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A B S T R A C T   

PRRT2 is a neuronal protein that controls neuronal excitability and network stability by modulating voltage- 
gated Na+ channel (Nav). PRRT2 pathogenic variants cause pleiotropic syndromes including epilepsy, parox
ysmal kinesigenic dyskinesia and episodic ataxia attributable to loss-of-function pathogenetic mechanism. Based 
on the evidence that the transmembrane domain of PRRT2 interacts with Nav1.2/1.6, we focused on eight 
missense mutations located within the domain that show expression and membrane localization similar to the 
wild-type protein. Molecular dynamics simulations showed that the mutants do not alter the structural stability 
of the PRRT2 membrane domain and preserve its conformation. Using affinity assays, we found that the A320V 
and V286M mutants displayed respectively decreased and increased binding to Nav1.2. Accordingly, surface 
biotinylation showed an increased Nav1.2 surface exposure induced by the A320V mutant. Electrophysiological 
analysis confirmed the lack of modulation of Nav1.2 biophysical properties by the A320V mutant with a loss-of- 
function phenotype, while the V286M mutant displayed a gain-of-function with respect to wild-type PRRT2 with 
a more pronounced left-shift of the inactivation kinetics and delayed recovery from inactivation. The data 
confirm the key role played by the PRRT2-Nav interaction in the pathogenesis of the PRRT2-linked disorders and 
suggest an involvement of the A320 and V286 residues in the interaction site. Given the similar clinical 
phenotype caused by the two mutations, we speculate that circuit instability and paroxysmal manifestations may 
arise when PRRT2 function is outside the physiological range.   

1. Introduction 

PRRT2 is a neuron-specific protein that plays important roles in the 
control of intrinsic excitability and synaptic transmission (Valtorta et al., 

2016; Guerrini et al., 2022). PRRT2 is composed of a large proline-rich 
intracellular NH2-terminal domain and a COOH-terminal trans
membrane (TM) domain composed of two hydrophobic segments of 
which the first one forms a helix-loop-helix structure within the inner 
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leaflet of the membrane and the second one is fully transmembrane 
(Rossi et al., 2016; Franchi et al., 2023). In nerve terminals, PRRT2 
participates in the protein complex including SNARE proteins, syn
aptotagmins1/2 and P/Q Ca2+ channels, increasing the Ca2+ sensitivity 
neurotransmitter release and decreasing synaptic facilitation (Valente 
et al., 2016, 2019; Coleman et al., 2018; Ferrante et al., 2021). More 
recently, PRRT2 was demonstrated to inhibit intrinsic neuronal excit
ability by negatively modulating Nav1.2/1.6 channels (Fruscione et al., 
2018; Valente et al., 2019, 2022; Franchi et al., 2023) and enhancing the 
activity and pump current of Na+/K+-ATPase (Sterlini et al., 2021). 

PRRT2 came to the attention of neuroscience research being the 
causative gene for a wide spectrum of neurological disorders with 
paroxysmal manifestations (Chen et al., 2011; Lee et al., 2012). PRRT2 
pathogenic variants account for a large fraction of cases of Benign Fa
milial Infantile Epilepsy (BFIE), Paroxysmal Kinesigenic Dyskinesia 
(PKD) and Paroxysmal Kinesigenic Dyskinesia with Infantile Convul
sions (PKD/IC) and, conversely, 95% of PRRT2 patients have a diagnosis 
within the BFIE-PKD/IC-PKD spectrum. The remaining PRRT2 patients 
display other disorders that share the paroxysmal character of the at
tacks, such as episodic ataxia or hemiplegic migraine (Ebrahimi-Fakhari 
et al., 2015; Gardiner et al., 2015; Döring et al., 2020; Guerrini et al., 
2022). Relatively rare patients characterized by compound heterozy
gosity or homozygosity present with a severe developmental encepha
lopathic phenotype with developmental delay and intellectual disability 
(Labate et al., 2012; Delcourt et al., 2015; Huang et al., 2015). To date, 
over 130 different mutations have been reported, mostly of familial 
origin, with over 75% of patients carrying the same frameshift mutation 
(c.649dupC). The DNA sequence in this “mutational hotspot” is 
composed by a homopolymer of four guanine bases followed by nine 
consecutive cytosine bases. This peculiar sequence seems particularly 
prone to mutations given the frequent duplications, deletions and in
sertions in the very same cytosine stretch leading to the insertion of a 
precocious stop codon or generating fully unrelated downstream se
quences (Valtorta et al., 2016; Ebrahimi-Fakhari et al., 2015). This re
sults in an unstable mRNA that is eliminated by nonsense-mediated RNA 
decay (NMD) and/or, in case of NMD escape, to a truncated protein that 
is degraded (Wu et al., 2014; Liu et al., 2016; Pan et al., 2020). This 
haploinsufficiency is consistent with a loss-of-function (LOF) mecha
nism for PRRT2-associated diseases. 

The generation of PRRT2 knockout (KO) mice has greatly contrib
uted to the understanding of the pathogenesis of paroxysmal disorders 
associated with LOF mutations in PRRT2. Genetic deletion of the PRRT2 
gene in the mouse (PRRT2-KO) mimics the human pathology with an 
increased epileptic propensity, complex movement disorders and 
paroxysmal attacks triggered by sensory stimuli (Michetti et al., 2017a; 
Tan et al., 2018). PRRT2-KO mouse neurons and iPSC-derived human 
neurons from homozygous patients display increased Na+ current den
sities that are responsible for network hyperexcitability. Such network 
instability is particularly noticeable in brain areas where PRRT2 is 
highly expressed, such as the cerebellum and the hippocampus that are 
responsible for the paroxysmal phenotype of PRRT2-KO mice (Michetti 
et al., 2017a; Tan et al., 2018; Mo et al., 2019; Calame et al., 2020; Binda 
et al., 2021; Lu et al., 2021). Interestingly, while PRRT2 is a physio
logical inhibitor of Nav1.2/Nav1.6 which sustain the firing of excitatory 
neurons, it does not affect Nav1.1 channels that are fundamental for the 
excitability of inhibitory neurons (Catterall et al., 2020; Mantegazza 
et al., 2021), thus generating an excitatory/inhibitory unbalance 
(Fruscione et al., 2018; Valente et al., 2019). While the increased syn
aptic facilitation in the absence of PRRT2 can contribute to network 
hyperexcitability, the dysfunction of Nav channels seems to play a 
central role in the pathogenesis of PRRT2-linked disorders, as demon
strated by the successful therapeutic control of PRRT2 symptoms by Nav 
blockers such as carbamazepine or oxcarbazepine, but not by other 
antiepileptic drugs with different targets (Dale et al., 2014; Chou et al., 
2014; Suzuki-Muromoto et al., 2020; Zhao et al., 2021; Döring et al., 
2022). PRRT2 negatively modulates Nav1.2/1.6 channels by decreasing 

