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Resum 
 

La subunitat β2 és un component del canal de sodi dependent de voltatge (NaV), 

un complex proteic multimèric. Al cor està compost principalment per una subunitat 

α, formadora del porus, i dues subunitats β associades. NaV és vital pel 

funcionament dels cardiomiòcits. NaV s’obre en resposta a canvis de voltatge al 

sarcolemma, deixant entrar sodi a la cèl·lula i provocant la seva contracció. Així, 

NaV és clau per traduir els potencials d’acció cardíacs en la contracció 

sincronitzada dels cardiomiòcits, que resulta en el batec del cor. 

Els complexes NaV es concentren en dominis especialitzats al sarcolemma dels 

cardiomiòcits, conferint-los propietats elèctriques úniques. Les fallides en la 

correcte localització de NaV són la base d’un conjunt de canalopaties amb alta 

incidència de mort sobtada. D’aquesta manera, la localització funcional de NaV és 

tant important com el seu correcte funcionament. El paper exacte que juga β2 en 

el canal encara és un misteri. Tot i això, s’han descrit mutacions en β2 associades 

a fibril·lació atrial i síndrome de Brugada, ambdues arrítmies letals. En particular, 

l’efecte de D211G, la mutació associada a síndrome de Brugada, indica que β2 

està involucrada en regular a localització a la membrana plasmàtica (MP) de 

NaV1.5. 

En aquesta tesi, explorem el tràfic polaritzat de β2 i descrivim la seva funció en 

promoure la localització de NaV1.5 al domini apical de cèl·lules Madin-Darby 

canine kidney. Per aconseguir-ho, utilitzem una combinació de tècniques 

bioquímiques i de microscòpia de fluorescència. β2 exhibeix tres N-glicans 

complexes, dels quals només un (Asn-42) és sialilat. La glicosilació permet 

l’arribada eficient de β2 a la MP. A més, β2 glicosilada promou la localització de 

NaV1.5 a la MP. Sense glicosilació, β2 pot arribar a la MP esquivant l’aparell de 

Golgi, via Golgi bypass. En aquestes condicions, però, ho fa a un terç de la taxa 

del WT i exhibint glicosilacions simples, provinents del reticle endoplasmàtic (RE). 

A més, la falta de glicosilació anul·la l’efecte de β2 en la localització de NaV1.5 i 

resulta en la major part de β2 i NaV1.5 acumulades al RE. Per altra banda, el 

mutant β2 D211G es localitza al domini apical de cèl·lules polaritzades de la 

mateixa manera que β2 WT, però no té cap efecte en la localització de NaV1.5. 

Així, co-expressar β2 D211G amb NaV1.5 produeix un resultat similar a expressar 

NaV1.5 tot sol: NaV1.5 es queda retingut al RE. Aquesta observació dóna una pista 

clara del mecanisme patogènic darrere de la mutació. 

També hem descobert que β2 és S-palmitoïlada a Cys-182. Aquesta modificació 

post-traduccional concentra β2 a dominis de membrana de baixa densitat. Aquests 
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dominis són bioquímicament similars als lipid rafts, que són subdominis de 

membrana rics en colesterol. β2 es localitza en lipid rafts al domini apical. De fet, 

hem determinat que aquesta distribució polaritzada de β2 és dependent de la seva 

associació a dominis de la MP rics en colesterol i al tràfic intracel·lular de 

colesterol. També hem analitzat la dinàmica de β2 a la MP. β2 és una proteïna 

molt estable a la MP, donat que no n’hem detectat endocitosi. Mitjançant 

microscòpia de fluorescència en cèl·lula viva, hem detectat que aproximadament 

la meitat de la fracció de β2 a la MP és mòbil, exhibint una difusió lenta. L’altra 

meitat és immòbil i està ancorada a la MP a través de la cua citoplasmàtica. 

En resum, els nostres resultat donen suport a la idea que β2 promou la localització 

funcional de NaV1.5 a subdominis específics de la MP. D’aquesta manera, β2 

assegura una densitat de canals de sodi suficient i disminueix el potencial 

arritmogènic.  
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Resumen 
 

La subunidad β2 es un componente del canal de sodio dependiente de voltaje 

(NaV), un complejo proteico multimérico. En el corazón está compuesto 

principalmente por una subunidad α, formadora del poro, y dos subunidades β 

asociadas. NaV es vital para el funcionamiento de los cardiomiocitos. NaV se abre 

en respuesta a cambios en el voltaje del sarcolema, permitiendo entrar sodio a la 

célula y provocando su contracción. De esta manera, NaV es clave para traducir 

los potenciales de acción cardiacos en la contracción sincronizada de los 

cardiomiocitos, que resulta en latido del corazón. 

Los complejos NaV se concentran en dominios especializados del sarcolema de los 

cardiomiocitos, confiriéndoles sus propiedades eléctricas únicas. Los fallos en la 

correcta localización de NaV son la base de un conjunto de canalopatías con una 

alta incidencia en muerte súbita. De esta forma, la localización funcional de NaV es 

tan importante como su correcto funcionamiento. El papel exacto que β2 juega en 

el canal es aún un misterio. Aun así, se han descrito mutaciones en β2 asociadas 

a fibrilación atrial y síndrome de Brugada, ambas arritmias letales. En particular, el 

efecto de D211G, la mutación asociada a síndrome de Brugada, indica que β2 

está involucrada en regular la localización a membrana plasmática (MP) de 

NaV1.5. 

En esta tesis, exploramos el tráfico polarizado de β2 y describimos su función en 

promover la localización de NaV1.5 al dominio apical de células Madin-Darby 

canine kidney. Para lograrlo, utilizamos una combinación de técnicas bioquímicas 

y de microscopía de fluorescencia. β2 exhibe tres N-glicanos complejos, de los 

cuales sólo uno (Asn-42) está sialilado. La glicosilación permite la llegada eficiente 

de β2 a la MP. Además, β2 glicosilada promueve la localización de NaV1.5 a la 

MP. Sin glicosilación, β2 puede llegar a la MP saltándose el aparto de Golgi, a 

través de Golgi bypass. Pero, en estas condiciones, lo hace a un tercio de la tasa 

del WT y exhibiendo glicosilaciones simples, provenientes del retículo 

endoplasmático (RE). Además, la falta de glicosilación anula el efecto de β2 en la 

localización de NaV1.5, y resulta en la mayor parte de β2 y NaV1.5 acumuladas en 

el RE. Por otro lado, el mutante β2 D211G se localiza en el dominio apical de 

células polarizadas de la misma forma que β2 WT, pero no tiene efecto alguno en 

la localización de NaV1.5. Así, co-expresar β2 D211G con NaV1.5 produce un 

resultado similar a expresar solamente NaV1.5: NaV1.5 queda retenido en el RE. 

Esta observación da una pista clara del mecanismo patogénico detrás de la 

mutación. 
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También hemos descubierto que β2 es S-palmitoilada en Cys-182. Ésta 

modificación post-traduccional concentra β2 en dominios de membrana de baja 

densidad. Estos dominios son bioquímicamente similares a los lipid raft, que son 

dominios de membrana ricos en colesterol. β2 se localiza en lipid rafts en el 

dominio apical. De hecho, hemos determinado que esta distribución polarizada de 

β2 es dependiente de su asociación a dominios de la MP ricos en colesterol y al 

tráfico intracelular de colesterol. También hemos analizado la dinámica de β2 a la 

MP. β2 es una proteína muy estable a la MP, de la cual no hemos detectado 

endocitosis. Mediante microscopía de fluorescencia en célula viva, hemos 

detectado que aproximadamente la mitad de la fracción de β2 en la MP es móvil, 

exhibiendo una difusión lenta. La otra mitad es inmóvil y está anclada a la MP a 

través de su cola citoplasmática. 

En resumen, nuestros resultados respaldan la idea que β2 promueve la 

localización funcional de NaV1.5 en subdominios específicos de la MP. De esta 

forma, β2 asegura una densidad de canales de sodio suficiente y disminuye el 

potencial arritmogénico.  
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Summary 
 

The sodium channel β2 subunit is a component of the voltage-gated sodium 

channel (NaV), a large multimeric protein complex. In the heart, NaV is mainly 

composed of a pore-forming α subunit, NaV1.5, and two associated β subunits. NaV 

is vital for cardiomyocyte function. NaV opens in response to voltage changes at 

the sarcolemma, allowing sodium to enter into the cell and triggering its 

contraction. Thus, the channel is critical for coupling cardiac action potentials with 

synchronous cardiomyocyte contraction, resulting in blood pumping.  

NaV complexes concentrate in specialized subdomains of the cardiomyocyte 

sarcolemma, conferring its unique conduction properties. Deficient NaV 

sarcolemma localization underlies a subset of channelopathies with high incidence 

in sudden death. This way, the functional localization of the NaV is as important as 

its correct functioning. The precise role of β2 in the NaV complex is still a mystery. 

However, there have been described mutations in β2 linked to Brugada Syndrome 

(BrS) and Atrial Fibrillation, both deadly cardiac arrhythmias. In particular, the 

effect of the BrS-associated mutant D211G indicates that β2 has a role in 

regulating the plasma membrane (PM) localization of NaV1.5.  

In this thesis, we explore the polarized trafficking of β2 and describe its function in 

promoting the localization of NaV1.5 to the apical domain of polarized cells. To do 

so, we use a combination of biochemistry and fluorescence microscopy 

approaches. β2 displays three complex N-glycans, of which only one (Asn-42) 

undergoes sialylation. Glycosylation in β2 allows the protein to efficiently reach the 

PM and promotes NaV1.5 trafficking to the PM. Without glycosylation, β2 can still 

reach the PM by bypassing the Golgi apparatus, although at a rate of 1/3rd to that 

of the WT and displaying simple, endoplasmic reticulum (ER)-made glycans. 

Despite that, lack of glycosylation in β2 abolishes its effect on NaV1.5 localization 

and results in the bulk of β2 and NaV1.5 retained in the ER. The mutant β2 D211G 

localizes indistinguishably to its WT counterpart, however, it fails to promote 

NaV1.5 localization, resulting in NaV1.5 stuck in the ER. This provides clear insight 

of the pathogenic mechanism behind the mutation. 

We found that β2 is S-palmitoylated at Cys-182. This post-translational 

modification partitions β2 into detergent-resistant membranes. These are 

biochemically similar to lipid rafts, which are subdomains of the PM rich in 

cholesterol. β2 colocalizes with lipid rafts at the apical domain. In fact, we 

determined that β2 polarized distribution is dependent on its association to 

cholesterol-rich domains at the PM and the intracellular trafficking of cholesterol. 
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We also analyzed the dynamics of β2 at the PM. β2 is highly stable at the PM, 

displaying no measurable endocytosis. By live cell fluorescence microscopy, we 

detected that about half the fraction of the protein undergoes slow diffusion, while 

the other half is immobile, bound to the PM through its intracellular domain. 

Overall, our findings support the idea that β2 promotes the functional localization of 

NaV1.5 to specific subdomains of the PM, thereby ensuring enough sodium 

channel density and decreasing arrhythmogenic potential.  
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1. Introduction  

Proteins are large biomolecules that participate virtually in every process of life. 

From composing cells to their functioning, proteins are part of the engines, gears, 

and chassis of the cell. 

The present work will focus on a discreet yet important transmembrane (TM) 

protein, the sodium channel β2 subunit (SCN2B). β2 is a component of the 

voltage-gated sodium channel (NaV), a large multimeric protein complex. In the 

heart, the channel is mainly composed of a pore-forming α subunit and two 

associated β subunits. In response to action potentials, the channel is critical for 

the synchronous contraction of the cardiomyocytes (CM), resulting in the beating of 

the heart 1. 

β2 precise functions are still a mystery. However, the current understanding points 

at regulatory roles within the channel complex as a modulator of α subunit 

functioning; in addition, it may also act as a cell adhesion molecule (CAM) 2. 

Despite this limited knowledge, pathogenic mutations in β2 have been linked with 

deadly cardiac conditions 3,4. 

In the next pages we are going to dive deep into β2 biology, explore its structure 

and even discover a novel function for this protein. 

 

1.1 The secretory pathway 

The making of a TM protein starts in the cytosol when a ribosome begins 

translating a messenger RNA into a polypeptide chain. The first synthesized amino 

acids often conform the signal peptide, which is recognized by the Signal 

Recognition Particle (SRP) and brought to the rough endoplasmic reticulum (ER) 

membrane. At this point, the ribosome inserts the nascent peptide into the ER 

lumen 5.  

During translation (or sometimes once completed), a signal peptidase cleaves the 

signal peptide, releasing the protein free into the ER lumen in the case of secreted 

proteins. For TM proteins, the long stretch of hydrophobic amino acids that 

constitutes their TM domain (TMD) is detected. At this point, the protein is pushed 

aside and becomes anchored in the ER membrane 6,7. 
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1.1.2 N-linked glycosylation 

Also co-translationally, glycans are attached to an asparagine residue (Asn or N) 

within the consensus sequence Asn-X-Ser/Thr – where X is any amino acid but 

proline. For this reason, the process is known as N-glycosylation. N-glycosylation 

is a common and conserved modification in eukaryotes. About a quarter of 

eukaryotic proteins are N-glycosylated, and the N-glycosylation consensus 

sequence (or sequon) appears ~ 4-10 times every 1000 residues 8–10. 

N-glycosylation occurs in two phases. It starts in the cytosol, where specific 

glycosyltransferases assemble a branched oligosaccharide onto dolichol 

pyrophosphate, a lipid carrier. This oligosaccharide is always the same, 

Glc3Man9GlcNAc2 (Glc: glucose; Man: mannose; and GlcNAc: N-

acetylglucosamine), and identical among many species. The simplicity of this initial 

glycosylation is in contrast with the vast heterogeneity that mature proteins display 

after modifications. The second phase continues in the ER lumen. 

Oligosaccharyltransferase (OST) detects the N-glycosylation sequon and transfers 

Glc3Man9GlcNAc2 as a single unit to the asparagine side chain amine (Figure 1), 

by binding it through an N-glycosidic bond 8. 

Glc3Man9GlcNAc2 is also known as a high mannose oligosaccharide, given the 

elevated number of mannoses that compose it. These early N-glycans enable the 

protein folding process. They are bulky and hydrophilic, and these properties shield 

regions of the polypeptide chain prone to hydrophobic aggregation. They also ease 

the acquisition of secondary structure elements like turns 11. In this regard, they 

may be considered as available chemical chaperones. In addition, N-glycans 

display critical information regarding the folding status and age of proteins. During 

the folding process, Glc3Man9GlcNAc2 is digested by several enzymes that 

sequentially erode and modify its composition and affinity for enzymatic 

chaperones. These changes are used to organize and regulate the folding process 
9,12. 
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Figure 1. Overall view of ER glycosylation. From left to right: A dolichol-linked 

oligosaccharide precursor is attached to a nascent polypeptide by OST. α-glucosidases 

sequentially remove glucoses from the glycan until is ready to be exported to the Golgi 

apparatus; along this process, proteins undergo through calnexin/calreticulin cycles, which 

help in their folding. Slowly-folding proteins are subjected to mannose trimming, which 

increases their likelihood of being discarded through ERAD.  

 

1.1.3 Oxidative folding 

Still in the ER, chaperones further assist in the folding of proteins whose cysteine 

residues are linked together to lock conformations. The majority of proteins require 

disulfide bonds to achieve proper structure and folding. The ER has an oxidizing 

environment that facilitates their formation. Disulfide bond formation precedes 

definitive conformational folding and is prioritized over achieving the most stable 

conformation. This is especially important for proteins that allow several 

conformations, as incorrect disulfide bonds would lock improper folding. Formation 

of native disulfide bonds is a relatively slow process and largely occurs by random 

encounters of reactive groups. These encounters are determined by peptide chain 

loops entropies and steric hindrances 12,13. 
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For the formation of the thioester bond, the thiols of the involved cysteine residues 

must oxidize. The reaction is catalyzed by protein disulfide isomerases (PDIs) and 

ER oxidoreductases (ERO). The electrons are transferred from the substrate thiols 

to the PDI, then to the ERO, and finally are given to oxygen. The process is also 

called oxidative folding and is coupled with chaperoning, as many PDIs have 

chaperone activity or form complexes with chaperones (Figure 2). For many 

proteins, the native conformation is the most stable one. Chaperones facilitate 

folding by shielding the protein from interactions and aggregation with other 

proteins. To do so, chaperones create an exclusive folding environment or 

“Anfinsen cage” 7,13. There are at least three hierarchical chaperone machineries 

for this purpose: Hsp70 (70 kDa heat shock proteins), which prefers completely 

unfolded proteins; Hsp90 (90 kDa heat shock proteins); and calnexin/calreticulin 

cycle chaperones, which are dedicated to partially folded proteins. Hsp70 and 

Hsp90 are chaperone protein families 13. 

Figure 2. Oxidative folding in the ER. PDIs catalyze the formation of disulfide bonds 

between cysteine residues. In addition, PDIs can isomerize the folding protein or reduce its 

disulfide bonds with the help of EROs. Throughout the process, Hsp70 and Hsp90 help to 
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fold completely unfolded proteins, while calnexin and calreticulin handle partially folded 

proteins. Disulfide bonds are in red. The flow of electrons is represented with blue arrows. 

The calnexin/calreticulin cycle is considered well understood, although some 

details of its function remain unsolved. While calnexin is a peripheral membrane 

protein, both calnexin and calreticulin are lectin-like chaperones, therefore they 

recognize glycans and act post N-glycosylation. These have affinity for 

monoglucosylated glycans, so after glucose trimming of Glc3Man9GlcNAc2, where 

two of the three terminal glucoses are removed by ER glucosidases, the 

chaperones interact with the partially folded proteins. Calnexin has a specific 

binding domain for this purpose, and calreticulin, aside from its high affinity for the 

single glucose, has a hydrophobic binding domain that prevents aggregation with 

other proteins 12,13. Alongside glucose trimming and chaperoning, the ER resident 

glucosyltransferase (GT) competes to reglycosylate the protein attempting to be 

folded. GT identifies misfolded proteins by recognizing glycans in unstructured 

regions of the protein with exposed hydrophobic patches. This sends the slowly-

folding protein back, to start over the calnexin/calreticulin cycle. Partially folded 

proteins undergo repeated cycles of folding until a native structure is reached. PDIs 

cooperate with chaperones to achieve proper folding 12,14.  

Once a protein has acquired native disulfide bonds and is properly folded, it is 

generally ready for ER exit. However, protein synthesis is a hectic task, and 

despite a diverse array of enzymatic machinery dedicated to ensure proper folding, 

a fraction of proteins remain misfolded or aggregated. To remove slowly folding 

and unfoldable substrates, which would block the ER folding machinery, two 

mechanisms are involved: ER-assisted degradation (ERAD) and autophagy. The 

first one is activated constitutively to deal with the expected portion of proteins 

failing to fold. Nonetheless, under ER stress, ERAD capacity increases. The 

second one is activated under ER stress, but it is unknown if it plays a role in basal 

conditions 13. 

In the ERAD pathway, unfolded proteins are translocated out of the ER and 

degraded in the cytosol by the proteasome. Slowly folding substrates are identified 

due to their prolonged time in folding cycles. Evidence suggests that elements of 

the folding machinery can directly dispatch substrates to ERAD 15. When protein 

folding turns difficult, proteins with oligosaccharides in which glucose residues 

have been cleaved, further mannose cleavage follows. Mannosidases label slowly 

folding proteins by removing their mannoses from N-linked oligosaccharides. Next, 

lectins, checking for the extent of mannose trimming, detect the slow folding 

polypeptides and hand these over to ERAD. In addition, mannose trimming creates 

poor substrates for cleavage by α-glucosidase II (cleaves terminal glucoses of N-

glycans), and with low affinity to calnexin and calreticulin. This probably results in a 
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slowdown of the calnexin/calreticulin cycle, eventually leading to protein 

degradation. Regeneration of PDIs occupied with a slowly folding substrate by 

EROs may also signal a deficient folding conformation and target the PDI-substrate 

pair for ERAD 13.  

 

1.1.4 Autophagy 

During ER stress, autophagy handles high volumes of unfoldable and aggregated 

proteins. Autophagy involves the formation of an isolation membrane, the 

phagophore, which engulfs cytosol and several organelles. The phagophore fuses 

with lysosomes and gets degraded. When synthesis of a particular protein 

becomes problematic (e.g. when forcing the expression of an aberrant protein), 

selective substrate degradation takes place. The ER is compartmentalized, 

triggering the formation of an ER-associated compartment (ERAC), which is then 

recognized and absorbed by the phagophore. When misfolded proteins and 

chaperones accumulate in the ER, the ERAC, stacked ER cisternae and the ER-

Golgi intermediate compartment (ERGIC) are generated and detected to be sorted 

for autophagocytic degradation. If ER stress is prolonged or severe, it can lead to 

apoptosis 9,13. 

 

1.1.5 ER to Golgi transport 

Only properly folded and assembled proteins can leave the ER. Proteins destined 

for the Golgi apparatus or beyond are packaged into small COP II-coated transport 

vesicles. COP II (coat protein) are multimeric protein complexes that mediate 

vesicle budding from the ER. It is a loosely selective process, since ER-resident 

proteins can get packaged and leak out of the ER. This is redressed by sorting 

receptors. ER-outgoing vesicles shed the COP II coat after budding and fuse 

together to form the vesicular tubular clusters (VTC). VTCs move along 

microtubules to fuse with the Golgi compartment and deliver its cargo 16,17. 

COP I is another coat protein complex, but instead enables retrograde transport 

from the Golgi back to the ER. COP I-coated vesicles bud off from the VTC and go 

back to the ER to return proteins involved in ER budding, such as subunits of the 

COP II complex and other resident ER proteins that must be retrieved back to the 

ER. This process is known as the ER retrieval (or retrograde) pathway. An 

equivalent process exists for returning leaked out Golgi proteins 17. This 

establishes a constant bidirectional transport of cargo between ER and Golgi, with 

the COP II machinery mediating budding of vesicles from the ER and the COP I 
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machinery mediating budding of vesicles from Golgi and VTC back to the ER 

(Figure 3) 18,19. 

 

Figure 3. ER to Golgi transport. COPII-coated vesicles enable the anterograde transport 

from the ER to the Golgi apparatus. Vesicles movement is powered my motors on 

microtubule tracks. COPII coats and leaked ER resident proteins are brought back to the 

ER through the retrieval or retrograde pathway, a process mediated by COPI, which allows 

the budding of vesicles from the VTC and the CGN. The effect of the fungal drug BFA is 

represented in pink. BFA prevents the assembly of COPI coats, which indirectly prevents 

the recycling of COPII. This in turn blocks ER-Golgi communication.  

The ER retrieval pathway relies on sorting signals. To identify and return ER-

specific cargo, resident ER membrane proteins have signals that bind to COP I 

subunits. A known signal is the KKXX sequence (Lys-Lys-X-X; where X is any 

amino acid), located at the C-terminus of ER membrane proteins. Soluble ER 

proteins (like the Hsp70 chaperone 5) have sequences KDEL-like (Lys-Asp-Glu-

Leu). The binding of these proteins to their carriers is likely pH-dependent, as 

different compartments have a different lumenal pH. There is a pH gradient from 

the ER (more neutral) to the Golgi (more acidic). Aside from the complex ER 

retrieval pathway, another simpler mechanism exists to retain ER and Golgi-

resident proteins in their respective compartments. It involves aggregation of 

resident proteins to form complexes too large to enter into transport vesicles. This 

process is called kin recognition 16–18. 
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Yet another even simpler and more elegant strategy to maintain membrane 

proteins in their designed organelles is based on their TMD length. TMD length 

determines specific membrane location. Transport vesicles connecting the Golgi 

and the plasma membrane (PM) are rich in cholesterol. Cholesterol forces a tighter 

alignment of phospholipid hydrocarbon chains of the lipid bilayer, effectively 

increasing membrane thickness. TM proteins residing at the plasma membrane 

have longer TMDs than Golgi and ER-resident TM proteins, permitting their entry 

into vesicles destined to the PM. This is thought to be a mechanism to keep 

intracellular membrane proteins within their designated compartment, as ER and 

Golgi membrane proteins with an artificially long TMD are transported to the PM 
20,21. This aspect will be further explored in section 1.1.9. 

The Golgi complex consists of an ordered stack of flattened cisternae. Many of the 

stacks are connected by tubules. The Golgi is oriented in two faces, the entry or cis 

face and the exit or trans face. Both faces are interconnected with a mesh of 

tubules and cisternae, the cis Golgi network (CGN) and the trans Golgi network 

(TGN), with the medial Golgi in between. The two networks participate in 

bidirectional protein sorting; in general, proteins move from the ER to the Golgi to 

then be sorted at the TGN to their final destinations: to the PM, by means of 

secretory vesicles, or sometimes to an internal organelle. This is noteworthy in 

cells specialized in secretion, like the globet cells of the intestinal epithelium. These 

secrete heavy amounts of glycoproteins and proteoglycans, and show very large 

vesicles at the TGN, highlighting the role of the Golgi in glycosylation and secretion 
17,22. 

 

1.1.6 Glycosylation in the Golgi apparatus:  

While some mature glycoproteins exhibit ER-made high mannose glycosylation 

and pass through the Golgi without extra processing, many others undergo 

complex oligosaccharide modifications. This is mostly because of the location of 

their oligosaccharides within the protein, which allows or prevents access to a wide 

array of glycan-editing machinery. These enzymes function in a sequential manner. 

After a first mannose is removed by ER-mannosidase I, Golgi mannosidase I 

removes three additional mannoses. Then, GlcNAc transferase I adds a GlcNAc. 

Next, mannosidase II removes another two mannoses. This sets a common core 

for complex oligosaccharides, which at this point become resistant to 

endoglycosidase H (Endo H), an enzyme used to differentiate complex from simple 

N-glycans. From this stage on, galactoses, GlcNAc and sialic acid moieties can be 

added on top of the core oligosaccharide (Figure 4). Some proteins also have 

fucose attached to their glycan GlcNAc stem 17. 
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Figure 4. Golgi glycosylation. Overview of the glycosylation steps in the Golgi 

apparatus. Cleavage sites by glycosidases are in red. Peptide:N-glycosidase F (PNGase 

F) completely removes all N-glycans. Endo H only removes high mannose glycans. Sia, 

sialic acid; Gal, galactose; Man, mannose. 

In the Golgi apparatus, some proteins undergo O-linked glycosylation. In this type 

of post-translational modification (PTM), glycosyltransferases attach 

oligosaccharides to hydroxyl groups of serine and threonine residues. In this case, 

though, sugar moieties are added one by one and their location is harder to 

predict, as there is no known O-glycosylation sequon 17. 

If simple glycosylation confers enhanced solubility and increases protein half-life by 

limiting the exposure to proteases, the vast diversity of Golgi glycosylation provides 

another layer of complexity to the proteins properties. Complex glycans function as 

specific labels, recognized by lectins that participate in protein sorting at the TGN. 

In addition, complex glycans on cell surface proteins mediate cell-cell adhesion 

processes and play regulatory roles 16,17. For instance, fucosylation facilitates 

cellular adhesion and immune regulation, and increased protein fucosylation has 

been associated with inflammatory processes and cancer 23,24. 

 

1.1.7 Post-Golgi trafficking 

Newly synthesized cargo going from the ER to the Golgi is concentrated and 

moves mostly in the same direction. In contrast, the bulk of transport beyond the 

TGN occurs in many fast-moving transient carriers. On top of that, these pathways 

are often varied and customized in different cell types. After the TGN, protein cargo 

intersects with the endosomal pathway before finally arriving to their target 

organelles or PM subdomains 25. 

