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Structural architecture of the human NALCN 
channelosome

  
Marc Kschonsak1, Han Chow Chua2, Claudia Weidling2,8, Nourdine Chakouri3,8, 
Cameron L. Noland1,6,8, Katharina Schott2, Timothy Chang4, Christine Tam4, Nidhi Patel4, 
Christopher P. Arthur1, Alexander Leitner5 ✉, Manu Ben-Johny3 ✉, Claudio Ciferri1 ✉, 
Stephan Alexander Pless2 ✉ & Jian Payandeh1,7 ✉

Depolarizing sodium (Na+) leak currents carried by the NALCN channel regulate the 
resting membrane potential of many neurons to modulate respiration, circadian 
rhythm, locomotion and pain sensitivity1–8. NALCN requires FAM155A, UNC79 and 
UNC80 to function, but the role of these auxiliary subunits is not understood3,7,9–12. 
NALCN, UNC79 and UNC80 are essential in rodents2,9,13, and mutations in human 
NALCN and UNC80 cause severe developmental and neurological disease14,15. Since 
fundamental aspects about the composition, assembly, and gating of the NALCN 
channelosome remain obscure, we determined the structure of this ~1 megadalton 
complex. UNC79 and UNC80 are massive HEAT-repeat proteins that form an 
intertwined anti-parallel superhelical assembly which docks intracellularly onto the 
NALCN-FAM155A pore-forming subcomplex. Calmodulin copurifies bound to the 
carboxy-terminal domain of NALCN, identifying this region as a putative modulatory 
hub. Single channel analyses uncovered a low open probability for the wild-type 
complex, highlighting the tightly closed S6-gate in the structure, and providing a 
basis to interpret the altered gating properties of disease-causing variants. Key 
constraints between the UNC79-UNC80 subcomplex and the NALCN DI-DII and 
DII-DIII linkers are identified that lead to a model of channelosome gating. Our results 
provide a structural blueprint to understand NALCN channelosome physiology and a 
template for drug discovery to modulate the resting membrane potential.

NALCN knockout causes lethal disruption of respiratory rhythm in mice2 
and NALCN mutations in humans cause progressive mental, motor, 
and visual deterioration, and early death14,15. NALCN is an orphan gene 
in humans and represents a distinct branch of the four-domain ion 
channel superfamily16. NALCN is not gated by changes in membrane 
potential2 and robust activity in heterologous systems requires the 
co-expression of FAM155A, UNC79, and UNC8010,11, which are unrelated 
to voltage-gated sodium (NaV) or calcium (CaV) auxiliary subunits. The 
isolated NALCN-FAM155A pore-forming subcomplex has a closed S6-gate 
and FAM155A forms a dome-like shield over the selectivity filter17–19.

The structure and function of UNC79 and UNC80 are enigmatic but 
they have been proposed to interact with NALCN9,12,20–22. Knockout 
of UNC79 or UNC80 is lethal in mice9,12,13,23, and UNC80 mutations in 
humans phenocopy NALCN channelopathies12,15,24–26. UNC79 (2,635 
residues) and UNC80 (3,258 residues) are conserved across most of 
the animal kingdom but neither shows strong sequence or predicted 
structural resemblance to other proteins9,21,27. We therefore sought to 
gain insights into the structural assembly and function of the intact 
NALCN channelosome.

 
The recombinant NALCN channelosome
Fusion of green fluorescent protein (GFP-Flag) onto the NALCN subu-
nit allowed isolation of a stable NALCNGFP-FAM155A-UNC79-UNC80 
complex (Fig. 1a; Extended Data Fig. 1a, b; Supplementary Data Fig. 1). 
Crosslinking mass spectrometry identified intracellular NALCN 
crosslinks to UNC79 and UNC80, as well as intermolecular crosslinks 
along the length of UNC79 and UNC80 (Fig. 1b; Supplementary Data 
Table 1, 2). Unanticipated crosslinks between calmodulin (CaM) and 
NALCN indicated that CaM copurified from the HEK293 cells used 
for protein expression (Fig. 1b; Supplementary Data Table 1, 2). The 
NALCNGFP-FAM155A-UNC79-UNC80-CaM complex was reconstituted 
into lipid nanodiscs and vitrified without Ca2+ supplementation 
(Extended Data Fig. 1b, c). Cryo-electron microscopy (cryo-EM) 
3D-reconstructions extended to approximately 3.1 Å resolution and 
revealed all four components of the NALCN-FAM155A-UNC79-UNC80 
channelosome and CaM, but it was not possible to assign a full atomic 
model in every region of the map (Fig. 1c-g; Extended Data Fig. 1d-g, 
Extended Data Fig. 2a-g; Extended Data Table 1).
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Structure of the NALCN channelosome
The NALCN channelosome is reminiscent of a bicycle when viewed 
perpendicular to the membrane (Fig. 1c-d). The unprecedented archi-
tecture of the complex is contributed by UNC79 and UNC80 which 
form a massive, intertwined, intracellular assembly that hangs beneath 
voltage-sensor domain 1 (VSD1), VSD2 and VSD3 on NALCN (Fig. 1c-g). 
Below VSD4, the C-terminal domain (CTD) of NALCN is embraced by 
CaM, which itself is docked against UNC80 near the midpoint of the 
intracellular assembly (Fig. 1e-f). The global conformation of the 
NALCN-FAM155A pore-forming subcomplex is largely unchanged 
relative to the unliganded subcomplex (Extended Data Fig. 3a-c)17–19. 
However, the NALCN subunit showed extensive ordering of intracel-
lular linker regions with important consequences for channelosome 
assembly and gating (Fig. 1c; Extended Data Fig. 3a).

UNCs are atypical HEAT-repeat proteins
Violating prior predictions9,21,27, UNC79 and UNC80 are well-folded 
globular proteins that form a head-to-tail superhelical assembly remi-
niscent of an infinity sign that stretches ~300 Å underneath the mem-
brane (Fig. 1c-g, 2a-k; Extended Data Fig. 4a-e). Transmembrane helices 
or membrane interactions are not evident, indicating that UNC79 and 
UNC80 may strictly associate with NALCN through intracellular con-
tacts (Fig. 1c-g). Three large interaction interfaces are formed between 
UNC79 and UNC80: the NUNC79-CUNC80 (N-C) interface, the crossover 
interface, and CUNC79-NUNC80 (C-N) interface (Fig. 2a-d; Extended Data 
Fig. 4a-e).

UNC79 and UNC80 belong to the HEAT repeat (HR)-superfamily 
fold28, identified by a repeating motif of two linked α-helices, although 
some repeats display more of a three α-helix armadillo repeat-like 
character. UNC79 and UNC80 contain 70 and 72 modeled α-helices rep-
resenting 32 and 31 HRs, respectively, and are the first examples of the 
HR-fold integrated into any ion channel (Fig. 2a; Supplementary Data 
Table 3, 4)28. Compared to UNC79, UNC80 has many exceptional HR 
units with α-helices extending up to 60 residues, and elaborations with 
regular and irregular substructures, including integration of a ubiq-
uitin (Ub)-like fold near the NALCN-CaM interaction site (Fig. 2a, f-h).  
UNC79 and UNC80 both contain numerous unresolved loops along 
their respective scaffolds, including a ~600 residue disordered region in 
UNC79 (Extended Data Fig. 4a, b; Supplementary Data Fig. 2, 3). A DALI 
search28 returned importin-α3, which can be crudely superimposed 
end-to-end three times over the length of UNC79 or UNC80 (Fig. 2i; 
Supplementary Data Table 3, 4). Despite unrecognizable sequence 
identity, UNC79 and UNC80 share a similar structural architecture 
(Fig. 2f), but these differ substantially from canonical HR-fold proteins 
in terms of α-solenoid pitch (Fig. 2j, k).

UNCs form a cohesive structural module
Three extensive and conserved UNC79-UNC80 interaction interfaces 
suggest that these subunits form a stable subcomplex (Fig. 2a-c; 
Extended Data Fig. 4a-e), consistent with findings that all cellular 
UNC79 and UNC80 are bound to NALCN12, where protein expression 
levels and localization are correlated3,9,12,21,22,27. UNC79 and UNC80 are 
both S-shaped and dock against each other along a pseudo-twofold axis, 
where common structural features cap each end of the subcomplex 
(Fig. 2a-c). Burying approximately 5,600 Å2 of total solvent accessible 
surface area, the UNC79-UNC80 interaction interfaces reveal a high 
degree of hydrophobic and electrostatic surface complementarity, 
rationalizing why both proteins are essential for channelosome assem-
bly and function (Extended Data Fig. 4c-e)9–12,20–22.

