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Epithelial Sodium Channel (ENaC) proteolysis at sites in the extracellular loop of the a and <y subunits leads to
marked activation. The mechanism of this effect remains debated, as well as the role of the N- and C-terminal
fragments of these subunits created by cleavage. We introduced cysteines at sites bracketing upstream and
downstream the cleavage regions in o and y ENaC to examine the role of these fragments in the activated channel.
Using thiol modifying reagents, as well as examining the effects of cleavage by exogenous proteases we constructed a
functional model that determines the potential interactions of the termini near the cleavage regions. We report that the
N-terminal fragments of both « and y ENaC interact with the channel complex; with interactions between the N-
terminal y and the C-terminal o fragments being the most critical to channel function and activation by exogenous
cleavage by subtilisin. Positive charge modification at a.a.135 in the N-terminal fragment of y exhibited the largest
inhibition of channel function. This region was found to interact with the C-terminal o fragment between a.a. 205 and
221; a tract which was previously identified to be the site of subtilisin’s action. These data provide the first evidence for
the functional channel rearrangement caused by proteolysis of the a and -y subunit and indicate that the untethered N-

terminal fragments of these subunits interact with the channel complex.

Introduction

The Epithelial Na* Channel (ENaC) is expressed in the col-
lecting duct (CD) of the kidneys where it mediates regulated
Na™ absorption. It is a well-established rate limiting step to
nephron Na™ absorption which ultimately can affect whole body
Na™ balance both in control and disease states." Despite being
initially cloned in 1993 and 1994,>4 there remains a lack of
structural data that underlie changes of channel function and
activity. The best such data come from homology modeling of
ENaC to a distantly related ion channel- ASICI.” The solved
crystal structure of chicken ASICI has been used to create static
images of ENaC subunits and to allow specific testable hypothe-
ses for the role of domains identified from this modeling.*” This
approach while informative suffers many shortcomings includ-
ing: 1) the static nature of the ASIC model, 2) the low ~35%
amino acid homology of ENaC to ASIC1, and the homomeric
ASIC versus heteromeric nature of ENaC subunits which display
only 30-40% homology,”® and 3) the absence of cleavage region
found in o and 1y from ASIC protein.

A unique mechanism that markedly increases ENaC activity
involves cleavage of the a and vy subunits at multiple sites within
a short (<40 a.a.) tract in their large extracellular 100p.9’10 This
process is endogenously and intracellularly carried out by furin
type proteases.’ It is also mimicked by many extracellular pro-
teases which activate membrane resident but electrically silent
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uncleaved channels leading to dramatic activation of Na™*
trzmsport.1 13

When cleavage occurs it divides the o and y subunits into 2 or
more regions. Mechanism of cleavage activation is uncertain and
2 hypotheses have been proposed. The first was based on the
presence of 2 initially identified endogenous cleavage sites in a
and vy and the observation that short peptides with sequences
derived from the amino acids between these “furin” sites inhib-
ited activity when added exogenously.'*'> This hypothesis does
not account for the presence of multiple identified and putative
cleavage sites in these subunits, and the similarity of activation by
cleavage observed with numerous exogenous proteases with dif-
ferent substrate specificities.'® We proposed the second hypothe-
sis to explain activation based on: 1) the preservation of cleavage
activation in the presence of a single cleavage event, 2) the preser-
vation of cleavage activation in constructs lacking the
“inhibitory” tracts, and 3) the much lower density of the N- to
C-terminal fragments at the membrane. We proposed that acti-
vation is likely mediated by the loss of the 1% transmembrane
domain following cleavage leading to a more stable channel pos-
sibly by reduction of hydrophobic mismatch between the channel
and lipid bilayer."®

While data exist supporting both hypotheses, there is no clear
indication for the mechanism of activation from existing struc-
tural models. The distantly homologous ASIC lacks correspond-
ing “furin” sites and does not display proteolytic activation. Also,
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the region surrounding the endogenous furin cleavage sites in o
and y ENaC fall within what has been referred to as a

“hypervariable region”®

of the extracellular loop, and is
completely absent from ASIC. Moreover, in order to crystalize
ASIC, the intracellular N- and C- termini were removed further
diminishing the extrapolation to ENaC activation and the role of
the 1% transmembrane domain in this activation. This is an
important limitation as it is now known that intracellular channel
domains can affect extracellular events such as proteolysis.'”'®

