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Na+ transport through epithelial cells mediated by the epithelial Na+ channel (ENaC) is 

important for maintaining body fluid Na+ homeostasis, alveolar fluid clearance and normal 

airway mucocilliary function.  A large body of evidence shows significant correlation between 

serine protease activity, channel fragmentation and transepithelial movement of Na+.  The 

extracellular protease dependent regulation may play an important role in epithelial cells where 

the channel activity is intended more for the control of the extracellular environment, such as in 

airway cells, than in the control of the internal fluid status of the organism.  Presented here is 

evidence supporting the hypothesis that Na+ channels are inserted into the apical membrane as 

inactive precursors whereupon they are acted upon by membrane resident serine proteases 

resulting in active channels.  The effects of the serine protease inhibitor, aprotinin, on ENaC 

single channel properties were studied using transepithelial fluctuation analysis in the A6 

amphibian kidney epithelium.  Aprotinin causes a potent specific time-dependent inhibition of 

Na+ transport.  Analysis of blocker induced fluctuations in Na+ current (INa) showed linear rate-

concentration plots with the same blocker on- and off-rates in control and aprotinin inhibited 

conditions.  Verification of open-block kinetics allowed for the use of a pulse protocol method to 

study the same cells under different conditions as well as the reversibility of the aprotinin effect 

on single channel properties.  It was shown that protease regulation of INa is mediated by 

increasing the number of active channels in the apical membrane.  To test the hypothesis that 

residues on ENaC mediate protease dependent channel activation ENaC was subjected to site-

directed mutagenesis and heterologously expressed in Fisher rat thyroid (FRT) model epithelial 

cells.  Activation by exogenous proteases depended on the presence of substrate specific residues 

in ENaC which dictated the rates of activation and the steady-state current levels.   
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PREFACE 

 

It is a great pleasure to have been given the opportunity to study different aspects of Na+ 

transport regulation.  My interest in Na+ transport regulation arises from an interesting 

presentation given by Dr. Pilewski in a journal club for medical scientist training program 

students describing the effects of Na+ transport on the pathophysiology of cystic fibrosis.  This 

lead to joining the laboratory of Dr. Bridges where the work described in this thesis was 

performed.  I am immeasurably indebted to Dr. Bridges for his teaching, mentorship, support and 

accommodation over the last several years.  While in his lab, through his relentless attention to 

detail and willingness to explore, I gained much more than could be reflected by this thesis 

alone. I expect the lessons learned from him as a scientist, a mentor and a leader will serve me 

well in future endeavors.  I am indebted to my thesis advisor, Dr. Johnson whose support was 

critical for the completion of my studies.  As a mentor and a confidant, I cannot thank him 

enough.  The help of my thesis committee members Dr. Devor, Dr. Drain and Dr. Horn was 

invaluable in many respects.  Their willingness to engage thoroughly in my work, offer 

criticisms and suggestions and support my endeavor lead to a focused and manageable body of 

work that is summarized in this dissertation.  They are all my mentors. 

This work could not have been accomplished without tremendous help from Dr. Cheng, a 

colleague in Dr. Bridges laboratory.  I acknowledge his significant contribution to the generation 

of reagents and ideas through many lively discussions where honest debate and criticism served 

to sharpen our thinking and produce exploration of new ideas.   The A6 cells were a generous 

gift from Dr. Van Driessche (KU Leuven, Belgium).  The fisher rat thyroid cells were a generous 

gift from Dr. Snyder (University of Iowa) and the plasmids used in the site-directed mutagenesis 

studies were gifts from Dr. Rao (Texas Tech) and Dr. Cheng (Rosalind Franklin University).  

Work with Dr. Mishra on the use of amiloride analogues to generate Na+ channel noise in 

Xenopus oocytes and mammalian epithelia, though not presented here, lead to important 

observations that is a basis for future work in the area.  I am indebted to Matt Green for technical 

help in many areas especially with the Xenopus oocytes.  Dr. Bertrand and Dr. Butterworth were 

wonderful teachers and supportive friends.  I cannot be grateful enough for the steadfast support 

of my family. 
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1.0  INTRODUCTION 

This dissertation addresses a mechanism by which transepithelial Na+ transport mediated by the 

epithelial Na+ channel (ENaC) is activated by proteases in epithelial cells.  The transport process 

considered is the vectorial movement of solutes and water through a monolayer of polarized cells 

that display targeted distribution of transport proteins.  The vectorial movement of Na+ mediated 

by ENaC is a passive diffusional process down a Na+ electrochemical gradient with high 

capacity and low Na+ affinity (62, 102) allowing for a large dynamic range in the rates of Na+ 

transport.  One possible means by which such dynamic range is achieved is the activation of 

quiescent channels at the apical membrane of epithelial cells by endogenous or exogenous 

proteases.  ENaC is expressed in several tissues where Na+ absorption is a primary function.  The 

ENaC-mediated Na+ transport is important in the kidney cortical collecting duct (CCD) for 

regulated reabsorption of filtered Na+.  The Na+ reabsorption couples to K+ secretion to 

determine plasma levels of Na+ and K+.  Abnormal up-regulation of Na+ transport due to gain of 

function mutations results in Liddles syndrome characterized by hypertension and hypokalemia 

(170) whereas down regulation results in the syndrome pseudohypoaldosteronism I (PHA-1) 

characterized by excessive loss of NaCl and hyperkalemia (91).  Mice lacking ENaC 

demonstrate, in addition to PHA-1, neonatal respiratory distress because of the inability to 

remove fluids from alveoli air spaces (89, 90, 127).  Furthermore, increased ENaC activity 

occurs in cystic fibrosis (22, 23) and is associated with increased absorption of airway surface 

liquid (124), and decreased mucus clearance (48).  ENaC also plays a significant role in salt 

intake by serving as a hormonally regulated sensor of salt in the dorsal epithelium of the anterior 

tongue (113) and it functions to modify the secretions of salivary, sweat and pancreatic glands 

through reabsorption Na+ along the ducts (5)  Regulated ENaC-mediated Na+ transport is thus 

implicated in variety of physiological roles critical for life.   
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1.1 ENAC-MEDIATED SODIUM TRANSPORT 

A comprehensive model of epithelial Na+ transport called the Koefoed Johnsen-Ussing (KU) 

model emerged from studies in the isolated frog skin (106, 190).  The KU model was the 

culmination of a long series of observations starting with the absorption of Na+ across frog skin 

in the absence of a chemical gradient, and the continued absorption against an immense 

concentration gradient to the dependence of Na+ transport on energy metabolism (102).  

According to the KU model, epithelial Na+ transport is a transcellular process involving two 

steps.  The first is the passive movement of Na+ from the external environment (lumen) across 

the apical (luminal) membrane of epithelial cells.  The second is the active transport of Na+ up a 

chemical gradient from the intracellular compartment across the basolateral (serosal) membrane 

into the internal (serosa) space mediated by the Na+/K+ pump as indicated in Figure 1-1.   

The first step in the absorption of Na+ is the passive diffusion of Na+ across the apical 

membrane.  This requires an electrochemical gradient for Na+ and permeability for Na+.  Passive 

diffusion across the apical membrane was established by the logarithmic dependence of the 

apical membrane potential difference on luminal Na+ concentration providing evidence that the 

apical membrane potential is created in part by the Nernst equilibrium for Na+ (19, 33).  The 

intracellular Na+ concentration is low (157, 158), therefore the chemical gradient is oriented 

inwards.  Lindemann and Van Driessche (115) showed that the apical membrane Na+ 

permeability was consistent with the presence of discrete channels inhibited by the natriuretic 

drug amiloride.  The apical membrane channels were later studied with patch clamping, which 

showed that the channels were small conductance, Na+-selective, non-rectifying channels 

inhibited by amiloride (140).   The channel is a ~ 5 pS conductance channel that gates between a 

single open state and a single closed state (74, 141).   
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A 

 
 

B 

 
 

 

Figure 1-1  A model of Na+ transport in tight epithelia 
A) adapted from Kirschner (102)  The apical membrane is permeable to Na+ through ENaC.  The 

basolateral membrane is permeable to K+ and has the ubiquitous 3Na+/2K+ pump.  When the apical and 
basolateral sides are bathed in high Na+, low K+ solutions, the basolateral membrane resting potential is 
hyperpolarized and approaches the Nernst equilibrium potential for K+ (EK) and the apical resting 
membrane potential depends on ENa.   B, adapted from Schultz (160) At steady state, using the equivalent 
circuit analysis with the assumption that the apical and basolateral membranes are dominated by the Na+ 
and K+ conductances respectively, the apical membrane potential is Va = Ea – iRa, the basolateral 
membrane potential is Vb = Eb – iRb neglecting the pump.  When the paracellular resistance is Rp, then the 
Na+ influx current is (Ea + Eb)/(Ra + Rc + Rp).   The total electrochemical driving force for Na+ absorption is 
therefore ENa =  Ea + Eb. 
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The open and closed times are 2 – 5 s.  The channel has no known stimuli such as voltage 

or a ligand that alter the rates of state transitions.  In the KU model, Na+ diffusion across the 

apical membrane is rate limiting due to a relatively low Na+ permeability.  Biber and Curran (19) 

showed that the saturable component of Na+ entry into the cell was in the apical membrane with 

a KM similar to that for transepithelial movement.  Micro-electrode studies (59, 79) were 

consistent with Biber and Curran (19) showing that in the frog skin the apical membrane 

conductance was rate limiting.  Consequently, the rate of Na+ transport is regulated by 

controlling the permeability of the apical membrane; in other words the functional properties of 

the Na+ channels.  The second step is extrusion of Na+ from the cells across the basolateral 

membrane.  Since addition of oubain, a specific inhibitor of the ubiquitous Na+/K+ pump, or 

removal of K+ from the basolateral bath (thereby inhibiting the pump) inhibits Na+ transport with 

resultant increases in intracellular Na+ and decreases in intracellular K+ (85, 153), the Na+/K+ 

pump is required at the basolateral membrane.  Because decreases in intracellular Na+ result from 

inhibition of apical Na+ entry (153, 158) and application of oubain, an inhibitor of the Na+/K+ 

pump, increases intracellular Na+ (153), the basolaterally localized Na+/K+ pump primarily 

functions to keep intracellular Na+ low and K+ high.  The basolateral membrane is 50 – 100 mV 

hyperpolarized (18, 79, 130) due to a high K+ permeability (39, 183) and high intracellular K+ (2, 

59, 153).  Epithelial cell polarization keeps the K+ permeability and the Na+/K+ pump at the 

basolateral membrane spatially separated from but electrically coupled to the apical membrane 

by intercellular tight junctions.  When the basolateral membrane is depolarized by increasing 

basolateral bath K+, Na+ transport is decreased because apical membrane depolarization reduces 

the driving force for Na+ entry (183).  It is clear that the K+ permeability is important for pump 

function as well as providing the electrical potential for Na+ entry at the apical membrane. 

 

1.2 MOLECULAR STRUCTURE AND FUNCTION OF ENaC 

The genes encoding ENaC were cloned and, when heterologously expressed in a Xenopus oocyte 

model system, reconstituted the properties of the apical membrane channels of Na+ transporting 

epithelial cells completely (31, 125, 151).  The functional channel is made of three homologous 
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subunits α, β and γ.  These subunits are ~ 60-75 kD polypeptides that have two transmembrane 

spanning domains each (M1 and M2 segments), intracellular amino and carboxyl termini, and 

the majority of the sequence forms an extracellular domain (30, 173).  The topology is conserved 

for a growing family of cation channels called the DEG(digenetic)/ENaC channels (99).    

Although each subunit is required, the current experimental results in the literature provide 

evidence for multiple stoichiometric combinations.  Measurement of epitope-labeled subunits 

suggest that the α subunit was expressed twice as much as the β and γ subunits in the plasma 

membrane suggesting at least a α2β1γ1 stoichiometry (57).  Based on (i) observations that 

mutational modification of individual subunits is sufficient to impart a functional characteristic 

such as inhibition by covalent modification of free thiols or changes in zinc and amiloride 

blockade affinities, and (ii) the expected distribution of channels incorporating the mutant 

subunit when co-expressed in combination with wild type subunits, it was shown that functional 

channel stoichiometry was consistent with α2β1γ1 (57, 108).  The results contrast with 

experiments that used similar mutational approaches plus determination of channel complex 

molecular weights using sucrose gradient sedimentation to postulate a α3β3γ3 stoichiometry 

(174).  Recent results from Förster resonance energy transfer (FRET) of subunits labeled with 

green and yellow fluorescent protein FRET pairs suggest that there are equal numbers of α, β and 

γ subunit per channel (177).  Although solving the stoichiometry controversy awaits higher 

resolution techniques, the current literature is unequivocal that the functional channel contains all 

three subunits.   

A representation of the membrane topology of the α ENaC subunit is shown in Figure 

1-2.  At least part of the ion permeation pathway is formed from all three subunits with a 

conserved pre-M2 sequence implicated.  Mutations within this sequence results in altered ion 

selectivity of the channels as well as changes in channel gating (96-98, 152, 172).  Because of 

the voltage sensitivity of amiloride block (61, 162), and competitive interactions with Na+ (112), 

amiloride may block at the pore entry site.  Consistent with this, mutations in the pre-M2 

segment also reduced amiloride block affinity (159).  These results suggest that the pore of the 

channel comprises residues in the pre-M2 domain.  Amiloride block affinity is however not 

determined solely by the pre-M2 segment since an α subunit region closer to the M1 segment 

also determine the affinity (92).  Similarly, channel gating is modulated by mutations in the 
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cytoplasmic amino terminal “HG” motif (72, 73).  Thus, while the pore region is highly 

important for channel gating, parts of the channel far removed from the pore also affect gating.   

 

 

 

 
 

 

Figure 1-2  Disposition of the α subunit of ENaC in the membrane 
The Disposition of the α subunit of ENaC in the membrane is based on sequence information and selective 

proteolysis.  The N-termini cytoplasmic sequence has the residues HG that results in reduced channel PO when 
mutated.  The sequence after the first transmembrane domain has two cleavage sites that are furin consensus 
sequences.  The potency of amiloride inhibition of the channel is determined in part by a sequence WRYFHY at 
residues 251-256.  The shaded portion before M2 is known as the pre-M2 region and is thought to form part of the 
channel pore.  This region contains the DEG site at position 549.  Mutation of this residue leads to altered gating 
properties in ENaC and degenerin family ion channels.  The pre-M2 region also has residues that determine the 
potency of amiloride blockade and the selectivity properties of the channel.  The C-terminal cytoplasmic domain has 
consensus phosphorylation sites for protein kinase C, protein kinase A, and extracellular regulated kinase 1 / 2.  In 
addition, the C-terminal region contains a PXY motif, that allows for regulation of ENaC by the ubiquitin ligase 
Nedd4-2.  Mutation of the PXY motif results in increased surface expression. 
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1.3 REGULATION OF SODIUM REABSORBTION 

The driving force for tissues to reabsorb Na+ is high over vast differences in luminal Na+ 

concentration, and the absorption rate is determined by the apical membrane Na+ permeability 

under the influence of various hormones.  Consequently, many of the dynamic regulatory 

processes involved in epithelial Na+ transport center on controlling apical Na+ channel activity 

through three identifiable means: i) regulation of channel synthesis, ii) endocytic-exocytic 

processes where membrane vesicle associated channels are trafficked between apical membrane 

and intracellular pools and iii) regulation of the functional properties of channels already in the 

apical membrane.   

Control of subunit synthesis is accomplished by aldosterone through mineralocorticoid 

receptor but only partly mediated by transcriptional up-regulation of the subunits (63).  In 

different tissues aldosterone selectively increased mRNA transcripts of the subunits, for instance 

increasing β and γ but not α subunit mRNA in the rat colon (11).  In general, the increases in 

mRNA and the time courses were not commensurate with increases in the Na+ current suggesting 

that the transcriptional regulation of subunits is not the primary response to aldosterone but may 

result from chronic aldosterone stimulation (9, 10, 66, 139).  Similarly the rate of increase Na+ 

current was faster than the rate of increase of  subunit protein so that the increase in current 

cannot be attributed to synthesis (6).  Although it’s effect on subunit synthesis does not explain 

the Na+ current increase completely, aldosterone induces transcription of several other proteins 

that potentially may modulate the trafficking and function of the channel (196).   

The trafficking of channels between intracellular pools and the apical membrane is the 

second possibility for the regulation of Na+ transport.  The average number of channels at the 

apical membrane results from the balance between channel insertion into the membrane and 

retrieval from the membrane.  Regulation of trafficking may result from an effect on insertion, 

retrieval or both.  There is currently significant evidence to support the notion that retrieval of 

ENaC from the apical membrane is a regulatory step.  Truncation of the carboxyl termini of all 

three subunits result in extended apical membrane residence time of the channel and increased 

Na+ currents (69, 166).  The carboxyl termini have sequences recognized by the clathrin 
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dependent endocytosis as well as by the ubiquitin ligase Nedd4-2 (179, 203).  Clearly, Nedd4-2 

dependent retrieval of ENaC from the membrane occurs and down regulates Na+ current.  

Phosphorylation of Nedd4-2 interferes with its ability to cause down regulation of Na+ transport 

(45, 176).  Regulatory pathways that result in phosphorylation of Nedd4-2, such as increased 

synthesis (by aldosterone mediated transcription) and phosphorylation (insulin receptor 

activation of phosphoinositol dependent kinase) of SGK mediate channel expression at the 

surface (145).  The phosphorylation activity of SGK has been shown to increase subunit 

expression at the surface as well as membrane surface area as measured by membrane 

capacitance (7).  Phosphorylation at conserved sites in the C-termini prevents the Nedd4-2 

dependent down regulation as well as prevents endocytic retrieval by other mechanisms (178, 

205).  There is also evidence that insertion can be regulated.  The action of cAMP on Na+ 

transport is mediated in part by the trafficking of channels from an intracellular recycling pool to 

the apical membrane (27).   

The third level of regulation is modification of channel function.  Modification of channel 

function may occur through changing the channel open probability or through recruitment from a 

quiescent channel population at the apical membrane.  This is accomplished primarily through 

covalent modifications and non covalent interactions.  The C-termini of ENaC subunits is known 

to be phosphorylated in response to stimulation by aldosterone and insulin; and blockade of the 

phosphorylation prevents increases in Na+ currents (165, 207).  Similarly, a response to 

aldosterone stimulation is the methylation of the C-terminus of the β subunit in renal epithelial 

cells (155).  Methylation was recently shown to stimulate Na+ currents in epithelial cells (50).  

Non-covalent interactions also appear to modify channel function.  Unlike many channels that 

open in response to known ligands, a ligand for ENaC has not been identified.  However, recent 

studies show that phosphatidylinositol 4,5 bisphosphate and phosphatidylinositol 3,4,5-

triphosphate whose concentrations change in response to hormonal stimulation of renal epithelial 

cells directly interact with the amino and carboxyl termini of the β and γ subunits respectively 

and increase the open probability of ENaC (55, 121, 149, 186, 187).  This interaction is probably 

mediated by binding to positively charged amino acids in a track of the γ subunit intracellular 

carboxyl terminal domain (148).  A growing body of evidence suggests that endogenous and 

exogenous proteases act to increase ENaC-mediated Na+ transport in part by recruitment of 
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inactive channels (29).  The evidence for protease dependent regulation is reviewed in the next 

section and the elucidation of a mechanism is the subject of the rest of the dissertation.    

1.4 PROTEASE ACTIVITY AND SODIUM TRANSPORT 

A strong correlation exists between extracellular luminal protease activity and epithelial Na+ 

transport.  Studies looking at alterations in hormonal levels and salt dietary intake found that 

conditions which facilitate Na+ reabsorption resulted in increased urinary kallikrien activity (67, 

119, 120).  Kallikriens are serine proteases known to have kininoginase activity that hydrolyzes 

the inactive peptide precursor (kininogen) to an active peptide agonist (kinin) (118).  To 

stimulate Na+ reabsorption in the kidney, animals were maintained on reduced salt intake.  

Reduced salt intake is a strong activator of the mineralocorticoid aldosterone, a steroid hormone 

that stimulates Na+ transport in renal cortical collecting duct (CCD) cells.  These animals had 

higher levels of urinary kallikrien activity (67).  Animals injected with aldosterone but without 

the restricted salt intake also had higher urinary kallikrien activity (67, 119, 197).  Increased 

urinary kallikrien activity was also detected in animals on increased K+ intake, which is an 

aldosterone inducing stimulus (84).  Consequently increased plasma aldosterone was strongly 

associated with increased urinary kallikrien.  The presence of hormonally up-regulated urinary 

kallikrien activity raised questions about its origin, the molecular identity of the kallikrien 

activity, whether or not the protease activity was directly involved in regulating Na+ transport 

and how the regulation is accomplished.   

The protease activity found in the urine originates from renal CCD epithelial cells (35).  

The kallikrien-like protease and its kininogenase activity was also found in amphibian epithelial 

cells of the toad bladder and skin (118), and amphibian renal CCD derived A6 epithelial cells.  

These epithelial cells all share the property of amiloride-sensitive electrogenic Na+ transport 

mediated by ENaC.  Several experiments using biochemical, histochemical and physiological 

approaches localized the protease activity to the apical membrane, facing the luminal 

environment (169).  Secretion of the kallikrien enzyme activity into the luminal environment 

follows the development of a functional transport monolayer by the A6 cells (95).  The cellular 
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distribution and sub-cellular localization of the protease activity places it in close proximity with 

the apical membrane ENaC and is consistent with its accumulation in the urine. 

Several experiments attempted to distinguish whether involvement of protease activity in 

Na+ transport regulation was direct or indirect.  While the up-regulation of urine kallikrien 

activity may cause up-regulation of Na+ transport, it may also result from feedback mechanisms 

modulating the level of hormone mediated up-regulation (for instance to protect against 

excessive increases in intracellular Na+) or from completely unrelated processes.  Initial 

suggestions that kallikrien-like protease activity regulates Na+ transport came from studies of 

amiloride inhibition of the urinary kallikrien protease activity and protease activities derived 

from frog skin extracts and renal CCD cell suspensions (118).  Amiloride is a K+-sparing diuretic 

known to potently inhibit Na+ transport in epithelial cells.  Since amiloride inhibits Na+ transport 

and inhibits the extracellular protease activity from Na+ transporting epithelial cells, it was 

suggested that amiloride inhibition of the extracellular protease activity explains its inhibition of 

Na+ transport.  While amiloride does inhibit the isolated kallikrien-like proteases, the inhibition 

was two orders of magnitude less potent than amiloride inhibition of Na+ transport (118).  The 

preponderance of evidence from noise analysis and single channel measurements is consistent 

with the hypothesis that amiloride inhibition of Na+ transport is via a direct blocking mechanism 

of ENaC.  The macromolecular protease inhibitor, aprotinin that inhibits the urinary kallikrien 

protease activity with high potency also inhibits transepithelial Na+ transport, a key observation 

for the present work.  In particular, the addition of aprotinin to toad bladder epithelium inhibited 

Na+ transport (137).  Furthermore, several epithelial cells respond to apical protease inhibitors 

with reduced Na+ transport (49, 116, 132, 191).  However, it remains a possibility, like the case 

with amiloride, that the macromolecular protease inhibitor directly interacts with and blocks the 

channels. 

In isolated epithelial up-regulation of the kallikrien activity alone is not sufficient for 

aldosterone mediated increases in Na+ transport.  In contrast to an activating role of the 

extracellular proteases, in many cases, an inhibitory effect of exogenously added extracellular 

proteases was observed.  The addition of exogenous kallikrien to the apical surface of 

mammalian urinary bladder caused irreversible inhibition of Na+ transport interpreted as 

progressive hydrolysis of the Na+ channel (110).  However, the epithelium gained an amiloride 

insensitive conductance with near equal Na+ and K+ permeability that was interpreted as non-



 11 

selective degraded channels.  In the toad bladder epithelium, addition of trypsin to the apical 

surface also inhibited Na+ transport (64).  In both cases, apical amiloride prevented protease 

mediated inhibition.  Because amiloride does not inhibit trypsin nor inhibit kallikrien at the 

concentrations used, but interacts with and blocks the channel, the protective amiloride effect 

was consistent with the protease recognizing specific site/s on the channel that could be masked 

by amiloride binding or an amiloride induced conformational change in the channel. 

Vallet et al. identified a serine protease, channel activating protease 1 (xCAP1), that 

increased ENaC-mediated Na+ transport when co-expressed with ENaC in Xenopus oocytes 

(191).  The increase in Na+ current mediated by xCAP1 was inhibited by the serine protease 

inhibitor aprotinin.  Consequently xCAP1 and its homologues may be the aprotinin sensitive 

proteases mediating Na+ transport in many epithelial cells.  A related human membrane 

associated protease, prostasin, increased Na+ transport when co-expressed with ENaC in 

Xenopus oocytes (3, 49).  Other membrane associated proteases CAP2 and CAP3 have been 

identified that also increased Na+ transport when co-expressed with ENaC in Xenopus oocytes 

(200).  The proteases found to up-regulate ENaC-mediated Na+ transport in oocytes have in 

common an extracellular serine protease domain and either a transmembrane segment (CAP2 

and CAP3) or a glycophosphatydil inositol (GPI)-anchor (CAP1) (200).  Prostasin and CAP3 are 

known to be membrane associated; with active extracellular serine protease domains (182, 206).  

Although not exclusive to Na+ transporting epithelia, prostasin and similar channel activating 

proteases can be found in many epithelia with aprotinin sensitive Na+ transport.  Interestingly, 

prostasin was upregulated by aldosterone in rat CCDs.  Tong et al used the small interfering 

RNA (siRNA) technique to reduce the expression of prostasin in a model Na+ transporting 

airway epithelial cell.  The airway cells with reduced prostasin expression had diminished Na+ 

transport.  In contrast to exogenously added trypsin and kallikrien, the observations suggest that 

an endogenous protease can activate Na+ transport.  These results also suggest that the 

endogenous protease activity is fully capable of maintaining the steady-state Na+ transport in 

native Na+ transporting epithelia such that inhibition of the protease reduces the steady-state 

transport but addition of exogenous protease to uninhibited cells does not increase the transport.  

Furthermore, in heterologous expression studies such as Xenopus oocytes injected with ENaC 

cRNAs, and fibroblasts transfected with ENaC, the proteases trypsin, chymotrypsin, neutrophil 

elastase and cathepsin G increased Na+ transport (28).  The overall picture suggests that 
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proteases may play both an activating role and perhaps an inhibitory role in the regulation of Na+ 

transport.  The channel may sojourn in a protease dependent manner through “inactive 

quiescent”, “activated” and “inactivated periods” in its lifetime at the apical membrane.  The 

“inactive quiescent” state occurs prior to an essentially irreversible proteolytic activation, the 

active state represents channels with finite open probability whose activity can be regulated by 

covalent and non-covalent interactions and perhaps and the possible “inactivated period” may 

represent channels that have been irreversibly inactivated prior to retrieval from the apical 

membrane.  Measurements of the apical membrane channel density by amiloride binding and 

immunodetection gave results two orders of magnitude or higher than can be accounted for by 

active channels (7, 40).  The population of quiescent and inactivated channels may explain the 

discrepancy. 

