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Genetic and functional studies have confirmed an important
role for the voltage-gated sodium channel Nav1.9 in human pain
disorders. However, low functional expression of Navl.9 in
heterologous systems (e.g. in human embryonic kidney 293
(HEK293) cells) has hampered studies of its biophysical and
pharmacological properties and the development of high-
throughput assays for drug development targeting this channel.
The mechanistic basis for the low level of Nav1.9 currents in
heterologous expression systems is not understood. Here, we
implemented a multidisciplinary approach to investigate the
mechanisms that govern functional Nav1.9 expression. Recom-
binant expression of a series of Navl.9-Nav1.7 C-terminal chi-
meras in HEK293 cells identified a 49-amino-acid-long motif in
the C terminus of the two channels that regulates expression
levels of these chimeras. We confirmed the critical role of this
motif in the context of a full-length channel chimera, Nav1.9-
Ct49aay,,, »» which displayed significantly increased current
density in HEK293 cells while largely retaining the characteris-
tic Nav1.9-gating properties. High-resolution live microscopy
indicated that the newly identified C-terminal motif dramati-
cally increases the number of channels on the plasma membrane
of HEK293 cells. Molecular modeling results suggested that this
motif is exposed on the cytoplasmic face of the folded C termi-
nus, where it might interact with other channel partners. These
findings reveal that a 49-residue-long motif in Nav1.9 regulates
channel trafficking to the plasma membrane.

Voltage-gated sodium channel 1.9 (Nav1.9),? first reported
to be preferentially expressed in small nociceptive neurons, dis-
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plays the most divergent amino acid (aa) sequence within the
Nav channel family (1) and has unique gating properties (2).
Nav1.9 produces a tetrodotoxin-resistant (TTX-R) current,
which is activated at voltages considerably more hyperpolar-
ized compared with other Nav channels and inactivates with
ultra-slow kinetics. This results in a large overlap window and a
significant persistent current, suggesting a threshold channel
role for Nav1.9 in action potential generation (3, 4).

Navl.9 is preferentially expressed in peripheral sensory and
myenteric neurons and is linked to human pain disorders,
including rare familial diseases and more common disorders,
such as some forms of small fiber neuropathy (5, 6). Gain-of-
function mutations in Na,,1.9 have been reported in patients
with early- and late-onset pain symptoms (7-9) and in syn-
dromes that include painless injuries (10 —12). Patients carrying
Navl1.9 mutations with pain syndromes and with painless inju-
ries reported gastrointestinal (GI) disturbances, consistent with
animal studies showing a role of Nav1.9 in intestinal contrac-
tion (13). Na,,1.9 has been found in submucosal plexuses in
normal human colon, and its expression is reduced in gangli-
onic tissue from patients with Hirschsprung’s disease (14), sup-
porting a contribution of Na,,1.9 in human GI tract function.
These findings have triggered a rise of interest in Nav1.9
as a potential target for new medications for pain and GI
disturbances.

Efforts to understand the molecular basis for Nav1.9 gating
properties and to develop high-throughput assays for drug
development have been hampered by the exceedingly low levels
of Nav1.9 current in heterologous expression systems (e.g. the
human embryonic kidney 293 (HEK293) cell line). Although
successful expression of Nav1.9 in DRG-derived ND7/23 (8, 10,
15) and HEK293 (16) cell lines has been recently reported, the
currents were still relatively small (=1 nA) and required special
cell culture and recording conditions that included co-transfec-
tion with sodium channel B-subunits, cell incubation at 30 °C,
and inclusion of GTP%S in the recording pipette. Another strat-
egy for boosting the expression of Nav1.9 was the use of chime-
ric channels in which the C terminus of Nav1.9 was exchanged

embryonic kidney 293 cells; aa, amino acid(s); Gl, gastrointestinal; GTP+S,
guanosine 5'-3-O-(thio)triphosphate; TAP, tandem affinity purification; Pr,
proximal; Md, middle; Ds, distal; AU, arbitrary units; ANOVA, analysis of vari-
ance; pF, picofarads; TIRF, total internal reflection fluorescence; BAD, biotin
acceptor domain; DRG, dorsal root ganglion; SCG, superior cervical ganglion;
BisTris, 2-[bis(2-hydroxyethyl)amino]-2-(hydroxymethyl)propane-1,3-diol.
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with that of the Nav1.4 channel, which resulted in enhanced
expression in ND7/23 and HEK293 cells as well as in Xenopus
oocytes; however, the biophysical properties of this chimeric
channel were dramatically altered compared with native Nav1.9
with significantly accelerated inactivation (17). The mechanisms
underlying the small currents produced by Nav1.9 channels in
these heterologous expression systems are not well-understood
and could include instability of the channel protein or impaired
trafficking to the plasma membrane in these cell types. To unravel
what limits the functional expression of Nav1.9 sodium channels
in heterologous expression systems, we implemented a multidis-
ciplinary study designed to identify molecular determinants gov-
erning functional expression of Nav1.9. We applied molecular
analysis, voltage-clamp recordings, high-resolution live imaging of
channel trafficking, and structural modeling and have identified a
49-aa motif in the Nav1.9 C terminus that regulates functional
expression of the channel in HEK293 cells.

Results

Low expression levels of the C terminus of Nav1.9 in HEK293
cells

To look for molecular determinants that regulate Nav1.9
expression, we focused on the C terminus because its exchange
with that of Nav1.4 increases current amplitude (17), similarly
to what we have previously shown for a Nav1.8-Nav1.4 chimera
(18). Our initial attempts were designed to use channel C ter-
minus proteins for affinity purification of cytosolic proteins
that might play a role in the delivery of the channels to the cell
surface. The C terminus of Nav1.9, Navl.7, Nav 1.6, or a full
GFP sequence (as a control) was subcloned between a myris-
toylation signal and a Strep/FLAG tag within a piggyBac shuttle
vector (Fig. 1A). The myristoylation signal (19) was added to
target these channel segments to the plasma membrane where
they are normally present. A Strep/FLAG tag was chosen
because it was previously shown to be very efficient in tandem
affinity purification (TAP) of protein complexes from mamma-
lian cells under native conditions (20, 21). A piggyBac trans-
poson system was reported to provide a highly efficient non-
random integration of large inserts with no overproduction
inhibition observed (22, 23), making this approach a method of
choice for our purpose, to purify enough protein partners to be
able to identify them by MS.

The DNA constructs (MS-Cty,,; -SF, MS-Cty,,1--SE,
MS-civavi6-SE, and MS-GFP-SF) were transfected into
HEK?293 cells, and total protein lysates were collected and sub-
jected to Western blotting using a FLAG antibody. Surprisingly,
only trace levels of Nav1.9 C terminus protein were detected,
whereas the other C termini as well as a control GFP were
robustly expressed (Fig. 1B). This result was reproducible using
either transient or stable transfection in HEK293 cells. Probing
for B-actin as a control confirmed comparable amounts of the
lysates that were loaded (Fig. 1B). A similarly low expression of
Nav1.9 C terminus was observed when ND7/23 cells were used
as an alternative heterologous expression system (data not
shown), indicating that this is not a cell background effect. The
exceedingly low levels of the Nav1.9 C terminus in the HEK293
cells preclude downstream implementation of a TAP/MS

1078 J. Biol. Chem. (2020) 295(4) 1077-1090

A MS-CtX-SF
B CtX (C terminus of a Nav or GFP control) ﬂ]

(Met)-C.Cys-Thr-Val-: - -Ala-Glu-Asp-Lys| [7517/1°"

signal

Strep/FLAG tag T e[| . Strepll - FLAG
B

C-terminus of Nav
GFP E 1.9 1.6 kDa

—40
- Ny
—30

BACtn S

Figure 1. Cterminus of Nav1.9is expressed atlow levelsin transiently trans-
fected HEK293 cells. A, schematic representation of the MS-Ct,-SF construct
showing location and composition of the myristoylation signal (green box, full
sequence included) and streptavidin-FLAG tag (light blue box with stripes). The C
terminus of a sodium channel (Cty) or a control full GFP sequence was inserted
in-frame between the myristoylation and SF tags (yellow). B, representative
Western blotting showing comparative expression levels of MS-Cty.,1.o-SF,
MS-Ctyayq.7-SF, and MS-Cty,; ¢-SF constructs as well as a control MS-GFP-SF.
Total protein extracts were run on a 4 -12% polyacrylamide gel, transferred to
a nitrocellulose membrane, and probed with FLAG (top) or B-actin (bottom)
antibodies. Lane E, a control transfection with an empty vector.

approach to identify protein partners that might regulate Nav1.9
channel trafficking. The C terminus of Nav1.9 (184 aa) is 47.8%
identical to that of Nav1.6 (211 aa) and 51.1% identical to Nav1.7
(225 aa). A closer look at the aligned sequences shows segments
that are highly conserved and other sequences that are isoform-
specific, which suggests that the difference in protein stability
might be regulated by the divergent sequences in Nav1.9.

