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1.1. Voltage-gated potassium channels 

Potassium-selective channels are the largest and most diverse 

group of ion channels. Potassium channels are transmembrane proteins 

which allow the selective flow of potassium ions through the plasma 

membrane. These channels play crucial roles in different biological 

processes at the organismic level (generation and propagation of the 

nerve impulse and the cardiac action potential, promotion of insulin 

secretion), and also at the cellular level (cell volume control, induction of 

cell proliferation, apoptosis, migration and initiation of many signaling 

pathways). Potassium channels have been classified in three main groups, 

according to their predictive number of transmembrane domains (TMD). 

1) Six TMD and divided in two subgroups: 

 - The voltage-dependent K
+
 channels (Kv)  

  - Ca
2+

-activated K
+
 channels (KCa).  

2) Four TMD and two pores (K2P).  

3) Two TMD (inward-rectified K
+
 channels Kir.) 

The International Union of Pharmacology (IUPHAR) classified Kv 

channels into twelve families (Kv1-12), each of one can present different 

isoforms. The Kv subfamilies are named according to the homologous 

gene in Drosophila melanogaster. Taking into account the phylogenetic 

origin those channels are divided into two groups: the first one, comprised 
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by Kv1-9; and the second one, comprised by Kv10-12 (Fig. 1). This last 

group of channels also possesses a potential cyclic-nucleotide binding site 

in their C-terminus (Gutman et al. 2003). 

 

 

 

Figure 1. Phylogenetic tree of the Kv1-9 (top panel) and Kv10-11 (botton panel) 

families (Gutman et al., 2003). 
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Moreover, diversity of Kv channels can be increased due to the 

combination of different processes such as: 

1) Alternative splicing of the mRNA. For instance, Kv3, 4, 6, 7, 9, 10 

and 11 are code by exons and introns which may lead to different 

variants (Jenkinson 2006). 

2) Homo- and hetero-tetramerization between subunits of different 

Kv members. The assembly can be formed between members 

from the same family, as for example Kv1.1- Kv1.4 (Shamotienko 

et al. 1997), Kv1.3-Kv1.5 (Vicente et al. 2006; Villalonga et al. 

2007), or with silent subunits (Kv5, Kv6, Kv8 and Kv9). These 

silent subunits, do not homo-tetramerize, but can assemble to 

some members of Kv2 and Kv3 families in order to modulate their 

current (Hugnot et al. 1996; Post et al. 1996; Salinas et al.1997). 

3) Post-translational modifications such as phosphorylation, 

glycosylation, ubiquitination, palmitoylation, oxidation, etc. 

(Nitabach et al. 2002; Zhang et al. 2007; Jindal et al. 2008; Noma 

et al. 2009) 

4) Assembly of regulatory subunits which modulate the Kv 

characteristics (trafficking, current density and gating) such as 

AKAP proteins, Kvβ, KCNEs, etc (Pongs et al.1999; Pourrier et 

al. 2003). 
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1.1.1. Basic principles of Kv channels 

Kv channels show a very conservative construction. Each channel 

gene among Kv family encodes one α-subunit (Kvα). To form a 

functional channel four α-subunits are required. Thus, Kv channels are 

formed by the tetramerization of 4 α subunits (MacKinnon 1991). Each of 

these subunits is composed of six transmembrane domains (S1-S6), which 

are connected by intra- or extracellular loops (Fig. 2A, B). These helices 

form two structurally and functionally different parts of the tetrameric 

channel: 1) a potassium ion-conducting domain (pore domain) – helices 

S5–S6 located in the channel center, and 2) a domain sensible to changes 

in the membrane potential (voltage- sensing domain, VSD) – helices S1–

S4 located on the channel periphery (Jiang et al. 2002; Jiang et al. 2003; 

Long et al. 2005; Long et al. 2007; Tao et al. 2009). The pore part 

includes a channel gate and a selective filter that does not allow ions other 

than K
+
 to penetrate through the channel. The channel gate is formed by 

crossing C-termini of the S6 helices that block passage of ions when the 

channel is closed (Sokolova et al., 2003). A conserved fragment (P-

region) and a S5–S6 loop participate in the formation of the selectivity 

filter of the channel. 
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Figure 2. (A) Putative Kv1.3 single α subunit containing six transmembrane segments 

with the pore region formed between S5 and S6 segments. (B) Structure of the tetrameric 

assembly (Fujita and Kurachia, 2000). 

 

1.1.2. Biogenesis and trafficking of Kv channels 

The intracellular forward trafficking of ion channels is a key 

regulatory step in controlling the current density of specific ion channels. 

Newly synthesized plasma membrane proteins, such as Kv channels, must 

pass from the cytosol through the ER-Golgi trafficking machinery and be 

packaged in vesicles to be transported to their final destination (Palade, 

1975). Kv channels are synthesized and assembled as tetrameric 

complexes in the ER (Schulteis et al. 1998; Papazian 1999; Lu et al. 

2001). However, Kv channels do not possess the typical ER targeted 

signal sequence. Kv undergo ER targeting by an S2 transmembrane 

domain, found in Kv1.3 (Tu et al. 2000). Kv complexes are further 

subjected to a quality control checkpoint (Braakman and Bulleid 2011), 

which allows tetrameric configurations to exit the ER. Importantly, the 

ER-Golgi checkpoint regulates both exit of ion channels from the ER and 

channel degradation, as subunits failing to traffic (e.g. due to misfolding) 
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may be redirected to an ER-associated degradation pathway (Hesketh et 

al. 2009)  

The appropriate folding of Kv may require the action of 

chaperones such as Heat Shock Proteins (Hsp) or calnexin. For example, 

Kv1.5 stability increases when interacting with Hsp70 (Hirota et al. 2008) 

and Kv1.2 surface levels increases when co-expressed with calnexin 

(Manganas and Trimmer 2004). Often, regulatory subunits also play a 

role of chaperones. Kvβ2 stabilizes the Kv1.2 and also increases 

membrane surface targeting (Shi et al. 1996). Other regulatory subunits, 

which play a similar role to chaperones, are KChAP, KChIP and dipetidyl 

aminopeptidase (DPPL)-like proteins (Kuryshev et al. 2000; Kuryshev et 

al. 2001; Nadal et al. 2003; Shibata et al. 2003). Signal sequences, such as 

R-X-R, K-K-X-X and K-D-E-L, are responsible for ER retention of Kv 

(Zerangue et al. 1999; Ma et al. 2001; Kupershmidt et al. 2002). In most 

cases, their accessibility becomes hidden when the channels acquire their 

proper folding, allowing the channels to leave the ER. If these sequences 

are exposed, the channel is retained at the ER. In addition to these generic 

ER retention signals, some Kv also possess an anterograde trafficking 

signal (V-X-X-S-L or similar) in their C-terminal domain (Li et al. 2000, 

Steele et al. 2007). Furthermore, in some Kv members, ER retention 

signals located near the extracellular face of the pore, between S5 and S6, 

have also been described (Manganas et al. 2001; Zhu et al. 2003; Zhu et 

al. 2003; Zhu et al. 2005). The effects of this ER retention signal are 

dominant respect to other signals or even in association with regulatory 

subunits, such as Kvβ (Manganas et al. 2001). From the ER, Kv channel 
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complexes continue on their journey to the plasma membrane, passing 

through cis-, medial-, and trans-Golgi elements. Some membrane proteins 

need a selective transport from the ER to the Golgi apparatus, for example 

via COPII vesicles. This process is complex and requires the coordinated 

activity of different proteins such as Sec and SarI, the cytoskeleton, etc. In 

general, COPII recognition sites are characterized for containing di-

hydrophobic (F-F, Y-Y, L-L, or F-Y) or di-acidic (D/E-X-D/E) motifs. 

Few potassium channels have been described to interact directly with 

COPII anterograde mechanisms (KAT1, K2P9.1) (Zuzarte et al. 2007; 

Sieben et al. 2008). Kv1.3 contains an anterograde signature motif 

(YMVIEE) in the C-terminus domain which involves COPII interaction 

(Martínez-Mármol et al. 2013). 

 

Figure 3. Cartoon summarizing trafficking signals on Kv α subunits. KChIP BD, KChIP 

binding domain; T1, tetramerization; NLG, N-linked glycosylation site; ERR, ER 

retention motif; DLS, dendritic localization signal; FTS, forward-trafficking signal; 

PRC, proximal dendritic clustering signal; PDZ BD, PDZ-binding domain (Misonou and 

Trimmer, 2004). 
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Moreover Kv channels go through some further modifications 

while trafficking to Golgi apparatus, such as N-linked glycosylation, 

tyrosine, serine and threonine’s phosphorylation. Phosphorylation 

modifies not just channel’s activity (Bowlby et al. 1997; Fadool et al. 

1997; Nitabach et al. 2002; Misonou et al. 2004), but also surface 

membrane targeting (Misonou et al. 2004; Yang et al. 2007) and 

moreover the turnover of Kv channels (Sterling et al. 2002; Nesti et al. 

2004). Finally, for several Kv channels, covalent ubiquitin conjugation 

has been described as a way to modify its membrane expression levels. 

ENaC, Kv1.5, Kv7.2, Kv7.3 and Kv7.5, for example, are ubiquitinated 

triggering endocytic signals and downregulating membrane abundance 

(Staub et al. 1997; Abriel et al. 2000; Ekberg et al. 2007; Boehmer et al. 

2008). 

 

1.2. Voltage-dependent potassium channel Kv1.3  

Kv1.3 was cloned almost simultaneously from brain of different 

species (Christie et al. 1990; Grupe et al. 1990; Swanson et al. 1990) and 

human T lymphocytes (Grissmer et al. 1990; Attali et al. 1992; Cai et al. 

1992). All these clones codified for the same protein of 575 amino acids 

(the human isoform). The distribution of this channel is mainly in the 

immune system, where is expressed in T, B lymphocytes and microglia 

(Cahalan et al. 2001), and in the nervous system (Ohno-Shosaku et al. 

1996; Veh et al. 1995). Kv1.3 is a voltage gated potassium channel which 

is activated by depolarization of the membrane. The threshold of 

activation is around -50 mV, exhibiting a half activation voltage of -35 
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mV. Kv1.3 characterizes for reaching the maximum peak of conductance 

about 10 ms after a depolarizing stimulus. Kv1.3 exhibits a marked C-

type inactivation, in front a sustained depolarization with a  of 

inactivation between 200 and 400 ms (Fig.4). Kv1.3 is also characterized 

for presenting cumulative inactivation, which consists in a progressive 

decrease in the potassium current after the application of successive 

depolarizing pulse trains. The single-channel conductance of Kv1.3 is 

about 13 pS (Cahalan et al. 1985; Grissmer et al. 1990). 

 

 

Figure 4. Kv1.3 inactivation. A. Characteristic Kv1.3 current, showing the C-type 

inactivation. B. Kv1.3 current density decreases in front of a repetitive depolarizing 

pulse train, due to cumulative inactivation. (Grissmer et al., 1990) 

 

Kv1.3 forms heteromeric complexes with Kv1.1 Kv1.2 and Kv1.4, 

in the brain grey matter (Coleman et al. 1999), whereas in the bovine 

cortex, Kv1.3 hetero-oligomerizes with Kv1.6, Kv1.2, and Kv1.4 

(Shamotienko et al. 1997). In the immune system, Kv1.3 forms hetero-

tetramers in cells where Kv1.5 is also co-expressed such as macrophages 
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and microglia (Vicente et al. 2006; Villalonga et al. 2007). Kv1.3 is 

inhibited by general blockers of potassium channels such as quinidine, 

TEA and 4-aminopiridine (4-AP). Other Kv1.3 inhibitors are benzamide 

derivatives (Miao et al., 2003) or derivatives from 5-(4-phenyl-butoxy 

psoralen (Psora-4) (Vennekamp et al., 2004). Early Kv1.3 inhibitors come 

from venom scorpions such as margatoxin (Centruroides margaritatus) 

(Garcia-Calvo et al. 1993), which exhibits an IC50 in the pico-molar 

range. Another examples of Kv1.3 venom scorpion inhibitors are: 

Charybdotoxin (Leiurus quinquestriatus) (Miller et al., 1985; MacKinnon 

et al., 1988) and the Pi2 and Pi3 toxins (Pandimius imperator) (Peter et al. 

2001). One of the most specific peptide toxins is Shk, from the sea 

anemone Stichodactyla helianthus, which blocks Kv1.3 in a nano-molar 

concentration, although some effect upon Kv1.1, Kv1.4 and Kv1.6 has 

also been described (Pennington et al. 1996). Different chemically and 

modified derivatives of ShK peptide have been developed, in order to 

increase selectivity and efficiency inhibiting Kv1.3 to target autoimmune 

diseases (Lanigan et al., 2002; Beeton et al., 2003; Beeton et al., 2005; 

Beeton et al., 2011; Chi et al., 2012).  

As previously mentioned, Kv1.3 can be modulated by association with 

auxiliary subunits, such as the KCNE4 regulatory subunit (Grunnet et al., 

2003; Solé et al., 2009). Other interacting regulatory subunits are Kv1.1 

and Kv2.1, which enhance Kv1.3 currents (Autieri et al., 1997; 

McCormack et al., 1999; Vicente et al., 2005). Kv1.3 activity is also 

modulated by PKA and PKC which decrease the activity (Payet and 

Dupuis, 1992; Cai and Douglass, 1993). Kv1.3 can be also inhibited by 
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tyrosine kinase phosphorylation, such as by Src kinases (Holmes et al., 

1996; Fadool et al., 1997) or tyrosine kinase-activity receptors (EGF or 

insulin receptors) (Bowlby et al., 1997). A Ca
++

-dependent regulation of 

Kv1.3 was also suggested in lymphoblast together with an association 

with the type II CAM kinase (Chang et al., 2001), but no calmodulin 

association (Fanger et al., 1999). Recently, a Ca
+
-dependent reduction of 

Kv1.3 inhibition in megakaryocytes and heterologous expression system 

has also been documented (Martínez-Pinna et al., 2012).  

