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1 Introduction 

The epithelial sodium channel (ENaC) is the limiting factor for sodium reabsorption in 

epithelial cells and is crucial for the maintenance of the sodium and water balance of the 

whole body (1). It has a wide tissue distribution (2), and its activity is affected by its cell surface 

expression and open probability, which are regulated by different factors like hormones, 

cytokines and other substances (3). Mutations, which are found in different subunits and 

different regions of the protein, can lead to a dysfunction of the channel and to various 

hereditary diseases (4–7). Loss-of-ENaC-function leads to a rare, life-threatening syndrome, 

called pseudohypoaldosteronism type 1B (PHA1B), which requires lifelong medical assistance 

(5, 8). 

The lectin-like domain of the cytokine TNF-α (TIP) has shown an activation of the epithelial 

sodium channel (9, 10). Based on the work of Hazemi et al. (11), AP301 (INN: solnatide) and 

its congener AP318, two synthetic, cyclic peptides, which mimic TIP, have been studied how 

they alter ENaC function and expression (9, 10, 12, 13). TIP peptides activate the amiloride-

sensitive sodium current by changing the ion channel kinetics and membrane abundance, and 

they restore the channel function in PHA1B-causing frameshift mutants (14). 

The following overview deals with the structure, phylogeny, regulation, physiology and 

pathophysiology of the amiloride-sensitive sodium channel and with TIP peptides as a possible 

treatment for PHA1B. 

 

1.1 ENaC – channel architecture, stoichiometry and phylogeny 

ENaC, a heteromeric ion channel, is composed of four homologous subunits α, β, γ and δ (15–

19) (Figure 1). Usually one or two α- or δ-subunits assemble with a β- and a γ-subunit to form 

a functional channel (16, 18, 19), but at least three subunits are needed for full activity (16, 

18–20). The stoichiometry of the epithelial sodium channel is still controversial: Some 

research groups suggest a heterotetrametric α2β1γ1 stoichiometry (19, 21) (Figure 1), whereas 

Snyder et al. (22) suggest a nonameric stoichiometry of ENaC. Firsov et al. (4) propose a fixed 

heteromeric stoichiometry for ENaC when αβγ are co-expressed. They quantified the cell 

surface expression of ENaC by correlating the specific binding of an anti-FLAG-mAB to FLAG-

tagged ENaC subunits. The ENaC activity was determined by measuring the amiloride-sensitive 

sodium current. Binding experiments depicted a higher abundance of the α-subunit on the 
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cell surface and therefore, a tetrameric formation of ENaC was proposed consisting of α2β1γ1 

(19) (Figure 1). As in the colonic epithelial cells only the α-subunit is expressed, it is also 

possible that a channel is formed by only two subunits (αα) (23). The crystal structure of ENaC 

has not yet been determined, but according to different experimental approaches and 

homology models of the resolved structure of the acid-sensing ion channel 1 (ASIC1) (Figure 

2), a heterotrimeric structure of ENaC in the plasma membrane can be deduced (Figure 1) 

(24). 

 

 

FIGURE 1. Channel Stoichiometry. 

(A) A possible heterotetrametric structure of ENaC consisting of two α-subunits (red), one β- (green) 

and one γ-subunit (yellow). (B) A possible heterotrimeric stoichiometry. 

 

The ENaC/DEG ion channel family members can be identified by their common topology (25), 

and they share an amino acid sequence identity of approximately 15–20% (24, 26, 27). The 

degenerin (DEG) gene family was identified in Caenorhabditis elegans: mecs 

(mechanosensation) and degs (neurodegeneration) (17) are involved in mechanosensation 

(28) and flrs controls the defecation rhythm (29). Moreover, a neuropeptide-gated channel 

was found in marine snails (FaNaC) (30). 

Among mammals there are two major groups: 1. Non-voltage gated sodium channels 

consisting of four paralogous genes encoding ENaC proteins and 2. ASICs (acid-sensing ion 

channels) consisting of five paralogous genes (25). 
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FIGURE 2. SCNN1 gene, linear protein scheme and homology model of ENaC. 

(A) Model of a gene encoding hENaC and consisting of 13 exons. (B) Linear model of the ENaC protein 

that shows that the cytoplasmic NH2 and COOH termini as well as the TM1 and TM2 domains are 

encoded by Exons 2 and 13. The major part of the extracellular loop is encoded by Exons 3 to 12. (C) 

Homology model of ENaC by reference to the resolved structure of ASIC1 (31). 

A subunit resembles a forearm and a hand holding a ball. The transmembrane domain correlates with 

the forearm and the wrist domain (not in picture, preM2) with the connection between 

transmembrane and extracellular domain. The ECD (extracellular domain) consists of palm, knuckle, 

finger, β-ball and thumb (27, 32). 

(Source: figure from (31)) 

 

ASICs assemble as a homo- or heterotrimer (33), and they are neuronal voltage-insensitive 

sodium channels which are also permeable for sodium and inhibited by amiloride. What can 

already be seen from their name is that they are activated by extracellular protons (H+) which 

happens during normal synaptic transmission and acidosis (33). They are situated in the 

central and peripheral nervous system and react to an increase in H+, so they are involved in 

pain sensation (34, 35). 

Each of the four homologous genes of the cationic epithelial sodium channel (ENaC) encodes 

a different subunit (16, 17). SCNN1A encodes the α-subunit, SCNN1B for the β-subunit, 
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SCNN1G for the γ-subunit, SCNN1D for the δ-subunit (Figure 3). SCNN1 stands for “sodium 

channel, nonneural” and should be distinguished from the voltage gated sodium channel type 

1 (SCN1), which is expressed in muscle and neurons (26, 36). The epithelial sodium channel is 

voltage insensitive. Due to the inhibition by amiloride, a potassium-sparing diuretic, it is also 

called amiloride-sensitive sodium channel (ASSC) (24, 36). 

 

FIGURE 3. Chromosomal location of ENaC encoding genes SCNN1A, SCNN1B, SCNN1G. 

The genes are found on the short arm (p) of their respective chromosome. (A) SCNN1A is located on 

chromosome 12 at position 13.31, while SCNN1B (B) and SCNN1G (C) are located on chromosome 16 

at position 12.2. The SCNN1B and SCNN1G are very close on the same chromosome, they possibly 

derived from gene duplication (36). 

(Source: www.genecards.org, modified) 

 

Each of the four subunits holds a molecular mass of 85–95 kDa without any posttranslational 

modification, which is very important for the expression and the activity of ENaC. An overall 

homology of 30–40% between their primary sequences has been determined (3). The primary 

sequence of ENaC was best characterized and studied by expression in clones of Xenopus 

leavis oocytes (16) by sequencing the cDNA encoding the α-subunit of ENaC (36). More 

precisely, this sequence analysis has revealed a sequence identity between the α-, β- and γ-

ENaC subunits of 29–36% (3) and a 37% identity between the α- and δ-subunit (15). The 

difference between the latter subunits lies in the ion selectivity since δ-ENaC is more 
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permeable to sodium than to lithium and α-ENaC is more permeable to lithium than to sodium 

(18). However, both show an impermeability to larger ions like potassium (18). ENaC, unlike 

the other members of the ENaC/DEG family, is more selective for sodium (Na+) and lithium 

(Li+) than for potassium (K+) (37, 38). Responsible for this is an ion selectivity filter, which can 

differentiate between the size of cations and the charge of ions (anions cannot enter) (38, 39). 

Throughout the assembly of the subunits, the TM2 region of every subunit forms the channel 

pore and the selectivity filter occurs at the tightest area (40). In the preM2 segment, a Gly/Ser-

X-Ser motif has been identified, which is involved in ion selectivity and also constitutes the 

cation binding site (38, 39). Moreover, the δ-subunit is more sensitive to the blockers 

amiloride and benzamil (18). This difference in amiloride sensitivity could be traced back to 

diverging amino acid residues of the α-subunit (Q581, W582) and δ-subunit (L581, Y582) (18). 

The preM2 segment of all subunits is important for the amiloride sensitivity of the epithelial 

sodium channel (41). Via site-directed mutagenesis, specific amino acid residues have been 

found in the preM2 segment of all four subunits that tend to be important for the interaction 

of amiloride with the channel. These are serine residues for the α- and δ-subunit and, at the 

corresponding positions, glycine residues for the β- and γ-subunit (38, 41). The two properties 

ion selectivity and pharmacology of α- or δ-ENaC do not alter when they are co-expressed 

with the β- and γ-subunit. Thus, it can be presumed that the α- or δ-ENaC are the pore-forming 

units (16, 18). The accessory β- and γ-subunits are important for ENaC trafficking (15, 16, 42). 

As for other membrane proteins, it is reasonable to assume for ENaC as well that the assembly 

of the subunits and an oligomerization in the endoplasmic reticulum (ER) are crucial before 

reaching the Golgi and targeting the plasma membrane (4, 43). α-ENaC or δ-ENaC alone, 

without the co-expression of the β- and γ-subunit, generate only a small amiloride-sensitive 

sodium current, presumably due to small amounts of endogenous β-ENaC- and γ-ENaC-like 

subunits investigated in the oocytes (18). Thus, the β- and γ-subunit are required for a proper 

cell surface expression and a functional ENaC protein (4). A co-expression of α-ENaC with the 

β- and γ-subunit leads to the same increase in Na+-current as a co-expression of δ-ENaC with 

both subunits (16). The increase in the current correlates with a higher cell surface expression 

(4). β-ENaC and γ-ENaC alone do not produce any current (4, 16, 23). 

Konstas et al. (42) suggest that the intracellular domains (C-terminus and N-terminus) and the 

two transmembrane domains (TM1 and TM2) in γ-ENaC are more important for ENaC 

trafficking and the assembly of the channel than the corresponding regions of the β-subunit. 
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Thus, the γ-subunit is probably more important for the cell surface expression of a functional 

channel than the β-subunit (42). Especially the N-terminus and the TM2 domain of γ-ENaC are 

important for the channel formation. If any of these two regions are missing or mutated, it 

will not be possible to form a functional channel and so, the function of the subunit will be 

disturbed (44). 

 

FIGURE 4. α-ENaC topology. 

(A) Diagram created with Microsoft Excel. (B) Table according to uniport.org, created with Microsoft 

Excel (Source: https://www.uniprot.org/uniprot/P37088, modified) 

 

 

FIGURE 5. γ-ENaC topology. 

(A) Diagram created with Microsoft Excel (B) Table according to uniport.org, created with Microsoft 

Excel (Source: https://www.uniprot.org/uniprot/P51170, modified) 

 

Each subunit of ENaC is composed of an intracellular N- and C-terminus, two hydrophobic 

transmembrane helices (TM1 and TM2) and in between one big hydrophilic cysteine-rich 

extracellular loop. Approximately 70% of the protein mass lie in the extracellular space (24) 

(Figure 4, Figure 5). The extracellular loop is important for protein-protein interaction and for 

the channel to sense the extracellular environment e.g. air in alveoli, urine in distal tubule and 

feces in the colon (45). A different number of N-glycosylation sites has been found in each 
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subunit of ENaC (46). The asparagine moieties which have been found in the extracellular loop 

are indeed important for ENaC function (12). 

Certain conserved regions (Figure 6) among the ENaC/DEG family are very determining for the 

channel function. These conserved amino acid sequences are found in the transmembrane 

segments and their proximity as well as in the extracellular loop. Near the TM1 segment in the 

cytoplasmic NH2 terminus, there is a HG-motif (His-Gly), which is important for channel gating. 

The post-M1 segment is also highly conserved among all the ENaC/DEG family members (36). 

In the extracellular loop of the ENaC family, there are two highly conserved cysteine-rich 

domains: CRD II and CRD III. A third cysteine-rich domain (CRD I) has been found in degenerins 

only (36, 45). 

 

 

FIGURE 6. Localization of conserved 
regions in ENaC. 

The motifs shown in this scheme are well 

conserved among all members of the 

ENaC/DEG family. Except the CRD I, which is 

only found in degenerins, and the proline-rich 

domain in the cytoplasmic C-terminus, which is 

exclusively conserved within ENaC paralogs. 

(Source: figure created according to localization 

of conserved regions from (36, 45))  

 

 

A replacement of cysteine residues in the extracellular loop with alanine or serine affects the 

channel assembly and the transport to the cell surface which leads to a decrease in the cell 

surface expression (45). Mutations such as αC133Y cause PHA1B (pseudohypoladosteronism-

1) due to the impossibility of N-linked glycosylation (45). Moreover, these residues may be 

important for the formation of disulfide bonds to maintain the tertiary structure of the 

channel respectively the extracellular loop (36). The conserved amino acid sequence 

PPPxYxxL, known as PY motif, is a proline-rich segment which is only conserved in the ENaC 

subfamily. It is found in each ENaC subunit in the cytoplasmic C-terminus (47). This PY motif is 

necessary for Nedd4, a ubiquitin-protein ligase, to inhibit ENaC by decreasing the cell surface 
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expression due to a higher rate of degradation of the protein complexes (48). The conserved 

amino acid residues in the pre-M2 segment prior to the transmembrane domain 2 (TM2) are 

important for ion permeation and the channel block by amiloride (36, 41). 

 

1.2 ENaC – physiology and tissue distribution 

The assembly of ENaC differs depending on the physiological conditions and tissue type (2). 

