
J Physiol 586.12 (2008) pp 2827–2840 2827

Second coiled-coil domain of KCNQ channel controls
current expression and subfamily specific
heteromultimerization by salt bridge networks
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KCNQ channels carry the slowly activating, voltage-dependent M-current in excitable cells

such as neurons. Although the KCNQ2 homomultimer can form a functional voltage-gated

K+ channel, heteromultimerization with KCNQ3 produces a > 10-fold increase in current

amplitude. All KCNQ channels contain double coiled-coil domains (TCC1 and TCC2, or

A-domain Head and Tail), of which TCC2 (A-domain Tail) is thought to be important for

subunit recognition, channel assembly and surface expression. The mechanism by which TCC2

recognizes and associates with its partner is not fully understood, however. Our aim in the

present study was to elucidate the recognition mechanism by examining the phenotypes of

TCC2-deletion mutants, TCC2-swapped chimeras and point mutants. Electrophysiological

analysis using Xenopus oocytes under two-electrode voltage clamp revealed that homotetrameric

KCNQ3 TCC2 is a negative regulator of current expression in the absence of KCNQ2 TCC2.

Recent structural analysis of KCNQ4 TCC2 revealed the presence of intercoil salt bridge networks.

We therefore swapped the sign of the charged residues reportedly involved in the salt bridge

formation and functionally confirmed that the intercoil salt bridge network is responsible for

the subunit recognition between KCNQ2 and KCNQ3. Finally, we constructed TCC2-swapped

KCNQ2/KCNQ3 mutants with KCNQ1 TCC2 or GCN4-pLI, a coiled-coil domain from an

unrelated protein, and found that TCC2 is substitutable and even GCN4-pLI can work as

a substitute for TCC2. Our present data provide some new insights into the role played by

TCC2 during current expression, and also provide functional evidence of the importance of the

intercoil salt bridge network for subunit recognition and coiled-coil formation, as is suggested

by recent crystallographic data.
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The KCNQ (Kv7) family of channels carries slowly
activating voltage-gated K+ currents such as IKs in cardiac
cells and the M-current in neurons. The genes encoding
five KCNQ family members (KCNQ1–5 or Kv7.1–5) have
been identified in the human genome, four of which are
related to inherited diseases (Jentsch, 2000; Gutman et al.
2005). KCNQ1 is a causal gene for long-QT syndrome
and deafness (Wang et al. 1996); neuronal KCNQ2 and
KCNQ3 are related to inherited benign familial neonatal
convulsions (BFNCs) (Biervert et al. 1998; Charlier et al.
1998; Singh et al. 1998); and KCNQ4 is related to hearing
loss (Kubisch et al. 1999).

All five KCNQ subtypes are able to form
homomultimeric voltage-gated K+ channels, and

some will also form heteromeric channels with other
KCNQ subtypes. For example, KCNQ3 barely produces a
K+ current by itself; however, it associates with KCNQ2,
4 and 5, contributing to the molecular diversity of
KCNQ currents (Schroeder et al. 1998; Wang et al. 1998;
Kubisch et al. 1999; Lerche et al. 2000; Schroeder et al.
2000). The most extensively studied combination is
the heteromultimer comprising KCNQ2 and KCNQ3.
The average maximal amplitude of the current carried
by KCNQ2/3 channels is 10-fold larger than that
carried by homomeric KCNQ2 channels, so that this
heteromultimer is thought to carry the neuronal
M-current in vivo (Schroeder et al. 1998; Wang et al.
1998).
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It has been proposed that current augmentation induced
by heteromerization of KCNQ2 and KCNQ3 reflects three
mechanisms: (1) interaction of the C-terminal regions
leads to increased plasma membrane expression of the
channels; (2) the negative effect on current flow of
the N-terminal domain of KCNQ2 seen in homomeric
channels is absent in KCNQ2/3 heteromeric channels; and
(3) the critical block of current flow mediated by Ala315
in the inner vestibule of KCNQ3 in homomeric channels
is absent in heteromeric channels (Etxeberria et al. 2004).
Several studies related to the first mechanism have been
reported so far. All KCNQ channels have a highly conserved
KCNQ-specific domain, the so-called ‘A-domain’ or
‘subunit interaction (si) domain’ in the distal cytoplasmic
C-terminal region (Schmitt et al. 2000; Jenke et al. 2003;
Maljevic et al. 2003; Schwake et al. 2003, 2006; Kanki et al.
2004; Howard et al. 2007; Wiener et al. 2008). This domain
contains two double coiled-coil domains (‘A-domain
Head and Tail’ or ‘TCC1 (tetramerizing coiled-coil 1)
and TCC2’) that are thought to play important roles in
subunit recognition, assembly and trafficking. For
instance, Schwake et al. (2006) recently showed that TCC2
is required for efficient transport of KCNQ2/3 channels to
the plasma membrane. It may be therefore that an under-
standing of how one TCC2 recognizes the corresponding
domain in another subunit is a key to understanding the
mechanism by which current is augmented in heteromeric
KCNQ2/3 channels.

Recent data on the crystal structure of the KCNQ4
and KCNQ1 TCC2 (A-domain Tail) homotetramer have
shed light on this important topic (Howard et al.
2007; Wiener et al. 2008). One of the most important
findings of those studies is that there are intercoiled-coil
electrostatic contact networks within TCC2. Moreover,
the patterns of these contacts in KCNQ1 differ from
those in KCNQ4, which implies that this pattern may
be utilized for subunit recognition and for exclusion of
KCNQ1 from other KCNQ channels. Our aim in the
present study was to elucidate the mechanism of current
augmentation induced by heteromeric assembly of TCC2
domains. In addition, by introducing point mutations that
disrupt salt bridges, we tested the hypothesis that intercoil
salt bridges are important for subunit recognition. Our
electrophysiological data strongly support the functional
significance of TCC2’s electrostatic contact network in
heteromerization and imply that specific patterns within
intercoil salt bridge networks are utilized to identify proper
partners.

