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IP;-mediated gating mechanism of the IP; receptor
revealed by mutagenesis and X-ray crystallography
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The inositol 1,4,5-trisphosphate (IPs3) receptor (IPsR) is an IP3-gated
ion channel that releases calcium ions (Ca?*) from the endoplasmic
reticulum. The IPs-binding sites in the large cytosolic domain are
distant from the Ca?* conducting pore, and the allosteric mecha-
nism of how IP; opens the Ca?* channel remains elusive. Here, we
identify a long-range gating mechanism uncovered by channel
mutagenesis and X-ray crystallography of the large cytosolic do-
main of mouse type 1 IP;R in the absence and presence of IPs.
Analyses of two distinct space group crystals uncovered an IPs-
dependent global translocation of the curvature a-helical domain
interfacing with the cytosolic and channel domains. Mutagenesis
of the IP3R channel revealed an essential role of a leaflet structure
in the a-helical domain. These results suggest that the curvature
a-helical domain relays IPs-controlled global conformational dy-
namics to the channel through the leaflet, conferring long-range
allosteric coupling from IP; binding to the Ca%* channel.

allosteric regulation | calcium channel | IP5 receptor |
X-ray crystallography | gating mechanism

large variety of extracellular signals bind to evolutionarily

diverse plasma membrane receptors and converge into the
formation of intracellular chemical signals acting on only a few
types of intracellular transmembrane receptors. One of these
major intracellular receptors is the inositol 1,4,5-trisphosphate
(IP3) receptor (IP;R) in the endoplasmic reticulum (ER), which
releases calcium ions (Ca**) from the ER into the cytosol in
response to the second messenger IP; cleaved from phosphati-
dylinositol 4,5-bisphosphates on G protein-coupled receptor
stimulation (1-3). A full-length IP;R gene has been cloned from
mouse Purkinje neurons (4), and three isoforms have been
identified (2). The brain-dominant type 1 IP;R (IP;R1) regulates
long-term potentiation/depression (2, 5-7) and spinogenesis (8),
is genetically causative for spinocerebellar ataxia 15 (9, 10) and is
implicated in the etiology of Alzheimer’s disease (11, 12) and
Huntington’s disease (13, 14). Despite these important roles of
IP3;R in normal and disease conditions, the basic gating mecha-
nism of how IP5 opens the Ca®* channel remains elusive.

IP;R genes encode a large cytosolic domain and a small Ca**
channel domain (2-4). The cytosolic domain contains all of the
key functional sites that confer receptor function and regulation,
including an IP5-binding core (IBC) (15) and an adjacent amino
(N)-terminal suppressor domain (SD) (16) that reduces the af-
finity of IP; binding and large regulatory domains responsible for
intracellular effector molecules including Ca®* (17). There have
been two proposed models for channel gating by IP;R: direct
binding of the IBC/SD domains to the channel domain for gating
(18), and long-distance coupling from IBC to the channel, which
we proposed in previous structural studies (19, 20). Recent cryo-
electron microscopy (cryo-EM) analysis of IP;R (21, 22) has
demonstrated that the IBC is ~70 A apart from the Ca®* con-
ducting pore and directly contacts to the C-terminal tail through
a long helical bundle connecting to the pore forming the sixth
transmembrane helix (S6). How IP;-binding sites physically
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communicate with the channel at a long distance remains
unknown, however.

An early gel filtration study of overexpressed rat IP;R1 cyto-
solic domain detected an IP3;-dependent shift of elution volumes
(23), and X-ray crystallography of the IP;-binding domain pro-
vided the first glimpse of IP;-dependent conformational changes
(24). However, the largest IP;R1 fragment solved to date by
X-ray crystallography is limited to the IP;-binding domain in-
cluding ~580 residues in IP;R1 (24, 25); thus, the major residual
part of the receptor containing more than 1,600 residues in the
IP3R cytosolic domain remains unsolved by crystallography, and
our understanding of the global conformational changes elicited
by IP; remains incomplete. In the present study, we performed
X-ray crystallography of the cytosolic domain and functional
analyses of the IP;R channel to explore the long-range allosteric
mechanism for channel gating.

