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Abstract

The epithelial sodium channel (ENaC) is crucial for sodium absorption in several epithelial tissues including lung and
kidney. Its involvement in various renal and pulmonary disorders makes ENaC a potential drug target. High-throughput
screening using the automated patch-clamp (APC) technique appears to be a promising approach to discover novel ENaC
modulators with (patho-)physiological and therapeutic implications. The aim of this methodological study was to establish
APC measurements of ENaC-mediated currents. First, we confirmed functional expression of ENaC in a HEK293 cell line
stably transfected with human afy-ENaC using conventional manual whole-cell patch-clamp recordings. For APC meas-
urements, a standard enzymatic cell-detachment procedure was used to prepare single cell suspensions. This resulted in a
high success rate of APC recordings with amiloride inhibitable ENaC currents. Using a y-inhibitory peptide and the small
molecule ENaC activator S3969, we demonstrate that APC recordings could reveal inhibitory as well as stimulatory effects
on ENaC. Interestingly, the enzymatic cell-detachment protocol resulted in partial proteolytic ENaC activation. The portion
of proteolytically activated channels could be reduced by prolonged incubation of suspended cells in cell culture medium.
This recovery protocol enhanced the relative stimulatory effect of chymotrypsin, a prototypical serine protease known to
cause proteolytic ENaC activation. Thus, this protocol may be particularly useful for identifying novel ENaC activators
mimicking proteolytic channel activation. In conclusion, we have established a high-throughput screening method for the
identification of novel ENaC activators and inhibitors using APC.

Keywords Epithelial sodium channel (ENaC) - Automated patch-clamp (APC) - Electrophysiology - Ion channel -
Activator - Inhibitor

Introduction

The epithelial sodium channel (ENaC) is a heterotrimeric
ion channel which typically consists of an o, §, and y-subunit
and belongs to the ENaC/degenerin family of ion channels
[27]. ENaC is essential for sodium absorption in several
epithelia. In the distal nephron, ENaC plays a pivotal role
in adjusting renal sodium excretion to sodium intake and,
hence, in maintaining sodium homeostasis, extracellular
volume, and blood pressure [50, 55]. Hyperaldosteronism
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or gain-of-function mutations of ENaC cause salt-sensitive
hypertension, highlighting ENaC’s critical role in blood
pressure regulation [17, 42, 61]. In addition to aldosterone,
several other hormonal and local mediators regulate ENaC
activity in a complex manner [26, 56]. Thus, it is plausible
that subtle disturbances of ENaC’s regulatory network may
lead to channel hyperactivity, thereby contributing to the
pathophysiology of essential hypertension [38]. On the other
hand, hypoaldosteronism and loss-of-function mutations of
ENaC, like in pseudohypoaldosteronism (PHA1B), result in
hypotension and renal salt wasting [5, 14]. Therefore, phar-
macological modulation of ENaC in the kidney represents a
promising therapeutic strategy for long-term blood pressure
control. Furthermore, modulation of ENaC activity is dis-
cussed as a potential treatment option to improve pulmonary
fluid balance [11] in the context of cystic fibrosis [3, 6, 7,
32], respiratory distress, and pulmonary edema [12, 18, 66].
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Collectively, previous studies highlighted the thera-
peutic potential of ENaC activators and inhibitors. How-
ever, only a few ENaC modulators have been developed to
date. The best-known ENaC inhibitor, amiloride, is used
clinically as a potassium-sparing diuretic to treat hyper-
tension [58]. Other clinically relevant ENaC inhibitors are
benzamil and triamterene [38, 58]. Noteworthy is that all
of these substances show a high structural similarity and
probably act via the same molecular mechanism, i.e., by
blocking the channel’s pore. Furthermore, their specificity
towards ENaC is rather low [2, 66], and their use to target
ENaC in the lung is hampered by pharmacokinetic limita-
tions and possible renal side effects in case the drugs are
absorbed into the circulation [6, 7]. Therefore, there is a
need for new ENaC inhibitors with increased specificity,
based on new molecular scaffolds and suitable for different
modes of application (e.g., by inhalation).

In this context, it is worth noting that ENaC activation
involves complex proteolytic processing of the channel.
ENaC cleavage at specific sites results in the release of
inhibitory tracts (autoinhibitory peptides) from the respec-
tive binding pockets localized in the extracellular domains
of a- and y-ENaC which leads to proteolytic channel acti-
vation, a unique feature of ENaC [43, 44, 56]. Consistent
with this, applying synthetic peptides corresponding to a-
or y-autoinhibitory peptides (a-8: 184-LPHPLQRL-191;
y-11: 153-RFSHRIPLLIF-163) was shown to reduce ENaC
activity [25, 49]. Therefore, it seems plausible that novel
ENaC inhibitors mimicking the autoinhibitory peptides
can be designed in future studies.

There are only few ENaC activators available to date.
A well-studied ENaC activator is AP301 (Solnatide), a
peptidomimetic drug that resembles the lectin-like domain
of the cytokine tumor necrosis factor (TNF). AP301 is
believed to stimulate ENaC through direct interaction with
its a-subunit [35, 36, 60] and probably can be used as a
drug to improve ENaC function in lung disorders [18, 66,
66]. In addition, a small molecule ENaC activator called
S3969 has been described previously [34]. S3969 is a pep-
tidomimetic substance that stimulated not only wildtype
human ENaC but also channels carrying a PHA1B muta-
tion or partial loss-of-function mutations associated with
atypical cystic fibrosis [21, 34]. Importantly, we have
recently identified the functionally relevant S3969 bind-
ing site in f-ENaC using a structure-guided approach [65].
This information can potentially be used for identification
of novel ENaC activators.

To summarize, ENaC is a promising drug target but new
methodological approaches are needed to identify novel
ENaC modulators. Recent advances in resolving ENaC
structures using cryo-electron microscopy (cryo-EM)
may facilitate the development of new ENaC-targeting
compounds [19, 43, 44]. In addition, the search for ENaC

@ Springer

modulators is likely to benefit from the development of
suitable high-throughput screening strategies.

