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Calmodulin (CaM) is a ubiquitous protein that plays a critical

role in regulating cellular functions by altering the activity of a

large number of proteins, including the -myo-inositol 1,4,5-

trisphosphate (IP
$
) receptor (IP

$
R). CaM inhibits IP

$
binding in

both the presence and absence of Ca#+ and IP
$
-induced Ca#+

release in the presence of Ca#+. We have now mapped and

characterized a Ca#+-independent CaM-binding site in the N-

terminal part of the type 1 IP
$
R (IP

$
R1). This site could be

responsible for the inhibitory effects of CaM on IP
$
binding. We

therefore expressed the N-terminal 581 amino acids of IP
$
R1 as

a His-tagged recombinant protein, containing the functional IP
$
-

binding pocket. We showed that CaM, both in the presence and

absence of Ca#+, inhibited IP
$

binding to this recombinant

protein with an IC
&!

of approx. 2 µM. Deletion of the N-terminal

INTRODUCTION

Calmodulin (CaM) is a ubiquitous cytosolic protein that plays a

critical role in regulating cellular functions by altering the activity

of a large number of proteins, in particular the intracellular Ca#+-

release channels. This has recently [1–5] been well documented

for the ryanodine receptor family. CaM also interacts with all

three isoforms of the -myo-inositol 1,4,5-trisphosphate (IP
$
)

receptor (IP
$
R), both in a Ca#+-dependent and a Ca#+-inde-

pendent way. All functional data on full-length IP
$
Rs report

inhibition of IP
$
-induced Ca#+ release by CaM [6–10]. Inhibition

occurred only in the presence of Ca#+ (& 0.1 µM) [7–10]. Recon-

stitution experiments, in which purified cerebellar type 1 IP
$
R

(IP
$
R1) was converted into lipid bilayers, showed that channel

activity was inhibited by " 1 µM concentrations of Ca#+ only

after addition of CaM [11]. Besides an inhibitory effect on IP
$
-

induced Ca#+ release in the presence of Ca#+, CaM was also

reported to cause a Ca#+-independent inhibition of IP
$
binding to

full-length IP
$
R1 [6,12–14], but not to IP

$
R3 [12]. Binding of IP

$
to a recombinant ligand-binding domain, however, was inhibited

by exogenous CaM for all the three IP
$
R isoforms [15]. Taken

together, these results clearly demonstrated that CaM inhibits

the IP
$
R function for all IP

$
R isoforms.

Amino acids 1565–1586 in the regulatory domain of IP
$
R1

have long been considered as the only CaM interaction site, which

is also conserved in IP
$
R2 but not in IP

$
R3 [16]. The mutation

of tryptophan to alanine (W1577A) within this site eliminated

CaM binding [16], but surprisingly did not alter the Ca#+

regulation of the IP
$
R [14]. Recently [7], binding of CaM has

been demonstrated by a sensitive scintillation-proximity assay
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225 amino acids completely abolished the effects of both Ca#+

and CaM on IP
$

binding. We mapped the Ca#+-independent

CaM-binding site to a recombinant glutathione S-transferase

fusion protein containing the first 159 amino acids of IP
$
R1 and

then made different synthetic peptides overlapping this region.

We demonstrated that two synthetic peptides matching amino

acids 49–81 and 106–128 bound CaM independently of Ca#+ and

could reverse the inhibition of IP
$
binding caused by CaM. This

suggests that these sequences are components of a discontinuous

Ca#+-independent CaM-binding domain, which is probably in-

volved in the inhibition of IP
$

binding by CaM.

Key words: calcium signalling, inositol 1,4,5-trisphosphate (IP
$
),

synthetic peptide.

in two regions of IP
$
R1. These were localized in the N-terminal

part (amino acids 1–159) and in a cytosolic region (amino acids

1499–1649) encompassing the Ca#+-dependent CaM-binding site

of amino acids 1565–1586 [7]. An additional CaM-binding site is

created by alternative splicing of IP
$
R1, due to the deletion of

the S2 region (amino acids 1693–1733) [17,18].

However, it is not clear whether the observed binding sites are

related to the inhibitory function of CaM on either Ca#+ release

or IP
$

binding. In the present study, we have made a detailed

analysis of the interaction of CaM with the IP
$
-binding domain

of IP
$
R1. We characterized the effects of Ca#+ and CaM on

[$H]IP
$
binding using recombinant ligand-binding domains and

mutants thereof. We now demonstrate that CaM binds with

micromolar affinity to the first 159 amino acids of IP
$
R1, both in

the absence and presence of Ca#+. Furthermore, two synthetic

peptides that matched amino acids 49–81 and 106–128 bound

CaM independently of Ca#+ and could reverse the CaM-induced

inhibition of IP
$

binding to the recombinant ligand-binding

domain and to the full-size IP
$
R1. These results suggest that the

sequences are components of a discontinuous Ca#+-independent

CaM-binding domain and might be responsible for the inhibition

of IP
$

binding.

MATERIALS AND METHODS

cDNA construction and site-directed mutagenesis

The cDNA encoding the N-terminal 581 amino acids of

the mouse IP
$
R1 was amplified by PCR and cloned into the

NdeI–XhoI site of the pET21b} vector (Novagen), yielding
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pET-581}1His, to obtain the N-terminal 581 amino acids of the

mouse IP
$
R1 with a 6¬ His-tagged C-terminus (Lbs-1His).

The plasmid expressing the N-terminal deletion mutant (Lbs-

1His ∆1–225) was produced by PCR, with forward-primer 5«-
GGCAGGCATATGTGGAGTGATAACAAAGACG-3« and

reverse-primer 5«-GGATCTCAGTGGTGGTGG-3«, by using

pET-581}1His as a template. The forward primer contained the

site for NdeI (CATATG) in frame at the corresponding position

to introduce a new start codon (Met) as a substitute for Lys-224.

