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INTRODUCTION:Voltage-gatedCa2+ (Cav) chan-
nels activate in response to membrane poten-
tial changes and initiate Ca2+-mediated cellular
signaling cascades. The L-type, high voltage–
activated Cav channel Cav1.1 is specialized for
the excitation-contraction (E-C) coupling that
causes contraction of skeletal muscles in re-
sponse to changes inmembrane potential. The
action potential–induced conformational changes
of Cav1.1 activate the type 1 ryanodine receptor
(RyR1), which releases Ca2+ from the sarcoplas-
mic reticulum and subsequently triggers mus-
cle contraction. The Cav1.1 complex consists of
the pore-forming subunit a1 and auxiliary sub-
unitsa2d, b, and g thatmodulate themembrane
trafficking, current kinetics, and gating proper-
ties of the Cav channels. The Cav channels rep-
resent important drug targets because of their
association with diseases such as hypokalemic
periodic paralysis, cardiac arrhythmia, and epilep-
tic seizure. The a2d-1 subunit is directly targeted
by the gabapentinoid drugs used for conditions
suchas epilepsy andneuropathicpain. In contrast

to the homotetrameric Kv channels, the a1 sub-
unit of eukaryotic Cav and Nav channels con-
sists of one single polypeptide chain that is
organized into four repeated domains (I to IV)
of six transmembrane helices (S1 to S6). The
large size, pseudo-symmetry, and heavy glyco-
sylation of the Cav andNav channels aremajor
impediments to the use of x-ray crystallography
for structural elucidation.

RATIONALE: We purified endogenous Cav1.1
complex from rabbit skeletalmusclemembranes
with the use of glutathione S-transferase (GST)–
fused b1a, which is an exclusive auxiliary sub-
unit of Cav1.1. Structural determination was
achieved using single-particle cryo–electron
microscopy (cryo-EM). The structural model
was generated byhomologymodeling, rigid-body
docking, and de novomodel building. The iden-
tification of the four homologous repeats in
the a1 subunit was achieved through analysis
of the distinctive extracellular loops of the
pore domain, unique sequence patterns, and

mass spectrometric analysis of cross-linked
samples.

RESULTS: The EM density map for the rabbit
Cav1.1 complex was reconstructed to 4.2 Å res-
olution according to the gold-standard Fourier
shell correlation (FSC) 0.143 criterion. The over-
all structure is approximately 170 Å in height

and 100 Å in the longest
dimension of the width.
The a1 subunit folds into
four homologous repeats,
each exhibiting the voltage-
gated ion channel fold
formed by S1 to S6. The S5

and S6 segments from the four repeats con-
stitute the pore domain, whereas the S1 to S4
segments ineach repeat formthe voltage-sensing
domain (VSD). The four-fold symmetry of the
pore domain is disrupted by the distinct extra-
cellular loops (designated L5 loops for those
between S5 and the P1 helix, and L6 loops for
those connecting the P2 helix and S6) and by
the slightly different conformations of the S5
and S6 segments among the four repeats. The
S6IV segment is immediately followed by a cy-
tosolic C-terminal domain. The selectivity filter
is constituted by the side chains of four critical
Glu residues and the carbonyl oxygen atoms of
the two preceding residues in each repeat. The
clockwise arrangement of the four repeats in
the extracellular viewmay be conserved in all
eukaryotic Cav and Nav channels.
The four transmembrane helix–containing g

subunit, which exhibits structural similarity
to claudins, interacts with VSDIV, whereas the
cytosolic b subunit is located adjacent to VSDII

of a1. On the extracellular side, the a2 subunit
interacts with the extracellular loops of repeats
I to III through its von Willebrand A (VWA)
and Cache1 domains. The a2 residue Arg243,
which has been implicated in binding to the
drug pregabalin, is in the Cache1 domain and
covers a central pocket that may accommo-
date ligands.

CONCLUSION:Our study reveals the detailed
architecture of a pseudo-tetrameric eukaryotic
Cav channel in complex with its auxiliary sub-
units. Althoughmolecular understanding of ion
selectivity and voltage gating will require im-
proved resolution, the present structural analysis
provides an important framework for under-
standing the function and disease mechanisms
of related Cav and Nav channels. The intersub-
unit interfaces identified in the complex struc-
ture provide the basis formolecular interpretation
of a1 modulation by the auxiliary subunits.▪
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The cryo-EM structure of the rabbit voltage-gated Ca2+ channel Cav1.1 complex at a nominal
resolution of 4.2 Å.The overall EM density map on the left is colored according to different sub-
units.The structuremodel on the right is domain-colored.The glycosyl moieties are shown as sticks.
The putative Ca2+ is shown as a green sphere.
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The voltage-gated calcium channel Cav1.1 is engaged in the excitation-contraction coupling
of skeletal muscles. The Cav1.1 complex consists of the pore-forming subunit a1 and
auxiliary subunits a2d, b, and g. We report the structure of the rabbit Cav1.1 complex
determined by single-particle cryo–electron microscopy. The four homologous repeats
of the a1 subunit are arranged clockwise in the extracellular view. The g subunit, whose
structure resembles claudins, interacts with the voltage-sensing domain of repeat IV
(VSDIV), whereas the cytosolic b subunit is located adjacent to VSDII of a1. The a2 subunit
interacts with the extracellular loops of repeats I to III through its VWA and Cache1
domains. The structure reveals the architecture of a prototypical eukaryotic Cav channel
and provides a framework for understanding the function and disease mechanisms of
Cav and Nav channels.

