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Abstract

Voltage-gated ion channels (VGICs) comprise multiple structural units whose assembly is
required for function'?. There is scant structural understanding of how VGIC subunits
assemble and whether chaperone proteins are required. High-voltage activated calcium
channels (Cays)** are paradigmatic multi-subunit VGICs from electrically excitable tissues
whose function and trafficking is powerfully shaped by interactions between pore-forming
Cav1 or Cay2 Cavaq® and auxiliary Cayp®, and Cavo.d subunits®’. Here, we present cryo-EM
structures of human brain and cardiac Cav1.2 bound with Cayps; to a chaperone, the
endoplasmic reticulum membrane protein complex (EMC)®°, and of the isolated
Cay1.2/Cavps/Cavo28-1 channel. These provide an unprecedented view of an EMC
holdase:client complex and define EMC sites, the TM and Cyto docks, whose interaction
with the client channel cause partial extraction of a pore subunit and splay open the Caya28
interaction site. The structures further identify the Cava;8 binding site for gabapentinoid
anti-pain and anti-anxiety drugs®, show that EMC and Caya.5 channel interactions are
mutually exclusive, and indicate that EMC to Cavo.5 handoff involves a Ca**-dependent
step and ordering of multiple Cay1.2 elements. Together, the structures unveil a Cay
assembly intermediate and previously unknown EMC client binding sites that have broad

implications for biogenesis of VGICs and other membrane proteins.
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Introduction

All voltage gated ion channel (VGIC) superfamily members require assembly to make the
functional channel'?. Voltage-gated calcium channels (Cays) from the high voltage activated
subfamilies (Cav1 and Cay2)** are ubiquitous in electrically excitable tissues such as muscle, the
brain, and heart and provide a paradigmatic example of a multi-subunit VGIC comprising three
key components, the pore-forming Cavou, cytoplasmic Cavp®, and extracellular Caya2d ®’

subunits. It has been known for more than 30 years that Cayp and Cava.26 association with Cayauy
shape Cav biophysical properties and plasma membrane expression in profound ways>'%"3,
Cava26 has a particularly important role in enhancing cell surface expression and is the target of
widely used anti-nociceptive and anti-anxiety drugs from the gabapentinoid class''® that bind

Cavo.2d and impair surface expression' 1617,

The importance of subunit assembly for biogenesis of properly functioning channels has been
long appreciated®'®. Yet, there remains scarce understanding of the steps involved in this process
or the extent to which chaperone proteins may participate. The EMC (ER membrane protein
complex) is a nine protein transmembrane assembly thought to aid the membrane insertion of tail

8,9,19,20

anchored proteins and transmembrane segments having mixed hydrophobic/hydrophilic

21-23 24-26

character such as those in ion channels®'?®, receptors®*%°, and transporters®*?*?’. It may also
function as holdase for partially assembled membrane proteins?. Although recent structural
studies have outlined the EMC architecture and have implicated various EMC client protein

interaction sites based on mutational analysis®®?*3°

, there are no structural examples of
EMC:client protein complexes that would guide understanding of how the EMC engages substrate

proteins.

Here, we present cryo-EM structures of a ~0.6 MDa complex containing the human brain and
heart Cay1.2 Cavas subunit®, Cayfs, and human EMC and the fully-assembled
Cav1.2/Cayfs/Cava28-1 channel having overall resolutions of 3.4A and 3.3A, respectively. This

Cav is the target of numerous drugs for cardiac and neurological diseases® '

and the object of
many arrhythmia, autism, and neuropsychiatric disease mutations®>**2. Our data provide an
unprecedented view of an EMC:client membrane protein and reveal EMC sites, the TM and Cyto
docks, whose interaction with the Cava.:Caypy complex results in a partial extraction of one of the
channel pore domains (PDs) and a splaying open of the extracellular face where Caya2d binds in
the fully assembled channel. Together, the structural data indicate that EMC and Cava28 binding

to the Cava:Cavp channel core is mutually exclusive and that EMC handoff to Cava.26 involves
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ordering three extracellular sites that are splayed apart in the EMC holdase complex. The
Cav1.2/Cayps/Cava6-1 structure also reveals a bound leucine that identifies the Cavo2é binding
site targeted by widely-used gabapentinoid drugs for pain, fibromyalgia, postherpetic neuralgia,
and generalized anxiety disorder®’. Our data define a Cay assembly intermediate that establishes

a new framework for understanding Cav biogenesis, drug action®®33

, and consequences of Cay
disease mutations affecting the brain, heart, and endocrine systems**2. The newly discovered
EMC:client interaction sites are likely to be exploited by many VGIC superfamily client proteins

as well as other membrane protein classes.
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Results
Discovery of a stable ER chaperone:ion channel complex

Purification of Cay1.2(AC), a recombinantly-expressed human Cay1.2 construct bearing a
C-terminal truncation distal to the IQ domain having functional properties equivalent to full length
Cav1.2 (Fig. S1) (186 kDa), with rabbit Cavps (54 kDa), yielded a sample displaying a good size
exclusion profile that contained numerous unexpected bands (Figs. S2a-b). Mass spectrometry
analysis showed that these bands comprise the nine subunits of a ~300 kDa membrane
endoplasmic reticulum (ER) chaperone, the ER membrane protein complex (EMC)®®'®, that
co-purified with Cay1.2(AC)/Cavps (Table S1). Although EMC function is poorly understood®®*,
this assembly is thought to aid membrane insertion of tail anchored proteins®* and transmembrane

segments having mixed hydrophobic/hydrophilic character such as those found in ion channels?'-

24-26 22,24,27

2 receptors®*% and transporters , and may also function as holdase for partially assembled
membrane proteins®. Cryo-EM images showed good quality particles that yielded
two-dimensional class averages of a transmembrane complex having an unmistakable
extramembrane EMC Iumenal domain crescent (Figs. S2c-d). Co-expression of
Cav1.2(AC)/Cavps with rabbit Caya28-1 (125 kDa) yielded a similarly behaved sample containing
Cav1.2(AC), CayPs, Cavazd-1, and all nine EMC components (Figs. S2e-f) that also produced
good cryo-EM images (Figs. S2g-h). Single particle analysis of both datasets (Fig. S2i) identified
EMC:Cayv1.2(AC)/Cavps complexes in both and Cay1.2(AC)/Cayvps/Cava25-1 complexes in the
Cav1.2(AC)/Cavps/Cava26-1 sample. The resultant EMC:Cayv1.2(AC)/Cavfs and
Cav1.2(AC)/CavPs/Cava28-1 maps had overall resolutions of 3.4A and 3.3A (Figs. S3a-b) and
local resolutions as good as 2.4A and 2.0A, respectively, (Figs. S3c-f and S4-S7, Table S2). The
maps clearly defined the subunits of the eleven protein EMC:Cay1.2(AC)/Cayvfs complex

(Figs. S4a-b) and the tripartite Cay1.2(AC)/Cavfs/Cava28-1 channel assembly (Figs. S4c-d).
Structure of the EMC:Cay1.2/Cayp; complex

The EMC:Cav1.2/Cavps complex comprises a ~0.6 MDa assembly having dimensions of ~220A
normal to and ~100 x 130A parallel to the membrane plane, respectively (Fig. 1a). Structural
analysis identifies extensive Cay1.2 and Cayfs interactions with the EMC (Fig. 1a) comprising two
binding sites, the “TM dock’ and ‘Cyto dock’. These two sites are ~90° apart from each other with
respect to the EMC core and engage transmembrane and cytoplasmic elements of the

Cav1.2/Cavps channel complex, respectively (Figs. 1b-c, Movie S1).
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The TM dock comprises a large interface (1051 A?) in which the single EMC1 transmembrane
helix (EMC1 TM) binds the groove between the I1S1 and IS2 transmembrane helices of the first
Cav1.2 voltage-sensor domain (VSD 1) (Figs. 1b-d, S8a-b). There are extensive van der Waals
interactions along the entire interface (Figs. S8a-b) that are framed by lumenal and inner bilayer
leaflet hydrophilic interaction sites (Fig. 1d). The lumenal site involves a salt bridge between
EMC1 Asp961, a conserved residue implicated in interacting with client proteins having
hydrophilic character®®, and Cay1.2 VSD | Arg161, a residue found in all Cav1s except Cav1.4, as
well as in Cav2.3 (Fig. S8c). The inner leaflet site entails a cation-r interaction®® between the
EMC1 Arg981 guanidinium sidechain and the Cay1.2 1S1 Trp123 indole that with 1S1 lle120
frames a hydrophobic pocket, the ‘cation-n pocket’ (Figs. S8a-b). Preservation of these two
hydrophilic interaction sites and the IS1/IS2 surface among Cay1s and Cay2s (Fig. S8c) suggests
that other Cays VSD Is interact with the EMC similarly. In addition to these EMC1 TM interactions,
the interfacial EMC1 helix (termed the ‘brace’®® or ‘crossbar’ helix*®) extends its C-terminal end to

contact the interface between VSD | and pore domain Il (PD II) of the channel (Figs. 1c and e).

The Cyto dock is composed entirely of interactions between the EMC cytoplasmic cap, comprising
EMC2, EMC3, EMC4, EMC5, and EMCS8, and Cayfs (Fig. 1f), and involves two sites. In the larger
site (the ‘EMCS site’, 962 A?), two Cavp nucleotide kinase (NK) domain loops (the B7-a4 loop
Thr218-Ala243 and 8-39 loop Pro277-Lys282) bind EMCS8 at a site whose center is formed by
the last EMCS8 helix (Fig. 1f). This interaction involves network of hydrogen bonds and salt bridges
formed by seven conserved Cayp residues (Cayp:EMCS8 pairs: Asp220:His208, Ser222:His208,
Arg226:Glu166, Lys234:Thr8, Arg240:Asp56/Tyr87, Ser242:Lys204, and GIn279:His208)
(Figs. 1f, and S8d-f) and includes a region, Lys225-Ser245, that is disordered in the isolated
CavPs* (Fig. S8g) but that becomes ordered upon EMC8 binding, suggesting that its conservation
is linked to its role in EMC binding. In the smaller site (the ‘EMC2 site’, 550 A?), Cavp GIn301,
Thr316, and Met319 contact the EMC2 N-terminal region through van der Waals interactions
(Figs. 1f and S8 f-h). This site involves the Cavp a5 and a6 helices that are part of the a-binding
pocket (ABP) where all Cayfs make high affinity interactions to the Cavos subunit a-interaction

37,38

domain (AID)**%, The shared architecture of Cayvp subunits*”*® and strong conservation Cavf

contact residues indicate that all Cay isoforms should bind the Cyto dock.