Site-directed mutagenesis was performed by using the Quick-

Change point-mutation kit (Stratagene, La Jolla, CA, U.S.A.).

Briefly, forward primers were designed according to the manu-

facturer’s recommendation as follows: E425A,D426A 5«-CC-

TCTCCCCTGAAGGCGGCCAAGGAAGCATTTGCC-3«;
E428A 5«-CCCCTGAAGGCGGCC AAGGCAGCATTTGCC-

ATAG-3«; D442A,D444A 5«-CCCCTGCTGAGGTTCGGGC-

CCTGGCCTTTGCCAATG-3«. Reverse primers were the com-

plementary sequence of the forward primers. PCR conditions,

parental template digestion and transformation into Escherichia

coli strain DH5α were performed according to the manufacturer’s

instructions. Primers E425A,D426A, E428A and D442A,D444A

were sequentially used to obtain a plasmid (pET-581}1His

mut5) encoding the N-terminal 581 amino acids of the mouse

IP
$
R1 with 5-point mutations (Lbs-1His mut5). The same

mutations were introduced in pGEX-2T-Cyt3b [19], yielding

mutant fusion protein GST-Cyt3b mut5 (GST, glutathione

S-transferase). All constructs were sequenced to confirm

mutations.

Expression in E. coli, preparation of the soluble fraction and
purification of Lbs-1His domains

The expression of the N-terminal 581 amino acids of the IP
$
R1

constructs (Lbs-1His, Lbs-1His mut5 and Lbs-1His ∆1–225) was

essentially as described by Sipma et al. [13]. Preparation of

the soluble fraction of E. coli was performed according to the

manufacturer’s recommendations (Qiaexpressionist, Qiagen).

Briefly, cell pellets were resuspended in 7 ml of lysis buffer

[50 mM NaH
#
PO

%
(pH 7.0)}300 mM NaCl}10 mM imidazole}

1 mM β-mercaptoethanol}0.8 mM benzamidine}0.2 mM PMSF}
10 µM leupeptin}1 µM pepstatin A}75 nM aprotinin]. This cell

suspension was digested with lysozyme (0.1 mg}ml) for 30 min

at 4 °C, followed by 6 cycles of freeze–thawing and sonication at

12 kHz, twice for 15 s. After centrifugation at 30000 g for 60 min

at 4 °C, the supernatant was collected for purification. His-tag

purification of the clear lysate (4 ml) was performed by adding

1 ml of 50% (v}v) nickel-nitrilotriacetic acid (Ni-NTA; Qiagen).

The lysate–Ni-NTA mixture was gently mixed at 4 °C for 60 min,

loaded on to a column and was washed with 2 vol. of lysis buffer

supplemented with 10 mM imidazole. Finally, the recombinant

protein was eluted with 0.5 ml of 4¬elution buffer (¯ lysis

buffer containing 250 mM imidazole). The protein was eluted in

the second and third fractions.

[3H]IP3 binding

Binding studies were performed as described previously [13].

[$H]IP
$

binding was performed at 0 °C in a 100 µl of binding

buffer containing 50 mM Tris}HCl (pH 7.0), 1 mM EGTA and

10 mM β-mercaptoethanol. Free Ca#+ concentration was cal-

culated using the CaBuf program (available at ftp.cc.kuleuven.

ac.be}pub}droogmans}cabuf.zip) and based on the stability

constants given by Fabiato and Fabiato [20]. After 30 min of

incubation, 10 µl of γ-globulin (20 mg}ml) and 110 µl of 20%

(w}v) poly(ethylene glycol) in IP
$
-binding solution were added

and the samples were rapidly passed through glass fibre filters.

The amount of purified protein used for each reaction ranged

between 1.5 and 3.5 µg. Non-specific binding was determined in

the presence of 12.5 µM unlabelled IP
$
.

Expression and purification of CaM and CaM1234

The mammalian CaM cDNA was provided by Dr Z. Grabarek

(Boston Biomedical Institute, Boston, MA, U.S.A.) [21] and the

rat cDNA for CaM1234 by Dr J. Adelman (Oregon Health

Science University, Portland, OR, U.S.A.). The coding sequence

of CaM1234 was amplified by PCR and subcloned into the NdeI

and BamHI sites of pET21b vector (Novagen).