C
alcium ions (Ca2+) play a critical role in di-
verse physiological processes such as con-
traction, secretion, neurotransmission, gene
transcription, and cell death. The cytoplas-
mic Ca2+ concentration is generally main-

tained at approximately 100 nM, several orders of
magnitude lower than extracellular or organellar
Ca2+ stores. In response to a variety of stimuli,
Ca2+ is released into the cytoplasm, triggering a
cascade of signaling events (1–3).
Voltage-gated Ca2+ (Cav) channels activate

in response to changes of membrane potential
and function upstream of Ca2+-mediated signal
transduction (4–8). The Cav channel Cav1.1, also
known as the dihydropyridine receptor (DHPR),
is an L-type Cav channel specialized for the
excitation-contraction (E-C) coupling of skeletal
muscles (9–11). Cav1.1 is enriched at the trans-
verse tubule of myocytes and controls activa-
tion of the type 1 ryanodine receptor (RyR1),
which is the high-capacity channel responsi-
ble for rapid Ca2+ release from the sarcoplas-
mic reticulum. In contrast to the E-C coupling
mechanism in cardiac muscles, where the in-
flux of Ca2+ through another L-type Cav chan-
nel, Cav1.2, activates the cardiomyocyte-specific
RyR2 (known as calcium-induced calcium re-
lease), activation of RyR1 is triggered by the
action potential–induced conformational changes
of Cav1.1. In this sense, Cav1.1 functions as the
voltage sensor for E-C coupling (12–15).

Cav1.1, like other Cav channels, consists of a
core a1 subunit and auxiliary subunits a2d, b, and
g (16, 17). The pore-forming a1 subunit, similar to
eukaryotic Nav channels, consists of a single poly-
peptide chain that is organized into four homol-
ogous repeats (I to IV) of six transmembrane
helices (S1 to S6). S5, S6, and their intervening
segments fromeach repeat form the ion-conducting
pore domain, which is flanked by four voltage-

sensing domains (VSDs) constituted by S1 to S4
(18–22). There are different genes and splicing
isoforms for each auxiliary subunit. The extracel-
lular a2 and the membrane-anchored d subunits
result from proteolytic cleavage of a single gene
product and are structurally bound through a
disulfide bond. The cytosolic b subunits partici-
pate in the interaction between Cav1.1 and RyR1.
The g subunits comprise four transmembrane
helices (TM1 to TM4) with the N and C termini
on the cytosolic side. These auxiliary subunits
modulate the membrane trafficking, current
kinetics, and gating properties of the Cav chan-
nels andmediate the regulation of the a1 subunit
by a variety of signals (17, 23–27).
The Cav channels are important drug targets

because of their associationwith diseases such as
hypokalemic periodic paralysis, cardiac arrhythmia,
and epileptic seizure (28).Whereas thea1 subunit
represents the primary site for ligand and toxin
binding, the a2d-1 subunit is the direct target
for the gabapentinoid drugs gabapentin and
pregabalin (29, 30).
The crystal structures of b subunits, alone and

in complex with the a1 interaction domain (AID)
motif of a1, were obtained more than a decade
ago (31–33). Other than that, structural informa-
tion on the eukaryotic Cav and Nav channels re-
mains elusive, except for low-resolution electron
microscopic (EM)models (34–38). Structural inter-
pretation was mostly based on the crystal struc-
tures of Kv channels (19, 20), bacterial homologs
of Nav channels NavAb (21) and NavRh (22),
and an engineered NavAb variant that became
Ca2+-selective (named CavAb) (39). However, all
these channels are formed by four identical
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Fig. 1. Overall architecture of the rabbit Cav1.1 complex.The overall EM densitymap (left) and structure
(right) of the rabbit Cav1.1 complex.The density corresponding to the b subunit was generated from the 6.1 Å
map at a contour level of 0.0135, and the other regions were from the 4.2 Åmap at a contour level of 0.0435
in Chimera (77). All structure figures were prepared with PyMol (78).



polypeptide chains. They cannot support reliable
modeling of the pseudo-tetrameric Cav and Nav
channels, nor can they clarify themolecular basis
for the interactions between a1 and the auxiliary
subunits. Here, we report the structure of the
rabbit Cav1.1 complex at 4.2 Å resolution deter-
mined using single-particle cryo–electron micros-
copy (cryo-EM).

Structural determination of Cav1.1

Details of protein preparation and EM data ac-
quisition can be found in figs. S1 to S3 and in
Materials and Methods below. Following a strat-
egy similar to that used for purification of endog-
enousRyR1 (40), we used glutathione S-transferase
(GST)–fused b1a, an exclusive auxiliary subunit of
Cav1.1 among all b isoforms (25, 41), to pull down
the Cav1.1 complex from rabbit skeletal muscle
membranes. A variety of detergents and amphipols
were screened.After repeated trials, digitoninproved
to be the optimal detergent for protein extrac-
tion, purification, and cryo-EM data acquisition
(fig. S1, A to C). Mass spectrometric (MS) analysis
of the purified complex confirmed the presence
of all the components of a complete Cav1.1 com-
plex. By means of direct electron detection and
advanced image processing algorithms (42, 43),
wewere able to reconstruct the three-dimensional
structure of the Cav1.1 complex with an overall
resolution of 4.2 Å according to the gold-standard
Fourier shell correlation (FSC) 0.143 criterion
(Fig. 1, table S1, and figs. S1 and S2).

