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Abstract

\oltage-gated ion channels (VGICs) comprise multiple structural units, the assembly of which is
required for functionl-2. Structural understanding of how VGIC subunits assemble and whether
chaperone proteins are required is lacking. High-voltage-activated calcium channels (Cays)3*
are paradigmatic multisubunit VGICs whose function and trafficking are powerfully shaped by
interactions between pore-forming Cay1 or Cay2 Caya (ref. 3), and the auxiliary Cayp° and
Caya.,5 subunits®”. Here we present cryo-electron microscopy structures of human brain and
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cardiac Cay1.2 bound with Cay/f3 to a chaperone—the endoplasmic reticulum membrane protein
complex (EMC)8°—and of the assembled Cay1.2-CayB3-Caya»6-1 channel. These structures
provide a view of an EMC—client complex and define EMC sites—the transmembrane (TM) and
cytoplasmic (Cyto) docks; interaction between these sites and the client channel causes partial
extraction of a pore subunit and splays open the Cayay6-interaction site. The structures identify
the Caya.,8-binding site for gabapentinoid anti-pain and anti-anxiety drugs®, show that EMC and
Caya6 interactions with the channel are mutually exclusive, and indicate that EMC-to-Caya»8
hand-off involves a divalent ion-dependent step and Cay/1.2 element ordering. Disruption of

the EMC-Cay, complex compromises Cay, function, suggesting that the EMC functions as a
channel holdase that facilitates channel assembly. Together, the structures reveal a Cay, assembly
intermediate and EMC client-binding sites that could have wide-ranging implications for the
biogenesis of VGICs and other membrane proteins.

All VGIC superfamily members require assembly to make the functional channel®-2. High-
voltage-activated Cays (Cay1 and Cay2)3# are ubiquitous in electrically excitable tissues
such as the muscle, brain and heart and provide a paradigmatic example of a multisubunit
VGIC comprising three key components—the pore-forming Caya1, cytoplasmic Cayp® and
extracellular Caya»8%7 subunits. It has been known for more than 30 years that Cay/f

and Caya.,6 association with Cayaq profoundly shape Cay, biophysical properties and
plasma membrane expression®10-13, Cay,a.,6 has a particularly important role in enhancing
cell surface expression and is the target of widely used anti-nociceptive and anti-anxiety
gabapentinoid drugs!3-1° that bind to Caya.,8 and impair surface expression1#16.17,

The importance of subunit assembly for the biogenesis of properly functioning channels has
been long appreciated?18. However, understanding of the steps involved or the extent to
which chaperone proteins participate is lacking. The EMC is a nine-protein transmembrane
assembly that is thought to aid the membrane insertion of tail-anchored proteins89:19.20 and
transmembrane segments with mixed hydrophobic/hydrophilic character, such as those in
ion channels21-23  receptors24-26 and transporters22-24.27_ |t may also function as holdase for
partially assembled membrane proteins26. Although recent structural studies have outlined
the EMC architecture and implicated various EMC client protein interaction sites based

on mutational analysis26:28-30, there are no structural examples of EMC—client-protein
complexes to guide understanding of substrate protein binding.

Here we present cryo-electron microscopy (cryo-EM) structures of an approximately 0.6
MDa complex containing the human brain and heart Cay/1.2 Caya subunit3, Cayf3 and
human EMC, and the fully assembled Cay/1.2-Cay/p3-Caya,6-1 channel, a Caya1—Cayp
combination32:31 that is present in human hearts32, at overall resolutions of 3.4 A and 3.3 A,
respectively. This Cay is the target of drugs for cardiac and neurological diseases® 733 and is
associated with many arrhythmia, autism and neuropsychiatric disease mutations3434. Our
data provide a view of an EMC—client membrane protein complex and reveal EMC sites,

the TM and Cyto docks, the interaction of which with conserved Caya 4 and Cayf elements
results in a partial extraction of one of the channel pore domains (PDs) relative to its native
position and splaying open of the Cayaq extracellular face where Caya8 binds. Together,
the structural data indicate that EMC and Caya.»6 binding to the Caya1—Cayf channel
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core is mutually exclusive and that EMC hand-off to Caya6 involves ordering three
extracellular sites that are splayed apart in the EMC complex. Notably, disrupting EMC-
channel interactions by channel mutations or EMC-subunit knockout diminishes channel
activity, suggesting a role for the EMC as a Cay, holdase. The Cay/1.2—-Cay/p3-Ca,a.26-1
structure also reveals a bound leucine in the Caya.»6-binding site targeted by widely used
gabapentinoid drugs3®36 for pain, fioromyalgia, postherpetic neuralgia and generalized
anxiety disorder57. Our data define a Cay, assembly intermediate that establishes a
framework for understanding Cay biogenesis, drug action3-6:37 and the consequences of
Cay disease mutations affecting the brain, heart and endocrine systems*34. Owing to their
conserved nature, the EMC—client interaction sites are likely to be exploited by many
VGIC superfamily client proteins. Other membrane protein classes that have transmembrane
segments of mixed hydrophobic and hydrophilic character®, such as transporters and G-
protein-coupled receptors, may also engage these sites.

A stable ER chaperone—ion channel complex

Purification of Cay/1.2(AC)—a recombinantly expressed human Cay/1.2 construct bearing a
C-terminal truncation distal to the lle-GIn (1Q) domain with functional properties equivalent
to full-length Cay/1.2 (Supplementary Fig. 2) (186 kDa)—with rabbit Cayf3 (54 kDa),
yielded a sample displaying a good size-exclusion profile containing numerous unexpected
bands (Extended Data Fig. 1a,b and Supplementary Fig. 1a,b). Mass spectrometry (MS)
analysis showed that these bands comprise the 9 subunits of the approximately 300 kDa
EMCB8.9.19 that co-purified with Cay/1.2(AC)-Cay/B3 (Supplementary Table 1a). Cryo-EM
images yielded two-dimensional class averages of a transmembrane complex with an
unmistakable extramembrane EMC lumenal domain crescent (Extended Data Fig. 1c,d).
Co-expression of Cay1.2(AC)-Cayp3 with rabbit Ca,a,6-1 (125 kDa) yielded a similarly
behaved sample containing Cay1.2(AC), Cayp3, Caya26-1 and all 9 EMC components
(Extended Data Fig. 1e,f and Supplementary Fig. 1c,d) that also produced good cryo-

EM images (Extended Data Fig. 1g,h). Single-particle analysis (Extended Data Fig.

1i) identified EMC—-Cay1.2(AC)-Cayp3 complexes in both preparations and Cay/1.2(AC)-
Cayp3—Caya,8-1 in the sample with Cay1.2(AC), Cayp3 and Caya6-1. The resultant
EMC-Cay1.2(AC)-Cayp3 and Cay1.2(AC)-Cayp3—Caya»8-1 maps had overall resolutions
of 3.4 A and 3.3 A (Supplementary Fig. 3a,b) and local resolutions of 2.4 A and 2.0

A, respectively (Extended Data Fig. 2, Extended Data Table 1 and Supplementary Figs.
3-6), and clearly defined the subunits of the eleven-protein EMC—-Cay/1.2(AC)-Cayf3
complex (Extended Data Fig. 2a,b) and the tripartite Cay1.2(AC)-Cayp3—Caya,8-1 channel
assembly (Extended Data Fig. 2c,d).

Structure of the EMC-Ca,1.2(AC)-Cayp3 complex

The EMC-Cay/1.2(AC)-Cayp3 complex is an approximately 0.6 MDa assembly with
dimensions of about 220 A normal to the membrane plane and around 100 A x 130 A
parallel to the membrane plane (Fig. 1a). There are extensive Cay1.2 and Cayf3 interactions
with the EMC (Fig. 1a) comprising two binding sites—the TM dock and Cyto dock.

These two sites are around 90° apart from each other with respect to the EMC core and
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engage transmembrane and cytoplasmic elements of the Cay/1.2—Cay/3 channel complex,
respectively (Fig. 1b,c and Supplementary Video 1).

The TM dock comprises a large interface (1,051 A2) in which the single EMC1
transmembrane helix (EMC1 TM) binds to the groove between the I1S1 and 1S2
transmembrane helices of the first Cay/1.2 voltage-sensor domain (VSD 1) (Fig. 1b-d

and Extended Data Fig. 3a,b) using van der Waals interactions along the entire interface
(Extended Data Fig. 3a,b) that are framed by lumenal and inner bilayer leaflet hydrophilic
interaction sites (Fig. 1d). The lumenal site involves a salt bridge between Asp961 of
EMC1, a conserved residue implicated in interaction with client proteins with a hydrophilic
character30, and Arg161 of Cay1.2 VSD I, a residue that is found in all Cay/1s except

for Cay1.4, and Cay/2.3 (Extended Data Fig. 3c). The inner leaflet site entails a cation—

m interaction38 between the EMC1 Arg981 guanidinium and the Cay/1.2 1S1 Trp123

indole that, with 1S1 11120, frames a conserved hydrophobic pocket—the cation—mr pocket
(Extended Data Fig. 3a,b). Preservation of these two hydrophilic interaction sites and the
IS1-1S2 surface among Cay/1s and Cay2s (Extended Data Fig. 3c) suggests that other Cay
VSDs interact similarly with the EMC. Furthermore, the interfacial EMC1 helix (brace28
or crosshar?® helix, hereafter brace/crossbar helix) extends its C-terminal end to contact the
VSD I-PD Il interface (Fig. 1c,e).

The Cyto dock (around 1,500 A?) is composed of interactions between the EMC
cytoplasmic cap (EMC2, EMC3, EMC4, EMC5 and EMC8) and Cay/p3 (Fig. 1f) and
involves two sites. In the larger site (the EMCS site, 962 A2), two Cayf nucleotide kinase
domain loops (the B7—a4 loop, Thr218-Ala243; and p8—p9 loop, Pro277-Lys282) bind at a
site of which the centre is formed by the last EMC8 helix (Fig. 1f). This interaction involves
a hydrogen bond and salt bridge network of seven conserved Cayf residues (Fig. 1f and
Extended Data Fig. 3d—f) and includes a region, Lys225-Ser245, that is disordered in the
isolated Cay/B3 (ref. 39) (Extended Data Fig. 3g) but that becomes ordered after EMC8
binding, suggesting that its conservation is linked to its EMC-binding role. In the smaller
site (the EMC2 site, 550 A2), Cay/f contacts the EMC2 N-terminal region through van der
Waals interactions (Fig. 1f and Extended Data Fig. 3f—h). This site involves Cayf a5 and a6
helices that are part of the a-binding pocket where Cay/fs make high-affinity interactions to
the Caya a-interaction domain (AID)*%41, The shared Cayp architecture®?41 and contact
residue conservation indicate that all Cay/p isoforms should bind to the Cyto dock.

Although the TM dock site is consistent with functional data implicating EMC1 Asp961

in client protein interaction3%, the EMC1 TM-Cay1.2 VVSD | interface is on the opposite
side of the EMC3-, EMC5- and EMC6-gated transmembrane cavity proposed to act in
membrane protein insertion26:2942_ The side of the channel facing the brace/crossbar helix
surrounds the inner, hydrophobic, lipid-filled cavity formed by EMC1, EMC3, EMC5 and
EMCES (refs. 26,28,29,42) but, apart from the EMCL1 brace/crossbar helix interactions, there
are no other cavity elements interactions. The Cyto dock site is on the opposite side of

the membrane from the EMC1, EMC7 and EMC10 lumenal domain elements that were
previously suggested to have a holdase function2®. Furthermore, the EMC2 and EMCS sites
are not near any cytoplasmic cap elements proposed for client interactions28. Thus, the
structure presents an EMC—client binding mode. Importantly, Cay/1.2—Cay/f3 interactions
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with the TM dock and Cyto dock involve highly conserved channel subunit elements
(Extended Data Fig. 3c,f), suggesting that Cay/s comprising various combinations of Caya
and Cay/B3° can also make the observed EMC—client interactions.

