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Mutations in either KCNQ2 or KCNQ3 underlie benign
familial neonatal convulsions (BFNC), an inherited epi-
lepsy. The corresponding proteins are co-expressed in
broad regions of the brain and associate to heteromeric
K1 channels. These channels mediate M-type currents
that regulate neuronal excitability. We investigated the
basis for the increase in currents seen after co-express-
ing these subunits in Xenopus oocytes. Noise analysis
and single channel recordings revealed a conductance
of ' 18 pS for KCNQ2 and '7 pS for KCNQ3. Different
conductance levels (ranging from 8 to 22 pS) were seen
upon co-expression. Their weighted average is close to
that obtained by noise analysis (16 pS). The open prob-
ability of heteromeric channels was not increased sig-
nificantly. Co-expression of both subunits increased the
surface expression of KCNQ2 and KCNQ3 by factors of 5
and >10, respectively. A KCNQ2 mutant associated with
BFNC that has a truncated cytoplasmic carboxyl termi-
nus did not reach the surface and failed to stimulate
KCNQ3 surface expression. By contrast, several BFNC-
associated missense mutations in KCNQ2 or KCNQ3 did
not alter their surface expression. Thus, the increase in
currents seen upon co-expressing KCNQ2 and KCNQ3 is
predominantly due to an increase in surface expression,
which is dependent on an intact carboxyl terminus.

Mutations in all four known KCNQ potassium channel genes
can cause inherited diseases. Dominant negative mutations in
KCNQ1 (also known as KvLQT1) lead to the long QT syn-
drome, which is characterized by potentially fatal cardiac ar-
rhythmias (1). When mutated on both alleles as in the Jervell
and Lange-Nielsen syndrome, patients suffer additionally from
congenital deafness (2). Mutations in KCNQ4 lead to DFNA2, a
form of dominant, progressive hearing loss (3). Finally, muta-
tions in either KCNQ2 or KCNQ3 lead to benign familial neo-
natal convulsions (BFNC),1 a dominantly inherited epilepsy of
the newborn (4–6).

KCNQ2 and KCNQ3 are expressed nearly exclusively in the
central nervous system (4–6). They are co-expressed in many

areas of the brain (7, 8), suggesting that they may form het-
eromeric potassium channels. This could explain the fact that
mutations in either KCNQ2 or KCNQ3 lead to the same clinical
phenotype. Indeed, when KCNQ2 and KCNQ3 were co-ex-
pressed in Xenopus oocytes, currents were much larger than
those obtained from KCNQ2 or KCNQ3 alone (7, 9, 10). Addi-
tionally, a mutant of KCNQ3 that was constructed in analogy
to a dominant negative KCNQ1 mutant suppressed KCNQ2
currents (4), and heteromeric channels showed a decreased
sensitivity to the potassium channel blocker tetraethylammo-
nium (10). The pharmacological profile, the voltage depend-
ence, and kinetics of currents suggest that these channels may
be a molecular correlate of M-type currents (10). M-type cur-
rents, which are exquisitely regulated by several receptor sys-
tems (11), are active at the threshold of action potential firing.
This renders M-type currents an important regulator of neuro-
nal excitability. All BFNC mutations that have been identified
do not exert dominant negative effects, and consequently the
reduction of KCNQ2/KCNQ3 currents in patients was pre-
dicted to be small (7). Thus, the magnitude of KCNQ2/KCNQ3
currents is probably close to a critical, pathogenic level during
early life (7).

Although KCNQ2/KCNQ3 heteromers have typical proper-
ties of M-type channels, it seems unlikely that there is just a
single M channel. There may be other KCNQ subunits that
increase the molecular diversity of M-type currents. For in-
stance, KCNQ4 can form heteromeric channels with KCNQ3.
These heteromers display several properties of M-type cur-
rents, including a sensitivity to linopirdine (3). Additionally,
eag (ether-a-gogo)-related channels share some properties with
M-type currents (12, 13).

In this study, we investigated the basis for the increase in
currents observed upon co-expression of KCNQ2 and KCNQ3
(7, 9, 10). This increase may be due to an increased single
channel conductance or open probability, to a larger number of
active channels at the cell surface, or to a combination of these
factors. We determined the single channel conductances of
homo- and heteromeric channels by noise analysis and single
channel recordings. Additionally, we determined the surface
expression of epitope-tagged channels using a detection system
based on luminescence (14). We conclude that the increase in
current cannot be explained by an increase in single channel
conductance or in open probability but is primarily due to an
increased surface expression of active channels. In addition, we
identify differential effects on surface expression of KCNQ2
and KCNQ3 mutations that were found in neonatal epilepsy.
These results show that the carboxyl terminus is required for
an efficient transport to the surface.

