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Proline-Rich Transmembrane protein 2 (PRRT2) is a neuron-specific protein whose 

mutations are involved in pleiotropic paroxysmal syndromes including epilepsy, kinesigenic 

dyskinesia, episodic ataxia and migraine. PRRT2 is a type-2 membrane protein with a 

transmembrane domain and a long proline-rich N-terminal cytoplasmic region. According to 

several data, PRRT2 regulates membrane exposure and the biophysical properties of 

voltage-dependent Na+ channels (Nav) 1.2 and 1.6 that negatively modulate intrinsic 

excitability. Nav channels form complexes with β-subunits that facilitate the membrane 

targeting and the activation of the α-subunits. The objective of this thesis is to characterize 

the molecular and functional PRRT2-Nav interaction clarify: (i) whether PRRT2 and β-

subunits interact or compete for common binding sites on the α-subunit, generating Nav 

complexes with distinct functional properties, (ii) based on its membrane topology, study the 

structure-function PRRT2 relationships regarding the interaction with Nav, (iii) focus on 

some point PRRT2 mutations involved in the binding to the Nav directly implicated in 

PRRT2-related pathologies. Since PRRT2 and β-subunits have opposite effects on Nav 

channels, it is unclear whether PRRT2 and β-subunits interact or compete for common 

binding sites on the α-subunit, leading to Nav complexes with different functional features. 

Using a heterologous expression system, we observed that β-subunits and PRRT2 do not 

interact with each other acting as independent non-competitive modulators of Nav1.2 

channel trafficking and biophysical properties. The data indicate that β4-subunit and PRRT2 

form a push-pull system that finely tunes the membrane expression and function of Nav 

channels and the intrinsic neuronal excitability. In addition, we observed that the 

unstructured N-terminal cytoplasmic region mimicked full-length PRRT2 by binding to the 

Nav1.2 more efficiently than the isolated transmembrane domain. Only the C-terminal 

intramembrane domain was able to modulate Nav properties, maintaining the striking 

specificity for Nav1.2 vs Nav1.1 channels. These results identify PRRT2 as a multi-domain 

protein in which the N-terminal cytoplasmic region acts as a binding antenna for Na+ 

channels, while the transmembrane domain mechanistically regulates channel exposure on 

the membrane and its biophysical properties. Since the majority of the PRRT2 pathogenic 

mutations cause the loss of protein expression making in vitro studies difficult or impossible, 

a restricted number of missense mutations maintains the protein expression and the 

trafficking to the membrane allowing their characterization. Hence, their expression and 

function were studied in the same system used for the previous points. Two residues were 

identified, V286M and A320, that, if mutated, cause Nav binding alteration, and therefore 

that can be involved in the direct modulation of PRRT2 functions.
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1.1. Paroxysmal Disorders 

Paroxysms (from Greek παροξυσμός, paroxysmos or paroxyno, meaning to sharpen or 

irritate) are a sudden recurrence or intensification of symptoms. Paroxysmal disorders (PDs) 

are a clinical and genetically heterogeneous group of disorders characterized by signs or 

symptoms that occur unexpectedly, resulting in spasms, convulsions, or other abrupt onset 

of physical dysfunctions. In neurology, the term is typically associated with seizure, migraine, 

or movement disorders and may include almost any bodily system. The signs and symptoms 

of a paroxysmal disorder depend entirely on the particular disorder. Some of these 

dysfunctions are treated with simple bedside maneuvers, whilst others require further 

examinations and specific pharmacological treatment [1]. Shuzo Kure, a prominent 

Japanese psychiatrist, provided the first detailed description of a case of paroxysmal 

movement disorder in 1892. He reported a case of paroxysmal movement disorder in a 

Japanese 23-year-old man who showed short, recurrent episodes of irregular, purposeless, 

and frequently bizarre involuntary movements from age 10. [2]. The movement-induced 

paroxysmal attacks were recognized as salient clinical features of what was later termed 

paroxysmal kinesigenic dyskinesia (PKD) [3]. 

Several classification schemes of paroxysmal movement disorders were proposed, 

especially based on the duration and aetiology of the attacks. More recently, a descriptive 

classification of paroxysmal movement disorders based on attack triggers was proposed [3]. 

According with this classification, paroxysmal movement disorders have been divided into 

four types: 

(I) PKD, in which the attacks are triggered by sudden movements; 

(II) Paroxysmal exercise-induced dyskinesias (PED) brought about by sustained and 

prolonged exercise; 

(III) Paroxysmal non-kinesigenic dyskinesia (PNKD) in which triggers might be quite 

heterogeneous or non-identifiable; 

(IV) Paroxysmal hypnogenic dyskinesia (PHD) in which attacks occur during sleep. 

The main primary forms of paroxysmal movement disorders together with other PDs (e.g. 

several forms of epilepsy and heachache disorders) can be related to the following few 

genes: Myofibrillogenesis regulator 1 (MR-1) [2], Solute carrier family 2 facilitated glucose 
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transporter member 1 (SLC2A1) [3] and Proline-Rich Transmembrane Protein 2 (PRRT2) 

[4](Figure 1). 

Human MR-1 is a functional gene considered the main cause of PNKD and for this reason, 

it is also known as PNKD. MR-1 is localized on human chromosome 2q35 and has three 

isomeric forms: MR-1L, MR-1M and MR-1S, formed by alternative splicing [5]. It is known 

that mutations in the N-terminal region of MR-1L and MR-1S are the main causes of PNKD 

[6]. The MR-1L isoform is specifically expressed in the brain and is localized to the neuronal 

membrane, while the MR-1S isoform is ubiquitously expressed with a diffuse cytoplasmic 

and nuclear localization [7]. It has been shown by bioinformatics analysis that the MR-1 gene 

is homologous to the hydroxyacylglutathione hydrolase gene (HAGH) that acts in a 

biochemical pathway to detoxify methylglyoxal, a by-product contained in coffee and 

alcoholic beverages [7]. The results of this study suggest a mechanism whereby alcohol, 

coffee and stress may act as precipitants of attacks in PNKD. Patients with MR1 mutations 

do not have epilepsy. However, a substantial proportion of patients with MR1 mutations can 

have migraine, thus linking this gene to another episodic neurological disorder [8]. 

SLC2A1, also known as GLUT1 (Glucose Transporter 1), encodes for the GLUT1 protein, 

the most important energy carrier of the brain that is expressed in the endothelial cells of the 

blood-brain barrier level and assures the energy-independent, facilitative transport of 

glucose to the brain [9]. Several evidence emerged about the link between mutations of 

SLC2A1 and PED both in isolation and in association with epilepsy [5], [10]. 

PRRT2, at now, is the major gene responsible for PKD [11]. PRRT2 was identified as the 

causative gene for a wide spectrum of paroxysmal disorders including benign familial 

infantile epilepsy (BFIE), infantile convulsions (IC) and hemiplegic migraine (HM) [12], [13] 

(Figure 2). The broad spectrum of clinical manifestations suggests that there is a marked 

pleiotropy and variable penetrance of PRRT2 mutations [14].  

Historically, PDs were mainly considered as disorders representing ion channel dysfunction 

(channelopathies) [6] [7] [8]. In fact, the discovery of the molecular defects led to recognition 

of the role of the mutations of different types of ion channels in the onset of episodic brain 

diseases. These disorders include not only muscle diseases, but also numerous forms of 

epilepsy, movement disorders, headache, and cardiac dysrhythmias [8]. However, the 

discovery of the genes responsible for several forms of PDs disproved this ion channel 
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theory. In fact, in addition to mutations in ion channels, also mutations in the genes encoding 

for proteins involved in neuronal transmission and in the transporter proteins were found to 

be associated with several PDs (respectively identified as “synaptopathies” and 

“transportopathies”)[8], [15].  

 

 

 

 

Figure 1. Venn diagrams of the three major genes mutated in the PDs with main 
pathophysiological mechanisms and current therapies (Paroxysmal Movement Disorders, Seth 
et al. 2020, modified). 
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1.2. Gene, protein structure and membrane 

topology of PRRT2 

In the adult human brain, the PRRT2 protein is highly expressed in cerebellar, occipital, 

frontal and temporal cortices, putamen and hippocampus. To a lesser extent, PRRT2 is also 

expressed in other brain regions, such as the substantia nigra, thalamus, inferior olivary 

nucleus, and intralobular white matter [16] [17]. Furthermore, Chen and colleagues 

examined the PRRT2’s expression pattern in the developing murine nervous system. They 

found a marked increase expression during early postnatal stages, declining during 

adulthood [12]. In human, longitudinal analysis of mRNA levels during brain development 

showed a rapid increase of PRRT2 expression in the striatum, neocortex, hippocampus, and 

thalamus until around 100 days post-conception. When a plateau is reached, the levels even 

start to decline in thalamic regions. Age-dependent expression changes can explain the age-

dependence of different disease manifestations linked to PRRT2 mutations (Figure 3). 

 

Figure 2. Clinical spectrum of PRRT2-related disorders. The green arrows point to the 
predominant phenotypes caused by PRRT2 mutations, PKD, ICCA (infantile convulsions with 
choreoathetosis syndrome), BFIS. The pink arrows point to rare phenotypes, PNKD, PED, HM, 
EA (episodic ataxia), FS (febrile seizures), CAE (childhood-absence epilepsy). The blue arrows 
indicate putative PRRT2 mutation-related phenotypes. (Méneret et al., 2013, modified).  
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The PRRT2 gene is located on the short arm of chromosome 16 (16p11.2) and consists of 

four exons. While exon 1 of the gene is non-coding, the exons 2-4 encode for a 340-amino 

acid protein containing two predicted transmembrane domains [12]. Among mammals, 

sequence conservation is very high (~80%), maintaining some still appreciable similarity 

(~30%) in lower vertebrates (e.g., zebrafish) [18].  

PRRT2 was initially described as a protein belonging to the Dispanin family [19]. Dispanins 

or Interferon-induced transmembrane proteins (IFITM) are a group of transmembrane 

proteins characterized by a topology containing two transmembrane alpha-helix regions 

within the membrane [19], [20] . Exons 2-4 encode for a long N-terminal domain (1-268) 

containing a proline-rich region (PRD), two putative transmembrane helices, TM1 (269-289) 

and TM2 (318-338), separated by an intracellular loop (CYT, 290-317), and a C-terminal 

dipeptide (339-340) [21]. However, the predictions were not confirmed and the correct 

topology of PRRT2 protein was subsequently demonstrated using a combination of different 

experimental approaches, including live immunolabeling, immunogold electron microscopy, 

surface biotinylation and computational modeling [19].  

Molecular dynamics simulations ascertained that the helix of TM1 flexes in correspondence 

with a five-amino acid hinge that includes two proline residues, forming a helix-loop-helix 

structure. The M1 helix is beaked in two halves, called M1a/ M1b that are stably folded at 

Figure 3. Natural history of PRRT2-associated diseases. In the majority of the cases BFIE, PKD 
and PKD/IC represent the core of PRRT2-associated diseases, while HM usually emerges as 
novel associated disease. PRRT2-associated BFIE manifests with non-febrile seizures in the first 
year of life with an average age of onset around 6 months. In PKD, there is a peak in early 
adolescence and PKD attacks may decrease in frequency during adulthood and remit completely 
in mid- or late adulthood. Other movement, seizure or headache disorders may also manifest in 
patients with PRRT2 mutation (Ebrahimi-Fakhari et al., 2015, modified). 
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the cytoplasmic side of the plasma membrane. Consequently, only M2 is a true 

transmembrane helix. Due to its single transmembrane domain, PRRT2 exposes the long 

N-terminal domain and the short M1-M2 loop to the cytoplasm and maintains a C-terminal 

anchor. This configuration is in line with the model of a type II transmembrane protein in 

which only the second hydrophobic segment completely spans the plasma membrane, the 

first one it is associated with the internal half of the plasma membrane via a helix-loop-helix 

structure, and the N-terminal is located intracellularly [18], [19] (Figure 4).   

PRRT2 shares (67% sequence similarity) the proline-rich N-terminal domain with the 

product of the SynDIG4 gene (synapse differentiation-induced gene 1) also known as 

PRRT1 (Proline Rich Transmembrane protein 1), a type II transmembrane protein that 

interacts with AMPARs in brain and heterologous cells and regulates synaptic strength [22]. 

SynDIG4/PRRT1 was identified in several independent proteomic studies as a candidate 

AMPAR-associated protein [23][24], [25] [26], as well as a component of the postsynaptic 

density [27], [28]. SynDIG4/PRRT1 is not enriched at synapses but was found to colocalize 

with the AMPAR subunit GluA1 at extrasynaptic sites in rat cortical neurons [28].  
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Figure 4. (A) The PRRT2 gene contains four exons, with exons 2-4 encoding a multidomain 
protein of 340 amino acids formed by a long N-terminal domain (1–268) containing a proline-rich 
region (PRD); two putative transmembrane helices, M1 (269–289) and M2 (318–338), separated 
by an intracellular loop (CYT, 290–317), and a C-terminal dipeptide (339–340). Despite the 
similarity with the proteins of the dispanin family, only M2 is a true transmembrane helix, while 
M1 is folded into two halves (M1a and M1b) by a hinge formed by two proline residues. As a 
consequence, M1 does not cross the membrane (Valtorta et al., 2016). (B) Membrane topology 
of PRRT2 (created with BioRender.com). 
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1.2.1. PRRT2 mutations 

To date, more than 70 PRRT2 mutations have been reported, with a percent of 5.5% 

occurring de novo and 87.1% with a familial origin (Figure 5) [29]. The amount of 

nonsense/frameshift or missense mutations is scattered along the entire sequence of the 

gene with a hot spot consisting in the c.649dupC frameshift mutation that accounts for nearly 

80% of the cases. The DNA sequence in the “mutational hotspot” region 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 duplication, 

deletion and point mutations in the very same cytosine stretch. Most of the mutations involve 

the insertion of a precocious stop codon, leading to an unstable mRNA and/or a protein that 

is degraded or mistargeted [18]. This haploinsufficient state is consistent with a loss-of-

function mechanism (LOF) in PRRT2-associated diseases. 

Besides the truncated variants, about 30 missense variants of PRRT2 are documented in 

PRRT2‐related disorders [30] (Figure 5). Several pathogenic missense mutations of PRRT2 

do not change in the total and plasma membrane expression levels [30] [31] [32] (Table 1). 

Therefore, the pathogenicity of PRRT2 missense variants in paroxysmal disorders is difficult 

to evaluate. 
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Particularly interesting are the mutations at the transmembrane region of PRRT2. The 

PRRT2 protein, from the amino acid in position 266 of the transmembrane part to the C-

terminal end, has a very stable configuration, suggesting a crucial role in the PRRT2 

function, as well as in the binding with potential interactors. However, a very low number of 

PRRT2 mutations in general and in the transmembrane in particular, has been functionally 

studied thus far [33] [34] [35]. 

Recently, the discovery of a novel PRRT2 pathogenic variant inherited in an autosomal 

dominant pattern was reported in a family with PKD and BFIS [36]. This pathogenic variant 

shows a mutation to valine of the highly conserved alanine located at position 320 (A320V) 

in the M2 transmembrane region. The high evolutionary conservation suggests an important 

role of alanine-320. Other four missense mutations were found in the transmembrane 

region, namely R266W, R308C, R311W, I327M. The mutations R266W, R311W and I327M 

maintain a protein expression similar to the wild type, while the R308C mutation produces a 

Figure 5. Mapping of PRRT2 mutations superimposed to the domain structure of PRRT2. 
Mutations in PRRT2 have been recently identified as the cause for a heterogeneous group of 
paroxysmal neurological diseases. The identified nonsense/frameshift and missense mutations 
are reported on the PRRT2 domain structure in the upper and lower panels, respectively (Valtorta 
et al., 2016, modified). 
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significant decrease of the protein expression [37] [38]. Moreover, a new mutation, I270V, 

in the same region was recently discovered, with a still unknown effect on PRRT2 expression 

[39]. Recently, other novel PRRT2 mutations have been identified, such as the mutation 

V286M identified in PKD patients [40] and the de novo heterozygous missense mutation 

V319L in exon 3 of the gene [41]. In general, all PRRT2 mutations are responsible of 

heterogeneous clinical signatures that go beyond the mere paroxysmal disorders. However, 

among these, we can discern frequent pathological phenotypes caused by PRRT2 

mutations, as well as pathological phenotypes rarely related to PRRT2 mutations. 

 

 

1.3. PRRT2 predominant phenotypes  

At now, PKD is considered the most frequent type of paroxysmal dyskinesia, with an 

incidence rate estimated as about 1:150,000 [42]. PKD, together with BFIE and ICCA, 

represents the core of PRRT2-associated disorders [12] [43] In PKD patients, the 

prevalence of PRRT2 mutations ranges from 40% to 90% depending on case 

ascertainment, suggesting a high genetic heterogeneity [44] [29]. However, PRRT2 

mutations do not account for all PKD cases, suggesting the existence of additional gene 

mutations, or possible misdiagnosis due to overlapping clinical manifestations. In this 

context, several other genetic disorders have been recently suggested to be an alternative 

cause of the PKD syndrome including, but not limited to, those associated with SCN8A, 

ADCY5, and SCL16A2 mutations [45]. PRRT2 mutations in PKD are mainly inherited in an 

autosomal-dominant manner [29], but about 10-30% are sporadic, suggesting a de novo 

Table 1. List of the selected missense mutations in the PRRT2 membrane-associated domain 
and their phenotypic characterization. 
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origin [29] [46]. The PRRT2 mutations in PKD displayed a male predominance, with a male-

to-female ratio of about 2:1.5 [47] [48]. 