A swap of a 49-amino acid motif between Nav1.7 and Nav1.9
is sufficient for rescuing expression of the Nav1.9 C terminus

To identify molecular determinants in the Nav1.9 C terminus
that are responsible for its low expression in HEK293 cells, we
created three C-terminal Nav1.9-Nav1.7 chimeras by using the
MS-Cty,.1 o-SF construct as a template and successively replacing
fragments of Nav1.9 with those of Navl.7. Sequences of Nav1.9
and Nav1.7 C termini were aligned and divided into three regions,
proximal (Pr), middle (Md), and distal (Ds) (Fig. 2, A and B). The Pr
(indigo rectangle; 52 amino acid residues) and Md (red rectangle;
49 amino acid residues) regions were almost identical in length
and degree of homology between Nav1.9 and Nav1.7 (the resulting
constructs were named constructs ChimPr and ChimMd, respec-
tively), whereas the Ds region (green rectangle; 74 amino acid res-
idues for Nav1.9 and 116 amino acid residues for Nav1.7) was con-
siderably less conserved and included isoform-specific sequences
(the resulting construct was named ChimDs). The three C-termi-
nal short chimera constructs were transiently transfected into
HEK293 cells, and the protein levels were analyzed by Western
blotting. Although both the ChimPr and ChimDs showed
improved protein levels, the ChimMd shows a dramatic increase
in expression compared with the native Nav1.9 C terminus and the
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Figure 2. Chimeric construct with a 49-amino acid swap between Nav1.7 and Nav1.9 is sufficient for rescuing expression of the Nav1.9 C terminus. A,
aa sequences of Nav1.7 and Nav1.9 C termini are aligned using DNASTAR Lasergene software; nonconserved residues in Nav1.9 are highlighted in red. Aligned
sequences were divided into three parts that contained divergent sequences separated by stretches of identical residues (region Pr (proximal) in blue, region
Md (middle) in pink, and region Ds (distal) in green). B, three chimeric constructs were created by replacing the three regions of the Nav1.9 C terminus (yellow)
with the corresponding sequences from the Nav1.7 C terminus. The 1.7Pr sequence (proximal 52 aa residues from Nav1.7 C terminus) is represented by a blue
rectangle; 1.7Md (middle 49 aa from Nav1.7 C terminus) is represented by a pink rectangle; and 1.7Ds (distal 116 aa from Nav1.7 C terminus) is represented by
agreen rectangle. C, representative Western blotting showing comparative expression of ChimPr, ChimMd, and ChimDs constructs. Total protein extracts were
probed with FLAG (top) or B-actin (bottom) antibodies. D, three chimeric constructs named ChimMd#1, ChimMd#2, and ChimMd#3 were created by replacing
three subregions of the 49-aa middle region of the Nav1.9 C terminus (yellow) with the corresponding sequences from Nav1.7 (Md#1, Md#2, and Md#3, red,
purple, and orange, respectively). E, representative Western blotting showing protein levels of ChimMd#1, ChimMd#2, and ChimMd#3 chimera. Total protein

extracts were probed with FLAG (top) or B-actin (bottom) antibodies.

two other chimera proteins (Fig. 2C). The 49-amino acid motif is
63% similar between Nav1.7 and Nav1.9, with 31 identical amino
acid residues.

In an attempt to further delineate the region responsible for
the improved expression of the Nav1.9 C terminus in HEK293
cells, we created a new set of C-terminal chimeras in which the
least conserved sequences within the 49-aa motif were swapped
with the corresponding sequences from the Nav1.7 C terminus.
Three small amino acid sequence stretches in the 49-aa Md
segment with the lowest homology between Nav1.9 and Nav1.7
were labeled Md#1, Md#2, and Md#3 (Fig. 2A4). These three
sequences were individually replaced in the MS-Cty,; o-SF
and were named ChimMd#1, ChimMd#2, and ChimMd#3,

SASBMB

respectively (Fig. 2D). Western blot analysis of the protein lev-
els of each of these chimera constructs showed improved
expression levels compared with the parent Nav1.9 C terminus
construct, but unlike the ChimMd construct (Fig. 2C), none
recovered expression of the Nav1.9 C terminus to a level com-
parable with that of the Nav1.7 C terminus (Fig. 2E). This result
suggests that the entire 49-aa motif may be necessary for Nav1.9
C terminus expression.

Increased levels of full-length Nav1.9-1.7Ct49aa chimera

We found that the exchange of the 49-amino acid motif
within the C-terminal part of Nav1.9 with the corresponding
sequence from Navl.7 substantially increased the protein level
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Figure 3. The reciprocal swapping of the 49-amino acid motif be-
tween Nav1.7 and Nav1.9 has only a minor effect on steady-state protein
level. A, schematic representation of the Nav1.9-Ct49aay,,,, and Nav1.7-
Ct49aay,y; o chimeric constructs showing approximate location of the 49-aa
residue swap between Nav1.9 and Nav1.7 in the context of full channel
sequences (green for Nav1.9, purple for Nav1.7) as well as the N-terminal
GFP-2A sequence (bright green rectangle). B, representative Western blotting
image showing protein levels of Nav1.9, Nav1.9-Cty,,; 5» Nav1.9-Ct49aay .1 -
Nav1.7,and Nav1.7-Ct49aay,, 1 o in transiently transfected HEK293 cells. Total
protein extracts were probed with pan-sodium channel (top) or B-actin (bot-
tom) antibodies. C, protein expression levels from three independent trans-
fections for each construct were quantified using ImagelLab software and
presented as mean = S.D. (error bars). A 2.2-fold higher protein level of Nav1.7
channel compared with Nav1.9 channel was observed (Nav1.9: 6.24 = 0.64
AU, n = 3; Nav1.7: 13.46 = 2.62 AU, n = 3, p < 0.05), by one-way ANOVA
(F(4,10) = 5.220, p = 0.0156), followed by Tukey’s post hoc analysis. Differ-
ences in protein levels of all of the other constructs were statistically
insignificant.

of the C terminus chimera protein in HEK293 cells. We tested
whether this same motif enhances the functional expression of
the channel. To answer this question, we created two new chime-
ras where the 49-amino acid motif was swapped between full-
length Nav1.9 and Nav1.7 channels. The resulting constructs were
called Nav1.9-Ct49aa,,,, > and Nav1.7-Ct49aay,, o, respectively
(Fig. 3A).

The level of protein expression was assessed for both chimera
constructs and compared with that of the parent Navl.9 and
Navl.7 channels. Western blotting of total protein lysates from
transiently transfected HEK293 cells (Fig. 3B) showed that pro-
tein level of the parent Nav1.7 channel is higher than that of all
of the other constructs. Quantitation of the protein signal from
three independent transfections shows a 2.2-fold higher pro-
tein level of Navl.7 channel compared with Nav1.9 channel
(Nav1.9:6.24 = 0.64 AU, n = 3; Nav1.7:13.46 = 2.62 AU,n = 3,
by one-way ANOVA (E(4, 10) = 5.220, p = 0.0156, followed by
Tukey’s post hoc analysis). Differences in protein levels of all of
the other constructs were insignificant. However, a trend of
increased expression in the case of Nav1.9-Ct49aa,,,, , com-
pared with Nav1.9 and decreased expression in the case of
Navl.7-Ct49aay,,, o compared with Nav1.7 is worth noting.

