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Neutralization of a negative charge in the S1-52 region
of the Ky7.2 (KCNQ2) channel affects voltage-dependent
activation in neonatal epilepsy
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The voltage-gated potassium channels Ky7.2 and Ky 7.3 (genes KCNQ2 and KCNQ3) constitute
a major component of the M-current controlling the firing rate in many neurons. Mutations
within these two channel subunits cause benign familial neonatal convulsions (BFNC).
Here we identified a novel BFNC-causing mutation (E119G) in the S1-S2 region of Ky7.2.
Electrophysiological investigations in Xenopus oocytes using two-microelectrode voltage
clamping revealed that the steady-state activation curves for E119G alone and its coexpressions
with Ky 7.2 and/or Ky 7.3 wild-type (WT) channels were significantly shifted in the depolarizing
direction compared to Ky7.2 or Ky7.2/Ky7.3. These shifts reduced the relative current amplitudes
for mutant channels particularly in the subthreshold range of an action potential (about 45%
reduction at —50 mV for E119G compared to Ky7.2, and 33% for E119G/Ky7.3 compared to
Ky7.2/Ky7.3 channels). Activation kinetics were significantly slowed for mutant channels. Our
results indicate that small changes in channel gating at subthreshold voltages are sufficient
to cause neonatal seizures and demonstrate the importance of the M-current for this voltage
range. This was confirmed by a computer model predicting an increased burst duration for
the mutation. On a molecular level, these results reveal a critical role in voltage sensing of the
negatively charged E119 in S1-S2 of Ky7.2, a region that — according to molecular modelling —
might interact with a positive charge in the S4 segment.
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The KCNQ gene family encodes five voltage-gated K*
channels, recently classified as KV7.1-Ky7.5 (Gutman
etal. 2005). All K7 subunits can assemble into functional
homomeric potassium channels (Jentsch, 2000).
Ky7.2-Ky7.5, and probably in particular heteromeric
Ky7.2/Ky7.3 channels constitute a major component of
the M-current, a slowly activating and deactivating K*
current which can be suppressed by the activation of
muscarinic acetylcholine receptors (Brown & Adams,
1980; Wang et al. 1998). Since neuronal KV7/M-type K*
channels activate near the threshold of action potential
firing without significant inactivation, they can regulate
neuronal excitability by antagonizing repetitive firing of
neurons during persistent depolarizing inputs in many
neurons of the peripheral and central nervous system
(Delmas & Brown, 2005).
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Mutations in four of the five KCNQ genes lead to
inherited diseases of heart muscle, the inner ear or the
brain, depending on the different expression patterns of
the respective channels (Lehmann-Horn & Jurkat-Rott,
1999; Jentsch, 2000). Mutations in KCNQ2 or KCNQ3
cause benign familial neonatal convulsions (BENC)
(Biervert et al. 1998; Charlier et al. 1998; Singh et al. 1998;
Jentsch, 2000; Steinlein, 2004; Lerche et al. 2005), which is
characterized by frequent unprovoked seizures typically
beginning within the first days of life and resolving
after weeks to months. Patients usually have a normal
psychomotor development, but learning disabilities or
delayed speech development have been observed in a
few individuals (Ronen et al. 1993), and recently also
unfavourable outcomes with mental retardation have been
described (Borgatti ef al. 2004; Steinlein et al. 2007).
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Most of the BENC mutations were identified in
KCNQ2 (Fig.1B) and a few in KCNQ3. They reside
predominantly in the pore region or the C-terminus
(Lerche et al. 2005). Functional analyses of many BFNC-
causing mutations have demonstrated a large (generally
>90%) reduction of the maximum K* current of
homomeric mutant subunits without a dominant-
negative effect as the main molecular dysfunction,
suggesting a mechanism of haploinsufficiency to be
responsible for the phenotype (Biervert et al. 1998;
Charlier et al. 1998; Schroeder et al. 1998; Singh et al.
1998; Lerche et al. 1999, 2005; Steinlein, 2004). However,
a few mutations with a dominant-negative effect have
been described, two of them causing peripheral nerve
hyperexcitability with or without BENC (Dedek et al. 2001;
Singh et al. 2003; Wuttke et al. 2007)

Here, molecular genetic analysis in a BFNC family
revealed a novel KCNQ2 mutation, E119G, which resides
in the S1-S2 extracellular loop of the channel, a protein
region which has not been associated with mutations so
far (Fig. 1B). Biophysical analysis provided evidence for an
important function of E119 in voltage sensing, similar to
negative charges in the S2 segment of Shaker K channels
(Papazian et al. 1995). Furthermore, our results provide
a human model pointing to the importance of this ion
channel for the regulation of neuronal firing properties at
subthreshold voltages.
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Methods

Subjects

All patients and their unaffected relatives (or their
legal representatives) gave written informed consent to
participate in the study. All studies conformed to the
standards set by the Declaration of Helsinki, and all
procedures were approved by the Ethical Committee of
the University of Ulm, Germany. All available family
members were interviewed in person or by telephone by an
experienced paediatrician (JP), and epilepsy histories were
documented and corroborated by other family members,
except for I-2.

