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We determined the amino acid sequence responsible for the
calmodulin (CaM)-binding ability of mouse type 1 Ins(1,4,5)P3
receptor (IP3RI). We expressed various parts of IP3R1 from
deleted cDNA and examined their CaM-binding ability. It was
shown that the sequence stretching from Lys-1564 to Arg-1 585 is
necessary for the binding. The full-length IP3R1 with replacement
of Trp-1576 by Ala lost its CaM-binding ability. Antibody
against residues 1564-1585 of IP3R1 inhibited cerebellar IP3R1
from binding CaM. The fluorescence spectrum of the peptide

INTRODUCTION

The Ins(1,4,5)P3 receptor (IP3R) is a pivotal molecule for cytosolic
Ca2+ mobilization. It forms a tetramer on the membrane of
intracellular Ca2+ pools such as the endoplasmic reticulum [1,2].
IP3R works as an Ins(1,4,5)P3 (IP3)-gated Ca2+ channel [3] when
IP3 is produced in response to extracellular signals such as

hormones and neurotransmitters. This IP3-induced Ca2+ release
(IICR) triggers various Ca2+-dependent cellular responses.

Molecular cloning studies have shown there are at least three
homologous types ofIP3R, designated type 1 (IP3R1) [4-6], type 2
(IP3R2) [7,8] and type 3 (IP3R3) [8-10]. Each type of IP3R is
differentially expressed among tissues and cell types ([11-14a];
T. Monkawa, unpublished work) and is thought to have different
characteristics.

Calmodulin (CaM) is a ubiquitous Ca2+-binding protein, which
has been shown to be present at micromolar concentrations in
almost all mouse tissues [15]. CaM binds to a wide variety
of proteins in a Ca2+-dependent manner and regulates their
functions [16].

Several studies have shown the blockage of IICR by CaM
inhibitors, suggesting regulation of IICR by CaM. Hill et al. [17]
reported that CaM inhibitors (W7, W13 and CGS9343B) blocked
IICR in a permeabilized liver epithelial cell line. Yuzaki and
Mikoshiba [18] reported that W7 inhibited Ca2+ release from
caffeine-insensitive pools in cultured cerebellar Purkinje cells.
Somogyi and Stucki [19] showed that the CaM inhibitors
calmidazolium and CGS9343B inhibited hormone-induced Ca2+
oscillations in intact hepatocytes. However, these studies did not
specify the target molecules of CaM. Maeda et al. [1] have

that corresponds to residues 1564-1585 shifted when Ca2+-CaM
was added. From the change in the fluorescence spectrum, we
estimated the dissociation constant (KD) between the peptide and
CaM to be 0.7,M. The submicromolar value of KD suggests an
actual interaction between CaM and IP3R1 within cells. The
CaM-binding ability of other types of IP3Rs was also examined.
A part of the type 2 IP3R, including the region showing sequence
identity with the CaM-binding domain of IP3R1, also bound
CaM, while the expressed full-length type 3 IP3R did not.

demonstrated that the purified cerebellar IP3R (predominantly
IP3R1) binds CaM in a Ca2l-dependent manner. To pursue the
possibility that CaM regulates the function of the IP,R-Ca2l
channel directly, we defined the CaM-binding domain in the
IP3Rl. By using the synthetic peptide corresponding to the
domain, (i) we analysed the kinetics of the CaM binding and (ii)
we have made a polyclonal antibody which prevents CaM
binding to the IP3R. We discuss here the molecular features and
biological significances of CaM binding to the IP3R protein.

MATERIALS AND METHODS
Expression of deleted IP3R1 and IP3R3 in NG108-15 and
preparation of the proteins
The plasmids encoding mutant proteins of IP3R1 were con-
structed from the plasmid pBactS-C1 described previously [20].
The mutant proteins were transiently expressed in the neuro-
blastoma/glioma hybrid cell line NG108-15. Full-length cDNA
of human I1PR3 [8] was also expressed using the same vector,
pBactS.
For soluble proteins, cells were homogenized in an equal

volume of buffer S [0.25 M sucrose/0.2 M NaCl/20mM
Tris/HCl (pH 7.4)/1 mM 2-mercaptoethanol]. The homogenates
were centrifuged at 700 g for 3 min, and the resultant super-
natants were re-centrifuged at 250000 g for 8 min. The soluble
fractions were supplemented with CaCl2 to 1.5 mM.
For membrane proteins, cells were homogenized in 9 vol. of

buffer M (buffer S plus 1 mM EDTA, 100,M phenylmethane-
sulphonyl fluoride, 10 M pepstatin A and 1O,tM leupeptin).

