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KCNQ2 and KCNQ3 K* channel subunits underlie the musca-
rinic-regulated K* current (I,,), a widespread regulator of neuro-
nal excitability. Mutations in KCNQ2- or KCNQ3-encoding genes
cause benign familiar neonatal convulsions (BFNCs), a rare autoso-
mal-dominant idiopathic epilepsy of the newborn. In the present
study, we have investigated, by means of electrophysiological, bio-
chemical, and immunocytochemical techniques in transiently
transfected cells, the consequences prompted by a BENC-causing
1-bp deletion (2043AT) in the KCNQ2 gene; this frameshift muta-
tion caused the substitution of the last 163 amino acids of the
KCNQ2 C terminus and the extension of the subunit by additional
56 residues. The 2043AT mutation abolished voltage-gated K* cur-
rents produced upon homomeric expression of KCNQ2 subunits,
dramatically reduced the steady-state cellular levels of KCNQ2 sub-
units, and prevented their delivery to the plasma membrane. Meta-
bolic labeling experiments revealed that mutant KCNQ2 subunits
underwent faster degradation; 10-h treatment with the proteasomal
inhibitor MG132 (20 uM) at least partially reversed such enhanced
degradation. Co-expression with KCNQ3 subunits reduced the deg-
radation rate of mutant KCNQ2 subunits and led to their expression
on the plasma membrane. Finally, co-expression of KCNQ2
2043AT together with KCNQ3 subunits generated functional volt-
age-gated K* currents having pharmacological and biophysical
properties of heteromeric channels. Collectively, the present results
suggest that mutation-induced reduced stability of KCNQ2 sub-
units may cause epilepsy in neonates.

Voltage-gated potassium (K*) channels represent the most hetero-
geneous class of ion channels with respect to kinetic properties, regula-
tion, and pharmacology (1). In neuronal cells, voltage-gated K* chan-
nels regulate excitability by controlling action potential duration, sub-
threshold electrical properties, and responsiveness to synaptic inputs.
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Among neuronal K" currents, the muscarinic-regulated K™ current
(Lean)?
repolarizes the neuronal membrane back toward resting membrane
potential (2), thus limiting repetitive firing and causing spike-frequency
adaptation (3). I, is strongly and reversibly suppressed by activation of
phospholipase C-linked G-protein-coupled receptors; receptor-
dependent regulation of I, is a primary mechanism by which neuro-
transmitters and neuromodulators control neuronal excitability (4).

activates slowly during long-lasting depolarizing inputs and

Heteromeric assembly of K™ channel subunits encoded by members of
the KCNQ subfamily, namely KCNQ2 (Q2) and KCNQ3 (Q3), seems to
represent the main molecular substrates of I (5, 6), although KCNQ4
(7) and KCNQ5 (8, 9) may also participate. Interestingly, drug-induced
enhancement of I, by suppressing excessive neuronal activity, exerts
potent anticonvulsant and analgesic effects, thus revealing a novel role
for this K* current as a primary pharmacological target for epilepsy and
pain therapy (3).

The fundamental role played by I, in human epilepsy has received
strong genetic support upon discovery that mutations in either Q2 (10,
11) or Q3 (12) are responsible for benign familiar neonatal convulsions
(BENCs; MIM 121200), a rare autosomal-dominant idiopathic epilepsy
of the newborn. This disease is characterized by the occurrence of mul-
tifocal or generalized tonic-clonic convulsions starting around day 3 of
post-natal life and spontaneously disappearing after a few weeks or
months (13). Although neurocognitive development is normal in most
BENC-affected individuals, 10 —15% of them will experience convulsive
episodes or altered EEG activity later in life (14). Despite this crucial
pathogenetic role for BENC, no genetic association has been detected
between Q2 (15) or Q3 (16) allelic variants and the more conventional
idiopathic human epilepsies.

Until today, about thirty Q2 and three Q3 mutations have been dis-
covered in families affected by BENC (17). Those mutations whose
functional consequences have been investigated (11, 18-20) cause a
small (<25%) reduction in the maximal current carried by the Q2/Q3
channels; only two Q2 mutations caused a more dramatic current
reduction, consistent with a dominant-negative effect (17, 21). A large
fraction of BENC-causing mutations in Q2 are represented by insertions
or deletions leading to changes in the primary sequence of the long
cytosolic C terminus, where relevant sites have been detected for func-

3 The abbreviations used are: I, muscarinic-regulated K™ current; BFNC, benign famil-
iar neonatal convulsion; CTS, centrotemporal spikes; EGFP, enhanced green fluores-
cent protein; CHO cells, Chinese hamster ovary cells; Huh cells, Human hepatoma
cells; ER, endoplasmic reticulum; NEM, N-ethylmaleimide; TEA, tetraethylammonium;
hERG1, Ether-a-gogo-Related Gene-1; pF, picofarad(s); HA, hemagglutinin.
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tional regulation. In fact, specific sequences within this region (the so-
called “subunit interaction domain” or sid) (22) dictate the specificity of
KCNQ subunit assembly and provide sites where other signaling pro-
teins such as calmodulin (23, 24) and protein kinases and kinase-an-
choring proteins (25) interact with KCNQ subunits and modulate chan-
nel activity.

Members of our research team have recently described a Q2 muta-
tion in a patient with BENC who later showed an electroencephalo-
graphic trait characterized by centrotemporal spikes at the age of 3
years; the mutation is an heterozygous 1-bp deletion (2043AT) in Q2
exon 16, leading to the substitution of the C-terminal 163 amino acids
and to the extension of the Q2 subunit by additional 56 residues. Elec-
trophysiological studies in Xenopus oocytes and transiently transfected
mammalian cells revealed that K* channel subunits carrying the
2043AT mutation did not give rise to functional homomeric channels
(26).