In the three-generation Caucasian family (Fig. 1A4),
individual I-2 (51 years old) was reported to be seizure
free on a medication with valproic acid since a generalized
tonic-clonic seizure 4 years ago, except for one additional
seizure when she reduced the medication. No further
details of her epilepsy could be obtained. Individual II-2
(32 years old) presented with epileptic seizures with an
onset on postnatal day 2 or 3. The seizure semiology
was not well remembered by the patient’s parents. Epileptic
seizures of individual II-3 (26 years old) were recurring
during several weeks with an onset on postnatal day 3
and presented with screaming, followed by generalized
stiffness with slight cloni of all extremities, cyanosis
and tonic upward movement of the eyes. Episodes were
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Figure 1. Pedigree, BFNC-causing mutations within the Ky7.2 subunit and evolutionary conservation of

E119

A, pedigree with clinical and genetic status. +/m: individuals carrying the A—G356 (E119G) mutation. Unaffected
individuals are displayed with open symbols, affected ones with filled symbols. B, schematic view of a Ky7.2
subunit depicting all mutations that have been described so far as white symbols (Borgatti et al. 2004; Lerche
et al. 2005). E119G is marked by a black symbol. C, E119 is located within the S1-S2 loop of Ky7.2 and is
conserved in the orthologous Ky 7.2 protein of human, mouse and rat. Analogous amino acids are marked in bold.
GenBank accession numbers from top are: AY889405, AF490773, AF087453, AF071491, AY114213, AF105216,

AF249278.
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self-terminating within 2 min. For individual ITI-1 (9 years
old), a first episode with cyanosis and self-limiting cloni
involving all four extremities was reported on postnatal
day 5. It was followed the next day by three more
episodes with generalized cloni which were accentuated
on the right-hand side. For individual III-2 (7 years old),
seizures started on postnatal day 3 with brief cloni of the
right upper extremity and cyanosis of her lips, followed
by a second identical episode after 1.5h. Furthermore,
seven generalized motor seizures with cyanosis and cloni
were described for postnatal days 4 and 5. Convulsions
lasted between 0.5 and 3 min and ceased spontaneously.
Patient ITI-3 (almost 6 years) presented with a brief clonus
involving both upper extremities on postnatal day 3 and
with episodes of apnoea and cyanosis accompanied by
generalized motor seizures on postnatal day 4. All affected
individuals, except I-2, were treated with phenobarbital
from the day of the first seizure for a period of 1 week up
to 3 months. None of them experienced further seizures
after discontinuation of the medication, except individual
II-3 who experienced several recurrent seizures after
discontinuation at the age of 3 months requiring a further
3 months of treatment.

The psychomotor development of all affected
individuals was normal. The adults (I-2, II-2, II-3) all
finished normal school within regular time. I-2 has been
working on the family farm, II-2 was trained as a hair
dresser and is now caring for her children, and II-3 is
working as a trained saleswoman in a butchery. III-1 and
II-2 are going to regular primary school and had good
reports. I1I-3 is entering regular primary school this year.

Mutation analysis

Blood samples were obtained from all six affected family
members and DNA was extracted by standard methods.
In a candidate gene approach the coding regions and
exon—intron boundaries of KCNQ2 were PCR amplified
using previously published PCR primers (Singh et al
2003). Gel-purified products were sequenced on an ABI
3100 automated sequencer. Patient sequences and those
of controls were compared to published sequences for
KCNQ2 (GenBank, NM_172107).

Mutagenesis and RNA preparation

Site-directed mutagenesis was used to introduce the amino
acid exchange E119G in the KCNQ cDNA cloned in
the pTLN vector. The insertion of the mutation was
verified by automated DNA sequencing. Plasmids were
digested with the MIul restriction enzyme to linearize
the DNA. Linearized plasmids were in vitro transcribed
using the SP6 mMessage mMachine kit (Ambion Inc.,
Austin, TX, USA) resulting in capped cRNA. Purity was
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checked by gel electrophoresis. Concentration was verified
by spectrophotometry.

