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Human Slack Potassium Channel Mutations Increase
Positive Cooperativity between Individual Channels
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In Brief

Slack KCNT1 channels regulate how neu-
rons respond to sustained stimulation.
Kim et al. characterized nine KCNT1 mu-
tations found in epilepsy patients with se-
vere intellectual disabilities and showed
that, inisolation, channel behavior is unal-
tered. However, in groups, mutant chan-
nels interact with each other abnormally,
increasing current that flows through the
channels.
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SUMMARY

Disease-causing mutations in ion channels generally
alter intrinsic gating properties such as activation,
inactivation, and voltage dependence. We examined
nine different mutations of the KCNT1 (Slack) Na*-
activated K* channel that give rise to three distinct
forms of epilepsy. All produced many-fold increases
in current amplitude compared to the wild-type
channel. This could not be accounted for by in-
creases in the intrinsic open probability of individual
channels. Rather, greatly increased opening was a
consequence of cooperative interactions between
multiple channels in a patch. The degree of coopera-
tive gating was much greater for all of the mutant
channels than for the wild-type channel, and could
explain increases in current even in a mutant with
reduced unitary conductance. We also found that
the same mutation gave rise to different forms of
epilepsy in different individuals. Our findings indicate
that a major consequence of these mutations is to
alter channel-channel interactions.

INTRODUCTION

The KCNT1 gene encodes the Na*-activated K* channel Slack
(also known as Slo2.2). Mutations in KCNT1 have been found
in three different epilepsy syndromes (Barcia et al., 2012; Heron
et al., 2012; Ishii et al., 2013; Martin et al., 2014): migrating ma-
lignant partial seizures in infancy (MMPSI) (Barcia et al., 2012;
Ishii et al., 2013), autosomal dominant nocturnal frontal lobe
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epilepsy (ADNFLE) (Heron et al., 2012), and Ohtahara syndrome
(OS) (Martin et al., 2014). In each of these cases, the patients with
KCNT1 mutations have a very high occurrence of severe mental
and intellectual disability. When some of the known mutations
were expressed in Xenopus oocytes, all mutations generated
currents greater than those obtained with wild-type (WT) Slack
channels (Barcia et al., 2012; Martin et al., 2014; Milligan et al.,
2014). Although two mutations that produce MMPSI resulted in
a 2- to 3-fold increase in current that mimics the activating ef-
fects of protein kinase C phosphorylation of the channel (Barcia
et al,, 2012), a mutation that produces OS showed a much
greater increase in current (Martin et al., 2014), suggesting that
other mechanisms must be involved. No change in the sensitivity
of the mutant channels to Na* ions has been found (Barcia et al.,
2012). Thus, it remains unknown whether yet another mecha-
nism contributes to the change in channel activity, or whether
the mutants share any common mechanisms for increased
current.

We have now expressed nine of the previously published mu-
tations in the Slack channel and characterized their macroscopic
currents, levels of protein expression, and gating behavior at the
single-channel level. These nine mutations account for 27 out of
the 31 epilepsy cases attributed to KCNT1 mutations. We have
found that the mutations cause minimal changes in the gating
of individual ion channels, but greatly increase the cooperativity
in channel gating that is detected in clusters of multiple channels.

RESULTS

Clinical Characteristics of Patients with KCNT1
Mutations

The clinical characteristics of the 16 patients (ten with MMPSI,
five with ADNFLE, and one with OS) included in this study are

Cell Reports 9, 1661-1672, December 11, 2014 ©2014 The Authors 1661


mailto:leonard.kaczmarek@yale.edu
http://dx.doi.org/10.1016/j.celrep.2014.11.015
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2014.11.015&domain=pdf

OPEN

ACCESS
CellPress

summarized in Table 1. All of the MMPSI patients showed phar-
macoresistance and acquired microcephaly, although epilepsy
onset ranged from 1 day of life to 2.5 months. They also devel-
oped a severe motor and cognitive delay. Among the ADNFLE
patients, patient 10 in particular presented with a severe form,
with first onset of seizure (nocturnal hypermotor seizures) occur-
ring at 3 years. To date (at age 23 years), patient 10’s seizures
remain pharmacoresistant and frequent. Four mutations from
families with ADNFLE (Heron et al., 2012) were also included in
our analysis. Some members of these families had a more severe
phenotype that deviated from classical ADNFLE; i.e., earlier
seizure onset with more pharmacoresistant epilepsy that led to
intellectual disability and various psychiatric disorders (Table 1).
Patient 16 had OS that presented at day 1 with spasms and focal
seizures, and a burst suppression pattern on EEG, resulting in
profound developmental delay (Martin et al., 2014).