Using voltage-clamp recordings, we compared biophysical
properties of the chimeric channels with the corresponding
parent channel. HEK293 cells were transiently transfected with
human Nav1.9 channel (Fig. 4A) or its C-terminal chimera con-
structs: Nav1.9-Cty,.; » (Fig. 4B) and Nav1.9-Ct49aa,,,, - (Fig.
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Figure 4. The 49-aa motif in the C terminus increases Nav1.9 current
amplitude in HEK293 cells. A-F, representative current traces recorded from
HEK293 cells expressing either Nav1.9 (A, green), Nav1.9-Cty,, , (B, orange),
Nav1.9-Ct49aay,, 7 (C, navy blue), Nav1.7 (E, red), or Nav1.7-Ct49aaNav1.9 (F,
magenta). Current traces recorded from HEK293 cells expressing Nav1.9-
Ct49aay,,;» and demonstrating ultra-slow inactivation kinetics and large
persistent current (in ~20% HEK293 cells) similar to the parent Nav1.9 current
are shown separately (D, light blue). G, comparison of current density among
Nav1.9 (n = 15),Nav1.7 (n = 11), and chimera Nav1.7-Ct49aaNav1.9 (n = 10).
H, comparison of current density among Nav1.9 (n = 15), Nav1.9-Cty,,,, (n =
8), and Nav1.9-Ct49aay,, , (n = 7) channels. Error bars, S.E. Statistical signifi-
cance is indicated by asterisks: *, p < 0.05; **, p < 0.01; ***, p < 0.001, by
one-way ANOVA followed by Tukey’'s multiple-comparison test. ns, not
significant.

4C, representative traces of recordings). Fig. 4D shows traces
with Navl.9-characteristic ultra-slow inactivation that were
recorded from ~20% of HEK293 cells transfected with the
Nav1.9-Ct49aay,,; » chimera. Voltage-clamp characterization
was performed after expressing the channels at 30 °C for 96 h
post-transfection. In addition, Nav1.7 channel (Fig. 4E) and the
chimera in which the reciprocal 49-amino acid motif of Nav1.7
was replaced by that of Nav1.9 (Navl.7-Ct49aay,,, o) (Fig. 4F)
were also examined. The human Nav1.9 channel produces a
very small current in HEK293 cells, compared with human
Navl.7 (Fig. 4G). The current density of Nav1.9 channel is 130-
fold lower than that of Nav1.7 channels (Nav1.9: 4.07 = 0.66
pA/pE, n = 15; Nav1.7: 542 + 148 pA/pF, n = 11; p < 0.001,
one-way ANOVA, followed by Tukey’s post hoc analysis) (Fig.
4@). Replacing the entire C terminus of Nav1.9 with the C ter-
minus of Navl.7 channel increased current density 6-fold
(Nav1.9-Cty,y1 7 24.8 £ 4.5 pA/pF, n = 8; p < 0.0001, one-way
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Figure 5. The C terminus of Nav1.9 modulates voltage-dependence of
steady-state fast-inactivation but not activation. Boltzmann fits of voltage
dependence of activation (A) and steady-state fast inactivation (B) for WT
Nav1.9 and Nav1.7 channels and their chimeras. C, comparison of midpoint
voltage of activation (Vi,,5.) among all tested channels showing no differ-
encein chimeric channels Nav1.9-Cty,,, , (n = 8), Nav1.9-Ct49aay,,,  (n = 7),
and Nav1.7-Ct49aaNav1.9 (n = 10), compared with parent channels Nav1.9
(n = 4) and Nav1.7 (n = 10). D, comparison of midpoint voltage of fast inac-
tivation (V1 ,;h.c) @among all tested channels (Nav1.9-Cty,,; ; (n = 8); Nav1.9-
Ct49aan,yq7 (n = 7); Nav1.7-Ct49aaNav1.9 (n = 10); Nav1.9 (n = 4); Nav1.7
(n =10)). Error bars, S.E. Statistical significance is indicated by asterisks: *, p <
0.05; **, p < 0.01; *** p < 0.001, by one-way ANOVA followed by Tukey's
multiple-comparison test. ns, not significant.

ANOVA, followed by Tukey’s post hoc analysis) (Fig. 4H).
More importantly, replacing the 49-amino acid stretch alone
is sufficient to increase the expression of Navl.9 (Navl.9-
Ctd49aay,,, ,: 16.8 = 3.8 pA/pF, n = 7; p < 0.01, one-way
ANOVA, followed by Tukey’s post hoc analysis) (Fig. 4H); there
was no statistically significant difference in current density
between Nav1.9-Ct,,,,, and Nav1.9-Ct49aa,,,,, chimera
(p = 0.160) (Fig. 4H). By contrast, the reciprocal chimera of
Nav1.7 channel in which the 49-amino acid motif in the C ter-
minus was substituted by that of Nav1.9 channel produces
smaller currents than the parent Navl.7 channel (Navl.7:
542 * 148 pA/pF, n = 11; Navl.7-Ctd9aa,,,; o 199 £ 22
pA/pE, n = 10; p < 0.05) (Fig. 4, E-G).

Voltage dependence of activation (Fig. 54) and steady-state
fast inactivation (Fig. 5B) were analyzed by fitting data to a
Boltzmann function (Fig. 5, A and B). Neither of the two Nav1.9
chimeras, Nav1.9-Cty,,,;, or Navl.9-Ct49aa,,,,,, showed
altered midpoint voltage of activation (Viy,..), compared with
the parent Nav1.9 channel (Navl.9: —56.6 = 2.5 mV, n = 4;
Nav1.9-Cty,., - —632 * 2.9 mV, n = 8, p = 0.256; Navl.9-
Ct49aay,,1 7 —65.3 £1.9mV,n =7, p = 0.118) (Fig. 5C). The
voltage dependence of activation is not statistically significantly
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different between the two Nav1.9 chimeras either (p = 0.813)
(Fig. 5C). Swapping the 49-amino acid stretch in the Navl.7
channel also preserves the channel’s voltage dependence of
activation (Navl.7: —26.2 = 2.1 mV, n = 10; Navl.7-
Ct49aay,,, o: —22.7 = 1.6 mV, n = 10, p = 0.207) (Fig. 5C).

The C termini of Nav1.9 and Nav1.7 channels have a more
profound impact on steady-state fast inactivation. When the
entire C terminus of the Nav1.9 channel was replaced by that
from the Nav1.7 channel (Nav1.9-Ct,; ), the Vi, . . voltage
dependence of fast inactivation as reflected by the voltage for
half-inactivation (Vig,...) was hyperpolarized by 31.2 mV
(Nav1.9: —58.1 + 6.8 mV, 1 = 4; Nav1.9-Ct,., - —89.3 * 1.8
mV, n = 5; p < 0.01, one-way ANOVA, followed by Tukey’s
post hoc analysis) (Fig. 5D), bringing it close to that of parent
Nav1.7 channels (Nav1.7: —83.3 = 2.4 mV, n = 9). This deep
hyperpolarization of the V... was partially rescued when
only the 49-amino acid motif was swapped (Nav1.9-Cty,,;
—89.3 £ 1.8 mV, n = 5; Nav1.9-Ct49aay,,, - —76.3 = 2.8 mV,
n =6, p < 0.01) (Fig. 5D); note that recordings that are repre-
sented in Fig. 4C were used for this analysis. Similarly, the 49-aa
motif of Nav1.9 channel significantly depolarized Vi, . of
Navl.7 channel (Navl.7: —83.3 * 2.4 mV, n = 9; Navl.7-
Ct49aay;,,; o —60.9 = 2.4 mV, n = 10, p < 0.0001) (Fig. 5D).