α-, β- and γ-ENaC are highly expressed in epithelial cells, especially in the kidney, lung and 

colon (49). The δ-subunit is mainly found in non-epithelial tissues like brain, pancreas, testis, 

and ovary, but it is also slightly expressed in lung and kidney (15, 18). The δ-subunit can form 

channels alone or in combination with the β- and γ-subunit. The δ-ENaC gene (SCNN1D) occurs 

in humans and guinea pigs but is absent in rats and mice (15). The differences between the α- 

and the δ-subunit are not only the tissue type where they are expressed in, but also the 

channel properties (15, 18). 

The ENaC protein is located in the apical membrane of epithelial cells in the alveoli, distal 

nephron, collecting duct, distal colon, urinary bladder, sweat and salivary glands (1). It 

mediates the sodium transport through epithelial tissues and works in conjunction with the 

Na+/K+-ATPase, which is located basolaterally (Figure 7). The glycoprotein is very important 

for the regulation of the salt and water homeostasis because it is the limiting step of the 

sodium absorption (1). Therefore, ENaC in the kidney (and colon) plays an important role in 

the control of the whole body extracellular fluid volume and subsequently in the regulation of 

blood pressure (36). In addition, it is involved in taste perception (50) and the regulation of 

the lung alveolar fluid homeostasis and mucociliary clearance (36). ENaC function is 

physiologically very important, since genetic mutations are associated with serious hereditary 

conditions like Liddle’s syndrome (4), cystic fibrosis (6), pulmonary oedema (7) and 

pseudohypoaldosteronism type 1 (PHA1) (5). 
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FIGURE 7. ENaC in charge of sodium 
transport across epithelial cells.  

The amiloride-sensitive sodium channel allows 

transepithelial sodium transport across 

epithelial cells. It is located on the apical 

membrane, where it allows Na+ from the 

extracellular space to enter the cell. The 

basolateral Na+/K+-ATPase is important for the 

maintenance of the electrochemical gradient by 

pumping out 3 Na+ and ingesting 2 K+. Sodium 

enters the cell and water follows sodium 

transcellular via osmosis through aquaporins 

(only in presence of vasopressin) or paracellular 

                  through tight junctions. 

                  (Source: figure from (51)) 

 

1.3 Regulation of ENaC and biophysical properties 

The activity of the epithelial sodium channel is affected by two things: cell surface expression 

and open probability (Po) (1, 52). These are regulated by ubiquitination, proteolytic cleavage 

and other posttranslational modifications (3, 18). 

 

1.3.1 Regulation of expression via hormones and degradation 

Aldosterone (53) and vasopressin (54) are the regulators of ENaC expression in the distal 

nephron as well as endothelin (55) and insulin (56). 

The mineralocorticoid aldosterone binds to the mineralocorticoid receptor (MR) which 

translocates into the nucleus and acts like a transcription factor. It induces the expression of 

two proteins: SGK1 (serum and glucocorticoid-regulated kinase 1) (57) and GILZ1 (58) 

(glucocorticoid-induced leucine zipper protein 1), both leading to a higher abundance of the 

epithelial sodium channels in the apical membrane. Insulin is also an inducer of the SGK1 (56). 

SGK1 belongs to the subfamily of the serine/threonine kinases and has a PY motif as well as 

ENaC. It phosphorylates the ubiquitin-protein ligase Nedd4-2 on two phosphorylation sites, 

both are serine residues (57). Therefore, Nedd4-2 is no longer able to interact with the 

conserved PY motif in ENaC. This prevents the channel protein from the ubiquitination by 

https://www.google.at/url?sa=i&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjHzZfPi5fbAhXM16QKHU6FCXwQjRx6BAgBEAU&url=https://www.researchgate.net/figure/Na-reabsorption-across-epithelial-cells-ENaCs-participate-in-epithelial-Na_fig2_263701097&psig=AOvVaw1yNiT0OfJOcvyzB8nwzXSs&ust=1527001899166465
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Nedd4-2 and consequently from the channel degradation, which results in a higher expression 

of ENaC on the cell surface. 

The ubiquitination, a posttranslational modification, regulates the cell surface expression of 

ENaC (36, 59) (Figure 8). As previously described, ENaC is a substrate of the Nedd4-2 and they 

interact via PY motifs/WW domain (59). This PY motif is conserved among all subunits of ENaC 

in the cytoplasmic carboxy-terminus and plays a crucial role in the pathophysiology in Liddle’s 

syndrome, where a truncated carboxy-terminus in the β- and γ-subunit leads to a gain-of-

function of ENaC, since an ubiquitination and further degradation of ENaC surface proteins is 

not possible (60, 61). The PY motif consists of two proline-rich segments, P1 and P2, and 

Nedd4-2 interacts with the P2 region (60, 62). Nedd4-2 is composed of a N-terminal C2 domain 

(Ca2+-dependent lipid binding domain) for targeting Nedd4-2 to the plasma membrane, a C-

terminal HECT domain (the catalytic ubiquitin-protein ligase domain) and three (in rat and 

mouse) to four (in human) WW domains (protein-protein interaction domains). The 

ubiquitination of ENaC is not only performed by the required HECT domain of Nedd4-2 (59, 

60), but N-terminal lysine residues in the α- and γ-subunit interact with ubiquitin as well (63). 

The polypeptide ubiquitin is a signal for degradation by the lysosome and proteasome. 

Therefore, it regulates the membrane abundance. ENaC is a short-living glycoprotein with a 

half-life of approximately an hour, which is also typical of ubiquitinylated proteins (64, 65). 

Nedd4-2 is mobilized to the membrane in a calcium-dependent manner via its C2 domain, 

which binds phospholipids in the membrane (66). After ENaC is retrieved from the membrane, 

it can either degrade or move into a recycling pool from which it can re-locate into the apical 

membrane (67, 68). 

Aldosterone also interferes with the Raf-MEK1/2-ERK1/2 signalling pathway (58). Raf-1 (C-

Raf), also a serine/threonine kinase, reduces the cell surface abundance of ENaC by activating 

ERK1/2, which phosphorylates the channel protein. Due to this phosphorylation, the 

interaction between the epithelial sodium channel and Nedd4-2 is enhanced, which leads to 

the degradation of the channel (69). 

GILZ1 blocks Raf-1 hence inhibits the ERK1/2 signalling (58). In this way, GILZ1 increases the 

cell surface expression of ENaC by inhibiting the Raf-MEK1/2-ERK1/2 pathway (58). GILZ1 does 

not only prevent the epithelial sodium channel from phosphorylation by ERK1/2 and thereby 

precludes ENaCs interaction with Nedd4-2. GILZ1 also enhances the interaction of SGK1 with 
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Nedd4-2, which again leads to a decreased interaction of ENaC with Nedd4-2 (70). GILZ1 and 

SGK1 can act synergistically to inhibit Nedd4-2 (70). 

Vasopressin and its second messenger cAMP (cyclic AMP), which activates PKA, increase the 

amiloride-sensitive conductance of the apical membrane because of a higher number of ENaC 

proteins (71). Cyclic AMP increases ENaC trafficking to the cell surface (67, 71). Aquaporins-2 

colocalize with ENaC in the collecting duct (CD) and connecting tubule (CNT) in the kidney (72). 

Consequently, the presence of vasopressin respectively cAMP leads to a higher cell surface 

abundance of ENaC and a higher expression of aquaporins (64). 

Aldosterone affects the expression of the subunits in a tissue-specific manner. In the kidney, 

the number of α-subunits is the limiting factor for membrane trafficking because aldosterone 

only increases the expression of the α- ,not the β- or γ-, subunit. In the rat colon, by contrast, 

the β- or γ-subunit are more expressed than the α- subunit under the influence of aldosterone 

(73, 74). 

 

1.3.2 Activation of ENaC by proteolysis 

Proper membrane trafficking is a crucial factor for maintaining the ENaC activity. All subunits 

must preassemble into a complex before targeting to the membrane (4, 44, 71). The transport 

of ENaC from the ER to the Golgi is carried out in an inactive form (75). In the Golgi, the channel 

undergoes proteolytic processing which leads to an activation of the channel protein and an 

increase in PO (76). More precisely, furin, a protease, cleaves specific sites extracellularly in the 

α- and γ-subunits (75). But ENaC can be processed (from proprotein to active protein) by other 

serine proteases as well, like prostasin (cleaves γ-ENaC) (77) or plasmin (78). The cleavage 

results in a release of inhibitory peptides, which, in turn leads to an increased PO. (79). 

Nevertheless, a small amount of ENaC proteins is not cleaved and stays inactivated (80). 

Channel proteins from this inactive pool can be cleaved and hence activated, if needed, by 

extracellular or membrane-associated enzymes such as channel-activating proteases (81). As 

mentioned above, cAMP increases the channel trafficking to the cell surface (67, 71). These 

channels derive from the recycling pool (67) and are newly synthesized as well (82). 

The open probability (PO) is impacted by either proteolytic cleavage, which leads to activation 

(76), or by an alternation in channel gating (83). ENaC is consecutively active (84), and its open 

probability varies from <0.1 to 0.9. In virtue of the differences in PO, different channel gating 

modes can be deduced. These active channels can be classified into two groups: one with a 
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high PO and long open times and the other with a low PO and a long closed time (83). High 

extracellular sodium affects the PO negatively by the so-called Na+ self-inhibition (85). 

Intracellular sodium leads to a feedback inhibition on the channel (1). 

 

 
FIGURE 8. Molecular pathway of ENaC 
regulation.  

Aldosterone in the kidney increases transcription 

of α-ENaC. The subunits assemble in the ER and 

migrate to the Golgi where ENaC is activated via 

proteolytic cleavage by furin. Then the protein 

targets to the membrane where it is 

ubiquitinylated by Nedd4-2. Subsequently, ENaC 

degrades. Cyclic AMP/PKA increases cell surface 

abundance (vasopressincAMPPKA). PKA 

phosphorylates and therefore activates SGK1 

which, in turn, inactivates Nedd4-2 through 

phosphorylation. In addition, cAMP/PKA 

phosphorylates and inhibits Nedd4-2 

independently of SGK1. Aldosterone not only 

induces ENaC genes but also SGK1 which 

      phosphorylates Nedd4-2. The latter is no longer 

      able to interact with ENaC and thus the 

      degradation is reduced. 

      (Source: figure from (86)) 

 

 

1.3.3 Regulation of ENaC by extracellular H+, Cl- and other factors 

The extracellular domain can sense changes in pH and in the ion concentration of Na+ and Cl-, 

the two principal components of the extracellular fluid, and of metal cations like Zn2+ and Ni2+, 

which alter the activity of ENaC (87, 88). Cl- inhibits ENaC by enhancing the Na+ self-inhibition 

(87). This Na+ self-inhibition, however, is eliminated by extracellular Zn2+, whereas Ni2+ inhibits 

ENaC activity. Both are dependent on the extracellular sodium concentration (88). 
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Changes in the pH affect ENaC gating as well by regulating the Na+ self-inhibition: acidic pH 

increases the PO by reducing the Na+ self-inhibition, whereas alkaline pH reduces the PO (89). 

ENaC reacts to mechanical stimuli (shear stress) with increased activity. First shown in 

murine αβγ-ENaC (90), the activity increase is not due to a higher cell surface abundance, but 

is caused by a higher PO (91). δβγ-ENaC was also investigated and showed an increase in PO 

too but in lesser extent, possibly because δβγ-ENaC already has a higher intrinsic PO (92). This 

thought is supported by Carattino et al. (91), who inserted mutations into the channel pore 

causing a higher PO, whereby the channel could no longer be activated by mechanical stimuli. 

The mechanosensitivity of ENaC is probably the reason why a gain-of-function is seen in cystic 

fibrosis (CF) patients. The shear forces acting on the epithelia are higher, the more viscous the 

ASL (airway surface liquid) is (93). 

 

1.3.4 Regulation of ENaC by TNF-α and by its lectin-like domain 

While TNF-α decreases the expression of the epithelial sodium channel (94), its lectin-like 

domain (TIP) shows ENaC activating properties (9, 10). 

Before targeting to the plasma membrane, the subunits of ENaC assemble in the ER and 

undergo N-linked glycosylation (46). Asparagines within the certain consensus sequence Asn-

X-Ser/Thr (X= all amino acids except proline) are able to interact with proteins from the 

extracellular matrix (46). The number of putative N-linked glycosylation sites in the 

extracellular loop differs according to the subunit. Five of the seven sites from α-hENaC and 

four of the five sites of δ-hENaC are in the extracellular loop, whereas all the eleven sites of β-

hENaC and all the five sites of γ-ENaC are extracellular (Appendix_9.1. Amino acid sequences 

of ENaC subunits and marked glycosylation sites). Snyder et al. (46) found out that the N-

glycosylation is not essential for the channel function and channel processing in rat α-ENaC 

and since ENaC subunit orthologs have high sequence similarity, we can expect this as well for 

the human ENaC. This was confirmed by Shabbir et al. (12) by removing N-glycosylation sites. 

Moreover, they showed that these N-glycan moieties are important for the hENaC activation 

through solnatide (AP301). AP301 not only interacts with ENaC via N-glycans, but also by 

binding to the carboxy-terminal domain (95). This was validated by Shabbir et al. (12) by 

inserting a stop codon to delete the carboxy terminus which resulted in a not significantly 

enhanced whole-cell sodium current of the mutated α-ENaC by AP301. Solnatide increased 

the activity of the epithelial sodium channel by an alternation of ion channel kinetics in the 
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plasma membrane, more precisely by an increase in PO (12, 96) as well as by a transiently 

increased expression of ENaC (12, 95). By eliminating the N-glycosylation sites, the solnatide-

induced, transiently increased expression of α-ENaC was reduced or abolished (12). 

