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Nay1.7, the neuronal voltage-gated sodium channel The C-terminal of Na, 1.7 is
isoform, plays an important role in the human body’s ability to feel ubiquitinated by NEDD4L
pain. Mutations within Nayl.7 have been linked to pain-related FLNEDDAL
synd}'omes, .suc'h as insensi'tivity to pain. To date, the regulation Ko - : fj
and internalization mechanisms of the Nay1.7 channel are not well COOH Pt U7 o 7
known at a biochemical level. In this study, we perform
biochemical and biophysical analyses that establish that the - -

HECT-type E3 ligase, NEDDA4L, ubiquitinates the cytoplasmic
C-terminal (CT) region of Nay1.7. Through in vitro ubiquitination
and mass spectrometry experiments, we identify, for the first time, :
the lysine residues of Nayl.7 within the CT region that get R
ubiquitinated. Furthermore, binding studies with an NEDD4L E3

ligase modulator (ubiquitin variant) highlight the dynamic

partnership between NEDD4L and Nay1.7. These investigations provide a framework for understanding how NEDD4L-dependent
regulation of the channel can influence the Nay1.7 function.

voltage-gated sodium channel, Nay1.7, SCN9A, pain, NEDD4L, NEDD4—2, E3 ligases
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divergence among all Nay isoforms and interacts with various
proteins that regulate Nay’s membrane localization and
density,”* such as the Ca?* binding protein, calmodulin
(CaM), and regulatory protein NEDD4L, a HECT family
ubiquitin E3 ligase (Figure 1A, green cylinders). Crystal
structures of NayCl isoforms show that the tail (residues
1773—1929 in Nay1.5 and 1594—1760 in Nay1.4) consists of an
EF-hand-like motif (five-helical bundle) followed by a long a-
helix that contains the CaM binding motif termed the IQ
(isoleucine and glutamine) motif.>>~*® The CT region of
Nay1.7 also contains the canonical NEDD4L PY binding motif
(PPSY, aa 1955—1958). The Nayl.7 PY sequence has been
shown to interact with domains that have two conserved
tryptophan residues, also called WW domains, which are present
in NEDD4L.”” Furthermore, NEDD4L has shown specific
activity via the PY motif for selective ubiquitination and
regulation of Nayl.7’s expression on the surface of peripheral
pain-sensing neurons.””>> This suggests that controlling the
expression of Nayl.7 at the membrane by NEDDA4L, in turn,

Voltage-gated sodium channels (Nays) are membrane proteins
that are responsible for the generation of the action potential in
excitable cells by regulating the transport of sodium ions.'~* Of
the nine Nay isoforms that differ in tissue distribution, Nay1.7 is
predominantly expressed in the peripheral nervous system.’
Nay1.7 contains an alpha-pore-forming transmembrane subunit,
which is associated with two auxiliary -subunits’ (Figure 1A,
blue and yellow cylinders). Channelopathic mutations in Nay1.7
have been shown to trigger pain mediation.”™® Specifically, loss-
of-function mutations result in insensitivity to pain, and gain-of-
function mutations give rise to pain hypersensitivity.”~

Due to being a key regulator in pain perception, Nay1.7 is a
highly desired target for drug discovery.'”'* To date, many
drugs have been designed for targeting Nay1.7 such as small
neurotoxins, like tetrodotoxin.'>'® Both cellular assessment and
structural analyses revealed that the neurotoxins bind the
extracellular alpha-pore-forming portion of the channel,
persuading it into a certain state, which alters its func-

tion,' 3117720 Unfortunately, these drugs lack sufficient target
engagement and result in off-target effects due to the lack of May 11, 2023 BIO&MED™
selectivity since most Nay channels share high sequence September 10, 2023 %

21 September 25, 2023

conservation of the alpha-pore-forming subunit.
October 13, 2023

One alternative for therapeutic intervention is to target a
region that is more isoform-selective. The Nay cytoplasmic
carboxyl-terminal (Nay“") tail has the greatest sequence
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Figure 1. Nay1.7 gets ubiquitinated in its C-terminal domain. (A) Scheme representation of the Nay1.7 topology. Each domain and transmembrane
helix are labeled accordingly. The cytoplasmic regions are shown as loops. The C-terminal of Nay1.7 is shown as green cylinders representing alpha-
helices as displayed in the crystallographic structures of other isoforms Nay1.4 and Nay1.5. The location of CaM is also highlighted in magenta. The
canonical NEDD4L PY binding motif is indicated at residues 1955—1958. The two auxiliary beta subunits (51 and 52) are shown in yellow. (B)
Scheme of the GST-fusion with a precision protease cleavage sequence construct of Nay 1.7 Tspanning residues 1761—1988 (green). Coexpression
was performed with full-length CaM (magenta). (C) In vitro ubiquitination time course of FLNEPP* in the absence and presence of the Nay1.7"-CaM
substrate. Equal amounts of sample were taken at the indicated time points and quenched with reducing loading buffer. The purified Nay1.7°*-CaM
protein is in the last lane. Unmodified FLNFPP* and Nay1.7°T substrate protein bands were quantified by a densitometry analysis as a function of time.
All assays were repeated at least twice with good reproducibility (n = 2). Gel is stained with colloidal Coomassie Blue. (D) Fluorescent Western blot
analysis of the in vitro ubiquitination assays as carried out in C using anti-ubiquitin (red) and anti-NEDDA4L (green) antibodies. (n = 2.) (E) Nay1.7°"
sequence coverage after band excision from the in vitro assay. Identified peptides are highlighted in shaded green regions. Bold, red lysine residue with a
yellow square above them indicate Ub-modification and the numbers in parentheses indicate total number of PSMs for each lysine identified from MS.
Lysine residues detected by MS but not modified with ubiquitin are highlighted in bold, white. The IQ region is highlighted in bold and a purple box;
the PY motif is bold and underlined. (F) Scheme of Nay1.7T"“*™ with the ubiquitinated lysine sites labeled with yellow squares based on location. (G)
Representative MS/MS spectrum and sequence coverage of the peptide containing a Ub-modification on Nay1.7°"-CaM Lys1930. Lower case k
indicates Ub-modification and lower case m indicates an oxidized methionine.
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could control the cell excitability. However, a deeper under-
standing of the biochemical mechanism of Nay1.7 ubiquitina-
tion, regulation, and internalization is needed.

