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The epithelial Na* channel (ENaC) mediates Na* transport
across high resistance epithelia. This channel is assembled
from three homologous subunits with the majority of the pro-
tein’s mass found in the extracellular domains. Acid-sensing
ion channel 1 (ASIC1) is homologous to ENaC, but a key func-
tional domain is highly divergent. Here we present molecular
models of the extracellular region of & ENaC based on a large
data set of mutations that attenuate inhibitory peptide binding
in combination with comparative modeling based on the re-
solved structure of ASIC1. The models successfully rational-
ized the data from the peptide binding screen. We engineered
new mutants that had not been tested based on the models and
successfully predict sites where mutations affected peptide
binding. Thus, we were able to confirm the overall general fold
of our structural models. Further analysis suggested that the a
subunit-derived inhibitory peptide affects channel gating by
constraining motions within two major domains in the extra-
cellular region, the thumb and finger domains.

Epithelial Na™ channels (ENaCs)® are members of the
ENaC/degenerin family of ion channels, of which the high
resolution structure of acid-sensing ion channel 1 (ASIC1)
has been reported. These channels are probably trimers (1, 2)
with each subunit having two transmembrane helices, large
extracellular regions, and short cytosolic amino and carboxyl
termini (3). The resolved structure of the extracellular region
of ASICI is composed of core 3-sheet domains (termed palm
and B-ball) surrounded by peripheral a-helical domains
(termed finger, thumb, and knuckle) (1). Channels in the
ENaC/degenerin family are Na™-permeable and are gated by
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a diverse set of stimuli, including external ligands and me-
chanical forces (4). As such, ENaC/degenerin family members
play diverse roles in biology. For ENaC, these include the reg-
ulation of extracellular volume and blood pressure by mediat-
ing Na™ transport in the distal nephron of the kidney, regula-
tion of airway surface liquid volume and mucociliary
clearance by facilitating Na™* transport in airways, and facilita-
tion of salt taste by transporting Na™ in lingual epithelium (4).
ENaC is assembled from homologous «, 8, and 7y subunits
and is allosterically inhibited by extracellular Na™ by a phe-
nomenon referred to as Na™ self-inhibition (5-7). Within the
ENaC/degenerin family, sequence conservation is conspicu-
ously lacking within the finger domains of the extracellular
regions of these channels (1). This fact may partly account for
the diversity in the regulation of channel gating observed
among gene family members and is an obstacle in building
comparative models of ENaC subunits based on the resolved
ASIC1 structure.

Among the panoply of ENaC properties is its activation by
proteolytic cleavage, which is unusual for ion channels (8).
Proteolytic activation of ENaC occurs through the cleavage of
both the « and vy subunits at multiple sites within their finger
domains, leading to the release of inhibitory tracts (9-12).
Peptides corresponding to these inhibitory tracts are also in-
hibitory (9, 11, 13, 14). Cleavage of the « subunit at two de-
fined sites by the proprotein convertase furin occurs in the
trans-Golgi network (10). In contrast, furin cleaves the -y sub-
unit once (10). A second protease, such as prostasin, elastase,
or plasmin, activates channels by cleaving the y subunit at
sites distal to the furin site (11, 15, 16). It is becoming clear
that aberrant proteolysis of ENaC contributes to the en-
hanced channel activity observed in cystic fibrosis and pro-
teinuric kidney diseases. In cystic fibrosis, enhanced ENaC
activity leads to drying of the airways and mucociliary dys-
function (17-19). In the kidney, glomerular injury allows for
the filtration of ENaC-activating proteases that are not usually
found in the urinary space, contributing to the enhanced renal
Na™ reabsorption and edema observed in proteinuric states
(4,9, 15, 20, 21).

Although proteases activate ENaC by cleaving specific sub-
units and releasing inhibitory tracts, the structural basis for
channel activation by proteases has not been elucidated. In an
earlier work (22), we identified a number of sites where muta-
tions altered the apparent affinity of an inhibitory peptide
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derived from the « inhibitory tract. To date, ASIC1 is the only
member of the ENaC/degenerin gene family whose molecular
structure has been determined (Fig. 1) (1, 23). It has been pro-
posed that ligand binding events in the finger and thumb do-
mains translate to motions in the pore via the thumb domain,
which is situated to exert a force on the wrist and transmem-
brane regions (1). The finger domains are highly variable
among ENaC/degenerin family members. This sequence vari-
ability may be related to the ability of these channels to trans-
duce a diverse set of extracellular signals to channel opening
or closing (4, 24). The finger domain appears to have a critical
role in the allosteric mechanisms by which responses to exter-
nal cues lead to movements at the much more highly con-
served transmembrane helices over 20 A away.