their targeting to the plasma membrane, widening the voltage range in 
which Navs are inactivated and slowing down Nav recovery after inac
tivation (Fruscione et al., 2018; Valente et al., 2019, 2022). All these 
biophysical effects are largely opposite to those promoted by Nav 
β-subunits, of which PRRT2 appears as a physiological, but not molec
ular, antagonist (Winters and Isom, 2016; Valente et al., 2022). 

Besides nonsense variants, about 60 missense mutations of PRRT2 
are documented in PRRT2-related disorders (Liu et al., 2016; Tsai et al., 
2019; Zhao et al., 2020). Although most of these mutations also cause 
degradation or decreased targeting to the plasma membrane, some of 
them display a normal membrane expression and location. The latter 
ones are particularly interesting for physiological studies, as they can 
reveal important structure-function relationships and information on 
the subcellular targeting and downstream interactors of PRRT2. In this 
respect, two-thirds of the described pathogenic point mutations 
concentrate in the relatively short (79 amino acids) COOH-terminal 
domain of PRRT2, characterized by a stable TM configuration (Rossi 
et al., 2016; Franchi et al., 2023). This observation suggests a crucial 
role of this domain in the PRRT2 function, as well as in the binding to 
downstream interactors. Indeed, the COOH-terminal domain of PRRT2 
was recently demonstrated to be responsible for the specific regulation 
of Nav1.2 function (Franchi et al., 2023). However, a very low number 
of PRRT2 pathogenic variants has been functionally studied thus far (Li 
et al., 2015; Liu et al., 2016; Coleman et al., 2018). 

In this study, we have investigated the impact of a group of 8 
missense COOH-terminal mutations of PRRT2 on its structure and in
teractions with Nav1.2 channels, the likely candidate mediating the 
pathogenic effects of PRRT2 variants. These pathogenic variants 
include: the A320V mutant discovered in a family with PKD and BFIE 
(Lu et al., 2018); the V286M mutant identified in a patient with PKD (Li 
et al., 2019); the recently described de novo heterozygous missense 
mutation V319L in exon 3 of the gene (Fang et al., 2020); the recently 
discovered mutant I270V with a still unknown effect on PRRT2 
expression (Balagura et al., 2020); four mutants (R266W, R308C, 
R311W, I327M) that were previously demonstrated to be expressed and 
membrane-targeted in heterologous systems (Zhao et al., 2020). We 
found that the A320V and V286M mutants have a clear phenotype on 
the PRRT2-Nav1.2 functional interactions with the former characterized 
by LOF and the latter by an unexpected gain-of-function (GOF) with 
respect to wild-type PRRT2 (WT-PRRT2). The data confirm the key role 
played by Nav channel dysregulation in the pathogenesis of PRRT2- 
linked disorders and suggest that circuit instability and paroxysmal 
manifestations may arise when PRRT2 activity exits its physiological 
range. 

2. Materials and methods 

2.1. Constructs and mutagenesis 

The used plasmids are: PRRT2-HA: pKH3-PRRT2-HA vector encod
ing for the human PRRT2 cDNA tagged at COOH-terminal with the 
3xHA epitope (Rossi et al., 2016); BAP-HA: pKH3-BAP-HA vector 
encoding for Bacterial Alkaline Phosphatase with HA tags fused at C 
terminus. The pKH3-PRRT2-HA vector was used as template to obtain 
mutant PRRT2 isoforms by site-directed mutagenesis using the Quik
Change Lightning site-directed mutagenesis kit (Agilent). The used for
ward primers are: 

R266W - GTGAAGGCACCCAGAAACCTTGGGACTACATCATC; 
I270N – CTCGGGACTACATCAACCTTGCCATCCTGTC; 
V286M – GTGGCCTGTCAACATCATGGCCTTCGCTTATGC; 
R308C – GTGGACGGGGCCCAGTGTCTGGGCCGGGTAG; 
R311W – GGCCCAGCGTCTGGGCTGGGTAGCCAAGCTCTTAAGC; 
V319L – CAAGCTCTTAAGCATCTTGGCGCTGGTGGG; 
A320V – CTCTTAAGCATCGTGGTGCTGGTGGGGGGA; 
I327M – GGGGAGTCCTCATGATCATCGCCTCCTGC. 
All primers were purchased from Eurofins Genomics (Ebersberg, 
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Germany). 

2.2. Cell culture and transfection 

Hek293 cells stably expressing human Nav1.2 were kind gifts from 
Drs. Enzo Wanke and Marzia Lecchi (Milano-Bicocca University, Italy). 
All Hek293 cell lines were maintained in DMEM/F12 (1:1) supple
mented with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml 
streptomycin and, for selection of stable Nav clones, 500 μg/ml G418. 
Cell lines were transfected with 2 μg of each plasmid according to the 
manufacturer's recommendations at 70% confluency using Lipofect
amine 2000 (Life Technologies). All reagents were purchased from 
ThermoFisher Scientific. To identify transfected cells for electrophysi
ology, the reporter EGFP or Tomato protein reporter (Clontech) was co- 
transfected. For electrophysiological experiments, transfected cells were 
dissociated, re-plated at low density about 24 h post-transfection and 
recorded after further 24 h. To study the effect of PRRT2 pathogenetic 
mutants, Hek293/Nav1.2 were transfected with the MOCK, WT-PRRT2, 
A320V-PRRT2 or V286M-PRRT2 tagged with HA. 