This investigation examines the targeting of Nayl.7 by
NEDDA4L at the biochemical level. We determined the sites of
ubiquitination of Nayl.7 as well as the preferred ubiquitin
linkage type. We also revealed the response of the Nayl.7
channel to an NEDD4L modulator ubiquitin variant.

Sequence analysis of the full-length Nayl.7 (SCN94, Uniprot
Q15858) protein revealed a total of 134 lysine residues. The
majority of these lysine residues were located within the
cytoplasmic subunits or at the interface of the cell membrane
and cytoplasm. With this fact in mind and since the C-terminal
(CT) of Nay1.7 (Nay1.7°T) contains the NEDD4L binding PY
motif, we designed a construct of the Nay1.7" consisting of
residues 1761—1988 as a GST fusion to investigate its
ubiquitination (Figure 1A,B). Nay1.7°T was coexpressed and
purified in the presence of CaM (Nay1.7T-CaM) to increase its
stability, as was previously done for other Nay“" isoforms
(Figure 1B).”*** On sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), the Nay1.7°"-CaM 'substrate ran
with one band of Nay1.7°T around 37 kDa and another band of
CaM at 16 kDa (Figure 1C, Nay1.7"-CaM lane).

To investigate possible ubiquitination of the Nay1.7“"-CaM
substrate, in vitro ubiquitination assays were performed with
full-length NEDDA4L (FLN®PP* residues 1—975) and carried
out in the absence (autoubiquitination) and presence of the
Nay1.7T-CaM substrate. Colloidal Coomassie staining and
Western blot analysis were used to visualize ubiquitination, as
has been done previously with other NEDD4 E3 ligases.”> ™
Time points were determined accordingly to capture the optimal
ubiquitination activity. The autoubiquitination of FLNEPP*
displays a high-molecular-weight smear pattern >120 kDa
above the unmodified FLN*PP* protein, which increased over
90 min (Figure 1C, lanes 2—7). The smear pattern indicates
chains of multiple ubiquitin molecules (poly ubiquitination)
attached to FLNEPP#, The appearance of a band at ~16 kDa
suggests free diubiquitination chains. Addition of the Nay1.7¢"-
CaM substrate showed robust substrate ubiquitination with the
appearance of bands representative of different-length Ub-
chains attached to the Nay1.7°" band (Figure 1C, lanes 8—13).
Specifically, a band representative of +9 kDa (mono-Ub)
Nay1.7°T appears as early as 5 min, indicating a relatively quick
processing associated with the heterodimeric substrate (Figure
1C). By 90 min, there were multiple Nayl.7“""Ub chain
formations present including di-Ub (+18 kDa), tri-Ub (+27
kDa), and a poly ubiquitinated smear pattern (>+27 kDa)
(Figure 1C). Furthermore, we observed a decrease in the
unmodified Nay1.7" band as the reaction proceeded, indicating
the consumption of the free protein upon ubiquitination.
Importantly, Nay1.7°" ubiquitination was dependent on the
presence of FLN®PP# a5 displayed by +8 kDa bands after 1 min
and strengthening of that band as well as increasing ub-chain
lengths upon S, 10 min, etc. (Figure S1, lanes 8—15). In the
absence of FLNEPP*L b chain formation on Nay1.7°T did not
occur (Figure S1, lanes 2—7).

A mixture of Ub patterns of both FLN*PP* and Nay1.7°" was
also observed by Western blot analysis with anti-ubiquitin (red
channel) and anti-NEDD4L (green channel) antibodies.
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Particularly, the Nay1.7°T Ub pattern was mostly colocalized
with the free Ub chains observed in the autoubiquitination
reaction (Figures 1D and S2A, red channel). However, the area
between 70 and 120 kDa at 60 and 90 min displayed increased
smearing most likely attributed to Nay1.7°" ubiquitination since
it is not shown in its absence (Figures 1D and S1). Moreover, the
Western blot highlights that the presence of the Nay1.7“"-CaM
substrate correlates with less NEDD4L autoubiquitination (red
ubiquitin and green NEDD4L signal above 120 kDa was
observed as early as 10 min for FLN*PP* alone vs 30 min with
Nay1.7°T-CaM) (Figure S2).

Importantly, unmodified CaM (band at 16 kDa) did not
decrease over time, and no bands representative of CaM-
ubiquitination were observed. The absence of CaM ubiquitina-
tion was confirmed by a separate in vitro assay with only CaM
(Figure S3). These data revealed that the C-terminus of Nay1.7
was the substrate for NEDD4L-catalyzed ubiquitination.

To further evaluate Nay1.7 ubiquitination, we determined by
mass spectrometry the lysine sites on Nay1.7°T, which contained
a Ub-modification (displayed by Gly—Gly residues at the
ubiquitinated lysine residue post-tryptic digestion). Mono- and
di-Ub-Nay1.7¢T bands were excised from SDS-PAGE at 90 min
(Figure 1C) and processed by in-gel trypsin digestion and LC/
MS/MS analysis. Of the 21 lysine residues within Nay1.7°%, the
majority are located proximal to the IQ motif. MS analysis
revealed 83% sequence coverage of Nay1.7°" and identified 7
lysine residues with a Ub-modification (Lys1874, Lys188S,
Lys1887, Lys1910, Lys1918, Lys1929, and Lys1930) (Figures
1E—G and S4). Only 4 of the 21 lysine residues were not
represented in the MS coverage (Figure 1E, all identified lysines
are highlighted in white). The lysine residues with the highest
spectral count for Ub-modification were observed closest to the
PY motif (Figure 1E,F). Furthermore, no Gly—Gly addition was
observed on calmodulin in the LC/MS/MS analysis, further
highlighting that only Nay1.7°" was ubiquitinated.

