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Foskett JK, White C, Cheung KH, Mak DOD. Inositol Trisphosphate Receptor Ca>" Release Channels. Physiol Rev 8T:
593-658, 2007; doi:10.1152/physrev.00035.2006.—The inositol 1,4,5-trisphosphate (InsP;) receptors (InsP;Rs) are a family of
Ca" release channels localized predominately in the endoplasmic reticulum of all cell types. They function to release Ca®" into
the cytoplasm in response to InsP; produced by diverse stimuli, generating complex local and global Ca®* signals that regulate
numerous cell physiological processes ranging from gene transcription to secretion to learning and memory. The InsP;R is a
calcium-selective cation channel whose gating is regulated not only by InsP;, but by other ligands as well, in particular
cytoplasmic Ca®*. Over the last decade, detailed quantitative studies of InsP,R channel function and its regulation by ligands
and interacting proteins have provided new insights into a remarkable richness of channel regulation and of the structural
aspects that underlie signal transduction and permeation. Here, we focus on these developments and review and synthesize the
literature regarding the structure and single-channel properties of the InsP;R.

I. INTRODUCTION lation of numerous processes, including transepithelial
transport, learning and memory, muscle contraction,

Modulation of cytoplasmic free calcium concentra- membrane trafficking, synaptic transmission, secretion,
tion ([Ca2+]i) is a signaling system involved in the regu- motility, membrane excitability, gene expression, cell di-
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vision, and apoptosis. A ubiquitous mechanism of modu-
lating [Ca®*]; involves the activation of phospholipase C
(PLC)-B and PLC-y by a wide variety of stimuli including
ligand interaction with G protein- or tyrosine kinase-
linked receptors. PLC hydrolyzes the membrane lipid
phosphatidylinositol 4,5-bisphosphate, generating inositol
1,4,5-trisphosphate (InsP) (27, 377). InsP; diffuses in the
cytoplasm and binds to its receptor (InsP3;R), which is an
intracellular ligand-gated Ca®" release channel (136, 270)
localized primarily in the endoplasmic reticulum (ER)
membrane (132, 354, 400). The ER is the major Ca®"
storage organelle in most cells. ER membrane Ca®"-ATP-
ases accumulate Ca®?* in the ER lumen to quite high
levels. Because the lumen contains high concentrations of
Ca®* binding proteins, the total amount of Ca®* in the
lumen may be >1 mM; the concentration of free Ca* has
been estimated to be between 100 and 700 uM (8, 21, 69,
330, 355, 373, 491). In contrast, the concentration of Ca®"
in the cytoplasm of unstimulated cells is between 50 and
100 nM, 3-4 orders of magnitude lower than in the ER
lumen. This low concentration is maintained by Ca®*
pumps and other CaZ* transporters located in the ER, as
well as plasma, membranes. Upon binding InsP;, the
InsP;R is gated open, providing a pathway for Cca’’ to
diffuse down this electrochemical gradient from the ER
lumen to cytoplasm. Ca®" in the cytoplasm moves by
passive diffusion, at a rate that is reduced by mobile and
immobile Ca®* binding proteins acting as buffers. As a
consequence, microdomains with steep Ca?* concentra-
tion gradients can rapidly form and dissipate near the
mouth of an InsP;R Ca®* channel. The Ca®" concentra-
tion adjacent to the open channel may be 100 uwM or more,
whereas concentrations as close as 1-2 um from the
channel pore may be below 1 uM (342, 343, 390). There-
fore, Ca®" has only a restricted “range of action,” on the
order of 5 um (7). The distribution and concentrations of
Ca®* binding proteins and the release channels, as well as
the complex properties of the release channels, enable
InsP;R-mediated [Cat2+]i signals to have diverse spatial
and temporal properties that can be exploited by cells,
making this signaling system remarkably robust. Conse-
quently, despite its expression in probably all cells in the
body, this signaling system can provide specific signals
that regulate diverse cell physiological processes.
Analyses of InsPs;-mediated [CaZJ’]i signals in single
cells has revealed them to be complex. In the temporal
domain, this complexity is manifested as repetitive spikes
or oscillations, with frequencies often tuned to levels of
stimulation, suggesting that [Ca®"]; signals may be trans-
duced by frequency encoding as well as amplitude. In the
spatial domain, [CaZJ’]i signals may initiate at specific
locations and remain highly localized or propagate as
waves (27, 28, 89, 466). Thus InsP;-mediated [Ca®*]; sig-
nals are often organized to provide different signals to
discrete parts of the cell. High-resolution optical imaging

FOSKETT, WHITE, CHEUNG, AND MAK

of fluorescent Ca®" indicator dyes in intact cells have
suggested that InsPy-mediated [Ca®"]; signals are orga-
nized at three broad levels. Each level can provide differ-
ent signaling functions and serve as a building block for
[Ca®"] signals at the next level (Fig. 1) (26, 49, 358). At the
first level, “fundamental” signals result from openings of
individual InsP3R Ca®* channels. Weak activation by low
[InsP;] evokes localized elevations of cytoplasmic [CaZ™]
that arise stochastically and autonomously at discrete
release sites. They have variable size, with the smallest,
called “blips” (358), possibly involving Ca®* flux through
one or, more likely, a few InsP5Rs (Fig. 1A). At the next
level, “elementary” signals arise from the concerted open-
ing of several channels. Larger events (“puffs”) involve
the concerted opening of multiple InsP;R channels orga-
nized within a cluster (446). The coordinated opening of
several channels is triggered by Ca®>" release from one
channel acting as an activating ligand to stimulate gating
of nearby channels through a process of Ca®"-induced
Ca®" release (CICR) (see discussion below about activat-
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FIG. 1. Schematic of the behaviors of inositol trisphosphate recep-
tor (InsP;R) channels in the presence of increasing concentrations of
InsP;. InsP3Rs are shown arranged in clusters that form discrete release
sites within the continuous endoplasmic reticulum. A: at low [InsPs]
during weak agonist stimulation, few receptors (in green) bind InsPs.
Others (in yellow) are not InsP; liganded and therefore not activated.
Consequently, highly localized small Ca®* signals (“blips”) are generated
by Ca?" released through a single or few InsP;R channels raising cyto-
plasmic Ca** concentration (shown in red). B: at higher levels of [InsPy],
coordinated openings of several channels (InsP; liganded) within a
cluster is triggered by Ca®" release from one channel acting as an
activating ligand to stimulate gating of nearby channels through a pro-
cess of Ca?*-induced Ca®" release (CICR). C: even higher [InsP,] evokes
global propagating Ca2" signals (waves). Ca?" released at one cluster
can trigger Ca®" release at adjacent clusters by CICR, leading to the
generation of Ca?* waves that propagate by successive cycles of CaZ*
release, diffusion, and CICR. [Figure kindly supplied by I. Parker and N.
Callamaras. Adapted from Parker et al. (358).]
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ing ligands of the InsP;R channel) (Fig. 1B). Appropriate
colocalization with effector proteins enables spatially re-
stricted fundamental and elementary signals to provide
specificity of cellular responses (49, 291). At the third
level, with higher [InsP;] associated with stronger extra-
cellular agonist stimulation, Ca®>* released at one cluster
site can trigger Ca®" release at adjacent sites by CICR,
leading to the generation of Ca®?* waves (Fig. 10) that
propagate in a saltatory manner (48, 71, 86) at velocities
of a few tens of microns per second by successive cycles
of Ca®" release, diffusion, and CICR (26, 101).

The spatial organization of InsP;R channels within
clusters and the distribution of clusters, together with the
positive regulation of the InsP;R by InsP; and Ca®"
(CICR), enable local and long-range Ca®* signals to be
constructed from the activities of single InsP;R Ca®*
channels. The cytoplasm has been described as an excit-
able medium: a collection of Ca®" release sites coupled by
messenger (Ca®") diffusion and an autocatalytic process
(CICR) (248). The InsP5R is the fundamental building
block of the excitable medium. Nevertheless, this descrip-
tion does not account for all of the properties of InsP;R-
mediated Ca®* signals in cells. The regenerative action of
CICR would normally be expected to lead to all-or-noth-
ing binary cellular Ca®* responses. Appreciable spacing
between release sites may limit the efficacy of CICR,
depending on the excitability of the system, but additional
mechanisms exist that also play a role in grading Ca®"
release with stimulus intensity, as well as in terminating
Ca®" release, including stochastic attrition (435), Ca®*
feedback inhibition, and inactivation.

InsP;-mediated Ca®" signals are an example in which
finite fluctuations at the microscopic (single channel)
level give rise to signals that are observable at the mac-
roscopic (cytoplasmic) level (230). The ability to trigger
global signals depends strongly on InsP5R single-channel
properties. Detailed knowledge of the microscopic prop-
erties of single InsP;R Ca®" release channels is therefore
necessary for an understanding of the diverse Ca®" sig-
nals elicited by the InsP; pathway. The focus of this
review is on the permeation and gating properties of
single InsP;R Ca®" release channels. As such, we review
recent studies that have provided new information re-
garding structural features of the InsP;R, the mechanisms
of ion permeation, and channel gating and its regulation
by InsPs, Ca®*, and other cellular factors including inter-
acting proteins.

II. MOLECULAR PROPERTIES OF THE
INOSITOL TRISPHOSPHATE RECEPTOR

A. Identification of the InsP;R

The glycoprotein receptor for InsP; was first purified
from rat cerebellum (443). Binding of InsP; to the purified
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protein had high affinity (K; ~100 nM) compared with
other inositol phosphates and was inhibited by heparin,
properties that were similar to those of the InsP; receptor
in crude cerebellar microsomes (520). Electrophoretic
analysis revealed that the receptor had an apparent mo-
lecular mass of ~260 kDa, whereas gel fractionation in-
dicated a molecular mass of the native protein of ~1 MDa,
demonstrating that the receptor was a tetramer (443), a
result that was later confirmed by cross-linking (270).
Immunostaining of cerebellar Purkinje cells revealed that
the receptor was expressed in the ER, nuclear envelope,
and portions of the Golgi complex, but not mitochondria
or plasma membranes (400). Subsequent studies have
indicated that the plasma membrane in some cell types
may also contain InsP;R (108, 457). Two groups simulta-
neously cloned full-length (150) and partial (313) type 1
InsP3R (InsP3R-1) ¢cDNAs from mouse cerebellum. The
full-length rat cerebellar InsP;R-1 cDNA was cloned
shortly thereafter (311). The full-length mouse cDNA se-
quence encoded for a protein of 2,749 amino acids with a
predicted molecular mass of 313 kDa (150), whereas an
additional 2,734-amino acid protein was discovered as a
splice variant in the rat (311). Expression of the recom-
binant proteins enhanced the magnitudes of InsP; binding
and InsPg-induced Ca®" release from isolated membrane
fractions (321). Reconstitution of the purified receptor
into lipid vesicles showed that it mediated Ca®" release in
response to InsP;, with half-maximal flux activated by
40-80 nM InsP; (136, 271). Furthermore, reconstitution of
purified InsP;R into planar bilayer membranes resulted in
the appearance of Ca®"-permeable ion channels (270,
302). Taken together, the data suggested that the InsP;R
was itself an intracellular ligand-gated Ca®" release chan-
nel.

B. InsP;R Diversity

1. Gene expression

Subsequently, it was established that three genes (39,
103, 150, 289, 313, 399, 439) encode for a family of InsP3Rs
in mammalian cells, including humans, and other verte-
brates. The three full-length amino acid sequences are
60-80% homologous overall, with regions, including the
ligand-binding and pore domains (discussed below), hav-
ing much higher homology (363, 460). In contrast, inver-
tebrates appear to express only a single InsP;R, most
closely related to the type 1 isoform (196, 200). In mam-
mals, the InsP5R is ubiquitously expressed, perhaps in all
cell types (104, 146, 149, 415, 460). The three channel
isoforms have distinct and overlapping patterns of ex-
pression, with most cells outside the central nervous
system expressing more than one type (68, 104, 105, 340,
345, 418, 451, 460, 493). InsP4R isoform expression levels
can be modified during development and differentiation
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(129, 242, 340, 394, 419, 450, 460) and in response to
various normal and pathological stimuli (20, 61, 70, 218,
226, 250, 305, 403, 418, 460, 502, 526). Furthermore,
InsP;R protein expression levels can be downregulated by
a use-dependent mechanism that involves InsPs;- and
Ca®"-dependent channel ubiquitination, and subsequent
degradation involving the proteasome (9, 10, 35, 515).

2. Alternative splicing

Further diversity of InsP;R expression is created by
alternative splicing (99, 138, 311, 340, 348). The type 1
channel has three main splice regions, denoted SI, SII, and
SII. The SI site is located within the core InsP; binding
region, comprising residues 318-332 (Fig. 2B) within a
loop connecting B-strands 6 and 7 of the second B-trefoil
domain (the structure is discussed in sect. mB1). The SII
site is located near the middle of the protein sequence in
the coupling domain, comprising residues 1693-1731 (Fig.
2B). It was proposed that the SII+ variant (the “long”
form) is the neuronal form, while peripheral tissues ex-
press primarily the SII— short form (99). The SII sequence
is absent in the types 2 and 3 isoforms. SIII corresponds to
a 9-amino acid insert after residue 917 (Fig. 2B). Until
recently, none of the splice forms had been cloned from
tissues. A detailed analysis of the InsP;R-1 transcriptome
has revealed a previously unrecognized and remarkable
diversity of expression in the brain (386). SII splicing can
come in four varieties (339, 386), with the result that the
type 1 transcript can vary at six segments within the open
reading frame, which can give rise to 48 possible channel
subunits. Seventeen variants were detected in cerebel-
lum, with each brain tissue and developmental stage gen-
erating 11-13 forms. A biased stochastic model for splic-
ing regulation could quantitatively account for the multi-
ple forms expressed at each developmental stage.

The mouse type 2 isoform was recently shown to
have a splice variant (SI,,,,) comprising residues 176-208,
within the first B-trefoil of the InsPs-binding region in the
so-called suppressor domain (discussed in sect. mBI)
(199). The deletion of this sequence eliminates two of the
B-strands of the domain, which would be expected to
severely disrupt its structure. The SI,,— mRNA com-
prised 7-20% of the total type 2 transcripts in various
mouse tissues, with the submandibular salivary gland ex-
pressing it at 41% (199). Another mouse type 2 splice
variant termed TIPR was detected in skeletal and heart
muscle that codes for a truncated protein of only the
NH,-terminal 181 residues (151). It shares the splice ac-
ceptor site with the SI, , variant.

Although invertebrates appear to express only a sin-
gle InsP;R isoform, the Caenorhabditis elegans channel
exists as six alternatively spliced forms (22, 159) and the
Drosophila channel exists as two (427).
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3. Heteroligomerization

A final level of channel diversity is generated by
heteroligomeric interactions among different isoforms.
The InsPs;Rs are ~2,700-2,800 amino acid intracellular
membrane proteins that exist as homo- or heterotetra-
mers (209, 210, 212, 270, 311, 328, 363, 443, 536). By
analogy with other cation channels and some structural
information, the ion-conducting pore is believed to be
created at the central axis of the tetrameric structure (Fig.
3). Evidence for the existence of heterotetramers of two
isoforms has come primarily from the ability of isoform-
specific antibodies to coprecipitate other isoforms (363).
Cross-linking studies (352) and the ability of mutant chan-
nels to exert dominant negative effects (40, 433) also
support the existence of heterotetrameric channels. The
results to date indicate that two different InsP;R forms
can exist in the same tetramer. Whether all three isoforms
and/or multiple splice variants ever exist in a single tet-
rameric complex is however unknown. If they do, then
the diversity of channels could be quite impressive. For
example, adult cerebellum, a source of InsP;R for many
biochemical and functional studies, expressed 13 splice
forms of the InsP5R-1. Twenty percent of the transcripts
were SI+, whereas 98% contained three of four possible
SII varieties, and SIII was absent in 73% of transcripts. For
tetrameric channels with no bias against heteromultimer-
ization among different forms, the presence of 12 tran-
script variants is predicted to give rise to nearly 5,900
channel isoforms (386)!

4. Functional implication of InsPsR diversity

A) GENERAL CONSIDERATIONS. This diversity of channel
expression is impressive, but the functional implications
of this diversity, both at the single-channel as well as
cellular levels, are still only poorly explored. This diver-
sity suggests that cells require distinct InsP;Rs to regulate
specific functions. Cerebellar Purkinje neurons express
the type 1 isoform predominately (although many differ-
ent splice variants of it), whereas insulin-secreting -cells
express primarily the type 3 channel (460), and cardiac
myocytes express predominately the type 2 isoform (256,
368). Genetic knockout of the mouse type 1 receptor
causes neurological defects and early death (297), consis-
tent with the dominant expression of the type 1 isoform in
the cerebellum. Similarly, genetic deletion of the mouse
type 2 receptor abolishes the positive ionotropic and ar-
rhythmogenic effect of endothelin in cardiac atrial myo-
cytes (2563) and endothelin-induced HDAC5 nuclear trans-
location in ventricular myocytes (521). It is therefore
perhaps surprising that genetic diseases as a direct con-
sequence of mutations of the human InsP;R have not yet
been discovered, whereas several (malignant hyperther-
mia, central core disease, arrhythmogenic right ventricu-
lar cardiomyopathy, catecholaminergic polymorphic ven-
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FIG. 2. Structural determinants of the InsP;R. A: overall domain structure. The InsP;R molecule depicted as a linear amino acid sequence, with
the NH,-terminal InsP; binding region (red), coupling region (yellow), transmembrane region (green), and COOH tail (blue) depicted. B: linear amino
acid sequence. Residues are numbered according to the rat type 1 SI+, SII+, SIII— sequence (protein accession no. 121838). Structural features (see
section in this review where each element is described) shown are as follows: arm subdomain and B-trefoil in the InsP;-binding suppressor domain
(sect. mBI1); B-trefoil and armadillo repeats in InsP; binding core domain (sect. mB1); armadillo repeats in the coupling domain (sect. mB3);
alternative splicing regions SI, SII, and SIII (sect. 1B2) for type 1 InsP;R; opt deletion in type 1 InsP;R mutant (sect. mB3); ATP-binding sites ATPA,
ATPB, and ATPC (sect. viF4); transmembrane helices TM1-6 and pore-forming P region (sect. 11B2A) with selectivity filter (sect. VF); linker region
(sect. mBI); dimerizing region (sect. mC1); tetramer forming region (sect. mC1). Trypsin proteolysis sites (sect. mC3) are indicated by black
arrowheads. The caspase 3 cleavage site (sect. mC3) is also shown. G25 (sect. mB1), S217 (sect. mB1), T799 (sect. mB3), M837 (sect. mB3), C1430
(sect. mB3), and G2045 (sect. mB3) are highly conserved residues the mutation of which can impact InsP;R channel functions. Mutation of E2100
modifies Ca®" regulation of InsP;R channel (sect. viK). R265, L508, and R511 are critically important for InsP, binding (sect. mB1). G2586, T2591,
L2592, and F2595 are residues that may be involved in forming the gate of the InsP;R channel (sect. mB2B). N2475 and N2503 are glycosylation sites
(sect. mB). S1589 and S1755 are PKA/PKG phosphorylation sites (sect. ViL, I and 2); S2681 is an Akt phosphorylation site (sect. viL4); Y353 is a Fyn
tyrosine kinase phosphorylation site (sect. ViL5); and S421 and T799 are cdc2/CyB phosphorylation sites (sect. VIL6). Sequences involved in
interaction of InsP;R channel with the following proteins are also depicted: homer (sect. VIN13); calmodulin (sect. VIN1); CaBP (sect. viN2); RACK1
(sect. VIN3); IRBIT (sect. VIN4); CIB1 (sect. vIN2); Na*-K*-ATPase (sect. VINI4); COOH terminal of InsP;R in the tetrameric channel (sect. mB1);
TRPC3 (sect. VIN14); GAPDH (sect. VINS); AKAP9 [through leucine/isoleucine zipper (LIZ) motif] (sect. VIL1); FKBP12 (sect. VIN7); Erp44 (sect.
VING); chromogranins (sect. VINS); cytochrome ¢ (sect. viN10); HAP1 and Htt®® (sect. vIN11); protein 4.1N (sect. viN13); and PP1 (sect. viLI).

tricular tachycardia) have been identified as conse-
quences of mutations in ryanodine receptors (RyR), the
other major family of intracellular Ca®" release channels
(reviewed in Ref. 376). It is possible that disease-causing
InsP;R mutations will be discovered and that some
InsP3R mutations are invariably embryonically lethal. On
the other hand, the lack of identified InsP;R mutations in

humans may suggest that expression of multiple InsP;R
isoforms in most cell types provides functional redun-
dancy that is necessary because of the critical importance
of InsP;-mediated Ca®" signaling for many cell physiolog-
ical processes. Indeed, evidence suggests that there is
functional redundancy among the InsP5R isoforms in cells
that express more than one. For example, knock-out of
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FIG. 3. The InsP,R Ca®* release channel. Cartoon depicting three of
four InsP;R molecules (in different colors) in a single tetrameric channel
structure. Part of the luminal loop connecting transmembrane helices 5
and 6 of each monomer dips into the fourfold symmetrical axis, creating
the permeation pathway for Ca%* efflux from the lumen of the endo-
plasmic reticulum.

both types 2 and 3 isoforms together were required to
create a pancreatic acinar cell secretion phenotype (152),
genetic deletion of the type 1 isoform was without effect
on T-cell Ca®" signaling or development (188), and ge-
netic deletion of all three InsPsR isoforms was necessary
to generate an apoptosis phenotype in chicken DT40 B
cells (440).

B) ISOFORM DIFFERENCES. Despite these considerations,
the molecular diversity of InsP5R expression nevertheless
suggests that it is likely that InsP5R isoform-specific per-
meation, gating, or localization and their regulation by
ligands or interacting proteins confers specificity required
for specific cell physiological processes. Many different
biochemical, Ca®>" release, and channel properties have
been proposed to exist among the different isoforms. For
example, the three channel isoforms may be differentially
sensitive to activation-induced, ubiquitin-mediated down-
regulation (516). It has been proposed that different chan-
nel isoforms have distinct InsP5 binding properties. How-
ever, the order of InsP; affinity is variable among studies
[type 2 > type 1 > type 3 (122, 318, 345, 439); type 1 >
type 2 > type 3 (517); type 3 > type 2 > type 1 (344)], and
the differences in affinity among the isoforms in some of
the studies are modest. Thus the physiological relevance
of different InsP5 affinities among isoforms has not been
clearly established. It has been proposed that cADP-ri-
bose and the oxidizing agent thimerosal regulate InsP;
binding or Ca®" release differentially among the three
channel isoforms (67, 488, 489) and that InsP; binding to
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different isoforms is differentially regulated by [CaZJ’]i or
calmodulin (77, 487, 530). Nevertheless, the literature re-
garding all these studies is conflicting (reviewed in Ref.
461). In part, the divergent results likely reflect the differ-
ent preparations used, for example, fragments of the re-
combinant InsP;R as bacterially expressed fusion pro-
teins versus full-length channels in microsomes, as well as
the different assays used, for example, InsP; binding to
microsomes versus Ca®" flux from permeabilized cells.
Differences among isoforms in Ca®* release rates may not
necessarily reflect intrinsic differences in the properties
of the channels, since the state of phosphorylation or
association with interacting proteins are usually unknown
and are likely different in different cell preparations. It
has also been suggested that divergent results could arise
from “dominance” of a single subunit within a heterotet-
ramer (461). In addition, the variability of published re-
sults likely stems from the presence of different confor-
mational states of the channel present in the different
studies. As a highly allosteric protein that is regulated by
several heterotropic ligands (including InsP;, Ca®*, ATP,
H*, and interacting proteins) as well as by redox and
phosphorylation status, apparent binding affinities of
each ligand will be strongly influenced by the conforma-
tional state of the channel, which is in turn dependent on
the state of binding of all the other ligands. Even under
identical experimental conditions, apparent differences in
otherwise identical ligand binding properties between iso-
forms may be caused by such allosteric effects. Conse-
quently, various reported ligand-binding properties may
have been strongly influenced by the channel conforma-
tional state, which could be different among studies. It is
therefore quite difficult to interpret much of the literature
that has attempted to compare channel isoforms when
only limited sets of experimental conditions are em-
ployed, as in most published studies.

C) SPLICE VARIANTS. A consistent observation relates to
the effects of the SII splice site on the ability of the type
1 channel to be phosphorylated by protein kinase A (PKA)
(99, 497, 498). Deletion of the SII region creates a novel
ATP binding site (137) (ATPC; Fig. 2B). ATP binding to
that site modulates the ability of the channel to be phos-
phorylated by PKA (496). Channel phosphorylation in
turn allosterically modifies the channel sensitivity to InsP5
(497, 498, 541) (discussed in sect. viL). The SII+ channel
as well as the types 2 and 3 channels lack this ATP binding
site and are therefore expected to respond differently in
response to elevated cAMP, although both the types 2 and
3 channels can be phosphorylated by PKA at different
sites (432, 436, 518).

D) PROTEIN INTERACTIONS. Many protein interactions
with InsP;R have been described (discussed in sect. viN
and reviewed in Refs. 267, 365). Most interactions have
been examined for only one isoform. Some proteins, in-
cluding CaBP/caldendrin (527), Bcl-2-related proteins (83,
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349, 508), and Na"-K"-ATPase a-subunit (540) have been
shown to interact with all three InsP5R isoforms, whereas
others, including AKAP9 (480) and protein 4.1N (301,
544), appear to interact specifically with the type 1 iso-
form. Because the stoichiometry of these interactions is
unknown, it is unknown whether isoform-specific inter-
actions can also form with heterotetrameric channels
containing fewer than four copies of the type 1 channel
molecule. It seems likely that many more isoform-specific
protein interactions will be discovered and that these
interactions may in turn be regulated. Thus a diversity of
regulated isoform-specific protein interactions may con-
fer yet further InsP;R channel diversity through mecha-
nisms involving InsP5R localization and gating.

E) BIOPHYSICAL PROPERTIES. Finally, the different channel
isoforms and their splice variants may have different bio-
physical properties related to gating and permeation. As
discussed in detail in section v, the permeation properties
of different InsP;R channel isoforms are quite similar,
likely reflecting the conserved amino acid sequences in
the pore region of the different isoforms. The gating prop-
erties of different isoforms of homotetrameric InsPsR
channels have either been inferred from Ca®* release
studies or examined directly by single-channel electro-
physiology. By analysis of Ca®" release and agonist-in-
duced Ca®" signals in DT40 chicken B cells with either
one or two InsPsR isoforms genetically deleted, it was
concluded that the type 2 isoform is required for long-
lasting regular [Caz+]i oscillations, that the type 1 recep-
tor mediated less regular [Cat2+]i oscillations, and that the
type 3 channel generated only monophasic [Ca®"]; re-
sponses (318). Knockdown of the type 1 channel by RNA
interference in HeLa and COS-7 cells abolished agonist-
induced [CaZJ']i oscillations, whereas knockdown of the
type 3 resulted in long-lasting [Ca®*]; oscillations (173). It
was concluded that the two receptors have opposite roles
in generating Ca®* signals (173). Three points should be
noted regarding these studies. First, even if these types of
measurements provide insights into roles of different iso-
forms in generating distinct Ca®* signals, they provide
little mechanistic insight into the molecular features that
distinguish the different channels. Gating of the InsP5R
channel involves channel activation, inhibition, inactiva-
tion, stochastic attrition, and sequestration, and all these
processes are complicated functions of ligand (Ca®",
InsP5, ATP) sensitivities and concentrations, interactions
with proteins, phosphorylation state, etc. (discussed in
sect. vi). Which gating properties in channels formed by
different isoforms can account for different Ca®* release
behaviors have not been elucidated in these studies. Sec-
ond, it is also important to note that, because the curves
that describe the transient kinetics of Ca®* release ob-
served in cells and rapid perfusion experiments are rem-
iniscent of the biphasic curves that describe the cytoplas-
mic Ca®?" concentration dependencies of steady-state
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channel activity, there has been a tendency in such cell
studies to equate the two and to account for Kkinetic
features of Ca®" signals in terms of observed effects of
Ca®* concentration on steady-state single-channel gating
activity. For example, the purported lack of high-Ca®"
inhibition of type 2 or type 3 InsP;R steady-state channel
gating (163, 382) has been invoked to account for either
the presence or absence of [Ca2+]i oscillations in such
studies (173, 318). However, as pointed out (430), the
bell-shaped or otherwise biphasic shape of the steady-
state open probability (P,) versus [Ca®"]; curve has “very
little, if anything” to do with the fact that the InsP;R
exhibits complex rapid kinetic behaviors. Third, complex
Ca”" signals in cells are determined not only by “intrinsic”
permeation and gating features of each isoform, but by
many other factors as well, including the absolute channel
density and the spatial distribution of the channels, and
the influence of these factors within the context of com-
plex cellular machinery, including pumps and buffers,
that participate in regulating cytoplasmic Ca®>" concentra-
tion. Thus interpretation regarding the roles of, and dif-
ferences among, different channel isoforms in such Ca®"
release/Ca®* signaling studies is complicated and requires
considerable caution.

More detailed mechanistic insights into the intrinsic
differences among different channel isoforms can be ob-
tained from single-channel recordings. Unfortunately, the
channel properties observed in planar bilayer reconstitu-
tion studies have been quite variable among studies, even
for the same isoforms from the same laboratories, and
different from those observed by nuclear patch-clamp
electrophysiology. This experimental variability limits the
degree to which generalizations can be made regarding
distinctions among different channel isoforms or splice
variants. In patch-clamp studies of isolated Xenopus oo-
cyte nuclei, it was concluded that the permeation and
gating properties of the expressed recombinant rat type 3
channel were similar to those of the endogenous type 1
channel (284), but that the Ca®>" activation properties of
the two channels uniquely distinguished them (283). In
reconstitution studies of Sf9 cell-produced recombinant
rat types 1, 2, and 3 channels, numerous differences were
noted (482). First, the maximum channel open probability
(Ppax) in 1 mM ATP was considerably smaller for type 3
channels (<5%) compared with the other two isoforms
(30%). However, the P, for the type 1 channel recorded in
this study was considerably higher than that observed in
other reconstitution studies (generally <5%). Further-
more, another study found that the P, of the type 2
channel exceeded that of the type 1 channel (382). Of
note, the maximum P, values for all three channels in all
reconstitution studies were considerably lower than that
measured in the patch-clamp studies (80%) (42, 196, 278,
282, 283). Second, the InsP; sensitivities differed over
fourfold, with the order as follows: type 2 > 1 > 3. In
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addition, the isoforms had different apparent sensitivities
to ATP free acid. It is important to note that the determi-
nations of channel P, in these studies were made at a
single Ca®" concentration (200 nM). However, as dis-
cussed in detail in section viF, the interplay between the
effects on channel P, of the cytoplasmic concentrations
of Ca®>* and InsP; or ATP as heterotropic ligands of the
InsP;R, an allosteric protein, can be manifested as appar-
ent differences in ligand sensitivity depending on the
concentration of the other heterotropic ligands (282).
Therefore, to determine the effective ligand sensitivity of
a channel isoform, it is necessary to examine the effect of
InsP; or ATP concentrations on the Ca** concentration
dependence of channel P, over a wide range of cytoplas-
mic Ca®" concentrations.

The Ca®* concentration dependencies of the channel
P, of the different reconstituted InsP;R isoforms were
narrow bell-shaped, centered around 200 nM for all three
channels (481). In agreement, patch-clamp electrophysi-
ology of the endogenous Xenopus (282) and Sf9 (196) and
recombinant rat type 1 (42) and type 3 (283) channels
indicated that their steady-state activities are indeed both
activated and inhibited by Ca®*, but the high [Ca®"];
inhibition was exerted at much higher concentrations in
the patch-clamp studies (half-maximal inhibition ~20-40
uM in patch-clamp experiments versus ~0.5-1 uM in
bilayers). However, very different cytoplasmic Ca®* con-
centration dependencies of channel P, have been ob-
served in other single-channel reconstitution studies. In
contrast to the observations in Reference 481, it was
reported that the activities of the type 3 (163) and type 2
(380, 382) channels are monophasic functions of cytoplas-
mic Ca®?" concentration, with little or no evidence of
high-[Ca®"]-mediated  inhibition. ~Furthermore, the
“width” of the biphasic P, versus [Ca®"] curve was dis-
tinct for the same reconstituted type 1 SII+ isoform ob-
tained from different sources by the same lab (229, 478),
with the reasons for the variability not clear to the authors
(478). The reasons for the widely divergent and inconsis-
tent permeation and gating properties and their regulation
observed in InsPs;R channel reconstitution studies are
unclear, but are important to resolve to bring clarity to the
field.

In summary, a remarkable diversity of InsP5R iso-
forms exists, but insights into the functional implications
of this diversity are still rudimentary. Although single-
channel electrophysiology promises to provide the most
detailed insights into the distinct properties of different
isoforms, the divergent results obtained within different
studies of reconstituted channels and from nuclear patch-
clamp studies indicate a need to define more optimal
systems for expression and recording of different single
InsP;R variants. Furthermore, it is expected that appreci-
ation of the molecular diversity of InsPs;R will likely also
be enhanced by use of other approaches that address
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channel localization and interaction with molecular part-
ners in protein complexes.