To better understand the dynamic structural events that occur

with cleavage we used cysteine mutagenesis of sites of interest

and acutely modified these sites to determine their effect on exog-
enous cleavage. We focused our approach on the new termini
formed by cleavage in o and y ENaC. We engineered cysteines
into these subunits in regions bracketing the “hypervariable”
region. Using this approach and the exogenous protease subtilisin
which cleaves within 16 a.a. downstream of furin,'® we identified
multiple interactions between both fragments of cleaved vy and
the C-terminal fragment of o ENaC which are important to
cleaved channel function. Modification to vy at a.a.135 prior to
the 1% furin cleavage exhibited the largest inhibition of channel
activation by acute proteolysis. Insertion of a positive charge at
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Figure 1. Exogenous cysteines bracketing the furin cleavage sites in « and 7" ENaC reduce baseline
activity. Constructs were created containing cysteines bracketing the furin cleavage sites in « and y
ENaC. (A) Linear graphic representation of the sites of exogenous cysteines (gray circles) relative to the
furin cleavage sites (4 sequence amino acids), as well as nearby endogenous cysteines (black circles).
The subunits were divided into regions Il and Il based on the segment prior to the first cleavage and
that following the second cleavage. The site cleaved by subitilisin is underlined. TM1 and TM2 indicate
the 2 transmembrane domains. (B) Summary of the amiloride sensitive slope conductance at 0 mV.
The magnitude of conductance was significantly lower in each construct compared to wild type con-
trol. * indicates P < 0.05. N = 37-84.
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this position also inhibited the endoge-
nously cleaved channel by ~98% and
this inhibition was relieved by down-
stream cleavage by subtilisin. These, as
well as other interactions converged on
a tract in a downstream of the 2™
furin site in the new N-terminus of the
C-terminal fragment between a.a. 205
and 221. We propose a refined hybrid
model in which untethering of o and ~y
N-termini allows their interaction with
the C-terminal fragment of o and the
formation of an electrically active
mature channel.

Results

Baseline activity

Intracellular cleavage in oocytes
occur at sites similar to those found in
other cells at RSRR and RRAR in a
ENaC and RKRR and RKRK in 1y
ENaC.” We engineered cysteines to
bracket these regions. A schematic
representation is shown in Figure la.
In this linear model we refer to the
region produced prior to the first cleav-
age site as I, and that produced after
the second cleavage site as II. The exog-
enous cysteines were introduced at
VA171 and VA206, prior to “RSRR,”
and after “RRAR” in a ENaC. Cys-
teines were introduced at 3 locations in
v at: 1) 135 prior to RKRR the first
furin cleavage site, 2) GG183 after
RKRK the second furin cleavage site,
and 3) VG202 slightly downstream of
the 2" site and at a similar location to
that marking the end of the subdilisin
cleavage tract in o.'® The changes with
VG202 were larger than those observed
with GG183 and for clarity purposes
the data with GG183 are not shown.
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The baseline activity of the 4 con-
structs is shown in Figure 1b. We sum- > 14 ; NS
marized activity as the amiloride A B e 45
sensitive conductance (gn,) which aver- a
age 26.1 = 4.0 S for WT. The gy, of ~75 kDa % % 7 S
all constructs was significantly lower 5 %81 -
than that of WT exhibiting a 2—4-fold = _55KDa E 0.6
inhibition indicating effects of the exog- S il
enous cysteines. Because the added cys- g ?
teines are either upstream  or § el
downstream of cleavage, and because O 00 - a o a
they are also displaced by up to 20 - s B P £ B
amino acids from the terminal cleavage mhey Buce. Towe ¥ d ¥
amino acid (for VG202), it is likely Region: 4 ) wro !
that this inhibition is due to modifica-
tion of activity and not large effects on C D 2.5 NS
endogenous cleavage. Nonetheless, this %
was tested biochemically. =50 kDa § 201

To test for differences in protein 60 kDa % Mesn=123
expression, membrane density and E 1
endogenous cleavage we utilized West- E 4l
ern Blotting using a C-terminal epitope s '
v specific antibody or a high affinity T 05
anti-HA antibody to detect double i %
tagged (tagged in regions I and II) . 0.0 = = P —
Mature (proteolytically cleaved) -y B B B
ENaC (Fig. 2A) was the dominant and Intensity ) Wace ‘BwS: X i’ ”
often the only observed form. This Region: 1 : wro :

product migrated at 55 kDa. In 1 of 4

blots (shown in the example) a very
faint full length product was visible at
~75 kDa, and this constituted <5% of
cleaved <y levels. This is consistent with
our previous report that essentially only
cleaved vy is observed at the membrane

As shown in Figure 2B there was no
statistically ~significant difference in
membrane expression of cleaved -y
between constructs. These indicate that
the effects on the gy, observed in Fig-

ure 1 were not due to differences in vy oo

protein expression or its endogenous

Figure 2. Subunit expression and processing is unchanged with exogenous cysteines. Membrane
expression and endogenous cleavage of the y and a subunits was examined by SDS-PAGE and West-
ern Blot. (A) A representative blot demonstrating that virtually all of -y appeared as a single cleaved
form at 55 kDa (region Il) with little to no appearance of the full form at 75 kDa. This example was pur-
posely chosen to represent the one showing the highest 75 kDa expression. This is confirmed by the
intensity profile of the entire lane. (B) -y expression was measured by densitometry and normalized to
WT. No differences were observed among all groups (NS = not significant) indicating absence of
of trimeric ENaC expressing oocytes.lG effects on expression and processing. Line and numerical mean represent the average of all groups. N
= 3-5. (C) A representative blot shows the pattern of expression in the a subunit. « appeared as at
least 2 distinct bands at 80 and 60 kDa, representing the full length and region Il protein. The small
region | band was barely detectable and migrated at 24 kDa. This detection was feasible because o
contained 2 HA tags one each in regions | and Il (see Methods). (D) a expression was measured by
densitometry and normalized to WT. Summarized data represent the sum of cleaved and uncleaved
protein. Overall, the expression was not different among all groups (NS = not significant) indicating
absence of effects on expression. Line and numerical mean represent the average of all groups. N =

steady state cleavage.