 

1.5 SODIUM CHANNEL CLEAVAGE AND ACTIVITY 

The notion that protease activation of Na+ transport results from cleavage of ENaC arises 

from the correlation between the appearance of cleaved forms of the α and γ subunit and the 

measured ENaC activity (54).  First, salt restriction or aldosterone infusion (stimuli for 

increasing Na+ reabsorption in the kidney) were associated with the appearance of a lower 

molecular weight γ subunit in the rat cortical collecting duct while control rats had only the 

heavier γ subunit (123).  Two molecular weight species of the α and γ subunit were found in 

whole rat kidneys where up regulation of Na+ transport in collecting duct cells correlated with 

increase of the lower molecular γ subunit and decrease of the higher molecular weight species 

suggesting a conversion (54).  Aldosterone up-regulation of prostasin in the cortical collecting 

duct cells (133) may generate the γ subunit cleavage.  Further, preventing internalization of 

ENaC in epithelial cells heterologously expressing ENaC increased the Na+ current, increased 

the lower molecular weight isoforms of the α and γ subunits at the apical membrane and 

decreased sensitivity to exogenous trypsin activation (105).  Finally, mutation of the furin 

cleavage consensus sequences found in the extracellular domains of the α and γ subunits 

prevented endogenous cleavage of these subunits and reduced Na+ transport rates (86). 
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1.6 HYPOTHESIS AND SPECIFIC AIMS 

1.6.1 Hypothesis 

ENaC arrives at the apical membrane as an inactive precursor whereupon activation by 

membrane associated extracellular proteases occurs to regulate the extent of apical membrane 

ENaC activity. 

1.6.2 Specific Aim 1: 

From the basic mechanism of Na+ transport in epithelial cells, there are only three 

primary possibilities that can lead to an increase in Na+ entry; a change in the driving force for 

Na+ entry across the apical membrane, a change in the Na+ permeability of the apical membrane 

or a combination of the two.  There is no a priori expectation that the driving force is being 

directly regulated by extracellular proteases to increase Na+ since oocyte expression system 

experiments demonstrate a protease dependent change in Na+ transport despite holding the 

driving force constant by clamping the membrane potential and fixing the Na+ gradient.  The 

experiments under fixed driving forces neither rule out a protease effect on driving forces nor 

indicate the significance of changes in the driving force in native epithelia.  In other words, the 

experiments suggest the second possibility but do not exclude the third.  The experiments in the 

first part of the dissertation were carried out in a well characterized native Na+ transporting 

epithelial cell line to understand how epithelial cells regulate Na+ transport via the extracellular 

protease dependent mechanism.  In intact epithelial cells, perturbation in the number of active 

channels, the single channel open probability and single channel currents were measured as Na+ 

transport responds to changes in extracellular protease activity.  In conjunction with 

immunochemical detection of membrane ENaC density, a protease dependent change in the 

number of active channels can be determined from the electrophysiological measurements.  The 

results directly implicate the protease mechanism to Na+ channel regulation, provide evidence 

for the presence of quiescent channels and unmask possible further heterogeneity of the active 

channels. 
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1.6.3   Specific Aim 2: 

Many proteolytic regulatory mechanisms use the hydrolysis of a peptide agonist 

precursor to generate a signaling molecule that interacts with specific membrane receptors.  A 

well known example is the rennin-angiotensin system.  Another mechanism involves activation 

of protease activated receptors (PARs).  The known PARs are G protein coupled receptors with 

intramolecular tethered peptide ligands that are exposed by proteolysis.  The peptide ligands for 

the PARs are sufficient for receptor activation (138) but they were unable to up-regulate Na+ 

transport in epithelia cells (41).  A possibility for ENaC is the activation by hydrolysis of its 

extracellular domains.  There is currently correlative evidence for this possibility based on many 

recent studies showing an association between ENaC fragments at the apical membrane and 

channel activity (54, 86, 105) 

The second part of the dissertation focuses on the question of ENaC as the target of 

proteolytic activation.  Divided into two sections, the first section considers the possibility that 

ENaC is the direct target of proteases that activate Na+ transport and that hydrolysis is a 

requirement for transport activation. The first section shows the development of a suitable 

expression system for studying protease regulation followed by the use of site-directed 

mutagenesis to probe ENaC for protease responsive residues.  It was shown that there are 

residues on ENaC that are required for the current-activating responses to specific proteases 

activation and these residues correspond to the protease cleavage sites.  The second section 

utilizes the expression system to study the sequences on ENaC that are utilized by the 

endogenous channel activating proteases to mediate Na+ transport.  These experiments 

demonstrate the utility of a heterologous expression system to study ENaC-mediated Na+ 

transport by providing evidence that the transformation of quiescent channels into electrically 

active channels can be mediated by proteolytic cleavage of channels already at the apical 

membrane. 
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2.0  PROTEASE INHIBITION AND SINGLE CHANNEL PROPERTIES 

Absorption of fluids and electrolytes is a function of many epithelia characterized often 

characterized by electrogenic Na+ transport where the rate limiting step is apical membrane entry 

mediated by the epithelial Na+ channel ENaC (65).  In addition to well known endocrine 

regulation of ENaC through intracellular steroid receptors (63) and 2nd messengers such as 

cAMP (16) and Ca2+ (109), an alternate means of regulation, by extracellular proteases, was 

described (191) and referred to as channel activating protease (CAP) regulation of ENaC.  CAP 

regulation of ENaC may play a role in a variety of physiological functions from blood pressure 

regulation (170), to mucocilliary clearance in the airways (21) and hearing (156).  Three putative 

CAPs, CAP1 (prostasin), CAP2 (TMPRSS4) and CAP3 (matriptase) that stimulate ENaC-

mediated amiloride-sensitive Na+ transport (INa) in Xenopus oocytes have been cloned (200).  

These CAPs were predicted to be membrane anchored proteins with extracellular serine protease 

domains.  The importance of serine protease activity in ENaC regulation has been demonstrated 

in renal epithelial cell-lines (132, 191, 201) and primary airway cells (25, 49) by serine protease 

inhibition.   

Vallet et al. (192) reported that both membrane anchoring and proteolytic activity were 

required for CAP1 activation of ENaC.  However, the exogenous addition of chymotrypsin and 

trypsin have also been shown to stimulate INa in Xenopus oocytes (37) and trypsin stimulates INa 

in fibroblasts expressing ENaC (29).  Recently, it was shown that the appearance of apparently 

smaller molecular weight forms of ENaC from MDCK cells heterologously expressing ENaC 

could be blocked by mutations that remove putative cleavage sites in ENaC α and γ subunits for 

the protein convertase furin (86).  These mutations were associated with a significant decrease of 

INa in Xenopus oocytes expressing ENaC.  Although exogenous proteases have no effect on the 

spontaneous INa in several native Na+ transporting epithelia, trypsin enhanced recovery of INa 

following inhibition by the serine protease inhibitors aprotinin and bikunin (25, 49, 191).  
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Therefore, inhibition of the CAP pathway by specific protease inhibitors is sufficient to inhibit 

Na+ transport in numerous epithelia. 

ENaC regulation by the CAP pathway could be mediated by changes in the single channel 

current (iNa), the open probability (Po), or the number of active channels (NT) which are related to 

the transepithelial Na+ current (INa) according to equation 2-1. 

 

NaoTNa iPNI ⋅⋅=  

2-1 

Studies using ENaC heterologously expressed in oocytes (3, 37) and fibroblasts (29) have 

yielded contradictory results in regards to how extracellular proteases regulate ENaC.  In an 

effort to further clarify how ENaC is regulated by the CAP pathway, transepithelial current 

fluctuation analysis was carried out in the amphibian renal epithelial cell line A6.  The results 

demonstrate that the protease inhibitor aprotinin reversibly inhibits INa.  The decrease in INa was 

accompanied by a decrease in the number of open channels (No), an increase in iNa and a 

paradoxical increase in Po.  Because only the decrease in No can explain the decrease in INa it can 

be concluded that the CAP pathway regulates sodium transport by modulating the number of 

active ENaCs in the apical membrane. 

2.1 MATERIALS AND METHODS 

2.1.1 Cell culture 

A6 cells were maintained in amphibian medium (Biowhitaker) and 10 % fetal bovine serum 

(Gibco) in an incubator with humidified air and 4 % CO2 at 28oC as previously described (154).  

The cells were expanded on plastic tissue culture dishes and then seeded on Costar Transwell 

permeable supports (polycarbonate membrane of 0.4 µm pore size and 1cm2 area).  Experiments 

were performed 14 to 21 days after seeding on the permeable supports and 24 to 48 hours after 

media replacement. 
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2.1.2 Short-circuit current (ISC) measurement 

Costar Transwell cell culture inserts were mounted in Costar Ussing chambers with 

identical bath solutions in the apical and basolateral chambers containing (in mM) 100 NaCl, 2.4 

KHCO3, 1 CaCl2, 5 glucose.  The pH of the solution was 8.0 when gassed with ambient air.  All 

experiments were carried out at room temperature.  Gassing and continuous voltage-clamping to 

0 mV was achieved with a four electrode automatic voltage clamp (Department of 

Bioengineering, University of Iowa) as shown in Figure 2-1.  The open circuit voltages for the 

monolayers ranged from 40 mV to 80 mV.  Four millivolt bipolar pulses were applied every min. 

generating current deflections used to calculate the transepithelial resistance (RT) with Ohms 

law.  Isc traces were digitized at 10Hz and recorded using a DASA 6600 acquisition board and 

Acquire 6600 recording software (Gould Instrument System).  The small molecule amiloride 

potently and specifically inhibit ENaC so that the difference in ISC after addition of amiloride (10 

µM) is equal to IENaC.  In A6 cells, the primary transepithelial Na+ pathway is through ENaC; 

therefore IENaC is practically equivalent to INa.  Consequently the ISC inhibited by 10 µM 

amiloride is taking as the measure of INa.  Furthermore, under the experimental conditions the 

amiloride insensitive current was very small such that INa was 95 to 100 % of the ISC.  The 

current after addition of amiloride was extrapolated throughout the short-circuiting period as a 

constant; therefore, the INa reported at any point before addition of amiloride may only deviate 

from the actual amiloride-sensitive ISC by 0 – 5 %. 
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Figure 2-1   Ussing chamber apparatus 
The Ussing chamber setup shows the two voltage sensing electrodes and the two current passing electrodes 

and the air input shafts.  The half-chambers are separated such that electrical continuity is achieved solely through 
the mounted epithelial monolayer.  In practice, the voltage sensing electrodes are connected to an amplifier that 
drives the current output to fix the transepithelial potential (for short-circuiting, 0 mV).  The airshafts provide a gas-
lift circulation that minimizes the unstirred layer across of the monolayer. 

 

 

2.1.3 Blocker induced fluctuation analysis 

2.1.3.1  Theory 

From single channel studies, the apical Na+ channels in A6 cells (74, 122), mammalian 

cortical collecting tubules (141, 142), and ENaC heterologously expressed in Xenopus oocytes 

(151) undergo spontaneous gating between an open (conducting) and a closed (non-conducting) 

state with no demonstrable subconductance states.  The gating can therefore be described by 

equation 2-2.  
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2-2 

where C is closed state, O is an open state and α and β represent the rate constants for the 

transitions.  The spontaneous open probability Po is given by equation 2-3 
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where NT is the total number of active channels or the number of open channels (NO) plus closed 

channels (NC).  In the apical membrane, the NT channels, assumed to be independent, have single 

channel currents iNa under short-circuit conditions.  The spontaneous transitions between closed 

and open states would therefore result in a variance (σI
2) of the mean macroscopic Na+ current 

(INa) given by equation 2-4 (83). 
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When at least one of the single channel parameters is known from an independent experiment, 

equations 2-1 and 2-4 can produce the other two.  Aside from the requirement for a priori 

determination of one of the parameters, a second limitation from equation 2-4 is that the variance 

of short-circuit currents can also arise from several sources besides the spontaneous fluctuations 

of Na+ channels and these must be separated from the channel noise.  The measurement of the 

spectral density or power density spectra (PDS) of current noise can allow for separating the 

noise of the channel openings and closings from other noise sources.  Noise arising from 

exponential relaxation processes such as channel opening and closing will yield Lorentzian PDS 

which are of the form (80): 
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where f is the frequency, S(0) and fc are the low frequency plateau and corner frequency of the 

Lorentzian.  The corner frequency is given by 

βαπ +=⋅⋅ cf2  

2-6 

and S(0) is given by 

βα
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+
⋅

=
24)0( IS  

2-7 

From the Lorentzian spectral density the variance of spontaneous transitions arising from the 

exponential relaxation process can be separated from other noise sources and the upper limit on α 

and β can be estimated but α and β cannot be individually determined. 

Although Lorentzian spectral density was expected for the apical Na+ channels, it has 

remained impossible to observe in short-circuited epithelia for 0.1 < f < 1000 Hz.  Since the 

mean open and closed states life times for single ENaC channels in polarized A6 cells are 2 s or 

more (140), the upper limit for Lorentzians arising from the spontaneous gating of the channel 

(i.e. in the absence of blocking molecules) is 0.16 Hz necessitating measurements down to 0.01 

Hz for any hope of observing spontaneous Lorentzians.  Because INa was not perfectly stationary, 

and excess noise with 1/f spectral density arises at low frequencies, it was impractical to measure 

spontaneous low frequency Lorentzians that would characterize the channel transitions observed 

in cell-attached mode patch-clamping of Na+ channels in the apical membrane of A6 cells.  High 

frequency spontaneous fluctuations were never observed.  An alternative approach is the 

measurement of Lorentzians induced by the application of compounds that block the Na+ 

channel (103, 111, 112). 

Blocker induced noise is based on a simple three state scheme that accounts for the 

blocker concentration dependent changes in spectral density and macroscopic currents where the 

blocker interacts solely with, and blocks the open state of the Na+ channel with rate coefficients 

kon and koff (equation 2-8).  This scheme gives rise to a relaxation process that is a sum of two 

exponentials which produces a sum of two Lorentzian components in the PDS  (195). 
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2-8 

 

The corner frequencies, in radians, are the two characteristic eigenvalues of the solution to the 

linear differential equations describing the scheme which are both functions of all four rate 

coefficients.  Separately, the spontaneous (rS) and blocker induced (rB) transition processes have 

relaxation rates 
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The differential equations for the three state model in matrix notation is  
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where the variables NC, NO and NB represent the number of closed, open and blocked channels 

respectively.  Since NT is the sum of closed, open and blocked channels and is a constant, one of 

the variables is not independent.  If NC is chosen as the dependent variable, the transition matrix 

reduces to a 2×2 matrix  
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The determination of the λs at different blocker concentrations can be used to calculate the 

matrix parameters kon, koff, α and β.  From α and β, equations 2-3 2-4 and 2-7 can be used to 
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calculate NT, iNa and Po explicitly.  However the low frequency corner, as previously indicated, is 

impractical to resolve under short-circuit conditions.  Thus the PDS reveals one blocker 

dependent Lorentzian.  The effect of the slow spontaneous gating on the corner frequency of this 

Lorentzian is very small.  Equation 2-11 reveals this phenomenon when rearranged to 
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From inspection Q ranges between 1-rs/koff and 1.  Therefore at any blocker concentration the 

high frequency λ ≤ rB + 0.5 rS.  For rS < 0.62 s-1 the shift of the high corner frequency λ will be 

less than 0.62 s-1 or 0.1 Hz.  For typical high rate blockers with corner frequencies resolved at 

greater than 1 Hz, the effect of the spontaneous transitions is quite small.  In the case of the 

compound used in the following experiments, corner frequencies were greater than 40 Hz 

making the effect of the spontaneous transitions negligible.  The parameter iNa at a given blocker 

concentration is calculated directly from the blocker induced Lorentzian.  Po is calculated from 

equilibrium considerations as described in the Section 2.1.3.2 from which NT was subsequently 

obtained. 

2.1.3.2  Implementation of Fluctuation Analysis 

A6 cells on Costar Transwell inserts were placed in Costar Ussing chambers and 

continuously short-circuited with a low noise voltage clamp previously described (194).  The Isc 

was high-pass filtered (cut off 0.25 Hz) to remove the DC component then subjected to anti-

aliasing filtering and amplification.  The resulting signal was digitized and Fourier transformed 

to generate power density spectra (PDS) normalized to the tissue surface area (193).  PDS were 

collected at 0.5 Hz fundamental frequency as averages of 30 sweeps over a frequency range of 

0.5 to 350 Hz.  The data was then fitted to equation 2-5 plus a low frequency component defined 

as S1/fα (144).  “One over f” noise, also called flicker noise, is the excess noise that results from 

fluctuations in conductance of porous membranes held away from electrical equilibrium that 
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decreases as 1/f (46).  S1 is the low frequency power of the “one over f noise” with its decay 

characterized by α ranging from .5 to 1.5.  We determined the plateau power (So) and corner 

frequency (fc) from fits of 44 data points in the 0.5 to 200 Hz range.  Blocker dependent 

parameters were determined as previously described (51, 78, 82).  We determined aprotinin 

dependent changes in single channel parameters using two approaches: a cumulative 6-chloro-

3,5-diaminopyrazine carboxamide (CDPC) concentration step and a pulse protocol (82).  CDPC 

was chosen because its low affinity and high off-rate (see below) permit measurements of 

Lorentzians at relatively uninhibited states and affords a number of experimental advantages.  

These advantages were well described by Helman and Baxendale (78). Firstly, low affinity 

CDPC blockade minimizes the poorly understood “autoregulatory” responses to significant 

current inhibition that occurs with higher affinity blockers.  Secondly, CDPC permits 

simultaneous measurement of changes in steady-state current and blocker kinetics from spectral 

analysis necessary for the determination of the open probability from the three-state model.  

Thirdly, a low affinity blocker by virtue of a high off-rate reduces the relative error in the 

estimation of the off-rate from the linear regression of the corner-frequency versus blocker 

concentration. 

  The cumulative concentration step approach was carried out by mounting A6 cells in a 

fixed bath volume (5 ml).  Either 4 µM of the serine protease inhibitor aprotinin or an equivalent 

volume of the vehicle phosphate buffered saline (PBS) was added to the apical side.  Apical and 

basolateral solutions were continuously mixed and oxygenated by a gas lift using air.  After 

incubating in 4 µM aprotinin or PBS for 30 min., increasing doses of CDPC (in DMSO) were 

added to the apical bath to yield a cumulative increase in CDPC concentration.  The 

concentrations used were 10, 20, 30, 40, and 50 µM CDPC.  PDS were obtained 2 min. after 

addition of each dose of CDPC and following establishment of a new steady-state Isc.  The 

ENaC-mediated Na+ current (INa) was taken as the Isc before minus the Isc remaining after 

addition of 10 µM amiloride and usually accounted for greater than 90% of the ISC.  Blocker rate 

coefficients where calculated from the linear regression of 2πfc vs. blocker concentration using a 

pseudo-first order kinetic description where  2πf k k Bc off on= + ⋅[ ]  (kon and koff are the apparent 
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on- and off- coefficients of the blocker (B) interacting with the open channel) and the 

dissociation constant was calculated as K
k
kd

off

on

= .   

For the pulse protocol, the Ussing chamber was modified to reduce the apical volume to 1.5 

ml.  The cells were continuously perfused at 5 ml/min with Ringer solution containing 10 µM 

CDPC.  At indicated time points PDS were obtained, the solution was switched to one with 30 

µM CDPC, PDS were again obtained and then the solution was switched back to one with 10 

µM CDPC.  Three experimental periods were evaluated; i) control, thirty min. of perfusion 

without aprotinin, ii) aprotinin, 45 min. of perfusion with a solution containing 10 µM aprotinin 

and iii) washout, thirty min. of perfusion without aprotinin.   PDS were obtained at 10 and 30 

µM CDPC at 10, 20 and 30 min. of the control and washout periods and at 25, 35 and 45 min. of 

the aprotinin period.  The blocker rate coefficients were calculated from the two blocker 

concentrations and corner frequencies as  
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where fc(10) and fc(30) are the corner frequencies at 10 and 30 µM CDPC and 

Mkfk oncoff µπ 10)10(2 ⋅−=  
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The single channel current amplitude (iNa) was calculated as 
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where INa is the amiloride-sensitive current thus allowing determination the number of open 

channels at 10 µM CPDC as 
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It has been repeatedly verified that CDPC and its analogs interact with ENaC-mediated 

amiloride-sensitive Na+ transport in a manner described satisfactorily by a three state model (1, 

14, 15, 51-53, 78, 82, 112, 114).  The use of a closed-open blocked three-state model instead of a 

two-state or more complicated four-state models is not the focus of this work and arguments for 

the use of a three-state model of CDPC blockade of INa in A6 cells can be found in (78, 82).  

Therefore, the open probability (Po) was calculated assuming a three state model where the 

blocker interacts predominantly with the open state using 
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where INa(10) and INa(30) are the amiloride-sensitive current at 10 and 30 µM CDPC (82).  The 

number of active channels (NT) was calculated from 
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2.1.4 Cell surface biotinylation and western blotting of ENaC 

Confluent A6 cell monolayers grown on permeable filters (Costar; 75 mm diameter) were treated 

with PBS, 10 µM aprotinin for 1 hour or 100 nM aldosterone for 6 hours and then kept on ice.  

Cell surface biotinylation and Western blot analysis of ENaC subunits were performed according 

to the modified method as described by Gottardi et al. (68, 75).  Briefly, cells were washed three 

times in ice-cold PBS-CM (PBS with 1 mM MgCl2 and 0.1 mM CaCl2) and incubated with 1.5 

mg/ml EZ-linkTM Sulfo-NHS-S-S-biotin (Pierce) in cold biotinylation buffer (10 mM 

triethanolamine, 2 mM CaCl2, 150 mM NaCl, pH 9.0) with gentle agitation.  Cells were washed 

once with quenching buffer (192 mM glycine, 25 mM Tris in PBS-CM) and incubated for 20 



 26 

min with quenching buffer.  Cells were then rinsed twice with PBS-CM, scraped in cold PBS and 

pelleted at 2,000 rpm at 4 0C.  The cells were lysed in lysis buffer (1.0% Triton X-100, 150 mM 

NaCl, 5 mM EDTA, 50 mM Tris) and incubated on ice for 60 min before centrifugation (10 min 

at 14,000 × g, 4 0C).  Supernatants were transferred to new tubes and protein concentration was 

determined with Commassie® plus protein assay kit (Pierce).  750 µg of supernatant from each 

sample were incubated with 100 µl of 50 % slurry of streptavidin-agarose beads for 2 hours at 4 
0C.  Beads were pelleted by brief centrifugation and then were washed three times with HNTG 

(20 mM HEPES, pH 7.5, 150 mM NaCl, 0.1 % Triton X-100, 10 % glycerol).  Biotinylated 

proteins were eluted by boiling in sample buffer supplemented with 5 % β-mercaptoethanol.  

Proteins were separated on 4-20 % SDS-PAGE and were transferred to Immobilon-P membranes 

(Millipore).  Proteins were detected by Western blot with polyclonal antibodies against α, β and γ 

ENaC subunits.  ENaC antibodies were generously provided by Dr. Cecilia Canessa.  The signal 

was developed with Supersignal® west femto maximum sensitivity substrate (Pierce) and 

detected with X-Omat Blue XB-1 imaging film (Kodak).  Signal intensities were quantified with 

scanning densitometry (Bio-Rad Lab).  

 

2.1.5 Statistical Analysis 

Data points represent the mean of n individual experiments +/- SEM.  Statistical comparisons 

were performed with either unpaired t-Tests when comparing across experiments or paired t-

Tests when comparing across conditions in the same cells.  The p < 0.05 was considered 

significant.  The p values are reported relative to 0.01 and 0.05 in the text and figure legends.  

Linear regressions were performed with Origin (Microcal).  Non-linear curve fitting were 

performed with Matlab (Mathworks). 
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2.2 RESULTS 

2.2.1 Effect of aprotinin on INa 

Administration of 10 µM aprotinin to the apical side of the Ussing chamber resulted in a 

decrease of Isc.  Short circuit current traces of the effects of PBS and aprotinin on A6 cell sodium 

transport are shown in Figure 2-2.  After a 25 to 30-min. equilibration period following initiation 

of transepithelial voltage-clamping, PBS or aprotinin was added to the apical side for 50 min. 

followed by 10 µM amiloride to obtain a measure of net electrogenic sodium transport mediated 

by the amiloride-sensitive sodium channel ENaC (INa).  Application of amiloride inhibited 90% 

of the ISC under these experimental conditions which is typical for A6 epithelial cells (81).  Thus 

any change in the ISC can be attributed to a change in INa.  The Isc taken after the equilibration 

period is referred to as the control Isc.  As can be seen, aprotinin caused a time-dependent 

decrease in the ISC that was not observed in the PBS (vehicle control) treated cells.  The decrease 

in Isc caused by aprotinin was apparent following a variable short lag phase of ~ 30 s.  In this 

subset of experiments, the PBS treated monolayers had a control Isc of 8.4 +/- 1.36 µA/cm2 (n = 

12) that was not significantly changed (8.9 +/- 1.08 µA/cm2, p > 0.05) 50 min. after addition of 

PBS but was reduced to 0.8 +/- 0.13 µA/cm2 upon addition of 10 µM amiloride.  In monolayers 

where 10 µM aprotinin was added to the apical side had control Isc of 7.5 +/- 1.25 µA/cm2 (n = 

12) that was reduced to 2.2 +/- 0.55 µA/cm2 (p < 0.01) 50 min. after addition of aprotinin and 

further reduced to 0.5 +/- 0.12 µA/cm2 with the addition of 10 µM amiloride. Thus INa was 

reduced from 8.1 +/- 1.1 µA/cm2 in the PBS treated cells to 1.7 +/- 0.53 µA/cm2 in the aprotinin 

treated cells.  These results are summarized in Figure 2-2 C. 

