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Abstract (173/200 words)

Mutations of PRRT2 (proline-rich transmembrane protein 2) cause several neurological disorders, represented
by paroxysmal kinesigenic dyskinesia (PKD), which is characterized by attacks of involuntary movements
triggered by sudden voluntary movements. PRRT2 is reported to suppress neuronal excitation, but it is unclear
how the function of PRRT2 is modulated during neuronal excitation. We found that PRRT2 is processed to a 12
kDa carboxy-terminal fragment (12K-CTF) by calpain, a calcium-activated cysteine protease, in a
neuronal-activity-dependent manner, predominantly via NMDA receptors or voltage-gated calcium channels.
Furthermore, we clarified that 12K-CTF is generated by sequential cleavages at Q220 and S244. The
amino-terminal fragment (NTF) of PRRTZ2, which corresponds to PKD-related truncated mutants, is not
detected, probably due to rapid cleavage at multiple positions. Given that 12K-CTF lacks most of the
proline-rich domain, this cleavage might be involved in the activity-dependent enhancement of neuronal
excitation perhaps through transient retraction of PRRT2’s function. Therefore, PRRT2 might serve as a buffer
for neuronal excitation, and lack of this function in PKD patients might cause neuronal hyperexcitability in their

motor circuits.
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Introduction

Proline-rich transmembrane protein 2 (PRRT2) is a causative gene of various neurological disorders,
represented by paroxysmal kinesigenic dyskinesia (PKD) (1), benign familial infantile epilepsy (2), infantile
convulsions and choreoathetosis (3) and hemiplegic migraine (4). PRRT2 is composed of 340 amino acids,
including a large intracellular domain (aa.1-268) harboring a proline-rich motif (aa.131-216), followed by an
intramembrane region (aa.269-289) and a transmembrane domain (aa.318-338) at the carboxy (C)-terminal
region (see Fig. 1C) (5). Many of the PRRT2 mutations found in PKD patients result in truncation of PRRT2
protein lacking transmembrane regions, causing rapid degradation or subcellular mislocalization (1, 6, 7),
suggesting that loss-of-function of PRRT2 might cause PKD. This hypothesis is supported by the observation
that Prrt2 knock-out mice show PKD-like phenotypes (8), although the possibility remains that the truncated
mutants might be slightly expressed and cause gain-of-abnormal-function.

PKD is characterized by sudden and brief attacks of involuntary movement, which are prevented by
voltage-gated sodium channel (VGSC) blockers such as carbamazepine, suggesting that PRRT2 might be a
negative regulator of neuronal excitation. Actually, it is reported that PRRT2 suppresses exocytosis of synaptic
vesicles (9) through interactions with SNARE proteins such as SNAP25 (10), syntaxin 1A/B (11, 12), VAMP2
(13) and synaptotagmin 1/2 (13). In addition, PRRT2 is reported to interact with GIuR1, a subunit of AMPA
(o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptor (AMPAR) (14, 15), and to downregulate
surface expression of GIuR1 (15). Moreover, PRRT2 negatively modulates VGSCs by interacting its subunits,
Nayl1.2 and Nay1.6 (16).

PRRT2 is widely expressed in the central nervous system (17) and its functions have been analyzed in
various brain regions, including cerebral cortex (18 —20), hippocampus (21) and cerebellum (11). However, it is
not clearly understood which neural circuit is associated with the pathogenesis of PKD. Given that PKD
features seizures of involuntary movements, PRRT2 might play a critical role in inhibition of neural circuits for
motor control, such as the cortico-basal ganglia circuits (22) or the cortico-cerebellar circuits (23).

Since the attacks occur during movements rather than rest, we considered that PRRT2’s function might be

altered by means of protein processing or modification in a neuronal-activity-dependent manner. Therefore, in
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this work, we analyzed the metabolism of PRRT2 during neuronal excitation in mouse cortical primary neurons

to obtain a deeper understanding of physiological role of PRRT2.

Materials and Methods

Animals

For biological studies, wild-type male C57BL/6 (B6) mice (7 weeks old) were used. The mice were deeply
anesthetized and perfused transcardially with chilled 0.1 M phosphate-buffered saline (PBS; pH 7.4), and the
brains were excised. For preparation of primary cultures of mouse cortical neurons, brains were taken from B6
mouse embryos at 16—18 day of gestation. All animal experiments in this study were conducted according to
Guidelines for Animal Experimentation, Nagasaki University. All protocols were approved by the Institutional

Animal Care and Use Committee of Nagasaki University.

Cell culture and transfection

Mouse cortical primary neurons were prepared as described previously (24) and cultured in Neurobasal medium
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with 2% B-27 supplement (Thermo Fisher Scientific Inc.),
0.5 mM glutamine and a mixture of 100 units/mL penicillin and 100 pg/mL streptomycin on
poly-L-lysine-coated plates in a humidified atmosphere of 5% CO, at 37°C. Mouse neuroblastoma cells
(Neuro2A) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum and
penicillin-streptomycin solution. Cells were transfected with expression vectors using a transfection reagent
Lipofectamine 2000 (11668-019, Life Technologies, Carlsbad, CA, USA) and collected for biological analysis

24 hours post-transfection.

Plasmid construction
Human PRRT2 wild-type (PRRT2wt) cDNA (NM_145239; Genome Network Project Clone: RDB 7566) was
provided by RIKEN BRC through the National Bio-Resource Project of MEXT, Japan (25-28). PRRT2wt or

calpain-resistant mutants were amplified using PCR with a suitable primer set and PrimeSTAR MAX DNA
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polymerase (Takara Bio Inc., Shiga, Japan), incubated with restriction enzymes, and ligated into mammalian
expression vectors (pcDNA3.1(+) or/and pEGFP-N3) at 16°C for 30 min. EGFP tag was fused to the
N-terminus or C-terminus of PRRT2, and the resulting constructs were named EGFP-PRRT2 and PRRT2-EGFP,
respectively. The primer sequences and the restriction enzymes are listed in Supplemental table S1. After

verification of the DNA sequences, the vectors were used for transfection into cells.

Preparation of membrane and cytosol fractions

Mouse cortices, or cell pellets of mouse cortical primary neurons were homogenized in 7 volumes of
homogenizing buffer (50 mM Tris-HCI, 0.15 M NaCl, Complete™ EDTA-plus (Roche Diagnostics GmbH,
Mannheim, Germany), pH 7.4) in 1-mL glass tubes of a Potter-Elvehjem tissue homogenizer at 2,000 rpm for
20 strokes using an overhead stirrer equipped with a Teflon pestle (provided with the homogenizer). The
homogenates were centrifuged at 800 x g for 5 min, and the supernatants were transferred into fresh 1.5-mL
tubes and centrifuged at 206,000 x g (70K rpm) for 29 min using an ultracentrifuge (Optima TLX, Beckman
Coulter, Inc., Brea, CA, USA) and TLA110 rotor (Beckman Coulter, Inc.). The supernatants were collected as
cytosol fractions and the precipitates were washed with 4.5 volumes of homogenizing buffer and then
centrifuged at 206,000 x g for 29 min. The precipitates were lysed with 4.5 volumes of 1% Triton X-100/PBS,

and centrifuged at 206,000 x g for 20 min. The supernatants were collected as membrane fractions.