EXPERIMENTAL PROCEDURES

Electrophysiology—cRNA synthesis, oocyte injection, and incubation
were performed as described (3). cRNA was derived from human
KCNQ2 (4) and KCNQ3 (7) cDNAs (or mutants) that had been inserted
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into the oocyte expression vector pTLN (15). Oocytes were injected with
50 nl of cRNA solution. Approximately 5 ng of KCNQ2 or KCNQ3 cRNA
or 5 ng of a 1:1 mixture of both were injected per oocyte. For patch
clamping, the vitelline layer was removed manually, and the oocytes
were then bathed in a solution containing 10 mM KCl, 90 mM potassium
glutamate, 2 mM EGTA, 2 mM MgSO4, 5 mM HEPES, pH 7.3. The
resting potential of the oocyte in this solution will be close to 0 mV. 2–7
days after injection, recordings were made at 19 6 1 °C from cell-
attached patches. Patch pipettes were made from alumino-silicate glass
and were filled with a solution containing 10 mM KCl, 90 mM potassium
glutamate, 5 mM MgSO4, 5 mM HEPES, pH 7.3. Currents were recorded
with a List EPC-7 amplifier (List, Darmstadt, Germany) and the Pulse
program (Heka, Lambrecht/Pfalz, Germany). For noise analysis, data
were recorded at 5–10 kHz and low pass filtered at 2–5 kHz. Data were
analyzed using self-written software (written in Visual C11, Microsoft)
and the SigmaPlot program (Jandel Scientific, Corte Madera). Voltage
clamp protocols are described in the figure legends. Leak currents were
estimated by assuming that channels are closed completely during a
long pulse to 2100 mV. Capacity transients were measured from the
response to a step to 0 mV (i.e. close to the reversal potential) and
subtracted off-line. Nonstationary noise analysis was performed as
described (16, 17). Statistical errors are given as standard deviations.
Two electrode voltage clamping of oocytes was performed using a Tur-
botec amplifier (npi Instruments, Tamm, Germany) and pCLAMP soft-
ware (Axon, Foster City, state).

Determination of Surface Expression—To measure surface expres-
sion of KCNQ proteins, we used the method recently described by
Zerangue et al. (14). KCNQ channel subunits were tagged with an HA
epitope in the extracellular loop that connects transmembrane domains
S1 and S2. To increase the accessibility of the HA epitope by the cognate
antibody, we enlarged this short loop ('9 amino acids) by flanking the
epitope with fragments from the extracellular D1-D2 loop of the ClC-5
chloride channel (18) (a similar HA-tagged construct in ClC-5 shows
normal channel activity and can be used to measure surface expres-
sion).2 These insertions change the sequence between transmembrane
domains S1 and S2 to 115KEYEKSSEGSEHYPYDVPDYAVTFEERD-
KCPEWNA126 in KCNQ2 and to 145KEYETVSGDNSEHYPYDVP-
DYAVTFEERDKCPEWNW156 in KCNQ3 (HA epitope shown in bold
type, and residues derived from ClC-5 are in italics). These mutants
were constructed by recombinant polymerase chain reaction and veri-
fied by sequencing. Unless otherwise noted, oocytes were injected with
10 ng of cRNA of KCNQ2-HA or KCNQ3-HA or 10 ng of a 1:1 mixture
of (a) KCNQ2 and KCNQ3 (control), (b) KCNQ2-HA and KCNQ3, (c)
KCNQ3-HA and KCNQ2, or (d) combinations with mutants found in
epilepsy. After 3 days at 17 °C, oocytes were placed for 30 min in ND96
with 1% BSA at 4 °C to block unspecific binding, incubated for 60 min
at 4 °C with 1 mg/ml rat monoclonal anti-HA antibody (3F10 (Roche
Molecular Biochemicals) in 1% BSA/ND96), washed at 4 °C, and incu-
bated with horseradish peroxidase-coupled secondary antibody (goat
anti-rat FAB fragments, Jackson ImmunoResearch, in 1% BSA for
30–60 min at 4 °C). Oocytes were washed thoroughly (1% BSA at 4 °C
for 60 min) and transferred to frog Ringer solution (82.5 mM NaCl, 2 mM

KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.5) without BSA. Individual
oocytes were placed in 50 ml of Power Signal ELISA solution (Pierce)
and incubated at room temperature for 1 min. Chemiluminescence was
quantified in a Turner TD-20/20 luminometer (Sunnyvale, CA).