To dissect the potential for Nayl.7’s cellular fate upon
ubiquitination, we assessed the ubiquitin chain linkage
assembled by FLNFPP* onto Nay1.7“T by both MS and
biochemical assays. The MS analysis was performed on the same
di-Ub excised band as that in Figure 1C (90 min). Ub-
modification was observed on 2 of the 7 lysine residues of
ubiquitin, Lys48"" and Lys63"", with the latter constituting 95%
of the total spectral counts (Figure 2A—C). This was expected
since many of the NEDD4 family E3 ligases have been shown to
facilitate Lys63-linkage.”> ™" To complement the LC/MS/MS
analysis, we performed in vitro ubiquitination assays with
mutated Ub proteins in the following situations: Lys48 mutated
to an arginine (Ub"**}), Lys63 mutated to an arginine (Ub*%*®)
and a double mutant where both Lys48 and Lys63 are mutated
to arginine residues (Ub***/¢3%). The Ub pattern of Nay1.7°7 in
the presence of Ub™T was similar to that seen in Figure 1C,D.
The ubiquitination pattern of Nay1.7°T in the presence of
UbX*® was comparable to that of the Ub"” protein (Figure 2D).
In contrast, an enhancement in the ubiquitination of Nay1.7°T
was observed when using both UBKSR and UBK4s/63R (Figure
2D). The unmodified Nay1.7°" protein was consumed 10—20%
more by 30 min in the presence of both Ub**® mutants. We also
observed more pronounced small Ub-chains, especially mono-
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Figure 2. Lys63-linked ubiquitin chains are assembled on Nay1.7°T. (A) LC/MS/MS sequence coverage of ubiquitin after di-Ub-Nay1.7°" band
excision from the in vitro assay. Identified peptides are highlighted in shaded, boxed gray regions. Bold, red letters with a yellow square above them are
the identified Lysine residues with ubiquitin chain formation. (B) Ubiquitin lysine chain linkage of Nayl.7°" modified by FLN!PP# in vitro
ubiquitination assay was analyzed by LC/MS/MS. The peptide spectrum matches of each ubiquitin Lysine residue seen with a Ub-modification is
represented as a pie graph. (C) Representative MS/MS spectrum and sequence coverage of the peptide containing a Ub-modified Lys63. Lower case k

indicates Ub-modification. (D) In vitro ubiquitination assays of Nay1.7"-CaM in the presence of Ub"T, Ub* K Ub¥e3R,

or UbM/@R Samples were

quenched with reducing 2X SDS-PAGE loading buffer at 0, 10, and 30 min, and the gel was stained with a colloidal Coomassie Blue stain. Unmodified
Nay1.7T bands were quantified by a densitometry analysis as a function of time. All assays were repeated at least twice with good reproducibility (n =

2).

and di-Ub of Nay1.7°%, with ubiquitin mutants that contained
K63R (Figure 2D). These results suggest that in the absence of
Lys63, FLNEPPHL ig defective in making long Lys63-linked
ubiquitin chains and easily turns to other lysine sites to produce
more mono- or diubiquitinated products.

While the ubiquitination assays showed NEDD4L activity for
ubiquitinating the Nay1.7°"-CaM complex, the biophysical
properties of the interaction of these two proteins are not
known. Previous studies had identified that the PY motif of the
Nay1.7°T (64 residues upstream from the C-terminus) bound
the WW3 and WW4 domains within a truncated version of
NEDDA4L.”® We designed a tandem WW3-WW4 domain
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construct of NEDD4L (residues aa 492—581), and the size
exclusion chromatography (SEC) profiles confirmed that
Nay1.7"-CaM made a stable complex with WW3-4NEPD4L
(1.4 mL shift to the left) (Figure SSA,B). To investigate
whether the binding properties of FLN*"*" would be affected,
we analyzed complex formation of equal parts Nay1.7"-CaM +
FLNEPPH by SEC. In the chromatogram profiles, there was no
additional peak or shift representative of a stable complex being
formed (no significant shift in the peak representative of
FLNEPP4L) (Figure S5C). SDS-PAGE gel of the Nay1.7°7-CaM
+ FLNEPP# QEC elution fractions showed that the peak at 11.1
mL contained mostly FLN*PP* and impurities (Figure SSD).
There was not as strong a shift as that observed with the short
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tandem WW3-WW4 domain construct, indicating that
Nay1.7°T-CaM and FLN*PP* do not form a stable complex
by themselves.

To determine the binding kinetics of the interaction, we
utilized surface plasmon resonance (SPR) to analyze the
dynamics between Nayl.7°T-CaM and FLNEPP4L TInitial
attempts using FLN*PP* a5 the ligand attached to the sensor
surface were unsuccessful; the full-length protein precipitated
during amine coupling. Therefore, we performed all further
experiments using Nay1.7"-CaM as the amine-coupled ligand
(Figure 3A). As a proof of concept, binding kinetics were carried
out using three concentrations (6.25, 100, and 400 nM) of the
injected analyte, FLNFPP*", The binding kinetic profile revealed
dose-dependent binding of FLN*PP* (Figure 3B). The data
were fit to a one-to-one binding model with a K, of 11.2 nM
(Figure 3B, Table S1).

Given the results from in vitro ubiquitination assays and binding
studies, as well as the fact that FLNEPP* i in an autoinhibited
state by itself, we hypothesized that FLNEPP# peeded to be in a
more active and physiological state in order to better interact
with Nay1.7T-CaM. Therefore, we sought to use a modulator of
E3 ligase activity to better understand this relationship. One
such modulator of NEDDA4L activity is the ubiquitin variant that
binds to the exosite of the HECT domain. The binding
interaction was suggested to be important for chain
processivity.”® The designed ubiquitin variants (UbvNL.1
and.2), which bind tightly to the NEDD4L HECT exosite,
have been shown to release the autoinhibition and push
NEDDA4L into an activated state, which could be needed for full
substrate recognition and binding.38

In order to enhance the activity of NEDD4L, we analyzed
equal parts FLN*PP# and UbvNL.1 using SEC to make a stable
FLNEPP4_UbyNL.1 complex (Figure SSE,F). The SDS-PAGE
gel of the FLNFPP* 4 UbvNL.1 SEC elution fractions showed
that the peak at 11.3 mL contained both the FLNFPP# and
UbvNL.1 proteins. Next, we incubated the FLNEPDA_{JhyNL.1
complex with Nay1.7°T-CaM. The SEC profile (solid gold line)
revealed there was a small shift (0.5 mL) in the peak
representing FLN*PP* and the SDS-PAGE supported the fact
that a stable FLN*PP*—UbvNL.1—Nay1.7T-CaM complex was
formed (Figure 3C,D). We further investigated the effect of
UbvNL.1 by SPR. In order to keep FLNEPP*in an activated state
throughout the experiment, we hypothesized that excess
UbvNL.1 needed to be present throughout the SPR experiment.
Previously, it had been shown that the K of UbvNL.1 binding
to FLNEPP was 10 nM.>® Therefore, we performed binding
kinetic experiments similar to that described above using an
analyte mixture of FLN*PP* and excess UbvNL.1 (100 nM)
(Figure 3E). The resulting kinetic profiles were similar to those
seen with Nayl.7°T-CaM + FLNEPP*: jn the absence of
UbvNL.1 (Figure 3B). However, the dissociation was slower
in the presence of UbvNL.1 (0.0255 1/s; Figure 3F, Table S1).
Moreover, the half-life of the Nayl.7T-CaM + FLNEPD4L
complex with UbvNL.1 was 9 times longer than without
UbvNL.1. Importantly, UbvNL.1 did not bind to Nay1.7°"-
CaM (Figure S6).