Although the TM-dock site agrees with functional data implicating EMC1 Asp961 in client protein
interaction®®, the EMC1 TM:Cay1.2 VSD | interface is on the opposite side of the EMC3, EMC5,
and EMCG6 gated transmembrane cavity proposed to act in membrane protein insertion?®2°%, The

side of the channel facing the brace/crossbar helix surrounds the inner, hydrophobic, lipid-filled
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cavity formed by EMC1, EMC3, EMC5, and EMC6%2823° but apart from the interactions with
the EMC1 brace/crossbar helix, there are no interactions with elements of this cavity. The Cyto
dock site is on the opposite side of the membrane from the lumenal domain elements in EMC1,
EMC?7, and EMC10 suggested have a holdase function®. Further, the EMC2 and EMCS sites are
not near any of the cytoplasmic cap elements proposed for client interactions®. Hence, our
structure presents a novel mechanism by which the EMC engages client proteins. Importantly,
Cav1.2/Cavfs interactions with the TM dock and Cyto dock involve highly conserved channel
subunit elements (Figs. S8c and f), suggesting that Cays comprising various Cavo/Cavf3

combinations®® can make the observed EMC:client interactions.
Cay1.2/Cavfs/Cav0.8-1 structure identifies a Cavo.d drug binding site and a blocking lipid

The Cav1.2(AC)/Cayfs/Cavod-1 structure (Figs. 2a, S4c-d, S7) reveals a tripartite channel
assembly (~370 kDa) having an overall structure and subunit arrangement similar to other Cay1
and Cav2 complexes (RMSDc, = 1.95A, 1.71A, and 2.37A for Cavas from Cay1.1, Cay1.3, and
Ca\2.2, respectively)***? and a Cavo.s subunit structure similar to that of single component Cay3s
(RMSD¢, = 2.28A for Cavo from Ca,3.1)*® (Fig. S9a-d). As with other Cay structures*®*?, the
Cav1.2 pore inner gate is closed and all four voltage sensors are in the ‘up’ conformation,
consistent with a depolarized state and similar to those in the closely related Cay1.3*' (Figs. S9e-h
and S10a-d). Two notable features stand out as not having been previously described in other
Cay structures. The first is the presence of a free leucine, a Cavo.d ligand®***° and competitor of

6,33

gabapentin®?3, in a hydrophobic pocket of the Caya28-1 Cache1 domain*® that is the likely binding
site for gabapentinoid drugs®’#’. The local resolution of this site is excellent (2.0-2.4A) and shows
the free leucine bound to a pocket lined by Trp207, Val209, Tyr219, Trp225, Tyr238, Arg243,
Trp245, Tyrd52, Asp454, Ala455, Leud56, and Asp493 (Figs. 2b, S7j, S10e) in good agreement
with prediction of this pocket as the leucine binding site*’. The core backbone of the bound amino
acid, shared with gabapentinoids®, is 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 (Figs. 2b, S10e). These interactions are in line with the established
importance of Arg243 (Arg217 in some isoforms)'**® and Asp493*" for gabapentinoid drug binding
and action in pain modulation' and together with prior studies establishing binding competition

6,33

between leucine and gabapentin®*® support the identification of this Cache1 domain as the site of

gabapentinoid drug binding.
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The second notable feature is a lipid that we assigned as phosphatidylethanolamine (PE)
(1-Heptadecanoyl-2-dodecanoyl-glycero-3-phosphoethanolamine  (17:0/12:0)) that fills a
hydrophobic gap between PD | and PD Il (Figs. 2c and S7c). The PE hydrophilic headgroup
resides in the central pore just below the selectivity filter (SF), where it coordinates the inner of
two SF calcium ions (Figs. 2c-d, S7c, S10f) that match the SF ion positions in Cay1.1049,
Cav3.1*, and Cay3.3%. Similarly intrusive lipids between Cay1.1 PD | and PD I1***" and Cay3.3
PD Il and PD IV*® emerge into the central cavity in the presence of pore-blocking drugs.
Additionally, other Cay1.14°%%°" and Cay3.1*® structures identified lipid tails in the equivalent
PD I/PD Il interface but did not resolve the headgroup. Due to its interference with the Cay1.2 ion
path in the absence of drugs, we denote the Cay1.2 PE 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 third party molecule in the pore, such as a drug*=®', and
raises questions about whether and how this element contributes to channel gating and

pharmacology.
Cay1.2/Cavf3s EMC holdase binding requires multiple rigid body conformational changes

Observation of the same channel complex Cay1.2(AC)/CaypBs, in two different states, the
EMC-bound form versus the fully assembled channel, reveals multiple, dramatic conformational
changes associated with EMC binding that drastically remodel the Cay structure (Fig. 3a, Movies
S2 and S3). All four of the VSDs undergo conformational changes in the EMC complex relative
to the Cay1.2(AC)/Cayvps/Caya28-1 channel. The Cay1.2 VSD I, VSD II, and VSD IV S4 segments
correspond to a voltage sensor ‘up’ state in which gating charge residues (VSD |:K1, R2, R3, and
R4; VSD II: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 center® (Figs. S11a-c). Although VSD | and
VSD Il are similar to those in Cay1.2(AC)/Cavps/Ca,025-1 (Figs. S11d-e) (RMSDc, = 0.69A and
2.25 A, for VSD | and VSD I, respectively) both undergo substantial rigid body displacements
upon EMC binding (Fig. 3a, Movies S2-S5). VSD Ill and VSD IV (Fig. S11f) (RMSD¢, = 2.35A for
VSD V) undergo various degrees of rearrangement (Fig. 3a, Movies S2-S3 and S6), the most

dramatic of which is the unfolding of the majority of VSD Il (Fig. 3a).

Viewed from the perspective of the 1IS1/IS2 groove, VSD | rotates ~20° around an axis parallel
with the membrane plane towards the channel periphery to engage the EMC1 TM helix (Movies
S2 and S4 ) and rotates ~10° within the membrane plane towards VSD IV (Figs. 3a and S12a).
VSD Il tips away from the central pore by ~15° resulting in a displacement of the

extracellular/lumenal ends of its helices by ~6A (Figs. 3a and S12a, Movie S5). With the exception

Page 8


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

of the S4 C-terminal end, VSD lll is largely disordered in the EMC complex. This lack of structure
is apparent in the shape of the detergent micelle surrounding the channel (cf. Fig. S4b 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 ~10° within the plane of the membrane towards VSD | (Figs. 3a and S12a,
Movies S2 and S6). Thus, the relative conformations of all four VSDs change as a consequence
of EMC binding.

In addition to these large VSD conformational changes, three of the four PDs in the EMC complex
are also altered relative to the Cay1.2(AC)/Cayfs/Cavo26-1 channel structure. The most striking
change is PD lll. This PD is partially extracted from the central pore and displaced towards the
channel periphery by ~5A (Figs. 3a and S12b, Movies S2-S3). Notably, despite some internal
shifts (RMSDc, = 3.269A), the core PD Ill tertiary fold comprising 111S5, PH1, and 11IS6 helices
retains a near native conformation (Fig. 12b, Movie S7), in line with the recent demonstration that
VGIC PD tertiary structure is independent of quaternary structure®. PD Il PH2 is displaced from
its native position by ~15° and the large extracellular loops connected to it are disordered. The
other PD tertiary structures are largely unaltered (RMSDc, = 0.91A, 0.46A, and 1.17A for PD |,
PD II, and PD |V, respectively), but as a consequence of PD Il extraction, both PD Il and PD IV
undergo rigid-body changes, tipping towards and away from the central axis of the pore,
respectively (Movies S2-S3, S8 and S9). PD lll extraction from the central pore pulls the
Domain Ill S4/S5 linker along the lateral side of the channel by a distance corresponding to one
helical turn, ~6A (Fig. 3c, Movie S3), disturbing VSD IIl and leading to its unfolding in the
EMC:Cay1.2(AC)/Cavps complex (Figs. 3a and S12a).

Cay1.2/Cavf3; binding to the EMC holdase reshapes the channel pore

Comparison of CayBs in the EMC and Cay1.2(AC)/CayvBs/Cava20-1 complexes reveals
conformational changes associated with EMC intracellular cap binding that explain the
mechanism of PD Ill extraction from the central pore. To bind to EMC2 and EMC8, Cay[3; rotates
~5° away from its Cay1.2(AC)/Cayps/Ca,a26-1 position close to the membrane (Figs. 3a and S12c)
and transmits this conformational change to the channel via the Cay1.2 AID helix. This element
remains bound to Cayfs and tilts ~15° away from the membrane plane, displacing its C-terminal
end by ~11A relative to its Cay1.2(AC)/Cavps/Cava23-1 position (Figs. 3a and S12c). AID helix
repositioning enables four AID acidic residues (Asp439, Glu445, Asp446, and Asp448) opposite
to its Cavps interface to interact with five VSD Il 1ISO helix positively charged positions (Arg507,
Arg511, Arg514, Arg515, and Arg518) (Fig. 3c). This interaction is not seen in
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Cav1.2(AC)/Cavps/Cava20-1 (Fig. S12d) and is enabled because 11ISO becomes more helical in
the EMC complex (Fig. S12d). These electrostatic interactions provide a physical link that pulls
VSD Il away from the channel central axis as a consequence of the AID tilt (Fig. 3a). Because
VSD Il 1IS1 and 11S4 extracellular/lumenal ends make numerous contacts with PD Il 111S5 and
PH1 (Figs. 3c and S12e) that are maintained in both structures, this VSD Il movement pulls PD
Il away from the central pore. Hence, the PD 1lI/VSD II/AID/Cayvf3s assembly acts as single unit
whose positions are transformed due to the EMC:Cayfs interaction. The consequence of these
changes is the partial extraction of PD Ill from the central pore assembly, displacement of helical
S4/S5 linker between 111IS4 and 111IS5 by ~6A (Movies S2-S3) and destabilization of VSD Il
(Figs. 3a-b).

