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Epithelial Na* Channel Subunit Stoichiometry
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ABSTRACT lon channels, including the epithelial Na™ channel (ENaC), are intrinsic membrane proteins comprised of
component subunits. Proper subunit assembly and stoichiometry are essential for normal physiological function of the channel
protein. ENaC comprises three subunits, «, 8, and vy, that have common tertiary structures and much amino acid sequence identity.
For maximal ENaC activity, each subunit is required. The subunit stoichiometry of functional ENaC within the membrane remains
uncertain. We combined a biophysical approach, fluorescence intensity ratio analysis, used to assess relative subunit
stoichiometry with total internal reflection fluorescence microscopy, which enables isolation of plasma membrane fluorescence
signals, to determine the limiting subunit stoichiometry of ENaC within the plasma membrane. Our results demonstrate that
membrane ENaC contains equal numbers of each type of subunit and that at steady state, subunit stoichiometry is fixed. Moreover,
we find that when all three ENaC subunits are coexpressed, heteromeric channel formation is favored over homomeric channels.
Electrophysiological results testing effects of ENaC subunit dose on channel activity were consistent with total internal reflection
fluorescence/fluorescence intensity ratio findings and confirmed preferential formation of heteromeric channels containing equal

numbers of each subunit.

INTRODUCTION

The epithelial Na* channel (ENaC) is an ion channel
localized to the luminal plasma membrane of epithelial cells
lining hollow organs involved in Na™ homeostasis, such as
the distal colon and distal renal nephron (Snyder, 2002;
Hummler and Horisberger, 1999). Activity of ENaC is rate
limiting for Na™ transport across these epithelia. In addition,
ENaC is found in the luminal membrane of specialized
epithelia, such as that in the inner ear, responsible for
generating and maintaining rare K™ rich extracellular fluid
compartments. Moreover, ENaC shares sequence homology
and secondary/tertiary structure with neuronal degenerins
and acid-sensing ion channels, which play important roles
in sensory perception and synaptic transmission. Together
these channels comprise the ENaC/Deg gene superfamily
(Benos and Stanton, 1999; Kellenberger and Schild, 2002).
Importantly, gain and loss of ENaC function and regulation
lead to severe blood pressure and electrolyte disorders in
humans (Lifton et al., 2001). Abnormal ENaC activity,
moreover, is beginning to be recognized as contributing to
the disease processes associated with cystic fibrosis and
polycystic kidney disease, as well as several other disorders
with abnormal epithelial cell transport (Mall et al., 2004;
Rohatgi et al., 2003; Veizis et al., 2004).

Similar to most other ion channels, ENaC is a heteromeric
protein complex containing several subunits. For maximal
activity, the channel must be formed from at least three
similar but distinct subunits: «, 8, and y-ENaC (Canessa
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et al., 1994; McNicholas and Canessa, 1997; Fyfe and
Canessa, 1998). Each of these subunits has two relatively
short cytosolic tails separated by a large extracellular loop.
Thus, each subunit also has two transmembrane domains.
Although it is accepted that each of the three ENaC subunits
contributes to formation of the functional channel pore
(Firsov et al., 1998; Canessa et al., 1994), the actual subunit
stoichiometry of the channel remains uncertain and contro-
versial. In addition, ENaC subunits, in particular a-ENaC,
may form homomeric channels with distinct biophysical
properties (Canessa et al., 1993). The precision and practice
of forming homomeric versus heteromeric channels, though,
remains unresolved. A better understanding of the subunit
stoichiometry of ENaC and the precision of subunit arran-
gement is paramount to solving the molecular mechanisms
modulating activity of this channel and to understanding
how cellular signaling inputs modulate channel openings and
closings, as well as membrane localization.

One proposed subunit stoichiometry for ENaC is that the
fully oligomerized channel complex within the plasma
membrane contains 2« subunits and one each of the 8- and
v-subunits. This heterotetrameric structure for ENaC is
attractive for it has parallels with the fourfold internal
symmetry around a central conducting pore established for
several K™ channels, particularly for those channels com-
prising subunits with only two transmembrane domains,
which is a feature shared with ENaC (Firsov et al., 1998;
Kosari et al., 1998). In contrast to this molecular architecture,
we and others have proposed that ENaC contains several
copies of each subunit in a higher order structure (Staru-
schenko et al., 2004a; Eskandari et al., 1999; Snyder et al.,
1998). Experimental support, often arising from similar
experimental designs, has been provided for both subunit
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stoichiometries (Firsov et al., 1998; Kosari et al., 1998;
Snyder et al., 1998; Eskandari et al., 1999). Here, we have
determined relative subunit stoichiometry of heteromeric
ENaC at the surface membrane using a novel fluorescence-
based approach. We have determined the ratio of fluorophore-
tagged ENaC subunits within the membrane channel by
directly quantifying eCFP and eYFP fluorescence in the
surface membrane using total internal reflection fluorescence
microscopy. We also have determined the relative subunit
stoichiometry in functional ENaC by directly quantifying
channel activity in subunit titration experiments. Our results
show that functional ENaC within the membrane contains
equal numbers of the a-, 8-, and y-subunits. We also find that
heteromeric channels are preferentially formed over homo-
meric channels when all three subunits are coexpressed. The
current findings, in consideration of previous findings
regarding ENaC subunit stoichiometry, are most consistent
with a higher order channel structure.