Several PKD related families were studied over the years, describing the precise clinical 

diagnostic criteria for PKD (Table 2) [49]. PKD is characterized by unilateral or bilateral 

involuntary movements triggered by other sudden and voluntary movements, such as 

standing up from a sitting position, being startled or changing motion velocity (e.g., 

accelerating from walking to running) [42]. The most common attacks include dystonia, 

followed by chorea and athetosis [49][29]. Less frequently, attacks can include ballism or 

hemiballism [50] and do not involve loss of consciousness) [42]. Since common movements 

represent potential triggers, attacks can be as frequent as 100 per day to as few as one per 

month, but with a very brief duration. 

 

 

The age of onset in PKD varies generally between 6 months and 33 years, but more 

frequently between 7 and 15 years [44] [29]. Patients with PKD and IC (PKD/IC) usually 

develop epilepsy within the first 2 years of age and subsequently attacks of PKD. Normally, 

the frequency of attacks decreases with age with a complete remission typically occurring 

in the third and fourth decades of life [49]. Conversely, a tendency for improvement in the 

number and severity of attacks was observed during pregnancy and was observed in 50% 

of affected women [49]. 

Despite all cases linked to PRRT2 mutations have a kinesigenic trigger [29], [49][51], 

additional triggers can be observed, including loud sounds, emotional stress, startle or 

hyperventilation [44] [52]. Often, a sensory aura precedes the attacks, manifesting like 

paresthesia, stiffness, or a “fluttery feeling” usually in the body part where PKD develops 

[44] [49]. Some patients report that they could minimize their attacks if they stop or slow 

Table 2. Diagnostic criteria for PKD. Clinical manifestations used to diagnose the PKD pathology 
(Bruno et al., 2004, modified). 
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down their movements when the aura appears [49]. The attacks may range from mild to 

severe, with the mild ones limited to a sensory aura followed by slight dystonic or choreic 

movements, while severe episodes might result in falls and injuries [53]. Another important 

diagnostic criterion concerns the ability of PRRT2-related PKD to respond to antiepileptic 

drugs (AEDs), especially the voltage-gated sodium (Na+) channel (Nav) blocker 

carbamazepine (CBZ), with effective dosages lower than those used in epilepsy [44] 

[29][54]. In general, Na+ channel blockers are among the most used drugs for the treatment 

of both focal and primary generalized tonic-clonic seizures. Other drugs belonging to this 

family are lamotrigine and oxcarbazepine [54], that are both effective in PRRT2-related 

pathologies [49] [29]. Other AEDs that were found to be effective in controlling PRRT2-

related symptoms are levetiracetam and topiramate [49]. The exact mechanism by which 

levetiracetam acts to treat epilepsy is still unknown, but multiple lines of evidence suggest 

that a membrane glycoprotein named SV2A, expressed in the synaptic vesicles is the 

molecular target of this molecule [55][56]. The putative targets of topiramate include Nav, 

GABAA, AMPA and kainate receptors, as well as carbonic anhydrase isoenzymes type II 

and IV [57]. Very important, unlike other AEDs, the effects of topiramate on ion channels are 

not likely to occur through direct modulation of channel gating, but rather through an indirect 

effect on channel phosphorylation [58]. 

Among the predominant phenotypes of PRRT2-related dysfunctions, there are also infantile 

convulsions and choreoathetosis (ICCA), also called paroxysmal kinesigenic dyskinesia with 

infantile convulsions (PKD/IC) [59] [60]. ICCA patients show both BFIE and PKD, the first 

one during childhood and the second one in the adult life [60] [61] [62], [63]. The range of 

the mean onset of PKD is 3-12 years and the clinical features consists in daily short 

paroxysmal episodes of dystonia/dyskinesia [64]. Many affected patients are misdiagnosed 

or prescribed multiple antiepileptic drugs. Patients usually show a good response to 

anticonvulsants and favorable prognosis [29]. A low-dose carbamazepine causes a dramatic 

improvement with the complete disappearance of dyskinetic episodes after 3 days [64]. 

Finally, another common onset of PRRT2-linked diseases is the BFIE, a self-limiting seizure 

disorder of infancy characterized by afebrile partial complex or generalized tonic-clonic 

seizures [62]. Brief spells with motor arrest, eye or head deviation, cyanosis, generalized 

hypertonia and limb jerks are very often reported in patients [65]. The onset age is between 

3 to 12 months, while seizures usually remit by 2 years of age or, more frequently, by 16 
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months for PRRT2-associated cases [29]. Neurological tests and imaging studies, such as 

electroencephalogram (EEG) and magnetic resonance imaging (MRI), are usually normal. 

BFIE has no known long-term neurological sequelae and the development is usually normal, 

and normal are also neurological tests [29]. The transmission pattern of BFIE is consistent 

with autosomal dominant inheritance with incomplete penetrance [66]. BFIE affect both 

females and males in populations with various ethnic backgrounds [29]. Although more male 

patients have been reported in PKD, BFIE distributes more evenly between male and female 

patients [29]. Mutations in PRRT2 have been identified in the majority of families with BFIE, 

with the c.649dupC frameshift mutation found in 81.4% of cases [29]. Watanabe and 

colleagues observed that the seizures were easily controlled with antiepileptic drugs, such 

as phenobarbital, carbamazepine or valproate, and a combination of two or more 

anticonvulsants is rarely necessary [65][62].  Because of the benign course of the syndrome 

and the spontaneous remission of seizures, patients with low seizure frequency do not 

necessarily have to be treated [67]. 

1.4. PRRT2 rare phenotypes  

Together with the predominant phenotypes, there are a few others, which are rarely induced 

by PRRT2 mutations. PNKD is a rare movement disorder occurring at an estimated 

prevalence of around one in a million people [68]. PNKD differs from PKD because of the 

longer duration and smaller frequency of the attacks. In fact, PNKD attacks last for minutes 

to hours, but they are much more infrequent compared to PKD [68] [69] [70]. In PNKD 

patients, attacks are triggered by different conditions, such as by consuming alcohol, coffee, 

or tea, psychological stress, excitement or fatigue. Frequently, PNKD attacks are 

characterized by dystonic posture, chorea, athetosis, and ballism, affecting a single region 

of the body or generalized, and begin with premonitory symptoms such as sensation of 

tightness (80% of those) in one limb, involuntary movements of the mouth, or anxiety [71] 

[72]. As for PKD, also PNKD attacks are not associated with loss of consciousness or 

seizures and never occur during sleep [73] [74]. PNKD onset is typically during childhood 

from 1 to 20 years, with a mean age of 12 years. Only a few patients have the onset after 

18 years of age [74]. Normally, attacks tend to diminish with age [72]. PNKD can be 

idiopathic or genetic (in both cases either sporadic or familial) or secondary to a known 

etiology. When familial, PNKD is inherited as autosomal dominant trait and is due to 
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mutations inMR-1, also called PNKD gene [75] [76]. In addition, several studies reported 

cases of PNKD-like phenotypes in different families carrying the PRRT2 c.649dupC 

mutation [34] [77]. Although the preponderance is not as striking as for PKD (M:F, 3-4:1), 

more males than females are affected (1.4:1) [72]. 

Concerning treatment of PNKD, avoidance of the triggering factors (e.g., alcohol or caffeine) 

can be helpful. Anticonvulsants should be tried in any case, although PNKD does not readily 

respond to anticonvulsants, and the medical treatment is less rewarding [51]. Several drugs 

have been used, although without consistent success [78] [79] [80]. In this context, only 

clonazepam appears to be the most successful drug [73]. Interestingly, deep brain 

stimulation appears a useful treatment for drug resistant severe PNKD [81]. 

Another rare phenotype associated with PRRT2 mutations is PED, a clinical syndrome 

described for the first time in 1977, characterized by recurrent episodes of involuntary 

movement usually precipitated by sustained walking or running [73].  About 30-40% of 

patients with PED carry a SLC2A1 mutation [82] [44]. However, a PRRT2 mutation was 

found in a Chinese family presenting PD occurring both at rest and after prolonged exercise, 

showing an overlap between PNKD and PED subgroups [83]. 

Mutations in PRRT2 gene cause a spectrum of pathologies that may be also associated with 

HM, a rare and peculiar disorder in which affected individuals experience migraine with 

transient weakness or hemiparesis [84]. Usually, attacks begin during childhood or 

adolescence and, in addition to hemiparesis, can gradually involve sensory symptoms, 

always accompanied by headaches [84]. Hemiplegic migraine may be sporadic or familiar 

with a dominant autosomal inheritance. In recent years, mutations in ion channel genes were 

identified to cause HM (CACNA1A, ATP1A2, and SCN1A), but do not cover a large 

proportion of patients [85] [86]. To date, several patients with HM were found to carry PRRT2 

mutations localized in residue c.649/650 [87]. 

In the literature, the association between movement disorders and epilepsy is well known, 

indicating an overlap in the pathogenesis of the diseases [88] [89]. Frequently, febrile 

seizures are present in PRRT2 patients, with a prevalence in children between six months 

and five years [90] [66] [91] [92] [93].   

Some patients with PRRT2 mutation experiment EA, a rare group of disorders characterized 

by attacks of truncal ataxia and incoordination lasting minutes to hours [94]. To date, several 
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gene mutations have been identified to cause EA (EA1, KCNA1; EA2, CACNA1A; EA5, 

CACNB4; EA6, SLC1A3; EA8, UBR4) [95], [96] [97]. 

PRRT2-linked pathologies can be associated with more severe phenotypes in the presence 

of homozygous or compound heterozygous mutations. In 2011, five individuals of an Iranian 

family showing severe non-syndromic intellectual disability were found to carry a 

homozygous PRRT2 mutation (c.649dupC) [98]. In addition, Labate and colleagues in 2012 

described a small group of patients carrying homozygous mutations and showing a more 

severe encephalopathic phenotype, including cognitive and neurological deficits associated 

with the most common paroxysmal movement disorder [99]. Further studies reported further 

fifteen patients with homozygous or compound-heterozygous mutations [100] [23] [101]. The 

increased presence of intellectual disability in patients with biallelic PRRT2 mutations 

indicates a gene-dosage effect in which a strong reduction or the absence of PRRT2 leads 

to a more severe phenotype with additional disease manifestations [29] [17]. The dominant 

effect of PRRT2 mutations associated with several paroxysmal disorders points out the 

important functional role of the protein in the mammalian central nervous system (CNS). The 

study of PRRT2 mutations is thereby important to advance the understanding of the 

homeostatic processes in the brain and elucidate the PRRT2-related pathogenetic 

mechanisms leading to paroxysmal disorders.  

1.5. PRRT2 distribution  

A recent study shows that PRRT2 is a neuron-specific protein that has an important role in 

synaptic development and function in the brain [102]. Several lines of evidence, obtained in 

the mouse show that the PRRT2 mRNA levels are regulated during brain development. The 

expression of the protein was found to be high in brain and spinal cord, with the highest 

levels in the cerebellum, basal ganglia, and neocortex [103][104][105] [102] [17]. In 

particular, low levels of both PRRT2 mRNA and protein were detected during early 

development in the murine nervous system followed by a marked increase during the 

postnatal phase with a peak during synapse formation and neuronal network rearrangement 

[103] [102]. In primary cultures of hippocampal and cortical neurons, PRRT2 expression 

already discernible at early stages, increases between 10 and 21 days in vitro, the temporal 

window of intense synaptogenesis. On the contrary, PRRT2 expression is undetectable in 

primary astroglial cultures, consistent with its neuron-specific expression [102]. 
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Recently, to investigate in detail the role of PRRT2 at synapses, Michetti and colleagues 

characterized a murine model in which the PRRT2 gene has been constitutively inactivated 

(PRRT2 KO) [17]. From a behavioral point of view, both pups and adult PRRT2 KO mice 

were not affected by spontaneous seizures. However, these animals displayed a phenotype 

recapitulating the most common clinical manifestations of patients suffering PRRT2 

mutations. KO animals displayed behaviors characterized by loss of balance and back 

walking that are similar to the episodic ataxia found in patients, suggesting a strong 

implication of the cerebellum in pathogenesis of PRRT2-related diseases [17]. Moreover, 

PRRT2 KO mice were also highly prone to audiogenic paroxysms with wild running, back 

walking and jumping and displayed a higher propensity for generalized pentylenetetrazol-

evoked seizures. In both phenotypes, the seizure propensity was not severe, consistent with 

the mild epileptic phenotype observed in patients bearing PRRT2 mutations. In this study, 

was characterized for the first time a genetically altered mouse constitutively lacking PRRT2 

that also allow to analyze the protein expression by means of a knocked-in lacZ sequence. 

Through β-galactosidase (β-gal) staining, the regional expression of PRRT2 was found more 

intense in the cerebellum, hindbrain and spinal cord, while it was localized to restricted areas 

in the forebrain. On a macroscopic level, β-gal appeared strongly expressed in the 

cerebellum and hindbrain with respect to more rostral areas. 

Examination of the entire nervous system from PRRT2 KO mice confirmed an average low 

expression level of β-gal in the forebrain, but with expression hot spots in restricted areas. 

The analysis of rostral sections revealed high expression levels in layer VIb of the neocortex, 

septal nuclei and claustrum. At more caudal levels, the β-gal signal was high in the 

hippocampus, particularly in the hilus, dentate gyrus and CA3 regions, with lower β-gal 

activity in the CA1 and CA2 areas. Specific signals were also observed in the amygdala, 

collicula and periaqueductal grey. In more caudal sections, a strong expression of PRRT2 

was detected in the granular layer of cerebellum, whereas Purkinje cells and the molecular 

layer were negative except for sparse positive interneurons in the latter. Finally, PRRT2 

expression was observed in the spinal cord, with intense β-gal staining in the substantia 

gelatinosa, as well in the dorsal horn. No β-gal staining was detected in the white matter, 

confirming the neuron-specificity of PRRT2 expression. PRRT2 expression was very low at 

postnatal day (P) 4 and 8, while at P16 its expression markedly increased, with a regional 

distribution similar to the adult [17]. This finding is in line with previous studies in which 
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PRRT2 mRNA, low at birth, was found to increase postnatally over the first month of life 

[102]. 

1.6. PRRT2 as a molecular actuator  

To date, the molecular mechanisms by which PRRT2 mutations cause the disease and how 

are mostly unknown. Recently, several laboratories have thoroughly explored this topic. The 

current understanding assumes that the PRRT2 protein plays a crucial role in the release of 

neurotransmitters, in the formation and maintenance of synaptic networks and in the fine 

modulation of firing activity of neurons [18] [102], [106]. 

Due to its multifaceted function, PRRT2 might not be devoted to a single membrane 

actuator. PRRT2 was shown to act at both presynaptic and postsynaptic levels by interacting 

with several actors, ranging from the components of the neurotransmitters release 

machinery to ion channels and pumps. For these reasons, understanding the PRRT2 

physiology and the functional impact of its mutations may help to elucidate the pathogenetic 

mechanisms leading functional derangement of brain networks in paroxysmal disorders. 

1.6.1. PRRT2 and the neurotransmitter release machinery 

The yeast two-hybrid screen experiments show that PRRT2 co-distributes with proteins 

associated with the neuronal synaptic area, such as the synaptosomal-associated protein 

25 kDa (SNAP-25) [107]. SNAP-25 is a presynaptic membrane protein belonging to the 

Soluble N-ethylmaleimide-Sensitive Factor Attachment Proteins Receptor (SNARE) 

complex involved in synaptic vesicle membrane docking and fusion that plays a pivotal role 

in Ca2+-dependent neurotransmitter release [108][109]. The interaction of PRRT2-SNAP25 

was subsequently confirmed both in vitro and in vivo [70]. 

Since PRRT2 mutations display a LOF mechanism, an acute silencing approach through 

RNA interference was used to dissect out the physiological role of the protein at the synaptic 

level [102]. Together with SNAP-25, PRRT2 was found to co-distribute also with other 

presynaptic proteins such as synaptophysin, confirming that PRRT2 targeting to the 

synapse (Figure 6). To test for the localization of the protein in neuronal cells, hippocampal 

neurons were transduced with lentiviruses encoding for PRRT2-mCherry. In agreement with 

the biochemical experiments, PRRT2 immunoreactivity largely overlapped with the staining 

of the two presynaptic proteins in axonal and nerve terminal areas [102].  
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Functionally, it was observed that the acute lack of PRRT2 produces a dramatic 

downregulation of neurotransmitter release with a marked impairment in spontaneous and 

synchronous release, providing the important role of PRRT2 on presynaptic function [102]. 

To better investigate other possible PRRT2 interactors, an array of major presynaptic 

proteins whose constitutive KO strongly impairs evoked transmission was screened [102]. 

The association of PRRT2 with Vesicle-Associated Membrane Protein 2 (VAMP2) and with 

synaptotagmins 1/2 (Syt1/2) was found, both proteins involved in synchronous 

neurotransmitter release. In particular, the interaction between PRRT2 and Syt1/2 suggests 

that PRRT2 participates in the regulation of the Ca2+ sensing apparatus responsible for fast 

synchronous release [102]. These data suggest a model in which PRRT2, binding SNAP-

25 and Syt1/2, increases the affinity of the SNARE complex for the Ca2+ sensor for fast 

release. The lack of PRRT2 lowers the Ca2+ sensitivity of SNARE complexes, resulting in a 

strong decrease of neurotransmitter release probability. Consequently, the interactions 

between PRRT2 and Syt1/2 are necessary to boost the Ca2+ sensitivity of evoked fast 

release, whereas they would be dispensable for the synaptotagmin-mediated spontaneous 

release (Figure 6). 

Another important effect of acute PRRT2 deletion is a reduction of the density of synaptic 

connections, followed by changes in synaptic ultrastructure. In this context, both a reduction 

in the synaptic vesicle volume and an increase in the docked synaptic vesicles were 

observed [102]. In addition, the acute downregulation of PRRT2 in mouse embryos led to a 

delay in neuronal migration that was accompanied by defects in synaptic development [70]. 

