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ABSTRACT The interactions between calmodulin, inosi-
tol 1,4,5-trisphosphate (InsP3), and pure cerebellar InsP;
receptors were characterized by using a scintillation proximity
assay. In the absence of Ca?*, 1?5I-labeled calmodulin revers-
ibly bound to multiple sites on InsP; receptors and Ca?*
increased the binding by 190% = 10%; the half-maximal effect
occurred when the Ca?* concentration was 184 + 14 nM. In
the absence of Ca2*, calmodulin caused a reversible, concen-
tration-dependent (ICsg 3.1 = 0.2 pM) inhibition of
[*H]InsP3 binding by decreasing the affinity of the receptor
for InsPs. This effect was similar at all Ca2* concentrations,
indicating that the site through which calmodulin inhibits
InsP; binding has similar affinities for calmodulin and Ca?*-
calmodulin. Calmodulin (10 uM) inhibited the Ca2* release
from cerebellar microsomes evoked by submaximal, but not by
maximal, concentrations of InsP;. Tonic inhibition of InsP;
receptors by the high concentrations of calmodulin within
cerebellar Purkinje cells may account for their relative insen-
sitivity to InsP; and limit spontaneous activation of InsP;
receptors in the dendritic spines. Inhibition of InsP; receptors
by calmodulin at all cytosolic Ca?* concentrations, together
with the known redistribution of neuronal calmodulin evoked
by protein kinases and Ca?*, suggests that calmodulin may
also allow both feedback control of InsP; receptors and
integration of inputs from other signaling pathways.

Calmodulin is a ubiquitous and highly conserved Ca?*-binding
protein that mediates many of the effects of increases in
cytosolic Ca?" concentration on such diverse cellular processes
as enzyme and ion channel activity, cytoskeletal organization,
and progression through the cell cycle (1). In addition, cal-
modulin is one means whereby the activities of different
intracellular signaling pathways are coordinated: both forma-
tion and degradation of cyclic AMP, for example, are regulated
by Ca?*—calmodulin, as are the activities of several protein
kinases and phosphatases. Calmodulin is also involved in some
of the mechanisms that control the increases in cytosolic Ca>*
concentration evoked by extracellular stimuli. These targets
include certain plasma membrane Ca?* pumps (2), ryanodine
receptors (3), cyclic nucleotide-gated Ca?* channels (4), and
the Ca?* channels encoded by the #rp and #rpl genes (5-7),
which mediate Ca?* entry evoked by receptors linked to
formation of inositol 1,4,5-trisphosphate (InsPs).

Many ion channels are modulated by Ca?*—calmodulin. The
effects are usually mediated by phosphorylation (8) and less
commonly by direct binding of Ca?>"—calmodulin to the channel
(4, 7). In ryanodine receptors, which are intracellular Ca?*
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channels with structural and functional similarities to InsP3
receptors (9), calmodulin binds to multiple sites (10) and thereby
exerts complex effects on channel activity (3, 11). The receptors
for InsP; are more widely distributed than ryanodine receptors,
and in many cells they mediate both the initial release of Ca>*
from intracellular stores and the subsequent propagation of a
regenerative Ca?" signal evoked by extracellular stimuli (12).
Both ryanodine (13, 14) and InsPs (15) receptors are phosphor-
ylated by Ca?*-calmodulin-dependent protein kinase II
(CaMKII), although the functional consequences are unclear (13,
14, 16, 17). However, whereas calmodulin binding to ryanodine
receptors is known to regulate their activity (18), calmodulin has
been reported to inhibit (19), stimulate (20), or have no effect (11)
on InsPs-stimulated Ca2™ release.

Here we use a scintillation proximity assay (SPA)Y to
demonstrate that calmodulin in both its Ca?*-bound and
Ca?*-free forms binds directly to pure cerebellar InsP; recep-
tors. Ca®*-independent binding of calmodulin inhibits both
InsP; binding and InsPs;-evoked Ca?* mobilization, and it
provides a means whereby the changes in free calmodulin
concentration known to occur during stimulation of neurons
(1) may regulate the sensitivity of InsPs receptors.