Three new patients (two with MMPSI and one with ADNFLE)
were analyzed in this study. Both MMPSI patients had muta-
tions considered to be deleterious, inducing a change in a
conserved amino acid (c.2800G > A, hA934T in patient 6 and
¢.1193G > A, hR398Q in patient 11). The same hA934T mutation
was also found in multiple, unrelated MMPSI patients (Barcia
et al., 2012), and the hR398Q mutation was found in a family
with  ADNFLE (Heron et al., 2012). Similarly, the mutation
¢.862G > A, hG288S, which was previously found in two MMPSI
patients (Ishii et al., 2013), was also present in patient 10, an
ADNFLE patient.

KCNT1 Point Mutations Lead to Increased Channel
Activity with Minor Changes in Protein Expression

We previously characterized two KCNT1 or Slack mutant chan-
nels, hR428Q and hA934T, which correspond to R409Q and
A913T, respectively, in the rat, using two-electrode voltage
clamping (Barcia et al., 2012). All of the mutants listed in Table 1
and Figure 1A were generated likewise using the rat clone, which
shares 92% sequence homology to the human clone, and are
referred to using the rat amino acid numbering system. We
studied channels in Xenopus laevis oocytes because their
controlled expression system allowed us to make cross-muta-
tion comparisons of channel expression. The current amplitude
for WT Slack increased slowly for >4 days after injection (Fig-
ures 1B and 1C). When the peak current amplitude was
compared at the physiological membrane potential of +20 mV,
all mutants had significantly greater currents compared with
WT Slack. There was a wide range of fold increases in channel
activity, and for some mutants (e.g., R455H), the currents were
already too large to quantify without saturation of the clamp
amplifier 2 days after cRNA injection (Figure 1B). For this reason,
we measured the peak currents of WT Slack and the mutants 1,
2, or 4 days after injection (Figures 1B and 1C). We found no cor-
relation between the fold increase in channel activity and the
type of epilepsy. This finding is consistent with the fact that
some mutations, such as R379Q and G269S (Table 1; Figure 1A),
are found in both MMPSI and ADNFLE patients.

To determine whether the increases in peak current amplitude
resulted from increases in channel protein expression, we
compared Slack protein abundance in membrane fractions by
immunoblotting with an antibody that recognizes the N terminus

of the channel (Bhattacharjee et al., 2002). Use of this antibody
ensured that the C-terminal mutants would not alter antibody
recognition of the protein. Oocytes were homogenized after
the completion of each voltage clamp. Densitometry of Slack
bands, when normalized to the loading control Na*/K* ATPase,
revealed that changes in channel abundance were very minor
and bore no correlation to the increase in current (Figure 2A).
Only for the mutations A945T and G269S were the protein levels
increased by ~2-fold, and these levels do not explain the >13-
fold increases in current (Figure 1C; Martin et al., 2014). Overall,
changes in the levels of Slack protein failed to correlate with the
increases in channel activity for any of the three types of

epilepsy.

A Subset of Slack Mutants Are Left-Shifted in Their
Voltage Dependence

Slack channels are voltage dependent, with an increasing open
probability (Po) at positive potentials (Joiner et al., 1998; Yuan
et al., 2003). Therefore, a leftward shift in voltage dependence
can increase currents at membrane potentials closer to neuronal
resting potentials. We compared the voltage dependence of
each mutant with that of WT Slack, and found that the majority
of the mutants for MMPSI and ADNFLE had current-voltage re-
lations identical to those of the WT channel (Figures 2C and
2D). A comparison of the normalized voltage-clamp traces of
the MMPSI R455H and ADNFLE R907C mutants with those of
the WT, however, revealed that both mutants showed a signifi-
cant increase in channel activation at hyperpolarized membrane
potentials (Figures 2B-2D). Although this change in voltage
dependence may contribute to the observed increases in cur-
rent, the degree to which this mechanism alone could enhance
current (20%-30% at +20 mV) was not sufficient to explain the
much larger increases in overall macroscopic current for these
mutants.

WT Slack Channels Have Both Low and High Po Patterns
To further compare the characteristics of the WT and mutant
Slack channels, we carried out on-cell patch recordings from
channels expressed in Xenopus oocytes. When patching from
oocytes, one routinely observes a high degree of nonuniformity
in channel number. Some membrane patches contain no chan-
nels, whereas other nearby patches constitute a “hot spot” con-
taining variable numbers of channels. Figure 3 shows recordings
obtained at —80 mV from representative patches containing
apparently different numbers of WT Slack channels. Despite
the identical experimental conditions, we found that there were
two patterns of channel activity depending on whether the
patches contained a lower (one to three) or higher (four or
more) number of channels.