PD Il extraction has dramatic consequences for the central ion conduction pathway. The overall
pore diameter increases due to major changes at its two narrowest points, the SF and inner gate
(Figs. 4a-b,and S13). These structures widen by ~1.1A and 1.0A, respectively, yielding a
water filled pore that bridges the channel cytoplasmic and lumenal sides (Figs. 4b, S13). SF
expansion results in changes affecting the SF glutamate ring outer ion coordination site (Glu363,
Glu706, Glu1115, and Glu1416)(Fig. 4c). Inner gate widening creates a pathway in which we find
density corresponding to a bound glycol-diosgenin (GDN) molecule (Figs. 4d-g, S5f, and S13).
This GDN sits at a position similar to that seen in a drug-bound Cay1.1/verapamil complex having
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. Hence, we denote this
position as ‘the lipid plug’ (Figs. 4d, f, and g). Thus, the association of the Cay1.2/Cayps complex
with the EMC pulls and twists various channel elements, mostly through rigid body domain

movements, that splay open the central pore.
Cay1.2/Cavf3; binding to the EMC holdase raises the brace/crossbar helix to an ‘up’ position

Comparison with structures of the human EMC determined in lipid nanodiscs®?° shows that
Cav1.2/Cayvfs binding causes a large conformational change in the EMC lumenal domain
comprising EMC1, EMC4, EMC7 and EMC10 in which the EMC top B-propeller domain moves
by~11.5A lateral to the membrane plane (Fig. 5a, S14a-b). This tilt lifts and translates the EMC1
brace/crossbar helix towards the client by ~6A and ~10A, respectively (Figs. 5a-b and S14a-b,
Movies S10 and S11), allowing it to engage the VSD I/PD Il 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, S14a-b). We designate this as the ‘up’ conformation. Most of the

remainder of the EMC complex is unchanged, with the exception of clockwise rotations of the
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transmembrane portions of EMC3, EMC6, and EMC5 (RMSDc,, = 1.44A, 0.91A, and 0.63A for
EMC3, EMC5, and EMCB6, respectively) and a slight counterclockwise repositioning of the EMC1
TM (RMSDc, = 0.62A) (Fig. 5b, Movie S12). By contrast, in the detergent complex that lacks
EMC7%, the lumenal domain and brace/crossbar helix are in an ‘up’ position similar to
EMC:Cav1.2(AC)/CavPs complex (Fig. S14c) (RMSDc, = 0.84A), even though its C-terminal
helical structure is shorter than that in the EMC:Cay1.2(AC)/Cayfz complex and stops at Leu502.
These conformational differences suggest that brace/crossbar helix client engagement stabilizes
the ‘up’ position by biasing the natural conformational landscape sampled by the apo-EMC. Up
state stabilization could allow ER lumen chaperones to recognize client loaded EMCs and signal
its holdase function consistent with proposals that the different conformations are associated with
client-loaded states?®. Most importantly, the structure establishes a role for the EMC1 subunit in

holdase function.
EMC and Cavyoa.28 binding to the Cav1.2/Cayvfs core are mutually exclusive

Superposition of the EMC:Cay1.2(AC)/Cayfz complex and Cay1.2/Cayps/Cavo2d-1 shows that the
EMC and Cavazd interact with the same Cay1.2 side in a mutually exclusive manner (Fig. 6a).
There are clashes with Cava26-1 all along the lumenal parts of EMC1 as well as with the EMCA1
brace/crossbar helix (Figs. 6a and S15a). Notably, three EMC-bound Cay1.2 elements that are
displaced from their positions in Cay1.2/Cayps/Cava26-1, VSD I, PD Il, and PD lll, each interact
with Cavad in the fully assembled channel (Fig. S15b). Rigid body rotation of VSD | between its
EMC-bound and Cavaz8-bound positions (Fig. 3a) moves Asp151 ~5A to complete the
coordination sphere of the calcium ion bound to the Metal lon Dependent adhesion site (MIDAS)
of the Cava28 von Willebrand factor type A (VWA) domain (Fig. S15b). This VSD | residue is
conserved in Cay1s and Cay2s (Fig. S8c) and its equivalent coordinates a similar Cava26-bound
Ca®* in Cay1.1* and Cay2.2*2. Cava.5 VWA MIDAS coordination of Ca*" is critical for
Cavo2d binding to Cay1.2%* and Cay2.2°° and is central to the ability of Cavo.28 to promote plasma
membrane channel trafficking of Cay1.2, Cav2.1, and Cay2.2 **°°. Hence, we denote this tripartite

interaction as the ‘Ca®* staple’ due to its importance for assembled state stabilization.

Movement of PD Il and PD lll to their Cay1.2/Cayfs/Cava28-1 positions and restoration of pore
domain intersubunit interactions (Figs. 3b and 6b) appears linked to establishment of interactions
with the Cavo6 VWA and Cache1 domains, respectively (Fig. S15b) and agrees with the
important role of PD Ill in Cavo2d binding®’. Notably, the large PD Il extracellular loops linking
PH1-1S5 and PH2-1S6 are disordered in the EMC:Cay1.2(AC)/Cayvfs complex but make extensive,
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structured interactions upon Cava.26 binding (Fig. S15b), indicating that folding of these elements
is Cavazd-dependent. This interaction, together with Ca®* staple coordination are central to the
consolidation of the native Cay1.2/Cayvf3/Caya26-1 assembly and strongly suggest that the hand

off of the Cay1.2/Cayps complex from the EMC to Cavai2d is a critical step in channel assembly.
Caya; associates with the EMC independently and is stabilized by Cayf8

The strong association of the Cay1.2(AC)/Cavfs complex and EMC (Figs. S2a and S16a)
prompted us to ask whether each individual channel subunit could bind the EMC. To this end, we
expressed Cay1.2(AC) or Cavps and followed a purification procedure similar to the one that
yielded the EMC:Cay1.2(AC)/Cayps complex to assay for EMC complex formation. Purified
Cav1.2(AC) yielded a broader SEC peak than the EMC:Cay1.2(AC)/Cavps complex (Figs. S16a-b)
and contained EMC subunits identified by SDS-PAGE and mass spectrometry (Figs. S16b-c,
Table S1). Quantitative comparison found lower proportions of EMC subunits relative to
Cav1.2(AC) than seen for the EMC:Cay1.2(AC)/Cayps complex (Fig. S16c), suggesting that
Cav1.2(AC) binds the EMC less tightly than the Cay1.2(AC)/Cavfs pair. By contrast, Cayvf3s
purification yielded no EMC subunits (Fig. S1d-e, Table S1). This sample had two lower molecular
weight bands corresponding to Caypsz NK and SH3 domains (Fig. S16d), which are known to

associate®”%®

and likely result from Cayf3s proteolytic cleavage. Hence, the data indicate that the
Cay pore forming subunit can stably associate with the EMC and that this association is
strengthened by Cayp binding, in line with the observed EMC:Cay1.2(AC)/Cayfs multipoint
interactions. Such interactions may explain the ability of Cavp subunits to protect Cay1.2%° and
Cav2.2%° pore-forming subunits from degradation by the proteasome and the ERAD pathway®® in

a variety of cell types, including neurons®*®.
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Discussion

The profound effects that the intracellular CayB® and extracellular Cavo.28®’ auxiliary subunits
have on Cay1 and Cay2 function and trafficking have been known for more than 30 years®'%'31°,
Yet, apart from the role of the Cayp-AlD interaction in folding the short Cavo.1 AID helix*®¢" there
is scant direct structural information regarding how Cayp and Cavazd act in channel biogenesis
and assembly. The discovery of the EMC:Cay1.2(AC)/Cayvps complex and evidence that Cay1.2
can bind the EMC alone offers direct insight into this process and reveals unexpected

mechanisms by which the EMC acts as a client protein holdase.

Various EMC domains have been suggested to function in transmembrane segment insertion into
the lipid bilayer?282°39 or serve as holdase sites?. Surprisingly, none of these elements form the
TM dock and Cyto dock sites that bind Cay1.2(AC)/Cavf33, a membrane protein complex having a
different topology than EMC tail anchored protein clients®. Thus, our EMC:client structure expands
the idea that the EMC utilizes diverse elements for different functions®. The EMC1 TM dock uses
a lumenal side salt bridge to an EMC1 residue implicated in client binding, Asp961%®, and a
cytoplasmic side cation-r interaction®® with EMC1 Arg981 (Figs. S8a-b) to bind the Cay1.2 VSD |
(Figs. 1b-d, S8a-c). The conserved nature of this interface strongly suggests that other Cay1s and
Cay2s interact with the EMC in a similar manner. The observation that the Cavos subunit appears
to bind the EMC complex on its own (Fig. S16b) suggests that EMC interactions with VSD |, the

first channel transmembrane domain to be synthesized during translation®'®

, 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) (Figs. 5a and S14a-b) may signal the client loaded
status of the EMC to lumenal factors or other chaperones?®. Taken together, these findings define

the TM dock as a central hub of EMC holdase function.

