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Abstract

When thinking of sodium channels in the nervous system the most notable are
voltage gated sodium channels, but a multitude of non-voltage gated channels also
contribute to sodium homeostasis in the brain. One of these lesser studied sodium
channels in the nervous system is the Epithelial Sodium Channel (ENaC). The ENaC
family of proteins are characterized by their sensitivity to amiloride and their high
selectivity of sodium ions. ENaC is a uniquely proteolytically activated channel that is
canonically composed of three subunits, a, 3, and vy, to form a heterotrimer. However,
shortly after apy ENaC was cloned, a fourth subunit was found, 6, which is most closely
related to the a subunit and is therefore predicted to form a heterotrimer with the f and y
subunit. Despite the sequence similarity, a and 6 containing ENaC differ in expression
pattern, protease activation, and channel selectivity. While 6 ENaC’s importance in
humans is stressed by its expression throughout the brain, pancreas, testis, and ovaries,
there is still a large gap in our knowledge of & ENaC compared to affy ENaC. In large
part this is due to the & subunit not being expressed in Mus musculus, where the majority
of previous ENaC studies have been conducted. In order to expand our knowledge on &
ENaC, I heterologously expressed human 6y ENaC in HEK293S GnTI- cells. Utilizing
single particle cryogenic electron microscopy, I resolved the first structure of 6y ENaC
at 3.38A resolution. Several notable differences are apparent between o and § containing
channels that inform the differences in channel function. Interestingly, our structural
studies also demonstrated the presence of By heterotrimers and By dimers, which may
relate to the process of ENaC subunit assembly. At a functional level, Xenopus laevis
oocytes expressing human 6y ENaC resulted in increased currents at pHs below 6. We
also observed that while apy ENaC is activated by Zn?*, the same concentration of Zn**
significantly inhibited 6By ENaC. These results demonstrate that 6 ENaC can form a
heterotrimeric channel with the B and y subunits and establish a novel role for Zn>* as an
endogenous antagonist for d-containing ENaCs.






Chapter One

Introduction



The 0 ENaC Subunit

Overview of Epithelial Sodium Channels

Membrane proteins are involved in a multitude of first responder type roles such
as anchoring the cell in the environment, recognizing neighbors, and signaling to
neighboring cells or systemically when in a multicellular organism. A key subtype of
membrane proteins that are found in nearly every cell type from Archaea to Eukarya are
ion channels (Anderson and Greenberg, 2001; Pohorille et al., 2005). Ion channels bridge
the hydrophobic plasma membrane by acting as aqueous tunnels to allow ions such as K*
or CI" in and out of cells. Ion channels are essential for a number of cellular and
organismal processes that can range from signaling for a cell to die, to allowing you to
read this sentence (Bortner and Cidlowski, 2014; Wang et al., 2017). Many ion channels
are selective in terms of what ions they allow to pass through their pores, with some
being more permeable to anions like C1, whereas others only allow in cations of similar
sizes such as Li" and Na" (Alexander et al., 2011). In addition to their differences in
selectivity, ion channels can be opened or closed by a variety of stimulus, such as the
voltage across the plasma membrane, temperature, acidity of extracellular environment,
and even by pressure being applied to the cell (Alexander et al., 2011). With the large
breadth of diversity in function and consequential utilization of ion channels within life
as we know it, increasing our understanding of channel function is critical to our
comprehension of biology as well as the future development of pharmacological

therapies.



Many ion channels are obvious drug targets, such as voltage-gated sodium
channels for pain relief, but a large number of targets have been predominantly
unexplored. One such ion channel, that has recently been aptly named as “an
underestimated drug target”, is the Epithelial Sodium Channel (Lemmens-Gruber and
Tzotzos, 2023). Epithelial Sodium Channels (ENaC) have been found to be expressed
throughout the human body and have a long and rich history among the ion channels.
Before the Epithelial Sodium Channel was identified and named, there were hints of its
presence through work investigating the transport of water and ions across epithelial
cells. Early work looked at the application of sodium chloride and subsequent water
intake, but it wasn’t until 1948 that it was first hypothesized that the transport of sodium
and chloride ions were separate. Using a beautifully designed apparatus that would
subsequently be used in many other pioneering papers, Hans Ussing was able to measure
the flux of ions across isolated frog (Rana pipiens) skin (Ussing, 1949). Following the
idea that sodium and chloride are transported separately, the importance of sodium
transport across membranes and the relationship to water retention was demonstrated in
frog skin (Rana esculenta) (Fuhrman and Ussing, 1951). The intricacies of the ion
selectivity across frog skin started to become apparent when it was revealed that while
the apical membrane of frog skin allows transport of Na* and Li", it is largely
impermeable to K (Koefoed-Johnsen and Ussing, 1958). In the same year, it was
illustrated that these properties of sodium and water transport were not unique to frogs
and was identified in other epithelial cells, notably in the epithelia of toad (Bufo marinus
and Bufo bufo) bladder (Bentley, 1958; Leaf et al., 1958). In the toad bladder, hints of the

intricate regulation of this sodium channel first emerged through work in the Leaf lab at



Harvard when it was found that the transport of sodium across toad bladder was increased
in the presence of aldosterone, a hormone that we now know increases ENaC activity

(Crabbé, 1961; Stockand, 2002; Verrey, 1995).

A critical point of ENaC characterization occurred in 1967 when it was found that the
application of amiloride, which is now recognized as a blocker of ENaC, led to an
increase of sodium in the renal tubules of dogs (Baer et al., 1967). This result was
replicated a year later in toad bladder (Bufo marinus), calling attention to the wide variety
of epithelial cells whose sodium transport is disrupted in the presence of amiloride
(Bentley, 1968). This discovery is key because it allowed isolation of ENaC ion flux by
recording the amiloride sensitive current, allowing researchers to answer targeted ENaC
questions. Using amiloride-sensitive currents, the idea of Na* self-inhibition was first
shown in isolated frog skin (Rana esculenta), that is to say, prolonged exposure to Na*
results in a closure of the channel (Fuchs et al., 1977). With the use of amiloride sensitive
currents, in the early 1980’s using bullfrog skin (Rana catesbeiana) and toad bladder
(Bufo marinus) it was determined that the ion selectivity of epithelial expressing ENaC
was Li™>Na"™>K" with the ratio of Na":K" permeability being greater than 1000:1 (Benos
et al., 1980; Palmer, 1982). When this is considered in relation to voltage-gated sodium
channels, which have been demonstrated to have a Na* to K selectivity ratio from 3-
18:1, it becomes clear that ENaCs are particularly selective for a Na” channel

(Ulmschneider et al., 2013).

Then came the dawn of patch-clamp electrophysiology. In 1985 single channel
recordings of ENaC were accomplished via cell-attached recordings on the apical

membrane of rat cortical collecting tubules demonstrating a single channel conductance
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of 5 pS (L. G. Palmer and Frindt, 1986; L G Palmer and Frindt, 1986). This work was
pivotal to the understanding of epithelial channel function, but at this point we still had

no clue as to the composition of this channel, nor even an established name.

In fact, it was not until over 50 years after the first recordings that the epithelial
sodium channel was cloned and named. Using a cDNA library from rat colon the first
ENaC subunit was cloned and named the o subunit of the rat epithelial Na* channel
(arENaC) (Canessa et al., 1993). Canessa and colleagues found transcripts for cENaC in
the medulla and cortex of rat kidney as well as the distal colon. Northern blots showed no
aENaC RNA in rat proximal colon, brain or liver. With the isolated cDNA they
established that arENaC can assemble into a pore forming channel by itself in Xenopus
oocytes. The cloning and establishment of arENaC as an ion channel had large
implications not just for ENaCs, but also for the ENaC/Degenerin superfamily as a
whole. By comparing the cDNA for arENaC to DNA sequences in the EMBL Nucleotide
Sequence Database and the NIH GenBank, they found that aENaC was very closely
related to two recently cloned C. elegan genes, deg-1 and mec-4. These two genes were
identified in C. elegans by a screen that tested for touch insensitive worms following
mutagenesis with ethyl methanesulphonate (EMS) (Chalfie and Au, 1989). The deg-1
mutant has a dominant phenotype in which specific types of neurons, including touch
neurons, swell and lyse (Chalfie and Wolinsky, 1990). The resulting mec-4 gene mutation
was characterized shortly after, and carries a similar dominant mutation phenotype which
causes the lysis of touch sensitive neurons (Driscoll and Chalfie, 1991). Curiously, while
both the deg-1 and mec-4 mutants from the EMS screen caused neuronal death, knockout

of the genes had no observable phenotype. Based on this observation and what was



known of the sequence, it was thought that these two genes coded for membrane
receptors that when specific dominant mutations were induced, might signal for an
uncharacterized inherited neurodegenerative disease similar to Huntington’s or ALS
(Driscoll and Chalfie, 1991). However, the cloning of arENaC by Canessa and colleagues
rewrote the hypothesis that they were membrane receptors, to them being ion channels
and C. elegan homologues of mammalian epithelial sodium channels. Despite initially
misinterpreting the function of these C. elegan genes, the discovery of deg-1 and mec-4
through this EMS screen was central to the identification of what is now known as the
degenerin mutation, a residue that is conserved across the ENaC/degenerin superfamily

that when mutated drastically increases the open probability of the channel.

A year after cloning the a subunit, the § and y subunits were cloned by the same
group. By screening for functional complementation against the o subunit in rats, they
were able to isolate cDNA for what they termed the B-rENaC and y-rENaC subunits
(Canessa et al., 1994). A number of crucial observations about ENaC came from this
study. Notably, they found that when injecting Xenopus oocytes with either B and y alone,
or in combination with each other, no amiloride sensitive currents were detected. It was
only when [ or y were co-injected with the a subunit that amiloride sensitive currents
were observed. Moreover, when all three subunits, a, 8, and y were injected, the
amplitude of the currents were 100 fold greater than a alone. More importantly, single
channel recording done via patch-clamp electrophysiology on oocytes expressing all
three subunits showed a conductance of 4.6-7.7pS, which was consistent with recordings
from native ENaC (Canessa et al., 1994; Kemendy et al., 1992; L G Palmer and Frindt,

1986). This implication of ENaC being composed of three homologous subunits spread



beyond ENaC to the C. elegan Degenerin proteins. In an exciting blockbuster event for
the ENaC/Degenerin superfamily, the Nature issue that published Canessa and colleagues
1994, also contained two papers that immediately followed it supporting the idea that
Degenerins in C. elegans are ion channels and are composed of homologous subunits,
similar to mammalian ENaC (Hong and Driscoll, 1994; Huang and Chalfie, 1994). At
the time, the story of human ENaC composition seemed to be at an end, with Canessa
even going so far as stating “At present there is no reason to believe that other subunits
are required for reconstituting the basic functions of the channel.” In just a little over a

year though we would be introduced to the fourth member of the ENaC family.