UNC subcomplex impacts NALCN activity
To interrogate the UNC79-UNC80 subcomplex, overlapping 
~500-residue fragments from each subunit were co-expressed with 
the NALCN channelosome in Xenopus laevis oocytes. No fragment 

produced a dominant gating phenotype, likely highlighting the fidelity 
of UNC79-UNC80 subcomplex co-assembly (Extended Data Fig. 5a). 
Channelosome function tolerated deletion of the C-terminal region 
of UNC79 (∆2401-2635) or the N-terminal region of UNC80 (∆1-733), 
indicating that portions of the C-N interface are dispensable in this 
heterologous system (Fig. 2a, e, l, m; Extended Data Fig. 5b)10,12. Function 
was sensitive to deletions at the N-C interface (Fig. 2a, e, l, m; Extended 
Data Fig. 5b), consistent with UNC79 forming essential interaction 
with UNC8012,22. UNC79 was split and complementary fragments were 
co-expressed, revealing that channelosome function was permissive 
to UNC79 fragmentation at Leu467 or Cys800, but not at Lys1400, 
indicating that disruption of the crossover interface is not tolerated 
(Fig. 2a, e, m).

Biallelic mutations in UNC80 cause an autosomal recessive dis-
ease12,15,24–26. Three nonsense mutations predicted to be detrimental 
to UNC80 folding or channelosome assembly (Arg51X, Arg174X, and 
Arg2706X) failed to evoke currents when co-expressed with NALCN, 
FAM155A and UNC79 in oocytes (Fig. 2a, e, Extended Data Fig. 5c)15,25, 
consistent with findings for other UNC80 nonsense mutations12,15,24,25. 
Three biallelic UNC80 missense mutations (Pro1700Ser, Val189Met 
and Arg2536Thr)24,26 showed WT-like function in oocytes, but poten-
tially impact UNC79-UNC80 subcomplex stability in neurons like the 
UNC80 Q340H-P341S disease variant known to disrupt NALCN func-
tion (Extended Data Fig. 5d, e)12. We conclude that UNC79 and UNC80 
form an essential and interdependent subcomplex where disruptive 
mutations can negatively impact channelosome assembly and function.

NALCN linker-UNC contacts are essential
The NALCN subunit employs its intracellular DI-DII and DII-DIII linkers 
to interact on opposite sides of the UNC79-UNC80 crossover interface 
(Fig. 3a-c). A small portion of the DI-DII linker engages a membrane 
proximal surface of UNC79 while two discrete regions from the DII-DIII 
linker form an elaborated clamp-like interaction on UNC80 (Fig. 3a-g). 
Systematic substitution of intracellular regions from NaV1.4 into NALCN 
revealed an absolute requirement for the DI-DII and DII-DIII linkers 
to support NALCN channelosome activity (Extended Data Fig. 6a, b).

The DI-DII linker is ~40 residues (Met335-Ala375) with only a resolved 
hairpin loop that inserts into a conserved hydrophobic cleft presented 
in-between HR-22 and HR-23 of UNC79 (Fig. 3a, c). Hairpin loop dele-
tion (∆Gln349-Ala363) ablated channelosome function, whereas single 
residue deletions or substitutions established a critical role for Trp359 
to anchor this key NALCN-UNC79 interface (Fig. 3c, i; Extended Data 
Fig. 7a, b).

The DII-DIII linker is ~230 residues (Ser617-His844) with resolved 
portions folded into a complex topology (Fig. 3a, b). A hinge module is 
formed by proximal (α1, Pro628-Arg640) and distal (α4, Met817-Gly841) 
elements that are nucleated around the intracellular S2-S3 loop of VSD3 
(Fig. 3a, b, d). A lasso-like loop (Pro638-Arg659) emerges from the hinge 
module to bury hydrophobic side-chains across HR-21 and HR-24 of 
UNC80, followed by a short amphipathic α-helix (α2, Glu660-Arg669) 
that docks within a conserved surface grove on UNC80 (Fig. 3e, f). After 
a disordered stretch, the DII-DIII linker emerges in a crevasse between 
UNC79 and UNC80, where Arg717 forms the only salt-bridge identi-
fied to cross all three subunits (Fig. 3g). Another linker amphipathic 
α-helix (α3, Asn718-Ser740) packs near the inserted Ub-like domain 
of UNC80, and then following unresolved structure, connects back to 
the hinge module (Fig. 3a, b). Targeted disruption of the hinge module 
(∆Asn829-Asp834) or amphipathic α2-helix (∆Phe662-Ile667) ablated 
channelsome activity, identifying essential components of this key 
NALCN-UNC80 interface (Fig. 3i; Extended Data Fig. 7b, c).

Calmodulin binds to the CTD of NALCN
The C-terminal lobe of CaM is bound to a degenerate IQ-like-motif 
(Ile1572-Arg1573) on the last resolved α-helix of NALCN 
(Leu1550-Arg1598), whereas the CaM N-terminal lobe and intra-lobe 
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linker nestle alongside the EF-hand-like domain (Ser1463-Gln1549) of 
the CTD (Fig. 3h, Extended Data Fig. 2c, d). Although Ca2+ occupancy is 
difficult to define from the cryo-EM maps, the CaM C-terminal lobe is 
wedged against the Ub-like domain and HR-16/HR-17 of UNC80, appear-
ing to restrict local contacts between NALCN and UNC80 (Fig. 3h).  
Targeted mutations or deletions within the CTD region, or co-expression 
of the isolated CTD, differentially modified channelosome currents 
(Fig. 3i; Extended Data Fig. 8a-d), suggesting that neither the CTD or 
CaM are strictly essential for NALCN channelosome function.

NALCN has a low open probability
Despite constitutive activity of the NALCN channelosome (Fig. 1a)10, 
the pore structure is in a non-conductive state because the S6-gate is 
hydrophobically sealed, similar to the unliganded NALCN-FAM155A 
subcomplex structure (Fig. 4a; Extended Data Fig. 3c)17–19. Cell-attached 
recordings of the NALCN channelsome transfected in HEK293 cells 
using slow voltage ramps revealed a single-channel conductance of 27.2 
± 1.1 pS (mean ± s.e.m) with a reversal potential of 5.7 ± 1.1 mV (mean ± 
s.e.m; Fig. 4b-d; Extended Data Fig. 9a-d). Single channel open prob-
ability (PO) estimates indicated a uniformly low PO (0.04 ± 0.01) across 
multiple voltages, where diary plot analysis revealed that the single-trial 
average PO switched discretely between epochs of no activity to those 
with PO ~0.1 (Extended Data Fig. 9d, e). Thus, the likelihood of NALCN 
channelosome openings is low even during periods of high activity, 
consistent with the observed non-conductive pore structure (Fig. 4a).

We undertook single-channel channelosome recordings with the 
NALCN Y578S patient mutation11,18, which revealed prolonged channel 
openings and an increase in PO, with no change in the unitary conduct-
ance (Fig. 4b-d, Extended Data Fig. 9f, g). Diary plot analysis revealed 
that the Y578S NALCN channelosome also switched between epochs 
of no activity and high activity, where the PO during the active sweeps 
were increased in comparison to wild-type NALCN (Fig. 4d; Extended 
Data Fig. 9e, h).

Linker alterations impact NALCN activity
3D-classifications did not identify a reconstruction with an open S6 
gate. Instead, two distinct channelosome classes with a slight lateral 
rigid-body rotation (~3-4˚) of the intracellular UNC79-UNC80 assem-
bly relative to the NALCN subunit emerged, with a nearly stationary 
DII-DIII linker anchor point (Fig. 4e; Extended Data Fig. 1d-i). Sequence 
insertions ([Gly-Gly-Gly-Ser]3) preceding or following the DI-DII linker 
hairpin region did not impact channelosome current phenotypes, nor 
did hexa-polyproline substitution in-between the hairpin and the DI-S6 
(Pro340-Pro345), but deletion of these six residues (∆Ser340-Thr345) 
increased macroscopic currents (Fig. 4f; Extended Data Fig. 7a, b; Sup-
plementary Data Fig. 1). Sequence insertions ([Gly-Gly-Gly-Ser]3) along 
the DII-DIII linker and hexa-polyproline substitution in-between the 
hinge module and the DII-S6 (Pro621-Pro626) ablated channelosome 
activity, while deletion of these six residues (∆Ala621-Lys626) mark-
edly increased currents (Fig. 4f; Extended Data Fig. 7a, b). Notably, 
expression of isolated DII-DIII linker constructs in trans produced 
dominant negative impacts on activity (Fig. 4f), identifying the DII-DIII 
linker-UNC80 interface as a putative nexus for channelosome assembly, 
gating and modulation.