Compounds and cell treatments

Calcium chloride (CaCl,), KCI, L-glutamate (Glu), N-methyl-D-aspartate (NMDA) (Nacalai Tesque, Inc.,
Kyoto, Japan), kainic acid (KA), (RS)-AMPA (Tocris Biosciences, Bristol, UK) or sterilized Milli-Q water
(solvent of the above compounds; negative control) were used as described. Neurons were also treated with
ionomycin (Cayman Chemical Company, Ann Arbor, MA, USA) or ethanol (solvent of ionomycin) as the
negative control. Inhibitors of glutamate receptors or proteases, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX),
MK-801 (Tocris Biosciences), chloroquine (Sigma-Aldrich, St. Louis, MO, USA), E64d, leupeptin, pepstatin A,

MG-132 (Peptide Institute, Inc., Osaka, Japan), N-Acetyl-Leu-Leu-Methional (ALLM), MDL28170
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(Calbiochem, San Diego, CA, USA), calpeptin (Santa Cruz Biotechnology, Inc., Dallas, TX, USA) or dimethyl
sulfoxide (DMSO; negative control) were added 30 min before glutamate or KCI treatment, and incubation was

continued until the cells were harvested.

In vitro treatments

Cell lysates from mouse cortical primary neurons, mouse cerebral cortex or mouse cortical membrane fraction
were incubated in 1% Triton X-100/PBS containing 0.05-5 mM CacCl, or Milli-Q water (negative control) at
37°C for 18-24 hr. Cell lysates from Neuro2A cells overexpressing EGFP-PRRT2wt were incubated in 1%
Triton X-100/PBS containing 5 mM metal salts, CaCl,, calcium acetate (CaAc,), calcium sulfate (CaSQ,), zinc
sulfate (ZnSO,), manganese(ll) chloride (MnCl,), magnesium chloride (MgCl,), sodium chloride (NaCl) or KCI
at 37°C for 24 hr. Cell lysates from mouse cerebral cortex were incubated in 1% Triton X-100/PBS containing
0.3 pg/pL of mouse IgG (PP100, Chemicon International, Inc., CA, USA, RRID: AB_97849), mouse
monoclonal anti-calpain-1 antibody (C-266, Sigma-Aldrich, RRID: AB_258809) or mouse monoclonal
anti-calpain-2 antibody (C-268, Sigma-Aldrich, RRID: AB_258813), together with 5 mM CacCl, or Milli-Q
water at 37°C for 18 hr. Native calpain-1 (from human erythrocytes, final concentration: 84 ng/uL; Calbiochem)
or Milli-Q water was added to the membrane fraction together with 4 mM CaCl, or Milli-Q water and
incubation was continued in 1% Triton X-100/PBS at 30°C for 24 hr. Cell lysates from Neuro2A cells
overexpressing wild-type or calpain-resistant mutant PRRT2-EGFP, or PRRT2-CTFs, were incubated in 1%
Triton X-100/PBS containing native calpain-1 (final concentration: 16.8 ng/pL) and 4 mM CaCl, at 30°C for
0.5-2 hr. Reactions were stopped by addition of 6X Sample buffer solution (Nacalai Tesque, Inc.) to cell lysates

or the membrane fraction.

Immunoblot analysis
Collected cells or mouse cerebral cortices were lysed with PBS containing 1% Triton X-100 and protease
inhibitor cocktail Complete™ EDTA-plus. Milli-Q water and 6X Sample buffer solution for SDS-PAGE were

added after determination of the total protein concentration of cell lysates with a BCA protein assay kit
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(T9300A, Takara Bio Inc.). All SDS-PAGE samples were boiled for 5 min and equal amounts of lysate proteins
were subjected to SDS-PAGE. The separated proteins in the gels were transferred to polyvinylidene difluoride
(PVDF) membranes under semi-dry conditions. After blocking non-specific absorption of antibodies on the
membrane with 0.5% casein/tris-buffered saline/0.5% Tween 20 (TBST), the blotted membranes were probed
with rabbit polyclonal anti-PRRT2 antibody (1:200, 0.5 pg/mL, HPA014447, Sigma-Aldrich, RRID:
AB_1855786) or mouse monoclonal anti-GFP antibody (1:2,500, MAB3580, Merck Millipore, Darmstadt,
Germany, RRID: AB_94936) at 4°C overnight, and then treated with horseradish peroxidase-conjugated
anti-rabbit 1gG antibody (1:10,000, NA9340, GE Healthcare, Fairfield, CT, USA, RRID: AB_772191) or
anti-mouse IgG antibody (1:10,000, 7076S, Cell Signaling Technology, Danvers, MA, USA, RRID:
AB_330924) at room temperature for 1 hr. The protein bands were visualized using ImmunoStar LD
(Fujifilm-Wako Pure Chemical Co., Osaka, Japan), and images of immunoreactive protein bands were captured
with a densitometer, LAS-4000mini (Fujifilm Corporation, Tokyo, Japan). Science Laboratory 2001 Image

Gauge software (Fujifilm Corporation) was used to analyze signal intensity.

Measurement of cell membrane potentials

Relative cell membrane potential was measured using a FLIPR membrane potential assay kit (R8126,
Molecular Devices, LLC., Biberach an der Riss, Germany). Culture medium of mouse cortical primary neurons
seeded on a clear-bottomed black 96-well plate was replaced with 1:1 mixture of medium and the fluorescent
dye solution. After incubation in 5% CO; at 37°C for 30 min, fluorescence intensity was measured with a
Cytation 3 (BioTek Instruments, Inc., Winooski, VT, USA) sequentially at 4-25-second intervals, with
excitation and emission at 530 and 565 nm, respectively. During the measurement, glutamate was dispensed
into wells at final concentrations of 10 or 250 puM, and KCI concentrations in the wells were manipulated within

the range of 3—-78 mM by injecting high KCI solution or Milli-Q water for dilution.

Prediction of calpain cleavage site



Calpain cleavage sites on human PRRT2 were predicted by online software (CaMPDB; Calpain for Modulatory
Proteolysis Database; http://www.calpain.org/) (29, 30). The amino acid sequence of human PRRT2
(UniProtKB/Swiss-Prot: Q7Z6L0.1) was inputted and multiple kernel learning (MKL) or a Bayesian algorithm

was applied.