III. STRUCTURE OF THE INOSITOL
TRISPHOSPHATE RECEPTOR

A. Overview

Each InsP;R molecule contains ~2,700 amino acids
with a molecular mass of ~310 kDa. Structurally, each
InsP;R molecule contains a cytoplasmic NH, terminus
comprising ~85% of the protein mass, a hydrophobic
region predicted to contain six membrane-spanning heli-
ces that contribute to the ion-conducting pore of the
InsP5R channel, and a relatively short cytoplasmic COOH
terminus (Fig. 2A). Functionally, the NHy-terminal region
can be divided into a proximal InsP5 binding domain and
a more distal “regulatory”/“coupling” domain (Fig. 2A).
InsP; binding to the InsP5R is stoichiometric and localized
by mutagenesis and an X-ray crystal structure to a region
within residues 226-578 (Fig. 2B). Because of the similar-
ity among channel isoforms, to facilitate discussion of
various structural aspects of the InsP5R in this review, we
refer throughout to specific amino acids in the sequence
involved in ligand binding, protein interactions, etc., using
numbering based on the rat type 1 SI+, SII+, SIII—
InsP;R sequence. The InsP;R channel is a tetramer of four
InsP3R molecules (Fig. 3). Approximately 2,000 amino
acids separate the InsP;-binding domain from the pore.
This intervening region between the InsP; binding domain
and the pore contains consensus sequences for phosphor-
ylation and binding by nucleotides and various proteins. It
may function to integrate, through allosteric coupling,
other signaling pathways or metabolic states with the
gating of the InsP5R.

B. Structural Properties of the InsP;R Molecule

1. InsPg binding region

The localization of the InsP; binding region to the
NH, terminus of the InsP;R was first proposed by Mignery
and co-workers based on the discovery that deletion of
the first 410 residues of the protein completely eliminated
InsP; binding (311) and that soluble monomeric proteins
with COOH-terminal boundaries between residues 519
and 788, that lacked the transmembrane regions, effi-
ciently bound InsP; (312). Similar experiments subse-
quently established the NH, terminus as the site of InsPy
binding in all three isoforms (289, 322, 439). Binding of
InsP, to the receptor is stoichiometric (271, 443) with an
apparent K, usually in the range of 10—80 nM. Binding of
InsP; to recombinant InsPsR proteins containing only the
NH,-terminal 586 residues had similar affinity, pH sensi-
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tivity, and inositol phosphate selectivity as the native
channel (345). Of note, deletions from either the NH, or
COOH terminus of this construct eliminated binding, in-
dicating that this region contained the complete InsPy
binding domain (345). Further deletion mutagenesis con-
firmed that even small NH,-terminal deletions abolished
InsP; binding to the ligand-binding region. However, bind-
ing was restored when more substantial deletions were
made, with a mutant construct with the first 225 residues
deleted having 10- to 100-fold higher affinity than the
full-length construct (538). Thus the region encompassing
residues 226576 was sufficient for InsP; binding, forming
an InsP5 binding “core,” whereas the region containing
residues 1-225 was referred to as the “suppressor” do-
main (538) (Fig. 2B). Within the core domain, site-di-
rected mutagenesis identified 10 conserved arginine and
lysine residues distributed throughout the domain as play-
ing important roles in InsP; binding, with residues Arg-
265, Lys-508, and Arg-511 critically important (538).

Crystal structures of both the core (52) and suppres-
sor (b4) domains of the mouse type 1 InsPs;R have been
solved (Fig. 44). In the 2.2-A resolution structure of the
core domain in complex with InsP;, two distinct domains
are present at right angles to each other in an elongated
L-shaped structure. The region from 225-436 constitutes
a (-sheet-rich B-trefoil domain, whereas the region from
436-600 is a-helical, comprised of two partial and one
complete armadillo repeats. InsP; is present in the struc-
ture at the interface of the domains, in a deep cleft with
important binding determinants contributed by both. The
cleft is lined with basic residues that anchor InsP; to the
protein. The phosphates in the 1 (P1) and 5 (P5) positions
of InsP; interact primarily with residues from the a-heli-
cal domain, whereas the phosphate at the 4 position (P4)
interacts with the B-trefoil domain (Fig. 44). The most
extensive interactions involve P4 and P5 through hydro-
gen bonding primarily with several basic residues, al-
though nonbasic residues as well as water are also in-
volved. P1 interacts with only two basic residues.

Adenophostin A (AdA), a fungal glyconucleotide me-
tabolite (448), and its analogs (23, 290, 420) are potent
agonists of the InsP5R. Although their molecular struc-
tures are significantly different from those of InsP; and its
analogs (198), they activate the channel by interactions
with the InsP5 binding site (157). Molecular docking of
AdA into the core domain crystal structure was consistent
with experimental structure-activity relationships and
provided some possible clues to the mechanisms involved
in the high affinity of AdA for the InsP;R (397).

NMR studies of the core domain revealed well-re-
solved peaks when the core domain protein was com-
plexed with InsP;, whereas many broadened peaks in the
spectrum appeared in the absence of InsP; (53). It was
suggested that a dynamic equilibrium might exist in the
ligand-free domain as a result of motions around the hinge
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FIG. 4. Structures of the InsP;R. A: crystal structures of the core
InsP; binding domain (left) and suppressor domain (right). InsPy
present in the core domain structure coordinated in a cleft created by an
NH,-terminal B-sheet-rich B-trefoil domain and an a-helical armadillo-
repeat domain. Suppressor domain is comprised entirely of a pB-trefoil
domain (head) with a helical insert (arm). Structures solved in Refs. 52,
54. B: cryoelectron microscopic single-particle reconstruction of InsP;R
(right, tilted with respect to the plane of the page with cytoplasmic
aspect facing upwards toward viewer with InsP; binding core domain
density fitted into an L-shaped density). For a better fit, various parts of
the InsP; binding core domain were rotated as indicated by the arrows
with respect to the crystal structure shown in A. N and C refer to NH,
and COOH termini of each domain in A and B. [From Sato et al. (407),
with permission from Elsevier.]

region that connects the two subdomains. InsP; binding
to this region stabilizes the conformational relationship of
the two domains with each other, consistent with earlier
studies that indicated that InsP; binding to an NH,-termi-
nal 1,800-residue fragment of the receptor caused a con-
formational change (312). However, these studies of the
isolated core domain may not reflect the behavior of this
region within the context of the whole channel, where
interactions with other parts of the protein, for example,
the suppressor domain, or other structural features may
constrain the mobility of this region. Nevertheless, InsP,
binding undoubtedly stabilizes the observed structure of
the two domains. By analogy with the mechanism of
glutamate binding to its bidentate binding pocket in the
glutamate receptor (269), it has been speculated that
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InsP; might bind primarily to either the S-trefoil or arma-
dillo-repeat domain first, and then recruit and stabilize the
other domain in the structure observed in the crystal
(459).

The suppressor domain, encompassing residues
2-223 of the mouse type 1 InsP;R, was resolved at 1.8 A
(54) (Fig. 4A). The structure is comprised of a typical
B-trefoil domain, referred to as the “head” subdomain,
that contains an unusual helix-loop-helix insert that pro-
trudes away from the structure, referred to as the “arm”
subdomain, with the overall appearance reminiscent of a
hammerlike structure. Thus the complete ligand-binding
region (1-5686) contains a proximal pair of B-trefoil do-
mains and a distal armadillo repeat region. Whereas the
sequence similarity between the two B-trefoil domains is
low, their structures superimpose well, excluding the he-
lix-loop-helix insert in the first domain, and a long loop in
the second domain that contains the SI splice site (54).
Before the structure of the 2-223 suppressor domain frag-
ment was solved, it had been noted (375) that this region
has repeats that are recapitulated in what is now recog-
nized as the (second) 225-436 B-trefoil domain, so the
discovery of the suppressor domain as a f-trefoil domain
was somewhat anticipated. It had been similarly noted
that the NH, terminus of the RyR also contains the same
repeats (375). Molecular modeling is consistent with the
presence of tandem S-trefoil domains similarly present in
the RyR (54). The ug3 mutation (109, 216) in the single
Drosophila InsP5R gene (3, 490), a missense mutation that
changes a serine to phenylalanine at position 217 (Fig. 2B)
near the COOH terminus of the suppressor domain, en-
hances the sensitivity of activation, but not the binding
affinity, of the reconstituted Drosophila InsPsR to InsPg
(434), suggesting that the suppressor region may alloster-
ically couple InsP; binding to gating activation. Interest-
ingly, mutations within these domains in the RyR cause
central core disease and malignant hyperthermia (54).
Some of the residues are predicted to contribute to the
B-trefoil fold, so their mutation might be expected to have
structural implications for the entire domain. Others,
however, were predicted to be located in surface-exposed
loops, suggesting that they are importantly involved in
channel function. It is quite interesting that such striking
structural homology between the two families of Ca®"
release channels, if confirmed, should be present in this
region of the channels, since the InsP; binding function in
the InsP5R is a main feature that distinguishes InsP;R
from RyR.

Although deletion of the suppressor domain en-
hances InsP; affinity of the core domain, Ca®" release
activity of the channel could not be elicited by InsPs,
suggesting that the suppressor domain is required for
normal channel activation (486). It has been proposed
that the suppressor domain may therefore couple InsP;
binding in the core domain to other regions of the channel
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that impinge on the gating mechanisms (486). A critical
next step is to resolve details regarding the structures of
the three domains together, both in the presence and
absence of InsP; and Ca®". The mechanisms by which the
suppressor domain modulates the affinity of the channel
for InsP; are not elucidated by these structures. A logical
hypothesis is that the suppressor domain interacts di-
rectly with the core binding domain. Deletion of the un-
usual helix-loop-helix arm subdomain was without major
effect on the ability of a recombinant NH,-terminal 604
residue ligand-binding domain to bind to InsP;, suggesting
that it was not critical for the suppressor function of the
suppressor domain (54). It was noted that one surface of
the suppressor domain contains several conserved resi-
dues (54). Mutagenesis of particular residues located
within the surface enhanced the InsP; affinity of the re-
combinant binding domain (54), consistent with the no-
tion that this region of the head might participate in a
protein interaction with another region that modulates
InsP4 binding affinity of the core domain. Genetic studies
have shown that the single C. elegans InsPs;R gene, itr-1
(22, 88), is important to the ultradian rhythm underlying
defecation (97). One of two InsP5R alleles identified that
disrupt the defecation cycle, n2559, characterized as a
loss-of-function mutation because the defecation cycle
was eliminated, was mapped to residue 103 as a missense
alteration of Gly to Glu (G103E), corresponding to Gly-25
(Fig. 2B). This residue is located immediately adjacent to
the residues identified (54) whose mutations enhance
InsP; binding. This result suggests that whereas this re-
gion might participate in regulating the InsP; binding
properties of the core domain, the suppressor domain is
also required for the channel to function, consistent with
the loss of channel activation by InsP; binding when the
entire domain is deleted (486).

Inspection of the two crystal structures could not
identify a potential binding interface within the core do-
main that might constitute the interaction region with the
suppressor domain (54). However, other regions of the
InsP;R molecule have also been proposed to interact with
the ligand-binding region. First, a direct association be-
tween the NH,-terminal 340 residues and the COOH ter-
minus has been observed (40, 214). The 340-residue NH,-
terminal construct contains the suppressor domain and
part of the second B-trefoil domain. Because truncation of
the construct in the middle of the B-trefoil domain likely
severely disrupts its structure, the suppressor domain
probably mediates the interaction with the COOH termi-
nus. Thus the conserved patch observed in the crystal
structure of the suppressor domain (54) could possibly be
involved in interactions with the COOH terminus. Re-
cently, the NH,y-terminal interacting region in the COOH
terminus of the channel was localized to the cytoplasmic
linker that connects transmembrane helices 4 and 5
(54-S5 linker) (411). The possible implications of this
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interaction for activation gating of the channel are dis-
cussed in section mBZB.

2. The transmembrane region

A) THE PORE. A six transmembrane topology of the
InsP;R was established by immunocytochemical tech-
niques and N-linked glycosylation analyses of full-length
and truncated proteins (153, 309). These studies, together
with analogy modeling of InsP;R and RyR with well-
characterized cation channels, suggested that COOH-ter-
minal transmembrane helices are involved in ion perme-
ation, with helices 5 and 6 and intervening sequences in
InsP4R critical for creating the basic pore structure (309,
459, 514) (Fig. 3). Deletion of the first four transmem-
brane helices from InsP5R, leaving transmembrane heli-
ces 5 and 6, resulted in a channel with normal conduc-
tance and selectivity properties (383), consistent with this
model. Site-directed mutagenesis of two residues be-
tween TMb5 and 6, and believed to be located in the
putative selectivity filter (43), also suggested that such a
model provides a rational basis for considering the roles
of particular residues that contribute to conductance and
selectivity properties of the InsP;R permeation pathway.
Furthermore, homology of RyR and InsP;R sequences in
the putative pore region suggests that insights from stud-
ies of the RyR can provide insights into important molec-
ular determinants in InsPsR.

The bacterial K* channel KcsA has been used as a
template to successfully model the pore region of the
InsP5R and RyR (414, 507). Based on homology, predicted
secondary structure, surface area, hydrophobicity, and
electrostatic potential, the assembled tetrameric TM5/6
region of RyR2 adopted an equivalent structure to that of
KcsA (507). The validity of the model was demonstrated
by its ability to quantitatively predict in molecular dynam-
ics simulations empirical permeation results for RyR2.
Recent electron microscopic structures of the RyR re-
solved at 13.6 A (405) and ~10 A (261) provide details
regarding the membrane domain, including the pore. In
these studies, some helices were resolved that could be
well fitted with the pore helices from crystal structures of
bacterial K* channels. These studies reinforce the hy-
potheses based on homology modeling that the pore of
RyR and, by extrapolation because of their sequence,
secondary structural and functional similarities, the
InsP;R as well, are constructed in a manner believed to be
similar in many types of cation channels (266). Additional
details regarding the functional and structural properties
of the InsP5R pore are discussed in section v that focuses
on ion permeation properties of the channel.

B) THE GATE. InsP5 binding to the NH, terminus of the
channel induces conformational changes that are trans-
duced to the activation gate that then enables ion flow
through the channel. The molecular identity of the gate is
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unknown, and the mechanisms that couple ligand binding
to opening and closing of the gate are unknown as well.
Structural and functional studies in other cation channels
indicate that activation gating can reside at two locations.
First, the inner helices associated with the pore cross
each other near the cytoplasmic surface of the membrane,
at a so-called bundle crossing (115). The bundle crossing
appears to either provide too narrow a passage for ion
translocation or it is lined with hydrophobic residues at
the narrow point that act effectively as a barrier to ion
flow (115, 243, 416). The structures of bacterial MthK and
KvAP K" channels (205, 206), and functional accessibility
and structural studies in other channels (106, 369, 370),
indicate that activation gating is associated with bending
and rotation of the inner helix, with consequent widening
of the pore access region, creating the inner vestibule.
Helix bending is conferred by highly conserved glycine
residues located above the helix bundle crossing (205,
206, 266), or by inner-helix proline residues in some cases
(106, 244). Alternatively, the activation gate appears to be
located at the selectivity filter in some ion channels, in-
cluding inward-rectifier and small-conductance K™ chan-
nels and CNG channels (62, 142, 143, 257, 260, 550).
Furthermore, the selectivity filter may undergo conforma-
tional changes during gating (36, 143). It has been specu-
lated that distinct channel kinetic states in Kir channels
reflect gating at the two different gates (36).

Analyses and modeling of single-channel gating ki-
netics of patch-clamped InsP;R indicate that besides the
ligand (InsP; and Ca®")-regulated gating mechanism, the
channel has a ligand-independent gating mechanism re-
sponsible for maximum channel P, being less than unity
in saturating InsP5 and optimal cytoplasmic Ca®* concen-
trations (285). By analogy, therefore, it is possible that the
two activation gating kinetics observed in the InsPsR are
localized to the inner helix (TM6) and selectivity filter as
well.

By further analogy with results from experimental
studies in other cation channels, some sequence features
also suggest that TM6 might function as the ligand acti-
vation gate. First, examination of TM6 of InsP;R and RyR
reveals a highly conserved glycine (Gly-2586) located ap-
proximately halfway down the helix (Fig. 2B). It is the
only glycine (in InsP;R), and there is no proline in the
TM6 helix, so this might be a gating hinge. Second, lo-
cated five residues down from Gly-2586 is a threonine
(Thr-2591) in InsP4R and alanine in RyR. It has been noted
that alanine is often five residues down from the gating
hinge, and it was speculated that its small side chain is
less likely to interfere with ion conduction (205). The
threonine in the InsP;R does not fit the model, but it is
interesting to note that a mutation in the RyR that changes
the alanine to threonine, to conform to the InsPs;R se-
quence, causes central core disease (263). It is tempting to
speculate that this residue indeed plays a role in regulat-
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ing ion access to the selectivity filter, with the larger
conductance in RyR compared with InsP;R due in part to
the presence of alanine instead of threonine, and that
restricted access associated with the mutation to threo-
nine in RyR is the basis for central core disease.

But where is the gate? In the crystal structure of the
closed KirBacl.1 channel, the side chains of phenylala-
nine (Phe-146) located four to five residues before the end
of the inner helix blocked the conduction pathway (243).
It was noted that residues with large hydrophobic aro-
matic or aliphatic side chains are favored in that position.
It was therefore concluded that this residue constituted
the activation gate. In the acetylcholine receptor, leucine
side chains rotate into the center of the pore in the closed
state (324). It is possible that InsP;R utilizes similarly
localized hydrophobic residues to block the pore in the
channel closed state and that conserved Phe-2592 or Leu-
2595 constitute the ligand-dependent activation gate in
InsP;R. Accordingly, activation gating by ligand binding
might be caused by conformational changes that are
transduced, ultimately, into a mechanical force on TM6
that pulls the helices laterally, separating these hydropho-
bic “plugs,” thereby opening the inner vestibule to ion
conduction. However, experimental support for these
speculations is currently lacking.

As discussed above, the suppressor domain-interact-
ing region in the COOH terminus of the InsP;R was local-
ized to the S4-S5 linker (411). In the crystal structure of
the two-transmembrane helix KirBacl.1 K* channel, the
COOH and NH, termini were coupled by interactions
mediated in part by a short so-called slide helix located
immediately before the outer helix (243). Similarly, in the
structure of the six transmembrane Kv1.2 K channel, a
short helix is present immediately preceding helix 5, the
equivalent outer helix (259). In each case, the helices are
amphipathic with their hydrophobic faces associated with
the inner surface of the plasma membrane. For both, it
was proposed that gating activation involves a lateral
movement of the slide helix, resulting in displacement of
the outer helix, enabling the inner helix to move out of the
conduction pathway, allowing ion flow. The S4-S5 linker
sequence is highly conserved among InsPsR as well as
RyR. Secondary structural analysis suggests that it con-
tains a conserved short helical region that is amphipathic
in both channel types, as it is in KirBacl.1 and Kv1.2. This
conserved primary, secondary, and tertiary structure that
mirrors the structure and location of the slide helix in the
Kir and Kv1.2 channels suggest that it is functionally
important. Thus the gating of the InsP;R channel might
possibly involve lateral movement of the S4-S5 linker,
possibly through interactions with the NH,-terminal sup-
pressor domain. Again, experimental support is lacking,
and much more work will be required to understand the
molecular details of gating in the InsP3R channel.
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3. The coupling region

Between the InsP; binding domain and the mem-
brane region (586-2276) is a stretch of ~1,700 residues
(Fig. 2A). Sequence analysis suggests that the region span-
ning residues 460-1500 is predominately a-helical with
the region between residues 760 and 1740 possibly con-
taining several armadillo repeats (52). It was suggested
that this may provide a long arm with a length of ~200 A
and a diameter of 35 A that may correspond to the rodlike
arm observed in low-resolution electron microscopic
structures of the InsP;R (discussed below) (52). Not sur-
prisingly, gross deletions of residues within this region
disrupt channel function, although deletion of residues
1692-1731, the SII splice region, left the channel func-
tional (486). A naturally occurring deletion of residues
1732-1839 in the type 1 channel, immediately after the SII
region, in the opt mouse (437) also leaves the channel
functional (437, 478; unpublished results). InsP;-mediated
Ca?" release is still present in cerebellar Purkinje neurons
from opt mice (437), and single-channel analyses of a
reconstituted recombinant opt InsP;R-1 confirmed that
the channel is functional, although it had an apparent
diminished ATP sensitivity compared with wild-type
channels (478). The opt deleted region of the InsP5R
contains a putative ATP binding site (so-called ATPA site)
that may account for the reduced ATP responsiveness
(discussed in sect. viF%). Interestingly, the phenotype of
the opt mouse is similar to that of the type 1 InsP;R
knock-out mouse. Both mice lack normal locomotor be-
haviors, display seizures at ~2 wk of life, and then die by
3-4 wk of age (297, 437). The mutant protein is expressed
at lower levels than wild-type protein. Thus it is possible
that either reduced protein expression and/or altered ATP
sensitivity accounts for the severe phenotype observed in
the opt mouse.

Clues to important functional regions of the coupling
domain have been revealed by mutations in this region
that have been identified in C. elegans and Drosophila. An
InsP3R allele that disrupted the defecation cycle in C.
elegans, sa73, is a reduction-of-function mutation that
lengthens the defecation cycle time. It is also associated
with reduced brood size and reduced gonadal sheath
contractility (529). The mutation has been mapped to
residue 1571 as a missense alteration of Cys to Tyr
(C1571T), in the coupling domain near the middle of the
linear amino acid sequence. This residue, equivalent to
Cys-1430 (Fig. 2B), is conserved from human to C. elegans
and in all isoforms. However, the role of this residue and
the effects of the mutation on either the localization or
single-channel properties of the InsP;R are unknown.
Five other InsP;R mutant alleles were identified by sup-
pression of sterility in let-23 mutants. These are, presum-
ably, gain-of-function mutants. sy328 and sy327, corre-
sponding to S900F and L945R, are equivalent to Thr-799
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and Met-837 (Fig. 2B), respectively. The Ser-900 residue is
conserved as either Thr or Ser across species; the Leu-945
residue is conserved as a hydrophobic residue across
species. The effects of these mutations on the InsP;R are
unknown. A putative loss of function InsP;R allele,
wc703, was created by chemical mutagenesis of Drosoph-
ila (216). This allele corresponded to G2117E, equivalent
to Gly-2045 (Fig. 2B), which is highly conserved across
species and isoforms as well as in the RyR. Electrophys-
iology of reconstituted recombinant channels indicated
that the bell-shaped Ca?" dependence of channel activity
was narrower compared with the wild-type channel (434).

4. The COOH-terminal tail

The COOH-terminal tail of the InsP;R extends from
the end of TM6 to the COOH terminus, encompassing
~150 residues (Fig. 2). Secondary structural analysis sug-
gests the presence of an extended a-helix from TM6 is
followed by three additional helical regions. Up to the last
helical region, there is sequence and predicted secondary-
structure homology with the COOH terminus of the RyR.
The final a-helical region, while conserved within the
InsP5R family, is absent in RyR. Sequence conservation
among the different InsP;R isoforms becomes more di-
vergent towards the COOH terminus. An antibody di-
rected against an epitope comprising the COOH-terminal
11 residues of the type 1 channel blocked InsPs;-mediated
Ca®" release (337). On the other hand, deletion of these
residues did not inhibit Ca®* release (486). As discussed
in section viN, the COOH-terminal tail has been shown to
interact with several proteins. These interactions have
functional effects, most prominently to enhance the ap-
parent sensitivity of the channel to InsPs. This suggests an
allosteric influence of the COOH terminus on the mecha-
nism that couples InsP; binding to opening of the channel
gate. Steric interference with this role of the COOH ter-
minus may account for the inhibitory effects of the anti-
body despite binding to a sequence that is dispensable for
normal channel function.

5. Regulatory Ca®" binding sites

Ca®" is a critical modulator of InsP;R channel func-
tion. The steady-state gating activity of the InsPs-liganded
channel is regulated by Ca®" with a biphasic Ca®>" con-
centration dependence (34, 42, 196, 282, 283). The InsP5R
is, most fundamentally, a Ca®"-activated ion channel. As
discussed in detail in section viC1, the primary functional
effect of InsP; is to relieve Ca** inhibition of the channel,
enabling Ca®" activation sites to gate it (282). In essence,
Ca?" is the true channel ligand. Experimental results and
insights that have emerged from patch-clamp studies of
the InsP;R, together with molecular modeling, indicate
that Ca®* regulation of the channel is very complex,
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involving several distinct Ca®" binding sites (discussed in
sect. vi, B and O).

Where are these Ca®" binding sites in the InsP;R
structure and sequence? Here, there is very little informa-
tion available. Eight glutathione S-transferase (GST)-
fused denatured peptide fragments of the InsP;R located
throughout the linear sequence were found to bind Ca®*
in gel overlays (421, 422), and although the biochemical
detection of several sites is consistent with the presence
of multiple Ca®* binding sites inferred from kinetic stud-
ies of single-channel gating (above), the physiological
implications of such data are unclear. Mutagenesis of a
conserved glutamic acid residue in InsP5R (Glu-2100) af-
fected [Ca®"], signals (319) and shifted the apparent Ca**
dependence of reconstituted channel P, by ~5-fold, from
0.2 to 1 uM (479). A peptide spanning residues Glu-1932-
Arg-2270 bound Ca®" with an apparent affinity of 160 nM
as measured by tryptophan fluorescence, which was de-
creased to ~1 uM when Glu-2100 was mutated (479).
Although it has been concluded that this residue and
region are important for Ca>* regulation (319, 479), there
are significant caveats. First, it was not determined
whether the observed effects on channel function were
due to modification of one of the Ca®* binding sites
discussed above, or whether they were secondary effects
caused by long-range allosteric mechanisms. Second,
metal binding sites in proteins generally comprise several
interacting residues that help to coordinate and stabilize
the ion in a binding pocket. Ca>* binding sites usually
consist of six or seven coordinating oxygen atoms pro-
vided by side-chain carboxyls, main chain carbonyls, and
water (528). However, additional residues that might in-
teract with Glu-2100 to coordinate and bind Ca®" have not
been identified. With these caveats in mind, this region of
the channel may play a role in Ca®* sensing, but further
experimentation is necessary to determine whether it is a
Ca®* binding site, and which of the functional sites it
represents (see sect. viK).

Another region of the receptor that has been consid-
ered to be involved in Ca®* regulation of channel gating is
the ligand-binding domain. Two surface acidic clusters
were observed in the crystal structure of the InsP5-bound
225-604 fragment (52). Site 1 was contained completely
within the B-trefoil domain, whereas site 2 was located
across the two domains. Both sites had been shown pre-
viously to bind Ca®* in gel overlay experiments (422). The
residues that contribute to the acidic patches are highly
conserved among isoforms. Site 1 consists of residues
Glu-246, Glu-425, Asp-426, and Glu-428. Site 2 is com-
posed of residues Glu-283, Glu-285, Asp-444, and Asp-448.
It was noted that site 2, which spans the B-trefoil and
armadillo-repeat domains, overlaps with a surface patch
of particularly high homology among isoforms. It was
speculated that this site might be involved in protein-
protein interactions and that InsP; binding might relieve a
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conformational constraint involving this interface that
then enables Ca®* to bind there and activate the channel
(62). Nevertheless, mutagenesis studies failed to provide
evidence for a role for residues in either site in Ca®*
activation, since none of the mutations affected the ability
of the channel to function at low cytoplasmic Ca®* con-
centrations in Ca®' release assays (211). However, it
should be noted that only single point mutations were
examined in that study. The relatively low resolution of
Ca®" release assays for measuring detailed channel prop-
erties may require multiple residues in a Ca®" binding
motif to be mutated to observe functional consequences.
Single-channel studies of these mutant channels may re-
veal more subtle effects on the Ca®>" dependence of gat-
ing.

C. Structural Properties of the Tetrameric
InsP;R Channel

1. The tetrameric structure

InsP;R channels are tetramers of InsP;R molecules
(Fig. 3). Electron microscopy of purified InsP5R revealed
them to be 20- to 25-nm pinwheel- (80) or square-shaped
(271) particles. The pinwheel structure was more com-
monly observed when the purified particles were incu-
bated in the presence of 1 mM Ca®", whereas the square
form was common when the particles were incubated in
0 Ca®" (169, 170). Native InsP;R in cerebellar neurons
were square-shaped with ~12-nm sides (228). More re-
cent single-particle three-dimensional electron micro-
scopic analyses suggest a square structure at the widest
region with dimensions ranging from 17 to 25 nm (96, 170,
204, 407, 412) (discussed in sect. mC%). The observed
fourfold symmetries, together with biochemical tech-
niques discussed earlier, indicate that the InsP;R channel
is a tetramer.

The structural requirements for tetramerization re-
side primarily in the COOH region of the protein. A re-
ceptor lacking the transmembrane domain but containing
the cytoplasmic COOH terminus was monomeric (312).
Expression of a truncated InsPsR that contained only the
transmembrane domain region and the cytoplasmic
COOH terminus formed tetramers (409). In vitro transla-
tion studies indicated that the region between TMb5 and
the COOH terminus is required for homoligomerization
(209). In support, formation of a functional ion channel
was observed from a construct that lacked the first four
transmembrane helices (383). A detailed examination re-
vealed that channels having a contiguous pair of trans-
membrane helices could form tetramers, but those that
contained transmembrane helices 5 and 6 formed tetra-
mers most efficiently (153). The presence of the cytoplas-
mic COOH terminus enhanced tetramerization (153, 154).
Truncations from the COOH terminus revealed that resi-
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dues 2629-2654 (Fig. 2B) were important for this effect
(154). Interestingly, this sequence mediated dimerization
of InsP;R subunits, suggesting that together with the
membrane-spanning region, particularly TM5 and TMG6,
the tetrameric channel may be formed as a dimer of
dimers (154). In support, a construct that lacked the
transmembrane helices and COOH terminus could not be
cross-linked, whereas a construct that similarly lacked
the transmembrane domain but contained the COOH ter-
minus could be cross-linked as dimers (322). The tetramer
may be further stabilized by more distal sequences, since
the region encompassing residues 2694-2721, the last
conserved region before the divergent more distal COOH
residues, forms tetramers in vitro (411). Of note however,
whereas the COOH-terminal regions of the InsP;R and
RyR have strong homology and predicted secondary
structure, this last predicted helical region is absent in
RyR. Taken together, these results suggest that important
oligomerization determinants reside primarily in the pore-
forming domain with contributions from more distal cy-
toplasmic sequences.

2. ER localization determinants

The sequences that specify ER localization of the
tetrameric channel also reside in the membrane-spanning
domain. A full-length protein truncated immediately be-
fore the last transmembrane helix targeted to the ER (409,
449). Any pair of contiguous TM helices by themselves
were sufficient to target and retain the expressed proteins
in ER membranes (357). The InsP5R appears to possess
redundant signals that ensure a primarily ER localization.

3. Structural insights from limited proteolysis

The spatial arrangements of regions of the InsPs;R in
the quaternary structure of the tetrameric channel have
been explored by proteolysis. Limited trypsin digestion of
mouse cerebellar membrane fractions revealed five major
trypsin-resistant fragments that accounted for the entire
sequence (b37). Fragment 1 extended from the NH, ter-
minus to residue 346, near the SI splice site; fragment 2
extended from 347 to 922, near the SII splice site; frag-
ment 3 extended from 923 to 1582; fragment 4 extended
from 1583 to 1932; and fragment 5 extended from 1933 to
the COOH terminus (Fig. 2B). In addition, it was noted
that the most distal portion of the COOH terminus was
also susceptible to trypsin cleavage. It was concluded that
each monomer in the channel had four exposed or disor-
dered regions that were susceptible to trypsin cleavage,
with five well-folded structural elements. In retrospect,
this conclusion is not entirely accurate, since the first
trypsin site at residue 346 occurs in the middle of a
well-defined B-trefoil domain, such that the first and sec-
ond fragments each contain a portion of a domain in
addition to any full-domain structures. Fragment 5 con-
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tained the membrane-spanning domain as well as the
COOH terminus. Interestingly, after limited trypsin prote-
olysis, fragments 1-4 remained associated with fragment
5 by noncovalent direct or indirect interactions (537). The
trypsinized channel retained the ability to respond to
InsP; by InsP;-mediated Ca®* release from microsomes
(637). The function of these interactions is presumably
not to mediate oligomerization, which is mediated by the
transmembrane domain (above). Interactions both within
and between monomers in the tetramer is expected, since
it is likely that modulation of these interactions accounts
for the allosteric effects on channel gating observed in
response to mediators (Ca®*, ATP) and protein interac-
tions (see sect. vi).