2.3. SDS-PAGE and Western blotting 

For sodium dodecylsulfate gel electrophoresis (SDS-PAGE), samples 
were quantified with the BCA assay (ThermoFisher Scientific) and 
heated to 50 ◦C for 5 min without boiling and successively run on 10% 
(w/v) polyacrylamide gels and blotted onto nitrocellulose membranes 
(Whatman). Blotted membranes were blocked for 1 h in 5% milk in Tris- 
buffered saline (10 mM Tris, 150 mM NaCl, pH 8.0) plus 0.1% Triton X- 
100 and incubated overnight at 4 ◦C with the appropriate primary 
antibody. Membranes were washed and incubated at room temperature 
for 1 h with peroxidase-conjugated anti-mouse (Cat.#1706516; 1:3000; 
BioRad, Hercules, CA) or anti-rabbit (Cat.#1706515; 1:3000; BioRad, 
Hercules, CA) antibodies. Bands were revealed with the ECL chem
iluminescence detection system (ThermoFisher Scientific) and imaged 
by the ChemiDoc Imaging System (Bio-Rad). Immunoblots were quan
tified by densitometric analysis of the fluorograms (Quantity One soft
ware; Bio-Rad, Hercules, CA) obtained in the linear range of the 
emulsion response. 

2.4. Pull down and surface biotinylation assays 

Naïve Hek293 cells were transfected as previously described with 
HA-tagged WT-PRRT2 and its mutant isoforms, using HA-tagged bac
terial alkaline phosphatase (BAP-HA) as control. Both protocols were 
performed at 4 ◦C. For pull-down assays, 24 h after transfection, cells 
were harvested in lysis buffer (150 mM NaCl, 50 mM Tris, 1 mM EDTA 
and 1% Triton X-100 supplemented with protease inhibitor cocktail) and 
centrifuged at 10,000 xg for 10 min. Kept an aliquot for the input 
sample, the supernatant was incubated with 50 μl of monoclonal anti- 
HA-agarose affinity beads (Sigma-Aldrich) for 2 h. After 3 washes in 
lysis buffer, beads were incubated with cell extracts from Hek293 cells 
stably expressing Nav1.2 for 3 h. After extensive washes in lysis buffer 
and detergent-free lysis buffer, samples were resolved by SDS-PAGE and 
subjected to western blotting with anti-panNav (Cat.#s8809; 1:300; 
Sigma-Aldrich) and anti-HA (Cat.# 71–5500; 1:1,000; ThermoFisher 
Scientific) specific antibodies. 

For biotinylation experiments, Hek293 cells stably expressing 
Nav1.2 were transfected with either WT-PRRT2 or its variants tagged 
with HA. Twenty-four hours after transfection, cells were incubated with 
1 mg/ml of EZ-Link™ Sulfo-NHS-SS-Biotin (ThermoFisher Scientific) in 
cold phosphate buffered saline (PBS, pH 8) for 35 min, with constant 
mixing. Free biotin was quenched, twice with 100 mM Tris pH 8, and 
once with cold PBS to remove the excess of biotin. Cells were then lysed 
in lysis buffer (150 mM NaCl, 50 mM Tris, 1 mM EDTA and 1% Triton X- 
100) supplemented with protease inhibitor cocktail (Cell Signaling). 
Total cell lysates were centrifuged at 10,000 xg for 10 min. Kept an 

aliquot for the input sample, the supernatant fraction was incubated 
with 150 μl of NeutrAvidin conjugated agarose beads (ThermoFisher 
Scientific) at 4 ◦C for 3 h. After extensive washes of the beads, samples 
were eluted, resolved by SDS-PAGE and subjected to western blotting 
with anti-panNav (Cat.# s8809; 1:300; Sigma-Aldrich), anti-NKA 1 (Cat. 
# 05–369; 1:1,000; Merck), anti-Actin (Cat.# A4700; 1:1,000; Sigma 
Aldrich) or HA (Cat.# 71–5500; 1:1,000; ThermoFisher Scientific) 
antibodies. 

2.5. Live cell immunolabeling 

Naïve Hek293 cells transfected with PRRT2 mutant isoforms con
structs were maintained for 10 min at 4 ◦C, and then were live labelled 
by incubation with primary anti-HA rabbit antibody (Cat.# 71–5500; 
1:500; ThermoFisherScientific, 1:500 diluted in culture medium) for 20 
min at 4 ◦C to detect surface epitopes. Samples were incubated with the 
secondary antibody Alexa Fluor 488 for 20 min at 4 ◦C and then were 
fixed by 4% paraformaldehyde (PFA) for 20 min at room temperature. 
After several washes in PBS, coverslips were mounted using Prolong 
Gold antifade reagent (Invitrogen) containing 4′,6′-diamidino-2-phe
nylindole (DAPI) for nuclear staining. 

