currents from KCNQ3
(C) and KCNQ1 (D). Typical current traces recorded from Xenopus oocytes expressing KCNQ3 (C)
and KCNQ1 (D) are shown. Currents before (C, D, left) and after (C, D, right) perfusion with 10
M retigabine are displayed. E–G, Voltage dependence of I/Imax curves of KCNQ3 (E), KCNQ1
(F ), and KCNQ2 (G) measured in the absence or presence of 10 M retigabine, obtained from tail
current analysis as described in Materials and Methods. The voltage protocol is shown as in B. H,
Retigabine dose–response curves for KCNQ1, KCNQ2, and KCNQ3. The relative shift values in
voltage dependence were plotted against the retigabine concentration, and the data were
fitted to the Hill equation.

1 H). Fits of a Hill function to the data gave the following values:
for KCNQ3, K0.5 ⫽ 0.60 ⫾ 0.01 M, nH ⫽ 0.68 ⫾ 0.05; KCNQ2,
K0.5 ⫽ 16.0 ⫾ 0.5 M, nH ⫽ 0.70 ⫾ 0.05. In line with previous
results (Tatulian et al., 2001) the values for the Hill coefficient nH
indicate that one retigabine molecule is sufficient to exert the
activating effect on a single KCNQ2 or KCNQ3 channel.
Role of the ion-selective pore in retigabine sensitivity
Given the differential sensitivity of KCNQ3 and KCNQ1 to retigabine, we constructed chimeras between these proteins to identify structural determinants of retigabine activation. We aligned

Transfer of a stretch containing an N-glycosylation site from
KCNQ1 boosts KCNQ3 expression
The pore region of KCNQ1 and KCNQ3 was divided into two
parts. The extracellular “turret” domain (segment termed “TD”)
is poorly conserved between KCNQ1 and KCNQ3, whereas the
inner pore part is highly homologous (Fig. 2 A). We replaced
either the TD segment or the whole pore region (Fig. 2 A) of
KCNQ3 by those of KCNQ1 in chimeras KCNQ3(TD;Q1) (Fig.
3A) and KCNQ3(P;Q1) (Fig. 3C), respectively. When expressed
in Xenopus oocytes, both constructs gave large currents that were
approximately 15- to 20-fold higher than those of KCNQ3 (Figs.
1C, 3 B, D) and activated at voltages at approximately ⫺60 mV.
Their I/Imax curve decreased at voltages more positive than approximately ⫹60 mV (Fig. 3 E, F ). Such a decrease in I/Imax was
also observed for KCNQ1 and KCNQ3 (Fig. 1 F, E, respectively)
and might reflect an inactivation process at positive voltages
(Tatulian et al., 2001).
The large increase in current amplitudes of these chimeras
compared with those of KCNQ3 might be attributable to a larger
single-channel conductance, an increased open probability, a
larger number of active channels in the plasma membrane, or a
combination of these factors. Nonstationary noise analysis was
used to determine the single-channel conductance and maximal
open probability of KCNQ3(TD;Q1) to 8.1 ⫾ 0.7 pS and 0.65 ⫾
0.04, respectively (supplemental Fig. 1A, available at www.jneurosci.
org as supplemental material). KCNQ3 was shown previously to
have a conductance of 7.3 ⫾ 0.7 pS and a maximal open probability of 0.42 ⫾ 0.1 (Schwake et al., 2000). Thus, the increased
current can be explained by neither an increase in single-channel
conductance nor a changed open probability. After inserting
hemagglutinin epitopes into extracellular parts of both channels,
we determined their surface expression using a chemiluminescence assay (Zerangue et al., 1999; Schwake et al., 2000) (for
methods and results, see supplemental information, available at
www.jneurosci.org as supplemental material). The surface expression of KCNQ3HA(TD;Q1) was approximately fivefold increased compared with KCNQ3HA (supplemental Fig. 1 B, available at www.jneurosci.org as supplemental material). Thus, the
increase in surface expression, together with the slightly augmented maximal open probability, accounts for the large current
amplitudes of KCNQ3(TD;Q1). In turn, the increased surface
expression correlated with an overall increase of the expression
level in Western blots (supplemental Fig. 1C, available at www.
jneurosci.org as supplemental material). These blots also revealed an increase of the apparent molecular weight of
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Table 1. V1/2 values in absence or presence of retigabine for point mutations within the N-terminal part of S5 of KCNQ3(TD;Q1), KCNQ2–5 wild-type, and KCNQ1, KCNQ2,
KCNQ4, and KCNQ5 tryptophan mutants
Mutation

V1/2 (mV)

V1/2 (mV;10 M RGB)

Q3-A253V
Q3-I254V
Q3-C255F
Q3-A256I
Q3-S258R
Q3-K259Q
Q3-A264T
Q3-W265L
Q1 wild-type
Q2 wild-type
Q3 wild-type
Q4 wild-type
Q5 wild-type
Q2-W236L
Q4-W242L
Q5-W235L
Q1-L266W