A Caya.,6 drug-binding site and a blocking lipid

The structure of Cay/1.2(AC)-CayB3—Caya6-1 (Fig. 2a, Extended Data Fig. 2c,d and
Supplementary Fig. 6) reveals a tripartite channel assembly (around 370 kDa) with

an overall structure similar to other Cay/1 and Cay2 complexes (root mean squared
deviation (rm.s.d.)cq = 1.95 A, 1.71 A and 2.37 A for Caya4 from Ca,1.1, Ca,1.3 and
Cay2.2, respectively)#3-45 and Caya; subunit structure similar to single component Cay,3s
(r.m.s.d.cq = 2.28 A for Cayaq from Ca,3.1)*6 (Supplementary Fig. 7a—d). As with most
Cay structures?3-45 the Cay/1.2 pore inner gate is closed and all four voltage sensors are

in the ‘up’ conformation, consistent with a depolarized state and similar to Cay,1.3 (ref.

44) (Extended Data Fig. 4a—d and Supplementary Fig. 7e-h). Moreover, similar to other
Cays*345, the proteolytic cleavage site dividing Caya, from Cay$ is disordered. Two
notable features stand out. The first is a free leucine, a Caya,6 ligand®47:48 and gabapentin
competitor837, in the Ca,a»6-1 Cachel domain“® hydrophobic pocket of the gabapentinoid
drug-binding site8:7:35:36.50 The high local resolution of this site (2.0-2.4 A) shows the
free leucine, obtained endogenously during expression, bound to a pocket lined by Trp207,
Val209, Tyr219, Trp225, Tyr238, Arg243, Trp245, Tyrd52, Asp454, Ala455, Leud56 and
Asp493 (Fig. 2b, Extended Data Fig. 4e and Supplementary Fig. 6j) in agreement with

the prediction of this pocket as the leucine-binding site>0. The I-Leu backbone elements,
shared with gabapentinoids3’, are coordinated through salt bridge and hydrogen bond
interactions to its carboxylate by Tyr238, Arg243 and Trp245 and a salt bridge between

the amino nitrogen and Asp493 (Fig. 2b and Extended Data Fig. 4e), and are consistent
with the importance of Arg243 (Arg217 in some numberings)451 and Asp493 (ref. 50)

for gabapentinoid drug binding and action in pain modulation4. These data, together with
studies establishing binding competition between leucine and gabapentin®37 and recent
Caya.,5 structures with gabapentin3® and mirogabalin36 identify this Cachel domain as the
gabapentinoid drug-binding site.

The second notable feature is a lipid, phosphatidylethanolamine (PE) (1-heptadecanoyl-2-
dodecanoyl-glycero-3-phosphoethanolamine (17:0/12:0)), that fills a hydrophobic gap
between PD I and PD Il (Fig. 2c and Supplementary Fig. 6¢). The phosphatidylethanolamine
hydrophilic headgroup resides in the central pore below the selectivity filter (SF), where

it coordinates the inner of two SF calcium ions (Fig. 2c,d, Extended Data Fig. 4f and
Supplementary Fig. 6¢) that match those in Cay/1.1 (refs. 43,52), Cay/3.1 (ref. 46) and
Cay3.3 (ref. 53). Similarly intrusive lipids between Cay1.1 PD | and PD 115254 and Cay/3.3
PD 111 and PD V53 emerge into the central cavity in the presence of pore-blocking drugs.
Cay1.1 (refs. 43,52,54) and Cay/3.1 (ref. 46) structures identified lipid tails in the equivalent
PD I-PD Il interface but did not resolve the headgroup. Owing to its interference of the

ion path in the absence of drugs, we denote the Cay/1.2 phosphatidylethanolamine as the
blocking lipid. The presence of the blocking lipid polar headgroup in the central cavity in
direct coordination with an SF Ca?* ion shows that this lipid does not require a third-party

Nature. Author manuscript; available in PMC 2024 February 26.
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molecule in the pore, such as a drug®2-54, and raises questions about whether and how this
element contributes to channel gating and pharmacology.

Binding requires multiple rigid-body changes

Observation of the same channel complex Cay1.2(AC)-Cayf3 in two states—the EMC-
bound form versus the fully assembled channel—reveals multiple conformational changes
that substantially remodel the Cay, structure after EMC binding (Fig. 3a and Supplementary
Videos 2 and 3). The Cay1.2 VSD I, VSD Il and VSD IV S4 segments correspond to a
voltage sensor ‘up’ state in which gating charge residues (VSD I: K1, R2, R3 and R4;

VSD IlI: R2, R3 and R4; and VSD IV: R2, R3 and R4) are on the extracellular/lumenal

side of the aromatic position that defines the charge transfer centre®® (Supplementary Fig.
8a—c). Although VSD | and VSD Il are similar to those in Cay/1.2(AC)-Cay/p3—-Caya6-1
(Supplementary Fig. 8d,e) (rm.s.d.cq = 0.69 A and 2.25 A for VSD 1 and VSD 11,
respectively) both undergo substantial rigid body displacements after EMC binding (Fig. 3a
and Supplementary Videos 2-5). VSD Ill and VSD IV (Supplementary Fig. 8f) (rm.s.d.cq =
2.35 A for VSD 1V) undergo various degrees of rearrangement (Fig. 3a and Supplementary
Videos 2, 3 and 6), the most notable of which is the unfolding of the majority of VSD Il11
(Fig. 3a).

Viewed from the 1S1-1S2 groove, VSD | rotates about 20° around an axis parallel

with the membrane plane towards the channel periphery to engage the EMC1 TM helix
(Supplementary Videos 2 and 4) and rotates approximately 10° within the membrane plane
towards VSD IV (Fig. 3a and Extended Data Fig. 5a). VSD Il tips away from the central
pore by about 15° resulting in a displacement of the extracellular/lumenal ends of its helices
by around 6 A (Fig. 3a, Extended Data Fig. 5a and Supplementary Video 5). With the
exception of the S4 C-terminal end, VSD Il is largely disordered in the EMC-Cay complex.
This lack of structure is apparent in the detergent micelle shape surrounding the channel
(Extended Data Fig. 2b and d). VSD IV undergoes a complex set of changes in which S3
and S4 are repositioned relative to the S1-S2 pair, and rotates about 10° within the plane of
the membrane towards VSD | (Fig. 3a, Extended Data Fig. 5a and Supplementary Videos 2
and 6). Thus, the relative conformations of all four VSDs change as a consequence of EMC
binding.

Three out of the four PDs in the EMC complex are also altered relative to Cay1.2(AC)-
Cayp3—Caya26-1. The most marked change is PD IlI. This PD is partially extracted from
the central pore and displaced towards the channel periphery by around 5 A (Fig. 3a,
Extended Data Fig. 5b and Supplementary Videos 2 and 3). Notably, despite some internal
shifts (.m.s.d.cq = 3.269 A), the PD Il1 tertiary fold comprising the 111S5, PH1 and 111S6
helices retains a near-native conformation (Extended Data Fig. 5b and Supplementary
Video 7), consistent with the recent demonstration that the VGIC PD tertiary structure is
independent of the quaternary structure®®. PD 111 PH2 is displaced by around 15° and the
large extracellular loops connected to it are disordered. The other PD tertiary structures
are largely unaltered (r.m.s.d.cq =0.91 A, 0.46 A and 1.17 A for PD I, PD Il and PD

IV, respectively) but, as a consequence of PD Il extraction, PD Il and PD IV undergo
rigid-body changes, tipping towards and away from the pore central axis, respectively

Nature. Author manuscript; available in PMC 2024 February 26.
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(Supplementary Videos 2, 3, 8 and 9). Extraction of PD Il pulls the domain 111 S4-S5
linker along the lateral side of the channel by one helical turn, approximately 6 A (Fig. 3b
and Supplementary Video 3), disturbing VSD I11 and leading to its unfolding (Fig. 3a and
Extended Data Fig. 5a).

Binding to EMC reshapes the channel pore

Comparison of Cayp3 in the EMC and Cay1.2(AC)-Cayp3—Caya6-1 complexes reveals
conformational changes associated with EMC intracellular cap binding that explain the
mechanism of PD Il extraction from the central pore. To bind to the Cyto dock,

Cay/P3 rotates about 5° away from its Cay/1.2(AC)-Cayp3—Caya56-1 position close to the
membrane (Fig. 3a and Extended Data Fig. 5¢) and transmits this conformational change to
the channel through the Cay/1.2 AID helix. This element remains bound to Cayp3 and tilts
about 15° away from the membrane plane, displacing its C-terminal end by approximately
11 A relative to its Cay1.2(AC)-CayP3-Caya,8-1 position (Fig. 3a and Extended Data Fig.
5c¢) and enabling four AID acidic residues (Asp439, Glu445, Asp446 and Asp448) opposite
to its Cay/P3 interface to interact with five VSD 11 11S0O helix basic residues (Arg507,
Arg511, Arg514, Arg515 and Arg518) (Fig. 3c). This interaction is absent in Cay/1.2(AC)—
Cayp3—Caya,6-1 (Extended Data Fig. 5d) and occurs because 11S0 becomes more helical in
the EMC complex (Extended Data Fig. 5d). These electrostatic interactions provide a link
that pulls VSD Il away from the channel central axis as a consequence of AID tilt (Fig. 3a).
As VSD |1 11S1 and 11S4 extracellular/lumenal ends make numerous contacts with PD 111
I11S5 and PH1 (Fig. 3c and Extended Data Fig. 5e) that are maintained in both structures,
VSD Il movement pulls PD Il away from the central pore. The PD I1I-VSD II-AlID-Cayp3
assembly therefore acts as single unit of which the positions are transformed by the EMC—
Cay/P3 interaction to effect the partial extraction of PD Il from the central pore assembly,
displacement of helical S4-S5 linker between 111S4 and 111S5 by about 6 A (Supplementary
Videos 2 and 3) and VSD Il destabilization (Fig. 3a,b).

PD Il extraction substantially reshapes the ion-conduction pathway. The overall pore
diameter increases due to changes at its two narrowest points—the SF and inner gate (Fig.
4a,b and Extended Data Fig. 6)—that widen by about 1.1 A and 1.0 A, respectively, to create
a water-filled pore that bridges the channel cytoplasmic and lumenal sides (Fig. 4b and
Extended Data Fig. 6). SF expansion affects the SF glutamate ring outer ion coordination
site (Glu363, Glu706, Glu1115 and Glu1416) (Fig. 4c), while inner gate widening creates a
pathway in which we find density for a bound glycol-diosgenin (GDN) (Fig. 4d—g, Extended
Data Fig. 6 and Supplementary Fig. 4f). This GDN sits at a position similar to that seen

in a drug-bound Cay/1.1-verapamil complex with a widened inner gate®? and may mimic

a natural lipid similar to GDN, such as cholesterol, that would serve as a plug to prevent

ion leak through the EMC-bound pore. We therefore denote this as the lipid plug (Fig.
4d,f,g). Thus, association between the Cay/1.2—Cay/f3 complex and the EMC pulls and
twists various channel elements, mostly through rigid-body domain movements, that splay
open the central pore.