To further understand the process by which external cues
regulate ENaC/degenerin channels, particularly with regard
to ENaC activation by proteases, we built models of & ENaC
based in part on homology to ASIC1. « ENaC has modest
sequence identity to ASIC1 throughout most extracellular
domains. However, identity is particularly poor in the finger
domain, where o ENaC has 73 additional residues. To deter-
mine the molecular architecture of the @ ENaC finger do-
main, we generated distance constraints from our inhibitory
peptide binding data (22). Here, we present data that support
the hypothesis that the furin-excised « inhibitory tract and
the inhibitory tract-derived peptide bind a common site.
Models were constructed and assessed for their quality and
ability to account for peptide binding data. We tested an addi-
tional region of & ENaC that our models predicted to be in
close proximity to the peptide binding site. These experi-
ments identified additional sites that attenuated peptide inhi-
bition, providing a confirmation of our models. We used nor-
mal mode analysis to examine differences in motion elicited
by an inhibitory peptide. We found that the inhibitory peptide
reduced motions in the finger domain near the finger-thumb
interface in our model. Based on our results, we propose that
the release of the « subunit inhibitory tract relieves con-
straints at the finger and finger-thumb interface, allowing for
movements of the thumb and/or finger domains that facilitate
channel transitions to an open, or conducting, state.

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis, Oocyte Expression, and Two-
electrode Voltage Clamp—Site-directed mutations in mouse
a, 3, and y ENaC subunits were generated using QuikChange
II XL (Stratagene, La Jolla, CA), using cDNAs in pBluescript
SK(-) vector as template. We mutated « ENaC residues 211-
218 to AEAEEAEA in two steps, first mutating residues 211—
214 and then adding in mutations 215-218. Sequencing was
performed to confirm the mutation. ENaC expression in Xe-
nopus laevis oocytes, and two-electrode voltage clamp were
performed as described (22). Peptides were obtained from
GenScript USA Inc. (Piscataway, NJ).

Statistical Analysis—Comparisons of significance between
groups were performed with a non-linear mixed regression
model analysis (see Ref. 22) or analysis of variance, as
indicated.
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Modeling—Sequence alignment was performed using
ClustalX with the BLOSUMS62 scoring matrix (25). Secondary
structure prediction was performed using PROF (26), SSPro
(27), PSIPRED (28), the PredictProtein server (29), and JPred
3 (30) using default parameters. Comparative modeling was
performed using MODELLER (31). For each model, we com-
puted the surface accessibility and residue-residue distances
with the program DeepView (32). The MMTSB Tool Set (33)
was used to cluster models by root mean square (r.m.s.) devia-
tion after carrying out superpositions. Cytoscape (34) was
used to generate the clustering diagram, and all molecular
figures were generated with PyMOL (DeLano Scientific, LLC,
Palo Alto, CA). Coordinates for generated models are pro-
vided in the supplemental material.

Calculation of C-C,, Distances—To determine the « car-
bon to a carbon (C,-C,) distances that define the shells of
interaction for a given residue, the C_-C_, distance of all
C,-C,, pairs in a number of proteins was measured using
DeepView (32). Because we are interested in the packing of
residues that are distant in primary sequence, we excluded
C_-C,, pairs from the 10 nearest sequence neighbors. The
C,-C, distance between interacting, non-neighboring resi-
dues should be a general property of all proteins, dependent
on local non-covalent packing interactions. A histogram with
a bin size of 0.01 A was generated and normalized by dividing
the frequency value of each bin by its volume using Igor Pro.
Redoing the analysis with only a few proteins indicates that
the radial distribution of distances converges. The data were
fit by a sum of 10 Gaussian curves,

10 ‘= nive
f(x) = EA,-e’(Tn) (Eq. 1)
i=1

where A represents the amplitude, u is the peak position, and
o is one-half of the peak width. To reduce the number of fit
parameters from 30 to 13, we postulated that the peak posi-
tions are regularly spaced and that the peak widths increase in
proportion to their peak’s distance from the origin. For each
peak, we used the following relationships.

Wi =imA, (Fq.2)
Mi

o= 0 — (Ea.3)
M

Three parameters, u,, 0}, and A ,, then determine u and o for
all peaks, where A , is the peak spacing. Peak amplitudes were
allowed to float independently. The fit was poor at the begin-
ning of the first peak, where all residuals are negative. Allow-
ing all 30 parameters to float independently did not improve
the fit.

Normal Mode Analysis—W e carried out normal mode
analysis on our structural models using the Anisotropic Net-
work Model Web server (35). The model assumes that all C,,
atoms within a specified cut-off distance are attached by uni-
form springs. The equilibrium distance between the atoms is
then determined from the initial structure. The topology of
the protein complex along with the cut-off distance and
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FIGURE 1. ASIC1 extracellular domains and their homology to ENaC «
subunit. The extent of sequence identity between chicken ASIC1 and
mouse « ENaC is indicated in parentheses. Sequence alignment was per-
formed as described under “Experimental Procedures.” Residues that were
identical, similar, or non-homologous were assigned scores of 1, 0.5, or 0,
respectively. A 5-residue moving average was then calculated and used to
color the schematic as indicated.

spring constant specify the potential energy of the system and
the subsequent dynamics (see Refs. 35 and 36 for a more de-
tailed description). In the present set of calculations, we used
a uniform spring constant of 1 kcal/mol/A? and a cut-off dis-
tance of 15 A.

