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Abstract

In the body, extracellular stimuli produce inositol 1,4,5-trisphosphate (IP3),
an intracellular chemical signal that binds to the IP3 receptor (IP3R) to
release calcium ions (Ca2+) from the endoplasmic reticulum. In the past
40 years, the wide-ranging functions mediated by IP3R and its genetic de-
fects causing a variety of disorders have been unveiled. Recent cryo-electron
microscopy and X-ray crystallography have resolved IP3R structures and
begun to integrate with concurrent functional studies, which can explicate
IP3-dependent opening of Ca2+-conducting gates placed ∼90 Å away from
IP3-binding sites and its regulation by Ca2+. This review highlights recent
research progress on the IP3R structure and function.We also propose how
protein plasticity within IP3R, which involves allosteric gating and assembly
transformations accompanied by rapid and chronic structural changes,
would enable it to regulate diverse functions at cellular microdomains in
pathophysiological states.
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Figure 1

IP3R functions at cellular microdomains. (a) In an early study of mutant mice showing motor defects, P400 proteins lacking in
Purkinje neuron deficient mice were identified as the IP3R (1, 184). Panel adapted with permission from Reference 184. Copyright
1985, S. Karger, AG. (b) Morphology of Purkinje neuron dendritic spines in control mice (top) and adult mice (bottom) lacking IP3R1.
Panel adapted from Reference 15 under the terms of the Creative Commons Attribution 4.0 International License, http://
creativecommons.org/licenses/by/4.0. (c) IP3 is liberated by G protein–coupled receptors (GPCRs), B cell receptors (BCRs), T cell
receptors (TCRs), receptors for brain-derived neurotrophic factor (BDNF), vascular endothelial growth factor (VEGF), intercellular
adhesion molecules (ICAMs), and epidermal growth factor (EGF) (185–188). IP3 specifically binds to IP3R and opens the Ca2+
channel. IP3R-mediated Ca2+ release from Ca2+ stores, including the endoplasmic reticulum (ER) and acidic stores, should occur in
various microdomains near the organelle, including mitochondria (Mit), plasma membrane (PM), Golgi, peroxisomes, endosomes,
vacuoles, and autophagosomes. The ER contacts Mit at the mitochondria-associated membrane (MAM). Ca2+ activates gene
expression via the nuclear factor of activated T cells (NFAT).

DISCOVERY OF P400/IP3R FROM THE BRAIN

In the 1970s, mutant mice with abnormal behaviors were studied, and a large membrane protein
called P400, which is highly abundant in cerebella of normal mice, was almost absent in Purkinje
neurons of mutant mice showing motor defects (Figure 1a) (1, 2). The mutant mice had poorly
arborized dendrites in Purkinje neurons,while reduced P400 expression resulted in a loss of calcium
ion (Ca2+) spikes (3), suggesting a correlation of P400 with Ca2+ signaling. The P400 protein was
purified (4) and its cDNA was isolated (5). Results showed that the P400 protein is an inositol
1,4,5-trisphosphate receptor (IP3R) that releases Ca2+ from the endoplasmic reticulum (ER) in
response to inositol 1,4,5-trisphosphate (IP3) (6–8). Importantly, because the IP3R channel cannot
open without Ca2+, the coincidence of IP3 and Ca2+ is critical for channel activation (9, 10). To
determine the physiological roles of IP3R, knockout mice lacking IP3R isoforms (IP3R1, IP3R2,
or IP3R3) were generated. Severe cerebellar ataxia (11), impaired long-term depression (12), and
abnormal dendrites of Purkinje neurons (13) were found in mice lacking IP3R1.

Recently generated knockout mice lacking IP3R1 in the cerebellum and brainstem exhibited
the same abnormal behaviors as the IP3R1 knockout mice (14); however, conditional knockout
mice specifically lacking IP3R1 in Purkinje neurons showed only severe cerebellar ataxia (15).
Interestingly, increased spine density and length (Figure 1b) were observed even in adult mice,
indicating the critical role of IP3R1 in spine maintenance of Purkinje neurons in adults (15). The
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IP3R1-mediated regulation of spine morphology was elucidated by IP3R-dependent activation
of protein kinase C and consequent calmodulin (CaM)-dependent protein kinase IIβ (CaMKIIβ)
phosphorylation, which modulates F-actin bundling to maintain spine structures (16). The gene
expression of IP3R is related to brain plasticity, and disrupted-in-schizophrenia 1, a susceptibility
gene for major psychiatric disorders including schizophrenia, regulates the transport of mRNA
encoding IP3R1 for synaptic plasticity (17).

In addition to IP3R1, knockout mice lacking IP3R2 showed impairments of astrocytic Ca2+

surge and neuronal plasticity by transcranial direct current stimulation, which enhances memory
and cognition in humans (18). A number of prominent studies indicate that IP3R2 was the major
isoform in astrocytes because a large part of calcium signaling is attenuated in IP3R2 knockout
mice (19, 20). However, this has been debunked by recent studies. Ca2+ imaging of hippocampal
slices revealed that IP3R2 and IP3R3 were functional in astrocytes and also suggested the presence
of functional IP3R1 in astrocytes (21).A study using a highly sensitive Ca2+ indicator clarifiedCa2+

release in cortical and hippocampal astrocytes of IP3R2 knockout mice (22). These data shed light
not only on IP3R2 but also IP3R1 and IP3R3 that are involved in astrocytic functions.

In the past 40 years, numerous studies have clarified the diverse functions of IP3R in living
systems, ranging from unicellular organisms to our bodily organs, including the brain; however,
how to achieve these diverse functions remains a mystery. Here, we review recent advances in
researching the cellular microdomains and protein structures of IP3R and discuss how to approach
a possible linkage between the diverse functions of IP3R and their structural dynamics that we refer
to as IP3R plasticity.

DIVERSE FUNCTIONS OF IP3R AT MICRODOMAINS

IP3R is abundant in the smooth ER and is localized at lower levels in rough ER (23), the Golgi
(24), the nucleus (25–27), and the plasma membrane (PM) (28, 29) (Figure 1c). Nuclear IP3R
plays an important role in gene transcription (30, 31) and is expressed in nuclear calcium stores to
mediate nuclear signaling and cause nuclear translocation of protein kinase C (30, 31). Apoptosis
induces mixed clusters of IP3R1 in the nucleus (32), and IP3R1 gene expression in hippocampal
CA1 is decreased by neonatal anoxia, which triggers translocation of IP3R1 to the nucleus and
neuronal cell death (33). In addition to the nucleus, reports show that IP3R can locate at the PM
of neurons (28), lymphocytes (34), platelets (35), and hepatocytes (36). The studies using chicken
B cells lacking endogenous IP3R have clarified Ca2+ influxes via a limited population of the PM-
IP3R (37, 38). IP3R is also located within acid Ca2+ stores (39–41), which can control autophagy
in Trypanosoma brucei (42).