The inhibition of INa by aprotinin was time-dependent.  The decrease in INa as a percentage 

of control INa following addition of 10 µM aprotinin was fitted to an exponential decay 

BtAtI Na +−⋅= )/exp()( τ , 

where A is the aprotinin sensitive current and B the aprotinin insensitive current; as illustrated in 

Figure 2-3 A.  Using the period starting 5 min. and ending 45 min. after addition of aprotinin, τ 

was 18 +/- 1.2 min.  Aprotinin (10 µM) inhibited 84 +/- 10.5% of the control INa in this subset of 

filters.  The effect of aprotinin on INa was also concentration dependent (Figure 2-3 B).  The half  
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Figure 2-2  Aprotinin inhibition of INa in A6 cells 
Effect of apically administered aprotinin on amiloride-sensitive ISC in A6 cell monolayers.  A6 cells in Ussing 

chambers with symmetrical bath solutions continuously gassed with air were voltage-clamped at 0 mV and ISC 
monitored.  After a 25-30 min. equilibration period (A) PBS or (B) aprotinin 10 μM was added to the apical bath. 
ISC was monitored for 50 min. then 10 μM amiloride was added to the apical bath to determine INa.  The current 
deflections are responses to 4 mV bipolar pulses used to measure transepithelial resistance (RT).  (C) The mean 
values of ISC before (shaded bar), 50 min. after addition of PBS/aprotinin (hatched bars) and following addition of 
amiloride (filled bars) indicate substantial decrease of ISC by aprotinin. The error bars are +/- SEM.  Significant 
decrease was found in comparing ISC values before and 50 min. following addition of aprotinin but not PBS with n 
= 12 and 14 filters for PBS and aprotinin experiments respectively (* p < 0.01). 
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maximal inhibition constant (K1/2), determined by fitting the INa as a percentage of control INa 

versus aprotinin (Apr) concentration to a simple inhibition curve, 

B
AprK

KA
AprI Na +

+
⋅

=
][

])([
2/1

2/1 , 

was 1.0 +/- 0.13 μM with a maximal inhibition of 80 +/- 12 %.  The concentration dependence 

suggests a high affinity inhibition of the majority of the INa by aprotinin.  The transepithelial 

resistance (RT) was maintained after addition of 10 μM aprotinin.  The decrease in INa caused by 

aprotinin was accompanied by a tendency towards increasing RT particularly in filters that had 

relatively high control INa.  The RT before addition of PBS and aprotinin was 5.15 +/- 0.46 and 

4.90 +/- 0.57 kΩcm2 respectively.  Following the addition of PBS and aprotinin for 50 min. the 

RT was 4.6 +/- 0.46  and 6.1 +/- 0.53 kΩcm2 respectively, thus the integrity of the epithelial 

monolayer was not compromised by aprotinin incubation. 

 

 

 
 

Figure 2-3 Time and concentration dependence of the aprotinin effect 
(A) INa after apical administration of PBS (filled squares) or 10 μM aprotinin (open circles) was plotted as a 

percentage of INa before administration (control) using data recorded at 5 min. intervals.  The data points plotted 
represent the mean values of 12 filters each for PBS and aprotinin addition with error bars corresponding to +/- 
SEM.  A small time-dependent increase in INa could be seen with PBS addition but was not consistently observed in 
all the filters measured.  The solid line through the aprotinin data points represents a fit to an exponential decay.  
The mean control INa for the set of 24 filters used in this experiment was 8.2 +/- 0.36 μA/cm2.  (B) The %control INa 
was measured at 50 min. after adding the indicated concentration 0, 1, 3, 6, 10 μM of aprotinin (filled squares) and 
demonstrated a concentration dependence to the aprotinin inhibition of INa.  The solid line represents a fit to the 
inhibition curve.  The mean control INa for the set of 25 filters used in this experiment was 4.1 +/- 0.30 μA/cm2.  
Error bars are +/- SEM. 
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2.2.2 Effect of aprotinin on CDPC block of ENaC                

The blockade of INa by CDPC for PBS and aprotinin treated A6 was first measured by a 

cumulative concentration response determination using a step protocol.  PBS or 4 µM aprotinin 

was introduced to the apical side of the A6 filters for 30 min. before commencing the CDPC 

concentration step protocol, which was carried out over 30 min.  The concentration of 4 µM 

aprotinin was used because this concentration was capable of significantly inhibiting INa but 

sufficient current remains at the higher CDPC blocker concentrations to ensure adequate 

measurement of the Lorentzian component in the PDS.  As shown in Figure 2-4 A, PBS treated 

cells had significantly higher INa (6.1 +/- 0.40 µA/cm2) compared to aprotinin treated cells (2.8 

+/- 0.59 µA/cm2, p < 0.01) at 0 µM CDPC and also at all other concentrations studied (10, 20, 

30, 40 and 50 µM).  CDPC caused a concentration dependent decrease in INa in both PBS and 

aprotinin treated A6 cells thus the sensitivity to blockade of INa by CDPC was maintained in the 

presence of aprotinin.  The PDS in both PBS and aprotinin treated A6 had Lorentzian 

components that varied with CDPC concentration (Figure 2-4 A and B).  As expected from a 

smaller INa, the Lorentzian So values were also significantly decreased in aprotinin treated cells 

(p < 0.01) at the blocker concentrations studied.  The So values remained biphasic with respect to 

blocker concentration in both the PBS and aprotinin studies.  The data was fitted to the equation 

describing the So of a two-state kinetic scheme and a biphasic curve was obtained.  The So 

maxima were at 18.7 +/- 0.28 µM and 15.5 +/- 0.71 µM CDPC for PBS and aprotinin treated A6 

respectively (Figure 2-4 B).   
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Figure 2-4  Aprotinin effect on blocker parameters 
A6 cells in Ussing chambers were continuously voltage clamped at 0 mV and the ISC monitored on a strip chart 

for 30 min. following addition of PBS (filled squares) or aprotinin 4 μM; (open circles).  Cumulative step increases 
in the concentration of CDPC in the apical bath were carried out, the ISC and power density spectra were obtained at 
each blocker concentration 10,20,30,40 and 50 μM.  The values are given as the mean (n = 8 for PBS and n = 6 for 
aprotinin treated A6 filters) +/- SEM.  (A) The INa following 30 min. of PBS addition was significantly higher than 
INa following aprotinin addition (*p < 0.01).  In both conditions CDPC decreased the INa and the decrease could be 
explained by simple Michaelis-Menten inhibition kinetics (solid lines).  (B) The So at increasing concentration of 
CDPC was biphasic and was fitted to a two-state channel blocking model (solid lines) in both cases.  The difference 
in magnitude of So between PBS and aprotinin treated A6 cells was significant (*p < 0.01).  (C) 2πfc plots with 
linear regressions (solid lines) from which kon and koff were calculated were virtually identical for PBS and 
aprotinin treated cells. 
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The So values are the first indication that the blocker-ENaC interaction is not significantly 

affected by aprotinin1. The second indication came from measurement of the 2πfc values at the 

CDPC concentrations used.  For both PBS and aprotinin treated A6 cells, the 2πfc increased 

linearly with respect to blocker concentration.  A linear regression of the data demonstrated that 

the apparent rate coefficients were not different (Figure 2-4 C).  The koff and kon were 242 +/- 

5.40 s-1 and 7.8 +/- 0.19 µM-1s-1 for PBS experiments (n = 8).  These constants were not 

significantly different in aprotinin experiments (n = 6) at 240 +/- 3.78 s-1 and 8.6 +/- 0.15 µM-1s-1 

respectively (p > 0.05).  The blocker dissociation constant Kd was 31.2 and 28.1 µM CDPC for 

PBS and aprotinin treated A6 cells respectively.  The biphasic dependence of So on blocker 

concentration and the linear dependence of 2πfc on blocker concentration, in PBS and aprotinin 

treated A6, is expected from a pseudo-first order blocker-ENaC reaction.  Consequently, only 

two concentration points were required to determine the blocking kinetics as well as the single 

channel parameters as previously described (82).  To avoid autoregulatory responses of INa to 

prolonged blocker-induced decreases in INa caused by cumulative increases in blocker 

concentration (1, 53, 183), a pulse-protocol approach was employed to measure the single 

channel properties. 

                                                 
1 The S0 values for the open to block transition can be expressed by rearranging equation 

(1) as 
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⋅⋅⋅= .  The S0 values clearly depend on the blocker rate coefficients kon 

and koff.  In addition, provided that i and N were constants with respect to B, the maximum value 

of S0 occurs at the blocker concentration, )/(2/1 konkoffBMax ⋅= .  The lack of a change in BMax 

in the absence or presence of aprotinin argues that the ratio koff/kon and hence the dissociation 

constant of the blocker was unaltered. 
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2.2.3 Single Channel Properties: Pulse Protocol 

To avoid blocker induced autoregulation of ENaC and to study the single channel properties of 

the same cells in control and aprotinin treated periods as well as measure reversibility of the 

aprotinin effect a pulse protocol approach was employed pulsing between 10 and 30 µM CDPC 

(82).  Typical PDS in control and aprotinin treated periods at 10 and 30 µM CDPC are shown in 

Figure 2-5.  The two CDPC concentrations were chosen because they were close to the So 

maxima as shown in the step protocol experiments (Figure 2-4), thus providing the highest signal 

for the Lorentzian component in the PDS while producing measurable changes in INa and 

significant changes in 2πfc.  Secondarily, 10 and 30 µM CDPC could be used in both the control 

and aprotinin periods because the blocker kinetics were identical in the absence and presence of 

aprotinin.  The INa, iNa, Po and No were measured before (control), while perfusing with aprotinin 

(aprotinin) and following removal of aprotinin from the apical side (washout) in 8 filters as 

illustrated in Figure 2-6.  The INa was 3.4 +/- 0.17 µA/cm2 under control conditions and was 

reduced to 1.4 +/- 0.17 µA/cm2 35 min. after addition of 10 µM aprotinin (p < 0.01).   

Following washout of aprotinin, INa recovered to control levels (3.2 +/- 0.11 µA/cm2).  

The recovery appears to be complete by 10 min. after washout as subsequent time points did not 

show further increases in INa.  The iNa was 0.46 +/- 0.037 pA in the control period, increased to 

0.70 +/- 0.069 pA (p < 0.05) 35 min. after addition of aprotinin and returned to 0.45 +/- 0.018 pA 

following removal of aprotinin.  The Po was 0.23 +/- 0.031 before aprotinin addition, approached 

a maximum of 0.41 +/- 0.075 (p < 0.05) 15 min. after aprotinin addition then returned to 0.23 +/- 

0.019 after removal of aprotinin.  The changes in No paralleled changes in INa with No of 8.03 +/- 

0.812 before, 2.26 +/- 0.523 (p < 0.01) after aprotinin addition and 7.21 +/- 0.445 million 

channels /cm2 following washout of aprotinin.  Since changes in INa cannot be explained by 

changes in iNa or Po, these changes must result from changes in NT as shown in Figure 2-7.  NT 

was 42 +/-  8.24 million channels /cm2 before aprotinin addition.  NT was reduced to 8.93 +/- 

3.35 million channels /cm2 after addition of aprotinin and returned to 34.4 +/- 5.42 million 

channels /cm2 following aprotinin washout. 
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Figure 2-5  Representative current spectral densities 
Typical current noise power spectral density in the absence (solid squares; 3.87 μA/cm2 INa) and presence 

(open squares; 1.67 μA/cm2 INa) of aprotinin are shown at 10 μM CDPC (A) and 30 μM CDPC (B).  Corner 
frequencies were 47.6 and 50.2 Hz (A); and 72.4 and 72.7 Hz (B) in the absence and presence of aprotinin 
respectively.  The solid lines represents the fit of the data to the sum of Lorentzian plus low frequency "1/f" noise. 
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Figure 2-6  Changes in single channel parameters with aprotinin addition 
(A) Summary of reduction in INa by aprotinin in the pulse protocol experiments.  INa of cells continuously 

perfused with a ringer solution containing 10 μM CDPC was measured at 10 min. intervals prior to addition of 
aprotinin (filled squares), then the cells were perfused with 10 μM aprotinin and INa measured at the indicated times 
(open squares) after which aprotinin was washed out (open triangles).  At 10 min. intervals, the CDPC 
concentration was pulsed to 30 μM and returned to 10 μM for analysis of blocker-induced fluctuations.  (B) 
Summary of changes in iNa following perfusion of aprotinin and washout.  The increase in iNa caused by aprotinin 
was significant (*p < 0.01) and reversible.  (C) Summary of changes in Po.  The increase in Po were significant (*p 
< 0.01) at 15 min. after perfusing with aprotinin and returned to the pre-aprotinin control values following washout 
of aprotinin.  (D) Summary of changes in No following aprotinin perfusion showed a significant decrease in No (* p 
< 0.01) that was completely reversed upon removal of aprotinin.  Values are reported as mean +/- SEM for n = 8. 
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Figure 2-7  NT calculated from Po No and Kd 
NT calculated from the Po and Kd decreased by ~ 80% following 35 min. of inhibition by aprotinin (open 

squares) compared to control conditions (solid squares).  Inhibition of NT was reversed following washout of 
aprotinin (open triangles) and returned to control values within 30 min. of washout. 

 

 

2.2.4 Relationship between single channel properties and INa 

To examine how the single channel properties change with INa we quantified their 

relationship to INa by linear regression analysis (Figure 2-8) using the experimental data set 

shown in Figure 2-6.  Because of the apparent differences in the relationship of the single 

channel properties to INa in the control, aprotinin and washout conditions we determined the 

regressions using data points in each condition.  The linear parameters are summarized in Table 

2-1.  The values of iNa versus INa in the control and aprotinin treated conditions are plotted in 

Figure 2-8.  Over the range of control INa (2.78 – 4.17 μA/cm2) iNa decreased with increases of 

INa (r = - 0.62).  The iNa also decreased with increases of INa (r = - 0.80) over the aprotinin INa 

range (0.87 – 2.08 μA/cm2).  However, the slope was ~ 3 fold steeper and the intercept ~ 50 % 

higher during the aprotinin treatment period compared to the control period.  No correlation was 

observed between iNa and INa during the wash condition (r = 0.02).  Plotted also are the Po values 

versus INa in the control and aprotinin treated conditions (Figure 2-8 B).  The Po also decreased 
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with increases of INa (r = - 0.46) in the control condition as well as in the presence of aprotinin (r 

= - 0.75).  In the presence of aprotinin the slope was ~ 4 fold steeper and the intercept increased 

by ~ 100 %.  No correlation was observed between Po and INa in the wash condition (r = - 0.17).  

We also plotted the No versus INa in the control and aprotinin treated conditions (Figure 2-8 C).  

We found that No increased with increases of INa in the control condition (r = 0.86).  This 

positive correlation remained in the aprotinin (r = 0.92) and wash conditions (r = 0.61) so that 

transport is determined primarily by changes of No in each condition studied. 

 

 

 
 

Figure 2-8  Relationship of Single Channel Parameters to INa 
Individual values of (A) iNa, (B) Po and (C) No under control conditions (filled squares) and during aprotinin 

treatment (open squares) plotted against INa.  The data points from the wash conditions have been omitted for 
clarity.  The lines are linear regressions to the control period data (solid line) and aprotinin period data (dotted line).  
The regressions for all three periods are summarized in Table 2-1. 
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Table 2-1  Dependence of the Single Channel Properties on the ENaC-mediated Na+ current 
“Intercept” and “Slope” are the linear parameters of the regression with regression coefficient r.  Brackets 

indicate the lower and upper bounds of the 95 % confidence interval of the estimated linear parameters.  The 
regressions are statistically significant (p < 0.025) except where stated otherwise.  a p > 0.05 

 

 

 

 r Intercept Slope 

  iNa  

  pA pA/(µA/cm2) 

Control -0.62 0.82 [0.61, 1.03] - 0.11 [- 0.17, - 0.05] 

Aprotinin -0.80 1.23 [1.03, 1.43] - 0.42 [-0.55, -0.28] 

Wash 0.02a 0.45 [0.14, 0.75] 0.00 [-0.09, 0.10] 

  Po  

   (µA/cm2)-1 

Control -0.46 0.49 [0.27, 0.71] - 0.07 [- 0.14, - 0.01] 

Aprotinin -0.75 0.99 [0.76, 1.22] -0.40 [-0.55, -0.24] 

Wash -0.17a 0.35 [0.07, 0.66] -0.04 [- 0.13, 0.06] 

  No  

  106  Channels/cm2 106 Channels/µA 

Control 0.86 - 5.86 [- 9.56, - 2.17] 4.01 [2.95, 5.07] 

Aprotinin 0.92 -1.84 [- 2.66, -1.03] 3.04 [2.49, 3.60] 

Wash 0.61 -0.24 [-4.43, 3.96] 2.28 [0.973, 3.58] 
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2.2.5 Single channel conductance (γNa), basolateral resistance (Rb) and membrane 

Hyperpolarization 

First, it is assumed that under a specific condition, such as in the control period, γNa, Rb and the 

transcellular Na+ electromotive force, ENa, are constants.  ENa measured in A6 cells in the same 

Ringer solution as used in the present studies averages 120 mV (81).  Second, it is assumed that 

under a given condition, the sample to sample variation in INa results from variation in apical 

membrane expression and activity of ENaC.  This assumption is based on the fact that INa 

strongly correlates with the apical conductance in examples of identically maintained A6 cells 

but no correlation was seen with the basolateral conductance (70).  Third, the apical membrane 

conductance is predominantly mediated by ENaC (81).  Under short-circuit conditions, the 

equivalent circuit (Figure 1-1 B) gives 

ba

Na
Na RR

EI
+

=  

Ra can be expressed in terms of INa as 

b
Na

a
a R

I
ER −=  

At the apical membrane 

aNaaa RIEV =−  

Since  

)( aaNaNa EVi −⋅= γ , 

NabNaNaNaNa IREi γγ −=  

2-19 

Therefore, for constant γNa, ENa and Rb, iNa decreases linearly with INa; with intercept 

γNaENa and slope γNaRb.  The regression of iNa versus INa (Figure 2-8, Table 2-1) can thus be used 

to estimate γNa and Rb.  These values are 6.8 pS and 16 kΩcm2. Ra, calculated as 1/(γNa•No), is 

19kΩ giving an Rcell = Ra + Rb of 35 kΩ.  The values of Rcell and Rb are close to previously 

reported values (81, 144).  Assuming constant γNa, the Ra increased under aprotinin treated 

conditions to 74 kΩcm2 with a parallel increase in Rb to 60 kΩcm2.  Based on the standard error 

on the slope and intercept and the error on the estimates of ENa (144) a change of >20% in Rb is 

considered significant.  This gives an average fractional apical resistance, fRa, of ~ 0.55 in both 
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control and aprotinin treated tissues.  Assuming Ea is constant, the apical membrane is 

hyperpolarized by ∆iNa/γNa = 30 mV.  Under short-circuit conditions Va = -Vb, therefore the 

basolateral membrane is also hyperpolarized by 30 mV.  This coupling of the apical membrane 

conductance to the basolateral membrane has been previously reported (42, 43, 144) and suggest 

that in some Na+ transporting cells therefore, apical membrane Na+ permeability changes alone 

may be inadequate to explain the Na+ transport rate changes.    

2.2.6 Cell surface expression of ENaC 

The above results indicate aprotinin decreases the number of active channels in the apical 

membrane.  To determine if this effect is also reflected in changes in ENaC apical membrane 

protein levels we performed cell surface protein biotinylation studies.  We biotinylated apical 

membrane proteins of A6 cells grown on permeable supports (75mm diameter).  Biotinylated 

proteins were recovered with streptavidin-agarose beads and we determined subunit density by 

Western blotting using specific antibodies to each of the ENaC subunits α, β, γ as described by 

Alvarez de la Rosa et al., (2002 and 2004), Gottardi et al., (1995), and Hanwell et al., (2002).  

Western blots were examined from A6 cells treated with PBS or 10 µM aprotinin for 1 hour, or 

cells treated with 100nM aldosterone for 6 hours.  There were two immunoreactive bands for the 

α subunit at 85 and 65 Kd, two for the β subunit at 115 and 100 Kd while one predominant band 

at 90 Kd was observed for the γ subunit.  As shown in Figure 2-9, quantification of the relative 

changes in apical membrane subunits indicated that aldosterone increased subunit density 2-4 

fold as previously reported by Alvarez de la Rosa et al., (2002).  In contrast aprotinin had no 

detectable effect on the cell surface density of any of the three ENaC subunits.  The results 

summarized in Fig. 2-9 represent 3 independent experiments.  Alvarez de la Rosa et al. (6) 

reported aldosterone increased cell surface expression of ENaC subunits proportional to an 

observed increase in ISC.  These results confirm that it is possible by biochemical methods to 

detect changes in NT and thereby INa when A6 cells are stimulated with aldosterone.  In contrast 

the large decreases in NT in the presence of aprotinin did not correlate with a biochemically 

detectable decrease in cell surface subunit density. 
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Figure 2-9  Cell surface abundance of ENaC subunits 
The effect of aprotinin and aldosterone on the relative abundance of ENaC subunits in the apical membrane of 

A6 cells.  A) A6 cells grown on permeable supports were treated either with PBS or 10 μM aprotinin for 1 hour or 
100 nM aldosterone for 6 hours.  Apical proteins were biotinylated and recovered with streptavidin-agarose beads.  
The recovered proteins were analyzed with antibodies against α, β and γ Xenopus ENaC subunits.  Representative 
Western blots are shown with the arrows indicating the migration of molecular mass standards.  B)  Mean of 
relative changes in apical membrane abundance measured by scanning densitometry and normalized to the control 
density.  The bars represent three independent experiments with error bars corresponding to ± SEM. 
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2.3 DISCUSSION 

Aprotinin is a 6.5 kD protein that is a potent and reversible Kunitz type inhibitor of several serine 

proteases including trypsin, plasmin and kallikreins (198).  The inhibition of Na+ transport by 

apical administration of aprotinin has been reported in toad urinary bladder (137), the A6 cell 

line (191), the mouse cortical collecting duct cell mpkCCD14 cell line (116), human bronchial 

epithelial cells (25, 49) and rat and mouse lung alveolar epithelial cells (147).  In all cases 

aprotinin inhibition of INa was much slower than the effect caused by the ENaC blocker 

amiloride.  Inhibition of INa by aprotinin was evident within 10 min. of addition and approached 

a non-zero nadir with time.  The inhibition was characterized by a time constant of ~18 min.  The 

plateau level of inhibition was concentration dependent with high affinity and a maximum 

inhibition of 70 to 80%.   The micromolar affinity reported here is consistent with measurements 

carried out on the urinary toad bladder (Orce et al., 1980).  The concentration dependence and 

time course suggests aprotinin inhibits a specific protease dependent pathway that regulates a  

large fraction of the epithelial Na+ transport.  The identity of this regulatory protease(s) is a 

matter of some conjecture.   

Kallikrein-like protease activity has been identified at the apical surface and in the apical 

medium of A6 cells forming a tight monolayer as well as from toad urinary bladder (95).  The 

kallikrein-like protease activity was inhibited by aprotinin at a concentration that inhibited Na+ 

transport in A6 cells and toad bladder (118).  Further, exogenous addition of trypsin and 

chymotrypsin have been shown to activate INa in epithelia pretreated with protease inhibitors and 

activate Na+ mediated currents in Xenopus oocytes expressing ENaC (25, 49, 116, 191).  Vallet 

et al., (1997), using expression cloning methods, identified a channel activating protease (CAP) 

from A6 cells that increased ENaC-mediated INa in Xenopus oocytes.  The mammalian 

homologue of xCAP1 is prostasin/hCAP1 and coexpression of prostasin with ENaC also 

increases Na+ mediated currents (3, 201).  Similar to the secretion of kallikrein-like proteases by 

amphibian renal cells, prostasin has been found to be secreted in an aldosterone regulated 

manner in rat urine (133).   Bikunin, a Kunitz type serine protease inhibitor with two Kunitz 

domains, has a submicromolar potency for inhibiting Na+ transport in human bronchial epithelia 
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(25) and this correlates with the nanomolar inhibition constant reported for aprotinin inhibition 

of prostasin enzymatic activity (167).  These findings support the idea that prostasin and CAP1 

are endogenous proteases that can regulate epithelial Na+ transport.  Consistent with this view is 

that RNA silencing of CAP1 was sufficient to inhibit INa in the CF15 airway epithelial cell line to 

the extent observed with aprotinin on A6 and HBE cells (188).  Expression cloning has identified 

two other such CAPs in mammalian renal cells that are capable of stimulating current in Xenopus 

oocytes co-expressing ENaC in an aprotinin sensitive manner (200).  Another possible protease 

that may regulate Na+ transport is the ubiquitous convertase furin, which modulated ENaC-

mediated currents in the Chinese hamster ovary expression system (86).  However furin is not 

inhibited by aprotinin; consequently, the aprotinin inhibition of INa cannot be attributed to a furin 

pathway of channel activation in A6 cells and human bronchial epithelia.  The relative 

importance of the individual proteases and the mechanism of their action in regulating Na+ 

transport are yet to be determined.   The studies reported here were designed to investigate the 

mechanism of action of aprotinin inhibition of epithelial Na+ transport and thereby how aprotinin 

sensitive proteases regulate Na+ transport. 

2.3.1 Single channel properties 

Using noise analysis we studied the apical Na+ channels in the presence and absence of aprotinin 

and found that the decrease in INa caused by aprotinin can be explained by a decrease in the 

number of open channels (No) and these effects of aprotinin were fully reversible upon aprotinin 

wash out.  In contrast, aprotinin caused both iNa and Po to increase and thus these changes cannot 

account for the decrease in INa.  The iNa averaged 0.45 pA under control conditions in the present 

study, which is similar to previously reported values in short-circuited A6 cells by noise analysis 

(7, 82).  Given the iNa of 0.45 pA under control conditions and a single channel conductance of 

4-6 pS for the highly selective Na+ channel in A6 cells (140, 151), a driving force of ~ 90 mV 

can be estimated for apical Na+ entry.  A 90 mV effective electromotive force for Na+ movement 

across the apical membrane has been reported in A6 cell monolayers with resistances and INa in 

the range that we have measured (70).  The average iNa presented here is therefore consistent 

with the characteristic driving forces across the apical membrane of A6 cell monolayers and the 

conductance of sodium channels.  Application of aprotinin to the apical bath caused a significant 
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increase in iNa.  Therefore, the inhibition of INa by aprotinin cannot be explained by changes in 

iNa.  By definition, No = NT*Po where NT is the number of electrically detectable or active 

channels gating between the open and closed states.  A decrease in No may arise from a decrease 

in NT or a decrease in Po of the active channels.  The Po of active channels at the apical 

membrane was measured and in the control condition averaged 0.2.  This value of Po is well 

within the range that has been measured by noise analysis and patch clamping for ENaC (80).  

With application of aprotinin the Po doubled.  The increase in Po would be expected to increase 

No; however, aprotinin causes a reduction in No.  Therefore, aprotinin inhibition of INa is 

explained by a decrease in NT (Figure 2-7).  The timing of the reciprocal changes in iNa and Po 

were not explicitly measured but it can be inferred that the time course for the changes in iNa and 

Po are similar to the time course for aprotinin inhibition of INa.  If the effects on Po, iNa or both 

occurred rapidly, a substantial initial rise, with a theoretical maximum of three-times the INa, 

would have been observed in the ISC traces.  Aprotinin caused Po to increase two-fold and iNa to 

increase from 0.45 pA to 0.69 pA.  Because INa = i • Po • NT,  INa should have increased three fold 

if NT remained constant in the presence of aprotinin.  An increase in the ISC was never observed 

with the addition of aprotinin.  Alternatively, if the effects on Po and iNa occurred later than the 

effect on inhibiting INa, then the ISC would pass through a nadir before rising back to the final 

plateau value, and this was also not observed.  Such biphasic effects resulting from rapid changes 

in Po and slower effects on No have been reported for inhibition of INa by inhibitors of 

phosphatidylinositol 3-kinase (144) but were absent in the present studies.  We are led to surmise 

that changes in iNa, Po and No occur concurrently with changes in INa. 