2.6. Electrophysiological recordings 

Patch pipettes, prepared from thin-borosilicate glass (Hilgenberg) 
were pulled and fire-polished to a final resistance of 2–4 MΩ when filled 
with standard internal solution. Whole-cell currents were recorded using 
an EPC-10 amplifier (HEKA Electronic). Recordings with leak currents 
>200 pA or series resistance >10 MΩ were discarded. Linear capacity 
and leakage currents were eliminated by P/N leak subtraction proced
ure. For all electrophysiological experiments data acquisition was per
formed using PatchMaster programs (HEKA Elektronic) as described 
previously (Fruscione et al., 2018; Valente et al., 2022; Franchi et al., 
2023). Series resistance was compensated 80% (2 μs response time) and 
the compensation was readjusted before each stimulation. All recordings 
were performed at 22–24 ◦C. Voltage-clamp recordings of voltage-gated 
Na+ currents were performed using the following solutions: extracel
lular (in mM): 140 NaCl, 3 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 10 mannitol 
(pH 7.3 with NaOH); intracellular (in mM): 140 CsCl, 10 NaCl, 2 EGTA, 
10 HEPES (pH 7.3 with CsOH). For the experiments with the pathogenic 
variants, whole-cell family currents of fast inactivating Nav channels 
were evoked by 5 mV steps depolarization from − 80 to 40 mV and cells 
were held at − 100 mV. 

Steady-state inactivation curves were constructed by recording the 
peak currents amplitude evoked by 20-ms test pulses to − 10 mV after 
500-ms pre-pulses to potentials over the range of − 130 to 20 mV. Time- 
dependent rate of recovery from inactivation was calculated by pre- 
pulsing the cell with a 20-ms step to − 20 mV to inactivate Na+ chan
nels and then bringing back the potential to − 100 mV for increasing 
recovery durations (0.5, 1, 2, 4, 8, 32, 64, 128, 256 ms) before the test 
pulse of − mV. Time constants for recovery from inactivation were 
calculated by fitting data from each recorded cell using a two- 
exponential function and averaging time constants across cells. To 
investigate the frequency-dependent inhibition, a series of depolarizing 
pulses to +10 mV from a holding potential of − 100 mV for 12 ms at a 
frequency of 20 Hz was applied (Merrick et al., 2010). Peak current was 
normalized to the first pulse in each experiment. 

The Na+ current density (J) was obtained by dividing the peak in
ward current by the cell capacitance (nA/pF). The conductance/voltage 
relationship (G-V) curves were obtained by converting the maximal 
current values, evoked with the voltage step protocols, to conductance 
using the relation GNa = INa/(V-ENa), where GNa is the Na+ conductance, 
INa is the peak Na+ current, V is the command pulse potential, and ENa is 
the theoretical reversal potential of Na+ current calculated by Nernst eq. 
G-V curves were normalized and fitted with the Boltzmann function G/ 
Gmax = 1 / (1 + exp. [(V − V1/2)/k], where G is the conductance, Gmax is 
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the maximal conductance, V1/2 is the half-maximal voltage of activation, 
and k is the slope factor. Inactivation curves were fitted with the 
Boltzmann equation in the following form: 1 / [1 + exp. (V1/2 − V)/k]. 
To minimize space-clamp problems, we recoded only isolated trans
fected cells with a soma diameter of about <30 μm. 

2.7. Molecular dynamics simulations 

Molecular dynamics (MD) simulations were performed using NAM
D3.0alpha6 (Phillips et al., 2020) with the CHARMM36m force field, a 
refined version of the all-atom additive CHARMM36 protein force field 
(Brooks et al., 2009; Huang et al., 2017). The membrane builder 
application of the CHARMM-GUI server (Jo et al., 2008; Lee et al., 2016) 
was used to insert single point mutations for missense pathogenetic 

isoforms of WT-PRRT2 protein, introduced in Fig. 1 and for the prepa
ration of all the inputs used during the simulations. For each run, the 
protein transmembrane domain (G261 to K340 of the human PRRT2 
sequence) was pre-oriented using PPM server (Lomize et al., 2012) and 
inserted into a pre-equilibrated 1-palmitoyl-2-oleoyl-sn-glycero-3- 
phosphocholine (POPC) lipid bilayer. TIP3P water model (Neria et al., 
1996) was used for solvation while NaCl ions were added to neutralize 
the total system charge at a physiological concentration of 0.15 M. The 
whole system counted ~110,000 atoms in a rectangular box 
[110x110x97 Å3]. 

Periodic boundary conditions were applied to replicate the system 
and remove box surface effects, and the particle mesh Ewald method 
was used for long-range electrostatics (Darden et al., 1993), with a grid 
spacing of 1 Å and sixth-order B-splines. A cutoff of 12 Å and smooth 

Fig. 1. Multidimensional maps of missense mutations within the PRRT2 membrane-associated domain. 
A. Schematic 2D view of the PRRT2 TM domain. The eight PRRT2 missense pathogenic variants investigated in this study are highlighted. B. Snapshot of the TM 
domain of PRRT2 extracted from an MD trajectory. The backbone of the protein is represented as a blue transparent ribbon; α-carbons of mutated residues are shown 
as navy blue spheres; phospholipid acyl tails are depicted as transparent grey sticks; phosphate atoms are shown as orange spheres. Water molecules are not included 
for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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switching at 10 Å was used for Lennard-Jones interactions. Chemical 
bond distances involving hydrogen atoms were constrained using the 
SHAKE/RATTLE algorithm (Andersen, 1983). The systems were energy 
minimized and further equilibrated by running 13-ns NPT simulation 
using positional restraints on the proteins atoms with P = 1 atm and T =
310 K, maintained by a Langevin thermostat and Nosé-Hoover Langevin 
piston pressure control (Feller et al., 1995). Subsequently, eight MD 
simulations were generated in the NPT ensemble, each 1 μs long, at the 
same temperature and pressure used in the equilibration stage. 
Hydrogen Mass Repartitioning (HMR) (Hopkins et al., 2015; Balusek 
et al., 2019) was used for all the systems, allowing for a time-step of 4 fs. 
The MD trajectories were analyzed using VMD (Humphrey et al., 1996) 
and PyMOL (The PyMOL Molecular Graphics System, Version 2.0 
Schrödinger, LLC). 