To investigate the effect of this interaction on Nayl.
ubiquitination, we performed an in vitro ubiquitination assay of
Nay1.7°T-CaM, catalyzed by FLN*PP* in the absence and
presence of UbvNL.1. We detected that UbvNL.1 activated the
autoubiquitination of FLNEDD4L similarly to previous reports of
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other NEDD4 family E3 ligases, where the unmodified FLN®PP#-
protein was consumed to a higher percentage at 90 min in the
presence of the modulator (46% unmodified NEDD4L in the
presence of UbvNL.1 vs 65% in the absence of UbvNL.1).* In
contrast to having a reduced amount of FLN*PP* protein upon
addition of UbvNL.1, the ubiquitination of Nay1.7°"-CaM was
still quite robust but did slightly decrease (Figure 3G, 38%
unmodified Nayl.7°" in the absence of UbvNL.l vs 354%
unmodified Nay1.7°" in the presence of UbvNL.1) (Figure 3G).
Together, these data suggest that the activated form of FLNEDD4L
by a ubiquitin variant was preferred for binding to Nay1.7°"-
CaM. However, since FLNEPP*L becomes activated, more
autoubiquitination occurs with FLN*PP* being consumed at a
faster rate, leaving less enzyme to perform substrate ubiquiti-
nation.

This study delves into the molecular interaction between the
voltage-gated sodium channel, Nay1.7, and the HECT E3 ligase,
NEDDA4L. While this partnership has been identified previously
by others®"*” and highlighted functionally by Deftu et al,*
there were gaps in the biochemical understanding of Nay1.7
regulation. We show that full-length NEDDA4L catalyzes the
ubiquitination of Nay1.7, specifically on a selective collection of
lysines within the C-terminal domain. We also show that a
modulator of the NEDD4L E3 ligase activity enhances E3—
substrate complex formation. Furthermore, we identified the
main ubiquitin chain type of Nayl.7 to be Lys63-linked
ubiquitination.

Since the PY motif of Nayl.7 is located on its C-terminal
domain, we had hypothesized that ubiquitination sites would be
located within that region. The locations of all identified Ub sites
are upstream of and in close proximity to the PY motif. Sequence
alignment of the nine Nay isoforms reveals that only two of the
identified ubiquitinated lysine residues are strictly conserved
(Figure S7, purple star). Three of the seven identified lysine
residues were mapped onto the cryoEM structure of human
Nay1.7 (PDB ID 7W9K), which had a portion of the visible
Nay1.7°T (Figure 4A).*" One lysine is located within the EF-
hand-like motif, and two are located at the beginning of the sixth
a helix, which contains the IQ motif. Barring structural
information on the rest of Nay1.7¢7, the locations of other
ubiquitinated lysine residues were mapped via structural
alignment of the Nayl.4, Nayl.5, and Nayl.6 channels C-
terminal region (Figure 4A) and using Nayl.S in different
calmodulin bound states (Figure 4B—D). Within the Nay1.5
isoform (PDB ID 40VN) structure with apo-calmodulin (no
Ca’ bound), one of the lysine residues, Lys1901, was located
directly at the binding interface between calmodulin and the IQ
motif (Figure 4B).”* Interestingly, in both the Nay1.5T-Ca*'-
bound CaM state (Figure 4C) and Nay1.5T-apo CaM with a
fibroblast growth factor 13 (FGF13) (Figure 4D), the same
lysine residue was no longer obstructed.””** Since our
ubiquitination assays and MS showed that calmodulin does
not get ubiquitinated by NEDDA4L, this analysis suggests that
calmodulin could be in a slightly different orientation or state to
that observed with the other known isoforms, potentially
affecting ubiquitination.

As mentioned, ubiquitination of the C-terminal domain had
been observed before.”” However, the previous study used a
shorter version of Nay1.7°", a construct that includes only the
last 64 C-terminus amino acids (aa 1923—1988).”” Our mass
spectrometry data highlight that residues Lys1929 and Lys1930
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Figure 3. Binding of Nay1.7°"-CaM to FLN*PP* js enhanced by a ubiquitin variant. (A) Scheme of the SPR binding kinetics between Nay1.7°"-CaM
and FLNEPP#: The ligand Nay1.7T-CaM was covalently attached to a CMS chip. The analyte, FLNEPP*L recognizes the PY motif of the Nay1.7°7
unstructured tail (black line). (B) FLN*"P* binding to Nay1.7¢7-CaM was evaluated by parallel kinetics. Each binding sensorgram at 6.25, 100, and
400 nM of FLNEPP® were fit with a one-to-one binding model. N = 2. (C) Size exclusion chromatogram profile for Nay1.7“*-CaM + FLNEPP4_
UbvNL.1 (solid gold line) showing a ~ 0.5 mL shift to the left of the FLNEPP*.—UbvNL.1 peak (dashed maroon line) indicating interaction and larger
molecular weight. Molecular weight standard (Biorad) is shown in gray. Bold numbers indicated each protein within the molecular weight standard: 1.
thyroglobulin, 2. y-globulin, 3. ovalbumin, 4. myoglobin, S. vitamin B12. (D) SDS-PAGE gel showing the elution fractions from (B). The FLNEPP4—
UbvNL.1-Nay1.7°"-CaM complex elutes are ~12 mL and excess Nay1.7°T-CaM elutes at 14 mL. (E) Scheme of the SPR binding kinetics as carried
out in (A) with the analyte being FLN*PP* + 100 nM of ubiquitin variant, UbyNL.1. (F) FLN!PP* 4 UbyNL.1 binding to Nayl.7"-CaM was
evaluated by parallel kinetics SPR. Each binding sensorgram at 6.25, 100, and 400 nM of FLNEPP4- - UbvNL.1 was fit with a one-to-one binding model.
N =2.(G) Invitro ubiquitination time course of Nay1.7°T-CaM in the absence and presence of UbvNL.1. Equal amounts of samples were taken at the

indicated time points and quenched with reducing loading buffer. Unmodified Nay1.7°" substrate band was quantified by a densitometry analysis as a
function of time. N = 2.