⫺13.3 ⫾ 1.1
⫺38.2 ⫾ 0.7
⫺41.7 ⫾ 0.7
⫺13.1 ⫾ 1.3
⫺56.5 ⫾ 1.1
2.7 ⫾ 1.4
⫺0.5 ⫾ 0.4
⫺73.6 ⫾ 0.6
⫺29.1 ⫾ 1.5
⫺38.8 ⫾ 0.8
⫺50.0 ⫾ 0.9
⫺11.7 ⫾ 1.1
⫺40.6 ⫾ 0.8
⫺52.7 ⫾ 0.6
⫺15.9 ⫾ 1.8
⫺43.6 ⫾ 1.3
⫺45.3 ⫾ 0.8

⫺48.4 ⫾ 1.1
⫺63.4 ⫾ 0.7
⫺78.4 ⫾ 1.2
⫺38.6 ⫾ 1.3
⫺97.4 ⫾ 0.3
⫺31.3 ⫾ 1.1
⫺31.5 ⫾ 1.1
⫺73.3 ⫾ 0.4
⫺30.9 ⫾ 2.4
⫺55.9 ⫾ 0.6
⫺89.4 ⫾ 1.9
⫺16.3 ⫾ 1.5
⫺45.7 ⫾ 1.3
⫺53.8 ⫾ 0.7
⫺14.6 ⫾ 1.9
⫺42.7 ⫾ 1.4
⫺49.4 ⫾ 0.9

V1/2 (mV;100 M RGB)

⌬V1/2 (mV;10 M RGB)

⌬V1/2 (mV;100 M RGB)

⫺73.1 ⫾ 0.4
⫺32.6 ⫾ 2.5
⫺75.5 ⫾ 0.7
⫺93.7 ⫾ 4.9
⫺36.5 ⫾ 1.2
⫺60.6 ⫾ 1.2
⫺54.4 ⫾ 0.7
⫺14.7 ⫾ 1.8
⫺45.3 ⫾ 1.3
⫺53.2 ⫾ 1.4

⫺35.1
⫺25.2
⫺36.7
⫺25.5
⫺40.9
⫺34.0
⫺31.0
0.3
⫺1.8
⫺17.1
⫺39.4
⫺4.6
⫺5.1
⫺1.1
⫹1.3
0.9
⫺4.1

0.5
⫺3,5
⫺36.7
⫺43.7
⫺24.8
⫺20.0
⫺1.7
⫹1.2
⫺1.7
⫺7.9

RGB, Retigabine.