The WT Nav1.9 channel is known for its characteristic ultra-
slow inactivation, which results in a marked persistent current.
We therefore examined the effect of the 49-amino acid stretch
on the kinetics of open-state inactivation as well as the persis-
tent current. Nav1.9-Ct49aa,,,,, decelerated inactivation,
compared with Nav1.9-Ct,,, -, (Fig. 64). The 49-aa motif from
Navl.9 markedly slowed down the inactivation of the
Navl.749aay,,; o channel (Fig. 6B). The normalized level of
persistent current (percentage of total current) of Nav1.9 chan-
nel was significantly reduced after its C terminus was replaced
by that from Navl.7 channel (Nav1.9: 57.1 = 7.1%, n = 4;
Nav1.9-Cty,, ,: 11.8 = 2.6%, n = 8; p < 0.0001) (Fig. 6C). In the
Navl.9 chimeric channel where only the 49-aa motif was
altered, the magnitude of the persistent current was partially
restored toward that of the WT Navl.9 channel (Navl.9-
Ct49aay,,, » 20.1 £ 6.0 mV, n = 7) (Fig. 6C). However, the
average persistent current in Nav1.9-Ct49aa,,,, chimeric
channel is less than that of the WT Navl.9 channel (p =
5.95E—7) (Fig. 6C). It is notable that we found that Nav1.9-
Ct49aa,,, » produced currents in some HEK293 cells (~20%)
with ultra-slow inactivation and with persistent currents as
large as the WT Nav1.9 channel (Fig. 4D). As for Nav1.7 chan-
nel, the exchange of the 49-aa motif with that of Nav1.9 has
little effect on the persistent current (Nav1.7: 2.36 % 0.74%, n =
11; Navl.7-Ct49aaNav1.9: 3.82 * 0.69%, n = 10; p = 0.995)
(Fig. 6C).

The 49-aa motif from Nav1.7 enhances the number of Nav1.9
channels at the cell surface

The data in Fig. 4 show that the Nav1.9 current density is
130-fold lower than that of Nav1.7 channels in HEK293 cells,
which cannot be explained by the 2.5-fold reduction in the
Nav1.9 protein levels, compared with Nav1.7 channels (Fig. 3),
in these cells. Alternative explanations include impaired deliv-
ery of Nav1.9 channels to the cell surface or an alteration of
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Figure 6. The effect of the 49-aa motif on kinetics of open-state fast inac-
tivation and persistent current. A, time constants of open-state fast inacti-
vation for Nav1.9-Cty,, ; (orange, n = 8) and Nav1.9-Ct49aay,,, , (blue, n =
7). B, time constants of open-state fast inactivation were compared between
Nav1.7 (n = 11) and Nav1.7-Ct49aay 1 o (n = 10). C, comparison of persistent
current, normalized to the peak current, among all channels tested (Nav1.9-
Ctnavi N = 8; Nav1.9-Ct49aay,,; - N = 7; Nav1.9 (n = 4); Nav1.7 (n = 11);
Nav1.7-Ct49aay,, .o (n = 10)). Error bars, S.E. ***, statistical significance with
p < 0.001. ns, not significant.

single channel conductance, which could be regulated by post-
translational modification that may occur at the plasma mem-
brane, including an interaction with channel partners. To
assess the number of Nav1.9 channels on the plasma membrane
in transiently transfected HEK293 cells, we used a signal quan-
tification approach based on total internal reflection fluores-
cence (TIRF) microscopy of Nav channels (24).

We engineered a Nav1.9 construct with a biotin acceptor
domain (BAD) sequence inserted within the S1-S2 extracellular
loop of the domain IV (Fig. 7A). This location is not known to
substantially alter properties of Nav1.6 (24) and Navl.7 (25)
channels that have been tagged in a similar manner. The BAD is
recognized by a bacterial biotin ligase that is co-transfected
with the channel and results in biotinylation of the acceptor
lysine residue within this sequence (26). Because the BAD
domain is in an extracellular loop, we can selectively label chan-
nels on the cell surface with a far-red streptavidin-conjugated
fluorophore (SA-C640F fluorophore). We also added a GFP tag
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Figure 7. Nav1.9-BAD-GFP channels produce currents comparable with
untagged Nav1.9 channels. A, schematic representation of the Nav1.9-BAD-
GFP construct showing locations of the BAD (orange loop) and the C-terminal
GFP tag (green star). The BAD domain is biotinylated by a co-transfected bac-
terial biotin ligase, BirA, which allows channel detection using a streptavidin-
conjugated fluorophore CF-640R (red star). B, representative current traces
recorded from superior cervical ganglion neurons expressing either Nav1.9
(green) or Nav1.9-BAD-GFP (gray). C, comparison of voltage dependence of
activation for Nav1.9 (green, n = 9) and Nav1.9-BAD-GFP (gray, n = 8) chan-
nels. D, comparison of voltage dependence of steady-state fast inactivation
for Nav1.9 (green, n = 9) or Nav1.9-BAD-GFP (gray, n = 8) channels. Error bars,
S.E.

to the C terminus of the Nav1.9-BAD construct to monitor total
protein levels within the cell. This allowed us to observe total
expression of Navl.9 in the green fluorescence channel,
whereas the far-red fluorescence was used to monitor channel
presence at the cell surface.

We have previously shown that Venus-Nav1.7-BAD chan-
nels produce currents that have properties similar to those of
untagged channels and that they are trafficked to the cell sur-
face in HEK293 cells and in DRG neuron (25). We characterized
properties of the Navl.9-BAD-Venus channel construct in
superior cervical ganglion (SCG) neurons by voltage clamp.
SCG neurons were isolated from 0-5-day postnatal Sprague—
Dawley rats, transfected with either Nav1.9 or Nav1.9-BAD-
GFP constructs, and cultured at 37 °C for 48 —72 h post-trans-
fection before voltage-clamp recordings. SCG neurons were
used because they do not express endogenous TTX-R channels
(27); thus, the properties of Nav1.9 channels can be studied in
isolation by blocking the TTX-S channels with 1 um TTX.
Recordings of the Nav1.9 current in SCG neurons (Fig. 7) show
that voltage dependence of activation and inactivation are com-
parable for untagged Nav1l.9 channels and the Nav1.9-BAD-
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Table 1

Summary of Nav1.9 and Nav1.9-BAD-GFP electrophysiological properties

Voltage dependence of activation

Voltage dependence of inactivation

Peak current density Vi, k Vi, k
PA/pF mV mV
Nav1.9 101.95 = 37.78 —47.46 * 0.58 10.12 = 0.35 (n = 14) —41.75 * 1.24 8.14 * 0.69 (1 = 9)
Nav1.9-BAD-GFP 46.81 = 12.67 —50.60 * 0.47 11.27 = 0.44 (n = 7) —40.98 *+ 0.87 8.45 * 0.74 (n = 8)
GFP channels. Although the current density of the Navl.9- A oSN e e TSRS B
BAD-GFP channel was reduced compared with the untagged ;. ST RSTERTE : 15 *
channel, this difference did not reach statistical significance : ‘ 2o o|®
(Fig. 7, B-E) (Table 1). Thus, the Nav1.9-BAD-GFP was consid- ~ ,,, -’ - - ’ g g 1.0
ered to be suitable for use in trafficking studies. g = : o
Venus-Nav1.7-BAD and Nav1.9-BAD-GFP constructs were 20 gi 05 _9}
transiently transfected into HEK293 cells, and the protein level =
was assessed by Western blotting (Fig. 84). Three independent :8 — o 00 (8' o
transfections of different batches of HEK293 cells were per- ,  —aemem o ‘79'6 \,.\fb‘r
formed to control for batch-to-batch differences in cultured K . e’o&

cells. Similar to what we observed in the case of unmodified
channels, a 3.1-fold difference in steady-state protein level was
observed between Venus-Nav1l.7-BAD and Nav1.9-BAD-GFP
constructs (Nav1.9-BAD-GFP: 0.32 * 0.10 AU, n = 3; Venus-
Nav1.7-BAD constructs: 1.00 * 0.36 AU, p < 0.05, by unpaired
t test). Thus, no marked influence of BAD domain insertion on
channel expression was observed. To clarify the role of the
49-aa motif in increasing Nav1.9 current density, a chimeric
construct Nav1.9-BAD-Ct49aa,,,, ,-GFP was created.

To measure surface expression, all three BAD-carrying con-
structs (Navl.9-BAD-GFP, Venus-Navl.7-BAD, and Navl.9-
BAD-Ct49aa,,,; ,-GFP) were individually transfected into
HEK293 cells, and resulting cells were incubated at 30 °C for
48 -72 h post-transfection. Cells were surface-labeled with
the far-red SA-CF640R ligand and then imaged using TIRF
microscopy. Cells were selected for imaging by confirming
that their basal membrane was within the TIRF evanescence
field based on the Venus or GFP fluorescence. The surface
expression was determined by quantifying the SA-CF640
signal on the basal membrane of each cell (Fig. 94). A cell
outline was determined using a green fluorescence image,
whereas cell quality (single cells lying flat with well-defined
borders) was assessed using the bright field image. In the
far-red fluorescence image, the signal was measured within
the determined cell outline (main signal, white dotted shape)
as well as immediately outside of it (background). Cell sur-
face fluorescence intensity was quantified by subtracting
background from the main signal. Time-lapse imaging was
used to confirm the characteristic movement of single chan-
nels diffusing within the plasma membrane, which allows
labeled channels to be distinguished from background arti-
facts (Movies S1-S3). Data from 30 cells per construct were
used for quantitative analysis of surface channels.