Discussion
UNC79 and UNC80 form a specialized auxiliary subcomplex with 
a unique and intertwined geometry that likely underscores early 
recruitment into the NALCN channelosome during evolution. This 
explains the high conservation of UNC79 and UNC80 among mammals 
(Supplementary Data Fig. 2, 3) and rationalizes failures to recognize 
their organization as HR-proteins9,21,27. The large interaction surfaces 
within the UNC79-UNC80 subcomplex affirms prior associations 
and explains why destabilization or truncation of either subunit may 

result in channelosome mislocalization or malfunction, justifying 
why UNC80 disease-causing mutations phenocopy NALCN-channelo 
pathies9,12,15,20–27. The size and unusual architecture of the UNC79-UNC80 
subcomplex raises speculation that it provides a scaffolding function 
for other proteins reported to impact NALCN8,9,20,29,30, or may serve still 
undescribed cellular roles.

CaM has not been previously implicated in NALCN channelosome 
assembly or function, but binds to an interface between NALCN and 
UNC80 (Fig. 3h). In contrast to prior reports9, C-terminal deletions 
of NALCN do not impact modulation by extracellular Ca2+ in our 
experiments (Extended Data Fig. 8c). Our findings support a role for 
the NALCN C-terminus or CaM to modulate gating (Extended Data 
Fig. 8a-d), and indicate potential cell-type specific regulation of the 
channelosome8,12,30.

The non-conductive pore structure in the NALCN channelosome 
unequivocally establishes that a hydrophobic S6 region forms the 
channel gate (Fig. 4a). Single channel analyses demonstrated a low PO 
of ~0.04, where the channelosome enters long sojourns with unmeas-
urable activity, perhaps indicating a putative long-lived closed or an 
inactivated state (Fig. 4c, d; Extended Data Fig. 9c-e). These features are 
consistent with expectations for a major Na+ leak conductance, which 
should have a low basal activity, with the potential for tightly regulated 
modulation from external or cellular inputs. These findings rationalize 
the impact of disease-causing missense mutations that cluster around 
the NALCN pore module18, where gain-of-function mutations like Y578S 
may destabilize the closed S6-gate to increase PO and cause detrimental 
Na+ influx (Fig. 4c, d; Extended Data Fig. 9f-h).

Our studies provide insight into NALCN channelosome assembly 
and a provisional gating model. FAM155A locks onto NALCN extracel-
lularly, potentially stabilizing the pore-forming subunit4,18, while the 
UNC79-UNC80 subcomplex docks onto the DI-DII and DII-DIII intracel-
lular linkers, which serve to orient the UNC79-UNC80 beam-like struc-
ture underneath NALCN. The DII-DIII linker hinge-module may serve as 
a pivot point for rigid-body-like motions of the stable UNC79-UNC80 
assembly relative to NALCN (Fig. 4e, g). The S6-gate likely remains 
closed because sufficient tension to the DI-S6 and DII-S6 helices is lack-
ing (Fig. 4g), as the S6-proximal linker regions are disordered (Fig. 1c). 
Targeted deletion of these proximal linker regions produces a gain of 
function (Fig. 4f; Extended Data Fig. 7a-c), presumably by increasing 
strain on the connections between the S6-gate and the UNC79-UNC80 
subcomplex. Overall, a pivoting-beam gating model emerges in which 
motion of the UNC79-UNC80 subcomplex can produce sufficient ten-
sion along the intracellular linkers to unbuckle the DI-S6 and DII-S6 
helices to allow the S6-gate to dilate for ion conduction (Fig. 4g). 
Although speculative, this model can begin to account for how VSD1 
and VSD2 might modify NALCN activity10,18, and how the CTD or CaM 
might influence motions of the UNC79-UNC80 subcomplex to modu-
late channelsome activity. In summary, the unprecedented architec-
ture of the NALCN channelosome highlights its distinct evolutionary 
history among ion channels, points to an unusual gating mechanism, 
rationalizes the impact of patient mutations, and identifies sites ripe 
for selective inhibitor discovery to potentially treat NALCN-related 
channelopathies and other electrical disorders.
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Fig. 1 | Overall structure of the human NALCN channelosome. a Current 
traces from Xenopus oocytes expressing NALCN-FAM155A-UNC79-UNC80 
(n=8), NALCNGFP-FAM155A-UNC79-UNC80 (n=6), NALCN alone (n=8), 
NALCN-FAM155A-UNC79 (n=9), NALCN-FAM155A-UNC80 (n=9) or 
NALCN-UNC79-UNC80 (n=9). Steps from +80 to -100 mV, 20 mV increments,  

in ND96 recording solution. Recordings were performed on three to five oocytes 
from two different batches, see Source Data. b Visualization of cross-linking 
mass spectrometry mapping of the NALCN channelosome. c Overall cryo-EM 
map. d NALCN channelosome model shown in cartoon representation.  
e-g Alternative views of the NALCN channelosome.
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Fig. 2 | Overall structure of the UNC79-UNC80 subcomplex. A UNC79 and 
UNC80 shown in cartoon cylinder representation. b Close-in view of the N-C 
interface. c Close-in view of the C-N interface. d Close-in view of the crossover 
interface. e Mapping of deletion and disease mutations. f Structural 
superposition of UNC79 and UNC80. g Ub-like insert domain of UNC80 shown 
in pink. h Superposition of Ub (PDB 1UBQ) onto the UNC80 Ub-like domain. 
I Overlay of three copies of importin-α3 (PDB 6BW9) onto UNC79. j-k Guided 
superposition of importin-β (PDB 1QGK) and PP2A (PDB IB3U) onto UNC79.  
l Current traces from Xenopus oocytes expressing wild-type 
NALCN-FAM155A-UNC79-UNC80 (n=42), NALCN-FAM155A-UNC79 
1-2400#-UNC80 (n=11), NALCN-FAM155A-UNC79 468-2635# (n=9), 
NALCN-FAM155A-UNC79-UNC80 1-2794 (n=8) or 

NALCN-FAM155A-UNC79-UNC80 734-3258# (n=10) (# indicates C-terminal 
GFP-Flag tag). Steps from +80 to -100 mV, 20 mV increments, in ND96 recording 
solution. m N-terminally truncated (UNC79 468-2635#, 801-2635# and 1401-
2635) or C-terminally truncated (UNC79 1-467#, 1-800# and 1-2400#) constructs 
expressed alone or in indicated combinations with full-length NALCN, 
FAM155A and UNC80. Right summary shows mean current amplitudes at +80 
mV from a holding potential of 0 mV. Biological replicates (n) are indicated, 
data shown as mean±SD. ***, **, and * represent p value <0.001, 0.01 and 0.05, 
respectively; one-way analysis of variance (ANOVA), Dunnett’s test (against 
WT). P values adjusted to account for multiple comparisons and presented in 
Supplementary Table 5. l, m, recordings performed on three to five oocytes 
from two different batches, see Source Data.
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Fig. 3 | NALCN interactions with the UNC79-UNC80 subcomplex. a NALCN 
shown in cartoon and UNC79 and UNC80 shown in surface representation.  
b Overall view of the NALCN DII-DIII linker structure. c DI-DII linker-UNC79 
interaction interface. d DII-DIII linker hinge module. e DII-DIII linker lasso loop 
interaction with UNC80. f DII-DIII linker α2-helix interaction with UNC80. 
 g DII-DIII linker Arg717 interaction with UNC79 and UNC80. h CaM interaction 
with the NALCN CTD and UNC80. i Current traces from Xenopus oocytes 
expressing NALCN, FAM155A, UNC79 and UNC80, where the NALCN subunit is 

wild-type or has indicated deletions. Steps from +80 to -100 mV, 20 mV 
increments, in ND96 recording solution. Right summary shows mean current 
amplitudes elicited at +80 mV from a holding potential of 0 mV. Biological 
replicates (n) are indicated, data shown as mean±SD. *** and ns represent p 
values <0.001 and >0.05, respectively; one-way analysis of variance (ANOVA), 
Dunnett’s test (against WT). P values adjusted to account for multiple 
comparisons and presented in Supplementary Table 5. Recordings performed 
on three to eight oocytes from two to three different batches, see Source Data.
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Fig. 4 | NALCN channelosome pore structure and gating model.  
a Superposition of the S6-gate region in the NALCN channelosome and 
NALCN-FAM155A subcomplex structures (PDB 6XIW), intracellular view.  
b Exemplar traces show single-channel openings of wild-type and Y578S 
mutant NALCN channelosome. Gray slanted line, unitary current relationship. 
c Po-V relationship for wild-type (n=7 cells; 694 sweeps) and Y578S mutant  
(n=7 cells; 395 sweeps) NALCN channelosome. Rose and gray shaded areas, 
mean ± s.e.m. d Summary of PO measured at -60 mV (left) and single channel 
conductance (right) for both wild-type (n=7 from 3 independent transfections) 
and Y578S mutant (n=7 from 3 independent transfections) NALCN 
channelosome. Each bar and error, mean ± s.e.m. ****p<0.0001 by two-sided 
unpaired t-test. e Superposition of the two conformations of the NALCN 
channelosome, top view, with NALCN, FAM155A and CaM removed for clarity. 