KCNQ3(TD;Q1) compared with KCNQ3
(supplemental Fig. 1C, available at www.
jneurosci.org as supplemental material).
This suggests that the consensus sequence
for N-glycosylation, which is present in the
TD region of KCNQ1 but not in KCNQ3
(Fig. 2 A), is used within the KCNQ3(TD;
Q1) chimera. Indeed, disrupting the glycosylation consensus sequence by mutation of the asparagine (amino acid 288)
(Fig. 2 A) to alanine within the KCNQ3
(TD;Q1) chimera reduced the current to
KCNQ3 wild-type level (data not shown).
These results suggest that glycosylation of
the channel leads to an increased expression level, possibly by increasing protein
stability. This mechanism probably also
applies to the KCNQ3(S5-P-S6;Q1) and
KCNQ3(P;Q1) chimeras, because the currents measured for these constructs were
increased, as well.
Role of the pore region in
retigabine sensitivity
The replacement of either the total pore
region [KCNQ3(P;Q1)] or of its Nterminal part [KCNQ3(TD;Q1)] by the
corresponding segments of KCNQ1 (Fig. Figure 2. Sequence alignment of KvAP and human KCNQ1 and KCNQ3. A, Sequence alignments of human KCNQ1, KCNQ3, and
Aeropyrum pernix KvAP in the region encompassing the ␣-helices S1–S6 and the pore helix (P) are shown in bold and underlined,
3 A, C) did not abolish their sensitivity to whereas the ␣-helical S4 –S5 linker is underlined by a black dotted line. The pore regions, which consist of the extracellular turret
retigabine (Fig. 3 B, D), which induced domain (the TD segments underlined by a gray dotted line), pore helix, and selectivity filter of KCNQ1 and KCNQ3, are boxed. The
both an increase in current amplitude and S4 –S5 linker and the N-terminal parts of S5 from KCNQ1 and KCNQ3 are shown in italics. The potential N-glycosylation site is
a shift in voltage dependence. Activation indicated with an asterisk and the tryptophan residue with an arrow. B, Schematic illustration of the chimera KCNQ3(S5-P-S6;Q1).
parameters were as follows: KCNQ3(TD; C, Current traces of the same oocyte expressing the chimera KCNQ3(S5-P-S6;Q1) before (left) and after (right) the application of 10
Q1), V1/2 ⫽ ⫺28.2 ⫾ 1.4 mV (without re- M retigabine (RGB). The voltage protocol is shown in the inset in C.
tigabine) and ⫺73.7 ⫾ 0.8 mV (with 10
affected by a second (inactivation) gating process that leads to a
M retigabine); KCNQ3(P;Q1), V1/2 ⫽ ⫺36.8 ⫾ 1.2 mV (without
decreased I/Imax curve at more positive potentials. However, the
retigabine) and ⫺54.2 ⫾ 1.2 mV (with 10 M retigabine). For
extent of the induced shift [⫺45.5 mV for KCNQ3(TD;Q1) and
these fits, values for KCNQ3(TD;Q1) at potentials more positive
⫺17.4 mV for KCNQ3(P;Q1)] (Fig. 3 E, F ) differed between
than ⫹60 mV (without retigabine) or 0 mV (with retigabine) and
these chimeras. This difference is remarkable, because the two
for KCNQ3(P;Q1) values at potentials more positive than ⫹40
mV (with retigabine) were excluded, because these are probably
proteins differ in only six amino acids within the inner pore
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Because the transfer of the TD segment from KCNQ1 into
KCNQ3 did not abolish or reduce the sensitivity of the channel to
retigabine, all additional chimeras included the TD fragment
from KCNQ1 to boost their expression. This feature was used to
increase the expression of KCNQ1(S5-P-S6;Q3), which did not
yield measurable currents as described above. After insertion of
the TD segment of KCNQ1, the resultant protein [KCNQ1(S5(TD;Q1)-P-S6;Q3] (Fig. 3G) showed slowly activating currents
(Fig. 3H ). Importantly, these were strongly enhanced by retigabine (Fig. 3H ). Thus, the exchange of the S5-P-S6 stretch between
KCNQ1 and KCNQ3 qualitatively renders their sensitivity to this
anticonvulsive drug. These results further confirmed our findings depicted in Figure 2 that the pore-lining segments (S5–S6)
and the pore region (P) were responsible for retigabine
sensitivity.
Role of the membrane-spanning segments S5 and S6 in
retigabine sensitivity
To investigate the roles of the membrane segments S5 and S6 in
retigabine sensitivity, we constructed a chimera termed
KCNQ3(S5-TD;Q1), which contains the S5 segment and the
current-enhancing TD part of KCNQ1 (Fig. 4 A). It yielded
slowly activating K ⫹ currents (Fig. 4B) that were essentially unaffected by retigabine, as revealed by the analysis of its tail currents (I/Imax curve; V1/2 ⫽ ⫺10.9 ⫾ 0.7 mV without and ⫺7 ⫾ 0.6
mV with 10 M retigabine) (Fig. 4C) and its invariant I–V curves
(Fig. 4 D).
In contrast, the KCNQ3(P-S6;Q1) chimera, in which the
whole pore loop and the S6 segment from KCNQ1 were transferred into the KCNQ3 scaffold [KCNQ3(P-S6;Q1] (Fig. 4 E),
gave rise to large, fast-activating and retigabine-sensitive currents
(Fig. 4 F) whose voltage dependence was significantly shifted to
hyperpolarizing voltages (Fig. 4G) (V1/2 ⫽ ⫺36.3 ⫾ 1.2 mV without and ⫺42 ⫾ 1.1 mV with 10 M retigabine), although the
extent of this shift was less than that of the KCNQ3(P;Q1) chimera (Fig. 3F ). As for other retigabine-sensitive KCNQ constructs and wild-type KCNQ3 (Fig. 1 E), we observed an increase
of the maximal I/Imax value at positive potentials (Fig. 4G). Retigabine increased also the stationary current amplitudes (Fig.
4 H). Together with the retigabine insensitivity of the
KCNQ3(S5-TD;Q1) chimera (Fig. 4 A–D), these results suggested that the S5 rather than the S6 segment is responsible for the
different retigabine sensitivity of KCNQ1 and KCNQ3.

Figure 3. Retigabine sensitivities of KCNQ3(TD;Q1), KCNQ3(P;Q1), and KCNQ1(S5-(TD;Q1)PS6;Q3). A, C, Schematic illustration of the chimeras KCNQ3(TD;Q1) (A) and KCNQ3(P;Q1) (C). B,
D, Typical current traces of oocytes expressing the chimeras KCNQ3(TD;Q1) (B) and KCNQ3(P;Q1)
(D) before and after the application of 10 M retigabine (RGB). The voltage protocol used for
these experiments is shown in the inset in Figure 2C. E, F, I/Imax curves of chimera KCNQ3(TD;Q1)
(E) and chimera KCNQ3(P;Q1) (F ) as a function of voltage obtained from tail current analysis.
The voltage protocol corresponds basically to that shown in Figure 1 B, but potentials from
⫺140 to ⫹140 mV were applied. The activation parameters as determined from fits of a
Boltzmann function to I/Imax curves are stated in Results. G, Schematic illustration of the chimera KCNQ1(S5-(TD;Q1)P-S6;Q3). H, Typical current traces of the chimera KCNQ1(S5-(TD;Q1)PS6;Q3) in response to a voltage protocol as in Figure 2C before and after the application of 10 M
retigabine.

vestibule (Fig. 2 A) and suggests a modulatory role of the inner
pore region on retigabine sensitivity. Because neither construct
exhibited a loss of retigabine sensitivity, however, major determinants are likely to be present in S5 or S6 that were exchanged
together with the pore region in the retigabine-insensitive
KCNQ3(S5-P-S6;Q1) chimera (Fig. 2C).