are highly ubiquitinated in vitro by NEDD4L. Interestingly, targeting. We have also identified Lys63-linked ubiquitination to

those two lysine residues were also present in the study using the be the predominant chain type of poly ubiquitination of Nay1.7.
shorter 64 amino acid construct, further highlighting the Lys63-linkage ubiquitin chains have been associated with
importance of these two lysine residues for ubiquitination and protein sorting and transportation.””** The Lys63-linked
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Figure 4. Mapping the locations of the ubiquitinated lysine residues of Nay1.7“""CaM by sequence and structural analysis. (A) CryoEM structure of
full-length human Nay1.7 (PDB ID 7W9K)™*' with a zoomed in view of the C-terminal domain (CTD). Nay1.7 is shown in forest green, the 1 subunit
in cyan, and the 32 subunit in orange. The position of the identified lysine residues of Nay1.7°7-CaM are shown in cyan sticks. (B) Structure of
Nay1.57 with apo-CaM (PDB ID 40VN).>* Nay1.5" is shown in green and apo-CaM in hot pink. The corresponding position of the identified lysine
residues of Nay1.7°T-CaM are shown in cyan sticks. (C) Structure of Nay1.5°T with calcium-bound CaM (PDB ID 6MUD)** structurally aligned to
(A). Similarly to (A), Nayl.5°T is shown in split pea and calcium-CaM in red. The corresponding positions of the identified lysine residues of
Nay1.7¢T-CaM are shown in cyan sticks. (D) Structure of Nay1.5T with apo-CaM and an FGF13 (PDB ID 4DCK)** structurally aligned to (A).
Similarly to (A), Nay1.5°T is shown in lime green, apo-CaM in dark red, and FGF13 in purple. The corresponding positions of the identified lysine

residues of Nay1.7°"-CaM are shown in cyan sticks.

ubiquitin chain on Nay1.7°T might control its membrane
association and internalization. Many of the identified
ubiquitinated residues lie within a region not resolved in any
known Nay structure, suggesting that they occur in dynamic,
more disordered segments. While it is also possible that other
cytoplasmic regions of Nayl.7 can be ubiquitinated by
NEDDA4L, the speed at which the C-terminal region gets
ubiquitinated in vitro suggests that this region may be
physiologically relevant for regulating NEDDA4L.

Generally, the ubiquitination of the Nay substrate lysine
residues relies on the ability of the E3 ligase to directly bind to
the C-terminal PY motif or be brought into the proximity of the
sodium channel. While our SEC experiments showed that the
Nay1.7"-CaM binds tandem NEDD4L WW domains, this
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interaction is not representative of the proteins in their
biologically relevant states. With NEDDA4L in its full-length
form, a stable complex could not be formed with Nay1.7°-
CaM, and the binding kinetics showed a weak affinity between
the two proteins. One possible explanation for these
observations is that in the full-length form, the NEDD4L WW
domains are not as accessible for substrate binding. However,
within the ubiquitination assays, Nay1.7“T-CaM gets robustly
ubiquitinated, suggesting that the dynamics of binding within
the reaction play a role in the overall activity.

One way to explore the mechanism of the ubiquitination
reaction is to investigate the effect of a modulator of NEDD4L, a
ubiquitin variant molecule binding to the HECT domain
exosite. To date, it has been shown that ubiquitin exosite binding
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can release the autoinhibition of NEDD4 family E3 ligases, in
turn activating the enzyme and pushing the enzyme into a
different conformation.’*** Our in vitro ubiquitination assays
support this. We observed an enhancement in NEDD4L
autoubiquitination in the presence of UbvNL.1, the ubiquitin
variant designed to bind the NEDDA4L exosite with high affinity
(Figure 3G). It is possible that the conformational change upon
ubiquitin exosite binding results in the rearrangement of the
NEDD4L WW domains, in turn making the WW domains more
accessible for binding to Nay1.7°T-CaM. This hypothesis is
supported by the increased stability between FLNEPP# and
Nay1.7°T-CaM observed in the presence of UbvNL.1 (Figure
3E,F). However, despite the enhanced interaction, the
ubiquitination of Nay1.7°"-CaM is slower upon the addition
of UbvNL.1. Since ubiquitin exosite binding releases auto-
inhibition of NEDD4 family E3 ligases, it is conceivable that
there could be an increase in autoubiquitination of NEDDA4L,
resulting in reduced unmodified enzyme present. Less NEDD4L
presence would result in less ubiquitination of the Nay1.7¢"-
CaM substrate. Taken together, our data highlight a fine-tuned
balance between activation of the E3 ligase and substrate
targeting.

Many of the mutations associated with pain are found within
the transmembrane domains of Nay1.7. However, to date, there
have been at least three SNP mutations that are found in the C-
terminal domain of Nayl.7. Two of these mutations
(Trp1775Arg, Leul831Term) are associated with congenital
insensitivity to pain (CIP) and the other with neuropathic pain
(Met1852Thr).* Nay1.7 mutations related to CIP are generally
loss-of-function mutations. Particularly intriguing is the
Leul831Term (Leul831X) truncating mutation. This deletion
mutation would remove a region of the C-terminal domain of
the channel with three important roles in its regulation: (1) the
IQ motif, which binds the regulatory protein calmodulin; (2) the
NEDDA4L PY binding motif; and (3) removal of all essential
lysine residues used for ubiquitination. Therefore, studies of
Nay1.7 regulation via ubiquitination could shed light on pain
phenotypes and provide a promising direction for the
therapeutic targeting of these channels.