Cavp binding to the EMC Cyto dock involves EMC2 and EMC8 regions not previously known to
bind client proteins and establishes the EMC intracellular domain as an important EMC:client
interaction site. Cayp binding to pore-forming Cavas subunits not only increases the cell surface
expression of Cay1°9%25% and Cay2% channels but also protects Cavor subunits from degradation
by the proteasome® and the ERAD pathway®®. The integral part that Cayf plays in the
EMC:Cav1.2(AC)/Cavps complex strongly suggests that this protection from degradation occurs
though stabilization of the EMC holdase:channel complex and points to a new mechanism by

which Cayp binding influences the fate of Cava subunits.
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The most dramatic consequence of the EMC:Cayf interaction is the orchestration of the
coordinated displacement of Cay1.2 pore forming subunit AID, VSD Il, and PD Il element in a
manner that results in the partial extraction of PD Il from the channel pore (Figs. 3a and S12b,
Movies S2 and S3). Together with the rotation of VSD | away from its native position, these
changes dramatically reshape the extracellular portions of the channel adjacent to the EMC
relative to their conformations in the Cay1.2/Cayps/Cavod-1 complex. Notably, the EMC and
Cava26-1 bind the same side of the Cava/Cayp core in a mutually exclusive manner (Fig. 6a).
Together, these conformational changes suggest that the role of the EMC is to retain the

Cava/Cayp complex in the ER and prepare it for Cava26 binding.

Association of Cava2d with the pore-forming subunit channel is governed by Cava26 VWA MIDAS
Ca** binding at a step thought to occur in the ER lumen® and is crucial for trafficking'”°. In
agreement with these observations, our structural data point to a central role for the ‘Ca* staple’
that bridges the Cavaz6 VWA MIDAS domain and VSD | in the transition between the EMC-bound
and Cavaz6-bound complexes. The structures show that handoff from the EMC:Cava/Cavf3
complex to Cavazd involves a rigid body rotation of VSD | that allows the conserved Asp151,
crucial for Cayazd-dependent Cay1®* and Cay2* trafficking, to complete the Ca** staple
coordination sphere (Figs. S8¢c and S15b) and stabilize interaction with Cava28. Such an
exchange would permit the extracellular PH1-S5 and PH2-S6 PD loops that are disordered in the
EMC:Cay1.2/Cavps complex to form extensive, structured interactions with Cavozd VWA and
Cache1 domains (Fig. S15b), in agreement with the importance of PD Il in Cavazd binding®.
Establishing native Cava26 interactions with PD Ill would require Cayf3 release from the Cyto-dock
and expulsion the lipid plug (Figs. 4d, f, and g) as the pore closes. Whether such steps happen
in an ordered manner or in a capture-release competition between the EMC and Cava2d are
important unanswered questions. Taken together, our data strongly suggest that the extensive
conserved interactions of Caya and Cayf3 subunits with the EMC play a previously unrecognized

10,13,66

role in the ability of Cava2d to promote trafficking of Cay1s and Cay2s , suggesting that this

exchange is a key step in channel biogenesis and quality control and providing a new framework

to study Cay biogenesis. Exchange between the EMC holdase and Cava.2d is likely also to be

6,7,31

influenced by Cay domains that enhance forward trafficking®’, Cay-directed drugs®’?', especially

the gabapentinoids that target Cava25''%"”, and Cav subunit disease mutations*®32,

21-23

The EMC has been linked to the biogenesis of a variety of ion channels*’*”, including one from

the VGIC superfamily?®. Given the conserved structure of VSD within the VGIC superfamily’, it
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seems likely that the EMC may participate in the biogenesis of other VGICs through TM dock
interactions with this element similar to those defined here. By contrast, the binding of the Cyto
dock site involves a unique subunit of Cay1 and Cay2 channels, Cavp®. Interaction with this part
of the EMC largely involves a Cavp loop structure that could have structural equivalents in other
proteins. Defining the relative roles of the TM and Cyto dock sites for binding Cays and other
clients is an important line of study enabled by the structural framework presented here.
Furthermore, many VGICs bear disease mutations that are not easily rationalized based on their
positions in the mature channel structure. Some of these mutations may disturb interactions with

the EMC that are crucial for channel assembly, maturation, and quality control.
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Materials and Methods
Expression and purification of human Ca,1.2 and Ca,1.2-loaded human EMC complex

Codon-optimized cDNAs of human Ca,1.2 bearing a C-terminal truncation at residue 1648
(denoted Cay1.2(AC)), a site 13 residues after the end of the IQ 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 Ca,a26-1 (1,105 residues, Uniprot
P13806-1), and rabbit Cavfs (477 residues, Uniprot P54286) followed by a Strep-tag Il sequence®
were synthesized (GenScript) and each subcloned into a modified pFastBac expression vector
having the polyhedrin promoter replaced by a mammalian cell active CMV promoter®®. All
constructs were sequenced completely. The Strep-tag bearing rabbit Cayps construct was used
to generate a stable cell line in HEK293S GnTI" (ATCC) using a lentiviral system as

described’and denoted as ‘Cavps-stable’.

Chemically competent DH10EmBacY (Geneva Biotech) 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 studies, Ca,1.2 was expressed in Cayps-stable
cells alone or together with Cav028-1 using a baculovirus transduction-based system’'. For
pulldown studies, Ca,1.2, Cayfs, or both were expressed in unmodified HEK293S GnTI cells.
Cavps-stable and HEK293S GnTlI- cells were grown in suspension at 37°C supplied with 8% CO2
in FreeStyle 293 Expression Medium (Gibco) supplemented with 2% fetal bovine serum (FBS,
Peak Serum), and were transduced with 5% (v/v) baculovirus for each target subunit when cell
density reached ~2.5 X 10° cells per ml. 10 mM sodium butyrate was added to cell culture 16-24
h post-transduction and the cells were subsequently grown at 30°C. Cells were harvested 48 h
post-transduction by centrifugation at 5,000g for 30 min. The pellet was washed with Dulbecco’s
phosphate buffered saline (DPBS) (Gibco) and stored at -80°C.

A cell pellet (from ~3.6 L culture) was resuspended in 200 ml of resuspension buffer containing
0.3 M sucrose, 1 mM ethylenediaminetetraacetic acid (EDTA), 10 mM Tris-HCI, pH 8.0
supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 4 Pierce protease inhibitor
tablets (Thermo scientific), then stirred gently on a Variomag magnetic stirrer MONO DIRECT
(Thermo Scientific) at 4°C for 30 min. The membrane fraction was collected by centrifugation at
234,500g for 1 h and subsequently solubilized in 200 ml of solubilization buffer (buffer S)
containing 500 mM NaCl, 5% glycerol (v/v), 0.5 mM CaCl2, 20 mM Tris-HCI, pH 8.0, and

supplemented with 1% (w/v) glycol-diosgenin (GDN) and rotated on an Orbitron rotator Il (speed
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mode S) (Boekel Scientific) at 4°C for 2 h. The supernatant, collected by centrifugation at
234,500g 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’?at 4°C overnight. The resin was
loaded on 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 NaCl, and 0.5 mM CacCl,, 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
column volumes 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 on a Superose 6 Increase 10/300 GL gel filtration
column (GE Healthcare) pre-equilibrated in buffer E. Peak fractions were pooled for mass
spectrometric analysis and concentrated with an Amicon Ultra — 0.5mL 100-kDa cut-off centrifugal
filter unit (Merck Millipore) for cryo-EM sample preparation (1.7 mg ml™' Ca,1.2(AC)/Ca.ps sample
or 2.7 mg/ml Ca,1.2(DC)/Ca,s/Cava20 sample).

Two-electrode voltage clamp electrophysiology

The C-terminus truncated human Ca,1.2 (A1649-2138, designated as ‘Cay1.2(AC)’) construct was
obtained from a full-length human Cay1.2 a1 (Uniprot Q13936-20) template in pcDNA3.1
(Invitrogen) using a Gibson Assembly kit (NEB). Full-length Cay1.2 or Ca,1.2(AC) was co-
expressed with rabbit CayfBs (Uniprot P54286) in pcDNA3.1 for Xenopus oocyte two-electrode
voltage-clamp experiments. Five micrograms of Ca,1.2 or Ca,1.2(AC) and Cayfs cDNA were
linearized by 30 units of restriction enzymes Xhol and Notl (NEB), respectively, at 37°C overnight.
The linearized cDNA was used as the template to synthesize capped mRNA using a T7
mMessenger kit (Ambion). 100 nL of Cay1.2 or Ca,1.2(AC) and Cayvfz 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’. Briefly, oocytes were injected with 50 nL
of 100 mM BAPTA 2-4 minutes before recording, to minimize calcium-activated chloride
currents’*". For recording of Ca®* or Ba?* currents, bath solutions contained 50 mM NaOH, 40
mM Ca(NOs), or 40 mM Ba(OH),, respectively, 1 mM KOH, 10 mM HEPES, adjusted to pH 7.4
with HNOs. 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.
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Data quantification and statistical analysis

All the details of data analysis and statistical analysis can be found in the Method Details and
figure legends. All results are from at least two independent oocyte batches. . Data were analyzed
with Clampfit 10.6 (Axon Instruments). Activation curves were obtained by fitting the data with the
following Boltzmann equation: Y = Ymin + (Ymax- Ymin)/(1 + exp ((V12 - Vm)/K), where V4,2 is the
midpoint of activation, k is the slope factor of the activation curve, Y = G/Gmax and Ymaxand Ynmin
are the maximum and minimum values of G/Gnax, respectively, where G = I/(Vm - Erev) and Gmax is
the maximal macroscopic conductance, where | is the measured peak current at each test
potential (V). All data values are presented as mean + SEM. ‘n’ represents the number of
oocytes. Statistical significance of the observed effects was assessed by unpaired t test, using
GraphPad Prism version 9.3.1 software. p < 0.01 was considered significant, unless otherwise

stated.
Stain-free gel Image analysis and in-gel digestions for mass spectrometry analysis