MATERIALS AND METHODS
Channel constructs and cell culture

CHO and COS-7 cells were maintained with standard culture conditions
(DMEM + 10% FBS, 37°C, 5% CO,) and transfected using the Polyfect
reagent (Qiagen, Valencia, CA) as described previously (Staruschenko et al.,
2004a,b,c). The plasmids encoding a-, B-, and y-ENaC, as well as ENaC
subunits genetically linked to NH,-terminal eCFP and eYFP have been
described previously (Staruschenko et al., 2004a,b,c). As noted in these
earlier publications, channels comprising eCFP- and eYFP-tagged subunits
exhibit functional behavior indistinguishable from those without fluorescent
tags. Plasmids encoding membrane localized eCFP-m and eYFP-m were
from Clontech (Palo Alto, CA). The plasmid encoding CGY-m, which is
a membrane localized fusion protein of eCFP and eYFP containing the
COOH-terminal Rho sequence RQKKRRGCLLL, was a kind gift from
P. Slesinger (Salk Institute for Biological Studies, San Diego, CA).

Total internal reflection fluorescence microscopy

Fluorescence emissions from eCFP- and e YFP-tagged channel subunits were
collected using total internal reflection fluorescence (TIRF) (also called
evanescent-field) microscopy to selectively illuminate the plasma membrane
and thus, focus on signals from membrane ENaC. TIRF generates an eva-
nescent field that declines exponentially with increasing distance from the
interface between the coverglass and plasma membrane illuminating only
asmall optical slice of the cell including the plasma membrane (Taraska et al.,
2003; Steyer and Almers, 2001). All TIRF experiments were performed in the
total internal reflection fluorescence microscopy core facility housed within
the Department of Physiology at the University of Texas Health Science
Center, San Antonio (http://physiology.uthscsa.edu/tirf).

We have previously described imaging ENaC channels containing eCFP-
and eYFP-tagged subunits with TIRF microscopy (Staruschenko et al.,
2004c). The methods used in this study closely followed these published
protocols. In brief, fluorescence emissions from fluorophore-tagged ENaC
were collected using an inverted TE2000 microscope with through-the-lens
TIRF imaging (Nikon, Tokyo, Japan). Samples were viewed through a plain
Apo TIRF 60X oil-immersion, high-resolution (1.45 N.A.) objective.
Fluorescence from tagged subunits was collected with one of two settings:
For Figs. 3-6, an Argon-ion laser with excitation filters of 458 = 5 and
488 = 5 nm was used to excite eCFP- and eYFP-tagged subunits, respec-
tively. Emissions from the eCFP and eYFP fluorophores subsequently passed
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through 480 * 15 (465-nm dichroic) and 535 = 25 nm (505-nm dichroic)
single pass filters, respectively. With these settings, there was little bleed-
through of the eYFP signal into the CFP field (0.67 = 0.10% for cells
expressing eYFP-m alone, n = 16) but, as expected modest bleed-through of
the eCFP signal into the YFP field (30 = 2.0% for cells expressing eCFP-m
alone, n = 16). Because FIR is a ratiometric approach, bleed-through
correction is included in the scaling factor C (see below). Thus, bleed-
through primarily affected the current results by increasing background
noise. To decrease noise, some experiments were performed using different
excitation/emission settings. For Figs. 1, 2, and 9, eCFP and eYFP were
excited with a 442-nm Melles Griot dual-pulsed solid state and 514-nm
Argon-ion laser, respectively, with an acoustic optic tunable filter used
to select excitation wavelengths (Prairie Technology, Middleton, WI).
Emissions from eCFP and eYFP passed through an image splitting device
(Dual-View, Optical Insights, Tucson, AZ) using a 505-nm dichroic to split
emissions, which then passed through 470 = 15 and 550 = 25 nm emission
filters, respectively. There was no bleed-through with either eYFP and eCFP
with these latter settings (see Fig. 1). With both settings, fluorescence images
were collected and processed with a charge-coupled device camera inter-
faced to a PC running Metamorph software.

Fluorescence intensity ratio analysis

Zheng and Zagotta (2004) were the first to describe fluorescence intensity
ratio (FIR) analysis. Our FIR analysis closely followed their work with the
exception that we collected fluorescence emissions with TIRF microscopy
in mammalian cells. For TIRF-FIR experiments, subconfluent COS-7 cells
grown on glass bottom 35-mm? tissue culture dishes were transfected with
either CGY-m, eYPF-m and eCFP-m, or eYFP- and eCFP-tagged ENaC
subunit cDNAs (0.2 ug each per dish). Subunits were expressed where one
subunit was tagged with eCFP, another tagged with eYFP, and the third
distinct subunit not tagged (e.g., e€CFP-aENaC + eYFP-BENaC + yENaC).
To facilitate ratiometric analysis, we coexpressed in a parallel set of cells
tagged subunits with the fluorophores exchanged (i.e., eCFP-BENaC +
eYFP-oENaC + yENaC). In some cases, cells expressing one type of eCFP-
tagged subunit plus the two other distinct subunits eYFP-tagged (i.e., eCFP-
aENaC + eYFP-BENaC + eYFP-yENaC) and its parallel with exchanged
fluorophores (i.e., eYFP-aENaC + eCFP-BENaC + eCFP-yENaC) were
used.