In the present study, we have investigated the molecular mechanisms
responsible for the lack of functional voltage-gated K* channel
observed upon expression of Q2 2043AT mutant subunits by means of
a combined biochemical, immunocytochemical, and electrophysiologi-
cal approach in transiently transfected mammalian cells. The results
obtained show that the 2043AT mutation reduced the steady-state cel-
lular levels of Q2 subunits, consequent to a marked enhancement of
their degradation. The 2043AT mutation-induced enhanced degrada-
tion of Q2 subunits seems to occur via the proteasomal disposition
pathway and leads to a drastic reduction of mutant subunits delivery to
the plasma membrane. Furthermore, co-expression with Q3 subunits at
least partially reversed the enhanced degradation caused by the 2043AT
mutation in Q2, leading to the expression of functional heteromeric
channels composed of Q2 2043AT and Q3 subunits in the plasma mem-
brane. Collectively, the present results suggest that mutation-induced
enhanced degradation of Q2 subunits may represent a novel molecular
mechanism causing epilepsy in neonates.

EXPERIMENTAL PROCEDURES

Mutagenesis and Heterologous Expression of KCNQ Subunits—Q2
mutations were engineered in human Q2 ¢cDNA (pTLN-Q2) (11) by
sequence overlap extension PCR with the Pfu DNA polymerase, as
described (25). The original pTLN-Q2 construct was modified to
include additional 94 bp from the 3'UTR of exon 16 (26). To create
fusion proteins between Q2 and enhanced green fluorescent protein
(EGFP), the cDNA encoding for Q2 was modified either at the 5"UTR or
at the 3'UTR, as following. Briefly, to place the EGFP before the N
terminus of the Q2 subunit (EGFP-Q2), an HindIII-NotI cassette of Q2
was generated, encoding for the N-terminal region of the subunit; 7
glutamine (Q) residues were introduced by PCR immediately before the
translation start codon (ATG) to increase protein flexibility, using the
following oligonucleotides: (forward): 5’'-agctcaagcttccagcagcageagceag-
cagcagatggtgcagaagtcgegeaacggeggegtatace-3';  (reverse):  5'-agcege-
geggecgetecageac-3'.

To place the EGFP after the C terminus of the Q2 subunit (Q2-
EGEFP), it was necessary modify the 3'UTR of Q2 cDNA to eliminate the
natural stop codon (TGA) and to introduce the 7 Q linker. These mod-
ifications were made in a Q2 C-terminal cassette (Sall-EcoRI) by PCR
using the following oligonucleotides: (forward): 5'-gagcatgtcgacag-
gcacgge-3'; (reverse): 5'-ccggtgaattectgetgetgetgetgetgetgettectgggee-
cggeecageccacgtcaccaaagg-3'.

PCR products were cloned ina TOPO TA cloning vector (Invitrogen)
and introduced into the pTLN-Q2 construct using the HindIII-NotI
and Sall-EcoRI restriction enzymes, respectively. These Q2 constructs
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(modified at their N- or C-terminal regions) were excised using the
HindIII-EcoRI restriction enzymes and cloned in the EGFP-C2 and
EGFP-N2 vectors from Clontech (Palo Alto, CA), respectively. C-ter-
minal BFNC mutations were introduced by cloning in the EGFP-Q2
fusion protein construct using the BSTXI-EcoRI restriction enzymes
from previously generated Q2-2043AT and Q2-2513AG constructs
(24). DNA sequences were verified using an ABI PRISM 310 sequencing
apparatus (Applied Biosystems, Foster City, CA). The chimeric con-
structs in which an hemagglutinin epitope (HA epitope) was inserted
into Q2 subunits were engineered by cloning a Notl/Pmll fragment
removed from a pTLN-Q2/HA into wtEGFP-Q2 and EGFP-Q2
2043AT constructs (20).

For mammalian cell expression, cDNAs were transfected into Chi-
nese hamster ovary (CHO) and human hepatoma (Huh-7) cells using
Lipofectamine 2000 (Invitrogen), according to the manufacturer proto-
cols. CHO cells were grown in Dulbecco’s modified Eagle’s medium
containing 10% fetal bovine serum, nonessential amino acids (0.1 mm),
penicillin (50 units/ml), and streptomycin (50 pg/ml), in an humidified
atmosphere at 37 °C with 5% CO, in 100-mm plastic Petri dishes. For
electrophysiological experiments, the cells were seeded on glass cover-
slips (Carolina Biological Supply Co., Burlington, NC). All the experi-
ments were performed 1-2 days after transfection.

Cell-surface Biotinylation and Western Blotting—Channel subunits
in total lysates from CHO cells were analyzed by Western blotting as
described (27). Membrane strips were incubated overnight at 4 °C with
mouse monoclonal anti-EGFP antibodies (1:1000 dilution) from Clon-
tech or goat polyclonal anti-KCNQ2 antibodies (1:200 dilution) from
Santa Cruz Biotechnology (sc-7792 and sc-7793, Santa Cruz, CA); reac-
tive bands were detected by chemiluminescence (SuperSignal, Pierce)
on a ChemiDoc station (Bio-Rad). Images were captured, stored, and
analyzed with the Quantity One analysis software (Bio-Rad). An anti-
a-tubulin antibody (Sigma, dilution 1:5000) was used to check for equal
protein loading. When necessary, plasma membrane expression of wild-
type and mutant EGFP-Q2 subunits in CHO cells was investigated by
surface biotinylation of membrane proteins in intact transfected cells
using Sulfo-NHS-LC-Biotin (Pierce), a cell-membrane impermeable
reagent, following the manufacturer’s protocol. Following cell biotiny-
lation and lysis, fraction of cell lysates were reacted with ImmunoPure
immobilized streptavidin beads (Pierce) and analyzed by Western blot-
ting on 6% SDS-PAGE gels. To confirm that the biotinylation reagent
did not leak into the cell and label intracellular proteins, we stripped and
reprobed the same blots with mouse anti-a-tubulin antibodies (1:2000
dilution).

Metabolic Labeling, Preparation of Cell Extracts, Immunoprecipita-
tion, SDS-PAGE, and Quantitative Analysis—All of the procedures
were performed as described previously (28). To quantify the relative
amounts of immunolabeled or radioactively labeled bands after immu-
noblotting or pulse-chase labeling, respectively, the autoradiographic
films were analyzed with the Image program (NIMH, National Insti-
tutes of Health, Bethesda, MD).

Immunofluorescence Analysis—CHO and Huh-7 cells were grown on
glass coverslips and manipulated for indirect immunofluorescence as
previously described (29). Cells were observed under an Axiophot
microscope or with an LSM 510 confocal laser scanning microscope
(Carl Zeiss, Jena, Germany).

