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Tyr-167/Trp-168 in Type 1/3 Inositol 1,4,5-Trisphosphate
Receptor Mediates Functional Coupling between Ligand
Binding and Channel Opening*□
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The inositol 1,4,5-trisphosphate (IP3)3 receptor (IP3R) functions as an IP3-gated Ca2⫹ release channel localized on intracellular Ca2⫹ stores, such as the endoplasmic reticulum (1–3).
IP3R-mediated Ca2⫹ release occurs in complex spatial and tem-

* This work was supported by grants from the Special Postdoctoral Researchers Program in RIKEN (to H. Y.), Ministry of Education, Science, Sports, and
Culture of Japan Grants 20370054 (to T. M.) and 20220007 (to K. M.), a
Canadian Institutes of Health Research doctoral award (to J. C.), and a grant
from the Heart and Stroke Foundation of Ontario (to M. I.).
□
S
The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables SI–SIV and Figs. S1–S9.
1
To whom correspondence may be addressed: Laboratory for Developmental Neurobiology, RIKEN Brain Science Institute, 2-1 Hirosawa, Wako,
Saitama 351-0198, Japan. Tel.: 81-48-467-9745; Fax: 81-48-467-9744;
E-mail: t-michikawa@brain.riken.jp.
2
To whom correspondence may be addressed: Laboratory for Developmental Neurobiology, RIKEN Brain Science Institute, 2-1 Hirosawa, Wako,
Saitama 351-0198, Japan. Tel.: 81-48-467-9745; Fax: 81-48-467-9744;
E-mail: mikosiba@brain.riken.jp.
3
The abbreviations used are: IP3, inositol 1,4,5-trisphosphate; IP3R, IP3 receptor; BCR, B-cell receptor; HEDTA, N-(2-hydroxyethyl)ethylenediaminetriacetic acid; ␤I, ␤-trefoil I; ␤II, ␤-trefoil II; ␣, Armadillo repeat-like ␣-helical
fold.

NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46

poral patterns, such as Ca2⫹ waves and Ca2⫹ oscillations, and
Ca2⫹ regulates numerous cellular processes, including fertilization (4), cell proliferation (5), development (6, 7), secretion (8,
9), taste perception (10), synaptic plasticity (11–13), and
growth cone navigation (14). In Ca2⫹ signaling cascades, IP3R
works as a signal converter that translates the information from
IP3 signals to Ca2⫹ signals (15). The mammalian IP3R family
consists of three isoforms (IP3R1, IP3R2, and IP3R3) (16), which
share 60 –70% amino acid sequence identity (16, 17) and form
homotetrameric or heterotetrameric channels (18). Because all
three IP3R isoforms show biphasic dependence on cytosolic
Ca2⫹ with maximal Ca2⫹ releasing activities at submicromolar
Ca2⫹ concentrations (19 –21), Ca2⫹ has been proposed to work
as a co-agonist of IP3Rs (22).
The structure of IP3R can be divided into three functional
domains: an N-terminal IP3-binding domain, a channel-forming domain localized to the C terminus, and a regulatory/coupling domain connecting these two domains (23, 24) (Fig. 1).
The C-terminal channel-forming domain of IP3R is further
divided into two subdomains: a transmembrane domain and a
gatekeeper domain (Fig. 1). The transmembrane domain contains six membrane-spanning regions (M1–M6) (25, 26), and
an ion conduction pore has been proposed to be located in the
hydrophobic segment between the M5 and M6 transmembrane
regions (26 –29) (Fig. 1). The cytosolic C-terminal tail region
(residues 2590 –2749) contains a cysteine residue, Cys-2613,
that is critical for the activation gating, and this region has been
proposed to work as a gatekeeper that triggers the opening of
the activation gate of the channel following IP3 binding (30).
The IP3-binding domain is divided into two subdomains: an
N-terminal suppressor domain and a C-terminal IP3-binding
core (Fig. 1). The IP3-binding core is the minimum region
required for specific IP3 binding (31, 32) and consists of ␤-trefoil and ␣-helical fold domains (33). The IP3-binding cores of all
three isoforms show almost identical, high IP3 binding affinities
with equilibrium dissociation constants of ⬃2 nM (34). The
N-terminal suppressor domain consists of a globular head subdomain forming a ␤-trefoil fold and an arm subdomain with a
helix-turn-helix structure (35) and functions to attenuate the
IP3 binding affinity of the IP3-binding core to generate isoformspecific IP3 binding affinities (31, 34). Seven conserved residues
clustered on one side of the head subdomain are critical for the
IP3 binding suppression (35), and 11 non-conserved residues in
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The N-terminal ⬃220-amino acid region of the inositol 1,4,5trisphosphate (IP3) receptor (IP3R)/Ca2ⴙ release channel has
been referred to as the suppressor/coupling domain because it is
required for both IP3 binding suppression and IP3-induced
channel gating. Measurements of IP3-induced Ca2ⴙ fluxes of
mutagenized mouse type 1 IP3R (IP3R1) showed that the residues responsible for IP3 binding suppression in this domain
were not essential for channel opening. On the other hand, a
single amino acid substitution of Tyr-167 to alanine completely
impaired IP3-induced Ca2ⴙ release without reducing the IP3
binding activity. The corresponding residue in type 3 IP3R
(IP3R3), Trp-168, was also critical for channel opening. Limited
trypsin digestion experiments showed that the trypsin sensitivities of the C-terminal gatekeeper domain differed markedly
between the wild-type channel and the Tyr-167 mutant under
the optimal conditions for channel opening. These results
strongly suggest that the Tyr/Trp residue (Tyr-167 in IP3R1 and
Trp-168 in IP3R3) is critical for the functional coupling between
IP3 binding and channel gating by maintaining the structural
integrity of the C-terminal gatekeeper domain at least under
activation gating.

Gating Mechanism of IP3-activated Channels
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EXPERIMENTAL PROCEDURES
Plasmid Construction—The details of these procedures are
given in the supplemental material.
Generation of Stable Cell Lines and Microsome Preparation—
Stable cell lines expressing recombinant IP3Rs were established from intrinsically IP3R-deficient R23-11 cells (41) as
described previously (30). Microsomal fractions were prepared as described previously (30, 42) and suspended in
cytosol-like medium (110 mM KCl, 10 mM NaCl, 5 mM
KH2PO4, 1 mM DTT, 50 mM HEPES-KOH, pH 7.2, at room
temperature) that was passed through Chelex-100 (Bio-Rad)
and supplemented with protease inhibitors. Protein concentrations were determined with a protein assay kit (Bio-Rad)
using BSA as a standard.
IP3 Binding Assay—The IP3 binding affinity of IP3R was
measured as described previously (17, 43). Microsomal fractions (30 g) in cytosol-like medium (pH 7.4 at 4 °C) containing
0.5 mM EGTA were incubated with 0.15–11 nM [3H]IP3
(PerkinElmer Life Sciences) and various concentrations (10 –
400 nM) of unlabeled IP3 (Dojindo). Nonspecific binding was
measured in the presence of 10 M unlabeled IP3. Nonlinear
regression of the IP3 binding data was performed with the HillLangmuir equation,
B ⫽ B max