 



19 
 

Constitutive transport derived from the TGN: 

Derived from the TGN, there is a continuous transport of (mostly) newly-

synthesized and (some) recycling proteins that are headed to the PM and to other 

multiple destinations. Protein transport through these pathways usually involves 

continuous traffic of small amounts of cargo in vesicles that bud off at the TGN and 

fuse with the destination membrane for cargo delivery. Multiple carriers and routes 

are required for constitutive transport; these fuel major cell functions, like secretion, 

signaling, cell adhesion, migration and proliferation. The diversity and amount of 

cargoes of constitutive transport varies extremely among different cell types. For 

example, maintenance of mature parenchymal cells typically requires minimal 

transport. On the other end, virtually all constitutive transport in plasma B cells is 

focused on secreting antibodies 25. 

Constitutive transport can be adjusted to cope with periods of increased demand 

for secretion and protein expression at the PM. To satisfy this larger workload, the 

expression of trafficking machinery is upregulated and the frequency of constitutive 

budding at the TGN increased. Another way to deal with increased trafficking 

requirements is the existence of specialized post-Golgi vesicles. For instance, in 

adipocytes, upon activation of the insulin receptor, cells need to translocate a large 

quantity of GLUT4 transporters held in specialized post-Golgi vesicles, i.e. the 

GLUT4 storage vesicles, to the PM. These arrive to the cell surface and are 

released in large numbers 26. 

Polarized trafficking: 

In cells displaying separate membrane domains, distribution of proteins from the 

TGN to those domains becomes a more complex endeavor. On top of that, in 

migrating cells, or during the immunological synapse in lymphocytes, polarity is 

transient and dedicated trafficking routes must be established and suppressed on 

demand. In apico-basolateral polarity, basolateral transport is mediated by protein 

carriers that rely on sorting signals, adaptors and clathrin or non-clathrin-

dependent mechanisms. Apical transport is less understood and mostly uses lipid-

based carriers 25. 

The cytoskeleton has ubiquitous roles in all pathways of post-Golgi traffic. Motors 

on microtubule tracks provide direct transport to membrane domains of polarized 

cells. A noteworthy fact is that the Golgi apparatus orients and projects the TGN 

face towards the apical membrane in epithelial cells, to the axon in neurons, to the 

moving front edge in migrating cells, and to the immunological synapse in 

lymphocytes. The Golgi and post-Golgi trafficking pathways rely on motors on 

microtubules to rotate and reorient traffic to the proper direction 25,27. 
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Endosomal hubs in constitutive transport: 

Many post-Golgi pathways intersect with endosomes, especially with recycling 

endosomes (RE), both during transit to the PM and for redirection to other 

destinations. RE form a dynamic tubular reticulum where recycled PM proteins 

converge with newly synthesized proteins coming from the TGN. This way, RE 

serve as hubs to time, reorganize and direct transport. For example, cargo 

destined to the basolateral domain goes through RE after leaving the TGN 25,28. 

Lipid-based sorting and traffic: 

In post-Golgi trafficking pathways, membrane lipids help determine protein 

destination. Lipid rafts are patches of concentrated cholesterol and 

glycosphingolipids in biological membranes. These are dynamic, fluid and of 

different sizes. Because of its hydrophobic properties, lipid rafts attract lipophilic 

proteins. This promotes the assembly of multimeric complexes and signaling 

events 29–31. 

Lipid rafts form at the TGN to facilitate clustering of specific cargo. Well-known 

examples of these cargo are glycosylphosphatidylinositol (GPI)-anchored proteins, 

which localize to lipid rafts and cluster together at the TGN to be delivered to the 

apical PM, among other destinations. The apical domain of polarized epithelial 

cells is enriched in lipid rafts and their associated molecules, compared to the 

basolateral domain. Their biochemical properties help the formation of vesicular 

carriers: lipid rafts merge together into larger patches, which generate biophysical 

forces that favor membrane curvature and budding of vesicles and tubules. The 

same mechanism also participates in clustering of components participating in 

vesicle transport, such as SNAREs (Soluble N-ethylmaleimide sensitive factor 

attachment protein receptor), Ras-like Rab GTPases, adaptors, coats and 

cytoskeleton linkers. This way, lipid rafts play critical roles in sorting, packaging, 

and delivery of cargo between the TGN and the PM 25,32. 

Protein-based sorting at the TGN: 

Protein-based sorting relies on a diverse array of cytoplasmic mechanisms to sort 

TM proteins. These mechanisms are based on the interaction of adaptors with the 

cytosolic domain of cargo proteins and packaging them into vesicular and tubular 

carriers. Amino acid sequences in the cytosolic tail of cargo proteins are 

recognized as sorting signals by cytoplasmic adaptors; then, coat proteins sort 

cargo into specific carriers. At the TGN, sorting signals with tyrosine and dileucine 

motifs are known for translocating proteins to endosomes or to the basolateral 

domain of epithelial cells. Phosphorylation and ubiquitination can direct trafficking 



21 
 

as well. Finally, lumenal O-glycosylation can direct proteins to the apical domain 
25,32. 

 

1.1.8 Golgi bypass 

Some TM proteins can reach the PM skipping a key step of the conventional 

secretory pathway: The Golgi compartment. Golgi bypass is often the result of 

cellular stress such as ER and mechanical stress. Stress may impair the 

functionality of the classical secretory pathway and Golgi bypass may be an 

efficient alternative to deal with it. PM glycoproteins undergoing Golgi bypass 

display high mannose ER glycosylation, as they skipped oligosaccharide complex 

processing. Point mutations in TM proteins can prevent proper folding, which can 

result in accumulation in the ER and subsequent activation of the ER stress 

response. Pharmacological inhibition of ER N-glycosylation with tunicamycin yields 

similar results 33. Brefeldin A (BFA) has an equivalent effect but through a different 

mechanism. BFA is a commonly used drug to study Golgi bypass since it disturbs 

ER to Golgi transport by preventing association of the COP-I coat onto Golgi 

membranes (see Figure 3). BFA targets GBF1 (Golgi-specific Brefeldin A-

resistance guanine nucleotide exchange factor 1), a nucleotide exchange factor of 

the Arf family recruited to Golgi membranes 34,35. 

Golgi bypass triggered by ER stress relies on detection of the cargo to be 

redirected by ER sorting machineries. Two pathways have been described. The 

first one is based on GRASP (Golgi reassembly-stacking protein). Upon ER stress, 

GRASP55 (GRASP of 55 KDa) is phosphorylated and relocated from the Golgi to 

the ER. In the ER, GRASP55 detects the PDZ domain of substrates that undergo 

Golgi bypass, such as the CFTR (Cystic Fibrosis Transmembrane Conductance 

Regulator). This enables a sorting mechanism that packs the proteins into carriers 

destined to the PM, likely via the endosomal compartment 36–38. The second sorting 

mechanism is based on Hsp70 and its co-chaperone DNAJC14, and it is well 

exemplified by pendrin: Hsp70 interacts with mutated H723R pendrin, which under 

normal conditions would send it to degradation. However, under ER stress, 

DNAJC14 expression is upregulated, removing the mutated protein from the ERAD 

pathway and mediating its PM delivery 39. 

Golgi bypass triggered by mechanical stress could also be a way to regulate the 

localization of certain proteins to PM subdomains. In Drosophila, ciliary beating 

may provoke shear stress and subsequent Golgi bypass. This results in integrins 

and ciliary proteins being delivered to subdomains of the PM, while the classical 

secretory pathway delivers proteins to other PM subdomains 38,40. 
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A clear purpose for Golgi bypass is still unknown. However, at least five 

hypotheses arise: (i) Golgi bypass is a mechanism to bring critical and likely 

functional proteins to the PM under stress conditions. (ii) Golgi bypass allows 

proteins that under normal conditions would have complex glycans to display 

simple glycosylation. This may change the protein function or prevent it from 

establishing interactions that otherwise require complex glycosylation. (iii) It is a 

mechanism to sort the same protein to different subcellular locations depending on 

cellular stress. (iv) It speeds up protein delivery to the (axon) PM of neurons 

without relying on the Golgi apparatus in the cell body, which could be at a 

considerable distance 41,42. (v) Lastly, it could preserve Golgi function and save 

Golgi processing mechanisms for critical proteins, minimizing the post-translational 

processing of other, less important, substrates 33,43. 

So far, all eukaryotic organisms examined exhibit Golgi bypass mechanisms 44, 

suggesting that such conserved mechanisms must provide some advantages. 

 

1.1.9 S-palmitoylation of membrane proteins 

S-acylation is a PTM that consists in the addition of the acyl chain of a saturated 

fatty acid, usually a palmitate (C16) to a cysteine residue in a protein’s TMD or 

intracellular domain (ICD) via a thioester linkage. For this reason, the names S-

acylation and S-palmitoylation are often used interchangeably. It is a reversible 

modification and thus is suitable to regulate protein function. S-palmitoylation is 

catalyzed by palmitoyl-acyl transferases (PATs), which are multipass membrane 

proteins that share a conserved cytoplasmic DHHC (Asp-His-His-Cys) motif. PATs 

localize to the ER, the Golgi, PM, and endosomes, with the Golgi hosting most of 

them. However, both increased and lack of palmitoylation can result in Golgi 

retention. Knowledge about palmitoylation-removing enzymes (palmitoyl-protein 

thioesterases) is scarce in comparison. Since the thioester bond holding 

palmitoylation appears to be rather stable, as some proteins stay palmitoylated 

their entire life cycle, palmitoyl-protein thioesterases should play a critical role in 

the palmitoylation cycle 45–47. 

To date, there is no known consensus sequence for palmitoylation, suggesting that 

PATs identify specific structural features instead of amino acid sequence motifs. 

Palmitoylation is involved in regulation of membrane protein folding, trafficking, 

targeting, and protein-protein interactions. Many palmitoylated TM proteins reside 

in the PM; despite this, palmitoylation alone rarely is a critical requirement for PM 

targeting. Instead, it may help to regulate intracellular trafficking steps and partition 

of proteins in PM microdomains. It has been proposed that palmitoylation may 
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determine the mode of endocytosis – either clathrin-dependent or independent – 

and transfer to the RE or the TGN. An example of this is the transferrin receptor, 

which undergoes clathrin-mediated endocytosis. In the absence of palmitoylation, 

its rate of endocytosis accelerates 48. Similarly, palmitoylation increases the PM 

residence time of anthrax toxin receptor 1 45.  

Protein palmitoylation is known to affect protein-protein interactions via changes in 

conformation, subcellular localization and steric hindrances (Figure 5). For 

instance, palmitoylation of the mannose-6-phosphate receptor is required for its 

interaction with the retromer, a protein complex participating in endosome to TGN 

transport 49,50. Examples of negative regulation also exist: C-terminus 

palmitoylation of α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) 

receptors prevents their anchorage with the cytoskeleton through protein 4.1N. 

This results in AMPA receptors internalization 51. 

Palmitoylation can regulate the formation of protein platforms; tetraspanins are a 

good example of this. These associate to form microdomains containing integrins, 

signaling molecules and DHHC PATs, regulating integrin-dependent adhesion. 

Palmitoylation of tetraspanins promotes heterologous associations 47,52. 

Palmitoylation and lipid rafts 

Palmitoylation partitions many TM proteins into lipid rafts; this is supported by 

biochemical isolation of detergent-resistant membranes (DRMs), often considered 

equivalent to lipid rafts given their insolubility in cold non-ionic detergents and their 

equivalent cholesterol and glycosphingolipids composition. Lipid raft association of 

a TM protein is likely dependent of one or more of the following: amino acid 

composition of the TMD(s), whether or not the protein is palmitoylated, its 

interaction with other proteins, and if these interacting proteins localize to lipid rafts. 

In spite of this uncertainty, palmitoylation near or at the TMD of a protein does 

have at least one effect on the protein: it will increase the effective hydrophobicity 

of the TMD. For instance, this could make TMDs hydrophobic enough to enter into 

lipid rafts 51. In addition, in TMD helices bearing bulky amino acids, which usually 

partition into liquid-disordered (Ld) membranes, palmitoylation may hide part of the 

helix surface and favor association with liquid-ordered (Lo) membranes 

microdomains. Palmitoylation may also prolong the TMD hydrophobic stretch 

(Figure 5) 46. Palmitoylation on juxtamembrane regions (Figure 5D) may force 

single pass TM proteins to tilt relative to the plane of the membrane. Tilting could 

favor protein folding and help the protein to temporarily allocate in intracellular 

membranes during biosynthesis, as those membranes are thinner than the PM. 

Studies with mutant, single-pass TM proteins in which their TMDs have been 

shrunk show that these are retained intracellularly, likely because it becomes too 
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short and not hydrophobic enough to localize properly to the PM (47 and our 

unpublished data). 

 

Figure 5. Palmitoylation effects on TM proteins. Palmitoylation can modify the 

conformation of a protein’s ICD, enabling (A) or preventing (B) interaction with other 

proteins. When palmitoylation is at the juxtamembrane region, it modifies the hydrophobic 

properties of the TMD, associating the protein with lipid rafts (C), tilting the protein (D) or 

increasing the TMD’s hydrophobic length, better allocating the protein in the lipid bilayer 

(E). C denotes the palmitoylable cysteine. Adapted from 47.  

 

1.1.10 Endocytic pathway 

Cells internalize PM proteins and other macromolecules via endocytosis. PM 

proteins recycling and degradation is almost as important as their synthesis. This 

way, endocytic pathways become essential for surface protein turnover, but also to 

regulate cell surface expression of important proteins and mediate signaling events 

triggered at the PM. The endocytic pathway was once considered as a fairly 

passive and non-specific process, where most proteins internalized through “the 
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bulk membrane flow”. Nonetheless, the discovery of specific sorting motifs and 

cargo adaptors challenged this view and proposed a rather more complex and 

organized process 53.  

Two main modes of endocytosis exist: clathrin-mediated endocytosis (CME) and 

caveolae uptake. 

After proteins and other cargoes have been internalized, the vesicles containing 

them fuse together to form early (sorting) endosomes (EE). From there, cargoes 

can be recycled back to the PM via the RE, sent to the TGN via retrograde 

trafficking mechanisms, or transported through the late endosomes (LE) to the 

lysosomes for degradation. In polarized cells, cargoes can also be transported 

across the cell to the other domain of the PM through transcytosis 54. 

CME involves clathrin-coated pits (CCP) and clathrin-coated vesicles (CCV). Well-

known proteins undergoing CME are the receptors for low density lipoprotein 

protein and transferrin. CME is carried out in several stages. First, a shallow 

invagination, the CCP, is formed. Next, cargo is selected and brought to the 

growing CCP. Among other cargo-specific adaptor proteins, adaptor protein 2 

(AP2) recruits and concentrates cargo. Polymerization of clathrin regulates the 

curvature of the maturing spherical pit. When the CCP is deeply invaginated, 

dynamin (a large GTPase) encircles the neck of the pit and provokes membrane 

fission to release a CCV. Finally, clathrin is disassembled and the uncoated vesicle 

can fuse with an existing endosome 54,55. 

Caveolae uptake is important for transcytosis, mechanosensing and lipid 

regulation. It occurs in caveolae, i.e. flask-shaped PM invaginations that are 

present in most eukaryotic cells. Caveolae are resistant to cold detergent 

extraction, very hydrophobic and enriched in cholesterol and sphingolipids 56,57. 

Aside from endocytosis, caveolae are considered signaling platforms, regulators of 

lipid metabolism, and involved in sensing cell surface tension 58. The principal 

structural element of caveolae are caveolins, which are integral membrane proteins 

of the inner leaflet of the PM bilayer. Their cytosolic domain binds to cholesterol 

and serves as a scaffold to bind to signaling molecules. Compared to CCP, 

caveolae are rather static, but endocytosis via caveolae is similarly triggered by 

ligand binding. Caveolae budding is mediated by kinases and phosphatases and, 

like CME, dynamin releases them from the PM 54,55,59. 

In addition to CME and caveolae uptake, a few other endocytic mechanisms are 

known, but the volume of cargo that they handle is significantly smaller than in 

CME and caveolae uptake, and their roles and importance are far less understood 
54. 
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Endosomal trafficking 

After cargo internalization by any of the mentioned endocytic mechanisms, 

cytosolic vesicles fuse with the EE, which mature into LE. Their internal pH 

gradually decreases thanks to proton pumps in their membranes. The lowering pH 

allows for a gradual release of ligands from their internalized receptors. PM 

receptors release their ligands in the LE, so that empty receptors can be recycled 

back to the cell surface, while ligands can be destined to the TGN or to lysosomes, 

where the lumenal pH is even lower 60. In addition, each compartment is 

differentially labeled with specific phosphatidylinositol phospholipids by lipid 

kinases and phosphatases, and recruits different Rab family GTPases involved in 

directing the endosomes to fuse with their precise destination organelle (Figure 6) 
54.  

 

 

Figure 6. Overview of the endocytic pathway.  After internalization, vesicles fuse with 

the EE, which mature into LE. Gradual acidification allows release of ligands from their 

internalized receptors. Receptors are recycled back to the PM and ligands are destined to 

the TGN or the lysosomes. Membrane-specific phosphatidylinositol (PI) phospholipids and 

Rab family GTPases are indicated. Adapted from 54.  
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1.2 The voltage-gated sodium channel 

Voltage-gated ion channels (VGIC) are TM proteins that allow selected ions to 

cross the PM in response to changes in the voltage between the two faces of the 

membrane. This allows a coordinated and lightning fast response to electrical 

signals within the body. A type of VGIC are the NaV. Ten genes compose the 

family of the NaV (SCN1A to SCN5A and SCN7A to SCN11A), which encode 

channel α subunits NaV1.1 to Nav1.9. NaX (SCN7A) is a voltage-insensitive isoform, 

which is sensitive to sodium concentration instead, and is considered part of the 

family 61. These are present in excitable cells of electrically active tissues. NaV1.1, 

NaV1.2, NaV1.3 and NaV1.6 are neuronal channels mainly expressed in the central 

nervous system (CNS); NaV1.7, NaV1.8 and NaV1.9 are expressed in the dorsal 

root ganglia; NaV1.4 is the skeletal muscle channel; and NaV1.5 is the major 

cardiac channel62,63. NaX is expressed in the heart, and in glial cells, where has a 

role in sensing sodium in body fluid 64.  

All NaV (excluding NaX) isoforms have similar structures, although NaV1.5 is the 

only one resistant to tetrodotoxin (TTX), e.g. TTX EC50 (half maximal effective 

concentration) is ~1.2 nM for NaV1.2 while it is ~1-2 mM for NaV1.5. Given its 

importance on cardiac physiology 63, NaV1.5 is, after β2, an important character in 

the present work. All nine NaV have 24 α-helical TM segments organized in four 

domains (DI to DIV), within a single polypeptide chain of ~2000 amino acids. Every 

domain is similar but not identical to the other three. Each one consists of six TM 

segments (S1 to S6). The first four make up the voltage sensing domain and S5-

S6 and the linker connecting these two constitute the pore domain (Figure 7). A 

selectivity filter is formed by a ring of four residues, one from each domain (from DI 

to DIV: DEKA). The filter makes the channels selective for sodium ions, with more 

than ten sodium ions entering the cell for each potassium ion 65. Interestingly, if the 

DIII lysine (K) is replaced, the selectivity is lost and both sodium and potassium 

ions can cross the channel 62,66.  

When the extracellular face of the PM becomes positively charged, it has been 

proposed that the charged S4 segment moves toward the cell surface. The 

movement is transferred to the pore domain through the intracellular linker, 

changing the conformation and opening the channel for an instant. Next, the 

channel undergoes fast inactivation, when the voltage sensor is still active, closing 

the pore again. The brief time in which the channel is open allows a large influx of 

sodium ions into the cell. The fast inactivation is mediated by four amino acids in 

the linker between DIII and DIV (IFMT) 67. When the cytosol is depolarized, these 

amino acids act like a lid in the intracellular side of the channel (Figure 8). After the 
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cell repolarizes, the inactivation lid IFMT detaches from the pore’s cytosolic end, 

effectively turning off the fast inactivation mechanism 62. 

Figure 7. NaV1.5 topology. A. NaV1.5 is composed of a single polypeptide chain, 

organized into four domains (DI to DIV), each one with six TM segments (S1 to S6). S1 to 

S4 (in blue) form the voltage-sensing domain, and S5 and S6 constitute the pore domain. 

β subunits usually accompany the channel. B. Spatial organization of the TM segments. 

Another layer of control for channel opening is slow inactivation. In contrast to the 

fast inactivation, which shuts the channel for milliseconds, slow inactivation closes 

it for seconds. Slow inactivation occurs during repetitive or prolonged 

depolarization cycles, limiting channel function over longer time periods. The 

precise mechanism of slow inactivation is not yet understood, however, it has been 

suggested that repetitive channel conformational changes during prolonged 

depolarization may lead to the collapse of the pore and selectivity filter, temporarily 

blocking conduction. Like fast inactivation, slow inactivation starts during 

depolarization and ends at repolarized potentials. This way, channels have three 

functional states: resting (closed), active (open) and inactivated, and they alternate 

these states cyclically. The inactivated state is the longest and is also called 

refractory. Channels go back to the open state when the PM has returned to the 

initial membrane potential (Figure 8) 62,68. 



29 
 

 

Figure 8. NaV conformational states. After opening for an instant, the channel becomes 

inactivated by the blockade of the cytosolic end of the pore thanks to the closure by a 

“hinged lid”. This proposed mechanism of inactivation is also called ball and chain 

inactivation. Sodium ions are in red.  

Sodium channel α subunits dimerize and associate with many interacting partners 

to form huge multimeric complexes (channelosomes), but it is worth mentioning 

that, on their own, α subunits are functional and indispensable 69. The nine NaV1.X 

isoforms work in a similar manner but their ultimate functionality is different among 

the tissues they are expressed in. In neuronal cells, depolarization initiated in the 

AIS propagates the action potential (AP) along the axon to target cells. In cardiac 

and skeletal muscle, the AP serves to trigger contraction in a synchronized 

manner. There, the AP activates a calcium cascade that results in cellular 

contraction. In the skeletal muscle, contraction produces body movements, while in 

the heart, blood pumping. In all these locations and roles, α subunits interact with 

other proteins that modify their biophysical properties, subcellular localization and 

abundance 62,70.  

 

1.3 Cardiac channelopathies 

The heart is an organ that must remain in perfect conditions throughout life. Its 

abnormal function is a sign of disease and can lead to an early grave. 

Cardiomyopathies are diseases affecting the function of the heart muscle, are 

associated with arrhythmia (irregular heart rhythm) and can result in sudden 

cardiac death (SCD), that is, unexpected heart arrest when, suddenly, arrhythmia 

prevents sufficient blood flow. In the US, SCD affects up to 400,000 people every 

year, with coronary heart disease being present in 80% of the cases 71. In the 

world, it is estimated that approximately 6 million people die annually of SCD due 

to ventricular arrhythmia. Worryingly, the survival rate of cardiac arrest is less than 

1%. This represents a third of deaths from cardiovascular diseases of any kind, 

which are the main cause of death worldwide 72. That said, understanding the 
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mechanisms by which arrhythmias arise, from inherited and environmental factors, 

is a top priority in life sciences in order to prevent those and design treatments 1. 

SCD occurs in people under 50 and it is often the first and fulminant symptom of an 

inherited heart disease that has remained undiagnosed by conventional clinical 

practice 73. A known arrhythmia is Brugada Syndrome (BrS), a disorder 

characterized by an abnormal electrocardiogram (ECG) that causes ventricular 

fibrillation. It is inherited by an autosomal dominant trait and its prevalence in the 

general population is estimated to be 35/100,000 people, and although it can affect 

individuals of any age, young men (<40-year-old) are the most affected (75%) 73. In 

BrS, the ventricular muscle quivers, instead of contracting in a coordinated 

manner. Such tachycardia prevents the blood from flowing efficiently in the body; 

as a result, the individual faints (syncope) and can die in a matter of minutes 1,74.  

Since genetics and molecular biology intertwined with clinical biology, multiple 

genes and variants have been associated with SCD. A fundamental hypothesis is 

that many SCD cases are the manifestation of rare hereditary diseases caused by 

mutations in the ion channels that generate the cardiac AP. With this premise, the 

definition of channelopathies emerged, and comprises diseases linked to the 

dysfunction of ion channels and the proteins that regulate these. Along with BrS, 

other channelopathies that cause SCD include long QT syndrome (LQTS) and 

catecholaminergic polymorphic ventricular tachycardia (CPVT) 1,75. 

The NaV many times shows alterations that lead to cardiac channelopathies. For 

example, 20-25% of BrS cases are caused by mutations in the SCN5A gene, 

encoding NaV1.5 73. In the heart, NaV1.5 is responsible for generating the rising 

phase of the AP, therefore playing a fundamental role in myocardial excitability. 

The abnormal ECG observed in BrS is due to a loss-of-function of the NaV. It is 

characterized by an ST segment elevation of the V1-V3 precordial leads and 

occurs in the absence of structural heart disease (Figure 9) 1,74. 
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Figure 9. Role of NaV1.5 in the generation of the cardiac AP. Representation of the 

cardiac AP and the contribution of the sodium current (INa) generated by NaV1.5, which is 

responsible for the depolarization phase. The three states of the channel, contributing to 

the INa profile, are represented; from left to right, these are closed, open and inactivated. 

The electrical pattern of precordial lead V1 of a normal ECG and one with an ST segment 

elevation typical of BrS are shown (arrow). Adapted from 1. 

Mutations in SCN5A have also been associated with atrial fibrillation (AF), LQTS, 

CPVT and other channelopathies. In LQTS, the repolarization of the heart is 

delayed through a characteristically longer QT segment in the ECG 76. In AF, the 

atrial chambers of the heart beat rapidly and irregularly 77. In CPVT, the ventricles 

beat abnormally fast and irregularly in response to physical activity or emotional 

stress 78. Although via different mechanisms, in all these conditions underlying 

alterations in electrical conduction lead to potentially fatal arrhythmias.  

However, mutations in several genes encoding proteins interacting with the NaV 

have been associated to channelopathies. 
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1.4 β subunits 

NaV α subunits interact with a multifarious array of partners, but sodium channel β 

subunits are the first that come to mind. At first, β subunits were described as mere 

auxiliary subunits of the big mighty α subunit. However, as research on these 

thrived, several other roles outside the context of the pore-forming α subunit arose. 

Nowadays it is common knowledge that β subunits are multifunctional proteins with 

conducting and non-conducting functions; besides, they are expressed in excitable 

cells throughout the nervous system and the heart and in non-excitable cells 79. As 

partners of the α subunit, β subunits modulate the biophysical properties of the 

channel and its subcellular localization. β subunits also interact with other 

components of the channel complex, serving as linkers and anchors. Since all β 

subunits have an extracellular immunoglobulin (Ig)-like domain, they are 

considered CAMs. Outside the context of the α subunit, β subunits play roles in 

extracellular and intracellular signaling pathways, migration, proliferation, neuron 

axon outgrowth, path-finding and fasciculation in the CNS. In addition, their 

cleavage products regulate gene expression 2.  