The abbreviations used are: CaM, calmodulin; IP3, inositol 1,4,5-trisphosphate; IP3R, inositol 1,4,5-trisphosphate receptor; IP3R1, type 1 IP3R; IP3R2,
type 2 IP3R; IP3R3, type 3 IP3R; KD, dissociation constant; IICR, IP3-induced Ca2+ release; MBP, maltose-binding protein; PKA, cyclic AMP-dependent
protein kinase; [Ca2+]i, intracellular Ca2+ concentration
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The homogenates were centrifuged at 1200 g for 3 min and the
supernatants were re-centrifuged at 250000 g for 15 min.
The pellets were resuspended in buffer BT [1% Triton X-100/
0.2 M NaCl/20 mM Tris/HCl (pH 7.4)/I mM 2-mercapto-
ethanol/1.5 mM CaCd2] to 3 mg of protein/ml, and were stirred
at 4 °C for 30 min for solubilization. The solubilized membrane
proteins were centrifuged at 18000 g for 15 min to remove
insoluble materials.
To confirm whether the expressed protein had the expected

molecular mass, each sample was subjected to immunoblotting
by either 4C1 1, the anti-IP3RI monoclonal antibody [4], or
KM1082, the monoclonal antibody to the C-terminus of IP3R3
[47].

Preparation of plasmids for production of fusion proteins
We subcloned the PstI-AvaI fragment of mouse IP3R1 (coding
amino acid residues Gln-1502-Glu-1638) into a protein-fusion
vector pMal-c (New England Biolabs), so that maltose-binding
protein (MBP), mouse IP3Rl (Gln-1502-Glu-1638) and ,-
galactosidase were expressed as an in-frame fusion protein. In
detail, we cloned the PstI-AvaI fragment of mouse IP3R1 into
PstI and EcoRV sites of pBluescript (the recessed end of AvaI
had been filled), then the PstI-HindIII fragment of the resultant
plasmid was ligated to the PstI and HindlIl sites of pMal-c. To
truncate the IP3RI-derived amino acid sequence from its N-
terminus, we deleted the inserted part of IP3Rl from its 5' end
with exonuclease III/mung-bean nuclease. The frame-matched
clones produced fusion protein with /8-galactosidase, and were

obtained by the method of blue/white selection. The MBP
sequence toward the fused portion with the IP3RI-derived peptide
was -AQTNSSS.
The following procedures were for mutants C80 and C85. At

first, the cDNA fragment coding residues from Gln-1557 to Glu-
1638 was generated by PCR from mouse renal cDNA. The PCR
was performed with the two oligonucleotides: 5'-GGGATA-
TC(C/T)TGGACAGCCA(A/G)GTCAACA-3' and 5'-CCGA-
ATTCTCGGGGAAGAGCAG-3' as 5' and 3' primers respec-

tively. The PCR product was digested with EcoRI and EcoRV,
whose recognition sites were introduced in the PCR primers, and
was cloned into Stul and EcoRI sites of the pMal-c vector. The
plasmid was cleaved at the 3' side of the insert by EcoRI and
PstI, and the insert was deleted uni-directionally by exonuclease
III/mung-bean nuclease. The recircularized plasmid produced a

fusion protein (including Gln-1557-Ser-1588), which bound
CaM. Then the plasmid was cleaved by HindIlI at the 3' end of
the insert and further deleted by BAL-31S bidirectionally. The
deleted fragments were blunted, digested by ScaI, and ligated to
the XbaI (filled)-ScaI fragment of pMal-c vector. (The Scal
recognition site is in the sequence coding ,-lactamase, and StuI,
EcoRI, XbaI, PstI and HindIlI recognition sites are in the
multicloning site of pMal-c in this order.) By this method,
deleted portions of the vector were recovered, and the translation
of some fusion proteins was terminated at the stop codon in the
XbaI site. Each translation of C80 or C85 was terminated at the
C-terminus of the IP3RI-derived sequence. All constructions
were confirmed by DNA-sequencing.

Expression and solubilizatlon of the MBP fusion proteins
After 2 h of induction with 0.3 mM isopropyl /-D-thiogalacto-
pyranoside, the expressed MBP fusion proteins in Escherichia
coli were transported to the inclusion bodies. The fusion proteins

were solubilized by the method described by Takazawa and
Erneux [21]. In brief, 1% Triton X-100-insoluble proteins were
dissolved in buffer containing 0.5 % SDS and 5 % 2-mercapto-
ethanol for 5 min at 4 °C, then centrifuged at 18000 g
for 5 min. The supernatants were immediately diluted 50-
fold in buffer [1% Triton X-100/0. 1 M NaCl/20 mM Tris/
HCI (pH 7.5)/0.2 mM CaCl2/2 mM 2-mercaptoethanol/0.2 mM
phenylmethanesulphonyl fluoride/50 ,uM leupeptin/20 ,uM pep-
statin A] and were re-centrifuged at 55000g for 10min to
remove aggregates. The solubilized proteins were applied to the
CaM-Sepharose column immediately. The proteins from 200 ml
of bacterial culture was used per 1 ml of column volume.