The transmembrane regionwasunambiguously
identified in the EM density map, owing to the dis-
tinctive detergent micelle at low resolution and
the characteristic voltage-gated ion channel (VGIC)
fold (fig. S3).Wewere able to build 1224 residues,
of which 618 residues have side groups assigned,
for the a1 subunit. The additional four TMs be-
long to the g subunit. A predicted structural mod-
el of the g subunit can be fit into the density with
slight adjustment. Previous EM imaging with
specific antibodies distinguished the extracellu-
lar domain from the intracellular ones at ap-
proximately 20 Å resolution (38). Whereas EM
density for the b subunit is largely missing in the
4.2 Å EM map, a “tail” below the TM region cor-
responding to the previously characterized b sub-
unit was distinguishable in a classification that
yielded a 6.1 Å map. Because of the low resolu-
tion, the crystal structure of AID-bound Cavb2
(PDB code 1T0J) was docked into the “tail” den-
sity as a rigid body (figs. S2 and S3). Model build-
ing of the extracellular a2d-1 subunit was aided
byhomologous structural docking, unique sequence
patterns, N-linked glycosylation sites, and MS
characterization of the cross-linked complex
(Movie 1 and figs. S3 and S4).
In the refined structural model of the Cav1.1

complex at 4.2 Å resolution, the majority of the
four components, a1, a2d-1, g, and b1a, have been
built or docked. Among the 2515 modeled resi-
dues, 1123 have side chains assigned (table S2).
The overall structure is approximately 170 Å in

height and 100 Å in the longest dimension of the
width (Fig. 1).

Domain assignment of the a1 subunit

The lack of EM density for the inter-repeat cy-
tosolic segments made it challenging to distin-
guish the four homologous repeats in the a1
subunit. The repeat identification in a1 was
achieved through analysis of the distinctive extra-
cellular loops of theporedomain, unique sequence
patterns, and MS analysis of cross-linked sam-
ples (Fig. 2A and figs. S4 and S5).
The loops connecting S5 and the P1 helix (de-

signated L5 loops) in repeats I and III are longer
than those in the other two repeats (fig. S5B).
These two extracellular loops were well resolved
in the EM density map, placing repeats I and III
on opposite sides. The characteristic sequence
Tyr971-Tyr972-Tyr973-Val974-Tyr975 in repeat III could
be identified in the EM density, thereby distin-
guishing repeat III from repeat I (fig. S5, B and
C). Discrimination of repeats II and IV was facil-
itated by the distinct lengths of the connecting
loops between the P2 helix and S6 (designated
L6 loops). The L6IV loop is considerably longer
than L6II, allowing discrimination of these two
repeats (fig. S5, B andD). The structural assignment
was supported by cross-linking characterizations
(fig. S4). For instance, MS analysis identified the
cross-linking between Lys976, a residue on L5III
loop of a1, and Lys234 in a2, which are close to
each other in themodeled structure. Finally, the
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Fig. 2. Structure
of the a1 subunit.
(A) Repeat assign-
ment of the a1 subunit.
The four homologous
repeats of the a1 sub-
unit exhibit a clock-
wise arrangement
when viewed from the
extracellular side.
See fig. S5 for evi-
dence in support of
such domain assign-
ment. The same color
scheme is applied to
all the figures where
the four repeats need
to be distinguished.
CTD, C-terminal
domain. (B) Structural
comparison of Cav1.1
with CavAb and NavRh
(PDB codes 4MS2 and
4DXW, respectively).
A cytosolic view is
shown. For visual clar-
ity, the CTD of Cav1.1
is omitted. Note that
when the pore domains are superimposed, there is a subtle counterclockwise rotation of the VSDs of Cav1.1 relative to those of CavAb, and an
approximately 30° clockwise rotation relative to those of NavRh in the cytoplasmic view. (C) The b1a subunit, which interacts with the intracellular AID
motif between repeats I and II, may be adjacent to VSDII of a1. Because of the low resolution of the EM density corresponding to b1a, the structure of AID-
bound b2a (PDB accession code 1T0J) was docked into the density as a rigid body.The location and orientation of b1a and AID shown in the Cav1.1 complex
cannot be regarded as reliable in the present structural model.
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EM density between the S6 segment of repeat IV
and the C-terminal domain is consecutive, valid-
ating the assignment of repeat IV (fig. S5E).
The clockwise arrangement of the four homol-

ogous repeats in the extracellular view may be
conserved in all eukaryotic Cav andNav channels
(44, 45) (Fig. 2A and fig. S6). Notably, this repeat
organization is also consistent with that of the
two-pore K+ channel TRAAK (46, 47), but is dif-
ferent from a bacterial K+ transporter TrkH (48).
In contrast to the well-resolved EM density of

the pore domain, the four VSDs exhibit variable
density qualities. The S1 to S4 segments in re-
peats I and IV were well resolved. Densities cor-
responding to S1 and S4, but not S2 and S3, were
recognized in repeat II. Only residual density
was found, corresponding to the VSD in repeat
III (VSDIII). We modeled poly-Ala for VSDs in
repeats I and IV, and subsequently docked the
VSDmodels to repeats II and III (fig. S5F). Super-
imposing the pore domain with those of CavAb
and NavRh showed a slight counterclockwise ro-
tation of the VSDs of Cav1.1 relative to those of
CavAb and an approximately 30° clockwise rota-
tion relative to those of NavRh when viewed from
the cytoplasmic side (Fig. 2B).
Two cytosolic domains were discernible in the

6.1 Åmap: the b1a subunit and the S6IV-connected
C-terminal domain, which are located in the vi-
cinity of VSDII and VSDIV, respectively (Fig. 2C).

The resolution and map quality of these two
domains precluded detailed analysis. Nonetheless,
one major question concerning Cav1.1 is how it
translates changes in membrane potential into
activation of RyR1. The structural observation
that b1a is adjacent to VSDII, whichmay undergo
pronounced conformational changes or domain
motions in response tomembrane potential fluc-
tuations (49, 50), sheds light on the E-C coupling
mechanism.