Human ubiquitin-activating enzyme UBE1, human ubiquitin-conjugat-
ing enzyme UbcHSc, and the constructs for UbXR UbXSR and
UbX#¥/6R wyere a gift from Dr. Cynthia Wolberger, Johns Hopkins
University. The E1 and E2 enzymes were purified as described before.*®

cDNA sequence coding for Nay1.7°T (aa 1761—1988, Q15858) was
selected by ali§ning the sequences of Homo sapiens Nay1.7, Nay1.5T,>*
and Nay1.4™ and choosing the equivalent region to the one known to
crystallize. The selected Nay1.7°" sequence was then subcloned into
the pGEX6p-1 expression vector, which rendered a clone with N-
Terminal GST with a PreScission protease sequence (Genscript). DNA
sequence coding for calmodulin (CaM; aa 1-149, PODP23) was
subcloned into a pET24b expression vector.”* Both plasmids were
cotransformed into BL21-CodonPlus RIL E. coli cells. The transformed
cells were cultured in LB medium, supplemented with 100 pg/mL
carbenicillin, 50 y#g/mL kanamycin, and 25 ug/mL chloramphenicol, at
37 °C to reach the optimal density (ODgy = 0.8) on an 8 L scale.
Protein production was induced with 0.5 mM isopropyl thiogalactoside
(IPTG) and grown overnight at 18 °C for 20 h. Cells were harvested at
4000g, and the cell pellets were frozen at —80 °C.
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Upon thawing, the cells were resuspended in lysis buffer (1X
phosphate-buffered saline (PBS) pH 7.4, 300 mM NaCl and 5 mM
DTT) supplemented with 1% Triton X-100. Cells were lysed using a
microfluidizer (Microfluidics Corporation; model 110 Y), and the
lysates were clarified at 11,000 x rpm for 1 h. The supernatants were
incubated overnight with 3 mL of pre-equilibrated GSH-agarose.
Following overnight incubation, the cell Iysate was loaded onto a gravity
flow column. The beads with bound protein were washed with 1X PBS,
pH 7.5, 100 mM NaCl, and 1 mM DTT. The desired GST-tagged
NaV1.7CT_CaM complex was eluted using 1X PBS, 1 mM DTT, and 10
mM reduced glutathione at pH 8.0. The eluted fractions were
combined and dialyzed against a buffer consisting of 25 mM TRIS
HCI, pH 8.0, 50 mM NaCl, and 1 mM DTT. The protein was also
treated with the PreScission protease at 4 °C overnight to cleave the
GST tag. Afterward, the mixture of GST and cleaved proteins were
loaded onto a Source Q anion exchange column (Cytiva). Elution was
performed using the buffer 25 mM TRIS HCI, pH 8, and 1 mM DTT
and a step gradient of 50—500 mM NaCl. Fractions were analyzed by
SDS-PAGE and assessed for >98% purity. For in vitro and binding
assays, the purified Nay1.7“T"CaM protein was concentrated to ~2—4
mg/mL, flash frozen, and stored at —80 °C.

The pcDNA3.1(+) plasmid with the full-length NEDD4L human
sequence (amino acids 1—975; Q96PUS) was purchased from
Addgene. DNA sequence coding for the FLN*?P* (a2 1-975) and
WW34NEPDAL (33 492—-581) proteins were subcloned into the
PGEXG6p-1 expression vector and transformed into BL21-CodonPlus
RIL E. coli cells. The transformed cells were cultured in LB medium,
supplemented with 100 ug/mL carbenicillin and 25 ug/mL
chloramphenicol, at 37 °C to reach the optimal density (ODgyy =
0.8) on an 8 L scale. Protein production was induced with 0.5 mM
IPTG and grown overnight at 18 °C for 20 h. Cells were harvested at
4000g, and the cell pellets were frozen at —80 °C.

Upon thawing, the cells were resuspended in lysis buffer [25 mM N-
(2-hydroxyethyl)piperazine-N’-ethanesulfonic acid (HEPES) pH 7.5,
300 mM NaCl, 1 mM DTT] supplemented with 0.5% Triton X-100, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 1X Roche cocktail
protease inhibitors. Cells were lysed using a microfluidizer (Micro-
fluidics Corporation; model 110 Y), and the lysate was clarified at
11,000 X rpm for 1 h. The supernatant was loaded onto 3 mL of GSH-
agarose (pre-equilibrated with lysis buffer) using a gravity flow column,
followed by washing with 25 mM HEPES, pH 7.5, 300 mM NaCl, 1
mM DTT, and 0.1% Triton X-100. The desired GST-tagged FLNEDDAL
protein was eluted using 25 mM HEPES, 300 mM NaCl, 1 mM DTT,
and 20 mM reduced glutathione at pH 8.0. The eluted fractions were
combined and dialyzed against a buffer consisting of 25 mM HEPES,
pH 7.5, S0 mM NaCl, and 1 mM TCEP. The protein was also treated
with the PreScission protease at 4 °C overnight to cleave the GST tag.
Afterward, the mixture of GST and cleaved proteins were loaded onto a
Source Q anion exchange column (Cytiva). Elution was performed
using the buffer 25 mM HEPES, pH 7.5, 1 mM TCEP, and a step
gradient of S0—500 mM NaCl. Fractions were analyzed by SDS-PAGE
and assessed for >98% purity. For in vitro and binding assays, the
purified FLNEPP* was concentrated to ~2—4 mg/mL, flash-frozen, and
stored at —80 °C.

DNA sequences coding for human wild-type (WT) and lysine mutant
(K48R, K63R, and K48/63R) ubiquitin proteins were subcloned into
pET3a and transformed into BL21(DE3) E. coli cells. The transformed
cells were cultured in LB medium on a 2 L scale at 37 °C until an ODy,
= 0.6. Protein production was initiated by the addition of 0.5 mM IPTG
at 16 °C for 16 h. The cells were resuspended in 50 mM TRIS at pH 7.6,
10 mM MgCl,, 0.01% Triton X-100, and 1 mM PMSF and lysed via a
microfluidizer. The ubiquitin supernatants were collected, placed on
ice, and precipitated by dropwise addition of 70% v/v solution of
perchloric acid while stirring. Precipitation was stopped once reaching
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pH 4-35, and centrifugation was performed at 11,000 X rpm to separate
out the precipitate. The clarified supernatant was dialyzed against 50
mM ammonium sulfate at pH 4.5 overnight at 4 °C and then loaded
onto a Source S cation exchange column (Cytiva). Elution was
performed using a linear gradient with S00 mM NaCl in 50 mM
ammonium sulfate, pH 4.5. Relevant fractions were analyzed by SDS-
PAGE for 98% purity, pooled, and dialyzed into 20 mM HEPES, pH
7.5, 50 mM NaCl, and 0.5 mM DTT. For ubiquitination assays, purified
WT and lysine mutant ubiquitin proteins were concentrated to ~2—4
mg/mL.