2.8. Statistical analysis 

Experimental data are expressed as either bar plots with super
imposed individual experimental points corresponding to the number of 
independent preparations or box plots characterized by the following 
elements: centre line, median (Q2); box limits, 25th (Q1)-75th (Q3) 
percentiles; whiskers, min to max values. Normal distribution of data 
was assessed using the D'Agostino-Pearson's normality test. To compare 
more than two normally distributed sample groups, one-way ANOVA, 
followed by post hoc multiple comparison tests was used. In cases in 
which data were not normally distributed, non-parametric one-way 
ANOVA (Kruskal-Wallis' test) followed by the Dunn's multiple compar
ison test was used. Alpha levels for all tests were 0.05% (95% confidence 
intervals). Statistical analysis was carried out using the Prism (GraphPad 
Software, Inc.) software. 

3. Results 

Sixty missense mutants have been reported so far (Table 1; Fig. S1), 
the majority of which (Tsai et al., 2019) is concentrated in the COOH- 
terminal TM domain of PRRT2 implicated in the modulation of 
Nav1.2/1.6 channels. We focused on a restricted number of COOH- 
terminal missense pathogenic variants (Fig. 1) and studied their 
impact on the modulation of PRRT2/Nav1.2 interaction to unravel 
possible pathogenic mechanisms. To this aim, we chose 4 mutants that 
were already reported to be expressed in heterologous systems (R266W, 
R308C, R311W, I327M; Zhao et al., 2020), plus 4 further point muta
tions (I270N, V286M, V319L, A320V) that were not previously 
investigated. 

3.1. The PRRT2 missense mutants display physiological expression levels 
and membrane targeting 

Pathogenic PRRT2 mutants were generated by site-directed 

mutagenesis in the pKH3-PRRT2-HA vector encoding for the human 
PRRT2 cDNA tagged at COOH-terminal with the 3xHA epitope (Rossi 
et al., 2016). Before proceeding with further functional studies, it was 
important to verify that the expression of these variants and their 
membrane localization were not altered with respect to WT-PRRT2. 
Western blot analysis of PRRT2 mutants transfected in the naïve 
Hek293 cell line (Fig. 2A, left) revealed that the expression of all mu
tants was only slightly decreased with respect to WT-PRRT2, although 
none of these differences approached statistical significance (Fig. 2A, 
right). 

Missense mutations are often causative of PRRT2 mislocalization and 
altered trafficking to the plasma membrane. Thus, we investigated the 
membrane expression of the mutant isoforms by immunofluorescence 
on live cells, taking advantage of the extracellular HA epitopes fused at 
the COOH-terminus of PRRT2. Transfected cells were imaged by 
confocal microscopy (Fig. 2B, left), and the surface fluorescent signals 
were normalized to the respective transfection efficiency. Interestingly, 
all studied variants preserved a correct targeting to the membrane 
similar to WT-PRRT2 (Fig. 2B, right). We conclude that the missense 
mutations analyzed do not significantly affect protein expression and 
membrane localization and thereby can be subjected to the functional 
study of the interactions with Nav channels. 

3.2. PRRT2 missense variants do not impact on the structural stability of 
the membrane-associated domain 

We investigated how the pathogenic variants shown in Fig. 1 affect 
the conformation of PRRT2 TM domain. In lack of an experimentally 
derived structure, we previously generated an all-atom model of the 
native protein domain (residues G261-K340), and we thoroughly refined 
it in a membrane-water environment using molecular dynamics (MD) 
simulations (Rossi et al., 2016; Franchi et al., 2023). Here, we performed 
eight independent, 1 μs-long MD simulations of the PRRT2 mutants 
using the HMR protocol already employed for the WT simulations 
(Franchi et al., 2023). In all cases, we observed that the protein structure 
remains stable: the α‑carbon RMSDs of all systems are stationary after 
300 ns (Fig. 3), and the time evolution of cross-distances between resi
dues A272, S294 and A313, localized at the core of the intramembrane 
helices, does not display major drifts (Figs. S2 and S3). According to 
these results, the mutations do not alter the integrity of the PRRT2 fold, 
despite their distinct locations along the protein sequence. 

3.3. The V286M and A320V variants have opposite effects on the 
interaction between PRRT2 and Nav1.2 

Since the mutations analyzed do not alter either the PRRT2 expres
sion or the stability of the membrane-associated domain that regulates 
the Nav/PRRT2 interaction, we next studied whether they could affect 
the binding between PRRT2 and Nav1.2 channels. Pull-down 

Table 1 
List of the selected missense pathogenic variants in the PRRT2 membrane-associated domain and their phenotypic characterization.  

PRRT2 variant Phenotype Poly-phen2 Protein 
expression 

Plasma membrane 
targeting 

References 

c.796C > T R266W PKD 
Probably damaging/ 
damaging 

Expression similar to WT 
(100%) 

Expression similar to WT 
(100%) 

Zhao et al., 2020 

c.809T > A I270N PKD Unknow Unknown Unknown Balagura et al., 2020 
c.856G > A V286M PKD Probably damaging Unknown Unknown Li et al., 2019 

c.922C > T R308C PKD 
Probably damaging/ 
damaging Expression 50% of WT Expression 50% of WT Zhao et al., 2020, Tsai et al., 2019 

c.931C > T R311W PKD, EA Probably damaging 
Expression similar to WT 
(100%) 

Expression similar to WT 
(100%) Zhao et al., 2020, Tsai et al., 2019 

c.955G > T V319L PKD Probably damaging Unknown Unknown Fang et al., 2020 
c.959C > T A320V PKD, BFIE Probably damaging Unknown Unknown Lu et al., 2018 

c.981C > G I327M PKD, BFIE Probably damaging/ 
damaging 

Expression similar to WT 
(100%) 

Expression similar to WT 
(100%) 

