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The B-secretase BACEI is widely known for its pivotal role in the amyloidogenic pathway leading to Alzheimer’s disease, but how its
action on transmembrane proteins other than the amyloid precursor protein affects the nervous system is only beginning to be under-
stood. We report here that BACE1 regulates neuronal excitability through an unorthodox, nonenzymatic interaction with members of the
KCNQ (Kv7) family that give rise to the M-current, a noninactivating potassium current with slow kinetics. In hippocampal neurons from
BACE1 /™ mice, loss of M-current enhanced neuronal excitability. We relate the diminished M-current to the previously reported
epileptic phenotype of BACE1-deficient mice. In HEK293T cells, BACE1 amplified reconstituted M-currents, altered their voltage depen-
dence, accelerated activation, and slowed deactivation. Biochemical evidence strongly suggested that BACE1 physically associates with
channel proteins in a 3-subunit-like fashion. Our results establish BACE1 as a physiologically essential constituent of regular M-current
function and elucidate a striking new feature of how BACE1 impacts on neuronal activity in the intact and diseased brain.
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Introduction

The M-current (I;) was first described in bullfrog sympathetic
neurons as a noninactivating voltage-dependent K™ current with
slow activation and deactivation kinetics that could be sup-
pressed by muscarine, hence its name (Brown and Adams, 1980).
Because of its low voltage range for activation, I, generates a
standing outward current below firing threshold that exerts a
strong potential-clamping effect. By now, I, has been identified
in numerous neurons of the peripheral and CNS (Jentsch, 2000;
Brown and Passmore, 2009; Passmore et al., 2012). Depending on
its subcellular location, a number of different electrophysiologi-
cal functions have been attributed to I, (Yue and Yaari, 2006;
Shah et al., 2011). For example, perisomatic I, of hippocampal,
entorhinal, and neocortical neurons has been shown to delay the
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onset of firing during ramp depolarization, to reduce the firing
rate during sustained depolarization, to modulate subthreshold
integration of synaptic inputs, and to contribute to subthreshold
membrane oscillations and electrical resonance at theta fre-
quency (Hu et al., 2002; Peters et al., 2005; Otto et al., 2006; Hu et
al., 2007; Guan et al., 2011). Because of its relatively slow kinetics,
I, does not participate appreciably in action potential (AP) re-
polarization, but it mediates, in many neurons, an afterhyperpo-
larization of medium duration (Gu et al., 2005; Tzingounis and
Nicoll, 2008). I, is also present in axons and presynaptic termi-
nals, where it modulates firing patterns and transmitter release,
respectively (Martire et al., 2004; Vervaeke et al., 2006; Sun and
Kapur, 2012; Battefeld et al., 2014).

Four of the five members of the KCNQ/Kv7 family
(KCNQ2-5) can assemble in different combinations to generate I,
(Brown and Passmore, 2009). Outside the auditory system, in which
KCNQ4 is prominently expressed (Jentsch, 2000; Leitner et al.,
2012), M-channels appear to be predominantly formed by hetero-
meric assemblies of KCNQ2/KCNQ3 and KCNQ3/KCNQ5, al-
though all KCNQ members can give rise to homomeric channels in
vitro (Wang et al., 1998; Lerche et al., 2000; Schroeder et al., 20005
Shah et al., 2002; Schwake et al., 2006; Brown and Passmore, 2009).
We report here the striking finding that the 3-secretase BACE1 (3-
site APP-cleaving enzyme 1) is an important constituent of proper
M-channel function. Importantly, the augmenting effect of BACE1
on I, occurs independently of its proteolytic activity.

Over the last years, BACE1 has garnered ever-increasing at-
tention, reflecting its pivotal role in the amyloidogenic pathway
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that has been closely linked to the pathogenesis of Alzheimer’s
disease (AD) (Vassar et al., 2014). Inhibition of BACE1 has there-
fore emerged as a prime therapeutic strategy to reduce the load of
the potentially toxic amyloid B-peptide (AB) (Yan and Vassar,
2014). It is equally important, however, to understand the phys-
iological functions of the secretase in the normal brain. We posit
here that BACEI associates with molecular correlates of I, in an
accessory subunit-like fashion, resembling the augmenting effect
that the accessory subunit KCNE1 exerts on cardiac KCNQ1
channels (Sanguinetti et al., 1996).

Materials and Methods

Animals. BACE1 ~/~ mice (BACE1 "™!F%%) were generated by insertion of
a neo expression cassette from pMClneopA into exon 1 of Bacel. The
insertion of the neo cassette introduces a premature translational stop
codon into the open reading frame of the Bacel gene (Dominguez et al.,
2005). Mice had ad libitum access to food and water and were housed and
fed according to federal guidelines. PCR amplification was used to geno-
type mice either detecting wild-type allele or the neo cassette at P10-P12.

Plasmids. The following cDNA constructs were used in this work:
hKCNQ2, hKCNQ2 W236L, hKCNQ3, hKCNQ3 A315T, hKCNQ2-VS5,
hKCNQ2-HA, hKCNQ3-HA (NM_004518.4 with rs1801475, NM_
004519.2); hKCNQ4 (NM_004700.2 kindly provided by Thomas J.
Jentsch, Leibniz-Institut fiir Molekulare Pharmakologie and Max-
Delbriick-Centrum  fiir Molekulare Medizin, Berlin, Germany);
hKCNQ5 (NM_019842.2 kindly provided by Klaus Steinmeyer, R&D
Aging/Quality of Life, Sanofi-Aventis, Frankfurt am Main, Germany);
hBACE1, hBACE1-Flag, hBACE1 D289N (NM_012104.4, kindly provided
by Michael Willem, Adolf-Butenandt-Institute, Ludwig-Maximilians-
Universitit Miinchen, Miinchen, Germany); hBACE2 (NM_012105.3)
in pCMV6-XL5; DR-VSP and DR-VSP-C302S in pIRES2-EGFP (kindly
provided by Yasushi Okamura, Laboratory of Integrative Physiology, Osaka
University, Japan); hENaCla-V5 and hENaCla-HA (NM_001038.5,
kindly provided by Christoph Korbmacher, Institute of Cellular and Mo-
lecular Physiology, Friedrich-Alexander-Universitit Erlangen-Niirnberg,
Erlangen, Germany, with permission from Harry Cuppens, Centre For Hu-
man Genetics, University of Leuven, Leuven, Belgium); pEGFP-C1 (Clon-
tech), hMaxiK-GFP. All constructs were based on pcDNA3.1, if not stated
otherwise.

Antibodies. The following antibodies were used in this work: mouse-
anti-Flag (M2, Sigma-Aldrich); rat-anti-HA-POD (3F10, Roche);
mouse-anti-BACE1 (10B8, kindly provided by Robert Vassar, Depart-
ment of Cell and Molecular Biology, Northwestern University, Chicago);
goat-anti-BACE1 (ab11028, Abcam); rabbit-anti-V5 (ab9116, Abcam);
goat-anti-HA (ab9134, Abcam); rabbit-anti-KCNQ2; sheep-anti-
KCNQ3; rabbit-anti-Na /K *-ATPase al (#3010, Cell Signaling Tech-
nology); rabbit-anti-pan-cadherin (#4068, Cell Signaling Technology);
mouse-anti-B-actin-HRP (A3854, Sigma-Aldrich); goat-anti-rabbit-
IgG-HRP (ab6721, Abcam); and rabbit-anti-goat-IgG-HRP (ab6741,
Abcam).