Oocyte preparation and injection

All procedures met the National Institutes of Health
guidelines for the care and use of laboratory animals and
were approved by the Regierungspraesidium Tuebingen,
Germany. Female Xenopus laevis frogs were anaesthetized
with Tricaine (0.1%; Sigma, Deisenhofen, Germany) and
placed on ice to maintain anaesthesia. Oocytes were
obtained surgically and immediately treated for 2 h with
collagenase (2mgml™! of type CLS III, Biochrom KG,
Berlin, Germany) in OR2-solution (mm: 82.5 NaCl, 2.5
KCl, 1MgCl, and 5 Hepes, pH 7.6) in order to remove
follicular structures. Defolliculated oocytes were stored
at 16°C in frog Ringer solution (mm: 115 NaCl, 2.5
KCl, 1.8 CaCl, and 10 Hepes, pH7.4) supplemented
with 50 ugml™' gentamycin (Biochrom KG). Diluted
cRNA 10-20 ng was injected into each oocyte within 24 h
after preparation. Electrophysiological recordings were
performed 3 days after injection.

Electrophysiology and data evaluation

Potassium currents were recorded using standard
two-microelectrode voltage clamping, a Turbo TEC01C
amplifier (npi electronic GmbH, Tamm, Germany) and
pCLAMP data acquisition (Axon instruments, Union
City, CA, USA), as previously described (Lerche et al.
1999). Frog Ringer solution (see above) was used as the
bathing solution for all recordings. Recording electrodes
were filled with 3 M KCl and had a resistance of 0.3—1 M.
Currents were low-pass filtered at 0.3 kHz and sampled
at 1 kHz. Oocytes were clamped to a membrane potential
of —80 mV followed by depolarizing 10 mV steps up to
+20mV. Tail currents were recorded at —30 mV and
their amplitudes analysed to obtain conductance—voltage
plots. Data were analysed using pCLAMP 6 with
Microsoft Excel, and Origin 6.1 (OriginLab Corp.,
Northampton, MA, USA) software. A Boltzmann
equation was fitted to conductance—voltage relationships:
e (V) =1/(1 4+ exp[(V — Vg5)/k]), with I/T,,x being
the initial normalized tail current amplitude, V5 the
voltage of half-maximal activation and k a slope factor.
Time constants of activation and deactivation were
obtained by fitting a first order exponential function to
the rising phase of the current traces or to the tail current
decay. For statistical evaluation two-tailed, unpaired
Student’s ¢ test was applied (P < 0.05 was considered to
be significant). All data are shown as means + s.E.m.
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One compartment model for neuronal firing

We implemented a computer model of a one compartment
excitable cell according to Golomb et al. (2006). The model
comprises the following active currents: voltage-gated
sodium (Iy,) and calcium (I¢,) current, delayed rectifying
(Ipr), A-type (In), M-type (Iy), calcium-dependent
(Ic) and afterhyperpolarizing potential (Iyp) potassium
current. In contrast to the original model, our Iy, also
has a slow inactivation gate (Spampanato et al. 2004).
The M-current is described by a Hodgkin—Huxley type
model, with KCNQ/M-channels having one closed and
one open state. Then the M-current is given by the
following equation:

Iy = guz> (V — Vi),

with gy =1pScm™? being the maximal M-current-
mediated conductance and Vx=—-91mV being the
potassium equilibrium potential. V is the membrane
potential and z the gating variable of M-channels; z is
defined by the following differential equation:

dz
E=0€z(1—2)—,3z23
with
—(V—=Va,)

? 1— e*(vaaz)/Ka;

o, =& and B, = /BAZe*(V*‘/ﬁf)/KﬁZ
being the forward and backward rates, respectively.

The time constant, 7,, and the steady-state value, z,
are given by:

1 o,
and 7o = ——.
T e+ B

T, =
) a(’ + ﬂz
z2, represents the steady-state activation curve.

To obtain the parameters &, Bz, Vo> Vg, Ko, and
Kpg,, the functions 7, and z,, were simultaneously
fitted to the normalized data points, describing (i) the
T,q—voltage and 74.,—voltage relationships and (ii) the
conductance—voltage relationship, by minimizing the sum
of x?. We used the data derived from the coexpression
experiments of Ky7.2 and Ky7.3. The results of the fit
parameters are given in Table 2. All simulations were
realized with Matlab V 7.3 (The MathWorks Inc., Natick,
Massachusetts, USA).