The patch-clamp technique remains the gold standard
for evaluating ENaC function and regulation [9, 10, 33,
39-42, 63]. However, manual patch-clamp experiments
are very time- and labor-consuming, which results in
low throughput hampering its use for drug discovery and
other screening studies. As an alternative, the automated
patch-clamp (APC) technique has been increasingly used
to study ion channels since its development in the late
1990s and early 2000s. Importantly, specialized high-
throughput APC platforms have been developed recently
(e.g., SyncroPatch 384; [45]), which demonstrate some
technical advantages over commonly used fluorometric
imaging plate reader (FLIPR) screening technologies
[46]. Furthermore, APC approaches are suitable for vari-
ous physiological applications using different cell systems
including primary cultures and stem-cell derived cell lines
[48]. We are not aware of any studies demonstrating the
feasibility of APC recordings of ENaC currents. There-
fore, the aim of the present study was to establish high-
throughput APC measurements of ENaC currents using a
high-throughput 384-well APC system (SyncroPatch 384)
and a commercially available HEK293 cell line with con-
stitutive expression of human afy-ENaC. Furthermore,
using known modulators of ENaC function, we wanted
to verify that this approach enabled reliable detection of
stimulatory and inhibitory effects of applied substances
on ENaC currents.

Methods
Chemicals

Chymotrypsin and amiloride were obtained from Sigma-
Aldrich and directly dissolved in the respective bath solu-
tion. S3969 was synthesized essentially as described
previously [21, 34]. The ENaC inhibitory peptide (y-11;
Acetyl-RFSHRIPLLIF-Amide; [49]) was synthesized by
ThermoFisher. Bath solutions containing S3969 or y-11
were prepared from 100 mM stock solution in DMSO on
the day of the experiment. Enzymatic cell detachment rea-
gent TrypLE Express was obtained from ThermoFisher.
Trypsin—EDTA (0.5%) was obtained from Sigma-Aldrich.
EDTA, Collagenase, and Dispase II from Sigma-Aldrich
were prepared in sterile-filtered divalent cation-free Dul-
becco’s Phosphate Buffered Saline (Sigma-Aldrich) at a
concentration of 1 mM, 50 U/ml, and 2.5 U/ml, respectively.
Sodium citrate solution was prepared by dissolving KCl and
Na-Citrate in sterile-filtered distilled water (in mM: 135
KCl, 15 mM Na-Citrate).
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ENaC-HEK293 cell culture

A stably transfected HEK293 cell line, expressing human
a-, B-, and y-ENaC subunits, was obtained from Charles
River (Catalog Number CT6259). Cells were maintained
in a 5% CO, atmosphere at 37 °C in DMEM/GlutaMAX
medium (ThermoFisher) supplemented with fetal bovine
serum (10%, Cytiva Life Sciences), penicillin (100 U/ml,
Sigma-Aldrich), streptomycin (100 pg/ml, Sigma-Aldrich),
and selection antibiotics Hygromycin B (0.02 mg/ml, Ther-
moFisher), Zeocin (0.1 mg/ml, ThermoFisher), and Gene-
ticin (0.5 mg/ml, Sigma-Aldrich), according to manufactur-
er’s protocol. Additionally, amiloride (50 uM) was added to
the culture medium to prevent cell sodium overload due to
ENaC activity. Control HEK293 without ENaC-expression
were obtained from ATCC (Catalog Number CRL-1573)
and cultured under the same experimental conditions, but
in the absence of the selection antibiotics.

Cell surface biotinylation and immunoblotting
in HEK293 cells

Whole-cell lysates of HEK293 cells were obtained by
scraping the cells from a cell culture dish and dissolving
them in Lysis Buffer (composition: 50 mM HEPES, 150
mM NaCl; 1% Triton X-100, 10% Glycerol; pH 7.4) sup-
plemented with Protease Inhibitor Cocktail (cOmplete™
Protease Inhibitor Cocktail, Sigma-Aldrich). After sonica-
tion, samples were kept at 4 °C for 1 h before centrifugation
at 1,000g for 10 min to remove cell debris. Cell surface
fractions were obtained using an established biotinylation
approach [63, 64]. Cells were incubated for 30 min with
0.5 mg/ml sulfo-NHS-SS-Biotin dissolved in phosphate-
buffered saline (PBS; composition in mM: 137 NaCl, 2.7
KCl, 4.3 Na,HPO,, 1.5 KH,PO,; pH 7.3) complemented
with 0.5 mM CaCl, and 0.7 mM MgCl, (PBS-CM). This
was followed by a 30 min incubation with 100 mM glycine
in PBS-CM to quench remaining biotin. Cells were scraped
and lysed as described above. After removing cell debris
by centrifugation at 1,000g for 10 min, Neutravidin Beads
(Pierce) were added to the supernatant for an overnight
incubation to extract biotinylated proteins. Finally, the frac-
tion of cell surface protein was separated from beads using
a reducing agent Rotiload (Carl Roth). To detect y-ENaC
cleavage fragments, protein samples were deglycosylated
with PNGase F according to the manufacturer’s instructions
(New England Biolabs).

Subsequently, western blot analysis of a-, -, and y-ENaC
was performed essentially as described previously [24, 63,
64]. Samples were boiled for 5 min at 95 °C and subjected

to 10-12% SDS-PAGE. After separation, proteins were
transferred to polyvinylidene difluoride membranes by
semidry electroblotting and probed with subunit specific
antibodies raised against an N-terminal epitope of a-ENaC
(aa 20—42: LMKGNKREEQGLGPEPAAPQQPT), a C-ter-
minal epitope of -ENaC (aa 619-640: NYDSLRLQPLD-
VIESDSEGDALI), or a C-terminal epitope of y-ENaC (aa
628-649: NTLRLERAFSNQLTDTQMLDEL) at a dilution
of 1:5000 essentially as described previously [16, 24, 37].
Horseradish peroxidase-labelled secondary goat anti-rabbit
antibodies (catalog no.: G21234; Invitrogen) were used as
secondary antibodies in a dilution of 1:50,000. To validate
the separation of cell surface from intracellular proteins in
biotinylation experiments, blots were stripped and reprobed
using a polyclonal anti-f-actin antiserum (Sigma-Aldrich)
at a dilution of 1:5000.