Cell culture and transient transfection. For maintenance, HEK293T
cells (ATCC accession number CRL-11268, ATCC; www.atcc.org) were
cultured in DMEM (1 g/L glucose; Invitrogen), supplemented with 10%
FCS (Biochrom AG) and 1% penicillin/streptomycin (PAA), and were
split every 3—4 d. For electrophysiological recordings, HEK293T cells
were plated on 35 mm dishes (BD Bioscience) 1 d before transfection.
These cells were transfected with Nanofectin (PAA) according to the
manufacturer‘s protocol using 1 ug of cDNA and 0.5 ug of EGFP. For
the proximity ligation assay (PLA), cells were plated on 12-well tissue
culture plates (VWR) and transfected after 1 d with JetPEI (Polyplus-
Transfection SA) using 250 ng DNA (125 ng each for channel constructs
or BACEL1). The next day, cells were split and plated on round 18 mm
1.5H coverslips. For coimmunoprecipitation and surface biotinylation,
cells were plated on 100 mm tissue culture dishes (BD Bioscience) the day
before transfection. The cells were transfected with JetPEI using 375 ng
EGFP, 750 ng for each channel construct, and 1250 ng BACEL.

Coimmunoprecipitation. Cells were lysed in chilled EBC-buffer (50 mm
Tris-HCI, 120 mMm NaCl, 0,5% NP-40, pH 7.4) supplemented with pro-
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tease inhibitors (Roche), followed by 2X mild sonication and 30 min
incubation on ice. The lysate was centrifuged for 10 min at 4°C and
6000 X g. The protein concentration of the supernatant was measured
with Bradford reagent and diluted to 1 ug/ul with PBS. A total of 500 ul
protein solution was incubated with 1-2 ug of mouse-anti-BACEI-
antibody at 4°C in an orbital shaker overnight. The 40 ul of magnetic
beads solution (Thermo Fisher Scientific) were washed with PBS and
blocked with 1% BSA for 1 h at room temperature. The beads were
incubated for 15 min with the probe in an orbital shaker at room tem-
perature followed by 5 times washing with PBS. Proteins were eluted with
65 wl Limmli buffer at 55°C for 20 min.

Cell surface biotinylation. Biotinylation was conducted on ice/4°C. At
48 h after transfection, cells were washed three times with ice-cold Hank’s
balanced salt solution (HBSS with calcium and magnesium, Invitrogen)
and incubated in the dark for 30 min with HBSS containing 0.3 mg/ml
EZ-Link Sulfo-NHS-LC-LC-Biotin (Pierce). The reaction was stopped
by incubation with 100 um L-lysine in HBSS for 5 min followed by wash-
ing with HBSS. Next, cells were extracted in a lysis buffer containing 10
mM Tris-HCl, pH 7.6, 2 mm EDTA, pH 8.0, 150 mm NaCl (C. Roth), 0.2%
SDS, 0.5% sodium deoxycholate, 1% Triton X-100, 1 mm 1-10-
phenanthroline, and protease inhibitor mixture (Roche); pH 7.6. For
homogenization, cell lysates were centrifuged at 1000 rpm, 6 min using
shredder columns (QIAGEN) and sonicated for 5 min. To remove insol-
uble fractions, the lysates were centrifuged at 13,000 rpm for 15 min.
Protein concentration was measured using the BCA Protein Assay Kit
(Pierce). For total cell lysate samples, 20 g of protein was prepared with
4X loading dye (Lonza) and 5% dithiothreitol. For biotinylation sam-
ples, 400 wg (1 pg/ul in extraction buffer) of protein was captured over-
night by 30 ul of NeutrAvidin beads (Pierce) that had been washed in
extraction buffer. The following day, the beads were washed three times with
extraction buffer and captured proteins were eluted at 95°C for 5 min in a
total volume of 50 ul consisting of extraction buffer, 4 X loading dye and 5%
dithiothreitol. Then, 15 ul was loaded for SDS-PAGE.

SDS-PAGE and Western blot analysis. Samples were heated at 95°C for
5 min. Proteins were separated in 10% SDS gels and transferred onto
PVDF membranes (Bio-Rad). After blocking, primary antibodies were
incubated overnight at 4°C in 1% BSA and 0.1% NaN;. The membranes
were incubated with secondary antibody coupled to HRP in 5% milk for
1 h at room temperature. The signal was visualized by enhanced chemi-
luminescence using SuperSignal West Pico Chemiluminescent Substrate
(Pierce) or Clarity Western ECL Substrate (Bio-Rad) and imaged using
the ChemoStar Imager (INTAS). Membranes were reprobed after strip-
ping: 6 M guanidine-HCI (C. Roth), 20 mwm Tris, 0.2% Triton X-100, pH
7.5, and 0.8% B-mercaptoethanol (C. Roth). Western blot signals were
quantified using the Image] software (Wayne Rasband, Research Services
Branch, National Institute of Mental Health, Bethesda, MD).

PLA. The Proximity Ligation Assay (PLA, Olink Bioscience) is a sen-
sitive and specific assay for detection of protein-protein interactions
within a maximum distance of 40 nm (Soderberg et al., 2006). After
labeling two probable interaction partners by respective primary anti-
bodies, the PLA produces fluorescent signals at the sites of interaction.
Two days after transfection, cells were fixed with 4% PFA (C. Roth),
1.44% Na,HPO, . 2H,0, 0.26% NaH,PO, X 1H,O for 10 min at room
temperature. Antigens were retrieved in antigen retrieval buffer contain-
ing 100 mm Tris, 5% urea at pH 9.5 with HCl at 50°C for 10 min. Blocking
was performed by incubation with PBT buffer containing 0.8% NaCl,
0.177% Na,HPO, X 2H,0, 0.02% KH,PO,, 0.02% KCl, 1% BSA, 0.5%
Triton X-100, pH 7.4, for 30 min with gentle shaking. After removal of
blocking solution, reaction area was limited by staining masks that were
made of Teflon in the in-house workshop. Masks were coated with high
vacuum silicone grease (VWR) and gently sealed onto the coverslips with
concentric pressure. The PLA was performed based on the manufactur-
er’s protocol except for reagent volumes (20 wl) and a modified washing
protocol (3—4 X with 50 ul). Primary antibodies were diluted in PBT,
and samples were incubated for 2 h at room temperature with gentle
shaking. Finally, samples were mounted with Duolink In Situ Mounting
Medium with DAPI (Sigma-Aldrich). PLA samples were imaged with a
confocal LSM 780 with an inverse stage Axio Observer.Z1 and Plan-
Apochromat 63X/1.40 NA Oil DIC M27 objective (Carl Zeiss). Optical
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slices of 1 airy unit were recorded using a 405 nm laser diode (DAPI) and
a 561 nm laser line (PLA signals). For analysis, CellProfiler2.1.0, revision
0c7tb94 (Carpenter et al., 2006), was used. A template from Carolina
Wiihlby (Centre for Image Analysis, Uppsala University, Sweden and
Broad Institute of Harvard and Massachusetts Institute of Technology)
served as basis for the processing pipeline, which is available upon
request.