CaM-binding assay
A sample of solubilized proteins (0.5 column vol.) was applied to
a CaM-Sepharose 4B (Pharmacia) column equilibrated with
buffer B [0.20% Triton X-100/0.2 M NaCl/20 mM Tris/HCl
(pH 7.4)/1.5 mM CaCl2/1 mM 2-mercaptoethanol]. After being
washed by 3.5 (Figure lb below) or 5.5 (others) column vol. of
buffer B, CaM-binding proteins were eluted by 4 column vol. of
buffer E (buffer B containing 2 mM EGTA instead of 1.5 mM
CaCl2). In Figures 2-6 (below), we collected 3 column vol. of
effluents after applying samples and buffer E, which were referred
to as 'flow-through' (F) and eluate with buffer E (E) respectively.
The relevant proteins in the fractions were detected by immuno-
blotting. MBP fusion proteins were detected with anti-MBP
serum (New England Biolabs).

Site-directed mutagenesis of the Trp-1576 residue of IP3R1 to Ala
Site-directed mutagenesis was performed with Mutan-K system
(Takara). The complementary oligonucleotide, 5'-GATAA CCG
CGC GTT CAG GG-3', was used.

Preparation of antl-(1564-1585 peptide) antibody
The immunogenic peptide used was identical with residues
1564-1585 of mouse IP3Rl, except for the addition of one
cysteine residue to the N-terminus (CKSHNIVQKTALNW-
RLSARNAAR). The peptide (synthesized with a Millipore type
9050 peptide synthesizer and purified by HPLC) was cross-linked
to keyhole-limpet haemocyanin (Pierce) via the N-terminal Cys
residue by using m-maleimidobenzoyl-N-hydroxysuccinimide
ester (Pierce). The cross-linked product was used to immunize
rabbits (Japan White; Japan SLC), along with Freund's adjuvant
(Sigma). An IgG fraction was prepared with Ampure PA
(Amersham).

Inhibition of the CaM binding of cerebellar IP3R1 by the antibody
Mouse (ICR; Japan SLC) cerebellar microsomal fraction was
prepared as described previously [22]. The microsomes were
preincubated with the IgG from immune or preimmune serum
for 30 min at 4 °C in buffer B, then 1% Triton X-I00 was added
and the mixture was stirred for 30 min at 4 °C for solubilization.
The samples pretreated with the IgGs were centrifuged at 18000 g
for 15 min, and the supernatants were applied to a CaM-
Sepharose 4B column. The concentration of the IP3R in the
cerebellar microsomes (predominantly IP3RI [23]) was estimated
by calculating the number of IP3 binding sites [24]; in 1 mg of the
cerebellar microsomal protein, the amount of IP3R was estimated
to be about 6 ng.
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Homology search
Protein homology with non-redundant Swiss-Plot, PIR, PRF
and GenPept databases was searched with the computer program
TFASTA. The definition of similar amino acids (in Figure 6a
below) was 0 or more in the protein matrix PAM250.

Cloning of the partial cDNA sequence of 1P3R2
The partial cDNA fragment of IP3R2 that includes the region
homologous with the CaM-binding domain ofIP3RI was isolated
by PCR from mouse renal cDNA. The PCR was performed with
the two oligonucleotides: 5'-GGGATATC(C/T)TGGACAG-
CCA(A/G)GTCAACA-3' and 5'-GGGAATTCATGCTGGC-
CCTCCAAGAGC-3' as 5' and 3' primers respectively. The PCR
product was digested with EcoRI and EcoRV, whose recognition
sites were introduced into the PCR primer, and was cloned into
StuI and EcoRI sites of the pMal-c vector. The DNA sequence
of the clone was determined; the amino acid sequence was
identical with that of rat IP3R2(1558-1596) [7]. This clone
expressed a protein with expected molecular mass and which
reacted with anti-MBP antibody. Another protein of lower
molecular mass (40-44 kDa) was detected by the antibody
(Figure 6b below). For three reasons we assume the protein is
almost equivalent to the MBP that might be generated by
degradation at a site near its end. First, the extra proteins with
same molecular mass also appeared in all lysates of E. coli (in
Figure 2 below, including the 'vector'), regardless of the length
and sequence of the fused portions. Secondly, they had the same
molecular mass as MBP (42 kDa). Thirdly, the proteins did not
react with the antibody to the residues 1564-1585 of IP3Rl used
in Figure 4 (below).