[IP3]
Kd ⫹ [IP3]

(Eq. 1)

where B is the concentration of IP3 bound to the receptor, Bmax
is the concentration of the total binding sites, [IP3] is the free IP3
concentration, and Kd is the dissociation constant.
Quantification of IP3-induced Ca2⫹ Release Activity of Mutant IP3R Channels—The IP3-induced Ca2⫹ efflux from microsomal vesicles was monitored using a method described previously (37) with modifications. Briefly, microsomal fractions
(300 g of protein) were suspended in 500 l of cytosol-like
medium that was passed through Chelex-100 and supplemented with 1 g/ml oligomycin (Sigma), 2 mM MgCl2, 25
g/ml creatine kinase (Roche Applied Science), 10 mM phosphocreatine (Sigma), and 2 M fura-2 (Dojindo). The suspension was stirred continuously at 30 °C during measurements.
Ca2⫹ was accumulated within microsomal vesicles by the
addition of 1 mM ATP after the addition of an aliquot (ⱕ3 l)
of 0.5 mM CaCl2. IP3 was applied when the concentration of
extravesicular free Ca2⫹ was within the range of 400 –500
nM. The total amount of releasable Ca2⫹ within the vesicles
was measured by the addition of 2 M Ca2⫹ ionophore
4-BrA23187 (Sigma). Fluorescent signals of fura-2 were monitored at 20 Hz with a CAF-110 spectrofluorometer (Jasco) and a
PowerLab data acquisition system (ADInstruments). An emission wavelength of 510 nm with alternate excitation at 340
and 380 nm (F340 and F380, respectively) was used. For calibration of the fura-2 signals, 1 mM CaCl2 and 10 mM EGTA
were sequentially added at the end of each measurement.
The Ca2⫹ concentrations were calculated as described previously (44).
Limited Trypsin Digestion—Limited trypsin digestion was
performed as described previously (37) with modifications.
Briefly, microsomal vesicles (2 mg of protein/ml) were incuVOLUME 285 • NUMBER 46 • NOVEMBER 12, 2010
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the head subdomain are responsible for the generation of isoform-specific affinities (34). The N-terminal 223-amino acid
region is required not only for suppression of IP3 binding but
also for channel gating because a mutant IP3R1 lacking residues
1–223 did not exhibit any measurable IP3-induced Ca2⫹ release
activity, although it had 10-fold higher IP3 binding affinity and
seemed to retain the normal folded structure of the C-terminal
channel-forming domain (30). Therefore, this N-terminal
region is referred to as a suppressor/coupling domain and has
been proposed to play a key role in connecting IP3 binding with
channel opening (30).
Limited trypsinization induces fragmentation of mouse
IP3R1 into five major fragments (Fig. 1), and the four N-terminal cytosolic fragments (I, II, III, and IV) are associated with the
remaining C-terminal fragment V that encompasses the channel-forming domain (36, 37). Trypsinized IP3R retains significant IP3-induced Ca2⫹ release activity (37), indicating that
structural coupling among the five split components allows
functional coupling between IP3 binding and channel opening.
Expression of the channel-forming domain of mouse IP3R1
(residues 2216 –2749) alone increases Ca2⫹ leakage from the
endoplasmic reticulum in intact cells (38), suggesting that the
channel-forming domain forms a constitutively active channel
and that the N-terminal cytosolic region (residues 1–2215) is
necessary to keep the channel domain closed. Cross-linking
experiments of trypsin-digested IP3R showed that the N-terminal tryptic fragment I (⬃340 residues) containing the suppressor/coupling domain and part of the IP3-binding core is located
near the C-terminal tryptic fragment V (39). Because deletion
of the M4-M5 linker, comprising the cytosolic region between
transmembrane regions M4 and M5 (Fig. 1), facilitates the dissociation of fragment I from trypsin-treated microsomal vesicles and disrupts the IP3-induced Ca2⫹ flux in COS-7 cells,
Schug and Joseph (40) have proposed that one C-terminal site
for the interaction between the N-terminal IP3-binding site and
the C-terminal channel-forming domain is within the M4-M5
linker and that IP3-induced conformational changes in the
N-terminal IP3-binding domain are mechanically transmitted
to pore opening through an attachment to the M4-M5 linker.
However, the residues that directly interact with the M4-M5
linker have not been identified.
In this study, we searched for critical residues for channel
gating within the N-terminal suppressor/coupling domain
and found that a single amino acid substitution at Tyr-167
completely disrupted the IP3-induced Ca2⫹ release activity
of IP3R1. The corresponding residue in IP3R3, Trp-168, was
also required for channel opening. Biochemical analyses in
this study and an accompanying paper (57) produced strong
evidence that these residues directly interacted with the
M4-M5 linker within the C-terminal channel-forming
domain. Quantitative measurements of the digestion rate of
the C-terminal gatekeeper domain after trypsin digestion
suggested that the Tyr/Trp residue (Tyr-167 in IP3R1 and
Trp-168 in IP3R3) within the suppressor/coupling domain
acts to maintain the structural integrity of the gatekeeper
domain.
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RESULTS

FIGURE 2. IP3 binding affinities of the mutant IP3R1 channels. The IP3 dissociation constants of wild-type IP3R1 and various mutants are shown. All of
the IP3R1 channels were expressed with the ␤-actin promoter, except for wild
type (CMV), which was expressed with the CMV promoter. Error bars, S.D. The
numbers of measurements (n1) and numbers of cell lines used (n2) are shown
in parentheses as (n1/n2). *, p ⬍ 0.01 versus the value of wild-type IP3R1
expressed with the ␤-actin promoter by Scheffé’s F-test.

bated with 2 g/ml N-tosyl-L-phenylalanyl chloromethyl ketonetreated trypsin (Sigma) at 35 °C in a buffer comprising 110 mM
KCl, 10 mM NaCl, 1 mM EGTA, 1 mM DTT, and 50 mM HEPESKOH (pH 7.33 at 35 °C). The free Ca2⫹ concentrations in the
buffer were adjusted using HEDTA and confirmed with a Ca2⫹sensitive electrode (Metrohm) as described previously (42). The
apparent dissociation constant of HEDTA for Ca2⫹ in the buffer
was estimated to be 2.64 M. The trypsin digestion was terminated
by the addition of 100 g/ml soybean trypsin inhibitor (Sigma) and
NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46