InsP; did not affect the proteolytic pattern observed
in Reference 214, nor did it perturb the association of the
trypsin fragments in Reference 537. However, these re-
sults argue neither for nor against the possibility that
InsP; binding causes conformational changes in the pro-
tein. In contrast, lysyl endopeptidase proteolytic frag-
ments of purified cerebellar InsP;R were different in the
presence versus the absence of Ca?*(170). The apparent
Ca®" sensitivity of the generation of a 38-kDa fragment
was between 10 and 100 nM. Electron microscopic anal-
ysis of negatively stained InsP5R revealed a Ca®" depen-
dence of the prevalence of a windmill form with similar
Ca®" sensitivity (170), suggesting that high-affinity Ca®*
binding to the InsPs-unliganded channel can induce con-
formational alterations that modify protease sensitivity.

Caspase 3 is a protease that becomes activated dur-
ing programmed cell death. The type 1 InsP;R contains a
consensus caspase cleavage site in the middle of the
coupling domain (Fig. 2B) that is a physiological target for
caspase 3-mediated cleavage (189). Caspase 3-mediated
cleavage was associated with loss of InsP;-mediated Ca®*
release from isolated microsomes (189). It was subse-
quently demonstrated that expression of an InsP5R lack-
ing the region NH,-terminal to the caspase 3 cleavage site
was associated with depletion of ER Ca®" stores (341).
Although expression of the same construct did not de-
plete ER Ca®* stores in another study (14), it was con-
cluded in both studies that the caspase 3-cleaved channel
in vivo may become “leaky” and contribute to elevated
[Caz+]i during apoptosis. However, in light of the ability of
the channel to remain “intact” after limited trypsin proteol-
ysis, it is unclear if the caspase-proteolyzed full-length chan-
nel has InsPs-independent or otherwise altered functions.
Despite speculations to the contrary (447), at this time there
is no evidence that the InsP;R becomes an unregulated Ca**
leak channel under any physiological circumstance.

4. Three-dimensional structures

Five three-dimensional structures of purified InsP;R
have been resolved by electron microscopic single-parti-
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cle analyses, an approach that has been used to resolve
structures of RyR Ca®" release channels at up to 10-A
resolution. Four of the structures had purported resolu-
tions of 24-34 A (96, 170, 204, 412), whereas the most
recent study reported a resolution of 1520 A (407) (Fig.
4B). The five structures share some basic similarities but
differ considerably in the details and resolution. All five
structures reveal two large domains, interpreted to be the
membrane-spanning region and the large cytoplasmic do-
main, although the dimensions differ in the different
structures. In all studies, the channels were completely
unliganded, since InsP; was absent and Ca®" was re-
moved at all stages of purification. In one study, however,
the channel was exposed as well to a solution that con-
tained Ca** (170).

Before the structures are discussed, it should be
noted that we lack information regarding to which chan-
nel conformations, as measured by functional techniques
such as single-channel electrophysiology, any of these
structures correspond. Channels purified and resolved in
the complete absence of Ca®* and InsP; may adopt struc-
tures that do not correspond to those of the channel in
physiologically relevant conditions. For example, electro-
physiological studies of Xenopus type 1 and rat type 3
InsP;R channels revealed that the presence of unphysi-
ologically low Ca®" concentrations (<10 nM) in the ab-
sence of InsP5 caused the channels to have a finite prob-
ability of opening (spontaneous openings), whereas chan-
nels incubated in more physiological Ca®>* concentrations
(256-50 nM) did not exhibit spontaneous openings (285).
Channels exposed for a few minutes to low Ca®* concen-
trations (<10 nM) in the absence of InsP; lose high-[Ca®"]
inhibition of steady-state gating (286). Channels exposed
to CaZ" in the absence of InsP; may adopt structures that
correspond to activated or inhibited or inactivated or
sequestered conformations (196). The diversity of the
structures revealed in the published single-particle elec-
tron microscopic analyses may be related to not only
technical issues having to do with channel purification
and handling, image processing, and resolution, as dis-
cussed in Reference 407, but also to the presence of
distinct, and possibly unphysiological, channel conforma-
tions. The diversity of the published InsP;R three-dimen-
sional structures limits the insights and conclusions that
can be comfortably drawn from them. Without higher
resolutions, more consistent results, and observations of
changes in structure related to understood modifications,
for example, binding of a protein to a known sequence in
the channel, as done for the RyR (495), the diverse struc-
tures can be open to a corresponding diversity of inter-
pretation.

With these caveats in mind, we will briefly review the
results of these early efforts. As noted above, one study
revealed that the presence of Ca®" led to a predominance
of a pinwheel structure, whereas a square form was com-
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mon when the particles were incubated in the absence of
Ca®* (169, 170). Two other structures also revealed prom-
inent pinwheel-like aspects, despite the absence of Ca®*
in the protein preparation. In one study of purified InsP5R
from mouse cerebellum with purported 24-A resolution,
the cytoplasmic domain resembled a bulb with four small
arms that protruded laterally by ~50 A (204). A 30-A
structure of the InsPs;R purified from bovine cerebellum
exhibited a fourfold symmetrical pinwheel of radial arms
projecting from a central square mass (412). Although all
three structures reveal pinwheel-like features, there are
pronounced differences in the details of the size and
structures and arrangements within the pinwheel regions
among them. The best fit in a computerized docking of the
crystal structure of the core InsPs-binding domain into the
structure of Reference 412 placed it in the pinwheel struc-
ture. This assignment is consistent with the observation
that heparin-gold binds near the tips of the windmill struc-
ture of purified InsP5R observed in the presence of Ca’*
(169). However, another structure assigned the InsPs-
binding region to a more central location (96). This 30-A
resolution structure of purified rat cerebellar InsP;R had
an overall more square aspect, with a suggested flower-
like appearance, with a central hourglass-shaped mass
with square ends, referred to as the stigma, surrounded by
four lobes, referred to as the petals, at each corner (96).
The lobes (petals) are somewhat reminiscent of the pin-
wheel arms in the structure of Reference 412. Neverthe-
less, the InsP; binding region was localized to the central
stigma region, based on previous studies in which binding
by dimers of InsP; molecules suggested that the InsP,
binding sites are separated by no more than 20 A (389).
Assigning the InsP; binding region to the petals would be
inconsistent with these data. Nevertheless, similar elec-
tron microscopic structural studies of RyR also provide,
albeit even less direct, support for the idea that the InsP4
binding domain is likely to be more peripherally located.
As discussed earlier, the sequence homology of the
InsP;R and RyR in their NH,-terminal regions, and molec-
ular modeling, have revealed that the NH,-terminal re-
gions of the two channels have strong structural homol-
ogy (53). The NH,-terminal region of the RyR has been
localized to the so-called clamp domains, which are lo-
cated at the corners of the square channel structure (495).
In addition, the best fit of the core InsP; binding domain
into the 14-A resolved RyR structure assigned it to a
peripheral region associated with the clamp domain
(413).

The most recent InsP;R structure, resolved at 15-20
A, reveals considerably more detail than the previous
structures and is dissimilar from them (407) (Fig. 4B). The
overall shape is that of a hot air balloon, with the cyto-
plasmic domain forming the balloon, and the membrane
domain forming the hanging basket. An outer shell of
densities with many cavities forms the balloon shape and
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surrounds an inner continuous square-shaped tubular
density. The crystal structure of the core InsP5 binding-
domain was fitted into each of four L-shaped densities at
the top of the balloon located most distal to the plane of
the membrane, with the hinge that forms the InsP; bind-
ing cleft located at the elbow of the L (Fig. 4B). Fitting
required reorientation of the B-trefoil domain with re-
spect to the armadillo-repeat domain, as well as some
reorientations of a-helices in the latter. As a result, acidic
residues that had been assigned previously to two puta-
tive Ca®" binding regions (Ca®"-I and Ca®*-II; see sect.
mBI) that were not proximal to each other in the crystal
structure, became more closely associated in the reori-
ented hypothetical structure. It was speculated that Ca®"
binding to this region, that we refer to here as Ca®"-III,
may stabilize a conformation of the channel that has low
InsP; affinity, and that InsP5 binding involves a conforma-
tional change in the B-trefoil domain that involves its
rotation relative to the armadillo-repeat domain (407).
Such an InsP;R-induced reorientation would disrupt
Ca?*II, inhibiting Ca®" binding there. Interestingly, this
hypothesis is consistent with the proposed mechanism of
InsP; activation gating based on single-channel studies.
As discussed in section viC1, nuclear patch-clamp studies
have indicated that InsP; activates channel gating by ap-
parent relief of Ca®" inhibition. Molecular modeling indi-
cated that this was caused by InsP;-mediated transforma-
tion of a high-affinity inhibitory Ca®* binding site into a
lower-affinity Ca®>" activation site (285). The structural
model proposed by Sato et al. (407) may therefore suggest
that the high-affinity inhibitory Ca®* binding site is Ca®*-
III, whereas the lower affinity activating site would be
either Ca®"-I or Ca®*-II that become fully formed in the
InsPs-liganded state. This hypothesis will need to be
tested by examining the properties of appropriately mu-
tated channels.

IV. ELECTROPHYSIOLOGICAL STUDIES
OF INOSITOL TRISPHOSPHATE
RECEPTOR CHANNELS

The amount of Ca®" that flows through an open
InsP;R channel depends on the rate of Ca®>" flow through
the channel when it is open (the Ca®>* current) and how
much time the channel spends in the open, conducting
state. The magnitude of the current through the open
channel is a function of the electrochemical driving force
for Ca?", the properties of the channel pore, and the
presence of ions and other molecules that interfere with
Ca®* flux through the pore, either by competition for
binding sites in the pore (permeant ion block) or by
interactions with the channel in other parts of the perme-
ation pathway (e.g., blockers). The amount of time that
the channel spends in the conducting state, the P, is the
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target of most physiological regulation by agonists and
antagonists of channel activity. Analysis of the steady-
state gating of the channel can determine the details of
the patterns of opening, i.e., stationary, modal, bursting,
as well as the dwell times of particular channel confor-
mations, thereby providing insights into how channel
modulators affect P, for example, by stabilizing or desta-
bilizing either open or closed channel states. Thus elec-
trophysiological studies of single InsP;R offer unique de-
tailed molecular insights into the behavior of the channel.
Electrophysiological studies of the detailed perme-
ation and gating properties of single InsPs;R ion channels
have been studied with two distinct approaches, de-
scribed below. It is important to note that, whereas the
goal in such studies is to understand at a molecular level
the properties of the InsP;R channel, in both types of
studies the channel is studied outside of its normal cellu-
lar context in solutions that are simple compared with the
cytoplasm. Normal cytoplasm contains 100-140 mM K*,
10 mM Na*, 5-70 mM C1~, 1 mM free Mg®", 5-10 mM
MgATP, 50-100 nM free Ca®", and a crowded mixture of
proteins and other cellular constituents, including pro-
teins that physically interact with the channel. In all sin-
gle-channel studies, it is necessary to ask whether ob-
served behaviors reflect those that occur in the cell.
Because intracellular membranes in situ are not ac-
cessible to patch pipettes (although see Ref. 208), single
intracellular membrane localized ion channels have been
studied traditionally following their isolation (enrichment
or purification) and reconstitution into artificial lipid pla-
nar bilayer membranes. The first electrophysiological re-
cordings of single InsP;R channels were made using this
approach (34, 124, 270, 505), and some laboratories con-
tinue to use this technique to study both endogenous as
well as recombinant InsP;R channels (379, 470, 482). All
RyR single-channel studies use this approach (139). As in
all in vitro reconstitution systems, there is a concern that
the isolation, purification, and reconstitution protocols
may disrupt normal functional properties of the channels.
Furthermore, the in vitro environment used for channel
current recordings, including the bilayer lipid composi-
tion and composition of the bathing solutions, may alter
the normal channel permeation or gating properties.
The second approach employs the patch-clamp tech-
nique and enables InsP5R channels to be recorded in their
native ER membrane environment (Fig. 5). Since the ER is
continuous with the outer membrane of the nuclear en-
velope (113), ER-localized ion channels such as the
InsP;R are also expected to be present in the nuclear
envelope outer membrane (Fig. 5). Single InsP5R channels
can be recorded in their native membrane environment by
patch clamping isolated nuclei (Fig. 5). This approach has
successfully recorded single InsP5R channels using nuclei
isolated from a variety of cells, including Xenopus oo-
cytes (277), insect Sf9 cells (196, 508) (Fig. 5), and CHO,
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A Nuclear
envelope

FIG. 5. Nuclear patch-clamp electrophysiology. A: schematic of cell
nucleus, illustrating that the outer membrane of the double-membrane
nuclear envelope is continuous with the endoplasmic reticulum (ER),
with the lumen between the two membranes continuous with the ER
lumen. Patch-clamping isolated Xenopus oocyte nucleus (B) and insect
Sf9 cell nucleus (C) visualized on the stage of a patch-clamp microscope,
with patch pipettes forming giga-ohm seals on the outer nuclear mem-
brane. Horizontal shadow over the Xenopus nucleus is the edge of a
stabilizing piece of coverslip. Intact Sf9 cell is also present in C. [B
modified from Mak et al. (287).]

COS-7, DT40, HeLa, and primary rat parotid acinar cells
(unpublished results), suggesting that nuclear patch-
clamp electrophysiology is a general approach that can be
applied to many cell types. It is surprising that formation
of seals with giga-ohm resistances, a prerequisite for
studying ion channel activity, can be achieved with very
high frequency despite the high density of nuclear pores
in the nuclear envelope (158). It must be assumed, with-
out understanding the mechanisms involved, that the nu-
clear pores are all closed and impermeable in these nu-
clear membrane patch-clamp studies. Studies over the
past several years (42, 43, 276, 278-286, 527, 542) have
shown that InsP;R channels recorded in their native ER
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membranes behave far more robustly (higher P, higher
consistency among studies) and very differently (re-
sponses to ligands and kinetic features) from those ob-
served in reconstitution studies. Nevertheless, there are
important technical limitations associated with this ap-
proach, including the inability to readily exchange the
solution bathing the cytoplasmic face of the membrane
patch, the presence of unknown luminal factors unless
the patch is excised, and the fact that the protein is in a
membrane of unknown composition with possible inter-
actions with unknown factors, including other proteins.
Furthermore, the consistency of results obtained using
this technique may reflect the fact that the studies have
largely come from one laboratory (ours).

Different types of recording solutions have been used
in various studies of single InsP;R channels. In many
bilayer experiments, 50 mM divalent cation (Ca** or
Ba®") is present on the luminal side of the channel, with
the solutions on both sides containing Tris-HEPES as the
only other major component. The absence of more phys-
iologically relevant ions is necessary to prevent conduc-
tion through contaminating ion channels that complicate
the recordings. The measured currents are therefore di-
valent cation currents. Because the function of the InsP;R
is to conduct Ca®*, these recordings might possibly be
considered physiological. However, this conclusion must
be tempered by two considerations. First, the InsPsR is
also highly permeable to monovalent cations and Mg>*.
Because K" is present at over 100 mM, and free Mg?" is
present at ~1 mM, their fluxes through the open InsP;R in
vivo will be considerable. Ca®" currents measured in their
absence are therefore not physiological Ca®* currents.
Second, since the activities of InsP;R channel are sophis-
ticatedly regulated by cytoplasmic Ca®* concentration,
one of the major advantages of single-channel studies of
InsP;R channel activities (compared with Ca®" concen-
tration or flux measurements) is that the Ca®>* concentra-
tion on one (in on-nuclear patch-clamp experiments) or
both (in excised nuclear patch-clamp and lipid bilayer
experiments) sides of the InsP;R channel studied can be
rigorously controlled in the experiments. However, to
utilize this advantage, the concentrations of free Ca®>" in
experimental solutions must be properly ascertained. Use
of Ca?" as the current carrier may cause the local Ca®"
concentration near the mouth of an open channel to
change during the experimental recording, particularly
when used at concentrations (50 mM) that are at least 50
times greater than those that exist physiologically.

Furthermore, in a significant fraction of published
single-channel studies that used Ca®" as the current car-
rier, or that altered Ca®" concentrations on the cytoplas-
mic side of the bilayer during recordings, the free Ca®"
concentration in the experimental solutions was simply
calculated from the total amount of Ca®>* and Ca®" che-
lator present in the solutions, rather than directly mea-
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sured. For this to be accurate, Ca" chelator(s) with the
appropriate Ca®" affinity must be used in suitable quan-
tities to properly buffer the free Ca®>" concentrations in
the solutions to the desired level. A high-affinity Ca®"
chelator like EGTA with K, for Ca?* of ~100 nM (477)
cannot provide adequate buffering for solutions with free
Ca®* concentration >3 uM (163, 219, 438) because over
99.9% of the EGTA is bound to Ca®" at that level and there
is little buffering capacity left. Furthermore, because the
Ca®" affinities of chelators are affected by physical char-
acteristics of the solution (ionic strength, temperature,
pH), with some chelators having stronger dependence on
such characteristics than others (29), addition of compo-
nents, e.g., ATP, to the experimental solutions can sub-
stantially change the Ca®* affinity of the chelator (219).
Such effects must be carefully taken into consideration
for the calculations to give good estimates of the actual
free Ca®" concentrations in the experimental solutions
(29). Finally, even if the effects of all measurable physical
characteristics (temperature, pH, ionic strength) are
properly factored into the calculations, it is not easy to
ascertain the purity of the chelator and its efficacy to
chelate Ca®". Thus it is more reliable to determine the
free Ca?" concentrations in experimental solutions di-
rectly using either Ca®"-selective electrodes (42, 279, 280,
283, 286, 368, 380-383) (method described in Ref. 29) or
fluorimetry (196) (method described in Ref. 220).

In some planar bilayer experiments, cesium methane-
sulfonate solutions have been used on both sides of the
bilayer, with Ca®>" on either side buffered to ~250 nM,
measured with electrodes (368, 379-383). Here, the ratio-
nale is that methanesulfonate is impermeant through an-
ion channels and that Cs™ blocks contaminating cation
K* channels but is nevertheless permeant through the
InsP5R. Similarly, nuclear patch-clamp studies have em-
ployed potassium chloride solutions (with Ca®* concen-
tration measured by either electrodes or fluorimetry) be-
cause contaminating K™ or Cl~ conductances are ob-
served only infrequently in these studies. Use of the
monovalent cations (K*, Cs™) as current carriers in the
absence of normal luminal 500 uM Ca®* on the luminal
side is not physiological, but it ensures that Ca®>" concen-
tration near the mouth of the channel does not change
when the channel opens. Thus Ca®* regulation of channel
gating can be studied under rigorously controlled condi-
tions.

V. PERMEATION PROPERTIES OF THE
INOSITOL TRISPHOSPHATE RECEPTOR

A. Overview

The InsPsR is itself a ligand-gated ion channel, as
demonstrated first by measurements of tracer Ca®"* fluxes
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following reconstitution of purified cerebellar type 1 re-
ceptors into liposomes (136), and subsequently by elec-
trical recordings following reconstitution into planar bi-
layer membranes (270, 302). The amount and kinetics of
Ca®* flux through an InsP;R depends on both its perme-
ation properties and its gating kinetics. The detailed per-
meation properties of the InsP;R have been directly ex-
amined by reconstitution of channels into planar bilayer
membranes and by nuclear envelope patch-clamp electro-
physiology. The methodology involved in these tech-
niques was described in the previous section.

B. Monovalent Cation Conductance Properties

Monovalent cation conductance properties have
been examined for endogenous as well as recombinant
InsP;Rs. In patch-clamp studies of InsPsR channels re-
corded in the outer membrane of the nuclear envelope of
isolated Xenopus oocytes, with the channel exposed to
symmetric 140 mM K™ solutions in the absence of Mg>*,
the current-voltage (I-V) relationship is linear over a
range of voltages (—40 to +60 mV) with a slope conduc-
tance of ~320-360 pS for both endogenous Xenopus type
1 (276) and expressed recombinant rat type 3 (284) chan-
nels. A similar K" conductance (360-390 pS) was re-
corded for expressed recombinant rat InsP5R-1 present in
COS-7 cell nuclei (42) and for an endogenous rat cerebel-
lar Purkinje cell InsPsR recorded in the inner nuclear
membrane (294).

Rat cardiac and recombinant InsP;R-2 reconstituted
into planar bilayer membranes and recorded in symmetric
220 mM Cs™ had a slope conductance of 275 pS (368, 380,
382). The smaller conductance recorded for the type 2
channel may reflect a true difference in its conduction
properties compared with the Xenopus and rat types 1
and 3 channels, or be due to the different membrane
environment in planar bilayers and nuclear envelopes.
More likely, it is caused by the use of Cs* rather than K*
as the permeant ion. Although the relative conductances
of Cs* and K" in the InsP;R have not been determined,
Cs™ currents through RyR channels are only 60% as large
as those carried by K™ (255). Given the strong structural
and functional similarities of the pore properties of
InsP5R and RyR (discussed earlier and in additional detail
below), it is possible that Cs™ currents are smaller in
InsP;R channels as well, and that the type 2 channel K*
conductance is therefore similar to that of the other iso-
forms. Indeed, parallel measurements of the bovine cere-
bellar type 1 InsP;R in the same Cs* bathing solutions
yielded a single-channel conductance of 280 pS, the same
as the type 2 channel (382).

Endogenous insect Sf9 InsP;R recorded in isolated
cell nuclei in symmetric 140 mM K* had a slope conduc-
tance of ~480 pS (196). This larger conductance may be
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due to the membrane environment of the Sf9 cell, or to
molecular differences between the insect and mammalian
InsP4Rs. Although the amino acid sequence of the Sf9-
InsP;R is not known, all known invertebrate InsPs;R pore
selectivity filter sequences contain a GGIGD motif (simi-
lar to the RyR), whereas the vertebrate InsP;R sequence
is GGVGD. By site-directed mutagenesis of rat InsP;R-1, it
was demonstrated that this sequence is involved in ion
conductance and selectivity (43). A mutant mammalian
InsP;R channel with the pore Val replaced with Ile to
resemble the invertebrate InsPsR had a higher conduc-
tance (490 = 13 pS) (43), close to that (~480 pS) of the
Sf9-InsP;R. Thus other invertebrate InsPsR channels may
also have higher single-channel conductance than their
mammalian counterparts. On the other hand, recordings
of reconstituted Drosophila InsP5R revealed that single-
channel Ba®>" conductance was similar to that of the rat
type 1 channel recorded similarly (434). Further studies of
other invertebrate InsP;R channels will be required to
determine if a systematic difference exists in the conduc-
tance properties between vertebrate and invertebrate
channels.

C. Ion Permeability of the InsP3R

The relative ion permeabilities of the InsP;R in nu-
clear patch-clamp studies have been estimated by rever-
sal potential measurements in symmetrical 140 mM K™
baths before and after addition of divalent cation (usually
10 mM) to the luminal face of the channel in excised
patches. These studies, summarized in Table 1, indicate
that the permeability properties of different InsPs;R iso-
forms from different species are well conserved and that
the InsP5R channel is a divalent-selective cation channel,
with a selectivity for Ca>* and Mg>* over K" of ~8 and 5,
respectively, with relatively little selectivity among differ-
ent divalent cations. The permeability sequence recorded
in the InsPsR channel is similar to that of the RyR channel
determined under comparable ionic conditions (Table 1).
The permeability of a channel, as determined by reversal
potential measurements, reflects the relative ease of an
ion to enter the permeation pathway. Thus divalent cat-
ions enter the pore more readily than monovalent cations,
suggesting that a divalent cation-binding site is associated
with the permeation pathway. Because the energy of de-
hydration of Mg®" is much higher than that of Ca** and
Ba®* (185), the relatively poor discrimination of this site
between Ca”* and Mg®" suggests that ion dehydration
does not play a major role in divalent cation permeation.

D. Divalent Cation Conductance

In contrast to permeability, the conductance of a
channel reflects the ease of permeation through the chan-
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TABLE 1.

FOSKETT, WHITE, CHEUNG, AND MAK

Permeability and conductance properties of the InsPsR

Permeability (P) Sequence

InsP5R Channel Pey: Pp,: Py Py: Pqy Reference Nos.
Xenopus InsP;R-1* 7.6: 4.3: 3.2: 1: 0.23 276, 277
Sf9 InsP;R* 10: 6.8 : 1: 0.2 196
Rat InsP3R-11 5.2: 5.7: 1 294
Rat InsP;R-11 6.3: 1 33
Recombinant rat InsP;R-1: 4.3: 1: 0.07 42
Recombinant rat InsP;R-3+ 5.6: 1: 0.2 284
Sheep RyR2 6.5: 5.8: 5.9: 1 473

Conductance (G) Sequence, pS
InsP3R Channel Gy Gg,: Geg Gy Gy Reference Nos.
Rat InsP5R-11 85: 77 53: 42 17 33, 438

* Endogenous channel in nuclear envelope. { Reconstituted from
recombinant channel recorded in nuclear envelope.

nel. Divalent cation conductance was first examined for
InsP;R from canine or mouse cerebellar microsomes re-
constituted into planar bilayer membranes. In these stud-
ies, the trans side of the channel, equivalent to the ER
Iuminal aspect, was exposed to 50-55 mM divalent cation
and 250 mM HEPES-Tris, with the cis (cytoplasmic) side
exposed to 250 mM HEPES-Tris with 200 nM free Ca®™.
With 55 mM Ca®* on the luminal side, the unitary Ca**
conductance of the canine InsP;R ranged in different
studies between 10 and 125 pS (33, 34, 124, 505). Ca®"
conductance of mouse cerebellar InsP;R recorded under
similar conditions was 100 pS (310) or 26 pS (270), similar
to the 32 pS recorded for InsP5R purified from bovine
aortic smooth muscle (302).

The reasons for the wide range of values reported for
reconstituted channels are unclear. Many subconduc-
tance states were observed in these studies, with the fully
conducting state observed relatively rarely (505). Subcon-
ductances have also been observed for endogenous and
recombinant InsP;R recorded by patch-clamp electro-
physiology of nuclear envelopes (42, 196, 277, 278, 284),
but they are very rare, accounting for <1% of opening
transitions. It is possible, therefore, that the main state
conductance was underestimated in some of the studies
of reconstituted channels. The Ba®>" conductance of re-
constituted channels recorded under similar conditions
by the same laboratory (Bezprozvanny) for InsP5R from
canine cerebellum (33) and recombinant rat type 1 InsP5R
expressed in either HEK (229) or Sf9 (478, 482) cells were
all within a narrower range of 80-95 pS. The Ca** con-
ductance determined by this group, ~50 pS, would there-
fore appear to be the most reliable estimate available.

The divalent cation conductance selectivity sequence
of the InsPsR (Table 1) corresponds to the mobility of
these ions in free solution, suggesting that divalent cat-

cerebellar microsomes; presumably the type 1 isoform. i Expressed

ions may not be fully dehydrated in the pore. Accordingly,
cross-sectional area of the selectivity filter of the channel
pore is at least 10 A% (229). The apparent large diameter of
the pore is consistent with the extremely high single-
channel divalent and monovalent cation conductances
observed. In highly selective cation channels, high ion
throughput is the result of ion-ion electrostatic repulsive
interactions by multi-ion occupancy of the pore (115). The
“anomalous mole fraction effect” was not observed with
mixtures of Mg>* and Ba®" in reconstituted canine cere-
bellar InsP5R (229), suggesting, although not proving, that
the open channel pore is occupied by only a single ion.
Thus the high rates of permeation are likely mediated by
mechanisms that are distinct from those used in highly
selective monovalent and divalent cation channels (115,
182).

An increase in Mg?" concentration decreased the K*
conductance of the endogenous Xenopus InsP5R-1 in nu-
clear patch-clamp studies (276). The K* conductance
around 0 mV was reduced from 320-360 pS in 0 Mg>* to
115 pS in the presence of 1.5 mM Mg?". Simultaneously,
the I-V relation of the channel, which was linear in the
absence of Mg?*, became symmetrically rectified in the
presence of free Mg®" on either or both sides of the
channel, with the slope conductance increasing with high
applied voltages. The effect of Mg”>* could not be ac-
counted for by electrostatic screening by Mg®" of surface
charges around the channel pore or competitive block of
the channel pore by impermeant Mg>* present on one
side of the channel (276). The effects of Mg>* are remi-
niscent of the effects of divalent cations on the monova-
lent cation conductance of the RyR (471, 472). The RyR
has a high Mg”* permeability (473), similar to the InsP,R.
There, it has been proposed that divalent cations experi-
ence low energy barriers to entry into the pore of the RyR,
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which enables them to move into the conduction pathway
with relatively high permeabilities compared with mono-
valent cations (471, 472). However, since the divalent ions
bind tightly in a potential well inside the channel pore,
they therefore permeate through the channel pore more
slowly than monovalent ions. Because the InsP;R and
RyR are probably single-ion occupancy channels (229,
473), they are effectively nonconducting when occupied
by a divalent cation. Thus the slow passage of divalent
cations through the channel reduces the monovalent cat-
ion conductance as well. High applied voltages alleviate
the block by increasing the rate at which divalent ions
move through the channel, thus generating nonlinearity in
the I-V relation. The conversion of the linear monovalent
cation I-V relation in the absence of divalent cations to
the rectified I-V relations in their presence (both Mg**
and Ba®") observed in both the InsP,;R and RyR (276, 471,
472) strongly suggests that this model for ionic conduc-
tion is applicable to the InsP5R. These results indicate
that the InsP5R has a pore which possesses lower energy
barriers for divalent (Ca®?* and Mg®") relative to mono-
valent (K*) cation entry, and therefore higher divalent
cation permeabilities, and relatively stronger divalent cat-
ion binding sites, which cause divalent ion blocking of the
channel (276). Mg?* inhibited K™ conductance of the
InsP5R with an apparent dissociation constant of 560 uM
(276), indicating that the divalent binding site has high
affinity that enables it to bind divalent cations at physio-
logically important concentrations.

The symmetrical nonlinear I-V relation of the IP5R in
the presence of symmetric divalent ions (276) suggests
that the energy profile experienced by divalent ions in the
channel pore is symmetrical about a central axis (472).
Rectification of the I-V relation occurs at both positive
and negative applied voltages with Mg?" present on only
one side of the channel (276). Thus the polarity of the
applied voltage does not affect significantly the move-
ment of Mg®" from either side of the channel into those
binding sites that cause channel block and consequent
rectification. This implies that a divalent ion binding site
is located a short electrical distance from the mouth of
the pore on each side of the channel. This feature is again
reminiscent of the RyR conduction pathway, which has
been modeled with divalent ion binding sites 10 and 90%
of the way across the potential drop through the channel
besides a central binding site (472).

E. Physiological Ca®>* Current Through the InsP;R

Because of the high concentrations of K* and free
MgZ" in the cytoplasm, and the relatively high permeabil-
ity of the InsP;R to Mg?* and K*, an InsP;R channel in
situ must be blocked to Ca®>" flow for a significant portion
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of its open time due to the occupation of the channel by
Mg®* and K" that bind in the permeation pathway. This
suggests that the magnitude of the Ca®>" current passing
through single open InsP;R channels under physiological
ionic conditions will be substantially lower than that mea-
sured in the absence of Mg®" and K*. Unfortunately,
measurements of Ca>* currents through the InsP,R in the
presence of physiologically relevant ionic conditions have
not yet been performed. An accurate determination of the
physiological Ca®" current through an open InsP5R is
important for interpreting local Ca®" signaling events in
cells, including blips and puffs, and estimating the number
of open release channels that contribute to them. Mea-
surements of Ba?" currents in the presence of symmetri-
cal 110 mM K" and 2.5 mM luminal Ba®" revealed a
current amplitude of 3.4 pA (229). With the assumption of
a similar Ca®" affinity and concentration, the predicted
Ca®* current was estimated to be 0.5 pA (229). However,
because the studies were performed in the absence of
Mg?"| this value is certainly an overestimate of the Ca®"
current through an InsPs;R in vivo. Nevertheless, it is
possible to estimate the magnitude of the Ca®>" current
through an open InsP;R channel under physiological ionic
conditions by considering data from RyR channels. The
magnitude of the Ca®" current through RyR has been
measured in the presence of symmetrical 150 mM K* and
1 mM Mg®* with 1 mM luminal free Ca®>*, conditions close
to the physiological situation. Under these conditions, the
Ca®" current was <0.5 pA (231). The relative magnitudes
of the Ca** currents through InsP;R and RyR in the
absence of K* and Mg?" can be estimated from Refer-
ences 229 and 231 to be ~2.85 (4.4 pA for RyR; 1.4 pA for
InsP;R). With the use of this factor, the Ca®" current
through the InsP5R under physiological ionic conditions is
predicted to be nearly threefold less than through RyR, or
~0.1-0.2 pA (<0.5/2.85).