Methods

Molecular biology

Rat KCNQ2 (NM 133322) and KCNQ3 (AF091247)
cDNAs were subcloned into the pGEMHE expression
vector (Nakajo & Kubo, 2005). Point mutants were

created using PCR with KOD Plus v. 2 (Toyobo, Osaka,
Japan) and primers carrying a desired mutation. Deletion
mutants and chimeras were made as follows. Putative
TCC2 domains of KCNQ2 and KCNQ3 were initially
predicted using the COILS program (http://www.ch.
embnet.org/software/COILS form.html). Based on the
results, we determined regions to be deleted: amino
acid residues 601–633 for KCNQ2 and 567–621 for
KCNQ3. We then introduced a NotI site at the beginning
of TCC2 using reverse primers (5′-GCGGCCGCC-
GGGGTCTTCGGGCAGT-3′ for KCNQ2; 5′-GCGG-
CCGCCTGGTTCATTCCTTGGA-3′ for KCNQ3) and
a SpeI site at the end of TCC2 using forward primers
(5′-GGCACTAGTCCACCAGCAGAGACAG-3′ for
KCNQ2; 5′-GGCACTAGTCCAACAAAGGGGGCCT-3′

for KCNQ3). Ligation of the blunt ends of the PCR
products yielded TCC2 deletion mutants having
NotI–SpeI sites (KCNQ2�TCC2/KCNQ3�TCC2). The
TCC2 domain from each KCNQ channel with NotI
and SpeI sites at each end was also amplified by PCR.
The entire sequence of GCN4-pLI was obtained using
synthetic oligoDNA primers having NotI and SpeI sites
at each end. Each coiled-coil domain was subcloned
into the NotI–SpeI sites of the TCC2 deletion mutants.
Using these procedures, two amino acid linker sequences,
Gly–Gly–Arg and Thr–Ser, were, respectively, inserted
into the chimeras at the beginning and end of the TCC2.
Sequences of deletion mutants, point mutants and
chimeras were subsequently confirmed by sequencing.

cRNA was prepared from the linearized plasmid cDNA
using a T7 RNA transcription kit (Stratagene, La Jolla, CA,
USA). The concentration and integrity of the mRNA were
verified by gel electrophoresis. For the Western blotting,
concentrations of the mRNA were checked again just
before the injection by gel electrophoresis to confirm that
the same amount of RNA was injected for each sample.

Preparation of Xenopus oocytes

Xenopus oocytes were collected from frogs anaesthetized in
water containing 0.15% tricaine, after which the frogs were
killed by decapitation. The isolated oocytes were treated
with collagenase (2 mg ml−1, type 1, Sigma-Aldrich, St
Louis, MO, USA) for 6 h to completely remove the
follicular cell layer. Oocytes of similar size at stage V or
VI were injected with 55 nl of cRNA solution and then
incubated at 17◦C in frog Ringer solution containing
(mm): 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.3 Ca(NO3)2,
0.41 CaCl2 and 0.82 MgSO4 (pH 7.6) with 0.1%
penicillin–streptomycin solution (Sigma-Aldrich). For
coexpression of KCNQ2 and KCNQ3, the molar ratio
of the mixed RNA was set at approximately 1 : 1. All
experiments conformed to the guidelines of the Animal
Care Committee of the National Institute for Physiological
Sciences.
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Two electrode voltage clamp

Two days after cRNA injection, K+ currents were recorded
under two-electrode voltage clamp using an OC725C
amplifier (Warner Instruments, Hamden, CT, USA) and
pCLAMP8 or 10 software (Axon Instruments, Union
City, CA, USA). For comparison of current amplitudes,
data were collected from the same batch of oocytes and
recordings were made within 10 h. Data from the amplifier
were digitized at 2 kHz or 10 kHz with 1 kHz filtering.
The microelectrodes were drawn from borosilicate glass
capillaries (World Precision Instruments, Sarasota, FL,
USA) to a resistance of 0.2–0.5 M� when filled with 3 m

potassium acetate and 10 mm KCl (pH 7.2). The bath
solution (ND96) contained (mm): 96 NaCl, 2 KCl, 1.8
CaCl2, 1 MgCl2 and 5 Hepes (pH 7.4). Oocytes held at
−90 mV were stepped between −100 and +40 mV in
10 mV steps for 2 s each and then to −30 mV for 250 ms
to obtain tail currents.

Tail current amplitudes were measured as the average
value of 10–20 ms after the end of the test pulse.
Using pCLAMP8 or 10 software, tail currents were
fitted to a two-state Boltzmann equation: G = Gmax/(1 +
e−zF(V −V1/2

)/RT ), where G is the tail current amplitude, Gmax

is the maximum tail current amplitude, z is the effective
charge, V 1/2 is the half-activation voltage and T , F and
R have their usual meanings. Gmax was always used for
comparison of current amplitudes.

Sensitivity to tetraethylammonium (TEA; Fig. 1B)
was probed using maximum tail current amplitudes
by applying the step pulse protocol described above.
Amplitudes were normalized for each oocyte to the
value measured in the absence of TEA. The resulting
dose–response profiles were fitted with the Hill equation.

All experiments were carried out at room temperature
(25 ± 2◦C).

Oocyte cell surface biotinylation

Cell surface proteins were biotinylated (18 oocytes for each
sample) with 1.5 mg ml−1 of the membrane-impermeant
N-hydroxysuccinimide-SS-biotin (NHS-SS-biotin;
Pierce, Rockford, IL, USA) in ND96 for 30 min at 4◦C.
After washing five times in ND96 with 100 mm glycine,
oocytes were homogenized by sonication in 360 μl of
phosphate-buffered saline (PBS) containing 1% Triton
X-100 and protease inhibitor cocktail (complete Mini
EDTA-free; Roche Diagnostics, Mannheim, Germany)
and maintained on ice for 30 min. The oocyte lysates
were centrifuged for 5 min at 500 g to remove debris
and then for 15 min at 16 000 g . After taking 10 μl of
supernatant separately as total KCNQ2 proteins, 50 μl of
streptavidin-coated agarose beads (Pierce) were added
to the remaining supernatant, and samples were gently
rocked at 4◦C for 3 h to allow the streptavidin to bind

biotinylated proteins. The biotin–streptavidin bead
complexes were washed five times with PBS with a 10 s
centrifugation (17 400 g) between washes. The final pellets
were then dissolved in 30 μl of 1 × SDS sample buffer
with DTT and incubated for 2 h at room temperature.
The biotinylated proteins and the total proteins were
separated in 7.5% SDS-PAGE gel to assess surface and
total KCNQ2 proteins, respectively.