To further elucidate the relationship between INa and the single channel properties we 

examined the individual data points from our pulse-protocol experiments.  Considering the 

control conditions, we found a weak negative correlation between iNa and INa.  A negative 

correlation is expected because increased Na+ transport rates depolarize the cells reducing the 

electromotive force across the Na+ channels (20, 71).  The strength of the correlation is expected 

to be weak because the driving force across the apical membrane is variable due in part to a high 

variation in the basolateral resistance from one monolayer to another (70).  Following apical 

administration of aprotinin, the negative correlation between iNa and INa became stronger.  Such a 

correlation cannot explain the decrease in INa.  It however suggests that the effect on iNa is not 

simply due to the presence of aprotinin but follows the amount of inhibition of INa caused by the 
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presence of aprotinin.  It was found that a negative correlation occurs between the ratio 

INa
control/INa

aprotinin and iNa
control/iNa

aprotinin (data not shown) thereby confirming that inhibition of INa 

by aprotinin produces the steep inverse relationship seen in the presence of aprotinin.  In a 

similar manner, the Po from cells under control conditions showed significant variation but a 

weak negative correlation was evident.  This increasing Po with decreasing INa may be related to 

a previously reported hyperpolarization induced increase in ENaC Po (141, 142).  As observed in 

the case of iNa, with aprotinin treatment the negative correlation between Po and INa was 

intensified supporting the notion that the Po changes accompanies the decreasing INa and is not 

simply due to the presence of aprotinin.  For No, we found a strong positive correlation with INa 

both in the control condition and the in the presence of aprotinin.  Since the apical conductance 

has been shown to be strongly positively correlated with INa in A6 cells (70, 81) and the apical 

conductance is in large part given by the product of No and the single channel conductance, it is 

expected that under control conditions No would have a positive correlation with INa.  This 

correlation persists following treatment with aprotinin.   The decrease in INa following aprotinin 

treatment is only explained by a decrease in No that results from a decrease in NT. 

2.3.2 Mechanism of Apical-Basolateral Cross-talk 

It was shown that as the apical membrane conductance is decreased by aprotinin, there is also a 

decrease in the basolateral membrane conductance.  The data were consistent with previous 

results showing that increasing the apical resistance also increased the basolateral resistance.  

Although an effect of aprotinin on the basolateral resistance cannot be completely ruled out, 

many observations suggest a cross talk exists at least in the apical to basal direction.  First, 

amiloride dependent increase in the apical resistance results in simultaneous increases in the 

basolateral resistance from microelectrode studies of the toad bladder (42, 134).  In both cases, 

there was remarkably constant fRa despite significant inhibition of the apical membrane.  The 

increase in basolateral resistance can be explained to a large degree by inhibited K+ conductance 

of the basolateral membrane following amiloride inhibition of the apical membrane (43).  

Although the aprotinin results are consistent with the previous reports there is a significant 

difference between the time scales  (tens of minutes versus seconds) of the aprotinin experiments 
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(this dissertation) and the amiloride experiments (42) so that different mechanisms may be in 

effect.   

Assuming similar mechanisms are in effect, what connects the apical membrane to the 

basolateral membrane? There may be a direct electrical coupling if the basolateral membrane 

conductance is voltage sensitive.  There is an implicit voltage dependence if the basolateral 

membrane K+ conductance follows Goldman-Hodgkin-Katz (GHK).  However the voltage 

dependence due to GHK cannot explain 3 fold increases in Rb.  A voltage dependence of 

basolateral membrane K+ channel kinetics cannot be ruled out to explain the cross talk.  On the 

other hand changes in intracellular ions may be responsible for the cross talk.  It is known that 

the basolateral membrane of A6 cells have Na/Ca exhange that has a role in intracellular Ca2+ 

homeostasis (26).  Further, the intracellular Ca2+ concentration is raised/lowered by 

increasing/decreasing apical Na+ presumably mediated by changes in intracellular Na+ (24).  

Intracellular Ca2+ increases can stimulate basolateral K+ channels (34, 41, 47, 135).  An 

hypothesis that explains the coupling is that changes in intracellular Na+ caused by inhibiting 

ENaC may result in decreased intracellular Na+, increased Ca2+ efflux at the basolateral 

membrane mediated by the Na/Ca exchanger and decreased basolateral Ca2+ resulting in 

inhibition of basolateral K+ channels.  Other possibilities involve sensitivity of both the apical 

Na+ conductance and the basolateral K+ conductance to changes in intracellular pH (77).  Also, 

sensitivity of basolateral potassium channels to intracellular Na+ has been observed in the thick-

ascending limb of the renal nephron (143) so that Na+ influx could directly regulate basolateral 

K+ conductance.   

2.3.3 Mechanism of aprotinin inhibition of NT  

Out of several possible explanations for the decrease in NT, caused by aprotinin an intriguing 

explanation is that at the apical membrane there is a turnover of active channels into inactive 

channels in the presence of aprotinin.  The inactive channels can be considered to be “capped” 

while the active channels are “uncapped”.  Because multiple proteases have been shown to 

increase ENaC activity in a variety of systems in a manner dependent on their proteolytic 

activity, it is possible that ENaC is the substrate for proteolytic uncapping.  Alternatively, ENaC 

uncapping may occur through proteolysis of a closely associated ENaC regulatory protein, 
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proteolytic generation of a stimulatory ligand, protein-protein interactions of ENaC extracellular 

domain and the protease or through generation of intracellular 2nd messengers.  Activation of the 

trypsin receptor, protease activated receptor 2 (PAR2) does not stimulate ENaC (41) and ENaC 

activation is independent of PAR2 (37).  Furthermore, ENaC activation by serine proteases is 

independent of G protein coupled receptors in oocytes (37) and fibroblasts (29), yet to date all 

known PARs are G-protein coupled receptors.  There is no finding to support an intracellular 2nd 

messenger requirement for the protease mediated uncapping of ENaC.  Protein-protein 

interactions in the extracytoplasmic domain between the protease dipeptidyl aminopeptidase-like 

protein, DPPX, and neuronal A-Type K+ channels has been implicated in the redistribution of the 

neuronal channels from the ER to the plasma membrane as well as in the regulation of channel 

gating (129).  The function of DPPX is not associated with proteolytic activity; however it 

remains to be determined that the protease-like domain is required for DPPX channel regulating 

activity.  It is difficult to imagine that apically administered aprotinin is rapidly trafficked to the 

ER were it disrupts a possible DPPX-like interaction of ENaC with a serine protease or that once 

disrupted reconstitution and trafficking occur on the time scale observed with exogenous 

protease re-activation of aprotinin inhibited INa in epithelia cells.  Trafficking from a 

compartment closer to the apical membrane or direct activation by the protein-protein interaction 

may cause the uncapping event.  If aprotinin inhibits a protease dependent trafficking of ENaC to 

the apical membrane from intracellular pools, then the physical channel density is expected to 

decrease.  The quantitation of apical membrane ENaC subunits by cell surface biotinylation 

however shows that the steady-state density of α, β and γ subunits were unchanged in the 

presence of aprotinin.  Thus it appears unlikely that aprotinin mediates ENaC trafficking to alter 

steady-state sodium current in A6 cells.  Recent investigations suggest that the biochemically 

detected apical membrane protein subunit density may be 1-2 orders of magnitude greater than 

electrically detectable channels (7).  Although the aldosterone mediated changes in subunit 

density and ISC were both observed a similar correlation could not be observed for the aprotinin 

mediated changes in INa.  These results may mean aprotinin does not alter cell surface expression 

of ENaC subunit or that any changes are beyond the resolution of present biochemical methods.  

The high level of subunit protein at the apical surface would also impair the detection of 

proteolytically cleaved ENaC subunits.  



 48 

There is however some evidence to support the idea that uncapping may occur through 

proteolysis of ENaC.  A low apparent molecular weight form of the γ subunit immunoreactive 

band on Western blots was induced by aldosterone (123).  The new size was consistent with 

excision of an amino terminal region immediately after the first transmembrane domain.  

Aldosterone up-regulation of CAP1 (133) and subsequent ENaC cleavage may explain the 

observations by Masilamani et al. (123).  Molecular weight reductions attributable to proteolytic 

cleavages in α and γ subunits in MDCK cells expressing ENaC was recently reported and found 

critical for channel activity (86, 88).  In A6 cells, a fast and slow migrating α ENaC 

immunoreactive band has been reported with the fast form seen primarily at the apical membrane 

(6).  However, this fast migrating band form appears to result from the formation of stable 

disulfide bonds following maturation.  Although extensive processing of ENaC resulting in the 

change of the apparent molecular weight of its subunits have been observed, the data remains 

inconclusive as to whether ENaC is proteolytically cleaved in A6 cells and whether the cleavage 

results in the phenomenon we term uncapping.  Independent of the mechanism, protease 

mediated uncapping was apparently irreversible in oocyte studies suggesting that channels 

cannot be recapped (37).   

A simple hypothesis that explains aprotinin inhibition of INa is that endocytosis of uncapped 

channels (i.e., active channels) is responsible for the loss of current in the presence of aprotinin 

as aprotinin prevents the uncapping of capped channels (i.e., inactive channels) newly inserted 

into the apical membrane.  The half-life (11-17 min) measured for the α, β and γ ENaC subunits 

in the A6 apical membrane (6) is in good agreement with the time constant (18 min) for the 

decay in INa following administration of aprotinin.  Taking changes in INa as a measure of the 

changes in NT, the decrease is consistent with the retrieval of active channels from the apical 

membrane.  This implies that aprotinin prevents a constitutive replacement of active channels 

while retrieval of already activated channels continues leading to an apparent turnover of 

uncapped channels into capped channels.  If this notion is correct aprotinin should not cause a 

change in cell surface protein subunit density, an expectation consistent with the biotinylation 

studies shown in Figure 2-9.  However, much higher half-life values have been reported for 

ENaC subunits (>24 Hrs for α and γ, 6 Hrs for β) in the apical membrane of A6 cells (104, 204).  

The discrepancies in the measurements of ENaC subunit half-lifes at the apical membrane are yet 

to be resolved.  Since subunit half-life measurements do not necessarily correlate with the actual 
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half-life of an active channel, we emphasize that the remarkable agreement of the estimate of the 

time constant for the inhibition of INa by aprotinin with the biochemical half-life observed by 

Alvarez de la Rosa et al., 2002 provides a working hypothesis whereby we can test the 

requirement of trafficking in the regulation of ENaC by endogenous proteases.    

A protease mediated uncapping that increases the NT is at odds with recent findings that 

trypsin stimulates increases in “NPo” which is equivalent to No (29).  However, the increase in 

NPo was only demonstrated for channels with very low NPo resulting in 10 – 100 fold increases 

of NPo.  Inhibition by aprotinin did not reveal the presence of these 100 fold lower Po “near-

silent” channels.  If these very low Po channels were present in the absence or in the presence of 

aprotinin they probably contribute a very small fraction to the total INa.  If the near silent 

channels are present, they do not explain the aprotinin insensitive current and would not be 

detected in the presence of high Po channels remaining in the membrane.  From the perspective 

of transepithelial blocker-induced fluctuation analysis, the “near-silent channels if present are 

virtually inactive.  Consequently, the reduction of NT measured here is not inconsistent with a 

turnover of channels with high Po to near-silent channels in the presence of aprotinin.  However, 

our results suggest that the higher Po channels observed in the presence of aprotinin results either 

from functional heterogeneity of the Na+ channels in the apical membrane or from compensatory 

increases in the Po of active channels remaining in the membrane. 

2.3.4 Effect of channel heterogeneity on measured Po and NT 

If it is presumed that aprotinin’s effect is mediated by CAP1 and that CAP1 may be mimicked by 

exogenous trypsin, the effect on NT measured here is at odds with reported instances of CAP1 

and trypsin increasing the Po of ENaC (29, 191).  In one instance, the Po was calculated by 

estimating the number of open channels via dividing the whole cell current by the single channel 

current and then dividing this estimate by the estimated number of channels obtained from 

subunit labeling.  This approach invariably gives in absolute terms very low Po values of 0.004 to 

0.014 (58).  CAP activation of current would imply that the Po increases, at the most, to just 0.04 

to 0.14 (200).  Measurements of ENaC Po by single channel analysis with and without CAP 

activation averaged 0.4 despite three-fold increases in INa (3).  In the second instance, single 

channel measurements show that trypsin increased the Po from very low values of 0.02 to ~ 0.6 
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(29).  A possible explanation for the discrepancies is that CAP1/trypsin activates low Po channels 

but has no effect on high Po channels.  This will result in measurement of changes in NT if a 

population of high Po channels persists after conversion of some channels to the low Po form 

when aprotinin is present.   

In the experiments we have assumed a homogenous channel population with identical Po.  

Next we consider the effects on the calculated Po and NT from noise analysis if the channels form 

a heterogeneous population.  For simplicity, it is assumed that channels can be found at either a 

fixed high Po (Po
H = 0.5) or a variable Po (Po

V).  The fraction of channels with Po
V is F.  The 

blocker dependence of INa is then given by: 
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where B is the blocker concentration and Kd the dissociation constant from the 2πfc versus 

concentration plot.  The values of INa from equation 2-20 are determined for a range of F and Po
V 

and at the blocker (CDPC) concentrations (10 and 30 µM). Using these values, we plot the Po 

calculated from equation 2-17 and NT (normalized) from equation 2-18 for some values of Po
V 

and F (Figure 2-10).   

To illustrate the effect of channel heterogeneity on the open probability derived from 

noise analysis we consider examples, from the literature, of patch clamp analysis of ENaC 

showing measurements of high Po channels and low Po channels but no intermediate Po channels 

were observed.  The first example comes from measurement of the effect of aldosterone on the 

single channel properties of ENaC in A6 epithelial cells.  Here withdrawal of aldosterone 

resulted in a time-dependent decrease in INa; however, the measured Po did not decrease 

gradually but rather abruptly and did not track exactly with t decrease in INa.  A decrease in Po 

(from 0.3 to 0.04) was not observed until INa was reduced by 70%  (100).  Afterwards, no further 

decreases in Po were measured despite continued decreases in INa.  From these results it is 

possible that the change in Po resulted not from gradual changes affecting all the channels 

simultaneously but instead from inter-conversion between high Po and low Po channels.  The 

values Po
H = 0.3 and Po

V = 0.04 were chosen to determine the effect on measured Po as F 

increases as shown in (Figure 2-10 A).  It is observed that measured Po was a maximum (0.3) for 
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F = 0 and a minium (0.04) for F = 1.  Between these extremes, only small decreases in measured 

Po can be observed until a large fraction of channels have been converted.  For instance, only a 

13% decrease in Po is measured for a 50% conversion and a 50% decrease in Po requires a 85% 

conversion of high Po to low Po channels.  This possibility may also partly explain apparent 

differences observed between single channel and noise analysis measurements of the effect of 

aldosterone on Po and NT in A6 cells.  Single channel studies indicate that aldosterone 

dramatically increases the Po (100) in A6 cells whereas noise analysis indicates in increase in NT 

(82).  

The second example is from protease treatment of membrane patches form fibroblasts 

expressing ENaC.  The protease treatment led to an increase in single channel Po from 0.02 to 

0.57 (29).  Yet, protease treatment did not yield such vast increases in whole cell INa suggesting 

that a fraction of channel had the low Po which could be increased by trypsin whereas others had 

relatively high Po (Dr. Caldwell, Seminar 2005).    Using a Po
H = 0.5 and Po

v = 0.02, a plot of 

measured Po versus F (Figure 2-10) shows an even greater tendency of the measured Po to remain 

unchanged despite significant increases in F.  For example, a 50% decrease in Po is measured 

only when F is greater than 95%.  For such a case, noise analysis primarily attributes the changes 

in INa to changes in NT. This possibility may partly explain apparent differences observed 

between single channel and noise analysis measurements of the effect of aldosterone and 

aprotinin on Po and NT in A6 cells.  Single channel studies had previously indicated that 

aldosterone dramatically increases the Po in A6 cells (100) whereas noise analysis previously 

indicated an increase in NT (82). 

Next we examine the effect of changing Po
V on the measured Po when F is held constant.  

As shown in Figure 2-10 B, if F is 0.9, then as Po
V decreases, the measured Po also decreases 

until a minima is reached at Po
V = 0.1.   Then further decreases in Po

V results in increasing the 

measured Po towards 0.5.  This implies that there is a range of Po
V for which noise analysis can 

measure decreases in Po.  For instance decrease of measured Po to 0.25 implies a decrease of Po
V 

to 0.2.  For this range only small changes in NT are measured (1 to 0.9).  However, for further 

decreases in Po
V, measured Po is expected to increase and significant decreases in NT can be 

observed.  For example, when Po
V drops to 0.02, the measured Po is 0.33 and NT drops to 0.25.  

In other words, if the conversion of a large fraction of channels occurs from Po of 0.5 to 0.2 a 

decrease in measured Po is expected from noise analysis; however, if the decrease is to a much 
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smaller value (e.g 0.02) a change in NT is to be expected.  A plot of the effect of changing both 

Po
V and F on measured Po and NT is shown respectively in Figure 2-10A and B.  It shows that 

when F is 1 the measured Po changes linearly with Po
V and the measured NT is constant.  As F 

gets smaller, Po varies in a biphasic manner with Po
V starting with an initial decrease (from Po

V = 

0), a minimum and an increase.  NT is no longer perfectly constant but rolls off to value of 1 – F 

as Po
V gets smaller.  It can be observed that if aprotinin addition caused a shift in the open 

probability of 90 % of the channels (F = 0.9) from a starting value 0.5 with the rest of the 

channels having Po
H = 0.5, a decrease in Po will be calculated if the drop is not too extreme.  For 

extreme decreases, or for changes in a smaller fraction of channels (F = 0.5) minimal shifts in 

calculated Po will occur.  However, a change in the Po
V of a small fraction of channels will only 

cause a significant effect on current if that change is extreme.    

From the preceeding discussion our results are not consistent with a uniform decrease in 

Po of all the channels.  Our results are also not consistent with an intermediate decrease of the Po 

of a significant fraction of the channels (which will result in measured decrease of the Po).  But 

our results are consistent with a partitioning of a fraction of channels from high Po to very low 

Po; or with a decrease in NT, which is essentially partitioning of a fraction of the channels from 

high Po to a Po of zero. In either the case of protease regulation or aldosterone regulation, some 

functional heterogeneity is suggested by the different measurements obtained from noise analysis 

and single channel patches. 

The difference in the current measured at the two blocker concentrations is critical for 

noise analysis.  This difference becomes very small proportionally to the zero blocker current as 

Po decreases.  A Po of 0.02 will result in a 1% difference in measured current between 10 and 30 

µM CDPC.  As moment to moment variation of 1% is evident in the short-circuit current records, 

such a small difference is not useful for calculating the Po.  Measuring such low Po will require 

the use of an extended blocker concentration difference that still permits accurate determination 

of the Lorentzian in the power density spectra.  Blockers may have to be optimized specifically 

for this purpose.       
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In conclusion, our data suggests that there is an aprotinin sensitive protease in the apical 

membrane that serves to uncap newly inserted inactive ENaC channels.  It remains of interest to 

show whether the size of the uncapped (active) channel pool is regulated by direct proteolytic 

activation of apical membrane channels or via the proteolysis of co-protein(s) that in turn 

regulate channel activity.  The possible involvement of intermediate second messengers in the 

protease-mediated regulation of ENaC channels will also require further investigation. 
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Figure 2-10  Effect of channel Po heterogeneity on measured parameters 
A)  Plot of the expected Po (left) and NT (right) from noise analysis giving the heterogeneity described by F, 

the fraction of channels having variable Po (Po
V) with respect to the channels having fixed high Po

H.  These are 
plotted for Po

H = 0.3 and Po
V = 0.04 from Kemendy et al (1992) as well as for a second set of values from Caldwell 

et al. (2004) where Po
H = 0.5 and Po

V = 0.02.  The drop in calculated Po from noise analysis is not linear and is 
delayed until a large fraction of channels have converted and the delay increases with smaller values of the Po

V.  
During this delay, NT measurement shows significant decreases (see section 2.3.4 for details).  B)  A plot of 
calculated Po (left) and NT (right) from noise analysis versus Po

V based on Po
H = 0.5 and F = 0.5 and 0.9.   As Po

V 
decreases, decreases in the calculated Po are observed whose extent depends on F until a nadir whereupon calculated 
Po increases towards Po

H.   Thus for decreases in Po
V to values less than 0.1 for present example the calculated Po 

remains unchanged or increases dependending on the starting point.  Whereas small decreases in Po
v will not appear 

as significant changes in NT, decreasing Po
V to very small values will result in large decreases in the calculated NT.  

The plots in A and B, correspond to families of curves that gives a surface plot for measured Po and NT versus Po
V 

and F.   
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3.0  PROTEASE ACTIVATION VIA THEGAMMA-SUBUNIT 

The regulated transepithelial transport of Na+, critical for maintaining body fluid homeostasis in 

terrestrial organisms, is attributable to the expression of the heteromeric epithelial Na+ channel 

(ENaC) (65).  ENaC consists of α, β and γ subunits (31, 126).  It was previously observed that 

exogenous aprotinin, a serine protease inhibitor, inhibited Na+ transport in cortical collecting 

duct cells from the kidney (118, 132, 137, 191, 200) and human bronchial epithelial cells from 

the lung (25).  Epithelial derived serine proteases such as the channel activating proteases  

(CAPs)  and prostasin activated ENaC-mediated Na+ transport when co-expressed in Xenopus 

oocytes (49, 191, 200).  The ability of some of these proteases, CAP1 (whose human homologue 

is prostasin), to increase Na+ transport in the co-expression studies was inhibited by aprotinin.  In 

addition to the CAPs, which represent endogenous proteases, ENaC-mediated Na+ transport can 

also be activated by exogenous trypsin, chymotrypsin and neutrophil elastase and cathepsin G 

(28, 37). 

The notion that protease activation of Na+ transport results from cleavage of ENaC arises 

from the correlation between the appearance of cleaved forms of the α and γ subunit and the 

measured ENaC activity.  First, salt restriction or aldosterone infusion (stimuli for increasing Na+ 

reabsorption in the kidney) were associated with the appearance of a lower molecular weight γ 

subunit in the rat cortical collecting duct while control rats had only the heavier γ subunit (123).  

Two molecular weight species of the α and γ subunit were found in whole rat kidneys where up-

regulation of Na+ transport in collecting duct cells correlated with preferential increase of the 

lower molecular γ subunit and decrease of the higher molecular weight species (54) suggesting a 

conversion.  Aldosterone up-regulation of prostasin in the cortical collecting duct cells (133) may 

generate the γ subunit cleavage.  Further, preventing internalization of ENaC in epithelial cells 

heterologously expressing ENaC increased the lower molecular weight isoforms of the α and γ 

subunits at the apical membrane which correlated with decreased sensitivity to exogenous trypsin 
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activation (105).  Second, mutation of the furin cleavage consensus sequences found in the α and 

γ subunits prevented endogenous cleavage of these subunits and reduced Na+ transport rates (86).   

The single channel studies by Caldwell et al.  provided evidence that exogenously added 

serine proteases could activate the channel by direct proteolysis (28, 29).  These results suggest 

that proteases can directly bind to the channel and induce activation by cleavage.  Based on the 

observation that trypsin and human neutrophil elastase could maximally activate silent channels, 

we tested the hypothesis that proteases directly interact with ENaC causing activation of Na+ 

transport in a model epithelial cell by site-directed mutagenesis and analysis of the kinetics of 

current activation.  Using related proteases neutrophil elastase and porcine pancreatic elastases as 

well as thrombin we show that specific protease interactions with ENaC must occur in a segment 

of the γ subunit.    

3.1 MATERIALS METHODS 

3.1.1   Construction of human α, β, γ ENaC tricistronic expression vector and site-

directed mutagenesis. 

The hENaC plasmid was obtained from Dr. Cheng (Rosalind Franklin University).  

Briefly, the human α, β, and γ ENaC subunit cDNAs were isolated from human lung epithelial 

cells.  All three cDNA sequences were identical to the sequence reported by McDonald et al., 

1994 and 1995 (accession numbers L29007, L36592 and L36593).  The α cDNA was subcloned 

into pECFPN1 and a stop codon introduced at the 3’ end of the α subunit to prevent the 

expression of the CFP.  The β and γ subunits were subcloned into the pEGFPN1 vector 

(Clontech, CA) to obtain pEGFPN1/β and pEGFPN1/γ.  Appropriate start and stop codons were 

inserted to allow for the expression of the β and γ subunits without the C-terminal expression of 

EGFP.  The DNA fragments from pEGFPN1/β and pEGFP/γ vectors comprising the CMV 

promoters and the subunit cDNA without the GFP sequences were isolated and then subcloned 

into pECFPN1/α to generate a 13.4 kb tricistronic hENaC vector shown in  
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Figure 3-1.  The important features of this ENaC tricistronic vector are that all three 

ENaC subunits are arranged in tandem and expression of each subunit is under an independent 

CMV promoter allowing for the separate expression of each subunit without the expression of 

ECFP or EGFP.   

Site-directed mutagenesis was performed using Quick Change II XL (Stratagene) for 

single amino acid substitutions.  Briefly, 28-33 bp long oligonucleotides containing the 

substituted nucleotide bases for changing the amino acids were synthesized as forward and 

reverse primers overlapping the base to be mutated.  PCR using the hENaC template is carried 

out with the primers and the subsequent reaction digested by Dpn I to remove methylated 

template DNA.  Top10® competent E. coli are transformed and plated.  Usually, plasmid DNA 

is obtained from several colonies and checked by digestion with Xho I (New England Biolabs).  