 

1.4 TNF lectin-like domain peptides AP301 and AP318 

TNF-α, a cytokine which plays an important role in inflammation, is produced in different kinds 

of cells like macrophages, lymphocytes, monocytes, fibroblasts and endothelial cells (97). The 

effect of TNF-α on ENaC has been shown in different studies: it decreases the expression of 

ENaC (94). TNF-α has often been analysed, and studies have shown that its lectin-like (TIP) 

domain stimulates the amiloride-sensitive sodium current of ENaC in A549 cells (10) and 

microvascular endothelial cells (9). Consequently, the demand for a new peptide was there, 

without the negative characteristics of TNF, but with the properties of the lectin-like domain 

(TIP) regarding the epithelial sodium channel. In this work, the effect of the TIP-mimicking 

cyclic peptides AP301 (solnatide) and AP318 on the cell surface expression was investigated. 

The lectin-like domain, residues C101–E116 of wild type hTNF-α, has the ability to bind lectin-

like oligosaccharides like N, N’-diacetylchitobiose or branched trimannoses (98). These kinds 

of N-glycosylation sites are found in ENaC and therefore, the lectin-like domain can activate 

the channel by binding on these sites in the extracellular loop (96). AP318 is characterized by 

a lacking disulfide bond for more stability and for a better use as a human therapeutic other 

than the original TIP peptide. It contains a disulfide bridge that not only leads to instability, 

but is not common in therapeutic compounds either (11). Moreover, a cyclisation via an amid-

bound was achieved and a fundamental finding has been made: essential for ENaC activation 

is a free positively-charged N-terminal amino group on residue 1 or a free negatively charged 

carboxyl group on residue 17. However, when both charged groups are present ENaC 

activation is not as effective as if only one charged group is present (11). 

In AP301, the cysteine at position 101 was replaced by a glycine and in addition, in the N-

terminus as well as in the C-terminus, a cysteine was added. Both cysteines are linked via a 

disulfide bridge which results in a 17-residue cyclic peptide: Cyclo(CGQRETPEGAEAKPWYC) 

(11) (Figure 10). Additionally, it has residues essential for chitose-binding and ENaC activation: 

T6, E8, E11 which correspond to the residues of hTNF-α T105, E107, E110, and are found on 

the tip of the molecule (9, 98). This leads to the finding that the hexapeptide sequence TPEGAE 

is crucial for binding oligosaccharides (11). The hydrophobic region P133, W114, Y115 in hTNF-
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α, which is equivalently found in AP301, is also important for ENaC activation (11). Solnatide 

has two charged groups: a free amino group on residue 1 (residue 1 is equivalent to hTNF-α 

P100) and a negatively charged carboxyl group on residue 17 (11). Hazemi et al. (11) found 

out that, when two charges are present, the potency of ENaC activation is lower (EC50 ~ 54 

nM for AP301, EC50 ~ 24 nM for AP318), which makes AP318 the more potent TIP peptide. 

Shabbir et al. (96) treated A459 cells, which endogenously express ENaC, with PNGase F to 

remove almost all potential N-linked glycosylation sites. After the treatment with AP301, the 

increased amiloride-sensitive sodium current could not be measured anymore. Thus they 

deduced that the glycosylation sites in the extracellular loop are crucial for the interaction of 

solnatide with ENaC. In another study Shabbir et al. (12) verified the findings by mutating the 

potential N-glycosylation sites (asparagine to glutamine) in the extracellular loop of α-ENaC. 

After applying solnatide, the amiloride-sensitive current was decreased and the EC50 was 

increased compared to the non-mutated wild type (WT) ENaC (12). In the same study, they 

concluded that the carboxy terminus is also crucial for solnatide to increase the sodium 

current (12). Czikora et al. (95) came to the same conclusion. Moreover, the cell surface 

expression of endogenous α- and δ-hENaC (in A459 cells) was only transiently increased after 

the treatment with solnatide as it decreased after 30 minutes, which indicates that only the 

translocation to the cell membrane and not the expression is increased (12). Solnatide is being 

developed as a therapy for various forms of pulmonary oedema. It has received orphan drug 

designation status in Europe for high altitude pulmonary oedema (99), 

pseudohypoaldosteronism type 1B (100, 101) and primary graft dysfunction (100), a 

complication after lung transplant within 72 hours following. Moreover, it has passed phase 

IIa clinical trials for the treatment of acute respiratory distress syndrome (99). 

In AP318, the cysteine in position101 was replaced by a glycine as well, but in the N-terminus 

a 4-aminobutanoic acid and in the C-terminus an aspartic acid was added. They form an amid 

bond and result in a cyclic peptide: Cyclo(4-aminobutanoic acid-GQRETPEGAEAKPWYD) (11) 

(Figure 10). Shabbir et al. (96) performed patch clamp experiments with AP318 and found out 

that the single channel open probability of ENaC increases after the treatment with the 

peptide. AP318 has been granted orphan drug designation in Europe for the treatment of PHA 

type 1B as well (101). 
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FIGURE 9. Structure of the cyclic peptides AP301 and AP318. 

The yellow coloured part in the molecule AP301 shows the disulfide bond between two cysteine 

residues, C1 (C101 in TNFα) and C17 (E116 in TNFα) that permits cyclisation. 

(Source: peptides modelled by (14) after previous description (11)) 

 

1.5 ENaC – Channelopathies 

Mutations in genes encoding ENaC subunits lead to a functional disturbance in different kinds 

of tissues such as kidney, colon, and lung. Dysfunction in renal ENaC induces 

pseudohypoaldosteronism (5) and Liddle’s syndrome (4), as ENaC controls sodium absorption 

and blood volume (1). Negatively affected sodium absorption in the colon (low ENaC 

expression) is associated with ulcerative colitis and diarrhoea (102). Pulmonary dysfunctions 

like cystic fibrosis and pulmonary oedema are also caused by either a loss of function 

(pulmonary oedema) (7) or a gain of function mutations (CF) (6) in ENaC. 

 

1.5.1 Multi-system form of pseudohypoaldosteronism type 1 (PHA1B) 

Pseudohypoaldosteronism type 1 is a hereditary, salt-wasting disorder which results in 

hyponatremia and consequently in hypovolemia, hyperkalaemia and metabolic acidosis (5). 

This rare disease is present in the neonatal period and responsive for failure to thrive, 

dehydration, hypotension and vomiting (103). The disease is marked by elevated renin and 

aldosterone levels reflecting an unresponsiveness to mineralocorticoid hormones in the 

kidney and other tissues (5). 
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Two subtypes of PHA type 1 can be differentiated: the renal form and the systemic type. These 

two types vary, inter alia, in genetic inheritance, mutated genes and sodium requirements (5). 

The renal form is caused by mutations in NR3C2 (Nuclear receptor subfamily 3, group 

C, member 2), a gene encoding the mineralocorticoid receptor (MCR), and is autosomal 

dominant inherited (103). As previously described, aldosterone is the main regulator of ENaC 

activity. It increases the expression of ENaC subunit genes and thus, the sodium absorption in 

the distal nephron (104). Mutations in NR3C2 cause hyponatremia, hyperkalaemia with 

elevated renin and aldosterone levels due to a stimulated renin-angiotensin system (104). 

Therefore patients with PHA1 receive a supplement of oral sodium chloride (5, 8). Due to a 

lack of response of the MCR to aldosterone, oral aldosterone treatment is obviously not 

working. This form is progressing mildly and even ends in spontaneous remission with age (8). 

The more severe systemic type ( PHA1B) is caused by mutations in genes encoding 

subunits of the amiloride-sensitive epithelial sodium channel and has an autosomal recessive 

inheritance (5, 103) with manifestation persisting into adulthood (105). ENaC is not only 

present in the kidney but also in sweat and salivary glands, lungs and colon. As the latter 

tissues are affected as well, patients can suffer frequently from lower respiratory tract 

infections and consequently have similar treatment as cystic fibrosis patients. Elevated levels 

of sodium chloride in sweat, stool and saliva can be used for diagnosing the systemic type of 

PHA1 or to differentiate it from renal type (106). PHA type 1B patients receive intensive i.v. 

fluid and electrolyte therapy. An ion exchange resin is required to decrease the strongly 

elevated potassium levels (107). 

Previously described frameshift mutations, which result in a loss-of-function of ENaC, are 

located on the SCNN1A, SCNN1B or the SCNN1G genes (108). These genes encode the subunits 

α (SCNN1A), β (SCNN1B), γ (SCNN1G). Human SCNN1A is assigned to chromosome 12p13 and 

human SCNN1B and human SCNN1G are assigned to chromosome16p12-13 (109) (Figure 3). 

Through homozygosity mapping, a previous study found out that the gene loci responsible for 

PHA1 (16p12.2–13.11 in six families and to 12p13.1 in other five families) are the same loci 

where the genes encoding the three subunits of hENaC are located (108) (Figure 3). A 

mutation (G37S) causing PHA1B has led to the conclusion that a conserved glycine, which is 

present in the cytoplasmic amino-terminus of all ENaC gene family members, reduces the 

open probability (Po) of ENaC and thus is involved in the gating control of the channel (110, 

111). This was observed in Xenopus leavis oocytes where the amino acid exchange (G37S) in 
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the β- (110) as well as in the α-subunit and γ-subunit led to a reduction in the sodium current 

compared to wild-type channel (111). Both mutant and wild-type had the same cell surface 

expression, single channel conductance and ion selectivity. Therefore, one can assume that 

the activity of ENaC was reduced but there is no complete loss of function (111). 

 

1.5.2 Liddle’s syndrome 

Another rare disease, which is caused by mutations in the epithelial sodium channel, is Liddle’s 

syndrome. It is an autosomal dominant inherited form of salt-sensitive hypertension with an 

early penetrance (112). Mutations in the genes encoding the β- and γ-subunit (SCNN1B, 

SCNN1G) lead to a gain of function in the epithelial sodium channel (61, 113). This causes an 

increase in sodium and water absorption and at the same time an increase in potassium 

secretion (61, 113). The pathological consequences are hypertension, hypokalaemia, 

metabolic alkalosis and low plasma aldosterone and renin levels (112). Accountable for this 

gain of function are mutations that lead to a truncated or deleted cytoplasmic carboxy-

terminus. More precisely, a conserved region, the proline-rich PY motif in the C-terminus, is 

affected by mutations that cause Liddle’s syndrome (61, 113). The ubiquitin-protein ligase 

Nedd4-2 normally binds to the PY motif of cell surface ENaC and is responsible for its 

endocytosis and lysosomal degradation. In the case of Liddle’s syndrome, as the carboxy-

terminus is truncated or even deleted, no ubiquitination is possible and therefore, more 

channels are found on the cell surface (60). Not only a lack of channel degradation but also an 

elevated channel open probability is the reason for a gain of ENaC function (4). 

 

1.5.3 Cystic fibrosis and pulmonary oedema 

ENaC is negatively regulated by activated CFTR (cystic fibrosis transmembrane conductance 

regulator) (6), a cAMP-activated chloride channel which is located in the apical and basolateral 

membrane of epithelial cells (114). More precisely, elevated chloride levels in cystic fibrosis 

(CF) lead to an inhibition of ENaC, as anions are an inhibiting factor of ENaC (6). In CF, CFTR is 

not functioning properly. Therefore, ENaC is not properly regulated which results in a gain of 

ENaC function. The consequence is a decrease in chloride secretion and an increase in sodium 

and water absorption which leads to higher mucus viscosity and decreased mucociliary 

clearance associated with a higher incidence of bacterial infection (115). 
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On the contrary, a loss of ENaC function in the alveoli leads to pulmonary oedema due to an 

extended airway surface liquid volume (7), as the sodium absorption and the alveolar fluid 

clearance are decreased (116). Therefore ENaC is crucial for airway fluid clearance (116). 

Indeed, PHA1 patients have an ASL volume twice as normal (117). Pulmonary oedema is part 

of the recovery phase of acute lung injury/acute respiratory distress syndrome (118). 

Moreover, high-altitude pulmonary oedema patients also show a decrease in ENaC function 

(119). 

 

 
FIGURE 10. Normal function of renal ENaC and pathophysiological changes in the kidney. 

(A) A loss-of-function in ENaC that causes pseudohypoaldosteronism type 1 leads to decreased sodium 

and water reabsorption in the kidney and therefore to an increased loss of electrolytes and water, 

which results in hypotension (5). (B) Normal ENaC function: Apical sodium absorption and basolateral 

ATPase activity lead to reabsorption of sodium from primary urine in the blood and to passive 

reabsorption of water due to an osmotic gradient. (C) A gain-of-ENaC-function, which is the reason for 

Liddle’s syndrome, leads to an increase in sodium and water reabsorption which results in a higher 

blood volume and consequently hypertension (4). 

(Source: (120), modified) 

  



  

22 

1.6 PHA1B-causing frameshift mutations 

Mutations on the SCNN1A, SCNN1B and SCNN1G genes resulting in a loss of ENaC activity are 

responsible for PHA1B (108). That is why I had a closer look at the following mutations causing 

a frameshift error, which have been reported to cause PHA1B: γV543fs, αY447fs, αS243fs, 

αP197, αR438fs. 

Most of the mutations causing PHA1B appear in the α-subunit (Figure 11). Therefore, an 

important role in the regulation of ENaC function can be attributed to this subunit, which has 

been confirmed in different studies (16, 17, 19, 21, 121). 

 

 
 

FIGURE 11. PHA1B-causing mutants located onto ENaC. 