Generation of a Ky7.2 transmembrane model

The putative position of E119G was estimated using
molecular modelling. We generated a homology model
of the S1-S6 domains of Ky7.2 (NM_172107) based on
the X-ray coordinates of the Ky1.2 K channel crystal
structure (PDB ID 2A79; Long et al. 2005). At first we
generated a model for segments S4-S6 using classical
homology modelling based on amino acid similarities
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between Ky 7.2 and Ky1.2. Since the published structural
coordinates of Ky1.2 do not provide coordinates of side
chains from transmembrane segments S1-S3 and the
respective linkers, we generated a peptide chain encoding
the amino acids 80-325 of Ky7.2 de novo. We assigned an
a-helical structure to putative transmembrane domains
S1-S3. Using the residues glycine and proline as potential
kinking points and the positions of the Ky 1.2 S1-S3 helices
as a framework, we were able to position the putative
Ky7.2 transmembrane segments similarly to the o-helices
of the Ky1.2 structure. This was achieved by several
manual adaptations each followed by energy optimization
steps. Force fields used for energy minimizations were
GROMOS96 (Deep View/Swiss PDB viewer) and AMBER
(BALLVIEW1).

Results
Molecular genetic analysis

Sequence analysis of KCNQ2 of all affected patients
revealed a heterozygous point mutation (A356G)
predicting the amino acid substitution of glycine for
glutamate at position 119. This mutation was excluded
in 96 normal controls by direct sequencing. E119 is
located within the S1-S2 extracellular loop of Ky7.2 and
is evolutionarily conserved in the orthologous mouse and
rat Ky7.2 channels (Fig. 1B and C).

Electrophysiology

Ky7.2 and Ky7.3 WT channels and the E119G mutation
were heterologously expressed alone or in various
combinations in Xenopus laevis oocytes and functionally
characterized using a standard two-microelectrode voltage
clamp method. Oocytes were depolarized from a
holding potential of —80mV in 10mV steps up to
+20mV followed by a pulse to —30 mV to record tail
currents (Fig.2A). Steady-state activation curves were
constructed by analysing tail current amplitudes. The
conductance—voltage relationship was significantly shifted
towards depolarized voltages for E119G compared to
Ky7.2 WT channels (Fig. 2B), resulting in a reduction of
the normalized current amplitudes in the subthreshold
range of an action potential between —50 and —30 mV.
At —50mV a highly significant reduction by 45% was
observed (P < 0.0001, Table 1). The voltage dependence
of the kinetics of activation was shifted by approximately
+10mV with a slower activation time course for the
mutant channel for potentials between —40mV and
430 mV (Fig. 2C), whereas the deactivation kinetics were
not significantly changed (Fig. 2D).

To mimic the heterologous condition in a patient
carrying one normal and one mutated allele, we also
performed coexpressions of E119G with Ky7.2 channels.
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The depolarizing shifts of both the steady-state activation
curve and the kinetics of activation (for potentials between
—50 mV and +10 mV) were verified to occur also for the
coexpression compared to Ky7.2 channels expressed alone,
when the same total amount of cRNA was injected in
al:1ratio (Fig. 2Band C). Since heteromeric Ky7.2/Ky7.3
channels may represent a common correlate of the
M-current within the mammalian brain, we additionally
evaluated the functional consequences of the E119G
mutation for heteromeric conditions with Ky, 7.3 channels.
Co-expressions with the same total amount of injected
cRNA of E119G with Ky7.3 in a 1:1, and E119G with
Ky7.2and Ky7.3ina 1:1:2 ratio (to mimic the situation
in an affected individual carrying 1 mutant KCNQ2, 1
WT KCNQ2 and 2 WT KCNQ3 alleles) were compared
toa 1: 1 coexpression of Ky7.2 and Ky7.3 WT channels.
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Compared to the data for the homomeric expressions,
the results were generally similar but less pronounced.
Conductance—voltage curves were still significantly shifted
yielding a reduction of the relative current amplitudes at
subthreshold voltages for both coexpressions compared
to WT channels (Fig. 3A and Table 1). At —50 mV, the
relative amplitudes were reduced by 33% (P < 0.01) and
19% (P < 0.05) for E119G/Ky7.3 and E119/Ky7.2/Ky7.3
compared to Ky7.2/Ky7.3 channels, respectively. Also the
activation time constants (7 ,.) were significantly increased
(Fig. 3B), whereas the deactivation kinetics were not
significantly different, although there was a trend towards
a slightly faster deactivation for the mutant channel
(Fig. 3C).