Statistics

All quantitative data in this study are expressed as mean * standard deviation (SD). All statistical examinations
were performed by SigmaPlot software ver.14.0 (Systat Software Inc., San Jose, CA, USA). To examine
whether cell treatments significantly affect the cleavage of full-length Prrt2 to 12K-CTF, quantitative
immunoblot data sampled from n=3 independent cultures were subjected to statistical analysis (Figs. 1D, 3A-C,
Supplemental Figs. S1B-D, F). For comparisons of the means between two groups, statistical analysis was
performed by Student’s t-test (Supplemental Fig. S1C left). For comparisons of the means among three or more
groups, statistical analysis was performed by one-way or two-way analysis of variance (ANOVA) followed by a
post-hoc test; the Student—Newman—Keuls test was applied if the data passed the Shapiro—Wilk normality test
and the Brown—Forsythe equal variance test (Figs. 1D, 3C, Supplemental Figs S1C right, D, F). If the normality
test or the equal variance test was not passed at ANOVA, Kruskal-Wallis one-way ANOVA on Ranks was
performed (Fig. 3B). To compare time-dependent change in cell membrane potentials between two groups, data
from n=3 independent cultures were subjected to repeated-measures two-way ANOVA followed by the Student—
Newman—Keuls test (Supplemental Fig. S1E). P values below 0.05 (P < 0.05) were considered to be significant

throughout this study.

Results

Prrt2 is cleaved to 12 kDa C-terminal fragment (12K-CTF) during neuronal excitation induced by
glutamate in mouse cortical primary neurons.
We first examined the metabolism of Prrt2 in mouse cortical primary neurons treated with glutamate, a major

excitatory neurotransmitter. When the neurons were treated with 10 uM glutamate for 24 hr and subjected to
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immunoblot analysis with anti-PRRT2 antibody, full-length Prrt2 was dramatically reduced in parallel with the
appearance of a fragment with molecular mass between 9 and 21 kDa (Fig. 1A lane 2); further examination
indicated that the size of the fragment was 12 kDa (Supplemental Fig. S1A). The fragment was detected in the
membrane fraction, but not in the cytosolic fraction (Fig. 1B), suggesting that the fragment might include the
C-terminal transmembrane regions of Prrt2; this was confirmed by detection of the fragment from
PRRT2-EGFP with anti-GFP antibody (Fig. 4C lane 2, 3). We thus named the fragment 12K-CTF (12 kDa
carboxy-terminal fragment) (Fig. 1C). The epitope of the PRRT2-antibody, which extends from the center to the
C-terminal side of Prrt2, also supports this view (Fig. 1C). Even though the epitope region is also distributed in
the amino-terminal fragment (NTF), it was not detected in any fraction (Fig. 1B), which might suggest rapid

degradation of NTF.

Prrt2 is cleaved in response to NMDAR-mediated glutamate signaling.

We next explored how glutamate induces the cleavage of Prrt2. Glutamate has three types of ionotropic
receptors; AMPARSs, KA receptors (KARs) and NMDARs. To clarify which glutamate receptor contributes to
the cleavage of Prrt2, we examined the cleavage of Prrt2 by three glutamate analogues in mouse cortical
primary neurons; the cleavage was evaluated in terms of the decrement of full-length Prrt2 level, measured by
quantitative immunoblot analysis. Although all compounds induced the cleavage (Supplemental Figs. S1B, C),
NMDA induced it at the lowest concentration among them (Supplemental Figs. S1B lanes 8-10, S1C), which
means that NMDA is the most effective inducer of the cleavage. However, the analogues are unphysiological
agonists, which might differ from glutamate in their affinities for the receptors. Therefore, we treated neurons
with 20 uM CNQX, an inhibitor of AMPARs and KARs, or 20 uM MK-801, an inhibitor of NMDARs, together
with 10 uM glutamate and carried out immunoblot analysis with anti-PRRT2 antibody (Fig. 1D). In accordance
with the decrease in the amount of the full-length protein, production of 12K-CTF was increased (Fig. 1D lane
2), and the increase was inhibited by MK-801 (Fig. 1D lane 4), but not CNQX (Fig. 1D lane 3). This is
consistent with the results obtained with the glutamate analogues (Supplemental Figs. S1B, C), suggesting that

Prrt2 was predominantly cleaved in response to NMDAR-mediated glutamate signaling. CNQX was verified to
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work normally, since it inhibited AMPAR-mediated cleavage of Prrt2 (Supplemental Fig. S1D lane 3).

Prrt2 is cleaved in a cell membrane potential-dependent manner.

We next investigated what signaling cascades exist between activation of NMDARs and the cleavage of Prrt2.
NMDAR is a cation channel that is permeable to sodium, potassium and calcium ions, leading to an increase of
cell membrane potential followed by generation of action potentials. Thus, we considered that neuronal
depolarization might be the second messenger in the NMDA-mediated pathway to the cleavage. To test this
hypothesis, we used KCI, which depolarizes neurons directly, since potassium ion forms and maintains resting
membrane potential. When the neurons were treated with 5, 15 or 55 mM KCI for 24 hr and the cell lysates
were immunoblotted with anti-PRRT2 antibody, Prrt2 was cleaved KCI concentration-dependently (Fig. 1E).
Because cell membrane potentials were raised in proportion to increase of KCI concentration in the range of 3—

78 mM (Fig. 1F), Prrt2 appears to be cleaved in a neuronal excitability-dependent manner.

NMDA-mediated glutamate signaling and depolarization-triggered signaling separately result in the
cleavage of Prrt2.

We similarly measured glutamate-induced changes in cell membrane potentials. Contrary to our expectation,
10 uM glutamate, which is enough to induce the cleavage, did not increase cell membrane potential (Fig. 1G).
These results show that glutamate can induce the cleavage (see Fig.1A) even at a concentration that does not
cause a detectable increase of cell membrane potential. On the other hand, 250 uM glutamate induced high
membrane potentials, which were decreased by MK-801 (Supplemental Fig. S1E), suggesting that
NMDAR-mediated depolarization can occur at higher glutamate concentration in a time-dependent manner. We
speculated that the depolarization might indirectly activate glutamate receptors by evoking synaptic release of
glutamate or unexpected mechanisms to cause the cleavage. To examine this possibility, we treated neurons
with 20 uM CNQX or 20 uM MK-801 together with 200 mM KCI for 1 hr (Supplemental Fig. S1F). We found
that the KClI-induced cleavage was not inhibited by the glutamate receptor blockers (Supplemental Fig. S1F

lanes 3, 4), indicating that raised membrane potentials can trigger the cleavage without activation of NMDARSs.
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Taken together, there appear to be two separate pathways leading to the cleavage of Prrt2; one is the
NMDAR-mediated glutamate pathway independent of depolarization, and the other is the
depolarization-triggered pathway. Glutamate is supposed to induce cleavage only via the former pathway at low

concentration (10 uM), but via both pathways at high concentration (250 uM or more).

Prrt2 is cleaved by calcium-dependent protease.