Schemata of approximate topological position of PHA1B mutants onto the α-/γ-subunit of ENaC 

according to UniProtKB - P37088, SCNNA_HUMAN; UniProtKB - P51170, SCNNAG_HUMAN. The 

position of the mutation in the γ-subunit is in brackets, relevant for (A), (B), (C), (D) and (E). (A) All the 

observed frameshift mutants of α-ENaC are in the extracellular loop, whereas the frameshift mutant 

of γ-ENaC is in the TM2. (B) αY447fs mutant (red) (C) αS243fs mutant (red) (D) αP197fs mutant (red) 

(E) αR438fs mutant (red) (F) γV543fs mutant (red) 
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TABLE 1. Position of mutations on gene and in protein proofed to cause PHA1B 

MUTATION 

(PROTEIN) 

MUTATION  

(GENE) 

LOCATION OF 

MUTATION 

ETHNICITY TRUNCATED LENGTH 

(PROTEIN) 

αY447fs Exon 8, 1340insT extracellular loop Pakistani 458 

αS243fs Exon 4, 828delA extracellular loop Swedish 246 

αP197fs Exon 3, 587–588insC extracellular loop Turkish 204 

αR438fs Exon 8, 1311delG extracellular loop Chinese 480 

γV543fs Exon 13, 1627delG TM2 Japanese 597 

 

αY447fs 

This mutation has been reported to cause PHA1B in a Pakistani patient. The patient’s parents 

were consanguineous, and the mutation was homozygous. The insertion of a thymidine in 

exon 8 (1439insT) of the α-subunit gene (TAC to TTAC) leads to a frameshift mutation (Tyr447) 

which results in a premature stop codon (K459) (Table 1) (107). 

This in turn leads to a truncated α-subunit more precisely to a lack of the carboxy-terminus 

which previously has been reported to be important for the interaction of the TIP domain with 

ENaC (95, 122). This mutation is located in the extracellular loop (Figure 11B) in the thumb 

domain (123). The truncated length of the protein is 458 amino acids with an approximately 

calculated molecular weight of 64,86 kDa. 

 

αS243fs 

The deletion of an adenine in Exon 4 (729delA) of the α-subunit gene leads to a frameshift at 

position S243 which results in a premature stop codon four amino acids after this position 

(124). This homozygous mutation was found in a Swedish patient (Table 1) (124). It is situated 

in the extracellular loop (Figure 11C) in the finger domain (14). The truncated length is 246 

amino acids and the approximately calculated molecular weight is 34,41 kDa. 

 

αP197fs 

The insertion of cytosine between the codons 587 and 588 in exon 3 (587-588insC) of the α-

subunit gene leads to a frameshift at position P197. This homozygous mutation causing a 

premature stop codon at position 205 results in a lack of the carboxy-terminus and was found 

in two patients, a boy and a girl of Turkish origin (Table 1), both with consanguineous parents 
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(first cousins). The boy developed a cystic fibrosis-like phenotype (125) located in the 

extracellular loop (Figure 11D) in the thumb (123). The truncated length of the protein is 204 

amino acids and the approximate molecular weight is 28,58 kDa. 

 

αR438fs 

The deletion of a single base guanine in exon 8 (1311delG) of the α-subunit gene leads to a 

frameshift at position R438 which in turn leads to a premature stop codon (X43) in a Chinese 

patient (Table 1). The result is a loss of the carboxy-terminal domain (extracellular, helical and 

cytoplasmic). The girl had a heterozygous variation of the SCNN1A gene (126) located in the 

extracellular loop (Figure 11E) in the thumb (123). The truncated protein is 480 amino acids 

long and the approximately calculated molecular weight is 70,34 kDa. 

 

γV543fs 

The deletion of a guanin in exon 13* (1627delG) of the γ-subunit gene leads to a frameshift 

(γV543fs) in a Japanese patient (Table 1). The γV543fs mutation is located within the TM2 

domain and is equivalent to αV563 (Figure 11F) (14). Willam et al. (14) determined, via 

sequence alignment with chicken ASIC1, that the position of the γV543fs mutation is eight 

residues away from the intracellular membrane at the lower part of the second 

transmembrane domain (TM2). This is in accordance with Stockands et al. (127) findings 

concerning the ENaC model. It results in a premature stop codon 166 nucleotides after and 

deletes the carboxy-terminus as well as most of the transmembrane spanning domain 2 (128). 

The truncated protein length is 597 amino acids and the approximate molecular weight is 

81,04 kDa. Mutations that are found in the TM2 helix in hENaC subunits destroy the function 

of the subunit and, in this case, cause PHA1 (44). 

* Location of mutation corrected by (107) 
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2 Aim of the study 

The epithelial sodium channel is distributed among several tissues dependent on the subunits 

(2). ENaC in the kidney, an aldosterone targeted epithelium, is very important as ENaC in the 

distal nephron and the collecting duct is the crucial factor for the regulation of sodium and 

water homeostasis (1). 

Mutations of ENaC subunits can lead to a gain or a loss of channel function and hence 

according to tissue type to different hereditary diseases (4–7). The lectin-like domain of  

TNF-α (TIP) is meant to enhance ENaC activity due to a higher open probability of the channel 

(9, 10) whereas the cell surface expression was just transiently increased (12). This TIP domain 

interacts with ENaC not only via N-glycosylation sites in the extracellular loop (96, 98) but also 

via the carboxy terminus (95, 122). 

During my work on this thesis I observed ENaC frameshift mutants that have been reported 

to cause PHA1B and which lack the carboxy terminus. As the carboxy terminus has been 

reported being the site of interest (95) concerning the interaction of the TIP mimicking 

peptides AP301 and AP318 with ENaC, I investigated if the cell surface expression of mutant 

ENaCs was altered in presence of AP301 and AP318. More precisely, I studied if the channel 

function of loss-of-function phenotype of ENaC is restored by AP301 and AP318 as well due 

to an alternation in cell surface expression and not only because of the whole-cell current 

potentiating effect which has been reported by Hazemi et al. (11) and Shabbir et al. (12). 
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3 Materials and Methods 

3.1 Cell culture 

HEK-293 cells were used due to no endogenous expression of ENaC. The HEK-293 cells were 

seeded in a 75 cm2 flasks in Dulbecco’s modified Eagle medium/F12 nutrient mixture Ham 

plus L-glutamine (DMEM/F12), supplemented with 10 % fetal bovine serum (FBS) and 1 % 

penicillin-streptomycin (Table 2). Then they were stored in a humidified incubator at 37 °C 

with 5 % CO2 until they reached a confluence of 80–90 %. Afterwards the cells were split in to 

11 100 mm cell culture dishes. Every step was carried out under the Laminar Air Flow.  

 

TABLE 2. Cell culture reagents 

Medium  Dulbecco’s modified Eagle medium/F12 

nutrient mixture Ham plus L-glutamine 

500 ml 

 Fetal bovine serum 50 ml 

 Penicillin-streptomycin 1:1 5 ml 

PBS without calcium  

and magnesium pH 7,4 

NaCl 137 mM 

 KCl 2,7 mM 

 Na2HPO4 10 mM 

 KH2PO4 0,5 mM 

0,05 % Trypsin/EDTA  Trypsin/EDTA  

 

3.1.1 Transient transfection 

After reaching a confluence of 80–90 %, the HEK-293 cells were transiently transfected with 

WT αβγ-hENaC or mutant (α- or γ-mutant)-ENaC and the complementing subunits (β and 

either α or γ) to form a complete channel. A transfection complex was prepared in an 1,5 ml 

microcentrifuge tube including serum free DMEM, X-tremeGENE™ HP DNA transfection 

reagent (Table 3) and DNA (Table 4) which was then incubated for 20 minutes at room 

temperature to form a complex. The medium was aspirated, then the cells were washed with 

1X PBS and the transfection complex was added drop by drop to the cells. I prepared five 

dishes with WT DNA, five dishes with mutant-DNA and one dish with non-transfected HEK-
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293 cells. Eventually, medium was added (DMEM + 10 % FBS + 1 % penicillin-streptomycin) 

and the cells were left in the incubator for transfection.  

 

TABLE 3. Transfection reagents and DNA concentrations 

X-tremeGENE™ HP DNA Transfection Reagent 6 µl 

Serum-free DMEM 150 µl 

α-WT, αY447fs, αS243fs, αP197fs, αR438fs, γV543fs 600 ng 

α-WT, β-WT, γ-WT (subunits to form a complete channel) 500 ng 

 

TABLE 4. Concentration of utilized DNA 

α-hENaC WT 702,8 ng/µl 

β-hENaC WT 771,3 ng/µl 

γ-hENaC WT 659,2 ng/µl 

αY447fs 619,0 ng/µl 

αR438fs 758,3 ng/µl 

αP197fs 710,3 ng/µl 

αS243fs 717,7 ng/µl 

γV543fs 648,1 ng/µl 

 

3.1.2 Cell treatment with AP301 and AP318  

After two to three days the transfection was highest and the cells were ready to be treated 

with AP301 and AP318 at a final concentration of 200 nM. After aspirating the medium, the 

cells were washed with ice-cold PBS and new medium was added. The cells were treated for 

5 minutes respectively 10 minutes with each substance. Except one cell culture dish of wild-

type, mutant and non-transfected HEK-293 cells were not treated with the substances.  
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3.2 Biotinylation 

First, 5 ml of biotin solution (one vial EZ-Link® Sulfo-NH2-SS-Biotin in 55 ml ice-cold 1X PBS) 

were added to each cell culture dish. To cover all the cells with the biotin solution, they were 

incubated at 4 °C for 30 minutes with agitation. Then 200 µl quenching solution were added 

to each cell culture dish to stop the reaction and the cells were scraped and transferred to a 

15 ml tube. All cell culture dishes were rinsed with 5 ml 1X PBS and the rinsed volume was 

added to the transferred cells. From then the proteins had to be stored on ice for the further 

steps. The cell suspension was centrifuged at 4000 x g for 1 minute at 4 °C and the supernatant 

was discarded. Then 200 µl of lysis buffer A (Table 5) were added, the cell pellet was 

resuspended and transferred into an 1,5 ml microcentrifuge tube. Then the cells were 

disrupted by ultrasonication (3 times for 10 seconds each). Eventually the cells were incubated 

on ice for 30 minutes. In the meantime the microcentrifuge tubes with 100 µl NeutrAvidin® 

Agarose beads solution were prepared. They were centrifuged at 1000 x g for 1 minute at 4 °C 

to collect the beads and washed with 100 µl Washing Buffer from the Biotinylation Kit and the 

supernatant was discarded. After 30 minutes the cell lysate was centrifuged at 14000 x g for 

2 minutes by 4 °C to separate the intact cells and nuclei from the cell homogenate and the 

clarified supernatant was added to the NeutrAvidin® Agarose beads. The microcentrifuge 

tubes were incubated with agitation overnight at 4 °C. 

The next day they were centrifuged for 5 minutes at 5000 x g and the supernatant was 

discarded. Then they were washed twice with 200 µl Washing Buffer A (Table 5), centrifuged 

and the supernatant was discarded again. To pull down the biotinylated proteins from the 

NeutrAvidin® Agarose beads 100 µl of 2X Sample buffer solution were added to each tube. 

The sample buffer contains β-mercaptoethanol to reduce the disulfide bonds for the cleavage 

of the spacer and protein unfolding, and bromophenol blue was added to trace the proteins 

in SDS-PAGE. Afterwards the eluates were denaturized at 65 °C for 10 minutes and then left 

on ice for 5 minutes. After the centrifugation the supernatant was transferred into a new tube 

and the gel pellet was discarded. Then the proteins were ready for analysis. 
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TABLE 5. Biotinylation reagents 

Biotinylation Kit EZ-Link® Sulfo-NHS-SS-Biotin (Sulfosuccinimidyl – 

2-(biotinamido) ethyl-1,3-dithiopropionat) 

 

 Quenching solution  

 Lysis buffer  

 Immobilized NeutrAvidin® Gel   

 Washing buffer  

Lysis buffer A Lysis buffer from biotinylation kit 4,5 ml 

 0,2 M NaN3 pH 5.5  10 ml 

 4 % SDS 1 ml 

 Protease inhibitor  

(leupeptin 10 mM or pepstatin A 10 mM) 

50 µl 

Washing buffer A Washing buffer from biotinylation kit 2 ml 

 Protease inhibitor 50 µ 

4X SB Glycerine 4 ml 

 0,5 M TRIS HCl pH 6.8 4,8 ml 

 SDS 0,8 g 

 Bromophenol blue 4 mg 

 β-mercaptothion 0,5 ml 

 ddH2O  0,7 ml 

2X SB 4X SB 600 µl 

 ddH2O 600 µl 

 protease inhibitor E-64 15 µl 

1X SB 4X SB 150 µl 

 ddH2O 450 µl 

 Protease inhibitor E-64 7,5 µl 

 

Biotinylation is a cell surface treatment which benefits from the high binding affinity – the 

strongest non-covalent interaction – of biotin (vitamin B7/H) with avidin. You can isolate 

surface proteins with this method and study the expression or the trafficking of surface 

molecules Biotin is not able to pass through intact cell membranes therefore it is attached to 

the cell surface ENaCs (129). I used NeutrAvidin®, a deglycosylated form of avidin (the latter 
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has the same binding affinity for biotin as streptavidin) because of its lower nonspecific 

binding property due to a lack of glycoproteins (130). In my case the ENaC proteins on the cell 

surface were biotinylated as the charged Sulfosuccinimidyl (Sulfo-NHS) ester of biotin is not 

capable of overcoming the cell membrane barrier (Figure 12). The Sulfo-NHS group (reactive 

group) modifies primary amino groups in the protein as it acts as a nucleophile and forms a 

bond with lysines located in the sidechains of the protein. The biotinylated ENaC proteins bind 

the NeutrAvidin® Agarose beads and due to a cleavable spacer (SS) and they can be isolated 

through hydrolytic splitting of the disulfide bridge (131) (Figure 13).  