DNA properly digested into three fragments by Xho I is sent for sequencing.  Overlap PCR was 

performed using PhusionTM high-fidelity DNA polymerase (Finnzymes) to introduce a human 

thrombin cleavage site (LVPRG) by multiple contiguous substitutions in the γ186-190 sequence of 

hENaC.  Overlapping fragments were synthesized by PCR with forward and reverse primers 5’-

CTCGTGCCAAGAGGCTCAAATGTCATGCACATCGAGTCC-3’ and 5’-

GCTCCTCAGCAGAATAGCTCATGTTGATTTTCTTCTCC-3’.  A second set of forward and 

reverse primers, 5’-CTGCAGGCCACCAACATCTTTGCACAGGTGCCACAGC-3’ and 5’- 

GCCTCTTGGCACGAGCAACATCTTTGCACAGGTGCCACAGC -3’, containing Sbf I and 

BbvC I restriction sites were used in a second round of PCR to yield the blunt end product that 

was subcloned into the pCR® 4Blunt-TOPO® vector (Invitrogen), digested with Sbf I/BbvC I and 

ligated to the appropriate Sbf I/BbvC I digest fragment of hENaC.  The sequences of all 

mutations were verified by DNA sequencing.   
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Figure 3-1  Tricistronic ENaC Vector 

 

 

3.1.2 Cell culture and transfection 

Fisher rat thyroid (FRT) cells were grown  in sodium bicarbonate buffered Hams’s F-12 media 

(Sigma, St Louis MO)  modified with 10% FCS (Hyclone), 100 U/ml penicillin  and 100 U/ml 

streptomycin at 370 C and 5 % CO2 as previously described (164).  The cells were expanded in 

plastic tissue culture flasks.  Confluent monolayers were stably transfected with hENaC or 

mutant plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad CA) and Opti-MEM media 

(GIBCO BRL Baltimore, MD) as described by the manufacturer’s instructions and selected with 

G418 (500 µg/ml; GIBCO).  The selected cells were fed with media containing 50 µM amiloride.      

FRT cells were seeded onto permeable tissue culture inserts (Transwell Clear, 0.4 µM pore size, 

6 mm diameter, Corning) and fed three times a week with or without supplementation with 

dexamethasone (30 nM) or aldosterone (30 nM).  The cells matured for at least 10 days and 

amiloride was removed from the feeding media two feeding cycles before short-circuit current 

measurements.  
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3.1.3 Short circuit current (ISC) measurements 

Current measurements were carried out 10 to 14 days after seeding.  The epithelial cell 

monolayers were studied by placing the Transwell tissue culture inserts into Costar Ussing 

chambers with apical and basolateral bathing solution containing (in mM) 120 NaCl, 25 

NaHCO3, 3.3 KH2PO4, 0.8 K2HPO4, 1.2 MgCl2, 1.2 CaCl2 and 10 glucose as previously 

described (25).  The apical and basolateral solutions were continuously circulated with a gas lift.  

The pH of the solution was 7.4 at 37o C when gassed with a mixture of 95 % O2: 5 % CO2.  The 

monolayers were continuously short-circuited with a voltage clamp (Department of 

Bioengineering, University of Iowa, Iowa City, IA) and transepithelial resistance was monitored 

by periodically applying a 4 mV bipolar pulse and calculating resistance from the current 

change.  The amiloride-sensitive ISC (INa) obtained from the difference in current with and 

without amiloride (50 µM) in the apical bath, was taken as a measure of ENaC-mediated 

electrogenic Na+ transport.  The amiloride insensitive current was minimal (< 5% of the baseline 

ISC).  The proteases trypsin (Sigma), human neutrophil elastase (NE; EPC, Owensville, MO), 

porcine pancreatic elastase (PE; EPC) and human alpha thrombin (TH; Sigma) were added to the 

apical bath and mixed by rapid pipetting with a transfer pipette.   

To observe significant and reproducible protease activation it was necessary to pre-treat 

the cells with the serine protease inhibitor aprotinin.  Many epithelial cells appear to have 

constitutive activation of Na+ transport which can be inhibited by aprotinin in a time-dependent 

manner and the transport rate rapidly reverts to control levels upon addition of  exogenous 

trypsin (25, 191).  The slow time dependence of inhibition and rapid reversal by aprotinin 

suggests that in the presence of aprotinin active channels are continually retrieved or degraded 

whereas newly inserted channels were not activated.  This pool of newly inserted channels can 

then be activated by exogenous proteases.  The time course of aprotinin inhibition of current in 

mammalian airway cells has a half-life of ~ 45 min (4, 25).  To ensure maximal inhibition for all 

constructs examined in experiments involving pre- protease inhibition, the protease inhibitor, 

aprotinin (10 µM; Sigma) or a vehicle control (PBS) was added to the apical surface of the 

monolayers overnight as previously reported (191) in the modified Ham’s F-12 media and 

remained in the apical bath solution during ISC measurements    The proteases, the protease 

inhibitor aprotinin, and amiloride had no effect on ISC in untransfected FRT cells.   
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3.1.4 Data Evaluation and Analysis 

The effects of the proteases were assessed in two ways.  First, steady-state INa was assessed 

before protease addition (baseline INa), then after the INa   reached a steady-state 20-30 min. after 

addition of NE, PE or TH (IPR).  Trypsin was then added in excess over the aprotinin 

concentration to obtain ITryp.  To compare the effects of NE, PE and TH to that of the maximum 

effect of trypsin we used the ratio IPR/ITryp and the normalized value ∆IPR
Norm where ∆IPR

Norm = 

(IPR – baseline INa)/(ITryp- baseline INa).  Second, following addition of NE, PE or TH the time 

course of the ∆IPR
Norm in each experiment was analyzed according to two reactions.  The first 

reaction is shown in equation 3-1 below.  

A
k
kEC

off

on →←+  

3-1 

The quantity C is the inactive channel at the membrane, E is the added enzyme concentration and 

A is the channel activated by proteases.  The rate coefficients kon and koff have their usual 

meanings.  The differential equation from equation 3-1 is:  

( ) AEkkCEkA
dt
d

onoffon )(0 +−⋅=
 

 3-2 

                        

Under the assumption that the enzyme concentration is constant due to being in excess and no 

autolysis the differential equation is solved to yield exponential functions in time that can be 

fitted to the whole time course of current activation (Appendix ).  The time courses for individual 

experiments were fitted using Matlab (The Mathworks, Natick MA) to equation 3-3. 

( )τ/1)()( tNorm
PR

Norm
PR eItI −−∞∆=∆  

3-3 

A linear term was added to equation 3-3 to account for long time decreasing trend in the current 

records.  The reciprocal of the time constant τ was taken as a measure of the apparent relaxation 

rate constant kobs.  It is shown in the Appendix that the kobs is given by 
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Ekkk onoffobs +=  

3-4 

The second reaction is of the form shown in equation 3-5.  

ACE
k
kEC catk

off

on ⎯→⎯→←+  

3-5 

The differential equations from equation 3-5 are  

( ) AEkCEEkkkCEkCE
dt
d

ononoffcaton ⋅−⋅++−⋅= )(0  

3-6 

( ) CEkA
dt
d

cat ⋅=  

3-7 

The koff  and kon have their usual meanings and kcat is simply used to express a rate limiting 

enzyme concentration independent step.  It is shown in the appendix that the time course of 

activation can be approximated also by equation 3-3 but here the kobs is given by equation 3-8: 

EK
Ekk

M

cat
obs +

=  

3-8 

where,  

on

catoff
M k

kk
K

+
=  

Linear and non-linear regression analysis of the kobs versus enzyme concentration was carried out 

in OriginPro (OriginLab, Northampton MA). 

3.1.5 Matrix-assisted Laser Desorption Ionization-Time of Flight Analysis 

(MALDI-TOF) 

The sites of cleavage by NE and PE were searched by MALDI-TOF mass spectrometry on a 23-

mer peptide designated peptide T176-S198 (Ac-TGRKRKVGGSIHKASNVMHIES-NH2) and 

corresponding to the amino acid sequence T176 to S198 of the γ subunit of ENaC.  Enzymatic 
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digestions were performed at 37oC with NE and PE at final enzyme concentration of 200 nM and 

peptide T176-S198 at 200 µM in 200 mM Tris acetate, pH 7.4.  Following the incubation period, 

20 µl of the reaction was quenched by lowering the pH to 3 with addition of 20 µl of 0.5 % 

trifluoroacetic acid (TFA).  The reaction without and with the enzymes were submitted to 

MALDI-TOF measurements.  A ZipTip C18 solid-phase extraction sorbant (Millipore, Bedford 

MA) was washed with 10 µl of acetonitrile/water (1:1, v/v) and then equilibrated with aqueous 

0.1% TFA.  Peptide samples acidified with 5% aqueous TFA to enhance peptide retention on the 

stationary phase of the C18 sorbant were loaded onto the tip and eluted with 0.1% TFA in 

acetonitrile/water (1:1, v/v).  The matrix solution was prepared by dissolving 10 mg of cyano-4-

hydroxycinnamic acid in 1 ml of acetonitrile/water (1:1, v/v) containing 0.1% TFA.  0.5 µl of the 

matrix solution was mixed with 0.5 µl of peptide solution.  About 0.5 µl of the mixture was 

deposited onto the MALDI stage and air-dried.  Positive ion MALDI-TOF Mass spectra were 

acquired on an Applied Biosystems (Foster City, CA) Voyager DE-Star mass spectrometer 

operated in reflector mode.  Following time-delayed extraction, the ions were accelerated to 20 

kV for TOF analysis.  A total of 100 laser shots were acquired and signal averaged per spectrum. 

3.1.6 Statistics 

Effects of the proteases on steady-state INa within a given construct were determined using 

unpaired double sided t tests of (1) INa at baseline versus IPR or ITryp and (2) IPR  versus ITryp.  

Comparison of the ratio∆IPR
Norm and τ across multiple mutants were carried out with one way 

ANOVA followed by individual comparisons versus wild type ENaC using the Bonferroni 

corrected t- test. in Origin .  P < 0.05 was considered significant.   
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3.2 RESULTS 

3.2.1 Expression of ENaC-mediated Na+ transport in FRT cells and regulation by 

corticosteroids and protease 

FRT epithelial cells stably transfected with the α, β and γ human ENaC subunits in a single 

tricistronic vector (hENaC) had an ISC that was blocked by addition of amiloride (50 µM) to the 

apical side (Figure 3-2 A and B).  The magnitude of the amiloride-sensitive ISC (INa) averaged 3.4 

± 0.12 µA/cm2 ( n = 11) and is similar to what has been typically observed by transiently 

transfecting FRT cells simultaneously with the three ENaC subunits in separate plasmids (171).  

Untransfected cells had no INa.  The transepithelial epithelial resistance (RT) averaged 1.2 ± 0.13 

kΩ•cm2.  Feeding the cells in media supplemented with either aldosterone (30 nM) or 

dexamethasone (30 nM) for 72 hrs or more before short-circuiting significantly increased INa 

with no increase in the amiloride insensitive ISC..  Aldosterone induced a 1.5-fold (n = 7) increase 

in INa while dexamethasone induced an 8-fold (n = 11) increase in INa (Figure 3-2 B).  The half 

maximal inhibitory concentration (Ki) for amiloride was 570 ± 86 nM with a maximal inhibition 

of 96 ± 1.2%.  Transepithelial resistances were 0.9 ± 0.13 and 1.1 ± 0.08 kΩ•cm2 in aldosterone 

and dexamethasone treatments respectively after the addition of amiloride.  To determine 

whether proteases regulate Na+ transport in FRT cells stably expressing hENaC, the effect of 

exogenously added trypsin and protease inhibitor were examined.  The cells were first pre-

incubated either with the protease inhibitor aprotinin (10 µM) or a vehicle control (PBS) on the 

apical side for 16 to 24 hrs.  The cells that were pre-incubated with aprotinin had decreased INa 

compared to cells pre-incubated with PBS.  During short-circuiting addition of trypsin (15 µM) 

to the apical bath, in a 5 µM excess over the aprotinin concentration, caused no statistically 

significant increase in the INa of PBS pre-incubated cells (3.9 ± 0.87 to 4.5 ± 1.03 µA/cm2; n = 

11) but significantly increased INa in aprotinin pretreated cells.  The baseline INa in the aprotinin 

pretreated cells was 3.1 ± 0.68 and the maximal INa after addition of trypsin (ITryp) was 5.9 ± 0.68 

µA/cm2 (n = 12).  No differences were found in the plateau current observed between PBS and 

aprotinin treated cells following addition of trypsin.  Thus, in the presence of aprotinin trypsin 

addition causes an increase in current whereas in the absence of aprotinin trypsin addition does 

not result in a significant increase in current.  Consequently, aprotinin unmasks a portion of INa 
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that can be regulated by extracellular protease activity similar to the previously reported effects 

of aprotinin and trypsin.  The absolute values of the aprotinin and trypsin effects on INa were 

greatly enhanced in dexamethasone treated cells but displayed the same qualitative pattern 

(Figure 3-3, A and B).  As already noted dexamethasone treatment greatly increased the INa.  

Trypsin did not significantly increase INa in PBS pretreated dexamethasone stimulated cells 

where INa was 37.1 ± 1.66 µA/cm2 before trypsin and 39.6 ± 1.96 µA/cm2.  Pretreatment with 

aprotinin caused a 50% decrease in the baseline INa to 21.3 ± 0.8 µA/cm2 and in these aprotinin 

inhibited cells trypsin doubled the INa to 40.8 ± 2.09 µA/cm2 (Figure 3-3 A and B).    Because the 

dexamethasone stimulated hENaC expressing FRT cells gave a more robust and reproducible INa 

and the protease regulatory pattern persists in dexamethasone treated cells, dexamethasone 

treated cells were used in the remainder of the study. 

3.2.2 Sub-micromolar neutrophil and porcine elastase activate ENaC in FRT cells 

It was previously shown that, like trypsin, human neutrophil elastase (NE) can activate ENaC-

mediated Na+ current (28).  We examined the effect of NE and porcine pancreatic elastase (PE), 

a similar elastase (13, 189), on the ISC in FRT cells expressing ENaC.  Elastase is not inhibited 

by aprotinin (13, 136) therefore an excess over the aprotinin concentration was not required to 

stimulate INa.  Addition of NE (300 nM) or porcine elastase (300 nM) to the apical side of FRT 

cells expressing ENaC had no effect on cells pretreated with PBS (Figure 3-4).  Similar to the 

effects of trypsin NE and PE increased the ISC in cells that were pre-treated with 10 µM aprotinin 

(Figure 3-4).  The rise in the ISC following elastase addition occurred over a 5 min period and 

increased to a plateau value equal to the baseline ISC of uninhibited cells that were pre-incubated 

with PBS.  Addition of trypsin subsequent to NE or PE did not further increase the ISC in either 

PBS treated or aprotinin treated cells.  Thus, trypsin, NE or PE were sufficient to increase ISC in 

aprotinin inhibited cells back to the values observed in control PBS treated cells.  Trypsin did not 

significantly increase the INa after NE or PE stimulation of aprotinin inhibited cells, consequently 

the maximal protease stimulation was not additive. 
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Figure 3-2  Expression of ENaC and corticosteroid stimulation of Na+ transport in 

FRT cells 

FRT cells stably transfected with the tricistronic vector containing the α, β and γ human ENaC subunits 
were short-circuited in Ussing chambers with symmetrical NaCl, NaHCO3 buffered ringers.  (A) Representative 
current traces of unstimulated (Ctrl), aldosterone (30 nM) and dexamethasone (30 nM) stimulated cells.  The vertical 
deflections are current responses to 4 mV bipolar pulses for monitoring transepithelial resistance.  Amiloride (50 
μM), was added to the apical side for the indicated period (bars) to determine INa, the amiloride-sensitive component 
of the ISC.  (B)  Summary of the amiloride-sensitive INa (mean ± SEM; N = 7 - 11). 
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Figure 3-3  Na+ transport regulation by aprotinin and trypsin in FRT cells 
(A) Representative ISC traces in FRT  cells expressing ENaC, pre-incubated with and kept in vehicle (PBS) 

control or aprotinin (APR; 10 μM) during short-circuiting as indicated by the bars.  Also shown are traces from cells 
pre-stimulated with dexamethasone (30 nM).  Trypsin (15 μM) and amiloride (50 μM) were added to the apical side 
as indicated (horizontal bars).  (B)  INa (mean ± SEM, N = 11 - 17) before (open bars) and after (solid bars) addition 
of trypsin in PBS pre-incubated cells and aprotinin pre-incubated cells without or with dexamethasone stimulation as 
indicated.  *P < 0.05 by Student’s t test comparison of INa at baseline and after addition of trypsin (ITryp). 
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Figure 3-4   Elastase mediated activation of ENaC in FRT cells 
(A, C) Representative ISC in FRT cells expressing ENaC that were either pretreated with PBS.  (B, D)  

Representative ISC of cells pretreated with 10 μM aprotinin.  (A, B)  NE (300nM) or (C, D) PE (300 nM) was added 
to the apical bath of short-circuited cells.  Trypsin (15 μM) and amiloride (50 μM) were subsequently added to the 
apical baths in all experiments as indicated (horizontal bars).  (E) INa (mean ± SEM, N = 16-24) before (open bars), 
after 300 nM of NE or (F) PE (stripped bars) and after 15 μM trypsin (black bars).  *P < 0.05 in student’s t tests of 
baseline INa and after NE or PE addition. 
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3.2.3 Identification of elastase specific sites I: human neutrophil elastase 

To determine whether specific sites on ENaC mediate the NE dependent activation of INa, we 

carried out site-directed mutagenesis of possible NE binding or hydrolytic sites in the 

extracellular loops of α and γ ENaC subunits.  NE hydrolyzes polypeptides with a strong 

preference for cleavage of V-X bonds where V is at the P1 position and X is an amino acid at the 

P1’ position.  The preference is a function of both the affinity of the elastase for the cleavage site 

(KM) and the rate of hydrolysis (kcat).  Hydrolysis by NE can also occur with other small 

hydrophobic amino acids at the P1 position but to a lesser degree (208).  We tested the effect of 

mutating individual valines conservatively to glycines in the extracellular loops of α and γ ENaC 

because these subunits appear to be involved in activation and or processing by endogenous 

proteases (54, 86, 87, 105, 123).  The valine mutation sites were chosen based on their proximity 

to previously implicated cleavage sites (86).   
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Table 3-1  Protease effect on INa for wild type ENaC and selected glycine 

substitutions 
* P < 0.05 comparison of INa at baseline with INa at + NE 
† P < 0.05 comparison of INa at + NE to INa at + Trypsin 

 

    PBS     

 Baseline (+) NE (+) Trypsin  

Construct   INa(µA/cm2)   N 

WT 28.5 ± 1.96 30.1 ± 2.01 30.4 ± 1.84 26 
αV171G 23.7 ± 1.11 22.4 ± 1.67 23.6 ± 2.37 6 

αV193G 18.1 ± 1.25 18.2 ± 1.48 20.8 ± 0.71 6 

αV206G 27.5 ± 0.61 32.5 ± 2.16 31.9 ± 2.17 3 

γV110G 35.7 ± 2.22 32.8 ± 2.13 30.5 ± 2.09 3 

γV110;V146G 38.6 ± 1.04 40.0 ± 1.78 38.8 ± 1.24 6 

γV182G 30.7 ± 1.80 30.7 ± 1.64 29.5 ± 1.28 17 

γV193G 37.5 ± 4.02 37.0 ± 4.14 36.7 ± 3.12 6 

γV182G;193G 32.7 ± 1.46 33.0 ± 1.50 34.8 ± 1.15 29 

γV202G 32.2 ± 4.20 42.8 ± 2.77 39.7 ± 3.11 4 
 

     APR     

 Baseline (+) NE (+) Trypsin  

Construct   INa(µA/cm2)   N 
WT 15.6 ± 0.86 27.8 ± 1.40* 31.3 ± 1.60 36 

αV171G 11.6 ± 0.37 26.0 ± 1.59* 24.9 ± 1.46 6 

αV193G 10.2 ± 0.61 25.6 ± 1.01* 25.3 ± 1.71 6 

αV206G 18.6 ± 0.95 34.2 ± 0.84* 39.5 ± 1.52 3 

γV110G 22.9 ± 1.36 31.6 ± 2.02* 31.7 ± 2.74 3 

γV110;V146G 21.7 ± 1.75 35.4 ± 3.47* 40.4 ± 1.54 6 

γV182G 15.8 ± 0.84 28.6 ± 1.44* 32.5 ± 1.09 24 

γV193G 16.6 ± 0.59 32.0 ± 2.18* 37.5 ± 2.12 13 

γV182G;193G 18.3 ± 0.67 25.9 ± 1.07* 38.9 ± 1.12† 39 

γV202G 22.5 ± 2.06 39.7 ± 1.92* 44.8 ± 1.35 8 
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Figure 3-5  Two point mutations in γ ENaC inhibit NE activation of INa in FRT cells 
(A) Representative ISC of cells expressing γV182G (C) γV193G and (E) γV182G;V193G that were pretreated with 10 

μM aprotinin before short-circuiting.  NE (300 nM) was added to the apical bath as indicated (horizontal bars).  
Subsequently trypsin (15 μM) and amiloride (50 μM) were added.  (B) Mean (± SEM)  of baseline INa (open bars), 
IPR (stripped bars) and ITryp (black bars) in cells pretreated with PBS or aprotinin that were expressing αβγV182G (D) 
αβγV193G and (F) αβγV182G;V193G mutants.  *P < 0.05 in student’s t-test comparison of amiloride sensitive ISC before 
and after NE.  †P < 0.05 in student’s t test comparison of amiloride sensitive ISC after NE and after trypsin.  N = 8-
12. 
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Nine V to G mutants were evaluated; three in the α subunit and six in the γ subunits.  All nine V 

to G mutants expressed baseline currents that were similar to wild type ENaC expressing cells.  

Furthermore aprotinin inhibited the baseline current to a similar degree and NE reversed this 

inhibition of INa (Table 3-1).  Only the double mutant αβγV182G; V193G was different from wild 

type ENaC. Unlike wild type ENaC and several mutants where subsequent addition of trypsin 

had a minor further effect on INa following NE stimulation in aprotinin inhibited cells (Table 

3-1), Figure 3-4, and representative mutations in Figure 3-5, αβγV182G;V193G could be significantly 

further stimulated by trypsin (Table 3-1, Figure 3-5 E and F).  As shown in the figures, addition 

of NE to aprotinin treated FRT cells expressing wild type ENaC increased the amiloride-

sensitive ISC from 15.6 +/- 0.86 µA/cm2 to 27.8 +/- 1.40 µA/cm2 (n = 36) within 10 min.  

Thereafter, addition of trypsin caused only a small further increase to 31.3 ± 1.60 µA/cm2.  Thus 

NE caused an increase that was ~ 85%  of the trypsin induced maximal protease increase in wild 

type ENaC expressing cells.  In contrast addition of NE to aprotinin treated FRT cells expressing 

the αβγV182G;V193G mutant increased the amiloride-sensitive ISC from 18.3 +/- 0.67 to 25.9 +/- 1.07 

µA/cm2 (n = 39), but the ISC could be further stimulated to 39.9 +/- 1.12 µA/cm2  after the   

addition of trypsin.  Thus in the γV182G;V193G cells NE only stimulated ~ 36% of the INa stimulated 

by trypsin.   

A closer examination of the current traces revealed that the rate of activation by NE was 

also affected by the valine to glycine mutations and this effect was investigated in greater detail.  

The changes in INa following addition of NE (300 nM) to wild type and mutant ENaCs were 

monitored with time and reported (Figure 3-6 A) as a fraction of the maximal trypsin stimulated 

INa.  The fractional current increase normalized to the maximum response after trypsin (∆IPR
Norm) 

was fitted to exponentials as described in Methods to yield time constants.  The ∆IPR
Norm ~ 30 

min after NE addition was taken as the measure of maximal NE stimulated current.  The fitted 

parameters are summarized in Table 3-2 for αβγ and the glycine scanning mutations showing 

that only specific mutations in the γ subunit appreciably change the time course. 
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Table 3-2  Fitted parameters for Neutrophil Elastase Activation of ENaC 
Values are the mean of the individual fits from N experiments.  * P < 0.05 ANOVA-unpaired student t test 
comparison with WT values. 

  

Construct τ 

(+/- SEM) 

∆IPR
Norm 

(+/- SEM) 

N 

 min  Filters 

WT 3.10 +/- 0.18 0.68 +/- 0.05 10 

α-V171G 1.52 +/- 0.155 0.96 +/- 0.03 6 

α-V193G 1.94 +/- 0.061 0.85 +/- 0.07 6 

α-V206G 2.24 +/- 0.416 0.74 +/- 0.03 3 

γ-V110G 1.89 +/- 0.748 0.96 +/- 0.05 3 

γ-V110/146G 1.80 +/- 0.390 0.89 +/- 0.04 5 

γ-V182G 3.46 +/- 0.17 0.64 +/- 0.05 8 

γ-V193G 6.32 +/- 0.36* 0.53 +/- 0.05 8 

γ-V182/193G 11.82 +/- 1.49* 0.22 +/- 0.02* 8 

γ-V201G 3.95 +/- 0.810 0.79 +/- 0.030 8 
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  Representative time courses for wild type, αβγV182G, αβγV193G and αβγV182G;V193G are 

shown in Figure 3-6.  In wild type and αβγV182G expressing cells the ∆IPR
Norm rose with identical 

rates and to similar plateau values with amplitudes 0.68 ± 0.05 and 0.64 ± 0.04 respectively.  

Therefore mutating V182 to G had no effect on NE activation of current.  The cells expressing 

αβγV193G had ∆IPR
Norm of 0.53 ± 0.05 which was not significantly decreased from wild type; but 

they showed a significant elongation of the time constant from the wild type value of 3.1 ± 0.18 

min. (n = 10) to 6.3 ± 0.36 min. (n = 5).  As noted above cells expressing the double mutant, 

αβγV182G;V193G, had a marked reduction of ∆IPR
Norm (0.22 ± 0.02) as well as a further elongation of 

the time constant to 11.8 ± 1.49 min (n = 8).  Therefore, while mutating the V182 to G182 had 

no discernible effect on its own, this mutation produced a pronounced effect in the presence of 

the already inhibitory V193G mutation.  To differentiate an effect caused by changing a V from 

an effect introduced specifically by the G, several amino acids were substituted at positions 182 

and 193. The effect of mutating γ V182 and V193 was not specific to glycine but consistent for 

several amino acid substitutions (S, T, D, E, and Q).  Generally, substitutions at γ182 did not 

result in significant differences in the τ for the residues tested (Figure 3-6 B).  At residue 193, all 

the substitutions except E caused a significant prolongation of τ compared to wild type (Figure 

3-6 B).  Substitutions at both γ182 and γ193 produced significant elongation of τ for all the 

substitutions compared to wild type (Figure 3-6 B).  The changes in ∆IPR
Norm caused by the 

mutations were roughly consistent with the changes in τ.  Generally, ∆IPR
Norm was not affected by 

substitutions at γ 182 only, except with the S substitution (Figure 3-6 C).  The ∆IPR
Norm was 

reduced for substitutions at γ 193, except for the G substitution (Figure 3-6 C).  All double 

substitutions at 182 and 193 resulted in decreased ∆IPR
Norm compared to wild type.  These results 

are more consistent with the conclusion that removal of a valine (as opposed to introduction of a 

specific residue) was responsible for both prolongation of τ and decreased ∆IPR
Norm.    

