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

The sodium leak channel NALCN is regulated by 
neuronal SNARE complex proteins
Samuel Usher1*, Estelle Toulmé2, Roberta Florea3, Stanislau Yatskevich4, Christine C. Jao4,  
Luuk R. H. Dijkhof1, Janne M. Colding1, Prajakta Joshi5, Inna Zilberleyb5, Thorsten Trimbuch2, 
Bettina Brokowski 2, Alexander S. Hauser1, Alexander Leitner3, Christian Rosenmund2*,  
Marc Kschonsak4*, Stephan A. Pless1*

NALCN (sodium leak channel, nonselective) is vital for regulating electrical activity in neurons and other excitable 
cells, and mutations in the channel or its auxiliary proteins lead to severe neurodevelopmental disorders. Here, we 
show that the neuronal SNARE (soluble N-ethylmaleimide–sensitive factor attachment protein receptors) com-
plex proteins syntaxin and SNAP25 (synaptosome-associated protein 25), which enable synaptic transmission in 
the nervous system, inhibit the activity of the NALCN channel complex in both heterologous systems and primary 
neurons. The existence of this interaction suggests that the neurotransmitter release machinery can regulate elec-
trical signaling directly and therefore modulate the threshold for its own activity. We further �nd that reduction of 
NALCN currents is su�cient to promote cell survival in syntaxin-depleted cells. This suggests that disinhibited 
NALCN may cause the puzzling phenomenon of rapid neuronal cell death in the absence of syntaxin. This interac-
tion could o�er opportunities for future drug development against genetic diseases linked to both NALCN- and 
SNARE protein–containing complexes.

INTRODUCTION
�e resting membrane potential of neurons and other excitable cells 
is set by the push and pull of two opposing constitutively active ion 
�uxes—K+ exiting the cell and Na+ entering. Whereas the K+ e�ux 
is primarily driven by a large family of two-pore potassium channels 
(1), there is a sole molecular cause for up to 70% of the tonic Na+ 
in�ux—sodium leak channel nonselective protein (NALCN) (2). 
�e Na + in�ux carried by NALCN plays a key role in a wide range 
of physiological behaviors from respiratory rhythm to locomotion, 
and NALCN channelopathies result in severe neurodevelopmental 
disorders (3,�4).

Early challenges in the heterologous characterization of this un-
usual relative of voltage-gated sodium and calcium channels were 
resolved by identifying three mandatory auxiliary subunits, UNC79 
(UNCoordinated 79 homolog), UNC80 (UNCoordinated 80 homo-
log), and FAM155A (family with sequence similarity 155 member 
A), without which the channel is nonfunctional (5). Together, these 
four proteins form a structurally unique channel complex with a large 
intracellular surface potentially capable of hosting other protein-
protein interactions (Fig. 1A) (6–8). A range of endogenous proteins 
has been suggested to functionally and physically interact with the 
NALCN core complex, including a number of di�erent G protein–
coupled receptors (9–11), Src-family kinases (9,�12), and the Slo2.1 ion 
channel (13). In addition, calmodulin has been shown to copurify 
with the channel complex (6,�8), although the functional implications 
of this direct interaction remain unclear.

�e regulation of the NALCN core complex by protein partners 
is of pressing interest for several reasons. First, the channel is notori-
ous for its lack of speci�c pharmacological agents, both endogenous 
and otherwise (3,�14,�15). It is therefore tempting to hypothesize that 
interfering with the modulation of NALCN activity mediated by 
protein interactions such as those described above may o�er attrac-
tive opportunities for pharmacological intervention and treatment 
of NALCN-related disorders. Second, the subcellular tra�cking and 
localization of the core complex remain unresolved. It is unclear 
where, when, and how the channel is delivered to and active at the 
membrane of the neurons it has been identi�ed in. A clearer picture 
of the protein interactome of the channel will o�er direct insight 
toward its position and role within a neuron and may o�er clues to 
how it shapes local excitability.

To identify other proteins that may regulate the NALCN func-
tion, we developed an integrative computational approach using 
(i) coexpression of coding RNA transcripts, (ii) coevolution of 
gene orthologs, and (iii) shared gene-phenotype associations. �is 
approach suggested a potential interaction with synaptic function–
associated proteins. We found that proteins of the neuronal 
SNARE (soluble N-ethylmaleimide–sensitive factor attachment 
protein receptors) complex inhibit NALCN complex function in a 
heterologous expression system and structurally associate with the 
intracellular linker regions of NALCN. Furthermore, this interac-
tion can be disrupted in primary neurons to increase the sodium 
leak, leading to rapid cell death. Together, these �ndings suggest a 
role for SNARE complex proteins in regulating the sodium leak 
current in neurons.

RESULTS
A computational screen identi�es putative protein partners 
of the NALCN core complex
We expected that proteins that interact with the NALCN core com-
plex would be required to be expressed in the same cells. To identify 
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proteins that share similar expression patterns to the four proteins 
that constitute the NALCN core complex, we calculated pairwise cor-
relations between RNA transcripts coding for each protein-coding 
gene against each NALCN complex protein from bulk RNA sequenc-
ing of di�erent human tissues (16) or pseudobulk RNA sequencing 
from cell types in humans (16,�17) and mice (18). We �nd that the 
presence of RNA encoding for NALCN complex proteins is the 
highest in neuronal and other excitable cells and correlates well with 
each other (�g. S1A) and other proteins involved in the neural func-
tion. For example, we see a positive correlation between UNC80 and 
synaptosome-associated protein 25 (SNAP25) transcript expression 

across bulk tissue and increasingly granular cell type clustering (me-
dian Spearman’s rank correlation coe�cient, 0.59), whereas there is 
little correlation between transcript expression of UNC80 and the 
cell-essential E1 ubiquitin–activating enzyme UBA1 (Fig. 1B, median 
Spearman’s rank correlation coe�cient of �0.03) (19). Transcript ex-
pression of the postmitotic neuronal marker RBFOX3 (RNA binding 
fox-1 homolog 3; also known as NeuN) correlates reasonably well 
with UNC80 in the bulk tissue data but more poorly in the brain-
speci�c dataset (Fig. 1B, Spearman’s rank correlation coe�cients of 
0.56 and 0.38, respectively). Extending this analysis, we compared 
the di�erences in correlations between the NALCN core complex 
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Fig. 1. A computational screen identi�es potential protein partners of the NALCN core complex. (A) C artoon representation of the NALCN core complex from PDB 
no. 7SX3. The location of the nanodisc is indicated by a light brown oval. Example current traces from Xenopus laevis oocytes expressing NALCN alone (left) or in combina-
tion with the auxiliary subunits UNC79, UNC80, and FAM155A (right). Gray dashed lines indicate the zero current level. (B) Correlations between UNC80 transcript expres-
sion ranks and either SNAP25 (top row), RBFOX3 (middle row), or UBA1 (bottom row) from Human Protein Atlas tissues, Human Protein Atlas cell types, the Descartes atlas, 
and the Allen Brain Atlas (left to right). Two tissues/cell types are highlighted in each panel for comparison, with a neuronal type in red and a non-neuronal type in blue 
(with the exception of the Allen Brain Atlas panels, which show a cortical glutamatergic cell type in red and a GABA-releasing cell type in blue). (C) Patterns of ortholog 
presence and absence according to OrthoDB for the NALCN core complex and the genes chosen for functional screening, with each ”barcode” stripe representing the 
presence of an ortholog in a species. (D) UMAP representation of the combined coevolution and coexpression scores with each gene shown as a point. Proximity in the 
UMAP space to the NALCN core complex is shown by the color legend. The genes chosen for functional characterization were chosen from the cluster highlighted inside 
the black oval. (E) Normalized Ca2+-sensitive inward current magnitudes. The four candidates with the strongest e�ects on NALCN currents chosen for follow-up experi-
ments are highlighted as red �lled points. The number of oocytes recorded for each candidate is shown to the right. Statistically signi�cant di�erences (P�� 0.05) to the 
NALCN core complex–only currents by ANOVA and Dunnett’s post hoc test are marked as stars.
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and gene sets (i) linked to the neuronal function (411 genes) (20,�21) 
and (ii) essential for the cell function (291 genes; �g. S1B; see Mate-
rials and Methods) (19). We �nd more positive correlations between 
the NALCN core complex genes and neuronal genes than between 
the NALCN core complex genes and essential genes in three of the 
four datasets (median Spearman’s rank correlation coe�cients of 
0.24 and �0.22, respectively).

Our second approach is built on the assumption that proteins that 
function together or structurally interact experience similar evolu-
tionary pressures and so are likely to share a similar pattern of 
presence and absence across the tree of life (22,�23). We calculated 
�ngerprint identity scores between the phylogenetic pro�les of each 
human protein-coding gene and each of the four NALCN core com-
plex genes based on orthology assignments of OMA (24), OrthoDB 
(25), and eggNOG (26) for more than 2000 unique eukaryotic spe-
cies (Fig. 1C). We saw nearly identical (88.3, 99.5, and 99.4% identity 
from each source, respectively) phylogenetic pro�les for UNC79 and 
UNC80 from all three sources of ortholog assignments, with the 
similarity of pro�les for NALCN and FAM155A varying between 
sources (�g. S2A).

Last, we restricted our selection to genes with genetic associations 
to clinically observed phenotypes similar to those reported for 
NALCN core complex genes. To do so, we used the Open Targets Plat-
form (27), which compiles data from a range of sources to produce a 
disease-association score for a given gene based on the weighted 
strength of evidence. We selected a longlist of 2554 genes with 
disease-association scores above a threshold of 0.01 for one or more 
of the general phenotypes “Intellectual disability,” “Abnormal pattern 
of respiration,” “Neurodevelopmental disorder,” or “Arthrogryposis 
syndrome,” all of which are broader categories used to describe 
the symptoms that occur in the NALCN-related channelopathies 
CLIFAHHD (congenital contractures of limbs and face, hypotonia, 
and developmental delay) and IHPRF1 (infantile hypotonia with 
psychomotor retardation and characteristic facies 1) (3).

We then projected the RNA coexpression and gene coevolution 
scores for each longlisted gene into two dimensions with uniform 
manifold approximation and projection (UMAP) (Fig. 1D) and cal-
culated the Euclidean distance between each individual gene and the 
centroid of the four NALCN core complex genes. Our shortlist of the 
most proximal 200 genes was more likely to be involved in molecu-
lar functions like synaptic assembly and less likely to be involved in 
metabolic or biosynthetic processes than the longlist (�g. S3A). Of 
the genes that have been previously suggested to modulate the 
NALCN function, four appear in the disease-associated longlist 
(muscarinic acetylcholine receptors, calcium-sensing receptor, 
tachykinin receptor 1, and calmodulins), but we only found genes 
encoding muscarinic acetylcholine receptor subtypes (cholinergic 
receptor muscarinic 1/2) in the most proximal 200 gene shortlist.