Results

To unveil the structure of the massive cytosolic domain of the
IP;R constituting 2,217 amino acid residues, we expressed re-
combinant IP;R1 truncated with the C-terminal transmembrane
domain in insect cells (Fig. 14) using a baculovirus system (19).
The size and monodisperse distributions of purified proteins
were determined by size exclusion chromatography and dynamic
light scattering (DLS) measurements. A truncated construct
produced small crystals in an initial screening, but the resolution
of diffraction was insufficient, so we constructed various bacu-
loviruses with other truncations or mutations and subsequently
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Fig. 1. Global architecture of the IP3R large cytosolic domain. (A) Domain
organization. Each domain is depicted in a different color: yellow, sup-
pressor domain (SD; 7-225 amino acid residues); red, IPs-binding core (IBC;
226-604 residues); green, a-helical domain 1 (HD1; 605-1,009 residues); blue,
a-helical domain 2 (HD2; 1,026-1,493 residues); tan, a-helical domain 3 (HD3;
residues 1,593-2,217); and gray, channel domain (CD; 2,218-2,749 residues).
(B) Overall crystal structure of IP3R2217 viewed from two sides. The overall
arrangement of domains is consistent with four crystal structures solved
using €222, and P4, crystals (5.8-7.4 A datasets). The left corresponds to a
top view from the cytosolic side with respect to the membrane in the tet-
rameric IP3R (Fig. S4F).

optimized the crystallization conditions. A truncated IP;R1 in-
cluding 2,217 residues with an R937G mutation (IP;R2217)
produced diffracting crystals with a rod shape, and another
crystal derived from a truncated IP;R1 including 1,585 residues
with an R922G mutation (IP3R1585) formed bipyramidal crys-
tals (Fig. S1). These rod-shaped and bipyramidal crystals were
also grown in the presence of IP;. For structure determination,
the Ca model by cryo-EM (22) did not provide a definitive so-
lution of molecular replacement using any datasets, indicating
differences between the crystal structures and the cryo-EM
structure; therefore, the divided domains of the cryo-EM
model and the published X-ray structures (25) were used as
search models, which allowed phasing of the diffraction data of
crystals grown under four different conditions, and X-ray struc-
tures of the mouse IP;R1cytosolic domain were obtained using
5.8-7.4 A datasets (Table S1 and Fig. S2).

The crystal structure of the large cytosolic domain of IP;R2217 is
composed of five domains: an N-terminal SD, IBC, and three
curvature a-helical domains 1-3 (HD1-3) (Fig. 1B). The distance
from the IP5-binding site, to the edge of HD3 domain was ~70 A,
consistent with previous reports (19, 22, 26). The a-helices of the
C-terminal side of IBC continues to the HD1 domain, and in-
terfaces formed with 737-748 residues of the HD1 domain made
a contact with proximal edge of HD2, and another interface
consisting of 749-791 residues in the HD1 domain contiguously
connected with the N-terminal side of HD3 of 1,593-1,687 resi-
dues. The packing of the IP;R2217 and IP;R1585 in the crystal
showed several contacts between adjacent molecules through
each domain in the asymmetric unit (Fig. S24). The overall
structure spanning ~120 A in diameter is consistent with electron
microscopy findings for negatively stained and ice-embedded
IP;R2217 (Fig. S2 B-D), and similar to a large protruding do-
main in negative-staining EM observations of tetrameric IP;R
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(19, 26). Experimental phasing with heavy atom clusters also
support our IP;R2217 model (Fig. S2 E-F).

To investigate the effect of IP; on global receptor conforma-
tion, we solved structures using both IP;R1585 and IP;R2217-
crystals grown in the absence or presence of IP; (Figs. 2 and 3
and Figs. S3 and S4). A comparison of IP;R1585 structures in
the absence and the presence of IP; reveals significant changes in
the domain arrangements; thus, we measured the rotational
angle and shift of HD1 and HD?2 in the IP;R1585 crystal struc-
tures (Fig. 2.4 and B). Superposition by fitting two p domains (7—
430 residues) shows that the HD1 domain was rotated ~9° about
a P437 residue (8.7° in chain A of two chains in the asymmetry
unit, 9.1° in chain B of two chains in the asymmetry unit) and the
resultant shift was ~10 A (10.0 A in chain A, 10.4 A in chain B)
as measured by L670 residues. The HD2 domain also rotated
3-4° (3.1° in chain A, 3.9° in chain B), and the shift was ~5 A (4.7 A
in chain A, 5.1A in chain B) as measured by L1449 residues.