NMDARs are permeable to calcium ion, whereas AMPARSs or KARs are usually not (31, 32). Interestingly,
increment of membrane potential also causes calcium influx by opening VGCCs (33). Thus, we investigated
whether calcium influx induces the cleavage of Prrt2. When the neurons were treated with 2, 4, 10 or 30 mM
CaCl; or 8 uM ionomycin, an ionophore that raises the intracellular level of calcium ion, for 30 min and the cell
lysates were immunoblotted with anti-PRRT2 antibody, both compounds induced the cleavage of Prrt2 (Figs.
2A, B). To examine whether the calcium-induced cleavage of Prrt2 requires transduction of any cell signaling,
we treated cell lysates from intact neurons (Fig. 2C) with 0.05 or 5 mM CaCl, at 37°C for 24 hr in vitro and
performed immunoblot analysis. Prrt2 was cleaved in the presence of 5 mM CacCl, (Fig. 2C lane 3), suggesting
that Prrt2 is cleaved by calcium-dependent protease without intervention of any cell signaling. The cleavage
was reproduced in cell lysates from mouse cerebral cortex (Fig. 2D), but not the corresponding membrane
fraction (Fig. 2E), which indicates that Prrt2 is cleaved by a cytosolic protease. We verified that not only mouse
Prrt2, but also human PRRT?2 is cleaved in the presence of 5 mM CaCl, using cell lysates from Neuro2A cells
overexpressing EGFP-human PRRT2 (Fig. 2F lane 2). We further confirmed that calcium ion, but not chloride
ion, activates the protease (Fig. 2F lanes 2-4) and that 12K-CTF with a length equivalent to that of mouse CTF
was generated. Magnesium or manganese(ll) ion also induce the cleavage of PRRT2 in vitro (Fig. 2F lanes 6, 7),

but zinc, sodium or potassium did not (Fig. 2F lanes 5, 8, 9).

Prrt2 is cleaved by calpain.
To explore what protease cleaves Prrt2, we first treated mouse cortical primary neurons with broad-spectrum

protease inhibitors together with 10 uM glutamate for 24 hr and analyzed changes in the 12K-CTF levels of cell
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lysates by immunoblot analysis with anti-PRRT2 antibody (Fig. 3A). The generation of 12K-CTF was
significantly inhibited by 20 uM leupeptin, an inhibitor of serine and cysteine proteases (Figs. 3A lane 4, 3B),
indicating that Prrt2 is cleaved by a serine or cysteine protease. We next treated neurons with several serine
protease inhibitors or cysteine protease inhibitors and finally found that a series of calpain inhibitors inhibited
the cleavage of Prrt2 (Fig. 3C). To confirm that calpain is responsible for the cleavage of Prrt2, we next
examined whether exogenous calpain is capable of cleaving Prrt2 to 12K-CTF in vitro. When we treated
membrane fraction of mouse cerebral cortex with native calpain-1 together with 4 mM CacCl,, the immunoblot
analysis with anti-Prrt2 antibody showed that exogenous calpain-1 cleaves Prrt2 to 12K-CTF (Fig. 3D lane 4).
We then treated the cell lysates with calpain-neutralizing antibodies together with 5 mM CacCl, in vitro and
immunoblotted them with anti-PRRT2 antibody. Neutralization of calpain inhibited the calcium-dependent

cleavage of Prrt2 (Fig. 3E lanes 4, 6). These results indicate that calpain is responsible for the cleavage of Prrt2.

PRRT?2 is cleaved at multiple positions by calpain and the cleavage at S244 generates 12K-CTF.

We used online software (CaMPDB) to search for calpain cleavage sites on human PRRT2. The 10 most
likely cleavage positions predicted by MKL and by a Bayesian algorithm are listed in Table 1. All the predicted
cleavage sites are conserved in mouse Prrt2, though there are partial amino acid substitutions in the P2—P3’
positions. Among these possible cleavage sites, we picked up four candidate positions (H201, Q220, S244 and
A252) that would generate approximately 12 kDa CTF (9-15 kDa). We then designed calpain-resistant PRRT2
mutants (201-mut: HSPP201_2041DDD, 220-mut: LQQLV219 223FIDDD, 244-mut: LSRHP243_247FIDDD,
252-mut: LAGPG251 255FIDDD), which are substituted with calpain-disfavored four- or five-amino-acid
sequences around the putative cleavage site, with reference to reported amino acid frequencies at cleavage sites
(Fig. 4B, Ref. CaMPDB). We chose FIDDD instead of FIDWD (the most disfavored sequence) because
tryptophan is favored at the P3’ position despite being the most disfavored residue at the P2’ position, and we
considered that it might generate another cleavage site. To circumvent loss of the epitope in PRRT2 due to
amino acid substitutions, we fused a EGFP-tag to the C-terminus of PRRT2wt/mut and used anti-GFP antibody

for immunoblot analysis. The expression vectors were transfected into Neuro2A cells and the cell lysates were
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treated with native calpain-1 together with 4 mM CaCl; at 30°C for 0.5 or 2 hr in vitro, then subjected to
immunoblot analysis with anti-GFP antibody (Fig. 4C). Although cleavage of 201-mut or 252-mut was
observed in the same manner as with PRRT2wt, neither 220-mut (Fig. 4C lanes 14, 15) nor 244-mut (Fig 4C
lane 5, 6) gave 12K-CTF, suggesting that the cleavages at residues Q220 and S244 of PRRT2 are essential to
produce 12K-CTF. Instead of 12K-CTF, 220-mut generated several higher-molecular-mass CTFs with low
signal intensities (Fig 4C lane 14, 15), indicating multistep cleavages of PRRT2, while 244-mut generated a
somewhat larger CTF (Fig 4C lane 5, 6), which might be due to cleavage a few residues upstream of S244.
Although the theoretical molecular mass of 252-mut is larger than that of PRRT2wt by 0.2 kDa, the migration
distance of the CTF was unchanged. Therefore, the upward shift of the CTF from 244-mut, the theoretical
molecular mass of which is equal to that of PRRT2wt, may not be attributed to a molecular mass change of
12K-CTF due to the amino acid substitutions, but rather to a change of the cleavage position. In addition, we
transfected expression vectors carrying PRRT2-CTFs 202340, 221-340, 245-340 and 253-340 into Neuro2A
cells, treated the cell lysates with native calpain-1 and 4 mM CacCl; at 30°C for 2 hr in vitro, and immunoblotted
them with anti-PRRT2 antibody (Fig. 4D). The molecular mass of 12K-CTF was consistent with that of
PRRT2-CTF 245-340 (Fig. 4D lane 3), but lower than that of PRRT2-CTFs 202-340 and 221-340 (Fig. 4D
lanes 5 and 7, respectively). Furthermore, PRRT2-CTF 245-340 did not undergo further qualitative or
quantitative changes in the presence of calpain (Fig. 4D lane 4), whereas PRRT2-CTFs 202—-340 and 221-340
were cleaved to generate 12K-CTF (Fig. 4D, lane 8 and 6, respectively). Interestingly, almost all of
PRRT2-CTF 221-340, but not PRRT2-CTF 202-340, was converted to 12K-CTF, suggesting that the cleavage
at Q220 efficiently leads PRRT2 onto a pathway for production of 12K-CTF, and that PRRT2-CTF 221-340
could thus serve as a transient intermediate. Although we failed to detect PRRT2-CTF 253-340 (data not
shown), probably due to loss of the epitope, the molecular mass of PRRT2-CTF 253-340 should not be
consistent with that of 12K-CTF, but should be lower. These results suggest that PRRT2 might undergo
sequential cleavages at residues Q220 and S244 by calpain to generate 12K-CTF (PRRT2-CTF 245-340),
though PRRT2-CTF 221-340 is not detectable, probably because of rapid cleavage (Fig. 4E, Supplemental Fig.

s2).
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Discussion

Calpain as the protease responsible for cleaving PRRT2

In this study, we found that Prrt2 is cleaved to afford 12K-CTF in mouse cortical primary neurons during
neuronal excitation. In addition, using a panel of protease inhibitors and subsequent verification studies, we
identified calpain as the protease responsible for the cleavage. Our results (Figs. 1, 2) are consistent with reports
that calpain is activated by ionomycin, glutamate or KCI in primary cortical neurons (34, 35) and that glutamate
caused calpain activation selectively through the activation of the NMDARs (35-37). Moreover, calpain is
activated by not only calcium, but also magnesium (38) and manganese (39), and this is also consistent with our
data (Fig. 2F).