RESULTS

a ENaC Homology to ASICI—ASIC1 has low overall ho-
mology to ENaC subunits (17-20% identity and 28 —31% simi-
larity, using alignments based on the BLOSUMS62 substitution
matrix). These values place a comparative model of ENaC
subunits based on ASIC1 in the “twilight zone,” where model-
ing of a protein with less than 30% sequence identity can re-
sult in serious errors in the predicted fold (37). However,
ASIC1 and ENaC subunits clearly belong to the same super-
family (38), and there are many instances of proteins within
superfamilies that adopt the same fold despite sequence iden-
tity on the order of 10% (e.g. Na™-driven transporters (39)).
Furthermore, sequence identity between o ENaC and ASIC1
is unevenly distributed. Excluding the finger domain, which is
the least conserved, the extracellular domains of ASIC1 share
modest sequence similarity with the corresponding domains
of a ENaC (25% identity, 37% similarity; Fig. 1). Of these, the
B-sheet-dominated palm and -ball domains are well con-
served and located closest to the 3-fold symmetry axis of the
extracellular domains, suggesting that the channel core and
trimeric arrangement are conserved. Furthermore, the ASIC1
thumb domain is characterized by two helices held together
by several disulfide bonds, features predicted for ENaC thumb
domains (see below, and see Ref. 40). These observations sug-
gest that these proteins adopt a common fold but that there
may be structural divergence in peripheral regions, such as
the loops (for further discussion see Ref. 41). Stockand et al.
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(42) presented a model of human o ENaC based on ASIC1;
however, areas with limited sequence similarity were removed
from the model. This included a large part of the finger do-
main and resulted in a model of the a ENaC finger domain
that recapitulated the structure of the ASIC1 finger domain.
This limits the utility of the Stockand model to study ENaC
properties that involve the finger domain. This is particularly
relevant to the activation of channel by proteases, where
cleavage at specific sites in the finger domain releases an in-
trinsic inhibitory tract. This is also relevant to the inhibition
of channels by external Na™ because selected mutations in
the finger domain have dramatic effects on Na™
self-inhibition.

To characterize the divergent finger domain, we considered
our previous finding that furin activates ENaC by cleaving the
a subunit twice, removing a 26-residue tract between the
cleavage sites at Arg>® and Arg®*' (9). A synthetic peptide
corresponding to this tract is inhibitory (9). We hypothesized
that the peptide binds to a site analogous to that occupied by
the 26-residue tract prior to cleavage. Consistent with this
notion, we found that the peptide is a poor inhibitor of chan-
nels with non-cleaved « subunits (9). The shorter 8-mer pep-
tide Ac-LPHPLQRL-amide, which we refer to as P8, corre-
sponds to residues 6 —13 of the 26-mer and retains the longer
peptide’s inhibitory properties (13). We identified several sites
at which mutation to Trp weakened P8 binding (22). These
sites were found throughout the latter half of the finger and in
a narrow range at the top of the thumb. We have used these
data to provide restraints on the finger domain to comple-
ment cASIC1 homology-based restraints for the rest of the
extracellular region.

Select Trp Mutants Can Open Channels with Tethered In-
hibitory Tracts—We first examined whether P8 and the in-
trinsic a subunit inhibitory tract share a common binding
site. If P8 and the « inhibitory tract bind a common site, mod-
els built using P8 binding data are likely to be relevant to the
a subunit with an intact inhibitory tract. We know that dou-
ble cleavage of the a subunit by furin leads to the putative
release of residues 206 -231, giving rise to increased ENaC
activity (9, 10, 12) (see Fig. 24). Mutating either the amino- or
carboxyl-terminal furin cleavage site results in a tethered «
subunit inhibitory tract where channels remain inactive (9,
12). We postulated that selectively introducing bulky Trp resi-
dues at sites that weakened P8 binding would dislodge the
tethered inhibitory tract from its initial site and rescue the
activity of the tethered mutant channels (Fig. 24). Further-
more, mutating residues that interact at sites within the furin-
cleaved fragment that are not within the P8 tract might also
rescue channel activity. We mutated the distal furin site
(aR231A) to tether the inhibitory tract and judiciously chose
the sites to introduce Trp residues based on our results re-
garding P8 binding (22). In an attempt to maximally displace
the tethered inhibitory tract, we mutated tract residues 211—
218 from LPHPLQRL to AEAEEAEA, which led to fully active
channels despite tethering (Fig. 2B). We further examined
whether mutations at potential P8 binding sites would dis-
place the tethered tract, resulting in channel activation. Four
mutants that exhibited weakened P8 binding («G252W,
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FIGURE 2. Selected Trp mutants rescue the ENaC «R231A furin-site mu-
tant. A, wild-type ENaC requires furin cleavage at both a-Arg?°® and
a-Arg?®' for channel activation (top left; X indicates inactive channels, and
check mark indicates active channels) (9). Mutation at either furin site results
in a largely inactive channel (middle left). This phenotype can be rescued by
mutation of 211-218 from LPHPLQRL to AEAEEAEA (2171-218™"% in the in-
hibitory tract (bottom left) or by Trp mutants that displace the 26-mer inhib-
itory tract from its effector site (right). B, effects of mutations on ENaC with
an aR231A furin site mutant. cRNAs for wild-type and mutant « subunits
were co-injected with wild-type B and y ENaC cRNAs and assayed 24 h after
injection. Amiloride-sensitive currents were normalized to wild-type chan-
nel currents recorded on the same day. Values are mean = S.E., n is indi-
cated on each bar. p values were determined by analysis of variance with a
Newman-Keuls post hoc test. *, p < 0.005 versus R231A.