Discovery and cloning of 6 ENaC

At first glance it may seem strange for Canessa and colleagues to make such a
bold statement when a year later a fourth ENaC subunit would be discovered. It is
important to note though that all of their work was done in rats. It was Waldmann and
colleagues use of human databases that led them to the fourth subunit, 6 (Waldmann et
al., 1995). Using the sequences of a, 3, and y they identified a partial match in GenBank.
From there they used this partial sequence to screen a human kidney cDNA library that
resulted in a 3.4kb clone that coded for a protein that is 638 amino acids in length.
Comparison between the three known ENaC subunits showed it is most similar to the a
subunit with a 37% identity overlap. Similar to the a subunit, Waldmann and colleagues
recorded amiloride-sensitive currents from Xenopus oocytes injected with 6 cRNA alone.
When adding 3 and vy, the amplitude of those currents increased 50 fold, which is similar
to the increases seen with the o subunit in the presence of B and y (Canessa et al., 1994;

Waldmann et al., 1995). Although those were surprisingly similar traits for 6 and the o
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subunit to share, there were notable differences between the function of these two
subunits. In both 6 homotrimers and 6Py heterotrimers, there were larger inward currents
of Na* compared to Li* with a ratio of 1z;+/Ina+=0.6 for & compared to I7;+/Ina+~2 for o
containing ENaC. Additionally, they observed that while 6 ENaC is still sensitive to the
blockers amiloride and benzamil, it is significantly less sensitive than o ENaC containing
channels: 6 ENaC (IC50amiloride=2.6 1M, IC50penzamii=0.27uM); o ENaC
(IC50amiloride=80nM, IC50benzamit=7nM). Single channel conductance of Na" also differed
between 6 and oo ENaC containing channels, 11.6+0.4 pS and 4.8+0.3 pS respectively.
Surprisingly, the conductance for Li* remained nearly the same: 5By = 6.8+0.5 pS and

afy = 7.3+£0.2 pS (Waldmann et al., 1995).

The differences between a- and o-containing single channel function and how this
could relate to differences in function at an organismal level was highlighted by
Waldmann and colleague’s results from Northern blot analysis of 6 mRNA among human
tissue. Although 6 ENaC was cloned from human kidney, the kidney actually showed
very low expression of 6 when compared to other tissues. The highest levels of 6 mRNA
were found in the testes, ovaries, pancreas, and brain. (Waldmann et al., 1995). Despite
the abundance of information about the 6 subunit gained from this manuscript, there were
also many questions left unanswered. The work in this paper led the authors to postulate
how the composition of different ENaC subunits effect channel function. They were
particularly surprised by the similarities of macroscopic properties (such as selectivity
and pharmacology) between o and & homotrimers compared to them in complex with 3
and y. Waldmann suggested that this could be due to either 6 and a being the pore

forming subunits, or a and & forming channels with small levels of endogenous Xenpous



B and y when injected alone. Based on comparison to another member of the ENaC/DEG
super family, Acid Sensing Ion Channels (ASICs), it is unlikely that a or 6 entirely form
the pore of ENaC (Gonzales et al., 2009). As for the possibility of endogenous 3 and y in
Xenopus oocytes forming a small number of channels when exogenous a and o are
introduced, we are not able to definitively answer that as it is not established whether 3
and y ENaC are expressed in oocytes. It is entirely possible that B and y are indeed
expressed endogenously, especially since X. laevis oocytes have been shown to express o
ENaC in small quantities (Babini et al., 2003). It should be noted however that the 6
subunit is expressed endogenously at such low quantities in oocytes that when RNA for
X. laevis B and y subunits are injected into oocytes, amiloride sensitive currents are not
detectable. It is only when X. laevis RNA for the 6 subunit is added in concert with B and
v, are large amiloride sensitive currents present (Wichmann et al., 2018). If the B and y
subunits were expressed at a similar level as & in oocytes, we would not expect
exogenous o or o to form complexes with endogenous 3 and vy at a level such that we
would be able to detect amiloride sensitive currents. It is not uncommon in other
organisms and tissues for ENaC subunits to be expressed at varying levels though, so it
would be remiss to assume that if B and y are expressed in oocytes, that they would be at
similarly low levels as endogenous Xenopus 6 is in oocytes (Amin et al., 2005; Krueger et

al., 2012; Wichmann et al., 2018).

In a massive 2004 sequencing effort of human cDNA, a clone was identified that
was described as ‘highly similar to amiloride-sensitive sodium channel delta-subunit’
(Ota et al., 2004). Two papers came out almost back to back cloning this cDNA from

human brain to identify a second 6 isoform named &, (Giraldez et al., 2007; Yamamura et



al., 2006). Both studies found that 8, contains an elongated N terminus, expanding the
length from 638 amino acids to 703 (Yamamura et al., 2006) or 704 residues (Giraldez et
al., 2007) based on a frame shift in exon 3 and alternative splicing of exon 4. Yamamura
and colleagues concluded that there is no functional difference between the 6 and 62
isoforms, both as homotrimers and in complex with B and y. However, the results from
the Yamamura 2006 paper, along with other work by their group on 6 ENaC, has been
quite controversial. One explanation for the lack of functional differences between 6 and
o2 reported by Yamamura is that the authors did not use multiple cell types and they had a
low number of replicates compared to other work that support difference in o1 and >
function (Wesch et al., 2012). The second cloning of 6> was done a year later and is more
widely accepted in the field, based on this the majority of the focus on 6> for this

introduction will be placed on the cloning work done by Giraldez and colleagues in 2007.

Using RT-PCR Giraldez and colleagues reported &> expression in brain, muscle,
and pancreas, but not in kidney, lung, and liver. By expressing 6> in Xenopus oocytes they
were able to detect an amiloride-sensitive current when co-expressed with B and y ENaC,
but not with &, alone. Peculiarly, the amiloride sensitive currents from 62y were 10 fold
smaller than affy ENaC. Western blots of homogenized oocytes post injection showed
similar levels of 02Py expression as afyy, so an issue with expression does not explain the
difference in current amplitude. To investigate whether this could be due to low levels of
d2Py being trafficked to the plasma membrane, they injected oocytes with a YFP tagged
02, along with B and y and then compared fluorescent signal to oocytes injected with YFP
tagged a, B, and y. The oocytes expressing 02y showed levels of fluorescence similar to

un-injected oocytes, suggesting that almost no channels were being trafficked to the
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plasma membrane (Giraldez et al., 2007). Based on these results and RT-PCR results
showing almost no expression of B and y in human brain, these authors proposed that the
low levels of &> at the membrane is due to o2 not preferentially forming a channel with 3
and y. The authors suggested that in vitro this 6 isoform preferentially forms channels
with other members of the ENaC/degenerin family, such as ASIC1 or ASIC2 that are
found in pyramidal neurons in rats (Alvarez de la Rosa et al., 2002; Duggan et al., 2002;
Lingueglia et al., 1997). Further work done by Giraldez and colleagues demonstrated that
both 6 and 6> ENaC are expressed in pyramidal neurons in human cortex and in the
telencephalon of monkeys (Macaca fascicularis). Using in situ hybridization they
determined that both isoforms are neuronal specific and not expressed in neighboring
glia, and with double labeling they found that the expression of 6 isoforms in neurons
were non-overlapping. Depending on the region of the cortex, neurons expressing one of
the isoforms were either in distinct clusters, or were intermingled (Giraldez et al., 2007).
The stark pattern of differential expression between the two isoforms in pyramidal
neurons raises two important questions, what is the role of 6 in the brain and what are the

functional differences in neurons expressing either of the two 6 isoforms.

A history of 6 and opy functional work

In the previous section, I describe the initial functional work for both 6 ENaC
alone and 6y ENaC pharmacology, selectivity, and conductance. Nearly 10 years after o
was cloned, work was done to identify the underlying cause for the difference seen in a
and o selectivity and pharmacology (Ji et al., 2004). Using three sets of chimeras (labeled
as i, ii, and ii7) for 6 and o they swapped the following regions between each subunit: i.

the palm domain (P sheets 10-12) and the knuckle domain, ii. the half of transmembrane
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domain 2 closest to the extracellular space (TM2a) as predicted by AlphaFold3, and iii.
chimera i and ii combined (Introductory Figure 1). The authors tested whether any of
the chimeras effected the selectivity or pharmacology. Some very slight changes were
noticed in the sensitivity to amiloride in the i chimeras. The i-afy channels became
slightly less sensitive to amiloride when mutated and the i-0fy became a little more
sensitive to amiloride, but neither fully reverted to the other’s expected dose response to
amiloride so there is likely more at play than this region when it comes to differences of
amiloride ICso between afy and 6y ENaC (Ji et al., 2004). The i chimeras not fully
reversing the amiloride sensitivity is not wholly unexpected as one of the key residues for
amiloride sensitivity that has been identified for the a subunit is S556. The S556 residue
is located in TM2a, which is not included in the i chimera (Schild et al., 1997). That
being said, if S556 is responsible for a large portion of the amiloride inhibition of a
containing channels, it is strange that the authors did not see a change in amiloride
sensitivity with either chimera ii or iii as those do contain TM2a. Overall there were no
large changes in selectivity with the chimeras with the exception of the ii-afy which
showed a slight increase in Na' current compared to wild type offy (from 5pS to 7pS), but
the pattern of larger currents for Li" compared to Na* remained and they were not able to
replicate this result when doing inside out patches (Ji et al., 2004). While this work did
not give clear answers as to what was involved in the pharmacology and selectivity
differences between a and 6 containing ENaC, it is striking to see that when what is
predicted to be all of TM2a is swapped, no large changes are seen. This is especially
surprising when taking into account that in ASICs TM2a is thought to be largely