The pseudo-symmetric pore domain

The pore domain of Cav1.1 exhibits a pseudo–four-
fold symmetry (Fig. 3A). The extracellular L5 and
L6 loops of the four repeats have marked dif-
ferences in primary sequences and show distinct
conformations. All these loops are well resolved
in the EM densities, indicating relatively stable
conformations (Fig. 3B, fig. S1G, and fig. S5, C
and D). Although L5I is longer than L5III in pri-
mary sequences, the latter exhibits an extended
conformation andprotrudeshigher into the extra-
cellular space. A pair of antiparallel b strands can
be recognized in L5III.
The distinctive sequences and conformations

of the L5 and L6 loops represent a characteristic
feature of eukaryotic Cav channels (fig. S6). In the
reported VGIC structures, such loops are mostly
missing except for RyR1, which has elongated lu-
minal loops between the P-loop and S6 segments

(40). The luminal loops of RyR1 are highly en-
riched with negatively charged residues, whereas
the L5 and L6 loops of Cav1.1 have an even dis-
tribution of all types of amino acids. The com-
positional and conformational differences of these
loops between RyR1 and Cav1.1 support their dis-
tinct functions. In RyR1, the luminal loopsmay be
responsible for attracting Ca2+ ions, whereas in
Cav1.1, the L5 and L6 loops provide the docking
site for the a2 subunit.
In addition to the extracellular loops, the S5

and S6 segments exhibit slightly different confor-
mations (Fig. 3C).When the four repeats are over-
laid relative to the selectivity filter (SF), the P1 and
P2 helices completely superimpose. In contrast,
all the S5 and S6 segments deviate from each
other to different extents. The S4 and S5 linker
helices, especially that of repeat IV, deviate even
more. A kink of the S6IV segment close to the
intracellular end results in destruction of sym-
metry at the activation gate (51) (Fig. 3, A and C).
The lack of EM density for the side chains at

the inner activation gate prevents an unambig-
uous assessment of the conformation of the in-
ternal gate (51). When superimposed relative to
the SF, the distance between Ca atoms of repeats
I and III at the inner gate is shorter than that of
CavAb and NavRh whose inner gates are closed,
while that between S6II and S6IV is longer owing
to the kink in S6IV. Interestingly, the interhelix
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Fig. 3. The pore domain
of Cav1.1. (A) The pore
domain exhibits a four-
fold pseudo-symmetry.
The loops between S5
and the P1 helix and
between the P2 helix and
S6 are designated L5 and
L6 loops, respectively.
When viewed from the
intracellular side, the
four-fold symmetry of the
activation gate was
broken, mainly due to the
kink of the S6IV segment.
(B) The L5 and L6 loops
in the four repeats have
different lengths and
exhibit distinct conforma-
tions. (C) Comparison
of the pore-forming
segments of the four
repeats. When super-
imposed relative to the
selectivity filter (SF), the
S5 and S6 segments of
the four repeats exhibit
slightly different confor-
mations, further disrupt-
ing the perfect symmetry.
(D) Structural compari-
son of the pore domains
of Cav1.1, CavAb, NavRh,
and Kv1.2-2.1 paddle chimera. Shown here are cytoplasmic views. Left: At the inner activation gate, the interhelix distance between S6I and S6III of Cav1.1 is
shorter, while that between S6II and S6IV is longer than those of CavAb and NavRh, resulting in a rectangular contour. Right: Whereas the interhelix distance
between S6II and S6IV is similar to that of the paddle chimera (PDB code 2R9R) at the inner gate, that between S6I and S6III is considerably shorter.
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distance between S6II and S6IV of Cav1.1 is similar
to thatof theopen-channelKv1.2-2.1paddle chimera
at the inner gate (20) (Fig. 3D). Interpretation of
the state of the inner gate of Cav1.1 awaits struc-
tures of improved resolution.

The selectivity filter of Cav1.1

TheEMdensity allows assignment of side groups
to the majority of the P1 and P2 helices and the
SF (Fig. 4A and fig. S7). As the densities for
negatively charged residues are usually missing
in EMmaps, the side chains of Glu and Asp were
modeled, but these cannot be considered reliable.
A sphere-shaped density at an inner site of SF
was tentatively assigned to Ca2+ because protein
samples were prepared in the presence of 0.5 mM
CaCl2 (fig. S7A).
The SFs of Ca2+ conducting channels of the

VGIC superfamily, exemplified by TRPV1 (52),
TRPA1 (53), and RyR1 (40), show compositional
and structural diversity (fig. S8A). Despite the
variations in the primary sequences, the back-
bone configurations of the SF in Cav1.1 are nearly
identical to those of CavAb and NavRh (Fig. 4, B
and C, and fig. S8B). The SF vestibule is con-
stituted by the side chains of the essential EEEE
residues (Glu292, Glu614, Glu1014, and Glu1323 in the
four repeats, respectively) (54–56) and the carbonyl
oxygen atoms of the two preceding residues in-

cluding an invariant Thr (Thr290, Thr612, Thr1012,
and Thr1321, designated C=Olower) and the resi-
dues that directly follow each of these (Met291,
Gly613, Phe1013, and Gly1322, designated C=Oupper)
(Fig. 4, B andD). The entrance to the SF vestibule
is enriched with polar and negatively charged
residues, including Asp615 of repeat II and four
residues (Asp296, Ser618, Gln1018, and Glu1327) at cor-
responding positions in the four repeats. These
residuesmay constitute extracellular Ca2+ binding
site(s) or they may provide the electronegativity
to attract cations (Fig. 4, B and D).

