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N E U R O S C I E N C E

A robust expression system reveals distinct gating 
mechanisms and calmodulin regulation of 
NaV1.9 channels
Margaux Theys1, Jolien De Waele1, Sharang Garud2, Katrien Willegems2,  
Filip Van Petegem2, Frank Bosmans1,3*

NaV1.9 is a voltage-gated Na+ channel subtype with unique gating properties that are poorly understood, partly 
due to the lack of reliable heterologous expression systems. Here, we present a transient expression protocol that 
produces robust mouse NaV1.9 currents, enabling direct electrophysiological comparisons with native dorsal root 
ganglion neurons. To further understand the low current density observed in human NaV1.9, we created chimeras 
with NaV1.5 and identified a role for the C-tail—specifically the IQ motif and EF-hand—in regulating current den-
sities, likely due to a weak affinity for calmodulin. Isothermal titration calorimetry experiments indicated that, 
unlike other NaV channel subtypes, calmodulin binding to the C-tail is likely too weak to occur under physiologi-
cal conditions. Markedly, the pre-IQ region did not influence channel expression but was responsible for confer-
ring the characteristic depolarized voltage dependency of inactivation of NaV1.9. Our findings provide insights 
into the unique gating mechanisms of NaV1.9 and demonstrate the robustness of this platform for structure-
function studies.

INTRODUCTION
Among the nine voltage-gated Na+ (NaV) channel subtypes (NaV1.1 
to NaV1.9) identified in mammals (1), NaV1.9 has proven to be par-
ticularly challenging to study (2–6). For example, while NaV channels 
are typically associated with generating and propagating action po-
tentials, the slow activation kinetics of NaV1.9 likely preclude it from 
substantially contributing to the action potential upstroke (7). Also, 
its slow inactivation kinetics lead to persistent Na+ currents near the 
resting membrane potential (8, 9). Such currents can amplify and 
sustain depolarizations, thereby modulating neuronal excitability 
without directly governing action potentials (10). A thorough mech-
anistic explanation for the unique gating properties of NaV1.9 is lack-
ing, mainly due to challenges associated with heterologous expression 
(11–16). Unlike other NaV channel subtypes, transient expression of 
NaV1.9 in heterologous systems yields minimal or no ionic currents, 
usually inadequate for patch-clamp electrophysiology analysis. As 
such, most NaV1.9 gating data are derived from experiments with 
isolated dorsal root ganglion (DRG) neurons, where NaV1.9 is endog-
enously expressed alongside other NaV channel subtypes (9, 17–19). 
NaV1.8 and NaV1.9 are tetrodotoxin (TTX) resistant, allowing their 
study in DRG by eliminating TTX-sensitive currents (20). The use of 
specific NaV1.8 inhibitors can further facilitate the isolation of NaV1.9-
mediated currents (21, 22). Alternatively, intracellular fluoride ad-
ministered via the patch pipette causes a pronounced hyperpolarizing 
shift in NaV1.9 activation voltage, creating a window of membrane 
potentials where NaV1.9 currents can be observed with minimal in-
terference from NaV1.8 (16, 23). In NaV1.8−/− mice, the NaV1.9 func-
tion can be examined in combination with only TTX (19, 20). DRG 

approaches, however, are labor-intensive and complicate studies re-
quiring channel manipulations such as mutagenesis.

To address these limitations, developing an efficient protocol for 
transient heterologous expression of NaV1.9 would be advantageous, 
especially for advancing detailed gating and structure-function 
studies. Our protocol is not only sufficient for producing robust cur-
rents but is also easy to carry out, requiring no extensive experience 
or use of challenging techniques, making it accessible for a wide 
range of research labs. Although progress has been made, the reli-
ability of current methods is limited. Reported strategies include 
low-temperature incubation (28° to 30°C) (13, 14, 24–26), cotrans-
fection of the channel with auxiliary β1 and β2 subunits (13), and 
using the ND7/23 neuronal cell line (24–26), derived from mouse 
neuroblastoma and rat DRG cells. An alternative approach involves 
the use of chimeric channels, incorporating the C-tail of rat NaV1.4 
(12) or human NaV1.7 (hNaV1.7) (14) to enhance ionic currents of 
the resulting NaV1.9 variant, albeit via an unclear working mecha-
nism. Last, increased current amplitudes can be obtained by ma-
nipulating voltage protocols or adding fluoride and/or guanosine 
5′-O-(3′-thiotriphosphate) (GTP-γ-S) to the intracellular solution 
(18, 23, 25, 27–30). However, applying these compounds may not be 
practical in all contexts, such as when examining interactions be-
tween NaV1.9 and G protein–coupled receptors (3, 20, 25, 31). No-
tably, three NaV1.9 stable cell lines have been produced, but neither 
has been replicated, is freely available for academic use, nor is con-
ducive to structure-function studies (13, 25, 32).

Here, we report the development of an alternative method capable 
of reliably generating robust NaV1.9 currents in a heterologous ex-
pression system after transient transfection. Our strategy allowed us 
to consistently express mouse NaV1.9 (mNaV1.9), record ionic cur-
rents of wild-type and mutant channels, and compare our findings to 
mouse DRG (mDRG). Next, we investigated possible reasons for the 
low current density of hNaV1.9 when applying this approach by using 
chimeras with hNaV1.5, our reference channel that expresses abun-
dantly in many cell types (33, 34) . As a result, we identified a func-
tional role for the cytosolic C-tail in governing hNaV1.9 expression 
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and function. In virtually all NaV channel subtypes, this region binds 
calmodulin (CaM) under both Ca2+-free and Ca2+-loaded conditions 
(35–39). Mutations in the C-tail have been shown to affect the chan-
nel function, including inactivation (40–43), and disruption of CaM 
binding can increase persistent Na+ currents (42), a prominent fea-
ture of NaV1.9. Markedly, the amino acid sequence of the NaV1.9 C-
tail differs substantially from other NaV channel subtypes and the 
subsequent impact on CaM binding remains unclear. Our combined 
findings suggest a low affinity of the NaV1.9 C-tail for CaM with dif-
ferential effects of the EF-hand, the pre-IQ region, and the IQ domain 
on channel expression levels and gating.

RESULTS
Heterologous mNaV1.9 expression and 
functional characterization
To attain robust NaV1.9 ionic currents, multiple reported approach-
es to enhance the functional expression of ion channels, including 
NaV1.9, were evaluated. In addition, we applied various methodolo-
gies used to augment the expression or function of a range of proteins 
to NaV1.9 (table S1). However, all these efforts failed to produce reli-
able NaV1.9 currents, propelling us to develop a more effective heter-
ologous expression protocol. Ultimately, we achieved robust and 
reproducible NaV1.9 expression by using a multifaceted procedure 
(see Materials and Methods for additional details). First, NaV1.9-
encoding cDNA was cloned into the pcDNA3.4 vector, which includes 
the woodchuck hepatitis posttranscriptional regulatory element to 
boost transgene expression. Second, ND7/23 cells were transiently 
transfected with this construct along with β1 and β2 subunits and incu-
bated for 48 hours. The initial 24 hours of incubation was at 37°C, 
followed by 24 hours at 28°C. Third, fluoride was added to the intra-
cellular solution for electrophysiological recordings and allowed to 
diffuse for up to 7 min after membrane rupture before recordings 
commenced. This protocol was executed with mNaV1.9 and hNaV1.9, 
whereas hNaV1.5 was used as a reference channel in combination with 
a standard transfection protocol. When applying these steps, we con-
sistently observed mNaV1.9-mediated currents in more than 80% of 
transfected cells (Fig. 1A and fig. S2A). Similar to previous reports 
(20, 23, 30, 44), gating parameters of mNaV1.9 (Fig. 1B) changed with 
time after membrane rupture, underscoring the need to standardize 
the timing of these experiments. Current density increased from 
14.5 ± 2.2 pA/pF at 5 min to 24.2 ± 3 pA/pF at 7 min postrupture 
(P = 0.0001) (Fig. 1C and Table 1). The half-maximal activation volt-
age (V50) hyperpolarized by ~4.6 mV per minute from −41.5 ± 1.5 mV 
at 5 min to −50.6 ± 1.2 mV at 7 min (Fig. 1D and Table 1). The slope 
factor (k) decreased from 10.8 ± 1 at 5 min to 7.6 ± 0.5 at 7 min. Per-
sistent current (Ip) percentage measured at 100 ms after channel open-
ing and normalized to peak current was 12% lower at 5 min versus 
7 min. Ip at 500 ms, time to peak (TTP), and time constant (τ) of fast 
inactivation did not change significantly during this 2-min time 
course (Fig. 1, E to G, and Table 1). Similar observations were made 
with hNaV1.5, albeit less pronounced (Fig. 1, A and B, fig. S3, and table 
S2). The V50 of activation hyperpolarized at a rate of 1.8 mV/min from 
5 to 7 min, and current density increased from 263.7 ± 70.3 to 
284 ± 73 pA/pF.