Ca2⫹ Release Activities of Mutant IP3R1 Channels in
Which Residues Critical for IP3 Binding Suppression Are
Altered—In a previous study (35), we identified a set of
amino acid residues (Leu-30, Leu-32, Val-33, Asp-34, Arg36, Arg-54, and Lys-127) that comprise a critical site for IP3
binding suppression in the context of an N-terminal 604amino acid construct of mouse IP3R1 (T604m1). To investigate whether these residues are required for channel gating,
we constructed nine different full-length IP3R1 constructs
that encoded eight single point mutants (L30K, L32K, V33K,
D34K, R36E, K52E, R54E, and K127E) and one deletion
mutant, D(67–108), lacking the arm subdomain (Fig. 1). We
introduced these IP3R1 mutant constructs into intrinsically
IP3R-deficient R23-11 cells derived from chicken B-cell line
DT40 cells (41) and attempted to establish cell lines stably
expressing each of the recombinant proteins using a method
described previously (30). We successfully obtained cell lines
for eight of the mutants but could not establish stable cell
lines expressing R36E under the conditions used. Because
the expression levels of the recombinant proteins varied
from cell line to cell line (see below), multiple cell lines were
used for the following assays.
In equilibrium [3H]IP3 binding analyses, five mutants (L30K,
L32K, V33K, D34K, and K127E) exhibited significantly high IP3
binding affinities (Fig. 2 and supplemental Table SIII) that were
comparable with that of D(1–223) lacking the entire suppressor/coupling domain (Fig. 1) (30), thereby confirming that
these residues are critical for IP3 binding suppression within the
JOURNAL OF BIOLOGICAL CHEMISTRY
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FIGURE 1. Domain structures of mouse IP3R1 and the deletion mutants used in this study. A schematic
diagram of the primary structure of mouse IP3R1 (SI⫹, SII⫹, SIII⫺) (NCBI accession number X15373) is shown.
The dotted box represents the IP3-binding core domain (residues 226 –576). The black boxes (M1, M2, M3, M4,
M5, and M6) represent membrane-spanning regions, and the striped box represents a channel pore. SI, SII, and
SIII represent the regions spliced out in alternative splicing variants. Putative Ca2⫹ binding sites (53, 54) are
indicated by open ovals. The regions containing the epitopes for the N1, 4C11, 10A6, anti-(1718-31), 1ML1, and
18A10 antibodies are indicated by thick horizontal lines. The molecular masses of the major tryptic fragments
(I–V) are indicated. The glutamate residue proposed to be a Ca2⫹ sensor (52) is shown (E2100). The amino acid
sequence around the deleted segment in D(2418 –2427) and boundaries of transmembrane regions M4 and
M5 (55) are also shown.