Western Blot Analysis—The oocytes used to measure the surface
expression of channel subunits were subsequently pooled and stored at
220 °C. After homogenization of the pooled oocytes in an ice-cold solu-
tion containing 250 mM sucrose, 0.5 mM EDTA, 5 mM Tris-HCl (pH 7.4)
and a protease inhibitor mix (CompleteR; Roche Molecular Biochemi-
cals), the yolk platelets were removed by three low speed centrifuga-
tions. The resulting supernatant was mixed with SDS-Laemmli sample
buffer, and the protein equivalent to one oocyte was analyzed by SDS-
polyacrylamide gel electrophoresis (8% polyacrylamide). The separated
proteins were transferred to nitrocellulose. Blots were blocked in TBS
(150 mM NaCl, 25 mM Tris, pH 7.4) containing 5% milk powder and
0.1% Nonidet P-40. Primary (rat anti-HA monoclonal 3F10, 200 ng/ml)
and secondary (horseradish peroxidase-conjugated goat anti-rat IgG,
1:10000) antibodies were diluted in TBS blocking solution. Washes were
in TBS with 0.1% Nonidet P-40. Reacting proteins were detected by
using the Renaissance reagent (NEN Life Science Products) and pho-
tographic film (Kodak).

RESULTS

Two methods were used to measure single channel conduc-
tances of homomeric and heteromeric KCNQ2 and KCNQ3
potassium channels. Using noise analysis on macro patches,
estimates for single channel conductances were obtained from
large ensembles of channels. These values were then corrobo-
rated by single channel analysis. This dual approach avoids the
problem that single channel recordings may represent chan-
nels that do not mediate the bulk of the current.

Noise Analysis—For nonstationary noise analysis, currents
of injected oocytes were measured in the cell-attached config-
uration of the patch-clamp technique. Because of a high potas-
sium concentration in the bath, the resting voltage of the oo-
cytes is expected to be close to 0 mV. The patch pipette also
contained a high potassium concentration to increase the in-
ward tail K1 currents during test pulses to negative voltages.
Tail currents were measured after activating the channels by
prepulses to positive voltages (160 mV). Most patches con-
tained several channels, and currents obtained from KCNQ2
and KCNQ2/KCNQ3 expressing oocytes were relatively large
(Fig. 1). Smaller currents were obtained for KCNQ3 (not
shown). Noise analysis was performed by repeatedly applying a
depolarizing prepulse followed by the test pulse to 2100 mV. At
these negative voltages, the channels close, reflecting changes
in the open probability (Popen). This change in open probability
is a prerequisite for performing nonstationary noise analysis.
Examples are shown in Fig. 2 for KCNQ2 (Fig. 2A), KCNQ3
(Fig. 2B), and KCNQ2/KCNQ3 co-expression (Fig. 2C). Assum-
ing a reversal potential of 0 mV, the single channel current was
converted to conductance by dividing by 2100 mV. The average
single channel conductances of homomeric KCNQ2 and hetero-
meric KCNQ2/KCNQ3 channels were practically identical
(KCNQ2, 17.8 6 3.1 pS (n 5 8 patches; 6 S.D.); KCNQ2/
KCNQ3, 16.3 6 2.5 pS (n 5 21)), whereas the conductance of
KCNQ3 was about half that value (7.3 6 0.7 pS (n 5 7)) (all
values determined at 2100 mV). Thus, the large stimulation of
macroscopic currents in oocytes co-expressing KCNQ2 and
KCNQ3 (7, 10) cannot be explained by an increase in single
channel conductance of heteromeric channels. Another possi-
bility is that the maximum open probability of heteromeric
channels is increased. From the variance mean plots (Fig. 2),
this maximum open probability can be estimated as Pmax 52 M. Schwake and T. J. Jentsch, unpublished results.