Hippocampal slice recordings. Mice of either sex were anesthetized with
halothane and decapitated. All procedures were performed according to
the guidelines and with the approval of the local government. Transverse
hippocampal slices of 350 wm thickness were prepared from the brain of
15-30-d-old mice in ice-cold solution of the following composition (in
mM): 75 sucrose, 87 NaCl, 2.5 KCl, 0.5 CaCl,, 7.0 MgCl,, 1.25 NaH,PO,,
25 NaHCO3, and 10 p-glucose (bubbled with 95% O,/5% CO,, pH 7.4).
Slices were transferred into warmed modified aCSF (35°C) containing
(in mm) the following: 125 NaCl, 3 KCl, 0.5 CaCl,, 7 MgCl,, 1.25
NaH,PO,, 25 NaHCOj,, and 10 p-glucose (bubbled with 95% O,/5%
CO,, pH 7.4) for 10 min and kept in aCSF solution with 0.5 CaCl, and 3.5
MgCl, at room temperature. Individual slices were transferred to a sub-
merged recording chamber (perfused with aCSF containing (in mm) the
following: 2.5 CaCl, and 1.0 MgCl, at 32°C) that was mounted on the
stage of an upright microscope (Carl Zeiss). Whole-cell recordings from
hippocampal CA1 pyramidal cells were performed using patch pipettes
filled with (in mm) the following: 135 K-gluconate, 4 NaCl, 10 KCl, 5
HEPES, 5 EGTA, 2 Na,-ATP, and 0.3 Na,-GTP (pH 7.25). Voltage read-
ings were corrected for liquid junction potentials. Unless stated other-
wise, membrane potential in current-clamp mode was held at =70 mV
by hyperpolarizing current injection. APs were evoked by depolarizing
current steps of variable amplitude and duration. Membrane input resis-
tance (Ry) was determined from the current response to a 5 mV hyper-
polarizing voltage step. Data were collected with a Multiclamp 700B
amplifier in conjunction with Digidata 1440A interface and pClamp10
software (Molecular Devices). Signals were digitized at 20 kHz and fil-
tered at 5 kHz.

Recordings from acutely isolated CAI pyramidal cells. Hippocampal
CAL1 neurons were freshly isolated from 14—17-d-old mice of either sex
using a combined enzymatic/mechanic dissociation procedure. Trans-
verse hippocampal slices (thickness: 350 wm for wt mice, 450 um for
BACE1 /") were kept in ice-cold sucrose solution (see above). After
incubation at 32°C in warmed sucrose solution for 20—30 min, the slices
were transferred into modified aCSF containing (in mm) the following:
125 NaCl, 3 KCl, 0.5 CaCl,, 3.5 MgCl,, 1.25 NaH,PO,, 25 NaHCOs;, and
10 p-glucose for 30 min. The CA1 region was prepared from slices and
incubated in 1 mg/ml papain at 30°C for 25-30 min, constantly gassed
with O,. CA1 slices were washed 3—4 times with bath solution (see below)
and kept for not >4 h in gassed bath solution. Cells were triturated from
small pieces of CA1 slice tissue using pipettes with subsequently narrow-
ing diameters in a solution containing (in mm) the following: 125 NaCl,
3 KCl, 1 CaCl,, 10 MgCl,, 10 HEPES, 10 Na-HEPES, 10 EGTA, 10
D-glucose, and 2 kynurenic acid. Dissociated cells were allowed to settle
for 20-25 min before whole-cell recordings were started. Isolated CA1
pyramidal neurons were identified on the stage of the patch-clamp mi-
croscope using Hoffman modulation contrast optics. Patch pipettes were
filled with (in mm) the following: 135 K-gluconate, 4 NaCl, 10 KCl, 5
HEPES, 5 EGTA, 2 Na,-ATP, 0.3 Na,;-GTP (pH 7.25 with KOH). Bath
solution contained (in mm) the following: 145 NaCl, 4 KCI, 2 MgCl,, 2
CaCl,, 10 HEPES, and 10 p-glucose, adjusted to pH 7.4 with NaOH.
Voltage readings were corrected for liquid junction potentials. Cells were
recorded at room temperature (22 * 1°C) in whole-cell voltage-clamp
mode as described for transfected HEK293T cells (see below).

Electrophysiology of transfected HEK293T cells. HEK293T cells were
recorded 2 d after transfection and identified by their green fluorescence
using an inverted fluorescence microscope (Axiovert 40, Carl Zeiss)
combined with a fiber optic-coupled light source (UVICO, Rapp Opto-
Electronic). Whole-cell recordings were performed at room temperature
(22 = 1°C), if not otherwise stated, using an Axopatch 700B amplifier in
conjunction with a Digidata 1322A interface and pClamp 10 software (all
from Molecular Devices). Borosilicate glass electrodes with filament
(Biomedical Instruments) were pulled on a DMZ-Universal Puller

Hessler et al. @ BACET Regulates M-current

(Zeitz) and had a tip resistance in bath solution of 1.8-2.5 Mm{). Series
resistance compensation was = 75%. Recordings were sampled at 20 kHz
and filtered at 5 kHz. Experiments were started 3 min after whole-cell
access was established. A gravity-driven Y-tube application system was
used for exchanging external solutions. Patch electrodes were filled with
(in mm) the following: 5 NaCl, 120 KCl, 2 MgCl,, 1 CaCl,, 10 HEPES, and
5 EGTA adjusted to pH 7.2 with KOH. Voltage readings were not cor-
rected for liquid junction potentials. Bath solution contained (in mwm) the
following: 145 NaCl, 4 KCI, 2 MgCl,, 2 CaCl,, 10 HEPES, and 10
p-glucose, adjusted to pH 7.4 with NaOH. High K ¥ bath solution con-
tained (in mm) the following: 5 NaCl, 150 KCl, 2 MgCl,, 2 CaCl,, 10
HEPES, and 10 p-glucose, adjusted to pH 7.4 with KOH.

Data analysis of recordings from transfected HEK293T cells. From the
activation protocols, the whole-cell potassium conductance G was calcu-
lated after leak correction for every command potential V according to
the following equation:

I

T

The equilibrium potential E,,, for potassium was —85.7 mV under our
experimental conditions. G was normalized and fitted with a Boltzmann
equation of the form as follows:

V- Vmid
MR REES)

Activation time constants were estimated by using a single-exponential
function with sloping baseline of the form as follows:

—t
I(t) = A *er + mt+ I,

where A is current amplitude and m a sloping baseline factor accounting
for the slight inactivation in recordings with BACE1. Deactivation
time constants were estimated using a single-exponential function.
Raw data analysis and fitting were performed with pClamp 10 (Mo-
lecular Devices).

Reagents. If not stated otherwise, reagents were purchased from
Sigma-Aldrich.

Statistics. Statistical analysis was performed with Origin9.0Pro soft-
ware (OriginLab). Numbers are given as mean * SEM. Tests to deter-
mine statistical significance are stated in text or figure legends.