Low levels of PRRT2 are also detected in fractions enriched in post-synaptic densities  

[102][110]. Thus, while its distribution indicates that PRRT2 is primarily a presynaptic 

protein, proteomics [111] [57] and coimmunoprecipitation [112] studies suggest that it plays 

some role also in the postsynaptic compartment. Specifically, at this level, PRRT2 was found 

to interact with GluA1 subunit (GRIA) of the AMPA-type glutamate receptor complex 

(AMPARs), formed by a core together to variable complex of more external proteins [113] 

[114]. Specifically, PRRT2 and PRRT1, together with Leucine-Rich Repeat Transmembrane 

Neuronal Protein 4 (LRRT4) and four isoforms of the membrane-associated guanylate 

kinase (MAGUK) family, (Noelins1-3 and C9orf4/FRRS1l) [24], constitute the receptor 

neighbor. These proteins assemble with the core subunits either through direct binding to 

the receptor or through interactions with each other [24]. The receptor core is composed by 
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tetramers of the pore-forming GluA1-4 proteins [115] [116][117] and up to four members of 

three distinct families of membrane proteins: the transmembrane AMPAR regulatory 

proteins (TARPs, g-2, g-3, g-4, g-5, g-7, g-8; [118] [119], the cornichon homologs 2 and 3 

(CNIH2, 3)[24] , and the GSG1l protein [57] [24]. Functional data suggests that PRRT2, by 

this localization, limits the membrane distribution of GluA1 subunit in the postsynaptic 

membrane [112], confirming a potentially important role also at the postsynaptic level.  

 

 

1.6.2 PRRT2 and the Na+/K+ ATPase pump 

The α-subunit of Na+/K+ ATPase (NKA) is a fundamental polarized and electrogenic pump 

that transports 3 Na+ ions outside the cell and two K+ ions inside for each ATP hydrolyzed. 

Thanks to this activity, NKA maintains the ion gradient across the plasma membrane and 

Figure 6. (A) 3D reconstruction of the ultrastructure of a presynaptic terminal from serial 
sections. (B) Schematic view of the presynaptic portion of the nerve terminal at the active zone. 
PRRT2, associated with the presynaptic plasma membrane, interacts with components of 
SNARE complex (SNAP-25, VAMP and synaptobrevin) and with the fast Ca2+ sensor 
synaptotagmin. The panel also shows Ca2+ ions (red spheres) and presynaptic Ca2+ channels. 
(C) Mechanistic model for the role of PRRT2 in fast synaptic vesicle exocytosis. At rest (left), 
PRRT2 is in the proximity of both the Ca2+ sensor synaptotagmin and the SNARE complex. 
Upon stimulation, when Ca2+ concentration increases, PRRT2 interacts with both SNARE 
proteins and synaptotagmin. Consequently, PRRT2 endows the SNARE complex with Ca2+ 
sensitivity and increases the probability of synchronous neurotransmitter release (Valtorta et 
al., 2016). 

 

 

Figure 4. (A) 3D reconstruction of the ultrastructure of a presynaptic terminal from serial 

sections. (B) Enlarged view of the presynaptic portion of the nerve terminal at the active zone. 

PRRT2, associated with the presynaptic plasma membrane, interacts with components of 

SNARE complex (SNAP-25, VAMP and synaptobrevin) and with the fast Ca2+ sensor 

synaptotagmin. The panel also shows Ca2+ ions (red spheres) and presynaptic Ca2+ 

channels. (C) Mechanistic model for the role of PRRT2 in fast synaptic vesicle exocytosis. At 

rest (left), PRRT2 is in the proximity of both the Ca2+ sensor synaptotagmin and the SNARE 

complex. Upon stimulation, when Ca2+ concentration increases, PRRT2 interacts with both 

SNARE proteins and synaptotagmin. Consequently, PRRT2 endows the SNARE complex with 
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contributes to determine the neuronal resting membrane potential [120]. The NKA is formed 

by two subunits. The α-subunit carries out the catalytic and ion transport functions and 

associates with the β-subunit that modulates its membrane exposure and activity. Three 

isoforms of NKA α-subunit (α1- α3) are expressed in the brain, the ubiquitous α1 subunit 

and the α3 and α2 subunits that are specifically expressed in neurons and glial cells, 

respectively [121]. Since firing activity, inward synaptic currents, and the resting Na+ 

permeability all enrich neurons with Na+, neurons have a high requirement for Na+ extrusion 

activity [122] [123]. Previous studies in cell lines showed that the α1-subunit has higher Na+ 

affinity than the α3-subunit. This suggests that the α3 subunit becomes crucial when the 

intracellular Na+ concentration rises during sustained neural activity, whereas the α1-subunit 

in neurons is dedicated to basal ion pumping activity [124] [125]. 

Numerous diseases are linked to mutations in NKA-isoforms. For example, familial 

hemiplegic migraine is associated with mutations in the ATP1A2 gene encoding for α2-NKA, 

whereas a variety of paroxysmal neurological disorders are linked to mutations in the 

ATP1A3 gene encoding for α3-NKA [123]. Among these disorders, including alternating 

hemiplegia of childhood, rapid-onset dystonia Parkinsonism, and epilepsy a significant 

overlap exists with PRRT2-associated diseases [122] . Moreover, recently discovered 

mutations in the ATP1A1 gene encoding for α1-NKA are linked to refractory seizures and 

intellectual disability [126].  

PRRT2 was demonstrated to specifically interact with both the α1 and the α3 subunits of 

NKA [127]. PRRT2 deficiency affects α3-NKA membrane distribution and impairs NKA 

function during neuronal stimulation, a phenotype that was specifically rescued by PRRT2 

expression in PRRT2-lacking neurons [127]. These defects in NKA activity may contribute 

to the hyperexcitability described in PRRT2 KO neuronal networks and hence to the 

pathogenesis of PRRT2-linked paroxysmal disorders. 

To fully understand the physiopathology of the PRRT2 clinical phenotypes and test the 

hypothesis of an interplay between NKA and PRRT2, the PRRT2 interactome was 

investigated in the mouse brain by a pulldown-based proteomic approach [127]. 

Interestingly, PRRT2 and NKA were found to colocalize at neuronal surface, and the lack of 

PRRT2 led to an increased clustering of α3-NKA at the neuronal membrane [127]. This 

abnormal clustering was due to the aggregation of the smallest nanoclusters forming large 

aggregates, without affecting the overall expression and membrane exposure of NKA but 
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producing a reduced mobility of α3-NKA that impaired Na+ extrusion [127]. These 

observations are consistent with previous research demonstrating a dynamic equilibrium 

between clustered and free α3-NKA molecules on the membrane surface via diffusion-

dependent mechanisms [123]. Electrophysiological recordings showed that the lack of 

PRRT2 in primary neurons does not affect the pump activity under resting conditions but 

decrease it during sustained neuronal activity. These data were confirmed by experiments 

performed in PRRT2-deficient neurons, where PRRT2 re-expression normalized both the 

electrophysiological profile and the pump membrane distribution [127]. Consequently, due 

to the functional interaction with NKA, the PRRT2 LOF has a larger impact on neuronal 

function under sustained electrical activity, leading to neuronal network hyperactivity, 

consistent with the proposed PRRT2 function as a stabilizer of neural network activity [17]. 

1.6.3 PRRT2 and Ca2+ channels 

Voltage-gated Ca2+ channels (VGCCs) are complex proteins, consisting of distinct subunits 

encoded by multiple genes, plays a crucial role in translating changes in the cell surface 

membrane potential into local intracellular Ca2+ transients that start a variety of physiological 

processes [128]. They are complexes of a central pore-forming α1 subunit with multiple 

auxiliary subunits [128]. The α1 subunit of 190 to 250 kDa is the largest subunit, and 

incorporates the conduction pore, the voltage sensor and gating apparatus, and most of the 

known sites of channel regulation by second messengers, drugs, and toxins. This subunit is 

arranged in four homologous domains (I-IV) each with six transmembrane segments (S1-

S6) similar to the subunits of Na+ channels, with the voltage sensor located in the S4 

segment. 

The transmembrane portion of the channel contains a re-entrant loop between helices S5 

and S6, which forms the small, ion-selective filter at the extracellular end of the pore. The 

four S6 segments combine to form the pore's larger intracellular end. The largest 

extracellular loops connect the S5 or S6 segments to the membrane re-entrant loop. Small 

extracellular loops link the transmembrane segments. Larger intracellular loops link the four 

homologous domains. Large N-terminal and C-terminal tail domains also contribute to the 

internal face of the Ca2+ channel. Biochemical, electrophysiological, and structural studies 

have essentially verified this view of Ca2+ channel architecture [129]. 
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In addition to α1 subunit, an intracellular β subunit and a transmembrane, disulfide-linked, 

α2δ subunit complex compose the majority of Ca2+ channel types. A γ subunit has also been 

found in skeletal muscle Ca2+ channels, and related subunits are expressed in heart and 

brain [130]. Although these auxiliary subunits alter the features of the channel complex, the 

pharmacology and electrophysiology properties of Ca2+ channels are due principally to the 

α1 subunit [131].  

As we have seen above, PRRT2 interacts with the SNARE proteins SNAP25, synaptobrevin 

and with the fast Ca2+ sensors Synaptotagmin 1/2, suggesting a role in the Ca2+-dependent 

transition from synaptic vesicle priming to fusion [18]. It was also observed that the 

knockdown of PRRT2 sharply decreases the Ca2+-sensitivity of the release machinery. This 

effect leads to an impairment of basal synaptic transmission and a dramatic increase of 

facilitation of excitatory synapses that translates into hyperactivity and instability of primary 

culture of hippocampal/cortical neuronal networks [102], [132][106]. This phenomenon was 

observed both in primary granule cultures and in acute cerebellar slices from constitutive 

PRRT2 KO mice [102].  

The above results suggest that PRRT2 deficiency may reduce the excitatory strength 

through a putative negative modulation of presynaptic VGCCs coupled with synaptic 

vesicles fusion. This possibility led to investigate the effects of PRRT2 deficiency on the 

properties of the two major groups of VGCCs present in nerve terminals, namely N-type and 

P/Q-type channels [130]. At synapses, P/Q-type and N-type Ca2+ channels serve as the 

primary sources of cytosolic Ca2+ used for fast neurotransmission [133] [134]. Ca2+ entry 

through them generates a local microdomain of high Ca2+ concentration that has molecular 

dimensions, on the order of 10-fold the diameter of the Ca2+ channel itself [135] [136]. Co-

immunoprecipitation and pull-down assays showed that PRRT2 interacts directly with P/Q-

type VGCCs subtypes in glutamatergic hippocampal neurons. In addition, in nerve terminals, 

the lack of PRRT2 reduces the P/Q type channel clustering at the active zone dispersing 

P/Q-type Ca2+ channels and decreasing their contribution to the Ca2+ transients evoked by 

actions potentials [137]. This effect of PRRT2 on Ca2+ sensitivity of excitatory strength of 

glutamatergic neurons, was also confirmed by specific pharmacological experiments by use 

of subtype-specific antagonists [137].  

These results highlight the central role of PRRT2 in presynaptic Ca2+ dynamics, by indirectly 

affecting SNARE proteins, and directly modulating the P/Q subtypes of VGCCs. The findings 
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emphasize PRRT2's crucial function in presynaptic Ca2+ dynamics, which ensures a 

physiological Ca2+ sensitivity of synchronous release at glutamatergic synapses. 

1.6.4 PRRT2 and Na+ channels 

In addition to its role in the control of synaptic activity by modulating Ca2+ inflow and 

sensitivity and NKA function, PRRT2 was recently demonstrated to interact with Nav 

[132][138] [106]. Nav are heteromeric channels that open in response to a change of 

membrane potential to provide selective permeability for Na+ ions to initiate action potentials 

(for a recent review, see [139]). In the mammalian brain, Nav are composed of a 260 kDa α 

subunit associated with one or two auxiliary β subunits (β1-β4) of 33 to 36 kDa [139]. The α 

subunits, sufficient to produce a functional channel [140] are composed of approximately by 

2000 amino acids and organized in four homologous domains (I-IV), each containing six α 

helices transmembrane segments (S1-S6) (Figure 7). Segments S1-S4 of Nav α subunits 

from each domain form the voltage sensor [139]. Positively charged arginine and lysine 

residues are positioned at every third residue within each S4 helix, conferring the flexibility 

of the voltage sensor domain connected directly with the pore domain by an intracellular 

linker between transmembrane segments S4 and S5 [139]. During depolarization, the 

positively charged S4 segments move toward the extracellular surface, directly affecting the 

pore domain structure through intracellular linkers and causing a conformational change that 

results in the opening of the channel pore. The segments S5 and S6, together with the 

extracellular connecting pore-loops, form the channel pore and the selectivity filter, the 

narrowest part of the pore that distinguish ions with similar charges and radii [139] [141]. 

The intracellular loop that connects the homologous domains III and IV occludes the 

cytoplasmic end of the pore when channel inactivates and is called inactivation gate. The 

intracellular loop folds into the channel structure and blocks the pore from the inside during 

sustained depolarization of the membrane [139]. Finally, four hydrophobic residues, one 

from each intracellular end of the S6 segments, form the activation gate, a small intracellular 

cavity.  

In humans, nine genes (SCN1A, SCN2A, SCN3A, SCN4A, SCN5A, SCN8A, SCN9A, 

SCN10A, and SCN11A) encode nine distinct α subunits (Nav1.1-Nav1.9). Recently, an 

atypical Na+ channel known as Nax, was identified [142]. The different α subunits define the 

Nav channel subtypes that also contain receptive amino acids for drugs and toxins [141]. 

The α subunit isoforms are expressed in tissue-specific patterns and exhibit differences in 
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gating behaviour, making them useful for distinct physiological roles [143]. Specifically, 

Nav1.1, Nav1.2, and Nav1.3 subtypes are abundantly expressed only in the CNS, Nav1.6 

in both central and peripheral NS, Nav1.7, Nav1.8, and Nav1.9 are mostly restricted to the 

peripheral NS, and finally, Nav1.4 and Nav1.5 channels are abundant in skeletal and cardiac 

muscles, respectively [144] [141]. Nax, also known as Nav2, is expressed in the CNS and 

is involved in the control of salt intake [145]. 

 

 

Ionic current flowing through Nav generates the upstroke of action potentials in excitable 

cells, including neurons. In neuronal cells, depolarizations evoke rapidly activating and 

inactivating Na+ currents, hence “transient”, that are similar across cell types. Nevertheless, 

neurons differ both in the amplitude of “persistent” Na+ current remaining after the 

inactivation of the transient current [146]  and in the expression of “resurgent” current evoked 

by repolarization from positive potentials [147] [148]. Persistent current (also known as late 

current), is due to either incomplete inactivation or brief dissociations of the inactivation gate 

from the conductive pore. Resurgent currents occur when an intracellular molecule acts 

blocking the transient current upon depolarization, hindering the interaction of the 

inactivation gate with the conductive pore. Upon repolarization, the blocking molecule 

Figure 7. The primary structure of the subunits of the voltage-gated Na+ channels (Nav). Nav 
contain a pore-forming α subunit consisting of four homologous domains (I-IV) of six 
transmembrane segments (1-6). Cylinders represent alpha helical segments. Bold lines 
represent the polypeptide chains of each subunit. The “+” signs in S4 represent the positively 
charged voltage sensor (arginine or lysine residues). The β subunits contain an extracellular 
immunoglobulin loop, transmembrane domain, and an intracellular C-terminal domain. (Created 
with BioRender.com). 
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dissociates and current briefly resurges through the conductive pore before it is again cut 

off by the inactivation gate. By increasing channel opening and availability at subthreshold 

voltages, persistent and resurgent currents generally increase neuronal firing rates, and 

hence are associated with hyperexcitability [149][150]. In particular, resurgent currents play 

an important role as drivers of both repetitive and spontaneous action potential activity and 

spontaneous action potential generation [147] [151]. Persistent currents were described to 

support burst neuronal firing [152] [153].  

By using heterologous system stably expressing distinct Nav channel subtypes, it has been 

demonstrated that the expression of PRRT2 decreases the membrane exposure and Na+ 

current of Nav1.2/1.6, but not of Nav1.1, channels [132]. Moreover, PRRT2 modulates 

biophysical properties of Nav1.2/1.6 by inducing a negative shift in the voltage-dependence 

of inactivation and a slow-down in the recovery from inactivation. The demonstration that 

the lack of PRRT2 leads to a hyperactivity of Nav channels in mouse neurons, in addition to 

the reported alteration of synaptic transmission and NKA function, represents the molecular 

basis of hyperexcitability of neurons in which the PRRT2 gene has been constitutively 

inactivated (PRRT2 KO) [17]. 

This Nav hyperactivity induced by PRRT2 LOF was also observed in neurons differentiated 

from induced pluripotent stem cells (iPSCs) from previously described heterozygous and 

homozygous siblings carrying the c.649dupC mutation. Electrophysiological experiments, 

performed on iPSCs from homozygous patients, showed increased Na+ currents that were 

fully rescued by expression of wild-type PRRT2. This phenotype was associated with an 

increased length of the axon initial segment and with markedly augmented spontaneous and 

evoked firing activities [132]. These electrophysiological features were very similar to those 

observed in primary neurons from PRRT2 KO mice [17][106]. In this context, several studies 

suggest that the episodic nature of the attacks is the consequence of hyperexcitable 

networks bearing an imbalance between excitatory and inhibitory transmission and/or an 

intrinsic instability in response to external triggers [154] [155] [156] [157]. 