Earlier work had shown that NaV1.9 in DRG exposed to intracel-
lular GTP-γ-S, a hydrolysis-resistant guanosine 5′-triphosphate an-
alog, exhibited increased current density, slowing of inactivation, 
and a depolarizing shift in the voltage dependency of inactivation 

but no change in activation voltage (25,  29,  30). In our mNaV1.9 
expression system, the addition of 200 μM GTP-γ-S to the intracel-
lular solution also altered channel activity (Fig. 1, C to G, and Table 
1). Current density was about 4.5 times higher in recordings with 
GTP-γ-S (65.8 ± 15.8 pA/pF), and the V50 of activation voltage shifted 
~11 mV to hyperpolarized voltages (−52.2 ± 1.4 mV), close to the 
V50 observed at 7 min without GTP-γ-S. The slope of the activation 
curve decreased to 6.7 ± 0.4. TTP did not change significantly. 
In contrast to the over-time comparisons, GTP-γ-S significantly fas-
tened inactivation kinetics and reduced persistent currents mea-
sured at 100 and 500 ms.

Next, we compared a subset of biophysical parameters of mNaV1.9 
currents recorded from ND7/23 cells to mouse DRG and observed 
notable differences (Fig. 2, A to D, and Table 1). First, TTP was 3.5 times 
longer in DRG with a value of 37.5 ± 4.3 ms versus 10.3 ± 0.9 ms in 
ND7/23 cells (Fig. 2B). Second, persistent currents were 21% larger 
in DRG at the 100-ms time point (Fig. 2D). Third, while the voltage 
dependency of activation did not differ significantly in DRG 
(−40.5 ± 1.73 mV), the V50 of the channel availability curve (i.e., 

Fig. 1. Characterization of mNaV1.9 currents in ND7/23 cells. (A) Trace and (B) acti-
vation voltage (G-V) and channel availability (I-V) curve comparison between mNaV1.9 
(blue) and hNaV1.5 (gray) highlight typical features of NaV1.9 gating including large 
persistent currents, hyperpolarized activation voltage, depolarized voltage depen-
dency of inactivation, and slow kinetics of activation as well as inactivation. hNaV1.9 
currents were too small for accurate analysis (A). mNaV1.9 currents were recorded in 
ND7/23 cells and hNaV1.5 currents in HEK293T cells. mNaV1.9 channel activation over 
time [5 min (dark blue) versus 7 min (teal)] and in the presence of 200 μM GTP-γ-S (yel-
low), illustrating (C) current density augmentation and (D) channel opening at more 
negative voltages. (E) Time to peak is not significantly different under measured condi-
tions. ns, not significant. (F) GTP-γ-S accelerates inactivation kinetics (τ) and (G) re-
duces persistent currents. Because a time frame of 100 ms was insufficient to calculate 
the time constant (τ) of inactivation, recordings at the 7-min time point were used 
where the test pulse duration was 500 ms. *P < 0.05 and ***P < 0.001. 
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voltage dependency of inactivation) was shifted in DRG to depolar-
ized potentials by ~23 mV to −40.5 ± 1.73 mV (Fig. 2C and Table 1). 
These findings align with our expectations, as it is well established 
that ion channels can exhibit different gating behaviors depending 
on the expression system used (1). This variation can be attributed 
to several key factors such as (i) the presence of auxiliary subunits, 
(ii) posttranslational modifications, (iii) the cellular environment 
including factors like membrane composition and signaling path-
ways, and (iv) different levels of endogenous ion channel expression.

In contrast to mNaV1.9, transfection of the human ortholog 
SCN11A (hNaV1.9) using our methodology did not produce suffi-
cient expression for detailed electrophysiological analysis (Fig. 1A 
and fig. S2B). Although some cells exhibited small persistent in-
ward currents, these could not be definitively identified as mediated 

by hNaV1.9 because of the presence of endogenous currents in 
untransfected ND7/23 cells. These currents have similar amplitudes 
and trace morphologies but are likely generated by CaV channels, as 
ND7/23 cells are known to express these in their differentiated 
state (45, 46). We next concentrated on hNaV1.9, exploring potential 
causes for its expression failure in ND7/23 cells following transient 
transfection and assessing methods to enhance current amplitudes.

Heterologous expression and functional properties of 
hNaV1.9-based chimeras
To examine possible causes of low hNaV1.9 expression, chimeric 
hNaV1.9-hNaV1.5 constructs were generated. Distinct regions based 
on the four-domain architecture of NaV channels [DI to DIV, each 
consisting of six transmembrane segments, S1 to S6 (44,  45,  47)] 

Table 1. Characterization of mNaV1.9 currents (top) and relevant parameters of chimeras (bottom). Top: parameter and P value summary of heterologous 
mNaV1.9 currents over time (5 min versus 7 min) without and with 200 μM GTP-γ-S and comparison to native currents in primary DRG neurons. All P values were 
calculated using pairwise comparisons to mNaV1.9 at 5 min or at 7 min for inactivation parameters. Voltage protocols for calculation of the voltage dependency 
of inactivation after 7 min are reported in the text and fig. S1. Because inactivation kinetics were too slow to reliably measure a time constant [τ (ms)] over 100 ms, 
data in this table were derived from the 500-ms prepulse in the voltage dependency of inactivation protocol, as was the Ip at 500 ms. Timing was the same for 
DRG parameters. Data are presented as the means ± SEM. Voltage protocols for calculating the voltage dependency of inactivation were ran at 7 min. Bottom: 
The time constant of inactivation (τ) was calculated over a 50-ms pulse in all constructs except for NaV1.9-1.5Ctail where the pulse duration was 100 ms. I dens, 
current density (pA/pF); V50, half-maximal voltage (mV); k, slope factor; TTP, time to peak (ms); act, activation; inact, inactivation; Ip, persistent current (%); ND, not 
determined; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 

mNaV1.9  
(5 min)

mNaV1.9 (7 min) mNaV1.9 + GTP-γ-S mNaV1.9 from DRG

mean ±  
SEM (n)

mean ±  
SEM (n)

P value mean ± SEM (n) P value mean ±  
SEM (n)

P value

﻿I dens 14.5 ± 2.2 (17) 24.2 ± 3 (17) 1.5 × 10−5 (****) 65.8 ± 15.8 (7) 4.1 × 10−5 (****)  43.7 ± 10 
(30)

1.0 × 10−4 

(***)
﻿V 50 act −41.5 ± 1.5 (17) −50.6 ± 1.2 (17) 1.5 × 10−5 (****) −52.2 ± 1.4 (7) 5.0 × 10−5 (****) ﻿−38.5 ± 1.8 

(25)
0.21 (ns)

﻿k act 10.8 ± 1.1 (17) 7.6 ± 0.5 (17) 0.0026 (**) 6.7 ± 0.4 (7) 0.001 (**)  6.2 ± 0.6 (25) 4.2 × 10−5 

(****)

﻿V 50 inact ND −63.9 ± 1.2 (13) ﻿ ND ﻿ ﻿−40.5 ± 1.7 
(19)

4.3 × 
10−12 

(****)
﻿k inact ND −6.5 ± 0.5 (13) ﻿ ND ﻿ ﻿−8.1 ± 0.6 

(19)
0.057 (ns)