aT267W, aV275W, and aR289W) as well as three mutations
that had no effect on P8 binding (aI251W, aN259W, and
aI284W) were examined (22). In channels that retained their
furin cleavage sites, these seven mutations had minimal ef-
fects on amiloride-sensitive currents (data not shown). With
the distal furin site removed (aR231A), three mutants
(aV275W, aR289W, and al284W) exhibited increased amilo-
ride-sensitive currents compared with aR231A (p < 0.005).
These results suggest that these Trp mutations at these three
sites displace the tethered inhibitory tract. Two of these mu-
tants also weakened P8 affinity («¢V275W and aR289W), con-
sistent with the hypothesis that P8 and the inhibitory tract
have overlapping binding sites. The «1284W mutant, which
did not weaken P8 affinity, may interact with the tethered
inhibitory tract at a site distinct from residues 211-218.
Construction of o ENaC Structural Model—To build mod-
els of the extracellular region of @ ENaC, we made two major
assumptions. First, the extracellular region of « ENaC (except
the finger) is homologous to the resolved structure of ASIC1
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(Fig. 1). Second, P8 binds ENaC at a site analogous to that
occupied by residues 211-218 in the non-cleaved « subunit.
We used MODELLER to construct the models (31). We im-
plemented homology-based restraints using the alignment in
Fig. 34 and the ASIC1 structure (Protein Data Bank code
2QTS, chain B) (1). The calculated alignment was manually
adjusted to accommodate several small insertions or deletions
(see Fig. 3). We implemented P8 binding data-based restraints
by requiring that the C_, atom of residues implicated in P8
binding be less than a fixed distance from the corresponding
C, atom(s) in the inhibitory tract. Although these restraints
complement homology-based restraints, Reddy and Kaznessis
(43) have shown that solely using a low density of C -C,, dis-
tance restraints (<30% of residues) is insufficient to generate
good models. To determine what this restraint distance
should be, we calculated the radial distribution of C_-C, dis-
tances for all residue pairs within 10 model proteins excluding
pairs less than 10 residues apart in their primary sequences
(Fig. 3B). There are two clear shells of interaction, and we fit
the distribution with a sum of Gaussians to define the outer
limits of the first shell as 7.1 A and the second shell as 11.7 A.
Sites implicated in P8 binding were restrained to be within
11.7 A of 211-218, and sites at which a mutation weakened
peptide binding more than 10-fold were restrained to be
within 7.1 A of 211-218 (22). Three specific restraints of 7.1
A between GIn?** and Leu®'®, Arg®®® and His*'?, and Asp*”®
and His*'® were included in our model based on pairwise in-
teractions identified in double mutant cycle experiments (22).

In addition, predicted secondary structures were used to
constrain portions of the finger domain that lacked homology
to ASIC1 (see “Experimental Procedures”). A disulfide bond
was included between Cys>*® and Cys>®®. These Cys residues
were predicted to flank -strands, forming an antiparallel
B-sheet. Outside the finger domain, extracellular disulfide
bonds are conserved between ASIC1 and o ENaC. These Cys
pairs were constructed using homology-based restraints with
the exception of one pair at the base of the thumb, for which
we manually adjusted the alignment and included an explicit
restraint (see Fig. 3). In addition, there was poor consensus
regarding the length of the predicted finger domain a2 helix
(residues 271-289). We built models assuming either a long
a2 (residues 271-289) or a more ASIC1-like short a2 helix
(residues 271-281; see Fig. 3A).