Four candidate proteins inhibit currents of the 
heterologously expressed NALCN core complex
Guided by the overrepresentation of synaptic function–related genes 
in the shortlist, we predominantly chose proteins from the list that 
were known to be involved in the synaptic function [e.g., syntaxin 
1B (STX1B), SNAP25, complexin 1 (CPLX1)]. In addition, we chose 
proteins from the list that have also been previously suggested to 
regulate other ion channels [e.g., KCTD16 (potassium channel tetra-
merization domain-containing 16) (28), JPH2 (junctophilin 2) (29), 
and RAB3A (Ras-related protein Rab-3A) (30)]. We also included 

additional isoforms of some of the chosen proteins that have also 
been linked to the ion channel function [RAB4A (30), RAB11A (30), 
STX1A (31), and CPLX2 (32)]. As a result, we continued with 25 
proteins for functional screening.

To screen for functional e�ects on the NALCN core complex 
function, we injected mRNA coding for each candidate protein 1 day 
a�er injecting a mix of mRNAs coding for NALCN, UNC79, UNC80, 
and FAM155A in Xenopus laevis oocytes. Five days a�er the initial 
injection, we recorded sodium leak currents by a two-electrode voltage 
clamp (TEVC). We took advantage of the strong inhibition of inward 
NALCN-mediated currents by extracellular Ca2+ and Mg2+ to iso-
late NALCN complex–speci�c activity (5). We took the initial Ca2+-
sensitive inward current in response to a hyperpolarizing voltage 
step as the NALCN complex–speci�c functional readout (�g. S3B). 
We found that four candidate proteins in particular exhibited strong 
inhibitory e�ects on the NALCN function: RAB4A, JPH2, STX1A, 
and VAMP2 (vesicle-associated membrane protein 2) (Fig. 1E).

Many of the tested candidate proteins are known to interact with 
each other and, in some cases, form macromolecular complexes. To 
discern whether these interactions were required for functional ef-
fects on NALCN, we injected combinations of mRNAs coding for 
candidate proteins that have been shown previously to interact (�g. 
S3D). Notably, we found that injecting a combination of STX1A and 
SNAP25, two components of the neuronal SNARE complex (Fig. 2A), 
leads to stronger inhibition of NALCN currents than STX1A alone, 
while SNAP25 alone had no discernible e�ect (Fig. 2, B and C). Al-
though we saw inhibition of NALCN currents by high concentra-
tions of VAMP2 (the third member of the tripartite core neuronal 
SNARE complex) alone, we did not see inhibition of NALCN cur-
rents at lower concentrations or additional potentiation of inhibi-
tion in combination with STX1A or SNAP25 (Fig. 2C).

Because the notable inhibitory e�ect of STX1A on NALCN 
currents and the intriguing potentiation of said inhibition by fel-
low SNARE complex component SNAP25, we decided to focus 
our e�orts on characterizing the functional, structural, and physi-
ological rami�cations of the STX1A-SNAP25 inhibition of sodi-
um leak currents.

Neuronal SNARE complex proteins reduce NALCN 
activity in vitro
Together, STX1A, SNAP25, and VAMP2 form the core of the neu-
ronal SNARE complex, the protein assembly that drives the mem-
brane fusion events required for neurotransmitter release at the 
synapse (33). Each of the three proteins is a member of a wider 
family of SNARE proteins [more than 60 members in mammals 
(34)], which drive the fusion of vesicles and membranes more gener-
ally across cells (33,�35).

�e inhibition of NALCN currents observed from coexpression 
of SNARE complex proteins may result from two broad mecha-
nisms: lower channel activity and/or lower channel expression at the 
cell membrane. To determine whether STX1A and SNAP25 altered 
the tra�cking of NALCN to the cell membrane, we introduced a 
hemagglutinin (HA) epitope into an extracellular loop of NALCN 
(NALCN-HA) and measured surface expression in Xenopus laevis 
oocytes (Fig. 2D) and human embryonic kidney (HEK) 293T cells 
(�g. S4C). �e introduction of the HA epitope does not alter NALCN 
core complex assembly or function (�g. S4, A and B). We �nd that 
neither STX1A alone nor STX1A and SNAP25 together reduce 
the surface expression of NALCN at the membrane in either of the 
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tested heterologous expression systems (Fig. 2D and �g. S4D). To-
gether, these results suggest that the inhibition of NALCN currents 
by STX1A-SNAP25 is mediated by reducing channel activity, not 
channel surface expression.

NALCN channel activity can be modulated through several 
mechanisms, such as altering the open probability or changing the 
characteristics of its response to changes in voltage. We investigated 
the e�ects of coexpressing STX1A and SNAP25 on the voltage sen-
sitivity of activation and deactivation of NALCN currents. While 
a leak channel by nature, NALCN complexes do exhibit shallow 
conductance-voltage relationships with a voltage of half-activation 
(Vmid) estimated here of around +60 mV. For wild-type (WT) chan-
nels, we were unable to achieve fully saturating prepulse voltages 
while maintaining the integrity of the cell membrane (�g. S5, A and 
B). So, while we did observe more depolarized voltage sensitivity of 
WT NALCN channels upon coexpression of STX1A and STX1A-
SNAP25, there is considerable uncertainty in our estimates because 
of the di�culty of performing these recordings (�g. S5, B and C). 
We therefore introduced two separate gain-of-function mutations 
(V1006A or R1181G) into NALCN (14), which reduce the Vmid of 

the channel to more negative potentials (Fig. 2E and �g. S5, B and 
C). Coexpression of STX1A and STX1A-SNAP25 with either of these 
point mutants shi�s the Vmid slightly toward more positive poten-
tials, with the combination of STX1A-SNAP25 having a larger effect 
(fig. S5C). We did not see a noticeable modulation of the voltage-
insensitive component of NALCN current, which is estimated here 
at 2 to 5% of the maximal channel conductance. In addition, we observe 
that the rate of deactivation of inward current in response to a hyperpo-
larizing voltage step was somewhat increased by STX1A and STX1A-
SNAP25 for both mutant channels (Fig. 2E, inset, and �g. S5D).

In Xenopus laevis oocytes and HEK293T cells, STX1A alone or 
together with SNAP25 does not reduce the amount of NALCN pres-
ent in the plasma membrane. �ere is some evidence for modulation 
of the voltage dependence of channel activity such that more posi-
tive membrane potentials are required for channel opening, and 
channels deactivate slightly faster on returning to more negative 
membrane potentials. However, these biophysical e�ects are small 
and are unable to fully explain the marked reduction in macroscopic 
currents we observe. We hypothesize that in addition to these small 
e�ects, there is a marked reduction in the ability of the channel to 
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rent traces from Xenopus laevis oocytes expressing the NALCN core complex alone (blue) or additionally expressing STX1A or STX1A-SNAP25. Right: normalized steady-
state current-voltage relationships for the same conditions as on the left. (C) Normalized inward current magnitudes at �100 mV from oocytes expressing di�erent 
combinations of SNARE proteins with the NALCN core complex. The number of oocytes recorded for each candidate is shown to the right. Statistically signi�cant di�er-
ences (P�� 0.05) to the NALCN core complex–only currents by ANOVA and Dunnett’s post hoc test are marked as stars. (D) Normalized surface expression of the NALCN 
core complex +/� ST X1A-SNAP25. Wild type (WT): NALCN-UNC79-UNC80-FAM155A; HA: NALCN-HA-UNC79-UNC80-FAM155A; +STX1A: NALCN-HA-UNC79-UNC80-
FAM155A-STX1A; +STX1A/SNAP25: NALCN-HA-UNC79-UNC80-FAM155A-STX1A-SNAP25. Statistically signi�cant di�erences (P�� 0.05) to the NALCN-HA-UNC79-UNC80-
FAM155A surface expression by ANOVA and Dunnett’s post hoc test are marked as stars. (E) Conductance-voltage curves from Xenopus laevis oocytes expressing the 
NALCN core complex alone (blue) or additionally expressing STX1A (light green) or STX1A-SNAP25 (dark green). Inset: representative current deactivation traces for 
NALCN-V1006A expressed either with UNC79-UNC80-FAM155A alone (blue) or additionally expressing STX1A (light green) or STX1A-SNAP25 (dark green). (F) Normalized 
inward current magnitudes from cells expressing the NALCN core complex alone or with variants of STX1A. (G) Left: cartoon overview of the topology of the di�erent 
STX1A constructs tested (see the Supplementary Materials for construct sequences). Right: normalized inward current magnitudes from cells expressing the NALCN core 
complex alone or in combination with the STX1A constructs shown in the left panel. In both (F) and (G), the number of oocytes recorded for each candidate is shown to 
the right. Statistically signi�cant di�erences (P�� 0.05) to the NALCN core complex–only currents by ANOVA and Tukey’s post hoc test are marked as stars.
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open across all voltages, which underpins the loss of macroscopic 
current that we observe.

STX1A requires membrane localization to inhibit NALCN 
core complex activity
STX1A exists predominantly in one of two conformations: a self-
inhibited “closed” conformation in which the Habc domain folds 
back onto the SNARE domain and an “open” conformation that al-
lows for SNARE complex assembly and membrane fusion (36–38). 
To determine whether the conformational state of STX1A is impor-
tant for its inhibition of NALCN complex currents, we expressed a 
construct with two residues in the “hinge” region of the protein 
between the SNARE and Habc domains (STX1A-LE, L165A, and 
E166A) mutated to alanine. �is STX1A-LE construct is mostly 
found in the open state, with the SNARE and Habc domains disso-
ciated (36). We also coexpressed STX1A with STXBP1, a protein 
that interacts with STX1A to favor its closed state (37,�39). Biasing 
STX1A toward either its closed or open conformations has no dis-
cernible e�ect on its inhibitory e�ect on NALCN complex currents 
(Fig. 2F). Similarly, substitution of two cysteines in the transmem-
brane domain of STX1A that were previously implicated as crucial 
for its interactions with the CaV1 and CaV2.2 channels (STX1A-CC, 
C271V, and C272V) (40) does not abolish the e�ect on NALCN as 
it does for CaV’s (Fig. 2F).

Next, we attempted to narrow down the interacting domains of 
NALCN and STX1A by generating a series of STX1A truncations. 
STX1A constructs missing either the SNARE (residues 189 to 258) 
or Habc (residues 29 to 144) domains were still able to inhibit NALCN 
currents, but when the entire intracellular domain of the protein 
was removed to leave only the transmembrane segment, the inhibi-
tory e�ect was lost (Fig. 2G). However, when we expressed the intra-
cellular domain in isolation, we saw no STX1A-like inhibition. 
Inhibition could be restored by relocalizing the intracellular domain 
to the membrane with a polyleucine helix. Together, our data high-
light the necessity of STX1A’s localization to the cell membrane for 
its inhibition of NALCN.