In the experiments shown in Fig. 7, to enhance detection of plasma
membrane-specific signals related to KCNQ2 subunits in non-perme-
abilized cells, specimens were first incubated with a primary mouse
monoclonal antibody anti-HA (Roche Applied Science, 1:200 dilution),
then with a secondary polyclonal rabbit anti-mouse antibody (Vector
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FIGURE 1. Functional characterization of fusion
proteins between EGFP and KCNQ2 subunits. A, A
patch clamp recordings from CHO cells trans-
fected with the plasmids encoding for EGFP alone,
EGFP plus Q2, or EGFP-Q2 or Q2-EGFP fusion pro-
teins. Holding potential: —80 mV; step potentials
from —80 to + 20 mV, in 10 mV steps; return
potential: —60 mV (the protocol is shown in the
inset). B, quantification of the current densities
recorded from the four experimental groups. In
this and the following figures, current densities
were calculated by dividing the peak current at the
end of the +20 mV pulse by the membrane capac-
itance in each recorded cell. Each bar is the
mean * S.E. of 12-26 cells recorded from at least
three different transfections. C, conductance-volt-
age curves for the homomeric channels com-
posed of Q2, EGFP-Q2, and Q2-EGFP subunits (see
“Experimental Procedures” for details); D, Western
blot analysis on total cell lysates from control CHO
cells, or from cells transfected with the plasmids
encoding for Q2, EGFP, or EGFP-Q2. Expression of
fusion constructs with EGFP was detected using a
monoclonal antibody against EGFP. The image
shown is representative of five experiments, each
giving similar results. Note the faint expression of
smaller MW bands (<45 kDa), most likely related
to EGFP, in cell lysates from EGFP-Q2-tranfected
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Laboratories Inc., Burlingame, CA, 1:200 dilution), and finally with a
tertiary Texas red-conjugated polyclonal goat anti-rabbit antibody (the
Jackson ImmunoResearch, West Groove, PA, 1:200 dilution).

Electrophysiology—Currents from CHO cells were recorded at room
temperature (20-22 °C) using a commercially available amplifier (Axo-
patch 200A, Axon Instruments, Foster City, CA). The whole cell con-
figuration of the patch clamp technique was adopted using glass
micropipettes of 3—5 M() resistance. No compensation was performed
for pipette resistance and cell capacitance. The cells were perfused with
an extracellular solution containing (in mm): 138 NaCl, 2 CaCl,, 5.4 KCl,
1 MgCl,, 10 glucose, and 10 HEPES, pH 7.4, with NaOH. The pipettes
were filled with an intracellular solution of the following composition
(in mm): 140 KCl, 2 MgCl,, 10 EGTA, 10 HEPES, 5 Mg-ATP, 0.25 mMm
cAMP, pH 7.3-7.4, with KOH. The pCLAMP (version 6.0.4, Axon
Instruments) software was used for data acquisition and analysis.

Data Analysis and Statistics—Conductance-voltage curves were
generated by a voltage protocol in which the cell was first depolarized
for 3 s to voltages from —70 mV to +40 mV, in 10-mV increments,
followed a 750-ms pulse to a constant voltage of 0 mV (or —60 mV in
some experiments). The currents recorded at the beginning of the sec-
ond pulse were measured, normalized to the maximal value, and
expressed as a function of the preceding voltages. The data were fit to a
Boltzmann distribution of the following form: y = max/(1 + exp(V, —
V)/k), where V'is the test potential, V7, the half-activation potentials, k
the slope, and ‘max’ the maximal amplitude for the Boltzmann dis-
tribution. For each recorded cells, the capacitance of the membrane
was calculated according to the following equation: C,, = 7, -
I,/AE (1 —I_/I,), where C,, is membrane capacitance, 7. is the time
constant of the membrane capacitance, [, is maximum capacitance
current value, AE,, is the amplitude of the voltage step, and I, is the
amplitude of the steady-state current. Current amplitude data are
expressed as current densities (picoamperes/picofarads or pA/pF).
Data are expressed as the Mean * S.E. Statistically significant differ-
ences between the groups were evaluated with the Student’s ¢ test
(p < 0.05).
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RESULTS

Functional Characterization of Fusion Proteins between EGFP and
KCNQ2 Subunits—Fig. 1A shows representative traces of macroscopic
K™ current recordings from CHO cells transfected with the cDNA
encoding for fusion proteins in which the EGFP was placed at the N
terminus (EGFP-Q2), or at the C terminus (Q2-EGFP) of the Q2 sub-
unit, as compared with those of CHO cells transfected with the plasmid
encoding for EGFP (EGFP) or co-transfected with EGFP and Q2 plas-
mids (EGFP + Q2). Both fusion constructs gave rise to K" currents
significantly larger than EGFP-transfected control cells, although the
currents recorded from Q2-EGFP-trasfected cells were smaller than
those recorded from EGFP-Q2-transfected cells (Fig. 1B). Analysis of
the gating properties of homomeric channels composed of these fusion
proteins revealed that the midpoint potentials (Vi,) and the slopes (k) of
the activation curves were, respectively, —29.3 = 1 mV and 11.4 * 0.8
mV/e-fold for Q2 (n = 11), —33.2 = 0.5 mV and 9.3 = 0.4 mV/e-fold for
EGFP-Q2 (n = 9), and —19.0 = 0.4 mV and 12.4 = 0.3 mV/e-fold for
Q2-EGFP (n = 5) (Fig. 1C). Therefore, when compared with homo-
meric Q2 channels, homomeric channels composed of Q2-EGFP sub-
units display a statistically significant (p < 0.05) 10-mV positive shift in
the voltage dependence of activation; by contrast, no gating differences
were apparent between homomeric EGFP-Q2 and Q2 channels.