F. Molecular Models of the InsP;R Pore

The InsPs;R and RyR are distinct among cation chan-
nels in having extremely large single-channel monovalent
ion conductances: 320-500 pS for InsP;R (in 140 mM K™,
0 Mg>") (42, 196, 277, 284, 368); up to 900 pS for RyR (in
symmetrical 250 mM K" with 0 Mg®") (514). Both chan-
nels function physiologically as Ca>* channels, yet they
lack the exquisite Ca®" selectivity of plasma membrane
voltage-gated Ca®" channels, discriminating relatively
poorly among cations, with both channels exhibiting a
selectivity ratio P,:Px of ~6-8 (42, 277, 514). The InsP;R
and RyR share significant homology in the COOH-termi-
nal pore region, and the basic ion permeation and selec-
tivity properties of InsP;R and RyR appear to be similar,
although the mechanisms of permeation have been more
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extensively studied for RyR (reviewed in Ref. 514). A
description of the RyR pore has been developed to ac-
count for the enormous conductance of the channel and
pharmacological and electrophysiological analyses of a
wide range of permeant and impermeant molecules (514).
In this model, the RyR pore has a central binding site
located 50% of the distance of the electrical field and
accommodates only one ion in the permeation pathway.
Thus high throughput of ions through the RyR/InsP;R
pore does not rely on electrostatic repulsion among sev-
eral ions simultaneously present there, as it does in many
other cation and anion channels (115, 121, 266, 548).
Consequently, it is likely that the pore is short with a large
capture radius (514), the area through which a diffusing
ion can enter the channel. Divalent cation permeation
does not appear to require disruption of the inner hydra-
tion shell of the ions (514). Thus the channel does not
need to replace shed waters with dipole groups in the
pore wall, which is again distinct from the mechanism
observed in K channels (115). The sequences for mono-
valent and divalent cation conductances suggest that per-
meant ions bind to a high field strength central site where
the energetic difference between ion-site interaction and
the energy of dehydration favors binding of ions with
smaller crystal radii (472). The affinity of the central site
is higher for divalent than for monovalent cations. The
selectivity filter is believed to be localized close to the
luminal end of the bilayer membrane (514). Its width has
been estimated at ~7 A (475), considerably wider than
that observed for the KcsA K* channel (~3 A) (115). This
large size likely contributes to the prodigious rates of ion
translocation in RyR/InsP;R. It has been estimated, based
on the voltage dependence of TEA penetration into the
RyR pore, that the narrowest part of the selectivity filter is
only 1 A long (474). In addition, two additional binding
sites are located on either side of the central site, ~10%
and 90% of the distance through the electric field. A large
capture radius might be achieved by maximizing the di-
ameter of vestibules continuous with the bulk solutions
that lead to the pore on either surface of the channel. In
addition, the capture radius could be enhanced by nega-
tive charges near the entrances to the pore.

This latter strategy was shown to be part of the
mechanism by which maxi-K (BK, slo) channels achieve
high conductance (~250 pS). BK channels have one or
two conserved acidic residues near the end of the pore
inner helix that is absent in lower conductance K* chan-
nels. Neutralization of these residues greatly reduced sin-
gle-channel conductance, whereas introduction of the
acidic residues into KcsA enhanced channel conductance
into a range characteristic of BK channels (58, 346). The
magnitude of the conductance was correlated with the
amount of negative charge in the inner vestibule. Recent
mutagenesis studies suggest that this mechanism may
also play a role in contributing to the large K™ conduc-
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tance of the RyR (504, 524). However, it remains to be
determined whether similar mechanisms apply to the
InsP;R.

Cyclic nucleotide-gated (CNG) channels are similar
to InsP;R/RyR channels in having divalent permeability
with considerable monovalent permeability, with little
selectivity among monovalent alkali cations (see refer-
ences in Ref. 125). Comparison of the pore regions of
CNG channels and K* channels reveals that two residues
in the K" channel selectivity filter are absent in CNG
channels (GYGD in K™ channels, G - - D in CNG channels)
(181). Substitution of the CNG channel selectivity se-
quence into Shaker K channels caused the K™ channel to
lose K* selectivity and acquire high-affinity permeant di-
valent cation block, both features of the CNG channel
(181), indicating that the chimeric K™ channel mimicked
the CNG channel pore. The acidic Asp acid residue was
critical for conveying the divalent cation sensitivity (125,
181). These results suggest that the -YG- motif in K*
channel selectivity filters is critical for conferring K"
selectivity, whereas the adjacent acidic residue is impor-
tant for divalent cation binding in the absence of such a
motif. It is interesting to note that highly divalent-cation
selective voltage-gated Ca®" channels contain a Gly-Glu
pair (G - - E) in three of the four channel domains. Of note,
whereas mutations of these residues in CNG channels
have demonstrated their key roles in selectivity, they had
little effect on the rate of ion translocation (channel con-
ductance). Thus the molecular determinants of selectivity
and conductance are likely distinct in divalent cation
permeant channels. Experimental support for this conclu-
sion has been obtained in InsPs;R channels. The predicted
selectivity filter sequence in InsPsR and RyR is
GGVGD??° and GGIGD, respectively. The sequences are
similar to that of CNG channels in that the YG motif is
absent, yet they differ in that they contain two residues
between Gly and Asp, as in the K™ channels. On the basis
of these considerations, the lack of a YG motif in the
InsP3R/RyR sequences is consistent with the channels’
lack of K™ selectivity, and the presence of the Asp residue
is consistent with the idea that it provides a divalent ion
binding site that conveys divalent permeability. A conser-
vative mutation of Asp-2550 to Glu was without effect on
K* conductance (391 + 4 versus 364 * 5 pS, respec-
tively), whereas it altered cation selectivity, with P :Px =
1.25, significantly reduced compared with the normal 6-8.
In contrast, channels with mutation of Val-2548 to Ile had
increased K conductance (490 pS) but retained normal
Ca®" selectivity (43). Thus the InsP;R pore has distinct
sites that control monovalent permeation and divalent
selectivity.

Most of the current knowledge regarding the atomic
determinants of permeation in the InsPs;R are inferences
based on homology modeling of the InsPs;R pore region
with K* channel structures and analogies based on in-
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sights regarding the function of the homologous region of
the RyR. Only a few studies have used mutagenesis and
functional recording of single recombinant InsP;R chan-
nels to probe the molecular determinants of permeation
and selectivity. As indicated above, transmembrane dele-
tion analysis localized the permeation pathway to a region
containing the two COOH helices (383), and site-directed
mutagenesis of residues in the putative selectivity filter
altered channel monovalent conductance and divalent
selectivity (43). The lack of more substantial data in this
area begs for additional experimental effort. A number of
mutations in the pore region of the RyR have either been
described (central core disease mutations) or engineered
(114, 116, 117, 155, 217, 304, 500, 501, 504, 522, 524, 546).
The pore region of the cardiac RyR2 channel has been
modeled onto the KcsA pore structure (507). These stud-
ies will be helpful in guiding future efforts to define the
molecular basis of ion permeation in InsP;R channels.

VI. REGULATION OF INOSITOL
TRISPHOSPHATE RECEPTOR
CHANNEL GATING

A. Overview

As a crucial element in the generation and modula-
tion of intracellular Ca®* signals, the activity of the
InsP;R as a Ca®" release channel in the ER Ca** store is
regulated by a wide range of ligands. The most important
ligands regulating InsP;R channel activity are InsP; and
Ca?", its physiological permeant ion, although it is impor-
tant to note that InsP;, and other ligands such as ATP,
regulate channel activity mainly by modifying the sensi-
tivity of the channels to Ca®* regulation. Generally, Ca®"
regulates steady-state InsP5R channel gating with a bipha-
sic concentration dependence: Ca®* at low concentra-
tions activates the channel and increases its P,, whereas
at higher concentrations, Ca®" inhibits the channel. In the
presence of saturating concentrations of InsPs, Ca’" ac-
tivation has been observed consistently in all InsP;R
channels under various experimental conditions with sim-
ilar apparent Ca®" affinities, and mostly as a positively
cooperative process. On the other hand, the presence and
characteristics of high-Ca®" inhibition have been highly
variable among studies. In some studies, InsP;R channels
in saturating concentrations of InsP; exhibited a low sen-
sitivity to inhibition by high cytoplasmic Ca®>" concentra-
tions, with broad, plateau-shaped Ca®* dependence
curves and robust maximum P, close to 1. In contrast,
other studies revealed InsP;R channels with a signifi-
cantly higher sensitivity to Ca®" inhibition that therefore
displayed narrow, bell-shaped Ca®" dependence curves
with maximum P, significantly lower than 1. Finally, un-
der certain experimental conditions and in some studies
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of some InsP,;R isoforms, Ca®* inhibition was either se-
verely reduced or even totally absent, with the InsP;R
channels remaining active even at very high Ca®>* concen-
trations.

The most systematic studies of InsPs;R activities
have revealed that InsP;, as well as AdA and its analogs,
regulates the InsP;R channel by allosterically modulat-
ing the sensitivity of the channels to Ca®" inhibition,
with little effect on Ca®" activation properties of the
channels. Nevertheless, InsP;R channels observed to
lack Ca®" inhibition are still InsP,; dependent, with the
maximum P, of the channels being increased by in-
creases in InsP5 concentration. Molecular modeling in-
dicates that the InsP; sensitivity of channels that lack
Ca®" inhibition is due to the presence in the InsP;R of
two distinct Ca®* inhibition sites, with only one of them
InsP; sensitive. Channels that lack Ca®" inhibition spe-
cifically lack a functional InsPs-insensitive inhibitory
Ca®" binding site.

Whereas InsP; and Ca®" are essential for InsP;R
channel activation, other physiological ligands, such as
ATP, are not. Increases in concentrations of free ATP (not
coordinated with divalent ions) potentiate InsP; channel
activity allosterically by enhancing the sensitivity of the
channel to Ca®* activation. Regulation of InsP;R channel
activity by its natural ligands (Ca®*, InsP,, and ATP) is
due primarily to effects of ligand concentrations on the
duration the channel stays closed between two succes-
sive channel openings. The mean duration of a channel
opening remains remarkably constant over most [InsPs],
[Ca2+]i, and [ATP] investigated. Thus channel activity is
largely regulated by modulation of the channel opening
rate.

In addition to steady-state channel gating kinetics,
other aspects of InsP3;R channel activity are also regulated
by Ca?" and InsP;. In the constant presence of InsP;,
InsP;R channel activity inevitably terminates. This revers-
ible, InsPs-induced inactivation of the channel progresses
faster in high Ca®* concentrations and in subsaturating
concentrations of InsP;. In addition, channel recruitment,
mediated by a process of ligand-sensitive channel seques-
tration, is a distinct process in which suboptimal Ca®"
concentrations (too low or too high) and subsaturating
InsP; concentrations activate fewer InsPsR channels than
optimal concentrations of either ligand.

Thus ligand regulation of the InsP;R channel is com-
plex, with Ca®* as the major determinant of the channel
properties. Ca>" modulates channel activity by binding to
several apparently distinct binding sites that regulate
Ca®" activation, InsPs;-dependent Ca®* inhibition, InsP,-
independent Ca®" inhibition, channel inactivation, and
channel recruitment. In addition, a separate Ca®>" binding
site appears to regulate the properties of the InsP;-
independent Ca®" inhibition site. Ca®>" regulation of the
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channel is impinged on by other channel regulators, in-
cluding InsP; and ATP, as allosteric modulators.

B. Cytoplasmic Ca®* Regulation
of InsP3;R Channels

1. Biphasic regulation of InsPsR channel gating
by Ca®*

The most widely studied aspect of InsPsR channel
activity regulation is that by Ca®". The level of InsP;R
channel activity is quantified by its P,. As discussed ear-
lier, direct single-channel measurements of the gating
properties have been made using two approaches: planar
bilayer reconstitutions and nuclear patch-clamp electro-
physiology. Unfortunately, the results from these distinct
approaches have been divergent in some important re-
spects. As we discuss the regulation of InsP;R channel
gating, we will attempt to point out these discrepancies
and offer some insights into them.

Patch-clamp experiments on outer membranes of
isolated nuclei of different InsP5R isoforms from different
species (Xenopus type 1, rat type 1, rat type 3, and InsP;R
from insect Spodoptera) (42, 196, 282, 283) have revealed
that in the presence of saturating concentrations of InsPs,
InsP;R channels have very low activity in resting cyto-
plasmic Ca®" concentrations (~50 nM), but that as Ca®"
is raised through the submicromolar range (<1 uM),
InsP;R channel activity increases to a maximum level
with P, ~0.8 (Fig. 6). Thus Ca®" in submicromolar levels
activates InsPs;R channels. The channel P, remains at the
maximal level over a wide range of Ca®" concentrations
before further increases begin to inhibit the channel, at
Ca®* concentrations >10 uM (Fig. 6). Thus the Ca®"
dependence of channel activity for these InsPsR channels

A 80 nM

100 ms 7 pA
_,J”Jli o ||\|\J._N ll . |,|Lm lL
B 430nM
c 4.4 yM

. TR

58 uM

FIG. 6. Typical single-channel current traces of X-InsP;R-1 in vari-
ous cytoplasmic Ca** concentrations and saturating 10 uM InsP,. Cur-
rent traces were recorded during nuclear patch-clamp experiments at
cytoplasmic Ca®" concentrations as tabulated, in 0.5 mM free ATP. All
current traces in this and other graphs were recorded at 20 mV. Arrows
indicate closed-channel current level in all current traces. Channel open
probability (P,) was evaluated for the single-channel patch-clamp ex-
periments yielding the current traces shown in A, B, C, and D of 0.008,
0.50, 0.89, and 0.002, respectively. [Modified from Mak et al. (282).]
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is biphasic, with remarkably similar broad, plateau-
shaped P, versus [Ca®"]; curves (Fig. 7).

Although the general shapes of the channel P_ versus
[Caz+]i curves in these patch-clamp studies are similar,
the Ca®"* dependencies have minor differences among the
different InsPsR channels. These differences may have
physiological relevance. Ca®>* activation of type 1 InsP;R
channels is positively cooperative, enabling channel P, to
increase sharply and reach the maximum value within a
narrow range of [Ca®*]; (Fig. 7A). Such a behavior is ideal
for CICR. In contrast, P, of the type 3 InsPsR channel
increases over a broader range of Ca®>" concentrations
and with a higher Ca®" affinity (Fig. 7B). Such a behavior
is ideal as a trigger that responds to low InsP; concentra-
tions. Ca®" inhibition of the vertebrate InsP;R channels in
these studies is highly cooperative, so channel P, de-
creases rapidly over a narrow range of Ca®>" concentra-
tions (Fig. 7, A and B), whereas Ca®* inhibition of the
insect Sf9 cell channel exhibits no cooperativity, and
channel P, decreases gently over a broader range of Ca®*
concentrations (Fig. 7C). The physiological relevance of
these differences is not clear.

In contrast, other single-channel studies have re-
vealed radically different Ca?* concentration dependen-
cies. In some (294, 381, 382, 438, 478, 479, 481), InsP5R
channels in saturating InsP; exhibited substantially higher
sensitivity to Ca®* inhibition than observed in the patch-
clamp studies, so that their biphasic P, versus [Ca12+]i
curves are narrow and bell-shaped (Fig. 8). In other stud-
ies, high Ca®" inhibition of channel activity was signifi-
cantly reduced or completely absent (163, 286, 380, 382)
so that the channel remained active in physiologically
attainable supramicromolar Ca** concentrations (>500
uM) (Figs. 7D and 8).

2. P, exhibited by maximally activated
InsP3R channels

In patch-clamp studies of channels of different
InsP4R isoforms (type 1 and 3) from different species (rat,
Xenopus, and insect Spodoptera) (42, 196, 282, 283), the
values of P, .., the maximum channel P, observed in
optimally stimulating ligand conditions, are consistently
high (~0.8, see Fig. 7, A-C). In contrast, a wide range of
different P, for InsPsR channel have been reported in
other studies (Fig. 8). Part of this diversity is due to the
variable sensitivities to Ca®* inhibition of the InsP;R
channels in these studies. Channels that exhibit higher
sensitivity to Ca®" inhibition and display narrow, bell-
shaped Ca%* dependence curves may start to be inhibited
by Ca®" even before they are fully activated by Ca®", and
will therefore have lower P, (Fig. 8). However, this
cannot account for all the diversity in P, observed
because channels that lacked high Ca®* inhibition were
still observed with low P, .. (163), and channels in differ-
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ent studies with similar sensitivities to Ca®* inhibition
nevertheless exhibited very different P, (438, 478).

It is therefore likely that P, of InsPsR channels is
affected not only by the sensitivity of the channel to high
Ca®" inhibition, but also to factors extrinsic to the chan-
nel, such as lipid composition of the membrane (75),
presence of phosphatidylinositol 4,5-bisphosphate in the
InsPs-binding site (262), integrity of the InsPs;R after iso-
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lation and reconstitution, and loss of interacting proteins
and factors as the channel is isolated from its cytoplasmic
environment. Although these factors are mentioned as
possible reasons for divergent observed results, they may
have relevance for physiological modulation of InsPs;R
channel activity.

Given the high variability of P, ,, observed in differ-
ent experimental systems, we would encourage experi-
mentalists to clearly provide the absolute P, . in each
study so that results from different experiments can be
more readily compared.

3. Use of biphasic Hill equation to describe Ca®"
regqulation of InsPsR channel activity

A convenient way to quantify Ca®" regulation of
InsP,R channel activity is to fit the P, versus [Ca®"]; data
with an empirical, model-independent Hill equation. The
biphasic equation

) Kact Haet) —1 [Caz+]i Hinn) —1
P, —PHiu{1 + ([Ca“]l) } {1 * < K, ) } &0

has been used to describe the P, of channels that are both
activated and inhibited by Ca®*. Ca®" dependence of the
channel can then be characterized in terms of the five Hill
equation parameters: Py, Koo, Hact, Kinny Hinn, fOr €asy
comparisons among various studies. (These parameters
are tabulated in the P, versus [Ca®"]; curves shown in this
review; Figs. 7, 10, A-C, and 12, A and B.) For InsP;R
channels that exhibit significantly different sensitivities to
Ca®" activation and Ca®" inhibition, and therefore have a
broad, plateau-shaped P, versus [Ca®*]; curve in saturat-

ing [InsP5] (196, 282, 283), the experimental data can be

FIG. 7. [Ca®"]; and [InsP;] regulation of InsP;R channel activity. A:
[Ca®**]; dependence of mean P, of endogenous X-InsP;R-1 channels
(solid symbols) in various [InsP;] as tabulated. [Modified from Mak et al.
(282).] Each data point in this and subsequent P, versus [Ca®"]; plots is
the average of channel P, from at least 4 experiments using the same
ligand concentrations. The curves are least-squares fit of the data points
using the biphasic Ca®* regulation Hill equation (Eq. 1) with parameters
as tabulated. The large open circles represent P, for recombinant rat
InsP;R-1 channels in various [Ca®"]; in saturating 10 uM InsP,. [Modified
from Boehning et al. (42).] Inset: plot of K, ,, derived from the biphasic
Hill equation fit of P, data versus [InsP;] used. The curve is the least-
squares fit of the Kj, values using the activation Hill equation
Ky = K2y (1 + (BK/[InsPy)w?) ! with parameters as tabulated. B:
[Ca**]; dependence of mean P, of recombinant r-InsP;R-3 channels in
various [InsP;] as tabulated. [Modified from Mak et al. (283).] Data
points and fitted curves are obtained as described for A. C: [Ca®*];
dependence of mean P, of endogenous InsP;R channels from Sf9 cells in
various [InsP;] as tabulated. [Modified from Ionescu et al. (196).] Data
points, fitted curves, and inset graph are obtained as described for A. D:
[Ca®*]; dependence of mean P, of X-InsP;R-1 InsP,R channels that have
been exposed to bath solution with very low [Ca®"]; (<5 nM) for a few
minutes before the patch-clamp experiments, in various [InsP;] as tab-
ulated. The curves are least-squares fits to the data using activation Hill
equation P, = Py {1l + (K,./[Ca®"])«} =1 with parameters as tabu-
lated. [Modified from Mak et al. (286).]
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fitted by the Hill equation with a unique set of parameters,
provided that enough data points have been acquired.
Each of the parameters describes one aspect of the
Ca®"dependence of the channel. Py is the maximum P,
that the channel would be activated to if there was no
Ca®" inhibition. Because of the low sensitivity of the
channel to Ca®* inhibition in saturating InsP;, the channel
is fully activated before Ca®" starts to inhibit the channel.
Thus the experimentally observed P,.. under optimal
ligand conditions is equal to Py;;,;. The parameters K, ., and
K, ;, are then EC;, and IC,, for Ca®*, respectively, i.e., the
[Ca®*]; at which P, = 0.5 Py, They are inversely related
to the functional sensitivity of the channel to Ca®" acti-
vation and inhibition, respectively. H, ., and H,,; describe
the level of cooperativity of Ca®" activation and inhibi-
tion, respectively.

However, InsP;R channels that have similar sensitiv-
ities to Ca®" activation and Ca®" inhibition display nar-
row and bell-shaped biphasic P, versus [CaZ *]; curves. P,
of these channels does not clearly flatten out at some
maximum value because the channel is not yet fully acti-
vated by Ca®* when Ca®" inhibition starts to reduce P,. In
such cases, the set of Hill equation parameters that pro-
vide a good Hill equation fit to the data is not unique, i.e.,

1.0

InsP,R-1| [InsP3R-2| [InsP,R-3
— A e | IS L
— B J ¢ M
0.8 — g K + N S XEIIT
o I E
i — F
Eoe6r|[— C
3 — H
©
Q
2
Q
c 04
9]
o
o
0.2

FIG. 8. [Ca®"); dependence of vertebrate InsP;R channel activity in
saturating [InsP;] observed in various single-channel studies. Biphasic
Hill equation curves shown are generated either using parameters pro-
vided by studies cited below, or by fitting data provided in those studies
with the Hill equation. Entries denoted by red letters are data from
endogenously expressed InsP;R channels; other entries denoted by
black letters are from recombinant homotetrameric InsP;R channels.
Entries marked with asterisks are obtained by nuclear patch-clamp
experiments; others are from InsP;R channels reconstituted into planar
lipid bilayers. All data were observed in the presence of 0.5-1 mM
Na,ATP on the cytoplasmic side of the channel unless stated otherwise.
A: canine cerebellar (438). B: bovine cerebellar in 0 ATP (382). C: rat
type 1 SI+ SII+ in COS cells in 0 ATP (381). D: rat cerebellar (478). E:
rat type 1 SI— SII+ in Sf9 cells (478). F* rat type 1 SI— SII+ in Sf9 cells
(479). G: Xenopus oocyte (282). H: rat cerebellar (294). I: ferret cardiac
ventricular myocyte in 0 ATP (382). J: rat type 2 in COS cells in 0 ATP
(380). K: rat type 2 in Sf9 cells (481). L: rat pancreatic RIN-m5F cells
(163). M: rat type 3 in Sf9 cells in 5 mM Na,ATP (481). N: rat type 3 in
Xenopus oocytes (283).
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FIG. 9. Biphasic Hill equation fits to InsP;R channel P, versus

o

[Ca®*]; data. Open squares are experimental data, and smooth curves
are Hill equation fit to the data using parameters as tabulated. A: channel
P, data for recombinant rat type 1 E2100D mutant InsP;R expressed in
Sf9 cells were fitted (black curve) using modified biphasic Hill equation
(Eq. 2) with parameters given in Ref. 479, tabulated in black. An alter-
native Hill equation fit (thick yellow curve) using the same equation with
a different set of parameters (tabulated in yellow) is effectively indis-
tinguishable from the fit provided in Ref. 479. B: channel P, data for
recombinant wild-type Drosophila InsP;R channel expressed in Sf9 cells
were fitted (black curve) using modified biphasic Hill equation (Eq. 2)
with parameters given in Ref. 434, tabulated in black. The more general
Hill equation (Fq. 1) gives a better fit to the data (red curve) using
parameters tabulated in red.

different sets of Hill equation parameters can provide
indistinguishable fits to the experimental data (Fig. 9A).
Because very different values of K, and K;,,;,, can be used
to describe one set of data equally well, no physical
significance can be assigned to one particular set of Hill
equation parameters. Conversely, even if a set of Hill
equation parameters can fit very well a collection of chan-
nel P, data, K,.. may not reflect the functional sensitivity
of the channel for Ca®* activation. Likewise, the value of
K, may not be an appropriate indication of the func-
tional sensitivity of the channel for Ca®* inhibition. Con-
clusions drawn from the values of Hill equation parame-
ters that describe bell-shaped Ca?* dependencies (479)
can be highly questionable. Therefore, it can be very
misleading to compare narrow bell-shaped Ca®" depen-
dencies of different InsP5R channels by simply comparing
Hill equation parameters. Accordingly, a graph showing
the biphasic Hill equation fits to data from various studies
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(Fig. 8) is used here for comparison of Ca®>" regulation of
InsP;R channels.

Because InsP; regulates InsP;R channels by modify-
ing their sensitivity to Ca®>" inhibition (see later discus-
sion), even channels with broad, plateau-shaped P, versus
[Caz+]i curves will exhibit narrow bell-shaped P, versus
[Ca®"]; curves at subsaturating concentrations of InsP,
(see Fig. 1B with 10 or 20 nM InsP;), with P, signifi-
cantly less than the Py, that is observed in saturating
[InsP;]. However, it has been demonstrated that P, at
subsaturating InsP5 concentrations was still well fitted by
the same biphasic Hill equation (Eq. 1) assuming that only
K, was affected by [InsP;] (282, 283). Thus a set of Hill
equation parameters can be uniquely defined with correct
physical meanings for such narrow, bell-shaped P, versus
[Caz+]i curves observed in subsaturating [InsPs] by mak-
ing the reasonable assumption that Py;; remains the same
for all [InsP;]. However, Py;,; must be accurately deter-
mined.

A variation of the biphasic Hill equation

_ [Ca* K"
Po - PHill ([Ca2+]iH + KactH)([Ca2+]iH + I{inhH (2)

has been used to fit channel P, versus [Ca®"]; data in
many channel reconstitution studies (34, 229, 434, 438,
478, 479, 481). The only difference between Egs. 1 and 2
is that the Hill coefficients H;,, and H,. in Eq. 1 are
assumed to be the same (H,. = H;,, = H) in Eq. 2.
Although Eq. 2 can provide good fit to a number of data
sets (34, 438, 478), there is no a priori reason to assume
that Ca®" activation and inhibition of the InsP;R channel
have the same degree of cooperativity. Thus when Eq. 2
cannot provide a good fit to a data set (Fig. 3B), the more
general Eq. 1 should be used. Furthermore, characterizing
the Ca®* dependence of an InsP;R channel with parame-
ters from this form of the Hill equation suffers from the
same problem as using Eq. 1 if the channel has a bell-
shaped Ca®" dependence curve, as observed in many
reconstituted InsP;R channel studies.

It should also be pointed out that Hill equations are
empirical equations not based on any specific model for
ligand regulation of channel gating. With the equations,
the gating behaviors of the InsP;R channel in a wide range
of cytoplasmic Ca®* concentrations can be characterized
adequately and conveniently with a small number of pa-
rameters, provided that the Ca?* dependence curve has a
plateau shape with a well-defined Py, value. However,
the empirical fit does not provide any insight into the
molecular mechanism(s) responsible for the ligand regu-
lation of the InsP5R channel. For instance, the parameters
H,. and H,,; do not have a direct relation with the
number of activating or inhibitory Ca®" binding sites in
the channel.
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4. Ca*" activation of InsPsR channels

Despite the highly variable shapes of the channel P,
versus [Ca2+]i curves observed in these different studies
(Fig. 8), Ca®" activation of channel activity has been
consistently observed with comparable functional sensi-
tivity to Ca®*. This suggests that the characteristics of
Ca®" activation are likely determined by intrinsic features
of the InsPsR molecule that are conserved throughout
evolution and among the various isoforms and splice
variants. This conservation probably exists because the
activation of InsP;R channels by a rise of Ca®" from
resting levels (~50 nM) to hundreds of nanomolar plays a
vital role in intracellular Ca®" signaling. As discussed
earlier, in the presence of activating levels of InsP;, ele-
vations of [Ca®*], due to Ca®"* released by one InsP;R
channel can in turn activate InsP;R channels nearby to
release more Ca?" in a positive feedback. CICR mediated
by InsPsR channels acts as a critical communication
mechanism between channels to coordinate their activi-
ties, generating large-scale Ca®" signals (puffs and waves)
from elementary Ca®" release events emanating from in-
dividual InsP;R channels (26).

Ca?" activation of InsP;R channels is mostly posi-
tively cooperative (Fig. 8), enabling the channels to be
activated sharply by Ca®" within a narrow range. This
property likely contributes to the fine-tuning of the chan-
nel by cytoplasmic Ca®* concentration. However, nonco-
operative Ca®' activation has been observed in some
InsP3R channels (163, 283, 382), suggesting that cooper-
ativity of InsP;R channel activation by Ca?" may not be an
essential feature for Ca®" signaling. Rather, differences in
the degree of cooperativity among channels may provide
diversity in cytoplasmic Ca®" signals generated by differ-
ent isoforms and under different conditions. For example,
ATP regulation of the Ca®" activation properties of the
type 3 channel was associated with changes in the degree
of cooperativity (283), as discussed in detail later.

InsP;R isoforms with higher sensitivity to Ca** acti-
vation (especially type 3 InsP3R, see Fig. 8) have higher P,
at resting cytoplasmic Ca®* concentrations when InsP; is
present, than do channels formed by other isoforms.
Thus, when an extracellular stimulus elicits production of
InsP; in a resting cell, such channels will have a higher
probability of opening to release Ca®* from the ER. They
can therefore act as triggers to initiate InsP,-induced Ca®*
release (IICR) (283). Ca®* released by these triggers may
then raise local cytoplasmic Ca®* concentration suffi-
ciently to cause nearby InsP;R channels to release Ca’*
through CICR, thus propagating the Ca®* signals.

5. Ca®" inhibition of InsP4R channels

Whereas Ca®" activation of the InsP;R channel is
consistently observed in all single-channel experiments
with comparable functional sensitivity to Ca®" and largely
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similar levels of cooperativity, the sensitivity of InsPs;R
channels to Ca®?* inhibition is highly variable even in
saturating InsP; so that a wide range of different shapes
of channel P, versus [Ca®"]; curves has been observed
(Fig. 8).

What accounts for such diversity of observations and
why is it important? Ca®" inhibition can possibly serve as
a negative-feedback mechanism to either terminate or
prevent Ca®" release as the local cytoplasmic Ca®>" con-
centration is raised by InsP;R-mediated Ca®" release dur-
ing Ca®" signaling, even in the continuous presence of
InsP;. This process may play a significant role in the
generation of Ca®" spikes and oscillations, as well as the
generation of highly localized Ca®* signals, by preventing
runaway Ca®" release due to the positive feedback of
CICR. Thus it is critical to ascertain the presence or
absence of Ca®" inhibition of an InsP;R channel. Further-
more, the range of Ca®" concentrations over which inhi-
bition is exerted is also important, because it defines the
spatial domain over which the channels may experience
such regulation. For example, if the apparent affinity of
the inhibitory Ca®" binding site is 20 uM, only channels
quite close to an open Ca®" channel will experience feed-
back inhibition. On the other hand, if the apparent affinity
of the inhibitory Ca®* binding site is in the submicromolar
range, then channels throughout the cytoplasm, even
those that are quite far from individual release sites, will
experience inhibitory Ca?* concentrations.

The diversity of properties of Ca®' inhibition of
InsP;R channels observed in different studies may reflect
a range of physiologically relevant modifications of Ca®"
inhibition by environmental factors that provide addi-
tional regulation of InsP;R-mediated Ca®" signals. Alter-
natively, such diversity may reflect a lack of control of
important experimental variables during the preparation
or recording of the channels. There is no clear correlation
between the sensitivity of an InsP;R channel to Ca®*
inhibition and the molecular structure of the InsPs;R. Nu-
clear patch-clamp studies revealed very similar Ca®" in-
hibition characteristics (low Ca®* sensitivity and high
level of cooperativity) for homotetrameric channels
formed by type 1 or type 3 InsP5R isoforms (282, 283). On
the other hand, whereas similar Ca®* inhibition charac-
teristics for different splice variants of the same isoform
of InsP5R (381, 478) or different isoforms (481) have been
observed in some reconstitution studies, the same iso-
forms displayed very different Ca®" inhibition character-
istics in other studies (see Fig. 2 and cf. Refs. 282, 481).
Ca®" inhibition was absent for both type 2 (380) and type
3 (163) InsP5R channels in some planar bilayer reconsti-
tution studies, but not in others (481). Furthermore, the
Ca®" inhibition properties are largely, but not completely,
distinct between the reconstitution and patch-clamp stud-
ies. For example, similar high sensitivity to Ca®" inhibi-
tion was observed for InsP;R channels formed by the
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same isoform studied using nuclear patching (294) or
bilayer reconstitutions (478).