STX1A-SNAP25 interacts with the DII-DIII linker of NALCN
To explore whether the functional e�ects observed in oocytes were 
the result of a direct interaction, we coexpressed the NALCN core 
complex with STX1A and SNAP25 in Expi293 cells and puri�ed the 
resulting complex in detergent. Both STX1A and SNAP25 puri�ed 
with NALCN and coeluted during the �nal size exclusion chroma-
tography (SEC) step (�g. S6A), suggesting the formation of a stable 
interaction between the neuronal complex proteins and NALCN. �e 
substoichiometric appearance of the intracellular UNC79 and UNC80 
subunits relative to NALCN, STX1A, and SNAP25 suggests that 
UNC79 and UNC80 are not required for the interaction of STX1A 
and SNAP25 (�g. S6A). Coexpression of only NALCN and FAM155A 
with STX1A and SNAP25 (in the absence of UNC79 and UNC80) 
was su�cient for the puri�cation of a stable NALCN-FAM155A-
STX1A-SNAP25 complex (Fig. 3A).

To further dissect this structural interaction, we performed cross-
linking mass spectrometry on the puri�ed NALCN-FAM155A-STX1A-
SNAP25 complex (41). For this purpose, we used two orthogonal 
cross-linking reagents in parallel experiments: disuccinimidyl suber-
ate (DSS), which primarily forms cross-links between lysine residues, 
and 4-(4,6-dimethoxy1,3,5-triazin-2-yl)-4-methylmorpholinium 
chloride (DMTMM), which connects lysine residues with aspartic 

or glutamic acid residues. �e two chemistries are expected to form 
covalent bonds between reactive sites in close proximity (up to around 
30 Å relative to the protein backbone) (41,�42). �e location of these 
cross-links can be recovered a�er protease digestion and mass 
spectrometry of the resulting fragments, with cross-linked peptides 
revealing structural details of the original protein complex. As 
previously described, we found that endogenous calmodulin co-
purified and formed cross-links with the C-terminal domain of 
NALCN (6). We found that abundant cross-links formed between 
NALCN, STX1A, and SNAP25 (Fig. 3B and table S1) that were mutu-
ally supportive in experiments using two distinct cross-linking chemis-
tries. �e cross-links suggest that both the intracellular DII-DIII 
linker and C-terminal tail of NALCN are in close proximity to 
STX1A-SNAP25. We were particularly intrigued by the cross-links 
with the DII-DIII linker for two reasons. First, this linker has been 
previously shown to form an elaborate clamp onto UNC80 (6). Given 
that the interaction can occur in the absence of UNC80 in the 
biochemical characterization (Fig. 3A), this raises the possibility 
that STX1A-SNAP25 is able to displace UNC80 by binding to the 
DII-DIII linker of NALCN. Second, the DII-DIII linker of NALCN 
corresponds to the “synprint (synaptic protein interaction) site” of 
the voltage-gated calcium channels, which have been previously 
been shown to bind to and be regulated by STX1A-SNAP25 (31,�43, 
44), although they share very little sequence similarity with NALCN 
in this region.

Despite the stability of the puri�ed NALCN-FAM155A-STX1A-
SNAP25 complex, we were unable to obtain an experimental costruc-
ture of the complex. Instead, we used AlphaFold v2 Multimer (45) 
to generate a predicted multimolecular complex between STX1A, 
SNAP25, and the NALCN DII-III linker (Fig. 3C and �g. S6, B to D). 
�e prediction suggests a potential interaction between residues D699 
and S771 of the NALCN DII-DIII linker and a three-helical bundle of 
STX1A-SNAP25, in agreement with the cross-links. In this model, 
SNAP25 contributes most residues contacting the NALCN DII-DIII 
linker with an extended electrostatic interface between SNAP25 D51, 
E52, and E55 and NALCN R715, K722, R761, and R764 and the hy-
drophobic residues SNAP25 I44 and NALCN V726 and L730 (Fig. 3C). 
�is interaction between NALCN and STX1A-SNAP25 would be 
incompatible with the DII-DIII linker-UNC80 interaction observed 
in cryo–electron microscopy structures (�g. S6E) (6–8).

We next tested the interaction in vitro with a recombinantly puri-
�ed STX1A-SNAP25 complex and a synthetic NALCN DII-DIII 
linker (E698-N772) peptide by SEC. �e NALCN DII-DIII linker 
peptide coeluted with the STX1A-SNAP25 complex and strongly le� 
shi�ed the SEC elution pro�le compared to the elution of STX1A-
SNAP25 only (�g. S7). Notably, the NALCN DII-DIII linker- STX1A-
SNAP25 complex on the SEC column eluted earlier than expected 
for a stoichiometric 1:1:1 (NALCN DII-DIII linker:STX1A:SNAP25) 
complex, which suggests the formation of higher-order assemblies. 
While these higher-order assemblies may suggest conformational 
changes of STX1A-SNAP25 upon binding to the NALCN DII-DIII 
linker, we did not observe similar shi�s in the context of the full-length 
NALCN-FAM155A-STX1A-SNAP25 complex (Fig. 3A).

Mutating the four residues of SNAP25 that form the predicted 
interface (SNAP25-44/51/52/55R) resulted in no coelution and shi� 
on the SEC elution pro�le a�er incubating with STX1A and the 
NALCN DII-DIII linker (E698-N772) peptide (�g. S7). Replacement 
of the four residues on SNAP25 resulted in weaker potentiation of 
STX1A inhibition of NALCN currents in oocytes (Fig. 3D and 
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Fig. 3. STX1A-SNAP25 interacts with the DII-DIII linker of NALCN. (A) SEC (left) and corresponding SDS–polyacrylamide gel electrophoresis (right) of the puri�ed 
NALCN-FAM155A-STX1A-SNAP25 complex. In this experiment, all four proteins are FLAG tagged. Additional prominent bands are highlighted: *, HSA71A/B; **, NALCN 
(truncated). mAU, milliabsorbance unit. MW, molecular weight. (B) Cross-linking mass spectrometry mapping of the protein-protein interactions between the complex 
members with DSS (left, blue lines) or DMTMM (right, red lines). Selected regions of NALCN are highlighted in the outer circle. In this experiment, NALCN and FAM155A 
are FLAG tagged. (C) Predicted interaction interface of the NALCN DII-DIII linker and SNAP25/STX1A by AlphaFold v2 Multimer. Highlighted interaction hotspots are 
shown with key residues on SNAP25 and the NALCN model labeled. (D) Top: representative current traces from Xenopus laevis oocytes expressing NALCN/UNC79/UNC80/
FAM155A alone (blue) or additionally expressing STX1A (light green), STX1A, and SNAP25 (dark green) or STX1A with SNAP25 harboring four point mutations (pink). Gray 
dashed lines indicate the zero current level. Bottom: normalized current magnitudes from cells expressing the same constructs with the same color coding. Stars indicate 
signi�cance at the P�� 0.05 level by ANOVA and Tukey’s post hoc test.
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�g. S10B), restoring the NALCN function to a level partway between 
coexpression with STX1A alone and coexpression with the WT 
STX1A-SNAP25 complex.

On the basis of the success of the AlphaFold-based approach to 
identify the binding interface of the NALCN DII-DIII linker and 
SNAP25, we attempted to identify similar interacting residues between 
STX1A and the NALCN core complex with a systematic computa-
tional screen (�g. S10, C to F). However, the predicted binding modes 
we obtained for STX1A alone in the region of the NALCN DII-DIII 
linker (�g. S10, E and F) result in large binding interfaces compris-
ing most of the STX1A protein, making it di�cult to pinpoint indi-
vidual residues or regions to target.

Together, the biochemical and electrophysiological data suggest 
that the inhibition of sodium leak currents by STX1A-SNAP25 is 
primarily mediated through an interaction with the intracellular 
DII-DIII linker of NALCN. We hypothesize that this interaction results 
in a change in the complex that prevents the channel from opening, 
given the lack of e�ects on channel surface expression and small 
changes in other biophysical parameters. An attractive mechanistic 
explanation for this marked reduction in channel activity is the dis-
placement of UNC80 from the DII-DIII linker of NALCN by competi-
tion with STX1A-SNAP25, thus reducing the number of channels 
able to open. Curiously, despite the strong functional inhibition 
we observe from the expression of STX1A alone and the converging 
insights from cross-linking data, AlphaFold predictions, and trun-
cation experiments, future studies will be required to elucidate the 
precise molecular nature of this interaction.

STX1A-SNAP25 does not inhibit voltage-gated 
sodium channels
We were surprised by the shared STX1A-SNAP25 binding domain 
between NALCN and voltage-gated calcium channels, as the DII-
DIII linker is not well conserved between the proteins. We wondered 
whether the STX1A-SNAP25 inhibition could be a conserved fea-
ture across the whole four-domain voltage-gated channel family in 
humans (CaV’s, NaV’s, and NALCN). We therefore tested for func-
tional e�ects of coexpressing STX1A and STX1A-SNAP25 with 
three di�erent members of the voltage-gated sodium channel family 
(NaV1.4, NaV1.5, and NaV1.7) in Xenopus laevis oocytes but did not 
observe alterations of voltage sensitivity of activation or peak cur-
rent amplitude (�g. S8). �ese data suggest that STX1A-SNAP25 is 
not generally regulating all four-domain voltage-gated channels but 
is selective in which channels it is able to functionally modulate.

Loss of syntaxin increases sodium leak in murine isolated 
hippocampal neurons
�e data presented so far have been derived from overexpression of 
each of the relevant proteins in heterologous expression systems. 
Next, we sought to establish whether the functional e�ects are of 
physiological relevance in the more complex cellular environment of 
a neuronal cell. As we observe that overexpressing STX1A-SNAP25 
inhibits the NALCN function and that the SNAP25 e�ect is condi-
tional on the presence of STX1A, we hypothesized that removing 
STX1A from neurons should lead to an increase in the sodium leak 
current. In neurons, removal of STX1A is functionally compensated 
by its paralog STX1B (37,�46). We determined that STX1B was also 
able to recapitulate the inhibition of NALCN currents in our heter-
ologous system, both alone and in combination with SNAP25 (�g. 
S9). To completely remove both syntaxin isoforms, we turned to 

a previously established Stx1a/1b conditional double-knockout 
(Stx1bFL/FL/Stx1a cDKO) mouse line, where Stx1a is globally knocked 
out and Stx1b is �anked by LoxP sites and can be removed by Cre 
recombinase expression (47).