Manual whole-cell patch-clamp recordings
in HEK293 cells

For manual patch-clamp recordings, ENaC-HEK293 cells
were seeded onto poly-l-lysine coated coverslips and cul-
tured for 1-2 days as described above. Conventional whole-
cell patch-clamp recordings were performed essentially as
described previously [40, 41, 53]. Patch pipettes were pulled
from borosilicate glass capillaries and had a tip diameter
of ~1-1.5 um after fire polishing. Pipettes were filled with
potassium gluconate solution (in mM: 140 K-Gluconate, 5
NaCl, 2 EGTA, 10 HEPES, 2 MgATP, pH 7.2 adjusted with
Tris). Sodium chloride solution (in mM: 150 NaCl, 4 KCl,
2 CaCl,, 2 MgCl,, 10 HEPES, pH 7.4 adjusted with Tris)
was used as an external solution. In this bath solution, the
pipette resistance averaged ~4 MQ. Seal resistance was > 2
G, and series resistance (R,) averaged ~9 MQ. Membrane
capacitance (C,,) and R, were estimated using the automated
capacitance compensation procedure of the EPC- 9 amplifier
(HEKA). C,, ranged from 12 to 71 pF. Cells were voltage
clamped at a holding potential of —60 mV. Current signals
were filtered at 125 Hz and sampled at a rate of 500 Hz.
Experiments were performed at room temperature in a flow
chamber continuously perfused with bath solution. Solu-
tions were applied using a gravity-fed system (ALA BPS-8).
Recordings were analyzed using the software Nest-o-Patch
(https://sourceforge.net/projects/nestopatch/) developed by
Dr. V. Nesterov (Institut fiir Zelluldre und Molekulare Physi-
ologie, Friedrich-Alexander-Universitét Erlangen-Niirnberg,
Erlangen, Germany). The amiloride-sensitive current (AZ,;)
was determined by subtracting the whole-cell current meas-
ured in the absence of amiloride from that measured in the
presence of amiloride (5 pM).
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Automated patch-clamp recordings in HEK293 cells
Cell harvesting

Typically, cells were detached using TrypLE Express at
37 °C in a cell incubator according to Nanion’s standard
protocols [46]. Only in the experiments shown in Fig. 2b
Na-Citrate solution was used instead (in mM: 135 KCl, 15
mM Na-Citrate). Subsequently, a cell suspension with a
cell density of approximately 300,000-500,000 cells/ml
was prepared in a divalent-free and nominally sodium-
free solution (Table 1; NMDG™ 140/divalent-free). The
cell suspension was then placed in the SyncroPatch 384
“cell hotel” at 15 °C and was kept shaking at 200 rpm. No
noticeable changes in cell quality were observed for up to
5 h following the preparation of the cell suspension. There-
fore, multiple APC measurements could be performed
using the same cell suspension.

For experiments shown in Fig. 3b, a cell recovery pro-
tocol was established. After detachment with TrypLE
Express, cells were centrifuged at 1000g for 5 min, and the
resulting pellet was resuspended in 50 ml of the standard
ENaC-HEK293 culture medium equilibrated with 5% CO,
in a falcon tube. The sealed falcon tube was kept for 4 h at
37 °C in an incubator on a falcon roller. For the Syncro-
Patch 384 measurements, the cell suspension was centri-
fuged again at 1000g for 5 min. The cell pellet was resus-
pended in NMDG-based solution (Table 1; NMDG™ 140/
divalent-free), and the cell suspension was subsequently
transferred into the cell hotel.

Table 1 Composition of recording solutions for APC experiments (in mM)

Automated whole-cell patch-clamp recordings

Whole-cell patch-clamp recordings were conducted on the
SyncroPatch 384, a high-throughput patch-clamp instru-
ment, according to Nanion’s standard procedures [46, 47].
All recordings were performed at room temperature (21 °C)
using planar borosilicate glass consumables, the NPC-384
chips. Either one-hole or multi-hole (with 1 or 4 holes per
well) NPC-384-chips were used for recordings, as indi-
cated in corresponding figure legends. Data acquisition was
performed using PatchControl 384 (Nanion Technologies)
software. Recordings were obtained at a constant holding
potential of —60 mV without leak current subtraction.

The SyncroPatch 384 is a 384 well-based system where
cells and solutions are automatically aspirated from different
solution reservoirs located at predefined positions and added
to the wells by a liquid handling robot (Biomek i5; Beckman
Coulter) individually into each well [46]. At the beginning
of experiments, the NPC-384 is loaded to the system, and all
wells of a chip were filled with an external solution similar
to that in the cell hotel supplemented with 2 mM Ca®* and
1 mM Mg?* (Table 1; NMDG* 140/2 Ca*"). A standard
KF110 (Nanion) solution was used as an internal solution
(Table 1; KF 110). After transferring the cells from the cell
hotel into each well, seal formation was facilitated by a brief
and transient application of an extracellular solution con-
taining 10 mM Ca®* (Table 1; NMDG™ 140/10 Ca®*) fol-
lowed by a washing step with NMDG™ 140/2 Ca** solution
(Table 1). Thereafter, recordings were started in this sodium-
free, NMDG™ 140/2 Ca* solution. Subsequently, half of

KF110 NMDGH NMDG™ 140/2 Ca** NMDG™* External standard NMDGH
140/ divalent-free 140/ 10 Ca** 35/105
Na‘t
Internal External External External External External
HEPES' 10 10 10 10 10 10
NaCl 10 140 105
NMDG?-C1 140 140 140 35
KClI 10 4 4 4 4 4
CaCl, 2 10 2 2
MgCl, 1 1 1 1
K-Gluconate
EGTA3 10
Glucose 5 5 5 5 5
KF 110
pH 7.2 7.4 74 7.4 7.4 7.4

12-[4-(2-Hydroxyethyl)piperazin- 1-yl]ethanesulfonic acid
2N-methyl-D-glucamine
3Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N'-tetraacetic acid
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the external solution was replaced by a standard extracel-
lular solution containing 140 mM Na* (Table 1; External
Standard) yielding a nominal Na* concentration of 70 mM
in the well. This procedure was repeated a second time to
achieve a final extracellular Na* concentration of approxi-
mately 105 mM. Subsequently, half of the extracellular solu-
tion was replaced by NMDG™ 35/105 Na* (Table 1) solution
to ensure that a stable concentration of ~ 105 mM Na*t was
reached in the bath solution as indicated in Figs. 2 and 3. All
compounds were prepared and applied in NMDG* 35/105
Na* bath solution (Table 1).