Kv1.3 plays an important role in nervous system during a restricted 

expression pattern in hippocampus, striatum corpus, piriform cortex and 

olfactory bulb (Swanson et al., 1990; Kues and Wunder, 1992; Mourre et 

al., 1999). In the immune system, Kv1.3 is ubiquosly present. In 

leukocytes, Kv1.3 is expressed in T and B lymphocytes and macrophages 

(Beeton and Chandy 2005). After TCR activation and subsequent release 

of endoplasmic reticulum calcium, Kv1.3, together with KCa3.1, plays a 

crucial role in providing the sufficient driving force for further Ca
2+

 to 

entry the cell via Ora1. The sustained calcium signal is needed for the T-

cell activated transduction signal. Calcium signal is needed for activation 

of calcineurin and the NFAT translocation to the nucleus, which leads to 

the transcription of specific T-cell activation and proliferation genes.  

Kv1.3 has also been related to many autoimmune diseases such as 

multiple sclerosis, diabetes mellitus, rheumatoid arthritis, etc. and for this 

reason there is a lot of effort in searching a specific inhibitor of Kv1.3 as 

an immunotherapeutic (Beeton and Chandy, 2005; Beeton et al., 2005; 

Varga et al., 2010; Beeton et al., 2011). Furthermore, Kv1.3 
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overreactivity has been also described in TEM cells from patients with 

autoimmune diseases (Rus et al., 2005; Varga et al., 2009). In this 

context, blocking Kv1.3 ameliorates the animal model EAE 

(Experimental autoimmune encephalomyelitis) for multiple sclerosis 

(Beeton et al. 2001). Kv1.3, as well as Kv1.5, plays also an important role 

in the maintenance of the membrane potential, proliferation and activation 

of macrophages (Vicente et al., 2006; Villalonga et al., 2007). In addition, 

Kv1.3 is also important for the production of ROS by microglia and the 

capacity for killing neurons (Khanna et al., 2001; Fordyce et al., 2005). In 

dendritic cells, both channels are involved in the regulation of 

inflammatory cytokines (Mullen et al., 2006).  

As mentioned before, Kv1.3 is a channel that partially targets to lipid raft 

microdomains. In fact, lymphocytic Kv1.3 rearranges around the 

immunological synapse (IS), within lipid rafts, co-localizing with the 

TCR and CD3. An association between Kv1.3 and the TCR/CD3 receptor 

has been demonstrated by FRET experiments (Panyi et al., 2004). Also, 

molecular interactions between Kv1.3 and β1-integrin, SAP-97 and PSD-

95 and Kvβ2 regulatory subunits have been also reported in these 

microdomains (Panyi et al. 2004; Cahalan and Chandy 2009; Szilagyi et 

al., 2013). Kv1.3 localization in lipid rafts is crucial, because methyl-beta-

cyclodextrin treatment, which depletes the membrane from cholesterol, 

disrupts lipid rafts and causes a depolarizing shift of the Kv1.3 channel 

activation and inactivation and more than two-fold decrease in Kv1.3 

currents (Pottosin et al., 2007). Furthermore, segregation of Kv1.3 

channels into the IS modifies the gating properties (Toth et al., 2009). In 
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addition, an alteration in lipid raft formation in some autoimmune 

diseases such as Sistemic Lupus Erythematous (SLE) has been reported 

(Nicolaou et al., 2007; Nicolaou et al., 2010). Kv1.3 is also expressed in 

other tissues, but with less abundance (Bielanska et al., 2009), such as 

kidney (Yao et al., 1996), bladder (Davies et al., 2002), adipose tissue 

(Xu et al., 2003), smooth muscle (Cox et al. 2001; Miguel-Velado et al. 

2005) and skeletal muscle (Villalonga et al. 2008), osteoclasts (Arkett et 

al. 1994), testis (Jacob et al. 2000), etc. Kv1.3 expression has been related 

to many cancers (Bielanska et al. 2009) and plays a role in apoptosis 

(Bock et al. 2002; Bock et al. 2003; Gulbins et al. 2010; Leanza et al. 

2012). In fact, the presence of Kv1.3 in the mitochondrial membrane has 

been described (Szabo et al. 2005; 2008).  

Kv1.3 knock-out mice present a hyperdeveloped olfactory sense and 

impaired action potentials in the bulb olfactory neurons (Fadool et al. 

2004). Though, an enhancement of KNa currents (Slack channel) have 

been detected in olfactory bulb Kv1.3
-/-

 mice, which may explain part of 

the olfactory phenotype of these mice (Lu et al. 2010). In addition, Kv1.3
-

/-
 presented a decreased body mass, and in the number of fat bodies, due 

to probably the enhanced nocturnal motor activity and metabolism which 

these mice exhibit. These mice also present higher longevity (Tucker et 

al. 2008). Furthermore, animals present an increased expression of some 

adaptor proteins such as PSD-95, Src, Grb, or 14-3-3, which some of 

them are involved directly or indirectly with the Kv1.3 activity (Fadool et 

al. 2004; Szilagyi et al. 2013). The immune system of Kv1.3 knock-out 

mice developed properly, because similar number of lymphocytes in the 



___________________________________________________________ 

 

28 
 

spleen and thymus and no significant difference upon proliferation in 

response to anti-CD3 were initially found. However, a compensatory up-

regulation of chloride currents (Koni et al. 2003) in lymphocytes was 

detected. Although more evidence demonstrate that Kv1.3
-/-

 mice 

exhibited a decreased incidence and severity of experimental autoimmune 

encephalomyelitis (EAE) and a limited proliferative capacity of 

lymphocytes. Kv1.3
-/-

 mice present significantly more naïve and TCM 

cells and fewer TEM cells in the lymph node at seven days after 

immunization than WT, despite of exhibiting similar percentages of CD4
+
 

and CD8
+
 T cells in spleen and lymph node (Gocke et al., 2012). 

 

1.3. Endocytosis of ion channels 

Cellular endocytosis is classically a mechanism for protein 

internalization and degradation. However, multiple endocytic pathways 

which are able to define cellular destinations in many ways show that 

endocytosis means not just reduction of membrane proteins expression. 

Therefore, we see endocytosis as a mechanism of rapid recycling and 

redistribution of membrane proteins (Kirchhausen et al. 1996, McMahon 

et al. 2009, McMahon and Boucrot 2011). Endocytosis serves as a control 

mechanism of cell surface expression and function of many membrane 

proteins included ion channels. 

Cell can use various mechanisms to internalize plasma membrane 

proteins (Fig.5), and many proteins are capable of being recruited to 

different endocytic pathways in response to environmental triggers or as a 
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result of constitutive or stimulated endocytosis (Trejo et al., 2011, 

Sigismund et al., 2008). The primary congregation point for most 

internalized proteins is the Rab5 (Ras-related GTPase 5) positive early 

endosome (Zhuang et al., 2006, Bonifacino and Traub, 2003). From here, 

proteins can either transit to recycling endosomes and back to the plasma 

membrane or are sorted to late endosomes and finally to the lysosome for 

degradation (Bonifacino and Traub, 2003; Bonifacino and Rojas, 2006; 

Platta and Stenmark, 2011). An ARF6 (a member of the family of ADP-

ribosylation factor) positive compartment operates as an alternative route 

to direct delivery of cargo to the Rab5 positive early endosomes 

(Donaldson et al., 2001; Kobayashi and Fukuda, 2013; Chavrier et al., 

2003; Radhakrishna and Donaldson, 1997). Proteins targeted to the ARF6 

positive compartment can be recycled directly back to the cell surface or 

pass from there to early endosomes. 

 The endocytic routes and subsequent trafficking pathways 

(degradation versus recycling) are specified by structural features or 

sorting motifs within the cytoplasmic domains of cargo proteins 

(Bonifacino and Traub 2003; Traub and Bonifacino 2013). These 

endocytic signals enable binding partners to target the protein into 

specific pathways. While the molecular details of these processes are still 

emerging, recognized motifs and modifications have been defined.  

The most extensively studied endocytic pathway is clathrin-

mediated endocytosis (CME). However, a range of additional clathrin-

independent endocytic pathways operate within different cell types and 

are proposed to account for a significant proportion of protein endocytosis 
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(Conner and Schmid 2003, Doherty and McMahon 2009, Hsu and 

Prekeris 2010). Adaptor proteins together with clathrin-associated sorting 

proteins (CLASPs) recruit cargo into clathrin-coated vesicles of the CME 

pathway (Ohno 2006, Perrais and Merrifield 2005, Traub 2005). 

Recruitment relies on recognition of sorting motifs predominantly within 

the cytosolic termini of cargo protein. A tyrosine motif (YXXϕ; using 

single amino acid code X represents a variable residue and ϕ a 

hydrophobic residue) and a di-leucine [DE]XXXL[LI] motif in channel c-

termini are recognized by clathrin adaptor protein AP-2 (Bonifacino and 

Traub 2003). AP-2 binding facilitates recruitment to the clathrin bud and 

results in channel endocytosis and lysosomal targeting. AP-1 and AP-3 

also recognize these motifs but play roles in bidirectional transport 

between TGN and endosomes and sorting to lysosome (for AP-3 recruited 

cargo) (Luzio et al 2002, Seaman 2008). A similar motif, DXXLL or 

acidic cluster/di-leucine motif, is recognised by another member of the 

ARF family (ARF1) which is localised to the TGN and endosomes and 

regulates membrane recruitment of AP1 and AP3 (Doray et al. 2012, 

Nakai et al. 2013). These motifs are thought not to be involved in cargo 

internalisation or recycling but likely enable sorting of transmembrane 

proteins from the TGN to endosomes. Cargo bearing an alternative 

tyrosine motif ([FX]NPXY[FX]), as seen in Kir1.1, are also endocytosed 

through the CME pathway (Bonifacino and Traub 2003, Chen et al. 1990, 

Fang et al. 2009). Here, recruitment into clathrin-coated vesicles appears 

to be independent of AP-2 but depends on CLASP proteins which either 

contain a phosphotyrosine-binding (PTB) domain and associate with 

either of PTB proteins, Disabled-2 (Dab2) and the autosomal recessive 
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hypercholesterolemia (ARH) protein which localize to clathrin-coated 

structures (Mishra et al. 2002). [FX]NPXY[FX] motifs are also 

recognized by sorting nexin (SNX) proteins, endocytic proteins which 

contain phox-homology (PX) domains selective for endosomal 

phosphatidylinositol 3-phosphate (PtdIns(3)P) and function in cargo 

internalization and endosomal sorting (Carlton et al. 2005, Teasdale and 

Collins 2012, van Vliet et al 2003). 

 
 

Figure 5. Ion channel endocytic pathways. Clathrin-mediated and clathrin-independent 

sorting pathways utilised by ion channels. Channels can be internalised by scission of 

clathrin-coated pits by action of dynamin to produce clathrincoated vesicles which can 

be sorted to endosomes, lysosomes and trans-Golgi network. Cargo internalised through 

clathrinin-dependent pathways can also be sorted to the same destinations following 

their shuffling to the early endosomes (Rab5+). Alternatively, cargo of the clathrin-

independent pathway can enter ARF6+ recycling endosomes and return directly to the 

cell surface or transit to the early endosomes and into the endocytic pathway (recycling 

or late endosomes) from there. Prominent Rab proteins in each of the compartments are 

included. Arrows indicate possible direction of sorting between compartments (extracted 

from O’Kelly, 2014) 
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1.4. Ubiquitination of ion channels  

Ubiquitination is a posttranslational modification that involves the 

covalent attachment of ubiquitin polypeptides to target proteins. Ubiquitin 

is a highly conserved polypeptide of 76 amino acids; it contains a 

diglycine motif at its COOH-terminal end, and it is ligated via this COOH 

terminus to lysine residues of target proteins (Fig.6). This modification 

was originally described as a signal that could target cellular proteins to 

rapid degradation by a cytosolic complex, the proteasome. It turned out to 

be a highly regulated system that is important for many cellular functions. 

Ubiquitination was later found to regulate numerous other processes in 

the cell (not just serving as a degradation signal for the proteasome), 

including protein trafficking. 

 

 

Figure 6. Structure of ubiquitin with seven lysines (adapted from Strieter et al. 2013) 
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The covalent ubiquitination of proteins is one of the most widespread 

regulatory posttranslational modifications of proteins. During the 

ubiquitination the C-terminus of ubiquitin is conjugated to target proteins 

by the action of three enzymes (Figure 7) a ubiquitin-activating enzyme 

(E1), a ubiquitin conjugating enzyme (E2), and a ubiquitin protein ligase 

(E3) (Pickart et al., 2004). 

1) Activating enzymes (E1s). The first step consists of the ATP-

dependent activation of the carboxyl terminus of ubiquitin (Ub) 

and its conjugation to the active-site of an E1 through a thiol-ester 

bond. 

2) Conjugating enzymes (E2s). In the second step, Ub is transferred 

to a similar cysteine residue in the active site of one of more than 

twenty known E2 enzymes. 