As a starting point for model building, we built initial mod-
els of @ ENaC based solely on alignment to ASIC1, which in-
cluded four different finger domain alignments (Fig. 44). The
models from each alignment were clustered by assessing the
r.m.s. deviation between specific sets of atoms in order to se-
lect three structurally distinct models from each alignment
(33). One representative from each cluster was then used as
an initial model to build 100 models using the Fig. 34 align-
ment and experimental restraints outlined above. We scored
each resulting model based on the MODELLER objective
function, satisfaction of our data-based restraints, and the
accessibility of residues in P8 (positions 211-218). We found
that four of the 12 initial models led to subsequent models
that scored well using both the long and short a2 assumptions
(Fig. 4B), and we proceeded to construct 2500 models using
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FIGURE 3. Restraints for « ENaC model building. A, sequence alignments of chicken ASIC1 and mouse « ENaC generated using ClustalW with a
BLOSUM62 scoring matrix followed by manual adjustment. Identity (dark gray background, white type), strong similarity (light gray background, boldface
type), and weak similarity (light gray background) are indicated. Resolved secondary structures for ASIC1 and predicted secondary structures (see “Experi-
mental Procedures”) for a ENaC are shown. Blue and red indicate B-strands and a-helices, respectively, with strong consensus (agreement of 4-5 of 5 algo-
rithms). Turquoise and pink indicate B-strands and a-helices, respectively, with weak consensus (agreement of 2-3 of 5 algorithms). There are three short
inserts for which we adjusted the alignment so that they are placed between secondary structures (39-a4 and a4-a5 in the thumb, and a6-a7 in the
knuckle). The B6-B7 loop, which interacts with the finger domain, is longer in ASIC1 than in « ENaC and was not aligned to ASIC1 to avoid constraining the
finger domain where sequence identity is poor. The thumb domain is composed of a4 and a5, which are held together by five conserved disulfide bonds.
ASIC1 a5 is longer than that predicted for the equivalent helix in « ENaC. In addition, the arrangement of Cys residues following a5 is different between the
two channels. Therefore, we did not align « ENaC to the latter half of ASIC &5 and part of the following loop but instead used « helical restraints to com-
plete a5 and constructed the experimentally predicted disulfide bonding pattern (40). B, radial distribution of C_-C,_, distances from 10 selected proteins.
The Protein Data Bank codes for the 10 proteins are TMQL, TNTH, 2QTS, 2HPM, 1VYK, 1JR8, 2FUK, 152B, 1M8S, and 2HCB. Data were fit to a sum of Gaussian
curves. Sum (blue) and component (red) Gaussian curves are shown. Residuals of the fit to the data are also shown (top).
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each of the a2 assumptions and each of the four selected ini-
tial models as a starting point. We scored each resulting
model as before and clustered all models at a radius of 5 A.
Residues 230 —244 were excluded from the calculation of each
r.m.s. deviation when clustering because this region is pre-
dicted to be disordered by DISOPRED (44). These 20,000 re-
sulting models clustered into 21 groups of various sizes, with
both long a2 and short a2 models comprising most clusters
(Fig. 4C). Three of these clusters combined to contain 60.5%
of the top scoring 1% of models, with cluster centroids that
were similar to each other (mean r.m.s. deviation of 3.7 A).
The best cluster had 37% of the top scoring 1% of models.
High scoring models from this cluster with a short a2 (Fig. 5,
B and C) and a long a2 (Fig. 5, D and E) were selected. These
models were evaluated using ProSA (45, 46), which scored our
selected models within the range of published high resolution
structures of similar size.

o ENaC Structure Model—Our best long a2 and short a2
models of a ENaC, selected on the basis of model quality and
restraint satisfaction, are quite similar to ASIC1 while still
satisfying the constraints laid out above. The C_ r.m.s. devia-
tion for each of the selected and optimized models with re-
spect to ASIC1 is ~3 A (Fig. 54). Each model is organized
into domains as described for ASIC1 (Fig. 1 and supplemental
Fig. S1). The finger domain presents the most notable differ-
ence between our & ENaC models and ASIC1 but remains
organized around three helices similar to ASIC1. In addition,
the o ENaC finger domain is organized so that sites that af-
fected P8 binding are in close proximity to residues 211-218
(Fig. 5, B-E). According to these models, residues 211-218
are tucked under a2 and may interact with the small anti-
parallel B-sheet formed between residues 251 and 268. Fur-
ther, relative to the position of a2 in cASIC1, 2 in both of
our models is displaced toward the thumb domain. This is a
direct consequence of distance constraints between His*'? in
the inhibitory tract and both Arg?®® at the end of o2 and
Asp*”? at the top of the thumb, based on our double mutant
cycle data (22). Our models suggest that residues 211-218,
which correspond to P8, primarily occupy a site defined
within the finger domain and also interface with the thumb
domain. Our models also place the two furin cleavage sites,
Arg®® and Arg>', at exposed locations on the surface of the
molecule. Interestingly, sites where mutations changed Na™*
self-inhibition line one face of helix a2 in the long a2 model
(Fig. 6A, green spheres). This supports a preference for the
model constructed with a long a2.

Functional Test of the oo ENaC Model—Our best models
suggest that P8 interacts with residues at the very beginning
of the finger before a1 and extend into its amino-terminal

Proteases Modulate ENaC Motion

end (Fig. 6B). Such a prediction is not afforded by the Stoc-
kand model because large parts of the finger domain are ab-
sent, including residues corresponding to P8 (42). We there-
fore mutated corresponding residues 166 —174 (orange stretch
in B) within this region to Trp and measured the inhibition of
the mutant channels by 10 um P8 (Fig. 6C). These data were
analyzed, taking into consideration indirect effects of muta-
tion on P8 inhibition through changes in channel P (see Ref.
22). The Trp scan revealed three more sites that significantly
reduced P8 inhibition (red bars in Fig. 6C).