Quality control parameters for automated whole-cell
patch-clamp recordings

In order to ensure data quality and reproducibility, we docu-
mented quality control parameters using the recording soft-
ware (PatchControl 384; Nanion Technologies). Individual
recordings were only considered valid for the analysis when
they met the following quality criteria:

(1) The initial seal resistance (in nominally sodium-free
solution) and the final seal resistance at the end of the
recording (in presence of amiloride) were >50 MQ
for NPC-384 Chips with 4-holes per well or >200
MQ for NPC-384 Chips with 1-hole; similar quality
criteria were used in previous studies with Syncro-
Patch384 [48, 52, 57].

(i1)) The current recording was stable during the measure-
ment.
(iii) The inhibitory effect of an ENaC inhibitor (amiloride
and/or y-11 inhibitory peptide) was > 5 pA.

The success rate was calculated as the percentage of wells
that met all the specified criteria out of all attempted record-
ings for each experimental condition.

Two-electrode voltage-clamp experiments
in Xenopus laevis oocytes

Full-length complementary DNAs (cDNAs) encoding
human a-, f-, and y-ENaC were originally obtained from
Harry Cuppens [1]. cDNAs were subcloned into the pGEM-
HE vector for heterologous expression in X. laevis oocytes.
Plasmids were linearized using Mlul restriction enzymes
(Mlul-HF, New England Biolabs) and used as templates for
cRNA synthesis using SP6 RNA polymerase (mMessage
mMachine, Ambion).

Isolation of oocytes was essentially performed as
described previously [24, 62, 64, 65]. Ovarian lobes were
excised by partial ovariectomy under anesthesia with Tric-
ain 0.2%, in accordance with the principles of German
legislation, with approval by the animal welfare officer for

the University of Erlangen-Niirnberg (FAU), and under
the governance of the state veterinary health inspectorate.
Oocytes were isolated from ovarian lobes using a type-2
collagenase from Clostridium histolyticum (Sigma-Aldrich).
Defolliculated stage V-VI oocytes were injected with 0.03
ng of cRNA per ENaC subunit (x, f, and y) per oocyte.
After cRNA injection, oocytes were kept in a low sodium
NDO solution (composition in millimolar: 9 NaCl, 2 KCl, 87
N-methyl-D-glutamine-Cl, 1.8 CaCl,, 1 MgCl,, 5 HEPES,
and pH 7.4 adjusted with Tris) supplemented with 100 units/
ml sodium penicillin and 100 pg/ml streptomycin sulfate.
Two-electrode voltage-clamp measurements were performed
48 h after cRNA injection essentially as described previ-
ously [24, 62, 64, 65]. Bath solution exchanges with a grav-
ity-fed system were controlled by a magnetic valve system
(ALA BPS-8; ALA Scientific Instruments). Oocytes were
clamped at a holding potential of —60 mV using an OC-725
C amplifier (Warner Instruments) connected by an LIH-1600
(HEKA) to a personal computer. Pulse 8.78 (https://www.
heka.com/) software (HEKA) was used for data acquisition.
ND96 was used as a standard bath solution (composition in
millimolar: 96 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, 5 Hepes;
pH 7.4 adjusted with Tris). To test the effect of different
cell detachment reagents, ENaC-mediated currents were
assessed twice in each individual oocyte: before and after
incubation of an oocyte with the respective reagent for 5 min
directly in the superfusion chamber. During the incubation
time, the membrane potential was not clamped to avoid Na*
overload.

Statistical methods

Data are presented as mean + SEM. Normal distribution of
data was assessed using the D’Agostino-Pearson omnibus or
Shapiro-Wilk test. Statistical significance was assessed using
appropriate tests as indicated in figure legends. Automated
patch-clamp recordings were analyzed using DataControl
384 (Nanion Technologies). Statistical analysis and figure
preparation were performed using R environment for statisti-
cal computing v4.4.1 (R Core Team).

Results

Biochemical and functional characterization
of ENaC stably expressed in a HEK293 cell line

To establish APC technique for electrophysiological
recordings of ENaC, we obtained a commercially available
HEK?293 cell line with constitutive expression of human o-,
-, and y-ENaC (ENaC-HEK?293). To verify ENaC expres-
sion in these cells, we used biochemical methods and manual
patch-clamp recordings.
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Fig. 1 Characterization of ENaC expression and function in a
HEK?293 cell line. a—c Representative western blots showing expres-
sion of a- (first panel), B- (second panel), and y-ENaC (third and
fourth panels) in whole-cell lysates, intracellular or cell surface frac-
tions as indicated. Commercially available ENaC-HEK293 cells
stably transfected with human opy-ENaC (+) were used in parallel
with control HEK293 cells without ENaC expression (—). Signals
of uncleaved, partially cleaved and fully cleaved ENaC are marked
with black, dark, and light gray arrowheads, respectively. Separation
of cell surface from intracellular proteins in third and fourth pan-
els was validated by stripping and re-probing the blots for p-actin.
b Representative whole-cell manual patch-clamp recordings from
ENaC-HEK?293 cells with low (left trace) or high current levels (right
trace). Amiloride (ami, 5 uM) and chymotrypsin (chymo, 5 pg/ml)

Immunoblotting experiments confirmed protein expres-
sion of all three ENaC subunits in this cell line (Fig. 1a)
and also allowed the assessment of proteolytic cleavage
of the different subunits. Using an antibody targeting an
N-terminal epitope of a-ENaC, we observed a strong 15
kDa band, which was absent in control HEK293 cells
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chymo
+ chymo

were present in the bath solution as indicated by black and white bars,
respectively. The dotted lines indicate zero current levels. ¢ ENaC-
mediated amiloride-sensitive whole-cell currents (A, ) were deter-
mined from similar experiments as shown in b before (— chymo) or
after application of chymotrypsin (+ chymo) by subtracting the cur-
rent level reached in the absence of amiloride from the current level
in the presence of amiloride. Lines connect datapoints obtained in the
same recording. Mean +SEM and individual datapoints are shown
on a logarithmic scale; two-sided paired Student’s t-test (n= 20). d
Relative stimulatory effect of chymotrypsin on A/, calculated from
data shown in c¢. The dotted line indicates a relative effect of one (no
effect). Mean +SEM and individual datapoints are shown on a loga-
rithmic scale; one-sample, two-sided Student’s f-test of logarithmic
values