β subunit genes appeared later in evolution than α subunit genes. Their genes are 

found in zebrafish and mammals, but are not present in invertebrates 80. There are 

four β subunit genes, (SCN1B to SCN4B), translating into five proteins: β1, β1B, 

β2, β3 and β4. β1B is a splice variant of SCN1B that lacks the TMD, resulting in a 

soluble secreted protein. All full length β subunits are type I, single pass TM 

proteins with three topological domains: the largest one is the extracellular domain 

containing the Ig-like loop. The other two are the TMD and a short cytoplasmic tail 

at the C-terminus (Figure 10) 81.  
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Figure 10. Topology of β subunits. β subunits can be classified in two groups by 

sequence homology: On the one hand, β1 and β3 (in green), and on the other, β2 and β4 

(in blue), which interact with the α subunit through a disulfide bond. β1B is a splice variant 

of the β1 gene, which lacks the TMD and it is soluble. Structural motifs and PTMs are 

indicated. 

The four TM subunits can be classified by sequence homology and interaction with 

the α subunit in two groups: β1 and β3, which are similar and interact with α 

through hydrophobic interactions; and β2 and β4, which are also similar but 

interact with α covalently via an extracellular disulfide bond (Figure 10) 81.  

 

1.4.1 Multifunction proteins 

In conjunction with α, β subunits modify the subcellular localization and gating 

properties of the channel. For instance, the heterologous co-expression of NaV1.2 

with β1 or β2 in Xenopus oocytes increased INa. Even more interesting, co-

expression β1 and β2 with NaV1.2 had a synergistic effect, further increasing the 

currents compared to NaV1.2 alone, or along with either β1 or β2 82,83. Similar to β1 

and β2, β3 and β4 also have modulatory effects on sodium channels in 

heterologous systems 81. However, their effect is not limited to NaV, at least for β1, 

which can also modulate voltage-gated potassium channels 84. 

Beside the roles directly related to α subunit function, β subunits display a number 

of diverse functions on their own. As connectors, β1 and β2 interact homophilicaly 

(with themselves) and heterophilicaly (with one another), and with the extracellular 
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matrix proteins tenascin C and R 85,86. Tenascins are expressed in the developing 

CNS of vertebrates and reappear in wound healing, regenerative and tumorigenic 

processes. They influence shape, growth and migration of cells 87. This supports 

the implication of β1 and β2 in migration, neurite outgrowth, and their interplay with 

proteins outside the channel complex.  

Interestingly, all full-length β subunits are sequentially cleaved by β and ɣ 

secretases, releasing their extracellular and intracellular domains respectively 88. 

This suggests a potential signaling role for the released CAM domain in the 

extracellular space. On the intracellular side, downstream signaling effects have 

been reported for β2. In β2-expressing Chinese Hamster Ovary (CHO) cells, 

migration and cell-cell adhesion was dependent on β2 cleavage of its ICD 89. More 

interestingly, after β-secretase 1 (BACE1) and subsequent ɣ-secretase cleavage of 

β2, the β2 ICD upregulated transcription and translation of NaV1.1 in 

neuroblastoma cells. This is relevant since Alzheimer’s disease (AD) patients and 

an AD mouse model (with overexpression of BACE1) have increased levels of 

BACE1 and β2 cleavage products in neurons. In the mouse, this resulted in 

increased neuronal expression of NaV1.1 that however accumulated intracellularly, 

since PM levels and INa where markedly reduced. This indicates that β2 negatively 

regulates the cell surface expression of sodium channels and currents in neurons 
90. 

Other functions of β subunits are closely related to the cellular environment they 

are expressed in and often regulated by PTMs. 

 

1.4.2 Glyco-β subunits 

All five β subunits are glycosylated, with 3 - 4 N-glycans in their extracellular Ig-like 

domain, accounting for approximately a third of their molecular weight. Although 

the implication of glycosylation on β subunit trafficking remains largely unexplored, 

these PTMs could be involved in their subcellular localization in polarized cells. 

Their intracellular trafficking could be mediated by recognition of their glycan 

epitopes by lectins1. Glycosylation also appears to be an important modification of 

β subunits, as in sialylation-deficient (CHO) cells β1 failed to modify the gating of 

NaV1.2, NaV1.5 and NaV1.7 91. Similarly, β2 effect on α subunit gating changed 

according to its sialylation status and depending on which α was co-expressed 

with. Namely, β2 sialylation affected the gating of NaV1.5 but not that of NaV1.2, 

indicating an isoform-specific regulatory effect. 92. Whether glycosylation is 

required for β subunits CAM function (at least, regarding to β1 and β2) remains 

untested, but it is highly likely, as their Ig-like domains are heavily glycosylated.  
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1.4.3 Subcellular localization and function of β subunits 

β subunits can sense the extracellular milieu and react intracellularly. Specifically, 

this is the case of β1 and β2, whose homophilic interaction with adjacent cells 

results in ankyrin recruitment at points of cell-cell contact. For β1, this effect was 

abolished upon phosphorylation. It is worth noting the differential localization of 

phosphorylated β1 in highly polarized CMs, where it co-localizes with NaV1.5 at the 

intercalated discs (IDs), while non-phosphorylated β1 co-localizes with TTX-

sensitive channels at the T-tubules (Figure 11) 85. It has been proposed that, at the 

T-tubules, β1 modulates the channel while, in the IDs, it only has adhesion 

functions, as phosphomimetic (mutant that simulates phosphorylation) β1 fails to 

modulate channel function 86. At the IDs, β1B, which lacks the TMD and therefore 

cannot be phosphorylated, would modulate the channel 93. 

This differential localization of β1 in polarized cells is a common feature of β 

subunits. They are usually detected in channelosomes, in which are membrane 

subdomains enriched in the cytoskeleton adaptor ankyrin-G, NaV and other β 

subunits. In neurons, β1, β2 and β4 localize to the axon initial segment (AIS), i.e. a 

membrane domain between the cell soma and the axon 94–96, and at the nodes of 

Ranvier (specialized regions of the axon membrane that establish gaps in the 

myelin sheath) of some myelinated neurons. A proposed role for β subunits at the 

nodes of Ranvier is to stabilize channel complexes and maintain cell-cell contacts, 

as scn1b null mice display fewer channels and neuronal contacts with glia, along 

with demyelination 85,97. In the case of β2 (and likely β4), it requires disulfide 

bonding with the α subunit for their localization at the neuron AIS 96. 
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Figure 11. Cardiac fiber and CM representation. CMs are highly polarized cells, 

displaying three main subdomains at the PM (or sarcolemma). CMs sarcolemma has 

distinct domains, the LM and the IDs. The T-tubules are a subregion of the LM. CMs are 

connected through the IDs to constitute cardiac fibers. 

In ventricle CMs, β1 localizes at T-tubules and IDs, while in atrium CMs, it only 

localizes to the IDs 85,98. More specifically, in the IDs, β1 is enriched at the 

perinexus, an intercellular space flanking ID gap junctions of two adjacent cells. 

Through trans-homophilic interaction, it holds together the perinexus and clusters 

NaVs, contributing to cardiac AP propagation 99. β2 has been detected in T-tubules 

and IDs in several animal models, but a clear consensus for its precise localization 

in CMs is still missing 85,98,100. β3 localizes to T-tubules in mouse ventricular CMs 

and to the IDs and cell surface puncta in human atrium. β4 mainly localizes to the 

IDs in mouse ventricle CMs and to cell surface puncta in human atrium CMs 98,100.   

 

1.4.4 Study models for β subunits 

Limitations due to the use of heterologous cellular models are apparent, since they 

lack important channelosome proteins and a specialized and polarized cell 

architecture. Differences in cell background, specific combination and expression 

of NaV subunits, and other interacting partners are also important shortcomings. 

However, these models are relatively straightforward to work with and provide 

useful data to understand NaV biology. With the ever growing availability of more 

relevant and complex model systems, like more accurate transgenic animal models 

and patient-derived, induced pluripotent stem cells, the diverse roles carried out by 
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NaV β subunits become more apparent. In particular, transgenic mice are providing 

strong evidence of β subunit importance in human health.  

 

1.4.5 Discreet proteins, severe diseases 

The importance of β subunits is highlighted by their association with disease. 

Pathogenic mutations in SCN1B are linked to various epileptic and arrhythmogenic 

disorders. SCN2B and SCN3B mutations are associated with AF and BrS, and 

SCN4B variants are linked to AF and LQTS 79. Such pervasive connection to 

devastating diseases establishes these proteins as potential therapeutic targets. 

 

1.4.6 Asymmetric functional redundancy 

KO mice for all β subunit genes have been generated, and β2, β3 and β4 KO mice 

are relatively healthy. In striking contrast, β1 null mice die perinatally 81,101. In 

addition, pathogenic mutations in SCN1B are associated with more severe and 

developmental diseases. This could be due to the lack of an analog for β1B. While 

β2 and β4 may compensate for each other, given their similarity, and β1 may 

similarly compensate for β3 in its absence, β3 cannot compensate for the lack of 

the unique β1B, which has no known analogue. An evidence to support the 

hypothesis of some β subunits being functionally redundant is the case of a double 

β1 and β2 KO mouse, which has a worse phenotype and dies younger than the 

scn1b KO mice 81. 

 

1.4.7 Neurodegeneration  

There may be a link between NaV and neurodegeneration. A proposed 

neurodegenerative mechanism is the accumulation of intra-axonal sodium  that 

results in calcium overload, leading to axonal loss and cell death 102. Thus, 

persistent INa (or non-inactivating current, a result of opened NaV) is associated with 

increased intracellular calcium concentration, which leads to neuron death. In 

support of this premise, β2 KO is neuroprotective in experimental allergic 

encephalomyelitis, a mouse model of multiple sclerosis103. In addition, β2 KO mice 

have reduced INa density in central and peripheral nervous systems 97,104. However, 

this contradicts the findings of another study, which describes β2 as a negative 

regulator of channel cell surface expression in neurons 90. This suggests that the 

link between neurodegeneration and NaV is not that simple, and that β2 effect on 

NaV cell surface expression is likely cell type-dependent, among many other 
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factors. Nonetheless, INa reduction might be a suitable therapeutic approach 

against neurodegeneration 103.  

 

1.5 Ion channel trafficking, cardiac excitability and 

arrhythmia 

The function of the heart is governed by electrical and mechanical activity of CMs. 

Several types of ion channels, differentially distributed in specialized domains of 

the sarcolemma, determine the shape and duration of the cardiac AP and therefore 

control the effective refractory period (ERP). The ERP is the segment of the 

cardiac AP when the sodium channels remain closed until the cell fully repolarizes. 

The ERP prevents the spontaneous aperture of the channels, helps coordinating 

contraction of the cardiac fibers, and regulates the heart rate. Therefore, alterations 

in the ERP often provoke arrhythmia 105. Many anti-arrhythmic drugs often prolong 

the ERP, buying time for all heart cells to repolarize before the new depolarization 

wave arrives 106.  

The majority of arrhythmias are caused by mutations that alter the biophysical 

properties of the channels, such as their ERP or their sensitivity to voltage 

changes. These types of arrhythmias are often treated with ion channel blockers. 

However, some arrhythmias arise from dysfunctional trafficking and stabilization of 

the channels to their functional subcellular localization. In those cases, effective 

therapies to restore proper expression of the channels at the CMs sarcolemma are 

missing 105. 

 

1.6 Channel density and arrhythmias 

Alterations in ion channel trafficking are important factors in both acquired and 

inherited arrhythmias. Channel density at sarcolemma subdomains depends on the 

organized interplay of anterograde and retrograde trafficking mechanisms. Swings 

in this equilibrium can lead to overexpression of surface channels, resulting in gain-

of-function phenotypes such as LQTS or, more often, in insufficient channel 

density, leading to loss-of-function phenotypes, like AF and BrS 105.  

From synthesis to degradation, including stabilization at the PM, ion channels can 

fail to achieve proper localization anywhere in their intracellular trafficking routes. 

However, most mutations provoking trafficking alterations involve ER exit defects, 

resulting in retention and ERAD of the channel early in the secretory pathway 107. 
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Another important factor is the interaction of ion channels with β subunits, 

chaperones, scaffolds and anchors, as the association with these partners 

regulates subcellular localization and thereby can influence the conducting 

properties of the CMs and cardiac fibers 108. Still, we lack deep understanding of 

these interactions and trafficking routes in native CMs 105. Nonetheless, a growing 

volume of research is unveiling the pathogenic molecular mechanisms affecting ion 

channel trafficking and paving the way for the design of novel therapeutic 

approaches.  

 

1.6.1 Lipid content  

Cellular lipid content can regulate cardiac excitability, as cholesterol directly 

influences the transport and properties of several cardiac ion channels 109,110. For 

instance, depletion of PM cholesterol with methyl-β-cyclodextrin (MβCD) increased 

the levels of cell surface voltage-gated potassium channel 5 (Kv1.5), while 

reducing its mobility (as seen by fluorescence recovery after photobleaching, 

FRAP). This was the result of increased endosome-to-PM recycling of channels 

stored in submembrane compartments, likely RE, as RE are especially sensitive to 

cholesterol depletion 111,112. Although acute modification of cholesterol content is 

an invasive approach, unparalleled with physiological conditions, the rapid changes 

in the number of ion channels at the PM highlights the existence of an underlying 

mechanism modulating the electrical properties of CMs.  

 

1.6.2 Mechanical stress  

CMs are constantly subjected to mechanical stress causing stretch, shear and 

strain. The two main sources of CMs shear stress are the CMs sheets sliding 

relative to each other and the blood flow 113,114. This mechanical stimulation 

triggers APs in monolayers of ventricular CMs 115. Interestingly, shear stress can 

also regulate ion channel trafficking, at least for Kv1.5. Shear stress increases 

Kv1.5 trafficking from the RE to the PM, and generates a large associated outward 

current 105. 

 

1.6.3 Multichannel complexes 

Ion channels and associated proteins form complexes that regulate their own 

trafficking and stabilization at the PM. Perhaps the most prominent example is 

Synapse-associated protein 97 (SAP97), a MAGUK family, scaffold protein that 
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forms macromolecular complexes with several ion channel families, including 

KV1.5, Inward Rectifier Potassium Channels (Kir2.x) and NaV1.5 105. In particular, 

SAP97 promotes the formation of NaV1.5 and Kir2.1 complexes. Kir2.1 maintains 

the resting membrane potential and NaV1.5 initiates the rapid depolarization during 

APs. The NaV1.5/Kir2.1 complex thus allows these two processes to be tightly 

regulated to ensure proper cardiac excitability. Moreover, NaV1.5 reduces 

internalization of Kir2.1 116.  

 

1.6.4 Partner proteins, polarity and conduction 

A result of the highly polarized structure and distribution of ion channels in CMs is 

their conduction anisotropy. The IDs are highly enriched in NaV1.5, while the lateral 

membrane (LM) has a considerably lower density of sodium channels (3-8 times 

less current). This way, APs are transmitted between CMs through the IDs, but 

APs are conducted along the LM 117,118. Perhaps for this reason, NaV1.5 has 

multiple partners (connexin-43, plakophilin-2, ankyrin-G and SAP97) at the IDs, 

and only two (syntrophin and ankyrin-G) have been reported at the LM (Figure 12) 
119. KO or KD of any of these partners resulted in reduced INa and altered 

localization of NaV1.5, implying their positive regulation of NaV1.5 targeting 105. 

However, the MAGUK family CASK (calcium/calmodulin-dependent serine protein 

kinase) associates with the syntrophin/dystrophin/NaV1.5 complex at the LM and 

prevents NaV1.5 trafficking to the LM, negatively regulating INa intensity 120. More 

importantly, CASK expression is reduced in dilated human atria associated with 

AF. In this case, CASK would fail to downregulate the expression of NaV1.5 at the 

CMs LM, altering CM conduction anisotropy and resulting in tissue remodeling and 

arrhythmia 105. 
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Figure 12. NaV1.5 distribution in the CM. NaV1.5 interaction with other proteins defines 

different pools of the channel, which distribute in specific subregions of the CM 

sarcolemma; this is the basis of the CM conduction anisotropy, represented by blue 

arrows. While the LM is oriented along the AP direction, the IDs are perpendicular to it; this 

results in different AP conduction velocities. The IDs hold more NaV1.5 than the LM, which 

results in a more intense INa, represented by thick arrows. Adapted from 1. 

 

1.6.5 Sarcolemma scaffolds and anchors 

NaV1.5 has an ankyrin-G binding domain in the DII-DIII cytoplasmic loop. In CMs, 

ankyrin-G targets NaV1.5 to the sarcolemma and associates it with other proteins, 

such as the scaffold protein β4-spectrin and the signaling molecule 

calcium/calmodulin-dependent protein kinase II (CaMKII), among others, to form 

multimeric complexes 121. However, a BrS-associated mutation in NaV1.5 abolishes 

its association with ankyrin-G. This prevents NaV1.5 accumulation at the IDs. 

Interestingly, in HEK293 cells the mutation does not affect NaV1.5 cell surface 

expression 122, highlighting the differences in trafficking machineries of different cell 

types and a reminder for the need of physiologically relevant model systems.  
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1.6.6 Ubiquitin-mediated endocytosis 

Another mechanism regulating PM expression of ion channels is ubiquitination. 

Ubiquitin is a small (8,6 kDa) regulatory protein that it is attached to proteins in a 

three steps process by three types of enzymes; ubiquitin-activating enzymes (E1s), 

ubiquitin-conjugating enzymes (E2s) and ubiquitin ligases (E3s). This protein 

modification often marks proteins for proteasomal degradation, but can also affect 

their subcellular localization, activity and interaction with other proteins 123. The 

addition of ubiquitin to PM ion channels by E3s is followed by their internalization 

and degradation, usually in the lysosome 124. For instance, NaV1.5 has a PY motif 

(Pro-Pro-X-Tyr) that can be recognized by the E3 ubiquitin-protein ligase neural 

precursor cell-expressed developmentally downregulated protein 4-2 (Nedd4-2). 

Upon ubiquitination at the PM, NaV1.5 is internalized and targeted for degradation 
125. Curiously, pathogenic mutations altering PY motif formation in NaV1.5 are 

associated with both gain and loss-of-function channelopathies. Recent evidence 

for this was provided by Wang and colleges. They described two mutations, at and 

near the PY motif of NaV1.5, associated to LQTS type 3 and BrS, respectively. The 

LQTS-associated mutation modifies the PY motif, rendering it dysfunctional. This 

prevented NaV1.5 ubiquitination and subsequent removal from the PM, resulting in 

an accumulation of channels at the cell surface and thus a gain-of-function 

phenotype. At the other end, the BrS-associated mutation creates an additional PY 

motif, which resulted in increased ubiquitination and clearance of NaV1.5 from the 

PM, leading to a loss-of-function phenotype. Internalization of NaV1.5 was likely 

followed by proteasomal degradation, as proteasome inhibitors restored mutant 

channel levels to those similar in the WT (Figure 13) 126,127.  
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Figure 13. Alterations in ubiquitin-mediated endocytosis of NaV1.5. NaV1.5 is 

synthesized in the ER and exported to the Golgi apparatus to reach the PM. Once at the 

PM, its PY motif can be recognized by the WW domain of the HECT-type E3 ubiquitin 

ligase Nedd4-2, which binds to proline-rich motifs. Ubiquitination (Ub) of NaV1.5 promotes 

its internalization and targeting to degradation at the proteasome, or perhaps in the 

lysosome. BrS- and LQTS type 3-associated mutations, respectively, create an additional 

NaV1.5 PY motif, or remove the existing one, leading to lack or surplus of channels at the 

PM.  Adapted from 127.  

 

1.7 Pathogenic NaV β2 subunit 

In current genetic counseling, SCN2B is regularly screened for potentially 

pathogenic variations 73. So far, three SCN2B variants, resulting in amino acid 

changes, have been linked to two diseases. On the one hand, R28Q and R28W, 

located at the signal peptide of β2, were found associated with AF. In CHO cells, 

co-expression of NaV1.5 and mutated β2 reduced ~30% the INa peak and affected 

the voltage dependence of activation compared to the WT 4. On the other hand, 

D211G, in the β2 ICD, was found associated with BrS. In CHO cells, co-expression 

of NaV1.5 and mutant β2 reduced ~40% the INa peak, and also cell surface NaV1.5 

levels in comparison to the WT, suggesting a trafficking defect 3. 

Aside from these three variants, a growing number of SCN2B variants are 

potentially associated with cardiac diseases, often detected in combination with 
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other potentially pathogenic variants, as seen in ClinVar 128. For the 

aforementioned evidence regarding β2 function and association with disease, it 

becomes a key requirement to understand the molecular mechanisms governing 

β2 biology and how the disruption of these may underlie AF, BrS and the 

alterations seen in transgenic animals and model cell systems. 

β2 is a protein of 215 amino acids: the first 29 amino acids correspond to the signal 

peptide, residues 30-159 are the extracellular domain, residues ~160-180 are the 

TMD, and residues 181-215 comprise the ICD (UniProt O60939) 129. Within this 

relatively simple architecture, several sites stand out. On the extracellular domain, 

there are three predicted N-glycosylation sites, i.e. at Asn N42, N66 and N74. Cys 

C55 is available to form a disulfide bond with the NaV α subunit. A disulfide bond 

from C50 to C127 holds the Ig-like loop. An additional disulfide bond between C72 

and C75, a unique feature among β subunits, has also been described 96,129,130. In 

the intracellular side, C182 may be S-acylated/palmitoylated, based on β1 analogy 
2,131. S192 and T204 are putative phosphorylation sites 129. Flanking the TMD, on 

the extracellular face, β secretase then cleaves likely between L147 and M148, 

and ɣ secretase cleaves the ICD (Figure 14) 90. 
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Figure 14. Sequence and domain architecture of the β2 subunit. Of its 215 amino 

acids, the first 29 correspond to the predicted N-terminal (N-ter.) signal peptide. It is worth 

noting the extracellular Ig-like loop. The TMD, which expands along ~ 20 residues, and is 

probably associated with lipid rafts, is followed by a short C-terminal domain. Asterisks 

denote the approximate location of cleavage sites by β-secretase (L147/M148; *) and ɣ-

secretase (**). Pathogenic mutations, i.e. the AF-associated R28Q and R28W, and the 

BrS-associated D211G are shown in pink background; see the text for more details. 

Adapted from  1. 

Although mutations in β2 have a modest influence on the biophysical properties of 

the NaV, so far the literature suggests a role by β2 in promoting trafficking of the 

NaV to the cell surface. In order to rigorously explore this function of β2, one must 

first dissect the mechanisms governing trafficking and localization of β2, to then 

assess β2 influence on the main cardiac NaV.  
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2.HYPOTHESES 
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2. Hypotheses  
 

The dysfunctional trafficking and localization of the NaV and other ion channels 

define a subset of channelopathies with a high risk of sudden death. This way, the 

functional localization of the NaV to the CM sarcolemma is as important as its 

correct functioning. The intracellular transport pathways that establish the highly 

specialized CM polarity are poorly understood; however, it is well known that at the 

CM sarcolemma different pools of VGIC confer the CM with its unique conduction 

and excitability properties. Evidence from a BrS-associated variant indicates that 

the NaV β2 subunit has a role in regulating PM localization of NaV1.5. Despite this, 

even a basic understanding of β2 and NaV1.5 trafficking and localization in a 

relevant model of cell polarity is missing. Other β subunits, namely β1, have been 

found to exert different roles, both in and outside the context of the NaV α subunit. 

Such effects are mediated by their functional architecture and PTMs. 

Thus, we hypothesize that β2 displays a specialized subcellular distribution in 

polarized cells. More precisely, we propose that specific sequence motifs in the 

topology of β2 determine its polarized trafficking to the PM and regulate its effect 

on NaV1.5 subcellular localization. Specifically, we propose that (1) glycosylation at 

predicted sites allows its exit from the ER and arrival to the PM; (2) S-

palmitoylation facilitates β2 partitioning to subcellular domains of the PM; and (3) 

the ICD anchors β2 to the submembrane actin cytoskeleton. Importantly, we 

suggest that some of these elements in β2 are important to promote cell surface 

localization of NaV1.5. 
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3. Objectives 
 

In the present work, we aim to dissect the polarized trafficking and localization of 

the NaV β2 subunit in polarized Madin-Darby canine kidney (MDCK) cells, and its 

role in regulating the subcellular localization of the NaV1.5. Specifically, we aim: 

 

 To determine the subcellular localization of β2 and NaV1.5 in polarized 

MDCK cells. 

 To determine the glycosylation pattern of β2 and its effect on the subcellular 

localization of β2 and NaV1.5. 

 To assess whether β2 is S-palmitoylated and if this PTM partitions the 

protein to subdomains of the PM. 

 To determine if cholesterol association and transport underlies β2 polarized 

trafficking. 

 To explore β2 stability and dynamics at the PM. 

 To investigate trafficking and effect on NaV1.5 localization in polarized cells 

of the BrS-linked β2 mutant D211G. 
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4.MATERIALS AND 

METHODS 
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4. Materials and methods 
 

4.1 Plasmid vectors, cDNA cloning and site directed 

mutagenesis 

The vector with FLAG-tagged human SCN5A cloned in pcDNA3.1 has been 

described. The FLAG tag, located in the extracellular loop between segments S1 

and S2 of domain I (between Pro154 and Pro155), does not alter the biophysical 

properties of NaV1.5 132,133. Vectors containing the SCN5A-yfp cDNA, or that of 

SCN2B fused to cfp (generated from vectors pEBFPN1-β1 and pEGFPN2-β2, from 

rat and human, respectively), have also been described. In all these, the 

fluorescent protein was fused to the C-terminal end, and in neither case the tag 

alters NaV properties (134 and our unpublished data). The SCN2B-yfp vector was 

made by double digestion of the SCN2B-cfp vector with NheI/NotI and subcloning 

of the SCN2B insert into a pcDNA3-yfp plasmid (Addgene). Following the 

manufacturer’s instructions, the QuikChange Lighting Site-Directed Mutagenesis 

Kit (Agilent Technologies) was used to introduce the BrS-linked mutation D211G in 

SCN2B, as previously 3.  

The same method was used to change Asn for Gln at predicted β2 N-glycosylation 

sites 135, thus preventing potential N-glycosylation of the expressed protein. Human 

SCN2B (designated in the Consensus Coding Sequence database (CCDS) with ID 

8390.1), containing the desired mutation, was used as a template. Complementary 

primer pairs for PCR were designed with the QuikChange® Primer Design 

Program (Agilent) and synthetized by Metabion International AG. Sequences were 

sense: 5'-CCCTCAACGTCCTCCAGGGCTCTGACGCCCG-3' and antisense: 5'-

CGGGCGTCAGAGCCCTGGAGGACGTTGAGGG-3' (N42Q); sense: 5'-

CACAAACAGTTCTCCCTGCAGTGGACTTACCAGGAGTGC-3' and antisense: 5'-

GCACTCCTGGTAAGTCCACTGCAGGGAGAACTGTTTGTG-3' (N66Q); sense: 5'-

ACTTACCAGGAGTGCAACCAGTGCTCTGAGGAGATGTTC-3' and antisense: 5'-

GAACATCTCCTCAGAGCACTGGTTGCACTCCTGGTAAGT-3' (N74Q). (Mutated 

bases are marked in bold and underlined.) All possible combinations of mutant β2 

were generated: N42Q, N66Q, N74Q, N42Q / N66Q, N42Q / N74Q, N66Q / N74Q, 

and N42Q / N66Q / N74Q. 