Purified protein samples were diluted in 4x Laemmli Sample Buffer (BioRad) containing 10%
B-mercaptoethanol. Samples (1 mg of protein per well) were loaded onto a protein gel (BioRad,
4-15% Criterion TGX Stain-Free Precast Gel). Gels were run at 200V for 42 minutes 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) by rinsing the gel in de-stain solution (50% water, 40% methanol,
10% acetic acid) followed by 3 x 15 min washes 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).
100 mM Ammonium Bicarbonate (ABC) was added to each tube (75 pL, or enough to completely
cover gel cubes), and samples were incubated for 10 minutes at room temperature. ABC solution
was pipetted away with gel-loading tips (VWR). 100 yL of 100 mM ABC and 10 uL of DTT (50
mM) were added to each sample before incubating at 55°C (400 rpm, for 30 minutes). Excess
buffer was removed with a gel-loading tip and replaced with 100 uL of 100 mM ABC and 10 pL of
150 mM iodoacetamide. Samples were incubated in the dark for 30 minutes at room temperature.
Buffer was removed, and gel cubes were washed 2x 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 uL of acetonitrile. Excess acetonitrile was removed on a speed-vac for 30 minutes. 150 uL of
3.3 ng/uL trypsin (Promega) in ABC (50 mM) was added to each sample (0.5pug trypsin/sample)
and incubated on a shaker (300 rpm) at 37°C for 16 hours.
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After digestion, samples were acidified and peptides eluted through the addition of 250 uL of a
66% acetonitrile, 33% ABC (100 mM), 1% formic acid (FA) solution. Samples were then
centrifuged at 10,000 xg for 2 min, and the resulting supernatants were transferred to new Protein
LoBind eppi tubes (Eppendorf). Peptide elution step was repeated and corresponding

supernatants were combined. Samples were then dried on a speed-vac for 2 hours.

Crude dried peptides were cleaned using ZipTip C18 columns (Millipore) as per the
manufacturer’s instructions. Briefly, peptides were resuspended in 20 pL of resuspension buffer
(5:95 ACN:MilliQ H20, 0.1% TFA) and solubilized in a bath sonicator (VWR, 35 kHz, 10 min). A
ZipTip was placed on a P10 pipettor set to 10 uL, and the C18 column was activated 2x with 10
uL of hydration buffer (50:50 ACN: MilliQ H2O, 0.1% TFA), followed by a single wash step with 10
uL of wash buffer (0.1% TFA in water). Peptides were loaded onto the C18 ZipTip column by
taking up 10 pL of sample and slowly pipetting up and down 10x. This loading step was repeated
once more before washing 2x with 10 uL of wash buffer. Finally, 10 pyL of elution buffer (60:40
ACN:MilliQ H20, 0.1% TFA) was taken up into the ZipTip and expelled into a fresh LoBind tube,
followed by pipetting up and down 10x inside the tube. The elution step was repeated once. Eluted
peptides were dried on a speed-vac for 20 min and then stored at -20°C until mass spectrometry

(MS) analysis.

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

Mass spectrometry data acquisition and analysis
Mass spectrometry analysis — liquid chromatography and timsTOF Pro

A nanoElute (Bruker) was attached in line to a timsTOF Pro equipped with a CaptiveSpray Source
(Bruker, Hamburg, Germany). Chromatography was conducted at 40°C through a 25cm reversed-
phase C18 column (PepSep) at a constant flow-rate of 0.5 pL/min. Mobile phase A was 98/2/0.1%
LC/MS grade H,O/ACN/FA (v/v/v) and phase B was LC/MS grade ACN with 0.1% FA (v/v). During
a 108 min method, peptides were separated by a 3-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% for 4 min 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 m/z 700 to 1700 and ions with z = +1 were excluded.

Raw data files were searched using PEAKS Online Xpro 1.6 (Bioinformatics Solutions Inc.). The

precursor mass error tolerance and fragment mass error tolerance were set to 20 PPM and 0.05
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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 (cCRAP, downloaded from The Global Proteome
Machine Organization) totaling 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 PTMs per peptide was to 3.

All experiments were repeated in triplicate and combined datasets subjected to the following

filtration criteria:
1. All proteins from common contaminants search database and all keratins were removed.
2. Required a protein to be found in all 3 replicates of at least one condition.
3. Atleast 20% coverage
4. Atleast 4 peptides and 4 unique peptides

5. Median Area of at least 25000 across all 3 replicates in the Ca,1.2(AC)/Ca,33 sample
(denoted as Alpha+Beta in Table S1).

Raw data files and searched datasets are available on the Mass Spectrometry Interactive Virtual
Environment, a member of the Proteome Xchange consortium (massive.ucsd.edu) under the
identifier MSV000090434. The filtered dataset is also available in Supplementary Table S1.

Sample preparation and cryo-EM data acquisition

For cryo-EM, 35 pul of 1.7 mg ml" Ca/.2(AC)/Caps sample or 2.7 mg/ml
Ca1.2(AC)/CaBa/Cavad 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 IV (Thermo Fisher
Scientific), and plunge frozen in liquid ethane. Cryo-EM grids were screened on a FEI Talos
Arctica cryo-TEM (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 with a super-resolution pixel size of 0.4233 A
(physical pixel size of 0.8466 A) using SerialEM’®. Images were recorded with a 2.024 s exposure
over 81 frames with a dose rate of 0.57 e~ A2 per frame. The defocus range was set from -0.9 um

to -1.7 ym.

Imaging processing and 3D reconstruction
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A total of 14,341 and 13,704 movies were collected for Ca,1.2(AC)/Ca/s and
Cay1.2(AC)/Ca,Bs/Cava2d samples, respectively. Initial image processing was carried out in
cryoSPARC-3.27". Raw movies were corrected for motion and Fourier binned by a factor of two
(final pixel size of 0.8466 A) with the patch motion job. Contrast transfer function (CTF)
parameters of the resulting micrographs were estimated with the patch CTF job in cryoSPARC-
3.2. Particles were picked by blob picking, extracted using a box size of 440 (Fourier crop box
size of 220), and 2D-classified using a mask diameter of 260 A. Particles were subsequently
template picked with 2D class averages low-pass filtered to 20 A. The resulting particles were
extracted using a box size of 440 (2x Fourier cropping) and applied to one round of ab initio and
heterogeneous refinement with C1 symmetry. Particles having reasonable 3D reconstructions (as
judged by the Fourier shell correlation (FSC) curve shapes) were re-extracted without Fourier
cropping and subjected to iterative rounds of ab initio and heterogeneous refinements.
Non-uniform refinements were performed to archive 3D reconstructions with the highest

resolution.

To improve the features of each 3D reconstruction, multibody refinement was carried out in
RELION-3.178. For Cay1.2/CavBs, 239,729 refined particles were exported from cryoSPARC-3.2
to RELION-3.1 using the csparc2star.py (UCSF pyem v0.5. Zenodo) suite of conversion scripts
(https://doi.org/10.5281/zen0d0.3576630). Following a 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,3 (ECAB) Map 1) (see Supplementary Fig. S2i for processing
flow charts). To improve the map features of the flexible regions, Multibody refinement was
performed in RELION-3.1 using two bodies: (i) body | containing the lumenal domain (i.e. EMC1,
EMC4, EMC7, and EMC10) and the transmembrane region (Cay1.2, EMC1 TM1, EMC3 TM1-3,
EMC5 TM1-2, and EMCG6) of the ECAB Map 1), and (ii) body Il containing the cytoplasmic domain
(CavBs, EMC2, EMCS8, and the cytoplasmic segments of EMC3 and EMC5) and an overlapping
portion of the transmembrane region. phenix.combine_focused maps program was used to
combine the two segments with improved features from Multibody refinement’. A similar strategy
was applied to 269,950 particles of ECAB Map 2 to obtain a 3.6 A consensus map and 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 best
features’. The pool of 269,802 particles of Ca,1.2/Ca,3/Ca,a25 (CABAD) Map 1 was exported
from cryoSPARC using the strategy as mentioned above and subjected to 3D refinement in

RELION-3.1, yielding a 3.3 A consensus map. This map and particle set was further used to
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perform a two-body Multibody refinement following the procedure mentioned 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.f3
complex and the Cay1.2(AC)/Ca/ps/Cava20-1  complex, respectively. For the
EMC:Ca,1.2(AC)/Ca,f3 complex, a preliminary model was built using the previously reported apo-
EMC structure (PDB:6WW?7)% and the Ca,Bs subunit in the Ca,2.2 structure (PDB:7MIY)*. For
the Cay1.2(AC)/Ca\fs/ Cavoi28-1 complex, the Cay2.2 structure (PDB:7MIY)* was used as starting
model. Phyre2 server®® was used to predict 10 models of Ca,1.2 using amino acid sequences
(Uniprot code Q13936-20) and among them the best model was selected by comparing them with
the density map. phenix.dock in_map program was used to dock the models in respective
maps’®. Docked model and maps were further manually checked and fitted in COOT?'. Iterative
structure refinement and model building were performed using phenix.real_space_refine
program’®. The local resolution range for Ca,1.2 was 2.0 — 4.8 A (Extended Data Figure S3e),
which allowed model building by putting more emphasis on helix topology and large aromatic
side-chain densities. However, model building was strictly followed as per the available electron
density. Restraint files necessary for refinement were generated using phenix.elbow’®®. Final
statistics of 3D reconstruction and model refinement can be found in (Table S1). The per-residue
B-factors, after final refinement against the overall map, were rendered on the refined model and
presented in (Figs. S3c-f). The final models were evaluated using MolProbity®®. All figures and
movies were generated using ChimeraX® and Pymol package (http://www.pymol.org/pymol).

Close-contact interaction analysis were performed using LIGPLOT and DIMPLOT®>#6,
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Supplementary material

Supplementary material contains Figures S1-S16, Movies S1-S12, Tables S1-S2, and

references.