without ENaC expression. This band most likely represents
an a-ENaC fragment resulting from intracellular process-
ing of ENaC by furin or furin-like convertases [16, 22, 23,
63]. We also detected two additional faint signals at 80 kDa
and 20 kDa, which probably correspond to a full-length
and a partially cleaved form of a-ENaC, respectively.
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Fig.2 APC recordings from human ENaC expressing HEK293 cells
after enzymatic or non-enzymatic cell detachment. a, b Left panels:
representative APC recordings after cell detachment with TrypLE
(a) or sodium citrate (b) obtained with a multi-hole chip (4 holes
per well, 4x S-Type; Nanion, product no.: 22 2401). Background
colors and labels indicate different bath solutions. Measurements
were started in nominally Na*-free solution ([Na™] 0 mM), followed
by solution exchanges to increase [Na*] to 70 mM ([Na*] 70 mM)
and then to 105 mM ([Na*] 105 mM) as explained in methods. An
additional solution exchange step was performed with an extracel-
lular solution containing 105 mM Na* to confirm that a current pla-
teau was reached. Green and violet indicate subsequent applications
of chymotrypsin (10 pg/ml, chymo) and amiloride (10 puM, ami),
respectively. Right panels: summary data from similar experiments
as shown in the corresponding left panels. Current levels were deter-
mined in each individual trace at the end of the respective solution
application phase by averaging the final 5 data points. Box-Whisker-

Thus, a-ENaC was present in ENaC-HEK?293 cells mainly
in its fully cleaved form. For B-ENaC, which is not sub-
ject to proteolytic cleavage, a single band at 100 kDa was
observed using an antibody directed against a C-terminal

Citrat TrypLE  Citrat
Plots indicate median (bold horizontal line), first and third quartile
(box), minimum and maximum values (whiskers) excluding outliers
greater than 1.5 interquartile ranges outside the first and third quar-
tile. Two-sided, paired Student’s r-test (a: n= 154, b: n=18). ¢, d
Absolute effect of chymotrypsin (€, Alpymouypsin) OF Subsequently
applied amiloride (d, Al ;) on currents calculated from data shown
in (a, b). Values were obtained by subtracting the current level
reached before chymotrypsin (c) or amiloride (d) application from the
value reached in the presence of chymotrypsin (¢) or amiloride (d).
The dotted line indicates an absolute effect of zero (no effect). Mean
+SEM and individual datapoints are shown. Two-sided Student’s
t-test. e The ratio of successful recordings to all recordings in the
respective experimental group. A recording was considered success-
ful when (i) the seal resistance was > 50 MQ, (ii) the current record-
ing was stable during the measurement, and (iii) the inhibitory effect
of amiloride was >5 pA. Numbers in white within each bar represent
the number of successful recordings per group

sequence. Finally, we used an antibody targeting a C-ter-
minal epitope of y-ENaC that was previously used suc-
cessfully to detect full length, partially cleaved, and fully
cleaved forms of y-ENaC [63, 64]. Importantly, in both
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Fig.3 A recovery period after enzymatic cell detachment enhances
the relative stimulatory effect of chymotrypsin on ENaC currents
in APC recordings. a, b Left panels: representative APC record-
ings obtained directly after cell detachment with TrypLE (a; without
recovery) or after 4 h of recovery in complete medium at 37 °C (b;
with recovery) using a multi-hole chip (4 holes per well, 4x S-Type;
Nanion, product no.: 22 2401). Background colors and labels indicate
bath solutions as described in Fig. 2a, b. Right panels: summary data
from similar experiments as in the corresponding left panels. Current
levels were determined as described in Fig. 2a, b. Two-sided, paired

intracellular and cell surface fractions of ENaC-HEK293
cells, mainly full-length y-ENaC at 70 kDa was detected,
whereas the signals corresponding to partially cleaved (60
kDa) and fully cleaved (55 kDa) y-ENaC were consider-
ably weaker. In summary, these experiments confirmed
the expression of a-, -, and y-ENaC in ENaC-HEK293
cells. Whereas a-ENaC was present mainly in its fully
cleaved form, the y-subunit appeared to be predominantly
expressed in its uncleaved, full-length form.

@ Springer

- recovery

+ recovery -recovery +recovery

Student’s #-test (a: n = 106, b: n= 107). ¢, d Absolute effect of chy-
motrypsin (€, Alyymorypsin) OF subsequently applied amiloride (d,
Al,.;) on currents measured in cells without (—) or with (+) recovery
step was calculated from data shown in a, b as described in Fig. 2c,
d. The dotted line indicates an absolute effect of zero (no effect).
Mean +SEM and individual data points are shown. Two-sided Stu-
dent’s t-test. e The ratio of successful recordings to all recordings in
the respective experimental group, calculated as described in Fig. 2e.
Numbers in white within each bar represent the number of successful
recordings per group

Next, ENaC was functionally assessed in these cells using
conventional manual whole-cell patch-clamp technique.
Recordings started in the presence of the ENaC inhibitor
amiloride (5 uM; Fig. 1b) that is known to block ENaC-
mediated currents almost completely at this concentration
[34]. Washout of amiloride revealed small Na* inward cur-
rents averaging 23 +7 pA (Fig. 1b, c). Notably, the magni-
tude of these currents varied significantly in a range between
1 and 131 pA, probably reflecting cell-to-cell variability in
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ENaC expression. Regardless of the level of baseline ENaC
currents, extracellular application of the prototypical pro-
tease chymotrypsin (5 pg/ml) resulted in a robust stimula-
tion of the inward currents by about tenfold (Fig. 1b—d).
This probably represents the conversion of uncleaved and/
or partially cleaved y-ENaC into the fully cleaved form. Sub-
sequent application of amiloride returned currents to their
initial levels, confirming that the inward current increase in
the presence of chymotrypsin was due to proteolytic ENaC
activation. Importantly, despite variable ENaC baseline cur-
rents, the qualitative current response of ENaC-HEK?293
cells to chymotrypsin was highly reproducible.

We therefore conclude that ENaC-HEK?293 cells express
functional human afy-ENaC and are potentially suitable for
APC measurements. Interestingly, y-ENaC was found to be
predominantly uncleaved in these cells which likely explains
the relatively low baseline amiloride-sensitive currents and
the large stimulatory effect of chymotrypsin in our manual
patch-clamp experiments.