Western Blotting for a ENaC is
shown in Figure 2C and D. o was tagged with 2 separate HA tags
to allow visualization of full length and fragments I and II with the
same antibody using the same epitope as previously described.'®
Biotinylated o protein migrated as 2 well defined bands at
~80 kDa and ~60-55 kDa, representing full and cleaved (region
IT) products. There was also a faint but consistent band at 24 kDa
representing region 1. As previously reported and as shown in
Figure 2C, the 24 kDa product was much lower in intensity than
that at 60 kDa. Combining cleaved and uncleaved, there was no
statistically significant difference in @ ENaC membrane levels
among the different constructs (Fig. 2D).
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The fraction of endogenously cleaved « at the membrane was
unaffected (Fig. S1) by cysteine insertion. Further, there was no
detectable shift in the size of the cleaved products which averaged
79 £ 2,56 & 1, and 24 £ 1 kDa for full, region II and region I
products. These data rule out an effect of the exogenous cysteines
on protein expression or membrane delivery for both a and vy
subunits as the underlying effect causing changes of gn,. This
indicates that the inhibition observed in Figure 1 is likely due to
interactions of the exogenous cysteines in regions I and II in both
o and v with the trimeric conducting channel, i.e., the endoge-
nously cleaved channel.
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between a171CC and WT indicating
30 - that a region I does not interfere with
* subtilisin cleavage on a. This also indi-

O 25 cates that the inhibition observed in

g Figure 1 by this engineered cysteine is

% w 20 - maintained when o is exogenously
2 U? cleaved by subtilisin, meaning that
Q\ 15 | region I in « interacts outside of the

g | tract cleaved by subtilisin. Second, a

g c‘;" WT Response stimulation was observed when com-

g) 10 - T - paring «206CC vs. WT. This nearly 3-

o / fold stimulation (21.47 fold vs 8.22
l.l>.<l 5 * / e fold) indicates that elimination of the

— ¥ A exogenous cysteines in this a region II
[ . I by subtilisin led to stimulation of activ-
a a a Q6cc 7100 ity. In this case 206 mh.lbl.ts activity
B B B (Fig. 1) and its removal eliminates this
Ya02cc  Y13sce 4 4 inhibition. This indicates that this loca-
Region: I " tion in @ may control activity of the
aglon: I Wi mature channel- a hypothesis borne out
S 0 8 7 2 by additional results below.
The third effect observed was a
Region | Region Il marked reduction in the activation by
subtilisin in modifications of regions I
- g'l- QS 23 i = and II in vy. Channels made with
I'~.I—| liul - — ubdilisin . . .
9 rsrn__Trean-{Clasnee, 0 G RO - v202CC and y135CC were diminished
135 202 207 24 from activation and exhibited only a
A v o S — S — B R 3.25 and 1.72 fold increase. This indi-
cates that these regions are important for
the activity of the mature and active
Figure 3. Activation of ENaC by subtilisin is altered by exogenous cysteines. Activation of ENaC con- channel and moreover, that they can
structs by subtilisin. Data were normalized to the control measured in each construct prior to the addi- . . .

: ; ; o " : modify the ability of subtilisin to cleave
tion of this protease. All conductance ratios used the amiloride sensitive conductance which was A . X
obtained before and after subtilisin. On average, an 8-fold activation is observed in WT channels. Acti-  in region IL AS we have previously
vation of -y region | and Il were inhibited from WT while that in « region | was not affected. Activation shown that subtilisin cleaves a between
of « region Il was stimulated from WT by more than an additional 2-fold (8-fold vs. 21-fold). The hori- a.a. 205_221,16 these data indicate that
zontal lines represent the average response of the WT channel (dark gray) and a no change response. the termini in vy regions I and II likely
*indicates P < 0.05. N = 7-22. Linear model at bottom replotted from Figure 1. . . ; .

interact with o region II at this tract.

Exogenous proteolysis

The data above allow an assessment of the steady-state effects
of cysteine modification on channel activity following endoge-
nous cleavage. To determine the acute effects of proteolysis we
exogenously cleaved ENaC with the proteases subtilisin and tryp-
sin. Subtilisin cleaves in a region slightly downstream of RRAR
in o resulting in a region II that is very similar to that endoge-
nously observed. Additional advantages of subtilisin are that: 1)
it exhibits a higher sequence specificity than trypsin,'® 2) it does
not affect endogenous protease activated receptors,'® and 3)
unlike trypsin it lacks cysteines which make this enzyme stable
and unaffected by the cysteine modifying reagents used in this
study.