The expression vectors pAED4 and pET21b, containing wild-

type CaM and CaM1234 respectively, were transformed into

BL21 E. coli, grown to mid-exponential phase and induced with

0.3 mM isopropyl-1-thio-β--galactopyranoside either for 2 h at

37 °C (CaM) or for 4 h at 28 °C (CaM1234). The cells were lysed

by three rapid cycles of freeze–thawing between liquid nitrogen

and 37 °C, or by sonication at 20 kHz, nine times for 20 s using

a probe sonicator (MSE Ltd, Crawley, Surrey, U.K.) in a buffer

containing 50 mM Tris}HCl (pH 7.4), 2 mM EDTA, 1 mM

1,1,1-trichloro-2,2-bis-(p-chlorophenyl)ethane (DDT), 0.8 mM

benzamidine, 0.2 mM PMSF, 10 µM leupeptin, 1 µM pepstatin

and 75 nM aprotinin. The lysate was cleared by ultra-centrifu-

gation at 140000 g for 30 min at 4 °C. Before heating, NaCl

and CaCl
#

were added to the CaM supernatant to a final con-

centration of 500 and 50 mM respectively. The NaCl

concentration in the CaM1234 supernatant was brought to

150 mM. The lysate was heated to 70 °C, immediately cooled on

ice and centrifuged at 140000 g for 30 min at 4 °C. The wild-

typeCaM supernatant was applied to a phenyl-Sepharose column

in the presence of Ca#+ [equilibration buffer : 50 mM Tris}HCl

(pH 7.4), 5 mM CaCl
#
, 1 mM DDT, 0.1 M NaCl]. The column

was subsequently washed with buffer A [50 mM Tris}HCl

(pH 7.4), 0.1 mM CaCl
#
, 1 mM DDT] and buffer B [50 mM Tris}

HCl (pH 7.4), 0.1 mM CaCl
#
, 1 mM DDT, 0.5 M NaCl]. Finally,

CaM was eluted with 50 mM Tris}HCl (pH 7.4), 5 mM EGTA

and 1 mM DDT. The CaM1234 supernatant was filtered and

concentrated using Centriprep YM-30 (1500 g for 45 min at

4 °C); the filtrate was transferred to Centriprep YM-10 and

further concentrated until the volume of non-diffusible material

was ! 2 ml. The non-diffusible material was further concentrated

in Centricon-10. The purity of CaM and CaM1234 was veri-

fied by SDS}PAGE and final protein concentrations were

determined by the Lowry procedure [22].

Fluorescence assay for binding dansyl-CaM (dCaM)

Dansylation of CaM was performed according to the manufac-

turer’s recommendations (Molecular Probes, Eugene, OR,

U.S.A.). Binding experiments were performed as described by

Lin et al. [18]. Emission spectra were measured between 400 and

600 nm after excitation at 340 nm with an Aminco–Bowman

Series 2 Spectrofluorimeter (Spectronic Instruments, NY,

U.S.A.). The buffer used contained 20 mM Tris}HCl (pH 8.0),

250 mM NaCl, 5 mM MgCl
#
and 100 µM EGTA. We have also

verified that essentially the same results were obtained at pH 7.0

(results not shown).

Interactions between CaM1234 and GST-fusion proteins

Expression and purification of GST-fusion proteins were per-

formed as described previously [19,23]. For binding experiments

between GST-fusion proteins and CaM1234, the GST-fusion
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271N-terminal apocalmodulin-binding domain of IP3R1

protein supernatant was incubated overnight with glutathione–

Sepharose 4B beads at 4 °C and washed extensively with a buffer

containing 150 mM NaCl, 50 mM Tris}HCl (pH 7.4), 0.1%

(v}v) Triton X-100 (binding buffer) and the indicated amount of

free Ca#+. CaM1234 (approx. 30 µg}reaction) was then added

and allowed to interact with the fusion protein (approx. 20 µg}
reaction) for 4 h at 4 °C. The beads were then washed extensively

with a binding buffer containing the indicated amounts of free

Ca#+ and the retained protein eluted with the SDS sample buffer.

The protein was subjected to SDS}PAGE, transferred to Immo-

bilon P (Millipore Corporation, Bedford, MA, U.S.A.) and

detected by immunoblot with a polyclonal antibody raised

against CaM (dilution 1:1000; Zymed Laboratories, San Fran-

cisco, CA, U.S.A.). This antibody is competent in detecting both

CaM1234 and CaM [24]. Immunodetection was exactly as

described previously [25]. Free Ca#+ concentration buffered with

EGTA was calculated by the CaBuf program.

Non-denaturing gel electrophoresis

The electrophoretic mobility of CaM or CaM1234 was evaluated

by non-denaturing discontinuous PAGE as described by

Laemmli [26]. Non-denaturing gels (15% polyacrylamide) were

run at 25 mA at 4 °C under high Ca#+ conditions (200 µM free

Ca#+ in all gel buffers) or low Ca#+ conditions (1 mM EGTA in

all gel buffers).

RESULTS

Expression of the ligand-binding domain of IP3R1 (Lbs-1His), a
point mutant Lbs-1His mut5 and a deletion mutant Lbs-1His
∆1–225

The amino acid boundaries of the Lbs-1His, Lbs-1His mut5 and

Lbs-1His∆1–225 constructs together with the position of the

mutations are schematically shown in Figure 1(A). We con-

structed a bacterial expression vector encoding the N-terminal

581 amino acids of mouse IP
$
R1 with a C-terminal His-tag.

The resulting recombinant protein was expressed in E. coli and

affinity-purified on an Ni-NTA column. It migrated with an

Figure 1 Characteristics of the recombinant ligand-binding domains and GST-fusion proteins

(A) Schematic diagram of the boundaries of the His-tagged IP3R1 ligand-binding domain Lbs-1His. The positions of the point mutations in Lbs-1His mut5 and the deletion mutant Lbs-1His ∆1–225

constructed in the present study are indicated. Also shown are the boundaries of the GST-fusion proteins GST-Cyt1, -2, -3a and -3b constructed in previous studies [19]. GST-Cyt3a and -3b represent

two putative Ca2+-binding sites (amino acids 304–381 and 378–450). The numbering of the amino acids corresponds to the mouse cDNA clone [49]. (B) Affinity-purified soluble fraction of E.
coli (2 µg/lane) transformed with pET-581/1His (lane 1), pET-581/1His mut5 (lane 2) or with pET-581/1His ∆1–225 (lane 3) were separated by SDS/PAGE (4–12% Bis-Tris gel ; NuPage2) and

either transferred to Immobilon-P and probed with mouse anti-His (1 : 1000) (left panel) or stained with SYPRO Orange (right panel). The positions of Lbs1-His, Lbs-1His mut5 (arrowhead) and

Lbs1-His ∆1–225 (arrow) are indicated.

apparent molecular mass of 66 kDa, as determined by SYPRO

OrangeTM staining after SDS}PAGE (Figure 1B, right panel) and

Western blotting using an anti-His antibody (Figure 1B, left

panel). The ligand-binding properties ofLbs-1Hiswere essentially

the same (results not shown) as described previously for Lbs-1

without a His-tag [13].