We isolated hippocampal neurons from newborn WT or 
Stx1bFL/FL/Stx1a cDKO mice and cultured them at high density on 
astrocyte feeder layers from WT mice. We recorded sodium leak cur-
rents from neurons between 14 and 22 days a�er plating [14 to 22 days 
in vitro (DIV)] in response to lowering the concentration of extracel-
lular divalent ions from 2 to 0.5 mM or replacing the extracellular 
sodium with N-methyl-�-glucamine (NMDG) (Fig. 4A). We per-
formed these experiments in the presence of a number of ion chan-
nel inhibitors (outlined in Materials and Methods) to minimize 
contributions from other voltage- or ligand-gated ion channels and 
prevent spontaneous neuronal activity from a�ecting our recordings. 
We found that at �70 mV, WT neurons exhibited an increase in so-
dium leak of 0.28 to 0.42 pA/pF when the perfused concentration of 
Ca2+ and Mg2+ was lowered from 2 to 0.5 mM (Fig. 4B), re�ecting 
the release of inhibition of sodium leak currents by divalent ions (5). 
�is leak current was halved to 0.12 to 0.27 pA/pF by knocking down 
Nalcn expression by around 70% (�g. S11C) with a lentiviral short-
hairpin RNA construct (shNalcn) at DIV 1, suggesting that the sodi-
um leak current under these recording conditions is predominantly 
conducted by Nalcn. �ese �ndings are in line with those reported 
by others, with the NALCN-mediated contribution to sodium leak 
estimated at between 60 and 80% in murine hippocampal (2), supra-
chiasmatic nucleus (48), and midbrain dopaminergic neurons (10).

Noninfected Stx1bFL/FL/Stx1a cDKO neurons, which lack Stx1a 
but still express Stx1b, exhibited sodium leak currents of similar mag-
nitude to WT neurons, consistent with our observations in Xenopus 
laevis oocytes that STX1B/SNAP25 is also capable of reducing 
NALCN currents (�g. S9). Notably, removing Stx1B expression by lenti-
viral expression of Cre recombinase, resulting in Stx1a/1b DKO neu-
rons, led to an increase in sodium leak to 0.95 to 1.51 pA/pF. Knockdown 
of Nalcn expression with shNalcn or inhibition of Nalcn currents by 
inducing the expression of an interfering protein (DII-DIII, corre-
sponding to residues 617 to 835 of human NALCN) reduced sodium 
leak currents to within the range of WT neurons, although with con-
siderable variability (Fig. 4B). �is interfering peptide disrupts the 
formation of the NALCN complex by competing for the DII-DIII 
linker interaction site on UNC80, markedly reducing sodium leak 
currents (6). Together, these data demonstrate that sodium leak cur-
rents mediated by Nalcn in hippocampal neurons are inhibited by 
Stx1a/1b, and removal of these proteins enhances the NALCN-mediated 
sodium leak.

Reducing sodium leak currents enhances survival in neurons 
lacking both syntaxin isoforms
In addition to the role of Stx1a/1b in supporting neurotransmitter 
release, in vitro genetic removal of both isoforms leads to neuronal 
cell death (Fig. 4, C and D), as shown previously (47,�49,�50). Curi-
ously, the ability of Stx1a/1b to support neurotransmitter release is 
independent from its ability to keep neurons alive, as reintroducing 
fusion-incompetent Stx1a isoforms into neurons lacking endoge-
nous Stx1a/1b prevents cell death (47), suggesting an as-yet unex-
plained role for Stx1a/1b in neuronal survival. We were curious to 
test whether the increase in sodium leak currents resulting from 
removal of Stx1a/1b could represent the possible mechanism under-
lying the resulting cell death. We found that while reducing Nalcn 
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expression (shNalcn) or currents (DII-DIII) individually did not re-
sult in improved survival (�gs. S11B and S12), combining these two 
interventions to reduce sodium leak currents enhanced neuronal 
survival such that around half of Stx1a/1b DKO neurons present at 
DIV 8 was still alive at DIV 22 (Fig. 4C). Although we only observe 
a partial rescue of neuronal survival, these data clearly suggest a cy-
totoxic e�ect of NALCN-mediated sodium leak currents when inhi-
bition by neuronal Stx1a/1b is relieved.

DISCUSSION
In this study, we demonstrate that the SNARE complex proteins 
STX1A and SNAP25 inhibit NALCN currents in heterologous ex-
pression systems, and Stx1a/1b inhibits NALCN currents in mam-
malian neurons. Removal of endogenous Stx1a/1b from isolated 
murine hippocampal neurons results in an increase in sodium leak 
currents and rapid cell death, and knockdown or inhibition of Nalcn 
currents mostly reverses both phenotypes in vitro. It is commonly 
accepted that the neuronal SNARE complex feeds back on the Ca2+ 
channels responsible for the Ca2+ in�ux required for SNARE activa-
tion. Our data suggest that SNARE complex proteins STX1A and 
SNAP25 are also able to regulate the background Na+ in�ux through 
NALCN and thus potentially modulate cellular excitability directly.

We discovered this interaction through an integrative computa-
tional approach combining clues from phylogenetic pro�ling, RNA 
sequencing datasets, and links to disease phenotypes. Similar ap-
proaches have been previously successful in identifying protein con-
stituents of the mitochondrial calcium uniporter (51) and pairing 
endogenous peptide ligands to their G protein–coupled receptor 
partners (23). We screened only a small selection of proteins from 
our shortlist (25 of 200) here to determine how useful the approach 
could be for identifying previously unknown partners of macromo-
lecular ion channel complexes. �is validation supports the e�ec-
tiveness of our integrative approach and highlights the potential to 
reveal unknown protein interactions. We believe that future e�orts 
could further be elaborated by predictive biophysical interaction 
techniques and more sophisticated machine learning approaches 
that could be promising directions, both for other ion channel com-
plexes and for further picking apart the possible interactome of the 
NALCN channel complex.

A common concern of protein-protein interaction screening in 
heterologous systems, and a potential limitation of this study, is that 
overexpression—and therefore arti�cially high concentrations or 
molar ratios—of the component proteins can lead to structural in-
teractions and functional e�ects that are unlikely to occur under 
more physiological conditions. However, as STX1A and SNAP25 
are two of the most abundant proteins in mammalian neurons—
especially in synaptic regions (estimated at more than 20,000 copies of 
STX1A per synaptic bouton compared to, e.g., ~15 copies of CaV2.1) 
(52)—we expect the expression ratio of complex proteins to NALCN 
protein to be far higher in neurons than we achieve heterologously. 
In addition, the functional e�ects we observe in primary neurons 
are a result of arti�cially depleting endogenous protein levels and so 
are not subject to the same limitations.

SNARE complex proteins have been suggested to interact with a 
plethora of di�erent ion channels—voltage-gated calcium channels 
(31,�40,�53–55), voltage-gated potassium channels (56–62), cystic 
�brosis transmembrane conductance regulator (63,�64), KATP channels 
(65,�66), and epithelial sodium channels (67,�68)—and modulate 

them by a variety of mechanisms, including alterations in protein 
tra�cking, membrane expression, and biophysical parameters from 
voltage sensitivity to single-channel conductance levels. STX1A and 
SNAP25 have been shown to assemble in a diversity of hetero- and 
homo-oligomeric forms under di�erent conditions (33), and we can-
not exclude the possibility that multimers of STX1A and/or SNAP25 
play also a role in NALCN regulation. While future studies will need 
to address the inhibitory mechanism of STX1A only on NALCN leak 
currents in greater detail, a key functional interaction appears to be 
mediated by the DII-DIII linker of NALCN to SNAP25 and STX1A 
(Fig. 3, B to D). �e structure prediction suggests multiple direct con-
tacts between SNAP25 and NALCN (Fig. 3C); however coexpres-
sion with SNAP25 alone did not inhibit NALCN currents (Fig. 2C). 
SNAP25 may have to �rst contact STX1A to adopt a conformation 
that can subsequently interact with the NALCN DII-DIII linker. �e 
absence of de�ned STX1A-SNAP25 density in our cryo–electron 
microscopy costructure attempts is likely a consequence of the in-
herent �exibility of the NALCN DII-DIII linker that persists when 
STX1A and SNAP25 bind and the small size of the STX1A-SNAP25 
subcomplex relative to the rigid transmembrane and extracellular 
regions of NALCN-FAM155A. �rough its interaction with UNC80, 
the NALCN DII-DIII linker has previously been proposed as a nex-
us for NALCN channelosome assembly, gating, and modulation 
(6). A direct interaction of STX1A-SNAP25 with the DII-DIII linker 
and, therefore, competition with UNC80 may provide an intriguing 
mechanism for the inhibition of NALCN leak currents.

While the STX1A-SNAP25 complex is best known for its role at 
the presynaptic membrane where it coordinates neurotransmitter 
release, both proteins are ubiquitous across the neural membrane, 
including postsynaptic and extrasynaptic regions (69–71). �ere are 
currently limited data on the subcellular localization of NALCN core 
complexes in mammalian neurons (3). It therefore remains unclear 
where in the neuron the functional interaction between the SNARE 
complex and the NALCN core complex may occur. �e interaction 
between neuronal CaV channels and SNARE complex proteins has 
been suggested to play a key role in organizing the intimate coordi-
nation of the neurotransmitter release machinery, ensuring that syn-
aptic vesicles are held in close proximity to the calcium in�ux, which 
then drives their fusion with the plasma membrane (38). To our 
knowledge, there is little support to date for a synaptic localization 
or role for sodium leak currents, and it is unclear how the NALCN 
core complex could be incorporated into this tightly organized sub-
cellular environment. A de�nitive answer to this question would 
require the development of genetic or pharmacological tools to label 
and visualize endogenous NALCN complexes and their subcellular 
localization.