The effects of subtilisin are shown in Figure 3. The WT chan-
nel exhibited an 8.22 fold stimulation of gy, consistent with that
previously described.'® Examination of the effects of the cysteines
mutants yielded 3 different results. First, there was no difference
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These effects were similar whether subtil-

isin or trypsin (Fig. S2) was used to
cleave and activate ENaC. This further supports the interpretation
that cysteines at these regions affect endogenously cleaved channel
activity and that cleaved regions I and II in y present likely points of
contact with region II of ..

Thiol modification and charge

The exogenous cysteines represent points which can be acutely
modified by thiol modifying reagents. Prior to these experiments,
we determined if these cysteines remained unpaired and therefore
accessible to such modification. Initially we examined the effects
of 2 reducing agents: DTT and TCEP. Given the similarity of
the initial data we focused on the stronger reducing agent TCEP.
These effects are summarized in Figure 4. The WT channels
exhibited a 40% reduction of activity indicating a likely effect on
endogenous disulfides. y constructs in region I and II behaved
exactly as WT. This indicates that no new spontaneous disulfides
are formed with the introduced cysteines. Similarly, no
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differences from WT were also observed
in the response of cysteines in o region
II. Thus, these cysteines are expected to
be amenable to thiol modification.

Reduction of cysteines in « region I
were not affected by TCEP. This indi-
cates possible stabilization compared to
the WT channel which ends up protect-
ing against the actions of TCEP on
endogenous disulfides. This could be
through the formation of a stabilizing
new disulfide between an endogenous
cysteine and those introduced at a171.
Such an interpretation would be consis-
tent with the absence of an effect of
al71 on the stimulation by subtilisin
(see Fig. 3), as the new cysteine are not
available to interfere with subtilisin.
This indicates that exogenous cysteines
in a206, y135, and v202 are likely
unpaired, while that in al71 is likely
paired. These data also support the
above conclusion that o region I is
retained as part of the mature channel
complex, as it can stabilize the disrup-
tion of other endogenous disulfide
bridges in the active and furin cleaved
channel.

To further determine the role of the
termini in regions I and II we covalently
modified them by positive and negative
charges. We used MTSEA*® to intro-
duce a positive charge and MTSES?' to
introduce a negative charge. Both mole-

2.0 1
1.5 1
o
.5 u? /NO Change
© o 1.0
% g # WT Response
Q =~ 1 T # /
x> 7 J
0.5 1 %
0.0 /A
% & a %06cc  %171CC
B B B Yij
Y202cc  713scc 7 Y 7
Region: |l | WT Il I
n: 5 5 6 5 9
Region | Region Il
171 206 2%9 2?8
o N':mj-ﬂsm-{ 1 RRAR-[ (Y Subsiisin o
135 2?2 ZIO? 2;14
(R —c O — o c — Rz

Figure 4. Effects of reduction on the cysteine mutant constructs. The strong reducing agent TCEP was
used. This resulted in a small 40% inhibition of the WT channel. Constructs in « region Il and vy regions
I and Il behaved as WT indicating no additional disulfides were formed by the introduced exogenous
cysteines. Those in « region | were stimulated from WT and not different from no change indicating
likely stabilization of the channel. N = 5-9. # indicates P < 0.05 when compared to no change. See

cules are relatively small (~20 A on the

Figure 3 legend for more details.

long axis) allowing diffusability to

exposed cysteines and the formation of

strong sulfhydryl bonds with free cysteines resulting in charge
modification. The effects of treatment with the positively charged
MTSEA are shown in Figure 5. The WT channel was inhibited
by ~38%. Addition of positive charge to 7y in regions I and II
were further inhibited from WT, although only that in y region I
was significant, where it was inhibited by ~98%. This provides
strong evidence that y region I remains associated and important
to mature channel function.

Modifications to a regions I and II were not different from
WT. This is expected for o region I as these cysteines were likely
unavailable for modification. The lack of differences for o region
II possibly indicates that the inhibition of baseline activity at this
position is charge independent. Altogether, these results support
a dominant role of region I in y in mature channel activity and
indicate that the order of potency for interactions with « region
ITare y135 >> v202 > a171.

Treatment with negatively charged MTSES was without
effect on all constructs and minimally affected «135CC
indicating a unique role of positive charges in this process

www.tandfonline.com

(Fig. $3). This indicates a more disruptive role of introducing
positive charges than negative ones, and provides an interest-
ing possibility for interactions with the positively conducted
ion (see Discussion).