Fluorescence measurements of the peptide
The CaM-binding activity of the peptide used for antibody
generation was analysed by fluorescence measurements. The
quantity of the peptide was analysed by amino acid analysis.
Decalcified CaM was purified from bovine brain as described
in [25], with minor modification. Both peptide (5.0 mM)
and CaM at appropriate concentrations were dissolved in
buffer [0.1 M KCl/20 mM Hepes/KOH (pH 7.4)/5 mM 2-
mercaptoethanol/2 mM CaCl2 or 1 mM EGTA]. Fluorescence
spectra were obtained with a Hitachi F-2000 fluorescence
spectrophotometer. The excitation wavelength used was 300 nm,
where the emission from CaM became negligible. KD values were
estimated by non-linear regression analysis ofemission intensities
at 326 nm by the least-squares method, where stoichiometry of
CaM binding of the peptide was assumed to be 1: 1.

RESULTS
Determination of amino acid sequence responsible for CaM
binding of IP3R1
In many cases, CaM-binding domains have been defined as a
stretch of about 20 amino acid residues [16]. First, we produced
various deletion-mutant proteins of IP3R1 (Figure la) in NG108-
15 cells from the cDNA and investigated their ability to bind to
a CaM-Sepharose column. Figure 1(b) shows the elution profiles
of the mutant proteins. The expressed wild-type IP3R1 bound to
the CaM-Sepharose column and was eluted by EGTA, while the
mutant ABam (lacking residues 1267-2110) did not. In addition,
the mutant EL (residues 1-2217 of IP3R1) bound to
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Figure 1 CaM-binding experiment on the mutant proteins of IP3R1

(a) The deletion mutant proteins of IP3R1 used for CaM-binding experiment. The restriction-
enzyme sites used for the introduction of the deletions are shown at the top. (b) The elution
profiles of expressed mutant proteins from CaM-Sepharose 4B. A 0.5 column vol. of sample
was applied to a CaM-Sepharose 4B column. The effluents collected from every 1 column vol.
are numbered. The buffer containing Ca2+ was applied until up to four fractions had been
collected, then the buffer was changed to that containing EGTA. The proteins were detected by
rat monoclonal antibody raised against the purified cerebellar IP3R: 18A10 for wild-type and
4C11 for mutant proteins. The recognition site of the 4C11 is shown by solid bars in (a).

CaM-Sepharose, while the mutant ELAA (lacking residues
1417-1637 of EL) did not bind. These results indicate that the
region stretching from amino acid residues 1417 to 1637 is
necessary for the CaM binding of IP3RI. Then we expressed
residues 1502-1638 in E. coli as an MBP fusion protein,
MBP-IP3RI (1502-1638) and found that the protein bound to
CaM-Sepharose in a Ca2l-dependent manner (results not
shown). We further truncated the IP3R1-derived part of the
fusion protein from the N- and C- termini and examined their
CaM-binding ability (Figure 2). A truncated mutant, N64
(including residues 1564-1638 of IP3R1), bound to CaM-
Sepharose and was eluted by EGTA (E in Figure 2b), while
most N69 (1569-1638) mutant protein flowed from the column
in the presence of Ca2l (F in Figure 2b). The C-terminal deletion
mutant protein, C85 (1554-1585), bound to CaM-Sepharose,
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Figure 2 CaM binding of the fusion proteins, Including various lengths of
peptides derived from IP3R1

(a) The portions of IP3R1 expressed in E colias MBP fusion proteins. The corresponding amino
acid sequence including Lys-1 564-Arg-1 585 (underlined) is shown at the top. (b) The elution
profiles of the fusion proteins from CaM-Sepharose when the E. co/iextracts were applied. A,
applied sample; F, flow-through in the buffer including Ca2+; E, eluates obtained with the buffer
including EGTA. The expressed proteins were detected by anti-MBP serum.
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Figure 3 CaM binding of the mutant IP3R1 in which Trp-1576 is replaced
by Ala

Solubilized membrane proteins containing the full-length wild-type IP3R1 or mutant IP3R1 with
Ala-1576, W1 576A, were applied to a CaM-Sepharose 4B column. A, F and E are the same
as in Figure 2(b). The expressed proteins were specifically detected by antiserum to residues
1718-1731 of IP3R1, which do not react with the endogenous IP3R1 in NG108-15 (splicing
variant).