The covalent linkage between the fluorophore and tagged ENaC subunit
ensured that the intensity of fluorescence observed in TIRF was proportional
to the number of subunits of that type in the plasma membrane. When eCFP-
tagged X-subunits and eYFP-tagged Y-subunits are coexpressed, the inten-
sities of eCFP and eYFP can then be calculated as:

Fecep = CI[X] M
FeYFP = Cz [YL (2)
where F.cpp and F.ygp are eCFP and e YFP intensities with excitation of 458
(or 442) and 488 (or 514) nm, respectively. [X] and [Y] are the number of the
X-eCFP and Y-eYFP subunits; and C; and C, are constants reflecting laser

intensities, system transfer function, bleed-through, properties of the
fluorophores, etc. The fluorescence intensity ratio then is defined as:

ki = Feere/Fevre = (Ci[X]) /(Co[Y]) = C X ([X]/[Y]), (3)

where the constant C is a correction factor equal to C/C,.

Similarly, FIR from the parallel set of cells expressing tagged subunits
with exchanged fluorophore combinations of X-eYFP and Y-eCFP subunits
is:

ky, = FeCFP/FeYFP = C/([X}/[YD» “)

and from Egs. 3 and 4, both the subunit ratio and constant C can be de-
termined such that:
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eCFP-m 0/1 111 2/1 311

eCFP-m 0/1 1/1 211 31

FIGURE 1 FIR-TIRF controls. (A) Fluorescence micro-
graphs showing the plasma membrane of COS-7 cells
expressing eCFP-m and eYFP-m at cDNA ratios of 1:0,
0:1, 1:1, 2:1, 1:2, 3:1, and 1:3 with the top and bottom
rows showing eCFP (pseudocolored cyan) and eYFP
(pseudocolored yellow) emissions, respectively. Cells
were imaged with TIRF microscopy. (B) Unscaled best-
fit linear regression lines of data points for eCFP and eYFP
emissions from cells expressing eCFP-m and eYFP-m at
cDNA ratios of 1:0 and 0:1 (yellow); 1:1 (red); 2:1 and 1:2

unscaled  eYFP-m 1/0 1/1 /2 1/3 scaled eYFP-m 1/0 1/1 /2 1/3 (blue); and 3:1 and 1:3 (green). Also shown is the (dashed
60 1:0 o2 11 red) regression line for eCFP and eYFP emissions from
50 : cells expressing the CGY-m fusion protein, which contains
= | the fluorophores as a FRET pair. (C) Results from panel B
> 40 : scaled using the constant C. Black dashed lines predict
5—::: 30 : eCFP-m and eYFP-m membrane levels at the indicated
5 | expression ratios.
w 20 :
10 |
I
ol )
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Fover (AU.) Favep (AU.)
VTN 160 NaCl, 1 CaCl,, 2 MgCl,, and 10 HEPES (pH 7.4) and a pipette solution
XI/IY] = v (ki /k2), ®) of (in mM) 120 CsCl, § NaCl, 5 EGTA, 2 11\3/1gc12, 2 ATIE, %.1 GTP, 10
and HEPES (pH 7.4). Current recordings were acquired with an Axopatch 200B
(Axon Instruments, Union City, CA) interfaced via a Digidata 1322A (Axon
C = (kl X k2)~ 6) Instruments) to a PC running the pClamp 9.2 suite of software (Axon

During data collection, all parameters, including laser intensities, gain,
and exposure time, were fixed. For each fluorophore-tagged ENaC subunit
pair, k; and k, were determined from the slope of linear fits to X-eCFP ver-
sus Y-eYFP, and X-eYFP versus Y-eCFP scatter plots, respectively (see
Figs. 4-6). The constant C of 0.32 = 0.04 (458/480 and 488/535 nm) and
0.52 = 0.03 (with 442/470 and 514/550 nm) for our system was experi-
mentally determined for each fluorophore-tagged ENaC subunit combina-
tion and subsequently used to generate predicted FIR lines describing possible
channel subunit relations and to scale data (refer to Fig. 1).

The FIR method assumes independent eCFP and eYFP emissions.
However, these fluorophores when fused to ENaC form FRET pairs
(Staruschenko et al., 2004a) resulting in artificially reduced and enhanced
eCFP and eYFP emissions, respectively. When scaling with the constant C
as done here, the reduction and increase in eCFP/eYFP emissions do not bias
results when subunits are represented in the channel at equal levels (see Figs.
1 and 2); however, when one subunit is more prevalent than another, FRET
leads to a modest error in FIR analysis where differences in subunit number
are marginally exaggerated (see also Zheng and Zagotta, 2004). We
calculate that errors of this nature lead to at most a 20% discrepancy when
determining subunit relationships with the current emission and excitation
settings (see Figs. 1 and 2).

Electrophysiology

Whole-cell macroscopic current recordings of hENaC expressed in CHO
cells were made under voltage-clamp conditions using standard methods
(Staruschenko et al., 2004a,b; Tong et al., 2004). Current through ENaC was
the inward, amiloride-sensitive Na* current with a bath solution of (in mM)
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Instruments). All currents were filtered at 1 kHz. Voltage ramps (300 ms)
from a holding potential of from 40-60 mV to —100 mV were used to
generate current-voltage (I-V) relations and to measure ENaC activity
at —80 mV. Whole-cell capacitance was routinely compensated and was
~9 pF. Series resistances, on average 2—-5 M(), were also compensated.

Statistics

FIR data were fit with linear regression lines. All data reported as mean = SE
P = 0.05 were significant with data analyzed with the appropriate #-test.