Fig. 1D shows the results of a Western blot experiment performed
48 h post-transfection on total cell lysates from control CHO cells, or
from cells transfected with the plasmids encoding for Q2, EGFP, or
EGFP-Q2. Expression of EGFP was detected using a monoclonal anti-
body against EGFP; this antibody revealed a main band in EGFP-Q2-
tranfected cells having a molecular mass (~130 kDa) that closely
matched that predicted for the EGFP-Q2 fusion protein. Densitometric
quantification of this band in untransfected, Q2-transfected, and EGFP-
transfected CHO cells gave values of 2 = 1%, 1 * 1%, and 4 = 2% of that
obtained in EGFP-Q2-transfected cells (# = 3). A protein band having a
similar molecular mass of ~130 kDa was also detected in cell lysates
from EGFP-Q2-transfected cells when antibodies against N- or C-ter-
minal epitopes of Q2 subunits were used (data not shown).
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Electrophysiological and Biochemical Analysis of KCNQ2 C-terminal
Mutations Expressed Homomerically—To investigate the functional
consequences of the 2043AT mutation in Q2, we incorporated this
mutation into the EGFP-Q2 fusion construct (EGFP-Q2 2043AT). In
addition, we also generated an EGFP fusion construct reproducing the
sequence of another previously described BENC-causing Q2 mutation,
namely a deletion of a G at position 2513 (EGFP-Q2 2513AG); this
frameshift mutation led to the substitution of the last seven C-terminal
amino acids of Q2 and to the incorporation of the same additional 56
residues incorporated by the 2043AT mutation (19).

Electrophysiological analysis of these two fusion constructs after
24—48 h post-transfection revealed that the EGFP-Q2 2043AT muta-
tion failed to give rise to functional voltage-gated K™ channels; on the
other hand, EGFP-Q2 2513AG mutant subunits were able to produce
significant amounts of K* currents, although these were smaller than
those recorded from EGFP-Q2-transfected cells (Fig. 2, A and B).

Western blot experiments, performed with an anti-EGFP mono-
clonal antibody in cell lysates from wild-type- and 2043AT EGFP-Q2-
transfected CHO cells at various times post-transfection (6, 12, 24, 34
and 48 h), revealed that the steady-state levels of EGFP-Q2 2043AT
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subunits were markedly reduced when compared with wild-type Q2
subunits at all times post-transfection (Fig. 3, A and B). After normal-
ization to the maximum of the intensity values of the data shown in Fig.
3B for both EGFP-Q2 and EGFP-Q2 2043AT subunits, it was found that
the cellular content of EGFP-Q2 mutant subunits declined faster than
that of wild-type subunits with increasing times post-transfection (Fig.
3C). In fact, in the 24 —34 h post-transfection interval, EGFP-Q2 subunit
content decreased by <30%, whereas that of EGFP-Q2 2043AT mutant
subunits was reduced by >70% (Fig. 3C). Similar data were also
obtained when primary antibodies directed against an epitope in the
N-terminal region of KCNQ2 subunits were used (data not shown).
Interestingly, also EGFP-Q2 subunits carrying the 2513AG mutation
showed a decreased expression at all time points, although the effect was
not as dramatic as that shown for the 2043AT mutation; in three sepa-
rate time-course experiments, the intensities of the bands correspond-
ing to EGFP-Q2 2513AG subunits was 41.5 = 3.6% of those of wild-type
EGFP-Q2 subunits 48 h post-transfection (p < 0.05).

Effect of the 2043AT Mutation on KCNQ2 Subunit Stability—Several
mechanisms might have been responsible for the dramatic reduction in
the steady-state expression of EGFP-Q2 2043AT mutant subunits when
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FIGURE 4. Pulse-chase analysis of wild-type EGFP-Q2 and EGFP-Q2 2043AT mutant
subunit stability. A, representative images from autoradiographic films of experiments
in CHO cells transfected with the indicated plasmids; metabolic labeling was performed
for 30 min (60 min in some experiments) 24 h post-transfection, followed by chase times
of 1,2,4,and 12 h. The data shown are representative of five separate experiments, each
giving comparable results. B, densitometric quantification of the bands corresponding
to EGFP-Q2 or EGFP-Q2 2043AT from data such as those shown in A, normalized to the
value at times 0 (no chase times). Each data point is the mean * S.E. calculated from five
separate experiments.

compared with EGFP-Q2 subunits. Interestingly, fluorescent-activated
cell sorter experiments revealed that the percent of CHO cells showing
EGFP fluorescence above background was similar after transfection
with EGFP-Q2 or EGFP-Q2 2043AT plasmids (33.4 = 5.3% versus
29.3 * 2.5%, respectively, n = 4; p > 0.05), ruling out possible differ-
ences in transfection efficiency as a possible explanation for the differ-
ences in subunit expression previously described in Western blot exper-
iments. Furthermore, similar expression levels of EGFP-Q2 and
EGFP-Q2 2043AT subunits were detected in an in vitro transcription-
translation assay using reticulocyte lysates (data not shown). To directly
test the hypothesis that the 2043AT mutation caused Q2 subunits to
undergo faster degradation, as also suggested by the data of Fig. 3B,
pulse-chase experiments in transiently transfected CHO cells were per-
formed to compare the rate of disappearance of EGFP-Q2 2043AT sub-
units with that of EGFP-Q2 subunits. The results of these experiments
revealed that the half-life of EGFP-Q2 subunits carrying the 2043AT
mutation was 0.6 = 0.1 h, four times shorter than that of wild-type
EGFP-Q2 subunits (2.4 = 0.2 h, n = 4, p < 0.05) (Fig. 4, A and B). Similar
data were also observed in CHO cells stably transfected with wild-type
and mutant constructs, suggesting therefore that the observed differ-
ence could not be accounted for by the transient transfection procedure
(data not shown). Closer inspection to the data of Fig. 44 also showed
that, at time 0 (when the cells were lysed immediately after the 30-min
metabolic labeling pulse), the difference in intensity of the bands corre-
sponding to EGFP-Q2 2043AT and EGFP-Q2 subunits was much less
pronounced when compared with that revealed by the Western blot
data of Fig. 3; this result seems consistent with the hypothesis that the
shorter half-life of EGFP-Q2 2043AT subunits is largely responsible for
the marked decrease in steady-state levels of these mutant subunits
when compared with EGFP-Q2 subunits.