Western blotting

Thirty oocytes for each sample were homogenized by
sonication in 300 μl of PBS containing 1% Triton
X-100 and protease inhibitor cocktail. The lysates were
centrifuged for 5 min at 500 g to remove debris and then
for 15 min at 16 000 g . The lysates were incubated at
room temperature for 2 h in SDS-PAGE sample buffer
with DTT. The proteins in sample buffer were then
separated in 7.5% SDS-PAGE gel and transferred electro-
phoretically to nitrocellulose membrane. After blocking
with 5% skimmed milk in TBS-T (20 mm Tris-HCl,
150 mm NaCl and 0.05% Tween 20) for 1 h at room
temperature, the membrane was incubated overnight at
4◦C with primary rabbit anti-KCNQ2 or anti-KCNQ3
antibody against the C-terminal domain (1 : 500
dilution; Sigma-Aldrich). After washing, the membrane
was incubated in horseradish peroxidase-conjugated
donkey anti-rabbit immunoglobulin G (1 : 1000 dilution;
Amersham, Arlington Heights, IL, USA) for 1 h at 37◦C.
Immunoreactivity was visualized using an enhanced
chemiluminescence detection kit (Amersham) and was
detected using a LAS-3000 image analyser (Fujifilm, Tokyo,
Japan).

Structural data and presentation

To facilitate understanding where electrostatic contacts
can be formed on the intercoiled-coil interaction face,
we made some graphical presentations for the structure
of four-stranded coiled-coil domains (Figs 5 and 6).
Structural data for KCNQ4 TCC2 (PDB code; 2OVC),
KCNQ1 TCC2 (3BJ4) and GCN4-pLI (1GCL) were
presented using PyMOL software (DeLano Scientific, Palo
Alto, CA, USA). Because structural data for KCNQ2
and KCNQ3 TCC2 were not available, we drew them
by PyMOL using KCNQ4 as a template, assuming that
the basic structures of TCC2 of KCNQ2 and KCNQ3
were similar to that of KCNQ4 (Howard et al. 2007). We
substituted each amino acid residue of KCNQ4 for the
corresponding amino acid residue of KCNQ2 or KCNQ3
step by step on PyMOL. Because the state and direction of
side chains were not calculated by PyMOL, we manually
adjusted them so that electrostatic contacts were formed on
the corresponding sites if charged residues were conserved.
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Figure 1. KCNQ2ΔTCC2 cannot induce heteromerization-induced current augmentation with KCNQ3
but can form a heteromultimer with KCNQ3
A, representative current traces for homomeric KCNQ2, heteromeric KCNQ2/KCNQ3, homomeric KCNQ2�TCC2
and heteromeric KCNQ2�TCC2/KCNQ3 channels. B, TEA sensitivity of wild-type KCNQ2 and KCNQ2�TCC2,
with or without KCNQ3 coexpression. C, effect of a KCNQ3 dominant negative mutant (G281S) coexpressed with
wild-type KCNQ2. Maximum tail current amplitudes at −30 mV are compared. ∗∗∗P < 0.001 (Student’s t test).
D, effect of a KCNQ3 dominant negative mutant (G281S) coexpressed with KCNQ2�TCC2. Maximum tail current
amplitudes at −30 mV are compared. ∗∗P < 0.01 (Student’s t test).
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As the backbone structure was not changed from that
of KCNQ4, the graphical presentations in Fig. 5 do not
necessarily reflect the actual structure of TCC2 of KCNQ2
and KCNQ3.

Statistical analyses

The data are expressed as means ± s.e.m., with n indicating
the number of samples. Differences between means were
evaluated using Student’s unpaired t test for comparison
between two groups. Dunnett’s test or Tukey’s test was
used for multiple comparisons. Values of P < 0.05 were
considered significant.

Results

TCC2 is required for heteromerization-induced
current augmentation but not necessary for the
heteromultimerization

KCNQ2 homomers are able to carry voltage-dependent K+

currents; however, coexpression of KCNQ3 with KCNQ2
makes the currents much larger (Wang et al. 1998).
However, as previously reported (Schwake et al. 2006),
KCNQ2 lacking a second coiled-coil domain (Q2�TCC2)
carried a voltage-dependent K+ current similar to the
wild-type KCNQ2 current, but the Q2�TCC2 current was
not augmented by coexpression of KCNQ3 (Fig. 1A).

One possible reason for the Q2�TCC2 current not
being augmented in the presence of KCNQ3 is that
the deletion mutant was simply unable to form a
heteromultimer with KCNQ3. To test that possibility, we
took advantage of the fact that KCNQ2 is much more
susceptible to block by TEA than KCNQ3 (Hadley et al.
2000; Schwake et al. 2006). The IC50 values for block
of homomeric KCNQ2 and KCNQ3 channels by TEA
are reportedly 0.3 and > 30 mm, respectively, while the
IC50 value for block of heteromeric KCNQ2/3 channels is
intermediate at 3.8 mm (Hadley et al. 2000). Therefore, if
Q2�TCC2 actually forms a heteromultimer with KCNQ3,
the apparent TEA sensitivity should be reduced by about
one order of magnitude. When we examined the TEA
sensitivities of wild-type KCNQ2 and Q2�TCC2, with and
without KCNQ3, we found that for wild-type KCNQ2,
the IC50 was increased by coexpression of KCNQ3 from
0.15 mm to 1.72 mm, indicating KCNQ2 does form a
heteromultimer with KCNQ3 as previously reported
(Hadley et al. 2000). For Q2�TCC2, the IC50 was increased
by the coexpression of KCNQ3 from 0.08 mm to 0.69 mm,
suggesting Q2�TCC2, too, forms a heteromultimer with
KCNQ3 (Fig. 1B).