Interaction between g and VSDIV

The EM density corresponding to the g subunit
conforms to the predicted four-TM topology and
reveals the interaction between g and VSDIV of
a1 (Fig. 5A and fig. S9A). Structural prediction
with the I-TASSER server (57) returned a fewmod-
els for g, amongwhich the five top-scoredmodels
are almost identical in the transmembrane region
and can be fit into the EMdensitymapwithminor
manual adjustment (fig. S9B). The extended extra-
cellular sequences between TM1 and TM2 were
predicted to form a b sheet in all the models (fig.
S9B). However, the EM density corresponding to
this region is mostly invisible, so that the struc-
ture cannot be built. The structure of g is similar
to those of claudin-15 and -19 (fig. S9C) (58, 59),

supporting the bioinformatic characterizations
that the g subunits and claudins may have a com-
mon evolutionary ancestor (60, 61) (fig. S9D).
In the structure of the Cav1.1 complex, TM2

andTM3of g interactwith S3of VSDIV ina1 (Fig. 5).
The structure provides a molecular explanation
for the previous observation that replacement of
TM1 and TM2 of g led to loss of interaction with
a1 (62). There might be additional interfaces on
the extracellular and intracellular regions that are
not discernible in the present structure. None-
theless, the extensive contact between g andVSDIV

suggests that gmay antagonize Ca2+ conductance
by modulating the conformational changes of
VSDIV. These structural observations also set the
foundation for future investigations on the poten-
tial regulation of Cav channels by claudins and on
other functions of the g proteins (23, 24, 63, 64).

The a2d-1 subunit

The preprocessed a2d-1 polypeptide in rabbit con-
sists of 1106 residues. Proteolytic cleavage occurs
after Ala960, resulting in theN-terminala2 subunit
and the C-terminal d1 subunit. As the direct tar-
getofpregabalinandgabapentin, thea2d-1 subunit
has been structurally pursued for years. However,
heavy glycosylation has made crystallization chal-
lenging. There are 16 predicted N-linked glycosyl-
ation sites in the human homolog, 14 on a2 and
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Fig. 4. The selectivity fil-
ter of Cav1.1. (A) The
structural elements that
constitute the ion con-
duction channel of Cav1.1.
Two diagonal repeats are
shown in each panel.
Similar to the bacterial
homotetrameric Cav and
Nav channels, the SF of
Cav1.1 is supported by
two pore helices (P1 and
P2). A sphere-shaped
density was found in the
SF vestibule, which was
tentatively assigned to a
Ca2+ ion (green sphere).
(B) Sequence compari-
son of the selectivity filter
of rat and human Cav1.1
channels as well as
human Nav1.1, CavAb,
NavAb, and NavRh. The
residues whose main-
chain carbonyl oxygen
atoms constitute the SF
vestibule are shaded
gray. The critical EEEE
(Glu292, Glu614, Glu1014,
and Glu1323) residues in Cav1.1 and the corresponding residues in other
related channels are shaded yellow. The invariant Trp residues and the highly
conserved Thr residues are colored cyan. Abbreviations: A, Ala; C, Cys;
D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. (C) Comparison of the SF
vestibule of Cav1.1 to that of CavAb and NavRh. Despite the nonidentical SF
sequences among the four repeats of Cav1.1 and sequence difference from
CavAb and NavRh, the backbone conformations of the SF segments are

nearly identical in these three channels. For visual clarity, only the backbones
of SF are shown.The bound Ca2+ ions in CavAb, NavRh, and Cav1.1 are colored
gray, wheat, and green, respectively. Note that the position of the putative
Ca2+ ion in Cav1.1 deviates from those in CavAb and NavRh. (D) The details
of the selectivity filter of Cav1.1. Because of the limited resolution, the side
groups of the key EEEE residues in the SF vestibule are not well resolved.
They were modeled to facilitate description. The accurate conformations of
the side chains await high-resolution structures.
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two on d1 (Fig. 6A). These glycosyl groups proved
instrumental to the structural determination with
moderate-resolution EM density maps.
It was predicted that the a2 subunit consists

of a von Willebrand A (VWA) domain and two
Cache domains (17, 27). Sequence similarity with
the I-domain of integrin and excellent EMdensity
map led to accuratemodel building of thea2-VWA
domain (fig. S10, A and B). The metal ion–
dependent adhesion site (MIDAS) motif, which
modulates the conformational changes of VWA
domains upon ion binding, is conserved in the
a2-VWA domain (Fig. 6B and fig. S10A). A hydro-
phobic residue, Phe302, in the loop between b6
and a6 is buried in the pocket in the closed state
of the aM integrin I domain, but not in its open
state (65). In the a2-VWA structure, despite the
lack of the corresponding Phe and the lack of den-
sity for a metal ion, the loop is away from the
pocket, reminiscent of an open state (Fig. 6B).
After assignment of the VWAdomain, wewere

able to identify the two Cache domains and build
the structural model based on the crystal struc-
tures of the sensor domain of the Bacillus subtilis
kinase D (KinD) (66) and the Mcp_N and cache
domain of methyl-accepting chemotaxis protein
(PDB code 3C8C) (fig. S10C). The VWA and the
two Cache domains are intertwined in the pri-
mary sequences (Fig. 6A). The Cache1 domain is
disrupted by the VWA domain (residues 251 to
443). In addition, similar to other tandem Cache
domains, the N- and C-terminal segments of one
extended helix belong to the Cache2 and Cache1
domains, respectively, and the last b strand in
Cache1 is directly connected to the second helix
of Cache2 (Fig. 6A). These features suggest that

the two Cache domains may be rigid relative to
each other. Together, they interact with the VWA
domain through an extended and continuous in-
terface (Fig. 6C). The primary sequence of Cache2
is further disrupted by a fragment (residues 521
to 559) whose EM densities are largely missing
except for two extended segments that adjoin the
Cache2 domain.
Ala substitution of Arg217 (the residue was re-