Histograms of the fluorescence intensity of SA-CF640R-
labeled channels Venus-Nav1.7-BAD, Nav1.9-BAD-GFP, and
Nav1l.9-BAD-Ct49aa,,,, ,-GFP on the surface of transiently
transfected HEK293 cells are presented in Fig. 9B. Sparse
Nav1.9 channels (Navl.9-BAD-GFP) were registered on the
surface of most HEK293 cells, although there were a few rare
cells (<10%) that showed considerable surface expression. This
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Figure 8. Steady-state protein levels of Nav1.9-BAD-GFP and Venus-
Nav1.7-BAD in transiently transfected HEK293 cells. A, Western blotting
of cell lysate of HEK293 cells transfected with either Nav1.9-BAD-GFP or
Venus-Nav1.7-BAD. The blot was probed with pan-sodium channel (top) or
B-actin (bottom) antibodies. Three independent transfections of different
batches of HEK293 cells were analyzed: lanes 1-3 (Nav1.9-BAD-GFP) and lanes
4-6 (Venus-Nav1.7-BAD). B, protein expression levels were quantified using
ImageLab software and presented as mean = S.D. (error bars). A 3.1-fold dif-
ference was observed in protein expression between Nav1.9-BAD-GFP
(0.32 = 0.10 AU; n = 3) and Venus-Nav1.7-BAD constructs (1.00 = 0.36 AU;
n = 3), p < 0.05. Significance was determined using a two-tailed unpaired t
test.

observation is in agreement with a very small amplitude of
Navl.9 current in this heterologous system. In contrast, large
numbers of Nav1.7 channels (Venus-Navl.7-BAD construct)
were observed on the surface of HEK293, in agreement with the
big amplitude of this channel (Fig. 4, compare A and E). Signal
from the chimera Nav1.9-BAD-Ct49aay,,, ,-GFP reflects an
intermediate level of surface expression compared with the two
other constructs, showing that the 49-aa motif from Navl.7
significantly improves Nav1.9 channel surface expression. The
distributions have a mean of 249 * 38 AU, n = 30 for Nav1.9-
BAD-GFP, 658 * 64 AU, n = 30 for Nav1.9-BAD-Ct49aa,,,; -~
GFP, and 1156 * 100 AU, n = 30 for Venus-Nav1.7-BAD con-
struct (one-way ANOVA (F(2,87) = 9.769, p = 0.0001)
followed by Tukey’s multiple-comparison test: p < 0.0001
for Venus-Nav1.7-BAD versus Nav1.9-BAD-GFP; p < 0.0001 for
Venus-Nav1.7-BAD versus Navl.9-BAD-Ct49aa,,,, ,-GFP com-
parison; and p < 0.001 for Nav1.9-BAD-GFP versus Nav1.9-BAD-
Ct49aay,,, ,~GFP comparison).

The 49-aa motif is exposed at the cytosolic interface of the C
terminus within the Nav1.9-Ct49aa,,,,, , chimeric channel

The increase in the number of Nav1.9-BAD-Ct49aa,,, -
GFP channels at the cell surface, compared with the parent
Nav1.9-BAD-GEFP channel, suggests that the 49-aa motif might
be engaged in channel trafficking to the plasma membrane or in
increasing the stability of the channels at the cell surface.
Knowing the extent of exposure of a particular amino acid motif
at the surface of a protein structure is important to infer the
probability for this particular motif to engage with protein part-
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Figure 9. Imaging of Nav1.9 and Nav1.7 channels at the cell surface in
HEK293 cells. A, representative TIRF images (green, 488-nm laser, first column
of images; red, 647-nm laser, second column) of HEK293 cells transfected with
any of the three constructs Venus-Nav1.7-BAD, Nav1.9-BAD-GFP, and Nav1.9-
BAD-Ct49aay,y; ,-GFP. The third column shows X 10 magnified areas (insets
marked by a square) within images from the second column. B, histograms of
surface fluorescence intensity of SA-CF-640R-labeled Nav1.9-BAD-GFP
(green), Nav1.9-BAD-Ct49aay,,, ,-GFP (blue), and Venus-Nav1.7-BAD (purple)
channels on HEK293 cell surface. Solid green, blue, and purple lines are fits to
the histogram distribution of the Nav1.9-BAD-GFP and Venus-Nav1.7-BAD
constructs, respectively, with a mean value of 249 = 38 AU, n = 30 for Nav1.9-
BAD-GFP; 658 =+ 64 AU, n = 30 for Nav1.9-BAD-Ct49aay,,; ,-GFP; and 1156 =
100 AU, n = 30 for the Venus-Nav1.7-BAD construct. Differences between
these values are statistically significant (one-way ANOVA (F(2, 87) = 9.769,
p = 0.0001), followed by Tukey’s multiple-comparison test).
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ners. We utilized the homology-modeling tool in Molecular
Operating Environment (MOE) software to generate energeti-
cally stable structures of human Nav1.7 and Nav1.9 intracellu-
lar loops. For this study, we have created homology models for
four different channels to look at a specific region of the C-ter-
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Figure 10. Structures for the C-terminal domains of Nav1.7 and Nav1.9
and their chimeric versions. All channel structures were created using the
homology modeling tool in the MOE program using the recently published
core structure of hNav1.7 (Protein Data Bank entry 6J8I) to create energeti-
cally stable conformations of the intracellular loops of the channel constructs
used in the current study. The highly constrained structure of the core mem-
brane-spanning segments are colored in gray. Although all of the intracellular
sequences were modeled, only the C-terminal structure is shown for clarity.
The default color scheme s red for a-helix and yellow for B-sheet. A, view of the
Nav1.9 homology model illustrating the C-terminal domain. The 49-aa motif
in Nav1.9 is colored green. B, view of the Nav1.9-Ct49aay, ; chimera homo-
logy modelillustrating the C-terminal domain. The 49-aa motif from Nav1.7 is
colored cyan. C, view of the Nav1.7 homology model illustrating the C-termi-
nal domain. The 49-aa motif in Nav1.7 is colored cyan. D, view of the Nav1.7-
Ct49aay,y1.0 chimera homology model illustrating the C-terminal domain.
The 49-aa motif from Nav1.9 is colored green.

minal domain. The structures of the C-terminal domain for
Nav1.9 and Nav1.7 are illustrated in (Fig. 10, A and C), and the
49-aa motif is colored green for the Navl.9 and cyan for the
Navl.7 channels. The C termini of the parent Navl.9 and
Navl.7 channels show divergent overall structures and specifi-
cally different structure of the 49-aa motif (Fig. 10, A and C).
The chimeric versions of the channels are shown in Fig. 10
(B and D) with the 49-aa motif colored as in the donor channel.
In all models, the 49 aa form a-helical secondary structures that
appear to be exposed to the intracellular aqueous environment
and are thus available for interactions with other cytosolic pro-
teins. No significant change in Nav1.9 C terminus structure is
observed when the 49-aa motif is replaced with the correspond-
ing Nav1.7 motif. This result suggests that specific amino acids
of this motif, rather than the location of the whole motif within
the channel, are responsible for the strong effect that this region
is exerting on Nav1.9 functional expression. However, a marked
change in the conformation of the Navl.7 C terminus is
observed when a reciprocal swap with the Nav1.9 49-aa motif is
performed. These results suggest that the Nav1l.9 49-aa motif
may have a dominant effect on the folding of the C terminus of
the both Nav1.7 and Nav1.9.
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Discussion

We have identified a 49-aa motif within the C terminus of
Nav1.9 that regulates channel trafficking to the plasma mem-
brane. We show here that the small currents that are produced
by Nav1.9 in HEK293 cells are not due to the instability of the
channel protein; rather, they are caused by altered channel traf-
ficking. The number of channels on the cell surface of a chime-
ric Navl.9 channel carrying the corresponding 49-amino acid
motif from Nav1.7 C terminus was significantly increased, and
the chimera channels produced significantly larger currents
with Nav1.9-like activation properties in HEK293 cells, but
inactivation properties and persistent current that are interme-
diate between the parent Nav1.7 and Nav1.9 channels. Our data
have validated a chimera that might be used as a new tool for
studying Nav1.9 in isolation in a heterologous system, and,
importantly, our observations identified a motif within a chan-
nel that regulates channel trafficking.