3) Ligases (E3s). The final step, which results in the formation of an 

isopeptide bond with the ɛ-amino group of a lysine residue in 

substrate proteins, is accomplished by E3 enzymes. Because E3s 

select substrates for modification at the correct time and place, 

there is a large diversity of E3 enzymes. Actually, ubiquitin 

ligases are emerging as a class of enzymes as important in cellular 

regulation as kinases. 
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Figure 7. Diagram of ubiquitination process showing the three steps and the involved 

enzymes (adapted from Strieter et al. 2013) 

Two main families of E3s are known: HECT-type (Homologous to the 

E6-AP Carboxyl Terminus) and RING-type (Really Interesting New 

Gene). In HECT-E3-mediated catalysis (shown on the right side of Figure 

8) ubiquitin is transferred from the E2 to the HECT-E3 (always as a thiol-

ester conjugate) and then by the E3 to the substrate (Rotin et al., 2001). In 

RING-E3-mediated catalysis (shown on the left side of Figure 8) 

ubiquitin is transferred directly from the E2 to the substrate while the 

RING-E3 (which is frequently a multisubunit complex) functions as an 

adaptor between them (Bhownick et al., 2013). 
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Figure 8. The ubiquitin pathway. (A) Schematic representation of the ubiquitination 

process. A hierarchical set of three types of enzyme is required for substrate 

ubiquitination: ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin-

protein ligase (E3) enzymes. The two major classes of E3 ligases are depicted. (B) 

Schematic representation of the different Ub modifications with their functional roles 

(extracted from Polo et al. 2007) 

 

Cellular proteins are modified by various ubiquitin signals: 

monoubiquitin, multiple monoubiquitin or polyubiquitin chains which can 

be of diverse length and linkage. There are seven lysine residues in 

ubiquitin (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and Lys63), 

allowing for seven possible homotypic linkage types and multiple 

possible heterotypic chains. Each type of ubiquitination can lead the cell 

to a different destination (Figure 8B). 

Ubiquitination plays a critical role in regulating the abundance and 

localization of many membrane proteins. Direct or indirect conjugation to 
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protein, such as ion channels, at the cell surface may function as a signal 

for internalization by triggering the assembly of endocytic machinery 

(Abriel et al., 2013). Alternatively, the internalization process may occur 

prior to conjugation, with ubiquitination instead serving to direct 

endocytosed channel toward a fate of degradation and prevent them from 

recycling to the surface. 

Ion channel ubiquitination is well described for the epithelial 

sodium channel ENaC. This protein expressed in the distal part of the 

nephron is involved in sodium homeostasis and blood pressure control 

(Kellenberger et al., 2002). The channel consists of three subunits each 

containing two transmembrane domains, one extracellular loop and short 

intracellular N and C- terminals. Ubiquitination of ENaC targets the 

channel to lisosomal degradation through clathrin-mediated endocytosis 

(Rotin et al., 2000). Ubiqutination of ENaC channel occurs as a response 

of PKC activation which can be stimulated by phorbol esters (Chaibalin et 

al., 1999). 

 

1.5. Protein Kinases involved in Kv1.3 internalization. 

Protein kinases are important regulators of intracellular signal 

transduction pathways that mediate the development and regulation of 

many proteins. They play critical roles in cell growth, division, 

differentiation, adhesion, motility, and death. More than 500 protein 

kinases have been identified in the human genome (Sudarsanam et al. 

2002). Based on their catalytic specificity, they can be subdivided into 
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tyrosine (Tyr, Y)- and serine (Ser, S)/threonine (Thr, T)-specific kinases. 

Their activity is usually highly regulated to mediate their cellular function 

and physiological responses. Normal cellular protein kinases can be 

positively upregulated by phosphorylation, dephosphorylation, protein 

cleavage, translocation, ligand/second-messenger or ion binding, 

dimerization or oligomerization, activating subunit interaction, and 

protein-protein or protein-lipid interactions. The activity of protein 

kinases is also governed by negative feedback systems, which can 

attenuate or terminate kinase activity and thus their induced downstream 

signals. Several mechanisms serve to negatively regulate kinase activity, 

including, in the case of ligand-induced receptor tyrosine kinase 

signaling, antagonistic ligands, heterooligomerization with truncated 

receptors, phosphorylation, dephosphorylation, endocytosis, protein 

degradation, and reduction of receptor mRNA, all of which serve as 

means of downregulation (Hunter, 2000). 

 

1.5.1. Protein kinase C (PKC) 

The protein kinase C (PKC) is a family of 11 isoenzymes. All 

PKC enzymes are single polypeptide composed of an N-terminal 

regulatory region and a C-terminal catalytic region (Newton et al., 1995). 

Most of PKC isoenzymes have a cysteine-rich C1 domain which forms 

the diacylglycerol/phorbol ester binding site. Diacylglycerol (DAG) is a 

PKC activator and phorbol esters, such as PMA (phorbol-12-myristate-

13-acetate), can mimic it. Phorbol esters are stable in the cell therefore 
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effects last longer, which helps in the study of PKC signaling in vivo 

(Ron et al., 1999).  

PKC is activated at the membrane and consequently induces 

increased membrane traffic. Its association with the membrane leads to its 

own movement along with the budding vesicles. The PKC is ultimately 

sorted and degraded. Catalytically inactive PKC is able to associate with 

membranes through functional regulatory domains and is passively drawn 

into the vesicle traffic and degraded. Activated PKC involves many 

cellular functions such as regulation of receptor desensitization and 

internalization, regulation of transcription, mediation in immune 

responses, regulation of cell growth and also regulation of endocytosis 

and trafficking (Alvi et al., 2007). PMA-induced PKC downregulation is 

observed in most cell types. Under action of PMA, PKC is regulating 

secretory and endocytic processes in mammalian cells. Kv1.3 is a target 

of PKC that upon activation reduces currents in Jurkat T cells (Kuras et 

al., 2012). 

1.5.2. Protein kinase A (PKA) 

PKA is the major intracellular target of cAMP. At low cAMP 

concentration, PKA exists mainly as an inactive tetrameric holoenzyme 

composed of two regulatory and two catalytic subunits. Activation of 

PKA occurs when four molecules of cAMP bind to the regulatory 

subunits, promoting the dissociation of the PKA holoenzyme into two 

active catalytic subunits and a dimer of regulatory subunits (Taylor et al., 

2013). The two PKA isozymes differ in their regulatory subunits: PKA 
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type I (PKA-I) containing RIa or RIb and PKA type II (PKA-II) 

containing RIIa or RIIb. The importance of the relative cellular ratio 

between PKA-RI and PKA-RII has already been reported, supporting the 

idea that specific functions can be assigned to PKA isozymes mediating 

the distinct effects of cAMP in cellular processes such as growth and 

differentiation (Schwartz and Rubin, 1985; Ogreid et al., 1989; Rohlff et 

al., 1993; Cho-Chung et al., 1995; Kopperud et al., 2003; Ji et al., 2008; 

Pidoux and Tasken, 2010). 

The cAMP/PKA signaling system constitutes an inhibitory 

pathway in T cells and, although its biochemistry has been thoroughly 

investigated, its possible effects on ion channels are still not fully 

understood. Kv1.3 channels play an important role in T-cell activation, 

and their inhibition suppresses T-cell function. It has been reported that 

PKA modulates Kv1.3 activity (Vang, et al., 2001). Two PKA isoforms 

are expressed in human T cells: PKAI and PKAII. PKAI has been shown 

to inhibit T-cell activation via suppression of the tyrosine kinase Lck 

(Ruppelt et al., 2007). 8-Bromoadenosine 3′,5′-cyclic monophosphate (8-

BrcAMP), a nonselective activator of PKA, inhibited Kv1.3 currents both 

in primary human T and in Jurkat cells (Torgersen et al., 2002).  

 

1.5.3. ERK1/2 

Extracellular signal-regulated kinase 1 and 2 (Erk1/2) are central 

regulators of cellular proliferation, survival, and motility, and the 

mechanisms governing their activation have been extensively studied 
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(Cheung and Slack, 2004; Roux and Blenis, 2004; Viala and Pouyssegur, 

2004). Erk1/2 is activated by phosphorylation, mediated by the dual-

specificity kinase MEK, which in turn is activated by the Raf kinase 

(Torii et al., 2004b). Scaffold proteins play a key role in Erk activation by 

binding multiple components of the Raf MEK Erk module to promote 

signal transduction, amplification, and specificity.  

ERK activation could dually regulate the Kv channel subunits at 

the transcriptional and post-translational levels (Berbard et al. 2004). 

ERK could directly phosphorylate the subunits of the ion channels, which 

were characterized by changes in the gating properties of the channels, 

such as upon acute regulation of the fast-transient outward K
+
 current by 

growth factors (Dourado and Drye 1994, Yang et al. 2001). 

 

1.5.4. Receptor Tyrosine Kinases 

Receptor tyrosine kinases comprise over half of the 90 tyrosine 

kinases in the human genome (Manning et al. 2002). Most of them bind to 

specific protein ligands, such as growth factors and cytokines, via their 

extracellular domain, which results in activation of the cytoplasmic 

catalytic domain upon ligand-mediated oligomerization and 

phosphorylation of cytoplasmic proteins, thereby transducing 

extracellular signals across the plasma membrane (Hunter 2000). The 

EGF receptor family of tyrosine kinases has four members—EGFR, 

ErbB2, ErbB3, and ErbB4. EGFR, ErbB3, and ErbB4 bind ligands in the 

EGF family. EGFR, ErbB2, and ErbB4 are active kinases, whereas ErbB3 
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lacks catalytic activity. Upon ligand binding, these receptors can 

heterodimerize, thus generating distinct intracellular signals depending on 

the combination. For instance, ligand-induced interaction of any of the 

three active receptors in combination with ErbB3 results in activation of 

the PI3-K pathway (Blume-Jensen and Hunter 2001).  

Receptor endocytosis is a regulatory mechanism that promotes 

constant and partial -regulated signaling by localizing receptors to 

signaling endosomes and by promoting receptor recycling to the cell 

surface (von Zastrow and Sorkin 2007, Schenck et al. 2008, Zoncu et al. 

2009). Alternatively, endocytosis can lead to signal attenuation by 

culminating in receptor degradation. EGFR endocytosis is initiated by 

EGF binding to EGFR dimers at the plasma membrane (Chung et al. 

2010). Stabilization of EGFR dimers promotes EGFR activation and 

trans-phosphorylation. Active EGFR is ubiquitinated by the E3 ligase 

Cbl, a posttranslational modification that recruits the endocytic 

machinery. Both clathrin-dependent (Goh et al. 2010) and clathrin-

independent (Sigismund et al. 2005, Orth and McNiven 2006) pathways 

contribute to EGFR endocytosis. EGF mediates inhibition of the Shaker-

type channels Kv1.2 and Kv1.3 (Bowlby et al. 1997; Tsai et al. 1997; Qiu 

et al. 2003). It is reported that EGF modulates Kv1.3 current (Holmes et 

al., 1997). EGF-mediated tyrosine phosphorylation decrease channel 

activity and reveal as potential modulator of Kv1.3 turnover. 
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Kv1.3 channel plays a key role in a wide range of physiological 

phenomenon. For instance, the channel has been implicated in cell 

secretion, volume regulation, proliferation, T-lymphocyte activation and 

neuronal activity. In this work we focused on the Kv1.3 implication in the 

immune and nervous systems.  We wanted to analyse whether an 

appropriate activity depends not only on the channel expression but also 

on the localization and abundance on the cell surface. The presence of 

Kv1.3 on the cell surface can be modulated by endocytosis. In this 

context, we aim to investigate mechanisms of Kv1.3 endocytosis. 

Therefore, the specific objectives of the PhD dissertation were: 

1. Mechanism of EGF-induced endocytosis of Kv1.3 

2. PMA and Adenosine induced ubiquitin-mediated endocytosis of 

Kv1.3  

3. Signaling pathways involved in the modulation and turnover of 

the channel 

4. Deciphering the molecular determinants involved in the channel 

ubiquitination 
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Unconventional EGF-induced ERK1/2-mediated 

Kv1.3 endocytosis. 
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Abstract 

 

The potassium channel Kv1.3 plays roles in immunity, neuronal development 

and sensory discrimination. Regulation of Kv1.3 by kinase signaling has been 

studied. In this context, EGF binds to specific receptors (EGFR) and triggers 

tyrosine kinase-dependent signaling, which down-regulates Kv1.3 currents. We 

show that Kv1.3 undergoes EGF-dependent endocytosis. This EGF-mediated 

mechanism is relevant because is involved in adult neural stem cell fate 

determination. We demonstrated that changes in Kv1.3 subcellular distribution 

upon EGFR activation were due to Kv1.3 clathrin-dependent endocytosis, which 

targets the Kv1.3 channels to the lysosomal degradative pathway. Interestingly, 

our results further revealed that relevant tyrosines and other interacting motifs, 

such as PDZ and SH3 domains, were not involved in the EGF-dependent Kv1.3 

internalization. However, a new, and yet undescribed mechanism, of ERK1/2-

mediated threonine phosphorylation is crucial for the EGF-mediated Kv1.3 

endocytosis. Our results demonstrate that EGF triggers the down-regulation of 

Kv1.3 activity and its expression at the cell surface, which is important for the 

development and migration of adult neural progenitors. 
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Supplementary Figures: 

 

Supplementary Figure 1. EGFR phosphorylation inhibited Kv1.3 

activity without altering Kv1.3 protein levels. (A and B) Cells were 

transfected with EGFR-CFP and incubated with 10 ng/ml EGF for 15 

minutes at 37ºC. (A) EGFR were immunoprecipitated (IP) with anti-

phospho-tyrosine (PTyr) or anti-GFP (GFP) antibodies. No AB, absence 

of antibody. The membranes were blotted (IB) against phospho-tyrosine 

(PTyr) or GFP (GFP). (B) EGF triggered the appearance of endocytic 

vesicles containing EGFR-CFP (inset). (C-E) HEK-293 cells were co-

transfected with Kv1.3-HA and EGFR-CFP and treated with or without 

Erbstatin. (C) Voltage-dependent K
+
 currents were evoked in cells using a 

250 ms depolarizing pulse from -60 to +70 mV. Erbstatin prevented the 

EGF-dependent inhibition of K
+
 currents. (D) Current density in pA/pF. 