It is highly likely that various forms of regulation,
both physiological and nonphysiological, impinge on the
Ca®" inhibition properties of the channel. The sensitivity
of recombinant rat InsP;R-3 to Ca®" inhibition was radi-
cally altered by cytoplasmic ATP (481). Also, Ca®" inhi-
bition of channel activity is regulated by InsP;, as dis-
cussed below. Thus different InsP; sensitivities of chan-
nels in different studies may contribute to different Ca®*
inhibition properties. Different InsP; sensitivities could in
turn be generated by extrinsic factors such as lipid com-
position of the membrane (75), covalent modifications of
the channel (see sect. viL), presence or absence of inter-
acting proteins (see sect. VIN), or to intrinsic differences
in the channel properties between species and/or iso-
forms. Even a simple nonphysiological maneuver can rad-
ically alter the channel’s Ca®?" inhibition properties. Ex-
posure of InsP;R channels to a very low concentration of
Ca®* (<10 nM) for a few minutes before it is exposed to
InsP; completely and reversibly relieves Ca®" inhibition
of types 1 and 3 InsP;R channels (286). Thus the Ca®*
inhibition properties of the channel are regulated by a
distinct Ca®* binding site(s), which could be a locus for
either regulation or disruption of Ca®* inhibition. It is
possible that this site was disrupted during protocols
involved in channel reconstitution in those studies of the
types 2 (380) and 3 (163) channel isoforms that failed to
observe high-[Ca®*] inhibition.

One possible mechanism of regulating Ca** inhibi-
tion of InsP5R channels that has been repeatedly invoked
is through interaction of the channel with the protein
calmodulin. However, single-channel studies of InsPs;R
were very much consistent with the absence of any reg-
ulatory role for calmodulin in Ca®" inhibition of InsP3R. A
full discussion of the calmodulin interaction with InsPsR
is provided in section viNI. To date, no factor extrinsic to
the InsP;R channel has been positively identified to con-
fer Ca®" inhibition of the channel.

C. InsP; Activation of InsP;R Channels

1. InsPg regulates InsPsR channel activity through
modulation of its sensitivity to Ca®" inhibition

In our previous discussions of Ca®" regulation of
InsP;R channel activity, we have focused on channel ac-
tivity observed in saturating concentrations of InsP;. We
now examine the InsP; dependence of InsP;R gating by
looking at the channel activity in subsaturating InsPs.
Although spontaneous InsPsR activity of very low P, (ap-
proximately a few percent) has been observed in the
absence of InsP; (286, 382), both Ca®** (in appropriate
concentrations) and InsP; must be present on the cyto-
plasmic side of the channel to activate it to appreciable
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activity levels. However, InsP; activates the InsP5R in a
radically different manner from Ca®", so InsP; and Ca**
are not simply equivalent coagonists of the channel. Sys-
tematic studies of the gating properties of the Xenopus
type 1 (X-InsP3R-1), rat type 3 (r-InsP;R-3), and Sf9 InsP;R
channels under a broad range of concentrations of both
InsP; and Ca®* in steady-state conditions revealed that
the InsP;R becomes more sensitive to inhibition by high
cytoplasmic Ca®" concentrations in the presence of sub-
saturating concentrations of InsPs, i.e., at lower InsP;, the
channel is inhibited by Ca®" at lower concentrations (Fig.
7, A-C). Importantly, all other aspects of Ca®>" regulation
of channel activity: its sensitivity to Ca®* activation, the
level of cooperativity of Ca®>" activation, and even the
level of cooperativity of Ca* inhibition, are not signifi-
cantly affected by InsP;. At very low concentrations of
InsP;, the maximum channel P, observed, and the range
of cytoplasmic Ca%" concentrations over which the chan-
nel is active, were both substantially reduced (Fig. 7,
A-C). Both effects can be fully accounted for by the
increase in the sensitivity of the channel to Ca%" inhibi-
tion. At very low InsP; concentrations, the channel is so
sensitive to Ca®* inhibition that it begins to be inhibited
by Ca®* before it is fully activated. This pattern of InsP,
regulation of channel activity by solely modulating the
sensitivity of the channel to inhibition by cytoplasmic
Ca®" is consistently observed for InsP;R channels of dif-
ferent isoforms (type 1 and 3) from very different species
(Xenopus, rat, and insect) (196, 282, 283). This suggests
that this is probably the common mechanism underlying
ligand regulation of all InsP;R.

Similar effects of InsP; on channel P, were also
observed for endogenous canine cerebellar InsP;R-1 re-
constituted in planar lipid bilayers (219), namely, in-
creases in InsP; concentrations within a subsaturating
range reduced the sensitivity of the channel to Ca®" inhi-
bition, thus broadening the channel versus P, curve from
a narrow, bell shape to a plateau shape. Although the
concentrations of InsP; necessary to observe this effect
were quite high (180 uM), the channel nevertheless re-
tained a significant level of activity even when Ca®* con-
centration was 20 uM. Similar to the observations in
nuclear patch-clamp studies, InsP5; had little effect on
Ca®" activation properties of the channel.

Because InsP; affects only the sensitivity of InsPsR
channels to Ca®* inhibition, the sensitivity of the channels
to InsP; can be defined by changes caused by InsP; in the
sensitivity of the channel to Ca®* inhibition. Accordingly,
a half-maximal effect was observed at ~50 nM InsP; for
both X-InsPs;R-1 and r-InsP;R-3 (Fig. 7, A and B). The
response of these channels to InsP; is fully saturated by
100 nM InsP; (282, 283). In general, this functional sensi-
tivity to InsP; is in reasonable agreement with the disso-
ciation constant K, derived from InsP; binding assays,
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and the ECj, for InsP, stimulation of Ca®" release (229,
300, 307, 319, 380, 464).

The insect Sf9 InsP;R channel has lower sensitivity to
InsP5, with half-maximal effect at ~400 nM, and its re-
sponse is not saturated until the concentration of InsP; is
~1 puM (Fig. 7C) (196). Canine cerebellar InsP;R-1 appar-
ently has a very low sensitivity to InsP5 such that the P,
versus [C.312+]i curve of the channel was still substantially
changed when InsP; was increased from 2 to 180 uM
(219). This significantly lower InsP; sensitivity agrees
with the low InsP; sensitivity of InsP;R-mediated Ca**
release observed in cerebellar neurons (234, 235) and may
be due to the differences in InsP5R splice variants: InsP3R
examined in Reference 282 was the peripheral SII— form,
whereas in Reference 219, the cerebellar SII+ form was
examined, or due to the interference of InsP;R channel
gating by phosphatidylinositol 4,5-bisphosphate bound to
the cerebellar InsPs;R (262).

2. Physiological significance of InsPy modulation
of Ca®* inhibition of InsP3R channel

The modulation of InsP5R channel K, by InsP; pro-
vides a possible mechanism intrinsic to the channel to
generate graded Ca®' release in response to different
levels of extracellular stimulus intensity, instead of the
expected all-or-nothing signal expected for the process of
CICR (26, 47). Because InsP;R exposed to higher InsP,
concentrations has lower susceptibility to Ca®* inhibi-
tion, cytoplasmic Ca®" concentrations that can inhibit
channel activity at low InsP; concentrations will be insuf-
ficient to inhibit the channel when InsP; concentration is
increased. Higher Ca?" concentrations at the vicinity of
an open channel can therefore be achieved before reach-
ing levels that will inhibit other closed channels in the
same InsP5R channel cluster before they can open (26).
This enables coordinated release of channels in the same
local cluster, whereas in lower InsP, concentrations, Ca®*
released by the stochastic opening of one channel sup-
presses gating of the rest of the channels in the cluster. By
enabling higher Ca®* concentrations to be achieved at the
local level by coordinated Ca** release, higher InsP; con-
centrations associated with more intense stimuli would
promote greater diffusive spread of the local Ca®" signal
to other InsP;R channel clusters, thereby transforming
highly localized signals at low levels of stimulation to
more global coordinated Ca®" release signals as the in-
tensity of the stimulus is increased. Thus the mechanistic
insights derived from single-channel patch-clamp studies
of the InsP5R response to InsP; suggest that graded CaZ*
response can be generated without the need to invoke
channels with different InsP; sensitivities or clusters of
different channel densities (26, 47, 71, 192), although
these or other mechanisms are in no way excluded.
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In addition, modulation by InsP; of Ca®" inhibition of
InsP;R enables channel activity to be exquisitely sensitive
to small changes in InsP; concentration within the sub-
saturating range. For X-InsP5R-1 in 10 nM InsP;, the chan-
nel is appreciably active only within a very narrow range
of cytoplasmic Ca®" concentrations (50-300 nM) with
very low P, (P ~0.1). In contrast, in 100 nM InsP;, the
channel is active over a very wide range of Ca®>" concen-
trations (50 nM to 100 uM). It gates robustly with high P,
(P,..x ~0.8) over Ca’* concentrations from 1 to 20 uM
(Fig. 1B). Thus the InsP;R-mediated Ca®* signal can be
finely controlled by small differences in the InsP5 concen-
tration that the channel is exposed to.

3. Inadequate characterization of the InsP,
dependence of InsPsR channel

InsP;R channel activity is regulated by its ligands
InsP; and Ca®" in a complicated manner, with InsP; af-
fecting gating through modulation of Ca®" inhibition of
the channel. This complex relationship between channel
P, and the concentrations of InsP; and cytoplasmic Ca®",
as described in References 196, 219, 282, 283, cannot be
adequately characterized by determining the channel P,
in various concentrations of InsP; at just one Ca®" con-
centration. It was pointed out (282) that depending on the
Ca®" concentrations used, different apparent functional
affinities for InsP; with different degrees of cooperativity
would be observed.

Unfortunately, only a minority (196, 219, 282, 283,
294) of the single-channel studies of InsP; regulation in-
vestigated channel P, over different combinations of cy-
toplasmic Ca®* and InsP; concentrations to characterize
the channel behaviors adequately. The majority of studies
have only investigated channel P, dependence on InsP; at
a single, arbitrarily selected Ca®* concentration (164, 262,
331, 380-382, 434, 456, 482, 505). The P, of the channel in
any subsaturating concentration of InsP; at cytoplasmic
Ca®* concentrations other than the selected one cannot
be estimated based on these studies. Thus it is impossible
to properly compare results obtained in different studies
if the dependence of channel P, on InsP; concentration
was determined at different selected single cytoplasmic
Ca®* concentrations.

4. A different kind of InsP5; dependence

A radically different type of InsP; dependence of
channel P, was recently reported for neuronal InsP;R-1
observed by nuclear patch-clamp experiments of the in-
ner membrane of nuclei isolated from Purkinje neurons
(294). Instead of modulating the sensitivity to Ca®>" inhi-
bition, increases in InsP; concentrations in the subsatu-
rating range activated the channel by increasing only the
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maximum P, of the channel, with very little impact on the
shape of the channel P, versus [Ca®*]; curve (294). Thus
InsP; regulation and the Ca®* regulation of channel P, are
totally independent, i.e., Ca>* regulation is not affected by
InsP; and, conversely, InsP;5 regulation is not affected by
Ca®*. In this surprising situation, ligand regulation of
channel P, can be adequately characterized by determin-
ing the Ca®" dependence of channel P, at saturating InsP;
concentrations and the InsP; dependence of channel P, at
one selected Ca®" concentration. However, the indepen-
dence of Ca®" regulation from InsP; can only be ascer-
tained by observing the Ca®>" dependence of channel P, at
at least two different InsP; concentrations: a saturating
and a subsaturating level.

D. InsP; and Ca®>* Regulate InsP;R Channel
Activities Through Multiple Ca®>* Sensors

The most comprehensive studies of ligand regulation
of InsP;R channel activity, investigating channel P, in
various combinations of saturating and subsaturating
concentrations of InsP;, and activating, optimal and in-
hibitory concentrations of cytoplasmic Ca®" (196, 219,
282, 283), indicate that InsP; regulates gating mainly by
modulating its sensitivity to Ca®* inhibition. However,
InsP;R channels with either no discernable inhibition by
Ca®* (382), or with Ca®" inhibition abolished by preex-
posure to very low levels of Ca®* (285), are nevertheless
still sensitive to InsP5 (Fig. 7D). These InsP;R channels
that were not inhibited by high Ca®" exhibited no appre-
ciable activity in the absence of InsP;. Increases in InsPy
through subsaturating levels increased the observed P, .,
with little effect on the sensitivity of the channel to Ca®*
activation, or on the level of cooperativity of Ca®" activa-
tion. These results suggest that there are at least two
distinct kinds of Ca®" sensors responsible for ligand reg-
ulation of InsP;R channel P,. One kind of Ca®* sensor is
responsible for Ca®" inhibition in saturating InsP, con-
centrations. This sensor has an apparent Ca®" affinity of
~20-50 uM in most nuclear patch-clamp studies (42, 196,
282, 283) and accounts for the descending phase of the P,
versus [Ca®"]; curve in saturating InsP;. This Ca®* binding
site is nonfunctional in the InsP;R channels that are not
inhibited by high Ca®*. The second kind of Ca®" sensor is
InsP; dependent. It is responsible for the InsP; sensitivity
of the channel regardless of the functionality of the other
inhibitory Ca®* sensor. In the absence of InsP;, this site
has very high Ca®* affinity and inhibits channel opening.
Thus channels that lack high Ca®* inhibition still require
InsP; for activation. In addition, comparisons of the sen-
sitivities and levels of cooperativity for Ca?* and InsP,
activation of different InsPsR isoform channels argue for
the existence of a third Ca®* sensor that is activating yet
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InsP; independent. The following describes the properties
of each of these sensors separately.

1. The InsPs-independent inhibitory Ca®" sensor

As noted earlier, single-channel studies of InsP;R
have revealed a vast diversity of properties for Ca®" in-
hibition of the channel, with very different sensitivity to
Ca®" observed even for the same InsP;R isoform and
splice variant in different studies (Fig. 8). As a result, the
P, versus [Ca®*]; curves observed in some studies are
narrow and bell-shaped, whereas in other studies, they
are broad and plateau-shaped. In some InsP;R channels,
Ca®" inhibition actually appeared to be totally absent in
some, but not all, studies. It has also been demonstrated
that this inhibitory Ca®" sensor can be reversibly ren-
dered completely nonfunctional, thus abolishing high
Ca®" inhibition of the channel, by treating the channel
with nanomolar cytoplasmic Ca?" for a few minutes be-
fore exposure of the channel to InsP; (285). Remarkably,
channels that were not sensitive to Ca®" inhibition were
nevertheless fully InsP; dependent (285, 380). Together,
these observations indicate that this inhibitory Ca®* sen-
sor is not responsible for InsP; dependence of the channel
and therefore likely InsP; independent. Furthermore, the
functional affinity for Ca®" for this InsPs-independent
inhibitory Ca®" sensor is malleable, suggesting that it
could possibly be under physiological regulation. Besides
establishing the malleability of the inhibitory Ca®" sensor,
abolition of Ca®" inhibition by preexposure of the chan-
nel to nanomolar Ca®* further indicates that its function-
ality is controlled by another, different type of Ca®* bind-
ing site(s). This latter site(s) is likely to operate with a
high level of cooperativity (285).

2. The InsPy-dependent Ca®" sensor

Another type of Ca®>* sensor regulating InsP;R chan-
nel activity is regulated by the InsP; binding sites in the
channel. Nuclear patch-clamp single-channel studies indi-
cated that this InsP5-dependent Ca®" sensor is extremely
sensitive to small changes in InsP; concentration within
the subsaturating range. In particular, the sensitivity of
the X-InsP;R-1 channel to Ca®* inhibition was reduced
dramatically as InsP5 concentration was raised from 10 to
100 nM. The channel was significantly inhibited by 160 nM
Ca®" in 10 nM InsPs, but it was not inhibited until cyto-
plasmic Ca®* concentration was >30 uM when the chan-
nel was exposed to 100 nM InsPy (Fig. 7A). To reconcile
this exquisite sensitivity of the channel to subsaturating
levels of InsP; with the tetrameric structure of the chan-
nel consisting of four InsP;R molecules each with a single
InsP4-binding site (discussed in sect. mC1), an allosteric
model was proposed in which the InsPs;-dependent Cca’*
sensors in the channel (1 per InsP;R molecule, total of 4
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in each channel) act as inhibitory Ca®"-binding sites to
inhibit channel gating when bound to Ca®" in the absence
of InsP; (286). However, as InsP5 concentration is raised
and InsP; binds to the channel, Ca®* binding to the InsP-
dependent Ca®" sensors starts to favor opening of the
channel. In effect, this Ca®>" sensor becomes an activating
Ca®"-binding site. Thus InsP; regulates InsP;R channel
activity with very high effectiveness by modifying not only
the functional affinity of the InsP;-dependent Ca’" sen-
sors, but also their functional nature, changing them from
inhibitory to activating sites.

The interplay of the two different types of Ca®" sen-
sors, one InsP; sensitive and the other InsP; insensitive,
enables the response of InsP;R channel to InsP5 to satu-
rate very abruptly despite its high sensitivity to subsatu-
rating concentrations of InsP;. Once InsP; exceeds the
saturating level of 100 nM, the P, versus [Ca®"]; curve of
the X-InsP;R-1 channel exhibits no discernable change
even as InsP; is further increased by over three orders of
magnitude from 100 nM to 180 uM (Fig. 7A). This behav-
ior results from the influence of the inhibitory Ca®" sen-
sors that are InsP; independent. Thus, at InsP; >100 nM,
Ca®" inhibition of the channel is caused by the InsPs-
independent, purely inhibitory Ca®" sensor. The abrupt-
ness in the saturation of the response of the channel to
changes in InsP; concentration is due to the insensitivity
to InsP; of these inhibitory Ca®" sensors.

3. The InsPs-independent activating Ca®* sensor

In nuclear patch-clamp experiments, X-InsP;R-1 and
r-InsP5R-3 channels exhibited similar sensitivities to acti-
vation by InsPs, even though the sensitivity and degree of
cooperativity for Ca%" activation of the two types of
channels were very different (Fig. 7, A and B) (282, 283).
On the other hand, the sensitivity and level of cooperat-
ivity for InsP; activation of X-InsP3R-1 and Sf9 InsP;R
channels are very different, even though the two types of
channels have similar sensitivities and levels of cooper-
ativity for Ca®" activation. It is difficult to account for
these different characteristics of Ca®** and InsP; activa-
tion of these channels if they have the single type of
InsP;-dependent Ca®* sensor discussed above that is
transformed into an activating Ca®* binding site by InsP;.
To quantitatively account for Ca®>" activation of channel
gating, a third type of Ca®" sensor must also play a role.
This Ca®" site is InsP; independent and responsible for
the consistent sensitivity to Ca* activation observed in
various InsP;R channels despite their differences in InsP;
sensitivity or the presence or absence of Ca®* inhibition.

Numerical calculations (285) indicate that an alloste-
ric model postulating the three types of Ca®* binding sites
as described above can account for all single-channel
behaviors of various InsP5R channels studied by nuclear
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patch-clamp experiments while taking into consideration
the homotetrameric structure of the channels (144, 196,
285).

E. Regulation of InsP;R Gating by Luminal
Divalent Cations

There have been several reports indicating that be-
sides affecting the channel conductance properties, the
concentration and identity of divalent cations present on
the luminal side of the InsPsR can also regulate channel
gating. The study by Bezprozvanny and Ehrlich (33) re-
mains the most detailed investigation of this aspect of
gating regulation. They found that in the presence of the
same level of cytoplasmic Ca®* (0.2 uM), the mean chan-
nel open duration ¢, depends on the identity of the diva-
lent cation acting as the charge carrier (using 55 mM
divalent ion on the luminal side of the channel). ¢, with
Ba®" as charge carrier is approximately equal to that with
Sr’* is greater than that with Mg>* is approximately equal
to that with Mn®* (438) is greater than that with Ca®".
Recently, it was reported that channel P, of rat cerebellar
InsP;R-1 in the inner nuclear membrane of Purkinje neu-
rons with Ba®" as charge carrier (100 mM) was nearly 10
times that observed with K™ (50 mM) under the same
cytoplasmic ionic conditions (294). However, it is not
clear whether this effect has any physiological signifi-
cance since Ca®>" and Mg>* are the only physiologically
relevant divalent cations that can occur in substantial
concentrations in the ER lumen.

A possibly important observation is that InsP;R ac-
tivity is inhibited by luminal Ca?", with channel P, elicited
by optimal cytoplasmic concentrations of InsP; and Ca’*,
decreasing 66% as luminal Ca®>" concentration was raised
from 3 uM to 10 mM (33). High luminal Ca®" concentra-
tion was also reported to cause rapid inactivation (ap-
proximately seconds) of the InsPsR channel after InsP;
activation, whereas the channel remained active for ex-
tensive periods (~100 s) in the presence of lower luminal
Ca®* concentrations (469). Functionally, it has been sug-
gested that luminal Ca®* regulation of channel activity
could possibly play a role in quantal Ca®* release (197).
However, generating quantal Ca®" release by luminal
Ca®" requires inhibition of InsP;R channel activity by low
luminal [CaZ*], not the inhibition of channel activity by
high luminal [Ca®*] as reported (33, 469). Structurally,
such sensitivity of the channel to luminal Ca?* may be
related to a putative Ca®" binding site located in a luminal
loop of the InsP5R (421). On the other hand, because of
the important regulation of the channel by cytoplasmic
Ca®", it is possible that Ca®" permeating through the
channel, expected to be considerable in the face of tens of
millimolar Ca®?* on the luminal side of the channel, acts
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on cytoplasmic binding sites to exert the observed effects.
At lower luminal Ca®" concentrations (between 0.2 and
1.5 uM), no significant effects of luminal Ca®* on channel
P_ have been observed (282). Beyond these studies, there
is no systematic study of regulation of InsPs;R channel
activity by luminal Ca®" under various cytoplasmic con-
ditions.

F. Regulation of InsP;R Channel Gating by ATP

1. ATP potentiation of Ca”" activation of InsPsR
channel activity

Besides being activated by InsP; and suitable con-
centrations of cytoplasmic CaZ*, InsP;R channel activity
is also potentiated by ATP, although ATP is not necessary
for channel gating (307, 429, 463). A systematic investiga-
tion of the effects of ATP on both endogenous X-InsPs;R-1
(281) and recombinant r-InsP;R-3 (280) revealed that ATP
regulation of channel activity is both complex and iso-
form dependent (Fig. 10, A and B). For the type 1 InsP;R,
increases in cytoplasmic free ATP concentrations ([ATP]gqe,
the concentration of ATP not bound to divalent cations)
increased channel P, primarily by allosterically enhancing
the sensitivity of the channel to Ca®" activation (Fig.
10A). [ATP]4... had no significant effect on the degree of
cooperativity of Ca®>" activation (Fig. 10A), nor did it
affect the P, although in the absence of ATP, higher
[Ca®"]; was needed to activate the channel to P, (Figs.
10A and 11A).

Since ATP potentiates the activity of the X-InsP;R-1
by modulating only the sensitivity of the channel to Ca®*
activation, the functional affinity of the channel for ATP
can be determined from the ATP concentration depen-
dence of this effect. Accordingly, the half-maximal [ATP]; ...
was 270 uM (Fig. 10A). Furthermore, ATP modulation of
the channel was found to be noncooperative (281), so
increasing [ATP];,.. up to several millimolar continued to
increase the sensitivity of the type 1 channel to Ca®*
activation (Fig. 10A).

Similar to X-InsPs;R-1, the maximum observed chan-
nel P, of the r-InsP;R-3 channel was not affected by
[ATP]¢ee, and the channel could be fully activated to P, of
0.8 even in the absence of ATP. However, other aspects of
the regulation by [ATP]s.. of the r-InsP;R-3, observed
under identical circumstances were dramatically differ-
ent. Both its sensitivity to Ca®" activation as well as the
degree of cooperativity for Ca®>" activation were contin-
uous functions of ATP concentration (Fig. 10B). Increases
in [ATP];.. increased the functional Ca®" affinity and
reduced the level of cooperativity of Ca®* activation for
r-InsP5R-3 channel. As a result, the channel had higher P,
at suboptimal cytoplasmic Ca®" concentrations in the
presence of ATP. Furthermore, the r-InsP3R-3 channel
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was sensitive to submillimolar levels of ATP, but the
effects of ATP on Ca®" activation were saturated by 0.5
mM ATP (Fig. 10B).

Of interest is that the Ca®" activation responses of
the two isoforms are essentially the same in the absence
of ATP (Fig. 10B, blue curves). Remarkably, therefore, the
major feature distinguishing the types 1 and 3 channel
isoforms, their Ca®* activation properties, is only observ-
able in the presence of ATP. In the absence of ATP, the
gating behaviors of the two isoforms are indistinguishable
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in nuclear patch-clamp studies (279). This intricate regu-
lation of InsPsR channel activity by ATP may have impor-
tant consequences in cells that express both isoforms.
The effect of ATP to increase channel sensitivity to
Ca?* activation can be accounted for qualitatively by an
allosteric model in which ATP and Ca®" act as hetero-
tropic activating ligands for an InsPs-bound InsP;R chan-
nel. Binding of either of the two agonists to the channel
stabilizes the channel in its active form (329). However,
ATP and Ca®" are not equivalent agonists, since Ca®"
binding to an InsPs;-bound channel can maximally activate
it in the absence of free ATP, whereas channel P, remains
low at low cytoplasmic Ca®* concentrations even in the
presence of saturating [ATP]g... This suggests that at
least one Ca®>" must bind to an activating site (the InsP,-
independent activating Ca®* sensor discussed in sect.
viD3) before an InsPsliganded channel can gate open
robustly, while there is no similar requirement for ATP
binding (280). Depending on the relative efficacies of ATP
and Ca®" binding to stabilize the active state of the chan-
nel, ATP can either modify mainly the sensitivity of the
channel to Ca®" activation, with little effect on the level of
cooperativity for Ca’?* activation (as in the case for
X-InsP5R-1), or modify both the sensitivity of the channel
to Ca®" activation and the level of cooperativity for Ca®*
activation observed (as in the case for r-InsP;R-3) (280).

FIG. 10. Regulation of InsP;R channel activity by ATP. A: [Ca®*];
dependence of mean P, of endogenous X-InsP;R-1 channels in the
presence of various [ATP];.. as tabulated. [Modified from Mak et al.
(281).] Solid symbols represent data obtained in the absence of Mg?™.
Open circles represent data obtained in 3 mM Mg** and 0 ATP. Open
squares represent data obtained in 3 mM Mg?* and 0.5 mM total [ATP],
with [ATP].. = 12 uM calculated by MaxChelator. The curves are fits
using either the biphasic Hill equation (Eq. 1) to the data in [ATP];ee =
0 (blue) or 0.5 mM (black); or the activating Hill equation (see legend for
Fig. 7) to the data in other [ATP],,.. (10 nM < [Ca®*], < 1 uM). Biphasic
Hill equation parameters fitting data in 0 [ATP];.. (blue curve) are
tabulated. Inset: plot of the Hill equation parameter K, versus [ATP]; e
used. The curve is a fit to the K, ., values using the modified Michaelis-
Menten equation K,., = Koo'w + (Kia'™" — Koa™)(1 + ([ATPy./
ATPK)} ! with parameters as tabulated. B: [Ca®*]; dependence of mean
P, of recombinant r-InsP;R-3 channels in the presence of various
[ATP]; e as tabulated. [Modified from Mak et al. (280).] Solid symbols,
open circles, and open squares represent data in a similar convention as
described for A. Solid curves are either biphasic Hill equation fit or
activation Hill equation fit to the data in various [ATP],.. as described
for A. The thick dashed blue curve is the biphasic Hill equation fit to
channel P, for X-InsP;R-1 in the absence of ATP plotted for comparison.
Parameters are tabulated for biphasic Hill equation fit to r-InsP;R-3
channel P, in 0 ATP (in blue), as well as those for activating Hill
equation fit to r-InsP3;R-3 channel P, in [ATP];,.. = 0.3 mM (in yellow)
and 0.5 mM (in black) ([Ca®*]; <1 uM). C: [Ca®"]; dependence of mean
P, of endogenous X-InsP;R-1 channels in 0 ATP in the presence of
various [InsP;] as tabulated. The curves are fits to the data using
biphasic Hill equation (Eq. 1) with parameters as tabulated. [Modified
from Mak et al. (279).] D: channel P, versus [ATP],.. curves calculated
for X-InsP;R-1 channels in 10 uM InsP, and various [Ca®"]; as labeled,
using the biphasic Hill equation (Fq. 1) and the modified Michaelis-
Menten equation in A.
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The observations that changes in Ca®* activation of
r-InsP;R-3 channels were saturated by 0.5 mM ATP
whereas Ca”* activation of X-InsP;R-1 continued to be
affected by changes in ATP in the millimolar range (280,
281) are superficially consistent with the observation in
Reference 318 that Ca®" release was enhanced by ATP to
a lesser extent in DT40 B cells expressing only InsP5R-3
than in cells expressing only InsP;R-1, although trying to
account for Ca®" signal characteristics observed at the
whole cell level by single-channel InsP;R behaviors is
tenuous at best (see discussion in sect. mB4E). The single-
channel observations that both InsPsR-1 and InsPs;R-3
have high sensitivity to ATP potentiation apparently con-
tradict the conclusion derived from measurements of
competitive binding of ATP to InsP;R (272) and ATP-
stimulated Ca®" release from permeabilized cells that
supposedly express mostly InsP;R-1 or InsP;R-3 (316).
There, InsP;R-3 channels were found to be substantially
less sensitive to ATP than InsP5R-1 channels. However, it
should be noted that Ca®" release from permeabilized
cells can be affected by factors in addition to the intrinsic
sensitivity of the InsPsR to ATP, including the presence of
different isoforms and feedback regulation of channel
activity by released Ca®". In addition, the ability of ATP to
compete against ATP-derived label to bind to InsP;R may
not reflect the functional affinity of InsPsR channels to
ATP.

2. Significance of ATP potentiation of InsPsR
channel activity

Regulation of the Ca®" activation properties of the
InsP;R by ATP complements the effects of InsP;. InsPq
activates the InsP;R mostly by reducing the sensitivity of
the channel to Ca®" inhibition, with little effect on Ca®*
activation properties (see discussion above). In contrast,
physiological levels of free ATP activate the channel by
potentiating Ca®* activation. Together, cytoplasmic free
ATP and InsP; act as allosteric regulators to tune the
activation and inhibition, respectively, of the InsP;R by
cytoplasmic Ca®*.

The interplay between free ATP and Ca?" concentra-
tions in the control of InsPsR channel activities likely has
important physiological significance. Whereas the MgATP
concentration in the cytoplasm is in the range of 3-8 mM,
the cytoplasmic free ATP concentration is in the range of
400-600 uM. The apparent affinity of the ATP sensors of
types 1 and 3 InsP5R (~300 uM) coincides with the nor-
mal cytoplasmic free ATP concentrations (280, 281).
InsP;R channels are therefore poised in vivo to respond to
changes in the free ATP concentration. Thus the nucleo-
tide sensitivity may enable Ca®" release by the InsP;R to
be tuned to the metabolic state of the cell. Furthermore,
mitochondria and the ER have been observed to form a
tightly coupled, complex signaling unit with the mito-
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chondria in close physical proximity to the ER (393),
especially to sites of Ca®" release with high densities of
InsP3R (354, 408, 424). This structural arrangement en-
ables Ca®* released during agonist-stimulated InsP;R ac-
tivity to be effectively transmitted into the mitochondrial
matrix due to the locally high Ca®* concentrations in the
microdomain of the release channels and rapid uptake of
released Ca®" by the mitochondria (16, 94, 391, 392, 402).
Conversely, it also may enable local changes in ATP con-
centration, due to release from mitochondria into the
microdomains of close ER-mitochondria apposition, to
rapidly effect local InsP;R-mediated Ca®" release. Of sig-
nificance, the ATP released by mitochondria is free ATP,
the InsP3R ligand, not MGATP (238). Thus communication
between these two organelles may be two way, with local
Ca®" release as the means of communication from ER to
mitochondria, and local ATP release providing the cross-
talk from mitochondria to ER.

3. Inadequate characterization of ATP potentiation
of InsP3R channel

ATP potentiates InsP;R channel activity chiefly by
modulating Ca®" activation of the channel. Even with the
relatively simple [ATP],.. dependence of the X-InsP;R-1,
in which [ATP].. affects only the sensitivity of the chan-
nel to Ca?" activation, the channel can exhibit different
apparent sensitivity and extent of ATP potentiation (the
difference between channel P, in saturating [ATP],.. and
0 ATP) depending on the cytoplasmic Ca®* concentration
(Fig. 10D). Thus ATP regulation of InsP5R channel activity
is intricately related to the channel’s Ca%?* dependence.
Describing the ATP dependence of channel P, in a satu-
rating concentration of InsP; at only one cytoplasmic
Ca®* concentration, as done in most single-channel stud-
ies of the effects of ATP on InsP;R channel activities (31,
164, 478, 481, 482), is insufficient to characterize the com-
plex allosteric effects of [ATP];... ATP dependence of
channel P, in other cytoplasmic Ca®" concentrations can-
not be deduced from the information provided in these
studies. At best, only general, qualitative properties of the
channel, such as whether the channel exhibits functional
ATP dependence or not, can be derived from such studies.
Beyond that, quantitative conclusions drawn from such
investigations are unreliable. Most importantly, the func-
tional affinity of the channel for ATP as determined from
response of channel P, to ATP in a particular cytoplasmic
Ca®" concentration does not necessarily reflect the actual
sensitivity of the channel to ATP. This may be a reason for
the diverse values for functional ATP affinity for InsP;R
observed in single-channel studies (31, 164, 478, 481, 482)
and Ca®" flux and fluorescence imaging measurements
(135, 195, 317, 318).