Nature. Author manuscript; available in PMC 2024 February 26.
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Brace/crossbar helix is raised to an up position

A comparison with structures of the human EMC determined in lipid nanodiscs2629 shows
that Cay/1.2—Cay/B3 binding causes a conformational change in the EMC lumenal domain,
comprising EMC1, EMC4, EMC7 and EMC10, in which the EMC top B-propeller domain
moves by around 11.5 A lateral to the membrane plane (Supplementary Fig. 9a—d). This
tilt lifts and translates the EMC1 brace/crossbar helix towards the client by approximately
6 A and 10 A, respectively (Supplementary Fig. 9a—d and Supplementary Videos 10

and 11), enabling it to engage the VSD I-PD |1 interface (Fig. 1e) in an interaction

that induces the folding of one helical turn at the brace/crossbar helix C-terminal end
(residues Trp503-Tyr507) (Fig. 1e and Supplementary Fig. 9¢,d). We designate this as

the up conformation. The remainder of the EMC complex is largely unchanged, with the
exception of clockwise rotations of the EMC3, EMC5 and EMC6 transmembrane elements
(rm.s.d.cq = 1.44 A, 0.91 A and 0.63 A for EMC3, EMC5 and EMCS, respectively)

and a slight counterclockwise repositioning of the EMC1 TM (r.m.s.d.c = 0.62 A)
(Supplementary Fig. 9b and Supplementary Video 12). By contrast, in the detergent
complex lacking EMCY7 (ref. 26), the lumenal domain and brace/crossbar helix are in

an up position similar to in the EMC—Cay/1.2(AC)-Cayp3 complex (Supplementary Fig.
9e) (rm.s.d.cq = 0.84 A), even though its C-terminal helical structure is shorter than

that in the EMC-Cay/1.2(AC)-Cay/B3 complex and stops at Leu502. These conformational
differences suggest that brace/crossbar helix client engagement stabilizes the up position by
biasing the apo-EMC conformational landscape. EMC1 up-state stabilization could enable
endoplasmic reticulum lumen chaperones to recognize client-loaded EMCs and signal

its holdase function, consistent with proposals that the different EMC conformations are
associated with client-loaded states2®.

EMC and Caya.,6 binding is mutually exclusive

Superposition of the EMC—Cay/1.2(AC)-Cayp3 complex and Cay1.2—-Cayp3—Caya,6-1
shows that the EMC and Caya.,8 interact with Cay/1.2 in a mutually exclusive manner
(Extended Data Fig. 7a). There are clashes with Caya,8-1 all along the lumenal parts of
EMC1 as well as with the EMC1 brace/crossbar helix (Extended Data Fig. 7a,b). Notably,
three EMC-bound Cay/1.2 elements that are displaced from their positions in Cay1.2(AC)-
Cayp3—Caya6-1, VSD I, PD Il and PD IlI, each interact with Caya,8 in the fully
assembled channel (Extended Data Fig. 7c). Rigid-body rotation of VSD | between its
EMC-bound and Caya.,8-bound positions (Fig. 3a) moves Asp151 about 5 A to complete
the coordination sphere of the calcium ion bound to the Caya,8 von Willebrand factor
type A (VWA) domain metal-ion-dependent adhesion site (MIDAS) (Extended Data Fig.
7¢). This VSD | residue is conserved in Cay/1s and Cay2s (Extended Data Fig. 3c) and its
equivalent coordinates a similar Caya,8-bound Ca2* in Cay1.1 (ref. 43) and Cay2.2 (ref.
45). Caya6 VWA MIDAS coordination of divalent ions is critical for Cayya,8 binding to
Cay1.2 (ref. 57) and Cay/2.2 (ref. 58) and for the ability of Caya»6 to promote Cay1.2,
Cay2.1 and Cay2.2 plasma membrane trafficking®/—>9. We therefore denote this tripartite
interaction as the divalent staple owing to its importance for assembled state stabilization.
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Movement of PD Il and PD Il to their Cay/1.2-Cay/B3—-Caya56-1 positions and restoration
of PD intersubunit interactions (Fig. 3b and Extended Data Fig. 7d) appears to be linked
to establishment of interactions with the Caya,86 VWA and Cachel domains, respectively
(Extended Data Fig. 7c), and agrees with the importance of PD 111 for Caya»6 binding®?.
Notably, the large PD IlI extracellular loops linking PH1-1S5 and PH2-1S6 are disordered
in the EMC-Cay/1.2(AC)-Cay/B3 complex but make extensive interactions with Caya6
binding (Extended Data Fig. 7c), indicating that the folding of these elements is Caya 6
dependent. This interaction, together with divalent staple coordination, is central to the
consolidation of the native Cay1.2—Cay/p3—Ca,a,6-1 assembly and suggests that the hand-
off of the Cay1.2—Cay/p3 complex from the EMC holdase to Caya,8 is a critical step in
channel assembly.

Cap stablizes Caya, binding to the EMC

The strong association of the Cay1.2(AC)-Cayf3 complex and EMC (Extended Data

Figs. 1a and 8a) prompted us to examine whether individual channel subunits could bind

to the EMC. We expressed Cay1.2(AC) or Cayp3 and then performed a purification
procedure similar to the one that yielded the EMC-Cay/1.2(AC)-Cay/f3 complex to assay
EMC complex formation. Purified Cay/1.2(AC) yielded a broader SEC peak than the
EMC-Cay/1.2(AC)-CaypB3 complex (Extended Data Fig. 8a,b) and contained EMC subunits
identified by SDS-PAGE and MS (Extended Data Fig. 8b,c, Supplementary Fig. 1e,f and
Supplementary Table 1a). A quantitative comparison found lower proportions of EMC
subunits relative to Cay/1.2(AC) than those observed for the EMC-Cay1.2(AC)-Cayp3
complex (Extended Data Fig. 8c), suggesting that Cay/1.2(AC) binds to the EMC less
tightly. By contrast, Cayp3 purification yielded no EMC subunits (Extended Data Fig. 8d,e,
Supplementary Fig. 1g and Supplementary Table 1a). This sample had two lower-molecular-
mass bands corresponding to the Cay/f3 nucleotide kinase and SH3 domains (Extended Data
Fig. 8d and Supplementary Fig. 1g), which are known to associate?0-61 and probably result
from proteolytic cleavage. Thus, these data indicate that the Cay, pore-forming subunit

can stably associate with the EMC and that this association is strengthened by Cayp
binding, consistent with the multipoint nature of EMC-Cay/1.2(AC)—Cay/3 interactions.
Such interactions may explain the ability of Cayp subunits to protect Cay/1.2 (ref. 62) and
Cay2.2 (ref. 63) pore-forming subunits from proteasome and ERAD pathway®2 degradation
in a variety of cell types, including neurons62:63,

The Cay1.2 distal C-terminal tail affects forward trafficking®4. To test whether this region,
absent from the EMC-Cay1.2(AC)-Cayp3 structure, might influence EMC binding, we
expressed and purified the full-length Cay/1.2-Cay/f3 complex. Similar to the Cay/1.2(AC)
used in structure determination, this full-length subunit combination binds strongly to the
EMC (Extended Data Fig. 8f,g, Supplementary Table 1b and Supplementary Fig. 1h),
underscoring the biochemical stability of the EMC-Cay/1.2—-Cay/f3 complex and further
supporting the idea that this complex may be important for channel biogenesis.
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EMC-Cay disruption compromises channel function

To test the idea that the EMC functions as a channel holdase, we designed Cay1.2 and
Cay/f3 mutants that perturbed the Cay/1.2-TM dock and Cayp-Cyto dock sites (Fig.
5a,b). These included a tri-Ala mutation of Cay/1.2 residues making charge and cation-mn
interactions with the EMC1 TM dock site (R161A, 1120A and W123A; Cay1.2(AC:3A))
(Fig. 5a), a penta-Ala CayB3 mutant at the Cyto dock EMC2 site (M312A, L315A,
T316A, M319A and D323A; Cayp3(5A)), a deletion of the Cay/p3 loop that interacts

with the EMCS site (Cay/p3(A220-240)) (Fig. 5b) and two mutants affecting both the
EMC2 and EMC8 Cyto dock sites, an undeca-Ala Cayp3 mutant of all Cyto dock contacts
(D220A, R226A, K234A, R240A, Q301A, R305A, M312A, L315A, T316A, M319A and
D323A; Cayp3(11A)) (Fig. 5b) and a combination of the 5A and A220-240 mutants
(Cayp3(5A:A220-240)) (Fig. 5b). We next examined the functional consequences using
whole-cell recording of HEK293 cells transfected with various Cay/1.2 and Cay/f3 subunit
combinations expressed with Caya.6-1.

Disruption of interactions in the TM dock by Cay1.2(AC:3A) or the large EMCS site by
CayB3(A220-240) reduced current levels by around 50% (Fig. 5¢,d), whereas disruption

of the smaller EMC2 site, Cayp3(5A), was not different from the control Cay/1.2(AC)-
CayP3 pair. Notably, complete Cyto dock site disruption by Cayp3(5A:A220-240) or
Cayp3(11A) reduced Cay currents by around 90% relative to the control, mirroring the
effects of the absence Cay/B3, of which the presence is essential for Cay, plasma membrane
expression>10.11.62.65-67 | 31| cases, the measurable channels had biophysical properties
matching the parent Cay1.2(AC)-Cayp3 pair, with the exception of channels bearing
Cayp3(A220-240) and CayB3(5A:A220-240), which showed a small (around 7 mV) positive
shift in activation voltage dependence (Extended Data Fig. 9a and Supplementary Table 2).
Thus, these data indicate that EMC binding-site mutations affect channel function primarily
by reducing plasma membrane expression and support the idea that the complex represents a
productive step in functional Cay, assembly.

We next purified Cay/1.2(AC)-CayB3(11A), a mutant that substantially reduced channel
expression but spared channel biophysical properties (Extended Data Fig. 9a and
Supplementary Table 2), and quantified its association with the EMC using MS (Extended
Data Fig. 9b,c, Supplementary Fig. 1i,j and Supplementary Table 1c). These data show that
ablation of the Cyto dock interactions greatly reduces (around 90%) EMC binding relative
to Cay1.2(AC)-Cayp3 and matches the EMC-binding loss observed for Cay1.2(AC) in the
absence of Cayp3 (Extended Data Fig. 8b,c). Taken together, the common effects that Cay/p
Cyto dock site disruption or Cayp absence have on EMC association and channel function
(Fig. 5c and Extended Data Figs. 8a—e and 9b,c) indicate a key role of Caypf—Cyto dock
interactions in EMC-Cay, complex formation and channel functional expression.

We next examined Cay function in HEK293 knockout cell lines lacking EMC subunits
of which the absence disrupts the EMC20. We tested cells lacking EMC5 (EMC5
knockout)2%:68  a transmembrane subunit that supports the EMC1 brace/crossbar helix
that interacts with Cay/1.2 and that scaffolds the Cyto dock EMC2 and EMCS8 subunits;
or EMC6 (EMC6 knockout)20-68, a transmembrane subunit further from the EMC—Cay,
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interface (Fig. 5e). Whole-cell recording (Fig. 5¢,f) shows that EMC5 knockout (Fig. 5e)
eliminates channel functional expression, whereas EMC6 knockout partially suppresses
channel functional expression. Importantly, channels expressed in EMCé6-knockout cells
were biophysically indistinguishable from channels expressed in unmodified HEK293 cells
(Extended Data Fig. 9a and Supplementary Table 2), indicating that the loss of plasma
membrane functional expression is a consequence of a loss of EMC—channel interactions
and not a general effect. The ability of the EMC knockouts to phenocopy the effects of
EMC-channel interface mutations together with the consequences of channel mutations in
the EMC-Cay, binding sites provides further evidence that the EMC and its interactions with
the channel are essential for functional Cay expression.