0.1 mM phenylmethylsulfonyl fluoride (Sigma). After the trypsin treatment, the microsomal lysates were
centrifuged at 20,000 ⫻ g for 30 min.
The supernatants were concentrated by 4-fold by 10% trichloroacetic acid precipitation. Trypsintreated microsomal lysates (14.6 g
of protein/lane) and supernatants
obtained from 58.5 g of microsomal protein/lane were applied to
7.5% SDS-PAGE. Tryptic fragments
of recombinant IP3R1 were detected
by Western blotting using N1,
4C11, 10A6, anti-(1718-31), 18A10,
and 1ML1 antibodies (Fig. 1) (37)
and quantified using the ImageJ
software (National Institutes of
Health). To calculate the ratios of
the intensities of the 18A10 signals
and the 1ML1 signals, we applied all
of the samples obtained from single
experiments onto single SDS-polyacrylamide gels, and both the 18A10
and 1ML1 signals were collected
from the same membrane by stripping and reprobing.
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(supplemental Fig. S1A). Because
the fraction of Ca2⫹ released by IP3
relative to the total amount of
releasable Ca2⫹ in the vesicles was
relatively constant regardless of the
amount of releasable Ca2⫹ (supplemental Fig. S1B), we used the fractional values as percentages to estimate the IP3-induced Ca2⫹ release
activities of the mutant channels.
Fig. 3A shows the relationship
between the fractions of IP3-induced Ca2⫹ release and the expression levels of the wild-type and
mutant IP3R1 channels. Because the
expression levels of most of the
mutants were lower than that of
wild-type IP3R1 (Fig. 3A), even
when the same chicken ␤-actin promoter was used to establish the cell
lines, we also used the CMV promoter to obtain cell lines expressing
lower amounts of wild-type IP3R1.
The amount of Ca2⫹ release by the
wild-type channel was proportional
to its expression level with a slope of
20.3%/(pmol/mg protein) (R2 ⫽
0.631) (Fig. 3A). Similar responses
were observed for all of the mutants
except for the non-functional D(1–
223) mutant. To compare the Ca2⫹
2ⴙ
FIGURE 3. Ca release activities of the mutant IP3R1 channels. A, relationship between the expression release activities between the wildlevels of recombinant IP3R1 channels and the fractions of Ca2⫹ released from microsomal vesicles by the type and mutant channels directly,
addition of 1 M IP3. The expression levels of the channels are shown as the number of IP3-binding sites per 1
mg of microsomal protein (Bmax). The results for each cell line are plotted separately (n ⱖ 4 for the percentage we calculated the percentage of
of Ca2⫹ release and n ⱖ 3 for Bmax). Error bars, S.D. The broken line indicates the relationship between the Ca2⫹ release per unit amount of
expression level and the fraction of Ca2⫹ release of wild-type IP3R1. The portion enclosed in the gray square is
shown in the inset. B, the fraction of Ca2⫹ release was divided by the expression level of the receptor (% Ca2⫹ each channel expressed. The L32K,
release/Bmax), and the means of all of the data obtained for each mutant are shown. Error bars, S.D. The numbers V33K, and K52E mutants exhibited
of measurements (n1) and numbers of cell lines used (n2) are shown in parentheses as (n1/n2). *, p ⬍ 0.01 versus Ca2⫹ release activities that were
the value of wild-type IP3R1 expressed with the ␤-actin promoter by Scheffé’s F-test.
lower than that of wild-type IP3R1
but significantly higher than that of
tetrameric channel complex. On the other hand, R54E, which is the D(1–223) mutant (Fig. 3B). The L30K, D34K, R54E, K127E,
less effective in liberating the effect of the suppressor domain and D(67–108) mutants exhibited Ca2⫹ release activities that
on IP3 binding to T604m1 (35), exhibited no change in the bind- were indistinguishable from that of wild-type IP3R1 (Fig. 3B).
ing affinity compared with that of wild-type IP3R1 (Fig. 2 and These results suggest that the residues responsible for modusupplemental Table SIII). Similarly, the K52E mutant, which lating the IP3 binding affinity and the arm subdomain in the
induces a significant decrease in the IP3 binding affinity of suppressor/coupling domain are not directly involved in the
T604m1 (35), showed no effect on IP3 binding in the context of functional communication with the channel-forming domain
full-length IP3R1 (Fig. 2 and supplemental Table SIII). Finally, of the receptor.
Identification of the Residue Responsible for IP3-induced
the D(67–108) construct lacking the arm subdomain showed a
significant increase in the IP3 binding affinity compared with Channel Gating within the Suppressor/Coupling Domain—We
the full-length IP3R1 construct (Fig. 2 and supplemental Table hypothesized that the critical residues for channel gating
SIII), similar to that observed for T604m1 (35). Taken together, should be highly conserved amino acid residues that are localthese results for the full-length IP3R1 constructs are highly con- ized on the molecular surface of the suppressor/coupling
sistent with the findings of a previous mutagenesis study using domain (Fig. 4A, top). According to this hypothesis, we selected
26 amino acid residues for evaluation (Fig. 4A, bottom). Five
T604m1 constructs (35).
To examine the IP3-induced Ca2⫹ release activities of the amino acid residues (Asp-35, Pro-49, Pro-50, Lys-51, and Phemutants, we monitored 1 M IP3-induced Ca2⫹ fluxes from 53) within the most conserved surface region (C1) (35) were
microsomal vesicles prepared from the stable cell lines singly or doubly substituted in mutant constructs (D35K,
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To identify the specific residues
critical for channel gating, we made
three mutants (K144A/N145A,
N213A, and Y167A/K168A) of fulllength mouse IP3R1. Among these
mutants, only the Y167A/K168A
mutant significantly reduced the
amplitude of the BCR-induced
Ca2⫹ increases (supplemental Fig.
S2B). To determine whether both
Tyr-167 and Lys-168 are required
for channel gating, we made two
additional mutants (Y167A and
K168A) of mouse IP3R1. As shown
in supplemental Fig. S2B, the BCRinduced Ca2⫹ increases were almost
intact in the cells expressing the
Y167A or K168A mutant. However,
by measuring the IP3-induced Ca2⫹
release from isolated microsomal
vesicles, we found that in addition to
mt5 and Y167A/K168A, the Y167A
lost the
FIGURE 4. Identification of the critical residue for the IP3-induced channel gating of IP3R1. A, surface mutant almost completely
2⫹
IP
-induced
Ca
release
activity,
representations of the N-terminal 223 amino acid residues of IP3R1 (Protein Data Bank accession number
3
1XZZ). The surface residue conservation determined from sequence alignments of mouse IP3R1, IP3R2, and whereas the K168A mutant retained
IP3R3 (NCBI accession numbers X15373, AB182288, and AB182289, respectively); Xenopus laevis IP3R1
(D14400); and IP3Rs cloned from Drosophila melanogaster (D90403), Panulirus argus (AF055079), Asterina pec- ⬃50% of the activity (Fig. 4, B and
tinifera (AB071372), and Caenorhabditis elegans (AJ243179) is plotted using the following color code: red, 100% C). Y167A bound to IP3 with a Kd
identity; pink, 70 –90% identity; white, 30 –70% identity; pale green, 0 –30% identity. The C-terminal tag, Leuvalue of 14 ⫾ 3 nM (Fig. 2 and supGlu-His-His-His, is shown in gray. In the lower panel, the residues substituted to alanine are shown in yellow
(mt1; Ile-14, Lys-59, Leu-126, and Asn-129), blue (mt2; Met-63, Arg-65, and Trp-160), green (mt3; Tyr-66, Gln-69, plemental Table SIII). Trypsin
Trp-73, Asn-156, and Glu-157), orange (mt4; Lys-136, Arg-137, Ser-159, and Asn-188), and magenta (mt5; Lys- digestion of the Y167A/K168A
144, Asn-145, Tyr-167, Lys-168, and Asn-213), whereas the residues substituted or deleted in the mutants
shown in Fig. 3 are colored in gray. The views on the left were rotated by 210° relative to the views on the right. mutant generated the same tryptic
B, relationship between the expression levels of recombinant IP3R1 channels and the fractions of Ca2⫹ released fragments as wild-type IP3R1 (supfrom microsomal vesicles (n ⱖ 3 for percentage of Ca2⫹ release and n ⱖ 3 for Bmax) by the addition of 1 M IP3. plemental Fig. S3), indicating that
The broken line indicates the relationship between the expression level and the fraction of Ca2⫹ release mediated by the wild-type channel. Error bars, S.D. C, Ca2⫹ release activities of the mutant channels. Error bars, S.D. the mutations at either Tyr-167 or
The numbers of measurements (n1) and numbers of cell lines used (n2) are shown in parentheses as (n1/n2). *, Lys-168 did not influence the global
p ⬍ 0.01 versus the value of wild-type IP3R1 expressed with the ␤-actin promoter by Scheffé’s F-test. D, surface
structure of IP3R1. Because the rate
representations of Tyr-167 and the 7 surrounding residues evaluated. The 6 residues critical for IP3 binding
2⫹
accumulasuppression, namely Leu-30, Leu-32, Val-33, Asp-34, Arg-36, and Lys-127 (35), are shown in cyan. All of the of ATP-induced Ca
residues analyzed in this study except the above 14 residues are colored in gray. Left, view of the middle image tion into microsomal vesicles prerotated by ⫺90°. Right, view of the middle image rotated by 90°.
pared from the Y167A-expressing
cells was comparable with the rate
P49A/P50D, K51E, and F53D) (Fig. 4A, bottom). The remaining of Ca2⫹ accumulation into microsomal vesicles prepared from
21 residues were divided into five groups, mt1 (yellow), mt2 wild-type IP3R1-expressing cells (supplemental Fig. S4), the
(blue), mt3 (green), mt4 (orange), and mt5 (magenta) (Fig. 4A, mutant did not seem to form leaky Ca2⫹ channels. On the basis
bottom), and five mutant IP3R1 cDNAs in which all of the res- of these results, we concluded that Tyr-167 of IP3R1 is a critical
idues in each group were substituted to alanine were con- residue for IP3-induced channel opening and that Lys-168 plays
structed. The Ca2⫹ release activities of the mutant channels a supporting role for the gating process.
Fig. 4D shows a surface representation of Tyr-167 within the
were examined by measuring the B-cell receptor (BCR)-induced cytosolic Ca2⫹ increases (supplemental Fig. S2, A and B) suppressor/coupling domain. Tyr-167 is located on the reverse
in mutant IP3R-expressing cells established from R23-11 cells. side of the C1 region (Fig. 4D). We analyzed whether other
We found that the Ca2⫹ increases were largely impaired in mt5- residues near Tyr-167, such as Leu-169, Lys-181, Asn-215,
expressing cells (supplemental Fig. S2, A and B) despite suffi- and Lys-219 (Fig. 4D), are involved in the gating process
cient amounts of protein expression (supplemental Fig. S2C). triggered by IP3 binding. We found a remarkable decrease in
Thapsigargin-induced Ca2⫹ increases were observed in the the fraction of IP3-induced Ca2⫹ release from microsomal
mt5-expressing cells (supplemental Fig. S2, A and B), suggest- vesicles isolated from L169A-expressing cells (supplemental
ing that the Ca2⫹ stores were intact. The mt5 mutant bound to Fig. S5). This single amino acid substitution at Leu-169
IP3 with a Kd value of 18 ⫾ 2 nM (Fig. 2 and supplemental Table resulted in a 54% reduction in the Ca2⫹ release activity (Fig.
SIII). These results suggest that the critical residues for channel 4, B and C). These results suggest that Leu-169 is also
gating are present in the five residues selected for mt5.
involved in the gating process.