responsible for the selectivity filter (Gonzales et al., 2009; Yoder and Gouaux, 2020).
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Later that same year two papers were published suggesting that § ENaC’s Na*
current is increased in the presence of protons. The first of these papers looked at
homomeric 6 based on evidence of 6 ENaC being expressed in the human brain while 3
and y are not (McDonald et al., 1995; Waldmann et al., 1995). Recordings from Xenopus
oocytes showed an increase in amiloride-sensitive inward current when the pH was
lowered from 7.5 to 6.5 and continued to increase as pH is lowered until plateauing at pH
4, with a half maximal activation at pH 5 (Yamamura et al., 2004a). The authors also
found that in both oocytes and Chinese hamster ovary cells (CHO-K1), the inward
current at pH 5 was more than double the current at pH 7.5 (Yamamura et al., 2004a).
The second paper examined the effect of protons on the heteromeric channel, 6py ENaC
(J1 and Benos, 2004). The authors started with homomeric 6 and saw an ECso at pH 6,
which is notably higher than Yamamura’s results (Yamamura et al., 2004a). When
looking at 6Py, they saw an 44 fold increase in the current compared to ¢ alone but a
similar ECso of pH 6 (Ji and Benos, 2004). However the majority of the experiments were
performed at pH4, a not particularly physiologically relevant pH and far from their
reported ECso of pH 6. The authors suggest that the degenerin site mediates proton
activation of 0Py but this is controversial in the field and needs further investigation (Ji
and Benos, 2004). These two studies focused on & ENaC in the brain, but pH levels
below 6 are not common in the extracellular space of the central nervous system except
in extreme instances such as ischemia (Fedorovich et al., 2020). Although the brain does
not often reach such levels of acidity, there is evidence suggesting expression and proton
activation of 6 ENaC at <pH 5 in human skin and the stomach lining (Yamamura et al.,

2008b, 2008a). Recent work investigating the effect of pH on & from the Althaus lab
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investigated proton activation of the Xenopus 6py channel (Wichmann et al., 2019).
While they saw a substantial response of 7-8 fold larger amiloride sensitive currents in
the presence of protons with an ECso of pH 6.9 in Xenopus 3y ENaC, they saw no
change in current from pH 8-6 in human dpy ENaC (Wichmann et al., 2019). This is not
only a surprising result for human 6y, but they also observed no change in amiloride
sensitive current from pH 8-6 for afy, which has been thought to be inhibited by protons
(Chalfant et al., 1999; Konstas et al., 2000; Zhang et al., 1999). The results from
Wichmann and colleagues leave a lot of uncertainty surrounding whether human o is

proton sensitive or not.

Beyond pH there are no known endogenous activators of 6 ENaC, though two
synthetic agonists have been identified. One is a vanilloid, capsazepine, that seems to be
d specific as it had no effect on afy ENaC. When investigating other vanilloids or
structurally related compounds, such as capsaicin or dopamine respectively, no effect was
observed with 6 ENaC (Yamamura et al., 2004b). The same group found that icilin, a
synthetic compound that while unrelated to menthol elicits a similar feeling of cold in
humans, acted as an agonist for 6 ENaC (Yamamura et al., 2005). The authors suggested
that these compounds could be used as a lead for drug development targeting ¢ containing

ENaCs.

Role of 6 in the human body

As mentioned previously, the initial cloning work for 6 and J; reported expression
in the brain, pancreas, testes, ovaries, and muscle (Giraldez et al., 2007; Waldmann et al.,
1995). This has been supported by RNA dot blot analyses showing 8 ENaC mRNA in

brain, heart, kidney, and pancreas (Yamamura et al., 2004a). Since this early work, the
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vast majority of d has been found to express in the nervous system with the exception of
human umbilical vein endothelial cells (Downs et al., 2018) and Xenopus o in urogenital
tissues (Wichmann et al., 2018). In the eye, & was first observed in the retina along with
the other three ENaC subunits and ASIC1-4 by RT-PCR (Brockway et al., 2002).
However in this same study, only a and B were observed by immunohistochemistry (IHC)
and by Western blot only a and B ENaC and ASIC1 were detected. Work by Krueger and
colleagues 10 years later replicated the RT-PCR findings, demonstrating a, 6, B, and y
expressed widely throughout the eye. Similar to Brockway et al. 2002, no evidence for
translation of & was observed in the eye. Using IHC only B and y were detected (Krueger
et al., 2012). Evidence for a role of § in taste was first established in 2008 when RT-PCR
results found mRNA for all 4 ENaC subunits in circumvallate, fungiform cells, and non-
chemosensory lingual tissue, though 6 mRNA was 100 fold lower than other ENaC
subunits (Stdhler et al., 2008). For a, B, and y expression was highest in non-
chemosensory lingual tissue and from surrounding epithelial tissue, which the authors
suggest could explain the low levels of & expression compared to a, 3, and y. Using an
antibody for 0, that is unfortunately no longer available (Chemicon AB3536P), Stéhler
and colleagues reported that & organized in a ring-like structure to the pore in the apical
membrane of every taste bud whereas the other ENaC subunits immunolocalized to the
basolateral membrane. The authors mention that the pore of taste bud cells are “sticky”,
that is, the pore is known for non-specific binding of antibodies. This is worth mentioning
believe many commercial antibodies for 6 are not specific, such as the Invitrogen 8 ENaC
antibody (PA5-87738) which reportedly shows reactivity to human, rat, and mouse 9,

although there is no 0 in rats or mice. Stihler argues that since all the ENaC subunit
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antibodies were raised in the same organism and non-specific binding does not occur
with the a, B, or y antibodies that the & antibody binding to the pore is specific. The
function of 6 ENaC in the taste bud pore is not yet understood and needs further

investigation.

Expression of 6 isoforms in the human brain has been well mapped. Both 3 and o
are expressed in human brains, with 62 only reported in primates (Giraldez et al., 2007;
Waldmann et al., 1995; Wesch et al., 2012). Both 6 and 6, have been observed in
pyramidal neurons in layers II, VI, and the underlying white matter in the frontal and
temporal cortices in humans and in the telencephalon of monkeys in a non-overlapping
pattern (Giraldez et al., 2007; Wesch et al., 2012). Additionally, expression of 6 was also

seen by Northern blotting in cerebellum and hippocampus (Yamamura et al., 2004a).

These differences in 6 and 6> expression, especially the fact that co-expression of
the two isoforms has not been observed, brings into question what role each isoform
plays in neurons. Earlier work that was discussed found that there was a difference in
whole cell currents for Xenopus oocytes expressing either 6 or 62 with B and y ENaC,
with 02y resulting in substantially smaller amiloride sensitive currents (Giraldez et al.,
2007). In this paper it was determined that the smaller currents were due to a lack of
channels at the plasma membrane of oocytes. A few years later, Giraldez expanded
further on this in her own lab by expressing both d,By and fy in Xenopus oocytes and in
human embryonic kidney 293 (HEK 293) cells. In both oocytes and HEK 293 cells they
observed smaller currents for 623y compared to oy, but single channel recordings
showed nearly identical conductance for channels containing either isoform (Wesch et al.,

2012). Fluorescent microscopy with YFP tagged o and 6> found that fluorescence at the
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membrane was 2-fold lower for oocytes injected with 62y ENaC. Interestingly this
difference was shown to be independent of association with the B and y subunits. When 6
and &, were injected into oocytes without B and y, overall currents were markedly
reduced, but a 3-fold larger whole cell current was still observed with & compared to 6>
(Wesch et al., 2012). Only the B and y subunits have PY binding motifs, so it is surprising
that the difference in o isoform levels at the membrane persists in the absence of § and vy
since PY motifs are necessary for trafficking facilitated by Nedd4-2, an established
ubiquitin ligase for apy channel regulation (Goulet et al., 1998; Staub et al., 1996). The
authors concluded that because 6 does not have a PY motif, another method of either
insertion or removal of the channel must be at play. Further supporting that the difference
in 0 isoform abundance at the membrane does not seem to be regulated by Nedd4-2,
knocking down dynamin with dynasore resulted in no change in current for either
isoform of 6. This contrasts with the significant increase in current observed with afyy
when dynasore was introduced, giving the impression that 6y channel regulation is
independent of dynamin dependent clathrin mediated endocytosis which has been
established for affy ENaC (Shimkets et al., 1998; Wang et al., 2006). By making a series
of mutations in the N terminus of 92, which is the region where the two 6 isoforms differ,
they found that only when both groups of residues 25-45 and 66-85 are deleted from 62>
are whole cell currents equal to 6 and levels at the plasma membrane are increased to &
levels (Wesch et al., 2012). While this work did not conclude what role these residues
play in membrane abundance of 62, they did find that while there are less pyramidal
neurons expressing 02 in human cerebral cortex, qPCR shows that the levels of mRNA for

0 and 02 correlate to the number of neurons observed expressing either isoform. The
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authors postulate from this that if 6 isoforms abundance in the cell membrane is similar in
pyramidal neurons when compared to oocytes and HEK 293 cells, that while neurons
expressing O or 02 have nearly equal levels of RNA, the neurons containing 6 RNA will
be more excitable than &, expressing neurons since more channels will be at the plasma

membrane (Wesch et al., 2012).