An alternative proposal could be that STX1A-SNAP25 dimers 
that form outside the synaptic active zone [and comprise the bulk of 
SNARE proteins in mammalian neurons (72)] could regulate the 
NALCN complex in parallel to the neurotransmitter release cascade, 
thus diminishing sodium leak currents. �e shared expression pat-
terns of STX1A-SNAP25 and the NALCN core complex suggest that 
this mechanism could occur widely across excitable cells. �e most 
potent endogenous regulator of sodium leak currents described to 
date is extracellular calcium (5,�73), which can be reduced from its 
resting physiological level of around 1 mM [at which >80% of 
NALCN inward currents are inhibited (5)] by bursts of synaptic ac-
tivity (74) or during seizures (75), relieving NALCN inhibition and 
contributing to increased cellular excitability. During these periods 
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Fig. 4. Loss of syntaxin increases sodium leak in isolated hippocampal neurons. (A) Example current traces from cultured hippocampal neurons held at �70 mV and 
perfused with the indicated extracellular solutions (full solution compositions are in Materials and Methods). The Ca2+-sensitive leak conductance is calculated by sub-
tracting the holding current in the presence of 2 mM Ca2+ from the holding current in the presence of 0.5 mM Ca2+, as shown by the arrow in the example trace for WT 
neurons. (B) Left: summary of Ca2+-sensitive holding current magnitudes for neurons isolated from WT (top) or Stx1bFL/FL/Stx1a cDKO (bottom) mice infected with lentivi-
ral constructs at DIV 1 as indicated. Individual data points are from two or more di�erent primary cultures and recorded from DIV 14 to 22. The gray dashed line indicates 
the zero current level. Data are shown on a log2(1�+�x) scale. Right: point estimates and 95% con�dence intervals for each condition. Statistically signi�cant di�erences 
(P�� 0.05) to the control recordings within each background by ANOVA and Dunnett’s post hoc test are shown as stars. (C) Fraction of plated hippocampal neurons iso-
lated from Stx1bFL/FL/Stx1a cDKO and infected with the indicated lentiviral constructs at DIV 1, surviving in culture over time. Points and error bars represent the means 
and standard error of the mean. Individual cultures are shown by translucent lines. Point estimates and 95% con�dence intervals for each condition are displayed on the 
right for DIV 22. Statistically signi�cant di�erences at DIV 22 (P�� 0.05) to cultures transduced with Stx1a (+Stx1a condition) by ANOVA and Dunnett’s post hoc test are 
shown as stars. (D) Representative merged bright-�eld and �uorescence images of cultured neurons from the same culture from DIV 8 to DIV 22. Scale bars, 50 �m. Con-
trast adjustment and background correction were performed for clarity here; uncorrected images can be found in �g. S12.
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of greatest neuronal activity, STX1A-SNAP25 inhibition of the so-
dium leak current may be important for preventing excessive posi-
tive feedback and excitotoxicity, which may explain why genetic 
variation in both NALCN complex subunits and SNARE complex 
proteins can lead to seizures (discussed in more detail below).

One of the most surprising outcomes of this work is the contri-
bution of sodium leak currents to neuronal cell death in the absence 
of Stx1a/1b (Fig. 4, C and D). It has been shown by multiple groups 
that depletion of endogenous Stx1a/1b in neurons leads to embryonic 
lethality in mice and widespread neuronal death (47,�49,�76,�77). �is 
essentiality for survival is independent of neurotransmission, as 
neuronal survival can be rescued by reintroducing an exocytosis-
incompetent Stx1a mutant that eliminates synaptic transmission 
(47). Although we cannot exclude the possibility of this Stx1a mu-
tant a�ecting SNAP25 binding, we show in this study that it is still 
able to inhibit NALCN complex currents (�g. S9C). �e molecular 
mechanism underpinning this role in neuronal survival is not un-
derstood, and even the cell death pathway triggered upon Stx1a/1b 
depletion is atypical and does not resemble other established cell 
death processes in neurons (49). On the basis of the results in this 
study, we propose that at least part of the missing link in the connec-
tion between Stx1a/1b and neuronal survival is the sodium leak cur-
rent conducted by the NALCN complex.

Depletion of inhibitory Stx1a/1b-SNAP25 proteins increases so-
dium leak currents and drives neuronal cell death. However, while 
we observe that reducing either channel expression (by shNalcn) or 
function (by DII-DIII peptide) in Stx1a/1b DKO neurons is su�-
cient to lower sodium leak currents to levels indistinguishable from 
Stx1a-containing neurons, it requires the combination of both inter-
ventions to partially rescue survival. Notably, cell survival occurs 
over far longer timescales than our leak current recordings and our 
data appear to suggest that neurons are more sensitive to the inte-
gration of the chronic change in sodium leak over days than we can 
detect with our electrophysiological recordings. It therefore seems 
that the increase in NALCN activity induced by Stx1a/1b deple-
tion contributes to cell toxicity, but we cannot exclude additional 
mechanisms. It remains unclear whether this contribution to cyto-
toxicity is directly caused by sodium in�ux, a more depolarized 
membrane potential, or other as-yet unexplored downstream sig-
naling pathways.

Across more than 100 cases of NALCN/UNC79/UNC80–related 
genetic disorders (NALCN channelopathies) reported in the literature, 
there is a broad spectrum of clinical manifestations and severities (3). 
Many of the common symptoms, including neurodevelopmental de-
lay, intellectual disability, and seizures, are shared by patients with 
pathogenic mutations in neuronal SNARE genes (SNAREopathies) 
(78). For both classes of disease, despite sharing a common patho-
genic molecular origin, there is a notably diverse range of symptoms 
and clinical outcomes—even among di�erent patients with mutations 
in the same gene. �e underlying mechanisms behind this diversity 
are not fully understood and could range from the level of functional 
redundancy for a given gene (e.g., FAM155B may compensate for loss 
of FAM155A function) to subtle di�erences in the expression and 
function of di�erent complex components in di�erent tissues and cell 
types (3,�78). �e interaction between the two complexes we have un-
covered here suggests another contributor to the symptomatic diversity, 
as SNAREopathies may result in not just altered synaptic transmission 
but also altered cellular excitability and even neuronal survival 
through their modulatory role in the sodium leak current. A greater 

understanding of the interplay between these disease mechanisms 
may be bene�cial for the development of future therapeutics for both 
NALCN channelopathies and SNAREopathies.

MATERIALS AND METHODS
Computational screening
We used four RNA sequencing datasets to calculate gene expression 
correlations with the NALCN core complex: the Human Protein Atlas 
consensus tissue (accessed at www.proteinatlas.org/download/tsv/
rna_tissue_consensus.tsv.zip) and single cell type (accessed at www.
proteinatlas.org/download/tsv/rna_single_cell_type_cell_types.tsv.
zip) datasets (16), the Allen Brain Atlas mouse cortex and hippocam-
pus 10x dataset (accessed at https://portal.brain-map.org/atlases-
and-data/rnaseq/mouse-whole-cortex-and-hippocampus-10x) 
(18), and the Descartes human fetal brain atlas (accessed at https://
descartes.brotmanbaty.org/bbi/human-gene-expression-during-
development/) (17). Gene-to-gene pairwise Spearman’s rank correla-
tions were calculated within each dataset between each of the NALCN 
core complex proteins (NALCN, UNC79, UNC80, and FAM155A) 
and each human gene (or mouse ortholog). Mouse orthologs from 
the Allen Brain Atlas were mapped to their human orthologs using 
the Alliance of Genome Resources (79).

We used three orthology databases—OMA (24), OrthoDB (25), 
and eggNOG (26)—to calculate binary phylogenetic �ngerprints for 
each human protein-coding gene across eukaryotic species, with 1 
(positive bit) indicating the presence of an ortholog and 0 (negative 
bit) indicating the absence. We then calculated the �ngerprint simi-
larity score between each of the NALCN core complex protein-coding 
genes and each other human protein-coding gene as the number of 
identical bits divided by the total bits. Genes with low �ngerprint 
similarity will have scores close to 0, while genes with high �nger-
print similarity will have scores close to 1. �e full �ngerprints for 
each of the four protein subunits of the NALCN channel complex 
are shown in �g. S2A. Noticeably, while OrthoDB—which contains 
the most extensive collection of eukaryotic genomes of the three 
databases—was still able to distinguish between orthologs of NALCN 
and orthologs of other four-transmembrane-domain voltage-gated 
channels (such as CaV’s and NaV’s) at the eukaryotic level, the other 
two databases made no such distinction. �is resulted in the NALCN 
coevolution pattern appearing quite dissimilar to the other compo-
nents in the eggNOG and OMA databases. �is may re�ect NALCN 
being an “older” gene with more in-paralog interaction partners in 
species lacking the other three components (3).

We compared the similarities to NALCN core complex compo-
nents of both phylogenetic �ngerprints and RNA expression pro�les 
for a list of 411 genes annotated in the Gene Ontology database as 
being linked to the neuronal function (evidence criteria limited to 
those inferred from experiment, inferred from direct assay, inferred 
from the mutant phenotype, and author statement supported by a 
traceable reference) and a list of 291 genes established as essential for 
cell survival (19). �is essential gene list has been previously used as a 
background control to identify protein-protein interactions through 
phylogenetic relationships (23).

We used the OpenTargets platform (27) to narrow our search space 
down to human genes associated with clinical symptoms similar to 
those that occur because of genetic variations in the NALCN core 
complex. We set a threshold for a combined evidence score of 0.01 
for at least one of the general phenotypes “Intellectual disability,” 



Usher et al., Sci. Adv. 11, eads6004 (2025)     14 March 2025

S C I E N C E  A D Va N C E s |  R E s E ar C H  A rT I C L E

11 of 17

“Abnormal pattern of respiration,” “Neurodevelopmental disorder,” 
or “Arthrogryposis syndrome.”

From the 2554 genes that met this threshold, we created a gene 
by score matrix where each row is a human protein-coding gene as-
sociated with similar clinical phenotypes to NALCN channelopathies, 
and each column is a score between 0 and 1 representing either a 
Spearman’s rank correlation with a NALCN core complex compo-
nent’s RNA expression pro�le or a �ngerprint similarity score with a 
NALCN core complex component’s phylogenetic �ngerprint. �e 
matrix was centered and normalized by subtracting the mean and 
dividing by the standard deviation for each column and then pro-
jected into two dimensions using UMAP. As the exact units of the 
two dimensions are not directly interpretable, we have shown the 
plot without a scale. �e 200 genes with the shortest Euclidean distance 
to the centroid of the NALCN core complex genes were subjected to 
statistical overrepresentation analysis of their Gene Ontology mo-
lecular function annotations using the PANTHER online tool (�g. 
S3A) (80,�81). Twenty-two genes were picked from this shortlist of 
200 for functional screening, with 3 additional isoforms of the 22 
included for a total of 25 genes.

Screening STX1A and SNAP25 binding modes using an 
AlphaFold sliding window approach
�e NALCN complex, with chains NALCN, UNC79, and UNC80, 
spans 7631 residues in total, with UNC80 alone contributing 3258 
residues. To overcome the protein size limitations of AlphaFold v2, 
we implemented a sliding window approach, segmenting each chain 
into overlapping 500-residue fragments with a step size of 5. For 
each fragment, a complex prediction was performed with SNAP25, 
STX1A, and SNPA25-STX1A, respectively. �is approach generated 
1318 predictions for NALCN, 2137 for UNC79, and 2755 for 
UNC80, yielding a total of 6210 complexes predicted using AF2-
Multimer v2.3.1. To identify potential interaction sites, we applied 
AlphaFold Multimer Local Interaction Score (LIS) rescoring (82), 
which prioritizes local interactions over global model accuracy, 
making it well suited for the �exible regions of UNC proteins. We 
summarized LIS values across chains and calculated a sliding mean 
LIS with a window size of 4 to standardize binding scores across 
chains and binding partners. �ese LIS values enable comparisons 
of predicted binding sites across chains and between di�erent bind-
ing partner con�gurations.