To further confirm the formation of heteromultimers
with Q2�TCC2, we used a known KCNQ3 mutant
(Q3(G281S)) that reportedly suppresses KCNQ2/3

currents in a dominant negative manner (Wollnik et al.
1997; Schwake et al. 2003). If KCNQ3 subunits form
a heteromultimer with Q2�TCC2, coexpression of
Q3(G281S) should suppress the Q2�TCC2 current.
We found that the wild-type KCNQ2 current was
suppressed by coexpression of Q3(G281S), as previously
reported (Wollnik et al. 1997; Schwake et al. 2003);
current amplitudes obtained with wild-type KCNQ2
and Q3(G281S) were significantly smaller than
those obtained with the wild-type KCNQ2 current
(0.94 ± 0.17 μA for KCNQ2 versus 0.08 ± 0.04 μA
for KCNQ2/Q3(G281S); n = 10 for each, P < 0.001;
Fig. 1C). Q2�TCC2 currents also were suppressed by
Q3(G281S) (Fig. 1D); current amplitudes obtained with
Q2�TCC2/Q3(G281S) were significantly smaller than
those obtained with the Q2�TCC2 homomultimer
(0.32 ± 0.06 μA for Q2�TCC2 versus 0.09 ± 0.01 μA
for Q2�TCC2/Q3(G281S); n = 10 for each, P < 0.01).
Thus the lack of augmentation of Q2�TCC2/KCNQ3
currents does not appear to reflect an inability to form a
heteromultimer.

KCNQ3 TCC2 is a negative regulator of current
expression in the absence of KCNQ2 TCC2

We next made a KCNQ3 TCC2 deletion mutant
(Q3�TCC2) and examined its effect on current
expression. Heteromultimers with KCNQ2/Q3�TCC2
carried significantly smaller current than wild-type
KCNQ2/KCNQ3 did; however, KCNQ2/Q3�TCC2
current was significantly larger than Q2�TCC2/KCNQ3
current. Figure 2A and B shows that the average
maximal amplitude of KCNQ2/Q3�TCC2 currents
was 4.28 ± 0.41 μA (n = 12), which is approximately
half the amplitude of wild-type KCNQ2/3 currents
(8.61 ± 0.41 μA, n = 12, P < 0.001) from the same batch
of oocytes but is significantly larger than the amplitude of
Q2�TCC2/KCNQ3 (0.36 ± 0.04 μA, n = 12, P < 0.001).
Interestingly, the average maximal amplitude of
Q2�TCC2/Q3�TCC2 currents was 1.97 ± 0.19 μA
(n = 12), which was substantially larger than the maximal
Q2�TCC2/KCNQ3 current (P < 0.05; Fig. 2A and B).
This implies that KCNQ3 TCC2 acts as a negative
regulator of current expression in cases where KCNQ2
TCC2 is absent. We next quantified the surface expression
levels by biotinylation using the membrane-impermeant
N-hydroxysuccinimide-SS-biotin. As shown in Fig. 2C,
surface expression levels were reduced when the
KCNQ2/Q3 channels included either of the TCC2-deletion
mutants while the whole expression levels were not
different. This result indicates that the TCC2 domain is
important for the efficient surface expression. Impaired
surface expression could be a reason why TCC2-deletion
mutants showed smaller current expression, although
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it does not explain why KCNQ2/Q3�TCC2 current
was larger than Q2�TCC2/KCNQ3 current or
why Q2�TCC2/Q3�TCC2 current was larger than
Q2�TCC2/KCNQ3 current.

Figure 2. KCNQ3 TCC2 is a negative regulator of current
expression in the absence of KCNQ2 TCC2
A, representative current traces for KCNQ2/KCNQ3 (upper left),
KCNQ2�TCC2/KCNQ3 (bottom left), KCNQ2/KCNQ3�TCC2 (upper
right) and KCNQ2�TCC2/KCNQ3�TCC2 (bottom right) channels.
B, multiple comparisons of maximum tail current amplitudes obtained
with wild-type channels and TCC2-deletion mutants. ∗P < 0.05,
∗∗P < 0.01 and ∗∗∗P < 0.001 (Tukey’s test). C, whole and surface
expression levels for TCC2-deletion mutants in oocytes. Total KCNQ2
represents KCNQ2 proteins from whole cell lysate to confirm the even
expression levels for wild-type and TCC2-deletion channels. Surface
KCNQ2 represents surface KCNQ2 proteins which were biotinylated
before sonication (see Methods).

To better understand the mechanism by which the
TCC2 domain controls current expression, we swapped
the TCC2 domains of KCNQ2 and KCNQ3, yielding
KCNQ2(Q3) (KCNQ2 having the KCNQ3 TCC2 instead
of its own) and KCNQ3(Q2). All had the same
backbone (KCNQ2 and KCNQ3) but different TCC2
combinations. Figure 3 shows that the combination of
KCNQ2(Q3) and wild-type KCNQ3 carried significantly
less current than wild-type KCNQ2/3 (1.39 ± 0.16 μA

Figure 3. Homomeric KCNQ3 TCC2 is a weak mediator
of current expression
A, representative traces of wild-type and TCC2-swapped mutants.
KCNQ2(Q3) indicates KCNQ2 containing KCNQ3 TCC2. B, comparison
of maximum tail current amplitudes obtained with wild-type and
TCC2-swapped mutants. Q2(Q3) indicates KCNQ2(Q3). ∗∗∗P < 0.001
(Tukey’s test).
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versus 7.72 ± 0.80 μA; n = 14 for each; P < 0.001). On the
other hand, there was no statistical difference between the
combination of KCNQ2/KCNQ3(Q2) (5.92 ± 0.46 μA;
n = 14) and wild-type KCNQ2/3. These results also
support that KCNQ3 TCC2 may act as a negative regulator
of current expression under circumstances where KCNQ2
TCC2 is lacking. We conclude that, in the absence of
KCNQ2 TCC2, KCNQ3 TCC2 acts as a negative regulator
of current expression.