while the mutant C80 (1554-1580) lost its binding ability.
Therefore the amino acid sequence responsible for the CaM
binding was thought to be included in residues 1564-1585:
KSHNIVQKTALNWRLSARNAAR

CaM binding of IP3R1 with Trp-1576 replaced by Ala
It has been shown that a Trp residue is indispensable for binding
of several CaM-binding proteins [26,27]. In residues 1564-1585
of IP3R1, we found a Trp residue at position 1576. We mutated
this Trp-1576 to Ala by site-directed mutagenesis. In the
MBP-IP3R1 (1502-1638) fusion protein, the replacement of Trp
resulted in a loss of the CaM-binding ability (results not shown).
The Trp residue is probably indispensable also for the CaM
binding of the region. The full-length mutant IP3R1 with
Ala-1576, W1576A, lost its ability to bind to CaM-Sepharose
(Figure 3). There should be no other regions capable of binding
CAM than the residues 1564-1585.

Inhibition of CaM binding of the intact IP3R1 by IgG against
peptide 1564-1585
We raised rabbit polyclonal antibody against the synthetic
peptide corresponding to the residues 1564-1585 of IP3R1. In an
immunoblotting analysis with the cerebellar microsomal protein,
IgG from the immune serum gave one protein signal of about
250 kDa, which disappeared when the IgG was preincubated
with peptide 1564-1585 used as the immunogen (Figure 4a). The
signal was then thought to represent principally IP3R1. When
10 jug of the cerebellar microsomal protein was incubated with
1,ug of IgG, the CaM binding of the cerebellar IP3R1 was
completely blocked (Figure 4b). On the other hand, 15,ug of IgG
from preimmune serum had no effect. These results support the
importance of residues 1564-1585 in the CaM binding of the
native IP3R1 in the cerebellar microsomal protein.

Fluorescence measurement of peptide 1564-1585
Since the fluorescence spectrum is very sensitive to the en-
vironment of the fluorophore, it becomes a good index for the
interaction of fluorescent compounds with other molecules. The
peptide corresponding to residues 1564-1585 of IP3R1 has one
Trp residue at 1576, while mammalian CaM contains no Trp.
This Trp residue is a good fluorophore to monitor the binding of
the peptide with CaM. As the concentration of CaM was
increased, the fluorescence intensity increased (Figure 5) and the
peak shifted to a shorter wavelength (by up to about 20 nm).
This is direct evidence that this peptide definitely bound to the
CaM in the solution. From the change in fluorescence intensity
at 326 nm, the KD was obtained by regression analysis by the
least-squares method (Figure 5). If equimolar (1: 1) binding was
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Figure 4 (a) Specificity of the IgG against peptide 1564-1585, and (b)
inhibition of the CaM binding of cerebellar IP31R1 by IgG

(a) Immunoblotting was performed with mouse cerebellar microsomal protein (5 ,ug) using
immune IgG (1 ,ug/ml) against synthetic peptide (1564-1585) of IP3R1 (Imm) or preimmune
IgG (1iug/ml) (Pre). The immune IgG (1,ug/ml) was preabsorbed with immunizing peptide
(1 uM) (Pep). The positions of marker proteins are shown (M is molecular mass). The position
of the dye front is shown. (b) Microsomal protein (10 sag) was incubated for 1 h with 1 ucg of
immune IgG (Imm) or 15 #g of preimmune IgG (Pre) and applied to CaM-Sepharose 4B. A,
F and E are the same as in Figure 2B. IP3R1 was detected by monoclonal antibody 18A1 0, which
is specific to IP3R1 [22].
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Figure 5 Changes in fluorescence intensity of peptide 1564-1585 of IP3R1
mixed with various concentrations of CaM

The peptide (5.0,M) and CaM at appropriate concentrations were dissolved in buffer
containing 2 mM CaCI2 (open circles) or 1 mM EGTA (closed circles). Fluorescence spectra
were obtained by the excitation at 300 nm and the emission intensities at 326 nm were plotted
as a function of CaM concentration. The continuous lines represent regression curves after the
least-squares fitting of the data under the assumption of 1 :1 binding.

assumed between the peptide and CaM, the KD value was
estimated to be 0.7,M in the presence of 2 mM Ca2l. On the
other hand, without' Ca2 , the peptide scarcely bound to CaM;
the estimated KD value was greater than 0.1 mM. Thus the
peptide interacts with CaM in a Ca2l-dependent manner.
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Figure 6 CaM-binding experiment with a part of lP3R2 and full-length IP3R3