Discussion

The profound effects that the intracellular CayB® and extracellular Caya,8%7 auxiliary
subunits have on Cay/1 and Cay2 function and trafficking are well known10-13.15 et
apart from the role of the Cay/B—-AlID interaction in folding the Cayay AID helix*1:69,

there is scant structural information regarding how Cayp and Caya»6 act during channel
biogenesis and assembly. The identification of the EMC-Cay/1.2(AC)-Cay/f3 complex, the
evidence that Cay/1.2 can bind to the EMC alone and the demonstration that EMC—Cay,
interactions affect functional channel expression offer direct insights into this process and
suggest a mechanism by which the EMC acts as a holdase for the channel—a function that is
probably relevant for diverse classes of membrane protein clients.

Various EMC domains have been suggested to function in transmembrane segment insertion
into the lipid bilayer26:28.29.42 or serve as holdase sites26. Notably, none of these elements
form the TM dock and Cyto dock sites that bind to Cay1.2(AC)-Cayp3, a membrane protein
complex with a different topology compared with EMC tail-anchored protein clients®. Thus,
our EMC-—client structure expands the idea that the EMC uses diverse elements for different
functions28. The EMC1 TM dock uses a lumenal-side salt bridge to an EMC1 residue
implicated in client binding, Asp961 (ref. 30), and a cytoplasmic-side cation—r interaction38
with EMC1 Arg981 (Extended Data Fig. 3a,b) to bind to the Cay1.2 VSD I (Fig. 1b—d

and Extended Data Fig. 3a—c). The conserved nature of this interface strongly suggests that
other Cay1s and Cay2s interact with the EMC. The observation that the Cayaq subunit
appears to bind to the EMC complex on its own (Extended Data Fig. 8b) suggests that

EMC interactions with VSD |, the first channel transmembrane domain to be synthesized
during translation?18, may be an early stabilization step during biogenesis. Augmentation

of the TM dock site by VSD | and PD Il interactions with the EMC1 brace/crossbar

helix interactions that induce the up conformation of the EMC lumenal subassembly
(EMC1/4/7/10) (Supplementary Fig. 9a,c,d) may signal the client-loaded status of the EMC
to lumenal factors or other chaperones2®. Taken together, these findings define the TM dock
as a hub of EMC holdase function.

Cayp binding to the EMC Cyto dock involves EMC2 and EMCS8 regions that were not to
our knowledge previously known to bind to clients, and establishes the EMC intracellular
domain as an important EMC—client interaction site. Cay interaction with the Cyto dock
is critical for EMC binding (Extended Data Fig. 9b,c) and Cay, functional expression
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(Fig. 5¢,d), suggesting that EMC—Cay, complex stabilization by Cay/p3 is a key step for
functional channel formation. Cayf binding to pore-forming Caya subunits not only
increases cell surface expression of Cay/1 (refs. 62,65,66) and Cay,2 (ref. 67) channels

but also protects Caya.; subunits from degradation by the proteasome®3 and the ERAD
pathway52. Taken together, these observations suggest the EMC—channel complex protects
the partly assembled channel from degradation and points to a new mechanism by which
Cayp binding influences the fate of Caya subunits.

The most substantial structural consequence of the EMC-Cay interaction is the
orchestration of the coordinated displacement of Cay/1.2 pore-forming subunit AID, VSD I
and PD Il1 elements in a manner that causes partial extraction of PD I1l from the channel
pore (Fig. 3a, Extended Data Fig. 5b and Supplementary Videos 2 and 3). Together with
the rotation of VVSD | away from its native position, these changes substantially reshape the
extracellular portions of the channel adjacent to the EMC relative to their conformations in
the Cay1.2(AC)-Cayp3—Caya6-1 complex. As the EMC and Caya,6-1 bind to the same
side of the Caya—Cayp core in a mutually exclusive manner (Extended Data Fig. 7a), these
conformational changes suggest that the role of the EMC is to prepare the Caya-Cayf
complex for Caya,8 binding.

Association of Caya6 with the pore-forming subunit channel is governed by Caya.»6
VWA MIDAS Ca?* binding during a step that is thought to occur in the endoplasmic
reticulum lumen®® and is crucial for traffickingl”:70. In agreement with these observations,
our structural data point to a central role for the divalent staple that bridges the Caya.6
VWA MIDAS domain and VSD I in the transition between the EMC-bound and Caya.»6-
bound complexes. The structures show that Cay,a—Cayf complex hand-off from the EMC
to Caya.,8 involves a rigid body rotation of VSD | that enables the conserved Asp151,
which is crucial for Caya,8-dependent Cay/1 (ref. 57) and Cay,2 (ref. 58) trafficking, to
complete the divalent staple coordination sphere (Extended Data Figs. 3c and 7c¢) and
stabilize interaction with Caya,8. In agreement with the importance of PD 111 in Caya.6
binding®?, such an exchange would permit the extracellular PD 111 loops that are disordered
in the EMC-Cay/1.2-Cay/f3 complex to form extensive interactions with Caya,6 VWA
and Cachel domains (Extended Data Fig. 7¢). Establishing native Caya,6 interactions
with PD 111 would require Cayp release from the Cyto-dock and expulsion of the lipid

plug (Fig. 4d,f,g) as the pore closes. Whether such steps happen in an ordered manner

or in an EMC-Caya,8 capture—release competition are important unanswered questions.
Taken together, our data strongly suggest that the extensive conserved interactions of
Caya and Cay/p subunits with the EMC have a role in the ability of Caya,6 to promote
trafficking of Cay1s and Cay2s1013.71 indicate that this exchange is a key step in channel
biogenesis and quality control, and provide a framework to study Cay, biogenesis. Exchange
between the EMC holdase and Caya,$ is likely also to be influenced by Cay, domains that
enhance forward trafficking®4, Cay-directed drugs®7:33, especially the gabapentinoids that
target Caya 6141617 and Cay subunit disease mutations®°:34, These factors require further
investigation.

The EMC is linked to the biogenesis of a variety of ion channels?1-23, including one
VGIC superfamily member?2, Given the conserved structure of VSD within the VGIC
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superfamilyl, the EMC may participate in the biogenesis of other VGICs through TM dock
interactions similar to those defined here. By contrast, binding of the Cyto dock site involves
a unigue Cay/1 and Cay2 subunit, Cay/B°. Interaction with this part of the EMC largely
involves a Cayp loop structure that is important for EMC-dependent functional expression
(Fig. 5) and could have structural equivalents in other proteins. Defining the roles of the
TM and Cyto dock sites for binding to Cays and other clients is an important line of study
enabled by the framework presented here. It will also be essential to test whether other
classes of clients engage these newly defined sites or interact with other, yet to be defined,
EMC client-binding sites. Furthermore, many VGICs bear disease mutations that are not
easily rationalized based on mature channel structure. Some of these mutations may disturb
EMC interactions that are crucial for channel assembly, maturation and quality control. The
structural framework described here sets the stage for detailed mechanistic studies into the
structural basis of trafficking and assembly of VGICs and other membrane proteins that are
thought to interact with the EMC?.

Online content

Methods

Any methods, additional references, Nature Portfolio reporting summaries, source data,

extended data, supplementary information, acknowledgements, peer review information;
details of author contributions and competing interests; and statements of data and code

availability are available at https://doi.org/10.1038/s41586-023-06175-5.

Expression and purification of human Ca,1.2 and Ca,/1.2-loaded human EMC complex

Codon-optimized cDNAs of human Cay,1.2(full length) (2,138 residues; UniProt: Q13936-
20); human Ca, 1.2 bearing a C-terminal truncation at residue 1648 (Cay/1.2(AC)), a site

13 residues after the end of the 1Q domain (A1649-2138; UniProt: Q13936-20, 1,648
residues) followed by a 3C protease cleavage site, monomeric enhanced green fluorescent
protein (MEGFP) and a Hisg tag; rabbit Caya,5-1 (1,105 residues; UniProt: P13806-1);
and rabbit CayPs (477 residues; UniProt: P54286) followed by a Strep-tag Il sequence’
were synthesized (GenScript) and each was subcloned into a modified pFastBac expression
vector in which the polyhedrin promoter was replaced with a mammalian cell active

CMV promoter’®. The expression vector for CayB3(11A) was generated by site-directed
mutagenesis in pFastBac. All of the constructs were sequenced completely. The Strep-tag-
bearing rabbit Cayp3 construct was used to generate a stable cell line in HEK293S GnTI™
(ATCC) using a lentiviral system as described previously’® and denoted as Cayps-stable.

Chemically competent DH10EmBacY (Geneva Biotech) cells were used to generate the
recombinant bacmid DNA, which was then used to transfect Spodoptera frugiperda (Sf9)
cells to make baculoviruses for each subunit’’. For structural and biochemical studies,
Cay1.2 (full length) and Cay/1.2(AC) were expressed in Cayps-stable cells alone or together
with Caya.,8-1 using a baculovirus transduction-based system?”. For pull-down studies,
Cay1.2, Cayp3 or both were expressed in unmodified HEK293S GnTI™ cells. CayB3-stable
and HEK293S GnTI~ cells were grown in suspension at 37 °C supplied with 8% CO, in
FreeStyle 293 Expression Medium (Gibco) supplemented with 2% fetal bovine serum (Peak
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Serum), and were transduced with 5% (v/v) baculovirus for each target subunit when the cell
density reached around 2.5 x 10° cells per ml. Sodium butyrate (10 mM) was added to cell
culture 16-24 h after transduction and the cells were subsequently grown at 30 °C. Cells
were collected 48 h after transduction by centrifugation at 5,000¢g for 30 min. The pellet was
washed with Dulbecco’s phosphate-buffered saline (Gibco) and stored at —80 °C.

A cell pellet (from around 3.6 | culture) was resuspended in 200 ml of resuspension buffer
containing 0.3 M sucrose, 1 mM ethylenediaminetetraacetic acid, 10 mM Tris-HCI, pH 8.0
supplemented with 1 mM phenylmethylsulfonyl fluoride and 4 Pierce protease inhibitor
tablets (Thermo Fisher Scientific), then stirred gently on the Variomag magnetic stirrer
MONO DIRECT (Thermo Fisher Scientific) at 4 °C for 30 min. The membrane fraction was
collected by centrifugation at 185,500¢ for 1 h and subsequently solubilized in 200 ml of
solubilization buffer (buffer S) containing 500 mM NacCl, 5% glycerol (v/v), 0.5 mM CaCl,,
20 mM Tris-HCI, pH 8.0, supplemented with 1% (w/v) GDN, and rotated on the Orbitron
rotator Il (speed mode S) (Boekel Scientific) at 4 °C for 2 h. The supernatant, collected

by centrifugation at 185,500¢ for 1 h, was diluted with an equal volume of buffer S to a
final concentration of 0.5% GDN and incubated with anti-GFP nanobody Sepharose resin’8
at 4 °C overnight. The resin was loaded onto an Econo-Column chromatography column
(BioRad) and then was then washed stepwise with 20 column volumes (CV) of buffer S
supplemented with 0.1% (w/v) GDN, 20 CV of buffer S supplemented with 0.02% (w/v)
GDN, and 20 CV of elution buffer (buffer E) containing 150 mM NacCl, and 0.5 mM CaCl,,
0.02% (w/v) GDN 20 mM, Tris-HCI pH 8.0. The protein was eluted with 3C protease’®

and subsequently incubated at 4 °C for 2 h with 4 ml of Strep-tactin Superflow Plus beads
(Qiagen) pre-equilibrated with buffer E. The beads were washed with 20 CV of buffer E
and the protein was eluted with buffer E supplemented with 2.5 mM desthiobiotin. The
eluent was concentrated using an Amicon Ultra-15 100-kDa cut-off centrifugal filter unit
(Merck Millipore) before purification using the Superose 6 Increase 10/300 GL gel filtration
column (GE Healthcare) pre-equilibrated in buffer E. Peak fractions were pooled for MS
analysis and concentrated using the Amicon Ultra 0.5 ml 100 kDa cut-off centrifugal filter
unit (Merck Millipore) for cryo-EM sample preparation (1.7 mg ml~1 Ca,1.2(AC)-Ca,3
sample or 2.7 mg mI~1 Ca,1.2(AC)-Ca,B3-Caya,6-1 sample).