Figure 4. Three amino acid residues of KCNQ3 TCC2 are responsible for the inefficient current expression
A, amino acid sequences of TCC2 of rat KCNQ2 (601st–626th amino acid residues) and KCNQ3 (580–605th
amino acid residues) are shown along with the sequences of human KCNQ4 and human KCNQ1. Conserved
and similar amino acids in KCNQ2 and KCNQ3 are indicated by asterisks and dots, respectively. The first and
fourth amino acids in the heptad repeats (a–b–c–d–e–f–g) of the coiled-coil domain are indicated by the letters
‘a’ and ‘d’. B, representative current traces for Q2(Q3) and its mutants in the presence of KCNQ3. LSE indicates
the F585L/D594S/G596E triple mutant. C, comparison of maximum tail current amplitudes for point mutants.
SE indicates the D594S/G596E double mutant. ∗∗∗P < 0.001 (Dunnett’s test). D, expression levels for the Q2(Q3)
mutants analysed by immunoblotting with anti-KCNQ2 antibody. KCNQ3 was not coexpressed. E, expression levels
for the Q3 mutants analysed by immunoblotting with anti-KCNQ3 antibody. Q2(Q3) was not coexpressed.

Inefficiency of current expression is determined by
some amino acid residues in KCNQ3 TCC2

Comparison of KCNQ2 and KCNQ3 revealed seven amino
acids to be different in the region between residues 601
and 617 in KCNQ2 TCC2 (Fig. 4A). According to the
report by Howard et al. (2007), KCNQ3 amino acids
F585 (L606 in KCNQ2), D594 (S615 in KCNQ2) and
G596 (E617 in KCNQ2) are likely to be responsible for
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the instability of tetrameric coiled-coil formation. F585 is
located in the ‘a’ position within the heptad repeat of the
coiled-coil. The side chains in the ‘a’ and ‘d’ positions of
the domain must be hydrophobic and face the centre of
the coiled-coil, and the side chain of F585 could be too
bulky to form a coiled-coil structure. On the other hand,
D594 and G596 are located in a hydrophilic environment.
Corresponding amino acids in KCNQ4 participate in
salt-bridge/hydrogen-bond networks which may stabilize
the tetrameric coiled-coil formation (Howard et al.
2007). To determine whether these amino acids are truly
responsible for the diminished current expression in
homomeric KCNQ3 TCC2, we replaced each amino acid
in KCNQ2 TCC2 with the corresponding residue from
KCNQ3 TCC2 (L606F, G607V, L614H, S615D and E617G
substitutions). We found that all these point mutants
carried a normal KCNQ2/3 current, except S615D; it was
not functional at all, though introduction of a second
L614H mutation fully restored the current (data not
shown). From these results, we could not conclude that
a particular amino acid within KCNQ3 is responsible for
the current suppression.

In that context, we next tried to recover the
KCNQ2(Q3)/KCNQ3 current by introducing
KCNQ2 amino acid substitutions. We introduced
an F585L mutation, D594S/G596E double mutation or
F585L/D594S/G596E triple mutation into KCNQ2(Q3)
or wild-type KCNQ3. The average maximal amplitude
of KCNQ2(Q3)/KCNQ3 currents was 0.54 ± 0.08 μA
(n = 16; Fig. 4B and C). Introducing an F585L mutation
into KCNQ2(Q3) significantly increased current
amplitude (2.20 ± 0.24 μA; n = 16; P < 0.001, Fig. 4B
and C), as did introducing a F585L/D594S/G596E
triple mutation (2.57 ± 0.34 μA; n = 16; P < 0.001).
Introducing a D594S/G596E double mutation into
KCNQ2(Q3) did not significantly increase current
amplitude (1.19 ± 0.15 μA; n = 16; P = 0.07, Fig. 4C).
Unexpectedly, none of the KCNQ3 mutations led

Figure 5. Salt bridge networks in TCC2 are important for subunit recognition and efficient current
expression
A, speculated structures of TCC2 in homomeric KCNQ2 and KCNQ3 channels based on the crystallographic
structure of KCNQ4 TCC2 (see Methods). Green and orange dotted lines represent deduced salt bridges and
hydrogen bonds, respectively. Amino acid residues involved in the salt bridge/hydrogen bond network are labelled.
B, speculated TCC2 structure in the heteromeric KCNQ2/3 channel. KCNQ2/3 can have two different sides having
different sets of electrostatic contacts, and both are shown. Green and orange dotted lines represent putative
salt bridges and hydrogen bonds, respectively. Networks 1 and 2 are circled in black and blue, respectively. C
and D, speculated structures for Networks 1 (C) and 2 (D) within different combinations of charge-swapped
mutants. Two possible sides are shown for each. Green dotted lines represent putative salt bridges. Mutated
amino acid residues are coloured yellow and labelled. Endogenous D594 in KCNQ3 is also labelled because it
can make a salt bridge with E617K in the Q2KDK mutant, as depicted in D. All other salt bridges are formed
between mutated residues. E, multiple comparisons of maximum tail current amplitudes among charge-swapped
mutants. ∗∗P < 0.01, ∗∗∗P < 0.001 (Tukey’s test). F, expression levels for the charge-swapped mutants of KCNQ2
analysed by immunoblotting with anti-KCNQ2 antibody. KCNQ3 was not coexpressed. G, expression levels for
the charge-swapped mutants of KCNQ3 analysed by immunoblotting with anti-KCNQ3 antibody. KCNQ2 was not
coexpressed.

to current recovery (Fig. 4C, right three bars). Still,
the results obtained with the KCNQ2(Q3) mutants
convinced us that F585 is at least partially responsible
for the diminished amplitude of currents through
the KCNQ2(Q3)/KCNQ3 channel. We also checked
expression levels for the KCNQ2(Q3) mutants by Western
blotting. Interestingly, the protein expression levels turned
out to be parallel to the current expression levels (Fig. 4D).
Introducing the point mutations, which increased current
amplitude, also increased protein expression level of
KCNQ2(Q3). This result implies that these three amino
acids might be not only responsible for the stability of
coiled-coil formation as Howard et al. (2007) reported,
but also important for the protein expression level or
whole protein stability. On the other hand, the protein
expression levels for Q3 mutants were comparable to that
of wild-type KCNQ3 (Fig. 4E). This result is also parallel
to the current expression levels for KCNQ3 mutants,
which failed to increase the current amplitude (Fig. 4C,
right three bars).