*** p<0.001 vs control in the absence of EGF and Erbstatin (Student’s t 

test). The results are the mean±SEM of 8-10 cells. (E) Total lysates from 

Kv1.3 expressing cells either co-transfected (+EGFR) or not (-EGFR) 

with EGFR in the presence (+) or the absence (-) of EGF were 

immunoblotted against Kv1.3 and EGFR. Western blot analysis 

demonstrated that Kv1.3 expression is not altered upon EGF incubation in 

the presence of EGFR.  

 

Supplementary Figure 2. EGF-dependent Kv1.3 endocytosis in HeLa 

cells. Representative images of HeLa cells stably expressing Kv1.3-YFP. 
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(A-H) Cells were incubated in the absence (A,B) or the presence (C-H) of 

EGF-rhodamine (4 ng/ml) for 30 min at 37ºC. (F-H) After incubation, 

EGF was removed by an ice-cold mild-acid wash (+ ACID) or (C-E) 

binding medium wash (- ACID). As a result, the extracellular EGF-

rhodamine background signal was reduced and the intracellular 

Kv1.3/EGF-containing vesicles were highlighted (inset in H). (I-N) 

Antibody feeding endocytosis assay targeting Kv1.3-HA external epitope. 

Representative confocal images of HeLa cells transiently transfected with 

HA-Kv1.3. Live cells, incubated with anti-HA antibody for 1 h at 4°C, 

were further treated with (+EGF) or without (-EGF) EGF for 30 min at 

37°C. (I-K) Basal HA-Kv1.3 distribution in the absence of EGF. (I) 

Extracellular Cy5-stained HA-Kv1.3. (J) Intracellular Cy3-stained HA-

Kv1.3. (L-N) EGF-dependent HA-Kv1.3 endocytosis. (L) Extracellular 

Cy5-stained HA-Kv1.3. (M) Intracellular Cy3-stained EGF-dependent 

HA-Kv1.3 endocytosis. (K,N) Merge panels in the absence or the 

presence of EGF, respectively. Bars represent 10 μm. 

  

Supplementary Figure 3. Effect of EGF-dependent tyrosine kinase 

activity on Kv1.3 endocytosis. Images of HeLa cells transiently 

expressing Kv1.3-YFP wt and Kv1.3-YFP Yless channels. (A-D) Kv1.3-

YFP wt cells were pretreated for 1 h prior to and during stimulation with 

(+) or without (-) 50 μM Erbstatin and were incubated with (+) or without 

(-) EGF-rhodamine (4 ng/ml) for 30 min. (E) Kv1.3[i], intracellular Kv1.3 

wt in arbitrary units (AU) relative to the control (white column, no 

additions). *** P < 0.001 vs control with no incubations (Student’s t-test). 

(F-L) HeLa cells transfected with the Kv1.3-YFP (Y
111-113,137,449,479

F) 
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mutant channel (Kv1.3 Yless). (F) Voltage-dependent K
+
 currents evoked 

in cells by a 250 ms depolarizing pulse from -60 to +70 mV. The lack of 

tyrosines in the Kv1.3-YFP Yless channel partially counteracted the EGF-

dependent inhibition of K
+
 currents. (G) Current density in pA/pF. *** 

p<0.001, * p<0.05 vs - EGF for Kv1.3 wt and Kv1.3 Yless channels, 

respectively (Student’s t test). Note a significant current density decrease 

in the Kv1.3 Yless channel. The results are the mean±SEM of 8-10 cells. 

(H-L) Representative images of Kv1.3 Yless HeLa cells in the presence 

(+) or the absence (-) of EGF. (H) Kv1.3 Yless in the absence of EGF. (I-

K) Kv1.3 Yless in the presence of EGF. (K) Kv1.3 (green) and EGF (red) 

in merge panel. (L) Kv1.3[i], intracellular Kv1.3 Yless in arbitrary units 

(AU) relative to the control (white column, -EGF). Black column, +EGF. 

*** P < 0.001 vs absence of EGF (Student’s t-test). The results are the 

mean±SEM of 15-20 cells. Note a notable EGF-dependent Kv1.3 Yless 

channel endocytosis. Bars represent 10 μm. 

 

Supplementary Figure 4. Effect of different mutations of relevant 

Kv1.3 signatures on channel endocytosis. HeLa cells were transiently 

transfected with Kv1.3-YFP wt (Kv1.3 wt), Kv1.3-YFP_P37G, P39A, 

P
40,493,496

L (Kv1.3 Pless) and Kv1.3-YFP_T523X (Kv1.3 T523X) 

channels. Cells were incubated with (+ EGF) or without (- EGF) 4 ng/ml 

EGF-rhodamine for 30 min at 37ºC. (A-E) Kv1.3 wt. (F-J) Kv1.3 Pless. 

(K-O) Kv1.3 T523X. (D, I, N) Color code in merge panels: Kv1.3, green; 

EGF, red. (E,J,O) Kv1.3[i], intracellular Kv1.3 in arbitrary units (AU) 

relative to the control (white column, -EGF). Black column, + EGF. *** 
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p<0.001 vs the absence of EGF (Student’s t-test). The results are the 

mean±SEM of 15-25 cells. Bars represent 10 μm 
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Ubiquitination mediates Kv1.3 endocytosis as a 

mechanism for protein kinase C- dependent 
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Abstract 

The voltage-dependent potassium channel Kv1.3 plays essential physiological 

functions in the immune system. Kv1.3, regulating the membrane potential, 

facilitates downstream Ca
2+

 -dependent pathways and becomes concentrated in 

specific membrane microdomains that serve as signaling platforms. Increased 

and/or delocalized expression of the channel is observed at the onset of several 

autoimmune diseases. In this work, we show that adenosine (ADO), which is a 

potent endogenous modulator, stimulates PKC, thereby causing 

immunosuppression. PKC activation triggers down-regulation of Kv1.3 by 

inducing a clathrin-mediated endocytic event that targets the channel to 

lysosomal-degradative compartments. Therefore, the abundance of Kv1.3 at the 

cell surface decreases, which is clearly compatible with an effective anti-

inflammatory response. This mechanism requires ubiquitination of Kv1.3, 

catalyzed by the E3 ubiquitin-ligase Nedd4-2. Postsynaptic density protein 95 

(PSD-95), a member of the MAGUK family, recruits Kv1.3 into lipid-raft 

microdomains and protects the channel against ubiquitination and endocytosis. 

Therefore, the Kv1.3/PSD-95 association fine-tunes the anti-inflammatory 

response in leukocytes. Because Kv1.3 is a promising multi-therapeutic target 

against human pathologies, our results have physiological relevance. In addition, 

this work elucidates the ADO-dependent PKC-mediated molecular mechanism 

that triggers immunomodulation by targeting Kv1.3 in leukocytes. 
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1. Signaling pathways triggering Kv1.3 internalization. 

2. Lysine-targeting specificity of Kv1.3 poliubiquitination. 
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Signaling pathways triggering Kv1.3 internalization 
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ABSTRACT 

 

Regulation of protein degradation is an important component of 

many cellular pathways. PKC-dependent internalization of Kv1.3 is 

dependent of ubiquitination of the channel and mediated by the 

clathrin-dependent endocytosis triggering lisosomal degradation. 

To further investigate the molecular mechanisms of the Kv1.3 

internalization in response to adenosine, we have examined the 

effects of PKA antagonists. Our results, for the first time, provided 

evidence on the effect of PKA activation on the Kv1.3 trafficking. 
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Introduction 

Voltage-gated K channels (Kv) is large family of channels that are 

expressed in both excitable and non-excitable cells. In nerve and muscle 

they contribute to the control of resting membrane potential and action 

potential frequency and duration. In non-excitable tissues Kv are involved 

in many processes such as secretion to cell proliferation (Pardo, 2004; 

Wulff et al., 2009; Chandy et al., 2004). Kv1.3 is a voltage-gated 

potassium channel that is crucial for T cell development and activation. 

Kv1.3 is highly expressed in effector memory T cells, where constitutes 

the predominant K
+
 conductance for these cells and provides, together 

with KCa3.1, the electrochemical driving force for Ca
2+

 influx necessary 

for both T-cell proliferation and cytokine secretion (Cahalan and Chandy, 

2009; Feske, 2007). Thus, Kv1.3 is regarded as an attractive target for 

treatment of autoimmune diseases
 
(Rangaraju et al., 2009). In this context, 

several Kv1.3 channel blockers, such as 5-methoxypsoralen and acacetin 

have been proven to suppress cytokine secretion of T cells and alleviated 

autoimmune diseases in animal or cell models
 
(Fu et al., 2013; Zhao et al., 

2014). The importance of this channel on human health and disease 

assures that this protein must be under strictly regulation. Here we 

investigated different roles of PKC and PKA on the modulation of Kv1.3 

endocytosis. 

Protein kinases regulate the activity of ion channels by modulating 

intracellular trafficking and the abundance of functional proteins at the 

cell surface (Bradbury and Bridges 1994). Recently we demonstrated that 

Kv1.3 endocytosis is triggered by PKC activation and in a clathrin-
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dependent manner which finally leads the channel to lysosomal 

degradation. However, Kv1.3 can be phosphorylated by both PKC and 

PKA (Szabo et al., 1996; Szigligeti et al., 2006). In this context, in the 

present work we have examined the PKC and PKA-mediated Kv1.3 

internalization. 

Material and Methods 

Cell culture and cell transfection 

Experiments were performed using the mammalian cell line HEK-

293. Cells were grown in DMEM (Dulbecco's modified Eagle's medium) 

containing 10% fetal bovine serum (FBS), L-glutamine (2 mM) and 

antibiotics: penicillin G (10,000 U / ml) and streptomycin (10 mg / ml). 

Cells were harvested and plated on plastic Petri dishes and cultured in a 

37 °C humidified incubator with 5% CO2.  Cells were grown to 

confluence. HEK-293 cells were transfected using PEI 

(Polyethylenimine). Polyethylenimine is a polymeric transfection agent, 

which belongs to a group of cationic polymers. PEI forms a complex with 

DNA, and as a cationic carrier, PEI neutralize the negatively charged 

plasmid, allowing contact with the cells. Transport into the cell may take 

the form of endocytosis, or fusion with the cell membrane. There is a risk 

of degradation of the material introduced in the lysosome, but it can be 

transported to the nucleus and transcription and expression of the 

introduced material.  

For immunocytochemistry experiments cells were plated into 12-

well dishes containing 12 mm glass coverslips pretreated with poly-L-
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lysine and into 1 ml of media. To conduct immunoprecipitation 

experiments cells were plated into Petri dish with 10 ml of media. The 

following DNA amounts were used; i) immunoprecipitation: 4 μg/P100 

dish; ii) immunocytochemistry: 0.5 μg/12-multi-wells. PEI and DNA 

were diluted in 150 mM NaCl. Both mixtures were incubated for 15 min, 

mixed and still for 30 min. Cells were incubated for 4 hour with the 

Pei/DNA mixture diluted in media. After 4 h media was changed. In both 

experiments cells were harvested 24 h after transfection.  

Immunochemistry and Microscopy studies 

For immunocytochemistry cells were grown in multi-wells on 

glass slides and transfected. After 24 hours, the cells were incubated for 

30 minutes at 37 °C with 200 μM ADO or 1 μM PMA in DMEM for the 

specified times. DMSO (dilution 1:1,000) was used as a negative control. 

The cells were then washed 3 times with PBS without K
+
 (0.9% NaCl, 

0.01 M NaH2PO4 • H2O) at 37 ° C. The absence of K
+
 in solution 

facilitates the adhesion of these cells which by nature tend to be easily 

separated from the surface on which they grow. Next, cells were fixed 

with freshly prepared 4% paraformaldehyde for 10 min at room 

temperature. After 3 washes of 5 min each with PBS without K
+
, the 

coverslips were mounted in Mowiol media. 

The data presented in this work were obtained using a spectral 

confocal microscope Leica TCS SL (Leica Microsystems, Heidelberg 

GmbH, Mannheim, Germany). The conditions, under which pictures were 

taken with the microscope confocal, were as follows: the pinhole used 

was 1 AE (Airy Units), line average used was 4, scan speed: 400 Hz, 
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resolution: 1024 pixels x 1024 pixels, zoom x 4. The level of endocytosis 

was quantified analyzing the number of intracellular vesicle accumulation 

by using the automatic particle counting protocol of the Image J software 

and setting threshold around 75% to discard the membrane surface mask. 

Protein extraction, Immunoprecipitation and Western Blotting 

To obtain total protein lysates, cells were split on plates 100 mm 

cell diameter, grown to confluence and transfected. One day after 

transfection, cells were incubated for 30 min at 37 °C with 1 µM PMA (in 

DMSO) or 200 µM adenosine, or with DMSO as a negative control. The 

whole process is carried out on ice. After 3 washes with cold PBS, cells 

were left in protein extraction buffer for 20 min. The buffer contained the 

following components: 50 mM Tris-HCl pH 7.4,  150 mM NaCl, 1% 

Triton x-100, 1 mM EDTA, supplemented with with 0.0125g N-

ethylmaleimide (NEM), 5 µM  MG-132,  1 mM Na3VO4, and 10 mM 

NaF and 0.1% protease inhibitors (pepstatin, leupeptin, 

phenylmethylsulfonyl fluoride (PMSF) and aprotinin). Cells were spun 

for 10 min at 14,000 rpm at 4 °C. The supernatant was collected and 

stored at -20 °C. 