RESULTS

Plasma membrane ENaC contains equal humbers
of a-, B-, and y-subunits

To determine the relative stoichiometry of a-, 8-, and
y-subunits in heteromeric ENaC within the plasma mem-
brane, we combined a fluorescence-based approach (FIR) to
determine subunit relations with total internal reflection
fluorescence microscopy to focus on signals from membrane
channels. Fig. 1 shows fluorescence micrographs from control
experiments validating this ratiometric approach for estab-
lishing relative membrane levels of proteins. Cells in Fig. 1 A
were transfected with membrane localized eCFP-m and
eYFP-m alone and together at ratios of 1:1, 2:1, 1:2, 3:1, and
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1:3 with emissions from eCFP (fop; pseudocolored cyan)
and eYFP (bottom; pseudocolored yellow) quantified in TIRF
after exciting with 442 and 514 nm, respectively. Quantify-
ing emissions from eCFP-m and e YFP-m at expression ratios
of 2:1 and 3:1, as well as making a similar measurement
in parallel with expression ratios of 1:2 and 1:3, enabled
determination of the scaling factor C, which accounts for
differences in laser excitation intensities, extinction coef-
ficients, quantum yields, and other fluorophore properties.
Fig. 1 B shows the regression lines from data points plotted
with eCFP (F.cpp) versus eYFP (F.ypp) fluorescence
emissions from cells expressing eCFP-m and eYFP-m at 3:1
(green), 2:1 (blue), 1:1 (red), and 0:1 (yellow) ratios and their
parallel complements. The fluorescence intensity ratios k;
and k, for expression at 2:1 and 1:2 were 0.95 and 0.24,
respectively, yielding a ratio of membrane eCFP-m to e YFP-
m of 2.0. For expression at 3:1 and 1:3, k; and k, were 1.4 and
0.18, respectively, giving a ratio of 2.80. The constant C for
these experiments was 0.52 = 0.03. Fig. 1 C shows predicted
(black) regression lines defining expected eCFP-m and e YFP-
m levels in the membrane at each expression ratio, as well as
experimental regression lines from Fig. 1 B scaled with the
constant C. The slopes of the regression lines for ratios of 2:1
(k) and 1:2 (k) were 0.47 and 1.9, respectively, again
yielding a membrane level of eCFP-m to eYFP-m of 2.0. For
eCFP-m and eYFP-m at ratios of 3:1 and 1:3, k; and k, were
0.36 and 2.8, respectively, giving, as expected, a membrane
level of eCFP-m to eYFP-m of 2.8. The unscaled and scaled
FIR forexpressionat 1:1 were 0.58 and 1.1. Because C defines
the relationship between eCFP and e YFP emissions under our
experimental settings, the unscaled FIR for 1:1 expression
should be very close to C. These results are consistent with
this expectation.

The ratiometric approach used in this study assumes
independent eCFP and eYFP emissions. However, these
fluorophores in some instances, such as when they are fused
to ENaC subunits (Staruschenko et al., 2004a), form FRET
pairs resulting in artificially reduced and enhanced eCFP and
eYFP emissions, respectively. When scaling with C, the
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reduction/increase in eCFP/eYFP emissions do not bias
results in a ratiometric analysis, as shown in Fig. 2, when
subunits are represented in the channel at equal levels;
however, when one subunit is more prevalent than another,
FRET leads to a modest error in FIR analysis (see also Zheng
and Zagotta, 2004). Fig. 2, left, shows experimentally deter-
mined unscaled FIR lines (blue) for eCFP-m and eYFP-m
expressed at 2:1 and 1:2. Also shown are predicted FIR lines
(red) for these fluorophores if they had formed a FRET pair,
as they do when fused to ENaC subunits. To reiterate, in
the absence of any FRET, k; and k, are 0.95 and 0.24,
respectively. With 30% FRET, k| and k; would instead be
0.66 and 0.17. However, when scaled with C and C’ as
shown in Fig. 2, right, both conditions yield X/Y ratios of
2.0. By calculating FIR in the presence of FRET for
fluorophores in a possible channel complex at unequal levels
(we used 2:1), we established the maximum error introduced
by FRET when determining X/Y ratios to be <20%. The
green lines in Fig. 2, right, graphically display this error. The
error introduced by FRET can also be visualized in Fig. 1 B
by comparing the experimentally established FIR line for
eCFP-m plus eYFP-m at a 1:1 ratio versus that for CGY-m,
which is a fusion protein containing both fluorophores as an
active FRET pair with a FRET of 20%, an efficiency greater
than that between ENaC subunits (Staruschenko et al., 2004a).
Thus, FRET between fluorophores in a channel complex has
no effect on FIR measurements as established with these
settings and scaling, or at most, only modestly affects X/Y
ratios established with FIR.