To further confirm the IP;-mediated conformational changes,
we compared crystal structures of IP;R2217 in the absence and
presence of IP; (Fig. 3 4 and B). Superposition by fitting two p
domains (7-430 residues) shows that the HD1 domain rotated
~7° (7.2° in chain A, 6.8° in chain B) about P437, and the re-
sultant shift was 8-9 A (8.8 A in chain A, 8.5 A in chain B) as
measured by L670 residues. The HD3 domain also rotated 3-5°
(5.0° in chain A, 3.9° in chain B) about P437, as measured by
11600 residues, and shifted 4-7 A by IP; (6.8 A in chain A, 4.9 Ain
chain B). The HD2 domain rotated 1-2° (2.3° in chain A, 1.4°
in chain B) about P437 and shifted 2-3 A (3.1 A in chain A,
2.0 A in chain B) as measured by L1449 residues. The direction
of HDI1 rotation by IP; in the IP;R2217 was clockwise as viewed
from the IPs-binding site, and this rotation occurred with holding
helical arrangements (helices 1-6) within the transitional region
between IBC and HD1, in which rotational direction was consistent
with that in IP;R1585 (Fig. 3C). The difference around the IP3-
binding site of IP;R1585 (Fig. 2) from IP;R2217 (Fig. 3) could be
interpreted by domain relocations (Fig. S4D) without changes in
the core conformation of each structural domain (Fig. S3D).

Fig. 2.
parison of IP3R1585 structures in the absence of IP3 (colored) with one in the
presence of IP3 (gray). Two structures were superposed by fitting of the
N-terminal p-domain (7--430 residues). (B) Side views of these two crystal
structures. IP3 molecules are in pink, and arrows indicate the direction of
domain relocations by IPs.

IP3-mediated rotation of HD1 about the IPs-binding site. (A) Com-
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Fig. 3. Long-range conformational changes in the large cytosolic domain by
IP3. (A) Comparison of IP3R2217 structures in the absence of IPs (colored) and
in the presence of IP3 (gray). Two structures were superposed by fitting of
the N-terminal B-domain (7-430 residues). (B) Side views of the two crystal
structures. IP; molecules are in pink, and arrows indicate the direction of
domain relocations by IP;. (C) The helical arrangements (helices 1-6) at
transitional regions from IBC to HD1 of IP3R2217 (Left) and IP3R1585 (Right)
were viewed from an IP3-binding site.

To assess an important region for IP;R function, we estimated
interfaces of domains and subunits using our crystal structure
and the previous cryo-EM model (22). The subunit interface was
formed between SD and IBC, and a critical tyrosine residue
(Y167) (27), which is required for IP3R function but not for IP3-
binding, faced to the interface, suggesting that the subunit in-
terface should be essential for IP;R function (Fig. S4F). The SD
also formed subunit interfaces with HD2 and HD3, suggesting
that these could have some functional roles as well. The HD3
domain contains an a-helical repeat structure including a puta-
tive Ca®* sensor glutamate residue (E2100) (28) located at the
loop in a helix-loop-helix fold, consistent with the structure
including a conserved glutamate residue (E4032) in the rabbit
RyR1 (29, 30). This glutamate residue was located near the
interface (Fig. S4F), which is formed by the characteristic long
helix of SD. However, our previous study showed that deletion
of this helix (67-108 residues) had no effect on IP;R function
(27), indicating that this interface contributes a structural
rather than functional role, and thus other interfaces should
be considered.