To estimate if there could be additional changes
in surface expression induced by the mutation, we
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Figure 2. Functional analysis of homomeric and heteromeric Ky7.2 WT and mutant channels

A, representative raw current traces for Ky7.2 WT and E119G mutated channels. Currents were elicited
from a holding potential of —80 mV by depolarizations ranging from —80 to +20mV in 10 mV steps,
followed by a pulse to —30 mV to obtain tail currents. B, conductance-voltage curves were constructed by
plotting the normalized tail current amplitude recorded at —30 mV against the membrane potential. Lines
represent standard Boltzmann functions fitted to the data points. Parameters were as follows: Ky7.2 (n = 12):
Vos=-407+09mV, k=-84+03mV, E119G (n=18): Vo5=-364+0.6mV, k=-82+03mV,
E119G/Ky7.2 (n=5): Vg5 =—-33.9+08mV, k=—-8.1+0.2mV (P < 0.001 for Vg5 for both conditions with
mutant channels versus WT). Inset: representative current traces at —50 mV, normalized to the maximal current
amplitude at +10 mV, illustrating the difference of current amplitudes. C, time constants of activation (zact) for
Kv7.2, E119G and the E119G/Ky 7.2 coexpression were obtained by fitting a first order exponential function to the
rising part of each current trace. Values for 7t were plotted against voltage, revealing an about 10 mV rightward
shift of the voltage dependence of activation of E119G (n = 20) in comparison to Ky7.2 (n = 21). Activation time
constants were significantly different for potentials between —40 mV and 30 mV (=40 mV and 20 mV: P < 0.01;
—30mV to 10 mV: P < 0.001; 30 mV: P < 0.05). For the coexpression of E119G/Ky7.2 channels (n =5), the
difference from WT Ky7.2 channels reached statistical significance for potentials between —50 mV and 10 mV
(=50 mV to =30 mV: P < 0.001; =20 mV and =10 mV: P < 0.01; 0 mV and 10 mV: P < 0.05). D, time constants
of deactivation (zgeact) Of Ky7.2 (n=9) and E119G (n = 11) were evaluated by fitting a first order exponential
function to the tail current decay at different potentials after a 1.5 s lasting depolarizing pulse to +50. Values
for Tgeact Were plotted against voltage and did not show a significant difference for potentials ranging between
—140 mV and —100 mV. All data are shown as means = S.E.M.
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Table 1. Comparison of normalized current amplitudes in the subthreshold range of an
action potential

Channel Normalized current amplitude

—50 mVv —40 mV —-30 mV
Ky7.2 0.22 £ 0.02 0.52 +0.03 0.75+0.02
E119G 0.12 £ 0.01 (****) 0.39 + 0.02(***) 0.68 + 0.02(*)

E119G/Ky7.2
Ky7.2/Ky7.3
E119G/Ky7.3
E119G/Ky7.2/Ky7.3

0.08 £ 0.01 (***)
0.21+0.01
0.14 £ 0.02 (**)
0.17 £ 0.01 (%)

0.32 £+ 0.02(***)
0.49 £+ 0.02
0.38 £ 0.02(**)
0.43 +0.01(*)

0.62 £ 0.02(**)
0.72 +£0.02
0.64 £ 0.02 (*)
0.68 & 0.02 (n.s)

Normalized current amplitudes, derived from the activation curves as shown in Figs 2
and 3, of Ky7.2 (n=12), E119G (n = 18), Ky7.2/Ky7.3 (n=12) and coexpressions of
E119G/Ky7.2 (1:1 ratio) (n =5), E119G/Ky7.3 (1: 1 ratio) (n =8) or E119G/Ky7.2/Ky7.3
(1:1:2 ratio) (n=10) are compared at subthreshold voltages (—50, —40 and —30 mV).
A significant reduction of relative current amplitudes was observed for the homomeric
E119G channel and for heteromeric channels harbouring the E119G mutant in comparison
to Ky7.2 or Ky7.2/Ky7.3 WT channels, respectively. Data are shown as mean =+ s.e.Mm.,
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*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

evaluated absolute current amplitudes at the end of a 2 s
depolarization to 0 mV, a potential at which a plateau in the
conductance—voltage relationship was reached (compare
Figs 2B and 3A). Up to three different batches of oocytes
were injected with cRNAs coding for WT or mutant
channels as monomers or in different combinations. To
pool data from different experiments, amplitudes were
normalized to the mean one of Ky7.2 or Ky7.2/Ky7.3
that were injected and recorded in parallel with the
mutation. Normalized relative amplitudes ranged between
0.7 and 1.8 for Ky7.2 and between 0.1 and 1.7 for
E119G revealing a broad overlap of data points (Fig. 4).
The pooled data from three batches of oocytes revealed
a slight but significant decrease for the amplitudes of
E119G versus Ky7.2 (P < 0.01). However, this potential
mutational effect was not present in any of the coexpression
experiments (Fig. 4). In contrast, the depolarizing shift in
the voltage dependence of activation and the reduction of
relative current amplitudes at subthreshold voltages were
consistently found in all of the experiments.