 TTP 10.3 ± 0.91 (17) 10.6 ± 1.3 (17) 0.96 (ns) 8.1 ± 0.8 (7) 0.14 (ns)  37.5 ± 4.3 
(24)

1.9 × 10−6 

(****)
﻿τ inact ND 48.2 ± 4.3 (15) ﻿ 25.5 ± 1 (7) 1.1 × 10−4 (***)  108.1 ± 19 

(21)
0.17 (ns)

﻿I p 100 ms 0.45 ± 0.04 (15) 0.33 ± 0.03 (15) 0.024 (*) 0.17 ± 0.02 (7) 8.7 × 10−4 (***)  0.66 ± 0.06 
(21)

0.008 (**)

﻿I p 500 ms 0.23 ± 0.04 (15) ND ﻿ 0.08 ± 0.01 (7) 5.3 × 10−4 (***)  0.26 ± 0.04 
(21)

0.43 (ns)

﻿ NaV1.5 NaV1.9-1.5Ctail NaV1.5-1.9Ctail NaV1.5-1.9IQ NaV1.5-1.9preIQ-EF NaV1.5-1.9preIQ

﻿I dens  202.7 ± 25.1 (20)  30.1 ± 3.7 (12)  72.6 ± 9.5 (18)  126.4 ± 13.6 (12)  102.1 ± 12.1 (18) ﻿−204.4 ± 39.7 (16)

﻿V 50 act ﻿−33 ± 1.2 (14) ﻿−61.4 ± 1.2 (12) ﻿−28.1 ± 1.1 (18) ﻿−30.3 ± 1.8 (9) ﻿−24.5 ± 1.0 (18) ﻿−29.4 ± 0.9 (11)

﻿k act  8.0 ± 0.4 (14)  9.7 ± 0.6 (12)  7.2 ± 0.4 (18)  8.0 ± 0.5 (9)  9.8 ± 0.5 (18)  7.0 ± 0.4 (11)

﻿V 50 inact ﻿−79.7 ± 2.3 (14) ﻿−90.8 ± 1.4 (9) ﻿−57.5 ± 1.9 (14) ﻿−86.1 ± 3.3 (9) ﻿−60.3 ± 2.0 (17) ﻿−59.6 ± 4.3 (8)

﻿k inact ﻿−8.1 ± 0.5 (14) ﻿−8.1 ± 0.5 (9) ﻿−6.9 ± 0.6 (14) ﻿−9.9 ± 0.5 (9) ﻿−6.2 ± 0.3 (17) ﻿−7.0 ± 0.6 (8)

 TTP  1.0 ± 0.04 (14)  6.4 ± 0.8 (12)  1.1 ± 0.1 (17)  1.2 ± 0.1 (9)  0.8 ± 0.04 (18)  1.3 ± 0.1 (12)

﻿τ inact  1.9 ± 0.4 (14)  29.8 ± 3.9 (12)  1.9 ± 0.1 (17)  3.1 ± 0.6 (9)  1.4 ± 0.2 (18)  4.2 ± 0.4 (11)

﻿I p 50 ms  0.07 ± 0.02 (14)  0.4 ± 0.04 (9)  0.08 ± 0.01 (18)  0.1 ± 0.01 (6)  0.07 ± 0.02 (11)  0.05 ± 0.02 (5)
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were demarcated with unique restriction sites in both hNaV1.5 and 
hNaV1.9, with transition sites located in conserved sections in the 
intracellular loops between domains. By substituting hNaV1.9 re-
gions with corresponding amino acid sequences from hNaV1.5, we 
generated five chimeras: hNaV1.9-1.5DI, hNaV1.9-1.5DII, hNaV1.9-
1.5DIII, hNaV1.9-1.5DIV, and a separate hNaV1.9-1.5Ctail construct. 
Transfection was performed according to the protocol described 
for mNaV1.9. Successful transfection was confirmed with immu-
nofluorescence staining against the attached N-terminal sfEGFP 
(superfolder enhanced green fluorescent protein) tag that was 
included in all hNaV1.9-based constructs (fig. S4). These chimeras 
were inserted into the common pcDNA3.1 vector as opposed to the 
pcDNA3.4 plasmid.

Of all constructs, only hNaV1.9-1.5DI and hNaV1.9-1.5Ctail re-
sulted in a discernible improvement of current density compared to 
wild-type hNaV1.9 (Fig. 3A). Notably, when low-temperature incu-
bation and supplementary β subunits were omitted from the proto-
col, Na+ currents were undetectable in all constructs. In the case of 
hNaV1.9-1.5DI, currents could be characterized from only 3 of 52 
cells recorded (5.8%). The sample size was therefore too low for reli-
able electrophysiological characterization. However, kinetics and 
gating parameters from resulting currents resembled those of NaV1.5 
rather than NaV1.9 (Fig. 3B). In contrast, the hNaV1.9-1.5Ctail chi-
mera yielded an average current density of 30.14 ± 3.7 pA/pF, three 
times higher than the average current density observed after trans-
fection of hNaV1.9 [8.98 ± 0.89 pA/pF (13), P < 0.001] and about 

twice the size of wild-type mNaV1.9 in pcDNA3.4 (P < 0.001) (Fig. 
3A and Table 1). Overall, the trace morphology of this chimera re-
sembled that of mNaV1.9 (Fig. 3B), although kinetics were signifi-
cantly faster and the persistent component was reduced by half. 
Significant shifts in voltage dependency were also detected: The V50 
of activation voltage was hyperpolarized by 20 mV to −61.4 ± 1.2 mV 
(P < 0.0001), and the V50 of the channel availability curve was hy-
perpolarized by ~27 mV to −90.8 ± 1.4 mV (P < 0.0001) (Fig. 3, C 
to F). As observed with NaV1.9, Na+ influx through the hNaV1.9-
1.5Ctail chimera changed over time after membrane rupture (fig. S5 
and table S4): Current density increased significantly, and the V50 of 
activation voltage hyperpolarized by 2.3 mV/min. The magnitude of 
this effect was intermediate between that observed for mNaV1.9 and 
hNaV1.5. Contrary to mNaV1.9, the TTP parameter slowed signifi-
cantly between 3 and 7 min, whereas Ip remained constant.

To further examine these observations, we made a reverse chi-
mera based on hNaV1.5, replacing its C-tail with the corresponding 
region of hNaV1.9. The resulting construct was transfected into com-
monly used human embryonic kidney (HEK) 293T cells, and current 
recordings were compared to those obtained from hNaV1.5-expressing 
cells. Introduction of the hNaV1.9 C-tail reduced current density to 
less than half of the original hNaV1.5 levels (P < 0.0001) (Fig. 4A and 
Table 1). This decrease is most likely driven by a hampered transla-
tion or trafficking process rather than transcription, considering that 
quantitative polymerase chain reaction (PCR) yielded no notable dif-
ferences in mRNA levels (fig. S6). Electrophysiological examination 
revealed no changes in activation or inactivation kinetics (Fig. 5) and 
a modest but significant rightward shift in the conductance-voltage 
relationship of 5 mV compared to hNaV1.5 (P = 0.023) with no im-
pact on the slope factor (P = 0.7) (Figs. 4, B to D, and 6). In contrast, 
a pronounced 22-mV depolarization of the channel availability curve 
into the direction of mNaV1.9 (Fig. 5) was observed (P < 0.0001), a 
result that prompted further study.