The online database predicted many cleavage sites for calpain on PRRT2, because calpain prefers proline at
almost all positions between P10 and P10’ (40). Indeed, we detected additional longer CTFs from 220- or
244-uncleaved PRRT2 mutants (Fig. 4C), which may explain why the PRRT2-NTF was not detected. In
addition, 220- or 244-uncleaved mutants did not generate 12K-CTF (Fig, 4C) and overexpressed PRRT2-CTF
245-340 showed a molecular mass corresponding to that of 12K-CTF generated from PRRT2wt (Fig. 4D),
indicating that PRRT2 may be mainly degraded by cleavage at Q220, followed by a second cleavage at S244 to
generate 12K-CTF (PRRT2-CTF 245-340) (Fig. 4E, Supplemental Fig. S2). This two-step proteolysis appears

to be strictly regulated, although its mechanism and significance remain to be fully established.

Putative mechanism of cleavage of PRRT2 during neuronal excitation

PRRT2 cleavage in neurons was triggered by various reagents (glutamate, NMDA, AMPA, KA, KCI, CaCl,
and ionomycin). However, we focus here on the mechanisms and significance of the glutamate-induced
cleavage because among them, only glutamate stimuli are expected to occur physiologically in the brain. We
found that glutamate transduces the cleaving signal largely through NMDARSs. Although AMPA or KA also
induced cleavage, they did so only at higher concentrations than NMDA (Supplemental Figs. S1B, C). More

importantly, the glutamate-induced cleavage was not inhibited by blockade of AMPARSs or KARs, but was
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inhibited by blockade of NMDARSs (Fig. 1D), suggesting that the contribution of AMPARSs or KARs to the
cleavage is negligible, compared to that of NMDARSs. The key difference between NMDARs and
AMPAR/KARSs seems to be the permeability for calcium. Namely, NMDARs permit the calcium ion flow into
cells, but AMPARs or KARs usually do not (31, 32), implying that calcium ion might be involved in the
cleavage. We subsequently confirmed this by identifying calpain as being responsible for the cleavage of
PRRT2, since calpain is a calcium-dependent protease.

We found that the cleavage is also induced by KCI (Fig. 1E), which directly raises the cell membrane
potential of neurons (41), suggesting that neuronal depolarization induces the cleavage. Although it might be
possible that the cleavage depends solely on NMDARS in response to endogenous glutamate synaptically
released by action potentials, in fact our results exclude this (Supplemental Fig. S1F) and suggest that
depolarization induces the cleavage even without activation of NMDARs. Given that the responsible protease is
calpain, the depolarization-triggered cleavage is considered to be dependent upon calcium influx through
VGCCs. On the other hand, the cleavage was robustly induced even by a low concentration of glutamate that is
insufficient to raise membrane potential (Figs. 1A, G), suggesting that the glutamate-induced cleavage does not
necessarily require an increment of membrane potential. Taken together, moderate glutamate stimulation might
induce the cleavage mainly via calcium influx through NMDARs, whereas strong glutamate stimulation might
do so via calcium influx through both NMDARs and VGCCs.

Generally, the concentration of synaptically released glutamate is estimated to reach a few millimolar (mM)
during neurotransmission (42). Since 250 puM glutamate raised the cell membrane potential (Supplemental Fig.
S1E), synaptically released glutamate during neurotransmission is considered to reach a sufficient concentration
to raise the cell membrane potential. Thus, the cleavage of PRRT2 could be induced by calcium influx through
both NMDARs and VGCCs during neuronal excitation (Fig. 4E). The pathway through VGCCs is consistent
with general mechanisms in which excitatory postsynaptic potentials (EPSP) by glutamate are accumulated in
axon initial segment (AIS), where VGSCs are localized abundantly and generate action potentials in response to
the excess of their thresholds of membrane potential (43), and then the action potentials open VGCCs in

presynaptic areas (33).
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Significance of the cleavage of PRRT2 to 12K-CTF

We cannot exclude the possibility that 12K-CTF might have some function, because it was detected
throughout neuronal excitation, but this seems unlikely, because it lacks most of the proline-rich region. PRRT2
has nine Pro-X-X-Pro (PXXP) motifs, which bind SH3 (Src Homology 3) domains. In fact, PRRT2 is reported
to interact with SH3-containing molecules such as intersectin 1 (5). On the other hand, 12K-CTF has only two
PXXP motifs, suggesting that its capability for protein interactions would be limited.

Meanwhile, the NTF of PRRT2, the structure of which closely resembles those of PKD-related truncated
mutants, was not detected in any fraction (Fig. 1B). However, if the NTF is functional, short fragments with
PXXP motifs should be generated by multiple cleavages from the N-terminal region at detectable levels. But,
considering the failure to detect NTFs and the absence of functional domains in 12K-CTF, it seems more likely
that the cleavage of PRRT2 is a process of degradation.

The cleavage should be a significant modulator of neuronal activity. We here propose three possible
mechanisms through which neuronal excitation might be modulated or modified by the cleavage of PRRT2 in a
neuronal activity-dependent manner. First, the cleavage might enhance neurotransmitter release through
transient retraction of PRRT2 function to inhibit transmitter release (9), like a synaptic facilitation, a form of
short-term presynaptic plasticity, in which subsequent action potentials cause greater neurotransmitter release
(44). Interestingly, synaptic facilitation is known to be dependent on presynaptic calcium signaling (45), which
is consistent with cleavage by calpain. Thus, the calcium-dependent cleavage of PRRT2 could be one of the
underlying mechanisms of synaptic facilitation.

Second, the cleavage might promote the trafficking of AMPARS into the postsynaptic density (PSD) through
transient retraction of the PRRT2 function of limiting the membrane distribution of GIuR1. This postsynaptic
plasticity corresponds with the observation of NMDAR-dependent long-term potentiation (LTP), in which
NMDAR-induced calcium signaling recruits GluR1-containing AMPARs to the PSD via Syt1/7-dependent
calcium sensing (46). Interestingly, PRRT2 is known to interact with Syt1 and modulate the calcium sensitivity

of the exocytosis machinery (13). Furthermore, it is reported that calpain small subunit 1 (Capnsl) knockout
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neurons show a striking decrease in the membrane distribution of GIuR1 and impaired LTP (47), Thus, the
NMDAR-calcium-calpain pathway to the cleavage of PRRT2 is considered to promote the trafficking of
AMPARSs to the PSD, which might be an alternative explanation of the LTP mechanism.