The effects of MTSEA occurred in electrically active
channels and likely represent modification of subunits endog-
enously cleaved by furin-type intracellular proteases. Because
of the role of subtilisin, many of the interactions described
were pinpointed to region II in a between a.a. 205 and 221.
To further ascertain this, we determined if subtilisin cleavage
and elimination of this region can disrupt thiol modification.
Subtilisin lacks cysteines and therefore it is unlikely to be
affected by TCEP. This was also experimentally verified using
3 substrates with sequences that represent putative furin
cleavage sites on ENaC: RTAR, RKRR, and RKRK. In this
case treatment with 10-fold higher concentrations of TCEP
(5 mM vs. 500 uM) did not inhibit enzyme activity and
only caused a moderate <2-fold stimulation to the activity to
some substrates (Fig. S4).
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cysteine in Y135 interacted with. Thus,
these data provide further evidence for
the location of interaction between vy
region I and a region II in the mature
channel.

Interactions in region I in o exhib-

ited an opposite effect where MTSEA
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modification lead to increased inhibition
of subtilisin cleaved channels as com-
pared to WT vs. no difference from WT
when comparing furin cleaved channels.
This also indicates that & 205221 is a
likely site of interaction as its elimina-
tion modified channel activity. This
inverse effect would indicate a stabilizing
effect of this interaction on the electri-
cally active channel.

Discussion

We  examined the interaction

between the a and <y subunits in the tri-
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o w~_ OH é'l-nsnn-l FRRAR
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Subtilisin

meric Epithelial Na™ Channel. We spe-
cifically examined the roles of the N-
and C- terminal fragments, referred to
as regions I and 11, created in these subu-
nits after cleavage by endogenous and

exogenous proteases. Using cysteines

Figure 5. Effects of thiol modification on the cysteine mutant constructs. The thiol modifying reagent
MTSEA was used to covalently introduce positive charges at free cysteines. The WT channel was inhib-
ited by ~40% indicating availability of a free and accessible cysteine. Unpaired cysteines at -y region |
and Il were further inhibited from WT with that at -y region | inhibited by 98%. All other constructs
were similar to WT indicating that the cysteines are not available for covalent charge modification or
that modification does not contribute additional effects to those observed with the introduction of
the exogenous cysteines. N = 5-11. See Figure 3 legend for additional details.

engineered upstream and downstream
of the cleavage zones in these subunits,
we demonstrate the interaction of the
untethered (post cleavage) region I of
both o and y with the mature channel.
Further, those regions as well as vy region

Shown in Figure 6 are the effects of positive charge modifica-
tion in subtilisin cleaved channels. Comparing these effects to
those summarized in Figure 5 represents the differences between
subtilisin versus furin cleaved channels. MTSEA’s inhibition of
the WT channel was not different between these groups. However,
this does not only indicate that MTSEA blocked the WT channel
to the same extent, but that it also abrogated the stimulation nor-
mally found by subtilisin treatment. This implies that the endoge-
nous thiol which is modified in the ENaC subunits is within close
3-dimentional proximity to the region cleaved by subtilisin at a.a.
205-221. Interestingly, all predicted unpaired cysteines in a and
v are within such proximity (see Discussion).

The effects on vy region I was markedly different where
MTSEA modification did not block subtilisin cleaved channels.
Instead a 3-fold stimulation vs 0.98-fold inhibition was observed.
This provides strong evidence that elimination of region
205-221 in « eliminated the site where MTSEA modified
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II, interacted with the N-terminus of
region II in « to control activity. Some
of these interactions were sensitive to
reduction and markedly compromised by insertion of positive
charge, providing further insights into the location and mecha-
nism of these interactions. Altogether, our results delineate
regions in the proteolytically active channel that control activity
and demonstrate functional roles of channel fragments in proteo-
lytic activation. Given the low occurrence of a region I fragment
at the membrane we propose that this may represent a rate limit-
ing step to the observation of high activity channels.

Homology to ASIC and endogenous cysteines

The ASIC structure has been used to predict intra-subunit
interactions in ENaC, e.g. to examine the roles of the wrist, palm
and finger domains and the roles of homologous regions in
ENaC in ion conduction and selectivity.® However, as pointed
out ASIC lacks critical ENaC features that preclude the use of
this approach in assessing channel activation or cleavage. Fore-
most is the absence of cleavage sites and surrounding amino
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acids, referred to as hypervariable
region,6 from ASIC. For these and other
reasons we introduced cysteine mutagen-
esis within the hypervariable region.
Ousside of the hypervariable region
homologous ENaC disulfides have been
identified.”? These are limited to inter-
subunit disulfides given the homomeric
versus heteromeric nature of ASIC and
ENaC. These include a disulfide in both
a and <y which spans the hypervariable
region and may tether region I to region
IT fragments. Our data favor an unteth-

9 subtilisin+mrseay Iy,

ered configuration based on: 1) the lower

density of the region I fragment at the
membrane (see Figure 2 and Hu et al'®)
when examined with the same antibody

Cleavage After Charge Modification

directed against the same epitope, 2) the Y202cc  7135CC Y Y
absence of marked channel activity dis- Region: 1 | WT 1 |
ruption by reducing agents (Fig. 4) and n: g - ¢ 2 A
3) differences in the effects of modifica- :
tion of region I of ot vs. 7.