Figure 3A shows a typical recording at —80 mV in which pre-
dominantly only one open channel can be detected, and rare
simultaneous openings of two channels are observed. As
described previously, the channels are closed most of the
time, with frequent openings to subconductance (SC) states
(Brown et al., 2010). We term such low-Po patches “low-N”
patches, and this recording is representative of all eight patches
we recorded that contained WT Slack channels in which only one
opening predominated. The corresponding all-points amplitude
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Table 1. Clinical and Biophysical Characteristics of Human Mutant Slack Channels

Protein Epilepsy Age at Seizure Pharmaco Intellectual Peak Protein
Patient #  Mutation Human Rat Type Onset (Type) resistance Delay Microcephaly Reference Current  Expression I/V Conductance (i)
1 c.1283G > A R428Q R409Q MMPSI 2 months Y Y Y Barcia et al., 2012 1 3-fold NC?* NC? fewer SC°, same i°
2 c.1283G > A R428Q R409Q MMPSI 1 day Y Y Y Barcia et al., 2012
3 c.1283G > A R428Q R409Q MMPSI 2 hr Y Y Y Barcia et al., 2012
4 €.2800G > A A934T A913T MMPSI 1 months Y Y Y Barcia et al., 2012 1 4-fold NC NC fewer SC, same i
5 c.2800G > A A934T A913T MMPSI 2 weeks Y Y Y McTague et al., 2013
6 €.2800G > A A934T A913T MMPSI 2.5 months Y Y Y -
(focal motor)
7 c.1421G > A R474H R455H MMPSI 2 weeks Y Y Y Barcia et al., 2012 1 22-fold NC leftward fewer SC, same i
shift
8 c.862G >A G288S G269S MMPSI 2 months Y Y Y Ishii et al., 2013 t 6-fold NC NC fewer SC, 50% i
(focal motor)
9 c.862G >A G288S G269S MMPSI 2 months Y Y Y Ishii et al., 2013
(focal motor
with autonomic
signs)
10 c.862G > A G288S G269S ADNFLE 3 years Y Y N -
11 c.1193G > A R398Q R379Q MMPSI 10 days (focal Y Y NK - 1 3-fold NC NC same i
motor)
12 (Fam.C) c.1193G > A R398Q R379Q ADNFLE 8.5 + 6.4 years 0/4 2/4 NK Heron et al., 2012
13 (Fam.B) ¢.2386T >C Y796H Y775H ADNFLE 5.5 +2.1years 2/4 2/4 NK Heron et al., 2012 1 11-fold NC NC same i
14 (Fam.D) c.2688G > A M8961 M875] ADNFLE 9 years 11 11 NK Heron et al., 2012 1 10-fold reduced NC 80% i
2-fold
15 (Fam.A) ¢.2782C >T R928C R907C ADNFLE 4.6 + 5.9 years 5/6 3/6 NK Heron et al., 2012 1t 3-fold NC leftward same i
shift
16 c.2896G > A A966T R945T OS 1 day Y Y NK Martin et al., 2014 1 13-fold NC NC fewer SC, same i

#No change (NC).
PIndicates few occurrences of subconductance (SC) states.
°Indicates relative change in unitary conductance (j).
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Figure 1. Slack Currents Are Increased by Mutations that Produce Epilepsy

(A) Diagram of two subunits of a Slack channel with the point mutations described in this study. Numbering refers to the rat Slack sequence. Positions of
the mutations within the C-terminal “gating ring,” containing two RCK domains (RCK1 and RCK2), are based on the low-resolution X-ray structure (Yuan et al.,
2010).

(B) The voltage-clamp protocol and representative current traces show that peak current amplitude (Ixna) is significantly increased in all mutants compared with
the WT channel. Xenopus oocytes injected with cRNA encoding WT or mutant channels, or injected with water alone, were tested using a two-electrode voltage
clamp on days 1, 2, or 4 following injection. Scale bars, 1 pA and 200 ms.

(C) Bar graphs quantifying the increase in mean peak current amplitude at +20 mV for all mutant channels compared with WT Slack (mean + SEM, #p < 0.01
against WT, two-tailed Student’s ttest, n = 5; *p < 0.05, **p < 0.01, ***p < 0.001 against WT, one-way ANOVA with Tukey’s post hoc test, n = 6-9 for all conditions).
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(A) Plot of the relative increase in peak Ixna changes versus levels of Slack protein determined by densitometry of western blots of membrane fractions from
oocytes homogenized immediately after the voltage-clamp experiments. A nonsignificant best fit (solid line) shows no relationship that can account for the in-

creases in current (mean + SEM).