Results
Enhanced excitability of BACE1-deficient CA1 pyramidal
cells results from diminished I,
To examine the effects of BACE1 on intrinsic firing properties, we
performed whole-cell current-clamp recordings from CAl pyra-
midal neurons in hippocampal slices from wild-type (wt) and
BACE1 ™/~ mice. Resting membrane potential (RMP) and mem-
brane input resistance (Ry) did not significantly differ between
wt neurons (# = 33) and BACE1 ~/~ neurons (n = 25) (RMP wt
—66 + 1mV,BACEl /~ ~ —67 = 1 mV, p = 0.77; Ry wt 299 +
18 M), BACE1 '~ 328 + 25 M(), p = 0.26, unpaired  test).
Injection of suprathreshold depolarizing current steps for 1 s
evoked a pattern of repetitive AP discharges that displayed fre-
quency adaptation during sustained depolarization (Fig. 1A).
BACE1 '~ neurons consistently showed a stronger firing re-
sponse than wt neurons, as illustrated in Figure 1 B. We quantified
this effect by counting the overall number of spikes per depolar-
ization for three different amplitudes of current injection (Fig.
1C) and by measuring the time to first AP after the start of the
depolarizing current pulse (Fig. 1D). Except for the strongest
current pulse, BACE1 ~'~ neurons fired more spikes and dis-
played a shorter latency to first spike than wt neurons.

We next quantified and compared the voltage trajectories of
APs in both preparations using the first AP elicited during a 50 pA
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Reduced M-current (I,,) accounts for enhanced excitability of hippocampal CA1 pyramidal neurons from BACE1
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mice. Whole-cell current-clamp recordings from CA1 pyramidal

neurons in hippocampal slices demonstrated that the characteristic frequency adaptation that gradually slows repetitive firing during sustained depolarization under normal conditions (A) is
strongly attenuated in the absence of BACE1 (B). For comparison, membrane potentials were set to —70 mV before depolarizing current of equal size (50 pA) was injected. Histograms quantify
number of APs (€) and time to first AP (D) during depolarizing steps of increasing amplitude for wt neurons (white columns, n = 33) and BACE1-deficient neurons (red columns, n = 25). *p << 0.05
(unpaired t test). Whereas XE991 (10 um) reliably impaired frequency adaptation in wt neurons (E), the blocker failed to excite BACE1-deficient neurons (F). Again, membrane potential was set to
—70mV before firing. The amplitude of injected current was adjusted to elicit 4 -5 APs during a 300 ms pulse before XE991 application. Histograms quantify number of APs (G) and time to first AP
(H)) during step depolarization for wt neurons (n = 8) and BACE1-deficient neurons (n = 5). *p << 0.05 (paired ¢ test).
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Figure2. Acutelyisolated CA1 pyramidal cells of BACE1 ~/~ mice show reduced |,,. A, The significant difference in zero-current potential between wt and BACE1-deficient neurons disappeared
inthe presence of 10 M XE991. AV, Drug-induced voltage shifts. Inset, Acutely isolated neuron. B, Small hyperpolarizing voltage steps from —30mV (inset) were used tointerrogate I, of wt (black
traces) and BACE1 /™ neurons (red traces) in the absence and presence of 10 1um XE991 (blue traces). Traces above the latter represent XE991-subtracted current at —45 mV with fitted curve
superimposed. At all voltages examined, the XE991-sensitive current of BACE1 /™ neurons (red data points) had smaller amplitudes (C) and faster deactivation kinetics (D) than that of wt neurons
(black data points). Wt,n = 11;BACE1 ~/~,n = 12.%p < 0.05, **p < 0.01, ***p << 0.01, paired or unpaired t test, as applicable.

depolarizing current injection. The maximum slope during the
rising phase of APs was slightly, but significantly, enhanced in
BACEI /™ neurons (wt 356 = 11 mV/ms, n = 22 vs BACE1 ~/~
391 = 12 mV/ms; n = 16, p = 0.04, unpaired ¢ test). This finding
would be consistent with a recent study reporting enhanced Na *
currents in acutely isolated hippocampal neurons from BACE1-
deficient mice (Hu et al., 2010). Apart from the small acceleration
of the upstroke, we did not find appreciable changes in AP am-
plitude (wt 99.2 + 0.8 mV vs BACE1 '~ 101.1 + 0.7 mV, p =
0.11), in AP threshold (wt —51.7 = 0.5 mV vs BACE1 '/~
—53.3+0.9mV, p=0.11),and in AP half-width (wt 1.19 = 0.02
ms vs BACE1 /" 1.17 % 0.02 ms, p = 0.33; wt neurons n = 22,
BACE1 '~ neurons, n = 16 for all parameters, unpaired ¢ test).
In view of its rather modest effect on AP waveform, enhanced
Na ™ current alone cannot account for the altered firing pattern
with the prominent loss of adaptation in BACEIl-deficient
neurons.

Because the features of enhanced excitability in BACE1
neurons during sustained depolarization were well compatible
with diminished I,,, we repeated the above experiment in the
absence and presence of the KCNQ channel blocker XE991 at a
concentration of 10 M, which is considered selective for KCNQ
channels (Wang et al., 1998). XE991 reliably enhanced firing fre-
quency and reduced latency to first spike in wt neurons (n = 8),
whereas no significant drug response was observed in BACE1 /™~
neurons (n = 5, Fig. 1E-H). Furthermore, XE991 produced a
small, but significant, increase in Ry from 275 = 18 M{) to 318 =
23 MQ in wt neurons (n = 8, p = 0.004, paired ¢ test). In contrast,
Ry, was not significantly altered in BACE1 ~/~ neurons (control,
323 £ 35M0; XE991, 350 + 33 M(), n=5,p = 0.17, paired ¢ test).

—/—

Because the pharmacological data pointed to a strongly re-
duced I, in BACE1-deficient neurons, we directly examined its
electrophysiological properties in voltage-clamp recordings from
CA1 pyramidal neurons that were acutely isolated from hip-
pocampal slices (Fig. 24, inset). The dissociation procedure has
the advantage of truncating most of the extended neurites,
thereby yielding much better space-clamp conditions. CAl
pyramidal neurons from the two groups had significantly dif-
ferent zero-current potentials (wt, —65.5 £ 2.9 mV, n = 11;
BACE1 /7, —53.8 =3.1mV,n = 12, p < 0.05, unpaired ¢ test).
The difference in zero-current potential seems to be in apparent
contradiction with our recordings in the slice preparation, where
CALI neurons from wt and BACE1 ~/~ neurons did not differ in
RMP. Because a conditional transgenic suppression of M-channels
as well as a spontaneous Kcng2 mutation with reduced M-current
also failed to alter the resting potential of CA1 neurons when deter-
mined in the slice preparation (Peters et al., 2005; Otto et al., 2006),
it seems plausible to assume that the acute isolation of the neuron
from its surrounding network is likely to accent the contribution of
M-current to the control of RMP. In the slice preparation, neurons
are subjected to a multitude of synaptic and tonic influences through
various transmitters and modulators, which might, directly or indi-
rectly, affect the impact of M-current on RMP. In addition, the dis-
sociation procedure itself, reducing the widely ramified neuron to its
somatic region, as well as the recording at room temperature might
have produced conditions that foster M-channel activity.