numbered after removal of the signal peptide)
in the mouse a2 subunit was shown to inhibit
binding of pregabalin (29). In rabbit, the corre-
sponding residue is Arg243, which demarcates the
short helix a3 and the preceding loop and covers a
central pocket of the Cache1 domain (Fig. 6D).
The Cache domain is present in diverse bacterial
chemotaxis receptors (66, 67). A single point mu-
tation of the conserved Arg (Arg131 → Ala) in
KinD changed the ligand specificity from pyru-
vate to acetate (66). The structural similarity be-
tweena2-Cache1 andKinDsuggests that pregabalin
may be accommodated in the pocket of Cache1
and coordinated by Arg243 (Fig. 6D and fig. S10C).
The identification of the d1 subunit was aided

by the disulfide bond. Because the position of
Cys406 was well defined in the VWAdomain, the
adjacent density likely belongs to Cys1062 in d1 and
the elongated thread of density likely corresponds
to a fragment in the d1 subunit (fig. S10D).However,
the quality of the density did not support residue
assignment. We modeled a poly-Ala chain to in-
dicate its position relative to a1 and a2. No density
was found in the transmembrane region thatmay
correspond to segment in the d1 subunit. The den-
sity for the remainder of a2d-1 was less well re-
solved.We therebymodeledpoly-Ala to this density.

The EMdensitymap reveals that the a1 subunit
interacts with a2 mainly through its extracellular
loops, particularly the L5 loops of repeats I to III
and the intervening loop between S1 and S2 of
repeat I (designated L1-2I loop) (Fig. 6, B and E).
The structure is consistent with a previous obser-
vation that the extracellular motif of repeat III
associates with a2 (68, 69). As seen from the EM
density, three domains of a2 contact a1, including
the VWA, Cache1, and the intervening loop of
Cache2 (Fig. 6E). The extensive interactions, which
may stabilize the extracellular loops of a1 and
give rise to the well-resolved EM densities, pro-
vide the molecular basis for the modulation of
a1 by a2d-1. In particular, the MIDAS motif is lo-
calized immediately above the L1-2 loop in VSDI

(Fig. 6B). Conformational changes of MIDAS can
be directly coupled to the modulation of VSDI.
Although Arg243 of the Cache1 domain is away
from the interface betweena1 anda2, its preceding
loop is involved in the association with L5III of
a1 (Fig. 6, D and F, and fig. S4). It remains to be
investigatedwhether the gabapentinoid drugsmay
allosterically regulate a1 through this interface.
Our structural characterizations reveal the

detailed architecture of a eukaryotic Cav channel
in complex with its auxiliary subunits (Fig. 6F
and movie S1). Although molecular understand-
ing of ion selectivity and voltage gating will
require improved resolution, the present struc-
tural analysis provides an important framework
for understanding the function and diseasemech-
anisms of related Cav and Nav channels. The
intersubunit interfaces identified in the complex
structure provide the basis formolecular interpre-
tation of a1 modulation by the auxiliary subunits.
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Fig. 5. Interactions between
the g and a1 subunits. (A) The
g subunit contacts the VSD of
repeat IV in the a1 subunit.
Density maps were generated in
Chimera. (B) TM2 and TM3 of
the g subunit appear to mediate
the interaction with VSDIV of
a1. [See fig. S9 for details of
structural modeling of g, which
resembles claudins (58, 59).]
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The structure also provides a foundation for fu-
ture biophysical and computational characteriza-
tions of the Cav and Nav channels.

Materials and methods
Expression and purification of rabbit b1a
The cDNAof the rabbit b1a (Uniprot ID: P19517)was
synthesized and codon-optimized for Escherichia
coli expression. The cDNAwas subcloned into the
pGEX-4T2 vector (Novagen). GST-fused b1a was
overexpressed and purified following similar pro-
tocol reported previously (31–33). Briefly, over-
expression of b1a was induced in E. coli BL21
(DE3) by 0.2 mM isopropyl-b-D-thiogalactoside
when the cell density reached an optical density
at 600 nm (OD600) of approximately 1.2. After
growth for 12 hours at 18°C, the cells were col-
lected; resuspended in the lysis buffer containing
25 mM Tris-HCl, pH 8.0, and 150 mM NaCl; and

disrupted through sonication. Cell debris was
removed by centrifugation at 27,000g for 1 hour.
The supernatant was applied to Glutathione
Sepharose 4B resin (GS4B, GE Healthcare) and
washed three times with the lysis buffer. The
protein was then eluted from GS4B resin with
the buffer containing 50 mM Tris-HCl, pH 8.0,
50 mM NaCl, and 10 mM glutathione, and was
further purified through an anion-exchange column
(Source 15Q, GE Healthcare). The peak fractions
were collected and stored at –80°C for future use.