We aligned the predicted binding modes to a SwissProt-derived 
structure that supplemented missing regions in PDB (Protein Data 
Bank) no. 7SX3. While disordered regions were less reliably predicted, 
their inclusion provided a more complete framework for analysis. 
Complexes near the DII-DIII linker were speci�cally reevaluated to 
identify potential STX1A binding modes (�g. S10, E and F).

Molecular biology for heterologous expression
Human NALCN, UNC79, UNC80, and FAM155A complementary 
DNAs (cDNAs), codon optimized for Homo sapiens, cloned into the 
pCDNA3.1(+) vector, were used as previously described (6). All dele-
tions, substitutions, and insertions were generated using site-directed 
mutagenesis with custom-designed primers (Euro�ns Genomics/
Sigma-Aldrich) and the Q5 Hot Start High-Fidelity DNA Polymerase 
(New England Biolabs). cDNAs for each of the candidate interact-
ing proteins were synthesized and cloned into the pCDNA3.1(+) 
vector commercially (Twist Bioscience). Sequences of cDNAs were veri-
�ed by Sanger DNA sequencing and/or whole-plasmid sequencing 

(Euro�ns). For expression in X. laevis oocytes, cDNAs were linear-
ized using Xba I and then transcribed to capped mRNAs with the 
T7 mMessage mMachine Kit (Ambion). To directly compare the 
biochemical and functional experiments with the quadruple-mutant 
SNAP25-44/51/52/55R, we tested the functional e�ects of introduc-
ing FLAG tags into STX1A and SNAP25 (�g. S10). �e functional 
e�ects were not abolished by the introduction of the tags, albeit the 
magnitude of inhibition was slightly reduced when compared to 
WT protein. �e fusion-incompetent Stx1A-AV mutant is still able 
to bind to SNAP25 and other members of the neuronal SNARE 
complex in vitro, as well as support vesicle docking at the synapse, 
although not priming or fusion (47). DNA and amino acid sequenc-
es of the constructs generated for TEVC are listed in table S2.

Two-electrode voltage- clamp electrophysiology
X. laevis oocytes were prepared as previously described (6). Brie�y, 
ovarian lobes were surgically removed from female WT Xenopus laevis 
frogs (Xenopus1 Corp., US) anesthetized in 0.3% tricaine (proce-
dure approved by the Danish Veterinary and Food Administration; 
license number 2014-15-0201-0031). Healthy-looking stage V to VI 
oocytes were isolated and injected with 32 to 41 nl of mRNA using a 
Nanoliter 2010 or Nanoliter 2020 injector (World Precision Instru-
ments). Unless otherwise stated, all mRNAs were injected at a �nal 
concentration of 250 ng/�l so that experiments were performed 
with 1:1 ratios by weight of components. For the initial functional 
screen, putative interacting proteins were �rst injected at 1000 ng/
�l. We found that a�er reducing the injected amount of RNA of the 
four initial candidates, only STX1A still markedly inhibited NALCN 
currents at a 1:1 ratio by weight (i.e., around 5:1 molar weight ratio; 
�g. S3C). While the quantity of injected RNA does not correlate ex-
actly with the quantity of expressed protein, we continued with the 
lower amounts of RNA to try and prevent artifacts from overloading 
the ribosomal machinery.

Injected cells were incubated in ND96 storage solution (96 mM 
NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, 5 mM Hepes, 2.5 mM 
pyruvate, and 0.5 mM theophylline; pH 7.4 with NaOH) sup-
plemented with gentamycin (50 �g/ml) and tetracycline (50 �g/ml) 
at 18°C at 140 rpm. Four to �ve days a�er RNA injection, TEVC 
measurements were performed on oocytes continuously perfused in 
one of two ND96-based recording solutions: ND96 [96 mM NaCl, 
2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 5 mM Hepes (pH 7.4) 
with NaOH] or ND96 without Ca2+ [96 mM NaCl, 2 mM KCl, 
1.8 mM BaCl2, and 5 mM Hepes (pH 7.4) with NaOH] at room tem-
perature using a Warner OC-725C Oocyte Clamp ampli�er (War-
ner Instruments). Data were acquired using pCLAMP 10 so�ware 
(Molecular Devices) and a Digidata 1550 digitizer (Molecular De-
vices), sampled at 10 kHz. Electrical powerline interference was �l-
tered with a Hum Bug 50/60 Hz Noise Eliminator (Quest Scienti�c). 
Traces were further �ltered for display o�ine with a 1-kHz low-pass 
�nite impulse response �lter with an order of 30. Recording micro-
electrodes with resistances around 0.2 to 1.0 megohms were pulled 
from borosilicate glass capillaries (Harvard Apparatus) using a P-
1000 Flaming/Brown Micropipette Puller System (Sutter Instru-
ment) and were �lled with 3 M KCl.

All TEVC experiments presented were performed on a mini-
mum of two separate batches of oocytes from di�erent Xenopus laevis 
frogs. Unless otherwise stated, recordings were performed in ND96 
without Ca2+ holding at 0 mV and stepping between �100 and 
+80 mV in 20-mV increments for 1 s. Currents for IV plots were 
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calculated at the steady state, at the end of the 1-s voltage step. To 
compare current magnitudes, the peak initial inward current from 
stepping to �100 mV was taken. To control for batch-to-batch vari-
ability, we normalized both peak current magnitudes and IV plots to 
the median control (oocytes expressing NALCN-UNC79-UNC80-
FAM155A alone) current recorded from the same oocyte batch. For 
current magnitude comparison plots, data from each oocyte are 
shown as a separate point and treated as a biological replicate. For 
IV plots, individual oocytes are represented by points with white 
outlines, with black outlines representing the means and error bars 
the standard error of the mean. Data from oocytes that displayed 
large nonspeci�c leak currents, de�ned as steady-state inward cur-
rents greater than 0.5 �A at �100 mV in ND96, were excluded. �e 
only exception is in the initial screen for interacting proteins, where 
all recorded data were included.

For conductance-voltage recordings of NALCN, tail currents were 
�rst recorded in ND96 without Ca2+ by holding at 0 mV, stepping to 
a prepulse potential (�140 to +140 mV in 20-mV increments) for 2.5 s, 
and then holding at �80 mV to record a tail current. �e protocol 
was repeated while perfusing NMDG96—a solution with sodium re-
placed by the NALCN-impermeable ion NMDG+ [96 mM NMDG+, 
2 mM KCl, 1.8 mM BaCl2, and 5 mM Hepes (pH 7.4) with HCl]. 
Sodium-speci�c currents were calculated as the di�erence in inward 
tail currents between ND96 and NMDG96 (�g. S4A). �e peak in-
ward tail currents at each prepulse voltage for each oocyte were 
normalized to the maximum observed current. Conductance-voltage 
relationships for each construct were �t to a Boltzmann equation (�g. 
S4B, upper). Deactivation kinetics were �t from the same recordings 
by calculating the sodium-speci�c prepulse currents at �100 mV, 
normalizing each trace to the initial inward current, and �tting a sin-
gle exponential (�g. S4B, lower).

For NaV1.4, NaV1.5, and NaV1.7 recordings, mRNA was injected 
at 20 ng/�l 2 days before recording, with STX1A and SNAP25 injected 
on the same day at 250 ng/�l. NaV1.4 is the rat sequence, while NaV1.5 
and NaV1.7 are the human sequences. Currents were recorded in ND96 
with P/4 capacitance correction. Conductance was calculated from 
currents by estimating the reversal potential of Na+ ions from a linear 
�t to the current between 20 and 40 mV, then applying the formula 
G�=�I/(V command � Vreversal), and normalizing to the maximum con-
ductance observed.

Surface expression assay in Xenopus laevis oocytes
Surface expression was measured by an adaptation of a previous pro-
tocol (83). NALCN-HA was generated by inserting an HA epitope 
and short glycine linkers (GGYPYDVPDYAGG) between residues 
E232 and L233 in the extracellular loop immediately a�er S5 of do-
main I in NALCN. �is modi�ed channel was functionally indistin-
guishable from WT NALCN in Xenopus laevis oocytes (�g. S4, A and 
B). Oocytes were injected and maintained as for TEVC experiments. 
Groups of 9 to 15 oocytes were pooled and surface labeled a�er 5 days 
by �rst blocking for 1 hour in ND96 with 1% bovine serum albumin 
(BSA; Sigma-Aldrich), incubating with mouse monoclonal anti-HA 
antibody (1 �g/ml; 2-2.2.14, Invitrogen) in ND96 with 1% BSA for 
1 hour, washing three times with ND96 with 1% BSA, and incubat-
ing with horseradish peroxidase–conjugated goat anti-mouse immu-
noglobulin G (2 �g/ml; G-21040, Invitrogen) in ND96 with 1% BSA 
for 1 hour. All steps were performed at 4°C. Oocytes were then 
washed three times with ND96 before luminescence was measured 
using a LUMIstar Omega microplate reader (BMG Labtech) with a 

10-s integration time. Gain settings varied depending on the oocyte 
batch. Data are presented normalized to the raw luminescence values 
observed for NALCN-HA/UNC79/UNC80/FAM155A for the same 
batch of oocytes. Each point represents a single well of 9 to 15 oo-
cytes from two or more batches of oocytes and is treated as a bio-
logical replicate.

Surface expression assay in HEK293T cells
HEK293T cells (American Type Culture Collection) were cultured 
in Dulbecco’s modi�ed Eagle’s medium supplemented with 10% fe-
tal bovine serum and 1% penicillin/streptomycin under 5% CO2 at 
37°C and transfected using polyethylenemine at a 3:1 v/w ratio, with 
all DNAs used at an equimolar ratio. Transfected cells were cultured 
for 24 hours before replating in poly-�- lysine–coated opaque white 
96-well plates with clear bottoms. A�er incubating for 12 to 16 hours 
to adhere strongly, cells were rinsed with phosphate-bu�ered saline 
(PBS) and then �xed with 4% paraformaldehyde for 30 min. Half of 
the wells for each condition was permeabilized simultaneously with 
the addition of 1% Tween 20 for measuring the total expression. 
Cells were surface labeled a�er �xation by �rst blocking for 1 hour in 
PBS with 1% BSA (Sigma-Aldrich), incubating with mouse mono-
clonal anti-HA antibody (1 � g/ml; 2-2.2.14, Invitrogen) in PBS with 
1% BSA for 1 hour, washing three times with PBS with 1% BSA, 
and incubating with horseradish peroxidase–conjugated goat anti-
mouse immunoglobulin G (2 �g/ml; G-21040, Invitrogen) in PBS 
with 1% BSA for 1 hour. All steps were performed on ice. Cells were 
then washed three times with PBS before luminescence was mea-
sured using a LUMIstar Omega microplate reader (BMG Labtech) 
with a 10-s integration time. Gain settings varied depending on the 
transfection. Data are presented with the background luminescence 
recorded from non–HA-tagged NALCN-expressing HEK cells sub-
tracted row-wise. Each transfection is considered a biological repli-
cate for �g. S4D.