Role of the N- and C-terminal parts of S5 in
retigabine sensitivity
To narrow down the part of S5 that is important for retigabine
sensitivity, we inserted an N-terminal part of S5 (pS5) into KCNQ3
(TD;Q1), resulting in the new chimera KCNQ3(pS5⫹TD;Q1)
(Fig. 5A). The activation parameters for this construct were V1/2
⫽ 19.7 ⫾ 1.3 mV (without retigabine) and 12.6 ⫾ 1.1 mV (with
10 M retigabine). However, the V1/2 value in presence of retigabine determined by fitting a Boltzmann function to the data depended very much on the value of the normalized tail current
amplitude at ⫹60 mV, which exhibited a large error (Fig. 5C).
If this value was excluded from the fit, a V1/2 value of 16.9 ⫾
1.9 mV was obtained. Because the I/Imax values for the
KCNQ3(pS5⫹TD;Q1) construct in the presence or absence of
retigabine (and also the I–V curves) overlap within error limits
(Fig. 5C,D), the shift in V1/2 was regarded as insignificant, and
this chimera is classified as insensitive to retigabine (Fig. 5B–D).
Thus, the insertion of the N-terminal portion of S5 from KCNQ1
into the KCNQ3(TD;Q1) chimera is sufficient to abolish its reti-
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Figure 4. Retigabine sensitivities of KCNQ3(S5-TD;Q1) and KCNQ3(P-S6;Q1). A, E, Schematic
illustration of the chimeras KCNQ3(S5-TD;Q1) (A) and KCNQ3(P-S6;Q1) (E). B, F, Typical current
traces of the chimeras KCNQ3(S5-TD;Q1) (B) and KCNQ3(P-S6;Q1) (F ) measured with a voltage
protocol shown in the inset in Figure 2C before and after the application of 10 M retigabine
(RGB). C, G, I/Imax curves of chimera KCNQ3(S5-TD;Q1) (A) and chimera KCNQ3(P-S6;Q1) (E) as a
function of voltage obtained from tail current analysis. [In the case of the chimera KCNQ3(S5TD;Q1), cells were subjected to test pulses between ⫺100 and 100 mV and for the chimera
KCNQ3(P-S6;Q1) to test pulses between ⫺140 and 140 mV (tail pulse voltage, ⫺30 mV).] The
activation parameters as determined from fits of a Boltzmann function to I/Imax curves are
stated in Results. D, H, I–V curves of chimera KCNQ3(S5-TD;Q1) and chimera KCNQ3(P-S6;Q1) as
a summary of the current recordings, which were obtained from oocytes measured with the
voltage protocol shown in Figure 2C.

gabine sensitivity. Consequently, we next tested whether the insertion of the N-terminal part of S5 from KCNQ3 into the
retigabine-insensitive KCNQ3(S5-P-S6;Q1) (Fig. 2 B) could restore its drug sensitivity. The resulting construct [KCNQ3(dS5S6;Q1)] (Fig. 5E) yielded currents that resembled those of
KCNQ3(P-S6;Q1) chimera (Fig. 4 F), both in terms of amplitude
and moderate but significant retigabine sensitivity (activation
parameters, V1/2 ⫽ ⫺22.9 ⫾ 1.2 mV without and ⫺29.8 ⫾ 1.4
mV with 10 M retigabine). The effect of retigabine was again
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Figure 5. Retigabine sensitivities of KCNQ3(pS5⫹TD;Q1) and KCNQ3(dS5-S6;Q1). A, E,
Schematic illustration of the chimeras KCNQ3(pS5⫹TD;Q1) (A) and KCNQ3(dS5-S6;Q1) (E). B, F,
Typical current traces of the chimeras KCNQ3(pS5⫹TD;Q1) (B) and KCNQ3(dS5-S6;Q1) (F ) measured with a voltage protocol shown in the inset in Figure 2C before and after the application of
10 M retigabine (RGB). C, G, I/Imax curves of chimera KCNQ3(pS5⫹TD;Q1) (A) and chimera
KCNQ3(dS5-S6;Q1) (E) as a function of voltage obtained from tail current analysis. [In the case of
the chimera KCNQ3(pS5⫹TD;Q1), cells were subjected to test pulses between ⫺140 and 60 mV
and for the chimera KCNQ3(dS5-S6;Q1) to test pulses between ⫺140 mV and 140 mV (tail pulse
voltage, ⫺30 mV).] The activation parameters as determined from fits of a Boltzmann function
to I/Imax curves are stated in Results. D, H, I–V curves of chimera KCNQ3(pS5⫹TD;Q1) (A) and
chimera KCNQ3(dS5-S6;Q1) (E) as a summary of the current recordings, which were obtained
from oocytes measured with the voltage protocol shown in the inset in Figure 2C.