For TIRF-FIR analysis of subunit relationships in ENaC, an
eCFP-tagged channel subunit was coexpressed with a distinct
eYFP-tagged subunit plus an untagged distinct third subunit
(e.g., eCFP-a + eYFP-B + y-ENaC). To define C, a similar
measurement was made in parallel where the fluorescent tag
was exchanged between the two labeled subunits (e.g., eCFP-
a + eYFP-B + y-ENaC). The fluorophore-tagged ENaC
subunits used here, as reported previously, form func-
tional channels indistinct from ENaC in native epithelia
(Staruschenko et al., 2004a). Fig. 3 shows representative

— noFRET XY =20

— FRET XY=20
Max FRET error  XIY =24 FIGURE 2 FRET has little impact on FIR. (Leff)
;;scaled SCRP- v Re scaled a2 11 Unscaled best-fit linear regressions lines of data points
k, =095 21 80 J ¥ i for eCFP and eYFP emissions from cells expressing eCFP-
50 k,=0.24 8 / P 4 m and eYFP-m at cDNA ratios of 2:1 and 1:2 in the
— ! // absence of FRET (blue) and with hypothetical FRET of
40 k;' =047 i 2 40 J // 30% between these fluorophores (red; 2:1" and 1:2"). Also
=] o =] by shown are the FIR values k; and k,, and k{ and k; in the
Sé 30 X // S'&g,g / /’ 12 absence and presence of FRET, respectively. (Right)
W2 // o / /,’ . Results from panel A scaled using the constant C (blue)
) /,./’ 20 ! // T "3 and C' (red). The green lines represent the maximum
W i o ////': :i N 4 /,’ B el possible error introduced by FRET for the 2:1 and 1:2
i T e " e ‘,,.-'” regression lines. Black dashed lines indicated predicted
5 S 0 == ‘ , , , ) eCFP-m and eYFP-m membrane levels at the indicated

0 10 20 30 40 50 60 0 10 20 30 40 50 ) expression ratios.
Fever (AU.) Favee (AU.)
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eCFP

eYFP

eCFP-oENaC
eYFP-BENaC
+yENaC

eYFP-aENaC
eCFP-fENaC
+yENaC

FIGURE 3 ENaC expressed in the membrane. Fluorescence micrographs
of COS-7 cells coexpressing eCFP-aENaC + eYFP-BENaC and untagged
yENaC (top row), and eCFP-BENaC + eYFP-oENaC and untagged
vENaC (bottom row) collected with total internal reflection fluorescence
microscopy. Fluorescence emissions from eCFP- (pseudocolored green)
and eYFP- (pseudocolored red) tagged ENaC within the plasma membrane
are shown in the left and middle columns. The right column shows merged
images.

fluorescence images collected with TIRF microscopy from
cells overexpressing eCFP-a + eYFP-B8 + yENaC and its
complement of eYFP-o + eCFP-8 + yENaC. For these
images, eCFP emissions are pseudocolored green and shown
in the first column and eYFP emissions are pseudocolored red
and shown in the middle column. The last column contains
merged images showing colocalization of the eCFP- and
eYFP-tagged ENaC subunits within the membrane.

Because eCFP and eYFP are genetically linked to channel
subunits, emissions from the respective fluorophores are
directly proportional to the number of eCFP- and eYFP-
tagged subunits in the membrane. The slope of the linear fits to
the eCFP versus eYFP scatter plots for each tagged-subunit
pair (k;; see Materials and Methods and Figs. 4-6) and its
complementary pair (k;) describe the relationship between the
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differentially fluorophore-tagged subunits within the mem-
brane. The relative ratio of subunits at the surface membrane,
then, is calculated using k; and k, (see Materials and
Methods).

Fig. 4 shows scatter plots and associated linear fits (red
lines) of F.cpp versus Foygp intensities from cells expressing
eCFP-a + eYFP-3 + yENaC (A) and eYFP-a + eCFP-8 +
vENaC (C). Plots were created from cells with a range of
fluorescence intensities and, thus, subunit expression levels.
Predicted relative (« to B) stoichiometry FIR lines calculated
using C (see Materials and Methods) are shown as dashed
black lines. For each pair of tagged-ENaC subunits, we also
titrated expression of the eCFP-tagged subunit such that it
was equal to, twice as much, and threefold that of the e YFP-
tagged subunit. Data points (circles) from cells transfect with
equal levels of eCFP-tagged and eYFP-tagged subunit
cDNA are red, those with twice as much eCFP-tagged
subunit cDNA are blue, and those with threefold are green.
Fig. 4, B and D, show the fluorescence intensity ratios for
eCFP-a + eYFP-B + yENaC and its complementary pair,
respectively, as a function of eCFP-tagged-subunit titration.
From Fig. 4, A and C, k; and k, were 1.19 (* = 0.75) and
0.84 (¥ = 0.68), respectively, yielding an /B subunit ratio
of 1.19 suggesting that there are equal numbers of each
subunit in the plasma membrane. We argue that these
subunits are contained within fully oligomerized ENaC
within the plasma membrane for when the expression level
of the eCFP-tagged subunit was increased, even to threefold
of that of the eYFP-tagged subunit, fluorescence intensities
ratios describing the relationship of a- to BENaC remained
unchanged demonstrating that the fluorescence intensities
of fluorophore-tagged a- and BENaC in the membrane are
directly coupled. These titration experiments also suggest
that the channel has a fixed stoichiometry at steady state with
this stoichiometry and not the greater availability of the eCFP-

g FIGURE 4 The relative amounts of a- and 3-subunits in
membrane ENaC are the same. Scatter plot of eCFP versus
e YFP fluorescence emissions collected with TIRF micros-
— copy from cells coexpressing eCFP-aENaC + eYFP-
et PN BENaC and untagged yENaC (A) and eCFP-BENaC +

eYFP-oENaC and untagged yENaC (C). Solid red lines

are the best-fit linear regression lines (m = fluorescence

intensity ratio for panels A and C, which are k; and k,);
black dashed lines predict subunit relations at the indicated
stoichiometry; red, blue, and green circles represent data
points from cells transfected with equal amounts of eCFP-
and eYFP-tagged subunit and those with twice and three
times as much eCFP- versus e YFP-tagged subunit, respec-
tively. Scatter plots of the quotient of eCFP/eYFP fluo-
rescence emissions from panel A (B) and panel C (D) as
a function of the relative eCFP- to eYFP-tagged subunit
expression level.
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tagged subunit determining FIR. Moreover, these results
suggest that when all three ENaC subunits are coexpressed,
heteromeric channels are formed preferentially over homo-
meric channels.