(B) The voltage dependence of channel activation is shifted leftward in the R455H and R907C mutants. Representative traces for the WT and R455H and R907C
mutants, normalized to their peak Ixna at +60 mV, are shown. The shift in voltage dependence is made evident by the position of arrows lined up to the responses

to test pulses at +40 mV. Scale bars represent 0.2 um and 200 ms.

(C and D) Mean peak Ixna at each of the command voltages, shown as an I/V plot for MMPSI (C) and ADNFLE (D) mutants. Current amplitudes were normalized to
the peak Ixna at +60 mV in all cases. The increase in relative channel activity was seen at voltages > —60 mV and —40 mV for R455H (C) and R907C (D),
respectively (mean + SEM; **p < 0.01, **p < 0.001 against WT, two-way ANOVA with Bonferroni’s post hoc test, n = 5-10 for all points).

histogram derived from prolonged (2 min) recording of currents
quantifies the low Po of the channel (Figure 3B). Given that there
are likely to be at least two channels in this patch, the size of the
peak corresponding to the single-channel opening level, O1,
overestimates the true single-channel Po. Nevertheless, the
amplitude of the O1 peak allows one to calculate the expected
binomial distribution for multiple channels. If the channels are
identical to those in a low-N patch and gate independently,
then the probability that kK channels will open out of a total of N
should follow a binomial distribution. Figure 3C shows such a
calculated distribution for a patch containing six channels.

Figure 3D shows a patch in which simultaneous openings of
up to six Slack channels could be seen. We term such patches
“high-N” patches, and this recording is representative of five
such recordings in which four or more simultaneous openings
were detected. The unitary conductances are identical to those
seen in the low-N patches. However, an inspection of the all-
points histogram for this patch (Figure 3E) shows that the chan-
nel Po does not reflect what one would expect to see based on
the low-N patches. A comparison of the observed distribution of
channel openings (Figure 3E) with that expected from the bino-
mial distribution of six independently gating low-N channels (Fig-
ure 3C) shows a marked increase in open time and multiple
simultaneous openings in the high-N patch.

We reasoned that the proximity of neighboring clustered chan-
nels in a high-N patch might result in cooperative or coupled
gating and deviate from independent channel behavior. Using

the single-channel Po obtained from the low-N all-points histo-
gram (Figure 3B), we calculated the ratio of the observed Po at
each level k, P(k)ops, to the predicted distribution obtained from
the binomial distribution, P(k)pinomia- This is plotted in Figure 3F
for the first three levels of channel opening. If channel behaviors
are the same in both types of patches, P(k)ops/P(K)pinomiar Should
be ~1 regardless of the number of channels present. The results
show, however, that P(k)ops/P(K)binomiar inCreases with increasing
k, suggesting a positive deviation from the binomial (Ding and
Sachs, 2002).

Positive Cooperativity Is Increased in the G269S Slack
Channel

The G269S Slack (hG288S) mutation has been found in both
MMPSI and ADNFLE patients. Computational modeling of this
mutation occurring in the S5 transmembrane domain has sug-
gested that the introduction of a serine residue results in struc-
tural changes in the pore-forming region, which might lead to
“impaired” channel function (Ishii et al., 2013). Given the nearly
10-fold increase in macroscopic current of the G269S mutation
(Figures 1B and 1C), we were surprised that the unitary conduc-
tance of the channel was ~80 pS, less than half that of WT Slack
channels (~180 pS) (Chen et al., 2009; Figures 3G and 3H).

As with the WT channels, we identified both low- and high-N
on-cell patches of G269S channels. Figure 3G shows a trace
with one channel predominantly open and rare simultaneous
openings of a second channel. The all-points amplitude
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histogram in Figure 3H reflects the reduced unitary conductance
and the fact that, like its WT counterpart, the channel is predom-
inantly in the closed state. As a test of independence, we con-
structed a binomial distribution based on the probability of one
channel opening (O1) in the low-N patch (Figure 3H) to calculate
the expected distribution for four independently gating G269S
channels (Figure 3I).

In sharp contrast to this prediction, recordings from a patch
containing four G269S channels revealed multiple simultaneous
openings, with very rare closings of all four channels (Figure 3J).
Despite the fact that the predominant peak in the all-points his-
togram was for the simultaneous opening of all four channels, no
opening of more than four channels was ever detected, indi-
cating that only four functional channels were present in this
patch (Figure 3K). However, the reduced unitary conductance
observed in the low-N patches was unchanged in the high-N
patches. This striking deviation of the experimental data from
what was predicted by the binomial distribution suggests that
cooperative gating of clusters of G269S channels increases their
overall activity.