Enzymatic cell detachment allows high-throughput
APC recordings of ENaC and leads to partial
proteolytic ENaC activation

Next, we wanted to establish a protocol for high-through-
put APC recordings of ENaC using the SyncroPatch 384.
For these experiments, cultured ENaC-HEK?293 cells were
detached into a single cell suspension with the use of the
proteolytic enzyme TrypLE (a recombinant trypsin-like
protease). This approach is called “harvesting” and is com-
monly used in APC for detachment of a wide range of cells
including HEK293. A possible side-effect of this cell har-
vesting protocol may be proteolytic ENaC activation. To test
the ability of TrypLE to cause proteolytic ENaC activation,
we performed two-electrode voltage-clamp recordings of
human afyENaC heterologously expressed in Xenopus lae-
vis oocytes. Application of TrypLE for 5 min caused com-
plete proteolytic activation of the channel (Supplemental
Fig. S1) as evidenced by significantly increased amiloride-
sensitive currents (Al,,;) and the absence of an additional
stimulatory effect of chymotrypsin after TrypLE treatment.
Notably, the stimulatory effect of TrypLE on ENaC was sim-
ilar to that of other enzymatic cell detachment reagents like
trypsin, collagenase, and dispase (Supplemental Fig. S1). In
contrast, incubation of oocytes in sodium citrate or EDTA
solution, which can be used for enzyme-free cell harvesting,
did not affect ENaC-mediated currents with subsequent chy-
motrypsin application producing a typical ~twofold stimula-
tion of A/, (Supplemental Fig. S1). This indicated that, as
expected, these non-enzymatic cell detachment solutions did
not cause proteolytic ENaC activation.

We compared enzymatic (TrypLE-based) and non-
enzymatic (sodium citrate-based) cell detachment

protocols regarding their suitability for APC measure-
ments and their effect on proteolytic ENaC activation in
ENaC-HEK?293 cells. Figure 2a shows a representative
whole-cell APC current recording obtained in a cell har-
vested with TrypLE at a continuous holding potential of
— 60 mV. Measurements were started in a nominally Na*
free extracellular solution ([Na*] 0 mM) to prevent Na*
inward currents and overloading of cells with Na*t. This
solution was prepared on the basis of a standard extracel-
lular solution (see Table 1) by substituting 140 mM of Na*
equimolarly by a large organic cation NMDG™ for which
ENaC is impermeable. Subsequently, roughly half of the
extracellular solution was exchanged with a 140 mM Na*
solution, resulting in ~70 mM extracellular Na* concen-
tration. A second partial solution exchange with 140 mM
Na* solution increased extracellular Na* further to ~ 105
mM. This Na* concentration is sufficient to achieve nearly
maximal ENaC-mediated inward currents in whole-cell
recordings [33]. As expected, this stepwise increase in the
extracellular Na* concentration was paralleled by a step-
wise increase in the measured inward currents, suggesting
expression of active ENaC in the cell plasma membrane.
An additional subsequent solution exchange with a solu-
tion containing 105 mM Na* was performed to ensure that
the Na* concentration in the bath had reached a plateau
at ~ 105 mM. Indeed, this maneuver did not substantially
alter the magnitude of Na* inward currents (Fig. 2a, b).
To test whether TrypLE incubation resulted in full or only
partial proteolytic ENaC activation, chymotrypsin (10 ug/
ml) was applied. Chymotrypsin application caused a fur-
ther increase of inward currents (Fig. 2a, c). However, the
relative stimulatory effect of chymotrypsin in APC meas-
urements from cells detached with TrypLE was consider-
ably lower than that observed in experiments using manual
patch-clamp (Fig. 1b—d). These findings suggested that
cell detachment with TrypLE caused partial proteolytic
ENaC activation. Application of amiloride (10 uM) at the
end of the recording substantially inhibited inward Na™*
currents. At this concentration, amiloride is reported to
inhibit ENaC-mediated currents by more than 95% [27,
34]. Therefore, the remaining current in the presence of
amiloride can be attributed to background or leak cur-
rents, which are not ENaC-specific. Nevertheless, the pro-
nounced inhibitory effect of amiloride confirmed that the
observed inward currents were at least in part mediated by
ENaC and that the stimulatory effect of chymotrypsin was
due to additional proteolytic ENaC stimulation.

In cells harvested using the non-enzymatic cell detach-
ment protocol, the baseline Na*t inward currents appeared
to be lower and showed a more pronounced stimulatory
response to chymotrypsin (Fig. 2b, c). Indeed, the current
increase in the presence of chymotrypsin in cells detached
with citrate averaged —98.2 +2.9 pA, which was more
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than 2.5-fold higher than in cells detached with TrypLE
(= 36.1 £0.2 pA; Fig. 2c). The inhibitory effect of ami-
loride was not significantly different between both groups
(103.5 £0.5 pA vs. 71.5 £2.6 pA in TrypLE and citrate
group, respectively; Fig. 2d). Thus, ENaC expression and
its activity after chymotrypsin treatment were similar in
both experimental groups.

@ Springer

It should be noted that only recordings which fulfilled
certain quality criteria were included in the summary data
shown in Fig. 2. As highlighted in the methods section,
a recording was considered successful when (i) the seal
resistance was > 50 MQ, (ii) the current recording was sta-
ble during the measurement, and (iii) the inhibitory effect
of amiloride was > 5 pA. The latter was to ensure that
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«Fig.4 APC recordings are suitable to detect stimulatory and inhibi-
tory effects of known ENaC modulators on ENaC currents. a—c Left
panels: representative APC recordings obtained with a single-hole
chip (1 hole per well, 1 x S-Type; Nanion, product no.: 22 2101) dem-
onstrating effects of the small-molecule ENaC-activator S3969 (a),
vehicle-control DMSO (b) and the synthetic ENaC-inhibiting 11-mer
peptide, y-11 (¢). Background colors and labels indicate different bath
solutions. Measurements started with a similar solution exchange
protocol as described in Fig. 2a, b. Green indicates subsequent appli-
cation of S3969 (a; S3969, 10 uM), the vehicle-control DMSO (b;
DMSO, 0.01% v/v), or the inhibitory peptide (c; y-11, 10 uM). Violet
indicates application of amiloride at the end of the recording (10 uM,
ami). Right panels: summary data from similar experiments as in the
corresponding left panels. Current levels were determined at the end
of each phase, as described in Fig. 2a, b. Two-sided, paired Student’s
t-test (a: n= 301, b: n= 135, ¢: n= 135). d, e Absolute effect of
$3969, DMSO, or y-11 (d, Al gmpouna) OF subsequently applied ami-
loride (d, Al,,;) on currents calculated from data shown in a, b simi-
larly as described in Fig. 2¢, d. The dotted line indicates an absolute
effect of zero (no effect). Mean +SEM and individual datapoints are
shown. Two-sided Student’s t-test. f The ratio of successful record-
ings to all recordings in the respective experimental group, calculated
as described in Fig. 2e with the following modification in criterium
no. (iii): the inhibitory effect of either the applied compound or ami-
loride was >5 pA. Numbers in white within each bar represent the
absolute number of successful recordings per group. Note that the
total number of recordings was different between groups