Insets highlight the NALCN DI-DII and DII-DIII linkers which are both colored 
cyan or pink in respective conformations. f Schematic of NALCN illustrating 
where linker manipulations occurred. Xenopus oocytes expressing NALCN, 
FAM155A, UNC79 and UNC80, where NALCN is wild-type or has indicated 
manipulations, with summary showing mean current amplitudes elicited at 
+80 mV (top bar graph) or -80 mV (bottom bar graph) from a holding potential 
of 0 mV. Biological replicates (n) are indicated, data shown as mean±SD.  
****, ***, * and ns represent p value <0.0001, <0.001, <0.05 >0.05, respectively; 
one-way analysis of variance (ANOVA), Dunnett’s test (against WT or +H2O).  
P values adjusted to account for multiple comparisons and presented in 
Supplementary Table 5. Recordings performed on four to five oocytes from 
two different batches, see Source Data. g Schematic of a potential gating model 
for the entire NALCN channelosome (top) or at the level of the S6-gate.
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Methods

Expression and purification of the 
NALCN-FAM155A-UNC79-UNC80-CaM complex
An optimized coding DNA for human NALCN, FAM155A, UNC80 and 
UNC79 were each cloned into a pRK vector behind a CMV promoter. 
A twin-Strep-2xFlag tag was added to the N-terminus of NALCN and 
2xFlag tag was added to the C-terminus of FAM155A, UNC80 and UNC79. 
Expi293F cells (ThermoFisher) in suspension were cultured in Expi293 
Expression medium under 5% CO2 at 37 °C and transfected using Expi-
Fectamine 293 transfection kit, as per standard manufacturer proto-
cols, with DNAs at a 1:1:1:1 ratio when the cell density reached 4 x 106 cells 
per ml. Transfected cells were cultured for 48 hrs before harvesting.

One hundred grams of harvested cell pellet was resuspended in 500 mL  
of 25 mM HEPES pH 7.5, 200 mM NaCl, 1 μg/mL benzonase, 1 mM PMSF 
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 and 0.2 mg/mL porcine brain polar lipid extract (Avanti) 
for 2 hr at 4 °C under gentle agitation. Insoluble debris was pelleted by 
ultracentrifugation at 125,000xgmax for 1 hr, and the supernatant con-
taining the solubilized protein was collected for affinity purification 
by batch-binding to 5 mL of M2-agarose FLAG resin (Sigma) for 1 hr at 
4 °C. Unbound proteins were washed with 6 column volumes (CV) of 
purification buffer A (6 CV 25 mM HEPES pH 7.5, 200 mM NaCl, 0.04% 
(w/v) GDN) followed by 10 CV supplemented with 500 mM NaCl, and  
10 CV buffer supplemented with 5 mM ATP and 10 mM MgCl2. NALCN was 
eluted with 5 CV of purification buffer supplemented with 300 μg/mL  
FLAG peptide (Sigma). The eluent was collected and applied to 3 mL 
Strep-Tactin XT high affinity resin (IBA) and bound in batch for 3 hr. 
Unbound proteins were washed with 10 CV of purification buffer and 
eluted with 5 CV of purification buffer supplemented with 50 mM  
biotin. The NALCN-FAM155A-UNC79-UNC80-CaM complex was then 
concentrated with an Amicon Ultra centrifugal filter device (100 kDa 
MWCO) concentrator to 5-10 mg/mL and applied to a Superose 6 
3.2/300 column that had been pre-equilibrated in purification buffer 
B (25 mM HEPES pH 7.5, 200 mM NaCl, 0.01% (w/v) GDN). Peak fractions 
of the NALNC-FAM155A-UNC79-UNC80-CaM complex were pooled and 
concentrated with an Amicon Ultra centrifugal filter device (100 kDa 
MWCO) concentrator to 7.6 mg/ml.

Reconstitution of NALCN into nanodiscs
A 200-fold molar excess of a 3:1:1 mix of POPC, POPE, and POPG 
(pre-solubilized by sonication at 10 mg/mL in a buffer containing 
50 mM HEPES pH 7.5, 100 mM NaCl, 5 mM MgCl2, and 1% CHAPS) was 
added to aliquots of 0.35 nmol NALCN in 2 mL tubes and incubated 
at 4 °C for 30 minutes. A 4-fold molar excess of the membrane scaf-
fold protein MSP1E3D1 (Sigma) was then added and incubated for an 
additional 30 minutes at 4 °C before dilution to 1.5 mL in Purification 
Buffer. Bio-Beads were added to a concentration of 0.25 mg/mL and 
the samples were incubated at 4 °C overnight with rotation. Reactions 
were then combined and the Bio-Beads removed prior to concentrating 
to 100 μL and applying to a Superose 6 3.2/300 column that had been 
pre-equilibrated in Gel Filtration Buffer (25 mM HEPES pH 7.5, 200 mM 
NaCl). Peak fractions were pooled and concentrated to 1.65 mg/mL.

Cryo-EM sample preparation and data acquisition
The NALNC-FAM155A-UNC79-UNC80-CaM complex grids were pre-
pared in the following manner. Holey carbon grids (Ultrafoil 25 nm Au R 
0.6/1 300 mesh; Quantifoil) were glow-discharged for 30s using the Sola-
rus plasma cleaner (Gatan). The NALNC-FAM155A-UNC79-UNC80-CaM 
complex was gently cross-linked with 0.05% EM-grade glutaraldehyde 
for 10 min at room temperature. Cross-linking was quenched with 9 mM 
Tris pH 7.5 and 3 μL of the sample was applied to the grid. Grids were 
blotted with a Leica Microsystems automatic plunge freezer (EM GP2 

Leica Microsystems) using 3.5 sec blotting time with 100% humidity, and 
plunge-frozen in liquid ethane cooled by liquid nitrogen. Movie stacks 
were collected from two grids using SerialEM32 on a Titan Krios operated 
at 300 keV with bioquantum energy filter equipped with a K3 Sum-
mit direct electron detector camera (Gatan). Images were recorded at  
105000x magnification corresponding to 0.838 Å/pixel, using a 20 eV 
energy slit. Each image stack contains 60 frames recorded every 0.05 sec  
for an accumulated dose of ~60e/Å2 and a total exposure time of 3 sec. 
Images were recorded with a set defocus range of 0.5 to 1.5 μm.

Cryo-EM data processing
Cryo-EM data were processed using a combination of RELION33 and 
cisTEM34 software packages (Extended Data Fig. 1). To obtain a first 3D 
reconstruction, particles were picked using the circular blob picking 
tool within cisTEM, sorted in multiple rounds of reference-free 2D 
classification and subjected to an ab-initio generation within cisTEM 
with three target volumes. For the generation of high-resolution 3D 
reconstruction, 26,550 movies were corrected for frame motion using 
RELION’s MotionCor235 implementation and contrast-transfer func-
tion (CTF) parameters were fit using the 30-4.5 Å band of the spec-
trum with CTFFIND-436. Images were filtered based on the detected fit 
resolution better than 10 Å. 3,048,401 particles were picked using 30 Å  
low-pass filtered projections of the ab-initio reconstruction as template  
with gautomatch (https://www2.mrc-lmb.cam.ac.uk/research/locally- 
developed-software/zhang-software/#gauto). Particles were sorted 
during RELION 2D classification and 1,802,586 selected particles 
were imported into cisTEM for 3D refinements. A first high-resolution 
NALNC-FAM155A-UNC79-UNC80-CaM reconstruction was obtained 
after auto- refine and manual refinement with a mask excluding the 
nanodisc scaffold proteins and by applying low-pass filter outside the 
mask (filter resolution 20 Å) and a score threshold of 0.3. The 3D refine-
ment, which at no point used any data at frequencies higher than 4.9 Å, 
converged to a map resolution of 3.4 Å (Fourier shell correlation (FSC) 
= 0.143, determined in cisTEM). The aligned particles were afterwards 
subjected to a 3D classification in RELION using the 8 Å low-pass filtered 
3D reconstruction obtained from cisTEM refinements. Particles from 
two classes (132257 and 56037 particles) were separately imported into 
cisTEM for 3D refinements using auto- refine and manual refinement 
with a mask excluding the nanodisc scaffold proteins. 3D refinements 
converged to a resolution of 3.1 Å (refinement limit at 4.5 Å) and 3.5 Å 
resolution (refinement limit 6.2 Å) for the two classes containing 132257 
and 56037 particles, respectively. To improve the quality of the map, 
focused refinements were conducted after dividing the map into four 
distinct regions using masks and applying low-pass filter outside the 
mask (filter resolution 20 Å). The focused maps were sharpened in cis-
TEM with the following parameters: flattening from a resolution of 8 Å, 
applying a pre-cut-off B-factor of −90 Å2 from the origin of reciprocal 
space and applying a figure-of-merit filter (Rosenthal and Henderson, 
2003). For model building and figure preparation, a composite map 
was generated from the four individual focused 3D maps using UCSF 
Chimera37. Local resolution was determined in cisTEM using an in-house 
re-implementation of the blocres algorithm38.