To quantify the difference in cooperativity between the G269S
channel and WT Slack channels, we plotted a cooperativity ratio
(the ratio of the observed Po at each level for G269S in high-N
patches to the mean observed Po values for WT Slack in high-N
patches [n = 4]; Figure 3D). If the degree of cooperativity were
similar in both the mutant and WT channels in high-N patches,
this ratio should be ~1 for each level of channel opening. Fig-
ure 3L shows, however, that there is an increase in the coopera-
tivity ratio as the number of open channels increases, reflecting a
dramatic increase in positive cooperativity for G269S.

Positive Cooperativity Is Increased in All of the Other
Slack Mutants

We carried out similar analyses for all of the other mutations
described in Table 1. All mutations other than G269S had unitary
conductances in both low-N and high-N patches that were indis-
tinguishable from those of WT Slack channels (n = 25 low-N
patches, n = 13 high-N patches). In all cases, we found that
the cooperativity ratio was increased compared with that in
WT Slack channels. We provide figures of the data for two muta-
tions in particular, the MMPSI R455H mutation and the OS

A945T mutation, which are located in the Regulator of Conduc-
tance for K 1 (RCK1) and RCK2 domains of the C terminus,
respectively (Figure 1A).

In one of four low-N patches for the R455H channel, we re-
corded the activity of an apparently true single channel (Fig-
ure 4A). The Po of this channel was markedly increased
compared with that in WT or G269S Slack, as evidenced by
the relative size of the O1 peak in its amplitude histogram (Fig-
ure 4B) when compared with those in Figures 3B and 3H. As a
result of this increased Po, the predicted peak of the amplitude
distribution for five independent channels is no longer in the
closed state (Figure 4C). However, recordings from a patch con-
taining five R455H channels show that the distribution is shifted
to the right over the predicted distribution (Figures 4D and 4E)
and that the cooperativity is greater than that of WT Slack chan-
nels (Figure 4F), although by a smaller margin than the other mu-
tations. This increased positive cooperativity was observed for
all three high-N R455H patches.

Finally, for the A945T mutation, channel activity in low-N
patches was low (n = 5; Figures 4G and 4H). As was also found
for some other Slack mutants (R409Q and A913T; Barcia et al.,
2012), SC states were absent or severely suppressed in the
A945T mutant. The observed distribution of openings in a patch
containing six channels, in which openings to a seventh level
were never observed (Figures 4J and 4K), is substantially right-
shifted compared with that predicted by the binomial distribution
for independently gating low-N channels (Figure 4l). In sharp
contrast to the prediction, simultaneous closing of all channels
in three high-N patches of A945T channels was observed only
very rarely. As a result, we conclude that positive cooperativity
is very much greater in the A945T mutant than in WT Slack chan-
nels (Figure 4L).

DISCUSSION

Including the three new patients reported here, 31 epilepsy pa-
tients have now been shown to carry a KCNT1 mutation (Barcia
etal.,2012; Allen et al., 2013; Heron et al., 2012; Ishii et al., 2013;
Martin et al., 2014; McTague et al., 2013; Vanderver et al., 2014).
Although the manifestation of seizures differs among these pa-
tients, the occurrence of intellectual disability is notably high.

Figure 3. Single-Channel Recordings of WT and G269S Slack in Xenopus Oocytes

(A and B) Representative on-cell single-channel “low-N" trace recorded at —80 mV (A) and the corresponding all-points amplitude histogram (B). C, closed state;
01, one channel opening; 02, two channel openings. SC1 and SC2 indicate the two prominent subconductance states.

(C) Binomial distribution for six channels based on the single-channel Po in low-N patches (mean of eight low-N patches).

(D) Representative on-cell high-N patch recorded at —80 mV.

(E) All-points amplitude histogram of currents from (D). Experimental data show the increased frequency of multiple channel openings and dramatic reduction in
dwell time in the fully closed state compared with the expected binomial distribution in (C).

(F) Deviation from binomial distribution. The plot shows the ratio of the observed Po at each level, P(k).ps, to the predicted distribution obtained from the binomial
distribution (C), P(K)sinomiai» fOr the first three levels. The ratios continued to increase with successive k for four, five, and six channels (not shown).

(G and H) Representative on-cell, single-channel low-N trace of G269S channels at —80 mV (G) and the corresponding all-points amplitude histogram (H),

representing 2 min of recording.

(I) Binomial distribution for four channels based on the mean single-channel Po in low-N patches (n = 4 low-N patches).