Secondarily, the conserved pattern where substitutions at 182 produce no effect; substitutions at 

193 increased τ and decreased ∆IPR
Norm;  and double substitutions further increasing τ and 

decreasing ∆IPR
Norm suggest that the V193 is of primary importance in current activation by NE 

but V182 also has some effect unmasked in the absence of V193. 
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Figure 3-6  Effect of mutating residues 182 and 193 γ ENaC on NE activation of INa 

NE (300 nM) was added to short-circuited FRT cells expressing the indicated γ ENaC mutants that were 
pre-treated with 10μM aprotinin.  30 minutes after addition of NE, Trypsin (15 μM) was added in excess over 
aprotinin to achieve a reference point for maximal protease stimulation.  (A)  Representative traces of ΔIPR

Norm for 
NE activation of wild type (solid squares), αβγV182G (open squares), αβγV193G (solid circles) and αβγV182G;V193G (open 
circles) ENaCs.  The solid lines are the exponential fits of the data.  (B)  Summary of the τ from experiments 
described above (mean ± SEM, N = 4- 10) for several amino acid substitutions at residues 182 and 193 in γ ENaC.  
P < 0.01, one way ANOVA  (C)   Steady state values of ΔIPR

Norm  for the amino acid substitution at 182 and 193 in γ 
ENaC (mean ± SEM, N = 6 – 36). *P < 0.05, one way ANOVA and t test comparison with wild type. 
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3.2.4 Identification of elastase specific sites II: porcine pancreatic elastase 

First, we tested if the valines critical for NE were also critical for PE activation of current.  ISC 

following addition of PE (300 nM) were monitored to determine the effect of simultaneous 

substitutions at residues 182 and 193 on PE mediated channel activation.  The effects of the 

double substitutions on ∆IPR
Norm were small compared to the results for NE.  As shown in Figure 

3-7 A and B, the time courses for wild type and G substitutions were slightly prolonged.  The τ 

was prolonged from 2.0 ± 0.14 min (N = 11) for wild type to 3.6 ± 0.27 min (N = 11) for the G 

substitutions.  The effect on ∆IPR
Norm was not different between wild type and G substitutions at 

~ 0.7 for both (N = 16 and 23 respectively; Figure 3-7 C).  The rest of the double substitutions 

examined (S, Q E and T) had small effects on τ and ∆IPR
Norm.  These results show that the valines 

were not critical for increasing INa by PE.   

Unlike NE, the preferential residue at P1 is A for PE (76).  Therefore one explanation for 

minor effects of the V substitutions is that PE interacts with the channel via its preferred residue 

somewhere else.  We reasoned that γ A190 between the two valines critical for NE was a likely 

target.  Substitution of the γ A190 to G resulted in significant attenuation of the current response 

to PE (Figure 3-7 F G and H).  While 1000 nM PE activated current in wild type and 

αβγV182G;V193G double mutant ENaC (Figure 3-7  F and G), with τ of 1.94 ± 0.12 and 2.17 ± 0.07 

min respectively, the mutant αβγA190G prevented PE activation of current.  Because increases in 

INa were small to non-existent in the αβγA190G mutant in response to PE, τ could not be resolved 

for all experiments.  For those experiments where τ was resolved, it was 25.6 ± 1.09 min (Figure 

3-7 H).  Furthermore, the ∆IPR
Norm, which was 0.70 ± 0.04 and 0.89 ± 0.03 for wild type and 

αβγV182G;V193G respectively, was reduced to 0.26 ± 0.02 for αβγA190G.  These results are consistent 

with γ A190 being of primary significance for PE current activation, whereas the V’s are more 

important for NE current activation.  Because the results are consistent with the P1 preferences 

for PE and NE, they suggest that these enzymes may interact with the channel according to their 

substrate specificities. 
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Figure 3-7   Effect of mutations at γ182 γ190 and γ193 on PE activation of ENaC 
PE (300 nM) was added to short-circuited FRT cells expressing the indicated γ ENaC mutants that were 

pre-treated with 10μM aprotinin.  20 minutes after addition of PE, Trypsin (15 μM) was added in excess over 
aprotinin to achieve a reference point for maximal protease stimulation.  (A) and (B) Representative ISC trace of FRT 
cells expressing wild type or αβγV182G;V193G mutant.  (C) Representative ΔIPR

Norm response to PE for wild type (solid 
squares), and αβγV182G;V193G (open squares) mutant with exponential fits (solid lines).  (D) Summary of the τ (± 
SEM, n = 4 - 11) from experiments described above for double substitutions at residues 182 and 193 in γ ENaC. (E) 
The steady state ΔIPR

Norm (± SEM, n = 8 – 23) ratios for the double substitutions at 182 and 193 in γ ENaC.  (F, G) 
Representative ISC trace for FRT cells expressing wild type, αβγV182G;V193G and αβγA190G ENaC respectively.  1000 
nM PE was used.  (H and I) τ (± SEM, n = 5 - 8) and steady state ΔIPR

Norm (± SEM, n = 5 - 8) for responses to 1000 
nM PE in cells expressing wild type (open bars), αβγV182G;V193G (light grey bars) and αβγA190G (dark grey bars).  *P 
< 0.05, one way ANOVA and t test comparison with wild type. 
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3.2.5 Concentration dependence of Protease Activation 

Because the previous results suggest direct protease-ENaC interaction, a concentration 

dependence of activation was used to delineate two mechanistic possibilities; a) that direct 

binding was sufficient for channel activation or b) that a secondary step is necessary.  As can be 

seen from the progress curves of ∆IPR
Norm (Figure 3-8 A) the rates of current activation as well as 

the amplitudes of the increase were concentration dependent.  Increasing NE concentration from 

30 nM to 1000 nM, reduced τ for cells expressing wild type from 11.3 ± 1.5 min (N = 8) to 1.6 ± 

0.04 min (N = 8).  The ∆IPR
Norm increased with increasing concentration of NE from 0.22 ± 0.02 

at 30 nM to 0.75 ± 0.05 at 1000 nM (Figure 3-8 D).  The τ and ∆IPR
Norm for cells expressing the 

αβγV182G; V193G mutant were also concentration dependent (Figure 3-8 B and D).  Time constants 

decreased from 13.8 ± 3.2 min (n = 8) at 30 nM NE to 5.9 ± 0.3 min (N = 8) at 1000 nM NE and 

∆IPR
Norm increased from -0.02 ± 0.04 to 0.52 ± 0.02.  The concentration dependence of current 

activation suggests a first approximation of the mechanism of activation of current by NE and 

PE.  Because only one exponential component was present in the fitting of the time courses, the 

reciprocal of the derived time constants were taken as a pseudo-first-order rate coefficient, kobs.  

For wild type ENaC, the pseudo-first-order rate constant (kobs) showed saturation behavior with 

respect to the added enzyme concentration (Figure 3-8 C).  From the saturation at relatively slow 

rates, assuming that the enzyme concentration in the chamber was not altered by concentration 

dependent autolysis and that the enzyme concentration is in a large excess over its target ENaC, 

apparent kinetic parameters were derived based on 3-5 by non-linear regression of kobs against 

the added enzyme concentration. 

In cells expressing wild type ENaC the KM was 570 ± 240 nM and the kcat was 14.4 ± 

2.11 • 10-3 s-1.  When the αβγV182G;V193G was expressed the kobs showed a dependence on enzyme 

concentration (Figure 3-8 C).  The dependence of kobs on enzyme concentration, in contrast to 

wild type ENaC, did not show an apparent saturation; consequently the parameters kcat and KM
 

could not be calculated.  One reason why this arises may be because the concentration of NE 

used was well below the KM.  A linear regression was performed under the assumption that [E] 

<< KM.  The slope of the regression, kcat/KM, was 1,300 ± 200 • M-1s-1.  This quotient, represents 

the efficiency of NE activation of the γV182G;V193G double mutant.  This quotient for wild type  
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Figure 3-8  NE concentration dependence of the activation of ENaC 
(A) Representative ΔIPR

Norm responses FRT cells expressing wild type ENaC to 30 nM NE (solid squares), 
100 nM NE (open squares), 300 nM NE (solid circles), 600 nM NE (open circles) and 1000 nM NE (solid 
triangles).  (B) Representative ΔIPR

Norm responses in FRT cells expressing αβγV182G;V193G to 30 nM NE (solid 
squares), 100 nM NE (open squares), 300 nM NE (solid circles), 600 nM NE (open circles) and 1000 nM NE (solid 
triangles).  (C) Mean (± SEM, n = 7-8) of kobs (= 1/τ) with respect to the NE concentration for FRT cells expressing 
wild type (solid squares) and αβγV182G;V193G (open squares) ENaC.  The solid line through the solid squares is the 
predicted values from a fit of the wild type data set to a kinetic model (see results) are kcat = 14.2 10-3 s-1 and KM = 
570 nM.  The solid line through the open squares is a linear regression of the αβγV182G;V193G data set with slope 1,300 
M-1 s-1 (p < 0.05).  (D)  Steady state ΔIPR

Norm (± SEM, n= 7-8) ratios for wild type (solid squares) and αβγV182G;V193G 
mutant (open squares).  Solid lines are fits of the data sets to saturation kinetics.  K1/2 was 89 and 470 nM 
respectively. 
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ENaC was calculated from the fitted parameters and was ~ 24,500 M-1s-1.  Thus NE efficiency 

for activating wild type ENaC is ~ 20 times that for activating the αβγV182G;V193G mutant.  The 

∆IPR
Norm current plateau values at each NE concentration were also fitted to a saturation curve of 

the form  
[E]  K

[E] )I(
  

1/2

max
Norm

+
∆

=∆
Norm

PR
PRI  where (∆IPR

Norm)max is the maximum increase and K1/2 is 

the enzyme concentration at half maximal stimulation.  For NE on wild type ENaC the K1/2 was 

100 ± 18 nM, and (∆IPR/ITryp)Max was 0.84 ± 0.04.    For NE on the αβγV182G;V193G mutant, K1/2 

was 510 ± 162 nM and  (∆IPR
Norm)Max was 0.94 ± 0.14.  Consequently, the apparent affinity for 

NE activation of INa is ~ 5 fold weaker for the αβγV182G;193G mutant compared to wild type ENaC.   

A concentration dependence of activation was also observed for PE activation of the INa.  

The same analysis as described above was carried out for the PE data sets.  For wild type ENaC, 

the saturation behavior of the activation rate (Figure 3-9 A) had a KM of 204± 140 nM and kcat 

was 11.4 ± 1.34 • 10-3 s-1.  For the mutant αβγV182G;193G, the dependence of kobs on PE 

concentration was well defined, in contrast to what was observed for NE.  Unlike NE’s effect on 

this mutant, there was saturation with PE demonstrating a KM of 290 ± 51 nM and a kcat of 8.7 ± 

0.39 • 10-3 s-1.  Therefore, unlike for NE activation of INa these mutations had a minimal effect on 

PE activation of INa.  The parameters for the ∆IPR
Norm versus concentration were K1/2 of 77 ± 30 

nM and 35 ± 9.2 nM for both wild type and αβγV182G;V19G respectively and (∆IPR
Norm)Max were 0.7 

± 0.2 and 1 ± 0.05 respectively.  Clearly for both wild type and αβγV182G;V193G activation 

saturation occurred at low enzyme concentrations (Figure 3-9 B) and no difference could be 

discerned between the two constructs.  In contrast to these minor effects the concentration 

dependence of PE activation of INa in the αβγA190G mutant was significantly impaired.  The kobs 

increased slowly with enzyme concentration showing no apparent saturation (Figure 3-9 A).  

Linear regression gave kcat/KM of ~ 550 M-1 s-1.  Thus PE activation of wild type ENaC was ~ 

100 fold more efficient than PE activation of αβγA190G.  This loss in efficiency is accompanied by 

a 15-fold increase of the K1/2 for ∆IPR
Norm to 1140 nM (Figure 3-9 B).  
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Figure 3-9  PE concentration dependence of the activation of ENaC 
(A)  Mean (± SEM, n = 8) of kobs with respect to the PE concentration for FRT cells expressing wild type 

(solid squares) and αβγV182G;V193G ENaC (open squares) and αβγA190G ENaC (solid circles).  The solid lines are the 
kinetic fits of the data as described in RESULTS; fitted parameters kcat and KM were 11.4 •10-3 s-1 and 204 nM for 
wild type ENaC; 8.7 •10-3 s-1 and 294 nM for αβγV182G;V193G.  Linear regression of the kobs versus PE concentration 
for αβγA190G gave a slope of 550 M-1 s-1 (p < 0.05).   (D) ΔIPR

Norm (mean ± SEM, n = 8) ratios for wild type (solid 
squares) and αβγV182G;V193G (open squares) mutant.  Solid lines are fits to saturation kinetics.  K1/2 was 77, 35 and 
1140 nM respectively 

 
 

3.2.6 NE and PE cleavage of the γ ENaC segment 

Next NE and PE were evaluated for their ability to cleave the identified region of γ ENaC and 

the specific proteolytic sites were determined by MALDI-TOF mass spectrometry. The peptide 

T176-S198 (200 μM), corresponding to the amino acid sequence T176 to S198 of the γ ENaC 

subunit, was incubated with 200 nM NE or PE in tris-acetate buffer.  MALDI-TOF mass 

spectrometry showed the undigested peptide T176-S198 at  m/z of 2546.6.  Incubation of peptide 

T176-S198 with NE for 5 minutes resulted in a new peak at 1950.9 corresponding to the molecular 

weight of peptide T176-V193 as well as a new peak at 615.3 corresponding to the peptide M194-S198 

along with undigested full length peptide at 2547.1 (Figure 3-10 A).  Mass spectrometry of the 

PE digest showed the appearance of new peaks at 1650.8 and 915.2 corresponding to peptides 

T176-A190 and S191-S198 respectively (Figure 3-10 B).  These fragments indicated that NE 
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hydrolyzed the peptide between V193 and M194 primarily whereas PE hydrolyzed the peptide 

between A190 and S191.  Cleavages at the specific sites were detected within 1 minute of 

incubation.  After prolonged incubation with NE (30 min), a peak at 886.0 corresponding to the 

peptide T176-V182 was also evident but minor (data not shown) suggesting that cleavage by NE 

can occur between V182 and G183 but is not efficient.  Consequently, a sequence within γ ENaC 

is cleaved by NE and PE and the cleavage sites correspond to the residues that mediate channel 

activation by the enzymes. 
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Figure 3-10  Localization of cleavage sites for NE and PE in a segment of the γ 

ENaC subunit 
(A)  MALDI-TOF mass spectra of the untreated peptide T176-S198 corresponding to the amino acid sequence 

in γ ENaC (lower trace).  Upper trace is the mass spectra of the peptides obtained after a 5 minute digestion of 
peptide T176-S198 by NE at 370C, pH 7.4.  (B)  Mass spectra of untreated peptide T176-S198 (lower trace) and peptides 
obtained after a 5 minute digestion with PE at 370C (upper trace).  Tracings are representative of three independent 
experiments each.  (C)  The amino acid sequence of peptide T176-S198 indicating the location of the deduced cleavage 
sites by NE and PE. 
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3.2.7 Thrombin Activation of ENaC 

To investigate the idea that channel activation could be mediated by proteolysis at either 

γ182, γ193 (from NE results), or γ190 (from PE results), the γ 186 to 190 sequence (IIHKA) was 

changed to γ 186…LVPRG to give the mutant called αβγTh.  The lvprgs sequence, where 

thrombin cleaves after R, matches the specific thrombin cleavage site on bovine factor XIII (181) 

and is often used for cleavage of fusion proteins (93).  Aprotinin is not known to inhibit thrombin 

(12, 146, 161).  Human α thrombin (TH), in contrast to NE and PE, did not elicit significant 

current increases in FRT cells expressing wild type ENaC which were aprotinin pretreated 

(Figure 3-11 A and C).  The baseline INa (9.8 ± 1.44 µA/cm2) was unchanged after 300 nM TH 

(11.5 ± 0.91 µA/cm2) but subsequent trypsin addition increased INa to 23.7 ± 0.65 µA/cm2 (n = 

8).  For cells expressing αβγTh, 300 nM TH elicited rapid current increases (Figure 3-11 B C and 

D) as did 300 nM NE.  On average, TH increased INa from a baseline of 14.3 ± 1.32 to 23.8 ± 

1.17 µA/cm2 which was not significantly further increased by trypsin addition (24.9 ± 0.72 

µA/cm2; n = 8).  A comparison of the ∆IPR
Norm (Figure 3-11 D) showed that while NE and PE 

activated wild type ENaC (0.6 ± 0.02 and 0.7 ± 0.01, n = 8-16), TH had only a small effect (0.1 ± 

0.02, n = 4).  On the other hand TH activated αβγTh (0.9 ± 0.02, n = 8) as did NE (0.7 ± 0.04, n = 

4).  Interestingly, while NE also activated αβγTh, activation of αβγTh by PE was significantly 

impaired (0.2 ± 0.04, n = 4).  This result was consistent with the change of γ190A to G, which 

previously led to inhibited responses to PE.  The activation of αβγTh by thrombin was similar to 

activation of wild type ENaC by NE and PE showing a concentration dependence of both the kobs 

and steady-state ∆IPR
Norm (Figure 3-11 E and F).  The kcat was 10.1 ± 0.13 10-3 s-1, KM was 340 ± 

19.5 nM and K1/2 was 14.8 ± 1.98 nM.   
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Figure 3-11 Thrombin dependent activation of ENaC via thrombin sequence insertion 
(A) Addition of NE, PE and TH (300 nM) to FRT cells expressing wild type ENaC or (B) FRT cells expressing 
αβγTh (γ186…iihka  γ186…lvprg ) ENaC pretreated with aprotinin (10 μM) for the indicated period.  Trypsin (15 
μM) and amiloride (50μM) were added as indicated.  (C)  INa (mean ± SEM, n = 8) in FRT cells expressing wild 
type and αβγV182G;V193G at baseline (open bars) and subsequent to 300 nM TH (hatch bars) and 15 μM Trypsin 
(stripped bars).  * P < 0.05 t test comparison of INa at baseline with INa after TH and † P < 0.01, t test comparison of 
INa after TH with INa after trypsin.  (D)  Summary of the effect of NE (open bars), PE (grey bars) and TH (black 
bars) on wild type and αβγTh ENaC as measured by ΔIPR

Norm (mean ± SEM, n = 8).  *P < 0.05, one way ANOVA and 
t test comparison with wild type.  (E)  The concentration dependence of kobs (mean ± SEM, n = 5) and (F) ΔIPR

Norm 
(mean ± SEM, n = 5) for TH activation of current for αβγTh.   Solid lines are fits to the data as described in Methods.  
Parameters kcat and KM were 10.1•10-3 s-1 and 340 nM.  The half maximal concentration for ΔIPR

Norm was 15 nM. 
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The proteolytically inactive D-phenylalanyl-L-prolyl-arginine-chloromethyl ketone-thrombin 

(FPRCK-TH) has its active site blocked (94) and shows no ability to activate INa in aprotinin 

inhibited FRT cells expressing the αβγTH construct (Figure 3-12).  The INa before addition of 

FPRCK-TH was 19.6 ± 1.56 μA/cm2, 17.9 ± 1.65 μA/cm2 after a twenty minute exposure to 1 

μM FPRCK-TH and increased to 32.2 ± 2.39 μA/cm2 after addition of trypsin (n = 4). 

 

 

 

 
 

Figure 3-12  Inactivated thrombin does not active INa 

A) Representative short-circuit current tracing of FRT cells expressing αβγTH pre-incubated with aprotinin.  
Addition of 1 μM FPRCK-TH where indicated showed no stimulatory effect on ISC.  B) INa (mean ± SEM, n = 4) 
before addition of FPRCK-TH, 20 minutes after addition of 1 μM FPRCK and the maximum value observed after 
addition of trypsin.  * p < 0.01 
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3.3 DISCUSSION 

The studies reported here were made possible by the development of a tricistronic plasmid 

(hENaC) expressing all three human ENaC subunits.  Cell lines stably expressing wild type and 

mutant ENaC could be selected using a single antibiotic.  FRT cells were chosen because they 

are readily transfected, do not express any native rat ENaC and form a moderately tight 

epithelium (1 to 2 k Ωcm2).  Previous studies in FRT cells using three separate ENaC subunit 

plasmids have shown ENaC is targeted to the apical membrane allowing one to use standard 

transepithelial short circuit current (ISC) measurements to study channel activity (105, 171, 175).  

Our studies reveal hENaC-FRT cells respond to aldosterone and dexamethasone treatment in a 

manner similar to native ENaC expressing epithelia (65).  Since the expression of the ENaC 

subunits in the hENaC-FRT cells is driven by separate CMV promoters the stimulatory effects of 

the steroids on sodium transport must be mediated by other steroid responsive effectors such as 

enhanced Na+K+-ATPase activity, up-regulation of SGK (serum and glucocorticoid regulated 

kinase) and/or down regulation of Nedd 4-2.  Thus, the hENaC tricistronic plasmid and stably 

transfected FRT cells offer an additional model to study steroid stimulation of sodium transport. 

3.3.1 Aprotinin Sensitivity of FRT Cells 

Approximately 50% of the INa in the hENaC-FRT cells was inhibited by the serine protease 

inhibitor aprotinin.  A similar aprotinin inhibitory effect on INa of 50 to 80% has been observed 

in a number of epithelia that natively express ENaC and includes: toad urinary bladder (118, 

137) amphibian (4, 191) and murine (116, 132) renal epithelia and human bronchial (25) nasal 

(49) and alveolar (147) epithelia.  One may infer from these observations that there exists an 

aprotinin sensitive protease responsible for ENaC activation.  Support for this notion comes from 

the cloning of several membrane proteases that when co-expressed with ENaC cause channel 

activation (8, 191, 200).  The inhibitory effects of aprotinin on INa can be reversed by aprotinin 

washout or by the addition of excess exogenous proteases such as trypsin and elastase and this 

too was observed in the hENaC-FRT cells.  The aprotinin effect is consistent with the notion that 

activation of channels by proteases at the apical membrane is blocked by aprotinin producing a 

time-dependent reduction of the number of active channels (4) that results from internalization or 
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degradation of already activated channels.  Channels newly arriving at the apical membrane then 

form a pool that can be activated by exogenous proteases.  In the studies reported here we used 

the hENaC-FRT cells and site-directed mutagenesis of hENaC together with the amino acid 

preferences of human neutrophil (NE) and porcine pancreatic (PE) elastase to determine whether 

there is a direct interaction between ENaC and proteases in the channel activating process.  The 

activation of ENaC by extracellular proteases may result from protease interaction with a 

protease responsive receptor which subsequently activates ENaC or from a direct protease 

interaction with ENaC.  A requirement for a diffusible 2nd messenger has not yet been identified 

for the protease dependent activation and in particular signaling through G proteins via protease 

activated receptors is not implicated (29, 37).  Since it is possible that non-aqueous lipids or 

localized protein-protein interactions may transduce the protease signal, direct and indirect 

mechanisms remain distinct possibilities explaining channel activation by proteases.  The results 

presented here suggest that the inhibition of current by the serine protease inhibitor aprotinin can 

be reversed by direct protease interactions with ENaC and point to a protease interaction domain 

in a segment of the γ subunit of the channel encompassing residues 182 to 193. 

3.3.2 Direct interaction of protease and ENaC 

There are several possible mechanisms whereby the aprotinin inhibition of INa can be reversed by 

exogenous proteases in FRT cells.  The binding of aprotinin by the proteases can be ruled out 

since the concentrations of proteases that activate INa are much less than the aprotinin 

concentration and insufficient to form an aprotinin sink.  In other systems, such as Xenopus 

oocytes and fibroblasts, activation by trypsin and NE can be seen in the absence of aprotinin.  

Protease dependent effects on trafficking is possible but unlikely given the observations that 

trypsin did not increase cell surface quantities of channel subunits (37)  and is able to activate 

current in excised outside-out membrane patches (29).  A role for trafficking is also unlikely 

based on the mutational studies reported here and discussed below indicating that the activation 

requires binding.  The activation of ENaC by extracellular proteases may result from protease 

interaction with a protease responsive receptor which subsequently activates ENaC or from a 

direct protease interaction with ENaC.  
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There are several lines of evidence suggesting a direct protease interaction with the 

channel.  The large extracellular domain (70%) of the ENaC/DEG family of ion channels 

suggests that extracellular ligand and protein-protein interactions may play a role in the 

physiology of these channels.  Such interactions have been identified for the degenerin members 

of the family (184).  In this report we identified a segment in the γ subunit that is involved in 

elastase dependent activation of the channel.  This segment is in the extracellular domain just 

after the first membrane spanning domain (M1).  The post-M1 region has been implicated in 

endogenous furin cleavage of γ ENaC and exogenous trypsin cleavage of ASIC1a, a member of 

the ENaC super family of ion channels (86, 202).  The idea that the post-M1 region of γ ENaC is 

accessible is supported by the ability to label cell surface ENaC with antibodies directed against 

this region (58).  Cleavage of ASIC1a changes the pH dependence of channel gating (150).  

Furin cleavage and trypsin activation of ENaC appear to modulate Na+ dependence of channel 

gating (36, 163).  The segment identified is therefore in an accessible part of the channel that is 

involved in channel regulation.  Based on the P1 specificity of NE, a scanning mutagenesis was 

performed substituting glycine for the native valines that identified two residues in γ ENaC 

critical for NE dependent activation of ENaC.  Substitutions at γV182 and γV192 specifically 

inhibited the activation of ENaC by NE; because neither PE, a similar protease, nor trypsin 

activation was significantly affected.  Since the substitutions did not inhibit activation by PE and 

trypsin and did not affect endogenous protease activation (implied by the equivalent control 

currents and aprotinin sensitivity for wild type and mutant ENaC) the substitutions did not 

impinge upon a common protease activation pathway.  The specificity provides evidence that NE 

interacts directly with ENaC since interaction of proteases with a different receptor that 

subsequently activates ENaC would result in significant cross-interaction by virtue of ENaC 

being the final common step in such a pathway.  The results show that one residue, γA190, in the 

vicinity of the residues critical for NE is important for PE dependent activation of ENaC.  As 

observed for NE, the effect is also specific since trypsin activated the γA190G mutant channels.  

Furthermore, in the context of the αβγTh construct the specificity of γA190 for PE was evident 

since this construct with intact γV182 and γV193 residues but with a γA190G mutation was 

activated by NE and TH but PE activation was impaired.  The presence of a sequence recognized 

by the thrombin active site creates a gain of function whereby the channel, not naturally activated 

by thrombin, becomes a thrombin activated channel.  When the thrombin active site is blocked 
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by FPR-chloromethyl ketone, thrombin no longer activates the channel.  The substitutions that 

impair NE and PE dependent activation result from changing of residues that are most likely to 

be good substrates based on the known primary amino acid specificities of the proteases to less 

preferred residues.  These observations concur to implicate direct protease-ENaC interactions in 

channel activation. 