FIG. 1. Macro-patch recordings of oocytes expressing KCNQ2
(A) or co-expressing KCNQ2 and KCNQ3 (B). Voltage clamp traces
from cell attached patches are shown. The voltage was clamped from
160 to 270 mV in steps of 10 mV, followed by a fixed tail potential of
2100 mV (holding potential, 280 mV; sampling rate, 10 kHz, filtered at
5 kHz).
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Imax/N/i, where Imax is the peak inward current immediately
after the voltage step and N and i are the number of channels
and the single channel current, respectively. Again the values
for homomeric KCNQ2 and heteromeric KCNQ2/KCNQ3 were
not significantly different from each other (KCNQ2, 0.61 6 0.1
(n 5 8); KCNQ2/KCNQ3, 0.72 6 0.1 (n 5 21)). The maximal
open probability of KCNQ3 was slightly smaller (0.42 6 0.1
(n 5 7)).

Single Channel Recordings—To corroborate the results from
our noise analysis, amplitude histograms of single channel
events were constructed. Single channels could be observed in
patches containing only a few active channels following deac-
tivation of the majority of channels at late time points of the
hyperpolarizing test pulse. Examples are shown in Fig. 3. For
homomeric KCNQ2 and KCNQ3 channels single channel am-
plitudes (measured at 2100 mV) were quite homogeneous and
agreed well with the results from the noise analysis. For
KCNQ2, we obtained 18.4 6 1.5 pS (range, 16.1–20.8 pS; n 5
12 patches) (Fig. 3B), and for KCNQ3, we obtained 7.4 6 0.7 pS
(range, 6.3–8.6 pS; n 5 13 patches) (Fig. 3C). In contrast, the
current amplitudes of channels obtained from oocytes co-ex-
pressing KCNQ2 and KCNQ3 varied from 8 to 22 pS (n 5 52
patches) (Fig. 3, D–F).This range includes several conductance
levels that were not seen with homomeric KCNQ2 and KCNQ3
channels that are expected to be present (albeit with low fre-
quencies) in these co-injection experiments. The weighted
mean value of these single channel conductances (16.2 6 3.7
pS) was similar to the one obtained by noise analysis.

Surface Expression of Wild-type and Mutant Channel Sub-
units—The large increase in current seen upon co-expressing

both subunits in Xenopus oocytes (more than 10-fold when
compared with homomeric KCNQ2 channels and more than
100-fold when compared with KCNQ3 currents) (7, 10) cannot
be explained by a higher single channel conductance or an
increased open probability of the heteromeric channels. This
leaves the number of active channels at the cell surface as a
possible explanation for the increase in current. We therefore
investigated whether the amount of KCNQ2 at the surface
could be increased by KCNQ3 and vice versa. An extracellular
HA epitope was inserted into KCNQ2 and KCNQ3 (Fig. 4A).
Because there are no large extracellular loops in these proteins,
it was difficult to choose an insertion site. We opted for the loop
between transmembrane domains S1 and S2 to exclude effects
on gating or permeation that may result from insertions be-
tween S3 and S4 (a determinant of voltage-dependent gating)
and between S5 and S6 (which contains the pore loop). How-
ever, the small size of the S1/S2 loop of KCNQ2 and KCNQ3
could have impeded the access of the HA antibody (14). To
avoid this problem, additional amino acids (16 or 17) were
inserted on both sides of the epitope. These amino acids were
taken from the large extracellular loop between D1 and D2 of
the Cl2 channel ClC-5 (18). This loop was used previously as an
insertion site for the HA epitope, leading to functional ClC-5
channels whose surface expression could be monitored with the
HA antibody.2 Expression of these HA-tagged KCNQ con-
structs in Xenopus oocytes led to typical macroscopic currents
whose amplitudes, however, were only 50–70% of WT. Thus,
these insertions do not change the biophysical properties of the
channels but slightly decrease their expression.