Protein concentrations were measured using Bradford protein 

assay. For coimmunoprecipitation assays, protein samples (from 1 to 2 

g) were pre-incubated with 50 l of protein A sepharose (before washed 

3 times with IP lysis buffer) for 2 h at 4° C. After this time, samples were 

gently centrifuged for 30 s at 1,000 g to minimize possible A sepharose 

non-specific binding. Next, .onspecific binding free supernatant was 
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added into a chromatographic column (Micro Spin Chromatography 

columns, BioRad). Columns had been prepared previously, washed 

Protein A (50 μl into each column) was added, then specific antibody 

against the protein under immunoprecipitate (GFP Polyclonal Antibody, 

GenScript at a ratio of 4 ng antibody per mg total protein) and incubated 

for 2 h. Next, DMP (dimethyl pimelimidate, Pierce) was also added, to 

generate imidioester bonds between antibody and sepharose. The 

incubation was performed at 4° C O/N with constant agitation. After this 

time, the supernatant was collected. Columns were placed onto 

eppendorfs that already had 20 μl of TC5x 10% β-mercaptoethanol and 

protein-antibody complex-protein A were eluted by adding a solution of 

glycine (0.2 M, pH 2.5). 

The samples were separated on percentage suitable acrylamide-

bisacrylamide SDS-PAGE gels. Proteins were transferred to a PVDF 

membrane (Immobilon-P, Millipore). Blocking was done for 1 h at room 

temperature (RT) with a solution of PBS with 0.05% Tween and 5% 

skimmed milk powder.  Blocked membranes were incubated with primary 

antibody diluted in PBS 0.05% Tween O/N at 4° C. 

Two different antibodies have been used. An anti-Kv1.3, Mouse 

Monoclonal Antibody (NeuroMab) - to detect the presence of Kv1.3, and 

anti-Ubiquitin (P4D1) Mouse Monoclonal Antibody (Santa Cruz 

Biotechnology, Inc.) to detect the ubiquitinated channels. Finally, 

membranes were incubated for 1 hour at RT with the secondary antibody 

(Goat Anti-Mouse IgG, Bio-Rad). ECL reagent (Biological Industries) 

was used to detect protein signals. Between antibodies, 4 washes of 5 min 
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with 0.05%Tween in PBS were made. Results were obtained in X-ray 

films. Western blots were quantified using MacBiophotonics ImageJ 

software. ImageJ was used to compare the density (intensity) of western 

blot bands.  

Protein kinase inhibitors  

For examination of protein ubiquitination and endocytosis, 

transfected cells were cultured O/N in serum-starvation (DMEM +0.02% 

BSA) medium. All assays were carried out in this serum free DMEM. 

Agonist and/or inhibitor were added as described in the figure legends. 

Briefly, inhibitors were added 30-15 min before the agonist, and then 

cells were incubated together with inhibitors and the indicated agonist for 

following 30 min. The incubation was terminated by removing the media. 

Next, we performed protein extraction or immunochemistry. 

Ubiquitination assay 

Cells were washed twice in cold PBS and frozen at -80ºC for at 

least one night. Cells were lysed 20 min on ice with 2 mL of lysis buffer 

(50 mM HEPES, 150 mM NaCl, 1% Triton X-100, 10% Glicerol, pH 7.5) 

supplemented with 0.0125 g NEM, 0.2 mM MG132, 1 mM EGTA 1 mM 

EDTA, 20 mM NaF, 1% NaOV, 2 mM DTT, 1 μg/ml aprotinin, 1 μg/ml 

leupeptin, 1 μg/ml pepstatin and 1 mM phenylmethylsulfonyl fluoride as 

protease inhibitors. Cells were scraped and further centrifuged at 14,000 g 

for 15 min. Co-immunoprecipitation assay was performed as previously 

described.  
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Cell-surface biotinylation 

Cell-surface biotinylation was carried out using EZ-Link 

 Sulfo-NHS-SS-Biotin (sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-

dithiopropionate) reagent (Pierce) diluted in PBS 1mM MgCl2 1mM 

CaCl2 at 0.5 mg/mL. Cells were gently incubated in a rocking platform 

for 30 min at 4ºC. During the incubation an ester group of the 

biotinylation reagent reacted with primary amines of lysine amino acidic 

residues exposed extracellularly. Next, the reaction was quenched with 

Glycine 50 mM diluted in the same PBS buffer. Three washes of 5 min at 

4ºC each were performed to allow the neutralization of the uncrosslinked 

reagent. Following, cells were lysed with 1% Triton X-100, 10% glycerol, 

5 mM HEPES pH 7.2 and 150 mMNaCl supplemented with 1 μg/ml 

aprotinin, 1 μg/ml leupeptin, 1 μg/ml pepstatin and 1 mM 

phenylmethylsulfonyl fluoride as protease inhibitors. Homogenates were 

centrifuged at 12,000 g for 15 min and total protein content was obtained 

from supernatant. To isolate biotin-labelled proteins, samples were 

incubated with NeutrAvidin Agarose beads (Pierce) during 2 h at 4ºC. 

After 3 washes biotinylated proteins were eluted from NeutrAvidin beads 

in reducing conditions, 1X Laemmli SDS loading buffer, and 10 min at 

100 º C 

Statistical analysis 

Results are expressed as mean ± s.e.m. Ubiquitination and 

endocytosis level and inhibition response curves were analyzed by 

computer-assisted iteration using the GraphPad Prism (GraphPad 

software, San Diego, U.S.A.). Statistical significance was determined by 
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analysis of variance (ANOVA) followed by post-test and Student t test, 

and P<0.05 was considered as the limit of statistical significance. 

 

Results 

Adenosine triggered both PKC and PKA-dependent internalisation of 

Kv1.3. 

We have previously described that adenosine can activate PKC-

dependent endocytosis of Kv1.3 (Martinez-Marmol et al., 2017). PKC 

activation triggers down-regulation of Kv1.3 by inducing a clathrin-

mediated endocytic event that targets the channel to lysosomal-

degradative compartments. The presence of the PKC inhibitor 

bisindolylmaleimide (BIM) hampered the internalization of channels. 

However, we wondered whether this was the unique signaling pathway 

activated by adenosine on the Kv1.3 regulation.  

In order to determine the adenosine-dependent mechanisms 

implicated in Kv1.3 internalization and ubiquitination experiments were 

performed in HEK cells transfected with Kv1.3 YFP. Cells were treated 

with 200 μM adenosine and inhibitors of PKC (BIM; 1 μM), PKA (H89; 

10 μM), and ERK1/2 (U0126; 10 μM) during 30 min. Cells were 

pretreated with inhibitors for 15 min.  

Ubiquitination assays (Fig.1) showed that BIM partially inhibited 

adenosine-induced ubiquitination. Thus, we observed a resistant 31±2 % 

(n=5) of channel ubiquitination upon adenosine-incubation. In addition, 
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ubiquitination was also partially (65±4%, n=5) inhibited by H89 (a PKA 

inhibitor). These results indicated that adenosine induced Kv1.3 

ubiquitination by both PKC and PKA signaling pathways. Furthermore, a 

combination of both inhibitors did not show a cumulative effect (30 ±2%, 

n=5). On the other hand, the ERK1/2 blocker U0126 had no significant 

effect on Kv1.3 adenosine-induced ubiquitination (87±8%, n=5).  
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Figure 1. Adenosine-dependent ubiquitination of Kv1.3. Cells were pre-incubated with 

inhibitors for 15 min, prior the treatment of 200μM Adenosine during 30 min at 37 °C. 

BIM (PKC inhibitor, 1 μM), H-89 (PKA inhibitor, 10 μM), U0126 (ERK1/2 inhibitor, 

10 μM). Ubiquitination values are mean ± SE of 4–5 independent experiments. 

Statistical analysis by One-Way ANOVA (P < 0.001) with a Tuckey post-test (*, p < 

0.05; ***, p < 0.001). 
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Signaling pathways involved in the adenosine-mediated Kv1.3 

endocytosis 

By using confocal microscopy we examined the endocytosis of 

Kv1.3 upon incubation with 200 M adenosine. Initially, we performed 

the relevant and essential controls required for the interpretation of data, 

measuring the effects of these inhibitors on the basal level internalization 

(Fig 2 A, left panel). Investigating adenosine-induced internalization we 

observed that the inhibition by the selective antagonists was partial. 

Effects of BIM, H89, BIM+H89 and U0126 on Kv1.3 

internalization are illustrated in Fig. 2. BIM reduced endocytosis up to 40 

%. A 50% partial inhibition was achieved with H89. Similar to 

ubiquitination, no additive effects were achieved with BIM+H89. This 

data suggested that adenosine-induced internalization involved a cross-

talk of both PKC/PKA pathways. The results of U0126 treatment 

indicated that again ERK1/2 was not involved in adenosine-induced 

endocytosis of Kv1.3. 
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Figure 2. Adenosine-dependent endocytosis of Kv1.3. HEK-293 cells were cultured with 

200μM Adenosine for 30 min at 37 °C in the presence or the absence of BIM (PKC 

inhibitor, 1 μM), H-89 (PKA inhibitor, 10 μM) and U0126 (ERK1/2 inhibitor, 10 μM). 

(A) Representative confocal images. (B) Quantification of Kv1.3 intracellular vesicles 

from representative images. Values are mean + SE of n = 20–25 cells. Bars represent 10 

μm. Statistical analysis by One-Way ANOVA (P < 0.001) with a Tuckey post-test (*, p 

< 0.05; ***, p < 0.001). 

 

8-bromo-cAMP-induced Kv1.3 internalization 

In a previous contribution we deciphered the PKC-dependent 

ubiquitin-mediated Kv1.3 internalization. In view of the role of PKA and 

PKC in the Kv1.3 ubiquitin-dependent internalization upon adenosine 

treatment, we decided to decipher the PKA impact in internalisation of 

the channel (Fig. 3). Evidence indicated that both kinases seemed to be 

involved in the Adenosine-dependent endocytosis of the channel. 



___________________________________________________________ 

 

126 
 

However, we did not know the exact contribution of PKA in the process. 

To do so, we used 8-bromo-cAMP because this compound is specific 

agonist for the PKA signaling pathway. 

HEK-932 cells were transfected with Kv1.3YFP and after 24h were 

treated with 0,5 mM 8-bromo-cAMP for 30 min. Figure 3A shows that 

direct PKA stimulation triggered indeed channel endocytosis. A timely 

study of the process showed that the Kv1.3 internalization began already 

after 15 min reaching the maximum at 30 min (Fig 3 B).  
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Figure 3.(Previous page) 8-bromo-cAMP- dependent endocytosis of Kv1.3. Cells were 

cultured for 30 min at 37 °C in the presence of 0.5mM 8-bromo-cAMP or DMSO. (A) 

Representative images of 8-bromo-cAMP treatment. (B) Time course of Kv1.3 

internalisation. 8-bromo-cAMP triggered a transient significant increase of endocytic 

vesicles. Values are mean + SE of n = 20–25 cells. Bars represent 10 μm. Statistical 

analysis by One-Way ANOVA (P < 0.001) with a Tuckey post-test (*, p < 0.05; ***, p < 

0.001). 
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PKA impact in Kv1.3 ubiquitination 

To determine whether, similar to PKC-activated endocytosis, this 

internalization was ubiquitin-dependent, we performed ubiquitination 

assays upon 8-bromo-cAMP stimulation. Fig. 4 shows the level of 

ubiquitination of Kv1.3. Fig 4A contain lysate extracted from cells treated 

with vehicle (negative control), PMA (positive control for ubiquitination 

of Kv1.3 in HEK cells) or 8-bromo-cAMP in the absence and presence of 

PKA inhibitor H89 (10 μM).  
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Figure 4. 8-bromo-cAMP-dependent ubiquitination of Kv1.3. (A) Cells transfected with 

Kv1.3 were incubated in the absence (Ф) or the presence of 1µM PMA and 0.5mM 8-

bromo-cAMP for 30 min at 37°C. Lysates were immunoprecipitated (IP) against GFP 

(Kv1.3 YFP). Membranes were probed (IB) with anti-ubiquitin antibody. (B) 

Transfected cells were pre-incubated or not for 15 min with H89 prior the treatment with 

8-bromo-cAMP. (C) CREB and p-CREB abundance upon 8-bromo-cAMP stimulation in 

the the presence or absence of H89.  

 

Surprisingly, under 8-bromo-cAMP treatment we observed a 

restricted level of ubiquitination, similar to that obtained with the control. 

The use of PKA inhibitor (Fig. 4B) did not alter the level of 

ubiquitination. This could indicate that PKA-mediated activation by  8-

bromo-cAMP would not affect the ubiquitination of Kv1.3. Because upon 

8-bromo-cAMP treatment it is mandatory to demonstrate that cells were 
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activated, we analysed the CREB phosphorylation. In our conditions, 8-

bromo-cAMP clearly induced CREB phosphorylation, which indicated 

that PKA was indeed activated. Although H89 halted this activation, the 

ubiquitination levels of Kv1.3 were not affected. These data indicate that 

endocytosis via direct stimulation of PKA pathway might be a ubiquitin-

independent phenomenon.  

 

Effects of forskolin on Kv1.3 endocytosis 

Considering the hypothesis of PKA ubiquitin-independent 

endocytosis of Kv1.3, we determined whether the lack of ubiquitination 

of Kv1.3 affected the channel internalization upon 8-bromo-cAMP 

incubation. For this purpose we used 10 μM forskolin, which is an 

alternative PKA agonist. As demonstrated in Fig.5A, forskolin, similarly 

to 8-bromo-cAMP, induced Kv1.3 internalization. Again, we did not 

observe alteration in ubiquitination upon forskolin treatment (Fig 5B).  
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 Figure 5. Effects of forskolin on the Kv1.3 endocytosis and ubiquitination. (A) Confocal 

images of HEK cells transfected with Kv1.3wt in the presence or the absence of 10 μM 

forskolin. Confocal images are representative from > 25 cells. Bars represent 10 μm. (B) 

HEK-293 cells were transfected with Kv1.3wt and persistent 30 min incubation with 1 

μM PMA, 0.5 mM 8-bromo-cAMP and 10 μM forskolin was performed. Representative 

western blots are shown. Total lysates immunoprecipitated against GFP (IP: Kv1.3) were 

immunoblotted using anti-GFP (IB: Kv1.3) or anti-ubiquitin (IB: UbQ) antibodies. 