Physiol Rev « VOL 87 « APRIL 2007 ¢« WWW.PI'V.OI'g

Downloaded from journals.physiology.org/journal/physrev at Univ Studi Di Torino Bib Ctral Di Med E (130.186.099.159) on October 29, 2020.



INOSITOL TRISPHOSPHATE RECEPTOR Ca*" RELEASE CHANNELS

4. Identification of functional ATP sensors regulating
InsP3R channel activity

Three putative ATP binding sites were identified in
InsP3;R by sequence homology because they contain the
glycine-rich sequence GxGxxG (274, 511), which is also
found in sequences involved in nucleotide binding, includ-
ing the Walker A motif (406) and the ADP-binding B-a-f-
fold (512). An acidic residue (Asp or Glu) found 19-22
residues downstream from the GxGxxG sequence is con-
served for all putative sites in InsP;R and may also be
important for ATP binding (512). Of these three putative
sites, one [termed ATPB (274), residues 2016-2021; Fig.
2B] is present in all three InsP5R isoforms, including the
Drosophila InsPsR; another [termed ATPA (274), residues
1773-1778; Fig. 2B] is found only in InsPs;R-1; and the
third [termed ATPC (478), residues 1687-1732; Fig. 2B] is
unique to SII— splice variant of InsP5R-1 (363, 365, 478).
Only ATP binding to ATPA and ATPB sites has been
demonstrated biochemically (273, 274). Nonneuronal
X-InsP;R-1 has all three sites (241). The opisthotonos
(opt) mutant InsP;R-1 has only the ATPB site (437).

With the assumption that the study by Maes et al.
(273) had successfully identified all ATP binding sites in
InsP3R-1 (SII+ variant, with ATPA and ATPB sites) and
InsP;R-3 (with ATPB sites only) homotetrameric chan-
nels, the nuclear patch-clamp single-channel observations
of the ATP dependence of X-InsP;R-1 and r-InsPs;R-3
channels (280, 281) suggest that the lone ATPB site in
r-InsP;R-3 must be functional with high ATP affinity. The
effects of ATP binding to this sensitive ATP site were
saturated by 0.5 mM ATP. In contrast, the X-InsP;R-1
studied was the nonneuronal SII— variant containing all
three ATP sites. The fact that it was sensitive to ATP over
a much broader range of concentrations is probably due
to ATP binding to site(s) (ATPA or ATPC) either func-
tioning in addition to and independently of the ATPB site
with lower ATP affinity, or affecting the function of the
ATPB site allosterically.

In another set of studies, single-channel activities of
various InsP;R isoforms (481), splice variants (SII*+), and
opt mutant (478) were investigated under identical exper-
imental conditions and characterized for various [ATP]; ...
at the same cytoplasmic Ca®>* concentration. However, no
simple pattern emerged from those studies to clearly
relate the presence of specific ATP binding sites in the
primary sequence of various InsP5R isoforms and splice
variants to the functional ATP dependence of single-chan-
nel P, in those channels. InsP;R-1 SII+ channels with
ATPA and ATPB sites had higher apparent ATP affinity
than the InsP5R-1 SII— channel which has three sites.
Whereas InsP3R-3, InsP;R-2;, and InsPs;R-1 opt mutant all
contain the ATPB site only, the InsP;R-2 channel was not
sensitive to ATP, but InsP;R-3 and InsPs;R-1 opt mutant
channels were, with InsP;R-3 more sensitive. Of the chan-
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nels sensitive to ATP, InsP;R-1 opt mutant with only the
ATPB site exhibited the greatest extent of ATP potentia-
tion (P, in saturating [ATP]/P, in 0 ATP), whereas the
InsP3R-1 SII— variant with three ATP sites had the least
extent of ATP potentiation. These confusing results may
be partly caused by the inadequate characterization of the
ATP effect on channel P, at only one single Ca®* concen-
tration in these investigations. However, the results may
also indicate that these ATP sites are not independent of
each other, but instead function cooperatively. There may
be other structural elements besides the three ATP sites
that are different in the isoforms and splice variants that
affect ATP regulation of InsPs;R channels.

5. Potentiation of InsPsR channel activity
by other nucleotides

In single-channel studies of X-InsPs;R-1 channel P, at
250 nM Ca®" and 10 uM InsP; in the presence of various
concentrations of ATP free acid and MgATP, channel P,
in the presence of MgATP alone (Fig. 11F) was similar to
that in total absence of ATP (Fig. 11C), which was signif-
icantly lower than that in the presence of free ATP,
whether Mg®" was present (Fig. 11F) or not (Fig. 11B).
The presence of Mg?* by itself did not affect InsP;R
channel P, (Fig. 11D). Similar results were observed in
extensive studies of r-InsP;R-3 (Fig. 10B) as well as
X-InsP5;R-1 (Fig. 104), in experiments using different cy-
toplasmic Ca®" concentrations. Together, there is a large
body of evidence showing convincingly that ATP hydro-
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FIG. 11. Typical single-channel current traces of X-InsP;R-1 in
various [Mg”>*] and [ATP]... A: current trace was recorded at optimal
(6.2 uM) [Ca®*]; and saturating (10 uM) [InsP,] in the absence of ATP
and Mg?*.[Modified from Mak et al. (279).] The remaining current traces
were recorded at 0.25 uM [Ca®"]; and saturating [InsP] (10 uM). [Mod-
ified from Mak et al. (281).] B: [ATP]g.. = 0.5 mM, [Mg®"] = 0 mM. C:
[ATP];. = 0mM, [Mg®*] = 0 mM. D: [ATP];,.. = 0 mM, [Mg>"] = 3 mM.
E: total [ATP] = 0.5 mM, [Mg*>*] = 3 mM, [ATP]je. = 12 uM calculated
by MaxChelator software (29). F: total [ATP] = 4.8 mM, [Mg>*] = 3 mM,
[ATP]ee = 1.9 mM calculated by MaxChelator. Arrows indicate closed-
channel current level in the traces. Channel P, evaluated for the single-
channel patch-clamp experiments yielding the current traces shown in
A-F are 0.79, 0.46, 0.10, 0.10, 0.10, and 0.76, respectively.
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lysis is not involved, and that ATP free acid (ATP?" or
ATP*") is the relevant ionic species regulating InsP;R
channel P, (281, 283). In contrast, in only one set of
experiments using reconstituted InsP;R channels was
channel P, reportedly potentiated by MgATP to a similar
extent as free ATP (31). Potentiating effects of MgATP on
InsP;R channel activity were also reported in some Ca’*
flux and fluorescence imaging studies (135, 195, 272), but
such studies are complicated by multiple cellular effects
of MgATP.

Other nucleotides have also been reported to poten-
tiate InsP3R channel activity, including ADP (135, 195,
272, 316, 317), AMP (135, 195, 272, 281, 316, 317), and GTP
(31, 195, 272, 281, 316, 317). Adenine and adenosine were
also reported to be active (317). However, the degree of
potentiation by these agents reported varies considerably,
in part probably because each of the studies was limited
to determining channel activity at one arbitrarily selected
Ca®" concentration. Furthermore, the existence of poten-
tiating effects has been disputed for ADP (245, 281), AMP
(31), GTP (164), adenine (195), and adenosine (281).
Some of this diversity may reflect differences in various
isoforms studied (31, 164, 272).

6. Effects of ATP on Ca”™" inhibition
of InsP3R channel

Besides modifying the sensitivity of InsP;R channel
to Ca®" activation, nuclear patch-clamp single-channel
studies also revealed that increases in [ATP],.. increase
the sensitivities of both types 1 and 3 InsP;R channels to
Ca®" inhibition in the presence of saturating InsP, (Fig.
10, A and B). This increase in sensitivity to Ca%" inhibition
by ATP is not due to possible displacement of bound
InsP3 by ATP (195, 270) because the reduction is not
reversed by increasing InsP; (even to 180 uM) (Fig. 7A).
Since type 3 InsP;R has only one putative ATP binding site
according to its primary sequence (32), this observation
raises the possibility that binding of ATP to a single site in
the InsPsR channel can allosterically modify the properties
of both Ca®" activation and inhibition sites of the channel.

Although the presence of 0.5 mM ATP increased the
sensitivity to Ca®" inhibition of the channel, it also in-
creased the apparent efficacy of InsP; to reduce the sen-
sitivity of the channel to Ca®" inhibition so that
X-InsP5R-1 in 33 nM InsP; was half-maximally inhibited by
11 uM Ca®" in the presence of ATP (0.5 mM, Fig. 7A) but
is half-maximally inhibited by 2.3 uM Ca®" in the absence
of ATP (Fig. 10C).

A radically different effect of ATP on Ca®" inhibition
was observed for recombinant r-InsP;R-3 reconstituted in
planar bilayers (481, 482). As [ATP];,.. was raised from 0.5
to 5 mM, the sensitivity of the channel to Ca®" inhibition
was dramatically decreased so that the channel P  versus
[Caz+]i curve was broadened from bell-shaped to plateau-
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shaped, resembling the curves observed in nuclear patch-
clamp experiments (Fig. 8). The channel P, . was also
increased by more than eightfold. It is possible that the
high [ATP];.. greatly enhanced the ability of InsP; to
relieve Ca®* inhibition of the reconstituted r-InsP;R-3
channel. However, such effects of ATP have not been
observed for any other InsP;R isoform or splice variant, in
particular r-InsP3R-3 channels in native membrane envi-
ronment.

7. Inhibition of InsP3R channel by millimolar ATP?

ATP at high concentrations (mM) was reported to
completely inhibit InsP;R channel activity observed by
Ca®* flux (135, 272) or fluorescence imaging (195, 317)
measurements. Displacement of InsP; bound to the chan-
nel by ATP was suggested to be the cause (195, 270).
However, such inhibition was not observed in other stud-
ies (245, 318). With better control of ligand conditions and
direct observation of channel activity, single-channel re-
cordings of InsP;R channel currents should provide a
clearer characterization of the effects of high [ATP];...
Complete inhibition of single-channel activity for chan-
nels reconstituted into planar bilayers was reported at
[ATP]fee ~H-20 mM for InsP;R-1 (31) and at [ATPlge
~7-10 mM for InsP;R-3 (164). However, a significant
fraction of the inhibition observed in these experiments
may have been caused by insufficient Ca®* buffering of
the experimental solutions. In these experiments, free
Ca®" concentration in the cytoplasmic solution was buff-
ered using chelator EGTA, and free Ca®>" concentration
was calculated (127) without direct measurement. During
the experiments, addition of Na,ATP to the cytoplasmic
solution lowered its pH (31). This would significantly
reduce the Ca®" affinity of EGTA (29). Our calculations
using MaxChelator software (29) indicated that the re-
ported change in pH would raise the free Ca®>" concen-
tration from 0.2 to 0.4 uM at pH 7.2 and 1.0 uM at pH 6.9.
The increase in ionic strength of the experimental solu-
tions due to addition of Na,ATP would further reduce the
Ca?" affinity of EGTA, increasing free Ca®* concentration
even more. Given that reconstituted type 1 InsP5R chan-
nels have high sensitivity to Ca®* inhibition (34), the
increase in free Ca®" concentration due to solution acid-
ification would cause substantial inhibition of type 1
InsP;R channel activity, independent of any presumed
effects of ATP. In nuclear patch-clamp studies with Ca®"
controlled more rigorously, no reduction in channel P, in
activating concentrations of cytoplasmic Ca®>* was ob-
served as [ATP]s.. was raised from 0.5 to 9.5 mM for
either X-InsP;R-1 (281) or r-InsP;R-3 (280).

8. Other effects of ATP on InsPsR channel activity

In addition to affecting the steady-state channel P,
ATP binding to the InsP5R also regulates its phosphory-
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lation by protein kinase A (496) (see sect. viL1I). It also
modifies the functional affinity of the channel for AdA and
affects the P, and gating kinetics of AdA-activated
channel activity (279) (see sect. viH).

G. Ligand Regulation of InsP;R Channel Mean
Open and Closed Durations

A feature of InsP;R channel gating, the mean channel
open duration (Z,), is relatively independent of cytoplas-
mic Ca®" concentration over a wide range (196, 282, 283).
The channel ¢, also shows remarkably little dependence
on InsP5 concentration (164, 196, 282, 283) or [ATP] (31,
164, 280, 281). In nuclear patch-clamp experiments, ¢,
remained within a narrow range (3-15 ms for vertebrate
InsPsR and 10-40 ms for insect InsP5;R) in all ligand
conditions applied (196, 280-283), except when the chan-
nel was activated by AdA in the absence of ATP (see later
discussion). Thus the changes in channel P, in response
to cytoplasmic concentrations of Ca®*, InsP;, or ATP are
mostly due to changes in the mean channel closed dura-
tion t. (196, 281, 282). Thus ligand activation of InsP;R
channel gating is caused primarily by increasing the chan-
nel opening rate. This suggests that an open InsP5;R chan-
nel may not be sensitive to the ambient concentrations of
ligands like Ca®", InsP;, and ATP. Thus once an InsP;R
channel has opened, it will remain open for a duration of
approximately ¢,, regardless of the ligand concentrations
the channel is then exposed to. Specifically, although the
Ca®" released by one InsP;R channel can activate or
inhibit surrounding closed InsP;R channels, the Ca®*-
releasing channel itself may not be affected by the Ca®™ it
releases (279).

H. Activation of InsP;R Channel by Adenophostin
and Its Analogs

AdA, a fungal glyconucleotide metabolite (448), and
its many analogs (1, 23, 51, 102, 290, 388, 397, 398, 420,
444, 465) were discovered as agonists of the InsP;R. Al-
though their molecular structures are significantly differ-
ent from those of InsP; and its analogs (198), they activate
the channel by interacting with the InsP; binding site
(157). AdA binds InsP;R with substantially higher affinity
and is significantly more potent in stimulating InsPsR-
mediated Ca®* release than its natural agonist InsP. Fur-
thermore, AdA is metabolically stable (190, 334, 448).
Thus AdA has been applied as a metabolically stable InsPy
substitute in studies of the InsPs;R and its regulation (5,
157, 179, 203, 223, 316, 445, 487), Ca®" release mediated
by InsP;R (37, 292) and Ca®* entry due to depletion of
intracellular Ca®" stores (60, 107, 160, 172, 193, 265).
Investigations into the InsP5R binding affinity and biolog-
ical activity of AdA and its analogs have also provided
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insights into the structural determinants for ligand inter-
actions with the InsP; binding site of the channel (51, 93,
332).

In extensive investigations (279), it was revealed that
AdA activated the endogenous X-InsPs;R-1 channel in the
presence of free cytoplasmic ATP (0.5 mM) by exactly the
same mechanism as InsP;, alleviating Ca®* inhibition of
the channel. Gating properties of AdA-activated channels
were indistinguishable from those of InsPs-activated
channels (cf. Figs. 6C and 12C). The potency of AdA to
activate channels in 0.5 mM ATP was ~50 times higher
than that of InsP; (cf. Figs. 7A and 12A4), which agreed
well with observations that AdA binds to the InsPs;R and
induces Ca®" release from Ca®" stores with 8-100 times
higher efficacy than InsP5 (190, 332, 334, 397, 420, 448).

In contrast, a very different behavior was observed
when similar experiments were performed in the absence
of free ATP. Even supra-saturating levels (500 nM) of AdA
(Fig. 12B) could not activate the InsP;R channel to the
normal P, . of ~0.8 exhibited by InsPs-liganded channel
in either the presence or absence of ATP (Figs. 7TA and
10A), or AdA-liganded channels in the presence of ATP
(Fig. 12A). The maximum P, achieved by the AdA-li-
ganded channel under optimal ligand conditions was only
0.4 (Fig. 12B). Thus AdA in the absence of ATP was less
efficacious than InsP; in activating channel gating, acting
instead as a partial agonist. Gating kinetics of AdA-acti-
vated InsP;R channels in optimal cytoplasmic Ca’* con-
centrations were also radically different in the absence of
ATP. The channels stayed open most of the time with only
brief closings when they were optimally activated by
InsP, either in the presence (Fig. 6C) or absence (Fig.
11A) of ATP, as well as when they were AdA-liganded in
presence of ATP (Fig. 12C). In contrast, AdA-liganded
channels in the absence of ATP had substantially shorter
channel openings (Fig. 12D). As noted earlier, in all ex-
perimental ligand conditions used in nuclear patch-clamp
studies, the mean open duration ¢, of the InsP;R channel
was remarkably constant (196, 279-283). The one excep-
tion is when the channel was activated by AdA in the
absence of free ATP, when the channel was observed to
gate with significantly shorter ¢, (279).

The cytoplasmic Ca?" concentration dependence of
the AdA-liganded channel P, in the absence of ATP (Fig.
12B) was comparable to that for channels activated by
InsP5. Other than the lower optimal P, for the AdA-
activated channels, they exhibited similar Ca®" sensitivi-
ties and similar levels of cooperativity for both activation
and inhibition as the InsPs-activated channels in the ab-
sence of free ATP. Interestingly, the gating kinetics and
P, of AdA-liganded channels in the absence of ATP are
remarkably similar to those observed in many studies of
InsPs-activated channels reconstituted in planar lipid bi-
layer (381, 382, 478, 479, 481, 482). This suggests that the
InsP;R may have two distinct activated states when it is
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FIG. 12. InsP;R channel activities activated by adenophostin A
(AdA). [Ca®*]; dependence of mean P, of endogenous X-InsP,R-1 chan-
nels in the presence of various ligand (AdA or InsP;) concentrations as
tabulated in 0.5 mM [ATP];.. (A) or 0 [ATP];.. (B). The curves are
biphasic Hill equation (Fq. 2) fit to the data using parameters as tabu-
lated. Typical single-channel current traces of X-InsP;R-1 in outer nu-
clear membrane recorded at optimal [Ca®*]; and saturating 100 nM AdA
in 0.5 mM [ATP];... with channel P, of 0.72 (C) and 0 [ATP];.. with
channel P, of 0.39 (D). [Modified from Mak et al. (279).]

liganded at the InsP5 binding site: a fully activated state
with higher P, .. (~0.8) and longer ¢, (5—15 ms) achieved
when the channel is liganded by InsP5; or AdA in the
presence of ATP (observed in outer nuclear membrane)
and another partially activated state with lower P, .
(~0.4) and shorter ¢, (~2-5 ms) achieved when the chan-
nel is liganded by AdA in the absence of ATP (in outer
nuclear membrane patches), or liganded by InsP; (recon-
stituted channels in planar bilayers).

Another unique aspect regarding the effect of ATP on
the efficacy of AdA as a ligand concerns the potency of
AdA. In the absence of ATP, AdA is only ~1.5 times more
potent than InsPy (Figs. 10C and 12B), whereas it is ~50
times more potent than InsP; in the presence of 0.5 mM
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ATP (cf. Figs. 10B and 12A). This effect of ATP is not
observed when InsP; is the activating ligand (cf. Figs. 7TA
and 10C) and indicates that ATP allosterically regulates
the affinity of AdA binding to the InsP5R channel (279).

The reduced efficacy of AdA under certain conditions
(insufficient free ATP, for instance), producing channel
activities with lower P, and shorter ¢,, may explain how,
despite being a more potent agonist of InsP;R channel,
AdA elicits a slower rate of Ca®" release than InsPs,
thereby generating Ca®*-dependent C1~ currents different
from those generated by InsP; (172, 265), and activates
Ca®" entry with an apparent lack of Ca®" release from
stores (107). More importantly, this may be the reason for
the spatial and temporal differences between Ca®* signals
activated by AdA and InsPs (37, 265, 292). This provides
insights into the relationships between the characteristics
of Ca®" signals (duration of Ca®* puffs and rate of prop-
agation of Ca?' waves) generated by the coordinated
activities of InsP;R channels observed in vivo and the
single-channel kinetic properties (channel ¢,) of single
InsP5R channels (279).

I. Ligand-Dependent, InsP;-Induced InsP3R
Channel Inactivation

A fundamental yet surprising aspect of InsP;R-medi-
ated intracellular signaling is the phenomenon of “quantal
release,” defined (308, 333) as the ability of cells to have
graded release of Ca?' from intracellular stores in re-
sponse to incremental levels of extracellular agonist or
InsPy (reviewed in Refs. 46, 315, 362, 458). This entails
two different processes: 1) an initial Ca®>" release whose
rate is proportional to InsP5 concentration followed by 2)
a substantial reduction in rate or termination of Ca®"
release despite the presence of constant InsP;. Conse-
quently, sustained exposure to submaximal levels of ago-
nists, even over extensive periods, only mobilizes a frac-
tion of total releasable Ca®" in a cell. This is surprising
because, with the steady-state ligand regulation of InsP;R
channel P, discussed so far, it might have been expected
that all InsP;R channels should become activated in re-
sponse to sufficient agonist stimulation, releasing all of
the InsPs-sensitive Ca®" stores, albeit at different rates
depending on the agonist concentration. Time-dependent
reduction in the rate of InsP;-mediated Ca** release has
been well-documented with flux assays (120, 167, 168,
293) and fast perfusion protocols (5, 82, 91, 120, 140, 293,
513). Furthermore, the InsP5R has been observed to trans-
form from a low-affinity, active state to a high-affinity,
desensitized state (92, 293). Moreover, observations of
refractory periods following either global (79, 234, 350) or
more focal (303, 359) InsP;-mediated Ca®" release in in-
tact cells are also consistent with channel inactivation in
intact cells. However, the ability of maintaining constant
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conditions in these relatively macroscopic studies of
InsP3R channel activity has been questioned (458), and
other studies have disputed channel inactivation as a
mechanism for release termination (24, 90, 187, 351, 361,
462) and invoked instead other types of mechanisms,
including the presence of discrete Ca®* stores with dif-
ferent densities of InsP;R or sensitivities to InsP;, or the
presence of heterogeneous InsP;R channels in a continu-
ous store (different channel isoforms with alternatively
spliced variants and variable posttranslational modifica-
tions have been proposed), or different proposed mecha-
nisms of release termination, including regulation of
InsP;R activity by ER luminal Ca®" or by desensitization
(reviewed in Refs. 46, 315, 362, 458).

In nuclear patch-clamp single-channel studies of the
InsP;R, abrupt termination of channel activities despite
the constant presence of agonist has been observed for all
InsP;R investigated: various isoforms from various spe-
cies, endogenous or recombinant, InsP; or AdA stimu-
lated (42, 196, 277-279, 284). The mean duration of chan-
nel activity observed from initial activation of the channel
by InsP; until the termination of activity in the presence
of constant InsP5 (T,) for vertebrate InsP5R is typically
~30 s (278, 284). Even though a cytoplasmic Ca®>* con-
centration dependence of T, was qualitatively described
for recombinant r-InsP3R-1 expressed in COS-7 cell outer
nuclear membrane (42), it was impossible, due to techni-
cal difficulties, to rule out the possibility that such abrupt
termination of channel activity was a nonphysiological
artefact associated with patching, for example, collisions
of the channels with the walls of the glass pipette. In a
recent nuclear patch-clamp study of the Sf9 InsP3R chan-
nel gating in which channel 7, under various concentra-
tion of Ca?" and InsP; was investigated systematically, it
was demonstrated that 7, was dependent on the concen-
trations of both ligands (Fig. 13A) (196). In optimal ligand
conditions (InsP; = 10 uM, Ca®** = 1 uM), T, was ~120
s, substantially longer than the vertebrate channels. In 10
pM InsPs, T, was reduced in [Caz+]i >1 pM, with reduc-
tion by over 10-fold at 89 uM Ca®*. In subsaturating (33
nM) InsP;, T, already began to decrease in [Ca®"]; ~300
nM, substantially lower than that observed in saturating
InsP;. Furthermore, it was demonstrated that the InsP;-
induced termination of InsPs;R channel activity was fully
reversible upon ligand removal (196). These results sug-
gest that the observed inevitable termination of channel
activity is not an experimental artefact, and may be due to
the entry of InsPs-liganded channels into a true inacti-
vated state, driven by binding of Ca®* to the channel at a
relatively slow rate (196).

The inactivation kinetics observed in nuclear patch-
clamp experiments, 7, ~10-100 s in Sf9 InsP5R (196) and
~20-30 s in vertebrate InsP;R (42, 278, 284), were slower
than those observed in superfusion experiments (91, 120,
141) and in intact cells in response to photorelease of
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FiG. 13. Dependencies on [Ca®"]; and [InsP,] of InsP;R channel

activity duration and recruitment. A: channel activity duration. Data
points are averages of channel activity durations in ligand conditions as
tabulated. Smooth curves in graphs in this figure were drawn by hand for
clarity. B: ligand-dependent recruitment of InsP;R. Data points are av-
erage number of active channels in membrane patches (N,) in ligand
concentrations as tabulated. C: ligand-dependent relative magnitude of
InsP;R-mediated Ca®" release. The product N, P,, determined using data
shown in Fig. 6B and Fig. 1D, in ligand concentrations as tabulated.
[Modified from Ionescu et al. (196).]

InsPy (234), but were comparable to those estimated by
ER permeability measurements in permeabilized hepato-
cytes (167), as well as to the kinetics of InsPs-induced
increases in InsP; affinity of an apparently desensitized
InsP4R in cerebellar microsomes (92) (half-life of channel
activity ~15-45 s) and the kinetics of the transient fast
phase of Ca®" release in response to initial exposure to
InsP; in permeabilized and intact cells (see Refs. 308, 333,
462). Of note, InsP5R inactivation observed in permeabil-
ized hepatocytes (167), which had kinetics similar to
those observed in the single-channel studies, was shown
to account for release termination associated with [CaZJ’]i
oscillations (168). Together these results suggest that the
kinetics of inactivation observed in single-channel studies
are of physiological relevance for [CaLZJ’]i signaling in
cells. However, it remains unclear whether distinct inac-
tivation kinetics observed in different studies reflect
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methodological differences, distinct types of inactivation
or inhibition, or a physiologically relevant range of kinet-
ics of a common inactivation mechanism.

J. Ligand-Dependent InsP;R Channel Recruitment

In addition to termination of Ca®* release in the
presence of constant InsP5, quantal Ca®" release requires
that the initial rate of Ca®* release from intracellular
stores be proportional to InsP; concentration. One mech-
anism to achieve this is by InsPs-tuning of Ca®" inhibition
of channel activity, as discussed in section viCI. Addi-
tional mechanisms were recently discovered to also play
a role in recruiting channels into activity as a function of
ligand stimulation.

A consistently high rate of detection of InsP;R chan-
nel activity in nuclear patch-clamp experiments using
isolated Sf9 nuclei (60-80% of nuclear membrane patches
obtained exhibited InsPs;R channel activity in optimal li-
gand conditions) enabled detailed quantification of the
average number of InsP5R channels detected in a nuclear
patch-clamp experiment (N,) under various concentra-
tions of InsP; and Ca?* (Fig. 13B) (196). In saturating
InsP;, each patch contained 1.3 active InsP5R channels on
average, i.e., N, = 1.3 in 50 nM Ca®". At higher Ca**
concentrations, more channels were detected in each
patch, with maximum N, of 3.0 at 500 nM Ca®". Above ~8
uM Ca’*, N, was reduced. In subsaturating InsP; (33
nM), consistently lower N, was observed over all Ca®*
concentrations.

The observation that N, was a function of stimulus
strength is unexpected since it was anticipated that the
entire channel population in a membrane patch would
always become activated, albeit to different levels of ac-
tivity (P,) depending on the strength of ligand activation.
Instead, these results indicate that suboptimal ligand con-
centrations are insufficient to activate all available InsPsR
channels in a membrane patch that can be activated by
optimal ligand concentrations. To account for these ob-
servations, a model was proposed in which Ca®" binding
at a very fast rate to a “sequestration” site, before these
channels could actively gate open and be observed, seques-
tered some of the available InsP5R channels into a nonactive
state when ligand conditions were suboptimal (196).

Thus two mechanisms revealed by single-channel
patch-clamp electrophysiology exist to grade Ca®" re-
lease through a population of InsPs;R channels: regulation
of channel activity level (P.) as well as recruitment of
additional channels. Both mechanisms coexist and can
occur even in the absence of cross-talk among channels
by released Ca®>* (CICR). The importance of this novel
channel recruitment mechanism can be appreciated by
considering that the rate of Ca®" flux through a popula-
tion of InsP5R channels (J) is given by
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J = yNP, 3)
where v is the single-channel conductance, N is the num-
ber of activated channels, and P, is the average single-
channel open probability. Single-channel studies deter-
mined that the InsPsR channel conductance vy is largely
InsP; independent, as discussed in section v. Since both
channel P, and N, are regulated by Ca®>* and InsP;, the
ligand dependence of Ca®" flux released through InsP;R
channels is more accurately estimated in terms of NP,
(Fig. 13C). In saturating concentrations of InsPs, the de-
pendence of N P, on cytoplasmic Ca®" concentration is
biphasic: N,P, increases by over 10-fold as Ca** is in-
creased from 50 to 500 nM and then gradually decreases
as Ca®" is further increased. NP, is also strongly depen-
dent on InsP; concentration. With InsP; reduced to 33 nM,
the dependence of N,P, on Ca®>" remains biphasic with
peak N, P, observed at Ca®>* ~0.5-1 uM Ca®", but maxi-
mum N, P, is an order of magnitude lower than that
observed in saturating InsP; (196).

K. Ca®>* Sensors Regulating InsP;R
Channel Activity

Single-channel studies of ligand regulation of InsP;R
channel activity have revealed that Ca®" is intimately
involved in regulating many aspects of InsP;R channel
activity, including activation (increasing steady-state
channel P,), inhibition (decreasing steady-state channel
P,), inactivation (termination of channel activity in the
presence of constant ligand concentrations), and seques-
tration (changing the fraction of channels in a population
that is activated). Moreover, other ligands exert their
effect on InsP;R channel activity by altering the func-
tional Ca®* affinities of the channel: the main effect of
InsP; is modulating sensitivity of the channel to Ca®*
inhibition, and ATP potentiates channel activity by in-
creasing its sensitivity to Ca®* activation. However, de-
spite the identification of multiple putative Ca®>" binding
sites in the InsP;R primary sequences (421, 422), rela-
tively little progress has been made in determining the
amino acid sequences that constitute the functional Ca®*
sensors in the InsP;R.

A point mutation of a single glutamate residue in the
RyR was found to greatly reduce the sensitivity of the
channel to Ca®* activation (85). This amino acid residue
is conserved in all RyR and InsP5R isoform sequences by
homology analysis (319). Although the region around this
residue (~20 residues upstream and 18 downstream) is
also highly conserved among the RyR isoforms and
among the InsP;R isoforms, the RyR sequence bears little
resemblance to the corresponding InsP5R sequence (319).
Point mutations of the equivalent Glu residue in the
InsP5R (residue 2100; Fig. 2B) substantially reduced the
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capability of InsP3R to release Ca®* (319) and increased
the dissociation constant K for Ca®" binding to a peptide
fragment containing the highly conserved region (479).
Single-channel studies of the effect of point mutations at
this residue in the r-InsP;R-1 (479) showed that the mu-
tations seemed to decrease the sensitivities of the InsP3R
channels to both Ca®* activation and inhibition. Further-
more, the K, for Ca®" binding to the peptide fragment
containing the conserved region was consistent with the
Ca®" activation and inhibition sensitivities of the chan-
nels derived from fitting the bell-shaped single-channel P,
versus [Ca®"]; curves with a biphasic Hill equation (Eq. 2)
(479, 481). On the basis of these results and the observa-
tion that the Ca?" dependence of various isoforms and
splice variants of InsP;R reconstituted in planar lipid
bilayers could be described with a biphasic Hill equation
(Eq. 2) giving apparently similar functional affinities for
Ca®* activation and inhibition (34, 229, 434, 438, 478, 479,
481), it was concluded that the conserved region around
the glutamate residue is the Ca”* sensor for the InsP;R
(30, 319, 479).