(J and K) Representative on-cell high-N patch containing four G269S channels (J) and the corresponding all-points amplitude histogram (K), showing a
dramatically increased frequency of multiple channel openings compared with the expected binomial distribution (I).

(L) Cooperativity ratio comparing P(k)ops for G269S versus WT Slack. The ratios were calculated from the means of four and five high-N patches for G269S and WT
Slack, respectively. The ratios show a deviation from the expected value of one for each successive k, demonstrating increased positive cooperativity relative to

WT Slack. The ratio for four open channels is 53 (not shown).
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We observed an increase in channel activity for all nine mutants
examined in our study, confirming previous studies (Barcia et al.,
2012; Martin et al., 2014; Milligan et al., 2014), and documented
this for the mutations hG288S and hR474H (rG269S and rR455H,
respectively). We made the unexpected observation that WT
Slack channels show positive cooperative gating, and gating of
multiple channels deviates significantly from that predicted by
the behavior of independent single channels. Moreover, each
mutant channel had substantially greater cooperativity than the
WT channel. Other non-disease-associated mutations in the C
terminus, introduced for structure-function studies, display no
gain of function (Barcia et al., 2012; Zhang et al., 2010). Thus,
our observations provide a likely explanation for why the mutant
channels produce greatly enhanced currents, and reveal a path-
ophysiological mechanism that may be at work in affected epi-
lepsy patients. It is probable that the enhanced cooperativity is
an intrinsic property of these mutations and will be detected in
human neurons bearing these mutations. Definitive proof of
this for Slack channels, however, may have to await studies on
human tissue or potentially on animal models of Slack-associ-
ated diseases.

In our studies, the amplitude histograms for “low-N" patches
were dominated by a single peak corresponding to the closed
state, with only very rare simultaneous openings of more than
one channel. As a result, in many cases it was not possible to
be certain of the exact number of channels in the patch. Because
single-channel Po values were calculated from such low-N
patches, this method could have only overestimated the true
single-channel Po and the calculated binomial distribution for
openings for multiple independent channels. In contrast, the
number of channels in high-N patches could be ascertained
with greater confidence because of the increased Po together
with the complete absence of openings above a fixed number
of channels. In all cases, we found that Po was greatly enhanced
in the high-N patches, despite the fact that in theory, such
patches could contain, in addition to coupled channels, non-
coupled channels that would dilute the degree of the cooperativ-
ity. Thus, of necessity, our calculations underestimate the true
degree of cooperativity.

Cooperative gating was particularly striking for the MMPSI-
and ADNFLE-associated G269S (hG288S) mutation in the S5
segment of Slack. A recent study using computational in silico
modeling suggested that this mutation could impair channel
function by introducing a new hydrogen bond that would alter
the structure of the inner surface of the pore region (Ishii et al.,
2013). The finding that the unitary conductance of the G269S
channel was reduced (~80 pS) is consistent with decreased

throughput of potassium ions through the pore. Nevertheless,
strongly augmented cooperative gating in this mutant increased
macroscopic currents by ~10-fold over those of WT Slack.

Our finding of one to three channels in low-Po patches and
four or more in high-activity patches is consistent with what
others have reported for cooperatively gating channels (Molina
etal., 2006; Navedo et al., 2010). The colocalized spatial distribu-
tion or “clustering” of ion channels in specific cellular regions of
neurons has been shown to be a necessary determinant of
neuronal excitability (Vacher and Trimmer, 2012). In addition, a
functional coupling of channels in a physical cluster, where the
gating of one channel is directly coupled to the gating of neigh-
boring channels, has been observed in a number of ion channel
types at the single-channel level, including KcsA (Molina et al.,
2006), Na* (Naundorf et al., 2006), Ca%* (Navedo et al., 2010),
Kir 4.1 (Horio et al., 1997), AMPA (Vaithianathan et al., 2005),
HCN (Dekker and Yellen, 2006), P2X, (Ding and Sachs, 2002),
CFTR (Krouse and Wine, 2001), and ryanodine receptors (Laver
et al., 2004; Marx et al., 1998, 2001). A recent study reported
increased positive cooperative gating in L-type Ca®* channels
during hypertension and Timothy syndrome (Navedo et al.,
2010). We observe that a cohort of seemingly unrelated muta-
tions in one channel can increase cooperativity gating behavior.