Interestingly, a significant increase in the axon initial segment (AIS) length of mouse PRRT2-

KO neurons was found. Changes in length and location of the AIS with respect to the cell 

body are known as an important form of structural/functional homeostatic plasticity [158]. In 

agreement with these results, at the network level, several signs of hyperexcitability were 

found in PRRT2-KO hippocampal networks. This instability makes the brain areas 
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responsible for processing sensory information more prone to generate aberrant and 

undesired movements when suddenly stimulated by sensory inputs [17]. Hence, given the 

predominant paroxysmal character of PRRT2-linked diseases, the disturbance in cellular 

excitability by lack of negative modulation of Nav appears a fundamental pathogenetic 

mechanism to investigate. 

Interestingly, diseases caused by mutations of Nav1.2 and Nav1.6 share some features with 

the PRRT2-related disorders, especially regarding epilepsy, intellectual disability and in 

some cases movement disorders. Sodium channels are the molecular targets for several 

common antiepileptic drugs, including phenytoin, carbamazepine, and lamotrigine [159], 

[160]. Consequently, the finding that sodium channels are important molecular targets for 

mutations that cause epilepsy is not surprising. Epilepsy mutations, which result in epileptic 

syndromes with a wide range of severity and comorbidities, target all sodium channel types 

that are highly expressed in the brain [161] [162] [163]. The most frequently mutated gene 

in sodium channel epilepsies is SCN1A, encoding the Nav1.1 channel. A wide range of 

epilepsy syndromes, from mild febrile seizures to persistent, drug-resistant developmental 

and epileptic encephalopathies, are caused by mutations in this gene [164] [165]. 

Interestingly, also Nav1.2 mutations were found to be involved in epilepsy. Nav1.2 mutations 

were first suggested to be related to epilepsy in 2001, with the identification of the variant 

R187W in a family in which the proband developed complex partial seizures after an initial 

diagnosis of FS [166]. However, BFNIS were the first epileptic syndrome that was clearly 

associated with SCN2A mutations [167], [168]. Later, there was a significant growth in the 

phenotypic spectrum of epilepsies caused by SCN2A mutations, including severe 

developmental and epileptic encephalopathies (DEE) [169] [170] [171]. In addition to 

epilepsy, SCN2A mutations have also been identified in patients with neurodevelopmental 

dysfunctions including autism spectrum disorders (ASD) and/or intellectual disability (ID), as 

well as other neuropsychiatric phenotypes such as schizophrenia [169] [171]. Nav1.6 is the 

main sodium channel in AIS and nodes of Ranvier of myelinated axons of excitatory neurons 

and was found to be implicated in epilepsy and movement disorders [159]. The first mutation 

on human SCN8A was identified in a heterozygous proband with cognitive impairment and 

cerebellar ataxia without seizures [172]. Now, a few hundred patients with SCN8A mutations 

have been reported with a wide phenotypic spectrum. The majority of SCN8A patients 

exhibit severe developmental and epileptic encephalopathy characterized by early onset 
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epilepsy with multiple seizure types, infrequent febrile seizures, EEG abnormalities mainly 

in the temporo-occipital regions, severe intellectual disability, and movement disorders 

[173]. Other patients showing milder phenotypes, exhibit BFIS, PD [174] and epilepsies with 

intermediate phenotypes [175]. 

As mentioned before, although α subunits alone formed a functional channel, under 

physiological conditions, this subunit, is coupled to one or two β subunits that play an 

essential role in the fine-tuning of channel kinetics and channel expression on the cell 

surface (for a review see:[176]). 

In mammalian, four genes (SCN1B-SCN4B) encode for five types of β subunit (β1, β1B, β2, 

β3, and β4). Subunits β2 or β4 bind to the α-subunit via a disulfide bond, whereas β1 and 

β3 associate non-covalently [141]. Nav β subunits are expressed in excitable cells in the 

CNS, peripheral nervous system (PNS), skeletal muscle, and the heart [177] [178] [129] 

[179], [180] [180]. β subunits are also expressed in non-excitable cells such as astrocytes, 

radial glia, and Bergmann glia although particular focus has been given to the β subunit 

expressed in neurons and myocytes [181] [182]. Nav β subunits are members of the 

immunoglobulin (Ig) superfamily of cell adhesion molecules and possess an extracellular Ig 

domain that participates in a number of cell adhesion-related activities [183]. In general, β1B 

and β3 are most abundant during fetal development and their expression decreases after 

birth [184] [185] [186]. Expression of β1 and β2 rises during postnatal development and 

predominates in the adulthood [184][185]. β4 is expressed in postnatal tissues, although the 

developmental time course for β4 expression has not been determined [129]. The β4 subunit 

was found to exhibit a high expression in the cerebellum playing a role in regulating 

resurgent Na+ current [176]. A peptide corresponding to β4 was found to be sufficient to 

invoke resurgent Na+ current in Hek293 cells [187], strongly suggesting a role for β4 in the 

generation of resurgent Na+ current in vivo. 

Most β subunits share a similar type I membrane topology [176]. The association of the α-

subunits with β-subunits facilitates the membrane targeting and the activation of the α-

subunits with an opposite of those observed for PRRT2 [132]. Hence, due to the opposite 

behaviors, it is unclear at now, whether PRRT2 and the β-subunits cooperate or compete 

for the same binding sites, leading to the putative formation of Nav channel complexes with 

distinct functional characteristics. 
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The main objective of this research project is to characterize the molecular and functional 

PRRT2-Nav interactions to investigate the basis of PRRT2-associated paroxysmal 

disorders. Based on the previous studies, we decided to focus on the interaction between 

PRRT2 and Nav1.2. Because Nav1.2 channels, as all Nav channels, are embedded in a 

multicomponent membrane signaling complex that involves, among others, the β-subunits, 

we aimed at studying whether they interact or compete with PRRT2 for their modulation of 

channel binding and functions. Moreover, given the characteristic membrane topology of 

PRRT2, we studied the structure-function relationships of the PRRT2-Nav1.2 interaction by 

molecular dynamics simulations, biochemical and electrophysiological techniques. 

Specifically, in this project the following aims were addressed: 

I. Determine how PRRT2 and the β-subunit interact or compete for the α-subunit's shared 

binding sites to generate Nav complexes with different functional characteristics. To 

address this question, we used Hek293 cells stably expressing Nav1.2 sequentially 

transfected with different constructs. Because the β4-subunit was highly expressed in 

the cerebellum, the main brain region responsible for the PRRT2 LOF phenotype, we 

mostly studied the interplay with the β4-subunit. 

II. Study which are the PRRT2 domains responsible for both interaction with Nav1.2 and 

modulation of channel turnover and biophysics. To do this, we generated two deletion 

mutants of PRRT2, the first one composed of the C-terminal transmembrane domain of 

PRRT2 including the short cytoplasmic loop and lacking the N-terminus domain 

(PRRT2ΔN-HA), and the second one encoding the cytosolic PRRT2 domain fused to a 

transmembrane anchor (PRRT2ΔC-HA). Full-length PRRT2-HA and the two constructs 

were then transfected in stable Hek293 clones expressing Nav1.2 (or Nav1.1, used to 

study the specificity of the effect). 

III. Analysis of some PRRT2 mutations involved in the binding to the Nav directly implicated 

in PRRT2-related pathologies. The majority of the PRRT2 pathogenic mutations cause 

the loss of protein expression, making in vitro studies difficult or impossible. However, a 

restricted number of missense mutations maintains the protein expression and the 

trafficking to the membrane allowing their characterization. Hence, their expression and 

function were studied in the same system used for the previous points.  
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3. EXPERIMENTAL 

PROCEDURES 
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3.1 Plasmids 

The following human PRRT2-based constructs are used in the study: 

(I) PRRT2-HA, i.e., pKH3-PRRT2-HA vector encoding for full length PRRT2 with 3XHA tag 

fused at the C-terminal [19]. 

With the aim to introduce the mutations of interest in the PRRT2 gene, a site-directed 

mutagenesis was performed using the QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent). The site-directed mutagenesis primers containing the mutation in the middle of the 

sequence, were designed in order to have some specific features, about melting 

temperature (Tm ≥ 78 °C), length (between 25 and 45 nt) and GC% (>40%). All primers 

were purchased from Eurofins Genomics (Ebersberg, Germany). 

The following PRRT2 mutation primers were used: 

V286M: forward, GTGGCCTGTCAACATCATGGCCTTCGCTTATGC 

A320V: forward, CTCTTAAGCATCGTGGTGCTGGTGGGGGGA 

(II) BAP-HA, i.e., pKH3-BAP-HA vector encoding for bacterial alkaline phosphatase (BAP) 

with 3XHA tag fused at the C-terminal [132]  

(III) PRRT2ΔN-HA, i.e., pKH3-PRRT2ΔN-HA encoding for the PRRT2 membrane domain 

with 3XHA tag fused at C-terminal 

(IV) PRRT2ΔC-HA, i.e., pKH3-PRRT2ΔN-HA encoding for the PRRT2 cytosolic domain 

fused, for membrane targeting, to the second membrane domain of IFTM1 (a kind gift of dr. 

J. Yount; RRID: Addgene_58415). For the PRRT2ΔC-HA plasmid, the second membrane 

domain of IFTM1 was amplified by PCR from pCMV-HA-mIFITM1 with the following primers:  

forward, ACGTAAGCTTACCGCCAAGTGCCTGAACAT 

reverse, TCAGGTCGACTCTAATGGCACAGACAACGATGAC 

and cloned in Hind3-Sal1 sites of the pKH3 plasmid (a gift of dr. I. Macara, Addgene_12555). 

The sequence corresponding to the intracellular domain of PRRT2 (nucleotides: 1-780) was 

PCR amplified from pKH3-PRRT2-HA vector with the primers:  

forward, CTGAAAGCTTATGGCAGCCAGCAGCTCTGAGATC 

reverse, GATCAAGCTTTTCACCCCCCTCCACCCCAGGA 
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and cloned in Hind3 single site of the vector pKH3 encoding the second transmembrane 

domain of the IFITM1 previously generated. The correct orientation and sequence of the 

cloned fragment were controlled by restriction analysis followed by DNA sequencing.  

3.2 Cell cultures and transfection 

Hek293 cells stably expressing human Nav1.2 or Nav1.1 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) supplemented 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 Lipofectamine 2000. All reagents were 

purchased from ThermoFisher Scientific. To identify transfected cells for electrophysiology, 

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 other 24 h. 

For testing β1-β4-subunit/Nav1.2 interactions, Nav1.2 expressing Hek293 cells were 

transfected with either FLAG-tagged β-subunit (SCN1B [NM_001037], SCN2B 

[NM_004588], SCN3B [NM_018400], SCN4B [NM_174934]; Origene) or FLAG-tagged 

bacterial alkaline phosphatase (BAP; Sigma-Aldrich). To evaluate PRRT2 and β1-β4-

subunit interactions, Hek293 cells were transfected with either HA-tagged PRRT2 or the 

unrelated BAP as a control. For competition assays, Nav1.2-expressing Hek293 cells were 

transfected with HA-tagged PRRT2 and incubated with FLAG-tagged β4-subunit expressed 

in wild type cells. Alternatively, HA-tagged PRRT2 and FLAG-tagged β4-subunit were co-

expressed in Nav1.2-expressing Hek293 cells. For biotinylation assays and 

electrophysiological experiments, Nav1.2-expressing Hek293 cells were transfected with 

the empty pKH3 vector (MOCK), HA-tagged PRRT2 and/or FLAG-tagged β4-subunit. 

To map the PRRT2/Nav interactions, Hek293 Nav1.2 and Hek293 Nav1.1 cells were 

transiently transfected with MOCK, full length PRRT2-HA or its deletion mutants PRRT2ΔN-

HA and PRRT2ΔC-HA. 

To study the effect of PRRT2 pathogenetic mutants, Hek293 Nav1.2 were transfected with 

the MOCK, full length PRRT2-HA, PRRT2 A320V or PRRT2 V286M.  
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3.3 SDS-PAGE and Western blotting 

SDS-PAGE was performed according to Laemmli [188]. Samples heated to 50°C for 5 min 

without boiling were run on SDS-PAGE polyacrylamide gels and blotted onto nitrocellulose 

membranes (Whatman). Blotted membranes were blocked for 1 h in 5% milk in Trisbuffered 

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 (1:3000; BioRad, 

Hercules, CA) or anti-rabbit (1:3000; BioRad, Hercules, CA) antibodies. Bands were 

revealed with the ECL chemiluminescence detection system (ThermoFisher Scientific). 

Immunoblots were quantified by densitometric analysis of the fluorograms (Quantity One 

software; Bio-Rad, Hercules, CA) obtained in the linear range of the emulsion response. 

3.4 Pull down and Surface biotinylation assays 

Naïve Hek293 cells expressing the PRRT2 variants were harvested in lysis buffer (150 mM 

NaCl, 50 mM Tris, 1 mM EDTA and 1% Triton X-100 supplemented with protease inhibitor 

cocktail) 48 h after transfection and centrifuged at 10,000 x g for 10 min at 4 °C. Kept an 

aliquot for input, the supernatant was incubated with 50 μL of monoclonal anti-HA-agarose 

affinity beads (Sigma-Aldrich) for 2 h at 4 °C. After 3 washes in lysis buffer, beads were 

incubated with cell extracts from Hek293 cells expressing either Nav1.2 or Nav1.1 for 2 h at 

4 °C. After extensive washes in lysis buffer and detergent-free lysis buffer, samples were 

resolved by SDS-PAGE and subjected to western blotting with pan-Nav (1:300, Sigma-

Aldrich Cat.S8809, RRID:AB_477552) and HA (1:1000, Thermo Fisher Scientific Cat.71-

5500, RRID:AB_2533988) specific antibodies. Actin immunoreactivity (anti-actin antibody 

1:1000, Sigma-Aldrich Cat.A4700, RRID:AB_476730) was used as control of equal loading. 

For biotinylation experiments, 48 h after transfection, Nav1.2 expressing Hek293 cells were 

incubated with 1 mg/ml of EZ-Link™ Sulfo-NHS-SS-Biotin (ThermoFisher Scientific) in cold 

phosphate buffered saline (PBS) for 35 min at 4 °C, 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 x g at 4 °C for 10 min. Kept an aliquot for the input sample, 

the supernatant fraction was incubated with 150 μl of NeutrAvidin conjugated agarose beads 
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(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 (1:300; 

Sigma-Aldrich), anti-NKA 1 (1:1,000; Merck), anti-FLAG (1:2,000; Sigma Aldrich) or HA 

(1:1,000; ThermoFisher Scientific) antibodies. 

3.5 Live and conventional cell immunolabeling 

Hek Nav1.2 cells transfected with PRRT2-HA, PRRT2ΔC-HA or PRRT2ΔN-HA constructs 

were live labelled by diluting primary antibodies (mouse anti-HA, 1:500, Millipore) in culture 

medium for 30 min at 37 °C / 5% CO2 to detect surface epitopes, followed by fixation with 

4% paraformaldehyde (PFA) and incubation with Alexa Fluor-594 secondary antibodies.  

After several washes in phosphate-buffered saline (PBS), coverslips were mounted using 

Prolong Gold antifade reagent (Invitrogen) containing 4′,6′-diamidino-2-phenylindole (DAPI) 

for nuclear staining. Hek293-Nav1.2 cells transfected with PRRT2-HA, PRRT2ΔC-HA or 

PRRT2ΔN-HA constructs were fixed in 4% PFA at room temperature for 20 min, washed in 

PBS and blocked with 10% bovine serum albumin (BSA) for 20 min. 

Samples were sequentially incubated with mouse anti-pan-Nav (Sigma; 1:100 in 5% BSA) 

and rabbit anti-HA, (Invitrogen; 1:500 in 5% BSA) primary antibodies, followed by Alexa 564-

conjugated or 488-conjugated secondary antibodies (Invitrogen; 1:200 in 5% BSA) at room 

temperature. After several washes in PBS, coverslips were mounted using Prolong Gold 

antifade reagent (Invitrogen) containing DAPI for nuclear staining. 

The Live Labeling protocol used for the characterization of hPRRT2 mutant isoforms; it is a 

variant of the standard one. In the Live Labeling protocol, the cells are incubated with the 

primary antibody diluted in the culture medium; without the permeabilization step, the 

primary antibodies can bind just to components exposed on the extracellular side of the cell 

membrane. Successively to the incubation, cells are fixed and treated with the secondary 

antibody. Transfected live cells are maintained for 10 min at 4 °C, and then incubated with 

the primary antibody anti-HA (rabbit anti-HA Invitrogen, 1:500 diluted in culture medium) for 

20 min at 4 °C; cells are treated with the secondary antibody Alexa Fluor 488 for 20 min at 

4 °C and then are fixed by 4% PFA for 20 min at room temperature. Cell nuclei are stained 

with DAPI. The images were acquired with the confocal microscope. With this protocol, it is 
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possible to visualize the HA epitope in PRRT2-HA exposed on the external side of the cell 

membrane. 

3.6 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 procedure. For all 

electrophysiological experiments data acquisition was performed using PatchMaster 

programs (HEKA Elektronic). Series resistance (Rs) was compensated 80% (2 μs response 

time) and the compensation was readjusted before each stimulation. All recordings were 

performed at room temperature. Voltage-clamp recordings of voltage-gated Na+ currents 

were performed using the following solutions: extracellular (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). To induce resurgent currents, 200 μM 

Nav β4 peptide (KKLITFILKKTREK-OH; Proteogenix) corresponding the C-terminal tail of 

full-length β4-subunit, was included in the pipette solution. 