Regulation of 9, let alone the differences in regulation between subunits, is still
not fully understood. The first hint at regulation of & ENaC came from the McDonald lab
via a screen for binding partners using a yeast two-hybrid screen with the N- and C-
terminal domains of ENaC. They found a protein that would later be identified as
COMMDI, which binds to the C-terminus of 6 ENaC between residues 592-615 (Biasio
et al., 2004). Recordings from Xenopus oocytes with two electrode voltage clamp
(TEVC) showed that the presence of COMMDI1 significantly reduces the current of 6py
ENaC (Biasio et al., 2004). Later the same group investigated how co-expression
COMMDI and 6Py ENaC reduced amiloride sensitive currents when compared to dpy
alone. Using co-immunoprecipitation experiments with an HA tagged 6 subunit and serial
mutations to COMMDI1, they found that COMMDI1 binds to 6 via the COMM domain,
residues 100-190 (Chang et al., 2011). When co-expressing COMMD1 with 6 ENaC in
COS-7 cells, they found 50% less 6 ENaC at the cell surface compared to 6 without
COMMDI1 by Western blot analysis of biotin labeled surface protein. They also found an
increase in 0 ubiquitination when co-expressed with COMMDY1, from which the authors
hypothesize that COMMD1 promotes the ubiquitination of 6 ENaC (Chang et al., 2011).
In 2013, the McDonald lab furthered our understanding a bit more by finding that

ubiquitination of § is dependent on three cytosolic residues, K42 and K84 on the N-
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terminus and K584 on the C-terminus. While single and double mutants of each lysine to
an arginine result in a reduction of ubiquitination, only the triple mutant completely
abolished ubiquitination of 6 ENaC (Ly et al., 2013). The triple mutant also significantly
increased both the amount of intracellular and cell surface 6 when compared to wild type
0. Ly and colleagues argue this supports that ubiquitination is required for trafficking
intracellular and surface 6 ENaC. Additionally, Ly and colleagues shed more light on the
players involved in ¢ regulation. By co-expressing 6 with the ubiquitin ligase XIAP they
saw an increase of & which they believe stems from downregulation of COMMDI1 by
XIAP, supported by the reduction of COMMDI signal by Western blot when XIAP is
introduced (Ly et al., 2013). With 6y ENaC they also found that introduction of Nedds, a
ubiquitin like protein that binds to and activates RING E3 SCF ligases, increases & ENaC
ubiquitination as well as a reduces ¢ and dfy currents. A similar effect was seen with affy
when Nedd8 was introduced (Ly et al., 2013). Lastly, while 6 does not have a PY motif, it
was found that when 6y is co-expressed with Nedd4-2, 6 ubiquitination is increased and
amiloride sensitive currents are reduced by nearly 80%, which is comparable to the
reduction seen with afy ENaC (Kabra et al., 2008; Ke et al., 2010; Ly et al., 2013). This
last result is controversial because it directly contradicts work done by Teresa Giraldez’
group the year before suggesting regulation of 6 and 9, is independent of Nedd4-2
(Wesch et al., 2012). Both studies were performed in Xenopus oocytes, but both groups
failed to perform experiments to definitively say whether or not the 6 population is
reduced at the cell surface when Nedd4-2 is introduced. This could have been verified
with biotin labeling or fluorescent microscopy, techniques used in each paper respectively

for other experiments in their same manuscript, to ascertain whether there was a
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reduction in o at the cell surface. Instead, the conclusions were reached by comparing
differences in amiloride sensitive currents. Additionally, Wesch and colleagues did not
use Nedd4-2 in any of their experiments, instead their hypothesis relied on & not having a
PY motif and work that suggested Nedd4-2 regulation of ENaC is through clathrin
mediated endocytosis (Shimkets et al., 1998; Wang et al., 2006). To bring clarity to
whether 6 ENaC is regulated by Nedd4-2, experiments to measure the amount of & ENaC

at the cell surface with and without Nedd4-2 present are needed.
Comparison of 9 to other ENaC/Deg Channels

Differences in expression between 6 and other ENaC/Deg channels

While there is not a substantial amount of knowledge on the 6 subunit, the
comparison of ¢ to other ENaC/Deg proteins can provide a better understanding of the
unique role for the 6 subunit. Where a protein is expressed in an organism can tell a lot
about its function. As discussed earlier, 8 ENaC is found extensively throughout the
central and peripheral nervous system. Interestingly, with the exception of epithelial cells
in vasculature, the a, B, and y subunits have not been reported in noticeable quantities in
human brain (Drummond et al., 2004; Giraldez et al., 2007). That does not make 6 unique
in its neuronal expression among ENaC/Deg proteins. The first genes to be cloned in this
family, deg-1 and mec-4 are expressed in C. elegan neurons (Chalfie and Wolinsky, 1990;
Driscoll and Chalfie, 1991). In D. melanogaster, the insect ENaC homologue pickpocket
(ppk) was first cloned and found to be involved in mechanosensation in the peripheral
nervous system (Adams et al., 1998; Darboux et al., 1998). Even in humans there are

other ENaC/DEG channels. For example, before Acid Sensing Ion Channels (ASICs) got
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their official name they were called Brain Sodium Channels (BNaC) (Garcia-Afioveros et
al., 1997; Waldmann et al., 1997). Amoung the ASICs, 6 ENaC is most similar ASIC1
with a 16% identity overlap of sequences (Hanukoglu and Hanukoglu, 2016). In the
human brain ASICI1 is expressed in glia and involved in responses to neuronal disease
and injury in microglia, astrocytes, and oligodendrocytes (Feldman et al., 2008; Huang et
al., 2010; Vergo et al., 2011; Yang et al., 2016; Yu et al., 2015). There is an insubstantial
amount of work looking into whether 6 ENaC is in glia, but the Barres lab Brain RNA
Seq data suggests that § ENaC is found in human fetal astrocytes, though at a 1/10™ the
level of ASIC1 (Zhang et al., 2016). No significant levels of RNA were found for 6 in
adult astrocytes, which agrees with in-situ hybridization work showing no co-localization

of 6 and GFAP in adult human cortex (Giraldez et al., 2007; Zhang et al., 2016).

Much of the cell specific expression of ASIC1 has been done in mice and found to
be expressed in numerous neuronal cell types, notably pyramidal cells in the
hippocampus, in the cingulate cortex, and throughout the neocortex with particularly
strong signal in layers 2/3 (de la Rosa et al., 2003; Lingueglia et al., 1997; Price et al.,
2014; Wemmie et al., 2003). The localization of ASICI to layers II/III in mice is
interesting when thinking about how & ENaC is localized to layers II and VI of the
neocortex of humans (Giraldez et al., 2007). Is the localization of ASIC1 in mice cortex
the same in humans? If so, is d playing a redundant role in layer II or is it interacting with
ASICI in some way as has been hypothesized in the literature (Giraldez et al., 2007)?
Without detailed analysis of ASIC1 expression in humans it is difficult to even form a
solid hypothesis in either direction. There is inconsistency of ENaC/DEG expression

between rodent and human CNS, so it would be remiss to assume ASIC1 expression in
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the human cortex layers match that of mice. Although a, B, and y have not been seen in
humans neurons, in rats which lack the 6 subunit, both rtPCR and immunostaining
showed a, B, and y in rat brain, especially in the cortex, hippocampus, thalamus, and
amygdala (Amin et al., 2005). Curiously, the strongest immunoreactivity was seen in rat
cortical neurons in layers II and VI, correlating to the distribution of 6 in the human
cortex. These apparent differences between rat and human expression of ENaC/DEG

channels in the cortex leaves a lot to be explored.

Function and sequence comparison to afy ENaC and ASIC

The ENaC subunit most similar to d is the a subunit based on sequence
comparison. Interestingly, despite only sharing a sequence identity of 37%, both a and 6
can form a channel with  and y. There are a number of regions that are conserved
between o and d that are not found in § and y. Most notable of these regions is an almost
45 residue long sequence that is nearly identical between o and & on the N terminus prior
to what is predicted to be transmembrane domain 1 (TM1) (Introductory Figure 1a).
The original cloning paper for 8 ENaC speculated that this region could be critical for
association with the § and y subunits (Waldmann et al., 1995). Another region of
similarity between the o and B subunit, based on sequence comparison, is the predicted
hinge that separates TM2a and TM2b. However, there is substantial conservation within
this region for B and y as well, which is not unexpected since this region is predicted to

form the selectivity filter for ENaCs.

In the ENaCs three residues have been identified as belonging to the selectivity
filter. In the human ENaC subunits a, 3, and vy, those residues are GSS (587-589), GGS

(531-533), and SCS (540-542) respectively (Kellenberger et al., 1999a, 1999b, 2001;
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Kellenberger and Schild, 2002a; Li et al., 2003; Sheng et al., 2000; Snyder et al., 2000).
Mutations in these residues lead to an increase in permeability to K™ and in some cases
cause a reduction of permeability to other ions such as Li*. These residues are also
conserved within the larger ENaC/DEG family. In ASIC1a these residues are known as
the GAS (443-445) belt (Baconguis et al., 2014). Most similar to ASIC1a in this respect,
the & subunit of ENaC in primates selectivity motif is GAS (537-539). This similarity is
particularly interesting given the selectivity of each channel. Where af}y is more
permeable to Li* than Na*, both ASIC1a and § ENaC containing channels are more
permeable to Na* with a Na* to Li* ratio of 1.3 and 2, respectively (Waldmann et al.,

1997, 1995).

Another potential similarity between ASICs and & ENaC is activation by protons.
While it has recently come in to question whether human 6 ENaC responds to protons at
all, there is more evidence suggesting that low pH increases the open probability of &
ENaC (Ji and Benos, 2004; Wichmann et al., 2019; Yamamura et al., 2008a, 2008b,
2004a). Within the supporting body of work, there are some notable differences between
the pH sensitivity of ASICs and 6 ENaC. The ECso of pH for ASIC1a has been reported
as being between 6.2-6.4 (Sutherland et al., 2001; Waldmann et al., 1997). This is higher
than the purported ECso for 8 ENaC that is between pH 5-6 (Ji and Benos, 2004;
Yamamura et al., 2004a). However, this difference is not exceptional when comparing to
the range of values for proton ECsp among the ASICs. ASIC3 has a reported ECso of 6.5-
6.7, while ASIC2a has been reported to have an ECsg less than 4.5 (Champigny et al.,
1998; Sutherland et al., 2001; Ugawa et al., 2001; Waldmann et al., 1997). There are also

substantial differences in the gating kinetics of proton-induced current between ASICs
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and 6 ENaC. For ASICs within 30 seconds the pH elicited current is almost completely
gone, though with 6 containing ENaC at 120 second the current is still at nearly 100% of

the peak current after introduction of protons (Yamamura et al., 2004a).