 

 

 

FIGURE 12. Chemical structure of Sulfo-NHS-SS-Biotin. 

(Source: figure from http://www.uab.edu/proteomics/bmsf/educationprotocols/protocols/CSPI.pdf, 

modified)  

 

 

 

FIGURE 13. Scheme of protein biotinylation with Sulfo-NHS-SS-Biotin. 

(Source: figure from https://www.covachem.com/sulfo_nhs_ss_biotin.html) 
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3.3 Western blot  

3.3.1 Electrophoresis 

Then the proteins were separated under reducing conditions based on their molecular weight 

by SDS-PAGE. Corresponding amounts of proteins along with a color-coded prestained protein 

marker (High Range, 43–315 kDa) were applied to the gel after it had been passed over into 

the electrophoresis basin filled with 1X running buffer (Table 7). The proteins accumulated in 

a 4 % stacking gel (Table 6) to obtain sharp bands and were separated in a 7,5 % separating 

gel (Table 6). As the result of the anionic detergent SDS, the proteins were denaturized and 

their intrinsic charge was covered. The electrophoresis run at 200 V for about 40 minutes. For 

each mutant three Western blots were performed. 

 

TABLE 6. Composition of gels 

7,5 % separating gel ddH2O 2,91 ml 

 30 % acrylamide 1,5 ml 

 1,5 M TRIS HCl pH 8,8 1,5 ml 

 10 % SDS 60 µl 

 10 % APS 30 µl 

 TEMED 3 µl 

4 % stacking gel ddH2O 2,24 ml 

 30 % acrylamide 0,5 ml 

 1,5 M TRIS HCl pH 8,8 0,945 ml 

 10 % SDS 37,5 µl 

 10 % APS 37,5 µl 

 TEMED 3,8 µl 

 

3.3.2 Semi-dry blotting  

After their separation the proteins were transferred from the gel onto a nitrocellulose 

membrane (UltraCruz™ 0.45 mm, Santa Cruz Biotechnology, Texas, USA). The separating gel, 

a nitrocellulose-membrane and two filter papers were first drained in 1X towbin buffer (Table 

7) and then transferred to the blotting cassette which was inserted in the Trans-Blot® Turbo™ 

Transfer System (Bio Rad Laboratories, Vienna, Austria). The proteins were transferred from 

gel to membrane at 25 V for 30 minutes to be partially renatured.  
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TABLE 7. Composition of buffers 

10X running buffer TRIS Base 30 g 

 Glycine 144 g 

 SDS 10 g 

 ddH2O ad 1 l 

1X running buffer 10X running buffer 100 ml  

 ddH2O 900 ml 

5X towbin buffer TRIS Base 25 mM  15,14 g 

 Glycine 192 mM  72,07 g 

 SDS 0,1 %  5 g 

 Methanol 20 %  1 l 

 Mouble-distilled water ad 5 l 

 

3.3.3 Immunoblotting 

To block non-specific binding sites the membrane was incubated with a blocking solution 

(Table 8) at 4 °C for 90 minutes or overnight under agitation. The primary antibody (AB) was a 

polyclonal AB which recognizes several epitopes of ENaC (α or γ) and therefore has a higher 

binding affinity. Prior to that, it is necessary to block unoccupied sites so that the antibody 

only binds the demanded protein. After washing the membrane once with 1X PBST, the 

primary antibody solution was added, followed by an incubation for at least 90 minutes.  

After washing the membrane five times with 1X PBST, the secondary antibody solution was 

added. The horseradish-peroxidase (HRP) linked monoclonal secondary antibody binds 

specifically the primary AB and was used to amplify the signal. After an incubation time of at 

least 90 minutes, the secondary AB solution was discarded and the membranes were cleaned 

by washing three times with 1X PBST and then once with 1X PBS to remove the detergent.  

The primary antibody solution contained NaN3 to prevent it from contamination, whereas the 

secondary antibody solution must not contain NaN3, otherwise it would inactivate the HRP. 
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TABLE 8. Composition of reagents for immunoblotting 

Blocking solution 3 % BSA (bovine serum albumin)  1,5 g 

 0,2 % NaN3 100 µl 

 PBS 50 ml 

10X PBS NaCl 80 g 

 KCl 2 g 

 Na2HPO4 14,4 g 

 KH2PO4 2,4 g 

1X PBS 10X PBS 100 ml 

 ddH2O ad 1 l 

1X PBST 1X PBS 1 l 

 Tween 20 1 ml  

 

 

 TABLE 9. Antibodies for immunoblotting 

ANTIBODY DILUTION  MOLECULAR WEIGHT  

anti-α-EnaC from goat 1:1000 80–110 kDa 

anti-goat IgG, HRP-linked from donkey 1:3000  

anti-α-EnaC from rabbit 1:1000 80–110 kDa 

anti-rabbit IgG, HRP-linked from goat  1:3000  

anti-γ-EnaC from goat 1:1000 85–95 kDa 

anti-β-Tubulin from mouse 1:3000 55 kDa 

anti-mouse IgG, HRP-linked from goat 1:10000  

 

 

3.3.4 Detection and Evaluation 

Proteins were visualized with ECL (enhanced chemiluminescence) substrate (1 ml detection 

reagent 1 + 1 ml detection reagent 2). After the incubation of the membranes for two to three 

minutes the detection was carried out in the dark room. Since the HRP oxidates the substrate 

(luminol) which returns to its ground state by emitting light, the expected proteins can be 

visualized by exposing the membranes to the X-ray films (Amersham Hyperfilm ECL, GE 

Healthcare). 
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Immunoblotting and detection were performed on the same principle for the loading control 

tubulin which is necessary to prove that the samples were loaded in comparable amounts and 

whether the transfer from gel to membrane worked or not.  

 

Image Studio Lite was used for quantification and Microsoft Excel was used for chart 

generation and for calculations. Statistical analysis was performed with Excel and GraphPad 

and statistical significance was set at p < 0,05 (*p < 0,05 significant, **p < 0,01 highly 

significant and ***p < 0,001 extremely significant). Data are represented as mean ± SEM of 

three independent replicants for αY447fs, αS243fs, αP197fs, αR438fs, γV543fs and WT γ(αβ)-

ENaC and nine different replicants for WT α(βγ)-ENaC. Significant differences were 

determined by unpaired t-test. 

 

A list of used drugs and chemical reagents has been attached (Appendix_9.3.Used 

drugs/chemical reagents and their providers). 
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4 Results  

In my experiments I used HEK-293 cells to study the effect of AP301 and AP318 on the cell 

surface expression of α- and γ-ENaC and some of their mutants. All the examined frameshift 

mutations lead to a premature stop codon which results in the lack of the carboxy-terminal 

domain. This domain has been reported to be one site of interaction (95) (as well as N-glycan 

moieties in the extracellular loop (12)) of the lectin-like domain (TIP) of TNF with the α-subunit 

of the epithelial sodium channel. 

William et al. (13, 14) showed a significant decrease of the amiloride-sensitive sodium current 

of the mutants αY447fs (13), αP197fs (13), αR438fs (13), αS243fs (14) and γV543fs (14) 

compared to the respective WT. Although these mutants lack the carboxy terminus, solnatide 

led to increased currents compared to mutant control (without solnatide) and WT control (13, 

14). AP318 as well had a current potentiating effect on αS243fs and γV543fs mutant (14).  

I investigated the alternation in the cell surface expression of WT α- and γ-hENaC and the 

above mentioned mutants lacking the carboxy terminus after the treatment with AP301 and 

AP318. The α-mutants were co-transfected with WT βγ-ENaC whereas the γV543 frameshift 

mutant was co-transfected with  WT αβ-ENaC. The cells were treated with a concentration of 

200 nM AP301 and AP318 which has been reported to be the concentration inducing the 

maximal current-enhancing effect in ENaC (11). Whereas the effect on the amiloride-sensitive 

sodium current was consistent (13, 14), the cell surface abundance varied without and after 

the treatment with AP301 and AP318. The expression of the untreated mutants was compared 

to their respective WT control (=1), whereas the expression of the treated mutants was 

compared to the respective non-treated mutant control. 

 

4.1 Effect of AP301 and AP318 on cell surface expression of WT α(βγ)-hENaC 

For a better understanding on how AP301 (INN: solnatide) and AP318 affect α-frameshift 

mutations, I examined their influence on WT α(βγ)-ENaC as well. Therefore HEK-293 cells were 

transiently transfected with a complex of WT α(βγ)-hENaC. They do not express ENaC 

endogenously (132) hence non-transfected HEK-293 cells were used as a negative control. The 

transfected HEK-293 cells were treated in a time-dependent manner (5 or 10 minutes) with 

200 nM AP301 and AP318 and one cell culture plate was left untreated. After the biotinylation 

the proteins were separated under reducing conditions by SDS-PAGE and transferred onto a 
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nitrocellulose membrane by semi-dry blotting. Immunoblotting was carried out to detect the 

target protein. Concerning this experiment, the untreated WT α(βγ)-hENaC (positive control) 

was shown in relation with the treated WT α(βγ)-hENaC. Moreover, the untreated WT α(βγ)-

ENaC was used as reference for all the other untreated frameshift mutants to show the 

relation.  

After the treatment with AP301 for 5 minutes the increase in the cell surface expression of 

WT α(βγ)-ENaC was statistically significant (1,48 ± 0,23, n=12) compared to the untreated WT 

α(βγ)-ENaC. Even though the expression was lower after 10 minutes with AP301, there was 

still a statistically significant increase (1,25 ± 0,12, n=12) compared to the expression of the 

untreated WT α(βγ). The cell surface expression in presence of AP318 was not as much 

increased as with AP301. However, after a 5-minute treatment with AP318 the expression was 

increased about 1,21-fold ± 0,16 (n=12) and after a 10-minute treatment with AP318 the 

difference was not significant (1,05 ± 0,40, n=12) anymore (Figure 14). 
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FIGURE 14. Results for WT α(βγ)-hENaC after time-dependent treatment with AP301 and 
AP318. 

(A) Effect on membrane abundance of WT α(βγ)-hENaC after time-dependent treatment with AP301 

and AP318 in transiently transfected HEK-293 cells. 

A complex of WT α(βγ)-ENaC was heterologously expressed in HEK-293 cells. Cells were treated with 

200nM AP301 and AP318 for 5 and 10 minutes each or untreated (control). After separation by SDS-

PAGE, the biotinylated surface proteins were visualized with anti-α-ENaC antibodies. WT α-ENaC 

shows a band at about 95 kDA, whereas β-tubulin shows a band at about 55 kDa. β-tubulin was used 

as loading control for relative quantification of the expression of WT α(βγ)-ENaC. Twelve blots were 

performed using independent biological replicants and one representative is shown. 

(B) Densiometric analysis of WT α(βγ)-hENaC expression. 

WT α(βγ) untreated was used as control (=1). WT α(βγ)-ENaC was treated with 200 nM AP301 or AP318 

for 5 or 10 minutes. The expression of WT α(βγ)-ENaC was normalized compared to β-tubulin and set 

in relation to WT α(βγ) control. Results are shown as mean ± SEM. Significant differences are indicated, 

* p<0,05 (n=12). 
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4.2 Effect of AP301 and AP318 on cell surface expression of mutant αY447fs 

Untreated WT α(βγ)-ENaC was used as reference (=1) for untreated αY447fs(βγ) mutant. The 

expression of untreated αY447fs(βγ) mutant was almost the same as untreated WT α(βγ) 

(1,07 ± 0,13, n=3). After the treatment with AP301 for 5 minutes and 10 minutes the increase 

in the cell surface expression of both was significantly higher compared to control whereby 

the expression after the treatment with AP301 for 10 minutes (1,57 ± 0,12, n=3) was higher 

than after the treatment with AP301 for 5 minutes (1,46 ± 0,05, n=3). The cell surface 

expression after the 5-minute treatment with AP318 showed an increase of about 1,52-

fold ± 0,15 (n=3). Although the cell surface expression was still increased after a 10-minute 

treatment with AP318, the difference was not significant (1,42 ± 0,28, n=3) anymore (Figure 

15). 
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FIGURE 15. Results for αY447fs(βγ)-hENaC after time-dependent treatment with AP301 
and AP318.  

(A) Effect on membrane abundance of αY447fs(βγ)-hENaC after time-dependent treatment with AP301 

and AP318 in transiently transfected HEK-293 cells. 

A DNA complex of the mutant αY447fs and WT (βγ) was heterologously expressed in HEK-293 cells. 

Cells were treated with 200 nM AP301 and AP318 for 5 and 10 minutes each or untreated (control). 

After separation under reducing conditions by SDS-PAGE the biotinylated surface proteins were 

blotted semi-dry and visualized by immunoblotting with anti α-ENaC antibodies. The truncated mutant 

is shorter than WT α(βγ)-ENaC (95 kDa) and the line indicates the relevant band. β-tubulin shows a 

band at about 55 kDa and was used as loading control for relative quantification of the expression of 

αY447fs(βγ)-ENaC. Three blots were performed using independent biological replicants and one 

representative is shown. 

(B) Densiometric analysis of αY447fs(βγ)-hENaC expression. 