Until recently, mechanisms underlying sodium channel traf-
ficking to the cell surface have remained elusive due to a lack of
imaging techniques that allow monitoring of channels that are
specifically located on the cell surface. Novel methods for live
imaging of labeled sodium channels in cultured neurons have
now begun to unravel these mechanisms (24, 28). For example,
the TIRF microscopy in combination with the use of GFP-
tagged BAD-carrying Nav1.6 channel constructs allowed stud-
ies of channel trafficking to the soma and axon initial segment
in hippocampal neurons (24, 25), and the optical pulse-chase
axonal long-distance (OPAL) imaging method using Halo-
Navl.7 and spinning-disc microscopy allowed the analysis of
channel trafficking in DRG axons (28). Using the Nav1.9-BAD-
GFP channel and TIRF microscopy, in the present study we
simultaneously observed the total population of channels
(green fluorescence) and surface channels (red fluorescence)
(Fig. 9), which allowed a comparison of surface channels
in HEK293 cells expressing Nav1.9, Navl.7, and chimeric
Nav1.9-Ct49aa,,,, » channels. This analysis confirmed a
marked increase in the number of cells with greater Nav1.9-
Ct49aa,,,; - surface channels, compared with cells express-
ing the parent Nav1.9 channels in HEK293 cells, and sup-
ports the conclusion that impaired trafficking causes low
Nav1.9 current amplitude in HEK293 cells.

The C terminus of sodium channels has been previously
shown to play an important role in regulating sodium channel
expression and gating properties. Plasma membrane targeting
of sodium channel Nav1.8, another Nav channel with low func-
tional expression in nonneuronal cells, improved dramatically
upon replacement of its C terminus with that from Nav1.4 (18)
or Navl.7 (29) and altered gating and kinetic properties in an
isoform-dependent manner. For Nav1.9, replacing the C termi-
nus with that of Navl.4 increased current amplitude in both
mammalian cells and Xenopus oocyte and caused faster inacti-
vation of the chimera channel (17), abrogating the characteris-
tic ultra-slow inactivation of native Nav1.9 channels (2, 30). We
observed a similar effect on channel inactivation in the Nav1.9-
Ctyav: 7 chimera. The Nav1.9-Ct,,,; » channels produced big-
ger currents than the parent Nav1.9 channel and retained the
hyperpolarized voltage dependence of activation but mani-
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fested a voltage-dependence and kinetics of fast-inactivation
that are comparable with those of the native Nav1.7 (Figs. 5
and 6).

The small Nav1.9 current in HEK293 cells could be due to
instability of the channel protein in these cells. Our data show
robust levels of Nav1.6 and Nav1.7 C terminus proteins, but for
unknown reasons, the Nav1.9 C terminus protein is not stable
in HEK293 cells, with levels barely detectable above back-
ground (Fig. 1). The instability of the Nav1.9 C terminus could
have led to a precipitous reduction of the full-length Nav1.9
channel in these cells. However, we detected stable full-length
Nav1.9 protein in HEK293 cells, suggesting that within the con-
text of the full-length channel, the C terminus is protected from
degradation. Although the 2.5-fold reduction in total protein
levels of Nav1.9 compared with Navl.7 is significant, it is not
enough to explain the 130-fold greater amplitude of the Nav1.7
current in HEK293 cells. We interpret these data to suggest
that additional mechanisms, including impaired trafficking
of the Nav1.9 channels to the cell surface, contribute to this
difference.

The 4-fold increase in the current density produced by
Nav1.9-Ct49aay,,, » channels, compared with the parent
Nav1.9 channels, while comparable levels of the protein are
produced by these two channels in HEK293 cells, suggests that
the 49-aa motif might increase channel trafficking rather than
enhancing protein stability. This conclusion is supported by
our data from live imaging of surface channels showing a
marked increase in the fluorescence intensity at the surface of
HEK293 expressing the Nav1.9-Ct49aa,,,, » channels (Fig. 9).
The reciprocal chimera Navl.7-Ct49aay,,,, channels pro-
duced a current that is less than half of the parent Nav1.7 chan-
nels (Fig. 4). The fact that the exchange of this motif between
Navl.9 and Navl.7 increased the current amplitude of the
Nav1.9 chimera and reduced the amplitude of the Nav1.7 chi-
mera further supports the conclusion that the 49 amino acids
act as an independent trafficking motif within the C termini of
sodium channels. A caveat is that swapping this motif alone
does not increase the Nav1.9 chimera current to comparable
levels of Nav1.7 current or reduce the Nav1.7 chimera current
to that of Nav1.9, which suggests that additional motifs else-
where in these channels are also necessary for full surface deliv-
ery. A closer look at the 49-amino acid motif in the Nav1.9 C
terminus reveals an axonal targeting motif. A dileucine peptide
(Ile-Leu, p.1685-1686) has been mapped to the axonal target-
ing motif in several axonal proteins, including sodium channels
(31). The dileucine motif could also act as a selective endocyto-
sis signal for Navl.2 in the somatodendritic compartment of
hippocampal neurons while retaining this channel in the axonal
compartment (32). Although both Nav1.9 and Nav1.7 channels
carry this motif, a number of adjacent amino acids are not con-
served, suggesting that the local environment may alter the
effectiveness of the motif in enhancing Nav1.7 but not Nav1.9
trafficking to the plasma membrane of HEK293 cells.

Neither the full-length C terminus nor the 49-aa motif of
Nav1.7 altered voltage dependence of activation of the chimera
channels, compared with their parent channels. However, volt-
age dependence of fast inactivation of the Nav1.9 and Nav1.7
channels was shifted in the direction of the source channel
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of the 49-aa motif. Kinetics of inactivation were altered by
the replacement of the full-length C terminus; however, the
Nav1.9-Ct49aay,,, » channels retained slower inactivation
kinetics compared with Nav1.9-Cty,., - channels. There was a
significant reduction in the percentage of the persistent current
produced by Nav1.9-Cty,., -~ and Nav1.9-Ct49aa,,, - chan-
nels, compared with the parent Nav1.9 channels. By contrast,
fast inactivation of Nav1.7-Ct49aa,,,, o channels was shifted to
more depolarized potentials; however, the persistent current
was not increased. These data indicate that the 49-aa motif
contributes to modulation of channel inactivation properties in
an isoform-dependent manner. It was surprising, however, to
record Nav1.9-Ct49aa,,,, » currents that are comparable with
those of native Nav1.9 channels in 20% of the HEK293 cells,
which suggests that voltage dependence and ultra-slow kinetics
of inactivation (Fig. 4D) may not be entirely channel-intrinsic,
but rather may be modifiable by cellular factors that vary even
among the clonal HEK293 cells.

Visualization of the 49-aa motif within the folded channel
structure offers an opportunity for a better understanding of its
role in regulating channel properties. We have focused on the C
terminus structure with special emphasis on a 49-aa motif from
Navl.7, which when swapped onto Nav1.9 confers a greater
surface delivery of the channel. Although we do not understand
the contribution of the tertiary structure adopted by the Nav1.9
49 aa motif, shown in green, to the altered trafficking and gating
changes in the chimera channels, we note that this motif is
located at the exterior cytosolic surface of the folded C terminus
structure, making it accessible to interact with the cellular traf-
ficking machinery. The Nav1.7 49-aa motif adopted a tertiary
structure similar to that of the Nav1.9 motif in the Nav1.9-
Ct49aay,,; ; chimeric channel, which was different from that in
its native Nav1.7 environment (Fig. 10), suggesting constraints
on folding of this motif that are exerted by other parts of the
Nav1.9 C terminus. However, this motif in the middle of the
channel C terminus appears to remain widely exposed to exter-
nal interactions in both WT and chimeric channels. Easy acces-
sibility to the cytosol for protein-protein interaction shown by
molecular structure modeling for the 49-aa motif confirms
once again the potential importance of this region not just for
channel trafficking, but also for forming contacts that are iso-
form-selective, which could explain the gating and kinetic
changes that we observed in the chimera channels.