SCN2B Cys-182 was changed for Ser (changing to Ser intends to avoid affecting 

the protein's tertiary structure); Cys-182 is the single intracellular Cys in β2, which 

appears to be conserved among species 80 and we hypothesized that it could be S-

acylated by analogy to similar single pass TM proteins 47. Both SCN2B-yfp and 

SCN2B-cfp vectors were made to express β2 C182S. Sequences were as follows: 
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5'-GTGCTGATGGTGGTCAAGAGTGTGAGGAGAAAAAAAG-3' (sense) and 5'-

CTTTTTTTCTCCTCACACTCTTGACCACCATCAGCAC-3' (antisense); mutated 

bases are marked in bold and underlined. 

 

To generate a tail-minus β2-YFP, the following primer pairs were used to remove 

the ICD, equivalent to amino acids 182-215: 5'-GCTGATGGTGGTC-----

GCGGCCGCGATGG-3' (sense) and 5'-CCATCGCGGCCGC-----

GACCACCATCAGC-3' (antisense); the location of the sequence removed is 

indicated with a dashed gap. Since β2 lacking the ICD (181X) was poorly 

expressed, we added a (Gly-Gly-Ser-Gly)2 linker between residue 181 and the YFP 

tag, using the following primer pairs: 5'-

GCTGATGGTGGTCGGTGGTTCTGGTGGTGGTTCTGGTGCGGCCGCGATGG-3' 

(sense) and 5'-

CCATCGCGGCCGCACCAGAACCACCACCAGAACCACCGACCACCATCAGC-

3' (antisense); introduced bases are marked in bold and underlined.  

Construction of the IRES-containing bicistronic vector encoding human SCN2B 

with gfp (SCN2B:gfp), WT or bearing the D211G mutation, has been previously 

published 3. 

All constructs were verified by sequencing. 

 

4.2 Cell culture techniques 

MDCK cells II and transfectant derivatives were maintained in Minimum Essential 

Medium with Earl’s salts, supplemented with 10% FBS and 1% GlutaMAXTM 

(Gibco). To generate a fully polarized monolayer, cells were grown in 

polycarbonate Transwell filters of 12 mm diameter and 0.4 μm of pore size for at 

least 3 days (Corning-Costar), as described  136. Transfections were performed 

following the manufacturer’s instructions with Lipofectamine® 2000 in Gibco Opti-

MEMTM I reduced-serum medium (Invitrogen), as described 137. Briefly, cells were 

seeded and immediately transfected – in suspension – with plasmid DNA at 1 μl 

transfection reagent/μg DNA. Unless otherwise specified, cells were seeded as 

follows: 400,000 cells/Transwell; 350,000 cells/22 mm well (12-well plates), 1.2·106 

cells/35 mm well (6-well plates).  

To analyze β2 surface localization, by immunofluorescence or by cell surface 

biotinylation, we transfected 2 μg DNA vector per 22 mm well or Transwell to 

express β2. To analyze β2 and NaV1.5 surface localization by cell surface 

biotinylation, and for immunoprecipitation and immunofluorescence experiments, 
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we transfected, per 35 mm well, 2 µg of DNA vector to express β2 and/or 3 µg 

SCN5A-FLAG vector; or, per Transwell, 1 µg of DNA vector to express β2 and/or 2 

µg SCN5A-FLAG vector. When indicated, in cotransfections of NaV1.5 and β2, the 

pEGFP-N1 vector (Clontech) was used as a control for β2-YFP. 

For experiments of Fluorescence recovery after photobleaching (FRAP), 180,000 

cells were seeded on ibidi® µ-slides with 4 wells Ph+ and a glass bottom, and 

transfected with 1.5 µg DNA vector to express β2. 

 

 

4.2.1 Generation of stable cell lines 

Transfections were performed by calcium phosphate co-precipitation, as described 
138, and single-cell clones then selected with 200 μg/ml G418 (Sigma). Positive 

clones for β2-YFP, β2-CFP, β2:GFP (WT and mutants), and for NaV1.5-YFP, were 

identified visually using the appropriate filter under a fluorescence microscope, and 

then confirmed by Western blotting. NaV1.5-FLAG-expressing clones were 

identified by Western blotting. Proper distribution of surface markers (gp114, 

apical; p58, basolateral) and tight junctions (ZO-1) was then verified by 

immunofluorescence, ensuring normal cell polarity. The cell lines expressing WT or 

mutant NaV1.5-YFP, NaV1.5-FLAG, β2-CFP, β2:GFP 139, β2-YFP 137 and BACE1 
140 have been described.  

 

4.2.2 Pharmacological inhibition of glycosylation  

To block N-linked protein glycosylation, cells were treated with TUN (Sigma 

T7765). TUN inhibits the initial events in glycosylation of Asn residues, resulting in 

the synthesis of totally unglycosylated proteins. TUN was first dissolved at 10 

mg/ml in dimethyl sulfoxide (DMSO). Cells were treated ~ 2 h after transfection 

with 0.3 µg/ml TUN for 24 h in complete medium; in untreated samples, an 

equivalent volume of solvent was added (0.003%). 

To inhibit O-linked protein glycosylation, cells were treated with benzyl-2-

acetamido-2-deoxy-α-D-galactopyranoside (Gal-NAc-α-O-benzyl; Sigma B4894), a 

competitive inhibitor of the glycosyltransferase incorporation of glucosamine into O-

glycans 141. Gal-NAc-α-O-benzyl was first dissolved at 100 mg/ml in DMSO. Cells 

were treated ~ 2 h after transfection with 2 mM Gal-NAc-α-O-benzyl for 24 h in 

complete medium; in untreated samples, the equivalent volume of solvent was 

added (0.6%). 
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4.2.3 Treatment with Brefeldin A (BFA) 

To block transport from the ER to the Golgi, cells were treated with the fungal drug 

BFA (Thermo Fisher Scientific 00-4506-51). BFA reversibly inhibits a GTPase 

activity necessary for coat formation on Golgi membranes, which ultimately 

induces a redistribution of Golgi components to the ER 142. Cells were treated ~ 2 h 

after transfection with 1.5 µg/ml BFA o/n in Opti-MEM (BFA was purchased already 

dissolved at 3 mg/ml in methanol); in untreated samples, an equivalent volume of 

solvent was added (0.05%). 

 

4.2.4 Pharmacological depletion of cholesterol 

In all treatments, cells were first rinsed twice in DPBS+ (DPBS with divalent 

cations) and the drug was added in Opti-MEM, which lacks cholesterol and 

lipoproteins, thus preventing cells from obtaining exogenous cholesterol. In 

untreated controls, an equivalent volume of the drug solvent was added. 

 

Except when otherwise indicated, cells were treated for 1 h with 10 mM methyl-β-

cyclodextrin (MβCD, Sigma 332615) to acutely deplete cell surface cholesterol 143. 

MβCD was dissolved directly in Opti-MEM and prepared fresh at the indicated 

concentration; dose and time of incubation were previously titrated by ensuring 

absence of non-specific effects in localization of surface markers. 

 

Cells were treated for 24 h with U18666A (Sigma U3633) to inhibit intracellular 

cholesterol transport 144. U18666A was added at the indicated concentration from a 

stock solution at 10 mg/ml in DMSO, previously aliquoted and stored at -20ºC. 

 

To inhibit cholesterol synthesis 145, cells were pretreated overnight in some 

experiments with lovastatin (aka mevinolin, Sigma PHR1285) at the indicated 

concentration, prepared from a stock solution, as follows. Hydrolysis of its lactone 

ring to get the β-hydroxy acid open ring form, i.e. the active form, was done in 

ethanolic NaOH, as described 146. Briefly, lovastatin was first dissolved at 40 mg/ml 

in ethanol. Then, 0.1 N NaOH at 1.5-fold the volume of ethanol was added, and the 

mixture heated for 2 h at 50°C. The solution was rapidly cooled on ice until r.t. and 

the pH then adjusted to 7.2 with HCl. It was then brought to 10-fold the initial 

volume of ethanol with sterile H2O. The resulting solution (4 mg/ml, i.e. 10 mM) 

was aliquoted and stored at -20°C. 
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4.3 Biochemistry 

4.3.1 In vitro protein deglycosylation 

Deglycosylation was performed in whole cell lysates. Reactions were stopped with 

Laemmli buffer. To remove completely N-glycans, we used PNGase F (NEB 

P0708), which cleaves off the bond between Asn and the first GlcNAc moiety, 

liberating the entire N-glycan. The protocol by New England Biolabs (NEB) was 

used. Briefly, 10 µg protein were denatured for 10 min at 100ºC in 10 µl 

Glycoprotein Denaturing Buffer (0.5% SDS with 40 mM DTT). The reaction with 1 

µl PNGase F (500 units) was then performed in 20 µl total volume, including 

GlycoBuffer 2 (50 mM sodium phosphate at pH 7.5) and containing 1% Nonidet P-

40, by o/n incubation at 37°C. 

To discern between simple and complex N-glycosylation, we used Endo H (NEB 

P0702), which cleaves N-glycans between the two GlcNAc moieties in the core 

region of the glycan chain on high-mannose and hybrid, but not complex, glycans. 

Similarly, 7.5 µg protein were denatured for 10 min at 100ºC in 10 µl Glycoprotein 

Denaturing Buffer. The reaction with 1 µl Endo H (500 units) was then performed in 

20 µl total volume, including GlycoBuffer 3 (50 mM sodium acetate at pH 6), by o/n 

incubation at 37°C. 

To cleave terminal sialic acids, from N- and O-glycans, we used α2-3,6,8 

neuraminidase (NA; NEB P0720), which hydrolyzes α2-3, α2-6, and α2-8-linked 

sialic acid residues from glycoproteins and oligosaccharides. Here, 2 µl NA (100 

units) were added to 3.5 µg protein in 20μl GlycoBuffer 1 (5 mM CaCl2 in 50 mM 

sodium acetate at pH 5.5) and incubated o/n at 37°C. To ensure proper visibility in 

gels with samples from double mutants, twice the amount of protein and enzyme 

were used in digestions with Endo H and NA. 

In experiments addressing the effect of BFA, material obtained by surface protein 

biotinylation (see below) was also digested with Endo H. Here, o/n NeutrAvidin 

pulldowns were resuspended in 20 µl Glycoprotein Denaturing Buffer and 

denatured as above to release the protein from beads. Beads were then spun 

down and 10 µl of supernatant were deglycosylated in GlycoBuffer 3 as above 

using 3-times as much enzyme. 

 

4.3.2 Isolation of detergent-resistant membranes (DRM) 

The procedure followed has been described 147, which we modified slightly, as 

follows. The whole process was performed at 4ºC and buffers were supplemented 
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with a cocktail of protease inhibitors. Confluent cells – 4 x 10-cm dishes per 

condition – were homogenized in 20 mM HEPES/NaOH pH 7.4, containing 1 mM 

EDTA and 250 mM sucrose (4 ml in total), by 30 passages through a 22-gauge 

needle. The homogenate was centrifuged at 255,000 gmax for 90 min in a Beckman 

MLA-130 rotor. The pellet was then resuspended in 1 ml MBS buffer (25 mM 

MOPS/NaOH pH 6.5 with 150 mM NaCl), containing 1% Triton X-100, and left on 

ice for 20 min. This solubilized material was then resuspended with 30 passages 

through a 22-gauge needle and mixed with an equal volume (1 ml) of 90% (w/v) 

sucrose (in H2O), which was then overlaid with 35% sucrose (2 ml) and 5% 

sucrose (1 ml), both prepared in detergent-free MBS. Samples were centrifuged at 

235,000 gav overnight in a Beckman SW 55 Ti Rotor, and 0.5 ml fractions were 

collected from top to bottom. The upper 2-3 fractions are those detergent-insoluble 

and thus defined as DRM. 

 

 

4.3.3 Acyl-Biotin Exchange (ABE) assay 

Detection of protein S-acylation (which we will refer to here as palmitoylation, as 

the most common form of S-acylation) was done by immunoprecipitation and acyl-

biotin exchange (ABE). 400,000 cells/35-mm well (6-well plates) were seeded and 

allowed to grow until confluence for 3 days. Immunoprecipitation was done 

essentially as described 139. Here, cells were lysed at 4ºC with 1% (w/v) IGEPAL® 

CA-630 (formerly, Nonidet P-40) in 20 mM Hepes/NaOH at pH 7.2 containing 150 

mM NaCl; all buffers were prepared fresh and supplemented with a protease 

inhibitors cocktail. To ensure exhaustive blocking of free sulfhydryl groups (thiols), 

50 mM N-ethylmaleimide (NEM; Thermo Fisher Scientific 23030) was included, 

essentially as described 148. Immunoprecipitation of β2-YFP was performed for at 

least 1 h with an anti-GFP antibody previously conjugated to Protein A-agarose 

beads (Thermo Fisher Scientific 15918-014) at 0.5 µg IgG per sample. Extensive 

washing of immunoprecipitates at 4ºC was required to ensure total removal of 

residual NEM, as described 149. Next, cleavage of the acyl-thioester bond with 1 M 

hydroxylamine (HAM·HCl; Thermo Fisher Scientific 26103) in DPBS was 

performed for 1 h at r.t. after adjusting the pH to 7.2 with NaOH. Then, the free 

sulfhydryl residues generated were specifically labeled with EZ-Link™ BMCC-

Biotin (Thermo Fisher Scientific 21900) at 40 µM in DPBS, previously adjusted to 

pH 7.0 with HCl, for 2 h at r.t.; an 8 mM stock solution of BMCC-Biotin in DMSO 

was prepared immediately before use. Finally, beads were washed, immobilized 

proteins were eluted in Laemmli buffer, and then analyzed by anti-biotin western 

blot to detect biotinylated (acylated) and total β2 in immunoprecipitates. 
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Various controls were performed. First, NEM was not included. Without NEM, 

several non-specific bands appear as a result of the presence of free, unblocked 

thiol groups in proteins that are subsequently biotinylated and detected; including 

NEM in immunoprecipitations, such bands are absent. Second, the assay was 

performed omitting HAM cleavage. Without HAM, palmitoyl chains are not removed 

and their otherwise free thiols cannot be biotinylated and detected; this serves as a 

control for potential contaminants of the immunoprecipitation and for unspecific 

biotinylation. Third, as a negative control for palmitoylation, an irrelevant, not 

palmitoylated protein was immunoprecipitated, and the sample was subjected in 

parallel to ABE; we chose Vps26, which is enriched in the endosomal compartment 

of MDCK cells 150. And fourth, metabolic labeling with the palmitate analog 2-

bromopalmitate (aka 2-bromohexadecanoic acid, 2-BP; Sigma 238422) was 

performed to inhibit palmitoylation in cells. Prior to the experiment, cells were 

grown for 1 h in medium containing 2% serum, and 2-BP was added at increasing 

concentrations (within the µM range, from a 100 mM stock prepared fresh in 

ethanol), and left for 1 h more; an equivalent volume of solvent was added in 

untreated controls. 

 

4.3.4 Cell surface biotinylation and endocytosis 

Surface protein biotinylation was done with EZ-Link™ Sulfo-NHS-SS-Biotin 

(Thermo Fisher Scientific 21441), a water-soluble and membrane impermeable 

reagent. The procedure followed has been described previously in detail 139,140. 

Unless otherwise specified, 9/10th of cell lysate were subjected to overnight 

pulldown with NeutrAvidin (Thermo Fisher Scientific 53150) and analyzed by 

western blot along with the remaining 10% (referred to as lysate). Quantitation of 

blotted protein bands in lysates and pulldowns was performed as described 139, 

using the ImageJ program, as follows. We first estimated the relative presence of a 

protein at the cell surface over its total amount in the lysate by dividing arbitrary 

units/μg obtained from quantitations of each band in the pulldown over its 

corresponding lysate. This variable (efficiency of arrival to the cell surface or 

pulldown) was expressed over 1. This was done for NaV1.5 or β2, and the 

corresponding internal controls, i.e. gp114 or Na/K-ATPase, as apical and 

basolateral markers in MDCK cells, respectively, or simply using the latter in non-

polarized MDCK cells. Next, the ratio of pulled down NaV1.5 or β2 (at the surface) 

over each control protein was obtained by dividing their efficiencies. This ratio was 

also expressed over 1. To control for specificity, untransfected MDCK cells were 

always processed in parallel, and we only considered those experiments in which 

bands for NaV1.5 and β2 were clearly visualized only in lysates and pulldowns of 

transfected cells and with comparable intensity levels. 
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To examine endocytosis of β2 from the apical surface, we proceeded as described 
140. Briefly, the apical surface of polarized MDCK cells was biotinylated. We then 

examined β2 endocytosis at 37ºC upon glutathione cleavage of surface-exposed, 

biotinylated proteins. By reducing the disulfide bond of the biotin reagent, 

glutathione removes the biotin tags from the labeled membrane proteins. Since 

glutathione does not permeate into cells, intracellular biotin moieties of 

endocytosed proteins remain protected, being then detected by western blot. An 

additional Transwell was left untreated, representing at time zero the total amount 

of biotin reagent bound to surface proteins. 

 

4.3.5 Sample preparation and western blot 

Protein determination from cell lysates was done with the bicinchoninic acid assay 

(Thermo Pierce). Samples for SDS-PAGE were prepared in Laemmli buffer by 

heating at 95°C for 5 min and protein transfer to polyvinylidene difluoride (PVDF) 

membranes was done overnight without SDS. Samples analyzing NaV1.5 were 

prepared in Laemmli buffer by heating at 70°C for 10 min, and protein transfer to 

PVDF membranes was done for 30 h in the presence of 0.01% SDS to optimize 

NaV1.5 solubilization and transfer. The immunoreactive bands were visualized 

using enhanced chemiluminescence (Pierce) on GE Amersham ECL Hyperfilm or 

using the image analyzer Bio-Rad ChemiDoc MP. Stripping for antibody reprobing 

was done for 30 min by gentle shaking in 25 mM glycine/HCl pH 2.0 containing 1% 

SDS. 

Protein from DRM fractions was concentrated by precipitation with trichloroacetic 

acid (TCA, Sigma T6399), as follows. The procedure was performed at 4ºC. To a 

given volume of each collected fraction, all containing an identical amount of 

protein, e.g. 6 µg, 1/10th of a 100% (w/v) TCA solution was added (previously 

prepared by dissolving 220 g TCA in 100 ml H2O). After vigorous vortex, the 

mixture was left on ice for 10 min and microfuged for 15 min at maximum speed. 

After removing the supernatant, 1 ml acetone (stored at -20ºC) was added, without 

loosen up the pellet, and spun again. The pellet was then allowed to dry, dissolved 

in Laemmli buffer, and processed as above, ensuring here to reach an adequate 

pH for SDS-PAGE by adding, if needed, 1 M Tris/HCl at pH 8.8. 

 

 

4.4 Antibodies 

Some antibodies were provided by other researchers and have been previously 

described. These include the rabbit polyclonal antibodies to BACE1 151, to Vps26 
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and to Vps35 152; the mouse monoclonal antibodies to gp114 (a cell adhesion 

molecule) and to p58 (the Na/K-ATPase β subunit) 153; and the rat monoclonal 

antibody against ZO-l 154.  

 

Commercial mouse monoclonal antibodies used were: From BD Transduction 

Laboratories, to flotillin-1 (610820), to EEA1 (610457), to GM130 (610822), and to 

SNX2 (611308); from Abcam, to the Na/K-ATPase α1 subunit (ab7671), to GFP 

(ab1218), and to TGN46 (ab7671); and from Sigma, to FLAG (F3165). 

 

Commercial rabbit polyclonal antibodies used were: From BD Transduction 

Laboratories, to caveolin-1 (610060); from Abcam, to biotin (ab53494), to calnexin 

(ab75801), and to GFP (ab290); from Alomone, to NaV β2 (ASC-007) and to NaV1.5 

(ASC-013); from Sigma, to actin (A2066); and from Thermo Fisher, the antibody 

included in the Vybrant® Lipid Raft Labeling Kit V-34405 to the cholera toxin (CTX) 

B subunit. 

 

Secondary antibodies HRP-conjugated for western blot were from Jackson 

ImmunoResearch (codes 111-035-003 and 115-035-003), and Alexa Fluor®-labeled 

for immunofluorescence were from Molecular Probes-Invitrogen (excitation 

wavelength peak – in nm – Ex 488, goat anti-rabbit A-11008; Ex 594, goat anti-

mouse A-11005; Ex 633, goat anti-rabbit A-21070; and Ex 633, goat anti-rat A-

21094). 

 

4.5 Confocal Imaging and Quantitative Image Analysis 

MDCK cells were analyzed at subconfluence on glass coverslips or grown 

polarized in 12 mm Transwells. Cells were fixed with paraformaldehyde and 

immunostained, essentially as described 139,140. When indicated, the cell surface 

was outlined with Alexa Fluor 633®-labeled phalloidin (Molecular Probes), and 

DAPI (4',6-diamidino-2-phenylindole) was used to stain the nuclei. 

High magnification images were taken on a Nikon A1R confocal microscope with 

an oil-immersion objective (Plan-Apo 100X, 1.4 NA) at 512 x 512 pixel (0.9 

µm/pixel) using the NIS-Elements AR software, as described 150. As previously, 

images were exported to TIFF format and 3D volume co-localization was analyzed 

throughout the entire cell without image preprocessing. Since the ratio of two 

potentially co-localizing probes was expected to vary widely, and their intensities 

not to be related by a simple, linear relationship, we estimated co-localization by 

calculating the Manders’ M1 and M2 coefficients. Defined as the fraction of the 

total amount of a probe localizing to compartments labeled with a second probe, 
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these coefficients are unaffected when signals change not proportionally and are 

useful when the two probes distribute into different sort of compartments 155,156. 

Image analysis was performed with Fiji, the ImageJ-based package that includes 

the JACoP plugin for co-localization analysis. For determination of Manders’ 

coefficients, and to avoid underrepresentation of the correlation between two 

probes when one was not uniformly represented, such as in transiently transfected 

cells, images were cropped prior to analysis; this ensured that the region of interest 

analyzed contained essentially structures expressing the exogenous protein 156. 

Incorporation of negative controls and adjustment of threshold values for image 

noise correction were done as described 150. Random overlap was considered 

negligible and thus not subtracted from measurements.  

To analyze the effect of β2 in surface localization of NaV1.5, polarized MDCK cells 

co-expressing measurable levels of both proteins were selected for analysis. 

Optical slice thickness of apical-to-basal z-stacks was 0.5 μm. To analyze 

localization of NaV1.5 close to, and at the apical membrane, we calculated the 

corrected total cell fluorescence (CTCF) along 3D reconstructions, as previously; 

CTCF is based on the integrated density, i.e. the product of the average 

fluorescence in each section and its area 150. In non-polarized cells, we first 

determined the presence of β2 at the PM, and then its effect on Nav1.5 

localization, as follows. Cells were processed for immunofluorescence to localize 

the PM marker Na/K-ATPase. A z-stack of images was taken at 0.25 μm optical 

slice thickness. Using a Fiji tool created by our Research Technical Services, 

which was named plot3colors, we drew 4 straight lines per cell, each of 30 pixels 

long (0.1 µm/pixel). Lines were drawn from the PM into the cytoplasm, 

approximately perpendicular to perfectly identifiable cell surface regions, as 

assessed by well-defined labeling of the Na/K-ATPase and/or β2. To achieve a 

broad representation of each cell, lines were distanced between each other ≥ 100 

pixels along the membrane perimeter. For each linear region individually, we 

calculated the fraction of fluorescence intensity/pixel over the pixel with maximum 

intensity (≥ 3 cells analyzed). We refer to this average percentage as mean 

fluorescence intensity (MFI); this was done for each channel and MFIs were then 

represented as line charts. The 5 most peripheral pixels were then considered as 

the cell end, or PM region, and the rest as intracellular localization. The rationale 

for this 5 pixel-limit was as follows: first, it was beyond this point that the Na/K-

ATPase MFI decreased by ≥ 50%; secondly, the axial resolution obtained in 

confocal microscopy is nearly 500 nm 155, matching the 5 pixels taken; and third, it 

fits within the range in which proteins localizing to the cell end have been 

previously identified 157. 
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4.5.1 Fluorescent labeling of membrane lipid rafts with the cholera toxin 

(CTX) B subunit (CTB) 

Cells were incubated with 10 µg/ml cholera toxin (CTX, Sigma C8052) for 10 min in 

complete medium at 4ºC; the CTX B subunit binds to lipid raft-associated 

ganglioside GM1 158. After extensive rinsing with ice-cold medium, cells were 

incubated at 4ºC with an anti-CTB antibody (at 1:200) for 15 min in complete 

medium. After extensive rinsing with ice-cold DPBS+, cells were fixed at r.t. with 4% 

paraformaldehyde for 10 min. Then, we proceeded with a 30 min incubation with 

an Alexa Fluor®-labeled secondary antibody in complete medium at r.t., nuclei 

staining with 4',6-diamidino-2-phenylindole (DAPI), and mounting of the slide for 

fluorescence microscopy analysis, as described 140. 

 

 

4.5.2 Fluorescence recovery after photobleaching (FRAP) 

Dynamics of fluorescently tagged β2 was monitored by fluorescence recovery after 

photobleaching (FRAP) essentially as described 137, with a few modifications. 

MDCK cells, transiently or stably expressing β2-YFP, were grown subconfluent (for 

2 days or as otherwise indicated) on ibidi® glass supports. For treatment with 

MβCD, and prior to the experiment, cells were incubated with increasing 

concentrations of the drug in Opti-MEM for 10 min. FRAP was performed in the 

presence of MβCD for up to an additional 30 min.  

Cells were placed in a live-cell imaging chamber at 37ºC and 5% CO2, and imaged 

through a water-immersion objective (Plan-Apo 60X, 1.2 NA) on a Nikon A1R 

confocal microscope. Confocal images were taken at 512 x 512 pixel (0.21 

µm/pixel). An argon laser with emission at 514 nm was used to image the YFP 

fluorescence and a 405 nm diode laser was used for photobleaching. The pinhole 

radius was set to 3 Airy Units, except when imaging large perinuclear ER 

structures, when the pinhole was set to 1 Airy Unit. 3 regions-of-interest were 

drawn: a bleached area, in which fluorescence recovery was recorded along time; 

a background area, outside obvious fluorescence labeling; and a non-bleached 

(reference) area, in a different cell displaying similar fluorescence intensity as the 

bleached cell. Both bleached and reference areas were circular regions with a 

nominal radius (rn) of 2 μm, except when imaging perinuclear ER structures, where 

rn was 1 μm, and also when otherwise indicated. 

Images were collected at a rate of 1 frame per second, as follows. First, 10 pre-

bleaching images were taken, and then bleaching was done for 5 seconds at 100% 

laser transmission. Immediately, post-bleaching images were captured until 
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fluorescence recovery reached a plateau, with a few exceptions: when comparing 

dynamics of β2-YFP WT with C182S, post-bleaching images were captured for 1 

min at 1 frame each 2 s; then, for 4 min at 1 frame each 8 s; and subsequently, at 1 

frame each 20 s until fluorescence recovery had reached a plateau. Finally, when 

comparing bleached area, post-bleaching images were captured for 1 min at 1 

frame each 7 s, and at 1 frame each 15 s until reaching the plateau. 