As depicted in Figure 24, 10 um XE991 produced a depolar-
izing shift of the zero-current potential that was significantly
larger in wt than in BACE1 '~ neurons (wt: AV 10.3 + 1.4 mV,
BACE1 /7: AV 4.3 = 0.6 mV, p < 0.001, unpaired ¢ test). As a
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Figure3.  Coexpression of BACET increases whole-cell current through heteromeric K(NQ2/Q3 channels in voltage-clamped HEK293T cells. Typical KCNQ2/Q3 current responses to depolarizing
voltage steps of increasing amplitude (see insets) were obtained in the absence (A) or presence of BACET (B). , Using the set of experiments illustrated in 4, B, current—voltage (I-V) relationships
were determined in which current amplitudes at the end of each step were plotted as function of test potentials in the absence (black data points) and presence of BACE1 (red data points) or its
catalytically inactive variant BACE1 D289N (green data points). D, |-V curves of € were transformed to activation curves, in which normalized conductance was plotted as a function of voltage (see
Materials and Methods). Half-activation voltages (V ;) were —22.3 == 0.3 mV for K(NQ2/Q3 alone (black curve), —26.1 == 0.5 mV when BACET was coexpressed (red curve), and —25.3 = 0.9
mV when BACET D289N was coexpressed (green curve). As indicated by the like-colored asterisks, both BACE1 and BACE1 D289N caused a small, but significant, leftward shift of current activation.
Deactivation of KCNQ2/Q3 currents in the absence (E) and presence of coexpressed BACE1 (F) was determined using a stepwise repolarization protocol (see inset) (Figure legend continues.)
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consequence of the pharmacologic suppression of I, the zero-
current potentials between the two groups were no longer statis-
tically different. We then applied a voltage protocol, in which a
standing I, partially relaxed as the depolarized membrane po-
tential (—30 mV) was repolarized by negative-going voltage steps
(—45to —65mV). This test protocol was always performed 3 min
after whole-cell access had been established and repeated after 10
min of subsequent XE991 application (Fig. 2B). Within this volt-
age range, the hyperpolarization-activated cation current (I,,) is
not appreciably activated (Hu et al., 2002). Thus, the slow inward
current relaxation upon repolarization should primarily reflect
deactivation of I;. To quantify amplitudes and deactivation time
constants of I;, we subtracted current traces obtained in the
absence and presence of XE991. Compared with wt neurons, I,
of BACE1 ~'~ pyramidal neurons had a much smaller amplitude
and decayed much faster (Fig. 2C,D). It is worth noting that the
disruption of Bacel altered both amplitude and deactivation ki-

<«

(Figure legend continued.) in high external K ™ solution. G, Current decay was fitted using a
mono-exponential function to determine voltage-dependent deactivation kinetics of
KCNQ2/Q3 current alone (black data points) and in the presence of coexpressed BACE1 (red data
points) or BACE1 D289N (green data points). Like-colored asterisks indicate significant slowing
of K(NQ2/Q3 current deactivation when either BACET or its inactive variant was present. H,
BACET and BACET D289N accelerated current activation. Activation time constants were ob-
tained by fitting a mono-exponential time course to the rising phase of the current trace in
activation experiments of 4, B. K(NQ2/Q3, n = 153 (C, D, H), n = 138 (G); +BACET,n = 116
(C,D, H),n =77 (G); +BACE1 D289N, n = 32 (C, D, G, H). *p << 0.05, **p < 0.01, ***p <
0.01, pairwise Mann—Whitney test with Bonferroni correction.

netics of I, whereas a spontaneous Kcng2 mutation, which also
produced the characteristic impairment in frequency adaptation
of hippocampal CA1 neurons, reduced current amplitude with-
out affecting its kinetics (Otto et al., 2006).

BACE1 amplifies KCNQ2/Q3 currents and alters

their kinetics

The electrophysiological recordings from BACE1-deficient neu-
rons strongly suggested that the secretase is required to endow
neurons with functionally significant I,. To explore the mecha-
nism underlying the augmenting effect of BACE1 on neuronal
KCNQ channels, we performed whole-cell recordings from
HEK293T cells overexpressing KCNQ2/Q3 channels. In a previ-
ous study on voltage-dependent Na * channels, we had identified
both proteolytic and nonproteolytic effects of BACEI on channel
activity (Huth et al., 2009; Huth and Alzheimer, 2012). To deter-
mine whether these two fundamentally different modes of action
of BACEI also apply to KCNQ2/Q3 channels, we made use of the
BACE1 D289N variant that is rendered enzymatically inactive by
an aspartate-to-asparagine mutation in its catalytic center (Huth
et al., 2009; Jin et al., 2010).

Consistent with previous reports from heterologous expres-
sion systems (Wang et al., 1998), HEK293T cells cotransfected
with KCNQ2/Q3 produced a characteristic noninactivating out-
ward current that slowly activated upon depolarization (Fig. 3A).
Coexpression of BACE1 strongly increased current amplitude
and, in the majority of cells, also introduced a mild form of cur-
rent inactivation at more depolarized command potentials (Fig.
3B). The phenomenon of modest current inactivation in the
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presence of BACE1 was also observed in 13 of 29 recordings
performed in high K™ bath solution (see Materials and Meth-
ods), indicating that it was not due to external K ™ accumulation
(data not shown). In a small subset of cells (~10%), cotransfec-
tion with BACE1 entailed more pronounced inactivation upon
strong depolarization (data not shown). The augmenting effect of
BACE1 on KCNQ2/Q3 currents did not require proteolysis be-
cause its enzymatically inactive mutant produced virtually iden-
tical effects on the I/V relationship (Fig. 3C). Both BACEI and its
inactive variant produced a small, but significant, leftward shift of
the activation curve (Fig. 3D).

BACE1 coexpression had also an impact on the gating kinetics
of KCNQ2/Q3 channels. In a typical deactivation protocol, where
fully activated KCNQ2/Q3 channels were stepwise repolarized to
test potentials between —20 and —100 mV, BACEI1 caused a pro-
nounced slowing of deactivation kinetics (Fig. 3E-G). Again, the
effects were reproduced by the BACE1 D289N variant. The same
held for the effects of BACEI on the activation kinetics, which were
significantly accelerated by both BACE1 isoforms (Fig. 3H ).

To demonstrate the specificity of these effects of BACE1 on
KCNQ2/Q3 currents, we performed a control experiment in
which we examined the currents in HEK293T cells cotransfected
with BACE2 in lieu of BACEI. Unlike BACE1, BACE2 did not
significantly alter current amplitude and voltage dependence, nor
did it affect the activation and deactivation kinetics (Fig. 4).