Our multidisciplinary approach identified a 49-aa motif in
the Nav1l.9 C terminus that regulates surface delivery and cur-
rent amplitude of the channel in HEK293 cells. Our findings
describe chimeric channels that may be useful for investigating
mechanisms underlying sodium channel trafficking.

Experimental procedures
DNA constructs

The pcDNA3mod-GFP-2A-Nav, plasmids carrying a com-
plete sequence of human sodium channel 1.6, 1.7, and 1.9 «
subunits (Nav1.6, Nav1.7, and Nav1.9 or Nav, as a general des-
ignation for all three channels), subcloned into a pcDNA3 vec-
tor modified to become a low-copy number plasmid, were pre-
viously created in the laboratory (see Refs. 7 and 34) for details.
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The GFP-2A part of these plasmids is encoding GFP and a
“StopGo” 33-amino acid 2A linker upstream of the human
sodium channel ATG codon. As a result, GFP and sodium
channel are produced as independent proteins from the same
mRNA (35-37). The pcDNA3mod-GFP-2A-Nav, plasmids
were used as a template for creating all DNA constructs
described below. All DNA modifications were introduced by a
site-directed mutagenesis protocol adapted for large insert
introduction (38, 39) using the QuikChange Lightning site-di-
rected mutagenesis kit (Agilent Technologies, Santa Clara,
CA). Insert identity was confirmed by Sanger sequencing at the
Keck facility, Yale University. To create the MS-Ct,,,-SF and
MS-GFP-SF constructs, either the full C-terminal part of either
Nav1.6 (aa 1770-1980 of human Nav1.6 sequence (hNav1.6)),
Nav1.7 (aa 1764 -1988 of hNav1.7), or Nav1.9 (aa 1608 —1791 of
hNav1.9) or a coding sequence of GFP (GFP control) was sub-
cloned into a piggyBac shuttle vector (gift from Alfred L.
George, Northwestern University). Strep-FLAG tag was added
to each construct C-terminally to allow easier protein identifi-
cation by Western blotting and the possibility to purify corre-
sponding protein complexes using a TAP approach (20). An
N-terminal myristoylation signal, GCTVSAEDK, was added to
target these constructs to the plasma membrane. The ChimNt,
ChimMd, and ChimCt Nav1.9-Nav1.7 chimeras were created
by replacing sequences of Navl.9 within the MS-Cty., o-SF
construct with corresponding sequences of Navl.7 for region
Nt (aa 1608 —-1659 of hNav1.9 sequence), Md (aa 1665-1713),
or Ct (aa 1717-1791) respectively (see Fig. 3, A and B). The
ChimMd#1, ChimMd#2, and ChimMd#3 chimeras were cre-
ated by successively replacing Md#1 (aa 1665-1669), Md#2 (aa
1677-1683), and Md#3 (aa 1696 -1706) sequences of Nav1.9
with corresponding sequences from Navl.7 (Fig. 4, A and B).
To generate the Nav1.9-Ct49aa,,,, » and Nav1.7-Ct49aa .1 o
constructs (Fig. 5A4), corresponding sequences of a 49-amino acid
stretch (Md), aa 1665—-1713 of hNav1.9 and aa 1821-1869 of
hNav1.7, were swapped between pcDNA3mod-GFP-2A-Nav1.9
and pcDNA3mod-GFP-2A-Navl.7 constructs. Finally, the
Nav1.9-BAD-GEFP construct was created by successively adding a
C-terminal GFP tag and introducing a 50-amino acid insertion
that includes the 17-amino acid BAD (biotin-accepting lysine:
GLNDIFEAQKIEWH) between S1 and S2 of channel domain IV;
the lysine residue (boldface type) is the biotin acceptor residue
within the BAD. The Nav1.9-BAD-Ct49aaNav1.7-GFP construct
was created by replacing the C-terminal 49-amino acid stretch
in question (aa 1665-1713 of hNavl.9) with corresponding
sequences from Nav1.7 (aa 1821-1869).

Cell culture and transfection

HEK293 cells were grown at 37 °C with 5% CO,, in Dulbecco’s
modified Eagle’s medium/F12 medium (Thermo Fisher Scien-
tific) supplemented with 10% fetal bovine serum (Hyclone Lab-
oratories, Logan, UT) and penicillin-streptomycin antibiotics
(Thermo Fisher Scientific). Unless otherwise stated, cell trans-
fection was performed using LipoJet (SignaGen Laboratories,
Rockville, MD) by following a standard protocol. When no GFP
was present as a terminal tag or a part of a GFP-2A construct,
HEK cells were co-transfected with a plasmid pEGFP (Takara
Bio, Mountain View, CA) to monitor for transfection efficiency.
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For electrophysiology experiments, HEK293 cells were allowed
to recover at 37 °C for 18 h after transfection and then seeded
onto 10 poly-L-lysine— coated glass coverslips (BD Biosciences)
in a 24-well plate, allowed to attach at 37 °C, and transferred to
30 °C for 48-72 h, as incubation at lower temperature (28—
30 °C) was shown to improve Nav1.9 functional expression. For
imaging experiments, HEK293 cells were plated on poly-p-
lysine—coated 35-mm dishes with 14-mm glass coverslips
(MatTek, Ashland, MA) that were precoated with Matrigel
(Corning, Inc.). Cells for imaging were transfected using Lipo-
fectamine 2000 (Invitrogen) as described previously (24).
Briefly, cells were plated at low density on glass coverslip plates
and incubated at 37 °C for 4 h before transfection with 1 ug of
the construct DNA. To allow biotinylation of the BAD con-
structs, the latter were co-transfected with 0.5 ug of bacterial
biotin ligase plasmid pSec-BirA. Imaging was performed after
incubation for 48-72 h at 30 °C post-transfection. Isolation
(40) and transfection (41) of SCG neurons was performed as
described. All animal care and experimental procedures were
approved by the Veterans Administration Connecticut Health-
care System Institutional Animal Care and Use Committee.

Protein lysate preparation and Western blotting

HEK293 cells (nontransfected as a control as well as tran-
siently or stably transfected with DNA constructs described
above) were lysed and subjected to Western blotting as de-
scribed (42, 43). Briefly, cells were trypsinized following stan-
dard procedure and collected by centrifugation at 500 X g for 5
min at 4 °C. Cell pellets were washed twice with ice-cold PBS
and lysed in a buffer made of 20 mm Tris-Cl (pH 7.4), 150 mm
NaCl, 1% Triton X-100, 1 mm DTT, 10 mm EGTA and 2X
Complete protease inhibitor mixture (Roche Applied Science)
at 4 °C for 1 h with rotation. Supernatant containing total pro-
tein was separated from cell pellet by centrifugation at 15,000 X
g for 10 min at 4 °C, aliquoted, and stored at —80 °C. Protein
concentrations in cell lysates were measured using the Bradford
reagent (Bio-Rad). For Western blotting, about 30 ug of lysate
were denatured in NuPAGE® LDS sample buffer, resolved on
NuPAGE® Novex® 4—12% BisTris gels (1.0 mm, 12 wells), and
transferred to a nitrocellulose membrane. Membranes were
incubated in a blocking solution (5% nonfat dry milk and 1%
BSA in TBS with 0.1% of Tween 20, TBST) for 1 h, washed, and
incubated overnight at 4 °C with the desired primary antibodies
diluted in the blocking buffer. Either monoclonal antibodies
against Na, subunits (pan-Na a; 1:1000; Sigma), FLAG tag
(FLAG; 1:1000; Sigma), Strep tag (Strep; 1:1000; Sigma), or
B-actin (1:20,000; Sigma) were used. Blots were washed with
TBST and incubated with secondary antibodies (horseradish
peroxidase— conjugated goat anti-mouse (1:10,000; Dako,
Santa Clara, CA) or goat anti-rabbit (1:10,000; Dako)) for 1 h.
Finally, blots were washed with PBST and developed with the
Western Lightning Plus-ECL enhanced chemiluminescence kit
(PerkinElmer Life Sciences) using a ChemiDoc Imaging System
(Bio-Rad).