In the earlier studies on Lbs-1, it was found that both Ca#+ and

CaM reduced the binding of IP
$

[13]. We developed different

mutated Lbs-1His constructs to discriminate between both

effects. Since Lbs-1 contains two amino acid sequences (Cyt3a,

304–381; Cyt3b, 378–450) that were found to bind Ca#+ [19], we

investigatedwhether these sites could be involved in the inhibitory

effect of Ca#+. Since the pattern of Asp and Glu residues is fully

conserved over the three IP
$
R isoforms in stretch 378–450

(Cyt3b), we constructed a mutant ligand-binding domain in

which five negatively charged amino acids were mutated to Ala:

Glu-425, Asp-426, Glu-428, Asp-442 and Asp-444. The resulting

recombinant protein (Lbs-1His mut5) expressed in E. coli and

affinity-purified on an Ni-NTA column, also migrated with an

apparent molecular mass of 66 kDa (Figure 1B). The mutant

Lbs-1His mut5 specifically bound [$H]IP
$
at pH 7.0, although a

2–3-fold decrease in specific IP
$
-binding activity was observed

compared with Lbs-1His (results not shown). Introduction of the

mutations resulted in a ligand-binding site with no Ca#+-binding

capacity in the 378–450 amino acid stretch. This was verified by

performing the same mutagenesis on the GST-fusion protein

GST-Cyt3b, which resulted in a complete loss of Ca#+ binding as

determined by %&Ca#+ overlay (results not shown).

To demonstrate a functional interaction of CaM with the N-

terminal region (amino acids 1–159) of IP
$
R1 [6,7,12,13], we

constructed a deletion mutant of the ligand-binding domain. To

maintain IP
$
binding, we had to preserve amino acids 226–578 of

the ligand-binding site, as described by Yoshikawa et al. [27].

The resulting recombinant protein (Lbs-1His ∆1–225) expressed

in E. coli and affinity-purified on an Ni-NTA column, migrated

with an apparent molecular mass of 42 kDa (Figure 1B, lane 3).

However, some contaminating proteins were co-purified as

visualized by SYPRO OrangeTM (Figure 1B, right panel, lane 3).

The ∆1–225 mutant showed binding specificity similar to that of

Lbs-1His (results not shown).
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Figure 2 Effect of Ca2+, CaM and CaM1234 on binding to Lbs-1His, Lbs-
1His mut5 and Lbs-1His ∆1–225

(A) [3H]IP3 binding to IP3-binding proteins purified on Ni-NTA (Lbs-1His, Lbs-1His mut5 and

Lbs-1His ∆1–225) was measured in the presence and absence of Ca2+ (5 µM) and/or

CaM/CaM1234 (10 µM) and is expressed as the percentage in the absence of these

modulators (control). Binding was measured at pH 7.0 in the presence of 1 mM EGTA and

3.5 nM [3H]IP3. Data are expressed as the means³S.E.M. of at least three experiments,

consisting of independent triplicates. (B) A Scatchard analysis of IP3 binding to Lbs-1His in the

presence and absence of CaM is presented. Affinity-purified Lbs-1His (1.5 µg) was incubated

with 3.5 nM [3H]IP3 at pH 7.0 and increasing concentrations of unlabelled IP3 in the absence

(D) or presence (E) of 10 µM CaM. Data are expressed as means of two independent

determinations, consisting of independent quadruplicates.

Effect of CaM and CaM1234 on IP3 binding to Lbs-1His, Lbs-1His
mut5 and Lbs-1His ∆1–225 in the absence and presence of Ca2+

Micromolar free Ca#+ concentrations (5 µM) inhibited IP
$
bind-

ing to Lbs-1His by 20.0³4.2% at a physiological pH of 7.0

(Figure 2A). Surprisingly, IP
$

binding to Lbs-1His mut5 was

inhibited to the same extent by 5 µM Ca#+ under identical

conditions (22.5³8.3% ; Figure 2A), and deletion of the first N-

terminal 225 amino acids (Lbs-1His ∆1–225) abolished the

inhibition by Ca#+.

CaM (10 µM) inhibited IP
$
binding to Lbs-1His and Lbs-1His

mut5 by 43.0³1.7 and 45.0³7.2% respectively (Figure 2A),

whereas no inhibition was observed for Lbs-1His ∆1–225.

Scatchard analysis performed in the absence or presence of CaM

(10 µM) yielded K
d

values of 19³4 and 33³4 nM respectively,

whereas B
max

values were not significantly different (500³25 and

533³32 pmol}mg; Figure 2B). This indicates that CaM reduced

the affinity of the IP
$
-binding site but did not affect the number

of IP
$
-binding sites. The B

max
value is significantly higher than

previously published values [13,25,27], which probably reflects a

Figure 3 Effect of different CaM1234 concentrations on IP3 binding to
Lbs-1His, Lbs-1His mut5 and Lbs-1His ∆1–225

[3H]IP3 binding to purified Lbs-1His (D), Lbs-1His mut5 (*) and Lbs-1His ∆1–225 (^)

in the presence of indicated concentrations of CaM1234 was expressed as a percentage of the

binding measured in Ca2+-free buffer (1 mM EGTA, pH 7.0) without CaM1234. Curve fitting

was done by MicrocalTM Origin Version 6.0 (Northampton, MA, U.S.A.) and yielded a Ki value

of approx. 2.0 µM for Lbs-1His and approx. 1.9 µM for Lbs-1His mut5. Data are expressed

as the means³S.E.M. of at least three experiments, consisting of independent triplicates.

higher degree of purification of our preparation and}or a higher

fraction of functionally active recombinant proteins. In the

presence of both Ca#+ (5 µM) and CaM (10 µM), IP
$
binding was

inhibited by 60.0³4.2% for Lbs-1His and by 69.0³2.1% for

Lbs-1His mut5 (Figure 2A). Inhibition by CaM was fully additive

to inhibition by Ca#+, indicating that the inhibition caused by

CaM was Ca#+-independent. We have obtained essentially the

same results for full-length IP
$
R1. Maximal CaM-induced in-

hibition of IP
$
binding tomicrosomes of insect Sf9 cells expressing

mouse IP
$
R1 was approx. 40% in the absence of Ca#+. This is

very close to the value published previously (36% [13]) and

approx. 55% in the presence of 10 µM Ca#+ (results not shown).