The IP3R protein also operates at membrane contact sites between the ER and other organelles
(Figure 1c). For example, membrane contact sites between the ER and mitochondria, so called
mitochondria-associated membranes (MAMs), facilitate transport of Ca2+ from the ER to mito-
chondria (43, 44). The voltage-dependent anion channel on the outer mitochondrial membrane
binds to the IP3R via the molecular chaperone glucose-regulated protein 75, and the protein com-
plex links the ER to mitochondria and facilitates Ca2+ transport (45). The mammalian TOR com-
plex 2 interacts with the complex at the MAM (46), and it is proposed that autophagosomes could
be formed at the MAM (47, 48). An interaction between the ER protein Bap31 and the mito-
chondrial fission protein Fission 1 homolog should regulate the induction of apoptosis (49). Ca2+

transport at the MAM has Janus-faced roles and cancer cells require IP3R-mediated Ca2+ transfer
from the ER to mitochondria for survival, while normal cells induce autophagy for survival by
impaired Ca2+ transfer (50). The IP3R-binding protein released with IP3 (IRBIT) is involved
in MAM function and structure because the IRBIT knockout reduced staurosporine-induced
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apoptosis and mitochondrial Ca2+. In particular, the phosphorylated form of IRBIT (P-IRBIT)
likely regulates MAM structure and function (51). IP3R also associates with the sigma-1 recep-
tor (Sig-1R), an integral ER membrane protein that regulates IP3R at the MAM (52). Recently,
choline produced by phospholipase D was found to be an endogenous agonist of Sig-1R to po-
tentiate Ca2+ signals evoked by IP3R as an intracellular messenger (53).

The ER frequently contacts the PM in neurons (54, 55) and non-neuronal cells (56, 57). Elec-
tron cryotomography (cryo-ET) imaging revealed that the ER-PM contact is mediated by ex-
tended synaptotagmins in addition to stromal interaction molecule 1 (55). The ER-PM contact is
also mediated by ER-resident Sec22 and PM syntaxins (54). The ER forms ER-PM junctions in
pancreatic acinar cells (56), and IP3R-containing ER-PM junctions accumulate at the leading edge
of focal adhesions during cell migration (57). In fibroblasts, interleukin (IL)-1 promoted colocal-
ization of protein tyrosine phosphatase α (PTPα) and focal adhesion kinase (FAK) with the ER
and increased association of IP3R1 with PTPα and FAK at focal adhesions near the PM (58).

In the brain, ER-ER contacts are frequently observed in the cell body and dendrites of Purkinje
neurons, and electron microscopy (EM) clarified that the stacked ER is enriched with IP3R (23,
59–61). In the stacked ER, two apposed IP3Rs bridge between ER layers (61), and this finding
is supported by formation of a stacked ER in cells upon overexpression of full-length IP3R but
not by deletion mutants (62). The brief anoxia of oxygen-deprivation (3 min) is enough to cause
formation of a stacked ER in Purkinje neurons (63), which is reversible by reoxygenation (64).
While structural data has accumulated, physiological roles of the stacked ER remain unknown.
A putative Bcl-2 inhibitor apogossypol induced ER aggregation, caused by reorganization of the
ER membrane in various cell lines and even in the fission yeast (65). Apogossypol-stimulated
Ca2+ efflux from the ER is partially mediated by IP3R because 2-aminoethoxydiphenyl borate,
an inhibitor of IP3R and the transient receptor potential (TRP) channel, completely blocked the
apogossypol-dependent ER aggregation (66), but the mechanism is not clear. Membrane contact
sites between the lysosomes and the ER/sarcoplasmic reticulum would regulate Ca2+ release by
lysosomes, but the mechanism is not clearly understood (67). The ER also makes contacts with
the other organelles such as phagosomes, peroxisomes, endosomes, and vacuoles (68, 69), but the
functional roles of the IP3R in these contact sites remain unknown.

IP3R STRUCTURE AND FUNCTIONAL DOMAINS

The genes for three IP3R subtypes (IP3R1–3) were cloned from various vertebrates (5, 70–73).
All vertebrate IP3R genes encode a large cytosolic domain and a small Ca2+ channel domain
(Figure 2a). Approximately 55% of amino acid residues in the full-length mouse IP3R1 are con-
served among the three isoforms, particularly in the critical regions responsible for IP3R function.
Molecular cloning uncovered alternative splicing sites (SI–SIII) (Figure 2a) in rodents (73–75)
and humans (76), giving rise to phenotypic diversity of IP3R channels, and RNA processing at
these splicing sites is controlled during development and differentiation (74, 75, 77).

The cytosolic domain contains key functional domains, including an IP3-binding core (IBC)
(78), an adjacent amino (N)-terminal suppressor domain (SD) that reduces the affinity of IP3

binding (79), and large regulatory/coupling domains containing various allosteric sites for phos-
phorylation, binding proteins, and regulators including Ca2+ (Figure 2a). IBC is the minimum
region required for specific IP3 binding and is mapped within residues 226–578 of mouse type-1
IP3R (IP3R1). The crystal structure of IBC (residues 224–604) in a complex with IP3 was deter-
mined at a resolution of 2.2 Å (80). Early electron microscopy (EM) studies predicted that the
IBC could be located at the top surface distant from the channel domain (81, 82). The most re-
cent cryo-EM studies clarified the precise location of IBC (Figure 2b) (83–85). Eleven amino
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Figure 2 (Figure appears on preceding page)

IP3R structures and allosteric gating. (a) Schematic primary structures of IP3R. The upper panel shows
functional domains and critical residues in IP3R1 (78, 79, 116), and proteolytic fragments of IP3R1 are
drawn below (6). Each domain is depicted in a different color: suppressor domain (SD) in yellow (amino acid
residues 1–225); IP3-binding core (IBC) in red (residues 226–604); the large regulation/coupling domain in
tan, including α-helical domain 1 (HD1; residues 605–1,009), α-helical domain 2 (HD2; residues 1,026–
1,493), α-helical domain 3 (HD3; residues 1,593–2,217), and channel domain in pale blue (residues
2,218–2,749). The bottom panel shows structural domains of IP3R (84), and IP3/Ca2+-binding sites are
indicated by arrows. Alternative splicing sites are indicated by SI, SII, and SIII. (b) The 3D structure of
IP3R1. The left panel shows a cryo-EM map (EMD9244) with a model (6MU2) of structural domains. The
right model delineates functional domains and critical residues. (c) Conformational changes induced by IP3.
Comparison of an X-ray crystal structure resolved in the absence (colored) or presence (gray) of IP3. Two
X-ray crystal structures of IP3R2217 were superimposed by fitting the N-terminal β-rich domain (residues
7–430) (112). (d) Ca2+-dependent conformational changes demonstrated by IP3-bound and IP3/Ca2+-bound
cryo-EM structures of hIP3R3 (85). (e) Conformational ensemble in IP3-bound states. Structures of
Apo-state, IP3 class 1, IP3 class 3, IP3 class 4, IP3 class 5, and IP3 class 2. The relocated HD2/ARM2 domain
of each subunit (blue) is indicated by an arrow (85). ( f ) Allosteric gating and its regulation. Schematic model
in the absence of Ca2+ in which IP3 can bind, resulting in an ensemble of distinct conformations, but it
cannot open the channel gate (top). In contrast, IP3 can open the channel gate in the presence of low Ca2+
that can bind to a Ca2+ sensor, probably the JD-Ca2+ site near E2100 and the leaflet (middle). In case of high
Ca2+, IP3 cannot open the channel gate because Ca2+ binds to the inhibitory Ca2+ site, presumably the
CD-Ca2+ site, which could induce large conformational changes and subunit dissociations (bottom).