Our results also indicate that the degree to which KCNT71 mu-
tations increase current amplitude in an expression system
cannot readily be correlated with the clinical phenotype. MMPSI,
with its signature early onset and pharmacoresistance, is more
detrimental than ADNFLE. Across MMPSI mutants, increases
in current compared with WT Slack ranged from 3- to 22-fold.
Consistent with earlier suggestions (Milligan et al., 2014), in-
creases for ADNFLE mutations were slightly smaller, ranging
from 1.5- to 11-fold. Nevertheless, a small (3-fold) increase in
Slack channel activity could lead to MMPSI (rR409Q), and a
greater increase (11-fold) could produce the less severe condi-
tion of ADNFLE (rY775l).

Earlier studies found distinct de novo or germline mutations in
MMPSI, ADNFLE, or OS patients, and in some cases the same
mutation was found in multiple patients with the same diagnosis
(Barcia et al., 2012; Heron et al., 2012; Ishii et al., 2013). This
raised the possibility that there is a correlation between the loca-
tion of a particular mutation in the channel protein and the type of
epilepsy (Milligan et al., 2014). Our patient cohort suggests
otherwise, as unrelated patients carried an identical mutation
in KCNT1 even though they had been diagnosed with different
types of epilepsy prior to their DNA sequencing. For example,
patients 8 and 9, diagnosed with MMPSI (Ishii et al., 2013), and
patient 10, an ADNFLE patient, all carried the mutant hG288S

Figure 4. Single-Channel Recordings of Slack Mutants R455H and A945T in Xenopus Oocytes
(A and B) Representative on-cell single-channel trace recorded at —80 mV from a patch expressing Slack R455H (A) and the corresponding all-points amplitude

histogram (B).

(C) Binomial distribution for five R455H channels based on the mean single-channel Po from four low-N R455H patches.

(D and E) Representative high-N trace (D) and all-points amplitude histogram (E) from a patch containing five Slack R455H channels.

(F) Cooperativity ratios (comparing P(k).ss for R455H versus WT Slack) were calculated from the means of three and five high-N patches for G455R and WT Slack,
respectively. The ratio shows a significant deviation from the expected value of one for all five channel openings.

(G and H) Representative low-N recording (G) and corresponding all-points amplitude histogram (H) from a patch containing A945T channels —80 mV.

(I) Binomial distribution for six channels based on the mean single-channel Po in low-N A945T patches (n = 5 low-N patches).

(J and K) Representative high-N recording (J) and corresponding all-points amplitude histogram (K) from patches containing six A945T channels.

(L) Cooperativity ratio as calculated from the means of three and five high-N patches for A945T and WT Slack, respectively.
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(Table 1). In addition, hR398Q, a mutation that is known to be
associated with familial ADNFLE (Heron et al., 2012), can also
lead to MMPSI, as in patient 11. A misdiagnosis of epilepsy
types in these patients is highly unlikely because MMPSI and
ADNFLE are clinically distinct and differ in age of onset, type of
seizures, and EEG pattern (Coppola et al., 1995; Scheffer
et al., 1995). Our finding that KCNT1 variants are associated
with multiple different epilepsies is similar to previous observa-
tions in the sodium channel SCN1A (Escayg et al., 2000; Lossin,
2009; Oliva et al., 2012).

Human mutations of K* channels that increase neuronal excit-
ability typically reduce K* currents (Ryan and Ptacek, 2010). How
does a gain of function in Slack channels lead to epileptic sei-
zures? Slack channels contribute to the delayed outward cur-
rent, lxna (Budelli et al., 2009), which helps to regulate neuronal
excitability and adaptability in response to high-frequency stim-
ulation (Bhattacharjee and Kaczmarek, 2005; Brown et al., 2008;
Kaczmarek, 2013; Wallén et al., 2007). Increases in lxna Within a
neuron, produced by enhanced cooperativity and/or by negative
shifts in voltage dependence, would therefore be expected to
reduce its excitability. There are at least four conditions, how-
ever, in which increases in Ixna could enhance the excitability
of a network. First, an increased rate of action potential repolar-
ization due to increased K* current attenuates Na* channel inac-
tivation and promotes high-frequency firing, as is the case for
Kv3 family K* channels (Brown and Kaczmarek, 2011). Second,
a selective reduction in the excitability of inhibitory interneurons
would enhance overall cortical excitability (Zhang et al., 2010).
Third, changes in action potential firing during neuronal develop-
ment could produce aberrant patterns of neuronal connectivity
that lead to local epileptic foci (Katz and Shatz, 1996). Finally,
the very severe outcomes of mutations in Slack could occur
because they alter other biochemical interactions of the channel
with its cytoplasmic partners (Brown et al., 2010; Huang et al.,
2013). As has been reported for some other ion channels
(Deng et al., 2013; Ferron et al., 2014), the large C-terminal
cytoplasmic domain of Slack interacts with the fragile X mental
retardation protein (FMRP), as well as its cargo mRNAs (Brown
et al., 2010). Thus, in addition to directly altering the excitability
of central neurons, mutations in Slack could disrupt intracellular
signaling related to FMRP and activity-dependent protein
translation.