To investigate the possible involvement of the proteasomal degrada-
tive pathway in the enhanced degradation of Q2 subunits prompted by
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the 2043AT mutation, we used the proteasomal inhibitor MG132 in
Western blot experiments in CHO cells transfected with plasmids
encoding for EGFP-Q2 or EGFP-Q2 2043AT subunits. Treatment with
MG132 (20 uM) between 24 and 34 h post-transfection fully reversed
the marked decrease of EGFP-Q2 2043AT subunits, whereas it did not
affect the expression level of EGFP-Q2 subunits (Fig. 5, A and B).
Noticeably, treatment of Q2 2043AT-transfected cells with MG132
failed to recover a significant fraction of functional voltage-gated K*
channel subunits at the plasma membrane; in fact, the K™ current den-
sity recorded at +20 mV from CHO cells transfected with the EGFP-Q2
2043AT plasmid and treated with MG132 was 1.28 = 0.24 pA/pF (n =
12), a value that did not differ from that recorded in control EGFP-
transfected cells (0.70 = 0.21 pA/pF, n = 12).

Immunocytochemical Analysis of Wild-type and Mutant KCNQ2
Subunit Expression—To verify whether EGFP-Q2 2043AT subunits
underwent an altered cellular processing, the subcellular distribution of
these mutant subunits, as well as that of EGFP-Q2 2513AG subunits,
was investigated by confocal immunofluorescence microscopy and
their expression pattern was compared with that of EGFP-Q2 subunits.
To this aim, we analyzed human hepatoma Huh-7-transfected cells,
which are more flat and extended and thus more suitable for confocal
analysis, and CHO cells (29). As shown in Fig. 64, the majority of tran-
siently expressed EGFP-Q2 subunits was distributed intracellularly and
co-localized with the endoplasmic reticulum (ER) resident protein cal-
reticulin. This is similar to what has been described in native neurons,
where Q2 subunits are abundantly present in intracellular compart-
ments (30, 31). Little EGFP-Q2 subunits were localized in the Golgi
complex, as indicated by the lack of co-localization with the Golgi
marker GM-130 (Fig. 6B). This result may suggest fundamental differ-
ences between the cellular processing of Q2 subunits and the K chan-
nels subunits encoded by the human Ether-a-gogo-Related gene 1
(hERG1), which have been shown to interact with GM-130 in biochem-
ical, morphological, and functional studies (32). Closer inspection to the
data revealed a weak but convincing cell-surface labeling only in EGFP-
Q2-transfected cells (as indicated by the arrows). In contrast,
EGFP-Q2 2043AT subunits appeared not to be present on the cell
surface and were mostly located in enlarged sub-regions of the ER
(Fig. 6, A and B). Overall, the spatial organization of the ER in
EGFP-Q2 2043AT-expressing cells appeared more irregular in com-
parison to EGFP-Q2-expressing cells or to untransfected cells (see
calreticulin panels in Fig. 64). A similarly altered distribution pat-
tern, although less dramatic, was also observed with the EGFP-Q2
2513AG subunits (Fig. 6, A and B). Similar subcellular distribution
patterns were obtained in CHO cells transfected with the same three
plasmids (data not shown).

To improve the detection of plasma membrane-specific signals
related to KCNQ2 subunit expression in non-permeabilized cells in
immunocytochemical experiments, we engineered a cDNA con-
struct whose expression led to the synthesis of EGFP-Q2 subunits,
which carried an extracellular HA epitope (EGFP-Q2/HA). Homo-
meric assembly of EGFP-Q2/HA subunits gave rise to macroscopic
K" currents identical in size and gating properties to those of the
EGFP-Q2 subunits (Fig. 7A), suggesting therefore that the insertion
of the HA epitope did not grossly alter subunit function. Further-
more, EGFP-Q2/HA subunit surface expression could be detected in
transiently transfected CHO cells with a biochemical approach using
biotinylation of membrane proteins (Fig. 7B). In addition, confocal
immunofluorescence analysis showed an HA-related signal due to
EGFP-Q2/HA subunits expression on the plasma membrane of non-
permeabilized cells (Fig. 7C). Noticeably, the distribution of this

VOLUME 281+-NUMBER 1-JANUARY 6, 2006

020z ‘sz Afenige4 uo 1senb Aq /610 oql-mmmy/:dny wody papeojumoq


http://www.jbc.org/

Decreased KCNQ2 Subunit Stability and BFNC

A

FIGURE 5. Effect of the proteasomal inhibitor
MG132 on EGFP-Q2 and EGFP-Q2 2043AT sub-
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FIGURE 6. Intracellular distribution of wild-type
and mutant EGFP-Q2 subunits in Huh-7 cells.
Parallel cultures of Huh-7 cells grown on coverslips
were transiently transfected to express the indi-
cated EGFP-Q2 subunits. 24 h post-transfection
the cells were fixed and processed for single sec-
tion confocal immunofluorescence analysis. Bar, 5
um. CRT, calreticulin. The arrows in panel A
(EGFP-Q2 expressing cells) point to the plasma
membrane.