ascertained by the analysis of I/Imax as a function of voltage (Fig.
5G) and by stationary current–voltage relationships (Fig. 5H ).
Together, the analysis of both chimeras (Fig. 5) strongly supports
a role of the N-terminal part of S5 in conferring retigabine sensitivity to KCNQ3.
Identification of a critical residue in the N-terminal part of S5
The N-terminal halves of S5 from KCNQ1 and KCNQ3 differ in
eight amino acids (Fig. 6 A). Based on the well expressing
KCNQ3(TD;Q1) construct, we generated point mutants in
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Figure 7. A single tryptophan is necessary for retigabine (RGB) sensitivity of KCNQ channels. The
effect of retigabine on the I/Imax curves of KCNQ2-W236L (A), KCNQ4-W242L (C), KCNQ5-W235L (D),
KCNQ1-L266W(E),KCNQ2/KCNQ3(F),KCNQ1sidQ3/KCNQ2(G),andKCNQ1(L266W)-sidQ3/KCNQ2(H)
isshown.B,Retigabinedose–responsecurvesforKCNQ4andKCNQ5.TherelativeshiftsinV1/2 values
of the I/Imax curves were plotted against the retigabine concentration; the dose–response curve of
KCNQ3isdepictedasadashedlineforcomparison.BecauseforKCNQ4andKCNQ5nosaturationofthe
retigabine-dependent shift in V1/2 values was obtained at the highest retigabine concentration used,
fits of a Hill function to the data were impossible. Solid lines in B were inserted to guide the eye.
Figure 6. Retigabine (RGB) sensitivities of point mutations within the N-terminal part of S5
from KCNQ2 and KCNQ3. A, Alignment of the N-terminal part of S5 forming amino acids from the
KCNQ channels. B–I, I/Imax curves of KCNQ3(TD;Q1)-A253V (B), KCNQ3(TD;Q1)-I254V (C),
KCNQ3(TD;Q1)-C255F (D), KCNQ3(TD;Q1)-A256I (E), KCNQ3(TD;Q1)-S258R (F ), KCNQ3(TD;Q1)K259Q (G), KCNQ3(TD;Q1)-A264T (H ), and KCNQ3(TD;Q1)-W265L (I ) as a function of voltage
obtained from tail current analysis. [In the case of the KCNQ3(TD;Q1) point mutations, cells were
subjected to test pulses between ⫺140 and 80 mV (tail pulse voltage, ⫺30 mV).] The activation parameters are summarized in Table 1.

which each of the KCNQ3 residues was individually replaced by
the corresponding amino acid of KCNQ1 and investigated their
I/Imax curves as a function of voltage (Fig. 6 B–I ). Most mutations
changed this voltage dependence (Fig. 6 B–I; Table 1). Compared
with KCNQ3(TD;Q1), mutations of four residues (A253V,
A256I, K259Q, and A264T) shifted the half-maximal voltage of
activation V1/2 to depolarizing potentials, whereas the remaining
four mutants (I254V, C255F, S258R, and W265L) displayed a
hyperpolarizing shift. This effect was particularly pronounced for
mutation S258R. Application of 10 M retigabine shifted the V1/2
values of all but one construct by more than ⫺20 mV (Fig. 6 B–I;
Table 1). The single exception was mutant W265L, which dis-