Similarly as described 159, we used the NIS-Elements AR software to measure 

average fluorescence intensities and to correct for background and acquisition 

photobleaching, taking into account background and reference fluorescence 

values, respectively. Next, data were normalized as follows. First, the lowest 

fluorescence value, obtained from the first post-bleaching recording, was 

subtracted from each time point value to set bleach depth to zero. Then, all values 

were divided by the value from the last pre-bleaching (10th) frame, i.e. right before 

photobleaching. From each curve, we then obtained three parameters: [1] the 

mobile fraction (MF), determined by averaging the fluorescence values of the first 

30 time-points throughout which the curve reaches a plateau (30 s), and 

expressing this value as a percentage of the maximum fluorescence at pre-

bleaching, indicates the portion of molecules that can undergo diffusion during the 

experiment; [2] the half-time of recovery (τ1/2), i.e. the time-point in which half of 

total fluorescence recovery has occurred (this value inversely correlates to the rate 

of diffusion, and therefore to the speed of molecule movement in the area 

analyzed); and [3] the diffusion coefficient (D), indicating rate of diffusion, and 

calculated applying the simplified Soumpasis equation 160: 

D = 0.25 · (rn
2 / τ1/2) 

 

4.6 Statistics 

All experiments were performed a minimum of three times. Data are expressed as 

mean ± SD or SEM, as indicated in figure legends and tables, and displayed as 

curves or bar graphs superimposed to scatter plots showing all the individual data 

points (when these are included). Statistical significance was calculated by the two-

tailed Student’s t-test, or by one-way ANOVA with Tukey's honest significant 

difference (HSD) or Dunnett’s post hoc tests, by using the R software for statistical 

computing 161, when differences among groups needed to be tested. P values are 

also specified in figure legends. 
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5. Results 

5.1 N-glycosylation is required for β2 trafficking to the 

plasma membrane 

In order to study the trafficking and function of β2 in the context of the heart, CMs 

would indeed be the most physiologically relevant model system. However, primary 

cultures of CMs do not divide and do not survive most biochemical treatments and 

assays. In addition, an important limitation to study trafficking in CMs is that their 

functional PM domains cannot be independently manipulated and analyzed in vitro. 

To get insights into the regulation of NaV1.5 targeting and localization by β2 to the 

CM sarcolemma, we used epithelial MDCK cells as a model system, an archetype 

for studying membrane trafficking and polarized sorting. MDCK cells grow 

polarized in Transwells, developing two well differentiated apical and basolateral 

membrane domains separated by tight junctions 162. Although MDCK cells have 

little resemblance to CMs, both are polarized cells, and the apical domain of MDCK 

cells may have important similarities to highly specialized membrane domains of 

excitable cells, like the neuron AIS and certain regions of the CM sarcolemma 1. 

 

5.1.1 β2 localizes to the apical domain of polarized MDCK cells 

To assess the distribution of β2 in our cell model of choice, we exogenously 

expressed β2-CFP in polarized MDCK cells. By immunofluorescence, β2 was 

almost exclusively found at the apical surface. Cell surface biotinylation confirmed 

the observation, with virtually no β2 detected at the basolateral domain (Figure 15). 
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Figure 15: In polarized MDCK cells, β2-CFP is at the apical surface. MDCK cells were 

transiently transfected with the SCN2B-cfp vector to express WT β2 and grown polarized 

in Transwells. (A) Cells were fixed and immunostained with a rabbit polyclonal antibody 

against β2 (green). Phalloidin (red) outlines the PM, and nuclear staining by DAPI is in 

blue. Images were obtained by confocal microscopy. Representative XY sections, taken at 

the apical level, and z-axis reconstructions (reciprocal XZ and XY sections are marked by 

a yellow dashed line) show that β2-CFP is restricted to the apical surface. Scale bar is 10 

μm. (B) Cells were biotinylated at 4ºC at the apical (A) or basolateral (B) surface, or 

simultaneously at both (AB). Representative western blots show β2-CFP enrichment over 

the lysate (L; 20 μg) in biotin-NeutrAvidin pulldowns (pull; ~ 200 μg protein) obtained from 

the apical but not the basolateral surface, contrasting with the basolateral localization of 

Na/K-ATPase.  Molecular weight markers are shown in kilodaltons (kDa).  
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5.1.2 β2 is N-glycosylated and sialylated 

As exogenously expressed β2 localizes almost exclusively at the apical domain in 

polarized MDCK cells, we first addressed how β2 is preferentially targeted to this 

surface domain. Both N- and O-linked glycosylation are common apical sorting 

signals 163,164. The extracellular domain of β2 has three predicted N-glycosylation 

sites, i.e. Asn-42, Asn-66 and Asn-74 165, that follow the Asn-X-Ser/Thr (NxS/T) 

motif, being x any amino acid except Pro 135. We therefore systematically mutated 

these to Gln, which is never glycosylated due to its different conformation, and 

transiently expressed YFP-tagged β2 in MDCK cells. Consequently, all mutants 

showed increased electrophoretic mobility, with N42Q displaying the highest 

increase, followed by N74Q and N66Q, the latter, with a minor, albeit measurable 

shift. This variable mobility may be due to different degrees of glycosylation on 

each specific site and/or changes on overall glycoprotein size or charge; the triple 

(fully) unglycosylated mutant showed complete reduction in apparent mass, no 

longer appearing as a smear, with double mutants migrating in between (Figure 

16A). To verify that β2 variants were indeed N-glycosylated, cells were lysed and 

treated with peptide:N-glycosidase F (PNGase F), which cleaves off the bond 

between Asn and the first GlcNAc moiety, liberating the entire N-glycan 166. Upon 

treatment, WT and mutants displayed identical mobility to that of fully 

unglycosylated β2 (Figure 16B). To confirm that β2 glycosylation takes place in 

cells, these were treated with TUN, or with Gal-NAc-α-O-benzyl, to block N- or O-

glycosylation, respectively. As a result, β2 WT became fully deglycosylated only 

with TUN, remaining unaffected with Gal-NAc-α-O-benzyl (Figure 16C). These data 

show that β2 is N-glycosylated, but does not undergo O-glycosylation. 
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Figure 16. β2 is N-glycosylated at positions Asn-42, Asn-66 and Asn-74. MDCK cells 

were transiently transfected with the SCN2B-yfp vector to express WT, partially or fully 

unglycosylated β2, or left untransfected (utf). (A, B) Cells were grown for 2 days in wells. 

Representative western blots are shown with the same amount of protein lysate loaded 

into each lane. (A) All glycosylation-defective mutants display increased electrophoretic 

mobility, with N42Q as the single mutant with the greatest change, and triple (fully) 

unglycosylated β2 showing complete shift. (B) Denatured protein from cell lysates was 

treated o/n at 37°C with PNGase F to cleave off all N-glycans. (C) Cells were treated with 

TUN, or with Gal-NAc-α-O-benzyl (GalNAc-O-bn), to block N- or O-glycosylation, 

respectively, and grown for 1 day in wells; β2 WT remains unglycosylated only with TUN. 

DMSO: indicates cells with the equivalent volume of solvent added, and "-", untreated 

cells. Blots for Na/K-ATPase or actin are included as loading controls. Molecular weight 

markers are in kilodaltons (kDa). 
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We next investigated the complexity of β2 N-glycosylation with Endo H, which 

cleaves high-mannose and hybrid, but not complex glycans, characteristic of late-

Golgi glycosylation 166. When cells were analyzed early (1 day) after transfection, a 

faster-migrating band, also visible in single and double mutants, suggested the 

presence of immature β2-YFP still unprocessed in the ER. Endo H treatment 

effectively increased the mobility of this band, which then coincided with 

unglycosylated β2, but did not affect mature β2 (Figure 17A and B). Thus, at that 

moment a considerable fraction of β2 had not yet undergone processing by Golgi 

α-mannosidase II 166. 

To further assess N-glycans complexity, cells were treated with a sialidase of 

broad substrate specificity, i.e. NA, which cleaves terminal sialic acids from both N- 

and O-glycans 166. In consequence, the slower-migrating band displayed a 

noticeable increase in mobility in β2 WT, N66Q and N74Q mutants, but not in β2 

N42Q. Similarly, no effect was seen in double mutants including the N42Q 

mutation, but it was clear in β2 N66Q / N74Q (Figure 17C and D). Because all 

variants with the N42Q mutation were insensitive to NA, we conclude that β2 is 

sialylated uniquely at Asn-42.  

Figure 17. β2 undergoes complex N-glycosylation and is sialylated at Asn-42. MDCK 

cells were transiently transfected with the SCN2B-yfp vector to express WT, partially or 

fully unglycosylated β2, and grown for 1 day in wells. Representative western blots are 
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shown with the same amount of protein lysate loaded into each lane. Note that immature 

(unprocessed) β2 is clearly discernible from the slow-migrating mature form (compare with 

Figure 16). (A, B) Denatured protein from cell lysates was treated o/n at 37°C with Endo H 

to cleave off immature N-glycans (faster-migrating band) in β2. (C, D) Lysates were 

treated o/n at 37°C with NA to cleave off all terminal sialic acids. The upper band displays 

a slight increase in mobility in WT and single and double mutants not including the N42Q 

mutation (red fonts). Blots for actin are included in A and C as loading controls. (E) Blots of 

unprocessed lysates used in B and D show comparable amounts of actin, serving as 

loading controls. Note that β2 levels are slightly variable due to differences in transient 

expression. The division line in C separates different blots (taken from the same exposure) 

conveniently put together for clear display. Molecular weight markers are in kDa.  

 

5.1.3 N-glycosylation is required for efficient cell surface localization of β2 

Since glycosylation is a well-known mechanism for many proteins to efficiently 

reach the PM 164, we tested by protein biotinylation whether partially or fully 

unglycosylated β2 properly localizes to the cell surface. Only the triple mutant 

displayed a substantial defect, and band quantitation showed that it reaches the 

surface at a rate of ~ 1/3rd in comparison with the WT (Figure 18A and B). 

Moreover, the portion of unglycosylated mutant at the surface was only ~ 8% over 

total cellular β2 protein, contrasting with 25-30% by the WT and single or double 

mutants. A comparable defect was found in fully polarized cells. In these, the rate 

by which unglycosylated β2 reached the apical surface was also ~ 1/3rd relative to 

β2 WT or the partial mutants (Figure 18C and 18D). To note, all variants of β2 

remained nearly undetected at the basolateral surface, or at least clearly de-

enriched comparing with lysates, excluding a role of N-glycosylation in determining 

polarized distribution of β2 (Figure 18E). 
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Figure 18. N-glycosylation is required for efficient cell surface localization of β2. 

MDCK cells were transiently transfected with the SCN2B-yfp vector to express WT, 

partially or fully unglycosylated β2. Cells were grown for 2 days in wells (A, B) or polarized 

in TWs (C, D, E) and surface biotinylated at 4ºC. Representative western blots (A, C, E) 

and band quantitation (B, D) show that levels of fully unglycosylated β2 were reduced 

compared with the WT and partially glycosylated mutants in biotin-NeutrAvidin pulldowns, 
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both in subconfluent and in polarized cells. One-way ANOVA with Tukey’s HSD post hoc 

test highlighted these differences (B, *, p < 0.001; D, *, p < 0.05). Values underneath blots 

show the percentage of each β2 variant at the surface over total cellular β2 protein (A, C). 

(E) Representative western blot showing negligible levels of all variants of β2 (WT and 

mutants) in biotin-NeutrAvidin pulldowns of the basolateral (Basal) surface (utf, 

untransfected cells). (F, G) Cells were treated with TUN to block N-glycosylation, grown for 

1 day in wells, and surface biotinylated at 4ºC (UT, untreated cells). (F) Representative 

western blots and (G) band quantitation show absence of unglycosylated β2 in pulldowns 

(two-tailed Student’s t test show significant differences; *, p = 0.009). The same amount of 

protein was used to process each lysate (~ 130 μg), and the corresponding portion 

(9/10th) was subjected to overnight pulldown. Na/K-ATPase (A, E, F) or gp114 (C) were 

blotted as surface markers to correct for quantitations in pulldowns. All data are mean ± 

SD (error bars) (n ≥ 3). Molecular weight markers are in kDa. The division line in F 

separates different parts of the same blot (taken from the same exposure) conveniently put 

together for clear display. 

To determine the magnitude of glycosylation loss in trafficking deficiency of β2 over 

time, we analyzed its surface levels along various days from transfection. Indeed, 

the defect was maintained throughout time. Therefore, these data show that total 

lack of glycosylation significantly prevents β2 localization to the surface (Figure 

19). While a single glycosylation site appeared sufficient for proper surface 

localization of β2, TUN treatment further confirmed that unglycosylated β2 virtually 

does not reach the PM in cells (Figure 18F and 18G). 
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Figure 19. Defect over time in β2 surface localization due to lack of N-glycosylation. 

MDCK cells were transiently transfected with the SCN2B-yfp vector to express WT, 

partially or fully unglycosylated (UNG) β2. Cells were grown in wells for the indicated 

number of days and surface biotinylated at 4ºC. (A) Representative western blots and 

band quantitation (B-E) show that levels of fully unglycosylated β2 were reduced in 

comparison with the WT and partially glycosylated mutants in biotin-NeutrAvidin pulldowns 

(Membrane). Note that due to gradual loss of β2 transient expression, band intensity in 

lysates has decreased after 4 days, becoming then manifested non-specific (irrelevant) 

bands that migrate at similar molecular weight. One-way ANOVA with Tukey’s HSD post 

hoc test highlighted the differences, with a few exceptions (B, all p < 0.05, except 42 vs. 

UNG (p = 0.054); C, all p < 0.05 except 42 vs. UNG (p = 0.052) and 74 vs. UNG (p = 

0.189); D, p < 0.002; E, p < 0.005). The same amount of protein was used to process each 
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lysate (~130 μg), and the corresponding portion (9/10th) was subjected to overnight 

pulldown. Na/K-ATPase was blotted as surface marker to correct for quantitations in 

pulldowns. Data are mean ± SD (error bars) (n ≥ 3). Molecular weight markers are in kDa. 

We next determined in which subcellular compartment β2 trafficking becomes 

interrupted. To do so, cells were immunostained for detection of various subcellular 

markers of the endocytic and exocytic pathways. These included the EE marker 

EEA1, the late endosomal lysobisphosphatidic acid (LBPA), the lysosome-

associated membrane protein LAMP2, the cis-Golgi marker Golgi matrix protein of 

130 kDa (GM130), and the TGN marker TGN46. None of them overlapped 

markedly with unglycosylated β2 (Figure 20). However, an apparent overlap found 

with the ER chaperone calnexin indicates that a large portion of the triple mutant is 

retained at the ER membranes. Moreover, its pattern was highly comparable with 

that of β2 WT in cells treated with TUN (Figure 21A). Indeed, the Manders’ 

coefficient, to indicate the fraction of β2 overlapping to compartments labeled with 

calnexin, was ~ 0.7 in cells expressing unglycosylated β2 and in TUN-treated cells, 

in contrast with negligible overlap in untreated cells expressing β2 WT (Figure 

21B). In the latter, β2 outlined the cell end, displaying an obvious dotted pattern, 

which likely corresponds to β2 getting positioned at the developing apical surface, 

i.e. its final location in polarized cells. Because of its predominant surface 

localization, no manifested overlap was observed between β2 WT and any of the 

markers tested (Figure 20). Altogether, these data indicate that unglycosylated β2 

becomes retained in the ER.  

 

 

 



83 
 

 

Figure 20. WT or unglycosylated β2 do not overlap with various subcellular markers 

of the endocytic and exocytic pathways. MDCK cells were transiently transfected with 
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the SCN2B-yfp vector to express WT or fully unglycosylated β2 (ung), or left untransfected 

(utf), and grown for 1 day in wells. Cells were fixed and immunostained with an antibody 

against each of the subcellular markers tested (red). Images were obtained by confocal 

microscopy. In merged images, the YFP-emitted fluorescence is in green and DAPI is in 

grey. Representative XY sections (taken at the level where β2 is mainly found in each 

case) show peripheral and scattered staining of β2 WT, contrasting with the intracellular 

distribution of the unglycosylated mutant. In all cases, the pattern differs with that of the 

marker compared, not displaying any visible overlap. Scale bars are 10 μm. 

 

Figure 21. Unglycosylated β2 is retained in the ER. MDCK cells were transiently 

transfected with the SCN2B-yfp vector to express WT or fully unglycosylated β2 (ung), and 

grown for 1 day in wells. Cells were treated with TUN ~ 2 h after transfection, or left 

untreated (-), fixed, and immunostained with a rabbit polyclonal antibody against calnexin 

(red). (A) Representative XY sections show that unglycosylated β2 (green) is intracellular 

and overlaps with calnexin, as does the WT in TUN-treated cells. This contrasts with the 

localization of β2 WT at the cell end in untreated cells, also displaying a scattered pattern. 

To focus more accurately where β2 is found in each condition, sections were taken right 

above the nucleus (WT -) or at the nuclear level (for the rest). Nuclear staining by DAPI is 
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in blue. Scale bar is 10 μm. (B) Line chart showing Manders’ coefficients calculated along 

the cell z-axis and indicating the fraction of β2 overlapping to compartments labeled with 

calnexin. The high overlap in TUN-treated cells and in those expressing unglycosylated β2 

contrasts with negligible overlap in untreated cells expressing β2 WT. One-way ANOVA 

with Tukey’s HSD post hoc test revealed differences among means (*, p < 0.0005). Data 

are mean ± SD (n ≥ 3). 

 

5.1.4 Unglycosylated β2 can reach the cell surface by bypassing the Golgi 

compartment 

Even though unglycosylated β2 was retained in the ER, a small fraction reached 

the cell surface and, in polarized MDCK cells, even properly localized to the apical 

domain. We therefore tested whether blocking the ER-to-Golgi pathway with BFA 

would prevent arrival of immature β2 to the PM in a similar manner. Here, 

transfected cells were treated o/n with BFA and both lysates and pulldowns were 

then deglycosylated with Endo H. As expected, mature, fully glycosylated β2 WT 

was not visible in cells treated with BFA, confirming lack of processing by Golgi 

enzymes (Figure 22A). Upon Endo H treatment, the faster-migrating band 

(immature β2) increased its mobility, coinciding with unglycosylated β2 (Figure 

22A; see Figure 16A for comparison). Remarkably, this immature form was the 

only constituent of pulldowns from BFA-treated cells, indicating that it can reach 

the PM by bypassing Golgi glycosylation. Subsequently, pulldowns were also 

treated with Endo H, which again shifted a small fraction of immature β2 to the 

position of (faster-moving) unglycosylated (fully deglycosylated) β2 (Figure 22A). 

Albeit to a lesser extent, β2 WT was still enriched in pulldowns of BFA-treated 

cells. However, quantitation of western blots indicated that, similarly to 

unglycosylated β2, the ratio by which immature β2 reached the cell surface in BFA-

treated cells was only ~ 1/3rd as compared with untreated cells (Figure 22B). 

Proper validation that the drug produced accumulation of β2 in the ER was seen by 

its considerable overlap with calnexin (Figure 22D), whose pattern clearly differed 

from that of the cis-Golgi marker GM130, which became more tubulated and 

dispersed in the presence of BFA (see also Figure 23A). Thus, a large portion of 

β2 WT now appeared accumulated in enlarged calnexin-positive structures, often 

undistinguishable from unglycosylated β2 accumulations (arrowheads in Figure 

22D). Moreover, in untreated cells expressing low levels of unglycosylated β2, the 

mutated protein largely overlapped with calnexin, further confirming its retention in 

the ER (Figure 23B). 
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Figure 22. Brefeldin A (BFA) prevents complex glycosylation of β2, a fraction of 
which can reach the cell surface. MDCK cells were transiently transfected with the 
SCN2B-yfp vector to express WT or fully unglycosylated β2 (ung), then treated 2 h later 
with BFA (+), or left untreated (-), and grown o/n in wells. (A, C) Cells were surface 
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biotinylated at 4ºC. The same amount of protein was used to process each lysate (~ 100 
μg) and the corresponding portion (9/10th) was subjected to overnight pulldown. 
Denatured protein from cell lysates and pulldowns was treated o/n at 37°C with Endo H to 
cleave off immature N-glycans, or left untreated (-). Representative western blots show 
that the (lower) faster-migrating band of β2 WT is the only one visible in cells treated with 
BFA and increases its mobility with Endo-H; upon Endo-H treatment, this band (fully 
deglycosylated β2) coincides with unglycosylated β2 (C; compare with Figure 16A). Note 
that Endo-H digestion in pulldowns is only partial, either due to saturation of the enzyme or 
to suboptimal conditions for enzyme action. Blots for Na/K-ATPase are included as loading 
controls. Molecular weight markers are in kilodaltons (kDa). (B) band quantitation shows 
reduced levels of immature β2 in biotin-NeutrAvidin pulldowns (Membrane) of BFA-treated 
cells. Two-tailed Student’s t test shows significant difference (*, p < 0.05). Data are mean ± 
S.D. (error bars) (n ≥ 3). (D) Cells were fixed and immunostained with a rabbit polyclonal 
antibody against calnexin (red) and a mouse monoclonal to GM130 (blue). Representative 
XY sections show that β2 WT displays an intracellular accumulation in BFA-treated cells 
comparable to that of mutated β2 (green), grossly overlapping with calnexin in enlarged 
structures (arrowheads). This contrasts with its apparent PM localization in untreated cells, 
displaying also a scattered pattern that does not overlap with calnexin (sections were 
taken at the cell level where β2 is mainly found in each case). Nuclear staining by DAPI is 
in grey. Scale bar is 10 μm. 

 

Figure 23. Unglycosylated β2 is largely retained in the ER. MDCK cells were 

transiently transfected with the SCN2B-yfp vector to express fully unglycosylated β2 (ung), 

and grown o/n in wells (B); alternatively, cells were left untransfected and treated o/n with 

BFA 2 h after plating, or left untreated (-) (A). Cells were fixed and immunostained with a 

rabbit polyclonal antibody against calnexin (red), co-staining with a mouse monoclonal to 

GM130 (blue). (A) Representative XY sections (taken at the level where GM130 is mainly 

found) show that these markers do not overlap even in BFA-treated cells, although the 

GM130 pattern becomes more tubulated and disperse. (B) Representative XY sections 
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(taken at the level where β2 is mainly found) of untreated cells expressing low levels of 

unglycosylated β2 show its overlap with calnexin (arrowheads), confirming retention in the 

ER. Nuclear staining by DAPI is in grey. Scale bar is 10 μm. 

 

5.1.5 Dynamics of β2 in the plane of the membrane is not influenced by N-

glycosylation  

The data above provide strong evidence that N-glycosylation is required for β2 to 

reach the PM. It is plausible to contemplate that N-glycans ensure β2 

oligomerization and correct folding to exit the ER properly. In addition, 

glycosylation may favor β2 clustering at the TGN, which may in turn increase 

affinity to lipid rafts, for subsequent inclusion into apical transport carriers 167. Thus, 

we hypothesized that β2 dynamics in the plane of the membrane may be 

influenced by its glycosylation, which could have important functional implications. 

Movement of fluorescently tagged β2 was monitored by FRAP. The MF, that is, the 

portion of molecules undergoing diffusion, differed depending on the cell’s location 

where the measurement was taken. Hence, we chose three representative regions 

for analysis, i.e. at the cell end, mostly representing cell surface β2 (Figure 24A); 

within the cytoplasm matrix, likely including the dispersed ER network as well as 

clusters of β2 near the surface (Figure 24B); and in vesicular structures of 

unknown nature, which may represent large perinuclear ER elements with β2 in 

transit to the cell surface (Figure 24C). At the cell end, ~ 60% of β2 WT molecules 

underwent diffusion 4-5 min after bleaching. MF at the cell end was slightly 

increased for unglycosylated β2, yet differences were not significant (Figure 24A 

and Table 1). Similar data were found for cytoplasmic β2 (Figure 24B). However, 

when β2 found in large vesicles was bleached, fluorescence never recovered 

above 10% of the total initial signal (Figure 24C). These MF differences suggest 

that the molecular environment of these large vesicles where β2 accumulates 

differs from that of the other cellular areas analyzed. 
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Figure 24. Dynamics of β2 is not influenced by N-glycosylation. MDCK cells were 

transiently transfected with the SCN2B-yfp vector to express WT or fully unglycosylated 

(ung) β2, and grown for 2 days on glass supports. Mobility of β2-YFP at three different 

cellular locations was monitored by FRAP with a confocal microscope. Line charts of 

fluorescence intensity (mean ± SD) of ≥ 3 representative experiments show comparable 

mobile fraction between β2 WT (blue line) and mutant (red line) at the three regions 

analyzed, i.e. (A) the cell end, (B) the cytoplasm matrix, and (C) in large vesicular 

structures. For each, images on the right show a representative cell pre-bleached, right 
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after bleaching, and after fluorescence recovery (yellow arrowheads mark the bleached 

area). Scale bars are 10 μm. See the complete FRAP data in Table 1.  

 

Table 1. FRAP data for WT and unglycosylated β2 indicate no differences in 

dynamics in the plane of the membrane. 

    cell end cytoplasm matrix vesicular 

MF (%) 

WT 60 ± 10 68 ± 4 7 ± 6 

ung 68 ± 9 63 ± 8 8 ± 1 

p value 0.12 0.29 0.77 

τ1/2 (s) 

WT 57.9 ± 12.8 55.8 ± 5.9 57.0 ± 15.8 

ung 74.4 ± 18.2 58.8 ± 10.7 68.4 ± 21.9 

p value 0.06 0.60 0.51 

D (µm2/s) 

WT 0.018 ± 0.004 0.018 ± 0.002 0.005 ± 0.001 

ung 0.014 ± 0.003 0.018 ± 0.004 0.004 ± 0.001 

p value 0.07 0.78 0.51 

 

Each value is the mean ± SD of ≥ 3 experiments. Mobile fraction (MF), half-time of 

recovery (τ1/2), and diffusion coefficient (D). P values compare unglycosylated β2 over WT. 

The FRAP data also showed that the mobility rate of WT and unglycosylated β2 is 

comparable, with only a slight tendency of the mutant to move slower. Regardless 

of the location, τ1/2 (the time-point of half fluorescence recovery) was ~ 1 min in 

both β2 variants (Table 1). Consequently, a D ~ 0.02 µm2/s was found in general, 

although β2 in large vesicles moved even slower, i.e. at ~ 1/4th of this speed (see 

Materials and methods). 
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5.2 S-palmitoylation and cellular cholesterol ensure β2 

partition to plasma membrane subdomains 

We have found that N-glycosylation is required for efficient trafficking and localization of β2 

to the PM. In polarized MDCK cells, exogenously expressed β2 localizes to the apical 

domain. Since palmitoylation could increase protein affinity for 

glycosphingolipid/cholesterol-rich raft domains 168, it is plausible to consider that this post-

translational modification may influence the preferential apical targeting of β2 169. 

Therefore, we hypothesized that β2 can be palmitoylated. 

 

5.2.1 β2 is palmitoylated 

We aimed to detect β2 palmitoylation in MDCK cells by an ABE assay. To ensure 

that β2 would reach its steady state localization, we used stable cell lines. YFP-

tagged β2 was first immunoprecipitated using a rabbit polyclonal antibody to GFP. 