Two-electrode voltage-clamp electrophysiology

The C-terminally truncated human Ca, 1.2 (A1649-2138; Ca,1.2(AC)) construct was
obtained from a full-length human Ca, 1.2 (UniProt: Q13936-20) template in pcDNA3.1
(Invitrogen) using the Gibson Assembly kit (NEB). Full-length Ca, 1.2 or Ca,1.2(AC)

was co-expressed with rabbit Cayps (UniProt: P54286) in pcDNA3.1 for Xengpus oocyte
two-electrode voltage-clamp experiments. A total of 5 pg of Ca,1.2 or Ca,1.2(AC) and
CayfB3 cDNA was linearized using 30 U of the restriction enzymes Xhol and Notl

(NEB), respectively, at 37 °C overnight. The linearized cDNA was used as the template

to synthesize capped mMRNA using the T7 mMessenger kit (Ambion). A total of 100

nl of Cay1.2 or Ca,1.2(AC) and Cay/p3 mixed at a 1:1 molar ratio was injected into
Xenopus oocytes 1-2 days before recording. Two-electrode voltage-clamp experiments were
performed as previously described®0. In brief, oocytes were injected with 50 nl of 100

mM BAPTA 2-4 min before recording to minimize calcium-activated chloride currents80:81,
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For recording of Ca2* or Ba2* currents, bath solutions contained 50 mM NaOH, 40 mM
Ca(NOg), or 40 mM Ba(OH)s, respectively, 1 mM KOH, 10 mM HEPES, adjusted to pH
7.4 with HNO3. Electrodes were filled with 3 M KCI and had resistances of 0.3-1.0 MQ.
Recordings were conducted at room temperature from a holding potential of —~90 mV. Leak
currents were subtracted using a P/4 protocol.

Oocytes were collected from female Xenopus /laevis (Nasco, LM00531) and housed in the
UCSF Laboratory Animal Resource Center (LARC) facilities. The use of these Xenopus
oocytes was approved by IACUC (protocol approval, AN193390-01B) and experiments
were performed in accordance with University of California guidelines and regulations.

Whole-cell patch-clamp electrophysiology

Whole-cell patch-clamp experiments were performed as previously described8 using
pcDNAS.1 vectors for Ca,1.2 (UniProt: Q13936-20) and rabbit Ca,a6-1 (UniProt:
P13806-1)89, and pTracer-CMV2-GFP (Thermo Fisher Scientific, V88520) for rabbit
CaypB3 (UniProt: P54286). Cay/1.2 and Cay/3 mutants were generated by site-directed
mutagenesis. Human embryonic kidney cells (HEK293, ATCC, CRL-1573) and HEK293FT
cell lines?%:88 (WT, EMC5knockout and EMC6 knockout) were grown at 37 °C under
5% CO5 in a Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, 1% I-glutamine, 1% (v/v) GlutaMAX, 1% (v/v) sodium pyruvate, 1% (v/v) MEM
non-essential amino acids and antibiotics (100 1U mI~1 penicillin and 100 mg mi~1
streptomycin). HEK293 cells and HEK293FT cells were transfected (in 35 mm diameter
wells of Corning 6-well flat-bottom culture plates) with Lipofectamine 2000 (Invitrogen)
and plated onto coverslips coated with Matrigel (BD Biosciences).

Cells were transfected using a total of 4.6 pg DNA with a ratio by weight of 2:0.9:1.3:0.4 of
Cayaq:Cayps:Caya,6-1:5v40 T-antigen plasmids. The SV40 T-antigen plasmid was used to
increase channel expression. Transfected cells were identified visually using enhanced green
fluorescent protein (eGFP) expression in the second cassette of the plasmid expressing the
B3 subunit. Whole-cell patch-clamp®2 was used to record Ca2* currents at room temperature
(23 £ 2 °C) 36-72 h after transfection. Data acquisition was performed using pPCLAMP 9
(Molecular Devices) and an Axopatch 200B amplifier (Molecular Devices). Pipettes were
pulled from borosilicate glass capillaries (TW150F-3; World Precision Instruments) and
polished (MF-900 Microforge; Narishige) to obtain 2-3 MQ resistances. 40-60% of the
voltage error due to the series resistance was compensated, and leak currents were subtracted
using a P/4 protocol. For Cay/1.2 experiments, the pipette solution contained 120 mM
NMDG, 1 mM MgCl,, 5 mM EGTA, 4 mM Mg-ATP, 42 mM HEPES (pH 7.3 adjusted

with methane sulfonic acid). The bath solution contained 40 mM CaCl,, 1 mM MgCls, 105
mM Tris (pH 7.3 adjusted with methane sulfonic acid). Statistical significance was assessed
using Student’s £tests or Mann—Whitney U-tests as appropriate.

Data quantification and statistical analysis

All of the details of data analysis and statistical analysis are provided in the Methods and
the figure legends. All results are from at least two independent oocyte batches or two
independent HEK?293 transfections. Data were acquired using Clampex 11.2 (Molecular
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Devices) and analysed with Clampfit 10.6 (Axon Instruments). Activation curves were
obtained by fitting the data (GraphPad Prism) with the following Boltzmann equation:

Y = Yo + (Yo — Youir)/(1 + exp((V1. — V) k), Where V,,, is the midpoint of activation, k is
the slope factor of the activation curve, Y = G/G,,, and Y, and Y, are the maximum and
minimum values of G/G,.,, respectively, where G = 1/(V,, — E.,) and G,,, is the maximal
macroscopic conductance, where 1 is the measured peak current at each test potential (V).
All data values are presented as mean + s.e.m. » values represent the number of oocytes or
number of cells. Statistical significance of the observed effects was assessed using unpaired
Etests using GraphPad Prism (v.9.3.1). £< 0.01 was considered to be significant, unless
otherwise stated.

Pvalues for Fig. 5c¢ are as follows: £=0.0007 (Ca,1.2(AC)), A= 0.0321 (Cay1.2(AC:3A)-
CayB3), P=0.0799 (Ca,1.2(AC)-Ca,p3(5A)), P=0.0298 (Ca,1.2(AC)-Ca,p3(A220-240)),
P =0.0028 (Ca,1.2(AC)-Ca,p3(5A:A220-240)), P=0.0019 (Cay1.2(AC)-Cayp3(11A)),
P=0.0028 (Ca,1.2(AC:3A)-Ca,B3(11A)), P< 0.0001 (Ca,1.2(AC)-Ca,PB3 EMC5
knockout), =10.0013 (Ca,1.2(AC)-Ca,p3 EMC6 knockout) and P=0.3513 (Cav1l.2(AC)-

CavB3(HEK293FT))-

Stain-free gel image analysis and in-gel digestions for MS analysis

Purified protein samples were diluted in 4x Laemmli Sample Buffer (Bio-Rad) containing
10% B-mercaptoethanol. The samples (1 pg of protein per well) were loaded onto a protein
gel (BioRad, 4-15% Criterion TGX Stain-Free Precast Gel). Gels were run at 200 V for 42
min and imaged on a gel imager (BioRad, ChemiDoc MP) using the stain-free gel setting.
Gels were stained with colloidal blue stain (Invitrogen) overnight at room temperature with
gentle agitation. Excess stain was removed by briefly (3 min) rinsing the gel in de-stain
solution (50% water, 40% methanol, 10% acetic acid) followed by three 15 min washes with
MilliQ water. Gel lanes were cut into thirds. Each gel slice was subsequently diced into
approximately 1 mm cubes. Gel cubes corresponding to a single gel slice were transferred to
a 1.5 ml microcentrifuge tube (Protein Lo-Bind, Eppendorf). Ammonium bicarbonate (100
mM; ABC) was added to each tube (75 pl, or enough to completely cover gel cubes), and the
samples were incubated for 10 min at room temperature. ABC solution was pipetted away
with gel-loading tips (VWR). A total of 100 pl of 100 mM ABC and 10 pl of DTT (50

mM) was added to each sample before incubating at 55 °C (400 rpm, for 30 min). Excess
buffer was removed with a gel-loading tip and replaced with 100 pl of 200 mM ABC and 10
pl of 150 mM iodoacetamide. The samples were incubated in the dark for 30 min at room
temperature. Buffer was removed, and gel cubes were washed twice with 150 ul of 1:1 100
mM ABC:acetonitrile on a rotator at room temperature for 10 min. After the last wash, gel
cubes were dehydrated with 100 pl of acetonitrile. Excess acetonitrile was removed using a
speed-vac for 30 min. A total of 150 pl of 3.3 ng pl~1 trypsin (Promega) in ABC (50 mM)
was added to each sample (0.5 ug trypsin per sample) and incubated on a shaker (300 rpm)
at 37 °C for 16 h.

After digestion, the samples were acidified and peptides were eluted through the addition of
250 ul of a 66% acetonitrile, 33% ABC (100 mM), 1% formic acid solution. The samples
were then centrifuged at 10,000g for 2 min, and the resulting supernatants were transferred
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to new Protein LoBind tubes (Eppendorf). The peptide elution step was repeated and the
corresponding supernatants were combined. The samples were then dried using a speed-vac
for 2 h.

Crude dried peptides were cleaned using ZipTip C18 columns (Millipore) according to the
manufacturer’s instructions. In brief, peptides were resuspended in 20 pl of resuspension
buffer (5:95 acetonitrile:MilliQ H,0, 0.1% trifluoroacetic acid) and solubilized in a bath
sonicator (VWR, 35 kHz, 10 min). A ZipTip was placed onto a P10 pipettor set to 10 pl, and
the C18 column was activated twice with 10 ul of hydration buffer (50:50 acetonitrile:MilliQ
H-,0, 0.1% trifluoroacetic acid), followed by a single wash step with 10 ul of wash buffer
(0.1% trifluoroacetic acid in water). Peptides were loaded onto the C18 ZipTip column by
taking up 10 pl of sample and slowly pipetting up and down 10 times. This loading step

was repeated once more before washing twice with 10 ul of wash buffer. Finally, 10 ul of
elution buffer (60:40 acetonitrile:MilliQ H,0, 0.1% trifluoroacetic acid) was taken up into
the ZipTip and expelled into a fresh LoBind tube, followed by pipetting up and down 10
times inside the tube. The elution step was repeated once. Eluted peptides were dried using
the speed-vac for 20 min and then stored at —20 °C until MS analysis.

Before MS analysis, peptides were resuspended in loading buffer (2% acetonitrile, 0.1%
formic acid) and completely solubilized in a bath sonicator (VWR, 35 kHz, 10 min).