For the experiments with PRRT2ΔN-HA/PRRT2ΔC-HA and the pathogenetic mutantions 

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. For the experiments with 

the β subunits, whole-cell family currents of fast inactivating Nav channels were evoked by 

5 mV steps depolarization (100 ms in duration) from -80 to 65 mV and cells were held at a 

holding potential (Vh) of -120 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+ channels and then bringing 

back the potential to -100 mV for increasing recovery durations (0.5, 1, 2, 4, 8, 32, 64, 128, 

148 ms) before the test pulse of -20 mV. Time constants for recovery from inactivation were 

calculated by fitting data from each recorded cell to a first order exponential function and 

averaging time constants across cells. To investigate the frequency dependent inhibition, a 
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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. Peak current was normalized to the first pulse in each 

experiment. Persistent currents were evoked from Vh=-120 mV by 5-mV depolarization steps 

of 600 ms from -60 to 50 mV. Resurgent currents were evoked with depolarization steps 

from Vh of -120 mV to 30 mV (20 ms) to open channels, allowing them to undergo open-

channel block, and subsequently repolarizing to potentials ranging from -50 to 20 mV (60 

ms) to allow the blocker to unbind. Persistent currents were measured in the last 60 ms of 

a 600 ms depolarizing step pulse. Resurgent currents were measured after 2.5 ms into the 

repolarization step to bypass fast tail currents. The percentage of persistent/resurgent 

currents were calculated by dividing the current amplitude by the peak transient current in 

each recorded cell. To minimize space-clamp problems, we selected only isolated cells with 

a soma diameter of about < 30 μm for recordings.  

The Na+ current density (J) was obtained by dividing the peak inward 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 equation. 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 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].  

3.7 Molecular Dynamics Simulations 

Molecular dynamics (MD) simulations were performed using NAMD3.0 [189] with the all-

atom CHARMM36m force field [190] [191]. The membrane builder application of the 

CHARMM-GUI server [192] [114] was used for the preparation of all the input files. The 

protein transmembrane domain (G261 to K340 of the human PRRT2 sequence) was 

oriented with the PPM web server [193], inserted into a 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine lipid bilayer and solvated with water molecules, using the TIP3P model 

[194]. Na+ and Cl- ions were added to neutralize the total system charge at a physiological 

concentration of 0.15 M. The whole system counted 108,608 atoms in a rectangular box. 
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Periodic boundary conditions were applied to replicate the system and remove box surface 

effects, and the particle mesh Ewald (PME) method was used for long-range electrostatics 

[195], with a grid spacing of 1 Å and sixth-order B-splines. A cutoff of 12 Å and smooth 

switching at 10 Å was used for Lennard-Jones interactions. Chemical bond distances 

involving hydrogen atoms were constrained using the SHAKE/RATTLE algorithm [196]. 

Before production, the system was energy minimized and later it was equilibrated by running 

15-ns NPT simulation using positional restraints on the protein atoms with p = 1 atm and T 

= 310 °K. Subsequently, two independent 1 μs-long MD simulations were produced in the 

NPT ensemble at the same temperature and pressure maintained by a Langevin thermostat 

and Nosé-Hoover Langevin piston pressure control [197]. A time-step of 2 fs was employed 

for one replica, while the hydrogen mass repartitioning (HMR) method [198]was used to 

allow the use of a 4-fs time-step for the second one [199]. The MD trajectories were 

inspected and analyzed to validate the structural stability of PRRT2 protein using VMD [200] 

and PyMOL. Alpha carbon Root Mean Square deviation and cross distances analysis were 

performed for PRRT2 replicas trajectories through tcl scripting [200].  

3.8 Statistical analysis 

Data are expressed as means ± standard error of the mean (SEM) for number of 

independently preparations as detailed in the figure legends. Normal distribution of data was 

assessed using the D’Agostino-Pearson’s normality test. To compare two normally 

distributed sample groups, the two-tailed Student’s unpaired t-test was used. To compare 

two sample groups that were not normally distributed, the non-parametric Mann-Whitney’s 

U-test was used. To compare more than two normally distributed sample groups, one-way 

ANOVA, followed by post hoc multiple comparison tests (either the Bonferroni’s or the 

Dunnett’s test) was used. In cases in which data were not normally distributed, non-

parametric one-way ANOVA (Kruskal-Wallis’ test) was used, followed by the Dunn’s multiple 

comparison test. Alpha levels for all tests were 0.05% (95% confidence intervals). Statistical 

analysis was carried out using Prism (GraphPad Software, Inc.) software. 
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4. RESULTS 
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4.1 The Nav β4-subunit and PRRT2 do not interact or 

compete for binding to Nav1.2. 

It is well known that Nav β-subunits influence the biophysical features and membrane 

exposure of the Nav channels (for a review see: [176]). Moreover, β-subunits are involved 

in numerous pathological processes such as cardiac arrhythmias, neuropathic and 

inflammatory pain, and epilepsy. Most of these conditions are based on neuronal 

hyperexcitability. Consequently, it was necessary to determine whether the effects of 

PRRT2 on Nav activity, which led to cellular and network hyperexcitability, was related to 

the sequestration of β-subunits by PRRT2 or an inhibition of β-subunits binding to the Nav 

α-subunit. Affinity-binding assays were used to measure the interactions between Nav1.2, 

β4-subunits and PRRT2. We decided to focus our experiments on the β4-subunit because 

this subunit is highly expressed in the cerebellum [176], the main brain area responsible for 

the phenotype of PRRT2 KO mice and where PRRT2 reaches the highest expression under 

physiological conditions [17] [201]. Furthermore, among the four β-subunits, only β4 is 

necessary for the resurgent Na+ current often associated with high-frequency firing and 

network hyperexcitability [176] [202] [203]. Hek293 cell clones stably expressing the α 

subunit of human Nav1.2, were transiently transfected with HA-tagged PRRT2 and β-

subunits. The PRRT2/Nav1.2 α/β complexes were pulled down with anti-HA beads and 

identified by western blotting with anti-Nav α- and β-subunit antibodies. This investigation 

allows us to assess whether PRRT2 binds directly to the transmembrane or cytosolic 

domains of β-subunits reducing their availability for the Nav1.2 α/β complex. Affinity binding 

assays were performed in wild type Hek293 cells expressing HA-tagged PRRT2 and either 

the negative control BAP or the various β-subunits. This experiment revealed that PRRT2 

pulled down by anti-HA beads did not significantly associate with none of the four β-subunits 

detected by western blotting with β1/β4-subunit specific antibodies (Figure 8A). Next, using 

the Nav1.2 α-subunit as a hub, we investigated whether PRRT2 and the β4-subunit can bind 

to the Nav1.2 α-subunit independently at distinct sites or they compete for a single 

association site of the protein. When both HA tagged PRRT2 and β4-subunit were 

transiently expressed in Hek293 cells stably expressing Nav1.2, pull down of PRRT2 with 

anti-HA beads resulted in the co-precipitation of similar amounts of Nav1.2 α-subunit 

together with detectable amounts of β4-subunit (Figure 8B). 
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To assay for a direct competition of PRRT2 and β4-subunit for a shared binding site on the 

α-subunit, HA-tagged PRRT2 or BAP was expressed in Hek293-Nav1.2 cells. The HA-

PRRT2/Nav1.2 immunoprecipitated complex was challenged in the absence or presence of 

an excess of β4-subunit expressed in wild type Hek293 cells. Also under these conditions, 

the presence of an excess β4-subunit did not inhibit the binding of PRRT2 to Nav1.2 α 

subunit, as the amount of α-subunit present in the immunocomplexes was not affected in 

the presence/absence of β4-subunit, as shown by western blotting with anti-Nav antibodies 

(Figure 8C). Hence, all these data indicate that PRRT2 and the Nav β4-subunit do not 

interact with each other and bind the Nav1.2 α-subunit independently. 

The β-subunits of Nav channels are known to enhance the trafficking of the α-subunits to 

the plasma membrane, resulting in a larger population of active channels exposed to the 

extracellular milieu [137]. On the other hand, we have recently shown that PRRT2 inhibits 

Nav1.2/Nav1.6 channel membrane exposure, resulting in a decrease in Na+ current [132].  

Consequently, we investigated whether the simultaneous presence of the β4-subunit and 

PRRT2 affected the surface exposure of the α-subunit to the plasma membrane. To this 

aim, we performed surface biotinylation experiments of Hek293 cells stably expressing 

Nav1.2 α-subunit transiently transfected with HA-tagged PRRT2, β4-subunit or both and 

quantified the amount of surface-labelled Nav1.2 α-subunits. The results obtained show that, 

while PRRT2 and β4-subunit have the reported opposite actions on the exposure of the α-

subunit on the plasma membrane, the combined expression of the two membrane proteins 

was not significantly different from the control sample. These data indicate that PRRT2 and 

β4-subunit have opposite actions on Nav1.2 channel trafficking that occur independently of 

each other, so that the two proteins operate as additive modulators of Nav1.2 α-subunit 

targeting to the plasma membrane (Figure 9). 
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Figure 8. PRRT2 and the Nav β4-subunit do not interact or compete for binding to Nav1.2. (A) 
Left: Representative immunoblot of co-immunoprecipitation of β1/β4-subunits by PRRT2. HA-
tagged PRRT2 (PRRT2), bacterial alkaline phosphatase (BAP) and FLAG-tagged β1/β4-
subunits were expressed in wild type Hek293 cells. Cells lysates (INPUT, 10 μg protein) and 
samples immunoprecipitated by anti- HA beads (HA-pellet) were analyzed by western blotting 
with anti-FLAG and anti-HA antibodies. The representative blots were cut from the same gel. 
Right: Quantification of the FLAG immunoreactive signal in PRRT2 immunoprecipitates 
normalized to the control BAP values. Means ± sem of n = 3 independent experiments. (B) Left: 
Representative immunoblot of co-immunoprecipitation of PRRT2 and Nav1.2 from extracts of 
Nav1.2-expressing stable Hek293 clones transiently transfected with either HA-tagged PRRT2 
alone or with HA-PRRT2 + β4 subunit (β4). BAP was used as a control. Cells lysates (INPUT,10 
μg protein) and samples immunoprecipitated by anti-HA beads (HA-pellet) were analyzed by 
western blotting with anti-panNav and anti-HA antibodies. Right: Quantification of the Nav 
immunoreactivity in PRRT2 immunoprecipitates expressed as ratios between normalized 
Nav1.2 and PRRT2 immunoreactivities. Means ± sem of n = 3 independent experiments. (C) 
Left: Representative immunoblot of co-immunoprecipitation of Nav1.2 by PRRT2 in the 
presence or absence of an excess of β4-subunit. HA- tagged PRRT2 or BAP was expressed 
in Nav1.2-expressing Hek293 cells, whereas the β4-subunit (β4) was overexpressed in wild-
type Hek293 cells. The extract from the β4-subunit expressing cells was added to the HA-
immunoprecipitated PRRT2/Nav 1.2 complex. Cells lysates (INPUT, 10 μg protein) and 
samples immunoprecipitated by anti-HA beads (HA-pellet) were analyzed by western blotting 
with anti-panNav and anti-HA antibodies. Right: Quantification of the Nav immunoreactivity in 
PRRT2 immunoprecipitates normalized to the BAP values. Means ± sem of n = 3 independent 
experiments. 
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Figure 9. PRRT2 and the Nav β4-subunit have opposite effects on membrane targeting and 
exposure of Nav1.2 channels. (A) Schematics of the biotinylation 
experiment. (B) Representative immunoblots of cell surface biotinylation performed in Hek293 
cells expressing Nav1.2 and transfected with empty vector (MOCK), PRRT2-HA, β4-FLAG, or 
both. Total lysates (input; left) and biotinylated (cell surface; right) fractions were analyzed by 
western blotting. Membranes were probed with antibodies to panNav, HA, FLAG, and Na/K-
NKA, with the latter used as marker of cell surface fractions. (C) The cell surface 
Nav immunoreactivity is expressed in percent of the control MOCK value after normalization to 
NKA immunoreactivity. Means ± sem of n = 4 independent experiments. Two-way ANOVA 
revealed no significant interaction between PRRT2 and β4-subunit. *p < 0.05, **p < 0.01; one-
way ANOVA/Fisher’s least significant difference tests versus MOCK. 
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4.2 PRRT2 counteracts the increase in Nav1.2 

current density induced by β4-subunit 

To study the PRRT2 effects on the properties of Na+ currents mediated by the physiological 

complex formed by Nav1.2 α-subunit-β4-subunit, macroscopic whole-cell currents were 

recorded from Hek293 cells expressing Nav1.2 sequentially transfected with empty vector 

(pKH3; MOCK), PRRT2, β4-subunit or with PRRT2 + β4-subunit (Figure 10A). Families of 

transient Na+ currents were elicited by applying 100-ms depolarizing steps ranging from -80 

mV to 65 mV from a holding potential of -120 mV (inset). The Current density (J)/voltage (V) 

curves were calculated for all experimental conditions by normalizing the recorded peak 

current at each applied voltage by the cell capacitance (Figure 10B). Cells expressing 

PRRT2 showed the previously described reduction of the transient Na+ current across a 

wide voltage range and in the absence of voltage shifts in the peak of maximal current, when 

compared to the control condition (MOCK) ([132]; Figure 10B,C). As previously described 

[129], expression of the β4-subunit had a positive modulatory effect on Na+ current density 

with a two-fold increase of the Nav1.2 current density, as compared to MOCK-transfected 

cells with a shift of the peak current towards more negative voltages (Figure 10B,C). The 

properties of Nav1.2 currents were modified after either β4-subunit or PRRT2 transfection, 

suggesting that both these membrane proteins were successfully integrated into the channel 

signaling complex and exerted their modulatory action. However, the positive modulation of 

the β-subunit on the amplitude of the Na+ current density was neutralized when PRRT2 and 

the β4-subunit were co-expressed, while the β4-subunit induced left-shift of the J/V curve 

was preserved (Figure 10B,C). The data indicates that membrane targeting of the Nav1.2 

α-subunit is affected by PRRT2 and the β4-subunit in opposite directions via different 

processes, with additive effects. 
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Figure 10. PRRT2 and the β4-subunit have opposite effects on the expression of the Nav1.2 
transient current. (A) Representative whole-cell transient Na+ currents recorded in Hek293 cells 
stably expressing Nav1.2 and transiently transfected with empty vector (MOCK, black), PRRT2 
(gray), β4-subunit (orange) or PRRT2+β4 subunit (dark red). Currents were elicited by a 
protocol (inset) consisting of 5-mV depolarization steps from -80 to 65 mV from a holding 
potential of -120 mV. For clarity, the first 6 ms of the 100-ms steps for eight representative 
traces per condition are plotted. (B) Current density (J) versus voltage (V) relationship for all 
the studied experimental conditions. The statistical analysis of J values at three representative 
voltages (-40/-20/-10 mV) is reported (C). Data are expressed as means ± sem (MOCK, n = 
36; PRRT2, n = 22; β4, n = 18; PRRT2+β4, n = 17). Two-way ANOVA revealed no significant 
interaction between PRRT2 and β4-subunit on the amplitude of the macroscopic Na+ current. 
*p<0.05, **p<0.01, ***p<0.001 versus MOCK, Kruskal-Wallis/Dunn’s tests. 
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4.3 PRRT2 and β4-subunit differentially modulate 

the of Nav1.2 activation and inactivation kinetics  

We next examined the voltage-dependence of channel activation and steady-state 

inactivation with the aim to investigate the PRRT2 effects on the biophysics of Nav1.2 α-

subunits in the presence of the β4-subunit, (Figure 11A,B). In a previous study [132], we 

observed that PRRT2 did not affect the Nav1.2 activation curves. However, PRRT2 

promoted channel inactivation at more negative potentials. On the other hand, the β4-

subunit is known to induce a leftward shift of the activation curve of Nav1.2, without affecting 

the voltage-dependence of inactivation [204]. We found that the specific modulation of the 

Nav1.2 biophysical properties by PRRT2 and the β4-subunit were fully preserved when the 

two auxiliary proteins were co-expressed. Specifically, under this condition, the activation 

curves displayed the leftward shift as signature of the β4-subunit, while the steady-state 

inactivation curves were shifted at more negative potentials by the concomitant action of 

PRRT2 (Figure 11A,B). Notably, β4 exerted its action on the activation irrespective of the 

absence or presence of PRRT2 and PRRT2 exerted its action on the inactivation 

irrespective of the absence or presence of β4. The quantification of the main biophysical 

parameters obtained from the Boltzmann fitting of individual activation and inactivation 

curves confirmed that the voltage of half-maximal activation (V0.5), slope and maximum 

conductance of activation (Gmax) were significantly changed in the presence of the β4-

subunit and not affected by PRRT2 (Figure 11C). The voltage of half-maximal inactivation 

(V0.5 inact) was decreased by PRRT2 and not affected by of the β4-subunit, which only induced 

a slight decrease of the slope of inactivation (Figure 11D).  

Additionally, we measured channel recovery from fast inactivation using a protocol in which 

we evaluated the peak current by a first depolarizing step to -20 mV and allowed channels 

to recover from the inactivation state for 10-increasing time intervals at -100 mV before 

measuring channel availability with a test pulse to -20 mV (Figure 12A, inset). When 

compared to Hek293-Nav1.2 MOCK transfected cells, the extent of channel recovery was 

significantly decreased by PRRT2, while it was unaffected by the β4-subunit. Interestingly, 

the PRRT2-induced decrease of the recovery plateau was only slightly attenuated when 

both auxiliary proteins were co-expressed, but still significant with respect to MOCK 

transfected cells, leaving the time constant of recovery unmodified under the tested 
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experimental conditions (Figure 12B,C). Furthermore, the expression of β4-subunit reduced 

the use-dependent inhibition of Nav1.2 by PRRT2 as shown by the ratio between the current 

evoked by the last and first step of the protocol used to study the recovery from fast channel 

inactivation (Figure 12D). All results suggest that PRRT2 and β4 subunit operate together 

in the Nav channel signalling complex by producing discrete and distinct modulations of the 

channel biophysics.  