A band at ~ 80 KDa, corresponding to the molecular weight of fully glycosylated 

β2-YFP (see section 5.1), was effectively detected by anti-biotin blot in 

immunoprecipitates after BMCC-Biotin labeling under treatment with HAM; HAM 

exposes thiol groups that can then be biotinylated. Evidence of specificity was 

confirmed by absence of biotinylated β2 in immunoprecipitates using an irrelevant 

polyclonal antibody – specifically, against Vps26, a major endosomal protein 140 – 

and similarly in native MDCK cells (Figure 25A). 
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Figure 25. β2 is palmitoylated at Cys-182. MDCK cells, parental (-) or stably expressing 

β2-YFP, WT (+) or C182S, were grown in wells until confluence and subjected to an ABE 

assay. The same amount of protein was used to process each lysate (~ 300 μg), and 

9/10th was subjected to overnight immunoprecipitation (IP) in the presence of NEM; L, 

1/10th of the lysate. An antibody to GFP was used to immunoprecipitate β2 and an 

irrelevant antibody was used as a control. The pulled-down beads were then split and one-
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half of each treated with (+H) or without (-H) HAM. An equivalent amount of antibody alone 

(Ig) was processed in parallel in the presence of HAM. After BMCC-Biotin labeling, 

proteins were analyzed by western blot (IB) to detect acylated (biotin) and total β2 (serving 

to adjust and obtain relative levels in band quantitation). Representative western blots (A, 

B) and (C) band quantitation show that β2 WT (red arrowhead), but not C182S, is 

palmitoylated. (D) Prior to the experiment, cells were grown for 1 h in 2% serum, then 2-

BP was added at the indicated concentration and left for 1 h more; 0, an equivalent volume 

of solvent was added instead. Hc and Lc indicate heavy and light chain immunoglobulins 

(Ig), respectively. In western blots anti-biotin, note the presence of a non-specific band in 

lysates migrating as, but unrelated to, β2-YFP. Molecular weight markers are in kilodaltons 

(kDa). (C, E) Data, expressed as normalized palmitoylation (Palm.) signal, are mean ± SD 

(error bars; n ≥ 3). Differences were highlighted by two-tailed Student’s t-test (C, *p = 

0.0013, compared with WT +HAM), and by one-way ANOVA with Dunnett’s post-hoc test 

(E, WT, 0 µM vs. 100 µM, *p = 0.0183; vs. 200 µM, *p = 0.0268; and vs. C182S, at 0 µM, 

*p = 0.0007; in all cases, + HAM). 

This experiment suggests that β2 is palmitoylated, a PTM that may regulate its 

trafficking and subcellular localization. In its C-terminal ICD, β2 has a single Cys 

residue, i.e. Cys-182, which is conserved 80 and corresponds to the second residue 

after its predicted TMD 129; see UniProtKB – O60939. We therefore mutated Cys-

182 to Ser (C182S), which is expected to prevent β2 palmitoylation. By ABE, no 

manifested band was observed in immunoprecipitates from β2 C182S-expressing 

cells treated with HAM as compared to untreated samples (Figure 25B-E). 

Evidence that NEM effectively blocked free Cys residues during the 

immunoprecipitation was seen by the presence, when NEM was omitted, of several 

non-specific bands, resulting from free thiol groups susceptible of cleavage by 

HAM, and later biotinylated, which were absent when NEM was included (empty 

arrowheads in Figure 26). Moreover, the reaction was inhibited under increasing 

concentrations of the palmitate analog 2-BP, which acts as a palmitoylation 

inhibitor in live cells (Figure 25D and E). These data provide biochemical evidence 

that β2 is palmitoylated at Cys-182. 
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Figure 26. Acyl-biotin exchange assay in the absence of NEM indicates specificity. 

MDCK cells stably expressing β2-YFP WT, were grown in wells until confluence and 

subjected to an ABE assay. The same amount of protein was used to process each lysate 

(~ 300 μg), and 9/10th was subjected to overnight immunoprecipitation (IP) with or without 

NEM; L, 1/10th of the lysate. An antibody to GFP was used to immunoprecipitate β2 and an 

irrelevant antibody as a control. The pulled-down beads were then split and one-half of 

each treated with (+H) or without HAM (-H). An equivalent amount of antibody alone (Ig) 

was processed in parallel in the presence of HAM. After BMCC-Biotin labeling, proteins 

were analyzed by western blot (IB) to detect acylated (biotin) and total β2. Representative 

western blots show that in the absence of NEM (-) several non-specific bands appear as a 

result of the presence of free thiol groups which were later biotinylated (empty 

arrowheads); these bands are absent when NEM was included (+). Hc and Lc indicate 

heavy and light chain immunoglobulins (Ig), respectively. In western blots anti-biotin, note 

the presence of a non-specific band in lysates migrating as, but unrelated to, β2-YFP. 

Molecular weight markers are in kilodaltons (kDa).  

 

5.2.2 β2 association to detergent-resistant membranes (DRM) is dependent 

on palmitoylation 

We hypothesized that β2 palmitoylation may influence its subcellular localization, 

including perhaps its apical delivery 170. We took a biochemical approach to 

address the potential association of β2 to PM subdomains that may be 

representative of lipid rafts, defined as the Lo phase of the membrane 171. To this 

end, we isolated DRMs by solubilizing cell extracts with a non-ionic detergent at 

4ºC and following previously published procedures 147. As previously described, 

albeit not as apparent 88, β2 WT was partially recovered in the upper 2-3 fractions 
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of the sucrose gradient, in which both flotillin-1 and caveolin-1 concentrate. On the 

contrary, β2 C182S was not detected in these DRM fractions, similarly to non-raft 

Na/K-ATPase, both found exclusively in the bottom half of the gradient, and 

therefore are completely Triton X-100-soluble (Figure 27). These data suggest that 

palmitoylation in Cys-182 is required for the presence of β2 in DRMs and may be 

implicated in its association to the membrane Lo phase. 

 

 

Figure 27. Palmitoylated β2 partitions into DRMs. MDCK cells stably expressing β2-

YFP, WT or C182S, were grown in dishes until confluence and lysed in 1% Triton X-100 at 

4ºC. Membranes were pelleted, overlaid with a sucrose density gradient and spun 

overnight. Approx. 10 fractions were collected (1 ml each) and analyzed by western blot 

after TCA precipitation. (A) Representative western blots, and (B, C) band quantitations, 

show a portion of β2 WT, but not C182S, floating in DRMs enriched with flotillin-1 (Flot1), 

as well as caveolin-1 (Cav-1). Blots for Na/K-ATPase indicate the distribution of this non-

raft protein in the bottom half of the gradient. The same amount of protein from each 

fraction was loaded into each lane. Molecular weight markers are in kilodaltons (kDa). 

Data are mean ± S.D. (error bars; n = 3). Two-tailed Student’s t-test shows significant 

differences for fraction 3 (*p = 0.046). 
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5.2.3 The polarized localization of β2 is dependent on cholesterol 

Previous evidence from our laboratory indicate that β2 localization at the apical 

surface of polarized MDCK is dependent on cholesterol, as acute cholesterol 

depletion mislocalized the protein to the basolateral domain. We confirmed this 

observation (Figure 28A). To better understand β2 polarized delivery, we treated 

polarized MDCK cells with U18666A and lovastatin for an extended period of time, 

i.e. 24 h; U18666A blocks intracellular cholesterol transport 144 and lovastatin 

inhibits its synthesis 145. Interestingly, while β2 was observed, as expected, 

exclusively at the apical surface in untreated cells (Figure 28B), it redistributed 

partially to the basal region under the treatment (Figure 28C). Evidence that the 

effect is specific on β2 was seen by proper basolateral localization of Na/K-ATPase 

and the tight junction marker ZO-1 (Figure 28B and C). Quantitation of 

fluorescence along apical-to-basal z-stacks further highlighted β2 mislocalization 

under the treatment, as the β2 curve peak extended towards more nuclear (basal) 

sections in treated cells. Thus, the relative fluorescence intensity in the basolateral 

region, as measured by CTCF, changed upon treatment from 20-30% of the 

maximum fluorescence recorded (at the most apical section) to 60-80% (Figure 

28D and E).  
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Figure 28. β2 is mislocalized to the basolateral surface when depleting cellular 

cholesterol or by blocking intracellular cholesterol transport. MDCK cells stably 
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expressing β2-YFP WT were grown polarized in Transwells. Cells were treated for 1h with 

10mM MβCD or left untreated (A). Cells were surface biotinylated at 4ºC, either at the 

apical or basolateral (Basal) surface. The same amount of protein was used to process 

each lysate (~ 200 μg), and 9/10th were subjected to overnight NeutrAvidin pulldown (P); L, 

1/10th of the lysate. Representative western blots show redistribution of β2 to the 

basolateral surface in the presence of MβCD (red arrowhead), while the polarity markers 

gp114 and Na/K-ATPase remain at their apical and basolateral domains, respectively (A). 

Molecular weight (Mr) markers are in kilodaltons (kDa). Cells were treated for 24 h with 7.5 

μM U18666A and 10 μM lovastatin (C), or left untreated (B). Cells were fixed and 

immunostained for β2 (green), Na/K-ATPase (red), and ZO-1 (blue). Images were 

obtained by confocal microscopy. In merged images, nuclear staining by DAPI is in grey. 

Representative XY sections, and corresponding z-axis reconstructions, show that β2 is 

also present at the basolateral membrane upon the treatment (yellow arrows), while Na/K-

ATPase and ZO-1 remain unaffected, (the two parallel yellow dashed lines in XZ mark the 

sections shown by XY, either apical or nuclear). Scale bars are 5 μm. (D, E) Line charts 

displaying the CTCF (mean percentage ± SD; error bars) along an apical-to-basal z-stack 

(section 1: most apical; 0.5 μm optical slice thickness) show the β2 curve with its peak 

located apically (D). In contrast, β2 is displaced into basal sections in treated cells, in part 

overlapping with DAPI (E), included as reference for the nuclear level (10 cells were 

analyzed per condition). Two-tailed Student’s t-test shows significant difference in stacks 

11-15 (*p < 0.05; **p < 0.01; ***p < 0.001). 

Intriguingly, the non-palmitoylable β2 C182S maintained apical polarity, displaying 

clear enrichment at the apical surface, similarly as β2 WT (Figure 29). This 

indistinguishable behavior indicates that Cys-182 is not required for the steady 

state apical localization of β2, although it may serve for partitioning apically 

localized β2 into surface domains potentially relevant for its function. 

 

Figure 29. β2-YFP C182S localizes to the apical surface. MDCK cells were transiently 

transfected with the SCN2B-cfp vector to express β2, WT or C182S, or left untransfected 

(UT), and grown polarized in Transwells. Cells were surface biotinylated at 4ºC, either at 
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the apical (Api) or basolateral (Bas) surface. The same amount of protein was used to 

process each lysate (~ 200 μg), and 9/10th were subjected to overnight NeutrAvidin 

pulldown; Lys, 1/10th of the lysate. Representative western blots show comparable 

enrichment of both WT and C182S β2 only at the apical surface, with much reduced levels 

at the basolateral domain. Distribution of polarity markers gp114 and Na/K-ATPase, for 

apical and basolateral domains, respectively, is shown to ensure that cells were fully 

polarized. Molecular weight markers are in kilodaltons (kDa). 

 

5.2.4 Lack of endocytosis and limited membrane diffusion of β2 

These results so far suggest that β2 dynamics within the membrane may be 

influenced by cholesterol content as a result of its Cys residue susceptible to 

palmitoylation. Potential alterations in dynamics of NaV β subunits may influence 

the functionality of the α subunit. Therefore, we examined first whether β2 is 

internalized. To this end, we biotinylated the apical cell surface and examined β2 

endocytosis upon glutathione cleavage of surface-exposed biotinylated protein, 

which leaves intracellular biotin moieties protected. The label from biotinylated β2 

was effectively gone after glutathione cleavage, performed at time zero. However, 

even after 60 min at 37ºC, β2 was not detected in pulldowns, similarly as gp114, 

known to display very little endocytosis in MDCK cells 172, and cytoplasmic Vps26, 

not accessible to the biotin reagent (Figure 30A). To have a positive control, we 

performed the assay also in cells transiently expressing BACE1, which localizes to 

the apical surface and undergoes endocytosis 140. As expected, its effective 

endocytosis was recorded at 15 min, remaining undetected at a later time point 

because biotinylated BACE1 had been already recycled, degraded, or transported 

by transcytosis to the basolateral surface 140, and its biotin moiety therefore been 

cleaved by glutathione (Figure 30B). 
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Figure 30. β2 does not undergo endocytosis. MDCK cells were transiently transfected 

with the SCN2B-yfp vector to express β2 WT (A), or with a vector to express human 

BACE1 (B), and grown polarized in Transwells. Cells were biotinylated at the apical (Api) 

surface at 4ºC. Biotinylated proteins were allowed to internalize for various time periods at 

37°C, after which the surface biotin tag was stripped off with reduced glutathione (glut) at 

4°C, remaining protected the endocytosed biotinylated proteins. The same amount of 

protein was used to process each lysate (~ 200 μg), and 9/10th were subjected to overnight 

NeutrAvidin pulldown; Lys, 1/10th of the lysate. Representative western blots show 

increased cellular levels of BACE1 in pulldowns after 15 min (B), denoting apical 

endocytosis, but not of β2 at any time point analyzed (A). As controls, note total absence 

of biotinylated protein in pulldowns of cells treated with glutathione immediately after 
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labeling (0 min). In addition, apical gp114 does not get endocytosed and Vps26 is a 

cytoplasmic protein not accessible to the biotin reagent. Molecular weight markers are in 

kilodaltons (kDa). 

Since cholesterol depletion caused β2 mislocalization to the basolateral surface, 

we reasoned that movement of β2 in the plane of the membrane monitored by 

FRAP in live cells would be affected upon this treatment. As we have seen 

previously, β2 generally shows partial fluorescence recovery, obtaining an even 

smaller MF if increasing the bleached area (Figure 31A), as often expected 173. We 

therefore performed the analyses using the minimum possible rn of 2 μm in our set 

up. Acute cholesterol depletion, with increasing doses of MβCD, dramatically 

decreased the MF of β2, as measured at the cell end between two adjacent cells 

(Figure 31B). However, neither τ1/2 nor D were affected (Table 2), indicating that the 

portion of molecules that can undergo diffusion diminished whereas the rate of 

diffusion, or speed at which molecules move, did not change. 

 

We next addressed potential differences in membrane dynamics between β2 WT 

and C182S. Interestingly, the MF of β2 C182S at the cell surface was slightly, yet 

significantly, decreased compared with that of the WT (Figure 31C). Likewise, τ1/2 

displayed a tendency to increase in the mutant, indicative of an overall reduced 

mobility (Table 2). 
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Figure 31. Cholesterol depletion and the C182S mutation cause a decrease in the MF 

of β2, whereas removal of its ICD causes a dramatic increase. MDCK cells stably 
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expressing β2-YFP, WT or C182S (A, B, C), or transiently transfected with the SCN2B-yfp 

vector to express β2 WT or lacking its ICD (181X) (D), were grown and kept subconfluent 

in a µ-slide with glass bottom for 1 (B) or 2 days (A, C, D). Mobility of cell surface β2-YFP 

was monitored by FRAP with a confocal microscope; bleaching was performed at the 

upper cell level, which includes the PM as seen by an XY section (A, C) or, in a nuclear 

section, at the cell end between two adjacent cells (B, D). Line charts of fluorescence 

intensity show MF of β2 (mean ± SD; error bars) of at least three representative 

experiments. (A) MF is reduced by increasing the bleached area (from rn of 2 μm to 4 μm). 

(B) Increasing concentrations of MβCD dramatically reduce β2 MF. (C) The MF of β2 

C182S is slightly decreased compared with that of the WT. (D) β2 181X displays 

considerable more mobility than the WT. For each graph, images on the right show a 

representative cell pre-bleached, right after bleaching, and after fluorescence recovery 

(yellow arrowheads mark the bleached point). To highlight the apparent differences in MF 

between β2 WT and 181X, pictures of two time points are shown (D). Scale bars are 5 μm 

(A, C, D) or 10 μm (B). See the complete FRAP data in Table 2. 

The slow dynamics of β2 also suggests that its mobility may be limited by 

anchoring to the cytoskeleton. Thus, we tested the mobility of β2 lacking its ICD 

(181X). Strikingly, β2 181X displayed complete fluorescence recovery (Figure 31D) 

and a comparatively faster mobility than the WT (Table 2). This experiment also 

substantiates the evidence that a fraction of β2 associates with Lo membrane 

domains, which cluster around TM proteins acting as anchors to the cytoskeleton 
174,175.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

Table 2. FRAP data indicate that cholesterol depletion and the C182S mutation 

cause a decrease in the MF of β2, whereas removal of its ICD causes a dramatic 

increase. 

bleached area 

 (rn, μm) 
n MF (%) τ1/2 (s) D (µm2/s) 

2 3 65 ± 2 138.0 ± 14.4 0.002 ± 0.000 

4 3 35 ± 2 140.7 ± 10.7 0.007 ± 0.001 

p value < 0.001 0.810 0.002 

MβCD  

(mM) treatment 
 

0 5 89 ± 7 94.8 ± 21.4 0.003 ± 0.001 

20 5 39 ± 2 106.2 ± 39.2 0.003 ± 0.001 

35 5 23 ± 8 93.0 ± 47.2 0.003 ± 0.001 

p value 
< 0.000 (0 vs. 20 mM) 

< 0.000 (0 vs. 35 mM) 

0.004 (20 vs. 35 mM) 
0.850 0.760 

WT and C182S  

WT 17 63 ± 8 62.8 ± 16.5 0.004 ± 0.001 

C182S 26 52 ± 11 79.4 ± 24.4 0.003 ± 0.001 

p value < 0.001 0.011 0.028 

WT and 181X  

WT 3 49 ± 3 45.5 ± 6.61 0.006 ± 0.001 

181X 3 100 ± 0 25.5 ± 2.83 0.010 ± 0.001 

p value < 0.001 0.007 0.060 

 

Each value is the mean ± SD of ≥ 3 experiments (n, total number of cells analyzed); p 

values indicate differences by two-tailed Student’s t-test in all cases, except for the 

treatment with MβCD, analyzed by one-way ANOVA (τ1/2 and D) or one-way ANOVA with 

Tukey's honest significant difference post-hoc test (MF). 
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5.2.5 A fraction of β2 co-localizes with lipid rafts 

To support our finding that a fraction of β2 is indeed present in Lo membrane 

domains, we labeled polarized live cells with CTX, whose B subunit (CTB) binds to 

lipid raft-associated GM1 158, detecting by subsequent incubation with an anti-CTB 

antibody. CTX labeling was seen most predominantly apical, with some lateral 

staining as well (Figure 32B); absence of labeling without CTX confirmed specificity 

of the antibody (Figure 32A). Interestingly, β2 overlapped considerably with CTX 

(Figure 32C). This was verified by calculation of their CTCF along z-stacks, 

showing maximum fluorescence peaks overlapping at the apical sections (Figure 

32D). The Manders’ coefficient, defined here as the fraction of β2 present in CTX-

positive compartments, indicated an approx. 40% overlap at the apical region. 

 

Figure 32. Partial overlap of β2 with CTX-labeled raft domains. MDCK cells, parental 

(A, B), or stably expressing β2-YFP WT (C), were grown polarized in Transwells. Live cells 
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were incubated with CTX for 10 min, and bound CTB was clustered with an anti-CTB 

antibody for 15 min. Cells were fixed and immunostained with an Alexa-conjugated 

secondary antibody (A, red; B and C, blue). Images were obtained by confocal 

microscopy. In merged images, the YFP-emitted fluorescence is in green and DAPI is in 

grey. Representative XY sections and corresponding z-axis reconstructions are shown 

(the yellow dashed square in XY indicates the inset in C, and the two parallel yellow 

dashed lines in XZ mark the section shown by XY, either apical or nuclear). (A) Nuclear 

view showing no labeling without CTX, ensuring specificity of the antibodies; note some 

heterogeneous labeling intensity among cells in the presence of CTX. (B) CTX labeling is 

most predominantly apical, although also present in the basolateral region. (C) Partial 

overlap of β2 with CTX is mainly at the apical domain (inset), with a Manders’ coefficient of 

0.41 ± 0.14 (mean ± SD; error bars; n = 8 images). Scale bars are 10 μm (A) and 5 μm (B, 

C). (D) Line chart displaying the CTCF (mean percentage ± SD; error bars) along an 

apical-to-basal z-stack (section 1: most apical; 0.5 μm optical slice thickness) shows the 

β2 curve peak coinciding with that of apical CTX, well above the nuclear level, as defined 

by DAPI (10 cells were analyzed). 

Altogether, these data show that a fraction of β2 is associated with Lo membrane 

regions, which can be considered as lipid raft domains. Our results indicate that 

palmitoylation is contributing to the distribution of β2 within these membrane 

domains. Moreover, since a fraction of β2, i.e. palmitoylated β2, partitions into 

CTX-positive lipid rafts, our data suggest that palmitoylation contributes to 

establishing the apical localization of β2, and therefore its polarized distribution at 

the cell surface. 
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5.3 β2 promotes NaV1.5 plasma membrane localization 

It has been shown that the major function of β2 in vivo is to chaperone α subunits 

to the PM, both in the heart ventricle 176 and in neurons 97. Moreover, previous 

evidence has shown that the BrS-associated mutant D211G causes a 40% 

decrease in INa; it was proposed that such defect was due to affected surface 

localization of NaV1.5 3. Based on that work, we hypothesized that some β2 

mutations may become pathogenic by negatively affecting PM localization of 

NaV1.5. Here, we addressed the potential influence of β2 in the subcellular 

localization of NaV1.5 in MCDK cells. 

 

5.3.1 NaV1.5 localizes to the ER in polarized MDCK cells 

Transient transfection of SCN5A cDNA in MDCK cells turned into limited 

expression, often insufficient for biochemical or functional assays. Therefore, we 

stably expressed FLAG-tagged NaV1.5. A three-dimensional (3D) reconstruction of 

z-stacks throughout the entire cell showed most of NaV1.5 staining largely 

cytosolic, with very little, if any, co-labeling with the apical marker gp114 (Figure 

33A). Likewise, it did not overlap with Na/K-ATPase (Figure 33B), indicating 

absence also in the basolateral surface. Surface protein biotinylation confirmed 

lack of NaV1.5 at the PM, remaining undetected in pulldowns from apical and 

basolateral surface-labeled proteins, indicating that virtually all NaV1.5 remains 

intracellular; Na/K-ATPase was blotted as a control for proper cell polarity, 

localizing exclusively at the basolateral membrane (Figure 33I). 

The apparently vesicular pattern of NaV1.5 did not overlap either with the EE 

marker EEA1 (Figure 33C) or with sorting nexin (SNX) 2, a subunit of the retromer 

complex (Figure 33D). The same applied to the TGN marker TGN46 (Figure 33E), 

altogether indicating absence in endosomes and at the endosome/Golgi boundary. 

It has been proposed that the ER may serve as a reservoir for cardiac NaV 134. 

Therefore, we probed potential overlap with the ER chaperone calnexin, whose 

pattern turned out to be comparable to that of NaV1.5. Indeed, NaV1.5 accumulated 

in enlarged calnexin-positive structures (arrowheads in Figure 33F), indicating that 

most of it also resides in the ER of MDCK cells. To get an approximation of the 

fraction of NaV1.5 present in compartments positive for calnexin, we estimated their 

overlap in the z-axis by calculating the Manders’ coefficient, which reached values 

of ~ 0.7 at the levels above the nucleus, indicating considerable presence of 

NaV1.5 in the ER (Figure 33G and H). 



108 
 

Figure 33. NaV1.5-FLAG localizes to the endoplasmic reticulum in polarized MDCK 
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cells. MDCK cells stably expressing NaV1.5-FLAG were grown polarized in Transwells, 

fixed and immunostained with a rabbit polyclonal antibody against NaV1.5 (green) and for 

subcellular markers using mouse monoclonal antibodies (red) (A-E). Alternatively, NaV1.5 

was detected with the anti-FLAG M2 monoclonal antibody (green) and the ER marker 

calnexin with a rabbit polyclonal antibody (red; F). Images were obtained by confocal 

microscopy. Representative XY sections taken at the subapical (A) or nuclear (B) level, 

and z-axis reconstructions (reciprocal XZ and XY sections are marked by a yellow dashed 

line), show lack of NaV1.5 overlap with apical gp114 (A) and basolateral Na/K-ATPase β 

subunit (p58, B). XY sections taken above the nucleus show that NaV1.5 does not overlap 

with endosome/TGN markers EEA1 (C), SNX2 (D), or TGN46 (E). (F-H) Instead, NaV1.5 

often accumulates in enlarged calnexin-positive structures (arrowheads in F); sections 

were taken at the cell level where NaV1.5 is mainly found in each case. (G) Line chart of a 

representative experiment with Manders’ coefficients along apical-to-basal z-stacks (stack 

1: most apical; 0.5 μm optical slice thickness) displaying the fraction of NaV1.5 overlapping 

to compartments labeled with calnexin, which is maximum above the nuclear level, 

outlined with the CTCF of DAPI staining (in %). Experiments performed, n = 3 (7 cells 

analyzed). (H) XZ reconstruction displaying NaV1.5/calnexin overlap above the nucleus 

(yellow dashed line) marks correspondence with the XY image shown in F. (Note that non-

specific puncta in NaV1.5-negative cells do not affect the conclusion from this figure.) Scale 

bars are 10 μm. (I) MDCK cells stably expressing NaV1.5-FLAG and untransfected 

parental cells (Utf) were grown polarized in Transwells. Cells were biotinylated at 4ºC at 

the apical (A) or basolateral (B) surface, or simultaneously at both (AB). Representative 

western blots show absence of NaV1.5 in biotin-NeutrAvidin pulldowns (P; ~ 200 μg 

protein) obtained from each surface domain, contrasting with basolateral enrichment of 

Na/K-ATPase over the lysate (L; 20 μg). Depending on expression levels, protein amount 

loaded, and solubilization conditions, two bands may show in the blot for NaV1.5, the lower 

one marked with an asterisk. Evidence that the biotin reagent did not reach intracellular 

proteins is included by showing absence of endosomal Vps35 in pulldowns. Molecular 

weight markers are shown in kilodaltons (kDa). N ≥ 3 experiments performed. 

 

5.3.2 NaV1.5 interacts with β2 

β2 interacts with NaV1.5 in cardiac cells 177. We also obtained evidence of specific 

β2/NaV1.5 association in MDCK cells. To ensure functional significance, the 

interaction was analyzed in MDCK cells stably expressing β2-CFP in moderate 

levels, and maintaining cell morphology and polarity unaffected. Nonetheless, we 

transiently transfected these cells with considerable amounts of plasmid vector to 

allow NaV1.5 detection even in cell lysates. Only then, β2 specifically co-

immunoprecipitated with NaV1.5. Evidence that the conditions were specific was 

provided by absence in immunoprecipitates of Vps35, not expected to associate 

with NaV1.5 (Figure 34). Thus, we confirmed that NaV1.5 and β2 can interact also 

in MDCK cells. 
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Figure 34. β2-CFP interacts with NaV1.5-FLAG in MDCK cells. MDCK cells stably 

expressing β2-CFP were transiently transfected with the SCN5A-FLAG vector (+), or left 

untransfected (-), and grown until confluence on 35 mm wells. Cells were processed for 

NaV1.5 immunoprecipitation (IP; ~ 200 μg protein) from cell lysates (L; 20 μg) with the anti-

FLAG M2 antibody. Representative western blot shows that β2-CFP is only brought down 

in cells expressing NaV1.5-FLAG. Depending on expression levels, protein amount loaded, 

and solubilization conditions, two bands may show in the blot for NaV1.5. An overexposed 

blot against Vps35 shows that immunoprecipitates are sufficiently clean. Molecular weight 

markers are shown in kilodaltons (kDa). The experiment was performed a minimum of 3 

times. 

 

5.3.3 Localization of NaV1.5 to the apical surface of MDCK cells is promoted 

by β2 WT but not by the BrS-associated mutant D211G 

We have seen, by confocal microscopy and cell surface biotinylation that 

transiently transfected CFP-tagged β2 localizes to the apical surface in polarized 

MDCK cells (Figure 15). To ensure that the fluorescent protein tag is not 

influencing β2 localization, these experiments were also performed in cells 

expressing untagged β2, which – as expected – also localized apically (Figure 35 

and Figure 36B). 