surface signal appeared, for the most part, to be distinct from that of
the EGFP-related fluorescence, which was mostly distributed intra-
cellularly (Fig. 7C). On the other hand, EGFP-Q2/HA subunits car-
rying the 2043AT mutation were detected in total lysates (although
reduced when compared with wtEGFP-Q2/HA subunits; Fig. 7B) but
tested negative for voltage-gated K™ currents (Fig. 74), and surface
expression in both biotinylation assays (Fig. 7B) and immunofluo-
rescence confocal analysis (Fig. 7C). As expected, permeabilization
of CHO cells transfected with both EGFP-Q2/HA and EGFP-Q2/HA
2043AT plasmids revealed an intense intracellular signal with
anti-HA antibodies whose distribution coincided with that of the
EGFP-related signal (data not shown).
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Heteromeric Expression of Wild-type and Mutant KCNQ2 Subunits
with KCNQ3 Subunits—Co-expression of Q2 and Q3 subunits generate
macroscopic currents much larger than those expected from simple
summation of homomeric Q2 or Q3 currents. As shown in Figs. 8 (4
and B), co-transfection of CHO cells with EGFP-Q2 and -Q3 plasmids
led to a marked increase in macroscopic currents, suggesting that cova-
lent linkage of the EGFP onto Q2 N terminus did not interfere with
Q3-induced current potentiation. Interestingly, co-expression of Q3
and EGFP-Q2 2043AT subunits led to the appearance of detectable
macroscopic voltage-gated K* currents, whose amplitude, although
smaller than that of EGFP-Q2/Q3 heteromers, was clearly above back-
ground and significantly different from homomeric currents formed by
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FIGURE 7. Electrophysiological, biochemical,
and morphological analysis of wt and mutant
EGFP-Q2/HA subunits. A, patch clamp recordings
from CHO cells transfected with the plasmids
encoding for wtQ2-EGFP/HA and EGFP-Q2/HA
2043AT fusion proteins. Holding potential: —80
mV; step potentials from —100 to + 40 mV, in
20-mV steps; test potential: 0 mV; return potential:
—80 mV (the protocol is shown in the inset). B,
Western blot experiments performed in total
lysates (Total) or streptavidin-purified biotinylated
plasma membrane proteins (Surface), from
untransfected CHO cells (lanes 1) or from CHO cells
transfected with the EGFP-Q2/HA (lanes 2) or the
EGFP-Q2/HA 2043AT plasmid (/anes 3). Note that
the absence ofimmunoreactivity to the intracellu-
lar protein a-tubulin (lower blot) suggests that
plasma membrane proteins were selectively iso-
lated by the biotinylation procedure. C, single sec-
tion confocal analysis of non-permeabilized CHO
cells transiently transfected with EGFP-Q2/HA and
EGFP-Q2/HA 2043AT plasmids. Immunolabeling
was performed as described under “Experimental
Procedures.” In EGFP-Q2/HA-transfected cells, but
not in cells expressing EGFP-Q2/HA 2043AT sub-
units, please note peripheral staining of mem-
brane surface with anti-HA antibodies, as opposed
to the EGFP fluorescence mostly located intracel-
lularly. Bar, 5 pwm.
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Q3 subunits. Interestingly, also the co-expression of EGFP-Q2 2513AG
with Q3 subunits led to the expression of larger currents when com-
pared with those formed by either subunits in homomeric configuration

(Fig. 8, A and B).

FIGURE 8. Expression of C-terminal BFNC-caus-
ing KCNQ2 mutants in heteromeric configura-
tion with KCNQ3 subunits. A, representative
patch clamp recordings from CHO cells trans-
fected with the plasmids indicated. Holding
potential: —80 mV; step potentials from —80 to
+20 mV, in 20-mV steps; return potential: 0 mV. B,
quantification of the current densities recorded
from the experimental groups indicated. Each bar
is the mean = S.E. of 10-28 cells recorded from at
least three different transfections. C, Western blot
analysis of wild-type or mutant EGFP-Q2 subunit
expression in isolated plasma membrane fractions
from CHO cells transfected with EGFP-Q2,
EGFP-Q2 2043AT, or EGFP-Q2 2513AG in the
absence or in the presence of Q3, as indicated.
Fusion proteins were detected using an anti-EGFP
monoclonal antibody.

Western blot experiments in plasma membrane fraction isolated
after 24 h of transfection from CHO cells expressing EGFP-tagged Q2
wild-type or mutant subunits alone or together with Q3 subunits

revealed that Q3 subunits expression doubled the steady-state amount
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FIGURE 9. Pharmacological and biophysical
characterization of the currents recorded in

CHO cells expressing different combinations of A 7] 4 EGFP-Q2 B EGFP-Q2 Q3 EGFE‘QZ Ezchq-p:]-BT?
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Holding potential: —80 mV; test potential 0 mV. C,
TEA blockade of the currents recorded from cells
transfected with the plasmids encoding for I:[ Q3
EGFP-Q2 (filled bars), Q3 (empty bars), EGFP-Q2 100
plus Q3 (fine hatched bars), and EGFP-Q2 2043AT
plus Q3 (thick hatched bars), as indicated. TEA sen-
sitivity is expressed as percent of blockade of the
currents recorded at 0 mV by perfusion for 3 min
with 3 or 10 mm TEA, as indicated. Each data point
is the mean =+ S.E. of at least five different cells per
experimental group. D, voltage dependence of
activation of the currents recorded from cells
transfected with EGFP-Q2 (filled triangles), Q3
(filled squares), EGFP-Q2 plus Q3 (filled circles), and
EGFP-Q2 2043AT plus Q3 (filled diamonds), as indi-
cated. Conductance-voltage curves were gener-
ated as indicated under “Experimental Proce-
dures.” Each data point is the mean = S.E. of 7-12
cells recorded for each group in 3 different
transfections.
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of wild-type EGFP-Q2 subunits (Fig. 8C). More importantly, plasma
membrane expression of EGFP-Q2 2043AT subunits, which was not
detectable when expressed in homomeric configuration, became
detectable in heteromeric configuration with Q3. Interestingly, plasma-
membrane expression of EGFP-Q2 2513AG subunits was also
enhanced upon Q3 co-transfection (Fig. 8C).

When compared with homomeric Q3 channels, heteromeric
channels incorporating both Q2 and Q3 subunits acquire an
increased sensitivity to pharmacological modulation by activators
such as N-ethylmaleimide (NEM) (33), and blockers such as tetra-
ethylammonium (TEA) (5). To investigate whether functional het-
eromeric channels underlie the macroscopic K* currents recorded
in cells co-transfected with Q3 and EGFP-Q2 2043AT plasmids, we
investigated the pharmacological sensitivity to NEM and TEA of the
currents recorded upon CHO cell expression of different subunit
combinations. As shown in Fig. 94, 100 um NEM potently increased
the macroscopic K* currents carried by homomeric EGFP-Q2 sub-
units, which, after 10—15 min of drug superfusion, were about 5
times larger than before NEM application; by contrast, 100 um NEM
failed to affect the maximal amplitude of the current carried by
homomeric Q3 channels. Moreover, K* currents generated upon
EGFP-Q2 plus Q3 co-transfection displayed an intermediate sensi-
tivity to 100 um NEM. Interestingly, macroscopic currents recorded
from cells expressing both EGFP-Q2 2043AT and Q3 subunits dis-
played an NEM sensitivity comparable to that of heteromeric EGFP-
Q2/Q3 channels, clearly distinct from Q3 homomeric channels (Fig.
9A). Fig. 9B shows representative K™ current traces recorded at 0 mV
from the four experimental groups before and after 100 um NEM
exposure. In addition, blockade by 3 and 10 mM TEA of the currents
recorded from cells co-transfected with both EGFP-Q2 2043AT and
Q3 plasmids was markedly enhanced when compared with that of
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cells expressing only Q3 subunits; in fact, TEA sensitivity of the
currents recorded from cells transfected with EGFP-Q2 2043AT and
Q3 plasmids was indistinguishable from that of cells transfected with
EGFP-Q2 and -Q3 plasmids (Fig. 9C).