To search for a new structural pathway involved in channel
gating, we analyzed the Ca®* release activity of full-length mouse
IP;R1 mutants lacking the parts of the HD2 and HD3 domains
(HD2-mut: A1,268-1,492, and HD3-mut: A2,195-2,215) that
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are most distal from IBC and proximal to the domain/subunit
interfaces (Fig. 44), and C-terminal 50 residues that directly
bind to IBC unveiled by cryo-EM (CT-mut: A2700-2749). The
HD?2 and HD3 mutant receptors (HD2- and HD3-mut) showed
a significant loss of function as judged by a positive and a neg-
ative control (Fig. 4 B and C). This finding is in sharp contrast
with the deletion of CT-mut, which showed no decrease but in-
stead a significant increase of IP;R function at low concentra-
tions of bradykinin (BK) (Fig. 4C and Fig. S5C). Furthermore,
we constructed double mutants (HD2+CT-mut and HD3+CT-
mut in Fig. 44) to further examine the functions of these regions.
The double mutation with HD2 and CT showed intact IP;R
function, whereas the double mutation with HD3 and CT re-
sulted in complete loss of function (Fig. 4C). These results
clearly indicate that HD3 is the most essential of these three
regions for IP;R function. Our results also suggest that HD2 and
CT have regulatory roles, but not essential roles, in line with
previous data for a mutant lacking 249 residues in HD2 of mouse
IP;R1 (31) or a mutant lacking 33 residues in CT of rat IP;R1
(32). These domains likely can facilitate isoform-specific regu-
lation because of the low sequence homology in these areas among
IP;R isoforms.

To verify our findings for the HD3 domain, we constructed six
kinds of glycine substitution mutants (Fig. 5 4 and B and Fig.
S6). First, we divided the leaflet structure from 2,195-2,215
amino acid residues into the two parts (2,195-2,294 and 2,295-
2,215 residues) and constructed 10 glycine substitutions (10G-
mut) and 11 glycine substitutions (11G-mut) and examined their
function. Both 10G-mut and 11G-mut activities were disrupted,
confirming our conclusion that this leaflet structure is required
for IP;R function (Fig. 5C). Next, we further divided the leaflet

HD2-mut

12681492 SD IBC HD1 HD2 HD3 CD

HD2-mut
HD3-mut

CT-mut
HD2+CT-mut
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Fig. 4. Essential role of HD3 on IPsR channel gating. (A) Two regions de-
leted in mutants lacking1,268-1,492 residues in HD2 domain and 2,195-
2,215 residues in HD3 domain are depicted in the IP3R2217 crystal structure
(Left), and our prepared deletion mutants are schematized (Right).
(B) The 0.3-nM BK-evoked Ca* release from the ER was measured in Neuro2a
cells under a nominally Ca®*-free condition. Typical responses of eight cells
transfected with full length IPsR1 (control) or with HD3-mut (A2195-2215)
were presented in the differences of Fura-2 ratio. (C) Bar charts summarizing
the relative population + SEM (%) of 0.3 nM BK responding cells calculated
from data of more than four independent experiments (Left) and the am-
plitude of [Ca®*]i increase + SEM (AR) calculated from data of more than
30 cells in (Right) (control, n = 326; D2550A, n = 183; HD2-mut, n = 121; HD3-
mut, n = 228; CT-mut, n = 244; HD2+CT-mut, n = 35; HD3+CT-mut, n = 96). A
Ca“—conducting pore mutant (D2550A) served as a negative control (50).
The significance of multiple comparisons was estimated by Dunnett’s method.
*HEP < 1 x 1070,
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Fig. 5. Critical sites in HD3 responsible for channel gating. (A) Amino acid sequences represent our mutated sites in which 10-11 amino acid residues (10G-
and 11G-mut) or 5-6 amino acid residues (5Ga-, 5Gb-, 5G¢-, and 6G-mut) were substituted for glycine residues. (B) Mutated sites in the IP3R2217 crystal
structure: 5Ga-mut, red; 5Gb-mut, purple; 5Gc-mut, green; and 6G-mut, blue. A critical glutamate residue, E2100, is shown in yellow. (C) Bar charts sum-
marizing the relative population + SEM (%) of 0.3 nM BK responding cells calculated from data of more than seven independent experiments (Left) and the
amplitude of [Ca?*]i increase + SEM (AR) calculated from data of more than 50 cells (Right) (control, n = 167; D2550A, n = 58; 10G-mut, n = 137; 11G-mut, n =
90; 5Ga-mut, n = 171; 5Gb-mut, n = 144; 5Gc-mut, n = 163; 6G-mut, n = 149). The significance of multiple comparisons was estimated by Dunnett’s method.
*P =0.0139; ***P < 0.001. (D) Model for IPs-dependent gating mechanism of IPsR. Two opposing IP3R2217 molecules are delineated by superimposing in the
cryo-EM map (EMD-6369). Color codes of domains and critical sites in the leaflet structure are the same as in Figs. 1 and 3. The Ca* conducting pore formed
with the transmembrane helix and the C-terminal region (light blue) were prepared according to coordinates of rat IP;R1 (PDB ID code 3JAV). We propose
that IP;-dependent global conformational changes and gating transmission by the leaflet structure work in concert to open the channel pore (dotted lines).