(a) Alignment of the region including residues 1564-1585 of mouse IP3R1 (overlined) with the
corresponding region of IP3R2. The identical residues are shown by double asterisks and similar
residues by a single asterisk. The arrow shows the site of phosphorylation (Ser-1 588 of IP3R1)
by PKA. (b) Elution profiles of MBP fusion protein including Gln-1558-Ala-1596 of lP3R2,
detected by anti-MBP serum. A, F and E are the same as in Figure 2(b). The protein indicated
by an arrow had the expected size of the fusion protein. The protein of lower molecular mass

was thought to be almost equivalent to MBP (see the Materials and methods section). (c) Elution
profiles of full-length IP3R3 which was produced in NG108-15 cells from the cDNA. A, F and
E are the same as in Figure 2(b). IP3R3 was detected by type-specific monoclonal antibody
KM1082 [47].

CaM-binding ability of IP3R2 and IP3R3
There are three types of IP3R that exhibit 60-70% amino-acid-
sequence identity. IP3R2 [7,8] was the only molecule found to
carry a region showing considerable amino-acid-sequence ident-
ity with residues 1564-1585 of IP3RI in the homology search (see
the Materials and methods section). The region in IP3R2 is
located in a similar position, namely residues 1565-1587. Figure
6(a) shows a comparison of the amino acid sequences of the
regions of IP3R1 and IP3R2. Within the 23 amino acids, 12
are identical and 10 are similar. We constructed an MBP
fusion protein including residues 1558-1596 of IP3R2,
MBP-IP3R2(1558-1596). This fusion protein also bound to
CaM-Sepharose in a Ca2+-dependent manner (Figure 6b).
On the other hand, IP3R3 shows no significant similarities to

the amino acid sequence 1564-1585 of IP3RL. Full-length IP3R3
expressed in NG108-15, did not bind to CaM-Sepharose
(Figure 6c).

DISCUSSION
From the present study it is concluded that the amino acid
sequence Lys-1564-Arg-1585 is responsible for the CaM-binding
ability of mouse IP3Rl. The sequence can form a CaM-binding
domain by itself with a KD for CaM of about 0.7,M in the
presence of Ca2 .

The KD between two molecules allows us to estimate to what
extent they interact in cells. In the cerebellum, the reported
concentration of CaM in the soluble fraction is about 19,M
(19 /itmol/litre of tissue) [15], and both CaM and IP3RI occur

predominantly in the Purkinje cells [28,29]. Furthermore, bio-
chemical studies on subcellular fractions and immunoelectron
microscopy have shown that CaM is found on the smooth
endoplasmic reticulum in the post synapse [29,30], where IP3Ri
is highly concentrated [2,31-34]. These findings, together with
the submicromolar value of the KD between CaM and the CaM-
binding domain in IP3RI, suggest that CaM binds to IP3Ri in
response to the increase in the intracellular Ca2l concentration
([Ca2+]).
The CaM-binding domain was found in the modulatory region,

the spacer region between the IP3-binding region [20,35] and the
Ca2+-channel-forming region. This agrees with the fact that CaM
does not affect IP3 binding of a purified receptor directly [36].

CaM is thought to regulate the Ca2+ channel activity of IP3Rl
allosterically. Within the modulatory region of IP3R1, there are
two sites of phosphorylation by protein kinase A (PKA), at Ser-
1588 and at Ser-1755 [37], and the phosphorylation was shown to
modulate the channel activity of IP3R1 [23,38]. In the case of
myosin-light-chain kinase and some other CaM-binding proteins,
CaM binding and phosphorylation of the neighbouring serine
residue inhibit each other [39]. It is interesting that Ser-1588 of
IP3Rl is close to the CaM-binding domain (1564-1585). The
close proximity of these two sites may indicate interactions
between phosphorylation and CaM binding.

Several studies using CaM inhibitors suggested up-regulation
of IICR by CaM [17-19]. On the other hand, many lines of
evidence have shown that IICR is regulated biphasically by
[Ca2+]1 [40-43]: Ca2+ enhances IICR at a low level of [Ca2+]j
(lower than 0.2-0.3 ,#M), while at a high level of [Ca2+]i (over
0.3 ,aM), Ca2+ exerts an inhibitory effect. This biphasic feedback
regulation is thought to play a crucial role in cellular Ca2+
dynamics such as Ca2+ waves and Ca2+ oscillations [19]. Since
observations on feedback regulation have been made only with
crude materials like permeabilized cells or microsomes, there is a
possibility that CaM or some other Ca2+-mediated proteins
participate in the feedback regulation of IICR. CaM-dependent
kinase II and calcineurin have been proposed to be involved in
the feedback regulations of IICR [44], which is still controversial
[45,46]. The detailed mechanisms of the feedback regulations
should be re-investigated in terms of the direct interaction
between IP3R and CaM.