 

 

Figure 11. PRRT2 and β4-subunit differentially affect the kinetics of activation and inactivation 
of Nav1.2 channels. Voltage dependence of activation (A) and steady-state inactivation (B) 
curves fit with a Boltzmann function for all conditions tested. Activation was studied using 
recordings obtained with the protocol depicted in Fig. 10A. Steady-state inactivation was 
obtained with a protocol in which the cell under study was held at a series of voltages ranging 
from -130 mV to 30 mV for 500 ms followed by a 20-ms step pulse to -10 mV to measure 
channel availability using a holding potential of -120 mV. Mean parameters of activation (C) 
and steady-state inactivation (D) curves fit to data obtained from all condition tested. All data 
are expressed as means ± sem. Activation: MOCK, n = 36; PRRT2, n = 22; β4, n = 18; 
PRRT2 + β4, n = 17. Steady-state inactivation: MOCK, n = 44; PRRT2, n = 16; β4, n = 28; 
PRRT2 + β4, n = 24. No significant differences were found in the activation kinetics between 
β4-subunit alone and PRRT2 + β4-subunit groups, as well as in the inactivation kinetics 
between PRRT2 alone and PRRT2 + β4-subunit groups. Two-way ANOVA revealed no 
significant interaction between PRRT2 and β4-subunit on the analyzed biophysical parameters. 
*p < 0.05, **p < 0.01, ***p < 0.001 versus MOCK; one-way ANOVA/Bonferroni’s tests or 
Kruskal–Wallis/Dunn’s tests. 
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Figure 12. PRRT2, but not the β4-subunit, modulates the Nav1.2 recovery kinetic from fast 
inactivation. (A) Representative channel recovery from inactivation current traces recorded for 
all the experimental conditions. Recordings were obtained pre-pulsing cells to -20 mV for 20 
ms to inactivate Na+ currents and then coming back to a recovery potential of -100 mV for 
increasing durations before the repetition of test pulse to -20 mV. For clarity, 6 of the 9 time- 
intervals are shown. The dotted line represents the first pulse peak amplitude. (B) Time courses 
of the recovery from inactivation of peak currents at -100 mV for all conditions studied are 
plotted on a semi-logarithmic scale. (C) Mean (± sem) values of plateau and τ of recovery 
estimated from one-phase decay fit to the data. (D) Relationship between the 10th and the 1st 
test pulses evoked by the protocol displayed in A. All data are expressed as means ± sem 
(MOCK, n = 46; PRRT2, n = 25; PRRT2 + β4, n = 28; β4, n = 29). Two-way ANOVA revealed no 
significant differences between PRRT2 alone and PRRT2 + β4-subunit groups. **p < 0.01, 
***p < 0.001 versus MOCK; Kruskal-Wallis/Dunn’s tests. 
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4.4 PRRT2 and β4-subunit independently modulate 

the Nav1.2 persistent and resurgent currents 

Next, we analyzed the effects of the combined expression of PRRT2 and β4-subunit on 

resurgent and persistent currents. In fact, increases in both these currents are associated 

with neuronal hyperexcitability and increase in firing rates [149] [150]. The persistent Na+ 

current is a non-inactivating (or very slowly-inactivating) current, consequently, we 

measured it over the last 60 ms of the 600 ms incremental conditioning steps for each 

condition tested (Figure 13A, inset). This current can amplify subthreshold currents 

facilitating neuronal repetitive neuronal firing [146] [205]. Due to the variability of current 

density across cells, the persistent current amplitude was normalized to the peak amplitude 

of the transient current for each cell, and the percentage of persistent current was plotted 

versus the applied voltage. We found that the percent amplitude of the Nav1.2 persistent 

current was decreased by PRRT2 and increased by the β4-subunit, when compared to 

mock-transfected cells, when PRRT2 and β4-subunit were individually expressed. With both 

modulatory proteins co-expressed, the amount of persistent current was similar to that 

recorded in MOCK transfected cells (Figure 13B,C). These results closely resemble the 

behavior of the macroscopic transient Na+ current (see Figure 10) and demonstrate that 

PRRT2 and β4-subunit modulate independently the Nav1.2 persistent current when 

expressed in the same channel complex and with a purely additive effect.  

The resurgent Na+ current is due to the influx of Na+ ions through Nav channels during 

repolarization [206]. To elicit that, we applied an initial depolarizing step from -120 to 60 mV, 

followed by subsequent incremental repolarizing steps from -50 mV to 20 mV (Figure 14A, 

inset). Since the expression of the full length β4-subunit is not sufficient to produce resurgent 

currents in Nav1.2-expressing Hek293 cells, we included a β4 peptide (β4-ptd) derived from 

the C-terminal of the full-length β4-subunit in the pipette solution (see Experimental 

procedures). The inclusion of the peptide in the pipette solution is known to induce resurgent 

currents, although this is controversial because, despite the β4 peptide works, there are no 

evidence that in vivo resurgent current is actually produced by β4. [176][203] [207]. All 

voltage protocols used to study these currents were started at least 10 min after entering 

the whole-cell configuration to allow the β4-ptd dilution in the intracellular space. 
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Then, we recorded Na+ resurgent currents in Nav1.2-expressing Hek293 cells which had 

been transfected either with the empty vector or with PRRT2 cDNA in the absence or 

presence of the β4-peptide in the intracellular pipette recording solution (MOCK and MOCK 

+ β4-ptd, respectively) (Figure 14A). Also in this case, to reduce the variability in current 

density across recorded cells, the resurgent current at each repolarizing voltage step was 

normalized to the peak amplitude of the transient current recorded in the same cell under 

the same experimental condition. As expected, the presence of β4-peptide greatly increased 

the resurgent current in a wide range of voltages, while PRRT2 was totally ineffective in 

modulating the resurgent current in MOCK-transfected cells in both presence and absence 

of the β4-peptide (Figure 14B,C). Hence, all these data it appears that the expression and 

Figure 13. PRRT2 and β4-subunit independently modulate the Nav1.2 persistent current. (A) 
Representative MOCK persistent Nav1.2 currents evoked by depolarizing steps from -60 to 50 
mV with 5-mV increments, lasting 600 ms (inset) in MOCK-transfected Nav1.2-expressing 
Hek293. For clarity, only currents evoked at -60, -40, -20, 0, 20, and 40 mV are reported. The 
highlighted box at the end of stimulation indicates the region of the trace in which the persistent 
current was measured. The insets show zoomed views of the maximal persistent current for all 
the conditions tested. (B) Persistent current, measured as the mean current in the last 60 ms 
of each 600 ms step and normalized to the transient current peak, is plotted versus voltage in 
each cell. (C) Bar plots of the mean (± sem) values of the normalized persistent current 
amplitude recorded at three distinct voltages (-40, 0, and 40 mV) for all tested conditions. Data 
are expressed as means ± sem (MOCK, n = 24; PRRT2, n = 10; PRRT2 + β4, n = 20; β4, 
n = 21). Two-way ANOVA revealed no significant interaction between PRRT2 and β4-subunit 
on the amplitude of the persistent Na+ currents. *p < 0.05, **p < 0.01, ***p < 0.001, versus 
MOCK; one-way ANOVA/Bonferroni or Kruskal-Wallis/Dunn tests. 
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modulation of the Nav1.2 resurgent current depends exclusively on the presence of the β4-

peptide and is independent of PRRT2. 

 

 

 

Figure 14. PRRT2 and β4-subunit independently modulate the Nav1.2 resurgent current. 
(A) Representative peak resurgent current traces generated by Nav1.2-expressing Hek293 
cells either mock-transfected or transfected with PRRT2 recorded in the presence (yellow/red) 
or absence (black/gray) of the β4 C-terminal peptide (β4 ptd) in the intracellular recording 
solution. Currents were evoked with a family of steps depolarizations from -120 mV to 30 mV 
for 20 ms to open the channels, allow them to undergo open-channel block, and subsequently 
repolarize to a different potential ranging from -50 mV to 20 mV for 60 ms to allow the blocker 
to unbind. For clarity, only the peak resurgent current trace for all condition is plotted. (B) 
Resurgent currents evoked during repolarization were normalized to peak transient current at 
each voltage for all experimental conditions. The peak resurgent current was measured for 
each voltage after 2.5 ms into the repolarization step to bypass fast tail currents. (C) Bar plots 
of the mean (± sem) values of the normalized resurgent current amplitude recorded at three 
distinct voltages at -20 and -50 mV for all conditions tested. All data are expressed as 
means ± sem (MOCK, n = 6; MOCK + β4 ptd, n = 12; PRRT2, n = 6; PRRT2 + β4 ptd, n = 14). 
Two-way ANOVA revealed no significant interaction between PRRT2 and β4-subunit on the 
amplitude of the resurgent Na+ currents. *p < 0.05, **p < 0.01, ***p < 0.001, versus MOCK; one-
way ANOVA/Bonferroni or Kruskal-Wallis/Dunn tests. 
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4.5 PRRT2 deletion mutants are correctly expressed 

and targeted to the membrane  

Given the specific interaction between PRRT2 and Nav1.2/1.6, but not with Nav1.1 

channels, it was interesting to investigate which part of the full-length protein was 

responsible of this effect. Consequently, we generated two PRRT2 deletion mutants 

alternatively lacking the two regions of interest, the N- or C-terminal, and fused to a HA 

reporter sequence, namely: PRRT2ΔC-HA, a chimeric protein composed of the N-terminal 

cytoplasmic PRRT2 domain anchored to the membrane by the transmembrane domain of 

the structurally homologous protein Interferon Induced Transmembrane Protein 1 (IFITM1; 

[208]) and PRRT2ΔN-HA composed of the C-terminal transmembrane domain of PRRT2 

including the short cytoplasmic loop (Figure 15A). Full-length PRRT2-HA or either deletion 

mutant was then transfected in stable Hek293 clones expressing Nav1.2. The PRRT2-linked 

HA immunoreactivity was found in association with Nav1.2 channels stained with pan-Nav 

antibodies and all mutants were correctly expressed at the membrane level (Figure 15B). 

Live staining of non-permeabilized Hek-Nav1.2 cells with anti-HA antibodies confirmed the 

membrane targeting of the PRRT2 variants, as deduced from the staining of the surface-

exposed C-terminal HA (Figure 15C). In addition, HA-tagged PRRT2 variants were 

expressed to the same extent in Hek-Nav1.2 cells (Figure 16 A,B). 



53 

 

 

 

Figure 15. Generation and characterization of the PRRT2 deletion mutants. (A) Schematics of 
the PRRT2 domain constructs. PRRT2 WT-HA is the entire protein (violet). PRRT2 ΔC-HA is 
a chimeric protein composed of the cytoplasmic PRRT2 (violet) domain anchored to the 
membrane by the transmembrane domain of IFITM1 (green). PRRT2 ΔN-HA is composed of 
the transmembrane domain of PRRT2. (B) Hek- Nav1.2 cells transfected with (from left to right) 
PRRT2-HA, PRRT2ΔC-HA and PRRT2ΔN-HA were permeabilized and subsequently labeled 
for anti-HA and pan-Nav antibodies, respectively, with nuclei marked with DAPI. The individual 
HA and pan-Nav staining are shown together with the respective merge images (top row). (C) 
Hek-Nav cells transfected with PRRT2-HA, PRRT2ΔC-HA and PRRT2ΔN-HA were surface-
labeled with anti-HA to stain the membrane-exposed domains of the proteins. Scale bar, 10 
µm. 
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4.6 Both the N- and C-terminal regions of PRRT2 

bind Nav1.2 channels 

Previous data reported that PRRT2 is an atypical dispanin, presenting a long and 

unstructured intracellular N-terminus region, a first membrane domain that folds at a proline 

residue (TM1), a short cytosolic loop, a full membrane spanning domain (TM2) and minimal 

extracellular C-terminus (Figure 17A; [19] [209]. We refined the 3D structure of C-terminus 

PRRT2 by extending two distinct simulations to 1 µs, using 2 fs time steps and 4 fs time 

steps with HMR, respectively. This validation supports the previously proposed structural 

model of PRRT2 based on much shorter simulation times (50 ns; [19]). Indeed, the -carbon 

RMSD evolution for both replicas of PRRT2 showed high stability over time (Figure 17B), 

and the evolution of the cross distances between S272, A294 and A313 belonging to the 

three distinct membrane stretches for the two PRRT2 trajectories (Figure 17C,D) remained 

notably stable over time. We next compared our MD Robetta model with the PRRT2 

structure predicted by the AlphaFold2 algorithm, using PyMOL and found a full superposition 

of the two structures (Figure 17E), confirming the reliability and stability of the structure of 

the PRRT2 membrane domain. 

Figure 16. Expression of full length PRRT2 and its deletion mutants in Hek293-Nav1.2 cells. 
(A) HA-tagged full-length PRRT2 (PRRT2-FL) or its deletion mutants PRRT2ΔN and PRRT2ΔC 
were transfected in Hek293 cells stably expressing Nav1.2 channels. Cell lysates (10 µg 
protein) were analyzed by western blotting with pan-NaV and HA antibodies. Actin 
immunoreactivity was used as a control of equal loading. The representative blots were cut 
from the same gel. Molecular mass standards are reported on the right. (B) Quantification of 
HA immunoreactivity. Box plots of n = 4 independent experiments. 
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Next, to ascertain which region of PRRT2 directly interacts with the Nav1.2 -subunit and 

the basis for its specificity, we performed affinity binding assays by challenging HA-PRRT2 

variants purified from naïve Hek293 cells with extracts of Hek293 clones stably expressing 

either Nav1.2 or Nav1.1 -subunits in the absence of β-subunits. After incubation, HA-

tagged PRRT2 variants were pulled down with anti-HA beads and the associated Nav 

channels identified by western blotting with anti-pan-Nav antibodies (Figure 18A). As 

previously described [132], we found that full-length PRRT2 efficiently pulled down Nav1.2, 

but not Nav1.1, -subunits. The Nav1.2 binding activity was retained when either PRRT2ΔN 

(C-terminal PRRT2) or PRRT2ΔC (N-terminal PRRT2) were assayed, but to a different 

extent. In fact, while C-terminal PRRT2 bound Nav1.2 to the same extent of full length 

PRRT2, N-terminal PRRT2 exhibited only about 50% of full-length PRRT2 binding. 

However, the binding specificity for Nav1.2 -subunits was strictly preserved by both 

deletion mutants, while the binding to Nav1.1 -subunit was negligible (Figure 18B). 
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Figure 17. Molecular modelling of PRRT2 transmembrane segment. (A) Snapshot of PRRT2 

molecular dynamics simulation. The protein was embedded into a 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC) lipid bilayer; spheres represent phospholipids heads. (B) 

Alpha-carbon RMSD evolution for both replicas of PRRT2. (C) Cartoon representation of 

PRRT2 transmembrane portion; residues involved in cross distances analysis are represented 

in sticks. (D) Cross distances evolution for PRRT2 trajectories. (E) Lateral and extracellular 

views of Robetta PRRT2 model (teal) and AlphaFold2 PRRT2 model (marine) superimposition 

via PyMOL. 
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Figure 18. Binding of PRRT2 deletion mutants to Nav1.2 and Nav1.1 channels. (A) 
Representative immunoblot of co-immunoprecipitation of PRRT2 variants. HA-tagged full-
length PRRT2 (PRRT2) or its deletion mutants PRRT2ΔN and PRRT2ΔC were expressed in 

Hek293 cells stably expressing either Nav1.2 or Nav1.1 -subunits. Cells lysates (INPUT, 10 
µg protein) and samples immunoprecipitated by anti-HA beads were analyzed by western 
blotting with anti-pan Nav and anti-HA antibodies. Molecular mass standards are reported on 
the right The representative blots were cut from the same gel. (B) Quantification of the FLAG 
immunoreactive signal in PRRT2-HA immunoprecipitates. Means ± sem of n = 6 independent 
experiments. *p<0.05, ***p<0.001 vs full-length PRRT2; °p<0.05, °°°p<0.001 Nav1.1 vs Nav1.2 
for each PRRT2 variant. Two-way ANOVA/Fisher’s tests. 
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4.7 The PRRT2 C-, but not N-terminal region, 

modulates specifically Nav1.2 biophysics  

We then looked at the PRRT2 deletion mutants’ ability to reproduce the effects of full-length 

PRRT2 in modulating the transient Na+ current in Nav1.2-expressing Hek293 cells using 

whole-cell patch-clamp in voltage-clamp configuration (Figure 19A). As previously 

demonstrated [132], full length PRRT2 significantly decreased the Na+ current density 

compared to MOCK-transfected cells. Interestingly, the effects of PRRT2ΔN (C-terminal 

PRRT2) were indistinguishable from those of full length PRRT2, while PRRT2ΔC (N-

terminal PRRT2) was substantially ineffective (Figure 19B). The modulation of the Na+ 

current density by full length PRRT2 and C-terminal PRRT2 were highly significant in the -

20 to 0 mV range (Figure 19C) while no significant voltage shift of the current density/voltage 

(J/V) curves was observed (Figure 19B). 