Zhao et al., 2020, Tsai et al., 2019 

PKD, paroxysmal kinesigenic dyskinesia; EA, episodic ataxia; BFIE, benign familial infantile epilepsy; WT, wild type. 
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experiments were performed to investigate whether the PRRT2 mutants 
could bind the Nav1.2 channel with the same efficiency as WT-PRRT2. 
Since co-expression of PRRT2 in Nav-stably transfected Hek293 may 
result in different expression levels of the two interactors, we separately 
expressed HA-tagged PRRT2 variants in naïve Hek293 and affinity pu
rified them therefrom. Then, we set on-bead binding assays by chal
lenging PRRT2-HA isoforms with extracts of Hek293 cells stably 
expressing the Nav1.2 channel α-subunit (Hek-Nav1.2). An additional 
construct, encoding for the unrelated protein BAP, also tagged with HA, 
was used as a negative control. PRRT2 variants were pulled down and 
the bound Nav1.2 channels detected by western blotting with anti- 
panNav antibodies (Fig. 4A). While 6 of the 8 mutants displayed a 
Nav1.2 binding similar to WT-PRRT2, the A320V and V286M mutants 
showed a significant alteration in their binding to the channel (Fig. 4B). 
In particular, V286M pulled down a higher amount of Nav1.2, sug
gesting a binding higher than WT-PRRT2, while the isoform A320V 
immunoprecipitated a smaller amount of the channel. The altered 
Nav1.2 binding of PRRT2 mutants may cause channel dysregulation and 
contribute to the onset of PRRT2-related pathologies. 

3.4. The PRRT2 A320V mutant increases the surface exposure of Nav1.2 
channels 

Since PRRT2 interaction with Nav1.2/Nav1.6 channels modulates 
their plasma membrane expression (Fruscione et al., 2018), we inves
tigated whether the altered binding of the A320V and V286M mutants 

affects membrane targeting of Nav1.2. To this end, we performed bio
tinylation experiments in Hek-Nav1.2 cells transfected with either WT- 
PRRT2 or its variants and measured the amount of Nav1.2 expressed 
in the membrane biotinylated protein fraction. In addition to the A320V 
and V286M, two additional mutants characterized by unchanged 
Nav1.2 binding (I270N and V319L) were tested as controls in addition to 
WT-PRRT2. The results showed that the A320V mutant increases the 
membrane expression levels of Nav1.2 compared to WT-PRRT2, sug
gesting that this mutant lack the ability to negatively regulate the 
Nav1.2 membrane exposure (Fig. 5). No significant differences in Nav 
channels exposure were found for the I270N, V286M and V319L 
variants. 

3.5. The PRRT2 V286M and A320V mutants have opposite effects on the 
steady-state inactivation kinetics of Nav1.2 channels 

Given the above results, we investigated in detail the functional ef
fects of the altered interaction of the A320V and V286M mutants with 
Nav1.2 channels by patch-clamp electrophysiology of Hek-Nav1.2 
transiently transfected with either variant (Fig. 6A). Consistent with 
the biotinylation studies, the A320V mutant was significantly less 
effective than WT-PRRT2 in downregulating transient macroscopic Na+

currents, and not significantly different from MOCK-transfected cells. 
On the other hand, the V286M mutant was still able to significantly 
decrease Na+ conductance with respect to MOCK-transfected cells, and 
its effect was not significantly different from WT-PRRT2 (Fig. 6B,C). 

Fig. 2. Expression levels and membrane targeting of missense PRRT2 mutants. 
A. Protein extracts from naïve Hek293 cells transfected with either WT or mutant PRRT2-HA variants were analyzed by western blotting using anti-HA antibodies. 
Left: Representative immunoblot. Right: Densitometric analysis of the immunoreactive bands. Actin was used as loading control. The expression levels of PRRT2 
mutants are shown in percent of the immunoreactivity of WT-PRRT2 as means ± sem of n = 4–8 independent experiments (horizontal line; mean ± sem: 100 ±
0.49). B. Left: Representative confocal images of naïve Hek293 cells transfected with either WT or mutant PRRT2-HA variants and live surface-immunolabelled with 
anti-HA antibodies (green). DAPI staining (blue) was used to visualize nuclei. Scale bar, 5 μm. Right: Quantification of HA fluorescence intensity. Fluorescence 
intensity was calculated as the ratio between the total HA fluorescence signal and the transfection efficiency in the same field and expressed in percent of WT-PRRT2 
(horizontal line). Data represent means ± sem with superimposed individual values from n = 3 independent experiments. Statistical analysis was done using one-way 
ANOVA/Holm-Šídák tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Being unaffected by WT-PRRT2 (Fruscione et al., 2018), the activation 
dynamics of Nav1.2 was not modified by either PRRT2 mutant (Fig. 6D, 
E). 

The analysis of the Nav1.2 inactivation kinetics confirmed the pre
viously reported left-shift of the steady-state inactivation curve by WT- 
PRRT2 with respect to MOCK-transfected cells. Interestingly, the 
magnitude of this effect was increased by the V286M mutant, with a 
significant additional left shift of the inactivation curve (GOF), while the 
PRRT2 effect was lost with the A320V mutant that became similar to 
MOCK-transfected cells (LOF) (Fig. 6F,G). 

3.6. The A320V and V286M PRRT2 mutants have opposite effects on the 
recovery from inactivation of Nav1.2 channels 

We previously reported that WT-PRRT2 slows down and decreases 
the magnitude of the recovery from inactivation of Nav1.2/1.6 channels 
(Fruscione et al., 2018; Valente et al., 2022). Interestingly, the PRRT2- 
mediated inhibition of Nav1.2 recovery was totally lost with the 
A320V mutant, confirming its LOF phenotype and suggesting a key role 
for this PRRT2 residue in the modulation of the biophysical properties of 
the Nav1.2 channel (Fig. 7A,B). In contrast, the V286M mutant 

Fig. 3. Structural stability assessment for PRRT2 modelled mutants by Molecular Dynamics simulations. 
Time-evolution of the α‑carbon RMSDs in the mutant simulations, with average values (μ) reported. The mutated spots are highlighted as spheres in the structural 
models shown for each system. 
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confirmed the GOF observed on the inactivation kinetics by showing a 
decrease in the plateau recovery of the same extent of WT-PRRT2, but 
characterized by slower kinetics with a two-fold significant increase in 
the time constant (Fig. 7A,B). 