acid residues, including K508/R511 in the IBC domain, are responsible for the correct recogni-
tion of IP3; all of these residues except Gly268 are conserved in the other IP3R isoforms (72, 86).
Molecular dynamics simulation of IBC suggests that the conserved Arg241-Glu439 salt bridge
determines flexibility of the IBC domain in the ligand-free state (87).

The SD functions as a suppressor for IP3 binding, and the deletion of SD results in a signif-
icant enhancement of IP3 binding (78, 79). The atomic resolution structure of the SD of mouse
IP3R1 was determined using X-ray crystallography at a resolution of 1.8 Å (88). The location of
the SD was unexpectedly different from some predictions of the direct coupling of the SD to the
channel domain (Figure 2b).Mutagenesis indicated that the residue Y167/W168 in the SD is crit-
ical for IP3-induced Ca2+ release, but not for IP3-binding (89). Thus, the Y167/W168-containing
hot-spot loop (HS-loop) was proposed to be located near the channel. However, all structures
determined by recent cryo-EM studies have demonstrated that the HS-loop is far from the chan-
nel domain and is located close to the interfaces between subunits (Figure 2b). Therefore, the
HS-loop should be considered necessary for subunit interaction rather than direct coupling to
the channel.

Because the SD inhibits IP3 binding within the IBC domain, the SD was considered to bind
and mask the IP3-binding pocket directly. The N-terminal 604 residues containing the SD and
IBC domain showed ∼50 nM of dissociation constant for IP3 (IP3R1), ∼14 nM for IP3R2, and
∼160 nM for IP3R3 (90). These values are close to those of the full-length IP3Rs (73), whereas the
IBCs of all subtypes show identical affinities (∼2 nM) for IP3, suggesting that the subtype-specific
IP3-binding affinities should be due to each SD. Analyses of site-directed mutagenesis on the SD
of mouse IP3R1 showed that seven conserved amino acid residues are critical for the suppression
of IP3 binding (88) and that eleven IP3R3 specific loops were critical for the IP3R3-specific IP3-
binding affinity (90). Therefore, direct association of these residues to the IP3-binding pocket
was proposed. The first X-ray crystal structures (3.8 Å) showing IP3-dependent conformational
changes were solved using the N-terminal domain of rat IP3R1 (residues 7–602 and 322–336 were
removed) and then recombinant protein (residues 1–604) with mutated cysteine residues. In both
X-ray crystal structures, unexpectedly the SD did not mask the IP3-binding pocket itself (91, 92),
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suggesting that these critical residues for suppression of IP3 binding may fix IBC conformation.
All-atom molecular dynamics simulations of the N-terminal domains, including the SD and IBC,
demonstrated the characteristic twist motion of the SD and revealed the correlated dynamics of
IBC with IP3 binding (93). These reports could elucidate the mechanism of how the SD affects
the conformational changes of IBC. However, the role of the HS-loop, including Y167/W168,
still remains unknown. Ca2+ imaging using IP3R-null HeLa cells generated by genome editing
revealed that mutations in a genetic brain disorder, spinocerebellar ataxia 29 (SCA29), identified
within or near the IBC completely abolished channel activity (94). Interestingly, a major part of
thesemutations showed impaired IP3 binding to IP3R1,whereas the T579I andN587Dmutations
disrupted channel activity without affecting IP3 binding, suggesting that these two residues should
be involved in allosteric regulation.

Although Bikonta IP3R does not have completely conserved critical residues in the IP3-binding
site, and the endogenous IP3R of Trypanosoma cruzi is localized in acid Ca2+ stores but not in the
ER (40), they exhibit IP3-binding activity in Paramecium (95) and T. cruzi (96). The IP3-evoked
Ca2+ release activities in Paramecium tetraurelia (95), T. brucei (41), and T. cruzi (96) have been
confirmed. T. cruzi is the pathogenic parasite of Chagas disease, whereas T. brucei causes African
trypanosomiasis or sleeping sickness.Therefore, they should be drug targets because IP3R controls
cell death events in parasites (97).

CONFORMATIONAL CHANGES IN IP3R

To date, the basic mechanism by which local conformational changes in the IBC can open the
Ca2+ channel in the IP3R remains elusive because of difficulties associated with studying allosteric
mechanisms over the long distance between IP3-binding sites and the Ca2+ channel. Among the
known ligand-gated ion channels whose atomic structures have been solved by X-ray crystallog-
raphy or cryo-EM, such as the nicotinic acetylcholine receptor (98), NMDA (99), AMPA (100),
GABAA (101), 5-HT3 (102), P2X (103), and ryanodine receptor (RyR) (104), the distance from
ligand-binding sites to the Ca2+ channel in IP3R is the longest.

Early EM studies on tetrameric IP3R structure were performed by negative staining of purified
IP3R (81, 105–107), and cryo-EM studies were published from several groups (82, 108, 109); how-
ever, their published maps showed different structures, and the discrepancies have been discussed
in review papers (110, 111). Thereafter, the IP3 receptor structure at a 17-Å resolution was pub-
lished, followed by the recent revolution of cryo-EM technology that uncovered the structure of
IP3R at a 3- to 5-Å resolution (83–85). These high-resolution maps of IP3R show the mushroom-
shaped structure consistent with early negative-stained images (81), whereas the cryo-EM struc-
ture in the presence of Ca2+ shows an opened structure with disrupted subunit interactions (85),
which is in line with the early negative staining studies (81, 106).

Recently, crystallization of a truncated IP3R1 including 2,217 residues (IP3R2217) was reported
(112). Rod-shaped diffracting crystals of IP3R2217 and the bipyramidal crystals of a truncated
IP3R1 including 1,585 residues (IP3R1585) were obtained, and X-ray crystal structures of the
mouse IP3R1 cytosolic domain were determined at a resolution of 5.8 to 7.4 Å. The crystal struc-
ture of the large cytosolic domain of IP3R2217 could assign five domains: an N-terminal SD, IBC,
and three curvature helical domains (HD1–3) (Figure 2c). Comparison of IP3R2217 structures in
the absence and presence of IP3 shows conformational changes by IP3 (112).