As previously reported, the expression of PRRT2 also negatively modulated intrinsic 

excitability by affecting the inactivation and recovery from inactivation of Nav1.2/1.6 

channels [132]. To study in detail this structural modulation operated by PRRT2, we 

investigated the functional activity of its N- and C-terminal regions by challenging its deletion 

mutants with Hek293 cells stably expressing Nav1.2. The V0.5 and the slope of the activation 

curve of the Nav1.2 -subunit was not significantly affected by either the expression of full 

length PRRT2 or both deletion mutants compared to MOCK transfected cells in terms of 

slope and voltage of half-activation (Figure 20A). Conversely, full length PRRT2 induced a 

significant left-shift of the curve of steady-state inactivation of Nav1.2 causing a significant 

decrease of the voltage of half-inactivation towards more negative values compared to 

MOCK-transfected cells (Figure 20B). The expression of the PRRT2ΔN mutant (C-terminal 

PRRT2) was able to reproduce the same effect, while the expression of the PRRT2ΔC 

mutant (N-terminal PRRT2) was ineffective (Figure 20B). Similar effects were observed on 

the Nav1.2 recovery from inactivation (Figure 21A). In addition, the C-terminal region of 

PRRT2 recapitulated the decrease in the plateau of recovery induced by full length PRRT2, 

while the cytosolic NH2-terminal region of PRRT2 was inactive (Figure 21B). 
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Figure 19. Effects of PRRT2 deletion mutants on the transient Nav1.2 current. (A) 
Representative whole-cell transient Na+ currents recorded in Hek293 cells stably expressing 

Nav1.2 -subunits and transiently transfected with empty vector (MOCK, black), full-length 

PRRT2 (grey), PRRT2N (violet) and PRRT2C (green). Currents were elicited by a protocol 
(inset) consisting of 5-mV depolarization steps from -80 to 40 mV from a holding potential of -
100 mV. For clarity, the first 20 ms of the 100-ms steps for eight representative traces per 
condition are plotted. (B) Current density (J) versus voltage (V) relationship for the four 
experimental conditions. (C) The statistical analysis of J values at three representative voltages 
(-20/-10/0 mV) is reported. Data are expressed as means ± sem (MOCK, n = 24; full-length 

PRRT2, n =15; PRRT2N, n = 19; PRRT2C, n = 21). ***p<0.001 vs MOCK; °p<0.05 vs full-
length PRRT2. One-way ANOVA/uncorrected Fisher's LSD test. 
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Figure 20. Effects of PRRT2 deletion mutants on the biophysical properties of Nav1.2 

channels. Hek293 cells stably expressing Nav1.2 -subunits were transiently transfected with 

empty vector (MOCK, black), full-length PRRT2 (grey), PRRT2N (violet) and PRRT2C 
(green). (A) Left: Voltage-dependence of activation. The lines are the best-fitted Boltzmann 
curves. Right: Means (± sem) values of the half-maximal voltage of activation (V0.5) and slope 

(MOCK, n = 24; full-length PRRT2, n = 15; PRRT2N, n = 19; PRRT2C, n = 21). (B) Left: 
Steady-state inactivation curves. The lines are the best-fitted Boltzmann curves. Right: Means 
(± sem) values of the half-maximal voltages for inactivation (V0.5 inact.) and slopes (MOCK, n = 

20; full-length PRRT2, n = 18; PRRT2N, n = 15; PRRT2C, n = 21). **p<0.01, ***p<0.001 vs 
MOCK; °°°p<0.001 vs full-length PRRT2. One-way ANOVA/ Dunnett’s test. 
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Additional electrophysiological experiments were conducted to investigate whether the 

functional specificity of full length PRRT2 for Nav subtypes was preserved in its deletion 

mutants, as suggested by co-immunoprecipitation experiments. Patch-clamp recording 

show that both full length PRRT2 and its PRRT2ΔN and PRRT2ΔC mutants did not 

significantly affect the density of the transient Na+ currents or its voltage dependence with 

Figure 21. Effects of PRRT2 deletion mutants on the recovery from inactivation of Nav1.2 

channels. Hek293 cells stably expressing Nav1.2 -subunits were transiently transfected with 

empty vector (MOCK, black), full-length PRRT2 (grey), PRRT2N (violet) and PRRT2C 
(green). (A) Representative traces showing current recovery from inactivation for all the 
experimental conditions.  Recordings were obtained pre-pulsing cells to -20 mV for 20 ms to 
inactivate Na+ currents and then coming back to a recovery potential of -100 mV for increasing 
durations before the repetition of test pulse to -20 mV. For clarity, 6 of the 9 time-intervals are 
shown. (B) Left: The time courses of the recovery from inactivation of peak currents at -20 mV 

are plotted on a semi-logarithmic scale for the four experimental conditions. Right: of  and 
plateau of recovery estimated from one-phase decay fit to the data (MOCK, n = 24; full-length 

PRRT2, n =16; PRRT2N, n = 18; PRRT2C, n = 21). ***p<0.001 vs MOCK; °°°p<0.001 vs 
full-length PRRT2. Kuskal-Wallis/Dunn’s tests. 
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respect to MOCK-transfected Nav1.1-expressing Hek293 cells (Figure 22A). Also the 

constructs under study were totally ineffective in altering the activation (Figure 22B,C), 

steady-state inactivation (Figure 22D,E) and recovery from inactivation (Figure 22F) curves 

of Nav1.1 channels. All these data confirmed the specific modulatory effects of PRRT2, as 

well as of its domains, on Nav1.2 channels. 

 

 

 

Figure 22. PRRT2 deletion mutants are ineffective on the transient current and biophysical 

properties of Nav1.1 channels. Hek293 cells stably expressing Nav1.1 -subunits were 

transiently transfected with empty vector (MOCK, black), full-length PRRT2 (grey), PRRT2N 

(violet) and PRRT2C (green). (A) Current density (J) versus voltage (V) relationship for the 
four experimental conditions, (B) Voltage-dependence of activation. The lines are the best-
fitted Boltzmann curves (C) Means (± sem) values of the half-maximal voltage of activation 

(V0.5) and slope (MOCK, n = 21; full-length PRRT2, n = 20; PRRT2N, n = 18; PRRT2C, n = 
23). (D) Steady-state inactivation curves. The lines are the best-fitted Boltzmann curves. (E) 
Means (± sem) values of the half-maximal voltages for inactivation (V0.5 inact.) and slopes 

(MOCK, n = 18; full-length PRRT2, n = 18; PRRT2N, n = 16; PRRT2C, n = 18). (F) Time 

courses of the recovery from inactivation of peak currents at -100 mV for the four experimental 
conditions studied plotted on a semi-logarithmic scale. Inset: Mean (± sem) values of the 
plateau of recovery estimated from one-phase decay fit to the data. Data are expressed as 

means ± sem (MOCK, n = 19; full-length PRRT2, n = 18; PRRT2N, n = 17; PRRT2C, n = 

18). One-way ANOVA/Dunnett’s tests. 
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4.8 PRRT2 pathogenetic mutants have a normal 

expression but distinct properties  

As previously described, the majority of the PRRT2 pathogenic mutations cause loss of 

protein expression, making it difficult the in vitro studies. We focused on a restricted number 

of C-terminal missense pathogenic mutations (Figure 23) and studied their impact on the 

modulation of PRRT2/Nav1.2 interaction to elucidate possible pathogenic mechanisms. To 

this aim, we chose 4 mutants that were already reported to be expressed in heterologous 

systems (R266W, R308C, R311W, I327M), plus 4 further point mutations (I270N, V286M, 

V319L, A320V) that were not previously investigated. 

For this reason, to identify the possible site of the interaction between PRRT2 and Nav1.2, 

we focused on a restricted number of missense pathogenic mutations that maintain the 

expression and the protein targeting to the cell membrane, although in some cases with 

variable levels compared to the control (PRRT2 WT). The expression of mutated PRRT2 

isoforms was assessed using the same heterologous system used in the previous 

experiments. To this purpose, Hek293 cells were transfected with mutated constructs and 

compared to PRRT2 WT full length protein as a positive control. Western blotting was used 

to assess the expression of the various PRRT2 mutant isoforms tested. PRRT2-HA isoforms 

were identified by a primary antibody against the HA tag (encoded at the C-terminal of 

PRRT2) and actin or GAPDH was used as loading normalizer. No significant differences 

were found between the expression levels of the eight mutants tested when compared to 

PRRT2 WT (Figure 24A). Missense mutations are often causative of PRRT2 mislocalization 

and altered trafficking to the plasma membrane. We then investigated the membrane 

expression of the mutants. Taking advantage of the HA epitopes fused at the C-terminal of 

PRRT2, the membrane expression was studied using immunofluorescence on live cells 

(Live Labeling; see experimental procedures). Using confocal microscopy transfected cells 

were imaged (Figure 24B, left), and the surface fluorescent signals were normalized to the 

respective transfection efficiency. Interestingly, all variants preserved a correct targeting to 

the membrane similar to WT-PRRT2 (Figure 24B, right). We conclude that missense 

mutations analyzed do not affect protein expression and membrane localization and thereby 

can be subjected to the functional study of the interactions with Nav channels. 
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Pull-down experiments were performed to investigate whether the pathogenic mutants 

directly bind the Nav1.2 channel. An additional construct, encoding for the unrelated protein 

bacterial alkaline phosphatase (BAP) also tagged with HA epitope was used as a negative 

control. HA-tagged PRRT2 variants were pulled down and the bound Nav1.2 channels 

detected by western blotting with anti-panNav antibodies (Figure 25A). Interestingly, two 

PRRT2 mutants, A320V and V286M, showed a significant alteration in the binding of Nav1.2 

(Figure 25B). In particular, the mutant V286M pulled down a higher amount of Nav1.2, 

suggesting an increased binding affinity compared to the PRRT2 WT, while the isoform 

A320V immunoprecipitated a smaller amount of the channel. Altered binding between 

Nav1.2 and PRRT2 mutants may cause channel dysregulation and contribute to the onset 

of PRRT2-related pathologies. 

 

 

 

 

 

 

Figure 23.  Schematic 2D view of the PRRT2 membrane domain. The eight PRRT2 missense 
pathogenic mutations investigated in this study are highlighted.  
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Figure 24. Expression levels and membrane targeting of missense PRRT2 mutants (A) Left: 
Representative immunoblots. 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). One-way ANOVA/Sidak tests. (B) Left: 
Representative confocal images show the PRRT2-HA localization at the membrane level (63x- 
confocal microscope acquisitions, scale bar 5 μm). Hek293 cells were 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 anti-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. One-way ANOVA/Holm-Šídák tests. 
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As previous reported, PRRT2 binding reduces the Nav1.2/Nav1.6 plasma membrane 

expression [132]. Consequently, we investigated whether PRRT2 mutations alter Nav1.2 

membrane targeting. To this aim, we performed biotinylation 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. Biotinylation experiments showed 

that the A320V increases the membrane expression levels of Nav1.2 compared to PRRT2 

WT, suggesting that this mutant is not able to negatively regulate Nav1.2 membrane 

exposure (Figure 26). A trend for an increase of the membrane expression levels of Nav1.2 

Figure 25. The V286M and A320V mutations have opposite effects on the interaction between 
PRRT2 and Nav1.2 (A) Representative immunoblots of co-immunoprecipitation of Nav1.2 by 
PRRT2; BAP is the negative control. (B) Quantification of the PanNav signal in PRRT2 
immunoprecipitates. Data are expressed in percent of WT as means ± sem of n = 3 independent 
experiments. Statistics: one-way ANOVA/Sidak tests (* P<0.05, ** P<0.01, *** P<0.001). 
Immunoblots were analyzed by densitometry of the fluorograms obtained in the linear range of 
the emulsion response. 
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was also observed with the V286M mutant, but not reaching statistical significance. No 

differences in Nav channels exposure were found for the I270N and V319L variants.   

The A320V and V286M mutations were investigated in detail by whole cell patch-clamp 

experiments (Figure 27A). Recordings of transient Na+ currents evoked in Hek293-Nav1.2 

transiently transfected with both mutants and compared to cells transfected with either 

empty vectors (MOCK) or PRRT2 WT showed that consistently 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. Conversely, 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 (Figure 27B,C). The activation dynamics of Nav1.2 was 

unaffected by PRRT2 WT, as well as by both mutants (Figure 28A,B). The study of the 

Nav1.2 inactivation kinetics confirmed the significant left-shift of the steady-state inactivation 

curve by PRRT2 WT with respect to MOCK-transfected cells. Interestingly, the V286M 

mutant showed an increased magnitude of the effect with respect to PRRT2 WT (gain of 

function, GOF), while the effect of the A320V mutant was not significant (LOF) (Figure 

28C,D, Table 3). 
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As already mentioned, in the presence of PRRT2 WT, the recovery from inactivation of the 

Na+ current is slower and decreased in magnitude, confirming the PRRT2 negative 

modulation on Nav1.2 described by Fruscione et al. (2018)[132]. Interestingly, this 

modulation is lost with the A320V mutant, confirming its LOF. This result also suggests a 

key role for this PRRT2 residue in the modulation of the biophysical properties of the Nav1.2 

channel (Figure 29A,B, Table3). The V286M mutant confirmed the GOF observed on the 

inactivation kinetics by showing an enhanced inhibition of Nav1.2 recovery from inactivation 

with respect to PRRT2 WT (Figure 29C,D). 

Figure 26. Effect of PRRT2 mutants on Nav1.2 channel membrane localization. (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 subsequently 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. (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). Data represent means ± sem with 
superimposed individual values from n = 4-6 independent experiments. **p<0.01, one-way 
ANOVA/Holm-Šídák tests. 
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Since PRRT2 anticipates the entry of Nav1.2 channels into the inactivated state and reduces 

their recovery from inactivation, it is likely that, during high-frequency stimulation, an 

increase of Nav1.2 in the inactivated state would occur. To determine the effects of PRRT2 

and its patogenic mutants in accumulating inactivated channels, a series of depolarizing 

pulses from a holding potential of -120 mV to +10 mV at a frequency of 20 Hz were applied 

(Figure 29C) [210]. 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 proportion of inactivated Nav1.2 

channels (Figure 29D). In this context, the V286M mutant accelerated the depression in 

current amplitude with respect to PRRT2 WT (GOF), while the A320V mutant induced a 

significantly slower and reduced depression of the current, confirming its LOF phenotype 

(Figure 29D,E). For a recapitulatory overview of biochemical and electrophysiolgical results 

see table 3. 

 

 

Figure 27. (A) Representative whole-cell transient Na+ currents recorded from Hek293-Nav1.2 
transiently transfected with MOCK (black), PRRT2 WT (grey), PRRT2 A320V (green) or PRRT2 
V286M (blue) constructs. Currents were elicited by 5mV steps depolarization from -80 mV to 
40 mV and cells were held at -100mV (inset). For clarity, the first 20 ms of the 100-ms steps for 
eight representative traces per condition are plotted. (B) Current density to voltage relationship 
for conditions as in A. (C) The statistical analysis of J values at three representative voltages (-
20/-10/0 mV) is reported. (MOCK, n = 11; PRRT2, n = 11; A320V n = 13; V286M n = 15). Data 
are shown as means ± SEM. (MOCK, n = 21; PRRT2, n = 20; A320V n = 19; V286M n = 18). 
*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/Bonferroni’s tests or Kruskal-Wallis/Dunn’s tests. 
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Figure 28. (A) Voltage-dependence of activation. The lines are the best-fitted Boltzmann 
curves. (B) Means (± sem) values of the half-maximal voltage of activation (V0.5 act) and slope 
(MOCK, n = 21; PRRT2, n = 20; A320V n = 19; V286M n = 18). (C) Steady-state inactivation 
curves. The lines are the best-fitted Boltzmann curves. (D) Means (± sem) values of the half-
maximal voltages for inactivation (V 0.5 inact) and slopes (MOCK, n = 21; PRRT2, n = 27; A320V 
n = 18; V286M n = 14). (*p<0.05, ***p<0.001 vs MOCK; °°p<0.01, °°°p<0.001 vs WT-PRRT2. 
One-way ANOVA/Bonferroni’s tests or Kruskal-Wallis/Dunn’s tests. 



71 

 

 

 

Figure 29. (A) Time-courses of the recovery from inactivation of peak currents at -100 mV 
recorded in Hek293 cells stably expressing Nav1.2 and transiently transfected with empty 
vector (MOCK, black), PRRT2 (grey), A320V (green) or V286M (blue) and plotted on a semi-

logarithmic scale. (B)  and plateau of recovery estimated from one-phase decay fit to the data. 
(MOCK, n = 27; PRRT2, n = 30; A320V n = 27; V286M n = 24). (C) Frequency-dependent 

inhibition for the genotypes described in A in which the  values were estimated from one-phase 

decay fit to the data. Since MOCK did not exhibit current depression, the  value of this group 
is not reported. Frequency inhibition represents the mean (± sem) of the averaged amplitude 
of the last three steps of the stimulation (D,E). MOCK (n=23); PRRT2 (n=24); A320V (n=19); 
V286M (n=15). *P < 0.05, **P<0.01, ***P<0.001 vs MOCK; °P<0.05, °°°P<0.001 vs PRRT2 WT. 
One-way ANOVA/Bonferroni’s tests or Kruskal-Wallis/Dunn’s tests. 
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Table 3. Summary of physiological effects exerted by PRRT2 mutants on Nav1.2. GOF: gain of 

function, LOF: loss of function, NS: non-significant effect. 
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5. DISCUSSION 
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5.1 PRRT2 and β4-subunit exert independent and 

distinct modulations of Nav1.2 properties 

PRRT2 is a neuron-specific protein that was found to act as a modulator of presynaptic 

functions and intrinsic excitability [132]. In the absence of PRRT2, neuronal circuits are 

hyperexcitable [17]. Consistently, patients bearing LOF mutations in the PRRT2 gene or 

PRRT2 KO mice are affected by paroxysmal manifestations. Based on previous studies, 

these phenotypes result from a mixed synaptopathy/channelopathy [18] [138]. Indeed, 

PRRT2 acts, in murine and human neurons, as a negative modulator of Nav1.2/1.6, without 

affecting the 1.1 subtype that is essential for the excitability of inhibitory neurons [132]. 

These results are in line with the therapeutic efficacy of Nav channel inhibitors in PRRT2-

linked diseases [211] [207] [29]. PRRT2 decreases membrane targeting of active Nav 

channels and modulates their biophysical properties with a left-shift of the inactivation curve 

and a decreased channel recovery from inactivation [132]. Given the reported results, 

PRRT2 can be considered novel inhibitory auxiliary subunit of the Nav1.2/1.6 pore-forming 

α-subunits.  