αY447fs(βγ)-ENaC was treated with 200 nM AP301 or AP318 for 5 or 10 minutes or untreated. The 

expression of αY447fs(βγ)-ENaC was normalized compared to β-tubulin and set in relation to the 

untreated control. Results are shown as mean ± SEM. Significant differences are indicated, *p < 0,05 

(n=3). 
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4.3 Effect of AP301 and AP318 on cell surface expression of mutant αS243fs 

The cell surface expression was increased without a treatment and even more with AP301 and 

AP318. Untreated αS243fs(βγ) (control) had a 2,31-fold ± 0,17 (n=3) increase in the cell 

surface expression compared to untreated WT α(βγ) , which was extremely significant. After 

the treatment with AP301 for 5 minutes the cell surface expression was extremely increased 

about 4,33-fold ± 0,12 (n=3) and after 10 minutes the increase was still significant (3,41 ± 0,29, 

n=3). The expression after the 5-minute treatment with AP318 was highly increased 

(4,10 ± 0,33, n=3)) and even if the expression was not as high after the 10-minute treatment 

with AP318 (3,84 ± 0,10, n=3) as it was after the 5-minute treatment, the increase in the cell 

surface expression was still highly significant. In conclusion, the expression after the treatment 

with AP301 and AP318 for 5 minutes was very much increased compared to the untreated 

control. Although a decrease was shown after being treated for 10 minutes with the two 

substances, the cell surface abundance was still a lot higher compared to the control (Figure 

16). 
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FIGURE 16. Results for αS243fs(βγ)-hENaC after time-dependent treatment with AP301 
and AP318.  

(A) Effect on membrane abundance of αS243fs(βγ)-hENaC after time-dependent treatment with AP301 

and AP318 in transiently transfected HEK-293 cells. 

αS243fs was co-expressed with WT (βγ)-ENaC in HEK-293 cells. Cells were treated with 200 nM AP301 

and AP318 for 5 and 10 minutes each or untreated (control). After separation under reducing 

conditions by SDS-PAGE the biotinylated surface proteins were transferred onto a membrane by tank 

blotting and visualized by immunoblotting with anti α-ENaC antibodies. The truncated mutant is 

shorter than WT α(βγ)-ENaC (95 kDa) and the line indicates the relevant band. β-tubulin shows a band 

at about 55 kDa and was used as loading control for relative quantification of the expression of 

αS243fs(βγ)-ENaC. Three blots were performed using independent biological replicants and one 

representative is shown. 

(B) Densiometric analysis of αS243fs(βγ)-hENaC expression. 

αS243fs(βγ)-ENaC was treated with 200 nM AP301 or AP318 for 5 or 10 minutes or untreated. The 

expression of αS243fs(βγ)-ENaC was normalized compared to β-tubulin and set in relation to the 

untreated control. Results are shown as mean ± SEM. Significant differences are indicated, *p < 0,05, 

**p < 0,01 and *** p < 0,001 (n=3). 
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4.4 Effect of AP301 and AP318 on cell surface expression of mutant αP197fs 

The untreated αP197fs(βγ) mutation (control) showed a slight increase in the cell surface 

expression compared to WT α(βγ) control of about 1,16-fold ± 0,04 (n=3), which was 

extremely significant. Although the 1,63-fold ± 0,10 (n=3) increase in the cell surface 

abundance of αP197fs(βγ) was significant after a 5-minute treatment with AP301, I also 

observed a significant decrease after the 10-minute treatment with AP301 of about the half 

(0,50 ± 0,17, n=3) of the cell surface expression compared to untreated mutant control. 

Therefore, I conclude that with AP301 only the translocation of αP197fs(βγ) to the cell 

membrane and not the expression was increased. With AP318 I observed an increase in cell 

surface abundance after 5 minutes (1,12 ± 0,28) which was even higher after 10 minutes 

(1,26 ± 0,07) but both values were not statistically significant (Figure 17). 
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FIGURE 17. Results for αP197fs(βγ)-hENaC after time-dependent treatment with AP301 
and AP318. 

(A) Effect on membrane abundance of αP197fs(βγ)-hENaC after time-dependent treatment with AP301 

and AP318 in transiently transfected HEK-293 cells. 

αP197fs was co-expressed with WT (βγ)-ENaC in HEK-293 cells. Cells were treated with 200 nM AP301 

and AP318 for 5 and 10 minutes each or untreated (control). After separation under reducing 

conditions by SDS-PAGE the biotinylated surface proteins were blotted semi-dry and visualized by 

immunoblotting with anti α-ENaC antibodies. The truncated mutant is shorter than WT α(βγ)-ENaC 

(95 kDa) and the line indicates the relevant band. β-tubulin shows a band at about 55 kDa and was 

used as loading control for relative quantification of the expression of αP197fs(βγ)-ENaC. Three blots 

were performed using independent biological replicants and one representative is shown. 

(B) Densiometric analysis of αP197fs(βγ)-hENaC expression. 

αP197fs(βγ)-ENaC was treated with 200 nM AP301 or AP318 for 5 or 10 minutes or untreated (control). 

The expression of αP197fs(βγ)-ENaC was normalized compared to β-tubulin and set in relation to the 

control. Results are shown as mean ± SEM. Significant differences are indicated, *p < 0,05 and 

***p < 0,001 (n=3). 
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4.5 Effect of AP301 and AP318 on cell surface expression of mutant αR438fs 

The untreated αR438fs(βγ) mutant (control) only had an 1,09-fold ± 0,08 (n=3) increase in the 

cell surface abundance compared to WT α(βγ)-ENaC control, which nevertheless was 

statistically significant. Solnatide (AP301) even decreased the cell surface abundance of this 

αR438 frameshift mutant after 5 and 10 minutes to a lower level than the control. The 

decrease after 5 minutes with solnatide (0,73 ± 0,10, n=3) was statistically significant but after 

10 minutes (0,86 ±0,22, n=3) no statistical significance was indicated anymore. The AP318 

treatment showed an increased cell surface expression after 5 minutes (1,65 ± 0,34, n=3) and 

10 minutes compared to the control whereby only after 10 minutes with AP318 (1,46 ± 0,07, 

n=3) the expression was significant. (Figure 18).  
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FIGURE 18. Results for αR438fs(βγ)-hENaC after time-dependent treatment with AP301 
and AP318.  

(A) Effect on membrane abundance of αR438fs(βγ)-hENaC after time-dependent treatment with AP301 

and AP318 in transiently transfected HEK-293 cells.  

αR438fs was co-expressed with WT (βγ)-ENaC in HEK-293 cells. Cells were treated with 200 nM AP301 

and AP318 for 5 and 10 minutes each or untreated (control). After separation under reducing 

conditions by SDS-PAGE the biotinylated surface proteins were blotted semi-dry and visualized by 

immunoblotting with anti α-ENaC antibodies. The truncated mutant is shorter than WT α(βγ)-ENaC 

(95 kDa) and the line indicates the relevant band. β-tubulin shows a band at about 55 kDa and was 

used as loading control for relative quantification of the expression of αR438fs(βγ)-ENaC. Three blots 

were performed using independent biological replicants and one representative is shown. 

(B) Densiometric analysis of αR438fs(βγ)-hENaC expression. 

αR438fs (βγ)-ENaC was treated with 200 nM AP301 or AP318 for 5 or 10 minutes or untreated 

(control). The expression of αR438fs(βγ)-ENaC was normalized compared to β-tubulin and set in 

relation to WT control. Results are shown as mean ± SEM. Significant differences are indicated, 

*p < 0,05 (n=3). 
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4.6 Effect of AP301 and AP318 on cell surface expression of WT γ(αβ)-hENaC  

I did not only observe the effect of AP318 and AP301 on the cell surface abundance of α-

frameshift mutations, but also of a frameshift mutation in the γ-subunit. This experiment was 

realized in an analogous manner as above but with a heterologous transfection of HEK-293 

cells with a WT γ(αβ)-ENaC complex. The results presented in Figure 19 show that solnatide 

(AP301) and AP318 did not alter the cell surface expression in a significant way. After the 

treatment with AP301 for 5 minutes I observed a decrease (0,87 ± 0,08, n=3) in the cell surface 

expression compared to untreated WT γ(αβ) (control). A slight increase of 1,08-fold ± 0,08 

(n=3) followed the 10-minute treatment with AP301. The cell surface abundance in presence 

of AP318 was more increased than with AP301. After 10 minutes with AP318 (1,23 ± 0,10, n=3) 

the increase was higher than after 5 minutes with AP318 (1,14 ± 0,13, n=3). 
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FIGURE 19. Results for WT γ(αβ)-hENaC after time-dependent treatment with AP301 and 
AP318. 

(A) Effect on membrane abundance of WT γ(αβ)-hENaC after time-dependent treatment with AP301 

and AP318 in transiently transfected HEK-293 cells.  

Cells were treated with 200 nM AP301 and AP318 for 5 and 10 minutes each or untreated (control). 

After separation by SDS-PAGE, the biotinylated surface proteins were visualized with anti-γ-ENaC 

antibodies. WT γ-ENaC shows a band at about 75 kDA, whereas β-tubulin shows a band at about 

55 kDa. β-tubulin was used as loading control for relative quantification of the expression of WT γ(αβ)-

ENaC. Three blots were performed using independent biological replicants and one representative is 

shown. 

(B) Densiometric analysis of WT γ(αβ)-hENaC expression. 

The untreated WT γ(αβ) was used as control (=1). WT γ(αβ)-ENaC was treated with 200 nM AP301 or 

AP318 for 5 or 10 minutes was set in relation to WT control. The expression of WT γ(αβ)-ENaC was 

normalized compared to β-tubulin and set in relation to WT γ(αβ) control. Results are shown as 

mean ± SEM. There was no significant increase in cell surface expression of WT γ(αβ) after treatment 

with AP301 and AP318, (n=3). 
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4.7 Effect of AP301 and AP318 on cell surface expression of mutant γV543fs 

I observed a highly significant increase in cell surface abundance after the 5-minute treatment 

with AP301 and a statistically significant increase after the 10-minute treatment with AP301. 

Nevertheless, the cell surface abundance was lower after 10 minutes (1,17 ± 0,04, n=3) than 

after 5 minutes (1,44 ± 0,06, n=3) with AP301. Hence I can deduce that the higher cell surface 

abundance was not because of a higher level of expression but of translocation of the 

γV543fs(βγ) mutant. The untreated mutant (control) showed a decrease in cell surface 

expression lower than WT γ(αβ) control (0,79 ± 0,09, n=3) and the expression level with AP318 

was even lower than the  mutant control level. There was a 0,65-fold ± 0,13 (n=3) decrease of 

the cell surface abundance after 5 minutes with AP318 and an even higher decrease after 10 

minutes (0,54 ± 0,06, n=3). Concerning this mutant AP301 and AP318 led to a higher 

translocation rate and not to a higher cell surface expression as the cell surface abundance 

decreases after 10 minutes compared with the 5-minute treatment (Figure 20). 
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FIGURE 20. Results for γV543fs(αβ)-hENaC after time-dependent treatment with AP301 
and AP318.  

(A) Effect on membrane abundance of γV543fs(αβ)-hENaC after time-dependent treatment with AP301 

and AP318 in transiently transfected HEK-293 cells.  

γV543fs was co-expressed with WT (αβ)-ENaC in HEK-293 cells. Cells were treated with 200 nM AP301 

and AP318 for 5 and 10 minutes each or untreated (control). After separation under reducing 

conditions by SDS-PAGE the biotinylated surface proteins were blotted semi-dry and visualized by 

immunoblotting with anti γ-ENaC antibodies. The truncated mutant is shorter than WT γ(αβ)-ENaC 

(75 kDa) and the line indicates the relevant band. β-tubulin shows a band at about 55 kDa and was 

used as loading control for relative quantification of the expression of γV543fs(αβ)-ENaC. Three blots 

were performed using independent biological replicants and one representative is shown. 

(B) Densiometric analysis of γV543fs(αβ)-ENaC expression. 

γV543fs(αβ)-ENaC was treated with 200 nM AP301 or AP318 for 5 or 10 minutes or not treated 

(control). The expression of γV543fs(αβ)-ENaC was normalized compared to β-tubulin and set in 

relation to mutant control. Results are shown as mean ± SEM. Significant differences are indicated, 

*p < 0,05 and **p < 0,01 (n=3). 
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5 Discussion 

PHA1B, a rare, inherited, salt-wasting disease, is associated with mutations leading to a loss-

of-function in the epithelial sodium channel (5, 103). In this study I observed frameshift 

mutations that are caused by a deletion or insertion of single bases in genes encoding ENaC 

subunits resulting in a truncated protein with a disturbed channel function. More precisely, I 

studied if the cell surface expression of truncated mutants lacking the carboxy terminal 

domain could be rescued by the TIP-mimicking peptides AP301 and AP318. Further studies 

have shown an activating effect on ENaC by the lectin-like domain (TIP) of TNF-α binding to 

the carboxy terminal domain of the α-subunit (95) as well as binding to N-glycosylation sites 

in the extracellular loop of the α-subunit (12). Hence the TIP-mimicking peptides AP301 (12, 

96) and AP318 (12) require the glycosylated extracellular domain and the carboxy terminus 

for targeting ENaC. 