Expression and puri�cation of 
NALCN-STX1A-SNAP25 complexes
Optimized coding DNA for human NALCN, FAM155A, UNC80, 
UNC79, SNAP25, and STX1A were each cloned into a pRK vector 
behind a cytomegalovirus promoter. A GFP-Flag-Twin-Strep tag II 
was added to the C terminus of NALCN, and a Flag tag was added 
to the C terminus of FAM155A, UNC80, UNC79, SNAP25, and 
STX1A. Untagged SNAP25 and STX1A were coexpressed and copu-
ri�ed for the complexes used for cross-linking mass spectrometry. 
Expi293F cells (�ermo Fisher Scienti�c) in suspension were cul-
tured in Expi293 Expression medium under 5% CO2 at 37°C and 
transfected using the ExpiFectamine 293 transfection kit, as per the 
manufacturer’s standard protocols, with all DNAs used at equimolar 
ratio. Transfected cells were cultured for 48 hours before collection.

For all puri�cations involving NALCN protein, the cell pellet was 
resuspended in a 1:5 (weight:volume) volume of lysis bu�er [25 mM 
Hepes (pH 7.5), 200 mM NaCl, benzonase (1 � g ml� 1), 1 mM 
phenylmethylsulfonyl �uoride, and Roche protease inhibitor tab-
lets]. Cells were lysed by Dounce homogenization, and the NALCN 
complex was subsequently solubilized by addition of 2% (w/v) de-
tergent glyco-diosgenin (GDN) supplemented with 0.1% (w/v) cho-
lesteryl hemisuccinate and porcine brain polar lipid extract (0.2 mg 
ml�1 ; Avanti) for 2 hours at 4°C under gentle agitation. Insoluble 
debris was pelleted by ultracentrifugation at 125,000gmax for 1 hour, 
and the supernatant containing the solubilized protein was collected 
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for a�nity puri�cation by batch binding to 5 ml of M2-agarose 
FLAG resin (Sigma-Aldrich) for 1 hour at 4°C. Unbound proteins 
were washed with 6 column volumes (CV) of puri�cation bu�er A 
[6 CV of 25 mM Hepes (pH 7.5), 200 mM NaCl, and 0.04% (w/v) 
GDN] and 10 CV bu�er supplemented with 5 mM ATP (adenosine 
5�-triphosphate) and 10 mM MgCl2. NALCN was eluted with 5 CV 
of puri�cation bu�er supplemented with FLAG peptide (300 �g 
ml�1 ; Sigma-Aldrich). �e eluent was collected and applied to 3 ml 
of Strep-Tactin XT high-a�nity resin (IBA) and bound in batch for 
2 hours. Unbound proteins were washed with 10 CV of puri�cation 
bu�er A and eluted with 5 CV of puri�cation bu�er supplemented 
with 50 mM biotin. �e NALCN complexes were then concentrated 
with an Amicon Ultra centrifugal �lter device [100-kDa molecular 
weight cuto� (MWCO)] concentrator to 5 to 10 mg ml� 1 and applied 
to a Superose 6 3.2/300 column that had been pre-equilibrated in 
puri�cation bu�er B [25 mM Hepes (pH 7.5), 150 mM NaCl, and 
0.01% (w/v) GDN]. Peak fractions of the complexes were pooled 
and concentrated with an Amicon Ultra centrifugal �lter device 
(100-kDa MWCO) and �ash frozen for storage.

For STX1A-SNAP25 WT and mutant complexes, the cell pellet 
was resuspended in a 1:5 (weight:volume) volume of lysis bu�er 
[25 mM Hepes (pH 7.5), 150 mM NaCl, benzonase (1 �g ml� 1), 1 mM 
phenylmethylsulfonyl �uoride, and Roche protease inhibitor tablets]. 
Cells were lysed by Dounce homogenization, and the NALCN 
complex was subsequently solubilized by addition of 2% (w/v) GDN 
supplemented with 0.1% (w/v) cholesteryl hemisuccinate for 2 hours 
at 4°C under gentle agitation. Unbound proteins were washed with 
6 CV of puri�cation bu�er B [6 CV of 25 mM Hepes (pH 7.5), 150 mM 
NaCl, and 0.04% (w/v) GDN)]. �e protein was eluted with 5 CV of 
puri�cation bu�er supplemented with FLAG peptide (300 �g ml�1 ; 
Sigma-Aldrich). �e complexes were then concentrated with an 
Amicon Ultra centrifugal �lter device (50-kDa MWCO) concentrator 
and applied to a Superose 6 10/300 GL column that had been pre-
equilibrated in puri�cation bu�er B [25 mM Hepes (pH 7.5), 150 mM 
NaCl, and 0.01% (w/v) GDN]. Peak fractions of the complexes were 
pooled and concentrated with an Amicon Ultra centrifugal �lter de-
vice (50-kDa MWCO) and �ash frozen for storage.

Chemical cross-linking and sample preparation for 
mass spectrometry
Samples were puri�ed as above and provided at a protein concentra-
tion of 1.8 mg/ml in cross-linking bu�er [25 mM Hepes (pH 7.5), 
200 mM NaCl, 0.01% GDN, and 5% glycerol]. For further process-
ing, the concentration was adjusted to 1.0 mg/ml with the same bu�er. 
Cross-linking was performed with a total of 50 �g protein per experi-
ment, following previously described procedures (84,�85).

For cross-linking of primary amines, a 1:1 mixture of DSS-d0 
and DSS-d12 (Creative Molecules; from a 25 mM stock in dimethyl-
formamide) was added to the sample to a �nal concentration of 1 mM 
and the sample was incubated for 30 min at 25°C with mild shaking 
(750 rpm on the thermomixer). �e reaction was stopped with 1 M 
ammonium bicarbonate (ABC) to a �nal concentration of 50 mM 
and was incubated for 20 min at 37°C with mild shaking (750 rpm). 
�e sample was dried by evaporation.

For cross-linking of carboxyl groups with primary amines, the sample 
was incubated with a 1:1 mixture of 22 mM pimelic dihydrazide-d0 
and pimelic dihydrazide-d10 (ABCR; Sigma-Aldrich) together with 
11 mM DMTMM chloride for 30 min at 25°C. �e reaction was stopped 
by passing the samples through a Zeba Spin Desalting column (7k 

MWCO, �ermo Fisher Scienti�c). �e �ltrate was dried by evapo-
ration in a vacuum centrifuge.

Dried samples were reconstituted in 8 M urea to a �nal concentra-
tion of 1.0 mg/ml, and disul�de bonds were reduced by adding 
tris(2-carboxyethyl) phosphine to a �nal concentration of 2.5 mM. �e 
samples were incubated for 30 min at 37°C and cooled to room tem-
perature before carbamidomethylation with iodoacetamide added to 
a �nal concentration of 5 mM. Samples were incubated for 30 min in 
the dark and diluted with 150 mM ABC to a �nal concentration of 
~5.5 M urea; endopeptidase Lys-C (Wako) was added at an enzyme-
to-substrate ratio of 1:100, and samples were further incubated for 
2 hours at 37°C with mild shaking (750 rpm). �e urea concentration 
was further diluted to 1 M using 50 mM ABC, and trypsin (Promega) 
was added at an enzyme-to-substrate ratio of 1:50. Samples were in-
cubated at 37°C with mild shaking (750 rpm) overnight. On the next 
day, the samples were acidi�ed by adding 100% formic acid to a �nal 
concentration of 2% and desalted by solid-phase extraction (Sep-Pak 
tC18 cartridges, Waters). �e desalted samples were then fractionated 
by peptide-level SEC using a Superdex 30 Increase column (300 by 
3.2 mm; GE Healthcare) [mobile phase: water/acetonitrile/tri�uoroacetic 
acid (70:30/0.1, v/v/v); �ow rate of 50 �l/min]. Four 100-� l fractions, 
corresponding to a 0.9- to 1.3-ml elution volume, were collected 
from each sample. �e fractions were dried by evaporation in a 
vacuum centrifuge.

Liquid chromatography–tandem mass 
spectrometry (LC-MS/MS)
�e liquid chromatography–tandem mass spectrometry (LC-MS/
MS) setup consisted of an Easy nLC-1200 HPLC system coupled to 
an Orbitrap Fusion Lumos mass spectrometer equipped with a 
Nanospray Flex ion source (all �ermo Fisher Scienti�c). Each SEC 
fraction was injected in duplicate, and samples were separated on an 
Acclaim PepMap RSLC C18 column (250 mm by 75 �m, 2-Å parti-
cle size, �ermo Fisher Scienti�c). Gradient elution was performed 
using mobile phases A [water/acetonitrile/formic acid (98:2:0.15, 
v/v/v)] and B [acetonitrile/water/formic acid (80:20:0.15, v/v/v)] with 
a gradient of 11 to 40% B in 60 min and a �ow rate of 300 nl/min.

MS/MS spectra were acquired in the data-dependent acquisition 
mode with a cycle time of 3 s. Each MS scan was acquired in the 
Orbitrap analyzer at a resolution of 120,000, followed by MS/MS 
scans in the Orbitrap at a 30,000 resolution. Precursor ions with a 
charge state between 3+ and 7+ and an m/z between 350 and 1500 
were isolated by quadrupole isolation with an isolation width of 
1.2�m/z and fragmented using collision-induced dissociation in the 
linear ion trap at 35% normalized collision energy. Dynamic exclu-
sion was activated for 30 s a�er one sequencing event.

Identi�cation of cross- linked peptides
The identification of cross-linked peptides was performed using 
xQuest (version 2.1.5, https://gitlab.ethz.ch/leitner_lab/xquest_
xprophet) (86). �e data were searched against a database including 
the proteins of interest and calmodulin and the most abundant contam-
inants (a total list of 11 proteins) and a decoy database containing the 
reversed sequences. �e search parameters included trypsin as the 
enzyme, a maximum of two missed cleavages, carbamidomethylation 
of Cys as �xed modi�cation, oxidation of Met as variable modi�ca-
tion, an MS1 error tolerance of ±15 parts per million (ppm), and an 
MS2 error tolerance of ±15 ppm. Subsequently, cross-linked peptide 
candidates were subjected to a �ltering step on the basis of a mass 
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tolerance window of �6 to 1 ppm, a threshold for the total ion cur-
rent > 0.1, a delta score < 0.9, and a minimum of �ve matched frag-
ment ions per peptide. �e resulting datasets correspond to a false 
discovery rate of less than 1% at the unique peptide-pair level.