To explore the functional significance of the data gathered
from the expression system, we used voltage trajectories recorded
during evoked or spontaneous AP firing of CA1 pyramidal cells as

command potentials in voltage-clamped HEK293T cells. XE991
served to isolate KCNQ2/Q3 currents in all experiments made at
room temperature. In the absence of BACEI, repetitive AP-like
depolarizations activated little KCNQ2/Q3 current (Fig. 5A-C,
black traces and white columns). With BACE1 cotransfected,
however, the same stimulation protocols elicited much more
outward current, in particular when the brief depolarizing steps
were delivered at high frequency (Fig. 5B, C, red traces and col-
umns). We replicated these experiments originally made at room
temperature, at the temperature used in slice recordings (32°C)
and obtained very similar ratios of KCNQ2/Q3 enhancement by
BACE] in the two paradigms (Fig. 5D). These findings indicate
that, during simulations of physiological firing patterns, the multiple
effects of BACE1 on KCNQ2/Q3 channels, including enhanced am-
plitude, shift of activation, faster kinetics of activation, and slower
kinetics of deactivation all lead to a much stronger recruitment of
KCNQ2/Q3 current than expected from the increase in current am-
plitude under steady-state conditions (compare Fig. 3C).

Although these data suggest that BACELI affects primarily the
gating properties of KCNQ2/Q3 channels, part of its augmenting
effect on steady-state current might still result from enhanced
surface expression of channel proteins. To address this question,
we performed surface biotinylation assays, which served to quan-
tify KCNQ2/Q3 proteins in terms of surface and total expression
(Fig. 6). To underscore the validity of this experiment, we nor-
malized the surface levels of the channel proteins not only to the
levels of the commonly used Na */K *-ATPase, but also to cad-
herin levels, the reason being that the 81-subunit of the Na */K *-
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Figure 6.

Effects of BACET on surface and total levels of KCNQ2 and KCNQ3. A, Western blot of a surface biotinylation of HEK293T cells transfected with KCNQ2 and KCNQ3 with coexpression of

BACE1 asindicated above the blot. EGFP and MaxiK served as transfection marker and control, respectively. B, The surface levels of the channel proteins were normalized to the corresponding surface
levels of Na /K *-ATPase or cadherin, with the normalized levels determined in the absence of BACE1 set to 1. The histogram shows channel surface levels with BACE1 relative to lanes without
BACE1, using antibodies against KCNQ2 and KCNQ3 as indicated above the columns: white column represents transfection with KCNQ2 and KCNQ3; red column represents transfection with KCNQ2,
KCNQ3, and BACET. €, Total protein bands were quantified and normalized to B-actin. n = 10.**p << 0.01, one-sample ¢ test.

ATPase was recently identified as a putative substrate of BACE1
(Kuhn et al.,, 2012). In this set of experiments, total levels of
KCNQ2 but not of KCNQ3 were significantly elevated with
BACEL1 coexpressed (Fig. 6C; p = 0.005, one-sample ¢ test). In
contrast, BACE1 did not alter KCNQ2 levels in the plasma mem-
brane (normalized to Na */K*-ATPase p = 0.92, power = 0.05;
normalized to cadherin p = 0.74, power = 0.06, one-sample ¢
test; Fig. 6B), nor did it significantly increase KCNQ3 surface
expression (normalized to Na /K "-ATPase p = 0.17; normal-
ized to cadherin p = 0.16, one-sample ¢ test; Fig. 6B). This finding
indicates that surface KCNQ2/Q3 complexes are tightly regu-
lated. Therefore, the increased current with BACEI can be ex-
plained solely with effects on KCNQ2/Q3 gating.

BACE] interacts with neuronal KCNQ2-5 homotetramers

KCNQ2 and KCNQ3 might also assemble as homotetramers to
form functional channels that give rise to Iy;. To investigate the
interaction between BACE1 and each channel subunit separately,
we expressed either of the two KCNQ proteins alone or in com-
bination with BACEL. Consistent with previous work (Wang et
al., 1998), homomeric KCNQ2 and KCNQ3 channels exhibited a
number of characteristic electrophysiological differences com-
pared with KCNQ2/Q3 heterotetramers: (1) Peak currents of
KCNQ2 channels, and much more so of KCNQ3 channels, were
substantially reduced (Fig. 7A-C). (2) Voltage-dependent activa-
tion was shifted to more depolarized potentials for KCNQ2 and
to more hyperpolarized potentials for KCNQ3 (Fig. 7D). (3) The

gating of homomeric channels showed altered activation and de-
activation kinetics (data not shown).

Cotransfection with BACE] did not increase KCNQ3 current
amplitudes. BACEl also produced negligible enhancement
(<15% at 0 mV) of the larger currents through the A315T mu-
tant of KCNQ3 (data not shown, see Etxeberria et al., 2004; Zaika
et al., 2008). By contrast, KCNQ2 currents were strongly en-
hanced by BACEI, now attaining amplitudes similar to those of
KCNQ2/Q3 heteromers without BACE1 (Fig. 7C). BACEI had
no significant effect on the activation curves of either KCNQ2 or
KCNQ3 currents (Fig. 7D). BACEL had only minor effects on
activation kinetics of KCNQ2 and KCNQ3, but it significantly
slowed deactivation kinetics, in particular those of KCNQ3 (data
not shown). These data suggest that, although BACEL1 interacts
with both channel proteins, the majority of its augmenting effect
on I, is most likely mediated by its association with KCNQ2.
Because KCNQ5 and KCNQ4 can also contribute to M-current
and M-like-current, respectively, we investigated the effects of
BACE!1 on homomeric channels. In both subtypes, BACEI pro-
duced a strong increase in current amplitude that was compara-
ble with the effects seen in KCNQ2 channels (Fig. 7E,F).
Assuming that BACE1 enhances neuronal KCNQ2/3 currents
not by increasing the number of functional channels in the mem-
brane (see above), but rather by enhancing their open probabil-
ity, the large increase of homomeric KCNQ2, Q4, and Q5
currents with coexpressed BACE1 goes well along with the low
open probabilities of heterologously expressed KCNQ2, Q4, and
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Effects of BACET coexpression on activation (4, B, left) and deactivation (4, B, right) of currents mediated by homomeric KCNQ2 (A) or KCNQ3 channels (B) in HEK293T cells. From

activation protocols, we constructed |-V relationships (€) and activation curves (D). For comparison, |-V curves and activation curves also include previous results from heteromeric KC(NQ2/Q3 (black
data points and traces). Half-activation voltages (V, ;) were —14.7 == 1.2 mV for K(NQ2 alone, —17.8 == 1.2 mV for K(NQ2 and BACE1, —31.1 = 1.5mV for KCNQ3 alone, and —32.7 == 1.2mV
for KCNQ3 and BACET. KCNQ2, n = 33; KCNQ3, n = 29; KCNQ2 and BACET, n = 38; KCNQ3 and BACET, n = 34.*p << 0.05, **p << 0.01, ***p << 0.01, pairwise Mann—Whitney test with Bonferroni
correction. Coexpression of BACET strongly upregulated currents through homomeric KCNQ4 (E) and homomeric KCNQ5 (F) channels in HEK293T cells. KCNQ4, n = 34; K(NQ4 +BACE1, n = 38;

KCNQ5, n = 24; KCNQ5 +BACET, n = 29. ***p < 0.01, Mann—Whitney test. n.s., Not significant.