Model building and structure analysis
The structures of NALNC-FAM155A (PDB: 6XIW) and CaM (PDB: 4DCK) 
were fit as a rigid body into the cryo-EM map and manually adjusted 
to the map. The structures of UNC79 and UNC80 as well as the NALCN 
DI-DII and DII-DIII linker regions were built de novo into the map. After 
extensive building and manual adjustments, multiple rounds of real 
space refinement using the phenix.real_space_refinement39 tool was 
used to correct global structural differences between the initial model 
and the map. The model was further manually adjusted in Coot40 and 
UCSF ChimeraX41 with ISOLDE42 through iterative rounds of model 
building and real space refinements in phenix. The model was validated 
using phenix.validation_cryoem43 with built-in MolProbity scoring44. 
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Figures were made using PyMOL (The PyMOL Molecular Graphics Sys-
tem, Version 2.41 Schrödinger, LLC), UCSF Chimera37 or UCSF Chime-
raX41. 3D homology structural analysis was performed using the DALI 
server28. Sequences were aligned using Clustal Omega45 within JalView46 
and illustrated with ESPript 3.047 followed by manual adjustment based 
on considerations from the NALCN-FAM155A-UNC79-UNC80-CaM 
model.

Molecular biology for electrophysiology
Human NALCN, UNC79, UNC80 and FAM155A complementary DNAs 
(cDNAs), codon optimized for Homo sapiens, with or without a 
C-terminal eGFP-2×FLAG tag, cloned into the pCDNA3.1(+) vector, were 
used as previously described10. NALCN mutants were generated using 
site-directed mutagenesis with custom-designed primers (Eurofins 
Genomics/Sigma Aldrich) and the PfuUltra II Fusion HS DNA Polymer-
ase (Agilent Technologies). Deletion mutants were generated using 
the Q5 Site-Directed Mutagenesis Kit (New England Biolabs). NALCN 
linker fragments were generated by PCR amplification using PfuUltra II 
Fusion HS DNA Polymerase, and subcloned into the pCDNA3.1(+) vector 
between the AflII and XhoI restriction sites. Chimeras between NALCN 
and rat NaV1.4 (Extended Data Fig. 6) were generated by combining and 
amplifying PCR fragments bearing overlapping ends. The full-length 
chimeric constructs were then subcloned into the pCDNA3.1(+) vector 
between the AflII and XhoI restriction sites. CaM chelator (Extended 
Data Fig. 8d) is composed of four tandem IQ motifs (IQ3-6: residues 
L766–K920) of mouse myosin Va (Uniprot Q99104), and was amplified 
from the eYFP-tagged version previously described48,49, and subcloned 
into the pCDNA3.1(+) vector between the HindIII and XhoI restriction 
sites. NALCN linker manipulation constructs (Fig. 4f: construct A-J), 
UNC79 and UNC80 fragments (Extended Data Fig. 5a), codon optimized 
for Homo sapiens were synthesized and cloned into the pcDNA3.1/
Hygro(+) vector (GenScript). Sequences of cDNAs were verified by 
Sanger DNA sequencing (Macrogen Europe B.V.). For expression in 
Xenopus laevis oocytes, cDNAs were linearized using either NotI or 
XbaI restriction enzyme and then transcribed to capped RNAs with 
the T7 mMessage mMachine Kit (Ambion). For expression in HEK293T 
cells, plasmid cDNAs purified with the NucleoBond Xtra Midi Plus kit 
(Macherey-Nagel) were used.

Two-electrode voltage-clamp electrophysiology
Xenopus laevis frog oocytes were prepared as previously described10. 
Healthy-looking stage V-VI oocytes were isolated and injected with 
30 to 40 ng of RNA in a volume of 32 to 41 nl using a Nanoliter 2010 
injector (World Precision Instruments). The NALCN (or NALCN 
truncated mutants or NALCN-NaV1.4 chimeras), UNC-79, UNC-80, 
and FAM155A RNAs were mixed in a ratio of 1:1:1:1. When expressing 
NALCN, UNC79, UNC80, FAM155A with an isolated linker, the RNAs 
were mixed in a ratio of 1:1:1:1:1. For the control combination (i.e., 
NALCN+UNC79+UNC80+FAM155A without linker), an equivolume of 
nuclease-free water was added to keep the concentration of each RNA 
constant. 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, 0.5 mM theophylline; pH 7.4 with NaOH) supplemented with 
50 μg/mL gentamycin and tetracycline at 18 °C, 140 rpm. Four to five 
days after RNA injection, two-electrode voltage-clamp measurements 
were performed on oocytes continuously perfused in ND96 recording 
solution (96 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, and 5 mM  
Hepes (pH 7.4) with NaOH) at room temperature using a Warner 
OC-725C Oocyte Clamp amplifier (Warner Instrument Corp, USA). 
Data were acquired using the pCLAMP 10 software (Molecular Devices) 
and a Digidata 1550 digitizer (Molecular devices), sampled at 10 kHz. 
Electrical powerline interference was filtered with a Hum Bug 50/60 Hz  
Noise Eliminator (Quest Scientific). Recording microelectrodes 
with resistances around 0.2 to 1.0 MΩ were pulled from borosilicate 
glass capillaries (Harvard Apparatus) using a P-1000 Flaming/Brown 

Micropipette Puller System (Sutter Instrument) and were filled with 
3 M KCl.

Cell-surface biotinylation and western blots
Cell-surface biotinylation was performed as described previously10. 
Approximately 60 Xenopus laevis oocytes were used for each sample. 
Primary antibodies used include: 1:50 rabbit polyclonal anti-NALCN 
antibody (PA5-56888; ThermoFisher Scientific; RRID: AB_2644448); 
1:1000 mouse anti-α1 Na+/K+-ATPase (clone C464.6; sc-21712; lot # 
K0419; Santa Cruz Biotechnology) and 1:1000 anti-β-actin antibodies 
(sc-47778; lot # K1418; Santa Cruz Biotechnology). Secondary antibod-
ies used include IRDye 800CW goat–anti-rabbit (925-32211; LI-COR 
Biosciences) and IRDye 680RD goat–anti-mouse (926–68070; LI-COR 
Biosciences).

Single Channel Recordings
HEK293 cells were cultured on glass coverslips in a 6-cm dish and 
transfected using the calcium phosphate method with 1 μg FAM155A, 
1 μg UNC79, 1 μg UNC80, and either 1 μg NALCN or 1 μg NALCN Y578S 
mutant, as denoted. Following 1 h of transfection, the culture media 
was replaced. Cell-attached single-channel recordings were performed 
at room temperature following 16 h of transfection. Longer expression 
(>48 h) resulted in higher incidence of membrane instability, presum-
ably as a result of toxicity due to increased Na+ leak. This was particularly 
the case for the Y578S mutant channels. Patch pipettes (5–10 MΩ) were 
pulled from ultra-thick-walled borosilicate glass (BF200-116-10, Sutter 
Instruments) with 2 mm outer diameter and 1.16 mm inner diameter 
using P-97 Flaming/Brown Micropipette Puller System (Sutter) and were 
coated with Sylgard. The seal resistance was ~ 80 GΩ. Currents were 
acquired at 20 kHz using Axopatch 200A amplifier (Molecular Devices) 
and filtered at 2 kHz using a Bessel Filter. To maintain the membrane 
potential at 0 mV, the bath solution contained (in mM): K-glutamate, 
132; KCl, 5; NaCl, 5; MgCl2, 3; EGTA (ethylene glycol-bis(β-aminoethyl 
ether)-N,N,N′,N′-tetraacetic acid), 2; HEPES, 20; at 300 mOsm/L 
adjusted with glucose; and pH 7.4 adjusted with NaOH. The nomi-
nally Ca2+-free pipet solution contained (in mM) NaCl, 140; HEPES, 10, 
Tetraethylammonium-methanesulfonate (TEA-MeSO3), 10, pH 7.4 with 
TEA-OH, and adjusted to 300 mOsm with TEA-MeSO3. The cells were 
maintained at +30 mV holding potential, and NALCN currents were 
evoked with an 800-ms hyperpolarizing voltage-ramp to -90 mV with 
a repetition interval of 10 seconds. We chose the +30 mV as prolonged 
depolarization to higher voltages resulted in membrane instability, 
while holding at hyperpolarized potentials yielded persistent Na+ influx 
that also reduced stability. As NALCN exhibits prolonged sojourns to a 
silent state, we obtained at least 25 sweeps before terminating a record-
ing. For each patch that contained discernable channel openings, we 
typically recorded until we observed significant membrane instability 
(~40-100 sweeps). In a few patches, we observed that NALCN activity 
was absent after a certain period of measurement (7-8 mins of record-
ing). In such cases, we restricted our analysis from the first sweep to the 
final sweep that showed channel activity. Compared to wild-type, the 
Y578S mutant exhibited considerable instability resulting in shorter 
duration of recordings. The unitary conductance (g) and the rever-
sal potential (Vrev) for each patch was estimated using a linear fit (i(V) 
= g*(V-Vrev)) to the single open level across all sweeps for a given patch. 
The number of channels in a patch were then determined by manually 
counting the largest number of stacked openings across all sweeps. This 
estimate was further validated using mean-variance analysis. Specifi-
cally, we computed the variance and mean of current traces across all 
sweeps at each voltage (σ2(V) and Iav(V) respectively). The number of 
channels (Nch) was then estimated by minimizing |σ2(V) – (i(V)*Iav(V) – 
Iav