Page 24


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1 Catterall, W. A., Wisedchaisri, G. & Zheng, N. The chemical basis for electrical signaling.
Nature Chemical Biology 13, 455-463, doi:10.1038/Nchembio.2353 (2017).

2 Isacoff, E. Y., Jan, L. Y. & Minor, D. L., Jr. Conduits of life's spark: a perspective on ion

channel research since the bith of neuron. Neuron 80, 658-674,
doi:10.1016/j.neuron.2013.10.040 (2013).

3 Zamponi, G. W., Striessnig, J., Koschak, A. & Dolphin, A. C. The Physiology, Pathology,
and Pharmacology of Voltage-Gated Calcium Channels and Their Future Therapeutic
Potential. Pharmacol Rev 67, 821-870, doi:10.1124/pr.114.009654 (2015).

4 Nanou, E. & Catterall, W. A. Calcium Channels, Synaptic Plasticity, and Neuropsychiatric
Disease. Neuron 98, 466-481, doi:10.1016/j.neuron.2018.03.017 (2018).

5 Buraei, Z. & Yang, J. The {beta} Subunit of Voltage-Gated Ca2+ Channels. Physiol Rev
90, 1461-1506, doi:90/4/1461 [pii] 10.1152/physrev.00057.2009 (2010).

6 Dooley, D. J., Taylor, C. P., Donevan, S. & Feltner, D. Ca(2+) channel alpha(2)delta
ligands: novel modulators of neurotransmission. Trends Pharmacol Sci 28, 75-82 (2007).

7 Dolphin, A. C. Voltage-gated calcium channels and their auxiliary subunits: physiology
and pathophysiology and pharmacology. J  Physiol 594, 5369-5390,
doi:10.1113/JP272262 (2016).

8 Jonikas, M. C. et al. Comprehensive characterization of genes required for protein folding
in the endoplasmic reticulum. Science 323, 1693-1697, doi:10.1126/science.1167983
(2009).

9 Hegde, R. S. The Function, Structure, and Origins of the ER Membrane Protein Complex.

Annu Rev Biochem 91, 651-678, doi:10.1146/annurev-biochem-032620-104553 (2022).

10 Shistik, E., lvanina, T., Puri, T., Hosey, M. & Dascal, N. Ca2+ current enhancement by
alpha 2/delta and beta subunits in Xenopus oocytes: contribution of changes in channel
gating and alpha 1 protein level. J Physiol 489 ( Pt 1), 55-62 (1995).

11 Singer, D. et al. The roles of the subunits in the function of the calcium channel. Science
253, 1553-1557, doi:10.1126/science.1716787 (1991).

12 Gurnett, C. A., De Waard, M. & Campbell, K. P. Dual function of the voltage-dependent
Ca2+ channel alpha 2 delta subunit in current stimulation and subunit interaction. Neuron
16, 431-440, doi:10.1016/s0896-6273(00)80061-6 (1996).

13 Davies, A. et al. Functional biology of the alpha(2)delta subunits of voltage-gated calcium
channels. Trends Pharmacol Sci 28, 220-228 (2007).
14 Field, M. J. et al. Identification of the alpha2-delta-1 subunit of voltage-dependent calcium

channels as a molecular target for pain mediating the analgesic actions of pregabalin.
Proc Natl Acad Sci U S A 103, 17537-17542 (2006).

15 Dolphin, A. C. Voltage-gated calcium channel alpha 2delta subunits: an assessment of
proposed novel roles. F1000Res 7, doi:10.12688/f1000research.16104.1 (2018).

16 Bauer, C. S. et al. The increased trafficking of the calcium channel subunit alpha2delta-1
to presynaptic terminals in neuropathic pain is inhibited by the alpha2delta ligand
pregabalin. J Neurosci 29, 4076-4088, doi:29/13/4076 [pii] 10.1523/JNEUROSCI.0356-
09.2009 (2009).

Page 25


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

17 Cassidy, J. S., Ferron, L., Kadurin, I, Pratt, W. S. & Dolphin, A. C. Functional exofacially
tagged N-type calcium channels elucidate the interaction with auxiliary alpha2delta-1
subunits. Proc Natl Acad Sci U S A 111, 8979-8984, do0i:10.1073/pnas.1403731111
(2014).

18 Deutsch, C. The birth of a channel. Neuron 40, 265-276, doi:10.1016/s0896-
6273(03)00506-3 (2003).

19 Christianson, J. C. et al. Defining human ERAD networks through an integrative mapping
strategy. Nat Cell Biol 14, 93-105, do0i:10.1038/ncb2383 (2011).

20 Guna, A., Volkmar, N., Christianson, J. C. & Hegde, R. S. The ER membrane protein
complex is a transmembrane domain insertase. Science 359, 470-473,
doi:10.1126/science.aao3099 (2018).

21 Richard, M., Boulin, T., Robert, V. J., Richmond, J. E. & Bessereau, J. L. Biosynthesis of
ionotropic acetylcholine receptors requires the evolutionarily conserved ER membrane
complex. Proc Natl Acad Sci U S A 110, E1055-1063, doi:10.1073/pnas.1216154110
(2013).

22 Talbot, B. E., Vandorpe, D. H., Stotter, B. R., Alper, S. L. & Schlondorff, J. S.
Transmembrane insertases and N-glycosylation critically determine synthesis, trafficking,
and activity of the nonselective cation channel TRPCG6. J Biol Chem 294, 12655-12669,
doi:10.1074/jbc.RA119.008299 (2019).

23 Coelho, J. P. L. et al. A network of chaperones prevents and detects failures in membrane
protein lipid bilayer integration. Nat Commun 10, 672, doi:10.1038/s41467-019-08632-0
(2019).

24 Satoh, T., Ohba, A., Liu, Z., Inagaki, T. & Satoh, A. K. dPob/EMC is essential for
biosynthesis of rhodopsin and other multi-pass membrane proteins in Drosophila
photoreceptors. Elife 4, doi:10.7554/eLife.06306 (2015).

25 Chitwood, P. J., Juszkiewicz, S., Guna, A., Shao, S. & Hegde, R. S. EMC Is Required to
Initiate Accurate Membrane Protein Topogenesis. Cell 175, 1507-1519 e1516,
doi:10.1016/j.cell.2018.10.009 (2018).

26 Miller-Vedam, L. E. et al. Structural and mechanistic basis of the EMC-dependent
biogenesis of distinct transmembrane clients. Elife 9, doi:10.7554/eLife.62611 (2020).

27 Shurtleff, M. J. et al. The ER membrane protein complex interacts cotranslationally to
enable biogenesis of multipass membrane proteins. Elife 7, doi:10.7554/eLife.37018
(2018).

28 O'Donnell, J. P. et al. The architecture of EMC reveals a path for membrane protein
insertion. Elife 9, doi:10.7554/eLife.57887 (2020).

29 Pleiner, T. et al. Structural basis for membrane insertion by the human ER membrane
protein complex. Science 369, 433-436, doi:10.1126/science.abb5008 (2020).

30 Bagchi, P., Inoue, T. & Tsai, B. EMC1-dependent stabilization drives membrane
penetration of a partially destabilized non-enveloped virus. Elife 5,
doi:10.7554/eLife.21470 (2016).

31 Zamponi, G. W. Targeting voltage-gated calcium channels in neurological and psychiatric
diseases. Nat Rev Drug Discov 15, 19-34, doi:10.1038/nrd.2015.5 (2016).

Page 26


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

32 Marcantoni, A., Calorio, C., Hidisoglu, E., Chiantia, G. & Carbone, E. Cav1.2
channelopathies causing autism: new hallmarks on Timothy syndrome. Pflugers Arch 472,
775-789, doi:10.1007/s00424-020-02430-0 (2020).

33 Dooley, D. J., Donovan, C. M., Meder, W. P. & Whetzel, S. Z. Preferential action of
gabapentin and pregabalin at P/Q-type voltage-sensitive calcium channels: inhibition of
K+-evoked [3H]-norepinephrine release from rat neocortical slices. Synapse 45, 171-190,
doi:10.1002/syn.10094 (2002).

34 Chitwood, P. J. & Hegde, R. S. The Role of EMC during Membrane Protein Biogenesis.
Trends Cell Biol 29, 371-384, doi:10.1016/j.tcb.2019.01.007 (2019).

35 Infield, D. T. et al. Cation-pi Interactions and their Functional Roles in Membrane Proteins.
J Mol Biol 433, 167035, doi:10.1016/j.jmb.2021.167035 (2021).

36 Chen, Y. H. et al. Structural basis of the alpha1-beta subunit interaction of voltage-gated
Ca2+ channels. Nature 429, 675-680 (2004).

37 Van Petegem, F., Clark, K. A., Chatelain, F. C. & Minor, D. L., Jr. Structure of a complex
between a voltage-gated calcium channel beta-subunit and an alpha-subunit domain.
Nature 429, 671-675 (2004).

38 Van Petegem, F., Duderstadt, K. E., Clark, K. A., Wang, M. & Minor, D. L., Jr. Alanine-
Scanning Mutagenesis Defines a Conserved Energetic Hotspot in the Ca(V)alpha(1) AID-
Ca(V)beta Interaction Site that Is Critical for Channel Modulation. Structure 16, 280-294
(2008).

39 Bai, L., You, Q., Feng, X., Kovach, A. & Li, H. Structure of the ER membrane complex, a
transmembrane-domain insertase. Nature 584, 475-478, doi:10.1038/s41586-020-2389-
3 (2020).

40 Wu, J. et al. Structure of the voltage-gated calcium channel Ca(v)1.1 at 3.6 A resolution.
Nature 537, 191-196, doi:10.1038/nature19321 (2016).

41 Yao, X., Gao, S. & Yan, N. Structural basis for pore blockade of human voltage-gated
calcium channel Cav1.3 by motion sickness drug cinnarizine. Cell Res,
doi:10.1038/s41422-022-00663-5 (2022).