Fig. 5, A and C, show scatter plots, associated linear fits,
and predicted FIR lines for cells expressing eCFP- +
eYFP-y + aENaC (A) and eYFP-B + eCFP-y + aENaC,
respectively. Similar to Fig. 4, the eCFP-tagged subunit
cDNA level was titrated with red circles representing cells
transfected with equivalent eCFP- and eYFP-tagged subunit
cDNA levels, blue with twice as much eCFP-tagged subunit,
and green thrice as much. Fig. 5, B and D, show the fluo-
rescence intensity ratios for eCFP-8 + eYFP-y + aoENaC
and its complementary pair, respectively, as a function of
eCFP-tagged-subunit titration. From Fig 5, A and C, k; and
k, were 0.98 (% = 0.86) and 1.02 (+* = 0.88), respectively,
yielding a B/ subunit ratio of 0.98 suggesting that there are
equal numbers of each subunit in the plasma membrane.
Again, we believe these subunits were contained within fully
oligomerized ENaC within the plasma membrane for
titration of the eCFP-tagged subunit had little effect on FIR
describing the relationship of 8- to yENaC.

Fig. 6, A and C, show scatter plots, associated linear fits,
and predicted FIR lines for cells expressing eCFP-a@ +
eYFP-y + BENaC (A) and eYFP-a + eCFP-y + BENaC,
respectively. Similar to Figs. 4 and 5, the eCFP-tagged
subunit cDNA level was titrated with red circles representing
cells transfected with equivalent eCFP- and eYFP-tagged
subunit cDNA levels, blue with twice as much eCFP-tagged
subunit, and green thrice as much. Fig. 6, B and D, show
the fluorescence intensity ratios for eCFP-a + eYFP-y +
BENaC and its complementary pair, respectively, as a func-
tion of eCFP-tagged-subunit titration. From Fig. 6, A and C,
k; and k, were 1.02 (> = 0.81) and 0.96 (* = 0.86), re-
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spectively, yielding an a/y subunit ratio of 1.03 suggesting
that there are equal numbers of each subunit in the plasma
membrane. Thus, the FIR results in Figs. 4-6 are consistent
with a relative subunit stoichiometry of 1a:18:1vy.

Fig. 7 shows the fluorescence intensity ratio with wide-
field (epifluorescence) imaging for the cells expressing
eCFP-a + eYFP-y + BENaC (circles) and eCFP-y +
eYFP-a + BENaC (squares) imaged with TIRF microscopy
in Fig. 6. As expected, but in contrast to the TIRF-FIR results
in Fig. 6, the ratio in wide field showed a clear dependence
on titration of the eCFP-tagged subunit cDNA. A compar-
ison of the results in Figs. 6 and 7 supports the idea that
in our TIRF-FIR experiments, ENaC subunits arrived at
the membrane together preferring a heteromeric channel
complex with a fixed stoichiometry. Moreover, they are
consistent with channel stoichiometry defining subunit (fluo-
rescence) relations, as compared to random distribution of
subunits within the membrane.

Functional ENaC contains equal numbers of
a-, B-, and y-subunits

To complement TIRF-FIR experiments, we also tested
ENaC subunit stoichiometry with electrophysiology to
assess subunit relations in the functional channel. Fig. 8
shows typical current traces (A) and a summary graph (B) of
findings from a subunit-dose experiment where macroscopic
amiloride-sensitive ENaC currents were quantified in CHO
cells transfected with a-, 8-, and y-ENaC with subunit
cDNA levels either all being equal at 0.6 and 0.2 ug each per
35 mm?, or with « but not 8 and vy being expressed at the
higher dose, or with 8 and 7y but not o being expressed at
the higher dose. Our rationale is that if the channel com-
plex contains each subunit at the same relative ratio and

FIGURE 5 The relative amounts of 8- and y-subunits in
membrane ENaC are the same. Scatter plot of eCFP versus
e YFP fluorescence emissions collected with TIRF micros-
copy from cells coexpressing eCFP-BENaC + eYFP-
vENaC and untagged «ENaC (A) and eCFP-yENaC +
eYFP-BENaC and untagged aENaC (C). Solid red lines

are the best-fit linear regression lines (m = fluorescence
intensity ratio for panels A and C, which are k; and k,);
black dashed lines predict subunit relations at the indicated
stoichiometry; red, blue, and green circles represent data
points from cells transfected with equal amounts of eCFP-
and eYFP-tagged subunit and those with twice and three
: times as much eCFP- versus eYFP-tagged subunit,
" respectively. Scatter plots of the quotient of eCFP/eYFP
» fluorescence emissions from panel A (B) and panel C (D)
¢ as a function of the relative eCFP- to eYFP-tagged subunit
expression level.
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heteromeric channels are preferentially formed, then in-
creasing the expression of one subunit compared to that of
the others should have little effect on activity; however, in
contrast, if there are more «ENaC subunits in the final
channel complex, then titration of this subunit so that it is at
triple the level of the other two subunits should be equivalent
to simply increasing expression of all three subunits in
unison threefold. The results in Fig. 8 clearly show that only
equivalent increases in subunit cDNA levels of all three
subunits result in increases in ENaC activity. Such a finding
is consistent with each subunit being in the channel at similar
levels and not with the notion that one subunit is more
prevalent in the final channel complex.