Region | Region Il

Role of the y fragments in channel
activity

Modifications to both <y fragments
diminished activity in the absence of
effects on expression or cleavage. This
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provides the first evidence for a func-

tional role of both fragments I and II of

v in mature channel function. The
effects of these modifications on exoge-
nous cleavage by subtilisin (Fig. 3) pro-
vided compelling evidence as to the role
of these fragments in the mature chan-
nel. We were able to narrow sites of these
interactions to the new N-terminus of

Figure 6. Effects of thiol modification are altered in subtilisin cleaved channels. The effects of positive
charge modification were examined in subtilisin cleaved channels. Modification of the WT channel
was similar to that observed in Figure 5 for furin cleaved channels and exhibited an ~40% inhibition.
Modification to vy region Il was not different from WT. However, positive charge modification to chan-
nels made with -y region | resulted in nearly 3-fold stimulation, in contrast to that observed to the
furin cleaved channel in Figure 5. Those made with « region | was inhibited from the WT channel, in
contrast to the no difference observed in Figure 5. These indicate marked differences in the interac-
tion of these regions with the channel in the presence or absence of the tract between a.a. 205 and
221 in a region Il (see text). N = 6-12. See Figure 3 legend for more details.

region II o based on the attenuated
response of these constructs to subtilisin,
and the known position cleaved by subtilisin in o between a.a.
205 and 221."° As we have shown before <y is already fully
cleaved in this system and no further effects of subtilisin are
observed on this subunit. This indicates that y135 and 202
interact with o between a.a. 205 and 221.

Modification of +y region I provided the strongest effect on
exogenous channel activation by subtilisin. Further modification
of this exogenous cysteine at y135 by positive charges resulted in
near complete (98%) inhibition of channel activity (Fig. 5). This
extensive inhibition was only observed with positive charge mod-
ification. This suggests a potential role of this site in y along with
the interacting site in a in charge selection and ion conduction.
Subsequent elimination of a.a. 205-221 in a by exogenous sub-
tilisin relieved the inhibition by positive charge leading to the
observation of a nearly 3-fold stimulation, likely owing to the
ability of subtilisin in cleaving uncleaved a subunits at the mem-
brane (Fig. 6). Altogether, these results indicate that both regions

www.tandfonline.com
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I and II in y converge on the N-terminus of region II in o and
that both fragments of vy are necessary for channel function.

Role of the o fragments in channel activity

Cysteine insertion in both o fragments also diminished
endogenously cleaved channel activity in the absence of effects on
expression and processing. The effects of modification on 0206
in region II are understandable in light of the effects above
observed with y-reduced ability of this construct to interact with
v regions I and II results in an inhibition. This is supported by
the results of Figure 3 showing nearly 3-fold stimulation of
@206 versus WT channel by subtilisin as this exogenous protease
would cleave downstream of the exogenous cysteine, thus releas-
ing this cysteine and relieving the 2.5-fold inhibition of baseline
activity (Fig. 1).

Odur results also support a role of a region I in mature channel
activity in both furin and subtilisin cleaved channels. Indeed

287



a171 inhibited baseline activity and this effect was not signifi-
cantly changed following cleavage by subtilisin. This exogenous
cysteine however, stabilized the channel in response to reduction
by TCEP indicating that it is likely paired with an endogenous
cysteine forming a disulfide bridge. This was consistent with the
absence of additional thiol modification of this construct.

Interestingly, the effects of positive charge thiol modification in a
region I were markedly modified following subtilisin cleavage
(Fig. 6) leading to inhibition of activity. The simplest explanation is
that a171 also interacts with the mature channel close to the subtili-
sin cleavage site and that this interaction may possibly utilize one of
the 2 predicted free cysteines in this region (Fig. 7). In this case elim-
ination of the interference from the tract in o between 205-221 ren-
ders the cysteine at 171 unpaired and free to be modified by thiols.
Following positive charge modification a larger inhibidon is
observed. Thus, both regions I of o and y may interact with «
region II to determine charge selection and ion conduction.

Role of the N-termini/mechanism of activation by cleavage

We have previously proposed that channel rearrangement
occurs after cleavage and that this rearrangement is more favor-
able to channel-lipid bilayer hydrophobic thickness leading to an
increase of activity. This is supported by numerous studies where:

(1) the elimination of the so called “inhibitory domain” in the
absence of cleavage did not stimulate the channel, (2) the much
lower density of the N-terminal fragment at the membrane (see
Fig. 2), (3) the presence of multiple mechanisms that affect lipid
bilayer fluidity that can increase activity and open probability in
the absence of changes to cleavage,17 and (4) the insensitivity of
the exact cleavage site where multiple proteases with varying spe-
cificities can lead to the same type of activation.'®

Our data indicate that region II in o ENaC downstream of
the 2nd furin cleavage site is a “hotspot” for channel interaction
with the remaining subunit fragments, and we find a marked
change in the accessibility to thiol modification after subtilisin’s
cleavage in this “hotspot.” These results demonstrate major struc-
tural channel rearrangement after just a single cleavage event by
subtilisin in « ENaC. Given our recent demonstration of multi-
ple open channel states,'” changes in channel bilayer interactions
or stability after cleavage remain the best likely explanation.