42 Gao, S, Yao, X. & Yan, N. Structure of human Cav2.2 channel blocked by the painkiller
ziconotide. Nature 596, 143-147, doi:10.1038/s41586-021-03699-6 (2021).

43 Zhao, Y. et al. Cryo-EM structures of apo and antagonist-bound human Cav3.1. Nature
576, 492-497, doi:10.1038/s41586-019-1801-3 (2019).

44 Brown, J. P., Dissanayake, V. U., Briggs, A. R., Milic, M. R. & Gee, N. S. Isolation of the
[3H]gabapentin-binding protein/alpha 2 delta Ca2+ channel subunit from porcine brain:
development of a radioligand binding assay for alpha 2 delta subunits using [3H]leucine.
Anal Biochem 255, 236-243, doi:10.1006/abio.1997.2447 (1998).

45 Dolphin, A. C. Calcium channel auxiliary alpha(2)delta and beta subunits: trafficking and
one step beyond. Nat Rev Neurosci 13, 542-555, doi:nrn3311 [pii] 10.1038/nrn3311
(2012).

46 Wu, J. et al. Structure of the voltage-gated calcium channel Cav1.1 complex. Science 350,
aad2395, doi:10.1126/science.aad2395 (2015).

47 Gumerov, V. M. et al. Amino acid sensor conserved from bacteria to humans. Proc Natl
Acad Sci U S A 119, €2110415119, doi:10.1073/pnas.2110415119 (2022).

Page 27


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

48 Wang, M., Offord, J., Oxender, D. L. & Su, T. Z. Structural requirement of the calcium-
channel subunit alpha2delta for gabapentin binding. Biochem J 342 ( Pt 2), 313-320
(1999).

49 Zhao, Y. et al. Molecular Basis for Ligand Modulation of a Mammalian Voltage-Gated
Ca(2+) Channel. Cell 177, 1495-1506 1412, doi:10.1016/j.cell.2019.04.043 (2019).

50 He, L. et al. Structure, gating, and pharmacology of human CaV3.3 channel. Nature
communications 13, 2084, doi:10.1038/s41467-022-29728-0 (2022).

51 Gao, S. & Yan, N. Structural Basis of the Modulation of the Voltage-Gated Calcium lon
Channel Cav 1.1 by Dihydropyridine Compounds*. Angew Chem Int Ed Engl 60, 3131-
3137, doi:10.1002/anie.202011793 (2021).

52 Tao, X., Lee, A., Limapichat, W., Dougherty, D. A. & MacKinnon, R. A gating charge
transfer center in voltage sensors. Science 328, 67-73, doi:10.1126/science.1185954
(2010).

53 Arrigoni, C. et al. Quaternary structure independent folding of voltage-gated ion channel
pore domain subunits. Nat Struct Mol Biol 29, 537-548, do0i:10.1038/s41594-022-00775-x
(2022).

54 Bourdin, B., Briot, J., Tetreault, M. P., Sauve, R. & Parent, L. Negatively charged residues
in the first extracellular loop of the L-type CaV1.2 channel anchor the interaction with the
CaValpha2delta1 auxiliary  subunit. J Biol Chem 292, 17236-17249,
doi:10.1074/jbc.M117.806893 (2017).

55 Dahimene, S. et al. The alpha2delta-like Protein Cachd1 Increases N-type Calcium
Currents and Cell Surface Expression and Competes with alpha2delta-1. Cell Rep 25,
1610-1621 e1615, doi:10.1016/j.celrep.2018.10.033 (2018).

56 Canti, C. et al. The metal-ion-dependent adhesion site in the Von Willebrand factor-A
domain of alpha2delta subunits is key to trafficking voltage-gated Ca2+ channels. Proc
Natl Acad Sci U S A 102, 11230-11235 (2005).

57 Gurnett, C. A., Felix, R. & Campbell, K. P. Extracellular interaction of the voltage-
dependent Ca2+ channel alpha2delta and alpha1 subunits. J Biol Chem 272, 18508-
18512 (1997).

58 Opatowsky, Y., Chomsky-Hecht, O., Kang, M. G., Campbell, K. P. & Hirsch, J. A. The
voltage-dependent calcium channel beta subunit contains two stable interacting domains.
J Biol Chem 278, 52323-52332. Epub 52003 Oct 52314. (2003).

59 Altier, C. et al. The Cavbeta subunit prevents RFP2-mediated ubiquitination and
proteasomal degradation of L-type channels. Nat Neurosci 14, 173-180,
doi:10.1038/nn.2712 (2011).

60 Waithe, D., Ferron, L., Page, K. M., Chaggar, K. & Dolphin, A. C. Beta-subunits promote
the expression of Ca(V)2.2 channels by reducing their proteasomal degradation. J Biol
Chem 286, 9598-9611, doi:10.1074/jbc.M110.195909 (2011).

61 Opatowsky, Y., Chen, C. C., Campbell, K. P. & Hirsch, J. A. Structural Analysis of the
Voltage-Dependent Calcium Channel beta Subunit Functional Core and Its Complex with
the alpha1 Interaction Domain. Neuron 42, 387-399. (2004).

62 Altier, C. et al. Trafficking of L-type calcium channels mediated by the postsynaptic
scaffolding protein AKAP79. J Biol Chem 277, 33598-33603,
doi:10.1074/jbc.M202476200 (2002).

Page 28


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

63 Obermair, G. J. et al. Reciprocal interactions regulate targeting of calcium channel beta
subunits and membrane expression of alpha1 subunits in cultured hippocampal neurons.
J Biol Chem 285, 5776-5791, doi:10.1074/jbc.M109.044271 (2010).

64 Leroy, J. et al. Interaction via a key tryptophan in the I-1l linker of N-type calcium channels
is required for beta1 but not for palmitoylated beta2, implicating an additional binding site
in the regulation of channel voltage-dependent properties. J Neurosci 25, 6984-6996
(2005).

65 Dolphin, A. C. & Lee, A. Presynaptic calcium channels: specialized control of synaptic
neurotransmitter release. Nat Rev Neurosci 21, 213-229, doi:10.1038/s41583-020-0278-
2 (2020).

66 Felix, R., Gurnett, C. A., De Waard, M. & Campbell, K. P. Dissection of functional domains
of the voltage-dependent Ca2+ channel alpha2delta subunit. J Neurosci 17, 6884-6891
(1997).

67 Fang, K. & Colecraft, H. M. Mechanism of auxiliary beta-subunit-mediated membrane
targeting of L-type (Ca(V)1.2) channels. J Physiol 589, 4437-4455,
doi:jphysiol.2011.214247 [pii] 10.1113/jphysiol.2011.214247 (2011).

68 Schmidt, T. G. & Skerra, A. The Strep-tag system for one-step purification and high-affinity
detection or capturing of proteins. Nat Protoc 2, 1528-1535, do0i:10.1038/nprot.2007.209
(2007).

69 Liao, M., Cao, E., Julius, D. & Cheng, Y. Structure of the TRPV1 ion channel determined
by electron cryo-microscopy. Nature 504, 107-112, doi:10.1038/nature12822 (2013).

70 Elegheert, J. et al. Lentiviral transduction of mammalian cells for fast, scalable and high-
level production of soluble and membrane proteins. Nat Protoc 13, 2991-3017,
doi:10.1038/s41596-018-0075-9 (2018).

71 Goehring, A. et al. Screening and large-scale expression of membrane proteins in
mammalian cells for structural studies. Nat Protoc 9, 2574-2585,
doi:10.1038/nprot.2014.173 (2014).

72 Lee, H., Lolicato, M., Arrigoni, C. & Minor, D. L., Jr. Production of K2P2.1 (TREK-1) for
structural studies. Methods Enzymol 653, 151-188, doi:10.1016/bs.mie.2021.02.013
(2021).

73 Shaya, D. et al. Voltage-gated sodium channel (NaV) protein dissection creates a set of
functional pore-only proteins. Proc Natl Acad Sci U S A 108, 12313-12318,
doi: 1106811108 [pii] 10.1073/pnas.1106811108 (2011).

74 Abderemane-Ali, F., Findeisen, F., Rossen, N. D. & Minor, D. L., Jr. A Selectivity Filter
Gate Controls Voltage-Gated Calcium Channel Calcium-Dependent Inactivation. Neuron
101, 1134-1149 e1133, doi:10.1016/j.neuron.2019.01.011 (2019).

75 Findeisen, F. & Minor, D. L., Jr. Disruption of the IS6-AID Linker Affects Voltage-gated
Calcium Channel Inactivation and Facilitation. J Gen Physiol 133, 327-343,
doi:jgp.200810143 [pii] 10.1085/jgp.200810143 (2009).

76 Mastronarde, D. N. Automated electron microscope tomography using robust prediction
of specimen movements. J Struct Biol 152, 36-51, doi:10.1016/j.jsb.2005.07.007 (2005).

77 Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoSPARC: algorithms for
rapid unsupervised cryo-EM structure determination. Nat Methods 14, 290-296,
doi:10.1038/nmeth.4169 (2017).

Page 29


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

78 Zivanov, J. et al. New tools for automated high-resolution cryo-EM structure determination
in RELION-3. Elife 7, doi:10.7554/eLife.42166 (2018).

79 Liebschner, D. et al. Macromolecular structure determination using X-rays, neutrons and
electrons: recent developments in Phenix. Acta Crystallogr D Struct Biol 75, 861-877,
doi:10.1107/S2059798319011471 (2019).

80 Kelley, L. A., Mezulis, S., Yates, C. M., Wass, M. N. & Sternberg, M. J. The Phyre2 web
portal for protein modeling, prediction and analysis. Nat Protoc 10, 845-858,
doi:10.1038/nprot.2015.053 (2015).

81 Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of Coot.
Acta Crystallogr D Biol Crystallogr 66, 486-501, doi:10.1107/S0907444910007493 (2010).