METHODS

InsP; receptors were purified from rat cerebella by sequential
heparin and Con A affinity chromatography (21), rapidly
frozen in liquid nitrogen, and stored at —80°C. From both
silver staining of denaturing gels and the stoichiometry of
InsP; binding (1.3 = 0.4 nmol/mg of protein, n = 5), the
receptor preparations were shown to be pure. Sucrose density
gradient centrifugation confirmed the tetrameric structure of
the purified receptors. InsPs receptors from six independent
purifications were used.

In SPA, only radioligand bound to receptors tethered to the
surface of the SPA bead is detected by the scintillant immo-
bilized within it (22), allowing binding to be measured without
separation of bound from free ligand. The method is therefore
suitable for both characterization of low-affinity binding and
real-time analyses of the interactions between ligands and their
receptors. Because the only two residues of the type 1 InsP3
receptor that are glycosylated are closely juxtaposed and lie
within the lumen of the endoplasmic reticulum (23), tethering
the receptor through these residues to lectin-coated SPA beads
is unlikely to interfere with analyses of the binding of cytosolic
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ligands. Purified InsP; receptors (40 pg/ml) were coupled to
wheat-germ agglutinin-coated SPA beads (1.25 or 40 mg/ml)
as previously described (24). The receptor-beads were then
washed by centrifugation (20,000 X g, 60 s) and resuspended
in medium containing 20 mM piperazine-N,N’-bis(2-
ethanesulfonic acid) (Pipes; pH 7 at 2°C), 1 mM EGTA, 5 mM
KoHPOy, 0.1% Surfact-Amps X-100 (Pierce and Warriner,
Chester, U.K.), 1% BSA (fraction V, Sigma), and 0-1 mM
CaCl,. The free Ca?* concentration of the medium ([Ca?*])
was measured with fura 2, using the methods and temperature
correction previously reported (25).

Binding of [*H]InsP; (2-3 nM; 54 Ci/mmol; Amersham; 1
Ci = 37 GBq) to the InsP; receptor-beads (10 mg/ml) was
performed in microcentrifuge tubes immersed in iced water.
Bound radioactivity was determined by counting samples (200
wl) for 60 s, and nonspecific binding (typically 5% of total
binding) was measured in the presence of 1 uM unlabeled
InsP; (American Radiolabeled Chemicals, St. Louis). Specific
binding of [*H]InsP; was typically 3,000 cpm per incubation.
[*H]InsP; binding to cerebellar membranes was characterized
by using a centrifugation method (24) in the same medium
used for SPA analyses. Our previous study established that the
affinity of the receptor for InsP5 and heparin, the kinetics of
InsP; binding, and the specificity of the receptor were similar
whether measured by SPA or by conventional methods (24).

Bovine brain calmodulin (Calbiochem) was radiolabeled
with 12°1, using the Bolton and Hunter reagent, to a specific
activity of 1.1 Ci/umol. To minimize direct binding of 12°I-
labeled calmodulin ('?’I-calmodulin) to SPA beads, the con-
centration of SPA beads in the coupling reaction was reduced
from that used for [*H]InsP; binding to 1.25 mg/ml; the higher
density of InsP; receptors per bead then allowed fewer beads
(0.625 mg/ml) to be used in binding assays. In parallel
experiments using the conditions described previously (24),
[*H]InsP; binding was indistinguishable when determined at
high [Kq = 10.3 * 1.2 nM, Hill coefficient (nyg) = 0.97 = 0.06
nM; n = 4] orlow (Kq = 11.0 = 1.4 nM, ng = 1.0 £ 0.14; n =
5) densities of InsP3 receptors per bead. The methods used to
measure '»I-calmodulin (2-3 nM) binding to InsP; receptor-
beads were otherwise the same as those used for [*H]InsPs
binding. Nonspecific 12’I-calmodulin binding (typically 20% of
total binding) was measured in the presence of 50 uM unla-
beled bovine brain calmodulin. Specific binding of **I-cal-
modulin was typically 2,000-4,000 cpm per incubation. No
specific [*H]InsP; or '>’I-calmodulin binding was detected to
SPA beads alone. Counting efficiencies for '2°1 (22.1%) and *H
(10.4%) were established by using standard SPA beads (22).