into five or six amino acid residues and constructed four glycine
substitution mutants (Fig. 5 4 and B). The IP;R activities of
three of these mutants (5Ga-, 5Gc¢-, and 6G-mut) were signifi-
cantly reduced, and only 5Gb-mut retained IP;R function (Fig.
5C). These data indicate two discontinuous sections, consisting
of 2,195-2,199 residues and 2,205-2,215 residues, which are es-
sential for IP;R function.

Discussion
The mechanism of how IP; opens the Ca** channel in the IPsR
has remained elusive because of difficulties associated with the
long distance between IP3-binding sites and the Ca®* channel.
Our present study reveals long-range conformation changes of
the IP;R cytosolic domain from the IP;-binding site to the
channel domain, consisting of more than 2,000 amino acid res-
idues, in response to IP;, and also clarifies that IP;R function
requires a small leaflet structure containing only 21 amino acid
residues, located at the most distal location of the IP;-binding
site. Therefore, we conclude that an IP;-dependent conforma-
tion change is transmitted from IBC to the channel through
HD1 and HD3 containing the leaflet region (Fig. 5D). Mutation
analyses of the leaflet region have unveiled essential roles not
only of residues facing the cytosolic domain, but also of residues
facing the channel domain; thus, the double-edged sides of the
leaflet are involved in relaying IPs-dependent conformational
status from the large cytosolic domain to the channel pore.
Our study is a crystallographic analysis demonstrating that a
local IP;-binding event by several amino acid residues co-
ordinating with IP; molecule spreads to the entire large cytosolic
architecture. The most conspicuous conformational change was
caused by relocation of HD1 with respect to the N-terminal
B-domains in both IP;R2217 and IP3;R1585 crystals, and it is
notable that this domain rotated about a transition point from
the p-structure to the a-structure in the IBC. Furthermore, this
rotation about the pivot point determines the position of the
HD3 domain that connects to the Ca** channel domain. In SD/
IBC domains, the a-helical region of IBC slightly moves closer to
the B-domains by anticlockwise rotation as viewed from the top,
and it rotates toward the top along a vertical axis in a clockwise
direction as viewed from the IP;-binding site, in line with
previous studies about the SD/IBC domains (24, 25). These
two directions reflect the horizontal and vertical movement of

4664 | www.pnas.org/cgi/doi/10.1073/pnas.1701420114

HD1 in IP;R2217 and IP;R1585 (Figs. 2 and 3), which should
affect HD3 relocation along the horizontal direction in which
HD3 domains become more distal from the fourfold axis in
the tetrameric IP;R (Fig. 5D). Consequently, the motion of
leaflet region could shift the pore-forming TM6 helix to open the
Ca”* pore (dotted line in Fig. 5D).