To exclude the possibility that the observed Ca#+-independent

CaM effect was due to a constitutively occupied Ca#+-binding

site with a very high Ca#+ affinity in the CaM molecule, we

used CaM1234, a CaM mutant that could no longer bind Ca#+.

CaM1234 (10 µM) inhibited IP
$

binding to Lbs-1His and Lbs-

1His mut5 by 70.0³5.3 and 59.0³6.2% respectively, and no

inhibition was observed for Lbs-1His ∆1–225 (Figure 2A). In the

presence of both Ca#+ (5 µM) and CaM1234 (10 µM), IP
$
binding

was further inhibited up to 82.1³4.0% for both Lbs-1His and

82.1³4.9% for Lbs-1His mut5. Inhibition by CaM1234 was

therefore also additive to inhibition by Ca#+ (Figure 2A). Again,

we obtained similar results for microsomes of insect Sf9 cells

expressing the full-length mouse IP
$
R1: maximal CaM1234-

induced inhibition of IP
$
binding to full-length IP

$
R1 was approx.

37% in the absence of Ca#+ and approx. 47% in the presence of

10 µM Ca#+ (results not shown). The effect of CaM1234 on IP
$

binding to Lbs-1His was concentration-dependent (Figure 3).

CaM1234 half-maximally inhibited IP
$

binding at a concen-

tration of approx. 2.0 µM. This value was similar to the one

found for Lbs-1His mut5 (1.9 µM). The inhibitory effect of

CaM1234 was completely abolished for Lbs-1His ∆1–225.

Binding of CaM to N-terminal fusion proteins of IP3R1

The IP
$
-binding experiments suggest the presence of a functional

Ca#+-independent CaM-binding site within the first 225 amino

acids of IP
$
R1. To demonstrate directly the presence of such a
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Figure 4 Interaction between CaM1234 and pGST, GST-Cyt1 and GST-Cyt2

Immunoblot showing the interaction of pGST, GST-Cyt1 and GST-Cyt2 with CaM1234 in a pull

down assay in the presence (50 µM free Ca2+) and absence of Ca2+ (1 mM EGTA). Positive

signals on the immunoblot indicate retention of CaM1234 as detected by polyclonal rabbit anti-

CaM antibody (dilution 1 : 1000). pGST was used as negative control. Representative data for

four analyses with nearly identical results are shown.

Ca#+-independent CaM-binding site within this N-terminal re-

gion, we first employed a pull down assay between CaM1234 and

immobilized GST-fusion proteins GST-Cyt1 (amino acids 1–159)

and GST-Cyt2 (amino acids 154–309) that overlap this region

[19]. As shown in Figure 4, GST-Cyt1 was able to bind CaM1234

both in the presence and absence of Ca#+. Neither parental GST

(pGST) nor GST-Cyt2 showed interaction with CaM1234. We

also assayed the interaction with GST-Cyt1 by measuring the

fluorescence changes of dCaM. dCaM binding to a CaM-binding

protein is known to induce an increase in the emission maximum

and a blue shift in the fluorescence spectrum of the dansyl moiety

[28]. We observed these changes when GST-Cyt1 was added to a

buffer containing dCaM (40 nM) in the presence of Ca#+ (Figure

5A) as well as in the presence of an excess of EGTA (Figure 5B).

These changes were not observed on addition of pGST as a

control (Figure 5C). For both conditions (0.5 mM free Ca#+ and

1 mMEGTA), binding ofGST-Cyt1was quantified bymeasuring

Figure 5 Ca2+-dependent and -independent binding of GST-Cyt1 to dCaM

The emission (λex ¯ 340 nm) spectra of 40 nM dCaM were measured in 2 ml of buffer containing 100 µM EGTA. (A) Spectra were measured after sequential addition of 0.5 mM Ca2+ and 100 nM

fusion protein (GST-Cyt1). (B), (C) Spectra of Ca2+-independent binding of fusion protein to dCaM were measured after sequential addition of 0.5 mM Ca2+, 1 mM EGTA and 100 nM fusion protein

GST-Cyt1 or pGST respectively. (D) Ca2+-dependent and Ca2+-independent binding curve of GST-Cyt1 to dCaM. Fluorescence change was measured at 500 nm after excitation at 340 nm. F represents

the fluorescence observed after addition of fusion protein, and F0 the initial fluorescence of dCaM alone. Curve fitting was done by MicrocalTM Origin Version 6.0 and it yielded a Kd value of approx.

0.4 µM.

Figure 6 Detailed analysis of CaM-binding properties of the N-terminal
1–159 amino acid region of IP3R1

Map showing positions of synthetic peptides (A–F) used for binding experiments relative to the

N-terminal 159 amino acid region of IP3R1. Partial consensus domains for CaM binding [35]

are indicated.

the fluorescence increase at 500 nm as a function of increasing

concentrations of the GST-fusion protein. The increase in

fluorescence was approximately the same in both conditions;

when fitted, both curves showed an equilibrium binding to a

single site with a similar K
d
value of approx. 400 nM (Figure 5D).