Investigation of CaM binding to the C-tail of hNaV1.9
We postulated that an explanation for the pronounced shift in chan-
nel availability could stem from a different binding affinity of CaM 
for the IQ motif in the proximal C-tail of hNaV1.9 relative to other 
NaV channel subtypes (46, 48–50). Binding of CaM to the IQ do-
main has been shown to affect the inactivation process of hNaV1.5, 
our reference channel (42). The ability of the hNaV1.9 IQ domain to 
interact with CaM in the presence and absence of Ca2+ was assessed 
with isothermal titration calorimetry (ITC). Using this method to 
measure thermodynamic parameters of biomolecular interactions, 
we found that the binding of apoCaM (Ca2+-free CaM) to the 
hNaV1.9 IQ domain was weak, with an affinity (Kd) value of ~37 μM 
(Fig. 7 and table S5). Similar to other NaV channel isoforms, the 
binding in the presence of Ca2+ was even weaker (39, 51) and yield-
ed unstable fits and an estimated Kd value of ~480 μM. However, this 
value is at least two orders of magnitude weaker than reported for 
hNaV1.5 or other subtypes (39, 51). To test whether this low affinity 
might prompt the observed shift in channel availability, we designed 
an hNaV1.5 chimera harboring the IQ domain of hNaV1.9 (hNaV1.5-
1.9IQ). The current density of this construct decreased from 202.74 ± 
25.05 to 126.36 ± 13.59 pA/pF (Fig. 4A and Table 1), which was not 
significant (P  =  0.3) after post hoc corrections because of typical 
variability observed in current density measurements. However, 
channel availability (Fig. 5 and Table 1) did not differ significantly 
from wild-type hNaV1.5 (P =  0.41). No changes in other gating 

Fig. 2. Comparison of mNaV1.9 gating properties in ND7/23 cells to DRG neu-
rons. Endogenous mNaV1.9 currents in DRG neurons (red) show markedly slower ki-
netics compared to those observed in ND7/23 cells (blue). This is illustrated by (A) the 
NaV1.9-current trace recorded from DRG on two different timescales (left: first 100-ms 
pulse duration; right: 500-ms pulse duration), (B) peak currents being reached up to 
four times slower, and (D) slowed inactivation as indicated by a larger persistent cur-
rent component at 100 ms but not 500 ms. mDRG, mouse DRG. In addition, (C) the 
channel availability curve of currents recorded from DRG was depolarized by ~20 mV 
compared to mNaV1.9 currents measured in ND7/23 cells. Although the offset of the 
channel availability curve from heterologous mNaV1.9 seems to suggest that persis-
tent currents were larger in ND7/23 cells compared to DRG, this was not reflected in 
absolute measurements of persistent current at peak voltage (D). Most likely, this dis-
crepancy is due to the smaller size of heterologous currents and the presence of other 
endogenous currents in ND7/23 cells, especially at higher voltages (fig. S2). DRG data 
were obtained from two biological replicates. **P < 0.01 and ****P < 0.0001. 
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Fig. 3. Gating characterization of hNaV1.9-based chimeras in ND7/23 cells. (A) Left: Only transient transfection of mNaV1.9 (dark blue) and the hNaV1.9-1.5Ctail (teal) 
construct generated measurable currents. hNaV1.9-1.5DI currents (yellow) were observed in 3 of 52 cells. Right: Half-maximal activation voltage of both of these NaV1.9-
based chimeras revealed sizable shifts. (B) Comparison of traces at peak voltage illustrates the resemblance of hNaV1.9-1.5DI to hNaV1.5 (gray) and of hNaV1.9-1.5Ctail to 
mNaV1.9. However, kinetics of (C) activation as well as (D) inactivation of the hNaV1.9-1.5Ctail construct are faster, and (E) persistent current fraction is lower. (F) Both ac-
tivation voltage and channel availability curves of hNaV1.9-1.5Ctail are hyperpolarized compared to mNaV1.9. *P < 0.05 and **P < 0.01. 

Fig. 4. Current density and voltage dependency of activation of hNaV1.5-based C-tail chimeras. (A) Current density comparison of all hNaV1.5-1.9 chimeras 
(HEK293T), hNaV1.5 (HEK293T), hNaV1.9-1.5Ctail (ND7/23), and mNaV1.9 (ND7/23). (B) Conductance (G)-voltage (V) relationships of all constructs. (C) Individual half-
maximal activation voltage and (D) slope factors calculated separately for each cell.

Fig. 5. Voltage dependency of inactivation of hNaV1.5-based C-tail chimeras. (A) Half-maximal inactivation voltage and (B) slope factors of channel availability curves 
calculated per cell for all hNaV1.5-1.9 chimeras (HEK293T), hNaV1.5 (HEK293T), hNaV1.9-1.5Ctail (ND7/23), and mNaV1.9 (ND7/23). (C) Overview of mean channel availabil-
ity curves for all constructs.
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parameters were observed (tables S7 to S10). Because determinants 
for CaM binding are also found in regions preceding the IQ domain 
(39, 51), we next tested—with ITC—a NaV1.9 C-tail construct en-
compassing the EF-hand, pre-IQ, and IQ domain for CaM binding. 
We observed that the binding of apoCaM appeared significantly 
weaker compared to just the IQ domain, with a Kd value of ~214 μM 
(Fig. 7 and table S5). The binding of Ca2+/CaM to the extended C-
tail construct improved about sevenfold compared to just the IQ 
domain, with a Kd value of ~70 μM. One caveat here is that we noted 
a low ΔH value for this interaction, which may affect the accuracy of 
the extrapolated affinity value.

Propelled by these data, we next evaluated the impact of the pre-
IQ and EF-hand region on channel availability using two additional 
hNaV1.5 chimeras harboring either the hNaV1.9 pre-IQ (hNaV1.5-
1.9preIQ) or pre-IQ and EF-hand (hNaV1.5-1.9preIQ-EF) (Figs. 4 
to 6 and Table 1). In contrast to hNaV1.5-1.9IQ, patch-clamp record-
ings demonstrated a significant ~20-mV depolarization of channel 
availability in both of these constructs (P < 0.0001), driving it in the 
direction of mNaV1.9 (Fig. 5 and Table 1). The V50 of channel avail-
ability did not differ significantly between the hNaV1.5-1.9preIQ-EF 
and hNaV1.5-1.9preIQ constructs (P =  0.85), indicating an unex-
pected role of the pre-IQ motif in regulating channel availability. In 
addition, the current density of the hNaV1.5-1.9preIQ-EF construct 
was significantly lower (102.14 ± 12.07 pA/pF) compared to that of 
the hNaV1.5-1.9preIQ construct (204.41  ±  39.65 pA/pF), which 
closely resembled that of wild-type hNaV1.5 (Fig. 4A and Table 1). 
This suggests that the pre-IQ motif plays a distinct role in modulat-
ing channel availability. Although less pronounced, changes in other 
gating parameters including the voltage dependency of activation, 
kinetics, and persistent currents were also observed and are sum-
marized in Fig. 6, Table 1, and tables S6 to S13.

Application of the ND7/23 expression system to pathogenic 
NaV1.9 mutations
We sought to extend the utility of the NaV1.9 heterologous expression 
system by investigating two previously characterized mutations, 
mNaV1.9p.L799P and its human ortholog hNaV1.9p.L811P, associated with 
loss of pain and chronic itch (52, 53). Both mutations induced a gain-
of-function phenotype in DRG neurons by shifting voltage-dependent 

activation to more hyperpolarized potentials and enhancing persistent 
Na+ currents. Using our methodology in ND7/23 cells, mNaV1.9p.L799P 
caused a ~25-mV leftward shift in half-maximal activation voltage 
to −66.1 ± 3 mV (P < 0.0001) and significantly decelerated inac-
tivation, with currents persisting to 56% of their original size after 
500 ms compared to 23% in the wild-type channel (P < 0.0001) 
(Fig. 8 and table S14). Channel activation was also markedly slower, 
with TTP tripling to 10.3 ± 0.9 ms (P < 0.001). Although the voltage 
dependency of inactivation did not shift significantly, we observed a 
distinct decline in the slope of the curve from −6.5 ± 0.5 to −22.2 ± 4.6 
(P = 0.01).