3.3.3 Dependence of activation on Binding or Hydrolysis 

Inferences about the nature of the protease-ENaC interaction can be drawn from the protease 

activated current trajectories.  From the analysis of the progress curves for current activation, the 

kobs dependence on enzyme concentration naturally suggests that activation requires at least two 

steps; an initial reversible step and a secondary rate limiting activation step.  If proteases interact 

directly with the channel, then the first step is C + E ↔ C•E, a rapid equilibrium from the 

association of channel (C) and enzyme (E).  If the reaction is limited to one step where species 

C•E is the activated channel, the current trajectory would contain relaxation rate constants or kobs 

according to kon•[E] + koff which represents a linear dependence of kobs on enzyme 

concentration.  Since the measured kobs was not linear but hyperbolic, C•E is not the activated 

channel.  At least one additional concentration independent step is rate limiting which may 

correspond to one or more possible physical states that represent the activated channel.  One 

parsimonious interpretation is that the rate limiting step includes hydrolysis.  We found that the 

efficiency parameter kcat/KM for NE is on the order of the kcat/KM for the highest efficiencies of 

NE hydrolysis of its best extended synthetic substrates (i.e. substrates encompassing amino and 

carboxyl ends of the scissile bond (107)).  It is noteworthy that the ratio of kcat/KM for the change 

of V residues to G residues for NE,  and A residue to G residue for PE were also consistent with 

kcat/KM ratios for the same P1 residue changes in synthetic substrates (107, 131, 208).  In fact, the 

KM determined for NE is remarkably similar to the dissociation constant for the NE alpha 

proteinase inhibitor complex (128).  There are also examples of TH cleavage of its synthetic 

peptide substrates such as the protease activated receptor 1 peptides (199) and natural substrates 

such as protein C (44) with similar kcat/KM  as observed for TH activation of current in the results 

presented.  Hydrolysis is further suggested by the MALDI-TOF mass spectrometry performed on 
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the synthetic peptide which confirmed that NE cleavage is located between V193 and M194 

while PE cleavage is located between A190 and S191 in the γ subunit. 

The results of the kinetic analysis of the progress curves and peptide T176-S198 digestions 

are consistent with hydrolysis dependent activation but cannot exclude other possibilities.  These 

include the possibility that the kcat represents a rate limiting intramolecular rearrangement 

occurring long after cleavage, perhaps related to the Na+ self inhibition of the channel (36, 163) 

or removal of an inhibitory domain (32).  Secondarily, protease binding to the channel is 

sufficient to create a rate limiting step including binding dependent prevention of tonic inhibition 

by an ENaC cofactor or binding induced conformational changes that directly activates the 

channel.  Experiments so far do not rule out the latter two as it can be imagined that a binding 

induced conformational change is sufficient to activate the channel; and an accompanying 

hydrolysis ensues but has no significance.   That the results are consistent with hydrolysis is in 

line with other studies showing that ENaC expressed at the apical membrane can be cleaved by 

furin and this cleavage correlates with channel activity (87).  Also, the extent of channel 

cleavage correlates inversely with the trypsin activation of current (105) suggesting that once 

cleaved by endogenous proteases, channels may no longer be activated by trypsin.   There is 

however evidence suggesting that the aprotinin-sensitive, trypsin-activated current may not be 

related to the cleavage patterns observed.  In alveolar epithelial cells expressing CAP1, and 

ENaC-mediated INa sensitive to aprotinin inhibition and trypsin reversal, a presumably cleaved 

fragment of the α subunit is expressed at the apical membrane (147).  The abundance of this 

fragment was not affected by aprotinin.  In A6 cells, aprotinin inhibition of INa did not change the 

relative abundance of the low molecular weight species of the α subunit, nor have any effect on 

the γ subunit (4).  These results are not entirely irreconcilable with cleavage mediated activation.  

If there is endogenous cleavage of the γ subunit at γ138R (86), it appears this cleavage is not 

sensitive to aprotinin.  Nevertheless, it was recently shown that mouse CAP1 lacking a catalytic 

triad retained the ability to activate ENaC (8).  Therefore, furin independent catalytic and non 

catalytic mechanisms remain likely possibilities in channel activation by proteases.  Further 

experiments are needed to determine if the catalytic activity of the exogenous proteases is 

required or if binding is sufficient for activation.   
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3.3.4 Relevance to physiological regulation of ENaC 

These results of this study have important implications for ENaC regulation by proteases.  First, 

extracellular proteases can produce a graded Na+ transport response over a short time scale.  If 

hydrolysis is irreversible, then eventual activation of all channels should occur over extended 

periods.  From the results, the plateau current elicited by NE, PE and TH correlates with the rate 

of activation.  The plateau values may result from a steady-state between protease activation and 

channel inactivation.  The turnover time for ENaC in the membrane varies considerably from 

biochemical measurements from a few minutes to several hours (6, 75, 204).  However, 

functional experiments in FRT cells suggest a turnover time for channels of ~ 30 min (171).  If 

the NE and PE activated channels in FRT cells in the present study have the same turnover time 

as channels in the baseline condition, then the steady-state current would depend on the rate of 

protease activation.  By changing the rate of protease activation, up- and down-regulation of 

epithelial Na+ transport can be achieved within a 30 min window.  Alternatively, the extent of 

protease activation could be altered by reducing the deactivation of channels.  Recent studies 

showed that protease activation of ENaC could be up-regulated by maneuvers known to impair 

channel internalization (105).  A graded response may also result from an equilibrium 

association of channel and protease.  This association would not be a Michealis-Menten complex 

but involve further complex rearrangements typical of tight binding proteinase-inhibitor 

complexes (17).  Second, predictably from the turnover times and kcat, the concentration of 

protease needed to achieve channel activation can be quite low.  This is clearly evident for the 

thrombin case where the half maximal concentration was ~ 15 nM.  Consequently, inadvertent 

activation of ENaC in inflammatory states such as chronic obstructive pulmonary disease could 

result from the increased proteases in the local environment (180) and may be involved in 

exacerbation of obstructive airways disease.  Thirdly, it is noteworthy that only one region was 

found to be critical for NE mediated activation.  However, multiple furin cleavage sequences 

were found to be important in the α subunit and in the γ subunit (86, 163).  Because of a lack of 

strict adherence of NE to valines at the P1 position in its substrate, the valine substitution 

approach may miss other important P1 positions for NE interaction.  Therefore, under aprotinin-

treated conditions, it cannot be ruled out that NE/PE interacts also at the α subunit.  On the other 

hand, with TH there is reduced likelihood of such an interaction and the results would suggest 
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that interaction at one site in the γ subunit was sufficient for activation.  Perhaps, under the 

aprotinin-treated conditions the α subunits are already cleaved and do not require further 

cleavage for channel activation.  It is emphasized that these conclusions arise in the context of an 

aprotinin inhibited state which does not represent the nascent channel state.  As a result, ENaC 

may be acted upon by intra- and extracellular proteases, possibly in a serial fashion, and the 

segment investigated in this study may represent the site of action of an endogenous protease at 

the apical membrane.  
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4.0  ENDOGENOUS PROTEASE SITES IN ENAC 

In chapter 2, it was shown that the protease inhibitor aprotinin can inhibit Na+ transport in native 

Na+ transporting cells by down regulating the number of active channels.  In chapter 3, the 

aprotinin inhibitable ENaC-mediated Na+ transport was reconstituted in FRT cells by stable co-

expression of α β and γ ENaC subunits.  The heterologous system showed that protease reversal 

of aprotinin inhibition was accomplished through direct interactions at least at one site in the γ 

subunit.  These findings suggest that there may be one or more endogenous proteases 

constitutively activating ENaC by direct interaction at one or more sites on the channel.  There 

are a number of candidate proteases.  The first is prostasin or CAP1.  Prostasin is a GPI-anchored 

plasma membrane bound serine protease first isolated from the prostate (206).  Prostasin is found 

in native Na+ transporting cells such as the human airway epithelial cells (49), its mouse and 

amphibian homologues have been isolated in renal Na+ transporting epithelial cells (191, 201).  

Prostasin can up-regulate ENaC activity in Xenopus oocytes, a phenomenon that can be inhibited 

by aprotinin.  Cells with reduced prostasin expression show reduced Na+ transport (188).  Two 

other membrane associated proteases, CAP2 and CAP3, are transmembrane proteins with serine 

protease activity that can also up-regulate ENaC activity in Xenopus oocytes (200).  The up-

regulation mediated by CAP3 can be inhibited by aprotinin.  A fourth candidate is furin which is 

a transmembrane member of the subtilisin-like serine protease family called pro-protein 

convertases (PCs) that cycles between the plasma membrane and the trans golgi network.  PC 

family members are involved in processing of proteins on the secretory pathway such as 

hormones (e.g. insulin) and receptors as well as modifying bacterial and viral toxins.  The furin 

directed serine protease inhibitor α1 antitrypsin Pittsburgh (α1PDX) inhibited Na+ transport in 

renal CCD cells while furin deficient Chinese hamster ovary cells had reduced Na+ transport 

(86). 
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A commonality amongst the proteases is their substrate sequence specificities.  Prostasin, 

CAP3 and PCs hydrolyze after arginine residues but they also have extended substrate sequence 

preferences.  Minimally, the proteases can cleave RXXR↓ residues, where X is any amino acid.  

Prostasin, in addition to cleaving RXXR (167), also cleaves RXR↓ according to a peptide 

substrate screen by Dr. Yi Cheng in our laboratory (personal communication); as does CAP3 

(182).  The PCs cleave at sequences R(Xn)R↓ where n = 0, 2, 4, or 6 (101).  These sequences, 

heretofore referred to as polybasic sequences, are present in the α and γ ENaC subunits and some 

have been shown to mediate the activation of Na+ transport when ENaC is expressed in Xenopus 

oocytes (86).  The fact that several proteases implicated in ENaC regulation share specificities 

for arginine rich polybasic sequences increases the likelihood of redundancy.  Such redundancy 

has been noted in the processing of several proteins by the PC family members furin, paired 

basic amino acid cleaving enzyme 4 (PACE4) and PC7 or PC8 (185). The protease inhibitor 

aprotinin, shown to inhibit Na+ transport in chapter 1 inhibits prostasin and prevents its ability to 

up-regulate Na+ transport (191, 206), but may also inhibit other serine proteases.  Furin is 

however not inhibited by aprotinin (Yi Cheng, personal communication) and the effect of 

aprotinin on other members of the PC family has not been reported.  Similarly, α1PDX inhibits 

other PCs in addition to furin (60).  These inhibitors do not allow for distinguishing the specific 

proteases mediating channel activation in a given cell.  Thus depending on the cell type, different 

proteases may cleave the same sites to activate the channel.  Therefore the mutations carried out 

only test the idea that ENaC could be activated by an endogenous protease but cannot distinguish 

among the endogenous proteases.    

In this chapter some preliminary findings on the effect of the polybasic sequences in α 

and γ ENaC subunits on activation of ENaC currents in FRT cells are presented.  The 

experiments were carried out to investigate which sequences were important for the spontaneous 

Na+ transport rate and which sequences were important for the aprotinin regulated component of 

the Na+ transport rate.  Furthermore, the possible importance of the polybasic sequences in the 

activation of ENaC by exogenous NE and PE were also tested to determine if multiple proteases 

are required to act sequentially for activation of ENaC-mediated current.  The findings suggest 

several future experiments that may elucidate the mechanism of activation by different proteases. 
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Site-directed mutagenesis, cell culture and transfection, evaluation of INa and statistical 

analysis were carried out as described in section 3.1.  Dexamethasone pre-stimulated cells were 

used throughout the experiments.   

4.1 RESULTS 

4.1.1 Effect of mutations at putative protease sites on expression of spontaneous 

INa 

The sequences α_RSR177, α_RSRR178, α_RDLR181, α_RRAR204 and γ_RKRR138 

represent minimal recognition sequences for one or more of the putative proteases that could 

activate ENaC-mediated Na+ transport.  The final residue in each sequence represents the P1 

position; hydrolysis can be expected at the peptide bond immediately after this residue.  

Mutation of the P1 position from R to a non-basic amino acid should prevent hydrolysis by the 

putative ENaC activating proteases at that point.  The Na+ current was measured in cells 

expressing wild type ENaC (αβγ) and the mutant constructs αR177Aβγ, αR178Aβγ, αR181Aβγ, αR204βγ, 

αR178A;R204A, and αβγR138A.  The average INa is shown in Table 4-1 for each construct. 
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Table 4-1  The spontaneous INa in cells expressing αβγ and selected mutant ENaCs 
a The difference in currents before and after addition of trypsin 
*  P < 0.05, student’s t test versus αβγ.  
 

Construct INa (± SEM) a∆INa (± SEM) N 

 Baseline + Trypsin   

 µA/cm2 µA/cm2  

αβγ 27.6 ±0.93 28.4 ± 0.90 0.8 ± 0.34 119 

     

αR177Aβγ 25.7 ± 1.56 28.9 ± 0.77 3.3 ± 1.27* 12 

αR178Aβγ 29.9 ± 2.77 35.6 ± 2.70* 5.8 ± 3.00* 9 

αR181Aβγ 38.7 ± 1.21* 41.3 ± 0.80* 2.6 ± 0.69 12 

αR204Aβγ 35.3 ± 1.35 38.2 ± 1.40* 2.85 ± 0.80 12 

αR178A;R204Aβγ 24.7 ± 2.57 34.7 ± 1.94* 10.0 ± 1.55* 20 

     

αR138Aβγ 19.9 ± 1.77 31.3 ± 2.31  11.5 ± 1.24* 55 
 

 

 

The baseline INa of αβγ and several mutants were ~ 30 µA/cm2. The α181Aβγ demonstrated 

significantly higher baseline current (38.7 ± 1.21 µA/cm2) whereas αβγR138A demonstrated 

significantly reduced baseline current (19.9 ± 1.77 µA/cm2) at the p < 0.05 level (unpaired 

students t test).  To demonstrate if the differences in baseline INa result from different levels of 

protease activation, trypsin was added to the apical chamber of short-circuited FRT cells as 

indicated in Figure 4-1.  In αβγ expressing cells trypsin induces small current increases 

suggesting that the baseline INa in wild type cells cannot be further significantly increased by 

trypsin.  The ISC trace for the αR177Aβγ mutant was similar to wild type showing a characteristic 

small increase following trypsin addition.  On average INa increased by 0.8 ± 0.34 µA/cm2 for 

αβγ.  The increase in current (3.3 ± 1.27 µA/cm2) for the αR177Aβγ was significantly greater than 

the increase in αβγ.  Similarly αR178Aβγ showed significant increases in INa following addition of 

trypsin.  The increase in INa upon trypsin addition for αR181Aβγ and αR204Aβγ was not significantly 

different from the increase seen with αβγ (Table 4-1).  The mutants αR178A;R204Aβγ and αβγR138A 
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had the most significant increase in INa, 10 ± 1.55 and 11.5 ± 1.25 µA/cm2 respectively, 

following addition of trypsin. 

The INa after trypsin addition averaged ~ 30 µA/cm2 for wild type αβγ.  However the 

mutants αR178Aβγ, αR181Aβγ, αR204Aβγ and αR178A;R204Aβγ had slightly elevated post trypsin INa.  

The other mutants did not demonstrate a trypsin activated current significantly different from 

αβγ.  The ratio of INa at baseline to INa after addition of trypsin IPR, shown in Figure 4-2, was 

used to factor the possible different levels of ENaC expression for the mutant constructs.  The IPR 

for αR177Aβγ and αR178Aβγ were moderately depressed at 0.88 ± 0.05 and 0.86 ± 0.08 respectively 

versus 0.97 ± 0.01 for αβγ. The αR181Aβγ and αR204Aβγ were not significantly depressed at 0.94 ± 

0.02 and 0.92 ± 0.02 respectively.  The IPR ratios were most significantly depressed at ~ 0.6 for 

αR178A;R204Aβγ and αβγR138A.  These results suggest that removal of the R at possible P1 positions 

simultaneously at α178 and α204, or at γ138 could result in a channel that is only partially 

activated.  These partially activated channels can then respond to trypsin stimulation. 
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Figure 4-1 continued  
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Figure 4-1 continued  
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Figure 4-1  Representative ISC traces of αβγ and selected endogenous protease site 

mutants 
Shown are  the baseline current in PBS and aprotinin (10 µM) pre-treated cells and the responses to 15 µM 

Trypsin added to the apical side.  Amiloride was added at the indicated time.  
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4.1.2 Effect of mutations on aprotinin inhibition of INa 

The mutated sites may represent potential sites of action of an aprotinin sensitive protease 

therefore, the sensitivities of the mutant channels to aprotinin were measured.  Shown in Table 

4-2 are the INa values for aprotinin treated FRT cells expressing αβγ and the mutant ENaCs.  As 

previously observed, aprotinin caused a significant reduction in the INa for all constructs.  The INa 

averaged ~ 14 to 16.0 µA/cm2 for αβγ, αR177Aβγ and αR204Aβγ; and a significantly higher 19 

µA/cm2 for αR181Aβγ.  Unlike in the control conditions, where the cells were not treated with 

aprotinin, both αR178Aβγ and αR178A;R204Aβγ had significantly lower INa compared to αβγ at 9.0 ± 

0.77 and 7.9 ± 0.69 µA/cm2 respectively.  The αβγR138A also demonstrated significantly lower 

INa.  Consequently, aprotinin reduced the INa for αβγ and αR177Aβγ, αR204Aβγ, and αβγR138A to half 

of their control values whereas αR178Aβγ and αR178A;R204Aβγ INa values were reduced to a third of 

their control values. The trypsin activation of current in aprotinin treated FRT cells was also 

measured.  The trypsin addition as shown in the representative traces (Figure 4-1) caused 

significant increases in the INa for all the mutants.  The INa values after addition of trypsin to 

aprotinin treated cells (Table 4-2) reached the same values as the INa of control cells after 

addition of trypsin.  That is, the maximal activated current in control and aprotinin treated cells 

were the equal.  In aprotinin treated cells, trypsin increased INa for αβγ and αR177Aβγ by 13.0 

µA/cm2.  However, significantly higher increases were observed for αR178Aβγ, αR181Aβγ, αR204Aβγ 

and αR178A;R204Aβγ as well as αR138Aβγ suggesting that these mutants have a more significant 

protease activation deficit in the aprotinin treated cells compared to αβγ.  To factor in differences 

that could arise from different levels of expression, the currents in aprotinin treated cells were 

normalized to the maximal trypsin response as IPR as shown in Figure 4-3.  Here, αβγ had IPR of 

0.56 ± 0.01, αR177Aβγ 0.52 ± 0.02, αR181A 0.50 ± 0.02 and αR204A 0.48 ± 0.02.  The significant 

differences were found with αR178Aβγ, αR178A;R204A and αβγR138A at 0.25 ± 0.01, 0.26 ± 0.01 and 

0.34 ± 0.02 respectively.  Continued inhibition of the mutants by aprotinin suggests that neither 

the α polybasic sequences nor the γ polybasic sequence are solely responsible for the aprotinin 

inhibitable pathway. 
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Figure 4-2  Summary of the baseline current as a fraction of the trypsin stimulated 

current 
The INa before trypsin addition was normalized to the INa after addition of trypsin to give IPR plotted for 

mutations that should eliminate putative furin consensus sequences in the α and γ subunits by changing the P1 
position from R to A.  *P < 0.05 ANOVA, student t test comparison with αβγ. 
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 Table 4-2  Activation of INa by trypsin in aprotinin inhibited cells   
The aprotinin pretreated INa in cells expressing αβγ and selected mutant ENaCs and the effect of trypsin 

addition.  *P < 0.05 by ANOVA t test compared to αβγ 
 

 

Construct INa (± SEM) ∆INa (± SEM) N 

 Baseline(Aprotinin) + Trypsin   

 µA/cm2 µA/cm2  

αβγ 16.0 ± 0.38 29.2 ± 0.65 13.2 ± 0.39 181 

     

αR177Aβγ 14.7 ± 0.76 28.0 ± 0.67 13.3 ± 0.44 11 

αR178Aβγ 9.0 ± 0.77* 35.8 ± 1.86 26.9 ± 1.14* 8 

αR181Aβγ 19.2 ± 0.78* 38.6 ± 0.93 19.3 ± 0.84* 3 

αR204Aβγ 16.7 ± 0.67 34.8 ± 0.76 18.2 ± 1.08* 11 

αR178A;R204Aβγ 7.9 ± 0.69* 30.4 ± 1.76 22.5 ± 1.24* 16 

      

αR138Aβγ 11.7 ± 1.02* 32.0 ± 2.03 20.3 ± 1.31* 36 
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Figure 4-3   The aprotinin inhibited INa as a fraction of the trypsin stimulated INa 

The INa before trypsin addition was normalized to the INa after addition of trypsin to give IPR plotted for 
mutations that should eliminate putative furin consensus sequences in the α and γ subunits by changing the P1 
position from R to A.  *P < 0.05 ANOVA, student t test comparison with αβγ. 



 105 

 

4.1.3 Effect of mutations on Elastase activation of INa 

An elastase responsive region in the γ subunit of ENaC was identified in chapter 3.  To further 

characterize the properties of the mutants found to affect spontaneous ENaC expression and 

aprotinin inhibition of INa, elastase mediated activation of current was measured in the 

αR178A;R204Aβγ and αβγR138A constructs.  Shown in Figure 4-4 A are representative current traces 

depicting the effect of NE and trypsin on INa for αβγ and αR178A;R204Aβγ.  As previously observed, 

neither NE (300 nM) nor subsequent trypsin causes a significant increase in INa for αβγ.  The INa 

averaged 26 to 28 µA/cm2 at baseline, after NE and after trypsin.  In contrast, for αR178A;R204Aβγ 

NE caused a significant current increase from ~12 µA/cm2 to ~23 µA/cm2 after which trypsin no 

longer increased current.  Consequently, the impaired protease activation arising from the 

mutation could be completely reversed by the addition of NE.  In aprotinin treated cells NE 

activated current in both αβγ and αR178A;R204Aβγ (Figure 4-4 B).  For αβγ NE increased INa from 

14 to 26 µA/cm2, which was slightly further increased to 28 µA/cm2 by trypsin.  As previously 

shown, the INa for αR178A;R204Aβγ in cells treated with aprotinin was markedly low averaging 4.1 ± 

0.30 µA/cm2.  Addition of NE caused a large increase of INa to 19.4 ± 0.83 µA/cm2.  Subsequent 

trypsin addition increased INa to 25.4 ± 0.96 µA/cm2.  Clearly this mutant responds to NE in the 

absence or presence of aprotinin providing further evidence that αR178A;R204Aβγ is only partially 

activated by endogenous proteases.  A summary is shown in Figure 4-5.  Similar results were 

obtained with PE (300nM) on the αR178A;R204Aβγ construct with representative traces shown in  

Figure 4-6 and results summarized in Figure 4-7.  Thus the partial activation of αR178A;R204Aβγ 

was overcome with exogenous trypsin, NE and PE.  Shown in Figure 4-8 are representative 

current traces for αβγR138A.  Compared to αβγ, the baseline INa for αβγR138A is seen to be reduced 

as previously observed.  Addition of NE, unlike in the case for αR178A;R204Aβγ, did not 

significantly increase INa.  Finally, addition of trypsin, as previously observed, increased INa.  In 

aprotinin treated cells, NE increased INa from 14.9 ± 1.12 to 20.5 ± 1.12 µA/cm2.  However, 

addition of trypsin doubled INa to 39.3 µA/cm2.  Similar results were obtained with PE (Figure 

4-11).  Thus, unlike αR178A;R204Aβγ, the response to NE and PE is significantly impaired for 

αβγR138A. 
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B 

 
Figure 4-4  Representative traces for NE activation of αR178A;R204Aβγ 
A) Representative current trace of NE activation of αβγ (upper trace) and αR178A;R204Aβγ (lower trace) in the 

absence of aprotinin (PBS = vehicle).  B) Representative current trace of NE activation of αβγ (upper trace) and 
αR178A;R204Aβγ (lower trace) in the presence of aprotinin (Apr).  
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Figure 4-5  Summary of NE activation of αR178A;R204Aβγ 
The mean values of INa (± SEM) in PBS and aprotinin treated cells before protease addition (ctrl), after 

addition of 300 nM NE and after addition of trypsin.  *P < 0.05 and **P < 0.05 student’s t test comparison of 
elastase INa to control INa in PBS and in aprotinin treated cells respectively.  
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Figure 4-6  Representative traces of PE activation of αR178A;R204Aβγ 
A) Representative current trace of PE activation of αβγ (upper trace) and αR178A;R204Aβγ (lower trace) in the 

absence of aprotinin (PBS = vehicle).  B) Representative current trace of PE activation of αβγ (upper trace) and 
αR178A;R204Aβγ (lower trace) in the presence of aprotinin (Apr).  
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Figure 4-7  Summary of PE activation of WT (αβγ) and αR178A;R204Aβγ 
The mean values of INa (± SEM) in PBS and aprotinin treated cells before protease addition (ctrl), after 

addition of PE and after addition of trypsin.  *P < 0.05 and **P < 0.05 student’s t test comparison of elastase INa to 
control INa in PBS and in aprotinin treated cells respectively.  
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Figure 4-8  Representative current traces of NE activation of WT (αβγ) and αβγ138A 

A) Representative current trace of NE activation of αβγ (upper trace) and αβγR138A (lower trace) in the 
absence of aprotinin (PBS = vehicle).  B) Representative current trace of NE activation of αβγ (upper trace) and 
αβγR138A (lower trace) in the presence of aprotinin (Apr). 
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Figure 4-9  Summary of NE activation of wild type ENaC (αβγ) and the αβγR138A 

The mean values of INa (± SEM) in PBS and aprotinin treated cells before protease addition (ctrl), after 
addition of NE and after addition of trypsin.  *P < 0.05 and **P < 0.05 student’s t test comparison of elastase INa to 
control INa in PBS and in aprotinin treated cells respectively.  †P < 0.05 and ††P < 0.05 student’s t test comparison 
of INa after trypsin to INa after elastase.  
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Figure 4-10   Representative current traces of PE activation of WT (αβγ) and 

αβγ138A 
A) Representative current trace of PE activation of αβγ (upper trace) and αβγR138A (lower trace) in the 

absence of aprotinin (PBS = vehicle).  B) Representative current trace of PE activation of αβγ (upper trace) and 
αβγ138A (lower trace) in the presence of aprotinin (Apr). 
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Figure4-11  Summary of PE activation of WT (αβγ) and the αβγR138A 

The mean values of INa (± SEM) in PBS and aprotinin treated cells before protease addition (ctrl), after 
addition of PE and after addition of trypsin.  **P < 0.05 student’s t test comparison of elastase INa to control INa in 
aprotinin treated cells.  †P < 0.05 and  ††P < 0.05 student’s t test comparison of INa after trypsin to INa after elastase 
in control and aprotinin treated cells respectively.  
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 Table 4-3  Time course of NE and PE Activation of ENaC-mediated Na+ Current  
The τ are time constants obtained from fitting the change in INa, following addition of Porcine elastase as a 

fraction of the maximal INa obtained after subsequent trypsin addition to a single exponential curve.  IPR represents 
the predicted maximal INa following elastase stimulation as a fraction of maximal trypsin stimulated INa observed.  
∆IPR represents the maximal elastase stimulated increase in INa as fraction of the maximal trypsin stimulated INa 
observed.  The values are obtained from a fitting the mean of (n) experiments and the 95 % confidence interval 
(95% CI) on the parameters are reported. 