Third, the cleavage might enhance the VGSC activities at the AlS, followed by greater action potentials
through transient retraction of the PRRT2 function negatively modulating Nay 1.2/1.6, subunits of VGSCs (16).
Given that attacks of PKD are suppressed by carbamazepine, the molecular mechanism of the attacks could
involve transient hyperactivity of VGSCs due to the activity-dependent cleavage of PRRT2. Taken together, the
three putative mechanisms mediated by the cleavage of PRRT2 might result in transient dysfunctions of PRRT2
and an activity-dependent enhancement of neuronal excitation. Whatever novel function of PRRT2 might be
discovered in the future, the cleavage of PRRT2 might induce transient retraction of that function only during

neuronal excitation.

Pathophysiological and therapeutic significance of the cleavage of PRRT2

In familial PKD, the cleavage of PRRT2 might cause excessive enhancement of neuronal excitation, resulting
in the movement-dependent attacks of PKD. Several PKD-related missense mutations of PRRT2 (A214P,
P215R, P216H, P216R, R229K and S233W) (48-50) are located around the cleavage sites (Q220 and S244),
and might influence the pattern or kinetics of the cleavage of PRRT2 through conformational changes and/or
formation of new cleavage sites. Although direct inhibition of the cleavage could alleviate PKD, no calpain
inhibitor has passed clinical trials (24), probably mainly due to the variety of endogenous substrates in the body,
suggesting the difficulty of targeting calpain. However, we propose that the inhibition of NMDARS might be an
effective and safe approach for the treatment of PKD, since NMDAR inhibitors inhibited the cleavage of
PRRT2 (Fig. 1D) and neuronal depolarization (Supplemental Fig. S1E) in our study, and some inhibitors are
already in clinical use. Given that the cleavage is also induced by depolarization-induced calcium influx (Figs.
1F, 2A, B, Supplemental Fig. S1F), inhibitors of VGSCs or VGCCs might also be useful for treatment. Indeed,
inhibitors of VGSCs such as carbamazepine are currently used for treatment of PKD, which strongly supports

our logic.
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Figure legends

Figure 1. Neuronal activity-induced cleavage of Prrt2 to a 12 kDa C-terminal fragment. A) Mouse cortical
primary neurons were treated with H,O (lane 1) or 10 uM glutamate (lanes 2) for 24 hr and their cell lysates
were immunoblotted with anti-PRRT2 antibody. B) Cell lysates (lane 1), membrane (lane 2) and cytosolic
fractions (lane 3) from mouse cortical primary neurons treated with 10 uM glutamate were immunoblotted with
anti-PRRT2 antibody. C) Schematic representation of the glutamate-induced cleavage site of PRRT2. Epitopes
of anti-PRRT2 antibody in this study are present in the region surrounded by the dashed line. The topology of
PRRT2 is based on Rossi et al., 2016 (5). D) Mouse cortical primary neurons were treated with DMSO (lanes 1,
2), 20 uM CNQX (lane 3) or 20 uM MK-801 (lane 4) together with H,O (lane 1) or 10 uM glutamate (lanes 2-
4) for 24 hr and their cell lysates were immunoblotted with anti-PRRT2 antibody (top). Quantitative data for
12K-CTF are shown as the mean + SD of n=3 independent determinations (bottom). *P < 0.05; F3, s = 45.6, P
< 0.001 (lane 1 vs. lane 2 or 3), P = 0.882 (lane 1 vs. lane 4), one-way ANOVA followed by Student—-Newman—
Keuls test. E) Mouse cortical primary neurons were treated with 5, 15 or 55 mM KCI (lanes 1, 2 and 3,
respectively) for 24 hr and their cell lysates were immunoblotted with anti-PRRT2 antibody. Representative data
from three independent experiments are shown. Refer to Supplemental Fig. S1F lanes 1, 2 for quantitative data.
In A, B, D and E, arrowheads and arrows indicate full-length Prrt2 and 12K-CTF, respectively. F) Relative
membrane potentials of neurons were measured during changes in KCI concentration (mean = SD of n=5
independent determinations). G) Relative membrane potentials of neurons were measured during stimulation

with 10 puM glutamate (mean £ SD of n=3 independent determinations).

Figure 2. Calcium influx-dependent cleavage of Prrt2. A, B) Mouse cortical primary neurons were treated
with 2, 4, 10 and 30 uM CaCl; (A lanes 1, 2, 3 and 4, respectively), 8 uM ionomycin (B lane 2) or ethanol
(solvent dissolving ionomycin; B lane 1), for 30 min, and cell lysates were immunoblotted with anti-PRRT2
antibody. C) Cell lysates of neurons were treated with H,O (lane 1) or CaCl, (0.05 mM; lane 2 or 5 mM; lane 3)

at 37°C for 24 hr and immunoblotted with anti-PRRT2 antibody (bottom). D) Total cell lysates of mouse
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cerebral cortex were treated with H,O (lane 1) or 5 mM CacCl, (lane 2) at 37°C for 18 hr and immunoblotted
with anti-PRRT2 antibody. The data are reproduced in Fig. 3E lanes 1, 2. E) The membrane fraction of mouse
cerebral cortex was treated with H,O (lane 1) or 5 mM CacCl; (lane 2) at 37°C for 20 hr and immunoblotted with
anti-PRRT2 antibody. The data are reproduced in Fig. 3D lanes 1, 2. F) Cell lysates of Neuro2A cells
overexpressing EGFP-PRRT2 were treated with H,O (lane 1), 5 mM CaCl, (lane 2), CaAc; (lane 3), CaSO,
(lane 4), ZnSO,4 (lane 5), MnCl;, (lane 6), MgCl, (lane 7), NaCl (lane 8) and KCI (lane 9), at 37°C for 24 hr, and
immunoblotted with anti-PRRT2 antibody. Asterisk (*) shows artifacts due to the overexpression of
EGFP-PRRT2. In A—F, arrowheads and arrows indicate full-length PRRT2 (or EGFP-PRRT2) and 12K-CTF,

respectively. All data are representative of three (A, B, E, F) or four (C, D) independent experiments.