Because hNaV1.9-mediated currents have proven more challeng-
ing to record with the proposed methodology, the p.L811P mutation 
was studied against the background of the hNaV1.9-1.5Ctail construct. 
hNaV1.9-1.5Ctailp.L811P currents demonstrated a leftward shift in 
half-maximal activation voltage similar to mNaV1.9p.L799P (~25 mV, 
P < 0.0001) (Fig. 8 and table S15). The voltage dependency of 
activation was already considerably shifted in the hNaV1.9-1.5Ctail 
construct versus mNaV1.9, resulting in channel opening at voltages 
as low as −100 mV. As expected, kinetics of activation (32.8 ± 7.7 ms) 
and inactivation (Ip = 43% at 500 ms) were approximately three-
fold slower (P < 0.0001). The presence of large, persistent currents 
at low voltages complicated the calculation of the channel availability 
curve because of incomplete inactivation before the end of the 
500-ms prepulse. As a result, currents measured during the subse-
quent depolarizing pulse are a combination of the opening of noni-
nactivated channels and residual persistent currents, with the latter 
beginning to contribute significantly around prepulses of −80 mV 
and gradually decreasing at higher voltages. With respect to hNaV1.9-
1.5Ctailp.L811P, this causes a significant flattening of the channel 
availability curve to a slope factor of −23 ± 6.5 (P < 0.001) (Fig. 8 
and table S15).

The progressive increase in NaV1.9 current during patch-clamp 
recordings is likely driven by intracellular modulators, which shift 
activation to more hyperpolarized potentials and stabilize the open 
state. However, mNaV1.9p.L799P (fig. S7 and table S16) and hNaV1.9-
1.5Ctailp.L811P (fig. S7 and table S17) exhibit virtually no current in-
crease, likely because they already induce a strong gain-of-function 
phenotype with hyperpolarized activation and elevated persistent 

Fig. 6. Comparison of activation and inactivation kinetics of all tested chimeras. (A) The time constant of inactivation (τ) and (C) time to peak in the function of pulse 
voltage for all constructs illustrate differences between NaV1.9- and hNaV1.5-based constructs. (B) Detailed comparison of inactivation time constants at voltages at which 
peak current was reached (−40 to −10 mV; see Materials and Methods) between hNaV1.5-based constructs. Although the increase in hNaV1.5-1.9IQ compared to hNaV1.5 
did not reach statistical significance after post hoc corrections (P = 0.11), the difference was significant compared to NaV1.5-1.9preIQ-EF (yellow). (D) Similar analysis of 
activation parameters also indicated slower kinetics for hNaV1.5-1.9preIQ, while hNaV1.5-1.9preIQ-EF tended to be faster than other constructs. The difference between 
hNaV1.5-1.9preIQ-EF and hNaV1.5 was, however, not significant (P = 0.19). (E) A small but significant increase in persistent current was found for the hNaV1.5-1.9IQ con-
struct compared to some of the other constructs, although the difference fell just below the significance criterion for the comparison with hNaV1.5 (P = 0.078). All P values 
can be found in tables S6 to S13. *P < 0.05, **P < 0.01, and ****P < 0.0001. 
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currents, leaving little room for further modulation. Given the lack 
of high-resolution NaV1.9 structural data, AlphaFold models sug-
gest that both mutations reside in a region critical for gating transi-
tions (DII-S6). Notably, proline substitutions are known to introduce 
kinks and destabilize α helices, which may affect conformational 
flexibility and contribute to persistent channel activation.

Overall, these results align with other electrophysiological char-
acterizations of these mutations (52, 53). Recordings from ND7/23 
cells transfected with hNaV1.9p.L811P demonstrated a similar decel-
eration of fast inactivation and a shift in the voltage dependency of 
activation. Although less pronounced, a change in the slope of 
the channel availability curve was also observed (52). The p.L799P 

Fig. 7. Investigation of CaM binding to the hNaV1.9 C-tail using ITC. Titration of (A) apoCaM (Ca2+-free) into the hNaV1.9 IQ domain (dark blue), (B) Ca2+/CaM into the 
hNaV1.9 IQ domain, (C) apoCaM into the hNaV1.9 C-tail, and (D) Ca2+/CaM into the NaV1.9 C-tail containing IQ, pre-IQ (teal), and EF-hand (yellow) indicates low affinities 
that are unlikely to occur under physiological conditions. In titration (D), the heat is low and the binding isotherm is featureless, resulting in a poor fit that again indicates 
very low affinity. Fitting parameters are shown in table S5.

Fig. 8. Characterization of the p.L811P (human) and p.L799P (mouse) mutations. Mutations were introduced in mNaV1.9 and hNaV1.9-1.5Ctail and transfected into 
ND7/23 cells. Both mutants demonstrated (A) a similar shift in the voltage dependency of activation and (B) a distinctive flattening of the channel availability curve. (C) Cur-
rent densities were augmented in both variants, although the difference did not reach statistical significance in hNaV1.9-1.5Ctailp.L811P. Kinetics of (D) activation and (E) fast 
inactivation were slower for both orthologs. The fraction of persistent current in (E) was measured after 100 ms. As apparent from current traces in (F), a 500-ms depolarizing 
pulse was insufficiently long to achieve full inactivation. An overview of all parameters can be found in tables S14 and S15. ***P < 0.001 and ****P < 0.0001. 
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mutation has only been studied in SCN11a+/L799P and SCN11a−/L799P 
mouse DRG, where a detailed characterization can be challenging 
because of NaV1.8 current interference at higher voltages. Neverthe-
less, several changes were observed, including slower inactivation, a 
leftward shift in the half-maximal inactivation voltage, and a flat-
tened channel availability curve. While the overall current density 
was lower, it was more pronounced at lower voltages. Together, 
the alignment between our heterologous expression data and prior 
DRG neuron studies highlights the utility of this system for system-
atically investigating NaV1.9 mutations and their biophysical contri-
butions to disease.

DISCUSSION
Our understanding of the biophysical properties of NaV1.9 is lim-
ited because of challenges in reliably expressing this subtype tran-
siently in heterologous systems (11–14). Despite the existence of 
commercially available NaV1.9 stable cell lines, their high cost, lim-
ited accessibility, or unsuitability for detailed biophysical investiga-
tions through site-directed mutagenesis poses significant drawbacks. 
In this study, we report a dependable strategy to enhance mNaV1.9 
membrane expression to such an extent that robust ionic currents 
could be measured using a transient expression protocol. Our ap-
proach combines multiple elements from the literature including 
low-temperature incubation of ND7/23 cells and cotransfection of β 
subunits (12–14, 24–26, 54) with new approaches such as the use of 
a woodchuck hepatitis posttranscriptional regulatory element en-
hancer in the pcDNA3.4 vector. This element presumably acts at the 
RNA level without altering the translated protein sequence. Using 
this strategy, we achieved sufficient current densities of mNaV1.9 for 
patch-clamp analysis in more than 80% of cells (Fig. 1, Table 1, fig. 
S2, and table S1). The recorded mNaV1.9-mediated currents exhib-
ited characteristics consistent with existing knowledge on NaV1.9 
gating and kinetics (7, 13). As expected, channel activity increased 
in the presence of GTP-γ-S and in recordings with longer delays af-
ter membrane rupture (18,  25,  27–30), possibly due to G protein 
activation by fluoride ions in the pipette solution (55, 56). Despite 
using the DRG-derived ND7/23 cell line, significant differences in 
the voltage dependency of inactivation and kinetics were observed 
compared to native DRG (Fig. 2 and Table 1), findings that align 
with the established understanding that ion channel behavior varies 
across different expression systems. Furthermore, these parameters 
can exhibit considerable variability between laboratories, influenced 
by the specific methods used for processing and culturing DRG, 
patch solutions, voltage protocols, and additional modifications ap-
plied to separate NaV1.8- and NaV1.9-mediated currents including 
the use of intracellular fluoride ions and compounds such as the 
NaV1.8 inhibitor A-887826 (22,  57–61). Variability may also arise 
from differences in the molecular profile of these cell types, particularly 
related to which G protein–coupled receptors are expressed (62, 63).