Since WT-PRRT2 anticipates the entry of Nav1.2 channels in the 
inactivated state and reduces their recovery from inactivation (Fig. 6F 
and Fig. 7A), it is likely that, during high-frequency stimulation, a 
progressive increase in Nav1.2 inactivation occurs in the presence of 
PRRT2. To determine the effects of PRRT2 and its mutants in accumu
lating inactivated channels, a series of depolarizing pulses from a 
holding potential of − 100 mV to 10 mV at a frequency of 20 Hz were 
applied (Fig. 7C), as previously described (Merrick et al., 2010). In Hek- 
Nav1.2 cells expressing WT-PRRT2, stimulation at 20 Hz induced a 
progressive and significant reduction of Na+ current amplitude with 
respect to MOCK-transfected cells, consistent with an increased pro
portion of inactivated Nav1.2 channels (Fig. 7D). In this context, the 
A320V mutant induced a significantly slower and reduced depression of 
the current, confirming its LOF phenotype, while the V286M mutant 
accelerated the depression in current amplitude due to frequency inhi
bition with respect to WT-PRRT2 (GOF), while reaching a similar inhi
bition plateau (Fig. 7D,E). 

4. Discussion 

The disease mechanisms for paroxysmal disorders associated with 
nonsense/frameshift mutations in the PRRT2 gene are largely dependent 
on the LOF of the mutated allele product due to degradation of either the 
mRNA by NMD or the truncated protein which has escaped NMD (Wu 
et al., 2014; Liu et al., 2016; Pan et al., 2020). The few pathogenic 
missense PRRT2 mutants that are expressed to some extent display lack 
of membrane targeting of the mutant protein, thus conforming to a 
general LOF pathogenetic mechanism (Liu et al., 2016; Tsai et al., 2019; 
Zhao et al., 2020). On the other hand, a few missense pathogenic vari
ants do not greatly affect protein expression and membrane targeting of 
PRRT2. In this case, the pathogenic mechanism can be more difficult to 
identify, depending on the potential disruption of interactions of PRRT2 
with downstream cellular effectors. The investigation of these mutants 
can provide useful hints for understanding the structure-function re
lationships and the functional role of single residues and specific protein 
regions, as well as for identifying potential new target for therapeutic 
strategies. 

One interesting observation regards the molecular distribution of the 
PRRT2 missense pathogenic variants that are largely concentrated in the 
short and highly conserved COOH-terminal domain of the protein. This 
focuses the attention on the functional importance of the PRRT2 TM 
domain implicated in regulating fundamental membrane effectors such 
as voltage-dependent Na+ channels. This 79-amino acid long TM 
domain has a stable 3D structure defined by 1-μs MD simulations, 
confirmed by AlphaFold2 and ESMFold algorithms (Jumper et al., 2021; 
Rives et al., 2021), and formed by a helix-loop-helix (TM1a/TM1b), a 
very short cytosolic loop, and a membrane-spanning segment (TM2) 
ending with a COOH-terminal tripeptide (Fig. 1; Rossi et al., 2016; 
Franchi et al., 2023). We have recently shown that the COOH-terminal 
region of PRRT2 could recapitulate the effects of the full-length pro
tein on both current density (a functional measure of the membrane 
targeting), inactivation kinetics and recovery from inactivation of the 
Nav1.2 channel (Franchi et al., 2023). Thus, to understand the patho
genesis of the paroxysmal disorders related to PRRT2 point mutations, it 
is crucial to define whether the mutation has an impact on the physio
logical regulation of Nav channels by PRRT2. However, virtually all 
missense PRRT2 mutants investigated thus far were screened only for 
their expression level and membrane targeting (Liu et al., 2016; Tsai 
et al., 2019; Zhao et al., 2020). 

In this paper, we analyzed an array of missense pathogenic variants 
targeting the PRRT2 TM domain (4 mutants already reported to be 
expressed in heterologous systems and 4 point-mutations that were not 
previously analyzed) and investigated the effects on their downstream 
effector Nav1.2 in terms of binding, membrane targeting and biophys
ical properties. Notably, all the considered mutated residues (R266, 
I270, V286, R308, R311, V319, A320 and I327) are fully conserved 
across mammalian species, testifying their important structural/func
tional role within the COOH-terminal domain of PRRT2. The study 
resulted in the identification of two residues that significantly alter the 
interactions of PRRT2 with the Nav1.2 channel (Table 2). The V286M 
and A320V mutants showed an altered binding to Nav1.2 in pull-down 
experiments, with V286M showing increased and A320V showing 
decreased binding to Nav1.2, respectively. From a functional point of 
view, the A320V mutant was characterized by a clear LOF phenotype in 
both the membrane targeting and biophysical properties of Nav1.2 
channels. On the other hand, the V286M mutant showed a GOF 
phenotype with respect to WT-PRRT2 in the modulation of the Nav1.2 
biophysical properties (steady-state inactivation and recovery from 
inactivation), while it did not significantly affect the membrane tar
geting of the channel. In spite of the fact that Nav α-subunit-expressing 
Hek293 cells are very different from neurons in terms of sub- 
compartment trafficking of the channel and absence of auxiliary sub
units, the distinct phenotypes of the two mutants suggest that the inhi
bition of the membrane exposure of Nav1.2 channels and the 