Figure 3. Cleavage of Prrt2 by calpain. A) Mouse cortical primary neurons were treated with DMSO (lanes 1,
2), 10 uM E64d (inhibitor of cysteine protease; lane 3), 20 UM leupeptin (Leup: inhibitor of serine and cysteine
protease; lane 4), 10 uM pepstatin A (Pep: inhibitor of aspartic protease; lane 5) or 100 uM chloroquine (CQ:
inhibitor of lysosome; lane 6) together with H,O (lane 1) or 10 uM glutamate (lanes 2-6) for 24 hr and their cell
lysates were immunoblotted with anti-PRRT2 antibody. B) Quantitative data for 12K-CTF are shown as the
mean * SD of n=3 independent determinations. *P < 0.05; F 6 = 1066.3, P = 0.020 (H.O + DMSO vs. Glu +
DMSO), P = 0.050 (Glu + DMSO vs. Glu + leupeptin), one-way ANOVA on Ranks followed by Student—
Newman-Keuls test. C) Mouse cortical primary neurons were treated with DMSO (lanes 1, 2), 20 uM MG-132
(MG), 20 uM ALLM, 20 uM MDL28170 (MDL) or 30 uM calpeptin together with H,O (lane 1) or 1 mM
glutamate (lanes 2-6) for 2.5 hr and their cell lysates were immunoblotted with anti-PRRT?2 antibody (top).
Quantitative data for 12K-CTF are shown as the mean = SD of n=3 independent determinations (bottom). *P <
0.05; F(5, 12 = 11.4, P < 0.001 (lane 1 vs. lane 2), P = 0.002 (lane 2 vs. lane 3), P < 0.001 (lane 2 vs. lane 4), P
= 0.004 (lane 2 vs. lane 5), P = 0.003 (lane 2 vs. lane 6), one-way ANOVA followed by Student-Newman-—
Keuls test. D) The membrane fraction from mouse cerebral cortex was treated with H,O (lanes 1, 2) or 84 ng/uL
native calpain-1 (lanes 3, 4) together with H,O (lanes 1, 3) or 4 mM CaCl; (lanes 2, 4), at 30°C for 24 hr, and

then immunoblotted with anti-PRRT2 antibody. Arrowheads and arrows indicate full-length Prrt2 and 12K-CTF,
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respectively. E) Cell lysates of mouse cerebral cortex were treated with normal IgG (lanes 1, 2), anti-calpain-1
antibody (lanes 3, 4) or anti-calpain-2 antibody (lanes 5, 6) together with H,O (lanes 1, 3, 5) or 5 mM CacCl,
(lanes 2, 4, 6), at 37°C for 18 hr, and then immunoblotted with anti-PRRT2 antibody. In A and C—E, Arrowheads

and arrows indicate full-length Prrt2 and 12K-CTF, respectively.

Figure 4. Cleavage site(s) on PRRT2 by calpain. A) Cleavage sites on human PRRT2 by calpain were
predicted using online software (CaMPDB; Calpain for Modulatory Proteolysis Database) (see Table 1) and are
indicated in the schematic of human PRRT2 protein structure. Candidates for the cleavage site generating
12K-CTF (aa. 201, 220, 244 and 252) are marked with a star. B) The amino acid preferences in the calpain
cleavage position P2—P3’ according to CaMPDB are shown. Amino acids used in calpain-resistant substitution
mutants are highlighted with yellow. C) Lysates of Neuro2A cells transfected with PRRT2wt-EGFP cDNA
(lanes 1-3), PRRT2 LSRHP243 247FIDDD-EGFP cDNA (244-uncleaved mutant; lanes 4-6), PRRT2
HSPP201_204IDDD-EGFP cDNA (201-mut; lanes 7-9), PRRT2 LAGPG251 255FIDDD-EGFP cDNA
(252-mut; lanes 10-12) or PRRT2 LQQLV219 223FIDDD-EGFP cDNA (220-mut; lanes 13-15) were treated
with 4 mM CacCl, and 16.8 ng/pL native calpain-1 at 30°C for O hr (lanes 1, 4, 7, 10, 13, 16), 0.5 (lanes 2, 5, 8,
11, 14, 17) or 2 hr (lanes 3, 6, 9, 12, 15), and then immunoblotted with anti-GFP antibody. A black arrowhead
and arrow indicate full-length PRRT2-EGFP (lanes 1, 4, 7, 10, 13) and 12K-CTF-EGFP (lanes 2 ,3, 8, 9, 11, 12),
respectively. Green or blue arrows show intermediates detected in lanes 5, 6 (244-mut) or lanes 14, 15
(220-mut), respectively. Asterisk (*) shows EGFP proteins translated from wild-type or calpain-resistant
PRRT2-EGFP mRNA. D) Cell lysates of Neuro2A cells transfected with full-length (FL) PRRT2wt cDNA
(lanes 1, 2), PRRT2-CTF 245-340 cDNA (lanes 3, 4), PRRT2-CTF 221-340 cDNA (lanes 5, 6) or PRRT2-CTF
202-340 cDNA (lanes 7, 8) were treated with 4 mM CaCl, and 16.8 ng/uL native calpain-1 at 30°C for O hr
(lanes 1, 3,5, 7) or 2 hr (lanes 2, 4, 6, 8), and then immunoblotted with anti-PRRT2 antibody. Arrowheads and
arrows indicate full-length PRRT2 and 12K-CTF, respectively. E) Putative mechanism of the sequential
cleavage of PRRT2 by calpain during neuronal excitation. Glutamate-induced NMDAR activation allows the

flow of calcium and sodium ions, which depolarize the cell membrane and open VGCCs. Calcium influx
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through NMDARSs or VGCCs activates calpain, which sequentially cleaves PRRT2 to afford 12K-CTF
(PRRT2-CTF 245-340). The cleavage at residue Q220 of PRRT2 precedes that at S244 to yield the 12K-CTF,

whereas PRRT2-CTF 221-340 is not detected due to rapid subsequent cleavages.

Table 1. Calpain cleavage sites on human PRRT2 predicted by online software.
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Figure 3
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Table 1 Hatta et al.
MKL algorithm Bayesian algorithm
predicted sites CTF sizes predicted sites CTF sizes
ranks ranks

P1 pP2-P3’ length mass P1 pP2-P3’ length mass
1 T72 TTIETP 268 aa 27.9 kDa 1 Q220 LQ|QLV 120 aa 12.8 kDa
2 H201 PH|SPP 139 aa 14.7 kDa 2 Q299 LQ|QGD 41 aa 4.2 kDa
3 E127 LE|SAA 213 aa 22.3 kDa 3 Q157 LQ|PEL 183 aa 19.3 kDa
4 A252 LA|GPG 88 aa 9.3 kDa 4 Q188 LQJAGD 152 aa 16.0 kDa
5 S88 LS|LSP 252 aa 26.4 kDa 5 S244 LS|RHP 96 aa 10.1 kDa
6 S244 LS|RHP 96 aa 10.1 kDa 6 S88 LS|LSP 252 aa 26.4 kDa
7 Q188 LQJAGD 152 aa 16.0 kDa 7 S172 LS|ESV 168 aa 17.6 kDa
8 G93 GG|ESK 247 aa 26.0 kDa 8 S275 LS|CFC 65 aa 6.9 kDa
9 T55 TT|AAP 285 aa 29.5 kDa 9 S90 LS|PGG 250 aa 26.2 kDa
10 G182 NG|AVV 158 aa 16.6 kDa 10 S317 LS|IVA 23 aa 2.3 kDa