Binding experiment of the NALCN DII-DIII linker peptide and 
STX1A-SNAP25 complexes
�e synthetic NALCN DII-DIII linker peptide (10 �M; NALCN 
amino acids 698 to 772: Biotin-WGEDNKYIDQKLRKSVFSIRARN
LLEKETAVTKILRACTRQRMLSGSFEGQPAKERSILSVQHHIRQ
ERRSLRHGSN-NH2) was incubated with 2.5 �M of either STX1A-
SNAP25 WT or mutant STX1A-SNAP25-I44R,D51R,E52R,E55R 
complex for 30 min on ice in bu�er B [25 mM Hepes (pH 7.5), 150 mM 
NaCl, and 0.01% (w/v) GDN]. �e resulting complexes were sepa-
rated on a Superose 6 3.2/300 column, and elution fractions were run 
on SDS–polyacrylamide gel electrophoresis gels and stained with 
Coomassie Blue stain.

Animal maintenance and generation of mouse lines
All procedures for animal maintenance and experiments were in ac-
cordance with the regulations of and approved by the animal welfare 
committee of Charité-Universitätsmedizin and the Berlin state govern-
ment Agency for Health and Social Services under license number 
T0220/09. �e Stx1bFL/FL/Stx1a KO mouse was generated by breed-
ing the Stx1a KO line in which exons 2 and 3 are deleted (37) with 
the Stx1b conditional KO line in which exons 2 to 4 are �anked by 
loxP sites (76). Infecting neurons with lentiviral Cre recombinase leads 
to complete loss of Stx1a/1b (47).

Neuronal cultures
Hippocampal neurons were obtained from mice of either sex at 
postnatal days 0 to 2 and seeded on a continental astrocyte feeder 
layer prepared 1 to 2 weeks before neuronal seeding, as previously 
described (47). Brie�y, hippocampi were dissected, and neurons 
were dissociated by an enzymatic treatment using papain (25 U/ml) 
for 45 min at 37°C. For electrophysiology and quantitative polymerase 
chain reaction experiments, hippocampal neurons were seeded at a 
density of 100 × 103 neurons per well in a six-well plate, and for sur-
vival experiments, neurons were plated on an astrocyte feeder layer at 
a density of 50 × 103 neurons per well in a 12-well plate. �e neuro-
nal cultures were incubated for 14 to 22 (for electrophysiology and 
quantitative polymerase chain reaction) or 8 to 22 (for survival anal-
ysis) DIV in Neurobasal-A supplemented with B-27 (Invitrogen), 
penicillin (50 IU/ml), and streptomycin (50 �g/ml) at 37°C before 
experimental procedures. Neuronal cultures were transduced with 
lentiviral particles at DIV 1 with between 5 × 105 and 1 × 106 infec-
tious virus units. �e viability of the neurons in vitro was de�ned as 
the number of surviving neurons at di�erent time points between 
DIV 8 and DIV 22.

Analysis of neuronal survival was performed as described pre-
viously (47). Phase-contrast bright-�eld images of seven randomly 
selected �elds of view per well, with two wells per group for each 
culture for a total of 14 �elds of view per condition and culture, were 
acquired by an experimenter blinded to the experimental treatment 
with a DMI4000 microscope, DFC 345 FX camera, HC PL FLUOTAR 
20× objectives, and LAS-AF so�ware (all from Leica). Neurons were 
counted manually with ImageJ so�ware. Transduction with lentiviral 
constructs was veri�ed by visualizing nuclear localization signal 
(NLS)-green �uorescent protein (GFP) and/or NLS-red �uorescent 

protein (RFP), shown in �g. S13. To evaluate the rates of cell death, 
the number of counted neurons at each time point was normalized 
to the number of neurons counted at DIV 8 for each group. Each 
culture—from a separate mouse litter—is considered a biological 
replicate. �e images presented in Fig. 4D have been background 
corrected using the “rolling ball” algorithm with a pixel size of 30 
and contrast adjusted using ImageJ (87) to correct for the uneven 
illumination as seen in the unprocessed images in �g. S13. �e GFP 
channel uses the OPF fresh lookup table, and the RFP channel 
uses the OPF orange lookup table, both from https://github.com/
cleterrier/ChrisLUTs.

Design and generation of lentiviral constructs
Lentiviral particles were provided by the Viral Core Facility of Charité-
Universitätsmedizin, Berlin, and were prepared as previously de-
scribed (47). The cDNA of mouse Stx1a (NM_016801) and the 
NALCN DII-DIII linker (residues 636 to 861 of XP_011519369) was 
cloned in frame a�er an NLS-GFP-P2A (for Stx1a) or NLS-RFP-P2A 
(for NALCN) sequence within the FUGW shuttle vector in which the 
ubiquitin promoter was replaced by the human synapsin 1 promoter 
[f(syn)w]. �e improved Cre recombinase (iCre) cDNA was C-
terminally fused to RFP-P2A or GFP-P2A for identi�cation of infected 
cells. To reduce NALCN protein levels in primary hippocampal neu-
rons via a short hairpin RNA (shRNA)–expressing lentivirus, an 
shRNA cassette containing a 21–base pair sense and antisense target 
sequence of mouse NALCN (5�-GTGCCATCATCAGCGTCATCT-3�) 
linked by a TCAAGAG linker was cloned downstream of a U6 pro-
moter containing a lentiviral shuttle vector that also contained a 
human synapsin 1 promoter–driven NLS.RFP expression cassette as 
a reporter [f(U6)shRNA-NALC.hSyn1-NLS.RFP.WPRE].

Neuronal culture electrophysiology
Whole-cell patch-clamp recordings were performed on mass-cultured 
hippocampal neurons at DIV 14 to 22 at room temperature with a 
Multiclamp 700B ampli�er and an Axon Digidata 1550B digitizer 
controlled by Clampex 10.0 so�ware (both from Molecular Devices). 
Membrane capacitance and series resistance were compensated by 
70%, and only the recordings with a series resistance smaller than 
10 megohms were used for further experiments. Data were sampled 
at 10 kHz and �ltered with a low-pass Bessel �lter at 3 kHz. Extra-
cellular solution was constantly perfused and contained the following: 
140 mM NaCl, 3 mM KCl, 10 mM Hepes, 10 mM glucose, 2 mM 
CaCl2, and 2 mM MgCl2 (adjusted to 300 mosmol with �-glucose; 
pH 7.4 with NaOH). Borosilicate glass patch pipettes were pulled 
with a multistep puller (Sutter Instruments), yielding a �nal tip re-
sistance of 2 to 5 megohms when �lled with intracellular solution con-
taining the following: 104 mM CsCH3SO3, 30 mM TEACl, 10 mM 
Hepes, 10 mM EGTA, 1 mM MgCl2, 3 mM Na2ATP, and 0.3 mM 
Na2GTP (290 mosmol; pH 7.4 with CsOH). To monitor Ca2+-
sensitive sodium leak currents, neurons were clamped at �70 mV 
and holding currents were recorded as a fast perfusion system (SF-
77B; Warner Instruments) that was deployed to rapidly switch the 
extracellular solution around the patched neuron. �e solutions used 
were either the standard extracellular solution as described above with 
lowered divalents (0.5 mM CaCl2 and 0.5 mM MgCl2) or that with 
lowered divalents and with NMDG+ instead of Na+ (140 NMDG+, 
0.5 mM CaCl2, and 0.5 mM MgCl2). Each of these three solutions 
was supplemented with 30 �M strychnine, 10 �M bicuculline, 10 �M 
NBQX (2,3-dihydroxy-6-nitro-7-sulfamoylbenzo[f]quinoxaline), 
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and 1 �M tetrodotoxin to block ligand-gated synaptic channels and 
voltage-gated sodium channels. Data that exhibited large leak cur-
rents in the presence of NMDG and blockers, de�ned as greater 
than 100 pA at a potential of �70 mV, were excluded from record-
ings. Each neuronal recording is considered a biological replicate.

We recorded both Na+-selective (I140mM Na+� �� I140mM NMDG+) 
and Ca2+-sensitive (I0.5mM Ca2+� �� I2.0mM Ca2+) components of the 
neuronal leak current (�g. S11) but chose to focus our analysis on 
the Ca2+-sensitive component. As described in Results, the NALCN-
mediated contribution to sodium leak is estimated at between 60 
and 80% across di�erent neuronal subtypes—however, the remain-
ing 20 to 40% of the current could be a confounding element in our 
experiments, especially given the low magnitude of currents we ob-
serve. By measuring the Ca2+-sensitive component, we hope to 
avoid also including conductance from other contributors to the 
sodium leak, such as the Na+/K+ transporter and hyperpolarization-
activated cyclic nucleotide–gated family channels, which are less 
sensitive to this reduction in extracellular Ca2+ concentration.

Statistical analysis and visualization
Data from electrophysiological recordings in oocytes and in neurons 
were analyzed by an analysis of variance (ANOVA) and either Dunnett’s 
(when we were interested only in comparing to the control condi-
tion) or Tukey’s (when we were interested in comparisons between 
multiple di�erent conditions) post hoc test as indicated. Where shown, 
point estimates and 95% con�dence intervals were calculated using 
the marginal e�ects package in R (88). Similarly, the proportion of 
surviving neurons at DIV 22 was analyzed by ANOVA and Dunnett’s 
post hoc test and point estimates and 95% con�dence intervals were 
calculated as above. �e number of data points analyzed in each 
condition is indicated in �gures where there is space. Full ANOVA 
outputs and the number of oocyte batches for di�erent experiments 
are provided in table S3.

Statistical models for the conductance-voltage relationships in 
Fig. 2D and �g. S4B were �t in R using the brms package (89), visu-
alized with the tidybayes package (90), and unless otherwise stated, 
were �t with multilevel Bayesian regression models. �e Boltzmann 
equation � ���� � � ��� � � ���

� � �
� ��� � �

� �

� � ���  was �t with � ���  and � �  estimated 

as group-level e�ects, which varied between oocytes. �e same equa-
tion was used to �t the conductance-voltage relationships for the NaV 
recordings in �g. S8A but with � ���  and � ���  �xed to 0 and 1, respec-
tively. Similarly, the current deactivation traces in the same �gures 
were �t to the equation � ���� �

�
� ������� � � ����

�
� � � ���� �� � � ���� , with 

� ����  and ���  estimated as group-level e�ects, which varied between 
oocytes. �e �t summaries are presented as the overall (or population 
level) median estimate and the 95% quantiles, with the group-level 
individual oocyte parameters shown as data points in �g. S4B.

Supplementary Materials
The PDF �le includes:
Figs. S1 to S13
Legends for tables S1 to S3

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S3
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