 

Discussion 

In this study, we showed that both PKC and PKA altered Kv1.3 

channel abundance on the cell membrane. As we reported previously, 

Ado triggered PKC-dependent internalization. We herein reported that 

adenosine activated both PKC and PKA-mediated events on the Kv1.3 

downregulation. We explored cellular aspects of PKA signaling that 

might contribute to Kv1.3 internalization using direct PKA agonist like 8-

bromo-cAMP and forskolin. 

Our findings indicated that PKA adenosine activation triggered 

Kv1.3 endocytosis redundantly to PKC. In addition, PKA downregulated 

Kv1.3 apparently in an ubiquitin-independent manner. We observed clear 
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channel internalization, with a minor level of ubiquitination, which was 

not altered upon PKA activation or inhibition. This allowed us to 

hypothesize that PKA activates a ubiquitin-independent endocytosis of 

Kv1.3. 

PKC-mediated regulation of clathrin-dependent internalization of 

Kv1.3 is complex and involves ubiquitin-mediated endocytosis. Our data 

provide an important mechanistic insight into the ability of PKA to 

contribute to the downregulation of Kv1.3 in ubiquitin-independent 

manner. However, we do not know which mechanism is involved in this 

endocytosis pathway. The best-studied pathway is clathrin-dependent 

endocytosis (CDE), where clathrin is a major component of the endocytic 

vesicle coat (Ishii et al., 2012). But there are multiple clathrin-

independent endocytosis (CIE) pathways that can depend on cholesterol-

rich membrane domains (Boucrot et al., 2012). An example of dual action 

of both pathways is EGF receptor (EGFR) endocytosis under EGF 

stimuli, which follow different endocytic routes both ubiquitin-dependent 

and independent (Sigismund et al., 2005). We propose herein that Kv1.3 

endocytosis is regulated by two autonomous mechanisms.  

Overall, these studies demonstrated that adenosine triggers Kv1.3 

ubiquitin-dependent endocytosis via PKC activation, and an 

unconventional redundant newly described PKA-mediated ubiquitin-

independent internalization.  
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Lysine-targeting specificity in Kv1.3 poliubiquitination. 
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ABSTRACT 

The voltage-dependent potassium channel Kv1.3 is expressed mostly in the 

nervous and immune systems, where participates in the sensory discrimination 

and leukocyte physiological responses. An altered function as well as an 

exacerbated expression or surface mistargeting is related with autoimmunitary 

diseases. Regulation of this transmembrane protein is therefore essential. The 

turnover of Kv1.3 is highly dynamic and, upon insults, the balance between the 

number of channels located at the membrane and the internalization is crucial for 

an appropriate signaling. Therefore, endocytosis is an essential mechanism for 

the regulation of Kv1.3 abundance on the cell surface. Ubiquitination has 

emerged as a crucial mechanism for membrane protein turnover. In this study we 

investigated ubiquitination-mediated endocytosis of Kv1.3. 

To that end several Kv1.3 lysine mutants were created, in which we examined 

ubiquitination, endocytosis and membrane targeting. We observed ubiquitination 

and ubiquitin-mediated endocytosis using PMA and adenosine. Our results 

indicate that more than one lysine are involved in the ubiquitination of the 

channel. Furthermore, we have mapped the most relevant for the channel 

internalization and degradation. Our results indicate that Kv1.3 undergoes 

poliubiquitination in residues which participate in the endocytosis and the 

turnover of the channel. 
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Introduction 

Kv1.3 is a member of the Shaker Kv1 family. These channels are 

homotetramers, so the ion pore is made of four α subunits arranged 

symmetrically around the conduction pathway. Each α subunit consists of 

six transmembrane segments called S1 through S6. Voltage-sensor 

domains consist of four transmembrane segments S1-S4, while S5-S6 

contributes to assemble the porus. The P-loop, which contains the 

selectivity filter, is located between S5 and S6, (Littleton et al., 2000). 

Kv1.3 is present in many tissues, including nervous system, kidney 

(Cahalan et al., 2001), lymphocytes (Attali et al., 1992), skeletal muscle, 

osteoclasts (Desir et al., 2003). It is involved in repolarization after an 

action potential in excitable cells. In non-excitable cells it takes part in a 

variety of cellular functions including apoptosis, cell volume regulation 

and T cell proliferation (Jacob et al., 2000, Arkett et al., 1994), Kv1.3 

exerts also a crucial role in cell activation. The importance of Kv1.3 in 

cell physiology makes this channel a target for different regulatory 

mechanisms. Some of these mechanisms are: post-translational 

modifications (glycosylation, phosphorylation, and ubiquitination), 

protein-protein interactions, protein-lipid interactions, 

heteroteramerization, etc. Ubiquitin-mediated endocytosis is a powerful 

mechanism to control the abundance of Kv1.3 at the cell membrane 

(Martinez-Marmol et al. 2017). Ubiquitination is a key regulatory 

mechanism of cell functions. This covalent modification involves the 

formation of an isopeptide bond between the C-terminal glycine residue 

of ubiquitin and a lysine residue on the target protein. Ubiquitin is a 76 
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amino acid protein that contains seven lysine residues (K6, K11, K27, 

K29, K33, K48, and K63). Substrate-conjugated ubiquitin itself can be 

further ubiquitinated through one of its seven lysines to form a 

polyubiquitin chain (Pickart and Fushman 2004). Ubiquitin signal might 

leads to either proteolytic or nonproteolytic functions, which are largely 

determined by the type of linkage through which the ubiquitin chain is 

attached (Hicke et al 2005). Ubiquitination reactions involve action of 

three enzymes: ubiquitin-activating enzymes (E1), ubiquitin-conjugating 

enzymes (E2), and ubiquitin ligases (E3). Two major E3 subfamilies are 

identified as homologous to E6AP C terminus (HECT) domain E3 and 

RING domain E3. Many E3 enzymes are capable of targeting themselves 

for ubiquitination (Hershko and Ciechanover, 1998). Moreover, E3 ligase 

controls the specificity of the ubiquitination system. As we demonstrate in 

our previous work, Kv1.3 ubiquitination is regulated by Nedd4-2 

(neuronal precursor cell-expressed developmentally downregulated 

protein) ligase. Nedd4-2 binds to the protein via WW domain and the 

proline-rich (PY) motifs of the substrate protein (Lu et al. 1999). Kv1.3 

does not contain a PY motif. Therefore, Nedd4-2 is able to reduce number 

of channels at the membrane via another non-canonical motif or adaptor 

protein. The ligase of Nedd4-2 with Kv1.3 is a first major interaction 

before ubiquitin is transferred to specific lysines of Kv1.3. In this work, 

by using mutagenesis, the identification of the lysines involved in the 

ubiquitination of the channel was performed.  
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Material and methods 

Cell culture and cell transfection 

Experiments were performed using mammalian cell line HEK-293. Cells 

were grown in DMEM (Dulbecco's modified Eagle's medium) containing 

10% fetal bovine serum (FBS), L-glutamine (2 mM) and antibiotics: 

penicillin G (10,000 U / ml) and streptomycin (10 mg / ml). For 

immunocytochemistry experiments cells were plated into 12-well dishes 

containing 12 mm glass coverslips pretreated with poly-L-lysine and into 

1 ml of media. To conduct immunoprecipitation experiments cells were 

plated into Petri dish with 10 ml of media. The following DNA amounts 

were used; i) immunoprecipitation: 4 μg/P100 dish; ii) 

immunocytochemistry: 0.5 μg/12-multi-wells. PEI and DNA were diluted 

in 150 mM NaCl;. Both mixtures were incubated for 15 minutes, mixed 

and still for 30 minutes. Cells were incubated for 4 hour with the 

Pei/DNA mixture diluted in media. After 4 hours media was changed. In 

both experiments cells were harvested 24 hour after transfection. Cells 

were preincubated at 37 °C for 30 min with various inhibitors before 

stimulation. HEK-293 cells were incubated with 200 μM Adenosine 

(ADO) or 1μM phorbol-12-myristate-13-acetate (PMA) in DMEM for the 

specified time in the presence or absence of specific inhibitors. Cell pellets 

were frozen at −80°C. 

DNA constructs and Site Directed Mutagenesis 

To follow the endocytosis and the Kv1.3 traffic, we used a Kv1.3YFP-

tagged channel at the N-term. To investigate the Kv1.3 endocytosis, we 



___________________________________________________________ 

 

142 
 

mutated the lysines to arginines. For multiple mutations, QuikChange ™ 

mutagenesis Site-Directed Mutagenesis Kit was used (Stratagene). For 

each of the mutations specific oligonucleotide sequences were designed 

using the Clone Manager Suite v7.1 program (Scientific & Educational 

Software). Oligonucleotides were designed to allow the conversion of the 

intracellular lysines, which could be ubiquitinated, for arginine. As 

arginine, similarly to lysine, has a positively charged ε-amino group, 

these mutations have not changed the channel properties. 

Each mutant was analyzed by sequencing. Samples were processed by the 

ABI3730 analyzer (Applied Biosystems) in the CCiT facilities at the 

University of Barcelona. The results were analyzed using the Clone 

Manager Suite v7.1 program (Scientific & Educational Software).  

Immunochemistry and Microscopy studies 

For immunocytochemistry cells were grown in multi-wells on glass slides 

and transfected. After 24 h, the cells were incubated for 30 min at 37 °C 

with 200 μM ADO or 1 μM PMA in DMEM for the specified times. 

DMSO (dilution 1:1,000) was used as a negative control. The cells were 

then washed 3 times with PBS without K
+
 (0.9% NaCl in 0.01 M 

NaH2PO4 • H2O) at 37 ° C. The absence of K
+
 in solution facilitates the 

adhesion of these cells which by nature tend to be easily separated from 

the surface on which they grow. Then cells were fixed with freshly 

prepared 4% paraformaldehyde for 10 min at room temperature. After 3 

washes of 5 min each with PBS without K
+
, the coverslips were mounted 

in Mowiol media. 
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The data presented in this work were obtained using a spectral confocal 

microscope Leica TCS SL (Leica Microsystems, Heidelberg GmbH, 

Mannheim, Germany). The conditions, under which pictures were taken 

with a microscope confocal, were as follows: the pinhole used was 1 AE 

(Airy Units), line average used was 4, scan speed: 400 Hz, resolution: 

1024 x 1024 pixels zoom x 4. The level of endocytosis was quantified 

analyzing the number of intracellular vesicle accumulation by using the 

automatic particle counting protocol of the Image J software and setting 

threshold around 75% to discard the membrane surface mask. 

Protein extraction, Immunoprecipitation and Western Blotting 

To obtain a total protein lysate, cells were split on plates 100 mm cell 

diameter, grown to confluence and transfected. One day after transfection 

cells were incubated for 30 min at 37 °C with PMA (1 µM dissolved in 

DMSO) or adenosine (200 µM) to activate internalization or with DMSO 

as a negative control. Subsequently the whole process is carried out on 

ice. After 3 washes with cold PBS, the cells were left in protein extraction 

buffer for 20 min. The buffer contains the following components: 50 mM 

Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA , 

supplemented with N-ethylmaleimide (NEM), 5 µM MG-132,  1 mM 

Na3VO4, and 10 mM NaF and protease inhibitors (0.1%): pepstatin, 

leupeptin, phenylmethylsulfonyl fluoride (PMSF) and aprotinin. Cells 

were spun for 10 min at 14,000 rpm at 4 °C. The supernatant was 

collected and stored at -20 °C. 
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Protein concentrations were measured using Bradford protein assay. The 

first step consists of a pre-incubation of protein (from 1 to 2 g) with 50 

l of protein A sepharose (before washed 3 times with IP lysis buffer) for 

2 h at 4° C. After this time, samples were gently centrifuged for 30 s at 

1,000 g speed to minimize possible A sepharose non-specific binding. 

The next step of the protocol is to add nonspecific binding free 

supernatant into a chromatographic column (Micro Spin Chromatography 

columns, BioRad). Columns have been prepared in advance, washed 

Protein A (50 μl into each column) was added, then specific antibody 

against the protein under immunoprecipitate (GFP Polyclonal Antibody, 

GenScript at a ratio of 4 ng antibody per mg total protein) and incubated 

for 2 h. Then DMP (dimethyl pimelimidate, Pierce) was also added, to 

generate imidioester bonds between the antybody and sepharose. The 

incubation was performed at 4° C O/N with constant agitation. After this 

time the supernatant was collected. Then the columns were placed in new 

eppendorfs that already have 20 l of TC5x 10% β-mercaptoethanol and 

protein-antibody complex-protein A were eluted by adding a solution of 

glycine (0.2 M, pH 2.5). 

The samples were separated on SDS-PAGE gels percentage suitable 

acrylamide-bisacrylamide. Proteins were transferred to a PVDF 

membrane (Immobilon-P, Millipore). Blocking was done for 1 h at room 

temperature (RT) with a solution of PBS with 0.05% Tween and 5% 

skimmed milk powder.  Blocked membranes were incubated with primary 

antibody diluted in PBS 0.05% Tween overnight (ON) at 4° C. 
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Two different antibodies have been used: Anti-Kv1.3, Mouse Monoclonal 

Antibody (NeuroMab) - to detect the presence of Kv1.3, and Ubiquitin 

(P4D1) Mouse Monoclonal Antibody (Santa Cruz Biotechnology, Inc.) to 

detect whether the ubiquitinated channels. Finally membranes were 

incubated for 1 h at RT with the secondary antibody (Goat Anti-Mouse 

IgG, Bio-Rad). ECL reagent (Biological Industries) was used to detect 

protein signals. Between antibodies 4 washes of 5 min with 0.05%Tween 

in PBS were made. The results were obtained in photographic films. 

Western Blots were quantified using MacBiophotonics ImageJ software. 