So far, three types of IP3Rs have been cloned. We have
demonstrated that IP3R1 and IP3R2 bind CaM, whereas IP3R3
does not (Figure 6). The effects of CaM on IP3R are probably
observed in cells expressing IP3R1 or IP3R2, but not in cells
expressing only IP3R3. The difference in CaM-binding ability
may lead to the heterogeneity of IICR observed among many cell
types.

This work was supported by grants from the Ministry of Education, Science and
Culture of Japan, the Human Frontier Science Program, the Yamanouchi Foundation
for Research on Metabolic Disorders and the Brain Science Foundation, and the
Vehicle Racing Commemorative Foundation. We thank Tomoyasu Sugiyama for the
IP3R3-specific antibody KM1082, Hiroyuki Yoneshima for expressing the clone,
Tetsuya Ikeda for protein analysis, the Human Genome Center in the Institute of
Medical Science for computer analysis, and Takayuki Michikawa and Norihiko
Yamada for critical reading of the manuscript before its submission.

REFERENCES
1 Maeda, N., Kawasaki, T., Nakade, S., Yokota, N., Taguchi, T., Kasai, M. and

Mikoshiba, K. (1991) J. Biol. Chem. 266, 1109-1116
2 Yamamoto, A., Otsu, H., Yoshimori, T., Maeda, N., Mikoshiba, K. and Tashiro, Y.

(1991) Cell Struct. Funct. 16, 419-432
3 Miyawaki, A., Furuichi, T., Maeda, N. and Mikoshiba, K. (1990) Neuron 5, 11-18
4 Furuichi, T., Yoshikawa, S., Miyawaki, A., Wada, K., Maeda, N. and Mikoshiba, K.

(1989) Nature (London) 342, 32-38
5 Mignery, G. A., Newton, C. L., Archer, B. T. and Sudhof, T. C. (1990) J. Biol. Chem.

265, 12679-12685
6 Yamada, N., Makino, Y., Clark, R. A., Pearson, D. W., Mattei, M. G., Guenet, J. L.,

Ohama, E., Fujino, I., Miyawaki, A., Furuichi, T. and Mikoshiba, K. (1994) Biochem.
J. 302, 781-790

7 Sudhof, T. C., Newton, C. L., Archer, B. T., III, Ushkaryov, Y. A. and Mignery, G. A.
(1991) EMBO J. 10, 3199-3206

8 Yamamoto-Hino, M., Sugiyama, T., Hikichi, K., Mattei, M. G., Hasegawa, K., Sekine,
S., Sakurada, K., Miyawaki, A., Furuichi, T., Hasegawa, M. and Mikoshiba, K. (1994)
Recept. Channels 2, 9-22

9 Blondel, O., Takeda, J., Janssen, H., Seino, S. and Bell, G. I. (1993) J. Biol. Chem.
266, 11356-11363

10 Maranto, A. R. (1994) J. Biol. Chem. 269, 1222-1230

87



88 M. Yamada and others

11 Fujino, I., Yamada, N., Miyawaki, A., Hasegawa, M., Furuichi, T. and Mikoshiba, K.
(1995) Cell Tissue Res., in the press

12 Furuichi, T., Shiota, C. and Mikoshiba, K. (1990) FEBS Lett. 267, 85-88
13 Ross, C. A., Danoff, S. K., Schell, M. J., Snyder, S. H. and Ullrich, A. (1992) Proc.

Natl. Acad. Sci. U.S.A. 89, 4265-4269
14 Sugiyama, T., Yamamoto-Hino, M., Miyawaki, A., Furuichi, T., Mikoshiba, K. and

Hasegawa, M. (1994) FEBS Lett. 349,191-196
14a Yamamoto-Hino, M., Miyawaki, A., Kawano, H., Sugiyama, T., Furuichi, T., Hasegawa,

M. and Mikoshiba, K. (1995) NeuroReport 6, 273-276
15 Kakiuchi, S., Yasuda;, S., Yamazaki, R., Teshima, Y., Kanda, K., Kakiuchi, R. and

Sobue, K. (1982) J. Biochem. (Tokyo) 92, 1041-1048
16 O'Neil, K. T. and DeGrado, W. F. (1990) Trends Biochem. Sci. 15, 59-64
17 Hill, T. D., Campos-Gonzalez, R., Kindmark, H. and Boynton, A. L. (1988) J. Biol.