Notably, a mutation at Glu'”* was found to influence P8
binding, but it had the weakest effect of the new sites. There-
fore, to further examine whether Glu'’* lies in close proximity
to the bound inhibitory peptide, we attempted to cross-link
the peptide to the channel. To do this, we introduced a Cys at
Glu'”* in the channel (or at Glu*”? as a control) and placed a
Cys within the peptide. We then used 1,4-butanediyl bismeth-
anethiosulfonate (MTS-4-MTS), a bifunctional Cys-reactive
reagent, to attempt to cross-link the peptide to the introduced
Cys residue within the channel. We constructed two new pep-
tides: one with a Cys residue at the start of the sequence (Ac-
CLPHPLQRL-amide, called C-1) and one following the 8-resi-
due inhibitor (Ac-LPHPLQRLC-amide, called C9). Our
models suggest that Glu'”* is close to Leu*'* (Fig. 6B), which
corresponds to the first residue within P8. Hence, we predict
that E174C is better situated to cross-link to C-1, which has
the Cys adjacent to the first residue in P8, rather than C9,
which has the Cys at the opposite end of the peptide. We indi-
vidually mutated Glu'”® and Glu'”* to Cys and treated oocytes
expressing these mutants with MTS-4-MTS in the presence
of amiloride. After washing away free MTS-4-MTS, C-1 or C9
peptides were added and then washed out to assess the re-
versibility of peptide inhibition (Fig. 6, D and E). We observed
that a significant component of channel activity remained
inhibited in MTS-4-MTS-treated oocytes expressing E174C
following a brief exposure and washout of the C-1 peptide as
predicted by our model. In contrast, we observed nearly
complete reversibility of E174C channel activity following
washout of the C9 peptide. A lack of complete reversibility
following washout of the C9 peptide may reflect a modest
time-dependent decrease in channel activity that we fre-
quently observe. We also observed nearly complete reversibil-
ity of E173C channel activity following washout of the C-1 or
C9 peptides.

Therefore, these data are consistent with selective cross-
linking of E174C to a Cys residue preceding P8 (i.e. C-1), con-
firming our model-based prediction and the results of the Trp
scan. Taken together, these results illustrate that our models
have gross overall features that are most likely correct.

FIGURE 4. Building models of a ENaC from the resolved ASIC1 structure and P8 inhibition data. A, initial model alignments between « ENaC and ASIC1
for the finger domain. Observed secondary structure for ASIC1 and predicted secondary structure for « ENaC are shown. Blue and red indicate -strands and
a-helices, respectively, with strong consensus. Turquoise and pink indicate B-strands and a-helices, respectively, with weak consensus. The four different
finger domain alignments used to generate initial models are highlighted in green. Identities (dark gray background, white type), strong similarity (light gray
background, boldface type), and weak similarity (light gray background) are indicated. B, histogram of scores for models built from each selected initial
model. Z-scores were calculated and summed for the MODELLER score, 211-218 solvent accessibility, and ability to satisfy our distance constraints for each
model. Lower values are better. The initial model used and median scores are indicated in each panel. C, clustering diagram of 20,000 models generated
from selected initial models. The area of each node is proportional to the size the cluster it represents. Node colors indicate the initial model used for all the
models of that cluster. Internode distances reflect r.m.s. deviation between cluster centroids. The clustering diagram was made using Cytoscape (34) using

a force-directed layout weighted by intercluster centroid r.m.s. deviation.
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cASIC1
o ENaC - short a2
o ENaC - long a2

FIGURE 5. « ENaC models. a« ENaC models with either a short a2 (B and C) or along a2 (D and E) are presented individually or superimposed with
ASIC1 (A). B-E, highlighted are the 211-218 tract, corresponding to P8 (pink), furin cleavage sites (red), and predicted disordered tract (dashed line).
The second furin cleavage site is not visible in C and E. C and E, residues that affected P8 inhibition (blue) were found in or just after a2, in the loop
that precedes «2, and at the top of the thumb. The three identified pairwise interactions between P8 (red spheres) and « ENaC (blue spheres) are indi-
cated within the uncleaved structures. These models feature a small anti-parallel B-sheet in the finger domain (which includes residue 254) with

which the 211-218 tract may interact.

Normal Mode Analysis of the o« ENaC Model—To further
investigate the consequence of P8 binding in our model, we
performed normal mode analysis on the long a2 model using
the ANM (Anisotropic Network Model) Web server (35).
Normal mode analysis is a computational framework that
determines the equilibrium movements (or vibrations) of pro-
teins around a starting minimized conformation (e.g. a closed
state) on the long time scale and is inherently compatible with
the low resolution nature of our models. Normal mode analy-
sis has been extensively applied to the study of membrane
proteins (see Ref. 47 for a comprehensive list of studies), but
to date, the majority of studies have ignored the effect of the