 

 

 Construct τ 

(+/- 95% CI) 

IPR 

(+/- 95% CI) 

∆IPR 

(+/- 95% CI) 

n 

NE  min    

 αβγ 2.59 ± 0.080 0.87 ± 0.003 0.43 ± 0.006 8 

 αβγR138A 12.4 ± 0.741 0.53 ± 0.011 0.29 ± 0.010 4 

 αR178A;R204Aβγ 6.44 ± 0.675 0.80 ± 0.028 0.63 ±0.025 6 

 

PE αβγ 2.01 +/- 0.320 0.97 ± 0.010 0.34 ± 0.024 16 

 αβγR138A 2.03 ± 0.462 0.57 ± 0.008 0.18 ± 0.032 15 

 αR178A;R204Aβγ 3.86 +/- 0.764 0.95 ± 0.040 0.68 ± 0.049 8 

 

 

Further differences were found by characterizing the time course of current activation.  

As previously described, the time course of current activation fits a single exponential 

component.  The time courses for NE and PE activation of current in aprotinin pre-treated FRT 

cells expressing αβγ and αR178A;R204Aβγ were plotted in Figure 4-12.  Prior to protease addition 

the effect of the mutation αR178A;R204 βγ was evident.  In the NE set of experiments the IPR for 

aprotinin treated cells expressing αβγ was 0.48 ± 0.004 while that for cells expressing αR178A;R204 

βγ was 0.18 ± 0.002. Addition of NE caused an increase in current to 0.87 ± 0.003 for αβγ and 

0.7 ± 0.028 for αR178A;R204Aβγ. The increases were characterized by time constants of 2.59 ± 0.08 

and 6.44 ± 0.675 min respectively.  The final values extrapolated from the exponential fits were 

0.87 ± 0.003 and 0.80 ± 0.028 respectively.  Thus as previously observed, NE reverses the 

aprotinin inhibition of cells expressing αβγ as shown in chapter 3.  NE also reversed the aprotinin 

inhibition in cells expressing αR178A;R204Aβγ as well as reversing the inhibitory effect attributable 

to the mutation itself.    However, the activation by NE in cells expressing the αR178A;R204Aβγ 
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mutant had a prolonged time constant relative to cells expressing αβγ and points to a slower rate 

limiting step in the activation process.  In the PE set of experiments, the normalized values for 

aprotinin treated FRT cells expressing αβγ was 0.62 while that for cells expressing the 

αR178A;R204Aβγ mutant was 0.3.  Addition of PE caused an increase in the current to an IPR of 0.97 

± 0.01 and 0.95 ± 0.04 for αβγ and αR178A;R204Aβγ expressing cells respectively.   The time 

courses were characterized by time constants of 2.01 ± 0.32 and 3.86 ± 0.76 respectively.  

Clearly PE reversed the aprotinin inhibition as well as the inhibition caused by the αR178A;R204Aβγ 

mutation and it did so with a slightly prolonged time course.  The time course for the activation 

of current in cells expressing the αβγR138A mutant was different as shown in Figure 4-13.  As was 

true for αR178A;R204Aβγ, the αβγR138A mutant had a reduced IPR (0.22 ± 0.008).  Addition of NE 

caused an increase to 0.4 ± 0.01 with a time constant of 12.4 ± 0.74 min.  Extrapolation of the fit 

indicates a final steady-state value of 0.53 ± 0.01.  NE appeared to reverse the aprotinin 

inhibition of current only and not the inhibitory effect of the αβγR138A mutation.  Secondarily, the 

reversal of aprotinin inhibition of current by NE is characterized by a prolonged time course 

suggesting a much slower rate limiting step for the αβγR138A mutant compared to αR178A;R204Aβγ 

or αβγ.  Addition of PE to cells expressing the αβγR138A mutant increased IPR from 0.38 ± 0.006 

to 0.57 ± 0.008 with a time constant of 2.03 ± 0.462 min.  PE also reversed the aprotinin 

inhibition and it did this with a time constant that is the same as that observed for αβγ (2.01 ± 

0.32).  However it did not reverse the inhibitory effect due to the αβγR138A mutation. 
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Figure 4-12 Time course of NE and PE activation of αR178A;R204Aβγ 
Time-dependent increase in current following 300 nM NE (A)  and 300 nM PE (B) addition to aprotinin 

treated FRT cells expressing WT (solid squares) and αR178A;R204Aβγ as a fraction of the trypsin stimulated maximum.  
Solid lines are single exponential fits of the data. 
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Figure 4-13  Time course of NE and PE activation of αβγR138A 

Time-dependent increase in current following 300 nM NE (A)  and 300 nM PE (B) addition to aprotinin 
treated FRT cells expressing WT (solid squares) and αβγR138A as a fraction of the trypsin stimulated maximum.  
Solid lines are single exponential fits of the data. 
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4.2 DISCUSSION 

In this chapter it was investigated whether potential endogenous protease consensus polybasic 

sequences mediate expression of Na+ current in Na+ transporting epithelial cells by carrying out 

amino acid substitutions of the polybasic sequences.  The results are preliminary and the 

conclusions tentative; they primarily provide questions for future studies.  The results showed 

that mutations of polybasic sequences in the α and γ subunits indeed caused significant decreases 

in the current.  The decreases were protease sensitive because they were reversible by addition of 

exogenous trypsin, and in the case of the αR178A;R204Aβγ reversible by the elastases NE and PE.  

The results were therefore broadly consistent with previous reports that concluded that mutation 

of the particular arginines of the polybasic sequences reduced ENaC-mediated current in 

Xenopus oocytes and prevented α and γ subunit cleavages in the Madine-Darby canine kidney 

(MDCK) model epithelial cell (86).  The mutations did not result in complete channel inhibition 

which could be explained by at least two different hypotheses.  First, the partial inhibition may 

be attributed to a reduced Po of uncleaved channels caused by an enhanced Na+ self inhibition 

effect (163).  Alternatively, the single point mutations may not completely abolish hydrolysis by 

endogenous proteases but instead reduce the rate of hydrolysis.  As discussed in section 3.3.4, 

low rates of activation could result in a reduced current steady-state level because of the balance 

between proteolytic activation and endocytic retrieval. Activation by exogenous trypsin could be 

mediated by possible cleavage at several residues within or surrounding the polybasic sequences 

(the trypsin primary specificity is R/K) thereby substituting for the endogenous protease 

cleavage.  This is reminiscent of the activation of the fusogenic property of a viral protein which 

is inhibited by mutation of a polybasic residue and activated by exogenous trypsin (117).  

Because several proteases such as CAP1, CAP3, and many members of the PC family can cleave 

polybasic sequences the results do not indicate a particular protease as being of primary 

importance but highlight a general possibility of ENaC cleavage by endogenous proteases.  To 

further investigate the dependence of channel activity on cleavage, polybasic sequences could be 

changed by substitutions of all the basic residues to completely eliminate the sites rather than the 

use of single point mutations as we have done.  In this way we could mutate all the putative 
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endogenous sequences and then carryout the replacement of the polybasic sequences with the 

thrombin sequence, as described in our studies in chapter 3.  Thrombin could then be used to 

show that cleavage at those sequences indeed mediate channel activation.  

The attempt to investigate the mechanism of aprotinin (a serine proteases inhibitor) 

inhibition of INa did not yield conclusive results.  The results show that serine protease inhibition 

by aprotinin continues to inhibit INa in cells expressing the polybasic sequence mutants therefore 

the mutations did not prevent activation by an aprotinin sensitive pathway.  The only conclusion 

that may be drawn is that an aprotinin-sensitive protease does not cleave at sites corresponding to 

RSRR178 and RRAR204 in the α subunit alone or a site corresponding to RKRR138 in the γ subunit 

alone.  In other words, we cannot rule out an aprotinin sensitive simultaneous cleavage at the 

polybasic sequences in both subunits as well as at other sites not yet identified.   

Perhaps, the most interesting finding is that the mutations of the polybasic sequences in 

the α and γ subunit have different consequences for elastase mediated activation of current.  We 

first consider the observation that in cells expressing the αR178A;R204Aβγ mutant and untreated with 

aprotinin NE and PE increased the INa reversing the inhibitory effect of the mutation.  This 

activation seen in the absence of aprotinin treatment may arise from the elastases essentially 

mimicking a polybasic sequence dependent endogenous protease cleavage of the α subunit by 

utilizing several of the valines and alanines in the α178-204 span as possible cleavage sites.  

When the cells expressing the αR178A;R204Aβγ were inhibited by aprotinin, the increase in INa 

mediated by NE/PE had a prolonged time course relative to cells expressing wild type ENaC.  

This prolongation may arise from the possibility that the rate-limiting step has been shifted to 

elastase interactions with less susceptible α subunit valines/alanines instead of the γ sites which 

would be rate limiting for wild type ENaC.  Alternatively, multiple pathways may lead to 

channel activation.  In other words, the NE/PE mediated cleavage of the γ subunit at γV182, 

γV193 or γA190 described in results from chapter 3 may be an independent path for channel 

activation that could reverse inhibition of INa caused by the αR178A;R204Aβγ mutation just as it 

reversed the inhibition of INa caused by aprotinin treatment.  To test the latter alternative 

hypothesis the αβγV182G;V193G (for NE) or αβγA190G (for PE) could be evaluated in the context of 

the αR178A;R204Aβγ mutant.  Inhibited responses to NE/PE in cells expressing the resultant mutant 

construct will confirm the latter hypothesis but continued responses will indicate that activation 

inducing cleavage sites for NE/PE could be present in the α subunit.  Heterologous expression of 
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the αR178A;R204Aβγ construct in a model epithelial cell such as the human embryonic kidney 

(HEK) or MDCK cell could be used to biochemically determine if elastases cause cleavage of 

the α subunit.  The actual cleavage site could be searched with MALDI-TOF on the appropriate 

representative peptide sequence and the functional significance of the cleaved site verified by 

site-directed mutagenesis and measurement of NE/PE dependent INa increase in FRT cells. 

  Unlike the αR178A;R204Aβγ mutant, cells expressing the αβγR138A mutant displayed 

remarkable resistance to activation by NE and by PE in cells without aprotinin treatment.  In this 

case the cleavage at γV182, γV193 and γA190 by NE and PE is expected yet activation is 

impaired.  It is possible that mutating γR138, and preventing cleavage there, blocks a 

conformational transition that would facilitate elastase hydrolysis at the down stream residues.  

Alternatively, cleavage at the down stream residues may occur but be insufficient to activate the 

channel.  This conclusion cannot be definitely ascertained without showing that cleavage by 

NE/PE persists although activation is impaired.  Again expression of ENaC in the HEK/MDCK 

model cells and biochemical characterization of subunit fragmentation could be evaluated.  

Clearly, NE/PE activation via the γ subunit (as discussed in chapter 3) does not simply mimic the 

endogenous protease cleavage of the polybasic sequence at γR138.    The idea that multiple 

cleavage sites and possibly multiple proteases could be involved necessarily in the regulation of 

channel activity is intriguing in light of the fact that NE and PE appear to mediate small INa 

increases for the αβγR138A mutant only in cells that were aprotinin inhibited.  Activation by PE 

appears to return the current to the pre-aprotinin treatment values but not to trypsin activated 

values as was found for wild type and αR178A;R204A.  Similar results were apparent for NE 

although the time constants differ considerably.  In the case of PE, the results were consistent 

with PE mediated reversal of aprotinin inhibition but not reversal of the effect of the αβγR138A 

mutation.  The results show the following: 1) NE/PE fully (with respect to trypsin activation) 

activates INa in aprotinin inhibited cells expressing wild type ENaC; 2) NE/PE did not increase 

INa in cells that express the αβγR138A mutant without aprotinin treatment; 3) NE/PE partially (with 

respect to trypsin) increased INa in aprotinin inhibited cells expressing the αβγR138A mutant. 

Including the report that αβγR138A prevents cleavage of the γ subunit (86), it follows from 1, 2 

and 3 that aprotinin did not cause inhibition by preventing cleavage at γR138.  Otherwise, NE/PE 

would not increase INa in aprotinin inhibited cells.  We speculate that NE/PE cleavage of the γ 

subunit mimics an aprotinin sensitive protease that cleaves the γ subunit down stream of 
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γR138A, close to the identified NE/PE sites; perhaps likely at the polybasic sequence KRKR181 

in the γ subunit.  In addition, the notion that activation by cleavage of the α subunit requires two 

cleavage sites is mirrored (32) in the γ subunit but here two different endogenously expressed 

proteases may play a role, one of which is sensitive to aprotinin.   

Many questions are left unanswered by these experiments.  First, what is the target of 

aprotinin?  A leading candidate in mammalian cells is CAP1/prostasin, which activates ENaC in 

heterologous expression systems (49).  Prostasin and other CAPs are likely to mediate the 

aprotinin effect because both their protease activity (167, 206) and their capacity for increasing 

Na+ transport (201) are inhibitable by aprotinin.  It is not yet known if prostasin cleaves ENaC, 

which subunits are cleaved or what cleavage sites are utilized.  It was shown that CAP1 lacking a 

catalytic triad that is required for serine protease activity increased the INa in Xenopus oocytes, 

but other similar proteases (CAP2 and CAP3) require an intact catalytic triad to activate the 

channel (8).  If a secondary endogenous protease that does not use the PC consensus sequences 

plays a role in channel activation it is not evident from biochemical studies in MDCK cells 

expressing the polybasic sequence mutants, which showed a lack of subunit cleavage (86).  

However, it is not known whether other proteases that can activate the channel (e.g. 

prostasin/CAP2/CAP3) are expressed in the MDCK cells and the formation of functional 

channels were not assessed in the MDCK cells.  A search for aprotinin interacting proteins would 

significantly enhance complete elucidation of the aprotinin sensitive pathway.   

Second, the contribution of each cleavage to channel activation remains to be resolved 

because the experiments herein do not show that the mutation completely eliminated channel 

cleavage.  Therefore biochemical measurements of protein cleavage in the same epithelial cells 

as measurement of the INa is a necessary step in determining the extent to which cleavage is 

inhibited by mutations of the putative endogenous protease sites.  Assuming cleavage is 

completely prevented by the mutations, the significance of cleavage in multiple subunits and 

perhaps by multiple proteases is not yet clearly understood.  Indeed the mechanism whereby 

cleavage leads to channel activation is not yet clear.  Cleavage appears to involve both changes 

in the number of active channels as well as the open probability.  It is possible that some 

cleavage steps set the open probability of the channels whereas others determine whether the 

channels are open or not.  One might speculate that channels reaching the surface are already 

primed by proteases in the biosynthetic pathway; once at the surface the channels are then 
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activated by a final proteolytic step/s which allows for channel opening or uncapping.  The 

channels that have been properly primed are uncapped to the set open probability and uncapping 

of unprimed channels results in inactive or low Po channels.  It is also possible that incremental 

cleavage steps lead to incremental changes of the channel’s open probability.  Accordingly, some 

proteases which can cleave at all proteolytic sites (e.g. trypsin) can lead to activation of channels 

from very low open probability (essentially inactive) to high open probabilities whereas 

proteases that cleave one site alone can only effect step increases in channel opening.  A third 

layer of complexity involves the possibility that some proteases may require a prior cleavage of 

the channel before they can act on it.  These possibilities can be delineated by careful 

simultaneous measurements of channel Po, NT and cleavage starting with a system where no 

cleavage occurs. 

Studies towards understanding the effects of proteases, protease inhibitors and mutations 

of putative cleavage sites on channel subunit cleavage, Po and NT are currently underway.   

Antibodies against several epitopes on the α and γ subunits have been recently obtained and may 

be useful as primary tools for examining the fragmentation of the subunits under different 

experimental conditions.  Initial studies on the utility of blocker induced noise analysis to study 

the single channel properties of ENaC expressed in FRT cells have been performed using 

analogs of two classical Na+ channel inhibitors; amiloride and triameterene.  With these analogs, 

we demonstrated that blocker induced Lorentzians can be measured in short-circuited FRT cells 

providing estimates of the single channel current that is consistent across the blockers.  Two 

problems prevent utilization of this approach at present.  First, increased accuracy on the 

estimates of the blocker dissociation constants and hence the spontaneous channel Po requires 

optimization of the blocker off-rates.  Secondarily, the nature of blocker interactions with human 

ENaC needs to be elucidated before blocker induced noise analysis can be routinely used to 

measure single channel properties.  Our studies on human and mouse ENaC suggest a blocking 

mechanism other than the open channel blocked observed with Xenopus ENaC in A6 cells.  A 

cell based high-throughput screening assay is currently being used to identify different classes of 

human ENaC blockers for the purposes of optimizing the blocker characteristics.  Expression of 

functional ENaC at the plasma membrane of FRT cells grown on non-porous substrates has been 

confirmed by immunoflorescence and amiloride-sensitive membrane potential measurements.  

The excised, outside-out patch clamp configuration could be used on the FRT cells to study the 
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Po of individual channels as well as the mechanism of blockade of the blockers identified from 

the high-throughput screening.  It is expected that in the near future, the combination of patch 

clamp analysis and noise analysis of the short-circuit current will yield a clearer picture of the 

mechanism of activation by endogenous and exogenous proteases. 
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5.0  SUMMARY 

In this dissertation the hypothesis that apical surface activation of ENaC occurs in epithelial cells 

by protease dependent conversion of inactive channels to active channels was examined.  Direct 

extracellular protease activation of surface receptors can be found in trypsin activation of the G-

protein coupled, protease activated receptors (138)  and insulin (168) as well as tissue type 

plasminogen activator regulation of the N-methyl D-aspartate receptor (56).  In these cases, 

protease cleavage leads to intrinsically active receptors or potentiation of the receptor activity.  It 

is suggested by the results presented in this thesis that the same is true for ENaC.   

The experiments from chapter 2 demonstrate several properties of the protease pathway.  

It was shown in cultured epithelial cells that protease activation may be a constitutive 

phenomenon which can be potently and reversibly inhibited by apical administration of serine 

protease inhibitors.  The time course of inhibition was no faster than the rate at which channel 

subunits are removed from the apical membrane.  The decrease in current results from a decrease 

in the number of active channels whereas compensatory increases occur in the single channel 

current and channel open probability.  With removal of protease inhibition, the changes in single 

channel properties abruptly reverse.  These studies suggest that in the presence of protease 

inhibition active channels are continually deactivated, perhaps by continuous endocytic 

withdrawal, whereas channels in the biosynthetic pathway remain inactive until removal of the 

protease inhibitor or exogenous addition of proteases.  Because noise analysis, as carried out in 

chapter 2, treats the apical membrane channels as an ensemble, small heterogeneities will be 

missed and ensemble properties will reflect the properties of the most active channels; in this 

case, high Po channels which may co-exist with low Po channels. Thus, the remainder current 

after aprotinin inhibition represents high Po active channels either selectively not internalized, 

resulting from compensatory up regulation or the new equilibrium established at low but 

significant levels of remaining proteolytic activity.  Alternatively, these may represent the 
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channels arriving at the apical membrane already activated.  The protease activation as presented 

in this dissertation suggests the possibility that in the apical membrane of epithelial cells the 

channels are not homogenous.  It has long been known that ENaC gating varies widely and that 

at least a low Po and a high Po mode can be observed (141, 142).  Studies on ENaC regulation 

looking at single channel parameters tend to implicate either very large changes in Po or changes 

in the number of channels for the same stimulus depending on whether one chooses to look at 

individual channels or calculate single channel properties from a population (82, 100).  If 

heterogeneities exist, then single channel data may not be extrapolated to the entire population 

and population statistics may not represent single channel properties with fidelity.  New 

techniques will be needed to measure the distribution of single channel properties of multiple 

channels. 

Many studies suggest that ENaC at the apical membrane exists in a cleaved form 

resulting from the action of endogenous proteases such as PCs and the presence of the cleaved 

forms correlate with channel activity.  It may thus be concluded that PCs and perhaps other 

proteases such as CAPs 1-3 may play a role in cleavage-mediated conversion.  In chapter 3, it 

was shown that ENaC expressed heterologously in FRT epithelial cells also have similar 

protease regulation as previously observed in many epithelial cells.  Steroid up-regulation of Na+ 

transport in transfected cells did not change the pattern of aprotinin inhibition and protease 

activation.  Using the heterologous system, it was shown that direct interaction of proteases 

occurs with the ENaC γ subunit resulting in activation of current from aprotinin inhibited states.  

This was demonstrated by the dependence of protease activation of current on the presence of 

specific residues within the γ182-193 segment.  The correspondence of activation by the 

elastases NE and PE with the presence of their preferred P1 substrate residue at γV193 and γ190 

respectively combined with novel thrombin activation of current induced by engineering into the 

γ subunit a thrombin cleavage sequence demonstrated the dependence of activation directly on 

protease interaction with the γ subunit.  Upon binding there is a rate limiting step in channel 

activation which is consistent with hydrolysis at the specific residue but can also result from 

hydrolysis independent steps.  The correlation of activation time constants and steady-state 

values suggest a limited life time of the active channel at the apical membrane.  This is in line 

with measurements of subunit lifetimes in the apical membrane (6) and the dependence of Na+ 

transport and cleavage on endocytic mechanisms (105). 
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The preliminary studies in chapter 4 indicated the importance of polybasic sequences 

within the α and γ subunit for channel activity.  Mutating putative P1 positions resulted in partial 

activity of ENaC.  These sequences are consensus sequences for several trypsin-like proteases 

including prostasin, CAP3 and several PC family members.  Thus the mutations do not indicate a 

particular protease as being involved.  Interestingly, the effect of the mutations on elastase 

activation of ENaC were different depending on whether the α subunit or the γ subunit was 

investigated.  The α subunit mutant (αR178A;R204Aβγ) was activated by the elastases NE and PE 

whereas the γ subunit mutant (αβγR138A) was not.  Further, aprotinin inhibition showed that the γ 

subunit mutant was not entirely unresponsive since some activation was observed in the context 

of an aprotinin inhibited epithelial cells.  However this activation by the elastases was minimal 

relative to activation by trypsin and appears only to reverse the extent of aprotinin inhibition.  

The results highlight some complexities of the protease regulatory pathway indicating that more 

than one type of protease may be involved in activation of the channel in a series of sequential 

steps.   

In conclusion, our results show that protease activities at the apical membrane regulate 

Na+ transport by partitioning the channels into active and inactive populations.  These 

populations could be held in a steady-state by continuous insertion into the membrane from the 

biosynthetic pathway and retrieval from the membrane for degradation.  The inactive channels 

hence form a reserve pool that could be rapidly activated by a protease dependent process or by 

other means.  Thus in addition to the ability to change the open probability of channels already in 

the membrane, the ability to change their numbers as well increases the dynamic range of 

regulation of Na+ transport.   
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APPENDIX  

After aprotinin treatment we assume that there exists an inactive channel population (C) that can 

be converted to active channels (A) by the enzyme (E).  For direct enzyme channel interactions 

we considered two schemes; 1) Single step enzyme binding and 2) a enzyme binding followed 

by a secondary conformational change, possibly catalysis.  The first reaction consists of the 

enzyme binding to the channel as shown in equation A 1. 

A
k
kEC

off

on →←+  

A 1 

 

Since A is measured as the increase in current in response to protease (∆IPR
Norm), we write the 

differential equation for A as 

 

( ) AkCEkA
dt
d

offon −⋅=  

A 2 

Then assume that the number of activable channels (C0) is fixed so that 

 

ACC +=0  

A 3 

                        

to yield: 
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( ) AEkkCEkA
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d
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A 4 

In the reaction, E is in excess relative to C so that its concentration does not change and a 

pseudo-first order kinetic is evident.  Equation A 4 is immediately solved as a linear differential 

equation to give the typical binding exponential curve as in equation A 5.  
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where 

Ekk onoff +== τλ /1  

A 6 

Since A represents active channels, equation A 4 can thus be written as equation A 7  

 

( )τ/1)()( tNorm
PR

Norm
PR eItI −−∞∆=∆  

A 7 

for the increase in current with time.  The relaxation rate constant λ increases linearly with E and 

the plateau value (∆IPR
Norm(∞)) is the typical ligand binding hyperbolic expression.  
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A 8 

The second reaction, as indicated in equation A8, consists of enzyme binding and a 

secondary step which we call catalysis for the sake of argument but could represent any rate 

limiting step (e.g. conformational change leading to channel opening).  With fixed number of 

activable channels there reaction is defined by the differential equations  
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( ) CEkA
dt
d

cat ⋅=  

A 10 

With assumption of excess E, these become linear differential equations that are solved 

conveniently using the eigenvalue-eigenvector method.  In vector notation these differential 

equations become: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅⎥

⎦

⎤
⎢
⎣

⎡
−

++
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ⋅
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
A

CE
k

EkEkkkCEk
A

CE
dt
d

cat

ononoffcaton

00
0  

A 11 

Using the substitutions  
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The differential equation is written as  

 

( ) vMrv
dt
d ˆˆˆ −=  

A 12 

which is solved analogously (with vector algebra conventions) to equation A 4 to give 
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I is the identity matrix, Ai are the spectral matrices (not the active channels) and λi the 

eigenvalues of M (38).  The eigenvalues and eigenvectors of M are obtained in the usual way and 

the spectral matrices Ai can be calculated from them (38).  Therefore CE(t) and A(t) are sums of 

a constant and two exponentials with rate constants λ1 and λ2 and substituting ∆IPR
Norm for A(t) 

we get 
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A 15 

As previously indicated we are interested in the relaxation rate constants obtained by fitting the 

current traces to equation A 15.  The eigenvalues are given by equation A 16 below 
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where, 
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Using the Taylor series expansion  
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the square root term becomes 
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At infinite enzyme concentration the maximal rate of formation of A is limited by kcat.  The 

maximal rate is small in our experiments.  We assume that koff and kon are much larger than kcat 

so that a/b2 << 1 and the higher order terms in the Taylor series go to 0.  The rate constants in 

equation A15 are now given by  

 

bab 4/1 −=λ  

A 17 
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and 

ba 4/2 =λ  

A 18 

                        

Substituting equations A18 and A 18 into equations A 13 and A 14, it can be shown that α1 

vanishes in equation A10 and α2 becomes C0 so that rate constant λ2 is the slower saturable rate 

and represents the exponential component observed in our experiments.  Substituting the 

expressions for a and b gives: 
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To obtain the values for koff and kon we need to observe the fast exponential.  The time resolution 

in our experiment is however limited by the solution exchange rate with a variable rise time 

averaging ~ 5-10 s as estimated from amiloride inhibition of current.  This is may explain why a 

fast rate was never observed, however solution exchange remained fast enough not to be rate 

limiting for the slow exponential component.  
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