EXPERIMENTAL PROCEDURES

Patients

Informed consent was obtained in accordance with the ethical standards of
the Institutional Review Board on Human Experimentation of the Necker-
Enfants Malades Hospital (Paris, France). Sixteen patients with KCNT1 muta-
tions were examined in this study. Thirteen of the patients had been reported
previously. Of these, nine were diagnosed with MMPSI (Barcia et al., 2012; Ishii
etal.,, 2013; McTague et al., 2013), three were diagnosed with ADNFLE (Heron
et al., 2012), and one was diagnosed with OS (Martin et al., 2014). Two of the
new patients had MMPSI and one had frontal epilepsy with a more severe
outcome (in terms of both epilepsy pharmacoresistance and cognition) than
ADNFLE (Table 1). We used previously reported methods, including whole
exome sequencing (MMPSI and ADNFLE) and genome sequencing (OS) (Bar-
cia et al., 2012; Heron et al., 2012; Martin et al., 2014), to identify KCNT1 mu-
tations causative for epilepsy syndromes. Mutation analysis of KCNT1 in these
patients was carried out as described below.

Mutation Analysis

KCNTT1 exons were amplified by PCR from DNA extracted from venous blood,
using flanking intronic primers. Sequence products were run on ABI 3730 auto-
mated sequencer (Applied Biosystems) and analyzed with SeqScqpe 2.5
(Applied Biosystem). Site-directed mutagenesis of the rat Slack-B construct
was performed as previously described (Barcia et al., 2012) and mutations
were confirmed by DNA sequencing.

Electrophysiological Characterization in Xenopus Oocytes

KCNT1 channels were characterized in oocytes injected with 10 ng of cRNA as
described previously (Barcia et al., 2012). For whole-oocyte, two-electrode,
voltage-clamp experiments, electrodes were filled with 3 M KCI and had
resistances of 0.1-1.0 MQ. The bath solution, MND-96, contained (in mM)
88 NaCl, 1 KCI, 2 MgCl,, 1.8 CaCl,, 5 glucose, 5 HEPES, 5 sodium pyruvate,
and 50 pg/ul gentamicin (GIBCO; pH 7.4). For measurements of channel acti-
vation, oocytes were depolarized by 400 ms pulses from a holding potential
of —80 mV to test voltages between —80 mV and +60 mV in 20 mV increments
every 5s.

For patch-clamp recording, cRNA-injected oocytes were manually devitel-
linized in a hypertonic solution containing (in mM) 220 Na* aspartate, 10 KCl,
2 MgCl,, and 10 HEPES. On-cell patch recordings were performed using
a symmetrical high-K* internal pipette and bath solutions consisting of
(in mM) 100 K-gluconate, 40 KCI, 20 NaCl, 1 MgCl,, 1 CaCl,, 5 EGTA and
10 HEPES (pH 7.6). Hence, patch potentials in the text refer to the
expected physiological potential difference across the membrane (i.e.,
—80 mV represents hyperpolarization). Although we carried out our analysis
using stable cell-attached patches, we routinely observed that enhanced
cooperativity persisted after the patches were excised from the cells. How-
ever, to avoid the potential rundown of channel activity that is known to
occur for many channels following excision, we did not analyze the excised
patches.

Protein Analysis

Crude membrane fractions were isolated from oocytes (Broer, 2003). Protein
samples (40 pg), separated on a 4%-15% gradient SDS gel and transferred
to nitrocellulose paper, were probed overnight at 4°C with primary antibody
as indicated. We used chicken anti-Slack IgY (1:5,000; Bhattacharjee et al.,
2002), rabbit anti-Na*/K* ATPase IgG (1:1,000; #3010; Cell Signaling), and
horse anti-mouse (#PI-2000; Vector Labs) or goat anti-rabbit (#7074; Cell
Signaling) horseradish peroxidase-conjugated secondary antibodies. Densi-
tometry values from developed and imaged blots were determined using
Imaged.

Statistical Analysis

Data recording and analysis were performed using pClamp (Molecular
Devices), Origin (Microsoft), and Prism (GraphPad). The average + SEM values
are plotted. When two groups were compared, two-tailed Student’s t test was
performed to determine statistical significance. When three or more groups
were compared, one-way ANOVA followed by Bonferroni’s post hoc test
was performed unless indicated otherwise.
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