As previously reported 178, we also found that the subcellular localization of NaV1.5 

in our model system poorly correlates with its expected presence at the CM 

sarcolemma; lack of cell surface localization hampers studying NaV1.5 trafficking. 

We thus addressed whether β2 co-expression could promote surface localization 

of NaV1.5. 
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Previous work in our laboratory has shown that the BrS-associated mutant β2 

D211G causes a decrease of ~40% in the INa peak, proposed to be as a result of 

reduced surface NaV1.5 localization 3. Thus, we also analyzed by cell surface 

biotinylation and confocal microscopy the location of β2 D211G, which localized 

identically to the WT (Figures 35 and 36C).  

In MDCK cells, while β2 is essentially at the apical surface, the major pool of 

NaV1.5 is mostly intracellular, particularly in the ER. Yet, we tested their potential 

co-localization in polarized cells stably expressing YFP-tagged NaV1.5 and 

transiently transfected with β2-CFP. Strikingly, upon β2 WT expression, NaV1.5 

also localized to the apical surface, thus patches of NaV1.5, β2 and gp114 

overlapped (Figure 36A). In addition, untagged β2 WT similarly brought NaV1.5 to 

the apical surface, at least partially, indicating that the effect is not caused by the 

fluorescent tag (Figure 36B). In contrast, untagged β2 D211G did not modify the 

localization of NaV1.5, which remained intracellular (Figures 36C).  
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Figure 35. Untagged β2 WT and the BrS-associated D211G mutant are similarly 

localized to the MDCK apical surface. MDCK cells were transiently transfected with the 

SCN2B vector to express WT or D211G β2, or left untransfected (Utf), and grown 

polarized in Transwells. Cells were biotinylated at 4ºC at the apical (A) or basolateral (B) 

surface. Representative western blots (of experiments performed a minimum of 3 times) 

show apical localization of both WT and D211G β2. Na/K-ATPase and gp114 were blotted 

as markers for basolateral (B) and apical (A) localization, respectively. An overexposed 

blot against endosomal Vps26 provides evidence that the biotin reagent did not reach 

intracellular proteins, appearing only in lysates (L; 20 μg), and not in biotin-NeutrAvidin 

pulldowns (~ 200 μg protein). Molecular weight markers are shown in kilodaltons (kDa). 

Note that D211G β2 levels appear lower than WT β2 (including a likely oligomer running at 

high molecular weight). This phenomenon may be due to reduced immunoreactivity of the 

antibody used, which epitope encompasses this mutation. N ≥ 3 experiments performed. 
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Figure 36. Apical localization of NaV1.5-YFP with WT but not D211G β2. MDCK cells 

stably expressing NaV1.5-YFP were transiently transfected with the vector to express β2-

CFP (A) or with the bicistronic SCN2B:gfp vector, to express untagged WT (B) or D211G 

(C) β2, and grown polarized. Cells were fixed and immunostained with a rabbit polyclonal 

antibody against β2 (red), and for gp114, using a mouse monoclonal antibody. Images 

were obtained by confocal microscopy. Representative XY sections taken at the apical 

level (A, B), or right above the nucleus (C), and corresponding z-axis reconstruction 

(location of the XZ section marked by a yellow dashed line) show apical localization of 

NaV1.5 only with β2 WT (A, B). NaV1.5 is retained intracellularly with β2 D211G (C); all 

sections were taken at the cell level where NaV1.5 is mainly found in each case. In the 

merged images, the YFP-emitted fluorescence is in green, DAPI is in dark blue (not shown 

in A) and gp114 is in cyan Images shown are representative of experiments performed a 

minimum of 3 times. Scale bars are 10 μm. 
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These data show that β2 WT shifts localization of stably expressed NaV1.5 from 

the ER to the apical surface and that this effect is abolished by a single amino acid 

change in the ICD of β2. To exclude that apical delivery of transiently 

overexpressed WT β2 was not artificially affecting NaV1.5 trafficking, we asked 

whether the reciprocal would also apply. We thus tested whether localization of 

transiently transfected NaV1.5-FLAG could be modulated by stably expressed β2-

YFP; this strategy allowed us to use moderate levels of β2. In parental cells, 

Manders’ coefficient for NaV1.5/gp114 always remained ≤ 0.1, indicating absence 

of NaV1.5 at the apical PM. Although some points of overlap were apparent, 

Manders’ coefficient for NaV1.5/β2 WT was still ≤ 0.2 in β2 stable cells transiently 

expressing NaV1.5. Nevertheless, NaV1.5 labeling was consistently stronger in the 

most apical sections of z-axis reconstructions in the presence of β2 WT (Figure 

37A), while it predominated toward the basal region or throughout the cell without 

β2 (Figure 37G).  

To compare the MFI of NaV1.5 with that of β2 and gp114 along the z-axis, we 

calculated their CTCF. At the peak for gp114, corresponding to the apical PM, the 

CTCF for NaV1.5 was ~ ⅔ of its maximum fluorescence level in all sections (Figure 

37G). On the contrary, in the presence of β2 the NaV1.5 CTCF peak coincided 

completely with the peak for β2-YFP and gp114, which mark the apical surface 

(Figure 37H). To exclude the potential influence of the YFP tag in β2, the assay 

was performed in cells stably expressing untagged β2, co-expressed with GFP in a 

bicistronic vector to allow visualization of the β2-expressing cells. Similarly, NaV1.5 

and gp114 CTCF peaks coincided (Figure 37C). Therefore, the presence of β2 

caused a shift of the CTCF peak for NaV1.5 to the apical surface.  
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Figure 37. Increase of NaV1.5-FLAG at the apical surface with WT but not D211G β2. 

MDCK cells stably expressing WT (A) or D211G (B) β2-YFP were transiently transfected 

with the SCN5A-FLAG vector and grown polarized in Transwells. Cells were fixed and 

immunostained with a rabbit polyclonal antibody against the corresponding β subunit, and 
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for gp114, using a mouse monoclonal antibody. In the merged images, NaV1.5-FLAG is in 

green, gp114 in red, and DAPI in blue. Images were obtained by confocal microscopy. 

Representative XY sections taken at the apical level (A), or right above the nucleus (B), 

and z-axis reconstructions (reciprocal XZ and XY sections are marked by a yellow dashed 

line), show presence of NaV1.5 at the apical surface well manifested only with β2 WT, 

appearing more widely distributed throughout the cytoplasm with β2 D211G (B). MDCK 

cells stably expressing untagged WT (C) or D211G (D) β2, co-expressed with GFP in a 

bicistronic vector, were transiently transfected with the SCN5A-FLAG vector and 

processed as above. Similarly, NaV1.5 (green) appears more diffusely distributed in the 

cytoplasm with β2 D211G (D). Both untagged WT (E) and D211G (F) β2 (green) are 

localized apical, along with gp114 (red); all sections were taken at the cell level where 

NaV1.5 is mainly found in each case. The nuclei are stained with DAPI (blue). YFP or GFP-

derived fluorescence is shown in the grey channel only. Scale bars are 5 μm except in B, 

10 μm. (G, H) Line charts of the CTCF (mean percentage ± SEM) along apical-to-basal z-

stacks (stack 1: most apical; 0.5 μm optical slice thickness) show the NaV1.5 curve (65.0 ± 

5.9% at gp114 peak) mostly within intracellular stacks compared to the gp114 peak that 

marks the apical surface (G). This contrasts with displacement of NaV1.5 (99.4 ± 1.1% at 

gp114 peak) to the apical surface in the presence of β2-YFP, converging with both gp114 

and β2 (H, p = 0.02, comparing NaV1.5 with and without β2-YFP; n = 5 cells). Similar 

values were obtained for cells expressing NaV1.5 and untagged β2 (Nav1.5 CTCF was 

91.4 ± 7.9% at gp114 peak, n = 3 cells). The curve for DAPI is shown as reference of 

nuclear/basal cell sections. Images shown are representative of a minimum of three 

experiments performed, and similar results were obtained. 

Since the resolution achieved by confocal microscopy does not allow to ensure that 

NaV1.5 is effectively inserted at the apical surface with β2 WT, we performed 

surface biotinylation of NaV1.5-YFP expressing cells in subconfluence, i.e. when 

these appear to have a widespread NaV1.5 expression. These cells allowed us to 

estimate more accurately the level of defect caused by D211G β2 in the cell 

extract. Indeed, NaV1.5-YFP could be detected in pulldowns by cell surface 

biotinylation of cells transfected with β2-YFP WT (Figure 38A). Band quantitation 

showed ~ two-fold more NaV1.5 amount in pulldowns of cells with WT β2-YFP 

compared to those of untransfected cells, or with D211G β2-YFP. A similar effect 

was found in cells transiently expressing untagged β2 WT in comparison to β2 

D211G (Figure 38B).  
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Figure 38. Biochemical detection of NaV1.5-YFP at the cell surface with WT but not 
D211G β2. (A) MDCK cells stably expressing NaV1.5-YFP were transiently transfected 
with the SCN2B-yfp vector to express WT or D211G β2-YFP, or left untransfected (Utf), 
and grown for 1 day in 35 mm wells. Cells were surface biotinylated at 4ºC. Representative 
western blots (of experiments performed 5 times) show the presence of NaV1.5-YFP 
essentially in biotin-NeutrAvidin pulldowns from cells expressing WT β2; parental MDCK 
cells (-) are included to indicate that the bands shown correspond to the transfected 

subunits. Band quantitation indicated x 1.9 ± 0.2 (mean ± SEM; n=5) increase in PM 
NaV1.5. (B) MDCK cells stably expressing NaV1.5-YFP were transiently transfected with 

the bicistronic SCN2B:gfp vector to express WT or D211G β2, grown and processed as 
above. While detected with either WT or D211G β2, NaV1.5-YFP levels in pulldowns are 
higher in the presence of WT β2. Na/K-ATPase was blotted as surface marker. Evidence 
that the biotin reagent did not reach intracellular proteins is included by showing that 
endosomal Vps26 and Vps35 (clearly visible in lysates; L or Lys, 20 μg) remain undetected 
in pulldowns (pull; ~ 200 μg protein). Molecular weight markers are shown in kilodaltons 
(kDa). Division lines separate different parts of the same blot conveniently put together for 
clear display.  
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5.3.4 Unglycosylated β2 is defective in promoting surface localization of 

NaV1.5 

Given the importance of glycosylation in β2 trafficking to the PM, we hypothesized 

that it could also be implicated in its effect on the α subunit. Thus, we tested 

whether unglycosylated β2 was defective in promoting surface localization of 

NaV1.5 in MDCK cells. To this end, we used stably expressing WT or 

unglycosylated β2-YFP cells transiently transfected with NaV1.5-FLAG. A fraction 

of NaV1.5 co-localized with β2 and the apical marker gp114 (Figure 39A). Even 

though some NaV1.5 staining could be seen throughout the cell, calculation of the 

CTCF along z-stacks showed its maximum fluorescence peak nearly overlapping 

with those of gp114 and β2, corresponding to the apical PM (Figure 39C). 

However, in the presence of unglycosylated β2, NaV1.5 distribution was broader, 

mostly abounding at the nuclear level and right above the nucleus (Figure 39B and 

D). Moreover, a large portion of NaV1.5 co-localized with intracellular 

accumulations of mutated β2 (arrowhead in Figure 39B). 

We also biotinylated surface proteins to detect NaV1.5 in pulldowns, whose levels 

were visibly reduced in cells expressing fully unglycosylated β2 (Figure 39E and F), 

supporting the data obtained by immunofluorescence.  
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Figure 39. Surface localization of NaV1.5 is reduced with unglycosylated β2. (A, B) 

MDCK cells stably expressing WT or fully unglycosylated (ung) β2-YFP were transiently 

transfected with the vector SCN5A-FLAG and grown polarized in Transwells. Cells were 

fixed and immunostained with a rabbit polyclonal antibody against NaV1.5 (red), and with a 

mouse monoclonal antibody to gp114 (cyan). Images were obtained by confocal 

microscopy. In merged images, the YFP-emitted fluorescence is in green and DAPI is in 

blue. Representative XY sections taken at the apical (A), or nuclear (B) levels (sections 

taken at the cell level where NaV1.5 is mainly found in each case), and corresponding z-

axis reconstruction (reciprocal XZ and XY sections are marked by a yellow dashed line), 

show improved apical localization of NaV1.5 with β2 WT (A), whereas NaV1.5 remains 

mostly intracellular in the presence of unglycosylated β2 (B); note the intracellular NaV1.5 
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accumulation with mutated β2 (arrowhead). Scale bars are 10 μm. (C, D) Line charts 

displaying the CTCF (mean percentage ± SD) along an apical-to-basal z-stack (section 1: 

most apical; 0.5 μm optical slice thickness) show the NaV1.5 curve peak nearly 

overlapping with those of apical gp114 and β2 WT (C). In contrast, NaV1.5 is displaced 

toward nuclear sections with mutated β2, which overlays with DAPI (D), included as 

reference for the nuclear level (≥ 6 cells were analyzed per condition). (E) MDCK cells 

stably expressing NaV1.5-YFP were transiently cotransfected with the SCN2B-yfp vector to 

express β2, WT or fully unglycosylated (ung), plus additional SCN5A-FLAG vector to 

ensure extensive NaV1.5 overexpression, and grown o/n in wells; the pEGFP-N1 vector 

was used as a control. Cells were surface biotinylated at 4ºC. The same amount of protein 

was used to process each lysate (~ 600 μg), 97% of which was subjected to overnight 

NeutrAvidin pulldown. Representative western blots and (F) band quantitation show 

reduced levels of NaV1.5 in biotin-NeutrAvidin pulldowns (Membrane) in the presence of 

unglycosylated β2, or without β2 (GFP), when comparing with the WT. One-way ANOVA 

with Tukey’s HSD post hoc test showed significant differences (*, p < 0.002). The 

percentage of NaV1.5 at the cell surface over total cellular NaV1.5 protein varied from 1.42 

± 0.98 in the WT to 0.73 ± 0.50% with unglycosylated β2. Data are mean ± SD (n ≥ 6). 

Na/K-ATPase was blotted as surface marker to correct for quantitations in pulldowns. 

Molecular weight markers are in kilodaltons (kDa). For clear display, the blot in E shows 

lysates and pulldowns separated by division lines, indicating different exposure between 

lysates and pulldowns but equal exposure within each group. 

We then asked whether this deficiency in β2 function persisted over time. Thus, we 

first analyzed the effect of β2 on promoting NaV1.5 arrival to the surface early from 

transfection. To this end, we performed the analysis in cells growing non-polarized 

in wells. Here, we took advantage of our approach to quantify relative fluorescence 

levels, i.e., MFI, along a segment drawn from the cell end perpendicularly into the 

cytoplasm; by means of confocal microscopy, the cell end taken is a close 

approximation of the PM region. As expected, localization of NaV1.5 to the PM was 

not promoted by unglycosylated β2 throughout time, and the bulk of NaV1.5 label 

remained intracellular (Figure 40C and D), similarly as in cells not expressing β2 

(Figure 40E and F). In contrast, the MFI of NaV1.5 was concentrated at the cell end 

in the presence of β2 WT, also in parallel with Na/K-ATPase, especially at day 1, 

displaying a more widespread distribution at days 2 and 3 (Figure 40A and B); a 

general defect in promoting surface localization of NaV1.5 at late time points was 

also verified by cell surface biotinylation, by which all β2 variants were ineffective, 

including the WT (Figure 41).  
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Figure 40. Defect over time of unglycosylated β2 in promoting surface localization 

of NaV1.5. MDCK cells stably expressing WT (A), fully unglycosylated (ung) β2-YFP (C), 

or untransfected (parental) cells (E), were transiently transfected with the vector SCN5A-

FLAG and grown in wells for the indicated number of days. Cells were fixed and 

immunostained with a rabbit polyclonal antibody against NaV1.5 (red), and with a mouse 

monoclonal antibody to Na/K-ATPase (blue). Images were obtained by confocal 

microscopy. In merged images, the YFP-emitted fluorescence is in green and DAPI in 

grey. (A, C, E) Representative XY sections (sections taken at the cell level where NaV1.5 is 

mainly found in each case) show a general diffuse NaV1.5 pattern, intracellular and often 

perinuclear, except for a noticeable overlap with PM Na/K-ATPase, particularly at day 1, 

seen only in the presence of β2 WT. Scale bars are 10 μm. Confocal images were 

analyzed by calculating the MFI along linear segments of 30 pixels in length (d, distance; 

0.1 μm/pixel) drawn from the cell end perpendicularly into the cytoplasm. (B, D, F) Line 

charts show MFIs with the first 5 pixels of the segments, equivalent to the PM region (cell 
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end), marked with a square bracket. The highest MFI levels are at the cell end for Na/K-

ATPase and for β2 WT, which progressively decrease intracellularly. The profile for NaV1.5 

reaches its maximum at the cell end only in the presence of β2 WT, and especially at day 

1 (B), but remains low within this region with unglycosylated β2 (D) or in the absence of β2 

(F). Data are mean ± SD (number of cells analyzed ≥ 3; 4 segments / cell). 

 

 

Figure 41. All β2 variants are defective at later time points in promoting surface 

localization of NaV1.5. MDCK cells stably expressing NaV1.5-YFP were transiently 

cotransfected with the SCN2B-yfp vector to express β2, WT, single or fully unglycosylated 

(ung), as indicated, plus additional SCN5A-FLAG vector to ensure extensive NaV1.5 

overexpression, and grown for 3 days in wells; the pEGFP-N1 vector was used as a 

control. Cells were surface biotinylated at 4ºC. The same amount of protein was used to 

process each lysate (~ 600 μg), 97% of which was subjected to overnight NeutrAvidin 

pulldown. Representative western blots show absence of NaV1.5 in biotin-NeutrAvidin 

pulldowns (Membrane) in the presence of any variant of β2. Na/K-ATPase is included as 

loading control. Molecular weight markers are in kilodaltons (kDa). For clear display, blots 

are separated by division lines, indicating different exposure between lysates and 

pulldowns. 

We have shown that a single glycosylation in β2 is sufficient for its proper surface 

localization (see Figures 18 and 19). Now, we asked whether incomplete 

glycosylation would affect β2 in promoting surface localization of NaV1.5. 

Interestingly, partial loss of glycosylation still allowed a positive effect, namely, only 

fully unglycosylated β2 is clearly defective in promoting surface localization of 

NaV1.5. Thus, we found that single β2 mutants maintain effectiveness at day 1 

from transfection (Figure 42), which we also verified by cell surface biotinylation 

(Figure 43 G-H). By biochemical means, we also observed a comparable behavior 

in double mutants, appearing similarly effective as the WT in promoting surface 

localization of NaV1.5 (Figure 43I-J). Moreover, single mutants were also effective 
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to promote apical localization of NaV1.5 in cells growing polarized in Transwells, 

(Figure 43A-F; compare with Figure 39A-D).  

 

 

Figure 42. Single β2 glycosylation mutants can promote surface localization of 

NaV1.5 – analysis over time. MDCK cells stably expressing the indicated single mutants 

for β2-YFP glycosylation were transiently transfected with the vector SCN5A-FLAG and 

grown in wells for the specified number of days. Cells were fixed and immunostained with 

a rabbit polyclonal antibody against NaV1.5 (red), and with a mouse monoclonal antibody 

to Na/K-ATPase (blue). Images were obtained by confocal microscopy. In merged images, 

the YFP-emitted fluorescence is in green and DAPI in grey. (A, C, E) Representative XY 

sections (taken at the level where NaV1.5 is mainly found in each case) show some areas 
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of overlap of NaV1.5 with Na/K-ATPase at the cell end, particularly at day 1, in the 

presence of any of the mutants, while remaining mostly disperse throughout the cells at 

later time points. Scale bars are 10 μm. Confocal images were analyzed by calculating the 

MFI along linear segments of 30 pixels in length (d, distance; 0.1 μm/pixel) drawn from the 

cell end perpendicularly into the cytoplasm. (B, D, F) Line charts show MFIs with the first 5 

pixels of the segments, equivalent to the PM region (cell end), marked with a square 

bracket. The highest MFI levels are at the cell end for Na/K-ATPase and for the different 

β2 single mutants, all of them progressively decreasing intracellularly. The profile for 

NaV1.5 increases at the cell end at day 1 in all cases, remaining low within this region at 

later time points. Data are mean ± SD (number of cells analyzed ≥ 3; 4 segments / cell). 
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Figure 43. Single and double glycosylation mutants of β2 can promote surface 

localization of NaV1.5. MDCK cells (A, C, E) stably expressing the indicated single 
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mutants for β2-YFP glycosylation were transiently transfected with the vector SCN5A-

FLAG and grown polarized in Transwells. Cells were fixed and immunostained with a 

rabbit polyclonal antibody against NaV1.5 (red), and with a mouse monoclonal antibody to 

gp114 (cyan). Images were obtained by confocal microscopy. In merged images, the YFP-

emitted fluorescence is in green and DAPI in gray. Representative XY sections taken at 

the apical level (section level chosen to assess the presence of NaV1.5 at the apical 

surface), and corresponding z-axis reconstruction (reciprocal XZ and XY sections are 

marked by a yellow dashed line), show noticeable apical localization of NaV1.5 with the 

different β2 variants. Scale bars are 10 μm. (B, D, F) Line charts displaying the CTCF 

(mean percentage ± SD) along an apical-to-basal z-stack (section 1: most apical; 0.5 μm 

optical slice thickness) show the NaV1.5 curve peak in close proximity to those of apical 

gp114 and any of the β2 mutants. DAPI is included as reference for the nuclear level (≥ 6 

cells were analyzed per condition). (G, I) MDCK cells stably expressing NaV1.5-YFP were 

transiently cotransfected with the SCN2B-yfp vector to express β2-YFP, WT or any of the 

indicated single (G) or double (I) mutants, plus additional SCN5A-FLAG vector to ensure 

extensive NaV1.5 overexpression, and grown o/n in wells. Cells were surface biotinylated 

at 4ºC. The same amount of protein was used to process each lysate (~ 600 μg), 97% of 

which was subjected to overnight NeutrAvidin pulldown. (G, I) Representative western 

blots and (H, J) band quantitation show comparable levels of NaV1.5 in biotin-NeutrAvidin 

pulldowns (Membrane) in the presence of all mutant variants of β2 as with the WT. Data 

are mean ± SD (n ≥ 3). Na/K-ATPase was blotted as surface marker to correct for 

quantitations in pulldowns. Molecular weight markers are in kilodaltons (kDa). For clear 

display, the blots in G and I show lysates and pulldowns separated by division lines, 

indicating different exposure between lysates and pulldowns. 

Overall, these data indicate that β2 increases NaV1.5 localization to the apical 

surface in polarized MDCK cells, even though co-localization between these 

proteins throughout the cell remains low. Lack of glycosylation and the D211G 

mutation in β2 abolish this effect on NaV1.5.  
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6. Discussion  
 

In this work, we have extensively explored the biology of the NaV β2 subunit and 

how its topology and PTMs regulate its intracellular trafficking, localization and 

membrane dynamics. Most importantly, we have assessed the effect of β2 on 

NaV1.5 subcellular localization, to date, the main function of β2, with reported 

physiological consequences when affected 3,139. 

We planned the present research project with the rationale that β2 architecture and 

biochemical properties define its behavior in the context of the cell. After careful 

analysis of its amino acid sequence, several features stand out: two intramolecular 

disulfide bonds, two putative phosphorylation sites, a free cysteine to link with the 

alpha subunit on the extracellular face, a free cysteine in the cytosolic face that 

may be palmitoylated and, most prominently, glycosylation 129. Representing over a 

third of the relative molecular weight of β2, glycosylation promised to be very 

influential in its trafficking and thus became the early focus of our research. 

 

6.1 Glycosylation in β2 trafficking 

We have assessed the role of N-glycosylation in regulating β2 trafficking to the PM. 

We show that β2 is N-glycosylated at residues 42, 66 and 74; remarkably, it is only 

sialylated at Asn-42. β2 N-glycosylation is required for efficient trafficking to the 

PM, but interestingly, the fully unglycosylated mutant can still reach the cell surface 

by bypassing the Golgi compartment albeit at a rate of one third to that of the WT.  

A minor portion of unglycosylated β2, estimated to be less than 10%, was detected 

at the cell surface, in comparison with 25-30% of the WT. This rate of reduction 

was similar when analyzing specifically at the apical domain of polarized cells. No 

mistargeting to the basolateral domain was detected, implying that the polarized 

distribution of β2 in MDCK cells is not dependent on its glycosylation state. This 

agrees with the general tendency of apical trafficking to rely on less apparent lipid-

based sorting mechanisms 25. Nonetheless, the bulk of unglycosylated β2 

remained stuck in enlarged ER structures. This is indicative of a trafficking problem 

rather than a problem of settling (localizing) β2 at the PM. This would explain why 

cells transiently transfected with unglycosylated β2, either still non-polarized or 

once polarized in Transwells, maintain throughout time a stable albeit 

comparatively small amount of unglycosylated protein at the PM.  
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Curiously, despite the dramatic phenotype of the fully unglycosylated mutant, 

preservation of a single glycosylation site, no matter which one, was sufficient to 

maintain normal β2 localization. In fact, all combinations of mutants, either single or 

double mutants, displayed comparable subcellular localization. Even the versions 

including the mutation N42Q, which removes the only sialylated N-glycan of the 

protein, behaved indistinguishably from the WT.  

Given that β2 glycosylation is exclusively found on its Ig-like loop, and the fact that 

just a fraction of its original glycosylation is actually required for its efficient 

localization, we propose that β2 glycosylation plays additional roles, unrelated to its 

biosynthesis and trafficking. Such alternative roles could be related to binding to 

lectins and to other elements of the extracellular matrix, protection of β2 and the α 

subunit from proteases, and regulation of the α subunit biophysical properties. For 

instance, in sialylation-deficient cells, β2 failed to modulate the gating properties of 

NaV1.5 92. In the case of the related β1 subunit, total lack of sialylation abolished 

any gating effects on NaV1.2, NaV1.5 and NaV1.7 91. 

Despite the importance of N-glycans for β2 arrival to the PM, by blocking ER-to-

Golgi transport with the fungal drug BFA, we showed that even immature WT β2, 

i.e. lacking complex N-glycosylation (that takes place in the Golgi), could be 

detected at the cell surface. Based on this observation, the most likely explanation 

for the small fraction of unglycosylated (triply-mutated) β2 that is detected at the 

cell surface is that it can bypass the Golgi apparatus. In the case of the α subunit, 

there is evidence that immature NaV1.5 can also follow this Golgi-independent, 

secretory pathway. The role of this alternative anterograde pathway is not clear for 

NaV1.5, but a potential advantage would be preventing and relieving of ER stress 
179. In fact, it has been shown that a fraction of NaV1.5 remains sensitive to Endo H 

and associates with Kir2.1 early in their biosynthetic pathway 180. In this regard, it 

has been hypothesized that NaV1.5 mutants associated with BrS and retained in 

the ER may still be delivered to the PM via an unconventional pathway 181. For 

clinically relevant NaV1.5 mutants, this mechanism may thus potentially allow a 

reciprocal regulation with other channels, or with associated subunits, for their 

effective transport to the surface, preventing dominant-negative effects seen in 

mutants that can reach the Golgi and thus cannot take this alternative route. 