How do we reconcile our current data demonstrating a clear
role of region I in both a and y with our previous data indicating
the disappearance of these fragments from the membrane? We
propose that these structural rearrangements are a likely rate limit-
ing step to the observation of a functional electrically active chan-
nel. Our data using the same tag in different parts of the subunit
are the only ones which can address the
question of fragment levels at the mem-

A

Subtilisin

172 RDFFTGRKRKIVGGSIIHKASNVMHIESKQVVGFQLCSNDTSDCATYT220
-TSSSASEKICNAHGCKMAMRLCECSLNRTQCTFRNZ209

Gamma
Beta 175 - - - - - - = e 2l s
Alpha 195PPPHGARRAR|-SVASSLRDNNPQVDWKDWKIGFQLENQNKSDCFYQT242

brane, as the same antibody can be uti-
the levels of all

fragments. The N-termini of the cleaved

lized to examine

subunits do indeed disappear from the
membrane as we have previously

reported'® and as evident from the

//\

Uncleaved Cleaved

example blot in Figure 2 which demon-
strates the absence of comparable expres-
sion of HA tagged region I and II «
ENaC (24 kDa vs. 60 kDa fragments).
This is likely because of the presence of
consensus sites for ubiquitination in the
N-terminus® resulting in internalization
or degradation of the majority of region
I protein. However, the decrease of these
termini to levels near the limit of West-
ern Blot detection does not mean the
complete disappearance from the mem-
brane, and indeed in the face of such
major structural rearrangement it would

be expected to be a highly inefficient

in a (green box).

Figure 7. Endogenous Cysteines and simplified model of interaction. (A) Sequence alignment of the
ENaC subunits downstream and including the second cleavage site in a and vy (boxed). Shown in gray
are cysteines predicted to be free from homology modeling to the ASIC crystal structure. The 4 free
cysteines in a and +y cluster within 35 a.a. of the 2" cleavage site. The remaining 4 free cysteines in
cluster within the homologous comparable region in this subunit; which lacks cleavage sites. Solid
underline shows subtilisin cleavage tract in a. (B) Simplified model depicting extracellular loops of «
and y (B is eliminated for clarity). This model illustrates the interactions in « and -y fragments | and |l
predicted from the current work. The left image represents pre-cleavage a (blue) and +y (red) while
that on the right illustrates how post cleavage -y region Il (red), « region Il (blue), interact with ~y region
| (green) and a region | (purple). These interactions occur in the region defined by subtilisin cleavage

process where only those fragments that
are successful in forming a mature chan-
nel yield electrical activity, while those
which are not, remain separate and are
internalized. Further, the efficiency of
such a process may also be cell type
dependent.

Accordingly, and consistent with the
current and previous observations we

propose that the presence of the intact
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uncleaved stretch of amino acids between regions I and II inhibit
the interaction between region I in o and <y and region II in o.
This inhibition is relieved by generic cleavage in the general
vicinity of the furin sites, allowing untethering of regions I in a
and vy and permitting the interactions uncovered in the present
work to occur. This also may occur at lower efficiency due to the
internalization of the presumably ubiquitinated N-terminal frag-
ments. It has been shown that surface expression of this fragment
in rat increases in response to a low sodium diet,”* consistent
with this interpretation and suggesting regulated internalization
of this fragment. Additional experimental approaches are needed
to further test this hypothesis.

Materials and Methods

Constructs

Constructs utilized HA-tagged (o) or untagged (8 and vy) vec-
tors containing inserts previously described.’® The cysteine
mutants were introduced at each location by conventional muta-
genesis (Genscript Inc.., Piscataway, NJ). These double cysteines
were placed to bracket the identified furin cleavage sites in a
ENaC; where the underlined sequence was replaced by cysteines
at «171VAGSRSRR and a201RRARSVA to a171CCGSRSRR
and a201RRARSCC. In y ENaC the sequences flanking the 2
cleavage sites at y135SRKRR and y178RKRKVGG were con-
verted to y135CCSRKRR (insertion) and y178RKRKVCC. A
third site at y202VG was converted to y202CC (see Fig. 1A).

Two adjacent cysteines are unfavorable to form a disulfide,”
and the use of double cysteines increases the likelihood of exter-
nal modification. The third site in y outside the identified cleav-
age tract was selected to determine if there are differences in
mutations immediately next to the terminal furin site and down-
stream from that. This was not possible in a due to the interfer-
ence with subdilisin’s cleavage which was a critical part of our

approach.