By comparison to other members of the ENaC/DEG family we start to piece
together a picture of 6 ENaC and its role, but there are still a lot of missing pieces. In this
dissertation I solve the first structure of 6y ENaC as well as investigate Zn*>* and proton
modulation of this channel. When solving the structure of 6y we found unique
assemblies of B and y ENaC that are not present in our structural work with afy (Noreng
et al., 2018, 2020). The work in this dissertation highlights the importance of subunit
assembly on ENaC function and gives insight into how individual subunits come together

to form functional heterotrimers.
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Summary

Epithelial sodium channels (ENaC) play a crucial role in Na* reabsorption in mammals.
To date, four subunits have been identified—a, B, v, and 6—believed to form different
heteromeric complexes. Currently, only the structure of the afy complex is known. To
understand how these channels form with varying subunit compositions and define the
contribution of each subunit to distinct properties, we co-expressed human 9, 3, and y.
Using single-particle cryo-electron microscopy, we observed three distinct ENaC
complexes. The structures unveil a pattern in which B and y positions are conserved
among the different complexes while the a position in afy trimer is occupied by either &
or another B. The presence of 6 induces structural rearrangements in the y subunit
explaining the differences in channel activity observed between afy and 5y channels.
These structures define the mechanism by which ENaC subunit composition tunes ENaC

function.
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Introduction

The regulation of sodium ion (Na*) movement and homeostasis within cells is a
fundamental biological process. The epithelial sodium channel (ENaC), a member of the
diverse Degenerin/ENaC superfamily, plays a pivotal role in Na* reabsorption
(Kellenberger and Schild, 2002b). Dysfunction of ENaC is linked to various diseases,
particularly hypertension, which impacts a billion people globally and continues to be the
primary cause of morbidity and mortality (Muntner et al., 2018; Soundararajan et al.,
2010). ENaCs are composed of three homologous subunits, are sensitive to the pore
blocker amiloride, and exhibit selectivity for Na" over K'(Benos et al., 1980; Bentley,
1968; Jasti et al., 2007; Kellenberger and Schild, 2002b; Palmer, 1982; Staruschenko et
al., 2005). Previous studies identified four subunits - a, B, v, and d - and demonstrated a
preferential heteromeric assembly of ENaC, forming either afy or 6y complexes
(Canessa et al., 1994; Lingueglia et al., 1993; Waldmann et al., 1995). The a and 6
subunits are most similar in protein sequence with a homology identity of 37%
(Waldmann et al., 1995). Each subunit confers at least five known distinct channel
characteristics when combined with 3 and y subunits. First, 3-containing ENaC channels
are found in both epithelial and non-epithelial tissues, with the highest expression in
reproductive organs, the pancreas, and the brain (Giraldez et al., 2007; Waldmann et al.,
1995; Yamamura et al., 2006; Zhao et al., 2012). On the other hand, a-containing ENaCs
are expressed in tight epithelial cells in the kidney, lung, and colon (Garty and Palmer,
1997; Hummler, 1999; Hummler et al., 1996; Mall et al., 2010; Shareghi and Stoner,
1978). Second, while 6By and afy selectively permit Na* and Li" over K7, the Iri/Ina+

permeability ratios for each channel are 0.6 and 2.0, respectively (Ji et al., 2004; Ji and

-29-



Benos, 2004; Waldmann et al., 1995). Third, the apy channel displays higher sensitivity
to the blocker amiloride compared to 6y by an order of magnitude (Ji et al., 2004;
Waldmann et al., 1995). Fourth, single channel recordings of the 6By trimer demonstrate a
higher opening probability (P,) than afy (Krueger et al., 2012). As a result, oy is largely
unaffected by proteases when compared to afy which displays increased activity after
exposure to proteases (Chraibi et al., 1998; Haerteis et al., 2009; Kleyman et al., 2009;
Vallet et al., 1997; Vuagniaux et al., 2002; Wichmann et al., 2018). Lastly, a
phenomenon known as Na' self-inhibition is significantly diminished in 5By, whereas in

afy, this process reduces channel activity (Bize and Horisberger, 2007; Fuchs et al.,

1977).

These variations in expression and channel properties underscore the functional
differences between a- and d-containing ENaCs. While extensive research has been
conducted on the structure-function relationship of a-containing ENaC since its
identification, there is a significant gap in knowledge concerning 6-containing ENaC.
Although all four ENaC subunits are expressed in humans, common mammalian model
organisms such as rats and mice do not express 0, hampering in-depth understanding of
its function in mammals (Giraldez et al., 2012; Ji et al., 2012). To deepen our
understanding of ENaC function and, more specifically, to elucidate the molecular basis
of distinct properties between dfy and affy, we employed single-particle cryo-electron
microscopy and complemented it with electrophysiology to obtain a three-dimensional
reconstruction of the assembly and to identify key structural elements that result in the
distinct characteristics exhibited by these two ENaC proteins (Hanukoglu and

Hanukoglu, 2016).

-30-



Results

Functional characterization of the human oy epithelial sodium channel

To investigate the 6Py channel, we designed constructs containing wild-type
human 9, B, and y. To confirm 6Py function, we utilized two-electrode voltage clamp
(TEVC) electrophysiology with Xenopus oocytes, the standard technique used in the 6y
field (Giraldez et al., 2007; Haerteis et al., 2009; Ji et al., 2004; Ji and Benos, 2004; Rauh
et al., 2016; Waldmann et al., 1995; Wesch et al., 2012; Wichmann et al., 2019, 2018;
Yamamura et al., 2006; Zhao et al., 2012) Consistent with literature, our construct
exhibited the expected ion selectivity pattern of 0py ENaC (Figure S1A). We expanded
our functional characterization to compare the response of 3By to Zn**, a divalent cation
known to elicit a biphasic reaction from afy (Chen et al., 2012; Sheng et al., 2000). It has
been demonstrated that Zn>" has a stimulatory effect at low concentrations and an
inhibitory effect at high concentrations in afy. Upon exposure to 100 uM Zn**, we
observed a surprising decrease in py-mediated Na* current, which contrasted with the
previously characterized increase in Na* current with afy at the same Zn>" concentration
(Figure 1A, B). Using a similar range of Zn** concentrations as in previous studies, we
observed a comparable biphasic response in afyy (Figure S1B). However, this behavior
was not observed in fy; instead, Zn** exclusively inhibited 5Py at this concentration
range, with an ICso of 63 uM (Figure S1C). To our knowledge, this experiment marks
the first demonstration of the inhibitory effect of Zn?" on 3By, shedding light on the
significance of this cation to ENaC function and underscoring how variations in subunit

composition can yield diverse responses to external modulators.
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Stabilization of the trimeric 6y ENaC complex for structure determination

To investigate the differences in channel properties between dfy and afy, we
modified our constructs for expression in human embryonic kidney (HEK) cells and
isolation, tagging the y subunit with enhanced green fluorescent protein (eGFP) to enable
structure determination by single-particle cryo-EM. The final construct contains wild-
type human 9J, B, and y tagged with eGFP, collectively referred to as dBywr (Figure S1D).
Cells expressing SPywr exhibited a clear preference for Na“ over Li" by whole-cell patch-
clamp electrophysiology, in agreement with prior 6fy research findings and our TEVC
results (Figure 1C and Figure S1A) (Waldmann et al., 1995). This suggests that oBywr
retains wild-type properties and confirms that tagging the y subunit does not disrupt its

overall function.

The distinct behavior of the dfy complex we observed relative to afy extends
further to its biochemical characteristics (Noreng et al., 2020, 2018). We employed the
same purification strategy as the human afyy, exploiting the high-affinity interaction
between a GFP nanobody and the eGFP covalently fused to the y subunit (Kubala et al.,
2010; Rothbauer et al., 2008). When dBywr is expressed and purified, two major
populations, termed popl and pop2, emerge as monitored by fluorescence-detection size-
exclusion chromatography (FSEC) (Figure 1D) (Kawate and Gouaux, 2006). Pop2 aligns
with the expected trimeric ENaC assembly, consistent with the heteromeric afyy complex.
Conversely, pop1 elutes earlier, suggesting a larger complex that is not present in purified
human afy (Figure S1E) (Noreng et al., 2020). To determine whether either population

contained relevant conformations of ENaC, we sought out to biochemically and
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structurally characterize both populations. We first focused on strategies to isolate and
characterize pop2 because its peak position corresponds to the afy trimer, and thus, the

predicted position of 3By trimer.

To improve expression and to generate ideal substrates for detailed structural
analysis via single-particle cryo-EM, we systematically designed and screened several
other mutant candidates. Numerous investigations have identified and characterized
protease recognition sites within the extracellular domain of the y subunit, one of which
is recognized by furin (Adebamiro et al., 2007; Bruns et al., 2007; Diakov et al., 2008;
Donaldson et al., 2002; Ergonul et al., 2006; Frindt et al., 2008; Garcia-Caballero et al.,
2008; Harris et al., 2007; Hughey et al., 2004; Kabra et al., 2008; Passero et al., 2008;
Picard et al., 2008; Vallet et al., 1997). To reduce biochemical variability arising from the
putative furin-mediated cleavage during expression, a mutation involving a single residue
at the presumed furin site of the y subunit, specifically R138A, was incorporated
producing a construct deemed 6fyri3sa (Figure S1D). 0Byri13sa behaved similarly to
OPywrt biochemically (Figure 1D). By replacing cysteines located in the pre-
transmembrane domain 1 (pre-TM1) with alanines in all three subunits of 6Byri3sa, we
also created a third candidate, termed oBycys (Figure S1D). Biochemical analysis
unveiled distinct behavior between the three 6Py constructs based on the distribution
between popl and pop2 (Figure 1D). Despite attempts to exclusively collect pop2 with
OPywrt and dPyri3sa, there was still contamination from popl. Successful separation was

achieved exclusively with 6Pycys.

Functional characterization of 6fyri13sa and 6Pycys revealed that they exhibited

similar amiloride-sensitive inward currents to dfywt when expressed in HEK cells.
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However, 8Bycys behaved differently from Spywr, displaying a small decay in Na' inward
current over time compared to sustained currents observed in 6pywr and 6Pyrizsa (Figure
1E). It has been shown that alterations to the cysteines in the preTM1 region result in
channels that favor the closed state in afy ENaC (Mueller et al., 2010; Mukherjee et al.,
2014). The current decay observed in dBycys suggests a similar effect is occurring in
OPycys. Overall, the three 6Py constructs exhibited functional behavior consistent with a
characteristic 5Py channel, showing a preference for Na* over Li". However, the dBycys
construct demonstrated an elevated K current (Figure 1C, F, and G). The effective
separation of popl from pop2 when expressing and purifying SpyCYS prompted us to

focus on 6Pycys for in-depth structural analysis (Figure 1D).
Mapping the ENaC subunits in different heteromeric complexes

We utilized the 10d4 fragment-antigen binding domain (Fab) to label the 3
subunit and to facilitate particle alignment during cryo-EM data processing (Noreng et
al., 2018). Reference-free two-dimensional (2D) classification and three-dimensional
(3D) reconstruction revealed two different trimeric populations: one with one Fab and the
other with two Fabs bound (Figure S2A). The trimer with two Fabs bound contains two
B, which was an unexpected finding. Beyond just relying on Fab binding, we employed
additional strategies to differentiate between the three subunits. The quality of both maps
provided sufficient detail to construct the main chain and guide placement of large
aromatic residues. Along with the distinct glycosylation pattern of each subunit, this
allowed us to confidently determine which subunits belonged to specific positions on the
map (Figure 2A, 2B, and S2B). After careful inspection of these maps, we determined

that the monoFab trimer comprises 0, 8, and y, which we refer to as dBycys. The diFab
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complex consists of two 3 and a y, and we call this trimer BBycys (Figure 2A-D and

S2A).