 

5.1 Effect of TIP-mimicking peptides on cell surface abundance of WT α(βγ)-hENaC and 

α-frameshift mutants 

A co-expression of at least three subunits is necessary for full channel activity (16, 46) but the 

α-subunit (and δ) is more important as it is the pore forming subunit (16, 18, 96). Therefore, I 

always transfected HEK-293 cells with α-mutant DNA and (βγ)-subunits DNA respectively with 

γ-mutant DNA and (αβ)-subunits DNA. Most of the mutations causing PHA1B are found in the 

α-subunit (13) and all the α-frameshift mutations I studied i.g. αY447fs, αS243fs, αP197fs and 

αR438fs are located in the extracellular loop (14, 123). The effect on the cell surface 

expression of the mutants varied a lot. A transient increase in the cell surface abundance with 

AP301 and AP318 was possible but after 10 minutes it started to decrease again concerning 

the mutants αY447fs with AP318, αS243fs with AP301 and AP318, αP197fs with AP301 and 

αR438fs with AP318. The cell surface abundance of WT α(βγ)-ENaC was transiently increased 

after the treatment with both substances as well. Sometimes the expression was even a bit 

higher after a 10-minute treatment than after 5 minutes concerning the mutants αY447fs with 

AP301, αP197fs with AP318 and αR438fs with AP301. 

The transient increase in the cell surface abundance of the α-mutants after the treatment with 

AP318 and AP301 despite the lacking carboxy-terminus is possible due to the N-linked 

glycosylation sites still interacting with TIP-mimicking peptides. This thought is supported by 
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Willam et al. (13), who showed that after PNGase treatment (to remove N-glycosylation sites) 

of a mutant (αR448fs) lacking the carboxy terminus as well, neither an increase in the 

amiloride-sensitive sodium current nor a higher cell surface abundance was indicated. 

Additionally, ENaC subunits need to preassemble in the ER to target to the membrane (46). 

The non-treated α-mutants show a higher expression or rather translocation than WT α(βγ) 

control, thus the mutations in the α-subunit probably have no effect on the channel assembly. 

Another possible explanation for the higher cell surface abundance could be the missing PY 

motif which is located in the carboxy-terminal domain (47). Without this conserved region the 

internalization of channels in the membrane is not possible, which in turn leads to a higher 

number of channels in the cell membrane (36, 48, 59). 

 

5.2 Effect of TIP-mimicking peptides on the cell surface abundance of a γ-mutation in the 

TM2 region 

Whereas the α-subunit is required for the channel activity the accessory β- and γ-subunit are 

important for surface activity and expression of the channel (121). 

The γ-subunit is suggested to be more important for the cell surface expression, the channel 

assembly and ENaC trafficking of a functional ENaC than the β-subunit (15, 16, 42). Especially 

the N-terminus of γ-ENaC and the TM2 domain are important for channel formation (42). If 

any of these two regions are missing or mutated it is not possible to form a functional channel 

and it disturbs the function of the subunit (44). The γV543fs mutation is in the TM2 region and 

the following premature stop codon leads to the lack of the carboxy terminal domain (14). The 

mutant γV543fs showed a low cell surface abundance without any treatment and Willam et 

al. (14) described a low control current for this mutant as well, which indicates a severe loss-

of-function. Even though a transient restoration of the cell surface abundance with AP301 was 

visible, there was no increase with AP318. In fact, an even lower cell surface abundance with 

AP318 occurred compared to the untreated mutant. Nevertheless, Willam et al. (14) showed 

an increase in the amiloride-sensitive sodium current with AP301 and an even higher increase 

with AP318. The surface expression of WT γ(αβ) did not show any significant increase with the 

TIP-mimicking peptides at all. 

When expressed heterologously (as in HEK-293 cells) all three subunits are glycosylated (63), 

which indicates that all three show the same insertion into the membrane (23). But since the 

γV543fs mutation is found in the TM2 segment that is important for channel formation (42), 
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it is possible that the γ-mutant leads to a malfunction of the protein folding in the ER. Hence 

fewer ENaC proteins are found in the cell membrane. The current potentiating effect indicated 

for γV543fs with AP301 and AP318 (14) is therefore not due to a higher cell surface 

abundance. But still, the TIP-mimicking peptides can bind to N-glycosylation sites in the γ-

subunit (12) and probably as well interact with the carboxy terminal domain in the α-subunit 

(122). 

 

5.3 Potential binding sites of the TIP-mimicking peptides within ENaC and mechanisms 

of activity regulation 

ENaC activity is regulated by two mechanisms: its inactive form is cleaved by different serine 

proteases to become the active protein and to be transferred to the plasma membrane from 

Golgi apparatus (76). The cleavage site is in the extracellular loop (75). The other mechanism 

of regulation is the ubiquitination, which is very important for the regulation of the cell surface 

expression of proteins (36, 59). The PY motif in the carboxy-terminal domain is required for 

Nedd4-2 to ubiquitinate the membrane epithelial sodium channels as a signal for 

internalization (48, 59). Since the PY motif is missing in all mutants, the ubiquitin ligase Nedd4 

cannot bind to ENaC and without the ubiquitination an accumulation of the channels in the 

membrane is the consequence. This is a possible explanation for the fact that the non-treated 

α-mutants show an even higher abundance than WT α(βγ) control. The cell surface abundance 

of the non-treated γV543fs mutant was lower than WT control, which indicates a severe loss 

of function of this mutant perhaps due to a malfunction of protein folding in the ER since the 

mutation is found in the TM2 segment important for trafficking and channel assembly (42). 

Since all the frameshift mutants lack the carboxy terminal domain which is one binding site of 

the lectin-like domain (TIP) (95), it is crucial for the TIP domain to bind to N-glycosylation sites 

(12) to increase the translocation of the channels from the Golgi apparatus to the cell 

membrane and/or to activate ENaC. 

The macroscopic current of ENaC is reliant on the number of channels in the membrane, 

intracellular trafficking of the channels and function of single channels like open probability 

(1, 52). Different experiments from the Department of Pharmacology and Toxicology indicate 

a benefiting effect for WT α(βγ) and the loss-of-function α- and γ-mutants after the treatment 

with AP301 and AP318 concerning electrophysiological experiments e.g. increase in amiloride-

sensitive sodium current level up to or even higher than the untreated WT (12–14, 96). During 
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my work I found out that the effect on the cell surface expression of the mutants was not 

consistent. The number of mutant and WT epithelial sodium channels in the cell membrane 

was only transiently increased if it was increased at all. Thus the increase in cell surface 

abundance of the mutants and WT stands in no correlation with the increased amiloride-

sensitive sodium current measured by Willam et al. (13, 14).  

Hence I can deduce that the rescue of ENaC function is not because of a higher cell surface 

expression but rather because of a lower level of degradation or higher level of translocation 

from the Golgi apparatus to the cell membrane or change in single channel kinetics. 

 

6 Conclusion  

Although previous studies showed that the carboxy-terminus is one of the crucial sites for the 

interaction of TIP-mimicking peptides AP301 and AP318 with the epithelial sodium channel 

(95) there was still a transient increase in the cell membrane abundance of most of the 

investigated loss-of-function mutants lacking the carboxy-terminal domain and WT α(βγ) after 

the treatment with these substances. This increase may be due to less degradation as they 

lack the PY motif or due to a higher translocation rate of the channels concerning the α-

mutants. The γV543 frameshift mutation found in the TM2 region which is important for 

channel assembly (42) showed a cell surface abundance lower than WT γ(αβ) even with 

AP318. This indicates a severe loss of function of the mutated protein. Even though I observed 

only a transient increase and not a consistent alternation in the cell surface abundance of WT-

ENaC and the αY447fs, αS243fs, αP197fs, αR438fs and γV543fs mutants with AP301 and 

AP318, our department made promising results concerning the restoration of the 

activity/function of WT-ENaC and loss-of-function mutants by measuring a persistently 

increased amiloride-sensitive sodium current after treatment with these two peptides (12–

14, 96). 
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7 Abstract 

The epithelial sodium channel (ENaC), particularly in the kidney, is crucial for the sodium and 

water balance of the whole body. The reabsorption of sodium and water in the distal nephron 

is regulated by aldosterone through mineralocorticoid receptor-associated (MCR) changes in 

the transcription of the Na+/K+-ATPase and the α-subunit of the epithelial sodium channel. A 

loss-of-function of ENaC leads to different hereditary diseases due to its wide tissue 

distribution such as colon, kidney, alveoli, salivary glands and sweat glands. One of these 

channelopathies is pseudohypoaldosteronism type 1B (PHA1B), a very rare, salt-wasting 

disease characterized by symptoms like dehydration, hypotension, vomiting, metabolic 

acidosis and failure to thrive. Its manifestation persists into adulthood and patients affected 

by this disease need a lifelong medical treatment which so far has only been symptomatic. 

Although these symptoms are typical of hypoaldosteronism, the aldosterone and renin levels 

are elevated. The activity of the epithelial sodium channel is regulated by its presence in the 

cell membrane and its open probability. 

The cyclic peptides AP301 (INN: solnatide) and AP318, which mimic the lectin-like domain (TIP) 

of TNF-α, have been shown to increase the amiloride-sensitive sodium current of loss-of-

function phenotype ENaC. The aim of my thesis was to investigate if these synthetic TIP-

peptides alter the cell surface expression of the frameshift mutants αY447fs, αR438fs, 

αS243fs, αP197fs, γV543fs despite their lacking carboxy terminus, which has previously been 

reported of being one site of interaction of the TIP-domain with ENaC. Although these 

mutations lead to a loss-of-function, the cell surface expression of these mutants in the α-

subunit was always higher than wild type ENaC. But still, after the treatment with the TIP-

peptides the cell surface abundance varied a lot, and mostly only a transient increase in the 

cell surface abundance was indicated. The effect on the γ-mutant, regarding the cell surface 

expression as well as the amiloride-sensitive sodium current, indicated a complete loss-of-

function of this mutant. Nevertheless patch-clamp experiments on these loss-of-function 

mutations in the α-subunit were promising and showed a restoration of the channel function. 

Therefore, one can deduce that the restoration of ENaC function is above all due to a higher 

open probability and not because of a higher cell surface expression. The activity of loss-of-

function phenotype ENaC can be restored, hence AP301 and AP318 are promising substances 

for the treatment of PHA1B. 
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8 Zusammenfassung 

Der epitheliale Natriumkanal (ENaC), vor allem in der Niere, ist entscheidend für die Balance 

des Natrium- und Wasserhaushalts im ganzen Körper. Die Rückresorption von Natrium und 

Wasser im distalen Nephron wird von Aldosteron durch mineralkortikoidrezeptor-abhängige 

Veränderungen in der Transkriptionsrate der Na+/K+-ATPase und der α-Untereinheit des 

ENaCs reguliert. Ein Funktionsverlust des ENaC führt zu unterschiedlichen Erbkrankheiten. 

Eine dieser ist Pseudohypoaldosteronismus Typ 1B (PHA1B), eine sehr seltene, einen 

Salzverlust hervorrufende Krankheit, die durch Symptome wie Dehydration, Hypotonie, 

Erbrechen, metabolische Azidose und Gedeihstörungen gekennzeichnet ist. Ihre 

Manifestation bleibt bis ins Erwachsenenalter bestehen und Patienten, die von dieser 

Krankheit betroffen sind, benötigen lebenslange medizinische Behandlung, welche bis jetzt 

nur symptomatisch erfolgt ist. Obwohl die Symptome typisch für Hypoaldosteronismus sind, 

sind die Aldosteron- und Reninwerte erhöht. Die Aktivität vom ENaC wird durch die Anzahl 

der Kanäle in der Zellmembran und deren Öffnungswahrscheinlichkeit reguliert. Die zyklischen 

Peptide AP301 (Solnatid) und AP318, welche die lektin-ähnliche Domäne (TIP) von TNF-α 

nachahmen, zeigten eine Erhöhung des Amilorid-sensitiven Natriumstroms von Loss-of-

Function ENaC-Mutationen. Meine Arbeit zielte darauf ab, die Veränderungen der 

Oberflächenexpression der Frameshift-Mutanten αY447fs, αR438fs, αS243fs, αP197fs, 

γV543fs zu beobachten, welche keinen Carboxy-Terminus aufweisen. In früheren Studien 

wurde dieser als eine der Bindungsstellen der TIP-Peptide mit ENaC beschrieben. Obwohl 

diese Mutationen zu einem Funktionsverlust führen, war die Oberflächenexpression der α-

Mutanten höher als die des Wildtyps. Dennoch variierte die Menge der Kanäle in der 

Zellmembran nach der Behandlung mit den TIP-Peptiden sehr. Meist war auch nur eine 

transiente Erhöhung der Oberflächenexpression zu sehen. Der Effekt auf die 

Oberflächenexpression als auch den Amilorid-sensitiven Natriumstrom der γ-Mutante wies 

auf einen kompletten Funktionsverlust dieser hin. Nichtsdestotrotz waren Patch-Clamp-

Versuche an den α-Mutanten vielversprechend und zeigten eine Wiederherstellung der 

Kanalfunktion. Folglich kann daraus abgeleitet werden, dass die Wiederherstellung der ENaC-

Funktion vor allem auf einer erhöhten Öffnungswahrscheinlichkeit und nicht auf einer 

erhöhten Oberflächenexpression der einzelnen Kanäle beruht. Da die Aktivität von  

Loss-of-Function ENaC-Mutationen wiederhergestellt werden konnte, können AP301 und 

AP318 als vielversprechende Substanzen zur Behandlung von PHA1B gesehen werden. 
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9 Appendix  

9.1 Amino acid sequences of ENaC subunits and marked glycosylation sites 

 
amino acid sequences from uniport.org with possible N-glycosylation sites (Asp-X-Ser/Thr) 
 
 
 
SCNN1A_HUMAN amino acids: 1–669  
extracellular: 107–562 
(https://www.uniprot.org/uniprot/P37088) 
 