Gating Mechanism of IP3-activated Channels

As shown in our accompanying paper (57), the NMR and
GST pull-down data suggested that Glu-20 and Ser-217 residues (Fig. 4D) are also involved in the interdomain interaction
between N and C termini of IP3R1. We therefore constructed
E20A, S217A, and E20A/S217A mutants of mouse IP3R1 and
measured their IP3-induced Ca2⫹ release activity using isolated
microsomal vesicles. Neither single amino acid substitution at
Glu-20 or Ser-217 (data not shown) nor simultaneous substitution of both sites (Fig. 4, B and C) changes the Ca2⫹ release
activity of the channel. Interestingly, however, the E20A/
Y167A/S217A mutant markedly regained the IP3-induced
Ca2⫹ release activity from the null activity of Y167A, resulting
in ⬃10% of the wild-type channel activity (Fig. 4, B and C, and
supplemental Fig. S6), suggesting that both Glu-20 and Ser-217
are also involved in the gating process of the channel.
Functional Roles of Tyr-167 in the Activation Gating of the
IP3R1 Channel—Using various mutants of the channel-forming
domain of IP3R1, Schug and Joseph (40) showed that there is an
inverse correlation between the rate of IP3-induced Ca2⫹ flux
and the amount of tryptic fragment I of IP3R1 dissociated from
trypsin-treated microsomal vesicles. To investigate the functional roles of Tyr-167, we measured the amounts of tryptic
fragment I recovered in supernatants during trypsin digestion
(Fig. 5A). The total amount of fragment I of the wild-type chan-
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nel in microsomal lysates reached its maximal value at 20 min
and remained almost constant for at least 60 min (Fig. 5, A and
B). Less than 10% of the fragment I generated in microsomal
lysates was recovered in the supernatants after 60 min of digestion (Fig. 5B). As shown by Schug and Joseph (40), the D(2418 –
2427) mutant receptor lacking part of the M4-M5 linker (Fig. 1)
exhibited enhanced release of fragment I, and ⬃40% of the fragment I was recovered in supernatants at 20 min (Fig. 5, A and B).
The Y167A mutation resulted in an increase in the amount of
fragment I in supernatants, but it was smaller than that of the
D(2418 –2427) mutant at both 20 and 40 min (Fig. 5B). Fig. 5C
shows the relationship between the amounts of fragment I
recovered in supernatants after 20 min of digestion and the
Ca2⫹ release activities of the wild-type and mutant channels.
The wild-type channel exhibited the minimum dissociation of
fragment I (2.5 ⫾ 1.2%) among the channels examined. The
non-functional mutants, such as D(2418 –2427), C2613S,
Y167A, and Y167A/K168A, showed enhanced release of fragment I, but the amounts were varied from 18 ⫾ 4% (Y167A) to
45 ⫾ 12% (C2613S), depending on the mutation (Fig. 5C). The
mutant channels with significant Ca2⫹ release activities, such
as E20A/S217A, L32K, D34K, and D(67–108), showed relatively low release of fragment I (3.5 ⫾ 0.5, 9.8 ⫾ 1.5, 15 ⫾ 1, and
17 ⫾ 2%, respectively) (Fig. 5C). It is noteworthy that the relaVOLUME 285 • NUMBER 46 • NOVEMBER 12, 2010
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FIGURE 5. Quantification of tryptic fragments dissociated from fragmented IP3R1. A, Western blot analysis of tryptic fragment I. Microsomal lysates treated
with 2 g/ml trypsin in the presence of 1 mM EGTA (total fragment I) and 4-fold concentrated supernatants (dissociated fragment I) were subjected to
SDS-PAGE. Fragment I was detected with the N1 antibody (Fig. 1). Intact IP3R1 (filled arrowhead) and the 40-kDa fragment I (open arrowhead) are indicated.
Molecular size markers are shown on the right in kDa. Only the fragment I signals are shown for the mutants. B, temporal changes in the amounts of fragment
I for wild-type IP3R1 (n ⫽ 10), Y167A (n ⫽ 8), and D(2418 –2427) (n ⫽ 9) in microsomal lysates (continuous lines) and supernatants (broken lines) during trypsin
treatment in the presence of 1 mM EGTA. The intensities of signals detected in the 4-fold concentrated supernatants were divided by 4 and normalized by the
maximal intensity detected in the microsomal lysates for each experiment. C, relationship between the fractions of tryptic fragment I in the supernatants and
the Ca2⫹ release activities of the mutants. The amount of fragment I was quantified after 20 min of trypsin digestion in the presence of 1 mM EGTA. The Ca2⫹
release activity of each mutant is indicated as the fraction of Ca2⫹ release by the addition of 1 M IP3 divided by the expression level of the receptor (% Ca2⫹
release/Bmax). The numbers of measurements of the Ca2⫹ release activity (n1) and the fractions of fragment I (n2) are shown in parentheses as (n1/n2): wild type
(49/10), L32K (19/3), D34K (9/5), D(67–108) (16/3), Y167A (8/8), Y167A/K168A (8/4), E20A/S217A (6/4), E20A/Y167A/S217A (8/3), C2613S (7/3), and D(2418 –
2427) (6/9). Error bars in B and C, S.D.
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FIGURE 6. Rapid degradation of tryptic fragment V of the mutants showing impaired IP3-induced
channel gating. A, Western blot analysis of tryptic fragment V. Recombinant IP3R1 channels were treated
with 2 g/ml trypsin in the presence of 1 mM EGTA. Tryptic fragment V (91 kDa) was detected with the
1ML1 (left) and 18A10 (right) antibodies. B, temporal changes in the fragment V signals detected with the
1ML1 (filled circles) and 18A10 (open circles) antibodies. The signals were normalized by the maximal
intensity obtained for each measurement (n ⫽ 6). C, temporal changes in the amounts of 18A10-positive
fragment V relative to the amounts of the 1ML1-positive fragment V. The ratios of the 18A10 signals to the
1ML1 signals were normalized by the ratio observed at the first sampling point (3 min), and the mean
values from six independent measurements are shown. Data were fitted with a single-exponential function. D, time constants for the decreases in the relative amounts of 18A10-positive fragment V. The
numbers of measurements are shown in parentheses. *, p ⬍ 0.01 versus the value of wild-type IP3R1 by
Scheffé’s F-test. E, relationship between the time constants of tryptic fragment V degradation and the
Ca2⫹ release activities of the mutant channels. The broken line indicates the result of a linear regression
(R2 ⫽ 0.841). F, effects of IP3 and Ca2⫹ on the rates of decrease in the relative amounts of 18A10-positive
fragment V. The temporal changes in the normalized ratios of the 18A10 signals to the 1ML1 signals are
shown. G, time constants for the decreases in the relative amounts of 18A10-positive fragment V.
The mean values from three measurements are shown. *, p ⬍ 0.05 by Student’s t test. Error bars in B–E
and G, S.D.