MS acquisition and analysis

LC and timsTOF Pro.—A nanoElute (Bruker) was attached in line to a timsTOF Pro
equipped with a CaptiveSpray Source (Bruker). Chromatography was conducted at 40

°C through a 25 cm reversed-phase C18 column (PepSep) at a constant flow-rate of 0.5

pl min~L. Mobile phase A was 98/2/0.1% liquid chromatography (LC)-MS grade H,0O/
acetonitrile/formic acid (v/v/v) and phase B was LC-MS-grade acetonitrile with 0.1%
formic acid (v/v). During a 108-min method, peptides were separated by a three-step linear
gradient (5% to 30% B over 90 min, 30% to 35% B over 10 min, 35% to 95% B over 4
min) followed by a 4-min isocratic flush at 95% before washing and a return to low organic
conditions. Experiments were run as data-dependent acquisitions with ion mobility activated
in PASEF mode. MS and MS/MS spectra were collected with //2100 to 1,700 and ions
with z=+1 were excluded.

Raw data files were searched using PEAKS Online Xpro 1.6 (Bioinformatics Solutions).
The precursor mass error tolerance and fragment mass error tolerance were set to 20

PPM and 0.05, respectively. The trypsin digest mode was set to semi-specific and

missed cleavages was set to 3. The human Swiss-Prot reviewed (canonical) database
(downloaded from UniProt) and the common repository of adventitious proteins (CRAP,
downloaded from The Global Proteome Machine Organization) totalling 20,487 entries were
used. Carbamidomethylation was selected as a fixed modification. Acetylation (N-term),
deamidation (NQ) and oxidation (M) were selected as variable modifications. The maximum
number of variable post translational modifications per peptide was 3.

All experiments were repeated in triplicate and the combined datasets were filtered using
the following criteria: (1) all proteins from the common contaminants search database and
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all keratins were removed; (2) required a protein to be found in all three replicates of at
least one condition; (3) at least 20% coverage; (4) at least 4 peptides and 4 unique peptides;
(5) median area of at least 25,000 across all 3 replicates in the Ca,1.2(AC)-Ca,f3 sample
(denoted as Alpha+Beta in Supplementary Table 1).

Raw data files and searched datasets are available at the Mass Spectrometry

Interactive Virtual Environment, a member of the Proteome Xchange consortium (https://
massive.ucsd.edu/) under the identifier MSV000090434. The filtered dataset is also available
in Supplementary Table 1.

Sample preparation and cryo-EM data acquisition

For cryo-EM, 3.5 pl of 1.7 mg mI~! Ca,1.2(AC)-Ca,B3 sample or 2.7 mg ml~1 Ca,1.2(AC)-
Ca,p3—Caya»6 sample was applied to Quantifoil R1.2/1.3 300 mesh Au holey-carbon grids,
blotted for 4-6 s at 4 °C and 100% humidity using a FEI Vitrobot Mark 1V (Thermo Fisher
Scientific) and plunge-frozen in liquid ethane. Cryo-EM grids were screened on the FEI
Talos Arctica cryo-TEM system (Thermo Fisher Scientific) (at University of California, San
Francisco (UCSF) EM Facility and SLAC National Accelerator Laboratory) operated at 200
kV and equipped with a K3 direct detector camera (Gatan), and then imaged on a 300 kV
FEI Titan Krios microscope (Thermo Fisher Scientific) with a K3 direct detector camera
(Gatan) (UCSF). Cryo-EM datasets were collected in super-resolution counting mode at a
nominal magnification of x105,000 with a super-resolution pixel size of 0.4233 A (physical
pixel size of 0.8466 A) using SerialEM83. Images were recorded with a 2.024 s exposure
over 81 frames with a dose rate of 0.57 e~ A=2 per frame. The defocus range was set from
-0.9 ym to —-1.7 pm.

Image processing and 3D reconstruction

A total of 14,341 and 13,704 movie stacks were collected for the Ca,1.2(AC)-Ca,p3 and
Cay1.2(AC)-Cap3—Caya 6 samples, respectively. Initial image processing was performed
in cryoSPARC-3.2 (ref. 84). Raw movies were motion-corrected by a factor of two (final
pixel size of 0.8466 A) using the patch motion correction program. Contrast transfer
function parameters of the resulting micrographs were estimated using the patch CTF
program in cryoSPARC-3.2. Particles were picked by blob picking, extracted using a box
size of 440 A. Particles were subsequently template picked with 2D class averages low-pass
filtered to 20 A and extracted using 440 A box size. After several rounds of clean-up

using reference-free 2D classification, an ab initio model was generated and heterogenous
refinement was then performed without imposing any symmetry. Particles with reasonable
3D reconstructions (as judged by the Fourier shell correlation curve shapes) were processed
for non-uniform refinement to archive 3D reconstructions with the highest resolution.

To improve the features of each 3D reconstruction, multibody refinement was performed
in RELION-3.1 (ref. 85). For Cay1.2—Cay/p3, 239,729 refined particles were exported
from cryoSPARC-3.2 to RELION-3.1 using the csparc2star.py (UCSF pyem v.0.5) suite
of conversion scripts (https://doi.org/10.5281/zenodo.3576630). After 3D refinement in
RELION-3.1 using the refined map from cryoSPARC-3.2 and the exported particles,

an overall 3.4 A EM density map was obtained (EMC:Ca,1.2-Ca,f3 (ECAB) map 1)
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(processing flow charts are shown in Extended Data Fig. 1i). To improve the map features of
the flexible regions, multibody refinement was performed in RELION-3.1 using two bodies:
(1) body I containing the lumenal domain (that is, EMC1, EMC4, EMC7 and EMC10) and
the transmembrane region (Cay1.2, EMC1 TM1, EMC3 TM1-3, EMC5 TM1-2 and EMC6)
of ECAB map 1); and (2) body Il containing the cytoplasmic domain (Cayf3, EMC2,
EMCS, and the cytoplasmic segments of EMC3 and EMC5) and an overlapping portion

of the transmembrane region. The phenix.combine_focused_maps program was used to
combine the two segments with improved features from multibody refinement8®. A similar
strategy was applied to 269,950 particles of ECAB map 2 to obtain a 3.6 A consensus map,
followed by feature improvement using multibody refinement in RELION-3.1. ECAB map
1 and ECAB map 2 (cross correlation = 0.9836) were merged using Phenix to obtain ECAB
map 3 with the best features®®. The pool of 269,802 particles of Ca,1.2—Ca,p3-Caya28
(CABAD) map 1 was exported from cryoSPARC using the strategy as described above and
processed for refinement in RELION-3.1, yielding a 3.3 A consensus map. This map and
particle set was further used to perform a two-body multibody refinement according to the
procedure described above to obtain CABAD map 2.

Model building and refinement

ECAB map 3 and CABAD map 2 were used to build the model for the EMC—-Ca,1.2(AC)-
Ca,p3 complex and the Ca,1.2(AC)-Ca,p3—Caya86-1 complex, respectively. For the EMC-
Cay1.2(AC)-Ca,p3 complex, a preliminary model was built using the previously reported
apo-EMC structure (Protein Data Bank (PDB): 6WW7)2? and the Ca,f3 subunit in the
Cay2.2 structure (PDB: 7MIY)*. For the Ca,1.2(AC)-Ca,f3-Caya»6-1 complex, the
Cay2.2 structure (PDB: 7MIY)*® was used as starting model. Phyre2 server8 was used

to predict ten models of Ca,1.2 using amino acid sequences (UniProt: Q13936-20) and,
among them, the best model was selected by comparing them with the density map. The
phenix.dock_in_map program was used to dock the models in respective maps86. As the
density for Cayp3 in the Ca,1.2(AC)-CaypB3—Caya6-1 complex was weaker than for other
parts of the channel, we rendered the Cayp region of the Cay/1.2(AC)-Cay/p3—Caya»6-1
complex at a threshold of 2.25 (>5 was used for the rest of map) and placed Cay/f3 from
the de novo modelled EMC—Cay,/1.2(AC)-CayP3 structure in the density, followed by rigid-
body refinement of the Cay/1.2(AC)-Cayp3—Caya»6-1 complex. The docked model and
maps were further manually checked and fitted in COOT®8, Iterative structure refinement
and model building were performed using the phenix.real_space_refine program8®. The
local resolution range for Ca,1.2 was 2.0-4.8 A (Supplementary Fig. 3e), which allowed
model building by putting more emphasis on helix topology and large aromatic side-chain
densities. However, model building was strictly performed on the basis of the available
electron density. Restraint files necessary for refinement were generated using phenix.
elbow86:89_ Final statistics of 3D reconstruction and model refinement are provided in
Extended Data Table 1. The per-residue B-factors, after final refinement against the overall
map, were rendered on the refined model and are presented in Supplementary Fig. 3c—f.
The final models were evaluated using MolProbity®0. All figures and videos were generated
using ChimeraX®! and the Pymol package (http://www.pymol.org/pymol). Close-contact
interaction analysis was performed using LIGPLOT and DIMPLOT92:93,
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Extended Data

a b c d
Ca,1.2(AC)/Ca,B,

Ca,1.2(AC)/CaB, P Ca,1.2(AC)/Ca,B, Ca,1.2(AC)/Ca,B,
40 ; 3
- 250—
2
Z 5 150—|™=|ca,1.2
3 100—|=|EMC1
§ 20 75—
5 g0 |5
o -
8 10 37— EMC2
3 EMC3/EMC10
0 =|EMC7
T T T T 1 25—{BlEMCS
0 5 10 15 20 25 20— EMC4
Elution volume (mL) 15— EMCS/EMC6
& f g h
Ca,1.2(AC)/Ca B /Ca,a,3-1
Ca,1.2(AC)/Ca,B /Ca,0,5-1 M (kDa) Ca,1.2(AC)/Ca,B/Ca,a,5-1 Ca,1.2(AC)/Ca,B /Ca,0,5-1
40+ i 5
=)
£ 304
8
& 20
o
]
§ 10
0
T T T T 1
0 5 10 15 20 25
Elution volume (mL)
Ca,1.2(AC)/Ca,pB, Ca,1.2(AC)/Ca,B,/Ca,a,d-1
1 14,341 movie stacks 13,704 movie stacks
Motion correction l Automatic picking Motion correction l Automatic picking
3,096,005 particles 4,522,745 particles
2D classification 2D classification
616,343 particles 965,489 particles
Ab initio reconstruction l 3D Heterogeneous refinement Ab initio reconstruction l 3D Heterogeneous refinement
o 159,173 259,637 106,292 91,241 143,976 299,162 284,292 123,024 115,035
[4 s . .
< Haadat
o s
% { i
E 33 2 o @
Re-extract particles ; Ab initio reconstruction Re-extract particles ‘ Ab initio reconstruction
239,729 particles 583,307 particles
3D Heterogeneous refinement l Non-uniform refinement 3D Hfterogeneous refinement | Non-uniform reﬁnement'
217,117 particles 269,950 particles 269,802 particles
Refine 3D | Refine 3D | Refine 3D |
EMC:Ca,1.2(AC)/Ca,B, EMC:Ca,1.2(AC)/Ca,B, Ca,1.2(AC)/Ca,B,/Ca, 0,5-1
ECAB Map 1 (3.4 A) ECAB Map 2 (3.6 A) CABAD Map 1 (3.3 X)
l Multibody refinement lMuItibody refinement l Multibody refinement
c
2
= a
4 7 =
| Merge features (cc= 0.9836) | Ca,1.2(AC)/Ca p,/Ca c.,d-1
Ca,1.2(AC)/Ca B /Ca,0,5-1
EMC:Ca,1.2(AC)/Ca 8, CABADIMapI2
ECAB Map 3
EMC:Ca,1.2(AC)/Ca,B,

Extended Data Fig. 1 |. EMC:Cay/1.2(AC)/Cay/B3 and Cay/1.2(AC)/Cay/B3z/Cayay8-1 Cryo-EM
analysis.