Intercoil salt bridges are important for specific
binding between different coils

Recent determination of the crystal structure of the
KCNQ4 coiled-coil revealed the presence of several
intra- and intercoil electrostatic interactions (Howard
et al. 2007). Two adjacent KCNQ4 TCC2 domains
make five intercoil electrostatic contacts, including
three salt bridges (R618–E623, Q625–E630, S628–E630,
K632–E630 and K632–D634). All five of those contacts
are conserved in KCNQ2 (R605–E610, Q612–E617,
S615–E617, K619–E617 and K619–D621; Fig. 5A left),
but only two are conserved in KCNQ3 (K584–E589 and
K598–D600; Fig. 5A right) (Howard et al. 2007). Within a
KCNQ2/3 channel, in any stoichiometry or combination
of KCNQ2 and KCNQ3, at least one KCNQ2–KCNQ3
interaction face at TCC2 would make four intercoil
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Figure 6. TCC2 can be replaced with other coiled-coil domains
A, crystallographic structure of KCNQ1 TCC2. Green and orange dotted lines represent salt bridges and hydrogen
bonds, respectively. Amino acid residues involved in the salt bridge/hydrogen bond network are labelled.
B, representative traces from mutants containing KCNQ1 TCC2. C, crystallographic structure of GCN4-pLI. Green
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contacts, including three salt bridges (Fig. 5B left), and at
least one other KCNQ2–KCNQ3 interaction face would
contribute to two intercoil salt bridges (Fig. 5B right).
Comparing the salt bridge networks of KCNQ2 and
KCNQ3, E617 of KCNQ2 appears to have a huge impact
on the difference between KCNQ2 and KCNQ3, as it
is involved in three electrostatic contacts (Q612–E617,
S615–E617 and K619–E617) and is absent from KCNQ3
(G596 instead). As we have already described, however,
currents carried by the KCNQ2 E617G were unimpaired
and comparable to those seen with wild-type KCNQ2.

With that in mind, we decided to disrupt all of the
salt bridges in network 1 and/or network 2 between
KCNQ2 and KCNQ3 (Fig. 5B) by reversing the sign of
the charges of the participating amino acid residues. In
that way the intercoil salt bridges between the mutant
and wild-type KCNQ channels would be disrupted, while
those between mutants would be retained. We introduced
a double mutation into KCNQ2 (R605E and E610R;
‘Q2ER’ in Fig. 5C) and a double mutation into KCNQ3
(K584E and E589K; ‘Q3EK’ in Fig. 5C) for network 1,
and a triple mutation into KCNQ2 (E617K, K619D and
D621K; ‘Q2KDK’ in Fig. 5D) and a double mutation
into KCNQ3 (K598D and D600K; ‘Q3DK’ in Fig. 5D)
for network 2. Q2ERKDK and Q3EKDK possessed all
the mutations described above in networks 1 and 2.
As summarized in Fig. 5E, currents carried by any of
the KCNQ3 mutants (Q3EK, Q3DK and Q3EKDK)
with wild-type KCNQ2 were significantly smaller than
wild-type KCNQ2/3 currents. For example, the average
maximal amplitude of Q3EKDK/KCNQ2 currents was
1.59 ± 0.29 μA (n = 15), while Q3EKDK/Q2ERKDK
current amplitude was 6.66 ± 0.58 μA (n = 14; P < 0.001
versus Q3EKDK/KCNQ2). Unexpectedly, all KCNQ2
mutants (Q2ER, Q2KDK and Q2ERKDK) carried
substantial current with wild-type KCNQ3 (Fig. 5E).
The average maximal Q2ERKDK/KCNQ3 current was
3.98 ± 0.41 μA (n = 15), which was comparable to the
wild-type KCNQ2/3 current (5.52 ± 0.85 μA; n = 15,
P > 0.05). This might be due to a newly formed salt
bridge between a mutated amino acid and an endogenous
charged amino acid residue, such as between E617K and
endogenous D594 (Fig. 6D), but we still do not have
a clear answer explaining why this happened. However,
our finding that KCNQ2 mutants could restore currents
carried by KCNQ3 mutants to wild-type levels (red lines

dotted lines represent salt bridges. Amino acid residues involved in the salt bridges are labelled. D, representative
traces from mutants containing GCN4-pLI. E, multiple comparisons of maximum tail current amplitudes among
KCNQ2 and KCNQ3 mutants having KCNQ1 TCC2 expressed with a wild-type KCNQ channel or TCC2 deletion
mutant. ∗∗∗P < 0.001 (Tukey’s test). F, multiple comparisons of maximum tail current amplitudes among KCNQ2
and KCNQ3 mutants having GCN4-pLI expressed with wild-type KCNQ channels. ∗P < 0.05, ∗∗∗P < 0.001 (Tukey’s
test). G, expression levels for the TCC2-swapped KCNQ2 chimeras analysed by immunoblotting with anti-KCNQ2
antibody. KCNQ3 was not coexpressed. H, expression levels for the TCC2-swapped KCNQ3 chimeras analysed by
immunoblotting with anti-KCNQ3 antibody. KCNQ2 was not coexpressed.

in Fig. 5E) suggests the charged residues within TCC2 play
a key role in forming the coiled-coil domain. We also
checked the protein expression levels of the wild-type and
the mutants of KCNQ2 and KCNQ3 (Fig. 5F and G). In this
case, the expression levels for all mutants were similar to
those of wild-type channels. This denies the possibility that
the larger currents seen in the KCNQ mutants are merely
due to the enhanced protein expression. It implies that not
whole protein expression level but surface expression level
is controlled by the proper combination of the coiled-coil
domain. Salt bridge networks may be responsible for
finding the appropriate partner.