In the tetrameric IP;R1, the globular f-domain of SD interacts
with the p-domain of IBC of a neighboring subunit through the
Y167-containing interface (Fig. S4F), which constructs the ring
arrangement eight globular f-domains at the top of the IP;R (22,
25), consistent with the RyR (29, 33-35). We suggest that this
B-domain ring serves as a fixed end of the large cytosolic domain
to enable efficient gating transmission from IP; to the channel.
The reason why Y167 mutation can disrupt IP;R function de-
spite its long distance from the channel may be elucidated by the
instability of the f-domain ring and the resulting inaccuracy of
gating transmission. Fan et al. (22) proposed that the channel
activation by IP; would occur by the direct coupling of the C
terminus with IBC (N-C coupling) and by the coupling of SD to
an armadillo repeat domain 3 (ARM3)/intervening lateral domain
(ILD) of neighboring subunits (SD-ARM3-ILD). Our present
functional data support the SD-ARM3-ILD pathway rather than
N-C coupling; however, the SD long helix (67-108 residues)
contacting with ARM3 is not essential for IP;R function, as
revealed by our previous study (27). Therefore, we propose a
new pathway from IBC to the leaflet/ILD regions through the
HD1 and HD3 domains (IBC-HD1-HD3-leaflet). This pathway
is structurally supported by IP5-dependent conformational changes
(Fig. 5D). Our structural comparison with crystal structures and
the cryo-EM structure revealed two aspects within the subunit
conformation: an immobile arrangement of curvature helical
structure consisting of the HD1 and HD3 domains, consistent with
the cryo-EM model (Fig. S4F), and variable arrangements of
HD?2 in relation to HD1, shown by the large difference between
our crystal structures and the cryo-EM structure (Fig. S4 A-D),
and variable placements of IBC relative to HD1, shown by the
difference between IP;R1585 and IP;R2217 (Fig. S4 4, C, and D).
During IPs-dependent channel activation, the former architecture
would act as a rigid body conducting a torque from IP;-binding
sites to the channel domain, whereas the flexible regions would
contribute to the dynamic properties of the IP;R. Despite the apo
state of IP;R, the spatial relationship between IBC and HD1 was
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found to be variable; interestingly, this area contains a pivotal locus
responsible for IP;-binding. Therefore, the dynamic nature around
the IP5-binding site provides a plausible conformational landscape
for ligand-dependent conformational selection.

The sequence alignment of IP;R and RyR indicates that the
equivalent leaflet region in the RyR intervenes to the Ca**- and
Zn**-binding sites in the 3D structure revealed by a recently
reported cryo-EM study (36) (Fig. S6 D and E), suggesting in-
tegrative roles of this region underlying channel activation.
Considering that the RyR Ca®*-binding pocket is common with
IP;R (36), and that Ca** regulates IP5R (17) in a similar manner
to RyR, the contact of the leaflet to the Ca®*-binding site suggests
Ca2+-dependent activation of leaflet-mediated gating transmission
and/or leaflet-mediated activation of Ca** binding. The functional
role of Zn?* ions in IP;R remains largely unknown, but our pre-
vious mutagenesis study demonstrated a complete loss of IP;R
function with a C2610 or a C2613 mutation (31), corresponding to
the zinc-finger motif of RyR2 (37); thus, the intervening leaflet
presumably can mediate structural and functional coupling be-
tween the Ca®"- and Zn**-binding sites. In particular, here we
found that the 5Ga region, but not the 5Gb region, closely faces
the helix bridging between these sites and contains highly con-
served isoleucine (12195), glutamate (E2196), and isoleucine
(I2197) residues in IP3R of all isoforms and various animals (Fig.
S6 D and E). Thus, these residues are candidates for mediating
gating transmission to the channel domain. The deletion of the
leaflet-containing region had no effect on IPs-binding affinity and
cooperativity (31), thus the IP;-dependent conformational change
should occur independently of the mutations within the leaflet.
Therefore, the reason for defects in the IPs-mediated motion of
TMG6 helices in the mutants is that the leaflets of 5Ga and 5Gc/6G
mutants could not physically connect with the helix bridging be-
tween the Ca?*- and Zn**-binding sites and the helix in HD3,
respectively. To our knowledge, this mechanistic insight is our
original model of IP;-dependent long-range communication from
the IPs-binding site to the channel through the large helical ar-
chitecture including HD1, HD3, and the leaflet, providing strate-
gies for further study and drug development of the IP;R.

Methods

Expression and Purification of IP;R1585 and IP;R2217. All baculoviruses were
amplified in Spodoptera frugiperda (5f-9) insect cell lines, harvested, and
infected into insect cells for expression as described previously (19), follow-
ing the manufacturer’s protocol (Life Technologies). Insect cells were in-
cubated at 27 °C for 2 d after being infected with IP3R1585- or IP3R2217-
encoding baculoviruses and then harvested by centrifugation at 1,500 rpm
in a table-top centrifuge (model 8420; Kubota), washed with 3 volumes of
ice-cold PBS at least twice, frozen in liquid nitrogen, and stored at —80 °C in
a Revco freezer (Thermo Fisher Scientific). The IPsR1585 and IP3R2217 pro-
teins were purified as described previously (19, 38), with modifications.
Baculovirus preparation and protein purification are described in more de-
tail in S/ Methods.