Fig. 4. Binding of missense PRRT2 mutants to Nav1.2 channels. 
The binding ability of PRRT2 mutants to the Nav1.2 channel was analyzed by 
pull down assays. A. Naïve Hek293 cells were transfected with HA-tagged WT- 
PRRT2, mutant PRRT2 variants or the control unrelated protein BAP, extracted 
and immunoprecipitated using anti-HA beads. HA-bound proteins were subse
quently incubated with lysates of Nav1.2-expressing Hek293 stable cell clones. 
HA-pulled-down samples were analyzed by western blotting using anti-panNav 
antibodies. Representative immunoblots are shown. Vertical grey lines in the 
blots indicate that the lanes were on the same gel but have been repositioned. B. 
Quantification of the panNav immunoreactivity in PRRT2 immunoprecipitates. 
Immunoblots were analyzed by densitometry of the fluorograms. The intensity 
of Nav1.2 immunoreactivity was normalized to the PRRT2 recovery within the 
same sample. The binding of PRRT2 mutants to Nav1.2 is expressed in percent 
of WT-PRRT2 (horizontal line; mean ± sem: 100 ± 8.27). Red boxes indicate 
the PRRT2 variants that showed altered Nav1.2 binding and were subjected to 
further analysis. Data represent means ± sem with superimposed individual 
values from n = 4–6 independent experiments. **p < 0.01, one-way ANOVA/ 
Holm-Šídák tests. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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modulation of their inactivation kinetics/recovery from inactivation 
may involve distinct residues of the TM region of PRRT2. 

The A320V pathogenic variant in the TM2 region was discovered in a 
family with PKD and BFIE (Lu et al., 2018). Supported by the very high 
evolutionary conservation, our results indicate that A320 is an impor
tant site for the interaction with the Nav1.2 channel, as its mutation 
markedly decreases virtually all the physiological effects of PRRT2. In 
the presence of A320V, PRRT2 loses its inhibitory constraint on the 
membrane exposure of Nav1.2, offering a likely pathogenetic mecha
nism for this mutation. As far as the V286M mutant located in the TM1b 
region is concerned, a pathogenetic mechanism based on the observed 
GOF activity on Nav1.2 channels is apparently less consistent with the 
current knowledge of PRRT2 being a network stability gene (Valente 
et al., 2019; Michetti et al., 2017a, 2017b; Lerche, 2018; Binda et al., 
2021; Lu et al., 2021). However, it has very recently been reported that 
overexpression of PRRT2 in the mouse model of 16p11.2 duplication, 
which in humans is associated with ASD, epilepsy and intellectual 
disability, causes hypersynchronous activity, increased glutamate 
release and seizure propensity (Forrest et al., 2023). It is therefore 
possible that both insufficient or excessive levels of PRRT2, and thereby 
LOF or GOF PRRT2 mutants, are detrimental to the stability of neuronal 
networks and cause paroxysmal manifestations. However, in the present 
study, the PRRT2 mutants were investigated only for their Nav1.2 
interaction activity, and the possibility exists that they also alter PRRT2 
activities at the presynaptic level (Valente et al., 2016; Valente et al., 
2019; Michetti et al., 2017a; Coleman et al., 2018) or on other effectors 

such as voltage-gated Ca2+ channels or Na+/K+-ATPase (Ferrante et al., 
2021; Sterlini et al., 2021). 

In conclusion, we screened a cohort of 8 PRRT2 missense pathogenic 
variants for their impact on the PRRT2 interactions with voltage-gated 
Na+ channels. We identified two pathogenic mutants with opposite 
phenotypes on Nav1.2 channels that further strengthen the key role 
played by voltage-gated Na+ channels in the hyperexcitability under
lying the paroxysmal manifestations in PRRT2 patients and mechanis
tically explain the therapeutic efficacy of Na+ channel blockers in these 
diseases. The results may help understanding the molecular bases of the 
inhibitory effects of PRRT2 on neuronal excitability and the pathoge
netic mechanisms leading to paroxysmal attacks in PRRT2 patients. 
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Fig. 6. Effects of the V286M and A320V mutants of PRRT2 on the transient Na+ current and biophysical properties of Nav1.2 channels. 
A-C. Macroscopic Na+ current. A. Representative whole-cell Na+ current density (J) traces recorded from Hek293-Nav1.2 transiently transfected with the empty 
pKH3 control plasmid (black), WT-PRRT2 (grey), A320V PRRT2 (green) or V286M PRRT2 (light blue). Currents were elicited by 5 mV depolarizing step from − 80 
mV to 40 mV and cells were held at − 100 mV (inset). B. Current density to voltage relationship for conditions as in A. C. Box plots of the J values at three 
representative voltages (− 20/− 10/0 mV). Data are shown as means ± sem (MOCK, n = 21; PRRT2, n = 20; A320V n = 19; V286M n = 18). 
D,E. Voltage-dependence of activation. The lines are the best-fitted Boltzmann curves (D). Box plots of the half-maximal voltage of activation (V0.5 act) and slope (E). 
Data are shown as means ± sem (MOCK, n = 21; PRRT2, n = 20; A320V n = 19; V286M n = 18). 
F,G. Steady-state inactivation curves. The lines are the best-fitted Boltzmann curves (F). Box plots of the half-maximal voltages for inactivation (V0.5 inact) and slopes 
(G). (MOCK, n = 21; PRRT2, n = 27; A320V n = 18; V286M n = 14). *p < 0.05, **p < 0.01, ***p < 0.001 vs MOCK; #p < 0.05, ##p < 0.01, ###p < 0.001 vs WT- 
PRRT2; one-way ANOVA/Tukey's tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Table 2 
Summary of the loss or gain of function of the A320V and V286M mutants with 
respect to wild-type PRRT2.  

PHYSIOLOGICAL EFFECT EXPERIMENT MUTANT 
PHENOTYPE  

A320V V286M 
Nav1.2 BINDING Nav1.2 pull-down LOF GOF 
Nav1.2 MEMBRANE EXPOSURE Biotinylation LOF NS 
Na+ CURRENT 

Patch-clamp 

LOF NS 
ACTIVATION KINETICS NS NS 
INACTIVATION KINETICS LOF GOF 
RECOVERY FROM INACTIVATION LOF GOF 
PLATEAU INHIBITION 

Frequency inhibition 
LOF NS 

INHIBITION KINETICS LOF GOF 

LOF, loss of function; GOF, gain of function; NS, non-significant. 
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