tive amounts of fragment I recovered in the supernatants were
almost the same between the nonfunctional mutant Y167A and functional mutants, such as D34K and
D(67–108) (Fig. 5C). These results
indicate that the release of tryptic
fragment I is not always correlated
with the Ca2⫹ release activities of
the channels.
In addition to the analyses of unliganded channels described above, we
measured the effects of ligands, Ca2⫹
and IP3, on the dissociation of the
trypsinized fragments of IP3R. The
trypsin treatment was performed in
the presence of 0.3 M Ca2⫹, 0.3 M
Ca2⫹ plus 5 M IP3, or 3 M Ca2⫹.
The single channel open probability
of IP3R1 is dependent on the IP3 concentration monotonically (45) and
the Ca2⫹ concentration biphasically
(19), and both ligands are required for
channel opening (22). The second
condition (0.3 M Ca2⫹ plus 5 M IP3)
is optimal for channel opening,
whereas the channels are predominantly in the closed state under the
other two conditions. The third condition (3 M Ca2⫹) may facilitate the
transition of the channels to the
Ca2⫹-dependent inactivated state. As
shown in supplemental Fig. S7A, the
amounts of released fragment I of the
wild-type channel and the mutants
Y167A and D34K were not correlated
with their Ca2⫹ release activities even
in the presence of ligands. In wildtype IP3R1, the release of the other
three tryptic fragments (II, III, and IV;
see Fig. 1) derived from the cytosolic
region was small (⬃5%) and was not
significantly changed regardless of
the concentrations of ligands applied
(supplemental Fig. S7B). We therefore concluded that IP3R channel gating is not accompanied by gross
changes in the interdomain interaction between the N-terminal cytosolic domain and the C-terminal channel-forming domain.
During the analyses of the tryptic
fragments from various mutant
IP3R1 channels, we noted that the
temporal patterns of Western blot
signals of fragment V differed
between the two anti-IP3R1 antibodies, 1ML1 (26) and 18A10 (46),
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FIGURE 7. Role of Trp-168 in IP3R3. A, alignment of the sequence around
Tyr-167 in mouse IP3R1 with other members of the IP3R family. Identical
residues are highlighted in gray. The NCBI accession numbers are X15373
(mouse IP3R1), AB182288 (mouse IP3R2), AB182289 (mouse IP3R3), J05510
(rat IP3R1), X61677 (rat IP3R2), L06096 (rat IP3R3), D26070 (human IP3R1),
D26350 (human IP3R2), D26351 (human IP3R3), D14400 (X. laevis IP3R1),
D90403 (D. melanogaster IP3R), AF055079 (P. argus IP3R), AB071372
(A. pectinifera IP3R), and AJ243179 (C. elegans IP3R). B, fractions of 10 M
IP3-induced Ca2⫹ release from microsomal vesicles prepared from cells
expressing wild-type IP3R3 or IP3R3W168A, and from R23-11 cells (n ⫽ 4, 3,
and 5, respectively). The total amount of releasable Ca2⫹ was measured by
the addition of 2 M 4-BrA23187. Error bars, S.D. C, Western blot analysis of
microsomal fractions (4 g of protein) prepared from cell lines expressing
wild type or IP3R3W168A and from non-transfected R23-11 cells. IP3R3 was
detected with the KM1082 antibody (56). A molecular size marker is shown
on the left in kDa.

optimal conditions for channel opening (0.3 M Ca2⫹ plus 5 M
IP3).
Role of Trp-168 in IP3R3 in the IP3-induced Channel Opening—
Tyr-167 in mouse IP3R1 is conserved in the rat, human, and
frog counterparts (Fig. 7A). The tyrosine residue is also conserved in IP3Rs identified in invertebrates, such as the fly, lobster, starfish, and nematoda (Fig. 7A). However, tyrosine is
replaced with tryptophan in mammalian IP3R2 and IP3R3
(Fig. 7A). To investigate the role of the tryptophan residue in
the channel gating, we generated stable cell lines expressing
an IP3R3 mutant with Trp-168 substituted to alanine
(IP3R3W168A) from IP3R-deficient R23-11 cells. As shown in
Fig. 7B, wild-type IP3R3 mediated 67 ⫾ 3% Ca2⫹ release from
microsomal vesicles, whereas the IP3R3W168A mutant did not
elicit measurable Ca2⫹ release even when the expression level
of the mutant was similar to that of wild-type IP3R3 (Fig. 7C).
These results clearly demonstrate that Trp-168 is critical for the
activation gating of IP3R3.