ImageJ was used to compare the density (intensity) of western blot bands. 

In order to perform analysis, x-ray films were first scanned. This 

densitometry examination, allows making relative comparisons and 

average values for the relative abundance of proteins between various 

samples. 

Ubiquitination assay 

Cells were washed twice in cold PBS and frozen at -80ºC for at least one 

night. On ice, cells were lysed 20 min on ice with 2 mL of lysis buffer (50 

mM HEPES, 150 mM NaCl, 1% Triton X-100, 10% Glicerol, pH 7.5) 

supplemented with 12.5 mg NEM, 0.2 mM MG132, 1 mM EGTA 1 mM 

EDTA, 20 mM NaF, 1% NaOV, 2m M DTT, 1μg/ml aprotinin, 1μg/ml 

leupeptin, 1μg/ml pepstatin and 1mM phenylmethylsulfonyl fluoride as 

protease inhibitors. After scrapping the cells, they were centrifuge at 

14,000 g for 15min. Co-immunoprecipitation assay was performed as 

previously described.  
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Cell-surface biotinylation 

Cell-surface biotinylation was carried out using EZ-Link Sulfo-NHS-SS-

Biotin (sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate) 

reagent (Pierce) diluted in PBS 1 mM MgCl2 1 mM CaCl2 at 0.5 mg/mL. 

Cells were gently incubated in a rocking platform for 30 min at 4ºC. 

During the incubation an ester group of the biotinylation reagent reacts 

with primary amines of lysine amino acidic residues exposed 

extracellularly. Next, the reaction was quenched with Glycine 50 mM 

diluted in the same PBS buffer. 3 washes of 5 min at 4ºC were performed 

to allow the neutralization of the uncrosslinked reagent. Following, cells 

were lysed with 1% Triton X-100, 10% glycerol, 5 mM HEPES pH 7.2 

and 150 mM NaCl supplemented with 1 μg/ml aprotinin, 1 μg/ml 

leupeptin, 1 μg/ml pepstatin and 1 mM phenylmethylsulfonyl fluoride as 

protease inhibitors. Homogenates were centrifuged at 12,000 g for 15 min 

and total protein content was obtained from supernatant. To isolate the 

labelled proteins, total protein content was incubated with NeutrAvidin 

Agarose beads (Pierce) during 2 h at 4ºC. After 3 washes biotinylated 

proteins were eluted from NeutrAvidin beads in reducing conditions, 1X 

Laemmli SDS loading buffer, and 10 min at 100 º C 

Statistical analysis  

Data are shown as the mean ± SEM. Statistical analysis was performed by 

Student’s t-test or One-way ANOVA with a Tukey post-hoc test for 

single or multiple group comparisons respectively (GraphPad PrismTM). 
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Results 

Polyubiquitination of Kv1.3 

As we have previously described PMA and adenosine can activate 

PKC-dependent endocytosis of Kv1.3 (Martinez-Marmol et al., 2017). 

PKC activation triggers down-regulation of Kv1.3 by inducing a clathrin-

mediated endocytic event that targets the channel to lysosomal-

degradative compartments. However, we wanted to decipher which Kv1.3 

lysines are crucial for ubiquitin conjugation. For this purpose all 

intracellular lysines in different combination were mutated to arginines 

(Table 1). 

 

 

Table 1. Kv1.3 mutants with different intracellular lysines mutated to arginines. 

70 84 146 270 342 467 476 498 519-520

Kless 70R 84R 146R 270R 342R 467R 476R 498R 519-520R

Mut. 1 70R K 146R 270R 342R 467R K 498R 519-520R

Mut. 2 K K 146R K K K K 498R KK

Mut. 3 K K K K K K K 498R KK

Mut. 4 70R 84R 146R 270R 342R 467R K 498R 519-520R

Mut. 5 K K 146R 270R 342R 467R K 498R KK

Mut. 6 70R 84R 146R K 342R K 476R 498R 519-520R

Mut. 7 70R 84R K 270R 342R K 476R 498R 519-520R

Mut. 8 70R 84R K K K K 476R K 519-520R

Mut. 9 70R 84R K K K K 476R 498R 519-520R

Mut. 10 70R 84R K 270R 342R 467R 476R K 519-520R

Mut. 11 K 84R 146R K K K K K KK

Mut. 12 K K 146R K K K K K KK

Kv1.3 Wt K K K K K K K K KK
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Cells were transfected with mutated DNAs, incubated with PMA 

(1µM) for 30 min at 37°C and protein lysates were collected. Equal 

amounts of proteins were immunoprecipitated and verified by Western 

blotting. Next, membranes were probed with antibody against ubiquitin 

(P4D1) and against Kv1.3 (NeuroMab). Results are shown in Figure 2. 

Interestingly, Western blot analysis with an anti-Ubiquitin 

antibody reveals only ubiquitin and thus, we observed a 

polyubiquitination signal. The conjugation reaction yields a large number 

of ubiquitination products that generally appear as a smear or ladder of 

bands. This analysis verifies that the Kv1.3, in the smear, is ubiquitinated 

and that ubiquitin joined to the channel as a polyubiquitin chain. 

All Kv1.3 constructs were immunoprecipitated and ubiquitinated 

(Fig 2B). However some differences in ubiquitination intensity may be 

observed. Once normalized by the Kv1.3wt signal, ubiquitination 

differences were observed upon specific lysines. For example, unlike the 

Kv1.3WT, in the Kless mutant which has no lysines, the ubiquitination 

was absent. So, by using the ubiquitin band intensity we may evaluate the 

importance of certain lysines involved in the Kv1.3 ubiquitination. To 

compare differences among Kv1.3 mutants, we performed a quantitative 

analysis of WB by using ImageJ (Fig 2C). We considered the 

ubiquitination level of Kv1.3 Wt as a reference (100% of ubiquitination).  
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Figure 2. Ubiquitination of Kv1.3 mutants. (A)Cell lysates were immunoprecipitated with 

anti-GFP antibody and probed with anti-ubiquitin (IB: UBQ) and (B) anti-Kv1.3 (IB: 

Kv1.3). Only IP+ are shown. (C) Percentage of the PKC-mediated ubiquitination. 

Ubiquitination values are mean ± SE of 4–5 independent experiments. Statistical 

analysis by One-Way ANOVA (P < 0.001) with a Tuckey post-test (*, p < 0.05; ***, p < 

0.001). 
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As shown in Fig. 2C Kv1.3 mutants: 2(K146/498R), 3(K498R), 

11(K84R) and 12(K84/K164R) were ubiquitinated similar to the wt (93%, 

89%, 95% and 85% respectively). This result suggested that these lysines 

were not involved in Kv1.3 ubiquitination. On the contrary, some lysines 

(mutants: 1, 4, 7 and 10) drastically decreased the ubiquitination level 

(8%, 11%, 8% and 15% respectively). Results suggested that there is 

more than one lysine being involved in the ubiquitin conjugation and that 

we observed polyubiquitination of more than one lysine residue. 

Therefore, our results point to lysines which were presenting 

greater impact in ubiquitination. Thus, we observed that mutations at 

K70, K84 at the N-terminal and K519, K520 at the C-terminal, 

significantly altered ubiquitination of Kv1.3 under PMA treatment.  

  

C-terminal lysines as targets for Kv1.3 ubiquitin-mediated 

internalization  

Ubiquitin affects and regulates many cellular functions including 

signal transduction, cell cycle, apoptosis, immune response, DNA repair, 

transcription and chromatin remodeling and also endocytosis 

(Ciechanover et al. 2005). We showed that PMA induced ubiquitination 

in selected Kv1.3 lysine mutants. Therefore, we wonder whether observed 

ubiquitination drived the channel to the endocytic pathway. 

Thus, as the detection of ubiquitin itself did not necessarily imply 

endocytosis, immunocytochemistry experiments were performed and 
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visualized by confocal microscopy. In this view, we analyzed PMA 

induced endocytosis of Kv1.3 mutants. 

 Under PMA incubation, endocytosis is enhanced decreasing the 

amount of channel at the cell surface and increasing its presence in 

intracellular vesicles due to PKC activation. In order to determine the 

presence of Kv1.3 in endocytic vesicles cells were transfected and treated 

with or without PMA and visualized by confocal microscopy. 
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Figure 3. Endocytosis of Kv1.3 lysine mutant. Kv1.3 lysines were individually and 

collectively mutated to arginine. HEK-293 cells transfected with different Kv1.3 mutants 

were treated with 1 µM PMA for 30 min at 37 °C. Scale bar is 10µm 
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Analyzing the number of vesicles under PMA treatment we 

discovered that lysines on C-terminal were mainly involved in channel 

internalization. Especially de doublet previously found to be target for 

ubiquitination (K519/520). 

Next, we studied the impact of individual lysines on ubiquitination 

and internalization. Single mutations were performed and examinated. As 

shown in Fig. 4 lysines on N-terminal (K70 and K84) exhibited an altered 

ubiquitination, specially when both lysines were mutated together (65%) 

but internalization assays demonstrated lower impact of these mutation in 

channel removal from the membrane (K70: 91%, K84: 85%, K70,84: 

72% vs Kv1.3 wt). On the other hand selected C-terminal lysines 

(K519/520) exhibited profound impact in both phenomena. Nonetheless, 

mutant with all four N-terminal mutated residues, demonstrated a 

cumulative effect. This result suggested that lysine modification is 

restricted to residues in the C-terminal thereby acting as target sites to 

promote Kv1.3 poliubiquitin-dependent endocytosis. 
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Figure 4. (A) Percentage of ubiquitination. Selected mutants were expressed and HEK 

cells treated with 1µM PMA for 30 min at 37ºC. Cell lysates were immunoprecipitated 

with Kv1.3 and probed against anti-UBQ and anti-Kv1.3 antibodies. (B) Percentage of 

endocytosis. Each mutant was referenced to the WT effect in the presence of PMA. Bars 

represent the mean ± s.e.m. (n=5). Statistical analysis by One-Way ANOVA (P < 0.001) 

with a Tuckey post-test (*, p < 0.05; ***, p < 0.001). (C) Crucial lysines involved in 

Kv1.3 internalization and ubiquitination.   

 

Biotinylation of Kv1.3 mutants 

The covalent modification of cell surface protein with biotin is 

another valuable technique for monitoring ion channels abundance at the 

plasma membrane. Biotinylation labels the surface channels. The 

subsequent fate of biotinylated proteins can then be determined through 

affinity purification followed by SDS-PAGE and Western blotting. 

During biotinylation experiments, the channels on millions of cells are 

assayed simultaneously, giving greater quantitative sensitivity than 
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immunofluoresence techniques, and so subtle differences in endocytosis 

and trafficking rates can be delineated. As we demonstrated in Fig. 5 

mutation of lysines on the N-terminal did not alter channel endocytosis. 

Thus, upon PMA stimuli over 80% of the channels were removed from 

the surface similarly to that observed with Kv1.3wt. However, the 

mutation of C-terminal lysines K519/520 profoundly impaired channel 

endocytosis and less than 20% of the channels got internalized (Fig. 5).  

 

Figure 5. Biotinylation of Kv1.3 Lys mutants. Cells were transfected with selected 

mutants and treated with 1µM PMA for 30 min at 37ºC. Biotinylation assay was 

performed and the Kv1.3 presence was examined.  Arginine substitution in residues 

K70, K84 did not altered channel removal (over 80% of the channel remain on the cell 

surface). Absence of C-terminal lysines (K519/520) decreased channel internalization 

(only 18% of the Kv1.3 undergoes endocytosis), data represents several independent 

experiments. Statistical analysis by One-Way ANOVA (P < 0.001) with a Tuckey post-

test (*, p < 0.05; ***, p < 0.001). 
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Adenosine induced ubiquitination and endocytosis of selected lysines. 

Adenosine (Ado) is an anti-inflammatory purine nucleoside that is 

released by cells in response to stress and hypoxia (Kobayashi et al., 

2000). It has been described that Ado inhibits K
+
 currents (Duffy et al., 

2007). However, there is no indication of whether this down-regulation is 

due to a phosphorylation process and/or endocytosis phenomena. Thus, 

we incubated cells with 200µM Ado for 30 min at 37ºC. As depicted in 

Fig. 6, we observed similar results in ubiquitination and endocytosis 

similarly that these obtained with PMA incubation. Our results suggest 

that PMA and Ado, inducing ubiquitination and endocytosis, shared the 

same lysine targeting (Fig. 6).   
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Figure 6. Adenosine-mediated ubiquitination and endocytosis of Kv1.3. HEK-293 cells, 

transfected with Kv1.3-YFP WT and mutants, were incubated with or without 200 µM 

Ado for 30 min at 37 °C. (A) Effects of Ado-dependent ubiquitination on selected 

Lysine mutants were investigated. To determine Ado-dependent ubiquitination, 

transfected cells were incubated with Ado and lysates were immunoprecipitated against 

GFP (Kv1.3) and probed with anti-ubiquitin antibodies. (B) Effects of Ado on channel 

endocytosis. Percentage of endocytosis. Each bar represents the mean ± s.e.m. of three 

independent experiments. Statistical analysis by One-Way ANOVA (P < 0.001) with a 

Tuckey post-test (*, p < 0.05; ***, p < 0.001). 

 



___________________________________________________________ 

 

158 
 

Discussion 

The voltage-dependent potassium channel Kv1.3 is widely 

expressed in many tissues, mostly in the nervous and immune systems, 

where is playing crucial role in many physiological events. Regulation of 

this transmembrane protein is therefore essential for a correct function of 

the living cell. The balance between synthesis and degradation is highly 

important and must be tightly regulated. Ubiquitination serves as a key 

mechanism which can control biological signaling in many cellular 

compartments. Moreover, ubiquitination controls subcellular localization 

and is involved in endocytic degradation.  