656 JOURNAL OF BIOLOGICAL CHEMISTRY

membrane. Given the limitations of the ANM Web server, we
also ignored the influence of the membrane. It is generally
thought that the slowest modes, which we analyze here, are
qualitatively insensitive to such perturbations (47). Before
carrying out the calculations, we used MODELLER to cre-
ate a trimer of « subunits and add the transmembrane heli-
ces using ASIC1 (23) as a template. We also removed the
predicted disordered loop in the finger (residues 230 —244)
and the 26-residue inhibitory tract. To determine the influ-
ence of P8, we added the corresponding residues back to a
separate model. Therefore, one model lacks P8, and the
other has P8 placed according to our model.
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FIGURE 6. Predictions based on the « ENaC models. A, solvent-accessible surface of long a2 model with relatively basic (blue) and acidic (red) surfaces high-
lighted. The acidic region at the finger/thumb/B-ball junction is boxed, with acidic residues in the region highlighted in the schematic (red spheres). All sites that
were mutated are indicated (blue ribbon). Sites where mutations altered Na* self-inhibition (22), as determined by analysis of variance with a Newman-Keuls post
hoc test, are highlighted (green spheres). B, the best scoring e ENaC models consistently placed P8-corresponding residues 211-218 (pink) in close proximity to resi-
dues 166-174 (orange). C, residues 166 -174 were individually mutated to Trp and assayed for effects on P8 inhibition. Data were included with all other Trp mu-
tants in non-linear mixed model analysis to determine p values versus wild-type ENaC (22). Values are mean = S.D. (error bars), and red bars indicate p < 0.0001 ver-
sus wild-type ENaC. D and E, reversibility of peptide inhibition following treatment with MTS-4-MTS. aE173C and «E174C were expressed with wild type B and y
ENaC subunits in X. laevis oocytes. ENaC currents were measured by two-electrode voltage clamp at —60 mV. Oocytes were treated with 10 um MTS-4-MTS for 2
min in the presence of 20 um amiloride, after which oocytes were washed and treated as shown in the representative recordings in D. The reversibility of peptide
inhibition was determined by comparing the current at the end of peptide washout to the currents both prior to and after peptide addition (i.e. reversibility of the
peptide-inhibitable component of the whole cell Na™ current). £, the mean =+ S.D. of 6 experiments per condition are shown. *, p < 0.01 by Student's t test.
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FIGURE 7. Normal mode analysis of a trimer of ENaC « subunits with a long 2, including transmembrane (TM) helices, with and without P8. A, eig-
envalues of the first 20 modes in the presence or absence of P8 were computed as discussed under “Experimental Procedures” using the default cut-off
distance of 15 A and a spring constant of 1 kcal/mol/A2. B, normalized dot product of first 20 modes. C, the root mean square fluctuation (rmsf) of mode 9
with P8 (blue) and mode 12 without P8 (red) and their difference (Armsf) are shown. Each subunit and the domains within each subunit are indicated. Am-

plitudes were generated assuming the molecule was at room temperature.

We then compared the lowest 20 modes, which correspond
to the largest motions and the slowest time scales, with and
without P8 to identify changes brought about by the peptide
(Fig. 7, A and B). Within the normal mode framework, one
can determine the similarity between modes by calculating to
what degree the deformations described by those modes are
co-linear. We therefore took the absolute value of the scalar
product of the ith eigenvector from the structure with P8, v,,
with the jth eigenvector from the structure lacking P8, w,. Eig-
envectors obtained from the structure with P8 are longer than
those without P8 due to the presence of additional atoms. To
carry out the dot products, we removed the elements corre-
sponding to the P8 atoms from the longer eigenvectors, nor-
malized all of the eigenvectors from both structures, and then
calculated the dot products of all eigenvectors containing P8
with all eigenvectors lacking P8 to construct the matrix in Fig.
7B. If the two eigenvectors are co-linear, the absolute value of
the scalar product is 1 (0 if they are orthogonal). Because the
eigenvectors span spaces of different dimension, this method
does not strictly inform us about the true overlap between
modes. However, this procedure unambiguously informs us as
to which modes to investigate further.

For the majority of modes, the presence of P8 made little
difference, with the first three modes nearly identical to that
found for ASIC1 (48). 18 of these modes were nearly identical
with and without the peptide. However, the eigenvalue orders
of four modes were switched in the presence of the peptide.
For all but modes 9 and 12, these switches involve small
changes in the eigenvalue of degenerate modes. Additionally,
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FIGURE 8. Superposition of normal mode 9 with P8 (blue) and mode 12
without P8 (red). Shown is a still view from supplemental Movie S1. The
atomic coordinates of each model were displaced in small increments ac-
cording to their respective eigenvector generated from the ANM server. We
carried out the displacements at room temperature, which set the ampli-
tude of each mode. However, we scaled the displacements by a multiplica-
tive factor of 7 in order to visualize the motions in each movie. A, a profile
view of the channel with the transmembrane domain at the bottom. The
arrows indicate the finger domains where the largest difference in motion
occurs. The bars indicate the approximate position of the membrane.

B, zoomed-in view of the finger domain. C, a view of the channel from the cyto-
plasm along the channel’s long axis with the extracellular domain removed.

there is a moderate mixing of modes 19 and 20. We visualized
all of these modes, and we only found compelling differences
when comparing mode 9 with the inhibitory peptide and
mode 12 without the peptide. The frequency of both modes is
identical, but the finger domain near the P8 binding site un-
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dergoes much larger motions in the absence of P8 (Figs. 7C
and 8 and supplemental Movie S1). Additionally, the motion
in the transmembrane domain is identical for both modes and
undergoes a twisting motion about the long axis of the mole-
cule that may lead to channel opening, resembling mode 3 for
both our model and ASIC1 (48). This result suggests that pep-
tide binding damps out fluctuations at the finger-thumb in-
terface that are coupled with potential conformational
changes in the transmembrane region.