Chem. 263, 16479-16484
18 Yuzaki, M. and Mikoshiba, K. (1992) J. Neurosci. 12, 4253-4263
19 Somogyi, R. and Stucki, J. W. (1991) J. Biol. Chem. 266, 11068-11077
20 Miyawaki, A., Furuichi, T., Ryou, Y., Yoshikawa, S., Nakagawa, T., Saitoh, T. and

Mikoshiba, K. (1991) Proc. Nati. Acad. Sci. U.S.A. 88, 4911-4915
21 Takazawa, K. and Erneux, C. (1991) Biochem. J. 280, 125-129
22 Nakade, S., Maeda, N. and Mikoshiba, K. (1991) Biochem. J. 277, 125-131
23 Nakade, S., Rhee, S. K., Hamanaka, H. and Mikoshiba, K. (1994) J. Biol. Chem. 269,

6735-6742
24 Maeda, N., Niinobe, M. and Mikoshiba, K. (1990) EMBO J. 9, 61-67
25 Schreiber, W. E., Sasagawa, T., Titani, K., Wade, R. D., Malencik, D. and Fischer,

E. H. (1981) Biochemistry 20, 5239-5245
26 Glaser, P., Elmaoglou-Lazaridou, A., Krin, E., Ladant, D., Barzu, 0. and Danchin, A.

(1989) EMBO J. 8, 967-72
27 Bagchi, I. C., Huang, Q. H. and Means, A. R. (1992) J. Biol. Chem. 267, 3024-3029
28 Maeda, N., Niinobe, M., Nakahira, Ks and Mikoshiba, K. (1988) J. Neurochem. 51,

1724-1 730

29 Caceres, A., Bender, P., Snavely, L., Rebhun, L. I. and Steward, 0. (1983)
Neuroscience 10, 449-461

30 Lin, C. T., Dedman, J. R., Brinkley, B. R. and Means, A. R. (1980) J. Cell Biol. 85,
473-480

31 Mignery, G. A., Sudhot, T. C., Takei, K. and De Camilli, P. (1989) Nature (London)
342,192-195

32 Satoh, T., Ross, C. A., Villa, A., Supattapone, S., Pozzan, T., Snyder, S. H. and
Meldolesi, J. (1990) J. Cell Biol. 111, 615-624

33 Otsu, H., Yamamoto, A., Maeda, N., Mikoshiba, K. and Tashiro, Y. (1990) Cell Struct.
Funct. 15, 163-173

34 Takei, K., Stukenbrok, H., Metcalf, A., Mignery, G. A., Sudhof, T. C., Volpe, P. and De
Camilli, P. (1992) J. Neurosci. 12, 489-505

35 Mignery, G. A. and Sudhof, T. C. (1990) EMBO J. 9, 3893-3898
36 Supattapone, S., Worley, P. F., Baraban, J. M. and Snyder, S. H. (1988) J. Biol.

Chem. 263, 1530-1534
37 Ferris, C. D., Cameron, A. M., Bredt, D. S., Huganir, R. L. and Snyder, S. H. (1991)

Biochem. Biophys. Res. Commun. 175, 192-198
38 Supattapone, S., Danoff, S. K., Theibert, A., Joseph, S. K., Steiner, J. and Snyder,

S. H. (1988) Proc. Natl. Acad. Sci. U.S.A. 85, 8747-8750
39 Lukas, T. J., Burgess, W. H., Prendergast, F. G., Lau, W. and Watterson, D. M. (1986)

Biochemistry 25, 1458-1464
40 Finch, E. A., Turner, T. J. and Goldin, S. M. (1991) Science 252, 443-446
41 Bezprozvanny, I., Watras, J. and Ehrlich, B. E. (1991) Nature (London) 351, 751-754
42 lino, M. (1990) J. Gen. Physiol. 95, 1103-1122
43 lino, M. and Endo, M. (1992) Nature (London) 360, 76-78
44 Zhang, B. X., Zhao, H. and Muallem, S. (1993) J. Biol. Chem. 268, 10997-11001
45 Joseph, S. K. and Ryan, S. V. (1993) J. Biol. Chem. 268, 23059-23065
46 Marshall, I. C. B. and Taylor, C. W. (1994) Biochem. J. 301, 591-598
47 Sugiyama, T., Furuya, A., Monkawa, T., Yamamoto-Hino, M., Satoh, S., Ohmori, K.,

Miyawaki, A., Hanai, N., Mikoshiba, K. and Hasegawa, M. (1994) FEBS Left. 354,
149-154

Received 17 October 1994/12 January 1995; accepted 17 January 1995