2(V)/Nch)|2 across all voltages. Here, i(V) is the open-channel current 
across all voltages (i(V) = g*(V-Vrev)) and Nch is assumed to have integral 
values corresponding to the number of channels. To calculate the open 
probability (PO) as a function of voltage (V) for each patch, we divided 
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the ensemble average current (Iav(V)) by the unitary current (i(V)) and 
the estimated number of channels (Nch). For estimation of PO-V relation-
ship for each cell, we restricted our analysis to voltages between -90 
and -20 mV, given the low magnitude of the unitary current at higher 
voltages. Subsequently, we averaged the PO-V relationship obtained 
across multiple cells. PO-V relationship was estimated from 694 sweeps 
from 7 patches for wild-type NALCN, and 395 sweeps from 7 patches 
for the Y578S mutant. For statistical comparisons as in Fig. 4d, we com-
pared the average PO at -60 mV for wild-type versus mutant channels. 
For one-channel patches, we also obtained a single-trial PO for each 
sweep. To do so, we first idealized each sweep with a half-height detec-
tor (0, if Isweep ≤ i(V)/2; 1, if Isweep > i(V)/2), and subsequently calculated 
the average value of the idealized sweep between voltages -90 mV and 
-20 mV. Diary plots of the single-trial PO was used to discern switching 
between ‘active’ and ‘quite’ sweeps.

Chemical cross-linking and sample processing for mass 
spectrometry
The sample for XL-MS analysis was initially provided at a protein con-
centration of approximately 1.4 mg/ml in cross-linking buffer (25 mM 
HEPES pH 7.5, 200 mM NaCl, 0.01% GDN). For the cross-linking experi-
ments, the protein concentration was adjusted to 1 mg/ml with the same 
buffer. Chemical cross-linking was performed in three independent 
experiments with 50 μg protein each according to previously published 
protocols50,51.

Cross-linking of primary amino groups was performed by adding 
a 1:1 mixture of disuccinimidyl suberate (DSS)-d0 and d12 (Creative 
Molecules, Inc; from a 25 mM stock in dimethyl formamide) to a final 
concentration of 1 mM and incubating at 37 °C for 30 min. The reaction 
was stopped by adding 1 M ammonium bicarbonate to a final concen-
tration of 50 mM, and the sample was evaporated to dryness before 
further processing.

Cross-linking of carboxyl groups and of primary amino groups with 
carboxyl groups was performed by adding a 1:1 mixture of pimelic 
dihydrazide (PDH)-d0 (ABCR) and -d12 (Sigma-Aldrich) in combina-
tion with 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 
(DMTMM) chloride. Samples were incubated with either 44 mM PDH 
and 88 mM DMTMM or 22 mM PDH and 11 mM DMTMM for 30 min at 
37 °C. To stop the reaction, the samples were passed through a Zeba 
Spin Desalting column (7k WMCO, ThermoFisher Scientific) and the 
filtrate was evaporated to dryness before further processing.

Dried samples were reconstituted in 8 M urea, and disulfide bonds 
were reduced by addition of tris(2-carboxyethyl)phosphine to a final 
concentration of 2.5 mM. After incubation at 37 °C for 30 min, sam-
ples were cooled to room temperature and free thiol groups were 
carbamidomethylated by addition of iodoacetamide to 5 mM. Sam-
ples were incubated at room temperature for 30 min protected from 
light. The solutions were diluted to 5.5 M urea with 150 mM ammo-
nium bicarbonate and endoproteinase Lys-C (Wako) was added at an 
enzyme-to-substrate ratio of 1:100, followed by incubation at 37 °C for 2 h.  
The urea concentration in the solution was then further reduced to 1 M 
by addition of 50 mM ammonium bicarbonate, and trypsin (Promega) 
was added at an enzyme-to-substrate ratio of 1:50. Digestion proceeded 
at 37 °C overnight (approx. 16 h). All sample processing steps after 
cross-linking were performed on a Thermomixer (Eppendorf) with 
mild shaking (750 rpm).

Digested samples were acidified by adding formic acid to a final con-
centration of 2% and desalted by solid-phase extraction (Sep-Pak tC18 
cartridges, Waters). Purified digests were fractionated by peptide-level 
size exclusion chromatography (SEC) using a Superdex 30 Increase 
column (300 × 3.2 mm, GE Healthcare) and a mobile phase consisting 
of water/acetonitrile/trifluoroacetic acid (70:30/0.1, v/v/v) at a flow 
rate of 50 μl/min. For each sample, four 100-μl fractions correspond-
ing to an elution volume of 0.9 to 1.3 ml were collected and evaporated 
to dryness.

Liquid chromatography-tandem mass spectrometry
20% of each SEC fraction was injected in duplicate on an Easy nLC-1200 
HPLC system coupled to an Orbitrap Fusion Lumos mass spectrom-
eter (both ThermoFisher Scientific). The chromatographic set-up 
consisted of an Acclaim PepMap RSLC C18 column (250 mm × 75 μm, 
ThermoFisher Scientific) and 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). The flow rate was set to 300 nl/min and the mobile 
phase gradient was 11 to 40%B in 60 min.

The Orbitrap Fusion Lumos was operated in the data-dependent 
acquisition top-speed mode with a cycle time of 3 s. Precursor ions were 
detected in the Orbitrap at 120000 nominal resolution. The most abun-
dant precursors with a charge state between +3 and +7 were selected for 
fragmentation by collision-induced dissociation in the linear ion trap 
at a normalized collision energy of 35%. Fragment ions were detected 
in the Orbitrap at 30000 nominal resolution. Dynamic exclusion was 
activated for 30 s after one sequencing event.

Identification of cross-linked peptides
Cross-linked peptides were identified by xQuest (version 2.1.5, available 
from https://gitlab.ethz.ch/leitner_lab/xquest_xprophet)52. The MS/MS  
data was searched against a database of the target proteins and iden-
tified contaminants, including calmodulin (16 entries in total) and a 
decoy database containing reversed sequences. Search parameters 
included: Enzyme = trypsin; maximum number of missed cleavages = 2;  
fixed modification = carbamidomethylation on Cys; variable modifi-
cation = oxidation on Met; MS1 error tolerance = ± 15 ppm; MS2 error 
tolerance = ± 20 ppm. DSS was specified to react with Lys residues or 
protein N termini, PDH was specified to react with Asp and Glu, and 
DMTMM was specified to link Lys with Asp or Lys with Glu. The original 
xQuest scoring scheme was used53.

The list of cross-linked peptide candidates was filtered post-search 
by restricting the precursor mass tolerance window to -1 to +6 ppm, and 
by applying TIC (>0.1 for DSS and PDH and >0.15 for DMTMM) and delta 
score (<0.9) filters. All remaining identifications were manually evalu-
ated and only identifications for which both peptides were assigned 
with at least four bond cleavages in total or three consecutive bond 
cleavages were kept. Finally, the false discovery rate was adjusted to 
<5% at the non-redundant peptide pair level.

Sample size: For XL-MS, the complex was cross-linked with three  
different cross-linking chemistries (targeting different amino acids) and 
different reagent concentrations to generate complementary data and 
increase cross-link coverage. Every experiment can be considered an 
independent measurement, and the results (cross-linked peptide pairs) 
were combined for further interpretation. Replication: For XL-MS, 
fractionation of the samples results in partial overlap of cross-linked 
peptide pairs between fractions. Therefore, identifications in multiple 
fractions are independent observations. Moreover, each fraction was 
analyzed in duplicate by LC-MS/MS (technical replicates).