ENaC expression was sufficient to resolve ENaC-medi-
ated currents. Importantly, ~75% of all recordings in cells
detached with TrypLE matched these criteria, whereas the
success rate was < 10% in citrate-treated cells (Fig. 2e).

Taken together, these results indicate that the non-enzy-
matic cell detachment with citrate results in lower success
rate of APC recordings but offers the opportunity of detect-
ing large stimulatory effects of channel activating proteases.
In contrast, the high success rate with enzymatic cell detach-
ment with TrypLE makes this approach more suitable for
high-throughput APC recordings. Importantly, the partial
proteolytic ENaC activation due to the use of TrypLE for
cell detachment did not prevent detection of additional pro-
teolytic ENaC activation by chymotrypsin. Nevertheless,
the observed partial proteolytic pre-activation of ENaC
may reduce the sensitivity of APC recordings with TrypLE
detached cells to identify ENaC activators mimicking pro-
teolytic channel activation.

An improved protocol for better resolution
of proteolytic ENaC activation in APC recordings

We hypothesized that keeping cells suspended in culture
medium at 37 °C for several hours after enzymatic cell
detachment with TrypLE may improve the detection of
proteolytic ENaC activation in APC measurements. We
expected that during this recovery time, cells will internal-
ize proteolytically cleaved ENaC while building up a pool of
newly inserted uncleaved ENaC at the cell surface.

Consistent with this hypothesis, the stimulatory effect
of chymotrypsin on cells after 4 h of recovery in culture
medium was significantly increased (— 62.1 +0.5 pA;
Fig. 3b, ¢) compared to that in freshly detached cells (— 39.9
+0.4 pA; Fig. 3a, c¢). Thus, the recovery protocol improved
the detection of proteolytic ENaC activation. The effect of
subsequently applied amiloride was not significantly differ-
ent between the two groups, as expected (44.3 0.4 and 41.7
+0.4 pA with or without recovery, respectively; Fig. 3d).
Importantly, unlike the non-enzymatic cell detachment pro-
tocol (Fig. 2e), the recovery protocol did not have a negative
impact on the success rate of the measurements (Fig. 3e).

To conclude, this simple recovery protocol may be use-
ful to facilitate the identification of novel ENaC activators
stimulating the channel via molecular mechanisms similar
to those of proteases.

High-throughput detection of ligand-based ENaC
modulation using the APC technique

Finally, we wanted to confirm the suitability of our
approach for identifying both positive and negative mod-
ulators of ENaC in APC recordings. In these proof-of-
principle experiments, we used a well-established small
molecule ENaC activator S3969 to stimulate ENaC. The
v-ENaC inhibitory peptide (y-11) or amiloride were used
as established ENaC inhibitors. Cells were studied directly
after harvesting with TrypLE without an additional recov-
ery step. Application of the ENaC-activator S3969 (10 uM)
resulted in a prompt increase of the inward currents by
—28.9 +0.1 pA (Fig. 4a, d). This stimulatory effect was
fully blocked by application of amiloride at the end of the
recording, confirming that it was due to ENaC activation.
In parallel control recordings, we demonstrated that appli-
cation of a vehicle (DMSO, 0.01% v/v) did not significantly
change ENaC-mediated currents (Fig. 4b, d). Finally, we
reliably detected an inhibitory effect of y-11 (10) on ENaC
currents (Fig. 4c, d). Application of y-11 resulted in a sig-
nificant reduction of the inward currents, on average by
26.6 +0.2 pA (Fig. 4d). Indeed, in the presence of y-11,
ENaC-mediated currents were essentially abolished, as
evidenced by the absence of an additional inhibitory effect
of amiloride applied in the presence of y-11 (Fig. 4c, e).
Consistent with our other APC experiments, the probability
of obtaining a successful ENaC recording was >70% in
these experiments (Fig. 4f). Essentially identical results
were obtained in an additional set of experiments using a
different cell preparation (Fig. S2).

Taken together, these proof-of-principle experiments
demonstrated that APC recordings with the SyncroPatch 384
system are suitable for the identification of ENaC activators
and inhibitors in human ENaC expressing HEK293 cells.
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Discussion

In this study, we made the following key observations: (1)
commercially available ENaC-HEK?293 cells expressed
functional human afy-ENaC; (2) in these cells, only
a-ENaC was fully cleaved by endogenous proteases, while
v-ENaC was predominantly found in its uncleaved form; this
latter finding probably explains the large (~ tenfold) stimu-
latory effect of chymotrypsin on ENaC whole-cell currents
observed in manual patch-clamp recordings; (3) a TrypLE-
based protocol for enzymatic cell detachment led to partial
proteolytic activation of ENaC, reducing the stimulatory
effect of exogenous chymotrypsin in APC recordings; (4)
proof-of-principle experiments demonstrated that allowing
cells to recover after TrypLE treatment improved the detec-
tion of proteolytic ENaC activation; (5) even without using
this cell recovery protocol, APC recordings with ENaC-
HEK?293 cells showed high success rates and reliably cap-
tured the effects of known ENaC modulators. We conclude
that the experimental protocols established in this study pro-
vide a suitable basis for future high-throughput screening
experiments to discover novel ENaC activators and inhibi-
tors using the APC technique.