However, because of the narrow shape of the Ca%"
dependence curve of channel P, observed in the planar
lipid bilayer experiments, the set of parameters for the
biphasic Hill equation that fit the experimental data is not
unique (see sect. viB5, especially Fig. 3). Thus finding a set
of Hill equation parameters with K, ~ K, that provides
a good fit to the P, versus [Ca®"]; data for the channels
does not mean that the channel has similar Ca®" affinities
for activation and inhibition. Similarly, the fact that P,
versus [CazJ’]i data can be fitted by a parameter set with
K,. and K, similar to the K, for Ca®>* binding to the
conserved peptide region does not imply that the func-
tional affinities of the InsP;R channel for Ca®" activation
and inhibition are similar to the Ca®* binding affinity of
the conserved peptide region. In addition, while the nar-
row bell-shaped Ca®" dependence of some InsP;R can be
fitted by the biphasic Hill equation with K,., ~ K,
narrow bell-shaped Ca%" dependencies are far from uni-
versal for all InsP5R studied. In fact, the functional affinity
for Ca®>" activation was over two orders of magnitude
greater than that for Ca®" inhibition for InsP;Rs studied in
nuclear patch-clamp studies (42, 196, 282, 283). It is dif-
ficult to see how the same Ca®" sensor can regulate Ca®"
activation and inhibition over such different [CaZJ’]i
ranges. Moreover, in some studies, InsPs;R channels found
to be insensitive to Ca®" inhibition were still activated by
Ca®* (285, 380, 382), suggesting that Ca®" inhibition is
regulated independently from Ca®* activation for InsP;R
channels. Furthermore, it is possible that Ca®* binding to
the conserved region modulates both Ca®" activation and
inhibition of the channel allosterically without being the
Ca®" sensor that regulates channel activity directly, similar
to ATP binding affecting both the affinities of the channel for
Ca®" activation and inhibition (Fig. 10, A and B).
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Detailed single-channel studies of the effect of
[Ca®*]; on InsP;R channel activity revealed that Ca®"
regulates different aspects of InsPsR channel activity with
very different functional affinities, binding kinetics, and
ligand dependence. Therefore, multiple different distinct
Ca®" sensors are likely to be involved. There is one Ca®"
sensor responsible for InsP; modulation of Ca®* inhibi-
tion of the channel. It changes from an inhibitory Ca®*
binding site to an activating binding site depending on the
concentration of InsP; (see discussion in sect. viD2). An-
other InsPs;-independent Ca®" sensor is responsible for
the consistent Ca®" activation observed in a wide variety
of InsP;R channels (see discussion in sect. viD3). Yet
another Ca®" sensor is InsP; independent but inhibitory,
with variable functional Ca®* affinity that can be changed
by factors extrinsic to the InsP5R channel like membrane
lipid composition and exposure to low [C.312+]i (see dis-
cussion in sect. viD1). Elimination of the functionality of
this purely inhibitory Ca®" binding site by exposure to
very low bath Ca®* concentrations (see discussion in
sect. viB5) implies that the channel possesses a fourth
Ca®* binding site with very high Ca®* affinity that must be
occupied by CaZ* for the Ca®" inhibitory site to be func-
tional. There is a fifth Ca®* sensor that binds Ca®" at
a low rate (~0.01 s ') but only when the channel is
liganded with InsP5. This sensor is responsible for InsP;-
induced inactivation of InsP;R channels. Ca?* binding to
this site causes the channel to enter into an inactive state
from which it cannot emerge in the continuous presence of
InsP; (see discussion in sect. vif). A sixth Ca®" sensor is
responsible for sequestration of InsP;R channels before they
can become active. Ca®>" binding to this Ca>* sensor also
causes the channel to enter into a nonactive state, but at a
rate (~1 s~ 1) orders of magnitude higher than that for the
inactivation Ca®* sensor (see discussion in sect. viJ).

Thus, instead of the simple picture with one single
identified Ca®" sensor being responsible for Ca®" regula-
tion of InsPsR channel activity (30), evidence points to a
much more complex picture with multiple functional
Ca®" sensors in the channel, and the molecular identities
of these sensors remain to be properly elucidated. Regu-
lation of InsP;R channel activity by these Ca?" sensors is
probably complicated, with various degrees of cooperat-
ivity and hierarchical organization so that Ca®" binding to
one sensor can regulate functionality of another Ca®*
sensor. Structurally, these Ca®" sensors can either be
intrinsic to the channel or reside in a protein(s) associ-
ated with the InsPsR channel complex.

L. Channel Regulation by Phosphorylation

The most important regulators of InsPsR channel
function are InsP; and Ca®*. Nevertheless, the channels
are importantly regulated by phosphorylation by numer-
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ous kinases, including cAMP-dependent protein kinase
(PKA) (63, 110, 133, 456, 498, 518), cGMP-dependent pro-
tein kinase (PKG) (174, 239, 395, 410), calmodulin-depen-
dent protein kinase II (CaMKII) (17, 19, 180), protein
kinase C (PKC) (134, 299, 492), and various protein ty-
rosine kinases (PTK) (95, 202).

1. Phosphorylation by PKA

Although PKA phosphorylation of the InsP;R-1 was
recognized soon after it was cloned (133), the functional
consequences of InsPsR phosphorylation were not clear,
with discrepancies existing regarding whether PKA phos-
phorylation of InsP4Rs increased (110, 166, 338, 456, 494,
518) or decreased (73, 442) Ca®* release activity. With
hindsight, some of the discrepancies were likely caused
by use of different methods (e.g., °Ca®* flux versus sin-
gle-channel patch-clamping), presence of confounding
contributions of increased ER Ca®" uptake activity (98),
and the presence or absence of accessory proteins or
different channel isoforms. It now appears to be more
generally agreed that PKA phosphorylation of InsP5Rs
augments Ca®" release (371).

The InsP5R-1 contains two PKA consensus sequences
(RRXS/T) at Ser-1589 and Ser-1755 (Fig. 2B), which be-
come phosphorylated upon the elevation of cAMP levels
(133). These sites are conserved from Drosophila to hu-
man, but this canonical motif is not present in either
InsP3R-2 or InsP3R-3. The 39-amino acid region that is
spliced out in the peripheral type 1 receptor variant (SII—
variant) is located between the two phosphorylation sites
(Fig. 2B). The neuronal type 1 variant (SII+ variant) is
more heavily phosphorylated at Ser-1755, whereas the
peripheral SII— variant is preferentially phosphorylated
at Ser-1589 (133). As discussed earlier, splicing of this
region creates a glycine-rich motif (GXGXXG) at residues
1688-1732 in the SII— variant (137, 363) that binds ATP
(496) (called the ATPC site in Ref. 478). Agonist-induced
InsP;-mediated Ca®" release was dramatically potentiated
following elevation of cAMP in DT40 InsP4R triple-knock-
out (DT40-TKO) cells expressing the wild-type SII— InsP;R
or channels with mutations in the ATPA and ATPB sites, but
phosphorylation of the receptor and potentiation of Ca®"
release were absent in cells expressing a channel with a
mutation in the ATPC site (496). These results suggest that
ATP binding specifically to the ATPC site in SII— InsP5;R-1
controls the susceptibility of the receptor to PKA-mediated
phosphorylation, which in turn contributes to the functional
sensitivity of the SII— InsP;R-1 to InsPs.

The functional roles of phosphorylation at either
PKA site in InsP;R-1 have been examined by studies of
DT40-TKO cells engineered to express InsP5R-1 channels
with mutations at either site designed to either mimic or
prevent phosphorylation (497, 498). Interestingly, the
functionally important phosphorylation sites were differ-
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ent in the two splice variants. Despite the equal suscep-
tibility of phosphorylation of either site in the SII+ variant
(431), enhancement of InsPsinduced Ca®" release by
PKA was mediated specifically by phosphorylation of Ser-
1755. In contrast, both phosphorylation sites were func-
tionally relevant in the SII— variant (497, 498). However,
phosphorylation of both sites could not be observed,
suggesting that phosphorylation of one site may preclude
phosphorylation of the other site (497).

Effects of PKA-mediated phosphorylation of wild-
type InsP;R-1 have been studied at the single-channel
level (110, 123, 456). Phosphorylation by PKA of reconsti-
tuted recombinant rat InsP;R-1 enhanced single channel
P, approximately fivefold from ~0.07 to ~0.35 without
affecting the narrow bell-shaped [Ca®"] dependence
(456). It was suggested that PKA phosphorylation en-
hanced the apparent sensitivity to InsP;.

By analogy with the RyR, it was suggested that phos-
phorylation of InsP;R-1 might be accomplished within a
macromolecular signaling complex containing PKA, phos-
phatases, and the InsP5R itself (110). Biochemical pull-
down experiments indicated that PKA, protein phospha-
tase (PP)1 and PP2A and InsP5R-1 formed intermolecular
complexes in rat brain (110). An association of PKA and
PPla with the InsP;R-1 was shown to be mediated by
AKAP9 (Yotiao), a multifunctional PKA-anchoring pro-
tein, via a leucine/isoleucine zipper (LIZ) motif (residues
1251-1287; Fig. 2B) (480). In addition, PPla was also
shown to bind directly to the COOH terminus of InsP3R-1
specifically (Fig. 2B) (456). PKA catalytic subunit-medi-
ated enhancement of reconstituted recombinant rat
InsP;R-1 channel P, was reversed by addition of recom-
binant PPla (456). Taken together, these data indicate
that phosphorylation of InsP;R-1 by cAMP in situ may be
mediated by a complex of proteins associated with the
channel, in which PKA and PP1a work antagonistically to
modulate InsP5R phosphorylation status. However, it re-
mains to be established whether these in vitro interac-
tions and functional effects are recapitulated in vivo.

Although the canonical motifs expressed in the type
1 receptor are not conserved in the type 2 and type 3
InsP;Rs, it has nevertheless been demonstrated that both
InsP;R isoforms can also be phosphorylated by PKA
(518). The type 1 channel appears to be more susceptible
to PKA-mediated phosphorylation than the other two iso-
forms (432, 518). The specific sites in the type 3 channel
have been localized to Ser-916, Ser-934, and Ser-1832, with
Ser-934 most susceptible (432). The functional conse-
quences of specific phosphorylation of either of the types
2 or 3 isoforms are still unknown however.

2. Phosphorylation by PKG

PKG phosphorylates InsP5R-1 at the identical sites as
PKA (239, 431). Using S1589A and S1755A mutated
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InsP5R-1-transduced DT40-TKO cells, Wagner et al. (498)
showed that, as with PKA, PKG preferentially phosphor-
ylated S1755 in the SII+ InsPs;R-1 variant, which similarly
increased the sensitivity of InsP;R to InsP; and enhanced
agonist-induced Ca®" release. Cells expressing S1755A
SII+ InsP5R-1 were insensitive to cGMP, suggesting that
PKG does not phosphorylate Ser-1589 or that its phos-
phorylation has no effect. The latter seems unlikely
though, since PKA phosphorylation of Ser-1589 enhances
InsPy;-mediated Ca®" release. In contrast, similar studies
in 293 cells indicated that Ser-1589 is the preferred phos-
phorylation site (431). The SII— InsP;R-1 variant is insen-
sitive to cGMP, suggesting that it may not be capable of
being directly phosphorylated by PKG (498). Neverthe-
less, PKG appears to inhibit InsP;-mediated Ca®" release
in peripheral tissues that express predominately the SII—
splice variant (335). PKG inhibition of InsPs;-mediated
Ca®" signals in smooth muscle is associated with the
phosphorylation of a widely expressed accessory protein
termed IRAG (InsP;R-associated cGMP kinase sub-
strate)(11, 410). cGMP-dependent protein kinase I (cGKI)
forms a trimeric complex with the InsPsR and IRAG (11,
410), and heterologous coexpression of the three proteins
in COS-7 cells conferred cGMP inhibition of bradykinin-
stimulated Ca®* release (410). The molecular mecha-
nisms by which the complex inhibits InsP;R-1 channel
activity have yet to be defined.

3. Phosphorylation by PKC and CaMKII

PKC and CaMKII phosphorylate purified reconsti-
tuted InsPs;R-1 in liposomes at distinct sites (134). PKC
enhanced InsP;-mediated Ca®" release from isolated nu-
clei (299). PKA enhanced, whereas Ca®" inhibited, PKC
phosphorylation of InsP;R-1 (492). However, the influ-
ence of PKC on InsPs;R channel properties has not been
investigated.

The InsP5R contains several CaMKII consensus phos-
phorylation sequences. Phosphorylation of InsPsR by
CaMKII has been implicated in neurotransmitter release
(180) and InsP;-dependent Ca®" oscillations in some sys-
tems (296, 549). Specific pharmacological inhibition of
CaMKII in HeLa cells (5649) and Xenopus oocytes (296)
potentiated InsP5;-dependent Ca®" release, whereas intro-
duction into the cytoplasm of a constitutively active
CaMKII catalytic subunit inhibited Ca®" release in HeLa
cells (549). The predominant InsP;R isoform in cardiac
ventricular myocytes, the InsP;R-2, localizes with
CaMKIIéy in the nuclear envelope (19). CaMK-II6y inter-
acts with and phosphorylates InsP5R-2 in ventricular myo-
cytes, with the interacting and phosphorylated region
within the InsP4R localized to the NH,-terminal 1078 res-
idues (19). In single-channel studies using microsomes
from InsP3R-2 transfected COS-1 cells, P, of reconstituted
InsP3R-2 channels in planar bilayer membranes activated
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by 2 uM InsP; (Cs™ was the current carrier with 250 nM
Ca”" present on the cytoplasmic solution) was pro-
foundly reduced from ~0.43 to 0.04 by pretreatment of
the microsomes with CaMKII (19). CaMKII-mediated in-
hibition of channel P, was associated with a 12-fold in-
crease of the channel mean closed time and 2-fold de-
crease of the channel mean open time. Inhibition of chan-
nel P, was not observed when the microsomes were
pretreated with CaMKII together with the kinase inhibitor
KN-39, suggesting that CaMKII-mediated phosphorylation
was responsible for the reduced P,. Although limited, the
published results taken together suggest that the activity
of InsP5R-2, and possibly other isoforms, is inhibited by
CaMKII-mediated phosphorylation. However, it has still
not been firmly established that CaMKII-mediated inhibi-
tion of channel activity is a direct consequence of channel
phosphorylation. Furthermore, additional single-channel
experiments using a range of InsP; and cytoplasmic Ca’*
concentrations are needed to establish the mechanism of
channel inhibition. It has been proposed that InsP;R-
mediated released Ca®" activates CaMKII to enable it to
modulate Ca®" oscillations (549) or drive transcription
factor translocation between the cytoplasm and nucleus
(521). As such, inhibition of InsPsR activity by CaMKII
may provide a negative-feedback mechanism that is im-
portant in these processes.

4. Phosphorylation by Akt kinase

The serine/threonine protein kinase Akt/protein Kki-
nase B is activated by various growth factors and cyto-
kines and phosphorylates a number of key substrates of
intermediary metabolism and promotes cell survival, pro-
liferation, and growth (510). A consensus sequence for
Akt phosphorylation [RXRXX(S/T)] (246) is present in the
COOH-terminal tail of all three InsP5R isoforms, and is
conserved in InsP5Rs from most species (233). Akt phos-
phorylates InsP;R in vivo and in vitro at Ser-2681 (Fig.
2B), but mutagenesis of that residue to either mimic
phosphorylation or inhibit it was without effect on InsP5-
induced *°Ca®" release from microsomes or agonist-in-
duced Ca®" transients in transfected DT40-TKO cells
(233). On the other hand, Akt phosphorylation of InsP;R-1
modulated caspase-3 activation in response to apoptotic
stress (233), but the link between these events was not
established. It was suggested that Akt phosphorylation of
InsP;R-1 may modulate protein interactions with the
channel that impinge on apoptosis progression (233),
such as cytochrome c (44) and Bcl-X;, (508), which also
bind to the COOH terminus.

5. Phosphorylation by tyrosine kinases

In addition to the serine/threonine residues, phos-
phorylation of InsP;R also occurs at tyrosine residues.
The human SII— InsP5R-1 is tyrosine phosphorylated dur-
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ing T-cell activation (171, 202). Both Src as well as Fyn
non-receptor tyrosine kinases directly phosphorylated
InsP;R-1 in vitro, and InsP5R-1 and Fyn could be coimmu-
noprecipitated upon T-cell activation (202). Fyn phos-
phorylated the InsP;R-1 in vitro and in vivo at Tyr-353
(Fig. 2B) within the B-trefoil domain of the core InsPs-
binding domain immediately adjacent to the SI splice site
(95). This residue is conserved among all three InsP;R
isoforms. However, mutagenesis of this site did not abol-
ish tyrosine phosphorylation, suggesting that other phos-
phorylation sites are also present. In agreement, tyrosine
phosphorylation of InsP;R-1 was diminished but not elim-
inated during T-cell activation in Fyn knock-out mice
(202). Nevertheless, [Ca®"]; transients associated with T-
cell receptor engagement were diminished in Fyn knock-
out mice (202), suggesting that tyrosine phosphorylation
has functional relevance. Fyn phosphorylation of Tyr-353
increased the InsP; binding affinity (95). In single-channel
planar bilayer studies of reconstituted rat cerebellar mi-
crosomal or purified InsPsR (presumably type 1), with
Ca®" as the charge carrier, Fyn enhanced channel activity
induced by 2 uM InsP; as a consequence of a reduction in
the channel mean closed time (202). Of note, this effect
was observed in the presence of 750 nM cytoplasmic
Ca®", a Ca®" concentration that normally inhibits InsP;R
channel activity in planar bilayers, suggesting that Fyn-
mediated phosphorylation may function by relieving high-
[Ca%*] inhibition of the channel. Such a functional effect
is consistent with a primary effect of Fyn to enhance
InsP; binding affinity, as observed.

6. Phosphorylation by cdks/CyB

Phosphorylation of InsP;R can be modulated by the
cyclin-dependent kinases (cdks) that regulate eukaryotic
cell cycle progression (288). The cyclin-dependent kinase
1/cyclin B (cdc2/CyB) complex phosphorylates InsP;R-1
at Ser-421 and Thr-799 and InsP;R-3 at Ser-795 (252, 288).
Mutagenesis of three residues together (Arg-391, Arg-441,
and Arg-871) inhibited binding of the cdc2/CyB complex
with the InsP3R-1 (252), suggesting they may be involved
in interactions between the proteins that enable the phos-
phorylation of the channel. Functionally, cdc2/CyB-medi-
ated phosphorylation enhanced the affinity of the InsP;-
binding region for InsP; and enhanced InsPs;-mediated
Ca®" release from microsomes (252, 288).

M. Regulation by Redox Status

The redox status of the InsP;R may also play a role in
regulating the function of the InsP;R channel. RyR chan-
nels are highly sensitive to changes in thiol redox state
(118, 183). RyR1 contains up to 100 cysteine residues per
monomer, with ~20-50 of these residues free for modi-
fication by oxidation, nitrosylation, or alkylation (126,
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441). However, much less is known regarding of the roles
of thiol redox status of InsP;R. Nearly 70% of the 60 thiol
groups in the InsP;R-1 can be modified by small lipophilic
thiol-specific probes (213). InsP;R-1 can be activated by
oxidative reagents, with thimerosal the best documented
(50, 186, 221, 323, 360, 468) for causing increased [Ca®"],
in treated cells. Thimerosal appears to act by sensitizing
the InsP5R to subthreshold levels of InsP; in the cell (50,
314), although it only moderately enhances InsP; binding
(314). Interaction of the first 225 amino acids (suppressor
domain) with the InsP;-binding core domain of InsPs;R-1
was enhanced by thimerosal (67). It is possible that
thimerosal facilitates conformational changes involved in
channel activation.

The InsP5R-1 was also shown to interact biochemi-
cally and functionally with the ER luminal chaperone
ERp44, a member of the thioredoxin family that may link
InsP4R function to ER redox status (184). This interaction
is discussed further in section viN6.

N. Regulation by Interacting Proteins

To date, a large number of protein interactions with
the InsP;R have been described (reviewed in Ref. 365). In
this section, we discuss how various protein-protein in-
teractions contribute to the impressive diversity of spa-
tially and temporally distinct InsP;R signaling behaviors.
Focus will be applied to interactions that have been more
extensively characterized, in particular, those involved in
allosteric modulation of channel gating.

1. Calmodulin

The ubiquitous and highly conserved Ca®*-binding
protein calmodulin (CaM) confers Ca®*-dependent regu-
lation on many proteins, including ion channels (404).
Binding of Ca®* to CaM (Ca®"-CaM) triggers a conforma-
tional change that promotes or modulates its interaction
with binding partners. Ca>*-free CaM (apoCaM) can also
interact with target proteins, enabling CaM to function, in
essence, as a Ca®" -regulated subunit of the protein. In this
way, CaM mediates Ca®"-dependent and -independent
regulation of many ion channels, including the RyR (18).
Although it is generally accepted in the literature that
CaM interacts with the InsP;R, the in vivo association
between the two proteins as well as the functional impli-
cations are far from unequivocal (recently reviewed in
Refs. 336, 401, 461).

The first CaM binding site to be identified in the
InsP5R encompassed residues 1564-1585 (Fig. 2B) of the
coupling domain of the mouse type 1 receptor (270). The
interaction was found to be Ca®" dependent in CaM-
Sepharose binding assays (270, 525). Whereas purified
InsP;R-1 channels reconstituted into lipid bilayers lacked
inhibition by high [Ca®"], channels reconstituted from
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cerebellar microsomes displayed high [Ca®"] inhibition
(310). This result was interpreted as indicating that a
component of Ca®*-dependent inhibition was lost during
purification, and implied that Ca®* inhibition of steady-
state InsP;R channel gating was not mediated by Ca**
interaction with a site intrinsic to the InsP5R itself (310).
Addition of CaM to the bath solution restored Ca®"-de-
pendent inhibition to the purified receptors, suggesting
that high [Ca®"] inhibition of channel gating was mediated
by CaM (310). Addition of the CaM antagonists either W-7
or the CaM binding domain of CaMKII activated reconsti-
tuted cerebellar microsomal InsPs;R, which was inter-
preted as indicating that microsomal InsP;R is constitu-
tively associated with and inhibited by CaM. The conclu-
sion that high [Ca®'] inhibition of InsP;R gating is
mediated by CaM was reinforced by observations that the
type 3 InsP;R did not bind CaM (76, 254, 525) and its
steady-state gating was not inhibited by high cytoplasmic
Ca®* concentrations (163).

The study of Michikawa et al. (310) has been repeat-
edly cited as evidence that Ca®" inhibition of steady-state
InsPsR channel gating is mediated by CaM. However,
many experimental results suggest that this is not accu-
rate. First, surface plasmon resonance analysis indicated
that the K, for Ca®>*-CaM binding to the channel was 27
uM (191), suggesting a low-affinity interaction, inconsis-
tent with constitutive association with reconstituted
channels. In agreement, high concentrations (10 uM) of
CaM were required for inhibition of Ca®* release from
purified InsP;R-1 to be observed in the presence of ~200
uM Ca** (191). Second, the type 3 InsP;R channel is not
insensitive to Ca®* inhibition as originally claimed. Bipha-
sic Ca®" concentration-dependent regulation of type 3
channels has been demonstrated in electrophysiological
recordings of the rat channel by nuclear membrane patch-
ing (283) and in planar bilayer reconstitutions (482). Be-
cause the type 3 channel does not bind CaM, Ca®" inhi-
bition of steady-state channel gating can therefore occur
in the absence of CaM binding (76). Third, in nuclear
patch-clamp recordings of the InsPs;R-1 in Xenopus oo-
cytes, inhibition of channel activity by high concentra-
tions of cytoplasmic Ca®* was observed in the presence
of the CaM antagonist W-7 and despite the overexpression
of a dominant-negative, Ca®’-insensitive CaM (286).
Fourth, mutation of the CaM-binding site eliminated CaM
interaction with the InsP3R (525), but it did not affect
Ca®" inhibition of channel activity (347, 545). Finally, it
should be noted that the channel recorded in the original
study that claimed that CaM-mediated Ca®" inhibition had
a single-channel conductance of ~60 pS in 250 mM K"
(310), whereas subsequent studies have revealed that the
conductance of the InsP5R is ~360 pS in only 140 mM K"
(see sect. V). The channel observed in Reference 310 was
therefore likely a dysfunctional InsPs;R or not the InsP;R
at all. In either case, the published data taken together
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provide little support for the proposition that high cyto-
plasmic Ca®* concentration inhibition of InsP;R gating is
mediated by CaM.

In addition to a putative role in Ca®?" inhibition of
channel gating, CaM has also been invoked to regulate
other properties of the InsP;R. Based on CaM-Sepharose
binding studies and surface plasmon resonance (SPR)
assays, the interaction between InsPs;R and CaM revealed
only a single Ca®"-dependent binding site in the regula-
tory domain (191, 525). Nevertheless, because the affinity
of the interaction was dependent on the phosphorylation
status of the channel, and the SII— splice variant bound
more Cal, it was suggested that an additional CaM bind-
ing site is created by deletion of the SII splice region
(254). Furthermore, an additional NH,-terminal site was
proposed that bound both Ca?*-CaM and apoCaM equally
well, with a K; of ~1 uM in scintillation proximity assays
(4, 76, 364). Analysis of CaM binding to InsP;R NH,-
terminal peptides indicated that two sites within this re-
gion, residues 49-81 and 106-128 (Fig. 2B), were in-
volved in the interaction (423). In [*H]InsP; competition
assays, CaM dose-dependently (1-10 wM) inhibited InsP
binding to the NH,-terminal fragment of the type 1 and
type 3 InsP,R only, an effect that was Ca®" independent
(428, 487). However, in similar assays of full-length
InsP3R, CaM inhibited InsP; binding only to InsP;R-1 (76).
Consistent with these observations, CaM inhibited InsP;-
mediated *°Ca®" fluxes from cerebellar microsomes (en-
riched with InsP;R-1) independently of Ca®" (364). How-
ever, in flux studies of permeabilized cells that predomi-
nantly expressed either types 1, 2, or 3 InsP;R, CaM
inhibited InsP;-dependent Ca®* release in all cell lines (4).
Furthermore, the effects of CaM were Ca®* dependent in
a cell line predominantly expressing type 1 InsPsR (4).
The role of CaM is further complicated by the observation
that overexpression of a non-Ca®*-binding CaM mutant
only affected InsPs-dependent Ca®" release at higher
Ca®* concentrations, suggesting that this effect of CaM is
Ca®" dependent but that CaM is not the Ca®" sensor
(224).

Thus the history of the putative involvement of CaM
in the regulation of the InsP;R has evolved from an inter-
action that was strictly Ca?" dependent and had no effect
on either InsP; binding or Ca®* release (270), to a role in
high [Ca®"], inhibition of channel gating mediated by
binding to the coupling domain, to the postulation of
additional binding sites that mediate Ca®"-dependent and
-independent regulation of InsP; binding that modulate
channel function. Most recently, it has also been sug-
gested that CaM may be constitutively bound to the chan-
nel, acting as a distinct subunit, as established for some
other ion channels (404). However, this conclusion was
based solely on the observation that a CaM-binding pep-
tide disrupted InsPs;R-mediated Ca®" fluxes, which was
overcome by exogenously applied CaM (227). Although
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these data are intriguing, there is at present no molecular
evidence.

There are few biochemical data to suggest that CaM
and InsP;R interact in vivo. The evidence of interactions
relies almost exclusively on the various in vitro binding
and pharmacological studies outlined above; meanwhile,
successful coimmunoprecipitation of the two proteins
has not been demonstrated. Therefore, despite consider-
able effort to place CaM in the InsP5R signaling complex,
there is little consensus on its functional role.

2. CaBP and CIB1

The InsPs;R interacts with a family of CaM-related
Ca”*-binding proteins termed CaBPs, a subset of the neu-
ronal Ca®" sensor (NCS) family of EF-hand-containing
proteins (527). Eight CaBP genes have been identified
(CaBP1-8) with alternate splicing generating long and
short forms of CaBP1 and CaBP2 (161, 162). An interac-
tion between the CaBP gene family and the InsP;R was
first identified using a yeast two-hybrid screen and further
characterized using coimmunoprecipitation and pull-
down assays (527). CaBP1 binds with high affinity (appar-
ent K; <50 nM) in a Ca**-dependent manner (apparent
affinity ~1 uM) to the NHy-terminal 600 residues of all
three mammalian InsP;R isoforms (527), a region that
encompasses the InsP5-binding domain. The Ca®" depen-
dence of the interaction was mediated by the EF-hands of
CaBP (509, 527). Truncation mutagenesis of GST-fusion
proteins of the InsPs;R ligand-binding domain localized
CaBP1 binding to the NHy-terminal 225 residues (225) in
a region that overlaps with the most NH,-terminal puta-
tive CaM binding site (423). However, binding of CaBP1
was Ca®' independent in these studies, whereas it was
demonstrated that high-affinity interaction of CaBP1 with
the InsP;R is strongly Ca®>" dependent (509, 527). Thus
the significance of CaBP1 binding to this region is unclear.

The functional consequences of this interaction were
studied at the single-channel level by patch-clamp record-
ings of the endogenous Xenopus InsPs;R-1 in the outer
membrane of isolated oocyte nuclei. Robust channel ac-
tivity with high P, and gating kinetics similar to those
elicited by InsP; was observed in the absence of InsPy
when recombinant CaBP1 was included in the pipette
solution at optimal cytoplasmic Ca®" concentrations. In
contrast, the triple-EF-hand mutant CaBP1 failed to acti-
vate the channel (527). Furthermore, purified bovine
CaBP2 and mouse CaBP5 each had similar effects on the
channel (527). These results identified the CaBP Ca®**
sensors as a family of protein ligands of the InsPs;R chan-
nel. It was proposed that this regulation might enable the
channel to become activated in the absence of phospho-
inositide metabolism and that it may modulate the sensi-
tivity of the channel to InsP;, which may play a role in
spatially restricting Ca®>" release (527). Because InsP;R-
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mediated Ca®" signals are shaped by messenger diffusion,
degradation and removal, processes that will have distinct
kinetics for InsP; compared with CaBPs, the identifica-
tion of novel ligands for the InsPsR provided new insights
into the dimensions and versatility of this ubiquitous sig-
naling pathway.

Although members of the CaBP family are exclu-
sively expressed in the brain and retina (162), this novel
mode of InsP5R regulation likely extends more widely to
nonneuronal cell types as well. The ubiquitously ex-
pressed protein CIB1 (calcium- and integrin-binding pro-
tein; also called calmyrin or KIP) was subsequently shown
to interact with the InsP;R (509). Structural analysis has
placed CIB1 in a subfamily of NCS proteins that is distinct
from other NCS proteins, including CaBPs (156). Never-
theless, CIB1 shares many of the biochemical and func-
tional properties of CaBP1 with respect to its interactions
with the InsP5R (509). Like CaBP1, CIB1 binds to the first
600-residue ligand-binding region of all isoforms of the
InsP;R in a Ca®*-sensitive fashion, with an affinity in the
micromolar range, and has a similar dependence on func-
tional EF-hands. The functional consequences of the
CIB1-InsP;R interaction were determined by recording
single InsPsR channel activities in nuclei isolated from
either Xenopus oocytes or Sf9 cells. Under conditions of
optimal cytoplasmic Ca®>" concentration and in the ab-
sence of InsP;, CIB1 activated channel gating from both
species, establishing it as a novel protein agonist. Com-
pared with optimal concentrations of InsP; however,
CIB1 appears to be less efficacious as it activated chan-
nels to a lesser extent in both the oocyte and Sf9 systems;
therefore, CIB1 appears to behave as a partial agonist of
the channel. These results extend the concept of protein
ligands of the InsP;R to peripheral tissues, and suggest
that regulation of the InsP;R-mediated [Ca®"]; signaling
may be under complex regulation by protein ligands in
many cell types throughout the body.

At the molecular level, acute exposure of the InsP;R
to purified recombinant CaBP/CIB1 protein activates
channel gating, whereas on the other hand, overexpres-
sion of either CaBP or CIB1 was found to inhibit agonist-
induced InsP;R-dependent Ca®" release in intact cells
(178, 225, 509). This apparent conflict was resolved by the
demonstration that CaBP/CIB1 initially activates InsPsR
channel activity, but then subsequently drives the channel
into an inactivated state that cannot be activated by InsP;
(509). In CaBP1/CIB1 overexpression studies, much of the
InsP5R channel population would therefore be in an inac-
tivated state, accounting for the muted InsP;-mediated
responses observed in CaBP1 or CIBl-expressing cells
(178, 225, 509). These results suggest that prolonged ex-
posure to CIB1 can effectively remove functional chan-
nels from the total InsPsR population by a process of
ligand-induced channel inactivation.

Physiol Rev « VOL 87 « APRIL 2007 ¢« WWW.PI'V.OI'g

Downloaded from journals.physiology.org/journal/physrev at Univ Studi Di Torino Bib Ctral Di Med E (130.186.099.159) on October 29, 2020.



INOSITOL TRISPHOSPHATE RECEPTOR Ca*" RELEASE CHANNELS

Phosphorylation of CaM decreases its affinity for
target substrates (378), and mutation of the conserved
phosphorylation site in CaBP1 resulted in even greater
[Ca®*]; signaling inhibition (225). Although this site is not
conserved in CIB1, it remains possible that phosphoryla-
tion, other covalent modifications, and other protein in-
teractions could regulate the affinities of the interactions
of CaBP1 and CIB1 with the InsPs;R. Unbinding of the
protein ligands could enable the channel to escape from
inactivation, allowing the channel to again be activated by
protein ligand rebinding, in a mechanism of repeated
channel activation that is completely independent of
InsPs.