a-d, Exemplars of purified Cay1.2(AC)/CayPs3: a, SEC (Superose 6 Increase 10/300
GL). b, peak fraction SDS-PAGE. c, electron micrograph (~105,000x magnification),
and d, 2D class averages. e-h Exemplars of purified Cay1.2(AC)/Cayp3/Caya,6-1: e,
SEC (Superose 6 Increase 10/300 GL). f, peak fraction SDS-PAGE. Magenta bars in
‘a’ and ‘e’ mark peak fraction. g, electron micrographs (~105,000x magnification), and
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h, 2D class averages. i, Workflow for electron microscopy data processing for the
Cay1.2(AC)/Cayp3 and Cay1.2(AC)/CayPa/Caya,8-1 samples. Initial cryoSPARC-3.2 Ab
initio reconstruction identified a population of particles containing the EMC:Cay/1.2(AC)/
Cayp3 complex in the Cay/1.2(AC)/Cay/p3 sample and populations of particles containing
either the EMC:Cay/1.2(AC)/Cayp3 complex or Cay1.2(AC)/Cayp3/Caya6-1 complex

in the Cay/1.2(AC)/Cay/B3/Caya6-1 sample. Red arrows indicate the three classes that

were re-extracted, subjected to multiple rounds of 3D heterogeneous classification, and
exported from cryoSPARC-3.2 for further 3D refinement in RELION-3.1. This resulted in
two maps for the EMC:Cay/1.2(AC)/Cayp3 complex (ECAB Maps 1 and 2) and one for

the Cay1.2(AC)/CayP3/Caya,8-1 complex (CABAD Map 1). Multibody refinement was
performed in RELION-3.1 to improve the features of flexible regions of the three maps. This
resulted in the final map for the Cay/1.2(AC)/Cayp3/Caya,6-1 complex (CABAD Map 2).
ECAB Maps 1-2 with improved flexible features were merged (cross correlation = 0.9836)
to obtain the final map for the EMC:Cay,1.2(AC)/Cayf3 complex (ECAB Map 3). Red boxes
indicate the final maps used for model building. For ‘b-c’, N = 3. For “f-g’, N = 2.
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Extended Data Fig. 2 |. Cryo-EM maps of EMC:Cay/1.2(AC)/Cayp3 and Cay1.2(AC)/Caypa/
Caya.6-1 complexes.

EMC:Cay1.2(AC)/Cayp3 complex a, side views and b, lumenal (left) and cytoplasmic
(right) views. Subunits are coloured as: EMC1 (light blue), EMC2 (aquamarine), EMC3
(light magenta), EMC4 (Forest), EMCS5 (light pink), EMC6 (white), EMC7 (marine), EMC8
(orange), EMC10 (smudge), Cay/1.2 (bright orange), and Cayf3 (lavender). Cay1.2(AC)/
Cayp3/Cayay8-1 ¢, side views and d, extracellular (left) and cytoplasmic (right) views.
Subunits are coloured as: Cay/1.2 (slate), Cayp3 (violet), and Caya,6-1 (greencyan).
Detergent micelle is clear.
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Extended Data Fig. 3 |. EMC:Cay/1.2(AC)/Cay/B3 binding sites.
a, View of the TM dock interaction. EMC1 TM1 (slate) and Cay1.2 VSD | (yellow orange)

interface. Interface buries 1051 A2. Select elements and residues are indicated. EMC1
residues are in italics. b, LigPLOT92 diagram of EMC1 TM:Cay1.2 VVSD | interactions
showing ionic interactions (dashed lines) and van der Waals contacts < 5A. ¢, Sequence
comparison of the indicated VSDI sequences for human Cay/1.2 (HsCay1.2 (109-182))
(Uniprot Q13936-20) with rabbit Cay/1.1 (OcCay1.1 (36-109)) (NCBI: NP_001095190.1),
and human L-type (HsCay1.1 (36-109), HsCay/1.3 (111-184), and HsCay1.4 (77-150))
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(NCBI: NP_000060.2, NP_000711.1, and NP_005174.2) and non-L-Type (HsCay2.1 (83—
156), HsCay2.2 (80-153), and HsCay/2.3 (74-147)) (NCBI: NP_000059.3, NP_000709.1,
and NP_001192222.1) channels. Red asterisks indicate residues involved in the cation-r
pocket (120 and 123) and salt bridge (161). Red band highlights the residue that coordinates
the Ca2* ion in the Caya,8 VWA domain. d, Cayf3:EMC8 interaction. Callouts show the
details of the indicated parts of the CayB3 NK loop interaction with EMC8. e, LigPLOT?2
diagram of Cayp3:EMCS interactions showing ionic interactions (dashed lines) and van der
Waals contacts < 5A. CayB: EMC8 hydrogen bond and salt bridge pairs are: Asp220: His208,
Ser222: His208, Arg226: GIlu166, Lys234: Thr8, Arg240: Asp56/Tyr87, Ser242: Lys204, and
GIn279: His208. f, Sequence conservation for the indicated Cayp elements from the

EMCS (top) and EMC2 (bottom) interaction sites. OcCayp3 (Uniprot P54286; 218-243,
277-282; 300-322); HsCayB1 (Uniprot Q02641.3; 270-295, 329-334; 352-374); HsCayPB2
(Uniprot Q08289; 322-347, 381-386; 404-426); RnCayp; (Uniprot Q8VGC3; 318-343,
377-382; 400-422); HsCayB3 (Uniprot P54284; 218-243, 277-282; 300-322); HsCayf4
(Uniprot O00305; 260-285, 319-324; 342-364). g, Superposition of rat Cay/f3 alone (violet,
PDB:1VYU, chain B39) and Cay/f3 from the EMC complex. Boundaries of the disordered
part of the T218-A243 loop in CayP3, and Q301, and ABP, are indicated, (RMSD¢q
=1.39A). h, LigPLOT diagram of Cay/B3:EMC?2 interactions showing van der Waals
contacts < 5A.
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Extended Data Fig. 4 |. Ca\y/1.2 structural details.
a—d, Structures of the indicated VSDs from the Cay/1.2(AC)/Cayp3/Caya,86-1 complex.

Gating charge residues, anionic counter charges (Anl and An2) and aromatic site of the
charge transfer centre#3:45.55 gre shown. e, LigPLOT2 diagram of the Caya.,5-1 leucine
binding site showing hydrogen bonds and ionic interactions (dashed lines) and van der
Waals contacts < 5A. f, LigPLOT92 diagram of blocking lipid: Cay1.2 showing van der
Waals contacts < 5A. Domain | (yellow orange), Domain 11 (dark red), and Domain 111
(green) residues are indicated.
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Extended Data Fig. 5 |. Conformational changes between EMC-bound and Cay/a.28-bound

Cay1.2(AC)/CayBs.

Superposition of Cay1.2 from the EMC:Cay/1.2(AC)/Cayp3 and Cay1.2(AC)/Cayps/
Caya»6-1 complexes showing a, VSD conformational changes. b, PD conformational

1duosnuely Joyiny

changes showing the superposition from *a’. Insets show each PD. Elements Cay/1.2

from the EMC complex are: VSD 1/PD | (yellow orange), VSD II/PD II (firebrick),

VSD HI/PD 111 (lime), VSD IV/PD IV (marine). Cay1.2 (slate) and Cayp3 (violet) from
Cay1.2(AC)/Cayp3/Caya6-1 and CayP3 from the EMC (light teal) are semi-transparent.
¢, Superposition of Cay/p3 and the Cay1.2 AID helix from the EMC:Cay/1.2(AC)/CayP3
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and Cay1.2(AC)/Cay/p3/Caya86-1 complexes. Location of EMCS is indicated by the orange
oval. Red arrows in ‘a-c’ indicate conformational changes between Cay1.2(AC)/Cayps/
Cayap6-1 and EMC:Cay/1.2(AC)/CayP3. d, Comparison of 11SO and surrounding regions

in the EMC complex (VSDII, firebrick; AID (yellow orange), and Cayp3 (light teal)) their
corresponding elements in Cay/1.2(AC)/CayB3/Caya,8-1 (slate). e, Interactions between
VSD I1:PD 11l in the CayB:AID:VSD II: PD Il subcomplex from the EMC:Cay/1.2(AC)/
Cay/P3 structure.

SF

Hydrophobic
cavity

Inner
gate

Extended Data Fig. 6 |. Cay/1.2 pore domain superposition for EMC-bound and Caya.»8-bound
Cay1.2(AC)/CayPs.
Pore domains from the EMC-bound complex are: PD | (yellow orange), PD Il (firebrick),

PD 11 (lime), and PD IV (marine). Pore domains from Cay1.2(AC)/Cay/p3/Caya6-1
are slate. Calcium ions are from Cay/1.2(AC)/CayP3/Caya,8-1. Selectivity filter (SF),
hydrophobic cavity, and inner gate regions and select residues are indicated.
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7. Caya,5-1 IGARA Cached
N ool
VSD Il Caad-1 Top EMC1 ’\‘ "I:;' %
-propeller 4 2) Cache3
EMC1 PD Il B-prop A.‘ <)

“ bracelcrossbar helix ~ EMC1
Ca,1.2

/

Bottom EMC1 3
p-propeller —— ¢

Caa,5-1
VWA domain  Cachel domain
< ) ~

EMCH1 brace/crossbar helix

T333 D151
D261 ](// N M

‘t?ﬂ,%; 265

PD Il PH2-S6 loop

PD lll loop

Cyto Dock
U oo Ca,a,d + Ca** or Mg>

R

EMC1 brace/crossbar helix EMe

Lipid plug

EMC1 TM helix — Divalent staple

Th Dock PD Il loop

Holdase complex - Ca, assembly intermediate Complete Ca,

Extended Data Fig. 7 |. Mutually exclusive interactions of the EMC holdase and Cay/a»8 with the
core Cay1.2/Cayf3 complex and ordering of the Cay/1.2 pore and VSDs by Caya$.

a, Superposition of Caya6-1 (semi-transparent, aquamarine) from the Cay/1.2(AC)/Cay/p3/
Caya6-1 structure with the EMC:Cay/1.2/Cayp3 complex. EMC1 surface is shown. Red
oval highlights clash regions. Colours of the EMC:Cay1.2/Cay/p3 complex are as in Fig.

la. Grey bars denote the membrane. b, Close up view of clash between EMCL1 (light

blue) and Caya,6-1 (aquamarine). EMC1, EMC3 (magenta), EMC5 (pink), EMC6 (white),
VSD | (yellow orange), PD Il (firebrick), and PD Il (Iime) from the EMC:Cay/1.2/Cayf3
complex are shown. Red oval highlights clash regions. Caya,»86-1 domains are indicated.
Divalent staple is indicated. SF calcium ions are from Cay/1.2(AC)/Cayp3/Caya»6-1 and
mark the location of the pore in the Caya.,8-assembled channel. ¢, Superposition of

VSD | (yellow orange), PD Il (firebrick), and PD Il (Ilime) from the EMC complex
(semi-transparent) and their corresponding parts from Cay1.2(AC)/Cay/p3/Caya56-1 (slate).
Caya6-1 (aquamarine) is shown as a semi-transparent surface. Calcium ions are from
Cay1.2(AC)/Cay/pa/Cayayd-1. Left inset shows the coordination of the divalent staple by
the VWA domain MIDAS and D151 in Cay1.2(AC)/CayB3/Cayar6-1. Red distance shows
the position of Cay/1.2 D151 in the EMC complex relative to the calcium ion in the Caya 6
complex. Asterisks mark positions where coordinated alanine mutation impair the ability of
Caya,6 to enhance Cay currents and surface expression®®. Right inset shows the extensive
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contacts between PD Il and PD I11 loops with Caya»6 in the Cay1.2(AC)/Cayf3/Caya,8-1
complex. The PD 1l loops are disordered in the EMC:Cay/1.2/Cayf3 complex. Caya,6-1
residues are in italics. d, Schematic showing of the conformational changes and interaction
sites in the exchange between the EMC:Cay/Cay/p holdase complex and assembled Cay/
Cayp/Cayay6 channel. Black ovals indicate key interaction sites in each complex.
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Extended Data Fig. 8 |. Exemplar purification of Cay, subunit combinations.
a-c Superose 6 Increase 10/300 GL chromatogram and peak fraction SDS-PAGE for: a,

Cay1.2(AC)/CayP3 and b, Cay1.2(AC). c, Relative detection by mass spectrometry from
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‘a’ and ‘b’ of EMC proteins with respect to Cay/1.2(AC) across 3 replicates. d, Superose 6
Increase 10/300 GL chromatogram and peak fraction SDS-PAGE for Cay/f3. Cayf3-NK and
Cay/B3-SH3 are Cay/B3 proteolytic fragments. e, Absolute detection of EMC proteins and
Cayf3 by mass spectrometry following expression and purification of Cayps. f, Superose

6 Increase 10/300 GL chromatogram and peak fraction SDS-PAGE for Cay/1.2/Cay/3.
Magenta bars in ‘a’ ‘b’, ‘d’, and “f” mark peak fraction. g, Absolute detection of Cay/1.2,
Cay1.2(AC), Cayps, and EMC proteins from ‘a’ and ‘f’. Error bars are calculated as SEM.