This confirmed the presence of a low-affinity Ca#+-independent

CaM-binding site in the N-terminal 159 amino acids of IP
$
R1.

Binding of CaM to IP3R1 peptides

For a precise identification of the CaM interaction site in the N-

terminal 159 amino acid region, we synthesized a series of

peptides covering most of this region (Figure 6). These were

designed as follows: A (S16-N48), B (P49-N81), C (Y66-K91), D

(D97-L123), E (E106-S128) and F (I121-L151).

A representative non-denaturing gel of CaM in the presence of

the five different peptides in either 200 µM free Ca#+ (Figure 7A)

or 1 mM EGTA (Figure 7B) is shown. The peptides alone cannot

enter the gel because they are positively charged. CaM bound to
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Figure 7 Ability of Ca2+-CaM and apoCaM to bind to IP3R1 peptides (A–F)

(A), (B) A representative 15% non-denaturing gel of 3.5 µM CaM in the presence of each of

the IP3R1 peptides (A–F) (105 µM) in a 50 mM Tris buffer (pH 7.4) containing either 200 µM

free Ca2+ (A) or 1 mM EGTA (B) stained with SYPRO OrangeTM. CaM bound to the peptide

diminishes the intensity of the CaM band. Lane 1, peptide A (S16-N48) ; lane 2, peptide B (P49-

N81) ; lane 3, peptide C (Y66-K91) ; lane 4, peptide D (D97-L123) ; lane 5, peptide E (E106-

S128) ; lane 6, peptide F (I121-L151) and lane 7, CaM alone. (C) Densitometric analysis of the

CaM (3.5 µM) bands by ImageQuant 4.2 [25] in the presence of a 30-fold excess of peptide for

three independent experiments in the presence of either 200 µM free Ca2+ (shaded bars) or

1 mM EGTA (white bars). The vertical axis denotes the intensity loss of the CaM bands after

interaction with peptide as compared with CaM alone.

peptides B and E, resulting in complexes with those peptides that

did not enter the gel. Binding of these peptides to CaM, therefore,

diminished the intensity of the CaM band, due to the formation

of CaM–peptide complexes. Densitometric analysis of CaM

(3.5 µM) bands by ImageQuant 4.2 [25] in the presence of a

CaM}peptide molar ratio of 1:30 is summarized for three

independent experiments under both conditions in Figure 7(C).

The vertical axis in Figure 7(C) denotes the intensity loss of the

CaM bands after interaction with a 30-fold excess of peptide as

compared with the value for CaM in the absence of peptide.

Peptides B and E showed significant binding to both Ca#+-CaM

and apoCaM, whereas peptide F showed weak binding. Aberrant

results were obtained with peptide A because it was negatively

charged under the gel-shift conditions. Gel-shift experiments

with CaM1234 were consistent with the observations ob-

tained with CaM (results not shown). Taken together, the gel

shifts suggested that the important molecular determinants for

CaM binding, both in the presence and absence of Ca#+, were

localized within peptides B and E.

Peptide–CaM binding was further quantified in a fluorescence

assay using dCaM both in the presence and absence of Ca#+. The

vertical axis in Figure 8(A) denotes the fluorescence increase at

500 nm, a measure of the extent of interaction. As shown in

Figure 8 Ca2+-dependent and Ca2+-independent binding of IP3R1 peptides
(A–F) to dCaM

The emission spectra (λex ¯ 340 nm) of 40 nm dCaM were measured in 2 ml of buffer

containing 100 µM EGTA. (A) Increase in dCaM fluorescence emission at λ¯ 500 nm after

addition of 1 µM peptide (A–F) in the presence or absence of Ca2+. Data for each peptide are

shown as means³S.D. (n ¯ 3). (B) The Ca2+-dependent CaM-binding curve of peptide B to

dCaM. Data in the presence of 50 µM free Ca2+ were fitted to a binding curve with

Kd E 0.1 µM. (C) The Ca2+-dependent and Ca2+-independent CaM-binding curve of peptide

E to dCaM. Data in the presence of 1 mM EGTA were fitted to a binding curve with Kd E 1 µM.

In the presence of 50 µM free Ca2+, the estimated Kd value was approx. 1.5 µM.

Figure 8(A), dCaM displayed a significant interaction with

peptide E (E106-S128) both in the presence and absence of Ca#+.

The flanking peptides D and F displayed small changes in the

absence and presence of Ca#+ respectively. In the presence of

50 µM free Ca#+, there was also a significant interaction between

dCaM and peptide B (Figure 8A), but surprisingly no interaction

was observed in the absence of Ca#+. A possible explanation for

this discrepancy could be that the position of the dansyl

fluorophores hindered binding between Ca#+-free dCaM and

peptide B under these specific conditions. Since such hindrance

did not occur for peptide E, these results suggest that both

peptides may interact with a different site on dCaM. dCaM did

not show interactions with peptides A and C. The affinity was

quantified by measuring the fluorescence increase at 500 nm as a

function of increasing concentrations of peptide (Figures 8B and

8C). For peptide E, K
d

was 1.0 µM in the absence of Ca#+,

and 1.5 µM in the presence of 50 µM free Ca#+ (Figure 8C). Thus

binding between dCaM and the peptide slightly decreased as the

free Ca#+ concentration increased. This observation is consistent

with a site that serves a tethering function. For peptide B, K
d
was

0.1 µM in the presence of 50 µM free Ca#+ (Figure 8B).