played a very small, insignificant V1/2 shift (0.3 mV) during addition of 10 M retigabine. To rule out the possibility, that just the
dose–response curve of the mutant KCNQ3 channel is different,
higher concentrations of retigabine were applied to oocytes expressing the KCNQ3(TD;Q1)-W265L channel construct. Even
during addition of 100 M retigabine, the V1/2 shift was insignificant (0.5 mV). These experiments identified tryptophan-265 as
being necessary for the retigabine sensitivity of KCNQ3.
A single tryptophan is necessary for retigabine sensitivity of
KCNQ channels
The tryptophan residue in KCNQ3 identified thus far is conserved between KCNQ2 and KCNQ5 (Fig. 6 A), all of which are
retigabine sensitive (Tatulian et al., 2001; Wickenden et al., 2001)
and expressed in neurons (Jentsch, 2000). We therefore asked
whether mutation of the equivalent tryptophan in KCNQ2,
KCNQ4, and KCNQ5 to leucine would abolish their retigabine
sensitivity, as well. As for KCNQ3 (Fig. 1 E, H ) or KCNQ2 (Fig.
1G,H ), I/Imax curves of both KCNQ4 and KCNQ5 (Fig. 7B) were
shifted during addition of retigabine in a dose-dependent man-
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ner (V1/2 values listed in Table 1). In contrast, shifts in V1/2 of the I/Imax curves in
response to 10 M retigabine for the tryptophan mutants KCNQ2-W236L (Fig. 7A)
[V1/2 (shift) ⫽ ⫺1.1 mV], KCNQ4W242L (Fig. 7C) [V1/2 (shift) ⫽ 1.3 mV],
and KCNQ5-W235L (Fig. 7D) [V1/2
(shift) ⫽ 0.9 mV] are abolished within error limits, which holds true for even higher
concentrations of this compound (see V1/2
values in Table 1). These results are in line
with the loss of retigabine sensitivity of
KCNQ3(TD;Q1)-W265L (Fig. 6 I), although in the latter case, still a slight in- Figure 8. Structural model of KCNQ3. Ribbon representation of a single KCNQ3 subunit (A) and the tetrameric KCNQ3 channel
crease of the maximal I/Imax values at more (B), according to model building as described in Materials and Methods. The extracellular side of the protein is facing up, and the
positive potentials than ⫺40 mV was ob- dashed lines outline the approximate boundaries of the membrane. Helical elements are numerically labeled for the transmembrane segments (S1–S6) and the pore helix (P) (A). The tryptophan residue critical for retigabine activation of KCNQ3 is shown as
served at high retigabine concentrations.
Whereas exchanging the crucial S5 a ball-and-stick representation in gray within the S5 segment.
tryptophan for leucine in KCNQ2–
albeit to a low extent, a shift in the voltage dependence of activaKCNQ5 leads to loss of retigabine sensitivity, a replacement of
tion. However, the theoretically to-be-expected low amount of
the corresponding leucine by a tryptophan in KCNQ1 (mutant
homomeric KCNQ2 channels of 6.25% (assuming random asKCNQ1-L266W) rendered KCNQ1 sensitive to this anticonvulsembly of subunits) and the fact that currents mediated by
sant. However, the effect of the compound in this case was more
KCNQ1-sidQ3/KCNQ2 heteromeric channels are approximately
complex, because, for the KCNQ1-L266W mutant, a
eightfold larger than KCNQ2-mediated currents (Schwake et al.,
concentration-dependent reduction in current amplitudes (data
2003) can account for the observed lack of retigabine sensitivity
not shown) and a decrease of the maximal I/Imax values at more
in a KCNQ1-sidQ3/KCNQ2 heteromeric expression situation.
positive potentials than ⫺20 mV was observed in addition to a
Assuming a 2:2 stoichiometry, these results suggested that the
small but dose-dependent shift of the activation parameters (V1/2
two S5 tryptophan residues present, on average, within the
⫽ ⫺45.3 ⫾ 0.8 mV without retigabine, ⫺49.4 ⫾ 0.9 mV with 10
KCNQ1-sidQ3/KCNQ2 tetramers are not sufficient for activation
M retigabine, and ⫺53.2 ⫾ 1.4 mV with 100 M retigabine) (Fig.
by retigabine. To ensure that four equivalent S5 tryptophans
7E). These results indicate that the introduction of the tryptowould confer retigabine sensitivity in the framework of this hetphan residue into KCNQ1 in this position confers some gain in
eromeric channel, we coexpressed a KCNQ1(L266W)-sidQ3 chiretigabine sensitivity, although this effect is not as clear-cut as the
mera with KCNQ2 and assayed the effect of retigabine (Fig. 7H ).
loss in sensitivity for the Trp-to-Leu mutants of KCNQ2–
Heteromeric KCNQ1(L266W)-sidQ3/KCNQ2 channels exhibKCNQ5. Therefore, a tryptophan at this position is considered as
ited significant retigabine sensitivity [V1/2 (shift) ⫽ ⫺7.5 mV].
necessary, but not sufficient, for the complete retigabine sensitivAlthough this effect was less pronounced than for KCNQ2/
ity of KCNQ channels, because the effect of retigabine on the
KCNQ3 channels (Fig. 7 F, H ), it underlines the importance of
KCNQ1-L266W mutant was clearly different compared with
the tryptophan residue for mediating retigabine sensitivity also
KCNQ2–KCNQ5.
within KCNQ heteromers.
Retigabine sensitivity of heteromeric KCNQ2/KCNQ3 and
Predicted location of the crucial tryptophan residue in the
KCNQ1-sidQ3 /KCNQ2 channels
KCNQ3 channel
The fact that KCNQ channels are tetramers raised the question of
Based on the crystal structure of a voltage-gated potassium chanhow many subunits need to have a tryptophan in S5 to confer
nel from Aeropyrum pernix KvAP (Jiang et al., 2003), we conretigabine sensitivity to the channel. We addressed this issue by
structed a three-dimensional model (Fig. 8 A, B) for the S1–S6
analyzing heteromeric KCNQ channels assembled from
membrane region of KCNQ3 (see Materials and Methods),
retigabine-sensitive KCNQ2 subunits and retigabine-insensitive
which was based on the sequence alignment shown in Figure 2 A.
constructs containing the KCNQ1 transmembrane domains. BeThere is still debate about the arrangement of the voltage sensorcause KCNQ1 wild-type does not assemble with KCNQ2, we
forming membrane segments S1–S4 in the KvAP structure
used a chimera termed KCNQ1-sidQ3 that contains the
C-terminal subunit interaction domain (sid) from KCNQ3. This
(Swartz, 2004). However, the ion conduction pore is very similar
construct forms heteromeric channels with KCNQ2 in a similar
to that of the KcsA (Doyle et al., 1998) and the MthK channel
manner as KCNQ3 (Schwake et al., 2003). Most important for
(Jiang et al., 2002), which only contain the pore-forming segthis study, a KCNQ1-sidQ3 construct carrying the mutation
ments without a voltage sensor. A comparison between these
G314S exerted a dominant-negative effect on KCNQ2 currents,
regions in the closed KcsA and the open MthK channel indicates
indicating that a common pore is formed by these two subunits.
that the S6 gate is open in KvAP and that in all cases the adjacent
Whereas KCNQ3/KCNQ2 channels were retigabine-sensitive
inner (S6) and outer (S5) helices of each subunit maintain an
[V1/2 (shift) ⫽ ⫺33.9 mV] (Fig. 7F ), KCNQ1-sidQ3/KCNQ2 hetapproximately antiparallel relationship to each other (Doyle et
eromeric channels showed no activation by retigabine (Fig. 7G).
al., 1998; Jiang et al., 2002, 2003). These features probably also
This result was surprising because coexpression of two subunits
apply for eukaryotic voltage-gated potassium channels, such as
will cause a mixture of homomeric channels and heteromeric
KCNQ3. The tryptophan residue in KCNQ3 is located at the
channels with different subunit stoichiometries. At least homointerface between S5 and S6 within each subunit (Fig. 8 A). Acmeric KCNQ2 channels in this mixture should have produced,
cording to our model, these segments form a hydrophobic groove
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to which S1 from another subunit might contribute. This groove
might be part of the hydrophobic retigabine binding pocket.