 

6.2 Membrane cholesterol and palmitoylation underlie β2 polarized 

localization 

We have shown the essential role of N-glycosylation in the trafficking to the PM of 

β2; despite this, modification of glycosylation and even its complete lack does not 
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affect the polarized distribution of cell surface β2. These data point to a different 

mechanism regulating the exclusive localization of β2 at the apical domain of 

polarized MDCK cells.  

Here, by ABE, we found that β2 is S-acylated at its conserved Cys-182 80. Indeed, 

by treating β2-expressing cells with 2BP, a competitive palmitoylation inhibitor, we 

significantly reduced β2 S-acylation, as detected by ABE. Therefore, it is safe to 

assume that most of β2 S-acylation is in fact S-palmitoylation, which is the most 

common form of S-acylation. This PTM is often implicated in protein targeting to 

lipid rafts 168. Despite this, there are a few examples of palmitoylated proteins not 

associating with lipid rafts 48. Here, we found that the C182S mutation abrogates 

palmitoylation of the single available cysteine in the β2 ICD. More interestingly, 

C182S β2 does not localize to DRMs, in contrast to WT β2, a fraction of which is 

found in DRMs isolated from MDCK cells. Although this mutant properly localizes 

to the apical PM in a manner indistinguishable from the WT, its absence in DRMs 

is highly interesting. Therefore, palmitoylation of β2 appears to be the first 

structural feature determining β2 submembrane localization.  

While finding a molecule in DRMs does not provide conclusive evidence of its 

localization in rafts, DRMs are enriched in sphingolipids and cholesterol, as 

described for lipid rafts, and are considered a useful tool for studying membrane 

biology 30. To further investigate the possibility that a fraction of β2 is indeed 

associated with lipid raft domains, we labeled polarized live cells with CTX, whose 

B subunit binds to lipid raft-associated GM1 158. Effectively, here we observed 

partial overlap of β2 with CTX. This data, combined with the presence of β2 WT in 

DRMs and its apical localization, provide solid evidence to think that indeed a 

fraction of β2 resides in lipid raft domains in MDCK cells. These results agree with 

the previous observation in which all four β subunits were found enriched in DRMs 

from primary cortical neurons. However, the portion of β2 residing in lipid rafts is 

likely cell type specific, since we have seen here a rather smaller detergent-

insoluble fraction of β2 than that previously reported in neurons 88. 

A well-accepted role of β2 in the heart is its implication in ensuring surface 

localization of NaV1.5 182, likely to specific subdomains of the sarcolemma. It is still 

unknown if the influence of β2 on NaV1.5 localization occurs already at the PM or 

perhaps, as we suggest, early in the secretory pathway. However, from our results 

in polarized MDCK cells, and the published evidence in animal models 85,96,100 and 

in human atria 98, it is accepted that β2 displays a differential distribution in the 

surface of polarized cells, thus its effect on NaV1.5 once at the PM is dependent on 

the close proximity of both proteins. As a result, β2 palmitoylation that we report 

here must be important for its localization and function in the CMs sarcolemma. 
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Since palmitoylation is a reversible modification, and our data suggest that only a 

fraction of β2 expressed in MDCK cells is palmitoylated, it represents a regulatory 

element that establishes two distinct pools of the protein, probably with a different 

functionality 47. Recent evidence describes the S-acylation of the related β1 subunit 

in an analogous juxtamembrane free cysteine, i.e. Cys-181. In the case of β1, the 

effects of S-acylation are somehow more noticeable, as the protein requires this 

PTM to efficiently localize at the PM. Yet, inhibition of clathrin-mediated 

endocytosis restores PM localization of the non-palmitoylable mutant. This 

suggests a stabilizing role on β1 at the PM by S-acylation. In addition, S-acylation 

enhances β1 cleavage by BACE1 and ɣ-secretase; however, the acylation-

deficient mutant associates to DRMs in a manner indistinguishable from the WT. 

As the authors suggest, this could be because the S-acylation site is close to the ɣ-

secretase cleavage site, becoming a proteolysis regulator. Regarding β1 effect on 

NaV1.5, lack of S-acylation does not affect INa modulation 131. Given the relative 

similarity of β1 and β2, it is tempting to compare the effects of their S-acylation. 

Nonetheless, caution must prevail. Thus, we have seen that non-palmitoylated β2 

localizes also in a polarized fashion, i.e. at the apical domain, as the WT form. 

We did not detect endocytosis of apically located β2. We have not explored 

endocytosis of C182S β2; however, we believe that it is safe to assume that it will 

not undergo substantial endocytosis. We can think of at least three reasons: the 

mutant displays similar mobility at the PM, as measured by FRAP; they have 

identical subcellular localization; and only a small fraction of WT β2 seems to get 

palmitoylated and partitioned to DRMs, which suggests that should this fraction be 

more susceptible to endocytosis, we might have not been able to detect it. 

Localization of β1 has also been analyzed in various cell models. In MDCK 139 and 

HEK cells 134 (and our unpublished observations), β1 is partially intracellular, 

localizing throughout the cytoplasm, but mostly above the nucleus. Similarly, in 

Chinese Hamster Lung cells, β1 is mostly intracellular and the portion localizing to 

the PM is greatly dependent on being S-acylated, thus avoiding rapid clathrin-

mediated endocytosis 131. 

Relating protease processing, both β1 and β2 undergo sequential cleavage by 

proteases 88. Yet, β1 cleavage has been more thoroughly investigated compared to 

that in the other β subunits, and the results are exciting, as they suggest additional 

regulatory mechanisms for their functions: as described for β2 89, it has recently 

been reported that the β1 ICD modulates gene transcription 131. This finding opens 

the door to investigate further related aspects of β2 and of the rest of the subunits. 

In particular, it would be interesting to study their cleavage, the downstream effects 

of the released fragments and how PTMs such as palmitoylation regulate this 

process. Educated guesses for how palmitoylation may regulate proteolysis include 
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modification of the cleavage site, either by hiding or further exposing the region, 

and also its potential influence on the subcellular localization of the protein, i.e. to 

raft domains rich in proteases, such as BACE1 183.  

Understanding the mechanisms governing polarized trafficking is of great 

importance, since alterations in polarity turn into serious diseases. Polarized 

trafficking is believed to be controlled by a molecular network responsible of 

organizing vesicle transport in order to achieve proper polarized distribution of PM 

proteins 184. Protein targeting to the apical surface has been subject of intense 

study. This is the case, for instance, of GPI-anchored proteins, which are mainly 

sorted to the apical surface in epithelia by partitioning into lipid raft domains. 

Indeed, lipid rafts have been proposed as a sorting mechanism for apical delivery 

from the TGN 185. Another mechanism implicated in apical sorting is recognition of 

the glycosylated luminal domain of proteins by sugar-binding lectins 186. Neither of 

these two mechanisms by themselves appears to be responsible for β2 apical 

localization. Despite that, acute cholesterol depletion with MβCD or disruption of 

intracellular cholesterol transport for an extended period with U18666A, missorted 

β2 to the basolateral domain. While these pharmacological approaches have been 

used as a tool to assess the potential influence of cholesterol-rich domains in 

protein localization and trafficking, they have some downsides. For MβCD, non-

specific effects may arise when used at high concentrations and/or for an extended 

period of time. Under such circumstances, it has been reported that the drug 

removes cholesterol not only from raft regions within the PM, but also from inside 

the cell, which may disturb important cell functions 143. To avoid non-specific 

effects, we thus limited the dose and incubation time of MβCD to the minimum by 

which β2 localization effectively changed, while polarity markers and tight junctions 

remained unaffected. The doses of U18666A and lovastatin were analogously 

adjusted. Therefore, our results clearly indicate that the polarized distribution of β2 

in MDCK cells is dependent on the cholesterol content of the PM and the intact 

intracellular transport of cholesterol.  

Another aspect that may be influenced by membrane cholesterol and 

palmitoylation is endocytosis. Lack of measurable apical endocytosis of β2 reveals 

the surprisingly stable localization of β2. This is a puzzling finding. Clathrin-coated 

pits can be formed at the apical surface and internalized; in addition, they are 

soluble in cold detergent 187. If the bulk of β2 were excluded from rafts, as we see 

when isolating the DRMs, one would expect certain endocytosis. However, no 

internalization could be detected even after one hour. This suggests that the 

fraction of β2 that we recovered in DRM fractions may be underestimated. 

Potential apical β2 endocytosis, and similarly as described previously for the non-

raft sialoglycoprotein gp114 in MDCK cells 172,188, may be negatively influenced by 
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its N-glycosylation and sialylation. These results also suggest that the 

mislocalization of β2 that we observed upon cholesterol depletion is due to actual 

missorting to the basolateral membrane, rather than to enhanced endocytosis and 

subsequent delivery to this surface domain.  

In summary, we have shown that glycosylation and palmitoylation, along with the 

influence of membrane cholesterol content, have an effect in β2 trafficking. It would 

be interesting to address in the future whether the cell takes advantage of these 

two PTMs to ensure the polarized targeting of β2 to the cell surface. Undoubtedly, 

this is an important aspect that deserves further investigation in particular 

achieving a better understanding of β2 role, either within the NaV or independently. 

 

6.3 Dynamics of β2 at the PM 

By FRAP, we monitored the membrane dynamics of fluorescently tagged β2. 

FRAP curves provide information on how β2 moves and interacts with other 

membrane proteins. We analyzed the potential effect of cholesterol depletion, 

interaction of β2 with the cytoskeleton, abolishing palmitoylation, and preventing N-

glycosylation, on its dynamics at the membrane.  

Curves for β2 were flat and dependent on the bleaching area. This behavior is 

indicative of a complex, diffusion-coupled dynamics, likely consequence of the sum 

of multiple subpopulations. The protein probably undergoes transient, albeit 

persistent, interactions with other molecules as it diffuses across the membrane 
189. Such diffusion is remarkably slow, especially in fully polarized MDCK cells, 

where β2 remains rather immobile, although we have seen a tendency to acquire 

faster mobility in cells grown on glass 190. Despite this, the calculated D always 

remains relatively small. Therefore, the rate of β2 diffusion depends on the degree 

of cell polarization. Moreover, membrane properties and associated structures can 

influence or even impede its mobility. Thus, when D is below 0.001 μm2/s, proteins 

are considered to be immobilized with cytoskeletal elements 191. According to these 

criterion it seems likely that a considerable fraction of β2 remains associated with 

the cytoskeleton: this agrees with the idea that β subunits serve as adaptors linking 

the cytoskeleton, along with signaling and adhesion molecules, to ion channel 

macromolecular complexes 192. In support of this model, we provide the data of β2 

lacking its ICD (181X). β2 181X displayed considerably faster mobility and 

complete fluorescence recovery than the WT, most likely due to its defective 

interaction with the submembrane cytoskeleton. With the relative low D of β2 WT 

(≤ 0.02 µm2/s), it is also conceivable to consider that β2 diffuses inside lipid rafts, 

fitting with the reported ≤ 0.05 µm2/s in these instances 193. 
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The mobility of β2 was also greatly reduced upon acute (short-term) cholesterol 

depletion. This decrease in mobility is consistent with the idea that cholesterol 

depletion affects raft-associated proteins, as seen in previous studies 194,195. It has 

been reported that MβCD can also reduce diffusion of non-raft membrane proteins, 

suggesting that it may also cause some effects independent of the membrane 

cholesterol content 196. Nevertheless, the distribution of polarity markers was not 

affected, indicating that the conditions employed affected specifically β2. In 

addition, the palmitoylation-deficient mutant also displayed reduced mobility in 

control conditions, although the decrease in MF was not dramatic. We propose that 

this relatively small portion of mutant with reduced mobility corresponds to the 

fraction of the WT susceptible to palmitoylation. This would also agree with the 

modest presence of β2 WT that we found in DRMs. 

The effect of β2 glycosylation was also assessed by FRAP. Lack of glycosylation 

probably disturbs the conformation of the extracellular domain, nullifying the 

potential adhesion function of the Ig loop, and in turn its kinetic properties. Despite 

that, the mobility of the small fraction of total unglycosylated β2 that localizes at the 

PM was indistinguishable from that of the WT. In addition, we measured the 

mobility of β2, both with and without glycosylation, in intracellular membranes. 

First, we tested β2 mobility in what we called the “cytoplasm matrix”, i.e. a network 

of β2 positive structures probably derived from the ER and possibly including 

patches of β2 already at PM. There, β2 behaved surprisingly similar to PM β2. 

Deeper in the cell, though, in the bright perinuclear ER structures, which appear 

short after protein expression and persist in the case of unglycosylated β2, mobility 

was dramatically reduced. We suggest that, even in the case of WT β2, in this 

early stage of protein synthesis, the ER structures positive for β2 are 

overwhelmingly abundant because of the large production of β2 protein, which we 

have seen has a tendency to form dimers and tetramers. In the case of 

unglycosylated β2, the majority of the protein likely remains misfolded and 

aggregated, unable of exit the ER. This would be the reason for the very limited 

mobility of β2 in these structures. 

From our observations, we propose that three populations of WT β2 contribute to 

its overall mobility at the PM. First of all, there is the immobile fraction - which we 

estimate is equivalent to ~ 40% of total β2 at the PM. That fraction would be 

represented by cytoskeleton-bound β2, as 181X displays faster and complete 

mobility. Since the immobile fraction changes according to the cell monolayer 

confluence and tends to increase with the degree of cell polarity, the ability of the 

PM to allocate cytoskeleton-bound β2 would be limited and increase along with cell 

polarity. Secondly, we have mobile β2, which would be represented by β2 

undergoing short-term interactions with other membrane elements. This fraction 
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would be composed of a minor population of palmitoylated β2, occupying lipid rafts, 

and the bulk of mobile β2, residing outside lipid rafts. At some point, immobile β2 

molecules may detach from the cytoskeleton to become mobile, establishing a 

dynamic equilibrium among these fractions. 

 

6.4 β2 effect on NaV1.5 localization 

NaV1.5 is often mislocalized in inherited channelopathies, triggering cardiac 

arrhythmias. Trafficking defects are often responsible 197, although defective 

interaction with other interacting partners to stabilize NaV1.5 at the PM can also 

result in channel dysfunction and altered localization 105,198. Such proteins may 

include β subunits. For example, in neurons, β2 is important for proper targeting 

and localization of the α/β2 complex 96,182. 

Here, we analyzed regulation of subcellular localization and trafficking of the major 

cardiac NaV by the β2 subunit. By cell surface protein biotinylation and confocal 

microscopy, we observed that β2 shifts the localization of a portion of NaV1.5 from 

the ER to the PM. We also show that a BrS-associated mutation in β2 ICD, or a 

glycosylation-deficient mutant, fail to promote proper localization of NaV1.5 to the 

cell surface. More importantly, this defect on β2 function occurs in different 

subcellular localizations and, likely, by different means. This led us to propose that 

the effect of β2 on NaV1.5 localization takes place both at the PM, as the literature 

suggests 199, and early in the secretory pathway, establishing β2 as a potential 

chaperone. 

Virtually all exogenously expressed NaV1.5 actually remains intracellular in MDCK 

cells, mostly in the ER. This is in line with the classical idea that the ER may be a 

reservoir for cardiac 134 and neuronal NaV, establishing a pool of channels ready to 

be exported to appropriate surface localizations 199. Nonetheless, in MDCK cells, 

β2 can promote NaV1.5 apical PM localization. The role of β subunits in promoting 

PM localization of the NaV α subunit has been previously reported 200–202. In the 

case of β2, it has long been believed that its covalent assembly with the α subunit 

takes place right before their arrival to the PM 199, or at least after the two subunits 

have left the Golgi apparatus 134. Regardless of the exact location where they 

begin to interact, there seems to be no question for an important role of β2 in 

ensuring adequate levels of functional NaV1.5 at the cell surface. In this regard, 

scn2b deletion in mice causes, in ventricular myocytes 176 and in primary 

hippocampal neuron cultures 97, approximately a 40% reduction of α subunit levels 

at the cell surface.  
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The converse effect has also been reported, i.e. alteration of β subunit localization 

by NaV alpha subunits. This is the case of the localization of β1 to the PM in HEK 

cells 134, and β2 localization to neuron nodes of Ranvier and the AIS, the latter, 

dependent on its disulfide bond with the α subunit 96, and both apparently 

promoted by α. A similar scenario is seen for β4 95. These evidences may lead us 

to question whether β acts on the α subunit, vice versa, or if the action is two-ways. 

However, our data is consistent with the first hypothesis and with the notion that β2 

plays an important role in ensuring efficient surface localization of NaV1.5. 

It has been previously shown that β1 and β2 co-immunoprecipitate with NaV1.5 

and co-localize in CM IDs at the level of the sarcomere Z lines, regulating cardiac 

action potential and channel-cytoskeleton interactions 177. We also investigated the 

interaction of NaV1.5 with β2, and found their specific association by co-

immunoprecipitation of NaV1.5/β2 in MDCK cells. However, we estimated that only 

a very small fraction of total β2 actually interacts with NaV1.5, which we propose 

takes place likely along their export from the ER to the cell surface. This would be 

consistent with a recent study on NaV structure 203, in which the authors propose 

that, compared to the other NaV isoforms, NaV1.5 lacks the cysteine predicted to 

establish a disulfide bond with β2 or β4. This would mean that they interact non-

covalently, through much weaker interactions. Additionally, α/β interaction in some 

systems may be indirect or involving a combination of different β isoforms 204, an 

aspect that we have not explored. This would explain the relatively small portion of 

β2 interacting with NaV1.5 that we observed. Moreover, it would be in line with their 

markedly different localization, as β2 localizes to the PM while the bulk of NaV1.5 is 

retained in the ER at steady state. In fact, even NaV1.5 localizing at the apical 

domain along with β2 appeared to be in different submembrane domains, further 

explaining their minimal co-immunoprecipitation.  

In fully polarized cells, β2 increased the levels of NaV1.5 at the apical surface. 

When we analyzed cells over time, i.e. as their polarity progressed, the effect of β2 

on NaV1.5 localization was only temporary and restricted to non-polarized cells, up 

to ~ 24 hours after transfection. After that, cell surface NaV1.5 levels returned to 

nearly undetectable levels. The fact that it was seen immediately after the onset of 

β2 expression further indicates that β2 influences NaV1.5 early in the secretory 

pathway. Since such effect is temporary, we propose a role for β2 more of 

guidance and chaperoning rather than a long-term regulator of NaV1.5 subcellular 

localization. This way, in non-polarized cells, after early arrival of NaV1.5 to the PM, 

the channel may soon internalize because of a lack of membrane anchors. In 

contrast, polarized MDCK cells may display additional membrane anchors that 

would allow the portion of NaV1.5 that gradually reaches the (apical) surface to 

remain and stabilize there for a longer period; this was consistently seen in a 
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discrete proportion of polarized cells. In an analogous manner, in CMs, after the 

arrival of β2 and NaV1.5 to the proper sarcolemma subdomain, NaV1.5 would 

establish long-term interactions with anchors such as ankyrin-G, SAP97 or 

plakophilin and remain functional in its proper location 69.  

We also describe here the importance of β2 glycosylation for NaV1.5 trafficking. 

Complete lack of N-glycosylation cancelled the effect of β2 on PM localization of 

NaV1.5. Surprisingly, a single glycosylation site in β2 was sufficient to preserve this 

function. In this way, the ability of β2 to efficiently reach the PM appears important 

for its effect on NaV1.5 localization.  

When we co-expressed NaV1.5 together with the unglycosylated β2 mutant, the 

bulk of both proteins appeared stuck in the ER. We reasoned that retention of 

unfolded overexpressed proteins would induce ERAD. Thus, in order to prevent 

excessive overexpression of β2, in most of these experiments we used cells stably 

expressing β2-YFP in moderate levels. Subsequently, these were transiently 

transfected to express NaV1.5-FLAG. Yet, the unglycosylated mutant dragged 

along a large portion of NaV1.5 into the ER (Figure 44). According to this 

observation, we propose that unglycosylated β2 causes retention of NaV1.5 early in 

the secretory pathway in an attempt to chaperone it for proper folding on its way to 

the PM. In fact, in multiple attempts to corroborate this hypothesis, we carried out 

co-immunoprecipitation experiments between ER-stuck β2 and NaV1.5. However, 

either because of multimerization due to lack of N-glycosylation, or as a result of 

treatments with BFA or TUN prior to immunoprecipitation, unglycosylated β2 was 

non-specifically pulled down along the α subunit (not shown). In addition, 

unglycosylated β2 often appeared as high molecular weight bands in western blots. 

These observations, along with the total immobility of the protein in perinuclear 

structures (mostly corresponding to ER, based on major NaV1.5 overlap with 

calnexin in the absence of β2), as measured by FRAP, indicate that unglycosylated 

β2 in the ER is likely unfolded and aggregated. In such state, β2 likely traps NaV1.5 

and perhaps other proteins. This way, our results challenge the view that β2 acts 

on NaV1.5 at a later stage, such as at the cell surface or in a post-Golgi 

compartment.  

Additionally, we analyzed in more detail the defect of a BrS-associated variant of 

β2 previously reported in our lab. The D211G mutation causes a 40% decrease in 

INa without affecting single channel conductance, but reducing NaV1.5 surface 

levels 3. Interestingly, in MDCK cells, β2 D211G localization is indistinguishable 

from the WT, yet the mutant fails to promote localization of NaV1.5 to the PM 

(Figure 44), regardless of the cells polarization status. Indeed, this defect of β2 

D211G on NaV1.5 localization to the cell surface is also apparent in CM-derived 
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HL-1 cells 139. The proper localization of D211G β2 implies that it is faulty through a 

different mechanism to that of unglycosylated β2. 

 

 

 

Figure 44. Different variants of β2 fail to promote NaV1.5 cell surface localization in 

polarized MDCK cells. WT and D211G β2 localize to the apical domain. In contrast, most 

of unglycosylated β2 and NaV1.5 remain in the ER. WT β2 can rescue a portion of NaV1.5 

and take it to the PM. API, apical domain; BAS, basolateral domain; N, nucleus; TJ, tight 

junctions. 

Channel trafficking can be modulated by PTMs, such as phosphorylation 205. 

Interestingly, Asp-211 is near two putative phosphorylation sites, i.e. Ser-192 and 

Thr-204 129, which are conserved in mammals 80. Since we do not know how β2 

ICD curls, these residues could be in close proximity with Asp-211. Changing Asp 

for Gly alters charge, and perhaps conformation, of the β2 tail, to such an extent 

that it may influence potential phosphorylation of nearby residues. Future work 

should address this possibility. In fact, the β1 Y181E mutation, which mimics 

phosphorylation, abolishes ankyrin-G recruitment, likely affecting NaV localization 

to nodes of Ranvier 206. Thus, it is also possible that the D211G mutation causes 

an unstable connection of β2 with ankyrin, or with other submembrane adapters 

linking TM proteins to the actin cytoskeleton 182. In consequence, affecting 

interactions between β2 and other channel-regulatory molecules would interfere 

with the role of β2 on NaV1.5 localization. 
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6.5 Cardiomyocytes shadows 

CM are highly polarized cells 207 and, like cells of epithelial origin, have specialized 

PM domains or subregions. Despite analogies in polarity, their surface domains are 

different 1. Thus, the co-localization data that we have obtained in MDCK cells do 

not necessarily represent what we would see in cardiac cells. Nevertheless, our 

observations are certainly compatible with previous reports, and add on the 

understanding of the role of β2 in NaV1.5 trafficking and localization. Regarding the 

β2 subunit, we have dissected its polarized trafficking, describing the topological 

features that enable it to exit the ER, undergo complex glycosylation, palmitoylation 

and partitioning to subdomains of the PM. It is reasonable to expect the most 

elemental requirements ensuring proper membrane trafficking of β subunits, such 

as glycosylation and palmitoylation, to be conserved in most cell types. However, 

to fully understand their intracellular pathway in cells displaying complex polarity 

and a different subset of membrane adaptors, like CMs or neurons, experimental 

assessment of the subcellular localization of β2 and their variants will be required. 

Indeed, depending on species and cell type, the subcellular localization of channel 

subunits may differ 98,208. This differential localization of channel subunits is 

important for the electrical properties of the CM and the basis of its conduction 

anisotropy 117,118. 

Given the abundance of regulatory elements in β2 topology, and according to our 

data, we propose that at least three subpopulations of β2 would coexist in CMs, 

potentially serving different functions: (i) cytoskeleton-bound, immobile β2; (ii) non-

palmitoylated, mobile β2; and (iii) palmitoylated, mobile β2. The latter would 

associate with lipid rafts and diffuse faster than non-palmitoylated β2. It is plausible 

to think that phosphorylation determines β2 cytoskeleton binding through ankyrin 
209, and thus the presence of the immobile fraction. 

Experimental cell models resembling human CMs should be developed, so that 

interesting and challenging hypothesis can be addressed in a more physiologically 

relevant context. This way, the data generated could be better understood and 

translated into the clinical environment.  

 

6.6 Clinical projection of the research on NaV subunits 

Alterations in localization of components of the NaV are often the cellular basis 

underlying an increased risk of arrhythmia, and therefore potentially associated 

with important cardiac pathologies 105. We have provided evidence at cellular level 

that supports this premise and, along the way, shed some light on the intricate 

mechanisms regulating NaV trafficking. In this regard, it is of utmost importance 
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that findings in the field lead to a better understanding of how subunits of the NaV 

localize. This way, β2, along with the other β subunits, become promising targets 

to regulate sodium channel density at the PM of excitable cells. However, to this 

day, potential therapeutic targeting of β subunits remains a mystery. The good 

news is that the research community in the field is fervent, and an ever-growing 

knowledge on the matter is providing a better picture of the link between 

subcellular distribution of NaV and excitability and electrical coupling in the heart, 

thereby contributing to a better understanding of how arrhythmias develop. So far, 

some findings have already been translated into routine clinical practice, most 

significantly, into genetic testing for channelopathies and sudden death risk 

management 210. 
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7. Conclusions 
 

1. β2 undergoes complex N-linked glycosylation at residues Asp-42, Asp-66 

and Asp-74, from which only Asp-42 is sialylated. Yet, glycosylation of any of 

these residues is sufficient for proper localization of β2 to the PM and to 

promote PM localization of NaV1.5 

2. Unglycosylated β2 is retained in the ER; however, it can still reach the cell 

surface through Golgi bypass at a rate of 1/3rd to that of the WT. 

3. In polarized MDCK cells, β2 localizes to the apical PM domain. This 

polarized distribution is dependent on cholesterol levels, implying a 

requirement of β2 association to cholesterol-rich membrane domains and 

intact cholesterol transport. 

4. β2 is S-palmitoylated at Cys-182; this PTM partitions β2 into DRMs, which 

are enriched in lipid rafts. β2 also co-localizes with lipid rafts at the apical 

domain of MDCK cells. Altogether, these findings indicate that S-

palmitoylated β2 associates with cholesterol-rich lipid raft domains.  

5. In MDCK cells, three β2 subpopulations in equilibrium coexist at the PM: 

immobile β2, which is bound to the cytoskeleton through the ICD; non-

palmitoylated, mobile β2; and palmitoylated, mobile β2. The two 

subpopulations comprising mobile β2 undergo slow diffusion. In addition, β2 

does not undergo endocytosis. Overall, these results indicate that β2 

remains highly stable at the PM. 

6. In MDCK cells, β2 promotes the localization of NaV1.5 from the ER to the 

PM. This effect is dependent on β2 N-glycosylation. 

7. The BrS-associated D211G mutation, located in the ICD of β2, correctly 

localizes to the apical domain of MDCK cells; however, it fails to promote 

NaV1.5 cell surface localization. 
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