Effect of peptides B and E on the CaM-induced inhibition of IP3
binding to Lbs-1His

To confirm the involvement of the CaM-binding sites cor-

responding to peptides B and E in the inhibition of IP
$
binding
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Figure 9 Effect of peptides B and E on the CaM-induced inhibition of IP3
binding to Lbs-1His

[3H]IP3 binding to Lbs-1His was measured in the presence of 10 µM CaM either with Ca2+

(5 µM, shaded bars) or without Ca2+ (1 mM EGTA, white bars) and upon addition of

respectively 25 µM peptide A (negative control), peptide B or peptide E. [3H]IP3 binding was

expressed as the percentage of [3H]IP3 binding in control conditions (Lbs-1His alone ; 1 mM

EGTA). Binding was measured at pH 7.0 in the presence of 1 mM EGTA and 3.5 nM [3H]IP3.

Data are expressed as the means³S.E.M. of at least three independent experiments, each

performed in triplicate.

by CaM, we examined whether peptides B and E could reverse

the inhibition of IP
$
binding to Lbs-1His caused by CaM. Figure

9 (white bars) shows that addition of either peptide B or peptide

E (25 µM) in the presence of CaM (10 µM) fully restored IP
$

binding. In the presence of both Ca#+ (5 µM) and CaM (10 µM),

peptides B and E counteracted the inhibitory effect caused by

CaM, but they did not alter the inhibitory effect caused by Ca#+

(Figure 9, shaded bars). No reversal was observed on the addition

of peptide A (negative control). These observations suggest that

the non-contiguous sequence corresponding to peptides B and E

might be a functional Ca#+-independent CaM-binding domain

responsible for inhibition of IP
$

binding.

DISCUSSION

It was previously shown that CaM inhibited, in a Ca#+-

independent way, IP
$

binding to the native and purified IP
$
R

as well as to the full-length recombinant type 1 IP
$
R [6,7,12–14].

Studies using recombinant ligand-binding domains (first 581

amino acids of IP
$
R) also revealed a Ca#+-independent CaM

inhibition of IP
$
binding for all IP

$
R isoforms [13,15]. The latter

studies suggested that a Ca#+-independent interaction site for

CaM is present within the N-terminal ligand-binding domain of

IP
$
R1. This was in agreement with the results of Adkins et al. [7]

who obtained evidence for both low-affinity Ca#+-dependent

and Ca#+-independent CaM interactions within the first N-

terminal 159 amino acids of IP
$
R1.

We have measured the effect of Ca#+, CaM and CaM1234 on

[$H]IP
$

binding to a recombinant ligand-binding domain (Lbs-

1His) and mutants thereof. Ca#+ in the absence of CaM inhibited

IP
$
binding to Lbs-1His and Lbs-1His mut5 to the same extent,

despite the fact that the conserved Ca#+-binding site (Cyt3b,

amino acids 378–450) in Lbs-1His mut5 was mutated and could

not bind Ca#+. The Cyt3b Ca#+-binding site is apparently not

involved in the observed inhibition of IP
$
binding by Ca#+. The

possibility that another Ca#+-binding site (Cyt3a, amino acids

304–381) is responsible for the effect of Ca#+ is very unlikely,

based on the results obtained with deletion mutant Lbs-1His

∆1–225. Deletion of the first 225 amino acids abolished the

effects of Ca#+ on IP
$
binding, indicating that the Ca#+-interaction

site should be located within the N-terminal 125 amino acids,

although no known consensus motif for Ca#+ binding is present.

CaM (10 µM) in the absence of Ca#+ inhibited IP
$
binding to

Lbs-1His and Lbs-1His mut5 by approx. 43%. The results

obtained for the recombinant ligand-binding domain are in

excellent agreement with the maximal inhibition reported for

full-length IP
$
R1 in Sf9 microsomes (36–40%) [12,13], in rat

cerebellum microsomes (36% [6]) and in COS-7 microsomes

(35%) [14]. Even IP
$
binding to the Trp"&((!Ala IP

$
R1 mutant

was still inhibited by CaM in the absence of Ca#+ [14]. The effects

of Ca#+ (5 µM) and CaM (10 µM) were fully additive and both

were absent for Lbs-1His ∆1–225. These results clearly demon-

strated that independent interaction sites for Ca#+ and for CaM,

both of which partially inhibited IP
$
binding, were located in the

N-terminal 225 amino acids and outside the IP
$
-binding pocket.

To demonstrate unequivocally the Ca#+-independent nature of

the CaM interaction, we performed similar experiments with

CaM1234, aCaM mutant inwhich the first aspartic acid in each of

the four EF-hands was mutated to alanine [29]. The effect

of CaM1234 on IP
$

binding was concentration-dependent,

and CaM1234 half-maximally inhibited IP
$
binding to Lbs-1His

at a concentration of approx. 2 µM. A similar value was found

for Lbs-1His mut5. This value is also similar to those reported

previously for CaM (K
d
E 3 µM) [6,13]. CaM1234 was a slightly

stronger inhibitor of IP
$

binding than CaM and caused a 70%

inhibition for Lbs-1His. When both Ca#+ and CaM1234 were

added, IP
$
binding was further inhibited by up to 82%, indicating

that inhibition by CaM1234 was also additive to inhibition by

Ca#+. We also observed CaM- and CaM1234-induced inhibition

of IP
$

binding for full-length IP
$
R1 expressed in Sf9 cells,

indicating that the inhibition of IP
$

binding by CaM may be

relevant for the functional receptor. Since this Ca#+-independent

CaM interaction decreased the IP
$
-binding affinity, it is con-

ceivable that such an interaction could modulate the Ca#+

regulation and Ca#+ gating in an indirect way. Results on the

mechanism of channel activation by IP
$

support the view that

the sole function of IP
$
is to relieve Ca#+ inhibition of the channel

[30]. This is also reflected in broadening of the bell-shaped Ca#+

curve towards high Ca#+ concentrations as more IP
$
-binding

sites become occupied [31]. In such a model, CaM inhibition of

IP
$
binding would result in a more pronounced inhibition of the

channel by Ca#+. A physical interaction between the IP
$
-binding

domain and the channel domain has indeed been demonstrated

[32]. The Ca#+-independent inhibition of IP
$
binding by CaM can

therefore be compatible with the observation that CaM inhibits

IP
$
-induced Ca#+ release only in the presence of Ca#+ [9].