Discussion
KCNQ potassium channels are of great physiological and medical
importance. They are promising targets for the development of
drugs for indications such as epilepsy or chronic pain (Jentsch,
2000). The targeting of neuronal KCNQ channels should avoid
adverse effects on KCNQ1, because an interference with the activity of that channel could compromise cardiac function, as
demonstrated by human inherited diseases (Wang et al., 1996;
Neyroud et al., 1997; Chen et al., 2003). One promising compound known to activate KCNQ2–KCNQ5 channels with differential potencies is the anticonvulsant retigabine (Tatulian et al.,
2001). It is known to exert its effect by shifting the voltage dependence of activation and increasing the maximal open probability
(Tatulian and Brown, 2003). The molecular mechanism of this
interaction, however, remained elusive so far.
In the present experiments, we provide evidence that a single
amino acid, a tryptophan within the central part of the S5 segment, is critical for the retigabine sensitivity of KCNQ2–KCNQ5.
This tryptophan has been identified by analyzing chimeras between KCNQ1 and KCNQ3, using the differential sensitivity of
these isoforms toward retigabine (Tatulian et al., 2001). Mutation
of this crucial residue dramatically reduced the retigabine sensitivity
of KCNQ3 [investigated with the construct KCNQ3(TD;Q1) that
shows enhanced current levels]. Because a tryptophan at this position is found in all retigabine-sensitive KCNQ channels but is not
present at the equivalent position in the retigabine-insensitive
KCNQ1, we mutated also the equivalent Trp of KCNQ2, KCNQ4,
and KCNQ5 to Leu. As observed for KCNQ3, also the mutants
KCNQ2(W236L), KCNQ4(W242L), and KCNQ5(W235L) exhibited a loss of retigabine sensitivity. However, the introduction
of a tryptophan at this position in KCNQ1 led to a slight retigabine sensitivity of the resulting KCNQ1(L266W) construct, although it has to be noted that, in addition, other properties of
channel activation were changed, which might indicate that still
other residues can contribute to drug binding. Our results suggest that the tryptophan residue forms a critical part of the retigabine binding site in KCNQ channels. Its location in transmembrane helix S5 suggests that retigabine does not bind directly in
the ion-conducting pathway.
According to our KCNQ3 model, the tryptophan residue is
located at the interface between S5 (outer helix) and S6 (inner
helix), near the intracellular gate of the channel. Structure-based
mechanistic models of the gating process in voltage-dependent
potassium channels assume that the voltage sensor, which is attached directly to the outer helix by the S4 –S5 linker, might open
the pore by pulling the outer helix away from the central pore
axis, causing the inner helices to follow (Jiang et al., 2003). It is
tempting to speculate that retigabine exerts its action by interfering with this process, thereby shifting the voltage sensitivity of the
KCNQ2–KCNQ5 channels in the hyperpolarizing direction.
The model predicts one retigabine binding site per subunit
and that binding of retigabine does not interfere with the ionconductive pore (Fig. 8). It has been reported that the action of
retigabine at strongly positive potentials appeared to be complicated by a secondary inhibitory action (Main et al., 2000; Tatulian
et al., 2001), which was most clearly seen with KCNQ1 channels,
but probably extends to KCNQ2 and KCNQ2/3. Because
KCNQ1 is affected, it is unlikely that this secondary inhibitory
effect of retigabine relies on the same interaction site.
Tatulian et al. (2001) reported a Hill constant of ⬃1 from
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dose–response curves measured for KCNQ2/3, KCNQ2,
KCNQ3, and KCNQ4, which suggests a noncooperative process
(Tatulian et al., 2001). However, because each subunit within a
tetramer carries its own retigabine binding site, the activating
effect of the drug could be an all-or-none phenomenon, implying
that all four sites must be occupied for the conformational change
to occur. In keeping with this proposal, coexpression of KCNQ2
with KCNQ1-sidQ3 led to a retigabine-insensitive current. Because a mixture of KCNQ2/KCNQ1-sidQ3 heteromers with different stoichiometries probably mediates this current, it is likely
that one retigabine-insensitive KCNQ1-derived subunit within
the heterotetramer is sufficient to interfere with the sensitivity of
the channel to retigabine. This conclusion is supported by the fact