In contrast to mNaV1.9, recording currents from hNaV1.9 proved 
challenging, potentially due to differences in the amino acid se-
quence between these orthologs. To identify underlying causes of 
poor hNaV1.9 expression, we used chimeric constructs incorpo-
rating hNaV1.5, a subtype known for its robust expression in 
various heterologous systems (Figs. 3 to 6, Table 1, and tables S3, 
S4, and S6 to S13). Substituting the C-tail of hNaV1.9 with that of 
hNaV1.5 steadily increased current density but only to levels suffi-
cient for patch-clamp recordings in ND7/23 cells when combined 

with supplementary β subunits and incubation at 28°C. In con-
trast, hNaV1.5 required none of these conditions. This suggests that 
the C-tail alone does not fully account for the poor expression of 
hNaV1.9. Yet, accelerated kinetics and shifts in the channel availability 
curve were noted, consistent with earlier NaV1.9-based C-tail re-
placement studies. Previous research with hNaV1.9-hNaV1.7 chime-
ras identified a 49–amino acid region in the C-tail, encompassing 
parts of the EF-hand and pre-IQ region, which reduced hNaV1.9 
current density (14). Our data suggest that the impact of the pre-
IQ fragment on current density is limited, implying that the C-
terminal part of the EF-hand is, at least in part, a determinant for 
channel expression levels or trafficking, perhaps in combination 
with other C-tail regions.

The amino acid sequence of the NaV1.9 C-tail differs substan-
tially from other NaV channel subtypes, motivating us to explore the 
ability of this region to confer the distinct inactivation properties of 
NaV1.9, possibly linked to altered CaM interactions (41, 42, 64). In 
addition, distorted CaM binding may also lower open probability, 
proffering an alternative explanation for the reduction in current 
density in some of the chimeric channels (65). Our ITC experiments 
uncovered that NaV1.9 can bind both apoCaM and Ca2+/CaM but 
with a much lower affinity compared to NaV1.1 to NaV1.8, rendering 
CaM binding unlikely under physiological conditions (Fig. 7). Dis-
rupting CaM binding to NaV channels has been shown to affect the 
inactivation process (42). However, simply swapping the IQ domain 
of NaV1.9 into NaV1.5 did not produce any significant gating differ-
ences, suggesting that a lack of CaM binding is not the main source 
of the unique inactivation properties of NaV1.9. Instead, swapping 
the pre-IQ region, a small segment located between the EF-hand–like 
and the IQ domain, was sufficient to confer a NaV1.9-like voltage 
dependency of inactivation. Notably, in the hNaV1.9-hNaV1.7Ctail 
chimera (14), half-maximal inactivation was intermediate between 
hNaV1.9 and hNaV1.7, supporting our interpretation that the full 
pre-IQ region is necessary for a complete transformation.

A possible mechanistic explanation for this effect may be found 
in altered binding of the pre-IQ region to the EF-hand. Previous 
experiments have shown that the purified EF-hand domain of 
NaV1.5 can interact with the DIII-DIV linker (43, 66), a cytoplasmic 
region that connects DIII and DIV of NaV channels and that con-
tains the IFM-motif that allosterically obstructs Na+ influx through 
the pore after channel activation. Mutations in the DIII-DIV linker 
that disrupt the interaction with the EF-hand domain cause large 
shifts in channel availability and prevent full inactivation of the 
channel (43). AlphaFold predictions (67) of mammalian NaV chan-
nel structures also show a direct interaction between the EF-hand 
and the DIII-DIV linker (Fig. 9), suggesting that such interactions 
may occur in states not yet captured by cryo–electron microscopy 
(cryo-EM) structures of mammalian NaV channels. In contrast, pu-
rified constructs containing both the NaV1.5 EF-hand domain and 
the pre-IQ region have a ~10-fold reduced affinity for the DIII-DIV 
linker compared to the EF-hand alone, possibly due to the pre-IQ 
region and linker occupying the same surface of the EF-hand do-
main (39, 43). Thus, the stability of pre-IQ interactions with the 
EF-hand domain may modulate the ability of the latter to bind 
the DIII-DIV linker, which, in turn, may influence the inactiva-
tion process. Additional structural data in different functional 
states are needed to confirm this hypothesis. It is worth noting that 
high-resolution structures of NaV1.9 or its fragments are currently 
unavailable, and cryo-EM structures of other mammalian NaV 
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channel subtypes were obtained in the absence of any membrane po-
tential and typically do not display any cryo-EM density for the proxi-
mal C-tail, suggesting high mobility under such conditions (68–70).

NaV1.9 is gaining traction as a potential therapeutic target for sen-
sory perception distortions (71–73). Thus, the transient expression 
protocol presented here for mNaV1.9 and an hNaV1.9-hNaV1.5C-tail 
chimera should be a useful tool to further investigate the atypical gat-
ing properties of NaV1.9 via structure-function studies, as demon-
strated here (Fig. 8), as well as for drug discovery purposes. Moreover, 
data gathered from our NaV1.9-NaV1.5 chimeric constructs provided 
insights into the little understood mechanisms that separate NaV1.9 
gating from other NaV channel isoforms.

MATERIALS AND METHODS
Plasmids and reagents
Mouse SCN11a and human SCN11A were cloned into a pcDNA3.4 
vector (purchased from GenScript). The hNaV1.9-h1.5 chimeras were 

derived from a pcDNA3.1-based construct (Thermo Fisher Scientif-
ic) containing SCN11A with sfGFP attached N-terminally and two 
repeats of a GGGS linker in between. This construct was modified 
with silent mutations to create unique restriction sites in the loops 
between domains I, II, III, and IV (DI to DIV) and an additional re-
striction site in a conserved region of DIV transmembrane segment 6 
(S6) to replace the C-tail. For each chimera, one of the five segments 
flanked by the restriction sites was cut out and swapped with the cor-
responding part of hNaV1.5 and flanked by the same restriction sites 
(GenScript). The hNaV1.5-h1.9 constructs were derived from a plas-
mid containing SCN5A cloned into pCMV6-Entry (Origene). Site-
directed mutagenesis introduced a silent mutation that created a 
Hind III restriction site in the same conserved region of DIV S6, and 
the C-terminal section was substituted with that of hNaV1.9 or the 
same region of the hNaV1.5 tail containing the hNaV1.9 IQ, pre-IQ, or 
pre-IQ and EF-hand region. For the mouse β1 and β2 subunits, a con-
struct was produced that contained both SCN1b and SCN2b in the 
same open reading frame, separated by a T2A self-cleaving peptide. 

Fig. 9. Overview of targeted regions within the C-tail of hNaV1.5 and hNaV1.9. (A) Sequence alignment of hNaV1.5 and hNaV1.9 C-tail regions, starting behind the last 
segment of domain IV (DIV-S6, gray) and the regions for CaM binding: the EF-hand domain (yellow), pre-IQ (teal), and IQ domain (dark blue). Identical (dark gray) and 
conserved (light gray) residues are highlighted. (B) AlphaFold model of hNaV1.5, showing a close-up around the proximal C terminus. In this model, the linker between 
DIII and DIV (red) makes several interactions with the EF-hand domain, including a salt bridge that includes K1504 in the DIII-DIV linker. The K1504E/K1505E double mutant 
was shown to decrease inactivation and to cause a left shift in the steady-state inactivation curve (43), suggesting that this interaction is involved in inactivation gating. 
(C) Superposition of the model from (B) with a crystal structure of the hNaV1.5 C-tail that does not include the DIII-DIV linker [PDB (Protein Data Bank) ID: 6MUD; (39)]. Here, 
the pre-IQ domain is at a different location that would clash with the DIII-DIV linker, suggesting that it has to move to allow the interaction of the DIII-DIV linker with the 
EF-hand domain. This is in agreement with ITC data showing that the affinity of the EF-hand domain for the III-IV linker is weaker when the pre-IQ region is present (43). 
(D) Differences in the pre-IQ region at the interface with the EF-hand domain in hNaV1.5 (colors) and hNaV1.9 (white). Shown is a superposition of a crystal structure of the 
hNaV1.5 C-tail (PDB ID: 6MUD) and a homology-based model of the hNaV1.9 C-tail using the hNaV1.5 C-tail as a template. Among the several pre-IQ domain residues that 
differ between these isoforms are two residues directly at the interface. The labels indicate hNaV1.5 residues, with the corresponding amino acid residues in hNaV1.9 in 
between brackets.
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Chemicals were purchased from Sigma-Aldrich, and enzymes were 
purchased from New England Biolabs. TTX and A-887826 were pur-
chased from Tocris.