DISCUSSION

The gating of members of the ENaC/degenerin family of
ion channels is influenced by extracellular cues. The resolved
ASIC1 structure revealed an intricate organization of the ex-
tracellular domains of these channels and highlighted the im-
portance of the connection between the finger and thumb
domains, where it was suggested that proton binding drives
channel opening by enhancing the relative movements of
these domains (1). The regulatory control of ENaC gating in-
volves a number of extracellular factors, including Na™ (7),
H™ (49), CI™ (50), the proteolytic release of inhibitory tracts
from the a and vy subunits (9, 11), and shear stress (51). To
date, very little is known about how these external factors gate
these channels or what motions give rise to channel opening
or closing. Given the roles of a variety of external factors in
modulating the gating of members of the ENaC/degenerin
family, it is not surprising that parts of the gating machinery
are conserved, whereas others appear to have evolved to re-
spond to a diverse set of cues. Specifically, the highly variable
finger domain, the bulk of which is attached to the rest of the
molecule at two nearby points in ASIC1 (see Fig. 1), is poised
to be a modular domain that helps provide functional differ-
entiation for ENaC/degenerin family members. For ASIC1,
finger residues are probably involved in sensing protons (1).
For ENaC, we showed that the finger is crucial to channel
regulation by proteases and observed that mutations in the
finger have large effects on Na™ self-inhibition (6, 22, 52).
This underlines the importance of the finger domain to un-
derstanding the diversity of functions in the ENaC/degenerin
family.

The models of o ENaC presented here rationalize a large
set of data for P8 inhibition while still retaining a strong
structural identity with ASIC1. Based on our model, P8 pro-
duces its inhibitory effect by occupying a binding site largely
defined within the finger but also at the thumb-finger inter-
face. Normal mode analysis of our model suggests that P8
reduces motions in the finger domain that are coupled with
motions in the pore that may be associated with channel gat-
ing. These findings suggest a mechanism for P8 inhibition of
ENaC and, by extension, for channel activation by furin exci-
sion of the « subunit inhibitory tract.

With regard to the inhibition of channel gating by external
Na™ (i.e. Na™ self-inhibition), inspection of a surface charge
map of a ENaC revealed a striking acidic region at the junc-
tion of the finger, thumb, and 3-ball domains (Fig. 6A4), analo-
gous to ASIC1 (1). Since differences in the finger domains of
ENaC/degenerin family members may account for much of
their functional differentiation, we speculate that residues in
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this acidic region are involved in Na™-self-inhibition. Consis-
tent with this hypothesis, mutations that affected Na™ self-
inhibition (green in Fig. 6A) are in close proximity to the
acidic residues in this region (red in Fig. 6A).

To create models of « ENaC, we used ASIC1 as a template
for comparative modeling and used P8 binding data to de-
rive structural information about the most divergent aspect
of their structures. An important feature with regard to our
present models is that residues in the late finger and the
top of the thumb contact the inhibitory tract. This feature
is present in nearly all of our constructed models, and it is
derived from data that are internally consistent with dou-
ble mutant cycle experiments (22) and the tethered pep-
tide-dislodging assay (Fig. 2). Nonetheless, there are limita-
tions of comparative modeling (31). We used C_-C,_,
distance restraints to complement homology-based re-
straints. Although we restrained 36% of unaligned finger
residues, the restrained residues fell within two tracts:
211-218 and 70% of residues in 239 —289. The high density
of restraints supports higher confidence in the parts of the
model containing the latter half of the finger (a2 and the
two preceding B-strands) and particularly in the placement
of part of the 211-218 tract at the thumb-finger interface
because C_-C,, restraints there complement homology-
based restraints in the thumb. The lack of restraints for the
loop connecting al to 211-218 and the 20-residue loop
after 218 (containing the predicted disordered region) sug-
gest low confidence in their presented structures. Although
we were unable to constrain the solvent accessibility of res-
idues, such as those corresponding to P8, the furin cleavage
sites, or N-glycosylation sites during model building, these
residues are solvent-accessible in our models. Due to the
lack of a suitable template for most of the finger domain,
we observed an initial model bias in the gross arrangement
of finger domain helices when generating models. We at-
tempted to minimize this bias by using 12 different initial
models and increasing the initial model randomization pa-
rameter in MODELLER from the default value of 4 A to 20
A. In the absence of a resolved crystallographic structure of
ENaC, we expect that future experiments will allow us to
derive additional distance constraints that give us more
confidence in our selected structural ENaC models.

Jasti et al. (1) have proposed that relative movements be-
tween the thumb and finger domains translate binding events
in the finger and thumb domains to gating motions in the
pores of these channels. Although mutations in the finger
and/or thumb domains have been shown to affect the gating
behavior of ASICs in response to external acidification (1) as
well as the gating behavior of ENaCs in response to external
Na* and CI~ (5, 50), there is no direct evidence supporting
the hypothesis that relative movements of the thumb and fin-
ger domains modulate channel gating in response to external
cues. Our findings regarding the P8 binding site support this
hypothesis and suggest that non-cleaved channels are stabi-
lized in a closed state in the presence of external Na* (12) by
interactions between the « subunit inhibitory tract and spe-
cific finger and thumb domain residues that restrict the rela-
tive mobility of these domains. Furin processing of the a sub-
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unit releases the inhibitory tract and allows for larger motions
of the thumb and finger domains, translating into changes in
channel gating.
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