Q5 channels, which were reported to be 0.17, 0.07, and 0.17,
respectively (Li et al., 2004, 2005). By contrast, homomeric
KCNQ3 channels exhibit a much higher open probability with
values between 0.59 (Selyanko et al., 2001) and 0.89 (Li et al.,
2004) and, consequently, did not show appreciable increase when
BACE1 was coexpressed.

BACE1 does not rescue current decline during PIP, depletion
M-channels require a certain level of PtdIns(4,5)P, (PIP,) to
open and changes in PIP, levels are effective means to regulate I,
(Suh et al., 2006; Hernandez et al., 2008; Telezhkin et al., 2012).

According to the data presented here, BACELI is another con-
stituent of physiologically sized I,,. To explore the interdepen-
dence between these two essential cofactors of proper KCNQ

channel gating, we tested whether BACE1 would be capable of
counteracting the characteristic current decline when PIP, levels
fall. We cotransfected HEK293T cells either with the phosphatase
construct DR-VSP, which can be activated by strong membrane
depolarization, or with its inactive variant DR-VSP-C302S (Hos-
sain et al., 2008; Kruse et al., 2012). The experiment was per-
formed as follows (Fig. 8A): Voltage-clamped cells were first
subjected to a mild depolarizing voltage step to —20 mV that
activated KCNQ2/Q3 current but not the phosphatase, and the
current amplitude at the end of this step was determined as I,.
Cells were then depolarized to 100 mV for a variable time period
At (100-3200 ms) to activate the phosphatase, before the mem-
brane potential was stepped back to —20 mV to obtain a second
current reading (I,). We then calculated the I,/1, ratio as an indi-



3308 - J. Neurosci., February 25,2015 - 35(8):3298 -3311

A KCNQ2/Q3 + BACE1 + DR-VSP
| At +100
1
_20J_EJ_|_H \_Et
| 80
2 2
|
1000 pA|”_
500 ms
C
1.0 L
s E B
5 0.8 B 5
o SE. 5. +BACE1
< 086 /';/ >~ +retigabine |,
O 4] o ~+retigabine
0.24 % +BACE1
0.0- KCNQ2/Q3 |**

60 40 -20 0 20 40
V (mV)

Figure 8.

Hessler et al. @ BACET Regulates M-current

B +BACE1
15 KCNQ2/Q3
- +DRVSP-C302S
< 10 +BACE1+DR-VSP-C302S

0.5-
+BACE1+DR-VSP |
0.0L, . . . .
0 800 1600 2400 3200
At (ms)
D
14
12
10
< gl +BACE1
< 4l Y‘* KCNQ2 W236L
4 \
2_
0_

60 -40 20 0 20 40
V (mV)

Effects of PIP, and retigabine on KCNQ2/Q3 in the absence and presence of BACET. A, To deplete PIP, in a controlled fashion, the voltage-dependent phosphatase DR-VSP was

coexpressed with KCNQ2/Q3 alone or together with BACET in HEK293T cells. KCNQ2/Q3 currents were measured before (I;) and after the phosphatase was activated by strong depolarization of
variable length (1,). B, Time course of changes in /1, ratio is indicative of current run-down as phosphatase was activated (n = 15, blue data points and lines). Coexpression of BACET did not
attenuate phosphatase-mediated current decline (n = 19, purple data points and lines). No changes in |,/1, ratio were observed for currents mediated by KCNQ2/Q3 alone (n = 15, black data points
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n.s., Not significant.

cator of the relative, phosphatase-mediated current decline. In
control experiments, the inactive phosphatase construct did not
affect the L,/1, ratio, nor did BACEI or a combination of both
(Fig. 8B). Once activated, however, the phosphatase caused a
decay of the I,/I; ratio. Most importantly, the current decline
during PIP, depletion proceeded regardless of whether BACE1
was coexpressed or not (Fig. 8B). If BACE1 acted predominantly
by enhancing the affinity of PIP, to the channel, one would have
expected a shift in the DR-VSP-induced decay of KCNQ2/Q3
current in the presence of BACE1 because the curves describing
the current decay in Figure 8B can be understood as a dose—
response relationship between PIP, level and KCNQ current am-
plitude. In contrast to some pharmacological enhancers, which
were capable of restoring or even potentiating KCNQ current
after PIP, depletion (Linley et al., 2012; Zhou et al., 2013), BACE1
failed to restore KCNQ2/Q3 current in the absence of adequate
PIP, binding to the channel.

Retigabine and BACE1 enhance KCNQ2/Q3 current through
different mechanisms

Retigabine is an established M-current activator, which enhances
the current by shifting the voltage dependence of activation to
more negative potentials (Main et al., 2000). To test whether
retigabine and BACE] act at the same or at different sites of the
channel protein to enhance the current, we measured activation

curves in the absence and presence of coexpressed BACE1 and
determined the characteristic shift of the activation curves to-
ward more negative potentials by retigabine (Fig. 8C). BACE1 did
not abrogate the effect of retigabine, as indicated by the fact that
the drug was capable of shifting the activation curve of
KCNQ2/Q3 current obtained with BACELI (Fig. 8C). In a second
approach, we tested whether BACE1 would enhance KCNQ2
current arising from the retigabine-insensitive mutant W236L
(Schenzer et al., 2005; Wuttke et al., 2005). The I/V curves de-
picted in Figure 8D indicate that the efficacy of BACE1 to aug-
ment KCNQ2 current was not impaired when the channel was
rendered insensitive to retigabine.

BACEI is physically associated with KCNQ2/Q3 channels

In our electrophysiological experiments, BACE1 upregulated
KCNQ2/Q3 currents in a proteolysis-independent fashion that
was reminiscent of the well-established boosting effect that the
auxiliary KCNEI subunit exerts on cardiac KCNQ1. To substantiate
the hypothesis that the I,-promoting effect of BACE1 depends on a
physical interaction with KCNQ2/Q3 channels, we embarked on
two independent strategies: one being coimmunoprecipitation, the
other PLA. For coimmunoprecipitation, HEK293T cells were
cotransfected with BACE1 constructs with a FLAG-tag and KCNQ
constructs with a HA-tag. As depicted in the immunoblot of Figure
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Figure 9.

Whitney test with Bonferroni correction.

9A, B, we were able to coprecipitate either KCNQ2 or KCNQ3 with
BACEI.

Independent of the immunoblotting experiment, PLA cor-
roborated the close interaction between BACE1 and KCNQ2
channel proteins (Fig. 9C). In a control experiment, no such
interaction was found between BACEI and the epithelial so-
dium channel (ENaC, Fig. 9D). In quantitative terms, PLA
against KCNQ2-V5 and BACE] yielded a mean count of 36.7 =
4.5 blobs per cell (n = 288 cells; Fig. 9E). As a positive control,
PLA against KCNQ2-V5 and coexpressed KCNQ3-HA resulted
in 33.9 £ 3.5 blobs per cell (n = 307 cells). To control for PLA
signals that may arise from unspecific binding of primary anti-
bodies, either BACE1 or KCNQ2-V5 was paired with ENaC as a
control partner. ENaC has a similar expression pattern compared
with KCNQ2 and was previously shown not to interact with
KCNQ2 (Bal et al., 2008). Both samples showed higher counts
than the negative control in which KCNQ2-V5 was combined
with ENaC-HA (14.7 £ 2.1 blobs per cell, n = 312 cells). Ina PLA
of BACEI1 with ENaC-V5, ENaC only fostered 9.9 * 1.7 blobs per
cell (n = 293 cells) with BACEL. Two independent lines of bio-
chemical evidence therefore strongly support the notion already
suggested from electrophysiology, namely, that the increase of I, did
not result from the shedding of membrane proteins, but from a
presumably direct interaction between BACEIL and the channel
proteins.