Finally, when Q2 subunits were expressed in homomeric or hetero-
meric configurations, the resulting K™ currents displayed a rightward
shift in the midpoint potential and a less steep voltage dependence of the
activation process when compared with those formed by homomeric
Q3 channels. In CHO cells transfected with both EGFP-Q2 2043AT and
Q3 plasmids, the voltage dependence of activation of the macroscopic
currents was identical to that of heteromeric EGFP-Q2/Q3 channels
and clearly distinct from that of homomeric Q3 channels (Fig. 9D). In
fact, the Vi, and the k values for the activation curves were, respectively,
—35.7 = 0.4 mV and 7.8 = 0.3 mV/e-fold for EGFP-Q2/Q3 (n = 9),
—35.3 = 0.2 mV and 7.1 = 0.2 mV/e-fold for EGFP-Q2 2043AT/Q3
(n=7),and —45.9 = 0.2 mV and 5.5 * 0.2 mV/e-fold for homomeric
Q3 channels (1 = 11).

To investigate whether Q3 subunits interfered with the stability of
wild-type and mutant EGFP-Q2 subunits, we compared, by means of
pulse-chase experiments, the rate of degradation of EGFP-Q2 and
EGFP-Q2 2043AT subunits when expressed together with Q3 subunits
(Fig. 10). The results of these experiments revealed that co-expression
with Q3 subunits significantly reduced the degradation rate of
EGFP-Q2 2043AT subunits; in fact, the half-life of EGFP-Q2 subunits
carrying the 2043AT mutation went from 0.6 = 0.1 h in the absence of
Q3 subunits to 1.6 = 0.3 h when co-transfected with Q3 subunits (# =
3, p < 0.05). Interestingly, Q3 subunits failed to affect the stability of
EGFP-Q2 subunits; the half-life calculated from these experiments was
2.2 * 0.4 h, a value that was similar to that obtained without Q3 subunit
co-expression (2.4 * 0.2 h) (n = 3, p > 0.05).
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FIGURE 10. Pulse-chase analysis of the effect of Q3 subunit co-expression on wild-
type EGFP-Q2 and EGFP-Q2 2043AT mutant subunit stability. Representative
images from autoradiographic films of experiments in CHO cells transfected with the
indicated plasmids; metabolic labeling was performed for 30 min (60 min in some exper-
iments) 24 h post-transfection, followed by chase times of 1, 2, 4, and 12 h. The data
shown are representative of three separate experiments, each giving comparable result.

DISCUSSION

The aim of the present study has been to clarify the molecular
mechanism by which a BFNC-causing a single-base deletion
(2043AT) in the gene encoding for Q2 subunits decreased I, func-
tion (26). The results obtained suggest that the 2043AT mutation
reduces the steady-state cellular levels of Q2 subunits as a conse-
quence of a marked enhancement of their degradation possibly
occurring via the proteasomal disposition pathway. Furthermore,
mutant Q2 subunits display a drastic reduction of their delivery to
the plasma membrane. Co-expression with Q3 subunits at least par-
tially reverses the enhanced degradation caused by the Q2 2043AT
mutation, leading to the expression of functional heteromeric chan-
nels. Collectively, the present results suggest that mutation-induced
enhanced degradation of Q2 subunits may represent a novel molec-
ular mechanism causing epilepsy in neonates.

Functional Consequences of the EGFP-Q2 2043AT Mutation: Homo-
meric Expression—When the mutant protein was fused to the EGFP
(EGFP-Q2 2043AT) and expressed in homomeric configuration in
mammalian CHO cells, it failed to form functional channels, as previ-
ously shown for homomeric Q2 2043AT subunits expression in non-
fusion constructs in CHO cells and Xenopus oocytes (26). Furthermore,
Western blot analysis in isolated plasma-membrane fractions from
transfected CHO cells failed to detect significant expression of the
mutant protein and also revealed a marked decrease in the steady-state
protein levels in total cell lysates analyzed at various times post-trans-
fection. Pulse-chase experiments showed that, when expressed in
homomeric form, EGFP-Q2 2043AT mutant subunits were degraded
four times faster than wild-type EGFP-Q2 subunits; thus, a mutation-
induced increased subunit disposal is at least in part responsible for the
strong decrease of the steady-state content of EGFP-Q2 2043AT sub-
units in the total cell lysates.

Noticeably, these experiments provide a measure of wild-type Q2
half-life (2.4 h) that is within the ranges observed for some other ion
channels subunits such as K 1.1 (5 h) (34), hERG1 (8 h) (35), hIK1
(3.2h) (36), and B and 7y subunits of the amiloride-sensitive epithelial
sodium channels (2 h) (37). Although most of these data have been
obtained in heterologous expression systems, it has been speculated
that these relatively short half-lives (when compared with other
membrane proteins) provide greater flexibility for modulation and
allow the cells to keep channel expression low in native tissues
(34).