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
The NALCN-FAM155A-UNC79-UNC80-CaM coordinates are deposited 
in the PDB (7SX3 and 7SX4) and cryo-EM data are deposited in the 
EMDB (EMD-25492 and EMD-25493) for conformation 1 and 2, respec-
tively. Mass spectrometry proteomics data have been deposited to 
the ProteomeXchange Consortium via the PRIDE31 partner reposi-
tory with the dataset identifier PXD027213 and details are included 
in the Supplementary Information. Source data are provided with 
this paper.
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Extended Data Fig. 1 | Purification and structure determination of the 
NALCN channelosome. a NALCN channelosome protein expression and 
purification scheme. b Example size exclusion chromatogram and SDS-PAGE of 
nanodisc-reconstituted NALCN channelosome sample. c Example cryo-EM 
micrograph image of the NALCN channelosome-MSP1E3D1 complex. 
 d Representative 2D-class averages of selected particles from 200 classes and 
approximately 130,000 particles. e Data collection and processing workflow.  
f Conformation 1, FSC between two half datasets yields a global resolution 

estimate of approximately 3.1 Å resolution from the refinement using an 
overall mask of the NALCN channelosome, 3.2 Å resolution from the focused 
NALCN-CaM-FAM, 2.9 Å from the focused UNC crossover, 3.7 Å from the 
focused UNC N-C and 3.8 Å from the focused UNC C-N refinements. 
 g Conformation 1, heat map representation of the distribution of assigned 
particle orientations h Conformation 2, FSC between two half datasets yields a 
global resolution estimate of approximately 3.5 Å resolution. i Conformation 2, 
heat map representation of the distribution of assigned particle orientations.
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Extended Data Fig. 2 | Select cryo-EM map regions of the NALCN channelosome. a-g Example 3D map overlay for indicated regions.
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Extended Data Fig. 3 | NALCN and FAM155A structures in the NALCN 
channelosome and NALCN-FAM155A subcomplex. a Comparison of the 
NALCN subunit in the NALCN-FAM155A subcomplex and NALCN channelosome 
(with UNC79 and UNC80 removed for clarity). b Superposition of the FAM155A 

subunit in the NALCN-FAM155A subcomplex and NALCN channelosome. c Pore 
radius of the ion conduction pathway in the NALCN channelosome or 
NALCN-FAM155A subcomplex structures (PDB 6XIW) calculated by HOLE54.
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Extended Data Fig. 4 | UNC79 and UNC80 are HEAT-repeat proteins. a Side- 
and top-views of UNC79. Position of disordered loops >50 residues in length 
are indicated. b Side- and top-views of UNC80. Position of disordered loops >50 
residues in length are indicated. c Open-book view of UNC79-UNC80 interface 

showing contact surface. d Same as part c, showing electrostatic surface. 
 e Same as part c, showing surface conservation across selected vertebrate 
species calculated by ConSurf55.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Structure-function analysis of UNC79 and UNC80.  
a Schematic of UNC79 and UNC80 with corresponding amino acid residues of 
fragments indicated. Example current traces from Xenopus oocytes expressing 
NALCN, FAM155A, UNC79 and UNC80, where various isolated ~500 residue 
fragments of either UNC79 or UNC80 are co-expressed in trans, with steps 
from +80 to -80 mV, 40 mV increments, in ND96 recording solution. Right 
shows summary of mean current amplitudes elicited at +80 mV (top bar graph) 
or -80 mV (bottom bar graph) from a holding potential of 0 mV for indicated 
construct combinations. Numbers of biological replicates (n) are indicated. 
Recordings were performed on four to five oocytes from two different batches. 
Data are shown as mean±SD. ****, * and ns represent p value <0.0001, <0.05 and 
>0.05, respectively; one-way analysis of variance (ANOVA), Dunnett’s test 
(against +H2O). P values are adjusted to account for multiple comparisons and 
are presented in Supplementary Table 5. For electrophysiological 
measurements, see Source Data. b Schematic of UNC80 with corresponding 
truncated constructs indicated. Example current traces from Xenopus oocytes 
expressing NALCN, FAM155A, UNC79 and UNC80, where wild-type UNC80 or 
truncated constructs are expressed, with steps from +80 to -80 mV, 20 mV 
increments, in ND96 recording solution. Star (#) indicates constructs that 
contain fusion of a C-terminal GFP-Flag tag. Right shows summary of mean 
current amplitudes elicited at +80 mV (top bar graph) or -80 mV (bottom bar 
graph) from a holding potential of 0 mV for indicated construct combinations. 
Numbers of biological replicates (n) are indicated. Recordings were performed 
on four to six oocytes from two different batches. Data are shown as mean±SD. 
****, **, and * represent p value <0.0001, <0.01 and <0.05, respectively; one-way 
analysis of variance (ANOVA), Dunnett’s test (against UNC80#). P values are 
adjusted to account for multiple comparisons and are presented in 
Supplementary Table 5. For electrophysiological measurements, see Source 
Data. c Schematic of UNC80 with corresponding nonsense mutation 

constructs indicated (note, R1265X, L2586X, and Y2796X mutations have been 
previously reported by us10 and representative data are shown here for 
comparison). Example current traces from Xenopus oocytes expressing 
NALCN, FAM155A, UNC79 and UNC80, where wild-type UNC80 or nonsense 
mutation constructs are expressed, with steps from +80 to -80 mV, 20 mV 
increments, in ND96 recording solution. Right shows summary of mean 
current amplitudes elicited at +80 mV (top bar graph) or -80 mV (bottom bar 
graph) from a holding potential of 0 mV for indicated construct combinations. 
Numbers of biological replicates (n) are indicated. Recordings were performed 
on three to six oocytes from two to three different batches. Data are shown as 
mean±SD. **** represents p value <0.0001; one-way analysis of variance 
(ANOVA), Dunnett’s test (against UNC80). P values are adjusted to account for 
multiple comparisons and are presented in Supplementary Table 5. For 
electrophysiological measurements, see Source Data. d Example current 
traces from Xenopus oocytes expressing NALCN, FAM155A, UNC79 and UNC80, 
where wild-type UNC80 or missense mutation constructs are expressed, with 
steps from +80 to -80 mV, 20 mV increments, in ND96 recording solution. Right 
shows summary of mean current amplitudes elicited at +80 mV (top bar graph) 
or -80 mV (bottom bar graph) from a holding potential of 0 mV for indicated 
construct combinations. Numbers of biological replicates (n) are indicated. 
Recordings were performed on two to eight oocytes from two to three 
different batches. Data are shown as mean±SD. **** and ns represent p value 
<0.0001 and >0.05, respectively; one-way analysis of variance (ANOVA), 
Dunnett’s test (against UNC80). P values are adjusted to account for multiple 
comparisons and are presented in Supplementary Table 5. For 
electrophysiological measurements, see Source Data. e Close-in views of select 
missense mutations previously identified in UNC80 mapped onto the UNC79-
UNC80 subcomplex structure. Note, Exact p values are presented in 
Supplementary Table 5.
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Extended Data Fig. 6 | Characterization of NALCN-NaV1.4 chimeras.  
a Schematic of human NALCN and human NALCN-rat NaV1.4 chimeric 
constructs. Example current traces from Xenopus oocytes expressing NALCN, 
FAM155A, UNC79 and UNC80, where wild-type or chimeric truncated NALCN 
constructs are expressed, with steps from +80 to -80 mV, 20 mV increments, in 
ND96 recording solution. Numbers of biological replicates (n) are indicated in 
b. Recordings were performed on two to five oocytes from two to five different 

batches. For electrophysiological measurements, see Source Data. b Summary 
of mean current amplitudes elicited at +80 mV (top bar graph) or -80 mV 
(bottom bar graph) from a holding potential of 0 mV for indicated constructs. 
Data are shown as mean±SD. **** and ns represent p value <0.0001 and >0.05, 
respectively; one-way analysis of variance (ANOVA), Dunnett’s test (against 
NALCN). P values are adjusted to account for multiple comparisons and are 
presented in Supplementary Table 5.
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Extended Data Fig. 7 | Structure-function of the NALCN DI-DII and DII-DIII 
linkers. a Current traces from Xenopus oocytes expressing NALCN, FAM155A, 
UNC79 and UNC80, where the NALCN subunit is wild-type or has indicated 
mutations, insertions or deletions in the DI-DII linker. Steps from +80 to - 
100 mV, 20 mV increments, in ND96 recording solution. Right shows summary 
of mean current amplitudes elicited at +80 mV (top bar graph) or -80 mV 
(bottom bar graph) from a holding potential of 0 mV for indicated constructs.  
b Representative Western blot of total lysate and surface fraction proteins 
extracted from Xenopus oocytes expressing the indicated constructs where 
wild-type or mutant NALCN was co-expressed with wild-type UNC80, UNC79 
and FAM155A. For gel source data, see Supplementary Figure 3. c Current traces 