The UbvNL.1 cDNA was synthesized through Integrated DNA
Technology and subcloned into a pGEX6p-2 plasmid vector and then
transformed into BL-21 Codon Plus RIL E. coli cells. The E. coli cells
were cultured in LB medium at 37 °C on a 2 L scale, and protein
production was initiated with 0.5 mM IPTG and grown overnight at 16
°C for 20 h. Collected cells were resuspended in lysis buffer (25 mM
HEPES, pH 7.5, 250 mM NaCl, 1 mM DTT) supplemented with 1X
cocktail protease inhibitor (Thermo Fisher) and 1 mM PMSF. Cells
were lysed using a microfluidizer, and the lysate was clarified at 11,000
X rpm for 1 h. The supernatant was loaded onto 3 mL of pre-
equilibrated GSH-agarose using a gravity flow column, followed by
washing with 25 mM HEPES, pH 7.5, 250 mM NaCl, 1 mM DTT, and
0.1% Triton X-100. The desired GST-tagged ubiquitin variant
UbvNL.1 was eluted using 25 mM HEPES, 300 mM NaCl, 1 mM
DTT, and 50 mM reduced glutathione at pH 8.0. The eluted fractions
were combined and dialyzed against a buffer consisting of 25 mM
HEPES, pH 7.5, 250 mM NaCl, and 1 mM DTT. The protein was
treated with the PreScission protease at 4 °C overnight to cleave the
GST tag. Afterward, SEC with a Superdex 75 Increase 10/300 GL
column (Cytiva) was used to further purify the protein in the running
buffer 25 mM HEPES, pH 7.5,250 mM NaCl, and 1 mM DTT. Purified
fractions (purity > 90%) were combined, concentrated, and stored at
—80 °C.

Calmodulin (CaM) was coexpressed with an N-terminal GST-tagged
C-Terminus domain of Nayl.5 (Nay1.5°T) in BL21(DE3) cells and
purified using a GST Sepharose column described by Srinivasan et al.
with minor modifications.*” Briefly, E. coli cells cotransformed with the
DNA sequence coding calmodulin (CaM; aa 1—149, PODP23),
Nay1.5T were cultured in LB medium at 37 °C on a 2 L scale, and
protein production was initiated with 1 mM IPTG and grown overnight
at 18 °C for 20 h. Collected cells were resuspended in lysis buffer (25
mM Tris—HCI, pH 8, 500 mM NaCl, S mM DTT, 1% Triton X-100)
with 1 mM PMSEF. The cells were lysed via a microfluidizer, and the
lysate was isolated by centrifugation at 11,000 rpm for 1 h. After 0.22
UM filtration, the lysate was incubated with 3 mL of 1X PBS buffer
equilibrated GST resin, made to flow through a gravity column, and
washed with 30 mL of 1X PBS with an additional 100 mM NaCl. A
sample of the wash fraction was analyzed by SDS-PAGE and judged to
be >95% free CaM, which was concentrated and stored at —80 °C.

SEC was performed to assess the formation of multiple complexes by
using purified proteins. For Figure SSA, Nayl.7°""CaM and
WW34NEPDAL (vere mixed in a 1:2 molar ratio, incubated overnight at
4 °C, and run using 25 mM HEPES, pH 7.5, 200 mM NaCl, and 1 mM
DTT on a Superdex 75 Increase 10/300 GL column (Cytiva,
29148721). The WW34NEPPH protein was run using 25 mM
HEPES, pH 7.5, 240 mM NaCl, and 1 mM TCEP on a Superdex 75
10/300 GL column (Cytiva). For Figure S5B, Nay1.7°T"CaM and
FLNEPP4L wvere mixed in a 1:1 molar ratio, incubated overnight at 4 °C,
and run using 25 mM HEPES, pH 7.5, 200 mM NaCl, and 1 mM DTT
on a Superdex 200 Increase 10/300 GL column (Cytiva, 28990944 ).
For Figure S5C, FLNEPP# and UbvNL.1 were mixed in a 1:1.5 molar
ratio, incubated overnight at 4 °C, and run using 25 mM HEPES, pH
7.5, 200 mM NaCl, and 1 mM TCEP on a Superdex 200 Increase 10/
300 GL column (Cytiva, 28990944). For Figure 3, Nay1.7°T~CaM and
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FLNEPPY_UUbyNL.1 were mixed in a 5:1 molar ratio, incubated
overnight at 4 °C, and run using 25 mM HEPES, pH 7.5, 200 mM NaCl,
and 1 mM TCEP on a Superdex 200 Increase 10/300 GL column
(Cytiva, 28990944 ). The Biorad gel filtration marker (1511901) was
used as the molecular weight standard. Chromatograms were exported
as Excel files, and analysis and plotting were configured in GraphPad
Prism (GraphPad Software, Inc.).

Nay,1.7¢T-CM ELNEPDAL - 4hd UbvNL.1 binding experiments were
performed at 25 °C using a Biacore 8 K and 1S+ SPR instrument
(Cytiva, Inc.). Approximately ~200—280 response units of
Nay1.7°T%M were captured in channels 1—8, using amine coupling.
Parallel binding kinetics was performed by injecting increasing
concentrations (6.25, 100, and 400 nM) of purified FLNEDD4L using
channels 1—4. Parallel binding kinetics with UbvNL.1 were performed
by injecting increasing concentrations (6.25, 100, and 400 nM) of
purified FLYPP* 4 100 nM UbvNL.1, using channels 5—8. Binding
responses for kinetic analysis were both blank-subtracted and reference-
subtracted.*® Both binding curves were fit with a 1:1 binding model by
using Biacore Insight evaluation software. The UbvNL.1 control was
performed similarly, with 100 nM UbvNL.1 made to flow over the
amine-coupled Nay1.7°7-CM,