Crystallization and Data Collection. Screening of crystallization conditions was
performed with the CrystalPro protein crystal imaging system (TriTek). Initial
crystals were obtained by 96-well sitting drop screens using several lines of
screening kits (Qiagen). The first crystals of IP;R1585 and IP3R2217 obtained
were ~10 pm in size and had rice-like and rod-like shapes, respectively. For
diffraction experiments, IP3R1585 was diluted with 10 mM Hepes buffer
(pH 7.3) containing 150 mM NaCl, 1 mM TCEP, and 0.3 mM IPs (or without
IP3), and crystallization was carried out at 18 °C in hanging drops consisting
of 1.5 pL of protein solution (20 mg/mL) and 1.5 pL of reservoir solution.
Crystals appeared in the tetragonal space group P4, with two molecules of
IP3R1585 in the asymmetric unit. The crystals were grown in lithium sulfate
concentrations ranging from 1.45 to 1.8 M in 0.1 M Hepes buffer (pH 7.1-
7.5). Crystals reached full size in 2 wk, at which point they were picked with a
cryo loop, cryoprotected by increasing glycerol concentrations, and flash-
frozen in a liquid nitrogen stream at 100 K. Crystals of IP3R2217 appeared
in the orthorhombic space group €222, with two molecules of IP3R2217 in
the asymmetric unit. Cryoprotectants for IP3R2217 crystals were screened
using CryoPro (Hampton Research), and glycerol was chosen as a suitable
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cryoprotectant. The crystals used for diffraction experiments were obtained
from 7.5 mg/mL IP3R2217 and grown using sodium citrate as a precipitant at
concentrations ranging from 0.5 to 0.7 M in 100 mM imidazole buffer (pH
6.9-8) and 12% (vol/vol) glycerol in the absence and presence of 0.1 mM IPs.
Crystals reached full size in 1-4 wk at 22 °C, at which time they were picked
with a cryo loop and flash-frozen in a liquid nitrogen stream at 100 K
without additional cryoprotectant. Heavy atom derivatives were obtained
by soaking crystals in precipitant solutions containing several heavy atoms
using Heavy Atom Screens (Hampton Research) and Phasing Kits (Jena Bio-
science), and the stability of crystals was evaluated by X-ray diffraction. Full
datasets of IP3R2217 crystals soaked in solutions containing 1 mM tantalum
bromide clusters (TagBr2) and 1 mM tungsten clusters (PW;,040 and Hy;W15040)
could be collected. Diffraction data were collected using a Mar225 CCD de-
tector at the BL26B1/B2 stations in the RIKEN SPring-8 facility using a mail-in data
collection system (39, 40).

Crystal quality was checked by measuring diffraction using a Rayonix
MX226HE CCD detector at RIKEN SPring-8 station BL32XU. X-ray diffraction
data were obtained from crystals of IP3R2217 (0.19 mm x 0.038 mm),
IP3R1585 (0.34 mm x 0.14 mm), and IP3R1585 with IP5 (0.27 mm x 0.1 mm)
using a 1.0-A wavelength, and were processed using HKL2000 (41) and XDS
(42). Exposure times were 20, 30, and 25 s/frame for IP3R2217, IP3R1585, and
IP3R1585 with IP3, respectively, and the oscillation range was 1.0°.

Structure Determination of the Large Cytosolic Domain. To prepare a search
model for molecular replacement, a polyalanine model of the regulatory
domain (585-2,217 amino acids) was built on Ca models of rat IPsR1 (3JAV)
(22) using Coot (43). No definitive solution was obtained for either crystal
form, however; thus, we divided the polyalanine model into four domains
and searched for them or previously solved crystal structures by molecular
replacement with the Phaser program (44) in the Phenix suite version 1.9,
and obtained definitive solutions for two IBDs (25) and five regulatory do-
mains in the asymmetric unit of the €222, crystal lattice (Fig. S1B). In each
step of molecular replacement, numerous rod-shaped electron densities
appeared outside the model in which residual models were precisely placed
after additional molecular replacements (Fig. S1C), indicating that the
models were correctly placed. After placing seven domains, the resulting
map also showed clear electron density in the Fo-Fc map, which allowed
placing of the eighth domain. No domains ever clashed with neighboring
domains (Fig. S2A), and the contiguous chain traces between domains as
well as the electron density maps support the correct locations of the domains.
Electron microscopy observation of IP3R2217 and its class average calculated
with an EMAN2 program (45) also supported the size and shape of the large
cytosolic domain determined by crystallographic analyses (Fig. S2 B-D).