ENaC has a limiting stoichiometry of 1a:18:1y

If ENaC is a heteromeric channel having a relative, limiting
subunit stoichiometry of 1:1:1, as results in Figs. 3-8

eCFP-qt
eYFP-y

6 eCFP-y
B oYFP-a

Fecrp ! Fovep

¢

1:1 2:1 31
cDNA ratio CFP / YFP

FIGURE 7 Increasing expression eCFP-tagged ENaC subunits increases
total cellular eCFP fluorescence emissions. Summary graph of the quotient
of eCFP/eYFP fluorescence emissions as a function of the relative eCFP- to
eYFP-tagged subunit expression level collected with wide-field epifluo-
rescence microscopy from the cells in Fig. 6 coexpressing eCFP-aENaC +
eYFP-yENaC and untagged BENaC (@) and eCFP-yENaC + eYFP-
aENaC and untagged SENaC (m).
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suggest, then expressing a-eCFP + B-eYFP + y-eYFP and
its complement should yield an « to 8 + vy relationship of
0.5. Fig. 9 shows results from experiments testing this idea.
Fig. 9, A—C, contains data points and associated linear fits
and resulting k; and k, for a-eCFP + B-eYFP + vy-eYFP
(red) and a-eYFP + B-eCFP + y-eCFP (blue); B-eCFP +
a-eYFP + y-eYFP (red) and B-eYFP + a-eCFP + y-eCFP
(blue); and y-eCFP + a-eYFP + B-eYFP (red) and y-eYFP
+ a-eCFP + B-eCFP (blue). For these experiments, cells
were transfected with 0.2 ug cDNA for each subunit. For all
combinations where the X-subunit was fused to a fluorescent
tag and the other two distinct (Y-) subunits to the alternative
fluorescent tag, the calculated relations for X to Y were
0.5 suggesting that for every X-subunit there were two
Y-subunits in the channel. These results are consistent with
the limiting stoichiometry of 1a:183:1%.

DISCUSSION

Determining quaternary structure (e.g., subunit stoichiome-
try) is critical to understanding channel regulation at the
cellular and molecular levels. Unfortunately, investigation of
subunit stoichiometry for most heteromeric channel com-
plexes has proven extremely challenging. Although the
atomic resolution of several bacterial ion channels has pro-
vided rich information about their molecular architecture
(Doyle et al., 1998; MacKinnon, 2003, 2004; Zhou et al.,
2001), it has been difficult to universally apply this strategy
to all integral membrane proteins, particularly heteromeric
mammalian ion channels. As yet, the epithelial Na™ channel
falls into the category of channels for which atomic level
resolution has not been established. Several laboratories,
however, have provided important information about subunit
relations within ENaC. Two competing subunit stoichiome-
tries, often arrived at using similar experimental approaches,
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have been proposed for this channel: ENaC is believed to be
either a heterotetramer containing 2a:183:1y (Firsov et al.,
1998; Kosari et al., 1998) or a channel with a higher order
structure possibly containing 3a:33:3y (Snyder et al., 1998;
Eskandari et al., 1999). In this study, we used a novel
biophysical approach to increase understanding of the
subunit relationship within membrane ENaC. Our results
are most consistent with membrane ENaC containing equal
numbers of each of its three component subunits.

To place these findings in the context of that reported
previously by others, our results appear to be most supportive
of a higher order channel structure compared to a heterotetra-
meric structure. We argue this point from the current TIRF-
FIR results demonstrating that each ENaC subunit is in
the plasma membrane at the same relative ratio and that
increasing the expression of one subunit does not change this
ratio suggesting that channel stoichiometry and subunit
relations within the oligomerized channel define the mem-

o a-eCFP + f-eYFP + 1-eYFP  k, = 0.52
o a-eYFP + -eCFP +1-eCFP Kk, =1.84

e [-eCFP + a-eYFP + y-eYFP  k, = 0.55
o p-eYFP + a-eCFP + v-eCFP k2 =1.90

brane levels of each subunit. Importantly, probing the subunit
relations within functional channels using a simple but direct
electrophysiology approach was also consistent with a limit-
ing stoichiometry for ENaC of la:18:1y. Moreover, when
one type of ENaC subunit was distinguished fluorescently
(i.e., tagged with eCFP) from the other two, which were
treated equally (i.e., both tagged with eYFP), the relative
membrane levels of the distinguished subunit compared to
the combination of the other two was 1:2, which is consistent
with a limiting stoichiometry of 1:1:1.