Discussion
Clinical data and pathogenicity of the E119G mutation

Here we identified a novel KCNQ2 mutation found in a
three generation BFNC family with six affected members.
The obtainable clinical information on individual I-2
was not sufficient to diagnose BENC (no history of the
neonatal period available), but she had two generalized
tonic clonic seizures and carried the mutation so that she
can be considered as affected. All other affected individuals
presented with an age of onset and seizures typical for
BFNC, and psychomotor development was normal in all

six affected members, thus reflecting a mild phenotype
in this family. The disease status completely cosegregated
with the mutation indicating a full penetrance.
Furthermore, the mutation affected a conserved residue
(Fig. 1B and C) and was not found in a large number
of normal controls, so that even without considering the
functional data, there is substantial evidence to consider
the mutation as disease-causing.

Our electrophysiological investigations showed rather
subtle changes of channel gating when compared to other
mutations in KCNQ2 causing BENC. We found a slight
depolarizing shift in steady-state activation and a minor
slowing of the activation time course. However, both
alterations were consistently found in various coexpression
experiments to be statistically significant, so that they have
to be considered as real changes due to the mutation. In
contrast, there was no evidence for a consistent reduction
in maximal current amplitudes, as reported for most of
the other BENC mutations (Biervert et al. 1998; Schroeder
etal. 1998; Lerche et al. 1999; Dedek et al. 2001; Singh et al.
2003; Steinlein, 2004; Lerche et al. 2005).

Genotype-phenotype correlations in BFNC

As we observed a mild clinical phenotype combined
with subtle electrophysiological changes, the question
arises whether the increasingly observed unfavourable
outcomes with mental retardation (Borgatti et al. 2004;
Steinlein et al. 2007) are associated with a stronger loss of
function of M-channels. Borgatti et al. (2004) described
a mutation with a similar but more pronounced shift
of the activation curve, and Steinlein et al. (2007) noted
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Figure 3. Functional analysis of heteromeric Ky7.2/Ky7.3 WT
and mutant channels

A, conductance-voltage curves as described in Fig. 28 for
coexpressions of Ky7.2/Ky7.3, E119G/Ky7.3 and E119G/Ky7.2/Ky7.3
channels. cRNA was injected in eithera 1:1ora1:1:2 ratio. Lines
represent standard Boltzmann functions fitted to the data points.
Parameters were as follows: Ky7.2/Ky7.3 (n = 12):
Vos=-39.4+07mV, k=-9.3+05mV, E119G/Ky7.3 (n = 8):
Vos5=-357+07mV(P<0.01), k=-9.6+09mV,
E119G/Ky7.2/Ky7.3 (n =10): Vo5 = —37.4 £ 0.5 mV (P < 0.05),
k=-9.14+0.5mV. B, time constants of activation (z ) for
Ky7.2/Ky7.3 (n=12), E119G/Ky7.3 (n = 9) and E119G/Ky7.2/Ky7.3
(n = 12) channels were obtained as described in the legend to Fig. 2.
Activation kinetics were slowed for most of the potentials for
E119G/Ky7.3 (=10 mV to 10 mV: P < 0.05; 20 mV to 60 mV:

P < 0.01) and for E119G/Ky7.2/Ky7.3 (=50 mV: P < 0.05; —30 mV to
10 mV: P < 0.01; 20 mV to 40 mV: P < 0.001; 50 mV and 60 mV:

P < 0.0001) in comparison to Ky7.2/Ky7.3 channels. C, time constants
of deactivation (tgeact) Of Kv7.2/Ky7.3 (n = 5) and E119G/Ky 7.3

(n = 6) were evaluated as described in the legend to Fig. 2 and were
not significantly different. All data are shown as means =+ s.e.Mm.
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that mutations associated with mental retardation were
mainly located in the functionally important S5-S6
region (a functional analysis was not performed in this
study). On the other hand, mutations causing a > 90%
reduction in Ky7.2-mediated current amplitude (when
this subunit is expressed alone) are also associated with
a good outcome in most cases. Two mutations within
the voltage sensor (R207W, R207Q), which induce a
very strong slowing and depolarizing shifts of activation
with a dominant-negative effect on WT channels, may
be the most severe mutations described from an electro-
physiological point of view. They are the only mutations
causing peripheral nerve hyperexcitability, either with or
without BFNC (Dedek et al. 2001; Wuttke et al. 2007). Two
of five individuals (however, genetically identical twins)
carrying the most severe R207W mutation have mild
learning disabilities (Dedek et al. 2001). Thus, mutations
with a more severe electrophysiological phenotype might
have a tendency to be more often associated with mental
retardation, but more solid data with long-term outcomes
are necessary to confirm this hypothesis. Other, yet
unkown genetic factors could also be responsible for a poor
outcome.
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Figure 4. Comparison of maximal current amplitudes