To confirm our model built by molecular replacement, we performed
experimental phasing (Fig. S2 £ and F) as described in S/ Methods. The
crystallographic refinements (Table S1) were carried out using the phenix.
refine program (46) in the Phenix 1.10 software package (47). This experi-
ment is described in detail in SI Methods.

Ca?* Imaging. Neuro2a cells (American Type Culture Collection; CCL-131) were
seeded in 3.5-cm glass-bottom dishes and cultivated for 1 d in 2 mL of DMEM
containing 10% (vol/vol) FBS, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin, and then transfected with plasmids for wild-type or mutant full-
length IPsR using FUGENE (Promega) as described previously (14, 48, 49).
At 1 d after transfection, Fura 2-AM was loaded into Neuro2a cells by in-
cubation with 5 UM Fura 2-AM in balanced salt solution containing 115 mM
NaCl, 5.4 mM KCl, 2 mM CaCl,, 1 mM MgCl,, 20 mM Hepes, pH 7.4, and
10 mM glucose for 30 min at room temperature. Then Ca®* imaging was
performed using an inverted fluorescence microscope with a 20x objective
lens (S Fluor 20x, NA 0.75; Nikon) and AQUACOSMOS (Hamamatsu Pho-
tonics) to obtain F340/F380 ratio images as described previously (14, 48, 49).
To monitor Ca®* release from the ER, Neuro2a cells were perfused with
Ca®*-free BSS for 2 min immediately before [Ca%*]i measurements.
Recombinant IPsR1, which was expressed as an EGFP-fusion protein, was
prepared using several primers (Figs. S5 and S6). The HD3-mut (A2,195-
2,215) was constructed by replacing a PCR product amplified with P1 and
P2 primers into the BamHI and EcoRI sites of pcDNA3.1/Zeo(+)/EGFP-IPsR1
(Fig. S5). The HD2-mut (A1,268-1,492) and CT-mut (A2,700-2,749) mutants
were constructed by inserting a PCR product amplified with P3/P4 and P5/
P6 primers into pcDNA3.1/Zeo(+)/EGFP-IP3R1 through the BamHI/BamHI and
Sbfl/Xhol sites, respectively (Fig. S5). Double mutants (HD2+CT- and HD3+CT-
mut) were constructed by combining two mutants. All substitution mutants
(10G-, 11G-, 5Ga-, 5Gb-, 5Gc-, and 6G-mut) were constructed by replacing
PCR products amplified with P7-P12 primers into the BamHI and EcoRlI sites
of pcDNA3.1/Zeo(+)/EGFP-IPsR1 (Fig. S6).The pore mutant D2550A (50) was
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prepared using the Stratagene QuikChange Kit and used as a negative
control. The deletion and point mutations were confirmed by sequence
analysis using an ABI 3730x| automatic sequencer (Applied Biosystems). Ex-
pression of the full-length IP3R1 was confirmed by Western blot analysis and
by the fluorescence of GFP in the living cells (Fig. S5 B and D). Also confirmed
were the targeting and distribution of these mutants in the ER (Fig. S5E) and
glycosylation using ConA-Sepharose (Fig. S5F). [Ca®*]i was measured in GFP*
Neuro2a cells stimulated with 0.3 nM (Figs. 4 and 5 and Fig. S6C) or 1 nM BK
(Fig. S5C) under nominally Ca**-free conditions to evaluate Ca®* release
from the ER through the recombinant IPsR1. The functions of the R922G and
R937G mutants were confirmed by plasmids constructed with the mutated
fragment and pcDNA3.1/Zeo(+)/EGFP-IP3R1 (Fig. S6 B and Q).
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