that KCNQ1(L266W)-sidQ3/KCNQ2 heteromers are retigabine
sensitive. Thus, four tryptophan residues within a heterotetramer
seem to be necessary for activation of KCNQ channels by retigabine. The reduced sensitivity of KCNQ1(L266W)-sidQ3/KCNQ2
compared with KCNQ2/KCNQ3 heteromers can be attributable
to modulating effects of additional amino acids, which differ between KCNQ1 and KCNQ3.
The expression of KCNQ3 was boosted by inserting the extracellular turret domain (termed TD segment) from KCNQ1 into
KCNQ3. We believe that the strongly augmented KCNQ3(TD;
Q1) currents are attributable to N-linked glycosylation. This, in
turn, leads to an increased protein level, possibly by increasing
protein stability or a more efficient trafficking of the channel. It
has been shown that N-glycosylation affects the stability and trafficking of members of the Kv1 subfamily and might constitute a
common mechanism to promote the trafficking of voltage-gated
potassium channels to the cell surface (Watanabe et al., 2004).
Recently, an alanine at position 315 in the inner pore vestibule
of KCNQ3 was identified that exerts a strong negative effect on
current flow (Etxeberria et al., 2004). The authors speculate that
this residue shapes a binding site for a putative endogenous
blocking molecule (Etxeberria et al., 2004). Because the chimeras
KCNQ3(TD;Q1) (carrying the A315 of KCNQ3) and KCNQ3(P;
Q1) (not carrying the alanine in equivalent position) gave rise to
comparable current amplitudes (Fig. 3 B, D), it might be possible
that the turret domain of KCNQ3 contributes to the binding
pocket. Alternatively, glycosylation could prevent the binding of
the putative blocking particle. Additional experiments are needed
to investigate the role of the pore region in trafficking and stability of the KCNQ3 protein or to prove the blocking particle
hypothesis.
After submission of this work, a paper was published (Wuttke
et al., 2005), in which the key role of the tryptophan in S5 was also
highlighted. In addition, also the conserved residue Gly-301 in
KCNQ2, which is considered to be the gating hinge, was suggested to be involved in conferring retigabine sensitivity. In contrast to the KCNQ1/KCNQ3 chimeras investigated in the present
study, these authors used chimeras (in combination with single
amino acid substitutions) between KCNQ1 and KCNQ2 for narrowing down the interaction site for the drug. Whereas replacement of the KCNQ2 tryptophan by the homologous amino acid
of KCNQ1 in the KCNQ2(W236L) construct abolished retigabine sensitivity, involvement of the Gly-301 residue could not be
directly shown, because the KCNQ2(G301A) construct was not
functional. However, participation of S6 residues in mediating
the retigabine effect could be inferred during complete replacement of S6 in the KCNQ1(S6)Q2 construct, although the retigabine effect was somewhat different, resulting in a ⫺7.4 mV shift
of the activation curve and a threefold current increase. In accordance with the results presented here, transfer of the residues
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Trp-236 and Gly-301 from KCNQ2 into homologous positions
within the KCNQ1 scaffold was not sufficient to render KCNQ1
retigabine sensitive, no matter whether the residues were exchanged singly or in tandem. Finally, Wuttke and coworkers constructed a chimera termed KCNQ2(S6)Q1, in which the KCNQ1
S6 segment was inserted into the KCNQ2 scaffold. This construct
was retigabine insensitive, as expected, but back-mutating the
gating hinge residue within the KCNQ2(S6)Q1[A336G] construct again conferred retigabine sensitivity, as judged from a
⫺13 mV shift and a dose-dependent increase in currents. However, the authors did not investigate the number of retigabinesensitive subunits within a tetramer, because no heteromeric
KCNQ expression studies were undertaken. The experiments
performed by Wuttke et al. further strengthen the findings of this
study, and the same conclusions are reached, most importantly
concerning the role of the S5 tryptophan. Retigabine interferes
with the activation gate of the channel, in effect stabilizing the
open-channel conformation.
In summary, we conclude that the presence of a tryptophan
residue within the central part of the S5 segment of KCNQ2–
KCNQ5 is necessary but not completely sufficient for the effect of
retigabine and suggest that this side chain is a major structural
element of the retigabine binding site.
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