Maximal current amplitudes were analysed after a depolarization
lasting 2 s to 0 mV from a holding potential of —80 mV. To pool
recordings from different experiments, amplitudes were normalized to
the mean value of the amplitudes of Ky7.2 or Ky7.2/Ky7.3 that were
obtained after simultaneous injections and recordings in parallel to the
other clones. Co-expressions of the mutation with Ky7.2 or Ky7.3
were obtained by injection of a constant total amount of RNA in a
1:10r1:1:2ratio in Xenopus oocytes. Two to three different
batches of oocytes were injected. Normalized amplitudes ranged
between 0.4 and 1.8 for Ky7.2 (n = 21) and between 0.1 and 1.7 for
the E119G mutation (n = 20) revealing a broad overlap of data points.
Pooled data from all batches exhibited a 34% decrease of the mean
value of current amplitudes compared to the WT (P < 0.01). However,
a reduction of the current amplitude could not be confirmed for either
heteromeric E119G/Ky7.2 (n = 5) compared to Ky7.2, or
E119G/Ky7.3 (n = 9) and E119G/Ky7.2/Ky7.3 (n = 6) compared to
Ky7.2/Ky7.3 channels (n = 12). Data are shown as single data points
for each oocyte and as means =+ s.e.m.
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Structure-function considerations suggesting a
possible interaction of S1-S2 with S4

These molecular findings suggest the involvement of
the S1-S2 region of the Ky7.2 channel (probable
location of the mutation according to a recent structural
model of a mammalian Ky channel (Long et al. 2005)
and the sequence homologies shown in Fig.1C) in
voltage-dependent gating. More specifically, as alterations
of the voltage dependence of activation or the time
constants of activation are mostly attributed to a
modulation of the voltage sensor (Dedek et al. 2001;
Castaldo et al. 2002; Hackos et al. 2002; Yellen, 2002;
Zhao et al. 2004), the question of a possible interaction
between S1-S2 and the voltage sensor S4 arises. Negatively
charged residues deep within S2 have been shown to
interact with positively charged residues of S4 voltage
sensors (Papazian et al. 1995; Zhang et al. 2007), but no
such interactions have been proposed thus far for residues
located in the adjacent extracellular S1-S2 region. The
presence of another BFNC-causing mutation in Ky7.2,
S122L, which is located just three residues apart from
E119 and which shows very similar biophysical changes
of voltage-dependent activation to E119G (Hunter et al.
2006), may indicate that both S122 and E119 face in the
same direction of an « helix and interact with S4.

NM 172107, hKCNQ2
8SERPRIWAFIYHAYVFLLVFSCLVLSVFSTIKEYEKSSEJALYILEIVTIVVEVEYFVRI

WAAJCCCRYRWRE B

MIRMDRRJJITWKLLJSVVYAHSKELY
WGLITLTTIGYGDKYPQTWNGRLLAATET

Figure 5. Structural model of the Ky7.2 channel
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Table 2. Simulation parameters for the M-current

Symbol Unit Kv7.2/7.3  E119G/Ky7.2/Ky7.3
&z mv-1s-1 0.239 0.247
Vi, mvV —40.6 —25.9
Ke, mv 7.8 10.2
B, 51 1.243 1.084
Vs, mvV —52.4 —49.8
Kg, mv 31.3 25.5

Results of curve fittings as described in Methods.

To further estimate the position of residues E119
and S122 relative to the S4 segment, we generated a
three-dimensional model based on sequence homology
for segments S4-S6 and assuming a structural similarity
of segments S1-S3 of Ky 7.2 with the published coordinates
of Ky 1.2 (Fig. 5, Long et al. 2005). Whereas the model can
be expected to be relatively robust in the S4-S6 region
due to the high sequence homology, it is based on a series
of assumptions in the S1-S3 region. The assumptions
for model generation of S1-S3 are (i) the putative trans-
membrane domains are a-helices, (ii) the transmembrane
domains have a similar position as the transmembrane
«-helices in the solved Kyl1.2 structure, and (iii) the
positioning is further determined by the physico-chemical