Whole-cell patch-clamp recordings

Voltage-clamp recordings in HEK293 cells were performed
using an EPC-10 amplifier and the Patchmaster program (ver-
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sion 69; HEKA Elektronik, Lambrecht/Pfalz, Germany) at room
temperature (22 = 1 °C). Fire-polished electrodes were fabri-
cated from 1.6-mm outer diameter borosilicate glass micropi-
pettes (World Precision Instruments, Sarasota, FL) using a Sut-
ter Instruments (Novato, CA) P-97 puller and had a resistance
of 0.7-1.5 megaohms. Pipette potential was adjusted to zero
before seal formation. Liquid junction potential was not cor-
rected. To reduce voltage errors, 70—80% series resistance
compensation was applied. Cells were excluded from analysis if
the predicted voltage error exceeded 3 mV. Linear leak currents
were subtracted out using the P/6 method. Sodium current
recordings were initiated after a 10-min equilibration period
once whole-cell configuration was achieved. Current traces
were sampled at 50 kHz and filtered with a low-pass Bessel
setting of 10 kHz. The pipette solution contained the following:
140 mMm CsF, 10 mm NaCl, 1 mm EGTA, 10 mm Hepes, 10 mm
dextrose, pH 7.30, with CsOH (adjusted to 310 mosmol/liter
with sucrose). The extracellular bath solution contained the
following: 140 mm NaCl, 3 mm KCI, 1 mm MgCl,, 1 mm CaCl,,
10 mMm Hepes, 10 mm dextrose, pH 7.30, with NaOH (adjusted
to 320 mosmol/liter with sucrose). TTX (300 nm) was included
in the bath to block the endogenous sodium currents in
HEK?293 cells (41, 44, 45). Transfected HEK293 cells were held
at —120 mV for all parameters examined. Current-voltage rela-
tionships were measured using a series of 100-ms step depolar-
izations (—100 to +40 mV in 5-mV increments at 5-s intervals)
from holding potential. Current density was calculated by nor-
malizing maximal peak currents with cell capacitance. Peak
inward currents obtained from activation protocols were con-
verted to conductance values using the equation, G = I/(V,, —
Ey;,), where G is the conductance, I is the peak inward current,
V., is the membrane potential step used to elicit the response,
and Ey, is the reversal potential for sodium channel, which is
determined for each cell using the x axis intercept of a linear fit
of the peak inward current responses to the last six voltage steps
of the activation protocol. Conductance data were normalized
by the maximum conductance value and fit with a Boltzmann
equation of the form, G = G, ., + (Gin — Guad/(1 + exp
((V,,, — Vis)/k)), where Vi, is the midpoint of activation and & is
a slope factor. Steady-state fast inactivation was assessed with a
series of 500-ms prepulses (—140 to —10 mV in 10-mV incre-
ments); the remaining noninactivated channels were activated
by a 50-ms step depolarization to —45 mV. Peak inward cur-
rents obtained from steady-state fast inactivation were normal-
ized by the maximum current amplitude and fit with a Boltz-
mann equation of the form, I/1 ., = 1/(1 + exp((V,,, — Vis)/k)),
where V,, represents the inactivating prepulse membrane
potential and Vi, represents the midpoint of fast inactivation.
To measure open-state inactivation, decaying currents after the
peak during the depolarizing steps of the activation protocol
were fit with a single-exponential equation of the form, 7 = A X
exp(—t/7) + I, where A is the amplitude of the fit, ¢ is time, Tis
the time constant of decay, and /_ is the asymptotic minimum to
which the tail currents decay. Persistent currents were assessed
as mean amplitudes of inward currents between 93 and 98 ms
after the onset of depolarization steps in the activation protocol
and are presented as a percentage of the peak current. Voltage-
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clamp recordings in SCG cells were performed as described
(40) using 1 um TTX.

Live-cell surface labeling and microscopy

Labeling of Nav1.9-BAD-GFP, Venus-Navl.7-BAD, and
Nav1.9-BAD-49aal.7-GFP was performed immediately prior
to imaging as described (24, 46). In brief, cells were rinsed with
HEK imaging saline (146 mm NaCl, 4.7 mm KCl, 2.5 mm CaCl,,
0.6 mm MgSO,, 0.15 mm NaH,PO,, 0.1 mm ascorbic acid, 8 mm
glucose, and 20 mm HEPES (pH 7.4)) and then incubated for 10
min at 37 °C with CF640R-streptavidin (Biotium, Hayward,
CA) diluted 1:1000 in HEK imaging saline. Excess label was
removed by rinsing with HEK imaging saline. Visualization of
surface expression was performed on a Nikon TIRF microscope
equipped with a 1024 X 1024 Andor iXon Ultra 888 EMCCD
camera attached to a Nikon TiE inverted microscope base with
Perfect Focus. Images were acquired using a X100 Plan Apo-
TIRF 1.49 numeric aperture objective. [llumination was with
100-mW 488-nm and 300-mW 639-nm solid-state lasers
through the TIRF illumination path. All imaging was per-
formed at 37 °C using a heated stage. Exactly the same settings
for laser power (10% for 488 nm, 15% for 647 nm), camera
(200-ms exposure for both fluorescence channels), and TIRF
angles were used for imaging of cells carrying each of the three
constructs. Thirty cells per construct from 3-5 independent
cultures were recorded during the same day. Due to the broad
range of fluorescence intensities, representative images shown
in Fig. 84 could not be displayed with identical contrasts and
were adjusted using Volocity software. Overall, Nav1.9-BAD-
GEFP was brightened to allow visualization, and the displayed
intensity of Venus-Nav1.7-BAD was reduced so that it did not
appear saturated. The following settings were used for black
and white points, respectively: Navl1.9-BAD-GFP (2300 and
5500 for green channel; 1200 and 3300 for red channel), Venus-
Nav1.7-BAD (3900 and 11,000 for green channel; 3300 and
9000 for red channel), Navl.9-BAD-49aal.7-GFP (3000 and
12,000 for green channel; 1000 and 6000 for red channel). To
quantify signal corresponding to surface channel expression, a
cell outline was drawn on the green (488-nm) image and then
moved to the red (647-nm) image, where the resulting signal
was detected as a difference between average fluorescence
intensity inside the cell outline and outside of it (background)
(Fig. 9A4). Data were analyzed using Prism software (GraphPad,
Inc., San Diego, CA), and data from 30 cells per construct type
are presented as histograms of fluorescence intensity detected
on the surface of HEK293 cells transfected with each of the
constructs.

Structural modeling and statistical analysis

Ion channel structural visualization and homology model
generation were performed using Molecular Operating Envi-
ronment (MOE) software, version 2018.01 (Chemical Comput-
ing Group ULC, Montreal, Canada). All residue homology
models including C-terminal sequences of hNavl.7 and
hNav1.9 were created using the recently published structure of
hNavl1.7 (Protein Data Bank entry 6]J8I) as a template (33). The
homology-modeling module was run using default settings.
Homology modeling uses minimization of energy algorithms to
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find possible allowed structural conformations. Although algo-
rithms and protocols for de novo protein folding are not avail-
able to date, probable structural conformations can be gener-
ated based on homology to template structures. The highly
constrained template structures are colored gray in our homo-
logy models, leaving the calculated energetically possible intra-
cellular sequence structures in default display color conven-
tions. Note that the solved structure of Nav1.7 that was used as
the template (33) is presumed to represent an inactivated con-
formation, and the IFM motif is docked. All of our homology
models maintained the docked location of the IFM motif, and
thus our modeling does not provide structural insights into the
swapped inactivation kinetics observed in the chimera chan-
nels. The ability to focus on particular regions of the structures
was aided by the use of selective hiding and/or coloring of
stretches of sequence.

Voltage-clamp and current-clamp data were analyzed using
FitMaster (HEKA Electronics, Bellmore, NY) and OriginPro
(OriginLab Corp., Northampton, MA). We carried out head-
to-head comparisons of cells transfected with WT controls
and corresponding chimeric channels from cells transfected
by the same researcher to minimize culture-to-culture vari-
ability. Imaging data were analyzed and graphed using Prism
(GraphPad) software. Statistical significance was deter-
mined using either an independent ¢ test (two samples) or
one-way ANOVA followed by Tukey’s multiple-comparison
test (more than two samples) where appropriate. All data are
presented as the mean value = S.E. p < 0.05 was considered
statistically significant.
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