82 Moriarty, N. W., Grosse-Kunstleve, R. W. & Adams, P. D. electronic Ligand Builder and
Optimization Workbench (eLBOW): a tool for ligand coordinate and restraint generation.
Acta Crystallogr D Biol Crystallogr 65, 1074-1080, do0i:10.1107/S0907444909029436
(2009).

83 Williams, C. J. et al. MolProbity: More and better reference data for improved all-atom
structure validation. Protein Sci 27, 293-315, doi:10.1002/pro.3330 (2018).

84 Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers, educators,
and developers. Protein Sci 30, 70-82, doi:10.1002/pro.3943 (2021).

85 Wallace, A. C., Laskowski, R. A. & Thornton, J. M. LIGPLOT: a program to generate
schematic diagrams of protein-ligand interactions. Protein Eng 8, 127-134 (1995).

86 Laskowski, R. A. & Swindells, M. B. LigPlot+: Multiple Ligand-Protein Interaction Diagrams
for Drug Discovery. J Chem Inf Model 51, 2778-2786, doi:10.1021/ci200227u (2011).

87 Smart, O. S., Neduvelil, J. G., Wang, X., Wallace, B. A. & Sansom, M. S. HOLE: a program
for the analysis of the pore dimensions of ion channel structural models. J Mol Graph 14,
354-360, 376, doi:10.1016/s0263-7855(97)00009-x (1996).

88 Pravda, L. et al. MOLEonline: a web-based tool for analyzing channels, tunnels and pores
(2018 update). Nucleic Acids Res 46, W368-W373, doi:10.1093/nar/gky309 (2018).

Page 30


https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Chen et al.
130A

& e
-~ >

P4
o
§
A 4
b
EMC3
TM dock
d' M dock e

EMC1 brace/crossbar helix EMC1 bracelcrossbar ggg);,

| ol
ms05 )

At
i <
VSD IS1 /‘mx

Lumenal view PD2 S5
Inner leaflet site
S5
f Cyto dock Qsot ; ’ma‘
N Y [ Cyto dock: EMC2 site
EMC1 EMC6
\ L78
EmcsY 5 EMC ﬂ\ (fl
¢ 4 4l | |
2 M319
Ca,1.2AID , b
~E
Ca,p3 : - Cyto dock: EMCS site
\ ' EMC2
- SEmca
S EMmC8



https://doi.org/10.1101/2022.10.03.510667
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.03.510667; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1 Structure of the EMC:Cay1.2(AC)/Cayfs complex a, Cartoon structure side views of
the EMC:Cay1.2(AC)/CayPs complex. EMC1 (light blue), EMC2 (aquamarine), EMC3 (light
magenta), EMC4 (forest), EMC5 (light pink), EMC6 (white), EMC7 (marine), EMC8 (orange),
EMC10 (smudge), Cay1.2 (bright orange), and Cayps (light teal). EMC subunits are shown with
semi-transparent surfaces. Dark blue arrows indicate dimensions. b, Location of TM dock and
Cyto dock EMC client binding sites. Cay1.2 components interacting with the EMC are shown as
cylinders and colored: VSD | (yellow orange), PD Il (firebrick), and Cavps (light teal). AID helix
(yellow orange) is also shown. EMC subunit colors are as in ‘a’. Grey bars in ‘@’ and ‘b’ denote
the membrane. ¢, Lumenal view of the EMC:Cay1.2(AC)/Cavps complex transmembrane
elements. EMC components are shown as cylinders and colored as in ‘a’. Cay1.2(AC) domains
are colored as Domain | (yellow orange), Domain Il (firebrick), Domain Il (lime), and Domain IV
(marine). VSD and PD elements are labeled. Red oval shows TM dock site. Light blue circle
shows the site of interaction of the EMC1 brace/crossbar helix with Cay1.2 VSD | and PD II
(outlined). d, Side view of the TM dock:VSD | interaction. Insets show details of interactions in
the Lumenal site and Inner leaflet side. EMC1 (light blue), Cay1.2 VSD | (yellow orange). e, Details
of the EMC1 brace/crossbar helix with Cay1.2 VSD | (yellow orange) and PD Il (firebrick). f, Details
of the Cyto dock. Cayps (light teal) and AID helix (yellow orange) are shown as cylinders. EMC2
(aquamarine), EMC3 (light magenta), EMC4 (forest), EMC5 (light pink), EMC6 (white), and EMC8

(orange) are shown as surfaces. Insets show details of the EMC2 and EMCS sites.
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Figure 2 Structure of the Cay1.2(AC)/CayvBs/Cava26-1 channel complex a, Side views of
Cav1.2(AC)/CavPs/Cava20-1. Subunits are colored as: Cay1.2 (slate), Cavps (violet), and
Cava201 (greencyan). Leucine (violet purple) and blocking lipid (yellow) are shown as space
filling. Grey bars denote the membrane. b, Cava28-1 Cache1 ligand binding site details. Leucine
(violet purple) and contacting sidechains from Cavca261 (greencyan) are shown as sticks. ¢,
Blocking lipid binding site details. Cay1.2 pore domains are shown as cylinders and colored. PD
| (yellow orange), PD Il (firebrick), PD Il (lime), and PD IV (marine). Lipid contact residues are
shown as sticks. Blocking lipid is shown as space filling (left) and sticks (right). d, Interaction of
the blocking lipid and SF ions. Hallmark SF calcium binding residues are shown as sticks (slate).

SF calcium ions are indicated.
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Figure 3 Chen et al.
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Figure 3 EMC interactions remodels Cay structure and extracts PD Illl. a, Superposition of
Cav1.2/Cayps from the EMC and Cav1.2/CayvpsCava26-1 complexes. Cav1.2 elements from the
EMC complex are colored as VSD I/PD | (yellow orange), VSD II/PD Il (firebrick), VSD 1lI/PD Il
(lime), VSD IV/PD IV (marine). Cav1.2 (slate) and Cavfs (violet) from Cay1.2/Cavfps/Cava2d and
Cavfs from the EMC (light teal) are semi-transparent. Red arrows indicate conformational
changes between Cay1.2/Cayps/Cava26-1 and EMC:Cav1.2/Cayvp. Colored ovals highlight key
domains reshaped by the EMC. b, Superposition of the S4/S4-S5 linker/PD Ill elements from the
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EMC:Cay1.2/Cayps complex (lime) and Cay1.2/Cayp3/Cava28-1 (slate). C,-C, distance for V1019
is indicated. ¢, Interactions within the Cayp:AID:VSD II:PD Il subcomplex in
EMC:Cay1.2(AC)/Cayfs. Grey bars in ‘a’ and ‘c’ denote the membrane.
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Figure 4 EMC association causes Cav1.2 pore structural changes. a, Cay1.2 pore profile
comparison for EMC:Cav1.2(AC)/Cavfs (orange) and Cav1.2(AC)/Cayvps/Cavard (blue), calculated
with HOLE®. 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)/Cavfs (left) and Cav1.2(AC)/Cavps/Cavard (right) pore profiles
calculated with MOLE®8. SF, central cavity, and hydrophobic gate regions are indicated (magenta,

white, and blue, respectively). EMC:Cayv1.2(AC)/Cayvps pore domains are PD | (yellow orange),
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PD Il (firebrick), PD Il (lime), and PD IV (marine). Cay1.2 pore domains are (slate). SF and
intracellular gate residues are shown. ¢, Comparison of the Cay1.2 SF filter regions in the
EMC:Cayv1.2(AC)/Cavps pore (PD | (yellow orange), PD Il (firebrick), PD Il (lime), and PD IV
(marine)) and Cay1.2(AC)/CavBs/Cavaz 6-1  (semitransparent, slate). Ca*-1  from
Cav1.2(AC)/Cavps/Cava20-1 is shown as a white sphere. d and e, view of the Cay1.2 intracellular
gate from d, EMC:Cay1.2(AC)/CavBs and e, Cay1.2(AC)/Cayps/Cavor8-1. GDN is black and
shown as sticks. Pore domain colors are PD | (yellow orange), PD Il (firebrick), PD Il (lime), and
PD IV (marine). f, and g, Side views of the EMC:Cay1.2(AC)/Cavfs pore showing f, global and
g, detailed views. SF glutamates in ‘e’ and GDN contacting residues in ‘f are shown as sticks.

PD elements are labeled.
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Figure 5 EMC structural changes between the apo-EMC and EMC:Cayv1.2(AC)/Cavf3s
client-loaded states. a, Side view of apo-EMC (6WW7)? and EMC:Cay1.2(AC)/Cavps-bound
conformations showing EMC1 (light blue), EMC4 (forest), EMC7 (marine) and EMC10 (smudge)
from the EMC:Cayv1.2(AC)/CavBs-bound state and the same subunits form apo-EMC
(semi-transparent red). VSD | is shown as ribbons (yellow orange). Red arrows indicate
movements of the EMC1/EMC4/EMC7/EMC10 lumenal domain assembly from the apo- to
client-bound state. Grey bars denote the membrane. b, Lumenal view of the apo-EMC (6 WW?7)?
(semi-transparent red) and EMC:Cay1.2(AC)/Cavfs-bound conformations of EMC1 (light blue),
EMC3 (light magenta), EMC5 (light pink), and EMC6 (white) transmembrane helices. VSD | is
shown as ribbons (yellow orange). Red arrows indicate movements from the apo to client-bound

states.
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Figure 6 Interactions of the EMC holdase and Caya25 with the core Cay1.2/Cayfis complex
are mutually exclusive a, Superposition of Caya26-1 (semi-transparent, aguamarine) from the
Cav1.2(AC)/Cayps/Cavad-1 structure with the EMC:Cav1.2/Cavps complex. EMC1 surface is
shown. Red oval highlights clash regions. Colors of the EMC:Cay1.2/Cavs complex are as in
Figure 1a. Grey bars denote the membrane. b, Schematic showing of the conformational changes
and interaction sites in the exchange between the EMC:Cav/Cavp holdase complex and

assembled Cay/Cayvp/Cava26 channel. Black ovals indicate key interaction sites in each complex.
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