Among the various regulators, which modulate IP3-dependent channel opening by binding to
discrete allosteric sites, Ca2+ is the most important regulator for IP3R (6, 9, 10). In 2002, the first
article about Ca2+-induced global structural changes in tetrameric IP3R1, revealed by negative-
staining EM and limited enzymatic proteolysis, was published (106). The results were confirmed
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by Ca2+-dependent accessibility with large polyethylene glycol maleimide molecules (113). This
findingwas confirmed in living cells using fluorescence resonance energy transfer between two flu-
orescent proteins fused to theN terminus of individual subunits (114).Ca2+ rigorously determines
the channel activity of IP3R and a low Ca2+ level acts as an essential coagonist for IP3-gated Ca2+

release, whereas a high Ca2+ level inversely acts as a feedback inhibitor (9, 10). This bell-shaped
regulation suggests the existence of an activation site and an inhibitory site for Ca2+ binding in
the IP3R. Early biochemical analyses using Ca2+ overlay suggest various Ca2+-binding sites (115).
Accordingly,Ca2+-binding sites should be distributed not only in the IBC/SD or channel domains
but also in the large regulatory/coupling domains. A recent cryo-EM study uncovered the molec-
ular detail upon the global conformational changes in the tetrameric human IP3R3 (Figure 2d)
(85). Notably, the cytosolic domain of hIP3R3 solved by cryo-EM in the presence of high Ca2+

concentrations is almost consistent with the X-ray crystal structure of mIP3R1 (112). The cryo-
EM structures in the presence of Ca2+ reveal two Ca2+-binding sites in the regulatory/coupling
domains, and a high concentration of Ca2+ induces the disruption of numerous interactions be-
tween subunits, which confirmed the earlier studies and clarified the Ca2+-dependent inhibition
mechanism at a high resolution (85).The juxtamembrane domain ( JD)-Ca2+, near the residue cor-
responding to E2100 of IP3R1 (116), should be presumably critical for Ca2+-dependent activation.
By contrast, the cytoplasmic domain (CD)-Ca2+-binding site is located between two structural do-
mains, an armadillo-repeat domain 2 (ARM2) and a central linker domain, suggesting that CD-
Ca2+ should stabilize the spatial relationship between these domains and that this conformational
change should be a causal factor for subunit interaction. The large structural change by dissocia-
tion between subunits has never been reported in RyR, even though RyR is regulated by Ca2+ in
a bell-shaped manner similar to IP3R. This difference could be due to the distinct property be-
tween RyR and IP3R, and we could speculate that the intersubunit interaction in the IP3R tetramer
should be weaker than that in RyR. The large-scale structural change by Ca2+ could elucidate the
inhibitory mechanism of high Ca2+ concentration, but how the low concentration of Ca2+ could
induce conformational changes to activate the IP3-dependent channel gating remains unclear.

A recent study about IP3R in unicellular organisms demonstrated the important features
of Ca2+-dependent regulation. Many putative IP3R genes in unicellular organisms encode the
conserved amino acid sequence at the pore, and critical amino acid residues within IP3-binding
sites are also conserved in Holozoa, including Capsaspora, but not in fungi and earlier organisms.
The most recent study of IP3R in Capsaspora owczarzaki demonstrated that IP3R targets the
ER, binds IP3, exhibits Ca2+ release activity, and forms hetero-oligomers (117). Therefore, the
C. owczarzaki gene should be a common ancestor of vertebrate IP3R isoforms, which probably
evolved 800 million years ago. Interestingly, the C. owczarzaki IP3R is not activated by Ca2+ that
activates vertebrate IP3R, although important residues that coordinate with JD-Ca2+ (E1882,
E1946, Q1949, and T2581 in hIP3R3) are all conserved. Phylogenic analyses demonstrated that
IP3R genes should predate RyR genes because Bikonta cells have IP3R but not RyR genes (117).
These findings suggest that the Ca2+-induced Ca2+ release function common among IP3R and
RyR was acquired during the evolution between Holozoa and vertebrates.

ENSEMBLE OF IP3-BOUND STATES IN THE TETRAMERIC IP3R

Given the lack of cooperativity of IP3-binding events in the tetramer (79, 118), each subunit would
behave independently. Therefore, the conformations of four subunits in the tetrameric chan-
nel structure is probably stochastic due to the number of bound IP3 molecules. Strong evidence
for stoichiometry recently showed that the tetrameric IP3R requires four IP3 molecules to open
the channel (119). The diverse states of IP3-bound conformations in the tetrameric IP3R were
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recently revealed by three-dimensional classification using cryo-EM (Figure 2e) (85). The loca-
tion of the HD2/ARM2 domain was variable in these states, and showed a 17-Å shift, consistent
with the large-scale motion predicted by comparing cryo-EM structure with X-ray crystal struc-
ture (112). Importantly, global conformational changes from IP3-binding sites to near the channel
domain were shown in fourfold symmetry structure, of which four IP3-binding sites were fully
occupied with IP3. In these conformations, the α-helical domain near IP3-binding sites moves
relative to the β-domain ring stabilized by the HS-loop including Y167/W168. This structural
change is consistent with the proposed global conformational changes from the IP3-binding site
to the channel domain (112). The five states of IP3-bound IP3R suggest that the structural trajec-
tory concerted movements upon IP3 binding; local conformational change near the IBC, coupled
with movement of the large curvature helical domains that results in a 5° rotation of the JD-Ca2+

site, and a 17-Å movement of HD2/ARM2, which coordinates with the CD-Ca2+ at the interface
with HD1/central linker domain (85). The HD2/ARM2 domain could move in each subunit be-
cause the cryo-EM data show asymmetric tetramers; the four IP3-binding sites are even occupied
(Figure 2e). The possible conformational changes in Ca2+-binding sites by IP3 suggest that IP3

binding should presumably cooperate with the JD and CD Ca2+-binding activities.
Cryo-EM also revealed the 4.1-Å structure of rat IP3R1 bound to an IP3 analogue and

adenophostin A, a metabolite that was discovered in Penicillium breviocompactum as a potent ago-
nist of IP3R (120). This demonstrates the ligand-induced conformational changes within the IBC,
which are basically consistent with the conformational changes on IP3 binding (83). The presence
of 100 nM of adenophostin A and 300 nM of Ca2+ activates IP3R channels, but no opening of
a Ca2+ pore gate was determined in the cryo-EM. In the apo-state, the diameter of the selective
filter was too large to select hydrated ions, but the diameter of adenophostin A-IP3R1 was narrow
enough to accomplish this. In this report, the authors obtained no Ca2+ matching density near the
site corresponding to the JD Ca2+-binding site and no sufficient dilation to allow a hydrated Ca2+

ion to pass through (83). Therefore, the ways in which adenophostin A and Ca2+ can cooperate
to open the Ca2+ channel remain unclear.