Pull-down of Cav1.1 complex by GST-b1a
The skeletalmusclemembrane fromNewZealand
white rabbit was collected as described (40). The
enriched membrane was solubilized at 4°C for
2 hours in buffer containing 20 mMMOPS-Na,
pH 7.4, 500mMNaCl, 0.5mMCaCl2, 1% (w/v) digi-
tonin (Sigma), protease inhibitor cocktail [2 mM

phenylmethylsulfonyl fluoride (PMSF), aprotinin
(2.6 mg/ml), pepstatin (1.4 mg/ml), and leupeptin
(10 mg/ml)], and excessive purified GST-b1a.
After ultracentrifugation at 200,000g for 30 min,
the supernatantwas collected and incubatedwith
GS4B resin at 4°C for 1 hour. The protein-loaded
resin was washed three times with buffer con-
taining 20mMMOPS-Na, pH 7.4, 500 mMNaCl,
0.5 mM CaCl2, 0.1% digitonin, and protease in-
hibitors. The target protein complex was eluted by
the buffer containing 100 mM Tris-HCl, pH 8.0,
200 mMNaCl, 0.5 mM CaCl2, 15 mM reduced glu-
tathione, 0.1% digitonin, and protease inhibitors.
Afterproteolytic removal of the fusedGST, the eluent
was concentrated and applied to size-exclusion
chromatography (Superdex 200, 10/300 GL, GE
Healthcare) in buffer containing 20 mM MOPS-
Na, pH 7.4, 200 mM NaCl, 0.5 mM CaCl2, 0.1%
digitonin, and protease inhibitors. The peak
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Fig. 6. Structure of the a2d-1 sub-
unit. (A) Domain organization of the
a2d-1 subunit. Shown above is a dia-
gram of the domain structures of a2d-1.
The residues that are glycosylated
are indicated by the dots below, blue
for structurally identified ones.The
a1 subunit is shown in semitransparent
surface view to indicate its relative
position to a2d-1. The sugar moieties
are shown as sticks. (B) Structure of
the VWA domain.Top: The conserved
metal ion–dependent adhesion site
(MIDAS) motif, shown as yellow
sticks, is located directly above the
a1 subunit. Bottom: The VWA domain
may exhibit an open conformation.
Shown here are the structural overlay
of a2-VWA subunit (green) with the
I-domain of aM integrin in the open
(PDB code 1IDO, colored blue) and
closed (PDB code 1JLM, colored gray)
conformations.The conformation of
the intervening loop (highlighted with
red circle) between strand b6 and helix
a6 suggests that the a2-VWA may
adopt an open state. (C) Interaction
between the VWA and two Cache
domains in a2. Note that the elongated
helix that spans the two Cache
domains is a characteristic feature of
two tandem Cache domains.The
glycosylated residues are labeled.
(D) Arg243, whose mutation led to
reduced pregabalin binding, caps the
central pocket of the Cache1 domain.
[See fig. S10D for structural compari-
son with the homologous KinD
domain.]Mutation of the corresponding
Arg of KinD led to the change of
ligand specificity (66). (E) Interaction
between a2d-1 and a1. The semi-
transparent EM density maps, gener-
ated inChimera, are colored according
to domain. (F) The detailed structure
of the Cav1.1 complex.The structure is
color-coded for the domains discussed in the text.
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fractionsof target protein complexwerepooledand
concentrated to about 0.1mg/ml for EM analysis.

Cross-linking of proteins coupled with
mass spectrometry analysis (CXMS)

CXMS samples were prepared following a pub-
lished protocol (70). The purified Cav1.1 complex
proteins were cross-linked using disuccinimidyl
suberate (DSS) at room temperature with the
protein:DSS (w/w) ratios at 4:1, 2:1, and 1:1 for
1 hour. The reactions were stopped by addition
of 20 mM ammonium bicarbonate over 20 min
at room temperature. Cross-linked protein sam-
ples were separated on a 12% SDS-PAGE gel,
stained with Coomassie blue, and washed with
ddH2O. The high molecular weight bands seen
only in the cross-linked samples were carefully
excised and digested in gel with Lys-C (5 ng/ml)
and trypsin (10 ng/ml).
Digestedpeptideswere analyzedonaQ-Exactive

mass spectrometer equipped with an easy nano-
LC 1000 liquid chromatography system (Thermo-
Fisher Scientific). Peptides were desalted on a
75 mm×6 cmpre-column, whichwas packedwith
10 mm, 120 Å ODS-AQ C18 resin (YMC Co. Ltd.,
Kyoto). Thepre-columnwas connected to a 75mm×
10 cm analytical column, which was packed with
1.8 mm, 120 ÅUHPLC-XB-C18 resin (WelchMate-
rials Inc., Shanghai). The peptides were separated
using a 66-min linear gradient from 5% buffer B
(100% acetonitrile, 0.1% formic acid), 95% buffer
A (0.1% formic acid) to 30% buffer B, followed by
a 5-min gradient from 30% to 80% buffer B and a
final 8-min wash with 80% buffer B. The flow
rate was 200 nl/min. TheMS parameters were as
follows: top 15 most intense ions were selected
forHCDdissociation; R = 140,000 in full scan, R =
17,500 in HCD scan; AGC targets were 1e6 for
FTMS full scan, 5e4 for MS2; minimal signal
threshold for MS2 = 4e4; precursors having a
charge state of +1, +2, > +6 or unassigned were
excluded; normalized collision energy, 30; pep-
tide match, preferred.
To identify cross-linked peptides, the MS data

were searched using the pLink search engine (71)
against a protein database containing the sequences
of all the subunits of the Cav1.1 complex and the
proteases used in the digestion. The pLink search
parameters were: maximum number of missed
cleavages (excluding the cross-linking site) = 3;min
peptide length = 4 amino acids; fixed modifica-
tion = cysteine carbamidomethylation. The search
results were filtered by requiring a mass devia-
tion of ≤10 ppm between an observed precursor
mass and the mass of the matched peptide or
peptide pair (either themonoisotopic or the first,
second, third, or fourth isotopic mass), E-value <
0.001, false discovery rate < 0.05, and identifica-
tion in at least two biological repeats.

Cryo-EM data acquisition

Cryo-EM grids were prepared with VitrobotMark
IV (FEI). Aliquots (4 ml) of purified Cav1.1 complex
at a concentration of approximately 0.1 mg/ml
were placed on the copper grids supported by a
thin layer of continuous carbon film estimated to
be ~30 Å thick (Zhongjingkeyi Technology Co.