Coiled-coil domains from different molecules can be
substitutes for TCC2

We next tested whether coiled-coil domains from other
molecules could serve as substitutes for KCNQ2/3 TCC2.
We first replaced the TCC2 domains from KCNQ2 and
KCNQ3 with that from KCNQ1 (Q2(Q1) and Q3(Q1);
Fig. 6A and B). KCNQ1 also contains double coiled-coil
domains at its cytoplasmic C-terminus (Jenke et al. 2003;
Kanki et al. 2004; Wiener et al. 2008), but the degree of
sequence similarity between KCNQ1 and other KCNQ
channels, especially within TCC2, is not very high (see
Fig. 4A). KCNQ1 has a different set of salt bridges (Wiener
et al. 2008) and does not form heterotetramers with
other KCNQ channels (Maljevic et al. 2003; Schwake
et al. 2003, 2006). As we expected, neither Q2(Q1) nor
Q3(Q1) carried a large current with wild-type KCNQ2
or KCNQ3 (Fig. 6E). However, the current was restored
by combining Q2(Q1) with Q3(Q1) (Fig. 6B and E). The
average maximal amplitude of Q2(Q1)/Q3(Q1) currents
was 5.26 ± 0.22 μA (n = 12), which is significantly
larger than either Q2/Q3(Q1) (1.47 ± 0.06 μA; n = 12;
P < 0.001) or Q2(Q1)/Q3 (2.27 ± 0.27 μA; n = 12;
P < 0.001) currents. To assess the specificity of the
interaction with KCNQ1 TCC2, we also examined the
effectiveness of TCC2 deletion mutants (Q2�TCC2
and Q3�TCC2). The average maximal amplitudes
of Q2�TCC2/Q3(Q1) (0.32 ± 0.01 μA; n = 12) and
Q2(Q1)/Q3�TCC2 (2.97 ± 0.45 μA; n = 12) currents
were significantly smaller than those of Q2(Q1)/Q3(Q1)
currents (P < 0.001 versus each; Fig. 6E blue lines). The
relatively large amplitudes of Q2(Q1)/Q3�TCC2 currents
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reflects the same tendency seen in wild-type KCNQ2 with
Q3�TCC2 (see Fig. 2). These results confirm that there is
a specific interaction within KCNQ1 TCC2, and that the
TCC2 domain of KCNQ2/3 complex is substitutable with
TCC2 from other types of KCNQ channels.

We then replaced KCNQ2/3 TCC2 with GCN4-pLI,
an artificial four stranded coiled-coil domain originally
from a leucine zipper (Harbury et al. 1993; Minor
et al. 2000; Zerangue et al. 2000). GCN4-pLI has
two sets of salt bridges (total eight in one tetramer),
Lys8-Glu10 and His18-Glu20 (Harbury et al. 1993),
and the salt bridge pattern is completely different
from those of KCNQ channels (Fig. 6C). Neither
Q2/Q3(GCN4) nor Q2(GCN4)/Q2 carried currents as
large as in the wild-type KCNQ2/3 channel, but
the Q2(GCN4)/Q3(GCN4) combination restored the
current to some extent (Fig. 6D and F). The average
maximal amplitude of Q2(GCN4)/Q3(GCN4) currents
was 2.41 ± 0.28 μA (n = 15), which is significantly larger
than that of the Q2/Q3(GCN4) (1.08 ± 0.53 μA; n = 15;
P < 0.05) or Q2(GCN4)/Q3 (1.11 ± 0.91 μA; n = 12;
P < 0.05) current. The fact that KCNQ2/3 TCC2 can be
replaced even with a different coiled-coil domain from a
different protein indicates that TCC2 includes no specific
trafficking signal and is not specifically indispensable to
current augmentation. We confirmed that the protein
expression levels of Q2(Q1) and Q2(GCN4) were as large
as that of wild-type KCNQ2 (Fig. 6G). We also tried to
confirm that the protein expression levels of Q3(Q1) and
Q3(GCN4) were as large as that of wild-type KCNQ3 but
it was difficult because Q3(Q1) and Q3(GCN4) appeared
to be degraded to some extent. Still as both Q3(Q1)
and Q3(GCN4) could up-regulate the current of Q2(Q1)
or Q2(GCN4) better than wild-type KCNQ3, it is likely
that Q3(Q1) and Q3(GCN4) were functional in Xenopus
oocytes.

Discussion

It is well established that the second coiled-coil domain
(TCC2 or A-domain Tail) in the cytoplasmic C-terminus
of KCNQ channels plays an important role in the enhanced
current expression induced by heteromultimerization of
KCNQ2 and KCNQ3 (Maljevic et al. 2003; Schwake
et al. 2003, 2006). In the present study, we aimed to
elucidate the mechanism underlying the enhanced current
expression by taking advantage of the recently revealed
crystal structure of KCNQ4 TCC2 (Howard et al. 2007).
Our three main findings are that (1) KCNQ3 TCC2 is a
negative regulator of current expression in the absence of
KCNQ2 TCC2; (2) intercoil salt bridges play an important
role in heteromultimerization and subunit recognition;
and (3) TCC2 is replaceable with any coiled-coil domain.
Here we discuss the implications of our results, including a

couple of discordant aspects, in the context of other recent
reports.

The role of TCC2 for current expression

Heteromerization of KCNQ2 and KCNQ3 induces robust
current expression (Wang et al. 1998). As described in
the introduction, at least three mechanisms have been
proposed (Etxeberria et al. 2004), and one of them is that
the interaction of the C-terminal regions leads to increased
plasma membrane expression of the channels. TCC2
(A-domain Tail) is now considered to be an interaction site
within the C-terminal region and a molecular determinant
for the enhanced current expression (Maljevic et al. 2003;
Schwake et al. 2003, 2006; Kanki et al. 2004, 2006). Our
present study focused solely on TCC2, so to exclude the
effects of other mechanisms on current augmentation, we
compared current amplitudes among TCC2 chimeras and
mutants having the same backbone (heteromer of KCNQ2
and KCNQ3).