Long-Range Allosteric Coupling from IP3 to Ca2+ Gates

The aforementioned structural studies demonstrated several conformations bound to IP3, Ca2+,
and adenophostin A, but the structures of opened channels were never obtained. To discuss the
mechanism of channel opening, we should consider not only structures but also functional data. In
the past 30 years, twomodels for the gatingmechanismwere proposed:One is that the IBC and SD
directly bind to the channel domain for gating (121), whereas the other is long-distance coupling
from the IBC to the channel (81, 122). Recently, the latter long-distance allosteric coupling theory
was supported by cryo-EM analyses, which demonstrated that the IBC/SD is located ∼90 Å away
from the Ca2+ conducting gate. Cryo-EM has showed direct contacts of a C-terminal domain
through a long helical bundle connecting to the sixth pore-forming transmembrane helix (84),
so the authors proposed that the IBC should directly move the C-terminal helical bundles to
open the channel. However, functional analyses of IP3R1 did not indicate that the IP3R function
was impaired by the deletion of C-terminal residues that directly bind to the IBC in the cryo-EM
structure (112, 123).Moreover, a chimera IP3R swapped with the C-terminal region of RyR,which
has no homology with IP3R C-terminal domain, can release Ca2+ in response to IP3 (92). On the
basis of these functional data, contact of the IBC to C-terminal helices should not be essential
for the IP3-dependent gating mechanism. Undoubtedly, the C-terminal coiled regions near the
C terminus, which has no contact with the IBC/SD in the cryo-EM, should be pivotal for tetramer
formation and/or domain interaction, as indicated by previous reports (123, 124).
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The mutagenesis of full-length mouse IP3R1 has revealed the small structure constructed by
21 amino acid residues, referred to as the leaflet (Figure 2) (112). The leaflet directly contacts a
linker domain (83); therefore, this leaflet–linker domain interacting site should be a key functional
pathway of allosteric coupling from the IBC to the Ca2+ channel. The sequence alignment of
IP3R and RyR indicates that the equivalent leaflet region in the RyR intervenes into the Ca2+- and
Zn2+-binding sites in the three-dimensional structure revealed by cryo-EM (104).This finding has
been confirmed by a recent study (85) suggesting integrative roles of the leaflet region underlying
channel activation. Cryo-EM revealed that Ca2+ coordinates with side chains of four amino acid
residues in RyR, corresponding to E1977, H1979, E2041, and Q2044 residues in IP3R1. This was
confirmed by a recent study in which the atomic density of JD Ca2+ was obtained in this binding
site (85). Considering the essential role of the E2100 residue in the Ca2+ dependent activation
(116),we can suppose that this JDCa2+ binding site should be essential for channel opening by IP3.
In the RyR, the Zn2+-binding pocket constructed by critical residues corresponding to C2610 and
C2613 residues in IP3R1 is conserved in the IP3R of all unicellular and multicellular organisms.
The functional role of Zn2+ ions in the IP3R remains largely unknown, but a mutagenesis study
demonstrated a complete loss of IP3R function with a C2610 or C2613 mutation (79), suggesting
that Zn2+ may be an essential cofactor for stabilizing the structure around these residues; this is
referred to as the gatekeeper domain (79). Therefore, this leaflet region linking the regulatory/
coupling and channel domains should transmit the IP3-dependent conformational changes to the
Ca2+ channel. This idea is also supported by an X-ray crystallography study that demonstrated
how IP3 physically opens the Ca2+ channel over a long distance (112). During activation of IP3R,
the movement of the leaflet region could shift the pore-forming transmembrane helix to open the
Ca2+ pore consequently. In particular, the face of the leaflet contacting the linker domain contains
highly conserved isoleucine (I2195), glutamate (E2196), and isoleucine (I2197) residues in IP3R of
all isoforms, various animals, and all known unicellular organisms, including T. cruzi and T. brucei.
Thus, this region is a plausible candidate for mediating the allosteric gating transmission to the
channel domain.

Importantly, the IP3 never opens the channel of IP3R without Ca2+. Previous functional anal-
ysis indicates that a low Ca2+ level acts as an essential coagonist for IP3-gated Ca2+ release (9,
10). The requirement of dual ligands is an important basis for signaling cross talk between IP3

signaling and Ca2+ signaling. However, global conformational changes by IP3 can be induced by
IP3 only and require no Ca2+, as suggested by X-ray crystallography and cryo-EM studies (81, 85).
In this case, we suggest that IP3 can cause global structural changes, but the channel cannot open
(Figure 2f, top). By contrast, Ca2+ concentration is sufficient to bind to the JD Ca2+ binding site
near the leaflet, and Ca2+ binding should stabilize the spatial configuration between regulatory/
coupling and channel domains to efficiently transmit a force from the IBC to the channel
(Figure 2f, middle). In the presence of high Ca2+, CD Ca2+ stabilizes the HD2/ARM2 domains
and induces the large-scale structural changes associated with broken interaction between subunits
(81, 85) (Figure 2f, bottom). In this structure, locally IP3-dependent conformational changes take
place, but the fixed end formed at the subunit interface is broken, and the torque force from IBC
should still show no transmission to the channel via the leaflet region, even though IP3 is pro-
duced in the cell. The structural basis of the activation mechanism by Ca2+ is quite important,
warranting further investigation.

REGULATORY MECHANISMS OF IP3R

To understand the IP3R regulatory mechanisms, we mapped the known sites for binding pro-
teins (Figure 3a), posttranslationalmodifications (Figure 3b), andmutations causing human brain
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Figure 3 (Figure appears on preceding page)

Model for IP3R plasticity. The map of the sites for binding proteins (a), posttranslational modifications (b), and mutations in genetic
diseases (c). Amino acid numbers in panels a and b are represented in the number of mouse IP3R1 (P11881), and those in panel c are
shown in the number of human IP3R1 isoform 2 (splicing sites SI, SII, SIII) (NP_002213.5). (d–i) Structural plasticity in IP3R assembly.
We propose structural plasticity that involves dynamic structural changes of IP3R assembly, including transformation of IP3R itself and
association/dissociation of binding proteins. (d) P-IRBIT and IP3R form a complex and (e) IP3 dissociates it. CA8/CARP and IP3R
form a complex, but the SCA29 mutant IP3R cannot build it because the mutant cannot bind to CA8/CARP (94). ( f ) In the stacked
endoplasmic reticulum (ER), IP3R makes head-to-head structures. The micrograph of negatively stained IP3R1 was obtained by
electron microscopy. Each arrow indicates a particle of tetrameric IP3R1. In boxes to the right, characteristic class averages of head-to-
head IP3R1 are shown. (g) A model for transformations of IP3R. On the left is a head-to-head arrangement of tetrameric IP3R.
Ca2+-dependent structural changes that should enable binding proteins and/or modifying enzymes to access inside IP3R. (h) Ca2+
waves and Ca2+ oscillation (i) should determine structural plasticity of IP3R at each microdomain.