The amount of HA epitope at the surface was quantified by

FIG. 2. Noise analysis of KCNQ2 (A),
KCNQ3 (B), and co-expressed
KCNQ2/KCNQ3 (C) channels. The
traces on the left side of each panel repre-
sent the mean current (upper trace) and
the variance around the mean (lower
trace) obtained after repeated voltage
steps to 160 mV, followed by the test
pulse to 2100 mV. These tail currents at
2100 mV were used for noise analysis
(the interval that was analyzed is indi-
cated by the bars above the registrations).
On the right side of each panel, the corre-
sponding variance-mean plots for the
test-pulse current are shown, together
with fits to the equation s2 5 i*I 2 I2/N
(where I is the mean current, i is the
single channel current, and N is the num-
ber of channels (solid lines)). For clarity,
the current in the variance-mean plot has
been scaled by 21. The maximal current
corresponds to the start of the deactivat-
ing pulse, and thus the initial, maximal
open probability that corresponds to the
open probability at the end of the depolar-
izing pre-pulse can be estimated by Pmax
5 Imax/N/i.
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incubating nonpermeabilized oocytes with a monoclonal an-
ti-HA antibody. This was followed by an enzymatic amplifica-
tion procedure that uses chemiluminescence as the final step
(14). KCNQ channels devoid of HA epitopes were used as neg-
ative controls, and overall protein expression was tested by
Western blotting of membranes from the oocytes used for meas-
uring the surface expression. These experiments showed that
both KCNQ2 and KCNQ3 reach the surface when injected
alone (Fig. 4B). The surface expression of KCNQ3 was less than
half of that observed for KCNQ2. This low surface expression,
together with the lower single channel conductance ('7 pS
versus '18 pS for KCNQ2) and the lower open probability
('0.4 versus '0.6) of KCNQ3, explains that KCNQ3 currents
were more than 10-fold lower than those from KCNQ2 (7, 10).

Co-expressing KCNQ2 and KCNQ3 at a 1:1 ratio led to a
large increase in surface expression of both KCNQ2 and
KCNQ3. The surface expression of KCNQ2 increased by about
4-fold upon co-expression with KCNQ3, likewise that of
KCNQ3 increased by more than a factor of 10 (Fig. 4B). These
findings suggest a major role of increased surface expression in
the observed increase in currents upon the formation of het-
eromers. When KCNQ2 and KCNQ3 were co-expressed, the

surface expression of KCNQ2 equaled that of KCNQ3. This is
compatible with a 1:1 stoichiometry.

We next investigated the effect of BFNC-associated muta-
tions on surface expression. KCNQ2(1600ins5bp) is a mutation
found in an Australian family with BFNC (4). It truncates the
KCNQ2 protein in a carboxyl-terminal, cytoplasmic region that
is highly conserved between KCNQ channels (Fig. 4A). Two
other KCNQ2 mutations in BFNC also truncate the protein
prior to or within this region (5). When we expressed HA-
tagged KCNQ2(1600ins5bp) in Xenopus oocytes, we could not
detect any significant surface expression (Fig. 4C, Q2HA(TR)).
Furthermore, this mutant did not enhance the surface expres-
sion of KCNQ3 in co-expression experiments. In contrast,
KCNQ2 missense mutations in either the pore-forming P-loop
(Y284C) or in transmembrane domain S6 (A306T) (5) (Fig. 4A)
only caused a slight decrease in surface expression, while up-
regulating the surface expression of HA-tagged KCNQ3 nearly
as much as WT KCNQ2 (Fig. 4D). The effects of
KCNQ3(G310V), which again changes an amino acid in the
P-loop (Fig. 4A), did not differ from those of WT KCNQ3 (Fig.
4E). G310V is the only KCNQ3 mutation identified so far in
BFNC (6). Western blotting demonstrated that the epitope-
tagged mutant proteins were produced in similar quantities to
the tagged wild-type proteins (Fig. 4, F and G).

DISCUSSION

KCNQ2 and KCNQ3 subunits assemble to form heteromeric
channels that mediate M-type potassium currents (7, 9, 10). In
this study, we have determined single channel conductances
and open probabilities (Popen) of homo- and heteromeric
KCNQ2 and KCNQ3 channels. The mean single channel con-
ductance and the open probability of heteromeric channels
were not significantly different from those of homomeric
KCNQ2 channels, indicating that the increase in currents ob-
served upon co-expressing both subunits in Xenopus oocytes
cannot be explained by an increase in these parameters. Single
channel recordings of Xenopus oocytes co-injected with both
subunits revealed various single channel conductances, which
probably reflect homomeric channels and heteromeric channels
with different subunit stoichiometries. However, the present
experiments do not allow us to correlate single channels with
heteromeric channels of defined composition.