DISCUSSION
The N-terminal ⬃220 amino acid residues of IP3R form a
bifunctional domain that is required for both IP3 binding suppression (31) and IP3-induced channel opening (30). In previous studies, we found that 7 conserved residues in the C1 region
of this suppressor/coupling domain (Fig. 4D) are critical for the
suppression of IP3 binding (35) and that 11 non-conserved residues are responsible for the determination of isoform-specific
IP3 binding affinities (34). In this study, we identified amino
VOLUME 285 • NUMBER 46 • NOVEMBER 12, 2010
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which recognize different parts of the channel-forming domain
(Fig. 1). As observed previously (37), the 1ML1 signals for the
wild-type channel gradually increased during the trypsin treatment, whereas the 18A10 signals initially increased and then
decreased (Fig. 6, A and B). Because the epitope for antibody
18A10 is located at the C-terminal end of the gatekeeper
domain (residues 2736 –2747) (47) and the electrophoretic
mobility of the 1ML1 signals was not greatly changed even
when the 18A10 signals had disappeared, a small C-terminal
portion of the tryptic fragment V must be cleaved during the
trypsin treatment. Similar temporal patterns were observed
when the functional mutants L32K, D34K, D(67–108), and
E20A/S217A were treated with trypsin (Fig. 6A). On the other
hand, when the non-functional mutants, such as Y167A,
Y167A/K168A, C2613S, and D(2418 –2427), were treated with
trypsin under the same conditions, the disappearance of the
18A10 signals was considerably accelerated (Fig. 6, A and B). In
the case of C2613S and D(2418 –2427), there is also progressive
loss of the 1ML1 signal (Fig. 6A). To quantify the degradation
rate of the 18A10-positive tryptic fragment V, we calculated the
ratios of the intensities of the 18A10 signals and the 1ML1 signals. Because 1ML1 may react with fragment V regardless of its
18A10 reactivity, the calculated ratios correspond to the fractions of the 18A10-positive intact fragment V among the total
amount of fragment V. As shown in Fig. 6C, the ratios
decreased monotonically for wild-type IP3R1 and the Y167A
mutant with different time constants. Fig. 6D shows the mean
time constants of the degradation rates in various mutant channels. The wild-type channel and the functional mutants L32K,
D34K, D(67–108), and E20A/S217A showed longer time constants (⬎15 min), whereas the non-functional mutants Y167A,
Y167A/K168A, C2613S, and D(2418 –2427) had shorter time
constants (⬍10 min). The time constant of the E20A/Y167A/
S217A mutant, which showed a partial regain of Ca2⫹ release
activity (Fig. 4C), was significantly longer than that of Y167A
(7.1 ⫾ 1.1 and 5.2 ⫾ 0.2 min for E20A/Y167A/S217A and
Y167A, respectively). The time constants exhibited a good correlation with the Ca2⫹ release activities of the mutant channels
(R2 ⫽ 0.841) (Fig. 6E). Therefore, the trypsin sensitivity of the
C-terminal end of the gatekeeper domain has a marked correlation with the Ca2⫹ release activity of the channel.
To understand the relationships between the trypsin sensitivity of the gatekeeper domain and the functional states of the
channel, we measured the effects of Ca2⫹ and IP3 on the degradation rate of tryptic fragment V. In the absence of IP3, the
addition of Ca2⫹ accelerated the degradation of fragment V in a
dose-dependent manner (Fig. 6, F and G). The addition of 5 M
IP3 significantly increased the time constant in the presence of
0.3 M and 3 M Ca2⫹ (Fig. 6G). The rate of fragment V generation was not affected by the addition of the ligands (supplemental Fig. S8). Interestingly, the time constants of the Y167A
mutant under all of the conditions examined were close to the
time constant of the wild-type channel in the presence of 3 M
Ca2⫹ (Fig. 6, F and G). Although the issue of whether the structure of the Y167A mutant is identical to that of the wild-type
channel in the presence of 3 M Ca2⫹ is not clear, the results
clearly showed that the structure of the gatekeeper domain of
Y167A is different from that of the wild-type channel under the
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domain (Fig. 4D). The functional conservation of the Tyr/
Trp residue (Tyr-167 in IP3R1 and Trp-168 in IP3R3)
strongly indicates that this position, together with neighboring residues, within the suppressor/coupling domain plays
an important role in the mechanism by which the event of
IP3 binding at the N terminus of the receptor is transmitted
to the channel at the C terminus.
Trp-168 in IP3R3 is one of the 11 non-conserved residues
identified as being critical for generating the IP3R3-specific
IP3 binding affinity by attenuating the affinity of the IP3binding core (34). Similarly, the corresponding residue in
IP3R1 (Tyr-167) is responsible for determining the IP3R1specific affinity (34). The Y167A mutation actually increased
the IP3 binding affinity of IP3R1 by ⬃2-fold. This is not
because the Y167A mutation simply prevents a conformational transition of the IP3-bound receptor toward channel
opening, which should have resulted in a reduction of the
apparent affinity (48). In fact, we confirmed that the Y167A
mutation increases the IP3 binding affinity even in the context of the N-terminal 604-amino acid construct T604m1
(supplemental Table SIV). Therefore, the Tyr/Trp residue
may have a bifunctional role to control both the degree of IP3
binding suppression and the process of channel opening,
whereas the IP3 binding suppression itself is not essential for
channel opening.
Functional Role of Tyr-167 in the Activation Gating of the
IP3R1 Channel—Why is Tyr-167 in the suppressor/coupling
domain required for IP3-induced channel opening? To probe
the functionality of Tyr-167, we employed a previously reported proteolysis method that generates five stable tryptic
fragments of the receptor that can self-assemble to form a
functional channel (37). We found that the Y167A mutation
facilitated the dissociation of tryptic fragment I, which contains the entire suppressor/coupling domain and part of the
IP3-binding core, from the assembly of fragmented IP3R1,
suggesting that Tyr-167 is involved in the intramolecular
interaction of IP3R1. Tyr-167 is not the sole residue responsible for the interaction between the N-terminal domain and
the C-terminal domain because other mutants in which
amino acid residues in the suppressor/coupling domain were
altered, such as D34K and D(67–108), also released tryptic
fragment I to similar extents as Y167A. Among the residues
required for the interaction, Tyr-167 may play a vital role for
channel gating because it directly forms the interface
between these two domains. In our accompanying paper
(57), we showed using NMR and GST pull-down assays that
Tyr-167 directly interacted with the cytosolic M4-M5 linker
in the C-terminal channel-forming domain. This interaction
in IP3R1 was preserved in IP3R3, in which a similar interaction between Trp-168 and the M4-M5 linker was observed
(57). We also identified residues Glu-19 and Ser-218 in IP3R3
as interacting with the M4-M5 linker (57). The corresponding residues Glu-20 and Ser-217 in IP3R1 were also critical
for the interaction with the M4-M5 linker. In the present
study, however, the mutations E20A and S217A of IP3R1 did
not change the dissociation rate of tryptic fragment I. When
part of the M4-M5 linker was deleted, the dissociation rate
was significantly faster than that of the Y167A mutant.
JOURNAL OF BIOLOGICAL CHEMISTRY
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acid residues that are specifically required for channel gating
within the suppressor/coupling domain. Among the 26 candidate residues for the possible site of the gating function, we
found that simultaneous substitutions at both Tyr-167 and Lys168 largely abolished the BCR-induced Ca2⫹ increase observed
for the wild-type channel. When we measured IP3-induced
Ca2⫹ release from isolated microsomal vesicles, however, a single amino acid substitution at Tyr-167 was sufficient to completely abolish the IP3-induced Ca2⫹ release activity, whereas a
single substitution at Lys-168 resulted in an intermediate
reduction in the Ca2⫹ release activity. The large reduction in
the IP3-induced Ca2⫹ flux from microsomal vesicles isolated
from Y167A-expressing cells was not caused by Ca2⫹ leakage
through Y167A channels because the rate of ATP-induced
Ca2⫹ accumulation into vesicles was not significantly changed
by exogenous expression of Y167A. The mutation at Tyr-167
did not hinder IP3 binding to the receptor or normal folding of
the molecule, suggesting that Tyr-167 is specifically required
for the functional coupling between IP3 binding and channel
opening. It should be noted that, in the intact cells, substitution
of IP3R1 at either Tyr-167 or Lys-168 only exhibited small
effects and that mutations of both residues were required for a
profound effect on Ca2⫹ release. This property is not unique for
IP3R1 because substitution of Trp-168 in IP3R3 was not sufficient to reduce BCR-induced Ca2⫹ release completely in intact
cells, whereas Ca2⫹ release was not detected in the cells
expressing W168A/K169A of IP3R3 (supplemental Fig. S9). We
do not know the reason for the discrepancy between the measurements using intact cells and microsomal vesicles, but these
results suggest that there is some factor that influences the gating of IP3R in cells. Further analyses of the residues near Tyr167 and Lys-168 showed that substitution of Leu-169 induced
an ⬃50% reduction in the Ca2⫹ release activity of the channel
in isolated microsomal vesicles. Substitution at Glu-20 and
Ser-217 partially rescued the impaired IP3-induced Ca2⫹
release activity of the Y167A mutation in isolated microsomal vesicles. These data demonstrate that, although Tyr-167
plays the most critical role in the IP3-induced gating function, Glu-20, Lys-168, Leu-169, and Ser-217 provide additional effects on the communication between the N-terminal
ligand binding region and the C-terminal channel domain.
Functional Conservation of Tyr-167 in IP3R1 and Trp-168 in
IP3R3 and Their Position in the Suppressor/Coupling Domain—
Tyr-167 is conserved among vertebrate IP3R1s and nonvertebrate IP3Rs but is substituted with tryptophan in IP3R2 and
IP3R3. In this study, we found that Trp-168 of mouse IP3R3
was also critical for IP3-induced channel opening. In our
accompanying paper (57), the crystal structure of the suppressor/coupling domain of IP3R3 was determined. The
structure displays remarkable similarity with the previously
reported structure of the IP3R1 suppressor/coupling domain
(35). In IP3R1, Tyr-167 is located on the reverse side of the
C1 region, in which the amino acid residues responsible for
IP3 binding suppression are clustered (Fig. 4D). Similarly,
Trp-168 in IP3R3 is situated on the same face of the structure
on the reverse side of the C1 region. Glu-20, Lys-168, Leu169, and Ser-217 of IP3R1 are conserved in IP3R2 and IP3R3
(57) and are located adjacent to Tyr-167 on the surface of the
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FIGURE 8. Schematic models of the unliganded and liganded states of
IP3R. A, a model for the unliganded state of IP3R (left). Tyr-167 in IP3R1 or
Trp-168 in IP3R3 (Y/W, filled circle) interacts with the M4-M5 linker and maintains the conformation of the gatekeeper domain in a low trypsin-sensitive
form in the wild-type channel (Wild-type). The Tyr/Trp contact region is composed of Tyr-167/Trp-168 (Y/W) plus Glu-20/Glu19 (E), Lys-168/Lys-169 (K),
Leu-169/Leu-170 (L), and Ser-217/Ser-218 (S) of IP3R1/IP3R3. Substitution of
Tyr-167 or Trp-168 into alanine (right, open circle) disrupts the interaction with
the M4-M5 linker, and the gatekeeper domain is maintained in a high trypsinsensitive form (Y167A/W168A). B, a model for the liganded state of IP3R. Two
routes that relay IP3 binding signals to the gatekeeper domain are shown by
red and blue arrows. The gating hinge is assumed to be within the sixth membrane-spanning helix (30).