diseases (Figure 3c) in the IP3R1 structural model. Cytochrome c (cyt c), a mitochondrial hemo-
protein involved in the electron transfer system, is released duringmitochondria-dependent apop-
tosis and binds proximally to the leaflet region (125, 126), suggesting that cyt c should affect
the leaflet-mediated gating transmission. Another important regulator, Bcl-xL (127), also binds
near the leaflet region. A recent report showed that in biphasic regulation, the low concentra-
tions of Bcl-xL activated the channel, whereas high concentrations inhibited it; furthermore, Bcl-
xL bound to two distinct sites, H1 (residues 2,571–2,606) and H4 (residues 2,690–2,732) (128).
Near the leaflet region is also a target area for alternative splicing variants of the α isoform of
the transient receptor potential 4 (αhTRP4) channel but of the other isoform βhTRP4 chan-
nel, which associates with the C terminus of IP3R (residues 2,556–2,713 of IP3R1) (129). C2214
of rat IP3R1 is one of the three candidates for the palmitoylation site as the triple mutations
(C56A/C849A/C2214A) reduced palmitoylation to 25% in wild-type IP3R1 and impaired Ca2+

release by T cell receptor stimulation in Jurkat T cells (130). The palmitoyl acyl transferase en-
zyme interacting with Selk proteins would catalyze palmitoylation (130). The S2681 residue of
IP3R1 is phosphorylated by protein kinase B, which is known as Akt kinase (Figure 3b); this phos-
phorylation should suppress Ca2+ release from IP3R because the S2681A mutant increased the
Ca2+ release and the mitochondrial Ca2+ uptake and apoptosis (131), and staurosporine-induced
caspase-3 activation in the S2681A mutant was more significant than in the wild-type or S2681E
mutant (132). Around this site, S2684, S2685, S2687, and S2712 of mouse IP3R1 were phospho-
rylated as determined by mass spectrometry and shown in a database for phosphorylation (133).
S2246 located near the leaflet was phosphorylated (134), and T2056, Y2640, and Y2266 of mouse
IP3R1 could be phosphorylated (133). Interestingly, these sites should be accessible for the mod-
ifying enzymes, but how they will affect IP3R function and apoptosis remains elusive. In human
genetic diseases, previous reports demonstrated mutations in the IP3R (Figure 3c), and major mu-
tation sites are located at the IBC to impair the IP3-binding activity, as shown recently (94). The
E2046 residue is substituted to G or Q [E2094G/Q in hIP3R1 (NP_001161744.1)] in Gillespie
syndrome (135). A three-base-pair deletion at K2548 showed no IP3R function as measured in
the triple knockout cells lacking IP3R1–3 (136). The mutation of F2538L [F2552L in the hIP3R1
(NP_001093422.2)] has no functional characterization, but it might impair IP3R function (136).
The mutations of E2046 or its presence outside the IBC should affect allosteric gating transmis-
sion, whereas the G2491R residue [G2539R in the hIP3R1 (NP_001161744.1)] at the Ca2+ pore
should result in failure of Ca2+ permeation (135).

Among known binding partners, only P-IRBIT competitively inhibits IP3 binding (Figure 3a).
P-IRBIT binds to the IP3-binding site via 10 critical amino acid residues that coordinate with a
phosphorous group of IP3 between the β- and α-rich domains and prevents IP3 from accessing the
binding pocket. P-IRBIT itself has never behaved as an agonist (137); therefore, negative charges
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CA8/CARP: carbonic
anhydrase-related
protein

of the phosphate groups in the disordered region of P-IRBIT (137) and a Long-IRBIT splicing
variant (138) are probably attracted to the critical residues with positive charges but could not
stabilize these conformations to open the channel, similar to a nonspecific inhibitor, heparin. The
IP3-binding core is also a target for a Bcl-2-like 10 (Nrz) that is required for Ca2+ signaling dur-
ing epiboly and gastrulation in zebrafish (139) (Figure 3a). The Nrz protein requires E255 but
not the critical amino acid residues for IP3 binding and molecular docking simulation, suggesting
that E255 of zebrafish IP3R1 most likely contacts Nrz C20. Because the Nrz protein inhibits the
IP3-binding activity, the Nrz should affect the conformational dynamics or stability around the
interface between β- and α-rich domains in a different manner from P-IRBIT. In contrast to in-
hibition by P-IRBIT and Nrz, the guanine nucleotide exchange factor SWAP-70-like adaptor of
T cells (SLAT) activated IP3R1 in T cells by binding to the IP3-binding domain (140). Disruption
of the SLAT-IP3R1 interaction inhibited T cell receptor–stimulated Ca2+ signaling, activation
of the transcription factor called nuclear factor of activated T cells (NFAT), and production of
cytokines, suggesting that this interaction is required for T cell activation. The critical site for
SLAT binding (residues 400–417) (Figure 3a) is near the IP3-binding pocket and the interface
between subunits. Thus, SLAT would facilitate the IP3-mediated conformational change and/or
stabilize the subunit interface. These proteins should differentially regulate IP3R function, raising
the question of how they affect dynamic changes and/or stability in the IBC by an induced fit
mechanism and/or conformational selection during IP3-binding events. Homer (141) and CaM
(142) also bind to the SD region (Figure 3a). Many other proteins, such as receptor of activated
protein C kinase 1 (RACK1) (7), EB3 (143), AKAP9A-kinase anchor protein 9 (AKAP9) (144),
Bcl-2 (145), CaM (146), carbonic anhydrase-related protein (CA8/CARP) (147), caspase-3 (148),
calpain (149), and Bok (150), bind to the large regulatory/coupling domain (Figure 3a), suggest-
ing the regulation of conformational status within this domain to control the allosteric gating.
The SCA29 mutation of V1538M within the CA8/CARP-binding site of IP3R1 completely elim-
inated its interaction with CA8 and CA8-mediated IP3R1 inhibition. Furthermore, pathological
mutations in CA8/CARP decreased CA8/CARP-mediated suppression of IP3R1 by reducing the
interaction with IP3R1 (94). These results suggest the mechanisms by which pathological muta-
tions cause aberrant assembly changes in IP3R1.