ND denotes not detected.
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Extended Data Fig. 9 |. Functional and biochemical characterization of Cay mutants.
a, Voltage dependent activation (left) and I-V relationships (right) for the indicated channels.

Parentheses indicate ‘n” independent cells examined over >2 independent experiments.

b, Superose 6 Increase 10/300 GL chromatogram and peak fraction SDS-PAGE for
Cay1.2(AC)/CayB3(11A). Magenta bar marks peak fraction. ¢, Relative detection by mass
spectrometry from ‘b’ of EMC proteins with respect to Cay/1.2(AC) across 3 replicates. Data
for Cay1.2(AC)/Cay/p3 are from Extended Data Fig. 8c. ‘ND’ indicates ‘not detected. Data

in ‘a’ and “‘c’ are presented as mean + SEM.

Extended Data Table 1 |

Statistics for data collection, refinement, and validation

Cav1.2(AC)/Cavps Cav1.2(AC)/Cavps/Cava,,6-1
Data collection and processing
Magnification 105,000 105,000
\oltage (kV) 300 300
Electron dose (e-/A?) 46 46
Defocus range (um) -0.9~-1.7 -0.9~-1.7
Pixel size (A) 0.8466 0.8466
Symmetry C1 C1l
Initial particle images (no.) 3,096,005 4,522,745
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Cavl1.2(AC)/Cavps Cav1.2(AC)/Cavps/Cava,8-1
Final particle images (no.) 217,117 269,950 269,802
Map resolution (A) 34 3.6 3.3
FSC threshold 0.143 0.143 0.143
Map resolution range (A) 3.0~-8.0 3.0~8.0 2.0~4.8

Refinement

Initial model used (PDB code)
Model resolution (A)
FSC threshold
Map sharpening B factor (A?)
Model composition
Non-hydrogen atoms
Protein residues
Ligands
Bfactors (A2)
Protein
Ligand
R.m.s deviations
Bond lengths (A)
Bond angles (°)
Validation
MolProbity score
Clashscore
Poor rotamers (%)
Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

ECAB Map 3 (PDB:8EOI;EMD-28376)

6WW?7, TMIY
34

0.5

-27.6

28,721
3,562
8

176.18
105.71

0.002
0.494

2.14
8.09
2.73

94.6
5.4
0.03

CABAD Map 2

™IY
3.5
0.5
-82.1

19,729
2,416
22

129.67
103.42

0.003
0.570

2.06
11.79
0.51

92.36
7.5
0.13

(PDB:8EOG;EMD-28375)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ility

Coordinates and maps of the EMC-Cay,1.2(AC)-Cayp3 complex (PDB: 8EOI; Electron

M

icroscopy Data Bank (EMDB): EMD-28376, EMD-28578, EMD-28579,EMD-40559,

EMD-40560)and Cay/1.2(AC)-Cayp3—-Caya»6-1 complex (PDB: 8EOG; EMDB:
EMD-28375, EMD-28561, EMD-28564, EMD-40561) have been deposited at the at the
PDB and EMDB. MS data have been deposited at the Mass Spectrometry Interactive Virtual
Environment (https://massive.ucsd.edu/) under identifier MSVV000090434. Source data are
provided with this paper.
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Fig. 1 |. The structure of the EMC-Cay1.2(AC)-Cay/p3 complex.
a, Cartoon structure side views of the EMC—-Cay1.2(AC)-Cayp3 complex. EMC1, EMC2,

EMC3, EMC4, EMC5, EMC6, EMC7, EMC8, EMC10, CaV1.2 and Cayp3 are shown.
EMC subunits are shown with semi-transparent surfaces. The arrows indicate dimensions. b,
The location of the TM dock and Cyto dock EMC client-binding sites. Cay1.2 components
interacting with the EMC are shown as cylinders. The AID helix is also shown. The grey
bars in a and b denote the membrane. ¢, Lumenal view of the EMC—Cay/1.2(AC)-Cay/3
complex transmembrane elements. EMC components are shown as cylinders. Cay/1.2(AC)
domains are coloured as domain | (yellow orange), domain Il (dark red), domain 111 (lime)
and domain 1V (deep blue). VSD and PD elements are labelled. The red oval in b and ¢
shows the TM dock site. The pale purple circle shows the site of interaction of the EMC1
brace/crossbar helix with Cay1.2 VSD | and PD |1 (outlined). d, Side view of the TM
dock-VSD | interaction. Insets: details of interactions in the of the EMC1 brace/crossbar
helix with Cay/1.2 VSD | and PD II. f, Details of the Cyto dock. Cay/p and AID helix are
shown as cylinders. EMC2, EMC3, EMC4, EMC5, EMC6 and EMC8 are shown as surfaces.
Insets: details of the EMC2 and EMCS sites.
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M265 ™ gjocking lipid 1268 s IVS6

Fig. 2 |. The structure of the Cay/1.2(AC)-Cay/p3—Caya6-1 channel complex.
a, Side views of Cay/1.2(AC)-Cay/p3-Caya6-1. Leucine and blocking lipid are shown as

space filling. The grey bars denote the membrane. b, Details of the Caya,8-1 Cachel
ligand-binding site. Leucine (purple) and contacting side chains from Caya61 (green cyan)
are shown as sticks. ¢, Details of the blocking-lipid-binding site. Cay/1.2 PDs are shown as
cylinders and coloured as follows: PD | (yellow orange), PD Il (dark red), PD 111 (lime) and
PD IV (deep blue). Lipid-contact residues are shown as sticks. Blocking lipid is shown as
space filling (left) and sticks (right). d, Interaction between the blocking lipid and SF ions.
Hallmark SF calcium-binding residues are shown as sticks (purple). SF calcium ions are
indicated.
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Fig. 3|. EMC interactions remodel Cay, structure and extract PD 111.
a, Superposition of Cay/1.2—Cay/f3 from the EMC and Cay/1.2(AC)-Cayp3-Caya6-1

complexes. Cay1.2 elements from the EMC complex are coloured as follows: VSD I/PD

I (yellow orange), VSD I1/PD Il (dark red), VSD 111/PD 11 (lime) and VSD IV/PD IV (deep
blue). Cay1.2 (purple) and Cayp3 (magenta) from Cay1.2(AC)-Cay/p3-Caya 6 and Cayps
from the EMC (light teal) are semi-transparent. The red arrows indicate conformational
changes between Cay/1.2(AC)-Cay/p3—Caya,6-1 and EMC-Cay/1.2(AC)-Cayp. Coloured
ovals highlight key domains reshaped by the EMC. b, Superposition of the S4 and

S4-S5 linker—PD Il elements from the EMC—Cay/1.2(AC)—Cay/p3 complex (lime) and
Cay1.2(AC)-Cayp3—Caya6-1 (purple). The Ca—Ca distance for Val1019 is indicated.

¢, Interactions within the Cayp-AID-VSD 11-PD |1l subcomplex in EMC-Cay/1.2(AC)-
CayP3. The grey bars in a and ¢ denote the membrane.
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Fig. 4 |. EMC association causes Cay/1.2 pore structural changes.
a, Cay1.2 pore profile comparison for EMC-Cay/1.2(AC)-Cayp3 (orange) and Cay/1.2(AC)-

CayB3—Caya6-1 (blue), calculated using HOLE’2. EMC: SF = 1.78 A, inner gate = 1.98
A; Cay1.2: SF=0.65 A, inner gate = 0.98 A. b, Side views of EMC—Cay1.2(AC)-Cayf3
(left) and Cay/1.2(AC)—CayB3-Caya,s (right) pore profiles calculated using MOLE'3. The
SF, central cavity and hydrophaobic gate regions are indicated. SF and intracellular gate
residues are shown. ¢, Comparison of the Cay/1.2 SF filter regions in the EMC—-Cay1.2(AC)-
Cayf3 pore (PD I, PD I1, PD Ill and PD IV) and Cay1.2(AC)-Cayp3-Caya, 6-1 (semi-
transparent, purple). Ca2*-1 from Cay1.2(AC)-Cay/B3—Caya,8-1 is shown as a white
sphere. d,e, View of the Cay/1.2 intracellular gate from EMC-Cay,1.2(AC)-Cay/f3 (d) and
Cay1.2(AC)-Cayp3—Caya6-1 (e). GDN is shown as sticks. PDs are coloured as follows:
PD I (yellow orange), PD Il (dark red), PD Ill (lime) and PD IV (deep blue). f,g, Side
views of the EMC-Cay/1.2(AC)-Cay/B3 pore showing global (f) and detailed (g) views. SF
glutamates in e and GDN-contacting residues in f are shown as sticks. PD elements are
labelled.
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Fig. 5 |. Disruption of EMC—channel interactions affects Cay, function.
a,b, Cartoon diagrams showing the location of TM dock 3A mutants (a), and Cyto dock 5A

(magenta), A220-240 (red) and 11A (sticks) mutants (b). ¢, Current densities at +20 mV
for the indicated channels and HEK293FT cell lines. Data are mean + s.e.m. The values

in parentheses indicate 77 independent cells examined over =2 independent experiments.
Statistical significance was assessed using two-sided unpaired #tests between Ca,1.2(AC)-
Ca,B3 and mutants. ****£< 0.0001, ***P< 0.001, **P< 0.01, *£=0.01-0.05; NS, P

> 0.05. d, Exemplar Ca2* currents for HEK293 cells expressing the indicated channels

in the presence of Caya6-1. Insets: the stimulation protocol and currents at +20 mV. e,
Cartoon of the EMC-Cay/1.2(AC)-Cay/p3 complex showing the following selected elements:
EMC1, EMC2, EMC3, EMC5, EMC6, EMCS8, Cay1.2 VSD I and PD I, and Cay/B3. The
arrows indicate the TM dock and Cyto dock. Surfaces are shown for EMC5 and EMC6.

f, Exemplar Cay1.2(AC)-CayB3—Caya,6-1 Ca2* currents for HEK293FT and HEK293FT
EMC5-knockout and EMC6-knockout cells. Insets: the protocol and currents at +20 mV.
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