In vitro ubiquitination assays were performed in a 1 mL microcentrifuge
tube at a total volume of 30 uL containing 50 nM El, 3 uM E2
(UbcHSc), 50 uM ubiquitin (Ub), 2.5 uM FLNEPPH protein, 5—10 uM
Nay1.7°T~“M substrate with 40 mM Tris—HC, pH 7.5, 50 mM NaCl,
0.5 mM TCEP, S mM ATP, and 5 mM MgCl,. The reactions were
initiated by the addition of E1 and carried out at 30 °C. The reactions
were quenched at the indicated time points with the addition of 2X
SDS-PAGE reducing loading buffer. The reaction samples were then
boiled for 5 min at 97 °C and loaded onto a 12% SDS-PAGE gel along
with a molecular weight marker (Thermo Scientific, PageRuler
Unstained Protein Ladder, 3 uL). The gels were analyzed using
colloidal Coomassie Blue staining following the manufacturer’s
protocol. Briefly, the SDS-PAGE gel was first primed for staining by
washing with a 50% ethanol/10% acetic acid solution for 10 min,
followed by washing with distilled water for S min. After priming, 100
mL of a staining solution containing 10% ammonium sulfate, 2%
phosphoric acid 85%, 5% CBB G-250, and 20% ethanol was added to
the SDS-PAGE and incubated overnight. After sufficient destaining, the
unmodified E3 protein bands, highlighted underneath each gel, were
quantified by using Image] densitometry and normalized to the zero
time points.

Protein samples from the in vitro ubiquitination assays were loaded on a
12% SDS-PAGE gel and transferred to a poly(vinylidene difluoride)
membrane using a Power Blotter dry-blotting system (Thermo Fisher
Scientific) for 10 min. The membranes were blocked with Intercept
(TBS) Blocking buffer (LiCOR) for 1 h at room temperature. Anti-
NEDDA4L (Cell Signaling #4013 1:2000 in 5% BSA) was diluted in
0.05% TBS-Tween-20 (TBS/T) and added to the membrane and
incubated at 4 °C overnight. After this, antiubiquitin (SCBT #sc-8017,
1:2000 dilution) was added to the 0.05% TBS-Tween-20-primary
antibody solution and incubated at room temperature for 1 h. The
membranes were then washed with TBS/T 4 X S min and probed with
IRDye antimouse 800 (ubiquitin) and antirabbit 680 (NEDD4L)
secondary antibodies at 1:10,000 dilution. The bands were detected on
a LiCOR Odyssey CLx. All assays were repeated on at least two
independent occasions, with replicates revealing results similar to the
data in the figures.

Ubiquitination sites of Nay1.7°7~“M were identified by tandem mass
spectrometry (MS/MS). Proteins were separated via SDS-PAGE and
visualized with colloidal Coomassie blue staining. Nay1.7¢7~“M.Ub
bands were excised, cut into 1 mm X 1 mm pieces, and dehydrated with
methanol for S min. All samples were reduced with DTT, alkylated with
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methyl methanethiolsulfonate (MMTS), and digested with trypsin
(Promega, 12.5 ng/uL in 40 L of 50 mM TEAB at 37 °C overnight*”).
Tryptic peptides were extracted with 50% acetonitrile and 0.1% TFA,
dried, reconstituted with 150 uL of 0.1% TFA in water, acidified, and
desalted on u-HLB Oasis plates (Waters). Desalted peptides were
analyzed by nano-LC/MS/MS on an Orbitrap Fusion Lumos (Thermo
Fisher) interfaced with an EASY LC 1000 system (Thermo Fisher).
Peptides were separated using reverse-phase chromatography at 300
nL/min, on 75 gm X 150 mm ProntoSIL-120—5-C18H columns of 3
um, 120 A (BISCHOFF) using 2—90% acetonitrile/0.1% FA gradient
(solvent B) over 86 min 4 A: 2 to 8% B by 1 min; 8 to 25% B by 61 min,
25 to 45% B by 81 min; and 100% acetonitrile by 86 min. Eluting
peptides were sprayed into an Orbitrap Fusion Lumos mass
spectrometer through a 1 ym emitter tip (New Objective) at 2.6 kV.
Survey scans (Full MS) were acquired between 370 and 1800 m/z at a
resolution 120 K, AGC target 4 X 10%, max inject time 60 ms, using
data-dependent acquisition of the top 15 ions with dynamic exclusion of
1S s. Precursor ions, individually isolated within 0.7 m/z, were
fragmented with higher energy collision dissociation (HCD) set to 32
and analyzed at a resolution of 30 K, ACG-predicted max inject time
118 ms, and 3 cycles.

Peptide and fragment ion masses were extracted from the raw mass
spectra in Proteome Discoverer (PD) software (v2.3, Thermo-
Scientific) and searched using PEAKS Studio Xpro (v. X,
Bioinformatics Solution Inc.) and Mascot (v2.6.2, Matrix Science,
London, UK) against three databases containing the human Sodium
channel protein type 9 subunit alpha (Uniprot: Q15858) and H. sapiens
WT ubiquitin C (Uniprot: L8B196). Specific search parameters were as
follows: precursor s/n 1.5, mass tolerance S ppm, fragment mass
tolerance 0.01 m/z, Lys ubiquitination (GlyGly), Met oxidation, Cys
carbamidomethylation, and Asn/Gln deamidation as variable mod-
ifications. Mascot files were sent to PD2.3 for PSM validation with
Percolator. All MS/MS spectra assigned to modified NaV1.7CT_CaM or
ubiquitin peptides were manually inspected, and the relative
abundances of the ubiquitin chain linkages and sites were determined
using spectral counting.

All mass spectrometry raw data have been deposited at iProX
Consortium and are publicly available as of the date of
publication (name of the data source or link).

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsbiomedche-
mau.3c00031.

SPR binding kinetics data of FLN*PP* for Na, 1.7"-CaM
in the absence and presence of UbvNL.l, in vitro
ubiquitination assay of Nay1.7°"-CaM in the absence
and presence of FLNEPDAL - fluorescent Western blot
detection of Nayl.7°T in vitro ubiquitination, in vitro
ubiquitination assay of FLN*PP*- jn the absence and
presence of CaM, representative MS/MS spectra and
sequence coverage of the Gly—Gly-modified Nay1.7¢"
peptides, protein—protein complex formation detected by
SEC, SPR binding sensorgram of excess UbvNL.1 to
Nay1.7°"-CaM, and sequence alignment of the CT region
of the nine Nay, isoforms (PDF)
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