It is hard to reconcile why ENaC appears to have a
tetrameric structure in some studies and a higher order
structure in others. One possible explanation recently sug-
gested by Hughey and colleagues (Hughey et al., 2004) is
that distinct forms of heteromeric ENaC, containing each
of the three types of subunits, reach the membrane. Although
the functional ramifications and importance of these possibly
distinct forms of ENaC remain to be fully determined, it is

Co 1-eCFP + u-eYFP + p-eYFP  k, = 0.53
o 7-€YFP + a-eCFP + p-eCFP k2 =2.0
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FIGURE 9 ENaC has a limiting stoichiometry of 1a:18:1v. Scatter plots of eCFP versus e YFP fluorescence emissions collected with TIRF microscopy from
cells coexpressing (A) eCFP-oENaC + eYFP-BENaC + eYFP-yENaC (red circles) and eYFP-oENaC + eCFP-BENaC + eCFP-yENaC (blue circles); (B)
eCFP-BENaC + eYFP-aENaC + eYFP-yENaC (red circles) and eYFP-BENaC + eCFP-oENaC + eCFP-yENaC (blue circles); and (C) eCFP-yENaC +
eYFP-aENaC + eYFP-BENaC (red circles) and eYFP-yENaC + eCFP-aENaC + eCFP-BENaC (blue circles). Solid red (k;) and blue (k;) lines are the best-
fit linear regression lines and black dashed lines predict subunit relations at the indicated stoichiometry. For all experiments, ENaC subunit cDNAs were

expressed at 0.2 ug each.
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conceivable that they have different stoichiometries. If this is
indeed the case, then COS-7 and CHO cells, as used in this
study, must have preferentially expressed only one possible
type of ENaC. It is important to realize that distinct forms
of ENaC within the membrane may reflect leak in an over-
expression system. Thus, we as well as others investigating
ENaC stoichiometry in heterologous systems have to con-
sider that probing subunit relationships is likely impacted by
the expression system used particularly when consider-
ing quality control check points determining fidelity of sub-
unit folding, oligomerization, and transit to the membrane.
The current studies were performed in a mammalian ex-
pression system, whereas, the initial studies probing ENaC
subunit stoichiometry were performed in the amphibian
Xenopus laevis oocyte expression system (Kosari et al.,
1998; Firsov et al., 1998; Eskandari et al., 1999). This may
contribute to apparent inconsistencies. It is, currently, un-
clear how best to probe stoichiometry of endogenous ENaC
expressed within native epithelia and, thus, it becomes
important to probe subunit relations in as many different
systems as possible.

Parallels with the fourfold internal symmetry model
established for K™ channels comprised of subunits having
only two transmembrane domains, such as KcsA (MacK-
innon, 2003) and inward-rectifier K;, channels (Yang et al.,
1995), lends great appeal to the 2a:18:1y stoichiometry
model for ENaC. But important differences between these
channels must be recognized, primary of which is that the
pore of K. and KcsA is encircled by four usually identical
subunits (MacKinnon, 2003), which is different from ENaC.
Each of the three distinct types of ENaC subunits contribute
to formation of the pore (Firsov et al., 1998; Canessa et al.,
1994). When heteromeric K;; do form, they contain at most
only two distinct types of pore-forming subunits (Kofuji
et al., 1995; Krapivinsky et al., 1995; Corey et al., 1998).

The cation P2X channels also contain only two trans-
membrane domains, and compared to K;. and KcsA, have
considerably more tertiary structure in common with ENaC/
Deg, including a large cysteine-rich extracellular domain
(North, 1996; Benos and Stanton, 1999; Kellenberger and
Schild, 2002; Newbolt et al., 1998; Khakh et al., 2001). Such
a large ectodomain is rather unique for ion channels found
only in ENaC/Deg and P2X receptors. The subunit
stoichiometry for P2X channels is currently thought to be
trimeric or a multiple of trimers (North, 1996; Nicke et al.,
1998, 2003; Stoop et al., 1999; Robertson et al., 2001). The
current results are consistent with ENaC having a similar
quaternary structure. The trimeric structure of P2X suggests
that the stoichiometry of a channel containing subunits with
only two transmembrane domains is not constrained by a
tetrameric model.

In addition to determining ENaC subunit relations, the
current results provide information about the preference for
ENacC subunits to form heteromeric channels over homomeric
channels. The current electrophysiology experiments testing
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subunit titration clearly indicate, at the functional level, that
when all three subunits are available for oligomerization,
formation of heteromeric channels containing each of the
three subunits is favored over that of homomeric channels.
This finding is consistent with many other studies in-
vestigating ENaC function (Canessa et al., 1994; Firsov
etal., 1998; Fyfe and Canessa, 1998). However, if homomeric
channels have greatly decreased activity, which they appear to
(Canessa et al., 1994; Fyfe and Canessa, 1998; Canessa et al.,
1993), then the significance with respect to stoichiometry of
such findings is lessened for contribution to activity by
homomeric channels must be overwhelmed by more active
heteromeric channels. The current TIRF-FIR results demon-
strate that when all three subunits are coexpressed, increased
expression of one subunit does not promote the appearance of
homomeric channels in the membrane. Importantly, the
current TIRF-FIR approach was not limited by a possible
decrease in activity of homomeric channels complicating
interpretation and thus, makes a strong argument that
heteromeric ENaC is preferentially formed over homomeric
channels when all three subunits are available for oligomer-
ization. The ramifications of this finding are clear for tissues,
such as the distal renal nephron, that coexpress each of the
three ENaC subunits. It suggests that inadequate expression of
one subunit would limit ENaC activity. This prediction is
entirely consistent with findings from engineered mice with
the salt wasting disease pseudohypoaldosteronism where the
genes encoding either a-, -, or y-ENaC had been disrupted
(reviewed by Hummler and Horisberger, 1999; Snyder,
2002). Similarly, decreased expression of any of the three
human ENaC subunits leads to pseudohypoaldosteronsim
due to loss of ENaC function (Thomas et al., 2002; Saxena
et al., 2002; Adachi et al., 2001).
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