Using TCC2 chimeras and deletion mutants, Schwake
et al. (2006) showed that tetramerizing TCC2 is important
for efficient transport of KCNQ2/3 channels to the plasma
membrane. They also showed that currents through a
KCNQ2 TCC2 deletion mutant (KCNQ2�TCC2) were
not facilitated by coexpression with KCNQ3, which
we also observed in the present work (Fig. 1). They
hypothesized two scenarios for the possible mechanism,
that an efficient forward trafficking motif is formed or
exposed by the interaction of two TCC2s, and that an endo-
plasmic reticulum (ER) retention motif is masked by the
interaction. In the present study, we found that even an
unrelated coiled-coil domain (GCN4-pLI) can function
as a substitute for TCC2 (Fig. 6). This means that the
formed forward trafficking motif suggested in the first
scenario is not necessary as the amino acid sequence of
GCN4-pLI does not resemble TCC2 of KCNQ channels
at all. We think this makes the first scenario unlikely,
though it is still possible that a forward trafficking motif
outside TCC2 might be somehow formed or exposed when
a four stranded coiled-coil is formed. If the second scenario
is the case, KCNQ3 TCC2 might be a good candidate
for an endoplasmic retention motif. We noticed that the
KCNQ3 TCC2 deletion mutant (KCNQ3�TCC2) was not
as an effective current suppressor as KCNQ2�TCC2 was
(Fig. 2). We also observed that the current from
coexpression of KCNQ2�TCC2 and KCNQ3�TCC2 was
significantly larger than that of KCNQ2�TCC2 and
KCNQ3 (Fig. 2). In addition, as shown in Fig. 3, current
expression was significantly impaired in the absence of
KCNQ2 TCC2. These results imply a possible role of
KCNQ3 TCC2 for the current expression: KCNQ3 TCC2
might be a negative current regulator in the absence of
KCNQ2 TCC2. If so, one possible scenario is that KCNQ3
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TCC2 serves as an ER retention signal in the absence of
KCNQ2 TCC2 as Schwake et al. (2006) proposed. Forming
tetramer with KCNQ2 TCC2 might release KCNQ3 from
ER to the plasma membrane.

Using size exclusion chromatography, Howard et al.
(2007) showed that KCNQ3 TCC2 could not form
homotetramer while other KCNQ TCC2 could. Their data
also explain why homomeric KCNQ3 TCC2 does not
efficiently carry current. They identified three amino acids
(F585, D594 and G596) responsible for the inability to
form homotetramer (Howard et al. 2007). Our findings
that current amplitude was effectively recovered when the
Q2(Q3) F585L mutant or Q2(Q3) F585L/D594S/G596E
triple mutant was coexpressed with wild-type KCNQ3
(Fig. 4B and C) support their results. Interestingly, the
introduction of mutations on these amino acid residues
(F585L/D594S/G596E) increased the protein expression
level in KCNQ2(Q3) chimera constructs (Fig. 4D) while
expression levels of KCNQ2 were not affected by the
deletion of TCC2 (KCNQ2�TCC2, Fig. 2C), by the
introduction of opposite charges in TCC2 (Fig. 5F) and
by the introduction of KCNQ1 TCC2 or GCN4-pLI
(Fig. 6C). Having KCNQ3 TCC2 therefore might have a
negative effect on the protein expression level, although
the lower protein expression level might be an indirect
result of ER retention. This was not the case, however,
for the protein expression levels of KCNQ3 and KCNQ3
LSE (F585L/D594S/G596E) mutants (Fig. 4C and E).
This is possibly due to KCNQ2(Q3) protein being more
vulnerable than KCNQ3 protein so that the effect of
mutation for stabilizing coiled-coil was more apparent on
KCNQ2(Q3) than on KCNQ3.

We noticed that four-stranded TCC2 is not
ultimately required for current expression:
KCNQ2�TCC2/KCNQ3�TCC2 carried a substantial
current, though the amplitude was not as large as
the wild-type KCNQ2/3 current (Fig. 2). Similarly,
KCNQ2/KCNQ3�TCC2, which should not contain a
four-stranded coiled-coil domain, also carried a relatively
large current (Fig. 2). Nevertheless, a necessary condition
for the most efficient current expression is the formation
of a stable four-stranded coiled-coil domain as shown in
Fig. 2C.

The role of intercoil salt bridges for
heteromultimerization

The recent report on the crystal structure of the
homotetrameric KCNQ4A-domain Tail (TCC2) provides
significant insight into the formation of heterotetramers
(Howard et al. 2007). There are two networks of electro-
static contacts in KCNQ4A-domain Tails (TCC2). Howard
et al. (2007) proposed that these electrostatic contacts
may stabilize the coiled-coil structure and also underlie

a specific association between different coils. To test
their ideas, we swapped the sign of charges of the
residues of KCNQ2 and KCNQ3 involved in the electro-
static contact networks (Fig. 5). Charge-swapped mutants
for KCNQ3 (Q3EK, Q3DK and Q3EKDK) worked as
we expected; they failed to produce large current with
wild-type KCNQ2 while they showed large current with
KCNQ2 charge-swapped mutants (Q2ER, Q2KDK and
Q2ERKDK) (Fig. 5). However, KCNQ2 charge-swapped
mutants similarly produced large current both with
KCNQ3 and with KCNQ3 charge-swapped mutants. One
possible reason is that mutated amino acid residues might
form unexpected electrostatic contacts with endogenous
KCNQ3 amino acid residues. For example, E617K in
Q2KDK can form salt bridges with endogenous D594
in KCNQ3 as shown in Fig. 5D. R605E in Q2ER might
form salt bridges with endogenous R590 in KCNQ3.
These unexpected electrostatic contacts might explain the
results. As a second possibility, we also have to consider
the contribution from hydrophobic amino acid residues
located at ‘a’ or ‘d’ positions. Salt bridges might be less
important for coiled-coil formation in KCNQ2 while salt
bridges are important for coiled-coil formation in KCNQ3
because it has an ‘unfavourable’ amino acid residue (F585)
at the ‘a’ position which prevents TCC2 from forming
four stranded coiled-coil (Howard et al. 2007). Unequal
contributions from different subunits due to these possible
mechanisms might explain the results of Figs 4 and 5.

The patterns of the network of electrostatic contacts
differ among KCNQ channels. All electrostatic contacts
seen in KCNQ4 are also conserved in KCNQ2 and 5,
but KCNQ3 lacks three contacts in network 2 (Howard
et al. 2007), and different types of amino acid residues
are involved in the network in KCNQ1 (Wiener et al.
2008). These different patterns might contribute to the
discrimination of proper partners for the formation of a
tetrameric coiled-coil as implied in Fig. 6. This mechanism
could be important not only for regulating the specific
interactions between KCNQ channel subunits, but also
for the interaction between channels and other proteins
having coiled-coil domains such as yotiao (Marx et al.
2002).
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