Supplemental Figure S1 Hatta et al.
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Supplemental Figure S1. Supplemental data for neuronal-activity-induced cleavage of Prrt2. A) The molecular mass (MS) of the CTF was
examined using the PVDF membrane of Fig. 1B. Rf (rate of flow; sample distance migrated/ dye front distance migrated) values for the
standards and the CTF were determined. The MS of the CTF was determined from a plot of logarithmic MS against Rf for the standards. B)
Mouse cortical primary neurons were treated with H,O (lane 1), AMPA (3, 10, 30 uM; lanes 2—4), KA (30, 100, 300 pM; lanes 5-7) or NMDA
(3, 10, 30 uM; lanes 8-10) for 24 hr and their cell lysates were immunoblotted with anti-PRRT2 antibody. C) Full-length Prrt2 levels in A are
quantified and shown as the mean + SD of n=3 independent determinations. *P < 0.05; 3 uM NMDA vs. 3 uM AMPA, F, 4, =5.2, P = 0.006,
Student's t-test; 30 UM NMDA vs. 30 UM KA: F, ¢ = 17.5, P = 0.005, one-way ANOVA followed by Student-Newman-Keuls test. D) Neurons
were treated with DMSO (lanes 1, 2), 20 uM CNQX (lane 3) together with H,O (lane 1) or 20 uM AMPA (lanes 2—4) for 24 hr and their cell
lysates were immunoblotted with anti-PRRT2 antibody (top). Quantitative data for 12K-CTF are shown as the mean + SD of n=3 independent
determinations (bottom). *P < 0.05; F, 5, = 41.7, P < 0.001, one-way ANOVA followed by Student-Newman-Keuls test. E) Relative
membrane potentials of neurons treated with DMSO or 100 uM MK-801 were measured during stimulation with 250 uM glutamate (mean + SD
of n=3 independent determinations, *P < 0.05; repeated-measures two-way ANOVA of the magnitude of relative membrane potentials showed a
significant main effect of the treatment (F, 4 = 24.5; P = 0.008) and the time (F 44 7, = 29.0; P < 0.001) with a significant interaction between
treatment and time (F; 7, = 8.1; P <0.001). F) Neurons were treated with DMSO (lanes 1, 2), 20 uM CNQX (lane 3) or 20 pM MK-801 (lane
4) together with 5 (lane 1) or 200 (lanes 2-4) mM KCI for 1 hr and their cell lysates were immunoblotted with anti-PRRT2 antibody (top).
Quantitative data for 12K-CTF are shown as the mean + SD of n=3 independent determinations (bottom). *P < 0.05; F5 4)=25.9, P < 0.001
(lane 1 vs. lane 2-4), P = 0.162 (lane 2 vs. lane 3), P = 0.271 (lane 2 vs. lane 3), one-way ANOVA followed by Student-Newman-Keuls test. In
B, D and F, arrowheads and arrows indicate full-length Prrt2 and the 12K-CTF, respectively.
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Supplemental Figure S2. Schematic summary of Figure 4C and 4D. A, B) Immunoblot data of Fig. 4C (A) and 4D (B) are summarized as

schematic diagrams. IM: intramembrane region, TM: transmembrane region.



Supplemental Table S1. List of primer sequences for plasmid construction. Hatta et al.
expression vectors primers DNA sequences of primers length restriction
enzymes
PRRT2Wt-pcDNA3.1 forward prlmer TTTGAATTCCTCAAGATGGCAGCCAGCAGC 30 mer  EcoRlI
reverse primer TCCTCGAGTCACTTATACACGCCTAAGTTG 30 mer  Xhol
forward primer TTGAATTCCTCAAGATGAGCCCACCCTCAAAAAAATC 37 mer  EcoRl
PRRT2-CTF 202-340-pcDNA3.1
P reverse primer AAGCGGCCGCTCACTTATAGACGCCTAAG 30 mer  Xhol
forward primer TTGAATTCCTCAAGATGCAGCTGGTTGAGG 30 mer  EcoRlI
PRRT2-CTF 221-340-pcDNA3.1
P reverse primer AAGCGGCCGCTCACTTATAGACGCCTAAG 30 mer  Xhol
forward primer TTGAATTCCTCAAGATGAGACACCCCAGCTCCCAG 35mer  EcoRI
PRRT2-CTF 245-340-pcDNA3.1
P reverse primer AAGCGGCCGCTCACTTATAGACGCCTAAG 30 mer  Xhol
forward primer TTGAATTCCTCAAGATGGGTCCTGGGGTGGAGG 33 mer  EcoRI
PRRT2-CTF 253-340-pcDNA3.1 :
Pe reverse primer AAGCGGCCGCTCACTTATAGACGCCTAAG 30mer  Xhol
EGEP-PRRT2Wi-N3 forward prlmer AATGTACAAAATGGCAGCCAGCAGCTCTGA 30 mer  BsrGl
reverse primer AAGCGGCCGCTCACTTATAGACGCCTAAG 29 mer  Notl
PRRT2Wt-EGEP-N3 forward prlmer TTTGCTAGCCTCAAGATGGCAGCCAGCAGC 30 mer Nhel
reverse primer CTCAAGCTTCTTATACACGCCTAAGTTG 29 mer Hindlll
PRRT2 HSPP201_204IDDD forward primer TTTGCTAGCCTCAAGATGGCAGCCAGCAGC 30 mer  Nhel
-EGFP-N3 internal reverse primer GGGATTTTTTTGAGTCATCATCGATAGGCTCAGGGGCTGGGC 42mer -
(201-uncleaved mutant; 201-mut) reverse primer CTCAAGCTTCTTATACACGCCTAAGTTG 29 mer  Hindlll
forward primer TTTGCTAGCCTCAAGATGGCAGCCAGCAGC 30 mer Nhel
_PERgII;LN‘gQLVﬂg—ZBF'DDD internal reverse primer  ATCATCATCTATGAACACTCGGGGGGGGGC 0 mer -
(220-uncleaved mutant; 220-mut) internal fquard primer GTTCATAGATGATGATGAGGAGGATCGAAT 30 mer -
reverse primer CTCAAGCTTCTTATACACGCCTAAGTTG 29 mer Hindlll
PRRT2 LSRHP243 247FIDDD forward primer TTTGCTAGCCTCAAGATGGCAGCCAGCAGC 30 mer  Nhel
-EGFP-N3 internal reverse primer GCCAGCTGGGAGCTGTCGTCGTCGATGAAGCTACCTCGGGGAGA 44 mer -
(244-uncleaved mutant; 244-mut) reverse primer CTCAAGCTTCTTATACACGCCTAAGTTG 29 mer  Hindlll
PRRT2 LAGPG251_255FIDDD forward primer TTTGCTAGCCTCAAGATGGCAGCCAGCAGC 30 mer  Nhel
-EGFP-N3 internal forward primer CAGCTCCCAGTTCATAGATGATGATGTGGAGGGGGGTGAAG 41 mer -
(252-uncleaved mutant; 252-mut) reverse primer CTCAAGCTTCTTATACACGCCTAAGTTG 29 mer  Hindlll
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