The majority of the extracellular domains of 6fBycys and BBycys were resolved
with reported resolutions of 3.4 A and 3.1 A, respectively, based on the gold standard
Fourier shell correlation (GSFSC) at 0.143 (Figure 2A, B, S2C-H, and Table S1).
However, like the previous human afiy cryo-EM studies, the transmembrane domains
remain unresolved (Noreng et al., 2020, 2018). Based on the constructed model, the
arrangement of the SBycys subunit is consistent with the afy arrangement, with the 6-p-y
orientation following a counterclockwise direction when viewed from the extracellular
side and down the pore axis (Figure 2C) (Noreng et al., 2018). In comparing the three
trimers-0pyCYS, BRyCYS, and afy-p and y subunits maintain the same positions, while
the & subunit in dByCYS and the second B in BRYCY'S occupy the equivalent position of

the a subunit in apy (Figure 2A-D).

We did not observe a trimeric complex comprising one 3 and two y subunits or a
complex consisting of three y subunits (Figure S2A). The presence of 10d4 bound to the
B subunit in all trimers indicated that the binding of the Fab is not dependent on the
subunit composition of the trimer. To simplify the analysis, we designated the position
occupied by a, 9, and B as position 1, and the positions consistently occupied by B and y
subunits as positions 2 and 3, respectively (Figure 2E). To distinguish between the two 3
subunits within the BBycys complex, we denote the B subunit in position 1 as B! and the

one in position 2 as p? (Figure 2B, D).
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Architecture of the 0 subunit

The 6 subunit shares a structural resemblance with a, 3, and vy, exhibiting subunit
domains arranged in a hand-like configuration clenching a ball replete with B strands,
first observed in the crystal structure of chicken ASIC1 (Figure 2F).(Jasti et al., 2007)
Similar to a, B, and vy, 6 also comprises extended anti-parallel helices, namely al and 02,
which form part of the finger domain. These helices resemble a wall positioned between
the functionally important B6-f7 loop and the thumb domain (Noreng et al., 2018). Like
B, o is thought to be insensitive to proteases but harbors the gating relief of inhibition by
proteolysis domain, or GRIP, which forms extensive contacts with the finger and thumb
domains (Noreng et al., 2018). The knuckle sits atop the expansive palm domain and
makes contacts with the adjacent y finger (Figure 2F). While the upper palm domain is
well-resolved, the lower palm domain in d is disordered, hindering precise positioning of
the P strands that directly connect to the transmembrane domains and wrist region
(Figure 2A). This stands in stark contrast to  and y, which exhibit clear 3 strands in the
lower palm domains. Similarly, the affy maps also displayed defined features in the lower
palm domain (Noreng et al., 2020, 2018). The disorder observed in the lower palm
domain in 6 may suggest that this region adopts more conformations compared to the

other subunits.

Position 1 subunit modulates conformational changes

To compare the trimers, we leveraged the well-resolved map regions
encompassing the a2 helices within the finger domains of each subunit. Our rationale was
grounded in the superior map quality in this specific region, allowing us to assign and

position residues, particularly the bulky aromatic side chains (Figure 3A, B, and S3).
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With this approach, we focused on evaluating the distances of the Ca atoms of conserved
tryptophans between associated subunits and then compared the relative distance between
each position in the three trimers. We chose these key tryptophans—Trp232 (9), Trp251
(a), Trp218 (B), and Trp229 (y)—because they are located in a region where domains
believed to regulate ENaC activity converge, incorporating the thumb, finger, and GRIP
domains (Noreng et al., 2020, 2018). Collectively, these conserved tryptophans form a
triangle, which we refer to as TriTrp. The TriTrp triangle exhibited distinct side lengths
between the trimers, with the dBycys TriTrp triangle featuring longer sides than those of
afy (PDB: 6WTH) and BBycys (Figure 3C-E). The TriTrp triangle within BBycys forms
an isosceles triangle with two sides measuring about 53 A (Figure 3D). The different
TriTrp distances between positions 2 and 3, which are consistently occupied by B and v,
in the three trimers suggest that the subunit in position 1 can alter domain positions in the

trimer.

To identify regions contributing to changes in the extracellular domain, we
systematically compared the corresponding subunit at positions 1-3 of each trimer by
superposing them. We observed conformational differences in the finger domains of the
subunits occupying positions 1 and 3 (Figure 4, Table S2). Conversely, in position 2, the
B subunits exhibited almost identical structures, demonstrating an overall root-mean-
square-deviation (RMSD) of less than 0.50 A (Figure S4A). The remarkable similarity of
the B subunits in position 2 from the three trimers served two distinct purposes. First, it
demonstrated that the f subunit undergoes minimal conformational changes even when
the subunit in position 1 changes. Second, it confirmed that the cryo-EM maps and

resulting models were consistent and on the same map scale. Thus, observed rigid-body
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differences between the trimers are valid and not artifacts derived from map scale

discrepancies.

Comparing the subunits occupying position 1, o, 8, and B! differ in sequence and
molecular interactions contributing to variations in the overall trimer conformations.
Evaluating the respective domains revealed significant differences, especially the -ball
domains (Table S2). Because of the location of the B-ball, nestled between the
structurally homogeneous upper palm domain on one side and the gating domains on the
other, we opted to concentrate on this region and explore how its architecture could lead
to differences in the conformation of the surrounding domains between the three subunits
(Figure 4A). Positioned beneath the finger domain, a region that is thought to mediate
gating in ENaC and encompasses the B6-f7 loop and the al and a2 helices, the B-ball in &
displays a distinct arrangement compared to o and ' (Figure 4B-D). Differences in
molecular interaction were observed near the interface between the thumb domain and
the B7-B8 loops. In this loop, a and B! contain acidic residues while histidines occupy the
corresponding positions in 8. With a RMSD of over 3 A, these loops present distinct
conformations and establish varied contacts with the base of the thumb domains. While
phenylalanines of both o and B! (aPhe361 and p'Phe328) forge contacts with the base of
the a4 helix of the thumb region, the equivalent 6Phe337 faces away from the base of 04

and instead forms contacts with the residues in the -ball (Figure 4B).

The conformation of the finger domain remains similar between 6 and a, but there
are clear sequence variations likely contributing to the differences in functional behavior
of channels containing & or a. For instance, the $6-B7 loop, crucial for mediating Na'-self

inhibition in afy, features a putative cation site near Asp338 in the structure (Figure 4D)
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(Kashlan et al., 2015; Noreng et al., 2020; Sheng et al., 2006). However, in the o loop, the
corresponding residue is a proline, which lacks a negative charge to directly interact with
Na' based on the structure (Figure 4B). In this region,  differs in conformation from a,
where 0-His315 points toward the pore axis while a-Phe339 is oriented away (Figure
4E). The B6-B7 loop of & closely resembles that of B!, which is akin to those found in
position 2  and vy in all three trimers suggesting that the swapped conformation observed
in a-Asp338 and Phe339 is not unique to the subunit occupying position 1 but more

specific to a (Figure 4E, F, and S4B) (Noreng et al., 2020).

To ascertain the importance of His315 for 6fy function we used TEVC to test the
effect of mutating His315. Interestingly, no measurable current was observed for H315F,
suggesting that this site is not interchangeable with the corresponding residue found in a
(Phe339) (Figure 4E, S4C). A smaller aliphatic residue, such as alanine in H315A,
resulted in measurable but markedly reduced currents, while the isosteric substitution
H315Q was better tolerated, displaying statistically significant larger currents than
H315A (Figure S4C). These findings indicate that this region in 0 is sensitive to
perturbation. The adjacent proline likely contributes to a more rigid conformation that
favors the orientation of the His315 sidechain to participate in polar interactions within

the B6-B7 loop, which phenylalanine and alanine cannot perform (Figure 4E).

The B6-B7 loop conformation must affect the position of the a-helical segments of
the finger domain (Kashlan et al., 2015). Comparison of the Ca positions of the core
finger domain in the three subunits occupying position 1 demonstrated that B! is the most
different (Table S2, Figure 4A-D). This difference observed in B! is likely influenced by

the interaction between the B6-f7 loop and the al helix, facilitated by the presence of
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bulkier side chains such as Phe309 and Met119, respectively. In contrast, the equivalent
residues in d and a involve smaller side chains, such as leucine, alanine, and threonine
(Figure 4B-D and S4D). The conformational differences are more pronounced when
shifting away from the central pore axis toward the periphery, where the thumb domain is
located. While o and B! exhibit similar conformations, & displays the most distinct
conformation, characterized by a roughly 15° rotation of the a5 helix within the thumb

domain (Figure S4E).

We also inspected the knuckle domains of each subunit as these domains establish
extensive contacts with the neighboring finger domains. We focused on understanding
how the knuckle domain at position 1 might mediate variations in the domain positions
surrounding it. The knuckle domain in position 1 abuts the finger domain of the y subunit
in position 3. We discovered that a conserved tryptophan in the knuckle domain that
assumes similar rotamers packs tightly against the a6 helix in a, B, and y (Figure 4G, H
and S4F). However, the tryptophan found in 6 exhibits a rotamer that extends away from
the helix main chain, likely affecting the positionl-position3 interface (Figure 4G and

S3A).
The y subunit finger domains adopt different conformations

To identify conformational shifts in the subunits at position 3, we aligned the y
subunits, examined the resulting RMSD values for each subunit domain, and found the
finger domain exhibited the greatest difference (Table S2). Within the finger domain, we
identified variations in the positions of three components: the f6-B7 loop, al, and a2
helices (Figure SA). The 6-B7 loops displayed marked differences, with the main chain

involving Val322 and Ser323 adopting swapped positions in y-0Pycys relative to y-BBycys
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and y-aPyswtn (Figure SB-D, S3C, and S5A). This alteration influences the position of
Phe320, which directly interacts with the al and a2 helices of the finger domain. When
assessing the angle formed by the two helices within each subunit, we observed that al
and o2 create a 23° angle in y-afyswth, while the equivalent helices in y-6fycys and -
BBycys form 11° and 16° angles (Figure SB-D). Examining this angular change within
the context of a trimer revealed that the a2 helices in the y-0Bycys and y-BBycys are
pushed outward from the pore axis when compared to that of y-affyswrn by about 10° and
4°, respectively (Figure SE, F). The substantial rotation of the finger helices stands in
stark contrast to the positioning of the thumb domains in y. We did not observe

substantial rotations of the thumb domains across all three y subunits (Figure S5B).