Cell culture
ND7/23 cells were purchased from Sigma-Aldrich and cultured 
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco), sup-
plemented with 10% fetal bovine serum (Gibco), 1% penicillin-
streptomycin (Gibco), and 2 mM l-glutamine (Gibco). The medium 
for HEK293T cells (Sigma-Aldrich) was DMEM/F12 (Gibco) with 
the same supplements. All cells were kept in an incubator at 37°C 
and 5% CO2. When cells were split, Accutase (Thermo Fisher Scien-
tific) was used to suspend HEK293T cells, whereas ND7/23 cells 
were suspended mechanically. Cells were periodically screened for 
mycoplasma contamination.

Transfection
Cells were plated the day before transfection and used at a con-
fluence of ~60 to 70%. Transfection was performed using LipoJet 
(SignaGen), according to the manufacturer’s protocol and with a 
DNA (micrograms)–to–LipoJet reagent (microliters) ratio of 3:1. 
For all NaV1.9-based constructs, ND7/23 cells were plated in a 24-
well plate and transfected with 450 ng of the construct under inves-
tigation and 50 ng of a plasmid containing both the mouse β1 and β2 
subunits. After transfection, the cells were incubated for 24 hours at 
37°C before replacing the medium and transferring the cells to an 
incubator set at 28°C. Cells were used the next day for patch-clamp 
or immunocytochemistry experiments. NaV1.5-based constructs 
were expressed in HEK293T cells plated in 12-well plates. The trans-
fection mixture was prepared with 500 ng of the plasmid without 
additional β subunits or low-temperature incubation, unless stated 
otherwise. Cells were transfected in the afternoon and incubated 
overnight at 37°C before use in patch-clamp recordings or lysis for 
total RNA extraction. For all electrophysiological recordings, 50 ng 
of a plasmid containing mCherry was cotransfected to allow the 
identification of transfected cells.

Reverse transcription quantitative polymerase 
chain reaction
HEK293T cells were transfected with hNaV1.5, hNaV1.5-1.9Ctail, or 
vehicle (LipoJet only) in triplicate. Cells were suspended the morn-
ing after transfection, and RNA was extracted using the Monarch 
total RNA extraction kit (New England Biolabs). RNA quality and 
quantity were assessed using spectrophotometry (BioDrop μLite+; 
Biochrom). To remove residual genomic DNA, 5 μg of RNA was 
treated with 1 μl of deoxyribonuclease I and purified using the DNA-
free Kit (Thermo Fisher Scientific). Next, the LunaScript RT Super-
Mix Kit (New England Biolabs) was used to generate cDNA from 
1 μg of RNA sample according to the manufacturer’s guidelines. PCR 
reactions were assembled using the Luna Universal Probe qPCR 
Master Mix (New England Biolabs) with 0.2 μl of cDNA. Quantitative 
PCR reactions were run on the LightCycler 480 (Roche Diagnostics) 
in triplicate. The primers for SCN5A were designed in Primer3 and 
had the following sequences: forward, CTTCACCGCCATTTA-
CACCT; reverse, TGCGTAAGGCTG-AGACATTG. Two reference 
genes were used for normalization: hGAPDH (Origene, cat. no. 
HP205798) and hACTB (Origene, cat. no. HP204660). The absence 
of contamination was verified by the inclusion of no-template con-
trols for each primer pair in the experiment. In addition, each cDNA 

reaction was run in parallel with a reaction without reverse transcrip-
tase (RT; no-RT control). There was at least a 7.8 Ct (threshold cycle) 
difference between RT and no-RT reactions for all the samples, except 
the vehicle condition, indicating that most of the cDNA detected orig-
inated from RNA, rather than residual transfected cDNA. Analysis 
was performed according to the ∆∆Ct method.

Immunocytochemistry
Glass coverslips (Fisherbrand; Thermo Fisher Scientific) were acid 
washed in 1 M HCl for 3 days, washed extensively in distilled H2O, and 
coated with poly-d-lysine (Gibco) at room temperature for 1 hour. 
Transfected ND7/23 cells were plated on these coverslips and allowed to 
attach for 1 to 2 hours before fixation in 4% paraformaldehyde for 
15 min. The cells were then permeabilized in 0.2% Triton X-100 for 
10 min and blocked with 0.5% fish skin gelatin for 1 hour. Because all 
hNaV1.9-based constructs have an N-terminal GFP tag, a chicken anti-
GFP antibody (Abcam) was used to visualize protein expression. The 
primary antibody was incubated overnight at 4°C, washed off, and re-
placed with a secondary antibody for 1 hour at room temperature (goat 
anti-chicken Alexa Fluor 488, Thermo Fisher Scientific). Both anti-
bodies were diluted 1:1000 in antibody dilution buffer containing 
1% bovine serum albumin (Gibco) and 0.025% Triton X-100. Cover-
slips were mounted in Vectashield with 4′,6-diamidino-2-phenylindole 
(Vector Laboratories) and visualized on a Nikon Ti epifluorescent 
microscope with a 20× objective. All digital images were acquired 
with an exposure time on the fluorescein isothiocyanate filter of 1 s.

Mouse DRG preparation
Glass coverslips were acid washed for 3 days in 1 M HCl, followed by 
sterilization and storage in 70% ethanol. Before usage, each cover-
slip was placed in a well of a 24-well plate and washed with sterile 
distilled H2O. After drying, the coverslips were coated with poly-d-
lysine (50 μg/ml; Gibco) overnight at 4°C. Just before isolation, cov-
erslips were washed again and covered with laminin (10 to 20 μg/
ml). C57BL/6J mice aged 8 to 12 weeks (Janvier Labs) were eutha-
nized by cervical dislocation under an approved UGent Animal 
Ethics Committee protocol (ECD 20-36). The vertebral column was 
isolated and trimmed of excess muscle tissue and placed in ice-cold 
Hanks’ balanced salt solution (HBSS; Gibco). After bisecting the 
column, spinal cord tissue was removed and 10 to 15 DRGs were 
harvested from the thoracolumbar region. Roots of the ganglia were 
removed before transferring them to a tube of ice-cold HBSS. Ganglia 
were then dissociated in an enzymatic mixture of dispase (2.5 mg/
ml; Gibco) and collagenase type II (1.5 mg/ml; Worthington) dis-
solved in HBSS. After 45 to 50 min of dissociation at 37°C, the DRGs 
were allowed to settle and the enzymatic mixture was replaced with 
600 μl of DRG medium [DMEM/F12 with 10% fetal bovine serum, 
1% penicillin-streptomycin, and GlutaMAX (Gibco)]. Subsequent-
ly, the ganglia were gently triturated using fire-polished glass pi-
pettes of decreasing diameters. The resulting cell suspension was 
centrifuged for 1 min at 100g and suspended in 15 μl of DRG me-
dium per coverslip. Next, the laminin on the prepared coverslips 
was quickly replaced with the cell suspension. The neurons were al-
lowed to attach for 1 hour before flooding the well with culture me-
dium. Recordings were conducted 1 to 10 hours after plating.