Measurements of surface expression of epitope-tagged homo-
and heteromeric channels revealed that both subunits traffic
much more efficiently to the surface when they are co-ex-
pressed. Thus an increased surface expression is the main
factor leading to larger macroscopic currents upon co-expres-
sion. The roughly 4-fold increase in surface expression of
KCNQ2HA upon co-expression with KCNQ3 suggests an 8-fold
increase in channels at the surface, because homomeric
KCNQ2HA channels have four tagged subunits, whereas on
average heteromeric KCNQ2HA/KCNQ3 channels are likely to
have only two tagged subunits. This assumption is supported
by data suggesting that either KCNQ2HA or KCNQ3HA, upon
expression with the respective untagged partner, display a
similar degree of surface expression, which is compatible with
an overall 2:2 stoichiometry of heteromeric channels (which
almost certainly will form tetramers). The roughly 8-fold in-
crease in the number of channels at the surface compares well
with the observed (7) 10- to 15-fold increase in current observed
upon co-expression under identical experimental conditions.
Because the total amount of cRNA injected in all experiments
remained constant, problems associated with a saturation of
the expression machinery of oocytes were minimized. One fac-
tor that might account for the remaining difference between
the increase in surface expression and the increase in current
could be the insertion of the HA epitope, which decreased

FIG. 3. Typical single channel traces of KCNQ2 (B), KCNQ3 (C),
and co-expressed KCNQ2/KCNQ3 (D–F). Traces on the left were
recorded during deactivating steps at 2100 mV (see panel A; the arrow
indicates the recording period, which began after most channels had
deactivated, leaving only one active channel in the membrane patch).
Bars above the single channel recordings indicate the time scale (50
ms). On the right side, amplitude histograms of the traces together with
a fit of the sum of two Gaussian functions are shown. The traces for
heteromeric KCNQ2/KCNQ3 illustrate the heterogeneity observed for
the single channel amplitude. Traces were filtered at 1 kHz. The indi-
vidual open channel amplitudes for the traces shown are 1.76 pA (A),
0.74 pA (B), 2.1 pA (C), 0.81 pA (D), and 1.63 pA (E). The current scales
apply to both the traces shown on the left and to the histograms on the
right.
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FIG. 4. Surface expression of KCNQ2, KCNQ3, and some of its mutants found in neonatal epilepsy. A, topological model of KCNQ
channels showing the site of insertion of the HA epitope (used to measure surface expression (14), see “Experimental Procedures”) and the BFNC
mutants analyzed in this work. Two of these mutants (G310V (6) and Y284C (5)) change residues in the pore-forming P-loop, A306T (5) affects a
residue in the sixth transmembrane domain, whereas an insertion of 5 base pairs at position 1600 leads to a truncation (labeled TR) (4) of the
channel at the beginning of the conserved cytoplasmic A domain. B, surface expression of epitope-tagged wild-type KCNQ2 and KCNQ3 (labeled
Q2HA and Q3HA, respectively). Oocytes co-injected with KCNQ2 and KCNQ3 not containing the epitope (Q2/Q3) serve as a negative control. Q2HA
is expressed at the surface, as is Q3HA, albeit at lower levels. Co-injection of both subunits leads to a large increase in surface expression for both
Q2HA and Q3HA. C, surface expression of a tagged carboxyl-terminal deletion mutant (KCNQ2(1600ins5bp) (4). Q2HA(TR)) was not significantly
different from negative controls (Q2/3, panel B) and did not stimulate the surface expression of tagged KCNQ3 (Q3HA and Q3HA/Q2(TR)). Also
its surface expression was not stimulated by co-expression with Q3 (compare Q2HA(TR) with Q2HA(TR)/Q3). By contrast, in D the BFNC mutants
Q2HA(Y284C) and Q2HA(A306T) reached the surface nearly as efficiently as Q2HA and stimulated the surface expression of KCNQ3. Further,
their own surface expression was stimulated by KCNQ3. E, the only known BFNC mutant in KCNQ3, G310V, reached the surface as efficiently
as WT and had a similar stimulatory effect on Q2 expression. Columns represent averages from three batches of oocytes, with 5–10 oocytes/batch.
Values are normalized to the surface expression of Q2HA/Q3, which was measured with each batch. Error bars represent standard deviations. F
and G, Western blot analysis of protein expression from epitope-tagged KCNQ2 and KCNQ3 subunits, respectively. The oocytes that were used for
the experiments shown in B–E were pooled and assayed for the overall expression of HA-tagged subunits using the antibody directed against the
HA epitope. The arrow in F denotes the molecular weight of HA-tagged KCNQ2 proteins, and the arrowhead below that represents the weight of
the truncated HA-tagged KCNQ2 protein. The arrow in G indicates HA-tagged KCNQ3. HA-tagged KCNQ2 (second lane from the right) migrates
slightly faster. Note that overall a constant total amount of cRNA has been injected; thus, oocytes co-expressing a tagged and a nontagged subunit
have obtained only half the moles of tagged cRNA.