Ltd.). Grids were blotted for 2 s and flash-frozen
in liquid ethane cooled by liquid nitrogen. Grids
were transferred to a Titan Krios (FEI) electron
microscope that was operating at 300 kV with a
nominal magnification of 22,500. Defocus varied
from 2.0 to 3.3 mm. Images were recorded man-
ually using a K2 Summit counting camera (Gatan
Co.) in superresolutionmode andbinned to a pixel
size of 1.32 Å. Each image was dose-fractionated
to 32 frames with a dose rate of about 8.2 counts
per second per physical pixel (~6.3e–/s Å2), result-
ing a total exposure time of 8 s and 0.25 s per
frame. UCSFImage4 was used for all data collec-
tion (developed by X.L.).

Image processing

The images were aligned and summed using
whole-imagemotion correction (42). The defocus
value of each imagewasdeterminedbyCTFFIND3
(72). The particles were picked by RELION 1.3 (43)
and manually checked by removing bad parti-
cles. All 2Dand 3D classifications and refinements
were performed using RELION 1.3.
A total of 1,481,899 particles from 3991 micro-

graphs were selected and reference-free 2D class
averaging was performed, yielding 1,367,382 good
particles. The previously reported 20 Å cryo-EM
reconstruction of Cav1.1 (EMDB accession 1069)
(38) was used as starting model. Through 3D
classification against the startingmodel low pass
filtered to 60 Å, a random subset of 250,000 par-
ticleswere classified to generate themost homoge-
neous class of 82,453 particles. Auto-refinement
of this class gave rise to a 3D reconstruction with
resolution at 6.7 Å, which showed distinguish-
able secondary structural elements. The handed-
ness of the map was determined and corrected
by comparison with crystal structures of CavAb
and NavRh and the handedness-corrected map
was used as new initial model.
A 3D classification into six classes was then

performed for all the 1,367,382 particles. This re-
sulted in three classes with better overall recon-
structed features. The three classeswere combined
into a subset of 872,390 particles (subset 1). The
other three classes showed a small “tail” in the
cytosolic region reminiscent of the previously
reported b (38). These classes were combined
into a subset of 494,992 particles (subset 2). The
auto-refinement of both subsets were performed,
yielding two maps with resolution of 5.3 Å and
6.9 Å, respectively (fig. S2). In a subsequent 3D
classification run with four classes, an angular
sampling of 1.8° was combined with local angu-
lar searches around the refined orientations. The
most homogeneous class of 353,372 particles from
subset 1 was subjected to auto-refinement and
resulted in a reconstruction at a resolution of
4.2 Å based on the gold-standard Fourier shell
correlation (FSC) 0.143 criterion. Auto-refinement
of the best class of the 167,081 particles from
subset 2 gave rise to a reconstruction of 6.1 Å.
Local resolutionwas estimated usingResMap (73).

Model building and structure refinement

A simplified diagram of the procedure for model
building is presented in fig. S3. Themodelwas built

in COOT (74). The crystal structure of b2 bound to
the alpha-interaction domain (AID) (PDB code
1T0J) was docked into the “tail” density as a rigid
body. A crude poly-Ala model for a1 was generated
based on the crystal structures of NavRh (PDB
code 4DXW) (22) and CavAb (PDB code 4MS2)
(39) by CHAINSAW (75). Themodel wasmanual-
ly adjusted to fit the EM density. Extracellular
loops, unique sequence patterns with consecutive
aromatic residues, and CXMS analysis were used
to distinguish the four homologous repeats (fig.
S5). The lack of EM density for the inter-repeat
segments made it challenging to assign the four
homologous but nonidentical repeats in the
a1 subunit. Theoretically, there can be six spatial
arrangements of the four repeats that are allowed
by the long intervening sequences (fig. S5A).
Previous analysis of the interaction between
m-conotoxin GIIIA and the pore domain of a
Nav channel suggested a clockwise arrangement
of the four repeats when viewed from the ex-
tracellular surface (44, 45). However, the structure
of a K+ transporter TrkH revealed a counter-
clockwise connection in the same view (48).
After the assignment of a1 subunit, the EM

density corresponding to four additional trans-
membrane helices (TM) was clearly identified
to be the g subunit. Structural predication by the
I-TASSER server (57) gave rise to five models,
whose TM regions fit well to the EM map.
Consistent with previous analysis, the bulky

extramembrane domain appears to be the extra-
cellular a2d-1 subunit. The VWA domain that is
located just above the VSD of repeat I was first
identified. An atomic model of this domain was
derived from thehomologous structure of I-domain
of the aM integrin (PDB code 1IDO). Two adja-
cent domains enriched with beta strands were
predicted to be homologous to bacterial chemo-
sensory domains (known as the Cache1 andCache2
domains). The structuralmodel of these domains
was built on the basis of the crystal structures of
the sporulation kinase D sensor domain (PDB
code 4JGP) and Mcp_N and cache domains of
methyl-accepting chemotaxis protein (PDB code
3C8C). The structural models for VWA and the
twoCachedomainsweremanually adjusted into the
EMdensity with the reference of unique sequence
patterns andpredictedN-linked glycosylation sites.
Upon assignment of side chains of the VWA do-
main, the disulfide bond between Cys406 of the
VWA domain and Cys1062 of the d subunit was
identified, which allowed the tracing of an elon-
gated fragment of the d subunit. Finally, poly-Ala
chains were built for the remaining EM density,
which shouldmostly correspond to thea2 subunit.
Structure refinementwas carried out by PHENIX

(76) in real space with secondary structure and
geometry restraint.
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