Mutation-induced altered regulation of protein degradation is a well
known cause of disease. The present results with the Q2 2043AT muta-
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tion bear some resemblance with those obtained with other disease-
associated mutant proteins. In fact, cystic fibrosis transmembrane reg-
ulator chloride channel subunits carrying the AF508 mutation, the most
common genetic defect causing cystic fibrosis in humans, have been
shown to undergo an accelerated degradation as a consequence of a
misfolding defect recognized by the ER quality control systems (38).
Misfolded proteins undergo disposal by ER-associated degradation,
being retro-translocated from the ER into the cytosol, where they may
undergo proteasomal degradation (39); AF508 subunits appear to be
mostly disposed via ER-associated degradation (40), although other
non-proteasomal proteolytic systems may also contribute to their deg-
radation. Similarly, the dominant-negative effects of the A561V muta-
tion in hERG1 K" channels causing the inherited arrhythmia known as
Long QT syndrome (LQTS-2) have been interpreted as a consequence
of the ability of the mutant subunits to misfold assembling tetramers
and to target them for early proteasomal degradation (35). Noticeably,
the structural requirements for proteasomal degradation seem to be
very stringent, as also suggested by the recent observation that different
mutations in the voltage-sensing S, region may target K 1.1 subunits to
proteasomal or non-proteasomal disposal pathways (41). Our observa-
tion that the strong reduction in the steady-state levels of Q2 subunits
carrying the 2043AT mutation, prompted by the enhanced subunit deg-
radation, can be reversed by the proteasomal inhibitor MG132,
raises the possibility that proteasomal disposition pathways may be
an important mechanism for degradation of Q2 subunits carrying
C-terminal mutations. This degradation mechanism seems to be
specifically triggered by the mutation, because proteasomal inhibi-
tion failed to interfere with the disposal of wild-type Q2 subunits.
However, it should be noticed that, even after exposure to MG132,
the total cellular content of EGFP-Q2 2043AT subunits was still
much lower than that of wild-type EGFP-Q2 subunits, and voltage-
gated K" currents could not be recorded in electrophysiological
experiments. These results suggest an extreme complexity of the
molecular machinery controlling subunit surface expression. Never-
theless, the results obtained allow us to hypothesize that, in addition
to permeation or gating defects affecting normally assembled chan-
nels (42), a reduced Q2 subunit stability also involving proteasomal
degradation represents a novel pathogenetic mechanism for BENC.
Interestingly, the 2043AT mutation here investigated affects the dis-
tal part of the Q2 C terminus, a region where several BENC-causing
mutations cluster (17).

Functional Consequences of the EGFP-Q2 2043AT Mutation: Hetero-
meric Expression—Expression of Q2 with Q3 subunits produces a large
increase in macroscopic current size, as also revealed by the present
experiments upon co-expression of EGFP-Q2 and -Q3 subunits. This
effect cannot be entirely accounted for by an increase of the single chan-
nel conductance or of the opening probability of the heteromeric chan-
nels (43), but also involves an enhanced surface expression of subunits
(20, 44). In analogy to other heteromeric K* channels (45), it has been
proposed that this enhanced expression may be due to yet unknown ER
retention or export signals that may be hidden or uncovered by the
interaction of Q2 and Q3 subunits. Intriguingly, while EGFP-Q2
2043AT mutant subunits failed to express on the plasma membrane and
to form functional channels when expressed homomerically, the simul-
taneous expression with Q3 subunits allowed EGFP-Q2 2043AT
mutant subunits to be detected on the plasma membrane. Furthermore,
co-expression of EGFP-Q2 2043AT with Q3 subunits led to the appear-
ance of significant voltage-gated macroscopic K™ currents; these cur-
rents displayed a pharmacological sensitivity to the cysteine-modifying
reagent NEM (33) and to the pore-blocked TEA (5) identical to those of
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heteromeric channels composed of EGFP-Q2 and Q3 subunits. In addi-
tion, the voltage dependence of activation of the K™ currents recorded
from CHO cells co-expressing EGFP-Q2 2043AT and Q3 subunits was
shifted toward more positive potentials when compared with that of
homomeric channels composed of Q3 subunits; similar results were
also observed in heteromeric channels composed of Q2 and Q3 sub-
units (42, 43). Altogether, the present results suggest that heteromeric
channels composed of EGFP-Q2 2043AT and Q3 subunits are func-
tional, thus providing support to the hypothesis that EGFP-Q2 2043AT
mutant subunits fail to give rise to functional channels in homomeric
configuration mainly as a consequence of an impaired subunit process-
ing leading to a dramatic reduction of their export to the plasma mem-
brane. Q3 subunits seem to at least partially restore the impaired proc-
essing of EGFP-Q2 2043AT subunits, as also revealed by the ability of
Q3 subunits to increase the Q2 2043AT subunits half-life in pulse-chase
experiments.

An highly conserved C-terminal domain in KCNQ-type subunits, the
subunit interaction domain or sid (22, 46), corresponding to the region
between amino acids 528 and 623 of the Q2 sequence, has been pro-
posed to mediate the subunit specificity of KCNQ channel assembly
and, possibly, the resulting enhanced expression of heteromeric chan-
nels. Our results show that the 2043AT mutation, which occurs at a site
in Q2 C terminus downstream of the sid domain, allows the interaction
between mutant Q2 and Q3 subunits, therefore supporting the hypoth-
esis that this domain mediates the interaction between KCNQ-type
subunits, which leads to the heteromeric current enhancement. Fur-
thermore, the ability of Q3 subunits to rescue the mutation-induced
enhanced degradation of Q2 2043AT subunits suggests that the inter-
action between Q2 and Q3 subunits is an early step in the biogenesis of
Q2/Q3 heteromers and occurs before the ER-mediated misfolding rec-
ognition. This result bears an obvious relevance for the physiology of
Iiw which is thought to be primarily underlied by heteromeric assem-
bly of these two subunits (5). Furthermore, the fact that Q2 2043AT
subunits failed to exert dominant-negative effects when expressed with
Q2/Q3 subunits (26) suggests haploinsufficiency as the primary mech-
anism for I, deficit and BENC pathogenesis in the affected family.

Genotype-Phenotype Correlations—The present results might pro-
vide clues on the genotype-phenotype correlations for some of the atyp-
ical clinical or electroencephalographic features associated in some
families with BENC. In fact, the proband affected by the 2043AT muta-
tion in Q2 developed a centrotemporal spike trait at the age of 3 years,
well before the mean age of appearance of 7 years in families not affected
by BENC (26); in another recently described mutation in Q2 C terminus
(1931AG), located close to the 2043AT mutation, the age of remission
(12-18 months) was delayed when compared with most BENC patients
(3—6 months) (47). On the other hand, the more distal 2513AG muta-
tion in Q2 produced less dramatic functional consequences, because
patients affected by this mutation only showed classic BENC, with no
atypical clinico-electrophysiological features after the BENC symptoms
disappeared (19). Therefore, one might speculate that Q2 mutations
affecting more distal sites in the C terminus prompt less dramatic con-
sequences on neuronal excitability, being thus associated with milder
clinical phenotypes.
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