Surface Expression and Properties of KCNQ2/KCNQ3 Channels 13347



currents to 50–70% of wild type.
M channels in native tissues have a reported single channel

conductance of 7–11 pS in rat sympathetic neurons (19–21)
and cultured CA1-CA3 pyramidal neurons (22). These values
agree well with our estimates for heteromeric KCNQ2/KCNQ3
and homomeric KCNQ2 if one considers that the native chan-
nels were recorded under asymmetric, low extracellular K con-
ditions. In the asymmetric solutions the slope conductance is
expected to be reduced by a factor of about 1.5 at 0 mV when
compared with symmetrical solutions because of the Goldman
rectification (23). In addition, the heterologously expressed
channels displayed a slight instantaneous inward rectification
even under symmetrical potassium concentrations.

Our analysis shows that mutants with a truncated carboxyl
terminus do not reach the surface. In contrast, we demonstrate
that channels having missense mutations in the transmem-
brane block (S1–S6) can assemble to form homo- and hetero-
meric channels that are nearly as efficiently expressed at the
plasma membrane as WT channels. These results agree with
previous electrophysiological analyses. Currents from KCNQ2-
(Y284C) homomeric channels were 30–60% of WT currents (7).
In the absence of a difference in surface expression, this sug-
gested that the channel functions less efficiently. In contrast,
the carboxyl-terminal truncation mutant KCNQ2(1600ins5bp)
did not yield detectable currents (4). However, it is beyond the
scope of the present work to investigate whether the reduced
currents (7) of these missense mutations identified in BFNC
are due to a decrease in Popen or in single channel conductance.

The lack of surface expression of the truncated subunit is
compatible with the notion that the carboxyl terminus is re-
quired for the association of these subunits to form homo- or
heteromeric channels, which in turn is necessary for reaching
the surface. Indeed, the carboxyl termini of all known KCNQ
proteins contain a highly conserved domain (which we propose
to name the “A domain”) (Fig. 4A). It is tempting to speculate
that the A domain is involved in subunit interactions. This
would also explain why a similar truncation in KCNQ1 found
in the recessive Jervell and Lange-Nielsen syndrome (2) does
not lead to a dominant negative effect (24). However, additional
experiments are required to test this hypothesis.

Many ion channels are heteromers of homologous pore-form-
ing subunits or other associated nonhomologous subunits. In
many cases only the correctly assembled channels reach their
target membranes. For instance, although the a-subunit of the
epithelial Na1 channel yields some currents (25), these are
greatly enhanced by co-expressing the homologous b and g
subunits (26). This is primarily due to an increase in surface
expression (27). The ATP-regulated potassium channel KATP is
composed of four Kir6.1 (or Kir6.2) subunits and four sulfony-
lurea receptor subunits. Both types of subunits are necessary
for current expression. Again, co-expression of both subunits is
necessary for trafficking to the surface (14). A novel endoplas-
mic reticulum retention motif (RKR) was identified in the car-
boxyl termini of each subunit and is apparently masked by the
complementary subunit. This leads to an endoplasmic reticu-
lum quality control mechanism that ensures that only correctly
assembled channels reach their final destination (14). Like-
wise, KCNQ proteins, including KCNQ2 and KCNQ3, have
another cluster of positively charged amino acids (KRK) at the

beginning of the A domain. However, extensive mutagenesis of
the Kir6.2 retention signal (14) suggests that this tripeptide
will not serve as an endoplasmic reticulum retention signal.
Furthermore, the requirement for the complementary subunit
is not as strict as with KATP.

In summary, our data show that the increase in current seen
upon co-expression of KCNQ2 and KCNQ3 cannot be explained
by an increase in single channel conductance or in the open
probability of heteromeric channels. Rather, it is due to a more
efficient surface expression of heteromers. These heteromers
may have different stoichiometries as suggested by our single
channel analysis. Differing stoichiometries may increase fur-
ther the molecular diversity of M-type currents and may have
implications for those forms of epilepsy that are due to muta-
tions in KCNQ2 and KCNQ3.
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