Comparison of the maps among the three trimers unveils differences in the GRIP
domains of the y subunit (Figure SSC). The y subunits in the 6Bycys and BPycys
complexes have similar map characteristics in the GRIP domain, featuring an additional
element not observed in the afyswtn complex. To determine the identity of this map
feature, we generated a model of the 0By trimer using AlphaFold3 (Abramson et al.,
2024). In the predicted model, the y-GRIP contains additional 3 strands, with the
unmodeled features likely representing one of the predicted short  strands (Figure SSD).
Among the three trimeric complexes resolved thus far, only afyswrn displays a unique y-
GRIP conformation. The y-GRIP of afyswrn extends approximately 10 A further towards
the C-terminal end of 02 compared to the y-GRIP of 6Bycys and BBycys (Figure S5C).
While our observation is limited to a portion of the y-GRIP within the context of the
ENaC trimeric assemblies, functional data from prior studies have indicated differences

between opy and afyy. Specifically, the y-GRIP in y-afy exhibits sensitivity to proteases,
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whereas that in y-6PBy does not (Wichmann et al., 2018). Additionally, our study unveils
contrasting reactions of 8By and afy to 100 uM Zn** (Figure 1A-B). Previous
investigations into the influence of Zn>* on apy activity have highlighted binding sites in
the y finger, GRIP, and palm domains (Chen et al., 2012; Sheng et al., 2004). Specifically,
histidines in the y-GRIP of apy were implicated in mediating the stimulatory Zn>" site.
These sites are currently not resolved in any of the cryo-EM maps (Noreng et al., 2020,

2018).

Furthermore, the lack of structural information in the pore domain limits our
understanding of how differences in each subunit could lead to overall structural
rearrangements in the extracellular domain. While we can utilize predicted pore domain
structures from AlphaFold, regions with high confidence scores show minimal
conformational differences. The most significant conformational differences are predicted
in TM2 and the pre-TM1 region, where the TM2 helices of & and B' are rotated by
approximately 10° and 14°, respectively, relative to that of a. This predicted
conformational change in PPy could be attributed to a helical structure in B! that might
displace the TM2 helix. However, this interpretation should be approached with caution,
as AlphaFold assigns low confidence scores to this region (Figure SSE). Nevertheless,
the distinct positions of the finger domain of y and differences in map features in the
GRIP segment between 6ByCYS and afy6 WTH offer insights into how these heteromeric

complexes could manifest divergent functional responses to various stimuli.
The B subunit as a structural scaffold

The superposition of the trimers demonstrated positional differences in the gating

domains, which are most discernible in position 1 (Table S2). We took advantage of the
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uniform conformation of the 3 subunits in position 2 and used them as references for
aligning the trimers to precisely pinpoint how the subunits in position 1 and 3 rearrange
in relation to position 2. This allowed us to effectively identify sites that consist structural
variability within both position 1 and 3 (Table S2). For clarity and to distinguish between
the two ends of the finger domain, we adopted the conventions of (+) and (-). We
designated the region of the finger domain making extensive contacts with the thumb as

(Y32

the “+” end and the area interacting with the neighboring knuckle domain as the “-” end
(Figure 6A). We observed the most significant differences in position 1, especially when
comparing the § and B! domains with the a subunit. While & and B! have differences in
helical positions comprising primarily of rotational components, it is when comparing
these subunits with a that striking differences are observed (Figure 6B). The finger and
thumb helices of § and p'—al, a2, a3, and a4—sit higher than those of a, and exhibit a

¢

rotation relative to a, with the “-”” end acting as the pivot point (Figure 6C, D).
Consequently, the “+” end exhibits the greatest difference in position. Interacting with the
“+” end, the thumb domain positions of & and B! are also different compared to o. These
distinct domain placements can be summarized by determining the position of the centers
of mass of the helical components of the finger and thumb domains from each subunit.
The resulting position is located beneath a2. A comparison of these positions shows that
the greatest difference is between a and B!, with a distance of 5 A (Figure 6B-D). While
the “+” region of the finger in § and B! shows the greatest variation in position, the

corresponding areas in position 3 remain stationary (Figure 6B-D). Instead, it is the

end of the finger domain that demonstrates the largest positional difference, rotating away
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from the protein core, akin to observations seen when individual subunits are

superimposed (Figure 5).

Overall, each position within the trimer serves distinct structural roles. The
subunit in position 1 influences the overall conformation of the trimer while the position
2 B subunit acts as a structural scaffold. The larger differences of domain positions
observed in position 1 likely contribute to the functional differences observed in
electrophysiological experiments. Position 3, occupied by the y subunit, comprises two
regions: one anchored by its interaction with the position 2 3 subunit, and another

adapting to the subunit at position 1 (Figure 6A).

The structural rigidity seen in B? subunits is mirrored in the B! subunit, showing a
remarkably similar conformation. Although there are minor distinctions between them,
the overall resemblance is striking (Figure 6E). While subtle changes were identified in
the finger domain, the most observable change is in the a5 thumb domain helix (Figure
6F). Here, the middle segment of the helix is rotated by approximately 9°, while its N-
and C-termini remain fixed, establishing connections with the 04 and finger domain at

the N-terminal end, and the wrist region at the C-terminal end.

We observed small rigid-body rearrangements in the palm domains of B! and 2.
However, the most striking observation near the lower palm domain is a feature
resembling a peptide. This molecule wraps around p' and forms multiple contacts with p?
(Figure 6G, S6A, and S6B). Due to limitations in map quality, we cannot fully trace this
new feature. However, when we examined similar regions in 6fycys and afyewrH, we
found that dBycys contained a smaller but similar feature, while afyswrn showed no

equivalent feature near the lower palm domain (Figure 6H, I). The presence of this
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peptide-like feature in both 6Bycys and BPycys could partly explain the conformational
differences observed in these trimers compared to afyswtn. The location of this molecule
is strategic as it binds in the lower palm domain poised to influence the arrangement of 3
strands connected to the transmembrane helices. Further research is required to identify

the molecule and to characterize its role in ENaC function.

To test whether the BBy trimer could contribute to the Na* currents we recorded
from Sfy.-expressing HEK293 cells, we infected cells with a construct containing only 3
and y (Figure 1C, E-G). We did not detect meaningful amiloride-sensitive currents
(Figure S6C). These infected cells behaved similarly to uninfected HEK293 cells
(Figure S6D). Immunofluorescence light microscopy experiments that leverage our 10d4
antibody aligned with our electrophysiology data demonstrating no surface expression
when only B and y were expressed in HEK cells (Figure S6E, F). This confirms that
previously described amiloride-sensitive currents were solely a reflection of 6fy activity
(Figure 1C, E-G). While it has been reported that oocytes injected with § and vy elicit
measurable currents, the physiological relevance of By heterotrimers remains to be

determined(Baldin et al., 2020).
The By dimer provides structural insight into ENaC assembly

Functional and biochemical examinations into ENaC processing have shed light
on the specific pathways taken during ENaC protein expression (de la Rosa et al., 2002;
Frindt et al., 2008; Hager et al., 2001; Loffing et al., 2000; Masilamani et al., 1999; May
et al., 1997). Studies have shown that ENaC subunits are present in both immature and
mature forms, distinguished by observed glycosylation patterns (de la Rosa et al., 2002;

Hughey et al., 2003). Furthermore, it is also known that despite abundant ENaC
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expression, only a small fraction reaches the plasma membrane (Frindt et al., 2022).
However, the precise oligomeric assembly of ENaC when it resides intracellularly
remains elusive. We identified a complex within the earlier eluted peak, pop1, which does
not assemble as a trimer (Figure 1B). Upon closer examination of pop1 from dpywr by
cryo-EM, it became evident that its larger size by FSEC compared to the trimers is
attributed to the presence of two Py dimers interacting via the y subunit, with each 3
subunit associated with one 10d4 Fab (Figure 7A). The dimer-dimer complex lacks a
subunit in position 1 (Figure 7B). Instead, the space is partially occupied by the y subunit
belonging to the neighboring dimer. The interdimer contact between the two y subunits is
mediated by a segment not observed in any of the trimers—oaByswTtH, OPycys, and
BPycys—likely because this region is no longer stabilized when assembled in a trimer.
Close inspection of this region revealed that the features emanate from each y-GRIP and
resemble stretches of B strands. These long B strands from both y-GRIP interlock
stabilizing the dimer-dimer interface (Figure 7A). Drawing the putative membrane
bilayer plane based on the micelle position and the extracellular domain of the two
dimers indicates that the planes are not parallel. This suggests that the dimer-dimer
complex is unlikely to interact in this configuration if embedded in the membrane, and
the observed interaction might be an artifact resulting from sample concentration before
grid preparation. However, the presence of the By dimer indicates that two ENaC subunits

can assemble and remain together even without a third subunit.

The By dimer provides an opportunity to investigate assembly in ENaC. Although
there appears to be a loop emanating from the y GRIP domain that could obstruct access

to position 1, we speculate that this loop is present in our data primarily because it is
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stabilized by its interaction with the second By dimer. Assuming this loop is flexible and
can move aside when a position 1 subunit joins to form the trimer, we focused on one
dimer for the rest of the structural analysis. Implementing symmetry expansion to
enhance map quality of one dimer, By, we achieved a reported resolution of 3.7 A
(Figure S7). The map quality improvement enabled us to trace the main chain in regions
that were previously unmodeled in the y-GRIP domain (S7C). Using this model, we
measured the distance between the  and y Ca TriTrp, and this distance was
approximately 53.5 A, which is longer than the distances measured in the afyswrn and
BBycys trimers but slightly shorter than the dBycys (Figures 7C, D, and 3A-C). This
suggests that to accommodate a subunit in position 1, the y finger must rearrange (Figure
3A). We tested this hypothesis by aligning the position 2 § subunits of all trimers and the
By dimer and compared the positions of the finger and thumb domains of y. We found that
the finger and thumb domains of y subunits from all three trimers adopt different
positions when compared to the y-By. With a calculated RMSD of 6 A, the finger and

thumb of y-afyswrn are most different from y-py (Figure 7E).