binding construct (residues 1– 604) containing the ␤I, ␤II, and
␣ domains exists as a mixture of conformational substates containing compact and more extended structures and that IP3
binding drives the conformational equilibrium toward more
compact structures, which is consistent with our Förster resonance energy transfer study on the IP3-binding region (15). If
one speculates that the activation mechanism of IP3R occurs in
multiple steps, the data accumulated so far, including in the
present study as well as in our accompanying paper (57), suggest the following scenario. First, binding of IP3 to the ligandbinding core rearranges the domain-domain interaction and
consequently the packing of the entire N-terminal region,
including the ␤I, ␤II, and ␣ domains. The signal originating
from this local conformational change at the N terminus near
the IP3-binding region is likely to be transmitted to the channel
domain through two possible routes: 1) direct communication
from the suppressor/coupling domain to the M4-M5 linker in
the channel domain through the Tyr/Trp contact region, for
which the C-terminal gatekeeper domain also plays a role in the
coupling mechanism (Fig. 8B, left) and/or 2) the central modulatory region, including residues 651–1130 (30) (Fig. 8B, right).
These conformational changes may alter the Ca2⫹ sensitivity of
the channel, which subsequently leads to full activation of the
Ca2⫹ release function (50, 51). A single Ca2⫹ sensor site has
been identified for the latter route (Fig. 1) (52), but the identification of all of the sites involved in the Ca2⫹-dependent activation of the channel will be pivotal for understanding the
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Therefore, other residues besides Glu-20, Tyr-167, and Ser217 may also be involved in the interaction between the
M4-M5 linker and N-terminal region.
In this study, one of the key roles of Tyr-167 for channel
gating was identified during analyses of tryptic fragment V. The
single amino acid substitution at Tyr-167 increased the rate of
trypsin digestion of the C-terminal end of the gatekeeper
domain. The non-functional mutants in which mutations were
introduced within the C-terminal channel-forming domain,
such as D(2418 –2427) and C2613S, showed similar fast degradation rates of the gatekeeper domain, indicating that the trypsin sensitivity of the gatekeeper domain is directly correlated
with the Ca2⫹ release activity of the channel. Interestingly, the
gatekeeper domain of the wild-type channel was also rapidly
digested with trypsin in the presence of 3 M Ca2⫹, whereas it
was digested more slowly in the presence of lower concentrations of Ca2⫹. IP3 has much less effect on the degradation rate
of the gatekeeper domain. Therefore, the transition between
the high and low trypsin-sensitive states is a natural process
that is controlled by the concentration of cytosolic Ca2⫹.
Under the optimal conditions for channel opening (0.3 M
Ca2⫹ plus 5 M IP3), the wild-type channel was in the low
trypsin-sensitive state, whereas the Y167A mutant stayed in
the high trypsin-sensitive state, as observed in the absence of
Ca2⫹ and the presence of 3 M Ca2⫹. These data suggest that
the single amino acid substitution at Tyr-167 can alter the
conformational state of the C-terminal gatekeeper domain,
thereby providing evidence for the significance of Tyr-167 in
the functional coupling between the two termini of the channel. In other words, Tyr-167 functions to maintain the gatekeeper domain in a structure that is capable of opening when
the channel binds IP3 and Ca2⫹.
The Mechanism Underlying the IP3-induced Channel Opening—The identification of a critical residue within the suppressor/coupling domain and the analysis of the trypsin sensitivity of a single amino acid mutant of the identified residue
revealed a possible role of the suppressor/coupling domain
in the channel gating, in which Tyr-167 functions to control
the C-terminal gatekeeper domain structure in both the resting and open states. Because there is no evidence that the
gatekeeper domain directly interacts with the N-terminal
IP3-binding domain (40), we speculate that there is a threeway interaction among the N-terminal suppressor/coupling
domain, the M4-M5 linker region, and the C-terminal gatekeeper domain (Fig. 8A, left), in which the Tyr/Trp contact
region (Fig. 8A) plays a vital role in the proper communication
among these components. The single amino acid substitution
at the Tyr/Trp residue may disrupt the proper folding and/or
accessibility of the gatekeeper domain by altering the three-way
interaction (Fig. 8A, right).
A key question in the regulatory mechanism of IP3R channels
is how IP3 binding triggers channel opening. The IP3-binding
core is composed of two stably folded structures, the ␤-trefoil II
(␤II) and Armadillo repeat-like ␣-helical fold (␣) domains (33).
The suppressor/coupling domain (structurally referred to as
the ␤-trefoil I (␤I) domain) (Fig. 8) has been shown to communicate with this IP3-binding core to modulate the IP3 binding
affinity (31, 34). Chan et al. (49) showed that an isolated IP3-

Gating Mechanism of IP3-activated Channels
interplay between IP3 and Ca2⫹ for the activation gating of IP3R
channels.
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