Residue S436 of IP3R1 is phosphorylated by a mitogen-activated protein kinase (MAPK)/
extracellular signal–regulated kinase (ERK) pathway (151, 152), which enhances the activity of
IP3R1 (152). This site at the transitional zone from β- and α-rich domains faces to the inside
of tetrameric IP3R (83) (Figure 3b). Thus, this modification requires conformational changes to
expose it to the surface. Around the IBC, Y353 is exposed to the surface and phosphorylated by
Fyn kinase (153), T420 (154) is located in the IBC, and the SD contains a S150 phosphoryla-
tion site and presumed palmitoylation site C56. Two phosphorylation sites, S421 and T799, are
phosphorylated by cyclin-dependent kinase (Cdc2/CyB), which increases the IP3-binding activity
(155). S421 is close to Y353 and exposed to the top surface; T799 (equivalent to T795 in IP3R3)
is close to the CD-Ca2+ site (85). Phosphorylation of S150 by CaMKII, but not the S150A mu-
tant, leads to inhibition of IP3R channel activity, and a phosphomimetic mutant S150E exhibits
a constitutively low open probability (156). The S150 residue is not exposed to the surface (83,
85), suggesting that CaMKII requires conformational changes in IP3R. The S703 residue located
in the regulatory/coupling domain (HD1) is phosphorylated (157). The regulatory/coupling do-
main is also phosphorylated at the amino acid residues equivalent to S825, S1228, S1593 (158),
Y1391 (159), Y1596, and T1873 (133) in the mouse IP3R1. In addition to these phosphorylation
sites, the ubiquitination (160, 161) and acetylation (162) of lysine residues were also reported in
the IP3R, although the roles of major parts of these sites were uninvestigated. In cells expressing
the T930A mutant, IP3R function and IP3 binding affinity are activated more than the wild-type
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receptors, whereas cells expressing the T930E mutant oppositely show a decreased Ca2+ release
in response to IP3 uncaging (163). The Ca2+ content in ER is due to a modest overexpression of
IP3R1 and a threefold increased phosphorylation of IP3R1 on S1716, a protein kinase A consensus
site, is implicated in the ER Ca2+ leak (164). Glycogen synthase kinase 3β should modify S1756
and regulates mitochondrial Ca2+ transfer via IP3R at the MAM (165). These phosphorylation
sites within the regulatory/coupling domain (equivalent to T945 and S1755 of mouse IP3R) are
involved in important functions, but their X-ray crystal or cryo-EM structures remain unknown.

Causative mutation sites in spinocerebellar ataxia and related diseases are localized near the
IP3-binding site at the interface between the β- and α-rich domains and in the α-helical domain
(Figure 3c), including four residues of human IP3R1: R241K (166), T267M/R (167, 168), S277I
(168), and A280D (166). Human E497K (166) (equivalent to E512 of mouse IP3R1) is next to the
critical residue R511 of mouse IP3R1, which coordinates with the phosphorus group of IP3 (80).
Human T579I (168) and N587D (169) are neighboring the helix binding with the phosphorus
group of IP3 (80). Human P1059L (170) (equivalent to P1049 of rat IP3R1) is located at the
HD1/ARM2 of regulatory/coupling domains (83). The P1059L mutation resulted in higher IP3-
binding affinity than the wild type (171), suggesting that the P1059L mutation should affect the
structure around the IP3-binding pocket at a distance. The S1478D mutation (172) is located at
the edge of HD3/ARM3 distal from the HD1/ARM2 domain, and V1538M [V1547M in hIP3R1
(NP_00161744.1)] (169) lies at the region with unsolved structure. Interestingly, IP3R1 function
was impaired by almost all SCA29mutations but not byCA8/CARP-related S1478D andV1538M
mutants (94), suggesting that the SCA29 disease should occur by two different mechanisms in the
IP3R1.

PROPOSED IP3R PLASTICITY UNDERLYING DIVERSE FUNCTIONS

The recent progress in cryo-EM and X-ray crystallography have strongly contributed to under-
standing the apo-state or IP3/Ca2+-bound state. Static views of these structures are important for
considering the abovementioned regulation by binding partners, posttranslational modifications,
and genetic mutations in IP3R. Moreover, they teach us regulation mechanisms of how binding
partners control IP3R and how enzymes directly modify buried residues. To provide a framework
for elucidating regulation of the IP3R in various cell types, we propose here a model for protein
plasticity within IP3R (Figure 3d–i). This concept is based on the diverse conformational changes
of IP3R per se, a large number of binding proteins, and various posttranslational modifications.
We also define that protein plasticity includes allosteric gating and structural changes by IP3 or
Ca2+, which can confer a discrete function to each IP3R assembly at each cellular microdomain.
Importantly, the proposed IP3R plasticity is also supported by the fact that transglutaminase en-
zymatically locks the conformation to impair IP3R functions by cross-linking between subunits
(173); that is, plasticity should be necessary for functions. Our proposed concept indicates that the
signaling hub of IP3R itself can be transformable due to spatiotemporal signaling at microdomains
for short or long periods.

Given the function of IP3R at the MAM or ER-PM, the IP3R at ER-ER contact sites should
regulate certain functions, such as Ca2+ transport from ER to mitochondria, or other functions,
such as a scaffold of IP3R binding proteins. In the IP3R tetramer, the top surface of IP3R should
be accessible so that binding proteins, including P-IRBIT, Nrz, SLAT, Homer, CaM, RACK1,
EB3, and Sig-1R near the MAM, would easily access but compete for their binding sites. Binding
efficiency should be due to the structure of IP3R assembly. In particular, the IP3R assembly with
P-IRBIT is controlled by IP3, and local IP3 signaling including production and diffusion should
determine the structure of individual IP3R assembly (Figure 3d). hTRP3 at the PM associates
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with human IP3R3 through two sites (174), which are located in the regulatory/conduction do-
main, suggesting that these associations should be dependent on structural states of IP3R assembly
at PM-ER contact sites. Several phosphorylation sites, including Y353 and S150, are located at
the top of IP3R tetramers (Figure 3b), so this phosphorylation should be also affected by the
status of IP3R assembly. In the case of CA8/CARP, formation of the IP3R-CA8/CARP complex
is dependent on the point mutation (Figure 3e). This genetic mutation in IP3R should affect
the protein plasticity of IP3R-CA8/CARP assembly and is probably critical for the cerebellar ER,
where both IP3R and CA8/CARP are enriched.These structural modifications that occur through
binding proteins, modifying enzymes, and generating genetic mutations should locally or tempo-
rally determine each assembly structure and result in rapid or chronic protein plasticity at cellular
microdomains. Ubiquitination is also an important posttranslational modification of IP3R at the
microdomains. Recent studies have clearly demonstrated that ubiquitin-regulated IP3R3 plasticity
could control IP3R3 functions at the microdomain (175, 176), probably near theMAM, indicating
its role in cancer cell apoptosis. The F-box protein FBXL2 binds IP3R3, and the PTEN competes
with FBXL2 for IP3R3 binding. These assembly structures control proteasome-mediated degra-
dation to limit Ca2+ flux from ER into mitochondria (176). BRCA1-associated protein 1 (BAP1),
a potent tumor suppressor gene product, localizes at the ER and binds to deubiquitinate IP3R3;
consequently, BAP1modulates Ca2+ release from the ER into mitochondria to promote apoptosis
(175).

IP3R assembly is formed not only by binding proteins but also by IP3R itself, according to actual
images of purified IP3R visualized by early EM studies (81, 106). A view with twofold symmetry
represents the first true side view of the IP3R (81) and indicates the presence of a head-to-head
state of IP3R (Figure 3f ); the head-to-head structure was sensitive to Ca2+. The dimensions of
head-to-head assembly are consistent with the suggested structures at ER-ER membrane contact
sites (23, 59–62). How the head-to-head assembly forms with the twofold symmetry is unknown,
but we suggest that a specific mechanism should form this ordered binding interface to act at
the ER-ER membrane contact sites. This large-scale protein plasticity of IP3R assembly should
confer peculiar functions at the microdomain.