B NVFATSALRSLRFLQILR
/LAEKGENDHFDTYADALW
' OEQHR325

> FEALPAG sSGEALL

Ky7.2 channels were generated based on the coordinates of Ky1.2 (PDB ID 2A79; Long et al. 2005). The trans-
membrane segments S1-54 of one subunit are coloured (S1 (yellow), S2 (orange), S3 (red), S4 (pink) and the pore
domain of the adjacent subunit (S5 (green), selectivity filter/pore helix (light blue), S6 (blue)). A, overview of 4
subunits. B and C, magnifications show the putative positions of the residues E119 and S122 in the outer S1
segment and their possible electrostatic interaction or formation of hydrogen bonds with R201 in S4 in top view
and side view. Residues E119, S122 and R201 are shown in stick representation (CPK colour code) and putative
electrostatic interactions or h-bonds are depicted as green dashed lines. The sequence of Ky 7.2 is given underneath
using the same colours as in the structural model for transmembrane segments. Residues E119, $S122 and R201
are printed in bold and underlined. Residues in S1-S4 used to provide flexibility to the model are underlayed in

grey.
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nature of the linkers and helices (most importantly by the
linker length, as defined by the amino acids between two
a-helices, and by prolines and glycines providing flexibility
and kinks to the structure). These assumptions represent
known limitations of the generated model. Based on this
model we find the positions of residues E119 and S122
in the outer end of SI in close proximity to S4 and S5.
Particularly, both residues are predicted to be positioned
closely to the positively charged arginine R201 of the S4
voltage sensor suggesting either electrostatic interactions
or the formation of hydrogen bonds between the respective
residues E119/5122 and R201.

These data are consistent with the experimental findings
of this and our previous study (Hunter et al. 2006) showing
that both mutations E119G and S122L induce similar
changes in the voltage dependence of activation. However,
due to the hypothetical nature of our model such specific
interactions remain speculative and have to be interpreted
with caution.

Implications of subtle subthreshold changes
in M-channel gating

It has been previously suggested that the M-current is
involved in the fine regulation of the neuronal membrane
potential and thatithasa strongimpact on spike-frequency
adaptation of action potentials at subthreshold voltages, at
which not many other channels open (Delmas & Brown,
2005). In this regard, KCNQ/M-channels have been shown
to modulate spike afterdepolarization in hippocampal
pyramidal neurons (Yue & Yaari, 2004). In contrast to
other BFNC-causing mutations which reduce the resulting
potassium current over the whole voltage range (Biervert
et al. 1998; Schroeder et al. 1998; Lerche et al. 1999,
2005; Dedek et al. 2001; Singh et al. 2003; Steinlein,
2004), the biophysical changes of E119G and S122L
(Hunter et al. 2006) are most evident or even restricted
to the subthreshold range of an action potential between
—60 and —30 mV. Therefore, our data generated from a
human disease model strongly support the hypothesis that
M-channels act predominantly at subthreshold voltages.
The reduction of relative current amplitudes and the
slowing of activation lead to a partial loss of function,
which can well explain an increase in neuronal firing and
the occurrence of epileptic seizures.

To test this hypothesis, we implemented a one
compartment cell model to simulate neuronal firing in
the presence of M-currents mediated by WT and mutant
Ky7.2 and Ky7.3 channels (see Methods; Spampanato
et al. 2004; Golomb et al. 2006). Under the assumption
of an equal expression of WT and mutant channels, we
obtained the numeric values of the fit parameters given in
Table 2. Figure 6A and B depicts simulated bursts of action

potentials for a constant current injection of 1 A cm™2.
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The simulation predicts that M-currents mediated by Ky 7
channelsactasan earlybreak on repetitive firingandlead to
a fast decline of discharge frequency. These effects were less
pronounced for the combination of E119G/Ky7.2/Ky7.3
in comparison to Ky7.2/Ky7.3 WT channels. Comparing
the duration of bursts, elicited by increasing current
injection revealed much longer bursts for simulated cells
containing mutant channels (Fig. 6C). Taken together,
these simulations strengthen the hypothesis that even a
slight loss of M-current function in the subthreshold
range can increase neuronal excitability triggering epileptic
seizures in BENC.
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Figure 6. Firing properties in a one compartment neuronal
model cell

A and B, model cells are continuously stimulated by the current /sgim
from time t = 0 ms. The M-current, /\, is represented by Ky7.2/Ky7.3
(A) or E119G/Ky7.2/Ky7.3 (B) channels (parameters in Table 2). The
duration of the evoked action potential burst is relatively prolonged in
cells in which Iy is mediated by E119G/Ky7.2/Ky7.3 channels. /gjm =

1 A cm~2. C, burst duration as a function of /sim. The increase in
burst duration with increasing /sim is steeper in cells that are simulated
using the mutant channel. There is a threshold above which the
M-current is insufficient to terminate the burst. This threshold is lower
in simulations with parameters for mutant channels (continuous line
Ky7.2/Ky7.3, dotted line E119G/Ky7.2/Ky7.3).
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