3. RACKI1 and GBy

Several other proteins have been identified that also
bind to the InsP;R NH, terminus and modulate the chan-
nel activity. An interaction between the adapter protein
RACK]1 and the InsP5R was detected in a yeast two-hybrid
screen (366). RACKI binds to two sites within the NH,
terminus (residues 90-110 and 580-600; Fig. 2B) that
effectively bracket the InsPs;-binding domain (Fig. 2B).
The third and fourth WD40 repeat in RACK1 were impor-
tant for the interaction. It was proposed that each mole-
cule of a RACKI1 dimer binds to the separate sites (366).
RACK1 increased the affinity of InsPs;R for InsP; by ap-
proximately twofold and potentiated Ca®" release from
microsomes in response to submaximal but not saturating
concentration of InsP;. Thus binding of RACK1 to the
ligand-binding region appears to increase the sensitivity
of the channel to InsP5;. Overexpression of RACK1 en-
hanced agonist-induced Ca®" signals in several cell types.
siRNA downregulation of RACK1 expression had surpris-
ingly major inhibitory effects on Ca** signals elicited by
InsP;-mobilizing agonists, suggesting that the interaction
constitutively enhances channel responses to stimulation.
However, it is not certain that this inhibition was not a
secondary effect mediated through, for example, other
proteins, such as PKC, with which RACK1 also interacts.

RACKI1 has a high degree of structural homology with
the G protein B-subunit and interacts with the GBy-com-
plex (84). Interestingly, GB+y could also be coimmunopre-
cipitated with InsPsR-1, but this association decreased
InsP; binding (542). Notably, recombinant GBy evoked
robust gating of the Xenopus InsPsR in the absence of
InsP; in single-channel nuclear patch-clamp studies (542).
Furthermore, GBy stimulated Ca®" oscillations in whole
cell experiments, despite blockade of PLC activity (5642).
These data demonstrate that GBy can activate the InsP;R
independently of PLC and InsP5;. Although nothing is
known about the molecular determinants of the GBy-
InsP;R interaction, the structural similarity between
RACKI1 and GB7y may suggest that they bind to similar
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NH,-terminal sites to modulate InsPsR function in distinct
ways.

4. IRBIT

IRBIT (InsP5R binding protein released with inositol
1,4 5-trisphosphate) was identified in a proteomics ap-
proach as a protein that eluted from the InsP;R in the
presence of InsP; (13). IRBIT contains an acidic serine/
threonine-rich NH, terminus that mediates its interaction
with all three isoforms of the InsP5R (12, 111). Phosphor-
ylated, but not nonphosphorylated, IRBIT competes with
InsP4 for binding to the NH,, terminus of the InsP5R (12,
13, 111). There is some dispute whether the suppressor
domain is necessary for the interaction (111), or just the
core InsP; binding domain is sufficient (12). The InsP4
binding pocket contributes to the interaction, since 10 of
12 residues shown to be important for InsP; binding are
also important for IRBIT binding (12). Physiologically,
IRBIT binding may reduce the sensitivity of the channel to
InsP;. Recombinant IRBIT suppressed Ca®" release in
response to low, but not saturating, doses of InsP; in
4Ca?* flux assays (12, 111), and siRNA knockdown of
IRBIT enhanced Ca®* signals in response to low agonist
concentrations (12). Unlike CaBP1, CIB1, and GBv, IRBIT
does not appear to function as a protein ligand of the
channel, since application of recombinant IRBIT alone
failed to activate reconstituted mouse cerebellar InsP;R
channel activity in planar bilayer experiments (12). Taken
together, these data suggest a model in which IRBIT
binding to the ligand-binding domain functions to reduce
the apparent InsP; sensitivity by masking the InsP5 bind-
ing site.

5. Chromogranins

Chromogranins are high-capacity, low-affinity Ca®"
binding proteins that are enriched in secretory granules
but are also found in ER and nuclear compartments (15).
Both chromogranins A and B (CGA/CGB) interact within
the third luminal loop of InsP;R-1 (532, 535). With the use
of synthetic peptides, the interacting region was nar-
rowed to the stretch of amino acids that link the luminal
end of the pore selectivity filter to the beginning of TM6
(Fig. 2B) (533). In vitro binding studies showed that the
CGA-InsP;R interaction was promoted by acidic pH, as
would be experienced in the lumen of a mature secretory
vesicle, while the CGB-InsP5R interaction was pH inde-
pendent (5632-534). Incorporation of CGA into liposomes
containing purified InsP;R enhanced InsP;-mediated Ca®*
release (5632). In functional studies of reconstituted
InsP4R-1 incorporated into bilayers, both CGA and CGB
dramatically increased channel P, from ~5%, the typical
maximum P, observed for the reconstituted type 1 chan-
nel (Fig. 8), to 20—80% in different studies (87, 467, 470).
The effect of CGA was manifested at luminal pH 5.5 but
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not 7.5, while CGB showed much less pH dependence,
consistent with biochemical binding assays (467, 470).
This remarkable level of stimulation was associated with
the appearance of a new, long open state (467, 470).
Because ligand modulation of InsP5R activity is primarily
through modulation of the channel opening rate (196, 278,
283), i.e., the channel closed time, this effect of chromo-
granin is notable not only for the magnitude of its effect
on P, but also for its distinct mode of action. Remarkably,
the chromogranin-activated channel lacked all cytoplas-
mic Ca®" sensitivity, being equally active at 10 nM, 1 uM,
and 100 uM Ca®* (470).

It has been proposed that as the luminal pH de-
creases during secretory granule development, enhanced
chromogranin-InsP5R interaction might prime the vesicle
for a Ca®" release associated with exocytosis (531). It is
not clear that the InsP;R-CGA interaction would have
physiological significance at the ER, where the pH is
expected to be ~7.2. However, the observation that CGB
is heterogeneously distributed in ER and enriched in neu-
rites has suggested that an interaction of CGB with the
InsP;R could possibly regulate InsP;R-dependent Ca’*
release in local cellular regions (207). Interference of the
interaction between chromogranins and InsP;R with an
expressed chromogranin peptide targeted to the ER lu-
men in neuronally differentiated PC12 cells, inhibited
Ca®" release response to the muscarinic agonist carba-
chol (87). CGB is also found in the nucleus in a complex
with phospholipids and the InsPsR, and it has been sug-
gested that the interaction could modulate InsP5;-depen-
dent Ca®" signaling within the nucleoplasm (194).

6. ERp44

The ER lumen-specific protein ERp44 was also
shown to interact with the third luminal loop of the
InsP4R (184), upstream of the region identified to interact
with chromogranins (Fig. 2B). In pull-down and coimmu-
noprecipitation assays, ERp44 bound only to the type 1
InsP;R isoform, dependent on Ca®* and redox state (184).
The biochemical interaction was inhibited by high Ca®"
concentrations normally found in the ER lumen (>100
uM) and was promoted in a reducing environment, al-
though the ER lumen is considered to be an oxidizing
environment. Mutation of InsP;R cysteines within the
interacting region decreased the in vitro interaction. Ad-
dition of recombinant ERp44 to the luminal aspect of
cerebellar microsomal InsP;R reconstituted into planar
bilayers dose-dependently decreased channel P, by up to
60% at ~7 uM ERp44 in the presence of saturating InsP,
(the cytoplasmic Ca* concentration was not specified).
However, this inhibition required the presence of 3 mM
luminal dithiothreitol. Whereas the in vitro conditions
required to demonstrate binding (low Ca®", reducing con-
ditions) were distinct from those associated with the ER
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lumen, physiological relevance of the interaction was
strongly suggested by the observation that siRNA knock-
down of Erp44 caused enhanced Ca®" signaling, and only
in cell lines predominantly expressing the type 1 InsP;R
(184). Reciprocal overexpression studies were consistent
with these results (184). These data suggest that binding
of ERp44 to the luminal loop of the InsPsR, possibly
regulated by changes in luminal Ca®>* concentration and
redox state, inhibits InsP;R activity. Thus two luminal
proteins, chromogranins and ERp44, appear to bind to
regions of the luminal loop that connect TM5 with TM6
and have opposite effects on channel activity, activating
and inhibitory, respectively.

7. FKBP12

FK506 and rapamycin mediate their immunosuppres-
sant effects by interacting with the immunophilin family
of proteins. A physiological interaction between the
FK506 binding protein, FKBP12, and the RyR has been
well established (249). Binding of FKBP12 to RyR modu-
lates channel gating by stabilizing the full conductance
state and facilitating coupled activation within receptor
clusters (59, 295). Binding of FK506 to FKBP12 dissoci-
ates it from the RyR, resulting in persistent subconduc-
tance gating (59). A role for FKBP12 in the regulation of
InsP;R-dependent Ca®" signaling, however, is somewhat
controversial. A biochemical interaction between InsPsR
and FKBP12, first demonstrated using copurification, co-
immunoprecipitation, and yeast two-hybrid assays, local-
ized an interaction to a leucine-proline (1400-1401; Fig.
2B) dipeptide sequence that is conserved across channel
isoforms (72-74). However, other studies failed to repli-
cate these findings, using either coimmunoprecipitation
or GST-fusion protein pull-down strategies (64, 66, 78).
The functional data are also conflicting. Displacement of
FKBP12 by FK506 was reported to increase the sensitivity
to InsP; of the InsP,R in *°Ca®" flux experiments (73, 74),
whereas enhanced channel activity was observed after
addition of FKBP12 in planar bilayer studies (100). How-
ever, other studies failed to observe an effect of FKBP12
on InsP;-dependent Ca®* signaling (41, 65). Some of these
discrepancies may be reconciled if FKBP12 modifies
channel behavior indirectly. For example, it was pro-
posed that FKBP12 binding to the phosphatase cal-
cineurin effectively recruited it to the InsPsR, where it
could prevent phosphorylation, and thereby depress
InsP3R activity (73). Indeed, calcineurin was shown to
copurify with the InsP;R-FKBP12 complex (73). Because
the FK506-FKBP12 complex inhibits calcineurin activ-
ity, FK506 may relieve FKBP12-calcineurin inhibition,
presenting as an increase in apparent InsP; sensitivity
(72, 73).

Rapamycin also binds to FKBP12 and reportedly dis-
places it from the InsPs;R (74); however, the rapamycin-
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FKBP12 complex does not inhibit calcineurin (2). Physi-
ologically, the rapamycin-FKBP12 complex inhibits
mTOR (mammalian target of rapamycin), a protein kinase
that regulates growth and cell cycle progression (247).
Rapamycin was shown to inhibit Ca®* release from cere-
bral microsomes (100) and in intact cells (268). It has
been proposed that the InsPsR is a target for mTOR and
that rapamycin-FKBP12 inhibition of mTOR reduces
channel phosphorylation to inhibit Ca®" release (268).
In summary, whereas it appears that FKBP12 may
not directly modulate the InsP5R, it may influence channel
activity by interacting with effector proteins involved in
regulating the phosphorylation status of the InsP;R. How-
ever, the inconsistency among the data and the reliance
on pharmacological manipulations suggest that at present
such models must be regarded as highly speculative.

8. Glyceraldehyde 3-phosphate dehydrogenase

The glycolytic enzyme glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was found to directly bind to rat
InsP3R-1 within residues 981-1000 (Fig. 2B) (367). Mu-
tagenesis of Cys-992 and Cys-995 abolished the interac-
tion. GAPDH catalyzes the oxidative phosphorylation of
its aldehyde substrate with the reduction of NAD" to
NADH. NADH was previously shown to stimulate InsP5R-
mediated Ca®" release, whereas NAD" was ineffective
(222). Addition of purified GAPDH to liposomes contain-
ing purified cerebellar InsP;R in the presence of NAD*
enhanced InsPs-mediated Ca’" release, dependent on the
two cysteine residues important for GAPDH binding
(367). It was proposed that local generation of NADH by
GAPDH bound to the InsP3R may couple channel activity
to cell metabolic state (367), for example, during hypoxia-
induced stimulation of glycolysis (222). It had previously
been suggested that NADH binds to the same site(s) as
ATP, because the effects of ATP and NADH were not
additive (222). However, the detailed effects on gating of
single InsPs;R channels have not been investigated.

9. Bcl-2 proteins

Ca®* signaling is a key regulatory process in the
progression of necrotic and apoptotic cell death mecha-
nisms (reviewed in Refs. 353, 374). Ca®" released by
InsP;R activation can be taken up by mitochondria to
stimulate oxidative phosphorylation and enhance ATP
production (119). However, if Ca®>* uptake is coincident
with certain apoptotic stimuli, it can trigger the swelling
and rupture of the outer mitochondrial membrane, releas-
ing an array of apoptotic factors, such as cytochrome c
(165). A central feature of molecular models of apoptosis
is the control of outer mitochondrial membrane perme-
ability by pro- and antiapoptotic Bcl-2-related proteins
(385). Nevertheless, Bcl-2 proteins also localize to the ER
(240, 551). Furthermore, apoptosis protection conferred
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by overexpression of the antiapoptotic proteins Bcl-2 and
Bcl-X;, has been correlated with a decrease in the ER
luminal Ca®* concentration (145, 372), whereas upregu-
lation of the proapoptotic molecules Bax and Bak has the
opposite effect (81, 349). There is now a growing body of
evidence that links ER Ca®?* homeostasis with a direct
interaction between Bcl-2/Bcl-X;, and the InsPs;R (83,
349, 508).

Bcl-X;, was shown to interact with the COOH termi-
nus of all three isoforms of the InsP;R (508). In patch-
clamp studies of isolated Sf9 cell nuclei, application of
recombinant antiapoptotic Bcl-X; was shown to increase
both the number and activity of InsP;R channels evoked
by a subsaturating (10 nM) InsPs, to levels comparable to
those observed with saturating (10 uM) InsPs;. Further-
more, the InsP;R behavior was similarly affected by tran-
sient overexpression of Bcl-X;, demonstrating an in vivo
physical and functional interaction that was sufficiently
strong to survive the nuclear isolation protocol. Proapop-
totic Bax and tBid each disrupted binding of the InsP5R to
GST-Bcl-X;, and in patch-clamp studies from cells tran-
siently transfected with Bcl-X;, inclusion of either tBid or
Bax in the pipette solution abolished the Bcl-X;-depen-
dent effects on the InsP;R (508).

In the absence of Bcl-X; expression, the expression
of InsPsR in DT40 cells enhances apoptosis in response to
B-cell receptor ligation, suggesting that InsP;R-mediated
Ca®" release may be toxic to mitochondria (508). Para-
doxically, expression of the InsP;R was necessary for
Bcl-X;, to exert its full antiapoptotic effects (508). Bel-X;,
expression resulted in enhanced Ca®" signaling in vivo in
quiescent and submaximally stimulated cells (5608), con-
sistent with the activating effects of Bcl-X; on channel
gating observed in the patch-clamp studies. Activation of
low-level InsP;-dependent Ca®* signaling by Bcl-2 has
also been observed in other cell types (355, 547). When
expressed in DT40 cells, Bcl-X; reduced ER Ca®*" concen-
tration in wild-type but not in InsP5R triple-knockout cells
(508). Thus Bcl-X;, interaction with the InsP5R sensitizes
the channel to low levels of InsP; that may exist in un-
stimulated cells, enhancing InsPs-dependent channel ac-
tivity and lowering ER Ca®" concentration. The reduced
ER Ca®" concentration does not, however, account for the
antiapoptotic function of Bcl-X; /Bcl-2 at the ER, because
the triple knockout cells should have had maximum pro-
tection from ER-mediated Ca®" insults, because they
lacked a mechanism (InsPs;R expression) to convey any
Ca®" signal to the mitochondria, yet expression of InsP;R
with Bcl-X;, conferred more protection. The InsP;R-medi-
ated, Bcl-X;-dependent low-level Ca®" signaling associ-
ated with enhanced apoptosis resistance was correlated
with enhanced mitochondrial bioenergetics (508). This
suggests that the effects of Bcl-2/Bcl-X;, at the ER are
antiapoptotic due to a specific modulation by these pro-
teins of an exquisitely regulated Ca®>* permeability, the
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InsP;R, providing enhanced low-level Ca®" signaling to
mitochondria, improving cellular energetics that enables
or adapts the cell to better withstand apoptotic insults.

10. Cytochrome c

While the InsP3R-Bcl-2/Bcel-X; interaction primes
cells to better withstand a potential apoptotic hit, there is
also compelling evidence that the InsPs;R can function as
a proapoptotic mediator in cells undergoing apoptosis.
With the use of the COOH terminus of the rat InsP5R-1 as
bait in a yeast two-hybrid screen, the key apoptotic sig-
naling molecule cytochrome ¢ (CytC) was identified as an
interacting protein (44). CytC bound to the COOH termi-
nus of type 1 and type 3 InsP5R (type 2 was not deter-
mined), mapped to residues 2621-2636 (Fig. 2B) (44, 45).
In in vitro flux assays, high Ca®>" concentration inhibition
of #°Ca®" release in the presence of a saturating InsP,
concentration was relieved by addition of nanomolar
CytC. However, single-channel studies have not been un-
dertaken, so the details of how CytC regulates the channel
remain to be determined. Disruption of the interaction in
vivo by intracellular delivery of a cell-permeant peptide
based on the 16-residue InsP;R-binding region, was pro-
tective against a range of apoptotic stimuli (45), possibly
suggesting that CytC interaction with the InsP;R modu-
lated Ca®" signals that impinged on apoptotic pathways.

11. Huntingtin

The neurodegenerative disorder Huntington’s dis-
ease is caused by a polyglutamine expansion in the Hun-
tingtin (Htt) protein. Huntingtin-associated protein 1
(HAP1) interacts with Htt, an association promoted by the
polyglutamine expansion of Htt (Htt®?) (130). A yeast
two-hybrid screen identified an interaction between the
COOH terminus of InsP3R-1 and HAP1 (454). The bio-
chemical interaction was confirmed by coimmunoprecipi-
tation and pull-down of HAP1 by a GST-InsP;R COOH-
terminal construct (residues 2627-2736; Fig. 2B). This
construct also directly bound Htt®*P, and to a lesser ex-
tent Htt. In both cases, the interaction was strengthened
by the presence of HAPI1, suggesting that all three pro-
teins exist in a complex (454).

Addition of recombinant HAP1 to the cytoplasmic
aspect of the reconstituted InsPsR-1 in planar bilayers
was without effect on P, evoked by a subsaturating con-
centration of InsP;. However, subsequent sequential ad-
ditions of recombinant NH,-terminal fragments of Htt or
Htt®™®, or application of premixed HAPI1-Htt/Htt®*?, in-
creased channel activity, with Htt®* producing the more
dramatic change (454, 455). Furthermore, recombinant
full-length Htt**® but not Htt increased P, in response to
subsaturating but not saturating InsP5; without HAP1 pre-
exposure (454). Consistent with these observations, over-
expression of full-length Htt®®  but not Htt, increased

FOSKETT, WHITE, CHEUNG, AND MAK

InsP;-dependent Ca®" release in medium spiny neurons in
response to threshold levels of agonist concentration. The
increased sensitivity caused by Htt®*P was partially depen-
dent on HAPI, as the effect was less robust in HAP1 ™/~
cells (455). It was suggested that enhanced InsP; sensi-
tivity of the Htt/HAP1-bound InsP;R may contribute to
neuronal apoptosis associated with progression of Hun-
tington’s disease (453). As discussed above, binding of
Bcl-X;, to the COOH terminus of the InsP5R also increases
the apparent sensitivity of the channel to subsaturating
concentrations of InsP; (508). Furthermore, an increase
in the apparent sensitivity to InsP; may also be the mech-
anism by which CytC binding to the COOH terminus
relieves high [Ca®*] inhibition of Ca®* release (45). It is
interesting that three different proteins that have been
shown to interact with the COOH terminus of the InsP;R
all enhance the apparent InsP; sensitivity of channel ac-
tivity. Furthermore, all these studies have implicated this
enhancement in apoptosis progression, yet the conclu-
sions differ regarding whether the interactions are pro- or
antiapoptotic. Further studies are necessary to under-
stand how apparent functional effects on the channel
elicit these different physiological outcomes.

12. Proteases (caspase-3 and calpain)

The primary role of CytC in the apoptotic cascade is
its involvement in the activation of the cysteine protease,
caspase-3, a key proteolytic enzyme responsible for cel-
lular disassembly. The InsP5R is one of its many sub-
strates (189). The coupling domain of InsP3R-1 possesses
a highly conserved DEVD consensus sequence for
caspase-3 cleavage (Fig. 2B), and the channel was shown
to be specifically cleaved at this site, both in vitro bio-
chemical assays and in vivo during apoptosis (175, 189).
As caspase-3 activation is a downstream event in apopto-
sis, these observations raise the question of whether
InsP;R cleavage represents a key regulatory step in the
apoptotic pathway, or whether it simply reflects degrada-
tion after a commitment to death has already been made.
Genetic deletion of all InsP5R isoforms in the DT40 cells
provided some protection from apoptotic insults (440), a
result that has been recapitulated in several model sys-
tems using various InsP;R-knockdown strategies (38, 201,
232). Reintroduction of the type 1 receptor into DT40-
TKO cells restored apoptotic sensitivity, whereas expres-
sion of the channel with a mutated DEVD sequence, al-
though still functional, rendered the channel resistant to
caspase-3 cleavage and the cells less sensitive to apopto-
sis (14). Accordingly, it was suggested that caspase cleav-
age of InsP;R-1 has a direct role in apoptosis progression
(14). However, it should be noted that the types 2 and 3
channels lack the caspase-3 site but can nevertheless
sensitize cells to apoptosis (440). Thus caspase cleavage
of the InsP;R-1 cannot account for all the effects of
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InsP;R in apoptosis. It was suggested that the mechanism
by which caspase 3-cleavage of InsP;R-1 sensitized cells
to apoptosis was by dysregulating Ca®" homeostasis
(189). Expression of an NHy-terminal truncated InsPs;R-1
corresponding to the caspase-3 cleaved channel-only do-
main (341) caused apparent depletion of ER Ca®* stores.
It was suggested that the channel-only domain is consti-
tutively “leaky” and that the NHy-terminal domain is re-
quired to keep the channel closed. It was speculated that
this “leakiness” may impinge on apoptosis progression
(341). However, these studies assume that the NH,-termi-
nally cleaved domain completely dissociates from the
channel domain, but there is no evidence that this occurs.
Indeed, in cerebral microsomes exposed to levels of
caspase-3 that almost completely degraded the channel,
Ca®* accumulation persisted, although InsP;R-dependent
release was attenuated (189). Similarly, trypsinization of
the InsP;R digested it into five separate fragments, yet the
channel retained a degree of structural and functional
integrity (189, 537).

In addition to caspase, there is some evidence that
calpain, a Ca®"-dependent cysteine protease activated in
some apoptotic paradigms, is involved in InsP;R degrada-
tion (112). Calpain was shown to cleave InsP;R-1 at two
undefined sites (275) and contributed to InsP;R-1 (519)
and InsP;R-3 (112) degradation in vivo. However, at
present, there is no information on the functional effects
of calpain on InsP;R channel activity.

13. Adapter proteins (protein 4. 1N, ankyrin,
and Homer)

Protein 4.1N is the neuronal homolog of the 4.1 fam-
ily of cytoskeleton proteins structurally and functionally
characterized by three domains: an NH,-terminal region
important for interactions with plasma membrane pro-
teins, a central spectrin-actin binding domain, and a
COOH-terminal domain shown to bind nuclear mitotic
apparatus protein and the glutamate receptor GluR1 (298,
417, 499). Using yeast two-hybrid screening, two groups
independently identified an interaction between the
COOH termini of protein 4.1N and InsP;R-1 specifically
(301, 544) within the terminal 14 residues of the channel
(Fig. 2B) (147). Protein 4.1N was shown to translocate
InsP;R-1 to the basolateral membrane of polarized Madin-
Darby canine kidney cells (544), suggesting that the inter-
action may provide a mechanism to spatially restrict
InsP;-mediated Ca®* signals. In neurons, a protein 4.1N-
InsP;R complex may be associated with cytoskeletal ele-
ments enriched in postsynaptic compartments (301). It
has been widely observed that disruption of the actin
filament network has profound effects on InsPs-evoked
Ca®" signals (56, 387, 484, 503). Actin plays a role in the
translational mobility of InsP5R-1 (148) but not InsP;R-3
(132, 148). As InsP3;R-3 does not bind to protein 4.1N, it
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was postulated that InsP;R-1 is specifically linked to the
actin cytoskeleton via an interaction with protein 4.1N
(148).

The ankyrin family of adapter proteins also serves to
couple target proteins to the cytoskeleton, by spectrin
binding (for review, see Ref. 25). An antibody to erythro-
cyte ankyrin immunoprecipitated InsPsR from brain
(215), and ankyrin purified from human erythrocytes
bound to the InsP;R with high affinity (K; = 0.2 nM) and
inhibited InsP; binding and InsP;R-dependent *°Ca®*
fluxes (56). An 11-amino acid stretch of the InsPs;R (resi-
dues 2548-2558; Fig. 2B) with homology to a known
ankyrin-binding domain was identified as the interaction
region. However, because this region overlaps with the
InsP;R pore sequence, it is unlikely to be the binding site
in the full-length receptor (57). Ankyrin B interacts with
the sigma-1 receptor (Sig-1R), an integral ER membrane
protein that binds neurosteroids and psychotopic drugs,
and there is strong evidence for an ankyrin B-Sig-1R-
InsP5R complex (177). Ligand-binding to Sig-1R increased
intracellular Ca®* release in response to InsP,-generating
agonists concomitantly with ankyrin dissociation from
the type 3 channel (176, 177). Taken together, these data
suggest a functional role of ankyrin interaction with
InsP;R in providing tonic inhibition of Ca®* release activ-
ity through decreased InsP; sensitivity, with reversibility
provided by an ankyrin-Sig-1R interaction.

In addition to directly modulating Ca®" release,
ankyrins are also involved in the localization of InsP;Rs.
Ankyrin may recruit InsPsRs into lipid rafts upon ligand
binding of the cell surface receptor CD44 (426). Neonatal
cardiomyocytes from ankyrin B/~ mice displayed a Ca®"
dysregulation phenotype, which was correlated with al-
tered spatial distribution of membrane proteins including
Na*-K"-ATPase, Na*-Ca®?" exchanger, and the InsP,R.
Protein localization was restored by the expression of
exogenous ankyrin B but not by expression of the E1425G
loss-of-function ankyrin B mutant (325-327, 485). The
physiological consequences of this mutation are thought
to underlie type 4 long-QT cardiac arrhythmia in humans
(327). However, it is difficult to assess the contribution of
the InsP;R to the alterations in Ca®* signaling observed in
ankyrin B™/~ or ankyrin B™/~ cells expressing E1425G-
ankyrin, as other Ca®" regulating proteins are also af-
fected.

Subcellular targeting of the InsP5R is also mediated
by indirect coupling to membrane receptors and channels
through an interaction with the Homer family of scaffold-
ing proteins (483, 539). The Homer proteins bind to
polyproline motifs of mGlu-receptors, TRPC1, InsPsR,
and RyR, among others (128). A consensus Homer binding
motif is present in the NH, terminus of the InsP;R, in the
suppressor domain (residues 49-54; Fig. 2B). In addition
to a proline-binding domain, Homer also possesses a
coiled-coil region required for the formation of homo- or
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heterodimers. These interactions serve to cross-link Hom-
er-bound proteins, forming multimeric complexes. In this
way, Homer facilitates an interaction between the InsP;R
and mGluRla (483) and TRPC1 (539). In both cases,
disruption of the interaction profoundly affected Ca®"
signaling that was dependent on the cross-linking capac-
ity of Homer. However, a direct interaction between
Homer and the InsP5R has not been demonstrated. Planar
bilayer studies of the RyR demonstrated enhanced gating
in the presence of both full-length recombinant Homer
and a protein lacking the coiled-coil region (131). How-
ever, it is not known whether Homer can directly modify
the behavior of InsP3R channel.

14. TRPC channels and Na™-K"-ATPase

The transient receptor potential channels (TRPC) are
a diversely regulated family of plasma membrane weakly
voltage-dependent Ca®"-permeable cation channels (384).
Biochemical and functional studies suggest a close cou-
pling of some TRPC channels and InsP5R. In cells over-
expressing TRPC3, the single-channel activity of TRPC3
that was lost upon patch excision or excessive patch
washing was restored upon addition of InsP;, cerebellar
microsomes enriched in InsP3R, or purified InsP5R (237).
These effects on TRPC gating were dependent on the
presence of the InsP;R NH, terminus (236). TRPC3 was
successfully coimmunoprecipitated with InsP;R (55, 236,
539) with GST pull-down experiments, indicating that the
interaction was localized to two regions in the InsPs;R
distal to the ligand-binding domain (residues 669-702 and
755—-824; Fig. 2B) (55). With similar experimental ap-
proaches, biochemical interactions have also been iden-
tified between the InsP5R and TRPC1, TRPC4, and TRPC6
(65, 258, 306, 396, 425, 452, 539). These studies have
suggested that the InsP3R is directly coupled to the TRPC
family members or that both proteins are contained
within a larger protein complex (258, 539). It has been
suggested that InsP; binding to the InsP;R is required to
fully gate the TRPC channels (237, 539) and that the
interaction can couple InsP;R-dependent Ca®" release to
voltage-independent or store depletion-dependent Ca®*
influx (reviewed in Refs. 356, 384). Nevertheless, these
models are controversial, since several studies demon-
strated that the InsP;R is not required for TRP channel
activation (264, 476, 506). What has not been evaluated is
whether direct interactions with TRP channels have re-
ciprocal, allosteric effects on InsP;R function.

As the principle plasma membrane ion exchanger,
the Na*-K"-ATPase serves to maintain cellular electrical
and chemical gradients. In addition, it functions as a
steroid receptor, and thus is involved in signal transduc-
tion independent from ion exchange (reviewed in Ref.
523). All three isoforms of the InsP;R were shown to
coimmunoprecipitate with the Na*-K"-ATPase, Src ki-

FOSKETT, WHITE, CHEUNG, AND MAK

nase, and PLC-y1 (320, 540), suggesting the Na"-K"-ATP-
ase may exist as part of a Ca®*-signaling complex (540).
GST-fusion constructs of the 1-604 NH,, terminus of the
InsP;R pulled down the Na*-K*"-ATPase, suggesting a
direct interaction between the proteins (543). Ouabain, an
exogenous steroid ligand of the Na*-K"-ATPase, pro-
moted the association of the InsPsR with the Na*™-K'-
ATPase, and stimulated Src-dependent PLC-y1 activation
and InsP;R phosphorylation (540). At the cellular level,
ouabain evoked repetitive Ca®" oscillations that reflected
periodic Ca®" release from the ER (6, 251, 320). In pri-
mary rat proximal tubular cells, the ouabain-evoked Ca®*
oscillations were correlated with increased apoptotic re-
sistance that was blocked by NF«kB inhibition (251). The
mechanism by which ouabain triggers Ca®" release is
unknown. It has been proposed that ouabain binding
causes a conformational change in the Na*-K*"-ATPase
that allosterically modulates the activity of the InsP;R
through a direct interaction of the two proteins (251). If
this hypothesis is confirmed experimentally, it will be
interesting to consider whether conformational changes
in either protein during their normal transport functions
couple their activities through mutual allosteric influ-
ences.

VII. CONCLUDING REMARKS

It is hoped that this review of the structural and
functional aspects of the properties of InsP5R as intracel-
lular Ca®" release channels has revealed the remarkable
richness of its gating behaviors and regulation. The single-
channel properties of the InsP;R undoubtedly contribute
to the ability of the InsP; signaling system to regulate
diverse cell physiological processes, even within a single
cell. However, because of the complexity of the structure,
behavior, and regulation of the InsP;R channel, many
questions remain regarding the molecular physiology of
the channel and its roles in cellular biology. In the future,
we should anticipate progress in understanding the rela-
tionship between the structure of the channel and its
various functional properties, the relationship of various
channel functional properties to features of cellular Ca®"
signals, and the functional and physiological implications
of the remarkable diversity of InsP5R channel expression.
To achieve these goals, ongoing approaches and new
strategies will need to be applied to gain further insights
into the structure of the InsPsR channel. Protein expres-
sion and single-channel recording systems need to be
further developed to allow recombinant channels, with-
out contamination from background endogenous chan-
nels, to be studied rigorously under a wide range of
conditions with a high level of consistency. In addition,
experimental systems that enable non-steady-state gating
properties of the channel to be recorded in response to
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rapid alterations of ligands and regulators will facilitate
development of quantitative models that relate dynamic
changes in cytoplasmic Ca®" signals to the kinetic prop-
erties of InsPsR channels. Development of animal models,
both vertebrate and invertebrate, that enable cell- and
tissue-specific expression of wild-type and mutant recom-
binant InsP;R channel function will provide insights into
the relationships of channel gating properties and their
regulation with cell physiological processes in vivo, pro-
viding an integrated physiology of the InsP;R Ca®" release
channel.
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