At present, the best-known auxiliary subunits modulating both membrane exposure and 

kinetics of Nav α-subunit are the β subunits (β1-β4). These membrane proteins structurally 

resemble PRRT2, being single membrane-spanning domain proteins. Among all β-subunits, 

the β4 subtype was chosen for being highly expressed in the cerebellum [176], the main 

brain region responsible for the PRRT2 LOF phenotype [17] [212]. Furthermore, the β4 

subunit is the only subtype that enables the resurgent Na+ current involved directly in cell 

excitability [152]. When expressed in heterologous systems, the β4 subunit increases the 

Na+ current density by enhancing the membrane exposure of Nav α-subunits, shifts the 

voltage-dependence of channel activation toward more negative voltages and accelerates 

the rate of activation [129] [176] .  

PRRT2 and β subunits have opposite effects on the membrane exposure and biophysical 

properties of the pore-forming α-subunit [183] [132]. We investigated whether PRRT2 and β 

subunits interfere with each other in binding to the α-subunit or act independently as auxiliary 

subunits on the common Nav target. It is known that β4, as well as β2 subunits covalently 

interact with the Nav α-subunit by forming an extracellular disulfide bond [213]. However, an 
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additional interaction site with the transmembrane domain of Nav1.4 α-subunit was found in 

the intracellular domains of β4 and β2 [214] [215].  

In the present study, we showed that: (i) both PRRT2 and β subunits bind to Nav1.2 

channels; (ii) PRRT2 does not directly interact with any of the β subunits; (iii) PRRT2 and β 

subunits do not compete for binding to Nav1.2 channels; (iv) PRRT2 and β subunits have 

opposite and additive effects on the targeting and membrane exposure of Nav1.2 channels. 

We further investigated this interplay by electrophysiological experiments.  

Specifically, PRRT2 and β4 exert opposite effects on current density and partly distinct and 

complementary effects on the biophysical properties of Nav1.2 channels. In fact, while the 

β4 subunit increases the transient Na+ current, PRRT2 decreases it. When PRRT2 and β4 

are both expressed pure additive effect was observed through which the Na+ current remains 

unchanged but shifted to the left due to the specific β4 effect. PRRT2 does not affect the 

kinetics of activation, while β4 induces a marked shift of the activation curve to negative 

voltages and an increase in Gmax that is left unaffected in the presence of PRRT2. On the 

contrary, β4 is ineffective on the kinetics of inactivation and recovery from inactivation while 

PRRT2 shifts to negative voltages the kinetics of inactivation and decreases the recovery 

from inactivation, an effect that remains unaltered in the presence of β4. When both β4 and 

PRRT2 are co-expressed, the PRRT2-induced decrease of the recovery plateau is only 

slightly attenuated, but still significant with respect to MOCK transfected cells, leaving the 

time constant of recovery unmodified under the tested experimental conditions. During long 

single depolarizations or long trains of depolarizations, sodium channels enter a slow 

inactivated state, from which recovery requires prolonged repolarization [216] [159] [217]. 

The difference in the plateau level can be an effect of the recovery from slow inactivation, 

an important feature of the Nav. In fact, impairments of voltage-dependent activation, fast 

inactivation as well as slow inactivation have all been associated with channelopathies of 

skeletal muscle and brain sodium channels [159].  

The expression of β4 was able to increase the persistent Na+ current amplitude, while 

PRRT2 decreased it, replicated those observed in the transient current. When both 

modulatory proteins were co-expressed, the amount of persistent current was similar that 

recorded in control transfected cells. These results again demonstrate that PRRT2 and β4-

subunit modulate independently the Nav1.2 persistent current when worked in the same 

channel complex and that their effects are purely additive. On the other hand, the resurgent 
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Na+ current generated in the presence of the intracellular β4 peptide, was specifically 

increased by β4, irrespective of the presence or absence of PRRT2 that was previously 

shown not to modulate this current in cerebellar granule cells [218].  

Our findings suggest that the activity of Na+ channels, as well as their targeting and exposure 

on the membrane, can be regulated by a push-pull mechanism involving PRRT2 and Nav 

β-subunits. In addition, the two auxiliary proteins have specific and opposite, non-mutually 

exclusive effects on the channel biophysical properties. Since the cell density of Nav is the 

determinant for the intrinsic excitability in neurons, a dual control of Na+ channel density is 

the most efficient way to control the “optimexcitability tone” over time. Moreover, the activity 

of Nav α-subunits can be modulated by the relative expression of PRRT2 and β-subunits in 

various neuronal populations, determining heterogeneity in intrinsic excitability. 

The Golgi apparatus, secretory vesicles, and endoplasmic reticulum contain the majority of 

the expressed Nav α-subunits [219]. In these compartments, extensive glycosylation of the 

α-subunits occurs, which is necessary for the translocation of channel to the cell membrane, 

as well as for its stability and dynamics [220]. Nav β-subunits interact with the channel at 

the intracellular level facilitating its targeting to the plasma membrane [221] [222]. 

Experimental evidence suggests that this requires N-linked glycosylation of β-subunits, as 

well as a positive effect of the β-subunits on glycosylation of the α-subunits that promotes 

stabilization of the channel at the plasma membrane [223] [224]. Additionally, β-subunits are 

members of the CAM family of adhesion molecules; thus, β-subunit interactions with the 

cytoskeleton appear to be essential for α-subunit expression on the cell surface [225]. 

The precise mechanism by which PRRT2 inhibits the Nav density on the plasma membrane 

is still unknown. However, several potential mechanisms are proposed: (i) slowing down 

exocytosis of intracellular Nav-containing vesicles; (ii) enhancing the turnover of membrane 

domains containing Nav channels; (iii) modulating Nav channel interactions with the 

cytoskeleton. Although no direct evidence is as yet available, the described interactions of 

PRRT2 with SNARE proteins responsible for membrane fusion at nerve terminals [70] [102] 

[226], as well as potential interactions of the proline-rich cytosolic N-terminal domain of 

PRRT2 with SH3-domain bearing proteins involved in endocytosis, such as endophilin and 

intersectin [19] could be involved. Moreover, PRRT2 has been recently shown to modulate 

the actin-based cytoskeleton and, when expressed in cell lines, inhibits cell motility and focal 

adhesion turnover [227] [228]. 
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5.2 Putative modulation of Nav by the N-terminal 

and the C-terminal transmembrane domain  

In addition to the excitatory/inhibitory imbalance in short-term plasticity [106] [132], the 

interactions of PRRT2 with Na+ channels provide a basis for the pathogenesis of the PRRT2-

linked paroxysmal manifestations [29] [18] [39] [138] [229]. The efficacy of Na+ channel 

blockers in the therapy of PRRT2-linked diseases [230] [231] provides a strong support to 

the pathogenic role of the disruption of PRRT2/Nav interactions. Consequently, the study of 

which protein domains are responsible for interacting with Nav1.2/1.6, modulating their 

membrane turnover and biophysical properties, are important topics for elucidating disease 

pathophysiology, genotype-phenotype correlations, and for developing novel targeted 

therapies.  

PRRT2 displays two distinct regions, an N-terminal unstructured proline-rich region, an 

intramembrane C-terminal region forming a helix-loop-helix, a very short cytosolic loop, and 

a transmembrane segment ending with a C-terminal dipeptide [19]. In the absence of an 

experimentally confirmed structure for full length PRRT2, we previously provided an atom-

detailed model of the 79 amino acid-long intramembrane region of PRRT2 generated using 

Robetta and refined with brief MD simulations [19]. Here we have extended the simulations 

to the µs-time scale and revealed that the protein maintained a stable conformation with all 

the distinctive features of the model. We also compared our Robetta model with the structure 

obtained by the AlphaFold2 method, deposited in the AlphaFold database. The two 

configurations exhibit the same secondary structure patterns and nearly comparable 

numbers of helix turns, making them highly similar. These results strengthen the validity of 

the model, which is presently the only structure available for the transmembrane PRRT2 

region and is essential to investigate protein-protein interactions in atomic detail.  

We generated the N- and C-terminal sections of PRRT2 and tested them with Nav1.2 and 

Nav1.1 -subunits to determine the extent and specificity of the interactions and determine 

if one or both regions of PRRT2 are involved in interacting with Nav channels and regulating 

their biophysical features. PRRT2 fragments retained the subunit specificity of full length 

PRRT2 and did not interact with Nav1.1 channels. Both PRRT2 deletion mutants bound to 

Nav1.2 -subunits. However, the N-terminal region displayed a binding comparable to the 
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full-length protein suggesting an interaction with the C-terminal cytoplasmic tail and/or 

intracellular loops of the Nav channel. Nevertheless, in spite of the recapitulation of the 

binding activity and Nav channel specificity, the PRRT2 N-terminal domain was unable to 

modulate membrane targeting and biophysical properties of the channel.  

The presence of a significant Nav binding by the C-terminal region of PRRT2 suggests that, 

in addition to interactions in the cytosol, PRRT2/Nav1.2 interactions also occur between the 

intramembrane domains of the two proteins. The observation that the C-terminal region of 

PRRT2 recapitulates the effects of the full-length form both on channel targeting to the 

membrane, as well as on the inactivation kinetics and recovery from inactivation testifies the 

functional importance of this interaction site. Despite the very high homology between the 

transmembrane domains of Nav1.2 and Nav1.1 -subunits, the C-terminal region of PRRT2 

docks to the former and does not interact with the latter. This will open the way to further 

investigations by performing site-directed mutagenesis of the non-conserved residues 

present in the voltage sensor and pore forming regions of the I-IV domains of Nav 1.2, using 

the recently published optimized versions of Nav plasmids [232]. In fact, a considerable 

obstacle to the study of brain Nav is the unexplained instability of the corresponding 

recombinant complementary DNA (cDNA) when propagated in commonly used bacterial 

strains, which is manifested by high spontaneous mutation rates. The stabilization of the 

Nav1.2 plasmid was obtained by inserting a chimeric intronic sequence capable of disrupting 

a prokaryotic promoter-like sequence present in the SCN2A plasmid, causative of 

recombination issues. The recently generated stabilized constructs by DeKeyser and 

colleagues has made possible for the first time to introduce mutations for the purpose of in 

vitro study without compromising channel stability [232]. 

The cytosolic N-terminal region of PRRT2 is rich in proline residues and displays an 

intrinsically disordered structure when analyzed by AlphaFold2 [19] [21] [233]. However, the 

significant binding of the cytosolic N-terminal region to Nav1.2 versus Nav1.1 guarantees 

that the interaction is specific. It is possible that, upon binding to Nav1.2, the N-terminal 

region of PRRT2 gains a defined structure [234]. A model in which the N-terminal 

intracellular domain acts as a Nav1.2 docking module that favors the interaction of the 

intramembrane C-terminal domain on the plasma membrane exposure and biophysical 

properties is consistent with the marked Nav1.2 binding activity, coupled with the inability to 

modulate channel turnover and biophysical properties. As mentioned above, binding to Src-
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homology-3 domain-containing proteins [19] and/or interactions with the actin cytoskeleton 

[235] [227] may directly or indirectly responsible for this interaction.  

In conclusion, the results support the high-order structure of the intramembrane C-terminal 

region of PRRT2 and indicate that interactions with the transmembrane domains of Nav1.2 

are responsible for the PRRT2-induced constraint to the membrane exposure of Nav1.2 

channels and their activation. Further experiments should be dedicated to the dissection of 

the amino acids involved in the binding between Nav and PRRT2. The elucidation of the 

molecular bases of the inhibitory effects of PRRT2 on neuronal excitability is the first step 

toward a targeted therapeutic approach to PRRT2-linked paroxysmal diseases aimed at 

normalizing the intrinsic excitability of principal neurons without a generalized blockade of 

Nav channels that, although effective, is associated to undesired side effects. 

5.3 The PRRT2 A320V and V286M mutants alter the 

Nav biophysical properties 

To understand the pathogenesis of the pleiotropic paroxysmal disorders related to PRRT2, 

it is crucial to define the PRRT2-Nav interaction sites. We analyzed some point PRRT2 

mutations potentially involved in the transmembrane interactions between PRRT2 and Nav 

that are causative of PRRT2-related pathologies. The study selected the few missense 

pathogenic mutations of PRRT2 that preserved protein expression and membrane targeting 

and resulted in the identification of two residues that may play a role in the interaction with 

the Nav1.2 channel. 

In pull-down experiments, the V286M and A320V mutants showed different binding patterns 

to Nav1.2, with V286M exhibiting increased and A320V exhibiting decreased binding to 

Nav1.2, respectively. Specifically, the A320V mutant was characterized by a clear LOF 

phenotype in both the membrane targeting and biophysical properties of Nav1.2 channels. 

Conversely, the V286M mutant showed a GOF phenotype compared to WT-PRRT2 in the 

modulation of the Nav1.2 biophysical properties (e.g. steady-state inactivation and recovery 

from inactivation), without significantly affect the membrane targeting of the channel. The 

different phenotypes of the two mutants indicate that partially distinct domains of the TM 

region of PRRT2 may be involved in the inhibition of Nav1.2 channel membrane exposure 

and the alterations of their inactivation kinetics/recovery from inactivation. The A320V 
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pathogenic variant in the TM2 region was discovered in a family with PKD and BFIE [236]. 

Our findings suggest that A320 is an important site for the interaction with the Nav1.2 

channel since its mutation decreases or virtually abolishes all the physiological effects of 

PRRT2, which is supported by the very high evolutionary conservation. The loss of PRRT2's 

inhibitory control over Nav1.2 membrane exposure in the presence of A320V, provides a 

potential pathogenetic mechanism for this mutation. Regarding the V286M mutant in the 

TM1b region, a pathogenetic hypothesis based on the observed GOF activity on Nav1.2 

channels appears less consistent with the existing understanding of PRRT2 as a network 

stability gene [237] [229] [238] [17]. 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 [239]. Consequently, it is possible to 

hypothesize that both insufficient or excessive levels of PRRT2, resulting in LOF or GOF 

PRRT2 mutants, are deleterious to the stability of neuronal networks and cause paroxysmal 

manifestations.  Here, the PRRT2 mutants were only investigated for their Nav1.2 interaction 

activity, but it is also possible that they also change PRRT2 activities at the presynaptic level. 

[102] [237] [229] or on other effectors such as Na+/K+-ATPase [39]. In the end, we evaluated 

the effects of a cohort of 8 PRRT2 missense mutations on the interactions of PRRT2 with 

voltage-dependent Na+ channels. We identified two pathogenic mutants with opposite 

phenotypes on Nav1.2 channels that confirm the key role played by voltage-gated Na+ 

channels in the hyperexcitability underlying the paroxysmal manifestations in PRRT2 

patients explaining the therapeutic efficacy of Na+ channel blockers in these diseases. The 

results may contribute to a better understanding of the pathogenetic mechanisms underlying 

paroxysmal attacks in PRRT2 patients as well as the molecular underpinnings of PRRT2's 

inhibitory effects on neuronal excitability. 
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AED: antiepileptic drug 

AIS: axon initial segment 

AMPARs: AMPA-type glutamate receptor complex 

BAP: bacterial alkaline phosphatase  

BFIE: benign familial infantile epilepsy  

CAE: childhood-absence epilepsy 

CBZ: especially carbamazepine 

CNS: central nervous system 

CNS: Central Nervous System  

EA: episodic ataxia 

eEPSCs: evoked excitatory postsynaptic currents  

FS: febrile seizures 

G/Gmax: Normalized conductance-voltage curve 

G: conductance 

GLUT1: Glucose Transporter 1 

Gmax: maximal conductance 

GRIA: GluA1 subunit 

HAGH: hydroxyacylglutathione hydrolase 

HM: hemiplegic migraine  

I: current 

IC: infantile convulsions 

ICCA: infantile convulsions with choreoathetosis syndrome 

ICCO: infantile convulsions and choreoathetosis 

IFITM: Interferon induced transmembrane proteins  

IFITM1: Induced Transmembrane Protein 1  

Ig: immunoglobulin  
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J: current density  

KO: knock-out 

LRRT4: Leucine-Rich Repeat Transmembrane Neuronal Protein 4 

MAGUK: membrane-associated guanylate kinase 

MR-1: myofibrillogenesis regulator 1 

Nav: voltage-gated Na+ channels  

NKA: Na+/K+ ATPase  

PBS: phosphate-buffered saline  

PD: paroxysmal disorder  

PED: paroxysmal exercise-induced dyskinesias 

PFA: paraformaldehyde  

PHD: paroxysmal hypnogenic dyskinesia 

PKD: paroxysmal kinesigenic diskinesia 

PNKD: paroxysmal non-kinesigenic dyskinesia 

PNS: peripheral nervous system  

PRRT1: proline-rich transmembrane protein 1 

PRRT2: proline-rich transmembrane protein 2 

Rs: Series resistance  

SLC2A1: solute carrier family 2 facilitated glucose transporter member 1 

SNAP-25: synaptosomal-associated protein 25 kDa 

SNARE: Soluble N-ethylmaleimide-sensitive factor attachment proteins receptor 

SNARE: soluble n-ethylmaleimide-sensitive factor attachment proteins receptor  

SynDIG1: synapse differentiation-induced gene 1 

Syt1/2: synaptotagmins 1/2  

V: voltage 
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V0.5 act: voltage of half-maximal activation  

V0.5 inact: voltage of half-maximal inactivation  

VAMP2: vesicle-associated membrane protein 2 

VGCCs: The voltage-gated Ca2+ channels  

Vh: holding potential  

β4 ptd: β4 C-terminal peptide  

β-gal: β-galactosidase 
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