The molecular mechanism for this Ca#+-independent inhibition

of IP
$
binding was reflected in the direct interaction of CaM1234

with immobilized GST-Cyt1 (amino acids 1–159 of IP
$
R1).

GST-Cyt1 bound to CaM1234 both in the presence and absence

of Ca#+. Because CaM1234 lacks the ability to act as a Ca#+

effector [33,34], this binding can be regarded as a clear indication

of a tethering interaction. Estimation of the affinity of the CaM-

binding site in GST-Cyt1 using fluorescent CaM revealed a low-

affinity binding site (K
d
E 0.4 µM). This value is similar to the

value (0.8–1.4 µM) reported using scintillation proximity assay

[7]. To map the molecular determinants of the CaM-binding site

in GST-Cyt1, we used synthetic peptides representing the N-

terminal 159 amino acids of IP
$
R1. We demonstrated that both

peptides B and E, corresponding to amino acids 49–81 and

106–128 respectively of mouse IP
$
R1, bound to both Ca#+-CaM
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and Ca#+-free CaM (apoCaM). Peptide B includes a partial

IQ (Ile-Gln) motif, whereas peptide E contains both a partial IQ

motif and a consensus 1–5–10 CaM-binding motif. The flanking

peptides D and F displayed only weak interactions with CaM

(both in the gel-shift and the dCaM assay). Since peptide D also

contained the consensus 1–5–10 CaM-binding motif but lacked

the IQ motif, we conclude that the partial IQ motif in peptide

E might be more important as a determinant for binding Ca#+-

CaM}apoCaM. It should be pointed out that a pattern search of

the complete IP
$
R sequence indicated the occurrence of three

consensus IQ motifs as well as a large number of partial IQ motifs

and Ca#+-dependent CaM-binding motifs (1–5–10 and 1–8–14

motifs). Moreover, not all CaM-binding proteins that bind CaM

independently of Ca#+ contain an IQ motif [35]. As such, the

significance of the partial IQ motifs in peptides B and E remains

an open question.

Since both peptides B and E were able to inhibit CaM binding

to the recombinant Lbs-1His domain, their sequence may rep-

resent a functional CaM-binding domain involved in inhibition

of IP
$
binding. Therefore amino acids 49–81 and 106–128 provide

a discontinuous tethering site for CaM.

The peptides had a low affinity for Ca#+-independent CaM

binding, with a K
d

value (0.1–1 µM) comparable with the GST-

Cyt1 fusion protein (K
d
E 0.4 µM), the recombinant Lbs-1His

domain (EC
&!

E 2 µM), and the intact IP
$
R (K

d
E 3 µM) [6].

Since CaM is present in cells in the 1–10 µM range, and even at

higher levels in cerebellum [36], this micromolar affinity may be

physiologically relevant. Although the role of apoCaM binding

and Ca#+-independent CaM binding is still unknown [37], it is

conceivable that the detected Ca#+-independent CaM domain

functions as an endogenous attenuator of IP
$
R1. It has been

reported that the local intracellular availability of CaM and its

distribution may change in response to cellular Ca#+ or phos-

phorylation [37,38].Modulation of the concentration of free CaM

itself will determine the occupancy of the Ca#+-independent

CaM-binding site and can therefore provide a regulation mech-

anism. This model is also consistent with the observation that

several CaM antagonists cause Ca#+ release from the endoplasmic

reticulum [39–41], probably by counteracting the tonic inhibition

of IP
$
Rs by CaM. Alternatively, regulation might be more

indirect, based on the finding that CaM-binding sequences have

been reported to serve as specific binding motifs for proteins

other than CaM [42]. These proteins, such as the recently cloned

family of CaM-like Ca#+-binding proteins, may substitute for

CaM [43,44] or act as competitors and alter the occupancy of the

Ca#+-independent CaM-binding site.

A second model is based on the current thinking about the

gating of L-type Ca#+ channels [24] and SK potassium channels

[29,45], two-ion channels regulated by Ca#+ through constitu-

tively bound CaM. CaM tethering to these channels involves two

α-helical segments and the effector interaction takes place by

recruitment of a third α-helical segment that binds Ca#+-CaM

[24]. In the present case, CaM is tethered to peptides B and E, but

no effector region was found in the linear neighbouring sequence.

Moreover, the functional data presented in the present study

clearly demonstrate that Ca#+-bound CaM does not contribute

to the inhibitory effect of CaM on IP
$
binding to the recombinant

Lbs-1His domain. However, it is possible that the tethering

domain that has been detected connects with a Ca#+-CaM-

binding site lying elsewhere to allow a fast interaction on

stimulation of the cell. This effector site could lie on the IP
$
R

itself or on accessory proteins such as Ca#+}calmodulin-

dependent kinase [46,47], or calcineurin [48]. This model would

also be compatible with the observation that CaM inhibits IP
$
-

induced Ca#+ release only in the presence of Ca#+ [9].

In conclusion, we have mapped two Ca#+-independent CaM-

binding sites in the N-terminal part of IP
$
R1. The first one was

present between amino acids 49 and 81 and the second one

between amino acids 106 and 128. These sequences were identi-

fied as components of a discontinuous Ca#+-independent CaM-

binding domain and might be responsible for the inhibition of

IP
$

binding. Further work is needed to demonstrate the role

of these two CaM-binding sites in the functioning of the in-

tact IP
$
R1.
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