RNA

Purified DNA plasmids were linearized and then in vitro tran-
scribed with the T7 Ribomax Large Scale RNA Production Kit
(Promega, Madison, WI) using 5-fold excess of methylated GTP
Cap analog (New England Biolabs, Ipswich, MA). At the termi-
nation of the reaction, the contents were treated with DNAse I
(Promega) and purified by phenol/chloroform extraction and
ethanol precipitation. Capped RNA concentrations were initially
determined by UV spectroscopy and then validated by gel elec-
trophoresis and adjusted if necessary to assure identical concen-
trations were injected. cRNA for all constructs were injected at a
final concentration of 2.5 ng per oocyte.

Xenopus oocytes

Frogs were obtained from Xenopus Express (Brooksville, FL).
Oocytes were surgically excised from ovarian lobes of HCG pre-
injected frogs. Oocytes were defolliculated by digestion with type
1A collagenase (Sigma-Aldrich, St. Louis MO) in Ca’™" free OR2
medium.*® Following defoliculation, stage V and VI oocytes
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were selected and allowed to recover overnight in ND94
(94 mM NaCl, 1 mM MgCl,, 1.8 mM CaCl,, 2 mM KCl,
5 mM HEPES, pH 7.4) containing 1% of 10,000 U penicillin-
streptomycin (Mediatech, Corning NY) and 50 pg/ml amikacin
(MP Biomedicals, Solon OH) at 18°C. Oocytes were injected
with cRNAs for all 3 ENaC subunits. All recordings were carried
out 1-3 d post injection. Homogenization for SDS-PAGE/West-
ern Blot occurred 2-3 d post injection.

Two electrode voltage clamp

Measurement, calculation, and recording of oocyte membrane
conductance and capacitance were carried out as previously
described.?” In brief, oocytes were clamped to a holding potential
of 0 mV with a TEV-200 vage clamp (Dagan Instruments, Min-
neapolis MN) to eliminate voltage induced Na™ loading artifacts
and rundown. Slope conductance at the holding potential was
measured in 10s intervals and membrane conductance was calcu-
lated as previously described.”” Agar/AgCl electrodes were used
to protect against flow or redox caused artifacts as previously
described.”® The recording medium was identical to the storage
medium except for the absence of antibiotics. All experiments
utilized amiloride (Merck, Rahway NY) at 10 pM to assess the
whole cell ENaC component and the amiloride sensitive conduc-
tance; gna. All groups were recorded on all days to allow normali-
zation and intergroup comparisons.

Western blot

To account for inherent variations between oocytes from dif-
ferent frogs and batches of oocytes, Western Blots were carried
out 3-7 times and the data represent the summary of these
experiments. Western blots were carried out as described previ-
ously."” Briefly, 50 oocytes per group were biotinylated with EZ-
Link Sulfo-NHS-SS-Biotin (Thermo Scientific, Rockford IL) on
ice and then extensively washed and homogenized by a ground
glass homogenizer. Biotinylated membrane proteins were pulled
down with streptavidin-agarose beads (Thermo Scientific). To
release the bound proteins, samples were heated at 65°C for
20 minutes, spun down and loaded and separated by SDS-
PAGE and transferred to nitrocellulose membranes. Membranes
were probed with an anti-HA antibody (clone 3F10, Roche Life
Sciences, Indianapolis IN), or a previously described antibody
developed against an epitope in the 7y extracellular loop.*” Mem-
branes were visualized with enhanced chemiluminescence HRP
substrate (SuperSignal Dura West Extended Duration Substrate,
Thermo Scientific) in a gel documentation system (MP4000,
BioRad Hercules Ca) and analyzed with the included imaging
software (Image Lab).

Amidolytic assay

Subtilisin activity was assayed as previously described for other
ENaC substrates.” Briefly, peptides containing identified o and y
ENaC cleavage sites (RTAR, RKRR, RKRK) were synthesized and
coupled at their C-terminus to amino-methylcoumarin (Genscript
Inc..). The amide bond (peptide-coumarin) quenches coumarin’s
fluorescence and this is relieved by proteolysis at the terminal amino
acid. This reaction is assayed fluorometrically at an excitation/
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emission wavelength of 360/460 nm to yield cleavage reaction
velocities (V). Maximal or initial velocity (V ,,,) was determined at
37°C in a 96 well plate reader (Bio-Tek Instruments, Winooski,

V).

Reagents

TCEP was obtained from Gold Biotechnology (St. Louis,
MO). MTSEA and MTSES were obtained from Affymetrix

for 15 minutes.

and the MTS reagents at 1 mM. All treatments were done

Significance was determined at P < 0.05 by Student’s t-test or

one sample t-test as appropriate and as indicated in the figures.

(Santa Clara, CA). Proteases (subtilisin A type VIII from Bacillus
Licheniforms, and trypsin type I from bovine pancreas) were

obtained from Sigma-Aldrich (St. Louis, MO).

Protease and redox protocols
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ENaC expressing oocytes were treated with the serine pro-

tease subtilisin or trypsin at a concentration of 50 ng/ml for

15 minutes. The degree of activation was calculated as the

ratio of the amiloride sensitive conductance after and before
proteolysis. TCEP was used at 500 pM, H,O, at 10 mM
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