Patch-clamp electrophysiology
Fire-polished pipettes were pulled from borosilicate glass (A-M 
Instruments) to a resistance of 2.0 to 3.5 megohms using a P-1000 
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puller (Sutter Instruments). Whole-cell voltage-clamp recordings 
were acquired at room temperature using a MultiClamp 700B am-
plifier and pClamp10 software (Molecular Devices). The series resis-
tance was compensated for 65 to 85%. The recorded currents were 
filtered at 10 kHz and sampled at 20 kHz. Leak was subtracted using 
a -P/4 protocol. For recordings in ND7/23 and HEK293T cells, the 
extracellular (EC) solution contained 145 mM NaCl, 10 mM Hepes 
acetic acid, 3 mM KCl, 1.8 mM CaCl2, and 1 mM MgCl2. For NaV1.9 
recordings from ND7/23 cells, the intracellular (IC) solution con-
tained 10 mM NaF, 110 mM CsF, 20 mM CsCl, 2 mM EGTA, and 
10 mM Hepes acetic acid. The fluoride concentration was lower for 
hNaV1.5 recordings from HEK293T cells: 100 mM CsCl, 30 mM 
CsF, 10 mM Hepes acetic acid, and 10 mM EGTA. The osmolarity of 
all solutions was tuned with glucose to 300 to 305 mosmol, and pH 
was adjusted to 7.35 with either NaOH (EC) or CsOH (IC). To re-
move endogenous TTX-sensitive currents, TTX was added to the 
EC solution, 50 nM for HEK293T cells and 100 nM for ND7/23 
cells. Liquid junction potentials were calculated using pClamp 
10 as ~8 mV for the ND7/23 solutions and ~6 mV for the HEK293T 
solutions and were not corrected. For recordings of hNaV1.9 and 
hNaV1.9-based chimeras, ND7/23 cells were held at −120 mV. The 
voltage dependency of activation and kinetics were assessed with 
100-ms pulses that were increased in 10-mV steps from −110 mV. The 
voltage dependency of inactivation/channel availability protocol 
consisted of an incremental 500-ms prepulse starting from −140 mV 
and going up to +10 mV in 10-mV steps, followed by a 500-ms 
pulse to −30 mV to open all available (noninactivated) channels. 
These two protocols were combined into a single protocol for the 
evaluation of currents from hNaV1.5-based constructs in HEK293T 
cells. From the holding potential of −100 mV, a 500-ms pulse to a 
voltage between −140 and +30 mV was applied with an increase of 
10 mV per sweep, followed by a 50-ms pulse to −20 mV. Comparisons 
between constructs were based on recordings between 3 and 6 min 
after opening. Steady-state protocols were always measured after at 
least 7 min. For DRG recordings, the EC solution contained 70 mM 
NaCl, 70 mM choline Cl, 3 mM KCl, 10 mM Hepes acetic acid, 
20 mM TEA-Cl, 1 mM CaCl2, and 1 mM MgCl2. The IC solution 
contained 140 mM CsF, 10 mM NaCl, 10 mM Hepes acetic acid, 
2 mM MgCl2, 1 mM EGTA, and 0.1 mM CdCl2. Osmolarity was 
adjusted to 320 mosmol (EC) and 300 mosmol (IC), and pH was 7.35 
for both solutions. To isolate mNaV1.9 currents, 1 μM TTX and 1 μM 
A-887826 (NaV1.8 blocker) were added to the EC solution. In com-
bination with the use of intracellular F−, this provides a window of 
voltages where NaV1.9 currents can be studied without interference 
of NaV1.8. At hyperpolarized voltages, the distinction between 
NaV1.8 and NaV1.9 currents is clear. However, at more depolarized 
voltages, we rely not only on current inhibition by A-887826 but 
also on the distinct biophysical properties of NaV1.9 currents at 
room temperature, particularly their significantly slower kinetics 
compared to NaV1.8. In addition, we avoid drawing conclusions 
from voltage ranges where NaV1.8 remains active, typically limit-
ing our analysis to voltages around −10 mV and below, where 
NaV1.9 is fully active, to minimize potential contamination from 
residual NaV1.8 currents. DRG neurons were held at −90 mV 
during recordings. The conductance-voltage (G-V) relationship was 
recorded in 5-mV steps from −80 mV with a pulse duration of 
100 ms. Channel availability was measured at −20 mV after a 500-ms 
prepulse ranging from −140 to +20 mV. Recordings were started 4 
to 6 min after membrane rupture or after 7 to 9 min for channel 

availability protocols. Current density was normalized to cell capac-
itance. Reversal potentials (Erev) were estimated using the Nernst 
equation and used to calculate conductance (G) according to the 
equation G = I/(V − Erev). Conductance was normalized to the max-
imal value. For DRG recordings, the maximum conductance was 
calculated below −10 mV to avoid contamination with NaV1.8 cur-
rents. The voltage error was considered acceptable <10 mV for ND7/23 
and HEK293T recordings and <15 mV for DRG recordings. The 
voltage dependency of activation and steady-state inactivation curves 
were fitted with the Boltzmann function: y = 1/[1 + exp(V50 − Vm)/k], 
where Vm is the test potential and k is the slope factor. To ensure 
reliable comparisons of kinetic parameters and persistent currents 
across constructs, measurements were taken at the voltage that gen-
erated the highest current in each individual cell (hereafter referred 
to as the “peak voltage”). Voltage protocols are visualized in fig. S1.

Purification of CaM and the hNaV1.9 C-tail
Human CaM was expressed as a fusion protein containing a His6-
tag and a tobacco etch virus protease site and was expressed and 
purified as described before (39). The human NaV1.9 C-tail (resi-
dues 1618 to 1766) was cloned into a modified pET28 vector encod-
ing a His6-tag, maltose binding protein, and a tobacco etch virus 
protease site, followed by the protein construct (39). The construct 
was expressed in Rosetta(DE3)plysS Escherichia coli cells. At an op-
tical density at 600 nm of ~0.6, the temperature was lowered to 18°C 
and expressed for 15 hours after addition of 250 μM isopropyl-β-d-
thiogalactopyranoside. Cells were lysed via sonication in buffer con-
taining 50 mM Hepes (pH 7.4), 250 mM NaCl, 10 mM CaCl2, and 
10% sucrose, supplemented with deoxyribonuclease I (25 μg/ml), 
lysozyme (25 μg/ml), and 400 μM phenylmethylsulfonyl fluoride. 
After removal of insoluble material by centrifugation at 35,000g for 
30 min, the supernatant was applied to a His-trap column (Cytiva), 
washed with buffer A [50 mM Hepes (pH 7.4) and 250 mM NaCl], 
and eluted with buffer B [buffer A and 500 mM imidazole (pH 7.4)]. 
The elution fractions were concentrated to 1.5 ml using a 50-kDa-
molecular-weight-cutoff (MWCO) concentrator (Amicon) and 
applied to a prep-grade Sephacryl200 column (Cytiva). Frac-
tions containing the sample were flash frozen in liquid N2 until 
ITC experiments.

Isothermal titration calorimetry
All ITC experiments were performed on an ITC200 instrument 
(Malvern). Both CaM and the NaV1.9 C-tail were dialyzed using a 
3.5-kDa-MWCO membrane for at least 24 hours against a buffer 
containing 25 mM Hepes (pH 7.4), 200 mM KCl, and either 1 mM 
EGTA or 20 mM CaCl2 to obtain data for Ca2+-free or Ca2+-loaded 
CaM. For experiments with the individual IQ domain, a synthetic 
peptide was obtained from LifeTein labs and dialyzed using a 
1-kDa-MWCO membrane. Concentrations of CaM and the C-tail 
were obtained by measuring the absorbance at 280 nm in Edelhoch 
buffer using the calculated extinction coefficient under these condi-
tions (47). For all ITC experiments, CaM was present in the injector, 
with the IQ or C-tail in the cell, using 20 injections of 2 μl each at 
25°C. All ITC data were analyzed in an ITC-specific version of Ori-
gin 7.0 (Malvern).

Data analysis
Data were analyzed and visualized using Clampfit11.2 (Molecular 
Devices), Prism 8 (GraphPad), Fiji (ImageJ), and Office Excel 
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(Microsoft) and analyzed in the R language with RStudio package (ver-
sion 2024.04.2+764). All data are represented as the means ± SEM. The 
choice for a parametric or nonparametric test was motivated by the 
results of a Shapiro-Wilk test to evaluate normality and Levene’s test 
to assess equal variances for multiple group comparisons. Paramet-
ric tests were a two-tailed t test or one-way analysis of variance 
(ANOVA) followed by multiple t tests. Nonparametric tests were a 
Wilcoxon signed-rank test for pairwise comparisons and a Kruskal-
Wallis test followed by Dunn’s test for multiple comparisons. Data 
were considered paired for over-time comparisons, and a repeated-
measures ANOVA was used if there were more than two time points. 
P values were adjusted using the Hochberg procedure in multiple 
comparisons and considered significant if *P <  0.05, **P <  0.01, 
***P <  0.001, and ****P <  0.0001. Technical replicates are indi-
cated in Figs. 1 to 8 as dot plots and in the provided tables.

Supplementary Materials
This PDF file includes:
Figs. S1 to S8
Tables S1 to S17
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