Direct interaction of BACET with KC(NQ2 and KCNQ3 in HEK293T cells. A, Western blot of a coimmunoprecipitation of
KCNQ2 and BACET (n = 3). B, Western blot of a coimmunoprecipitation of K(NQ3 with BACE1 (n = 5). (~E, PLA was performed on
HEK293T cells expressing KC(NQ2-V5 and BACE1 (€) or ENaC-V5 and BACET (D). Left, Unprocessed data (grayscale, 8 bits). Protein—
protein proximity is indicated by bright fluorescent spots. Images were automatically analyzed using the CellProfiler program
(right). Nuclei were counterstained with DAPI (gray channel). In a first step, nuclei (white outlines) were identified. The “cell
borders” (green outlines) were expanded beyond corresponding PLA signals (orange blobs), if present. In-focus PLA signals were
detected (yellow outlines) and counted. Adjacent PLA signals were separated using local intensity maxima. Scale bar, 5 uwm. E,
Number of PLA signals per cell. n = 293 (ENaC-V5 + BACET), n = 288 (KCNQ2-V5 + BACE1), n = 307 (KCNQ2-V5 + KCNQ3-HA),
n = 312 (KCNQ2-V5 + ENaC-HA) from two independent transfections each. ***p << 0.01, Kruskal-Wallis followed by Mann—

and seizure activity in BACEI-deficient
mice. Mutations in either KCNQ2 or
KCNQ3 proteins have been pinpointed as
the underlying mechanism of benign famil-
ial neonatal convulsions, an autosomal
dominant epilepsy of infancy that begins
few days after birth and usually disappears
within the first year (Jentsch, 2000; Maljevic
et al., 2010; Miceli et al., 2011). Because re-
duced I, has been well established as an ep-
ileptogenic factor in mice and humans, this
mechanism should also make a substantial
contribution to the seizure proneness of
BACEI ~/~ mice. In view of the multitude
of proteins that serve as substrates of BACE1 (Wong et al., 2005;
Kuhn et al., 2012), we cannot rule out that future work will reveal
additional factors involved in generating this epileptic phenotype,
but diminished I, should stand out as an essential mechanism.

BACE]1 as a putative modulatory subunit of

KCNQ2/Q3 channel

So far, research in the BACE1 field has focused almost exclusively
on the shedding activities of this enzyme and their (patho)phys-
iological sequelae. Studying the interaction of BACE1 with
voltage-dependent Na ™ channels, we were the first to demon-
strate a physiologically relevant action of BACE1 that occurred
independently of protein cleavage (Huth et al., 2009). Here, we
extend this novel principle of BACEI function to the KCNQ
family. Importantly, BACEI not only augments steady-state I,
but also accelerates its activation and slows its deactivation. The
effects of BACE1 on gating kinetics are particularly important to
strengthen the impact of I, on neuronal activity during reso-
nance behavior and frequency adaptation.

Whereas the electrophysiological recordings in the heterolo-
gous expression system demonstrated that the effects of BACE1
on KCNQ2/Q3 currents can be recapitulated by its proteolyti-
cally inactive variant BACE1 D289N, thereby pointing to a non-
enzymatic action, it was two independent protein interaction
experiments (i.e., coimmunoprecipitation and PLA) that strongly
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argued in favor of a direct physical interaction between BACEI and
the channel proteins. Unlike cardiac KCNQ1 channels, which as-
semble with KCNEI subunits to supply functional I to heart cells,
neuronal KCNQ channels have been thought to operate without
auxiliary B-subunits (Brown and Passmore, 2009). Given that
BACE], like KCNE], is a Type I transmembrane protein and that
both show equally augmenting effects on channel activity, it is well
conceivable that the role of BACEI1 for neuronal KCNQ2/Q3 chan-
nels is akin to that of KCNE1 for cardiac KCNQI1 channels.

Implications for Alzheimer’s disease

What does the surprising interaction between BACE1 and neu-
ronal KCNQ channels tell us about their roles in AD and their
suitability as therapeutic targets? Early animal studies raised hope
that I, inhibitors might improve learning and memory deficits,
but in subsequent clinical trials, the M-channel blocker linopir-
dine failed to ameliorate memory deficits in older adults and this
treatment option has been abandoned since (Wulff et al., 2009).
A recent study on aged primates showed that injection of the
M-channel blocker XE991 in the prefrontal cortex restored the
neuronal substrate of retention in a working memory test (Wang
etal,, 2011). The authors proposed that this age-related change in
cortical information processing might render the brain particu-
larly vulnerable to AD. Does this finding reinstate KCNQ chan-
nels as a promising target for second generation M-channel
inhibitors? There is a strong caveat to this implication because
inhibition of I,; might induce or exacerbate seizure activity in AD
patients. Compared with an age-matched control group in good
mental health, AD patients exhibit a much higher propensity to
develop seizure activity that often remains clinically undetected
(Vossel etal., 2013). Importantly, aberrant network activity is not
an accompanying symptom, but an essential feature of AD, as it is
capable of propelling neurodegeneration (Huang and Mucke,
2012). Lending support to the hypothesis that hyperexcitability is
causally linked to the cognitive decline in AD, Sanchez et al.
(2012) reported recently that suppression by leviracetam of ab-
normal spikes in EEG recordings reversed synaptic dysfunction
and learning and memory deficits in an animal model of AD. In
light of this novel concept of how AD develops and proceeds, our
finding that BACE1 augments I, suggests that the upregulation
of BACE] in brains of patients with mild cognitive impairments
and AD (Cheng et al., 2014) might also serve to strengthen an
endogenous anticonvulsant mechanism. Although this putative
compensatory mechanism is obviously doomed to fail, it might
perhaps slow the progression from mild cognitive impairment to
overt dementia. This would further argue against inhibition of I,
as a therapeutic option in AD.

On a cautionary note, the decrease of I, in BACE1-deficient
neurons does not necessarily imply the reverse, namely, a boost of
Iy when BACE] activity exceeds physiological levels, as it does in
AD. As long as type, subcellular site, and mechanism of interac-
tion between neuronal KCNQ channel complexes and BACEL1 as
well as their exact stoichiometry remain unknown, we cannot
exclude that physiological BACEL1 levels already increase I, in a
saturating fashion. In any case, the fact that BACE1 augments I,
in a proteolysis-independent manner should offer good news for
treatment strategies aiming at reducing enzymatic activity by
pharmacological means. Such BACEL1 inhibitors might suppress
its amyloidogenic effects while at the same time preserving its
beneficial nonenzymatic actions on I,.
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