 
        10         20         30         40         50 

MEGNKLEEQD SSPPQSTPGL MKGNKREEQG LGPEPAAPQQ PTAEEEALIE  

        60         70         80         90        100 

FHRSYRELFE FFCNNTTIHG AIRLVCSQHN RMKTAFWAVL WLCTFGMMYW  

       110        120        130        140        150 

QFGLLFGEYF SYPVSLNINL NSDKLVFPAV TICTLNPYRY PEIKEELEEL  

       160        170        180        190        200 

DRITEQTLFD LYKYSSFTTL VAGSRSRRDL RGTLPHPLQR LRVPPPPHGA  

       210        220        230        240        250 

RRARSVASSL RDNNPQVDWK DWKIGFQLCN QNKSDCFYQT YSSGVDAVRE  

       260        270        280        290        300 

WYRFHYINIL SRLPETLPSL EEDTLGNFIF ACRFNQVSCN QANYSHFHHP  

       310        320        330        340        350 

MYGNCYTFND KNNSNLWMSS MPGINNGLSL MLRAEQNDFI PLLSTVTGAR  

       360        370        380        390        400 

VMVHGQDEPA FMDDGGFNLR PGVETSISMR KETLDRLGGD YGDCTKNGSD  

       410        420        430        440        450 

VPVENLYPSK YTQQVCIHSC FQESMIKECG CAYIFYPRPQ NVEYCDYRKH  

       460        470        480        490        500 

SSWGYCYYKL QVDFSSDHLG CFTKCRKPCS VTSYQLSAGY SRWPSVTSQE  

       510        520        530        540        550 

WVFQMLSRQN NYTVNNKRNG VAKVNIFFKE LNYKTNSESP SVTMVTLLSN  

       560        570        580        590        600 

LGSQWSLWFG SSVLSVVEMA ELVFDLLVIM FLMLLRRFRS RYWSPGRGGR  

       610        620        630        640        650 

GAQEVASTLA SSPPSHFCPH PMSLSLSQPG PAPSPALTAP PPAYATLGPR  

       660  

PSPGGSAGAS SSTCPLGGP 
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SCNN1B_HUMAN amino acids: 1–640  
extracellular: 72–532 
(https://www.uniprot.org/uniprot/P51168) 
 

       10         20         30         40         50 

MHVKKYLLKG LHRLQKGPGY TYKELLVWYC DNTNTHGPKR IICEGPKKKA  

        60         70         80         90        100 

MWFLLTLLFA ALVCWQWGIF IRTYLSWEVS VSLSVGFKTM DFPAVTICNA  

       110        120        130        140        150 

SPFKYSKIKH LLKDLDELME AVLERILAPE LSHANATRNL NFSIWNHTPL  

       160        170        180        190        200 

VLIDERNPHH PMVLDLFGDN HNGLTSSSAS EKICNAHGCK MAMRLCSLNR  

       210        220        230        240        250 

TQCTFRNFTS ATQALTEWYI LQATNIFAQV PQQELVEMSY PGEQMILACL  

       260        270        280        290        300 

FGAEPCNYRN FTSIFYPHYG NCYIFNWGMT EKALPSANPG TEFGLKLILD  

       310        320        330        340        350 

IGQEDYVPFL ASTAGVRLML HEQRSYPFIR DEGIYAMSGT ETSIGVLVDK  

       360        370        380        390        400 

LQRMGEPYSP CTVNGSEVPV QNFYSDYNTT YSIQACLRSC FQDHMIRNCN  

       410        420        430        440        450 

CGHYLYPLPR GEKYCNNRDF PDWAHCYSDL QMSVAQRETC IGMCKESCND  

       460        470        480        490        500 

TQYKMTISMA DWPSEASEDW IFHVLSQERD QSTNITLSRK GIVKLNIYFQ  

       510        520        530        540        550 

EFNYRTIEES AANNIVWLLS NLGGQFGFWM GGSVLCLIEF GEIIIDFVWI  

       560        570        580        590        600 

TIIKLVALAK SLRQRRAQAS YAGPPPTVAE LVEAHTNFGF QPDTAPRSPN  

       610        620        630        640 

TGPYPSEQAL PIPGTPPPNY DSLRLQPLDV IESDSEGDAI       

 
 
 
 
SCNN1G_HUMAN amino acids: 1–649  
extracellular: 77–541 
(https://www.uniprot.org/uniprot/P51170) 
 

        10         20         30         40         50 

MAPGEKIKAK IKKNLPVTGP QAPTIKELMR WYCLNTNTHG CRRIVVSRGR  

        60         70         80         90        100 

LRRLLWIGFT LTAVALILWQ CALLVFSFYT VSVSIKVHFR KLDFPAVTIC  

       110        120        130        140        150 

NINPYKYSTV RHLLADLEQE TREALKSLYG FPESRKRREA ESWNSVSEGK  

       160        170        180        190        200 

QPRFSHRIPL LIFDQDEKGK ARDFFTGRKR KVGGSIIHKA SNVMHIESKQ  

       210        220        230        240        250 

VVGFQLCSND TSDCATYTFS SGINAIQEWY KLHYMNIMAQ VPLEKKINMS  

       260        270        280        290        300 

YSAEELLVTC FFDGVSCDAR NFTLFHHPMH GNCYTFNNRE NETILSTSMG  
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       310        320        330        340        350 

GSEYGLQVIL YINEEEYNPF LVSSTGAKVI IHRQDEYPFV EDVGTEIETA  

       360        370        380        390        400 

MVTSIGMHLT ESFKLSEPYS QCTEDGSDVP IRNIYNAAYS LQICLHSCFQ  

       410        420        430        440        450 

TKMVEKCGCA QYSQPLPPAA NYCNYQQHPN WMYCYYQLHR AFVQEELGCQ  

       460        470        480        490        500 

SVCKEACSFK EWTLTTSLAQ WPSVVSEKWL LPVLTWDQGR QVNKKLNKTD  

       510        520        530        540        550 

LAKLLIFYKD LNQRSIMESP ANSIEMLLSN FGGQLGLWMS CSVVCVIEII  

       560        570        580        590        600 

EVFFIDFFSI IARRQWQKAK EWWAWKQAPP CPEAPRSPQG QDNPALDIDD  

       610        620        630        640  

DLPTFNSALH LPPALGTQVP GTPPPKYNTL RLERAFSNQL TDTQMLDEL   

 
 
 
 
 
SCNN1D_HUMAN 1–638 (http://www.uniprot.org/uniprot/P51172) 
extracellular: 108–530 
 

   10         20         30         40         50 

MAEHRSMDGR MEAATRGGSH LQAAAQTPPR PGPPSAPPPP PKEGHQEGLV  

        60         70         80         90        100 

ELPASFRELL TFFCTNATIH GAIRLVCSRG NRLKTTSWGL LSLGALVALC  

       110        120        130        140        150 

WQLGLLFERH WHRPVLMAVS VHSERKLLPL VTLCDGNPRR PSPVLRHLEL  

       160        170        180        190        200 

LDEFARENID SLYNVNLSKG RAALSATVPR HEPPFHLDRE IRLQRLSHSG  

       210        220        230        240        250 

SRVRVGFRLC NSTGGDCFYR GYTSGVAAVQ DWYHFHYVDI LALLPAAWED  

       260        270        280        290        300 

SHGSQDGHFV LSCSYDGLDC QARQFRTFHH PTYGSCYTVD GVWTAQRPGI  

       310        320        330        340        350 

THGVGLVLRV EQQPHLPLLS TLAGIRVMVH GRNHTPFLGH HSFSVRPGTE  

       360        370        380        390        400 

ATISIREDEV HRLGSPYGHC TAGGEGVEVE LLHNTSYTRQ ACLVSCFQQL  

       410        420        430        440        450 

MVETCSCGYY LHPLPAGAEY CSSARHPAWG HCFYRLYQDL ETHRLPCTSR  

       460        470        480        490        500 

CPRPCRESAF KLSTGTSRWP SAKSAGWTLA TLGEQGLPHQ SHRQRSSLAK  

       510        520        530        540        550 

INIVYQELNY RSVEEAPVYS VPQLLSAMGS LCSLWFGASV LSLLELLELL  

       560        570        580        590        600 

LDASALTLVL GGRRLRRAWF SWPRASPASG ASSIKPEASQ MPPPAGGTSD  

       610        620        630  

DPEPSGPHLP RVMLPGVLAG VSAEESWAGP QPLETLDT  
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9.2 List of abbreviations 

A549    adenocarcinomic human alveolar basal epithelial cell  
AP301    solnatide 
APS    ammonium persulfate 
ASIC1    acid-sensing ion channel 1 
ASL    airway liquid surface 
Asn-X-Ser/Thr   asparagine-X-Serine/Threonine, (consensus sequence for N- 
     glycosylation) 
BSA    bovine serum albumin 
C2-domain   Ca2+-binding motif 
cAMP    cyclic adenosine monophosphate 
CD    collecting duct 
CF    cystic fibrosis 
CFTR    cystic fibrosis transmembrane conductance regulator 
CNT    connecting tubule 
CRD    cysteine-rich domain 
DEG    degenerins 
del    deletion  
DMEM    Dulbecco's Modified Eagle Medium 
ECD    extracellular domain 
ECL    enhanced chemiluminescence 
ENaC     epithelial sodium channel 
ER    endoplasmic reticulum  
ERK1/2   extracellular signal-regulated kinases 
FaNaC    FMRFamide-gated Sodium Channel 
FBS    fetal bovine serum 
GILZ1    glucocorticoid-induced leucine zipper protein 1 
Gly/Ser-X-Ser motif  glycine/serine-X-serine 
H+    proton  
HECT-domain    homologous to the E6-AP carboxyl terminus (domain in  
     ubiquitin-protein ligases) 
HEK-293 cells   human embryonic kidney cells 
hENaC     human epithelial sodium channel 
HG-motif   histidine/glycine-motif 
HRP    horse-radish peroxidase  
hTNF-α   human tumor necrosis factor alpha 
ins    insertion 
i.v.    intravenous 
K+    potassium 
kDA    kilo Dalton  
Li+    lithium 
mAB    monoclonal antibody 
MARCKS   myristoylated alanine-rich C-kinase substrate 
MCR    mineralocorticoid receptor  
MEK1/2   mitogen-activated kinase/ERK kinase 1/2  
Na+    sodium   
Na+/K+-ATPase  sodium-potassium adenosine triphosphatase 
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Nedd4-2   neural precursor cell expressed, developmentally down- 
     regulated protein 4, E3 ubiquitin protein ligase 
NR3C2    nuclear receptor subfamily 3, group C, member 2 
Po    open probability 
P1, P2    proline-rich-segments 
PBS    phosphate buffered saline 
PHA1    pseudohypoaldosteronism type 1 
PIP2    phosphatidylinositol-4,5-bisphosphate 
PKA    protein kinase A 
postM1   short stretch of amino acid residues following the putative 
     transmembrane domain TM1 
preM2    short stretch of amino acid residues preceding the putative 
     second transmembrane domain TM2 
PY-motif   sequence that binds ubiquitin-protein ligase 
Raf-1    v-raf-1 murine leukaemia viral oncogene homolog 1 
SCN1    sodium voltage-gated channel 1 
SCNN1    sodium channel, non-neuronal 1 
SDS-PAGE   Sodium dodecylsulfate-polyacrylamide gel electrophoresis 
SEM    standard error of the mean 
SGK1    serum and glucocorticoid-regulated kinase 1 
TBS    tris buffered saline 
TEMED    tetramethyl-ethylene-diamine 
TIP    lectin-like domain of TNF-α 
TM1/2    transmembrane domain 1/2 
TNF-α    tumor necrosis factor alpha 
TRIS    tris(hydroxymethyl)aminomethane 
WT    wild type 
WW domain   rsp5-domain or WWP repeating motif (protein domain) 
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9.3 Used drugs/chemical reagents and their providers 

Substance  Provider 

Dulbecco’s modified Eagle medium/F12  

nutrient mixture Ham plus L-glutamine 

GibcoTM by Life Technologies, LifeTech 

Austria 

Fetal bovine serum GibcoTM by Life Technologies, LifeTech 

Austria 

Penicillin-streptomycin 1:1 Sigma-Aldrich GmbH, Vienna, Austria 

PBS without calcium and magnesium pH 7,4 Thermo Fisher, Rockford, USA 

Trypsin/EDTA  0,05% GibcoTM by Life Technologies, LifeTech 

Austria 

X-tremeGENE™ HP DNA transfection reagent Roche Diagnostics, Mannheim, Germany 

Serum-free DMEM GibcoTM by Life Technologies, LifeTech 

Austria 

α-wt, β-wt, γ-wt, αY447fs, αS243fs,  

αP197fs, αR438fs, γV543fs 

Snyder’s DNA, University of Iowa, Carver 

College of Medicine, Iowa City, USA 

Biotinylation Kit Thermo Scientific, Rockford, USA 

Color-coded prestained protein marker,  

High Range (43–315 kDa)  

Cell Signaling Technology® 

Anti-α-EnaC from goat Santa Cruz Biotechnology, Texas USA 

Anti-goat IgG, HRP-linked from donkey Santa Cruz Biotechnology, Texas USA 

Anti-α-EnaC from rabbit Sigma 

Anti-rabbit IgG, HRP-linked from goat Santa Cruz Biotechnology, Texas USA 

Anti-γ-EnaC from goat Sigma 

Anti-β-Tubulin from mouse Sigma 

Anti-mouse IgG, HRP-linked from goat Sigma 

AP301, AP318 APEPTICO 

Enhanced chemiluminescence (ECL) substrate Amersham ECL Plus Western Blotting 

Detection Reagent, GE Healthcare, 

Vienna, Austria 
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