Identifying a right target is a critical step in ubiquitination 

cascades. This process is precisely regulated by the E3 enzymes. As we 

mentioned before, Nedd4-2 is catalyzing ubiquitin conjugation of Kv1.3. 

A crucial part of the ubiquitin conjugation process is the identification of 

the lysine or amino group that is being modified. However, there are 

major differences of specificity for a particular lysine between different 

ubiquitination cascades.  

Often, selection of target lysines is limited to general recognition 

of the target protein, without high selectivity for a specific lysine residue. 

Frequently, general target selectivity is sufficient for those modifications 

that do not require conjugation to one specific lysine, such has been 

described on targets such as p27, p21 or cyclins. Furthermore these 

nonselective lysine modifications include many polyubiquitination signals 

that lead to proteasomal degradation via K48- or K11-linked 
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polyubiquitin chains or K63-linked polyubiquitin chains related with 

lysosomal degradation (Kravtsova-Ivantsiv and Ciechanover, 2012, Galan et al., 

1997). 

Our study showed that both PMA and Ado triggered Kv1.3 endocytosis 

via ubiquitination. Upon both situations, ubiquitin targeted to the same group of 

lysines on the C-terminal and N-terminal. However, targeting mainly the lysines 

located in the C-terminal mainly resulted in channel endocytosis. We have 

previously described that PMA induced Kv1.3 endocytosis by ubiquitination 

targeting the channel to lysosomal degradation (Martinez-Marmol et al., 2017). 

Thus, C-terminal located lysines seem to be crucial for ubiquitin-mediated 

Kv1.3 degradation and turnover. We discovered that the supression of K519, 

K520 altered and inhibited in great level the ubiquitination and endocytosis. 

Contrarily, N-terminal ones can be considered as an ubiquitin target, but were 

not participating in channel internalization. Thus, we hypothesize that all five C-

terminal lysines (K467, K476, K489, K519, K520) are targets site for 

ubiquitination involved in internalization of the channel. Form our date we 

cannot discard that Ubiquitination of one single lysine in this C-terminal domain 

can be probably sufficient to induce protein lysosomal degradation. However, 

further research must be done to confirm this fact. Nevertheless, differences in 

the rate of endocytosis were observed for different lysine mutants, indicating 

that the location of the ubiquitin chain can affect Kv1.3 turnover.  
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In an effort to elucidate the mechanisms involved in Kv1.3 

turnover, we investigated the channel internalization under different 

stimuli in various cell lines. The intracellular trafficking of the ion 

channel involves complex processes. We studied endocytosis of Kv1.3 as 

a process controlling number of channels on the cell surface and the 

possible implication in cell destiny. Endocytosis is carried out by various 

mechanisms. Here we deciphered major endocytosis mechanisms 

triggered by EGF and Adenosine in HeLa and HEK 293 heterologous cell 

systems as well as in native cell lines (macrophages, dendritic or neuronal 

precursor). These studies pointed out the impact of endocytosis in 

turnover and homeostasis of Kv1.3 and possible physiological relevance 

of these finding. 

In this dissertation we describe an EGF-induced downregulation 

of Kv1.3 via dual pathways: tyrosine phosphorylation and unconventional 

ERK1/2-dependent mechanisms. EGF treatments induce a decrease in 

Kv1.3 current as a result of tyrosine kinase receptor activation (Bowlby et 

al., 1997). These findings concur with our studies that show tyrosine 

kinase phosphorylation of Kv1.3. Moreover, we demonstrated that EGF-

treatment caused Kv1.3 endocytosis. To decipher the endocytosis 

pathway, several markers of intracellular compartments were used and the 

co-localization with the channel under EGF treatment was analysed. 

Results showed that EGF triggered Kv1.3 endocytosis via CCP pathway 

and targeted the channel to lysosomal degradation.  

Decrease of Kv1.3 plays an important role in immune system 

during activation and proliferation of leukocytes (Beeton and Chandy 
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2005). In addition, an increase of NPC (neural progenitor cells) 

proliferation was reported under EGF stimuli (Zhang et al. 2001). Our 

study supports the hypothesis that the enhancement of NPC proliferation 

is dependent on Kv1.3 inhibition 

On this view, structural elements crucial for this phenomenon 

were studied. Unexpectedly, tyrosine kinase phosphorylation revealed not 

to be responsible for Kv1.3 internalization, which was suggesting another 

mechanism involved in this event. Therefore, the search for a new, not yet 

described EGF-dependent signal began. As result we found an 

unconventional threonine phosphorylation via ERK1/2 signaling pathway. 

Downregulation of Kv1.3 in microglia results in attenuated 

microglial activation which prevents neurotoxicity (Fordyce et al., 2005). 

Kv1.3 and KCa3.1 inhibition could be useful to preferentially target 

detrimental pro-inflammatory microglia functions in ischemic stroke and 

other neurological disorders associated with neuroinflammation such as 

Alzheimer’s and Parkinson’s diseases (Rangaraju et. al., 2014, Tubert et 

al., 2016). 

In summary, our experiments showed two different ways to 

control abundance of the Kv1.3 channel by EGF and revealed a great 

influence on the turnover of the channel. Our study have a high 

physiological relevance, pointing to EGF as a Kv1.3 inhibitor that might 

therefore reduce radiation-induced brain injury by targeting the key cells 

involved in the inflammatory process (microglia, lymphocytes, dendritic 

cells), while promoting neurogenesis.  
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Adenosine is an anti-inflammatory purine nucleoside that down-

regulate Kv1.3. Adenosine signaling is mediated by four subtypes of G-

protein–coupled receptors: A1, A2A, A2B, and A3. HEK-293 cells, 

which were used in this study, similarly to macrophages, endogenously 

express the A2B subtype of adenosine (ADO) receptors. In the second 

part of study we investigated ADO implication in Kv1.3 endocytosis. 

Our results have shown that ADO hampers the LPS-dependent 

activation of macrophages and dendritic cells concomitantly with a down-

regulation of Kv1.3. The results are broadly consistent with the idea of 

Kv1.3 as a novel target for immunomodulation of autoreactive effector 

memory T (TEM) cells that play a major role in the pathogenesis of 

autoimmune diseases. Other studies are showing that the treatments with 

several Kv1.3 antagonists are effective in ameliorating experimental 

allergic encephalomyelitis (EAE) (Beeton et al., 2001; Beeton et al., 

2006). ADO-dependent endocytosis is directly related to the study of the 

therapeutic effects of Kv1.3 inhibition and may be a fine-tune cell 

mechanism controlling Kv1.3 activity. 

Furthermore, we wanted to elucidate the mechanism of ADO-

dependent Kv1.3 internalization. We observed that, similar to PMA, ADO 

is triggering ubiquitination-dependent endocytosis upon PKC activation. 

Figure 4, (Results: Part Two) in second part of this dissertation, 

demonstrates that PKC activation triggered clathrin-mediated endocytic 

mechanism. The findings presented in this work deciphered the 

degradation pathway which targets Kv1.3 to lysosomal degradation. 
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  ADO triggered Kv1.3 ubiquitination and lysosomal degradation 

upon activation of PKC in heterologous system cells of HEK293 similarly 

to PMA. Using PMA we investigated molecular determinants involved in 

Kv1.3 ubiquitin-dependent endocytosis. Ubiquitination is a 

posttranslational modification which is mediated by covalent conjugation 

of ubiquitin to protein substrates and can be related to multiple events, 

one of them being membrane trafficking and endocytosis (Mukhopadhyay 

and Riezman, 2007). Ubiquitination serve as a mechanism regulating 

membrane abundance of many receptor and ion channel via 

internalization. The best studied ubiquitinated ion channel is ENaC 

(Abriel et al., 1999). Evidence reports that the ubiquitination of the 

receptor for nerve growth factor Trk resulted in decreased internalization 

and increased recycling. Ubiquitination required an activation of 

enzymatic cascade, where the last one, E3 ubiquitin-protein ligase is 

crucial. E3 enzymes provide the specificity to the cascade recognizing 

and promoting conjugation with the substrate. In this context we were 

investigating Kv1.3 ubiquitination and ubiquitin–dependent endocytosis 

trying to decipher molecular determinates controlled this processes. The 

data we present shows that E3 ubiquitin ligase Nedd4-2 associated with 

Kv1.3 and downregulated the activity of the channel. Nedd4-2 facilitates 

degradation and decrease in activity of ENaC channel (Kamynina and 

Staub, 2002). ENaC contain conserved Nedd4-2 binding motif PY 

(PPPXY) in cytosolic COOH termini (Staub et al., 1997). However, 

Kv1.3 does not present this motif which suggests an involvement of some 

adaptor protein or an unconventional binding side for Nedd4-2. Further 

studies are required to establish the exact position for E3 ligase 
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conjugation with Kv1.3. This could serve as a powerful tool to control the 

channel destination with direct impact in degradation and turnover. 

Interestingly, we have observed that PSD-95, proteins from the 

MAGUK family, which recruits the channel into the immunological 

synapse (Szilagyi, et al., 2013), associated with Kv1.3 in HEK-293 cells 

and affect the channel membrane distribution. Even in the presence of 

PMA, the channel remained in lipid raft domains and was protected from 

degradation. 

Kv1.3 activity can be modulated by PKC and PKA (Kuras et al., 

2012; Vang, et al., 2001). Two PKA isoforms are expressed in human T 

cells: PKAI and PKAII. PKAI has been shown to inhibit T-cell activation 

via suppression of the tyrosine kinase Lck (Ruppelt et al., 2007). In the 

view of these studies, we were wondering whether ADO can activate both 

kinases. Therefore, given the important role of Adenosine as a 

physiological Kv1.3 modulator, next wwe wanted to characterize the 

possible signaling pathways involved in ADO-dependent Kv1.3 

endocytosis. Unexpectedly, our data suggested that adenosine-induced 

internalization involved a cross-talk of both PKC/PKA pathways. 

However, it is not known in which manner, independently or 

synergistically, they control channel destination.  

 8-bromo-cAMP is an agonist which we used to activate directly 

PKA. PKA phosphorylation resulted in Kv1.3 endocytosis.  These 

findings concur with other studies that show a PKA-dependent Kv1.3 

current downregulation. This suggests that the decrease in the Kv.3 

current could be due to channel internalization and thereby a reduction of 

the channel number on the cell surface. In contrast, PKA-mediated 



___________________________________________________________ 

 

170 
 

phosphorylation of Nedd4-2 inhibits ENaC/Nedd4-2 interaction, which 

inhibits retrieval degradation of the channel (Zhou et al., 2007). On the 

contrary, PKA enhances some Kv7 channel currents (Bharath et al., 

2016).  

The PKA-dependent pathways induced Kv1.3 endocytosis, but our 

data is showing a low ubiquitination upon 8-bromo-cAMP and forskolin, 

another PKA agonist. Therefore, our data let us to suggest that PKA-

induced endocytosis is an ubiquitin-independent event. Further studies are 

required to establish the role of PKA-induced channel degradation and the 

role of ubiquitin in this phenomenon.  

In the last part of this dissertation we concentrated at molecular 

determinants involved in Kv1.3 ubiquitination. We report already that 

Kv1.3 ubiquitination required Nedd4-2 presence. Next following step in 

protein ubiquitination is attachment of ubiquitin to the substrate within 

lysine residues. This lysine-targeting specificity reveals as another 

mechanism in control of channel turnover. The choice of target lysines 

ranges broadly from completely nonspecific to highly selective. The best-

studied site-selective ubiquitination reaction is that of the replication 

factor PCNA. PCNA is monoubiquitinated on a single lysine, K164, by 

the E2–E3 pair RAD6–RAD18, and this can be extended to K63-linked 

polyubiquitin (Moldovan et. al., 2007; Parker et al., 2009). On the other 

hand, lysine selection of Sic1 in yeast by an SCF complex is restricted to 

six lysine residues in the N-terminal domain that can serve as target site 

(Sadowski et al., 2010). 

Mutation of multiple Kv1.3 lysine residues, help us to investigate 

lysine specify. Surprisingly, none single lysine shown to be sufficient to 
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revoke its ubiquitination. Our data suggest that there is more than one 

lysine being involved in ubiquitin conjugation. Nevertheless, some 

specificity was detected on C-termianl of the channel. Mutation on lysines 

of C-terminal, especially K519 and K520, impaired significantly channel 

ubiquitination and endocytosis under ADO stimuli. The complexity of 

lysine specificity required further studies. For example, mass 

espectrometry studies to elucidate the Lys involved would be of interest. 

Although the mechanism of Kv1.3 ubiquitination remains elusive, the 

impact in channel regulation is clear and reveals itself as an important 

process controlling Kv1.3 turnover, thereby fine tuning the physiological 

response. 
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1. EGF triggered Kv1.3 downregulation via tyrosine kinase 

phosphorylation and unconventional ERK1/2-dependent 

phosphorylation. ERK1/2 threonine phosphorylation is crucial for 

EGF-mediated CME endocytosis.  

2.  PMA and Adenosine induced Kv1.3 polyubiquitination via PKC 

activation and led channel to lysosomal degradation. This 

ubiquitination was dependent of Nedd4-2. 

3. Adenosine triggered ubiquitination and endocytosis of Kv1.3. 

Both processes are sensitive to BIM (PKC inhibitor) and H-89 

(PKA inhibitor) treatments, suggesting both PKC and PKA –

dependent pathways.  

4. Direct PKA activation internalized Kv1.3 with no apparent 

ubiquitination. This would suggest that PKA, contrary to PKC, 

induced an ubiquitin-independent endocytosis of Kv1.3. 

5. Complementary and redundant lysines participate in the ubiquitin-

dependent PKC and PKA regulation of Kv1.3. While C-terminal 

Lysines (K519, K520) were mainly implicated in the channel 

internalization, those on the N-terminal (K70, K84) resulted in 

lower ubiquitination with no changes in endocytosis. 
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