Early observations of purified IP3Rs also provided real images of the windmill-shaped
tetramers of IP3R1 and demonstrated that relative amounts of windmill structures were depen-
dent on Ca2+ (81). A recent cryo-EM study clarified the molecular mechanism at atomic resolu-
tions (85). The phosphorylation of S2681 located at the inner helical bundle (Figure 3b) was also
enhanced by Ca2+ (113), suggesting that the Akt/PKB kinase could efficiently access the S2681
residue to the Ca2+-bound conformations. The other protein-binding sites for cyt c, Bcl-xL, and
other modification sites around the leaflet may be inaccessible for these associating proteins and
modifying enzymes in the structure in the absence of Ca2+ (Figure 3g). The sites of functional
phosphorylation by CaMKII andMAPK/ERK pathways also face to the inside of tetramer. These
facts cannot be explained without large-scale structural plasticity in IP3R. The Ca2+-bound wind-
mill state is a disadvantage for gating transmission, as the ring structure with β-rich domains
that should serve as a fixed point during allosteric gating transmission is disrupted. However,
this transformation by Ca2+ should be reversible (106), and thus modification or binding proteins
should reversibly affect IP3R functions. In particular, the cyt c bound to IP3R should be released
frommitochondria (125, 126), and Bcl proteins should localize at the surface of the mitochondrial
membrane (127, 128); therefore, these associations should be mainly assembled near the MAM
microdomain. Experimental data demonstrated that nonfunctional IP3R with Ca2+ pore muta-
tions (177) or with deletion of large cytosolic domains, including IP3-binding sites (177), could
regulate staurosporine-induced apoptosis in chicken B cells. Therefore, the high Ca2+ state with
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inactivated IP3-induced Ca2+ release should present discrete functions in the regulation of apop-
totic processes.

Our proposed IP3R plasticity can aid in adapting individual functions at each microdomain,
and spatiotemporal IP3 or Ca2+ signaling at the microdomain should dynamically regulate the
incidence of IP3R plasticity. In the past 20 years, genetically encoded protein indicators were de-
veloped for monitoring spatiotemporal patterns of IP3 and Ca2+ concentrations in numerous cell
types. Although the mechanism of these dynamics should be probably due to the cell types or
stimulants (178), the spatiotemporal dynamics of IP3 and Ca2+ concentrations play important
roles in regulating diverse functions, including gene expression, synaptic plasticity, fertilization,
and cell death (6, 8). Considering its intrinsic property, IP3R plasticity should be regulated by
the spatiotemporal pattern of local IP3 and Ca2+ concentrations. Previous studies on Ca2+ sig-
naling have demonstrated Ca2+ puffs (179) and Ca2+ wave phenomena (178, 180). This polarized
and spatially defined Ca2+ signaling could determine the cellular distribution of Ca2+-dependent
plasticity in IP3R (Figure 3h), as Ca2+-dependent structural changes in IP3R requires no IP3

(81, 106). During Ca2+ oscillation evoked by IP3, IP3R should change into at least three states
(Figure 3i). In the presence of low Ca2+, Ca2+ can bind to a high-affinity Ca2+ sensor site or a
JD-Ca2+ site (Figure 2a and d); IP3 can also bind to IP3R, which could release Ca2+. However,
once Ca2+ concentrations could reach sufficiently high levels to bind to low affinity sites, most
likely CD-Ca2+ sites, this high Ca2+ relocates HD2/ARM2 domains and causes an opening of
the β-ring structure and closure of the Ca2+ channel gate by a flapping motion (106), as indicated
by cryo-EM (85). Then, the concentration would be decreased by pumping back to the ER or
out of cells, and the structure would transform into the resting state because the Ca2+-dependent
conformational changes are reversible (106). Thus, it is conceivable that temporal dynamics in
IP3R structures should occur under recurrent Ca2+ oscillation, and oscillatory dynamics should
provide the incidence of rearrangements in IP3R assembly at local microdomains.The property of
oscillatory changes of Ca2+ concentration could determine biological consequences; for example,
Ca2+ oscillation determines gene expression (181, 182), and temporal patterns of Ca2+ oscillation
should determine cell apoptosis (183). The temporal pattern of Ca2+ concentrations should also
determine the temporal behavior of IP3R structures that could affect the accessibility of binding
proteins and modifying enzymes. Importantly, IP3R plasticity could determine not only the asso-
ciation of these regulatory molecules but also the dissociation of binding molecules regulated by
these Ca2+ and/or IP3 temporal patterns. In this case, the dissociated molecules could be consid-
ered presumable third messengers, such as P-IRBIT. These properties of protein plasticity within
IP3R may confer an ability to regulate cellular plasticity in response to various cellular stimuli.

CONCLUSION

In the past 40 years, from its discovery to recent research progress, numerous studies have demon-
strated that IP3R mediates diverse functions at cellular microdomains, and its aberrant regulation
results in a variety of human diseases. IP3R genes and IP3-mediated gating mechanisms already
existed when multicellular organisms evolved from unicellular ancestors 800 million years ago,
and these primitive genes have subsequently evolved into three vertebrate isoforms. In mammals,
further translational variants have since evolved, and posttranslational modifications and binding
proteins have added further dimensions to mammalian IP3R regulation. This increasing regula-
tion of IP3R probably conferred plasticity to IP3R in order to adapt to diverse environments at
cellular microdomains of pathophysiological states. The structures of IP3R determined by recent
emerging structural analyses, including cryo-EM and X-ray crystallography, provide a new struc-
tural basis for allosteric gating to understand the core mechanism of IP3-gated Ca2+ release and
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a new conceptual framework for protein plasticity underlying diverse functions in ligand-gated
ion channels and other functional proteins. The next steps should be to observe these protein dy-
namics in action to decipher the regulatory mechanisms deeply. Our proposed concept of IP3R
plasticity should not only explain how binding partners or enzymes can target inaccessible sites
but also provide a mechanistic basis for the specific function regulated by spatiotemporal IP3

and Ca2+ signaling at each microdomain. To observe such protein dynamics, concrete cellular
examples are needed. In particular, knowledge of protein plasticity will require high-quality as-
sessment of protein components and posttranslational modification of protein assembly at each
microdomain. In the future, empirical observations of dynamic motions in action will require new
imaging technologies, and analyses of molecular behavior at the microdomains will be necessary
to better understand the physiological roles of structural plasticity at discrete microdomains. We
suggest that these structural plasticity mechanisms triggered by dynamic transformations of the
IP3R assembly at each microdomain, including Ca2+-dependent regulation, binding proteins, and
posttranslational modifications, are involved in state-dependent properties of locally diverse func-
tions. In case of differentiated and polarized cells, we can assume that these protein mechanisms
presumably control local plasticity at cellular microdomains in many bodily organs, including the
brain.
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