A cell line with stable functional expression of ENaC
is a fundamental prerequisite for successful APC meas-
urements of ENaC-mediated currents. Our western blot
analysis confirmed that ENaC-HEK?293 cells expressed
a-, f-, and y-ENaC subunits. According to the current
paradigm, intracellular maturation of ENaC involves two
proteolytic cleavage events in a-ENaC and one in y-ENaC
[22, 23]. The second cleavage event in y-ENaC appears
to be critical for full proteolytic channel activation and
probably occurs at the cell surface [8, 15, 29, 30]. While
a-ENaC was predominantly detected in its fully cleaved
form in ENaC-HEK293 cells, we found y-ENaC mostly
in its uncleaved state. Consistent with these findings, we
observed relatively low baseline ENaC currents that could
be increased by ~tenfold upon chymotrypsin application
in manual patch-clamp recordings of these cells. Similar
observations were made previously by Ruffieux-Daidié
et al., who observed low ENaC currents and detected pre-
dominant cleavage of a- but not y-ENaC in a HEK293 cell
line stably transfected with apy-ENaC [59]. Intracellular
cleavage of a- and y-ENaC is believed to be performed
by furin or related convertases [22, 23]. The predominant
cleavage of a- but not y-ENaC may reflect the presence
of distinct proteases responsible for processing these two
ENaC subunits. It is conceivable that in ENaC-HEK293
cells, the expression of proteases required for complete
cleavage of y-ENaC is insufficient. Alternatively, over-
expression of ENaC could saturate trafficking or matura-
tion pathways, allowing for complete a- but not y-ENaC
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processing. Furthermore, Ruffieux-Daidié et al. proposed
that ubiquitination and subsequent internalization of
v-ENaC may interfere with proteolytic cleavage of this
subunit in a HEK293 cell model. Indeed, coexpression
of the deubiquitylation enzyme Usp2-45 was shown to
enhance y-ENaC processing and increase ENaC-mediated
currents [59]. Regardless of these peculiarities in proteo-
lytic ENaC processing by HEK293 cells, we can conclude
that commercially available ENaC-HEK?293 cells func-
tionally express human ENaC and are suitable for APC
measurements.

For APC measurements, adherent cells are converted into
a single cell suspension [46]. Typically, this is achieved by
incubating the cells with enzymatic cell detachment reagents
that degrade extracellular matrix, tight-junctions, and other
cell adhesion proteins [13, 54]. This treatment can also result
in proteolytic digestion of cell surface proteins including ion
channels or other transmembrane receptors, as demonstrated
previously [20, 28, 31, 51]. In our study, we observed that a
commonly used enzymatic cell detachment reagent, TrypLE,
acutely caused full proteolytic ENaC activation in the oocyte
expression system and partial proteolytic ENaC activation
in cultured cells detached with TrypLE. This significantly
reduced the relative stimulatory effect of chymotrypsin in
APC recordings compared to manual patch-clamp experi-
ments carried out with adherent cells and thus without usage
of TrypLE. To improve the detection of proteolytic ENaC
activation in APC experiments, we explored two methodo-
logical approaches. First, we tested alternative detachment
protocols. However, experiments in X. laevis oocytes indi-
cated that other commonly used enzymatic cell detachment
reagents, like trypsin, collagenase, and dispase [4], also pro-
teolytically activate ENaC similar to TrypLE. In contrast,
non-enzymatic detachment solutions, e.g., sodium citrate
or EDTA, which chelate Ca* to disrupt cadherin-mediated
cell—cell adhesion [66, 66], did not proteolytically activate
ENaC in oocytes or in HEK293 cells. Citrate-based cell
detachment was also applied for APC measurements and
resulted in a higher stimulatory effect of chymotrypsin simi-
lar to that seen in our manual patch-clamp recordings. How-
ever, citrate-based cell detachment resulted in a rather low
success rate in APC measurements, making this approach
less suitable for high-throughput screening. To obtain a
single-cell suspension using sodium citrate, application of
additional mechanical forces was necessary (i.e., repeated
pipetting to break up cell clusters). This maneuver likely
caused cell damage but was inefficient for proper singulari-
zation of cells, which might explain the low success rate of
APC recordings in cells detached with citrate. We hypoth-
esized that keeping cells in suspension after TrypLE treat-
ment for several hours at 37 °C in culture medium would
result in internalization of cleaved ENaC and replacement
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by newly inserted uncleaved ENaC. A similar strategy was
implemented previously for cell recovery after enzymatic
treatment [31]. Consistent with our hypothesis, the cell
recovery approach significantly increased the stimulatory
effect of chymotrypsin in proof-of-principle APC experi-
ments. Thus, this approach can be considered as an option
when searching specifically for modulators mimicking pro-
teolytic ENaC activation.

Importantly, the standard TrypLE-based detachment
protocol, even without the recovery step, enabled reliable
detection of well-established ENaC modulators in APC
experiments and yielded very high success rates. Notably,
baseline ENaC currents in ENaC-HEK?293 cells were only
about 20 pA, which may hamper the detection of ENaC
inhibitors. Proteolytic stimulation of ENaC by TrypLE
increased baseline currents, thereby improving the resolu-
tion of the inhibitory effects of amiloride and y-11 peptide
on ENaC. Thus, cell detachment with TrypLE may even be
beneficial for identifying novel ENaC inhibitors. Interest-
ingly, the stimulatory effect of S3969 could also be suc-
cessfully detected even after partial proteolytic activation of
the channel by TrypLE. This suggests that S3969 activates
ENaC via a molecular mechanism distinct from that trig-
gered by proteolytic cleavage, which is consistent with our
previous observations [65].

In future studies, it would be interesting to assess the
applicability of the APC technique in native epithelial cells
endogenously expressing ENaC, such as principal cortical
collecting duct or lung epithelial cells. Notably, APC record-
ings have been successfully conducted in several primary
and stem cell-derived cell lines, including human-induced
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
[48]. Ideally, the cell line should be of human origin to ena-
ble the use of S3969 as an ENaC activator, because this
compound stimulates human but not rodent ENaC [34, 65].
The latter finding highlights the relevance of species differ-
ences when screening for novel ENaC modulators.

In summary, we have demonstrated the feasibility of
using APC recordings with the SyncroPatch 384 system to
detect reliably the effects of activators and/or inhibitors of
ENaC currents in HEK293 cells expressing human ENaC.
Our study offers a methodological basis for future screening
experiments to identify novel endogenous or pharmacologi-
cal ENaC activators and inhibitors. The discovery of novel
ENaC modulators eventually may lead to new therapeutic
options to treat diseases associated with pathologically
altered ENaC activity, including hypertension, cystic fibro-
sis, pulmonary edema and respiratory distress.
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