from Xenopus oocytes expressing NALCN, FAM155A, UNC79 and UNC80, where 
the NALCN subunit is wild-type or has indicated insertions and deletions in the 
DII-DIII linker. Steps from +80 to -100 mV, 20 mV increments, in ND96 recording 
solution. Right shows summary of mean current amplitudes elicited at +80 mV 
(top bar graph) or -80 mV (bottom bar graph) from a holding potential of 0 mV 
for indicated constructs. a, c, Numbers of biological replicates (n) are 
indicated. Recordings were performed on four to five oocytes from two 
different batches. Data are shown as mean±SD. ****, ***, **, * and ns represent p 
value <0.0001, <0.001, <0.01, <0.05 and >0.05, respectively; one-way analysis 
of variance (ANOVA), Dunnett’s test (against WT). P values are adjusted to 
account for multiple comparisons and are presented in Supplementary Table 5.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Structure-function analysis of the NALCN C-terminal 
domain. a Current traces from Xenopus oocytes expressing NALCN, FAM155A, 
UNC79 and UNC80, where the NALCN subunit is wild-type or has indicated 
CTD-deletions or mutations. Steps from +80 to -100 mV, 20 mV increments, in 
ND96 recording solution. Right shows summary of mean current amplitudes 
elicited at +80 mV (top bar graph) or -80 mV (bottom bar graph) from a holding 
potential of 0 mV for indicated constructs. Numbers of biological replicates (n) 
are indicated. Recordings were performed on three to six oocytes from two 
different batches. Data are shown as mean±SD. * and ns represent p value <0.05 
and >0.05, respectively; one-way analysis of variance (ANOVA), Dunnett’s test 
(against WT). P values are adjusted to account for multiple comparisons and are 
presented in Supplementary Table 5. b Current traces from Xenopus oocytes 
expressing NALCN, FAM155A, UNC79, UNC80 and control (H2O) or an isolated 
NALCN-CTD construct in trans. Steps from +80 to -100 mV, 20 mV increments, 
in ND96 recording solution. Right shows summary of mean current amplitudes 
elicited at +80 mV from a holding potential of 0 mV for indicated conditions. 
Numbers of biological replicates (n) are indicated. Recordings were performed 
on four to five oocytes from two different batches. Data are shown as mean±SD. 

Two-sided unpaired t-test, p=0.1286 (+80 mV), p=0.0037 (-80 mV). c Current 
traces from Xenopus oocytes expressing wild-type NALCN (1-1738) or indicated 
C-terminal truncation constructs recorded in ND96 (top) and divalent cation 
(X2+)-free buffer (bottom). Steps from +80 to -100 mV, 20 mV increments. Right 
shows fold-increase in inward current elicited at -100 mV for wild-type NALCN 
and indicated truncation mutants in response to removal of divalent cations. 
Numbers of biological replicates (n) are indicated. Recordings were performed 
on three to four oocytes from two different batches. Data are shown as 
mean±SD. ns represents p value >0.05; one-way analysis of variance (ANOVA), 
Dunnett’s test (against WT). P values are adjusted to account for multiple 
comparisons and are presented in Supplementary Table 5. d Current traces 
from Xenopus oocytes expressing wild-type NALCN, FAM155A, UNC79 and 
UNC80, where a “CaM-chelator” construct (which is composed of four tandem 
IQ motifs (IQ3-6: residues L766–K920) of mouse myosin Va (Uniprot Q99104) 
that diminishes free concentration of apo-CaM48,49) is co-expressed. Numbers 
of biological replicates (n) are indicated. Recordings were performed on four to 
five oocytes from three different batches. Data are shown as mean±SD. Two-
sided unpaired t-test, p=0.0002 (+80 mV), p=0.0421 (-80 mV).
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Cell-attached single channel recordings of the 
NALCN channelosome. a Exemplar traces from an individual patch show 
absence of channel openings when HEK293 cells are transfected with only 
UNC79, UNC80, and FAM155A. Gray slanted line, unitary current relationship 
for wild-type NALCN. b Ensemble average current obtained from 154 sweeps 
for the individual patch shown in panel a. No detectible channel activity was 
observed in a total of n=8 cells (852 sweeps). C Exemplar traces show additional 
examples of single-channel openings of wild-type NALCN channelosome from 
the same patch shown in Fig. 4b. Gray slanted line, unitary current relationship. 
d Ensemble average current obtained from 90 sweeps for the single-channel 
patch of NALCN channelosome as shown in panel c. e Diary plot of single-trial 

PO values from the one-channel patch of wild-type NALCN, as shown in panel c, 
reveal distinct active (A; traces with brief and flickery openings) and quite  
(Q; traces with no discernable activity) gating modes. f Exemplar traces show 
additional examples of single-channel openings of Y578S mutant channels 
from the individual patch shown in Fig. 4b. Gray slanted line, unitary current 
relationship. g Ensemble average current obtained from 40 sweeps for the 
single-channel patch of Y578S mutant channel shown in panel f. h Diary plot of 
single-trial PO for the one-channel patch for Y578S mutant displayed in panel f. 
Y578S mutant channel also show switching between active and quite gating 
modes.
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Extended Data Table 1 | Cryo-EM data collection, refinement and validation statistics
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A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection  pClamp10 (Molecular Devices), Xcalibur 4.2.47, SerialEM 3.7.11

Data analysis Clampfit10; Clampfit11; Prism8 (GraphPad); ImageJ (Open Source); Relion 3.1-beta; cisTEM 1.02; gautomatch (https://www2.mrc-
lmb.cam.ac.uk/research/locally-developed-software/zhang-software/#gauto); UCSFChimera 1.02; UCSF ChimeraX 0.93; ISOLDE 1.0b5; 
MotionCor2; CTFFIND 4.1.13; Phenix 1.18; Hole 2.2.004; The ConSurf Server (https://consurf.tau.ac.il/); Dali server (http://
ekhidna2.biocenter.helsinki.fi/dali/); PyMOL 2.4.1 (The PyMOL Molecular Graphics System, Schrödinger, LLC); JalView 2.110, ESPript 3.0 
(http://espript.ibcp.fr/ESPript/ESPript/); xQuest (2.1.5); CX-Circos 0.11.1; Coot 0.89; MATLAB 2010b

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

The Structure coordinates are deposited in the PDB: 7SX3 and 7SX4. Cryo-EM data are deposited in the EMDB: EMD-25492 and EMD-25493. The mass spectrometry  
data have been deposited to the ProteomeXchange Consortium via the PRIDE31 partner repository with the dataset identifier PXD027213. All other data are 
included in the paper and Supporting Information. Reagents will be made available upon request, and if towards Genentech authors, requires only a standard MTA 
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No pre-determined sample size was estimated. All electrophysiological experiments were performed on a minimum of 3 cells. The number of 
recordings was primarily based on the variability.

Data exclusions Electrophysiological recordings with significant endogenous currents at highly de- or hyperpolarised potentials were not considered for 
analysis. Mock- or uninjected cells were recorded as controls for endogenous current levels for every batch. These were pre-established 
criteria.

Replication Measurements from cells were done using multiple batches of transfections or oocyte isolation. Replication was successful from batch to 
batch.

Randomization The experiments were not randomized, but in electrophysiological recordings, experimental groups were recorded in varying order

Blinding The experimenters were not blinded to allocation during experiments and analysis, but electrophysiological recordings were performed by 
different individuals

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Primary antibodies used include: rabbit polyclonal anti-NALCN antibody (PA5-56888; ThermoFisher Scientific; RRID: AB_2644448); 

mouse anti-α1 Na+/K+-ATPase (clone C464.6; sc-21712; lot # K0419; Santa Cruz Biotechnology) and anti-β-actin antibodies 
(sc-47778; lot # K1418; Santa Cruz Biotechnology).  Secondary antibodies used include IRDye 800CW goat–anti-rabbit (925-32211; LI-
COR Biosciences) and IRDye 680RD goat–anti-mouse (926–68070; LI-COR Biosciences).

Validation The specificity of the primary rabbit polyclonal anti-NALCN antibody was verified on various truncated NALCN variants and a negative 
control (non-injected Xenopus laevis oocytes). The antibody was able to detect the different sizes of truncated NALCN variants in our 
samples, but not in the negative control.

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293 (human embryonic kidney cells), CRL-1573

Authentication The HEK293 cell lines were authenticated.

Mycoplasma contamination The HEK293 cells were tested negative for mycoplasma contamination.
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Commonly misidentified lines
(See ICLAC register)

Name any commonly misidentified cell lines used in the study and provide a rationale for their use.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Female Xenopus laevis oocytes

Wild animals No wild animals were used in this study

Field-collected samples n/a

Ethics oversight Stage V/VI oocytes were obtained from ovaries of female Xenopus laevis frogs (anaesthetized in 0.3% tricaine, under 
license 2014–15-0201–00031, approved by the Danish Veterinary and Food Administration). Frogs were housed and cared for by an 
animal facility approved by the University of Copenhagen.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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