Examining the three trimers has allowed us to measure the conformational
changes the y subunit undergoes to accommodate various subunits in position 1. The
predominant conformational shifts occurring in the finger domain suggest that, while not
as rigid as B, y in position 3 accommodates a, B, and o subunits. It is worth noting that the
pore and cytosolic domains may also influence subunit stoichiometry and trimer
conformation. However, the lack of information in these areas limits our understanding of

their impact on trimeric assembly. Nevertheless, the observed trimers and dimer
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complexes in our study offer valuable structural insights into the diverse assemblies of

ENaC.
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Figure 1. Functional and biochemical characterization of the 6y complex.

A, B. Representative traces of By (A) and afly (B) with and without 100 uM Zn**. The
red and blue lines indicate application of 100 uM amiloride and 100 uM Zn?",
respectively. C. Current-voltage experiment in HEK293 cells demonstrating that oBywr is
Na'-selective, permeable to Li" and impermeable to K. Voltage potential range used for
the experiment is -80 mV to 80 mV in 20 mV increments. The external solutions
contained equimolar concentration of Na', Li*, and K". Internal solution contained K.
Each point is represented as mean £ SEM (n = 7). D. Normalized FSEC traces of purified
OPywrt, OPYr138a, and SPycys monitored on the tryptophan fluorescence channel. Traces
were normalized to the height of the peak at 14 mL. E. Representative current traces of
OPywT, OPyri3sa, and OPycys expressed in HEK cells and in whole-cell patch-clamp
experiments. Holding potential at -60 mV. F, G. Current-voltage experiments of 6Byri3sa
(F) and oPBycys (G) using the same conditions in C. Data are represented as mean SEM (n

=5 for dPyri138a and n=5 for OPycys).

See also Figure S1.
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Figure 2. Cryo-EM analysis reveal two different heteromeric complexes.

A. Cryo-EM map of the extracellular domain of dBycys viewed parallel and perpendicular
to the membrane plane viewed from the extracellular side, and in surface representation.
The subunits 9, B, and y are colored teal, red, and magenta, respectively. The 10d4 Fab
bound to the B subunit and other unmodeled densities are colored yellow. B. Cryo-EM
map of PPycys viewed similarly as in A. The B! subunit is colored salmon. Only a small
segment of the 10d4 Fab, colored yellow, is resolved after local refinement. C, D. The
models of the extracellular domains of dBycys (A) and BPycys (B) viewed from the
extracellular side and down the pore axis. They are in cartoon representation and colored
as in Figure 2A and B E. Schematic illustration viewed from the extracellular side and
looking down the pore axis of the three positions of the subunits in ENaC denoted as
positions 1, 2, and 3. F. Inset: An overall view of the dBycys extracellular domain in
cartoon representation. The close-up view of 9 is rotated 180° relative to the view in the
inset. The o subunit follows a similar architecture as other ENaC subunits consisting of
domains arranged like a hand grasping a ball. The unique domain first characterized in
the human af}y structure, the GRIP domain colored blue, is conserved in 6. The knuckle,
finger, thumb, palm, and B-ball are colored cyan, purple, green, yellow, and orange,

respectively.

See also Figure S2.
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Figure 3. Position 1 subunit mediates changes in the extracellular domain

A, B. Cryo-EM maps of 6Bycys (A) and BBycys (B) showing the position and local map

resolution of a2 helices, which include the tryptophans forming the TriTrp triangle. Only

the a2 helix map features are shown and colored according to the estimated local

resolution. The rest of the map features are colored as in Figure 2. For clarity, the knuckle

and al helices are removed in the views looking down the pore axis. C-E. Comparison of

the extracellular domains of dBycys (C), BPycys (D), and afy (E, PDB: 6WTH). The Ca

positions of the tryptophans belonging to the TriTrp are shown as spheres. The distances

between the Co atoms are shown in A.

See also Figure S3.
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Figure 4. Unique conformational features in 6 contribute to changes in the

extracellular domains.

A. Superposition of all position 1 subunits show differences in the finger and B-ball
domains. The §, B!, and a are colored teal, salmon, and blue. The subunits are shown in
cartoon representation. B-D. Close-up view of boxed regions in A belonging to & (B), p!
(C), and a (D). The sidechains of f6-f7 and B7-B8 loop residues are shown in sticks
representation. A 7-residue segment of the B7-8 loop is shown along with the
corresponding sequence. E. View looking down the pore axis to show relative positions
of the finger domains in positions 1-3. The close-up views of the boxed area in position 1
are displayed. The sidechains of residues at corresponding positions in o, f1, and o are
depicted in stick form to illustrate the orientation of their side chains. The black dot
marks the relative direction of the pore axis position. F. Close-up views of the boxed
regions in E of positions 2 and 3 in the 6PBycys structure. The views are rotated ~120°
clockwise (yellow) or counterclockwise (green) relative to the panels in E highlighted
with a red box. G. Illustration of the position 1/position 3 interface focusing on the
knuckle/finger domain contacts. Only the sidechain of the conserved tryptophan in the
knuckle domain is displayed in stick form while the rest of the region is shown in
cartoon. H. Equivalent interfaces in position 1/position 2 and position 2/position 3 in

OPycys are shown and represented similarly as in G.

See also Figure S4.
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Figure 5. The y finger domain is altered in the presence of 6.

A. Superposition of all y subunits in position 3 from the three trimers. The subunits are
displayed in cartoon representation and colored magenta (6PBycys), light pink (BBycys),
and gray (afyswtn). B-D. Close-up views of the boxed region in A. The sidechains of
residues in B6-B7 loop in the finger domain are shown in stick form to demonstrate the
positions of the side chains. E, F. Surface representation of the 6Bycys (E) and BBycys (F)
models is shown. The positions of the y-a2 helices in 6Bycys and BPycys relative to those

of aPyewtn are displayed.

See also Figure S5.
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Figure 6. Trimer superpositions using the p subunit in position 2 as reference reveal

global rearrangements in position 1.

A. View looking down the pore axis from the extracellular side. The dBycys and afyswtn
trimers are shown in cartoon and subunits are colored as in figures 4 and 5. The helices
are shown as cylinders. The § subunit occupying position 2 is colored red. The knuckle,
finger, and thumb are opaque while the rest of the extracellular domains are transparent
for clarity. B-D. Comparison of the finger and thumb domains of position 1 and 3
subunits in 6Pycys vs BPRycys (B), dPycys vs afyswrn (C), and BPRycys vs aPyswra (D). The
B subunit in position 2 is omitted for clarity. The centers of mass of the finger and thumb
domain helices, calculated using Pymol, are represented as spheres. The solid bars
indicate the distances between the centers of mass. Angle between corresponding helices
of the finger and thumb domains are shown. E. Overlay of B! and p? subunits in cartoon
representation. F. Close-up views of the finger and thumb domains shown in E shown as
cylinders. G, H. Cryo-EM maps of BBycys (G) and dBycys (H) showing a peptide-like
map feature in the palm domain that is not observed in af}y. Position 1 subunits are
removed for clarity (right image). The molecules and other modeled densities in BBycys
(G) and oPBycys (H) are colored yellow and blue, respectively. I. Close-up view and

superposition of the features observed in the lower palm domain shown in G and H.

See also Figure S6.
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Figure 7. Heteromeric ENaC assembly intermediate shows  and y assemble as

dimers.

A. Cryo-EM map of the By-dimer with subunits and Fab colored as in figure 2. The
second y subunit is colored in light pink for clarity. Solid bars indicate the direction of the
putative membrane plane. B. Schematic illustration of the dimer-dimer interaction shown
in A with the missing position 1 subunit shown as dashed circle. C. Close-up view of the
a2 helices, which include the tryptophans forming the TriTrp triangle, in the By complex.
The a2 helix map features are shown as a surface representation and are colored
according to the estimated local resolution. D. Cartoon representation of the By dimer
with distances of the Ca atoms of conserved tryptophans in the a2 helices. The
highlighted region in green is the y-GRIP portion that is not resolved in ENaC trimers.
This region mediates extensive interdimer contacts. E. Inset: An overall view of the
OPycys extracellular domain in cartoon representation. The region highlighted with a
yellow rectangle includes the finger and thumb domains of y. Close-up views of the
boxed region showing comparison of the al, a2, a4, and a5 positions in the finger and
thumb domains of y from trimers to the y from By-dimer. The y from trimers are colored
as in figures 4 and 5, while y from the dimer is colored yellow. All helices are shown in

cylinders.

See also Figure S7.
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Figure S1. Design and optimization of 6y constructs for structural investigations by

cryo-EM, related to Figure 1.

A. Current-voltage experiment demonstrating that dBywr is Na'-selective, permeable to
Li", and impermeable to K* when expressed in Xenopus laevis oocytes. Voltage potential
range used for the experiment is -80 mV to 80 mV in 20 mV increments. The external
solutions contained equimolar concentration of Na®, Li*, and K*. The pipettes contained
3M KCI. Each point is represented as mean £ SEM (n = 5). B. Dose-response of afy to
Zn?". Current ratios were determined by measuring current amplitudes before and after
application of Zn**. Data are represented as mean + SEM (n=3). C. Dose-response of 5Py
to Zn*>" using the same concentration range as in B. Data are represented as mean + SEM
(n=12). D. Schematic illustration of the three 6y constructs: 6Bywr, dPyri3sa, and OPycys.
E. Normalized FSEC traces comparing the biochemical behavior of purified 6pywr and

afywr. Traces were normalized to the height of the peak at 14 mL.
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Figure S2. Three-dimensional reconstruction details of ofycys and PBycys, related to

Figure 2.

A. Overview of the cryo-EM data processing workflow that revealed two trimeric
complexes: OBycys and BPycys. B. Cryo-EM maps of the subunits in dBycys. The

glycosylation sites are colored yellow, and the subunits are colored as in Figure 2.

C-H. Fourier Shell Correlation curves, local resolution maps, and angular distribution

plots for 6Bycys and BPycys.
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Figure S3. Cryo-EM maps of the gating domains in dBycys, related to Figure 3.

A-C. Cryo-EM maps of the finger, thumb, and knuckle domains of & (A), B (B), and y (C)

subunits and the corresponding models.
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