Equilibrium-competition binding results were fitted to lo-
gistic equations (24) and kinetics results were fitted to com-
binations of exponential equations using least-squares curve-
fitting (Kaleidagraph, Synergy Software, Reading, PA).

Cerebellar microsomes were prepared (26) in media sup-
plemented with protease inhibitors (100 uM phenylmethylsul-
fonyl fluoride, 1 pM pepstatin, 0.02 unit/ml aprotinin, 20
pg/ml soybean trypsin inhibitor, 100 uM captopril) and stored
in liquid nitrogen. For ¥*Ca?* flux assays, microsomes were
resuspended (125 ug of protein per ml) in loading medium
(LM) at 20°C containing 100 mM KCI, 20 mM NaCl, 5 mM
MgCl,, 20 mM Hepes (pH 7), 240 uM EGTA, 64 uM CaCl,
1.5 mM ATP, 5 mM phosphocreatine, 1 unit/ml creatine
kinase, and 8 uCi/ml *CaCl,; the free [Ca’"] of LM, deter-
mined using fura 2, was 200 nM (25). After 5 min at 20°C,
during which the microsomes actively accumulated “Ca?*,
200-ul samples were added to appropriate concentrations of
InsPs, and after a further 45 s, the “°Ca%* content of the
microsomes was determined after rapid filtration through
Whatman GF/C filters (25).
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RESULTS

Specific and reversible binding of ?’I-calmodulin to pure
cerebellar InsP; receptors was detected by SPA in nominally
Ca’*-free medium ([Ca’?"], ~ 2 nM; Fig. 14), whereas
previous studies with conventional methods had revealed only
Ca?*-dependent interactions (27). Addition of Ca%* ([Ca®" ]y
~ 30 uM) caused a 1.9 = 0.1-fold increase (n = 12) in
125]-calmodulin binding to InsP; receptors, which was reversed
by addition of EGTA (40 mM; Fig. 1A4). The half-maximal
effect of Ca?™ (ECsg) occurred when [Ca? "], was 184 + 14 nM
(n = 3; Fig. 1B). The rates of >’I-calmodulin association with
(Fig. 1A4), and dissociation from (Fig. 1C), InsP; receptors
were slow and multiphasic in both the absence (~2 nM) and
presence (=~30 puM) of Ca?*. In equilibrium competition
binding experiments, half-maximal displacement of '*I-cal-
modulin (ICsp) occurred when the calmodulin concentration
was 288 = 72 nM (n = 3) in Ca?*-free medium and 117 = 6
nM (n = 3) in Ca?*-containing medium (Fig. 2). The compe-
tition curves were shallow in both the absence (Hill coefficient
= 0.68 = 0.09) and presence (Hill coefficient = 0.67 = 0.09)
of Ca?*, consistent with the labeling of multiple calmodulin-
binding sites in both situations.

Although they are structurally unrelated, both calmidazo-
lium (Calbiochem) and W7 (Calbiochem) preferentially bind
to Ca?*—calmodulin (28) and thereby attenuate the Ca?*-
dependent effects of calmodulin. In the presence of Ca?*
([Ca?*]m =~ 30 uM), both calmidazolium (50 uM) and W7 (500
pM) almost abolished binding of 2’I-calmodulin to InsP;
receptors: binding was reduced to 13% = 3% (n = 3) and 8%
* 4% (n = 3) of its control value, respectively. The two
compounds had very different effects in the absence of Ca?";
calmidazolium enhanced %I-calmodulin binding by 240% =+
10% (n = 3), while W7 inhibited it by 49% = 3% (n = 3). InsP;
(1 uM) only modestly inhibited '?*I-calmodulin binding in the
absence (22% * 2%, n = 3) or presence (9% * 3%, n = 3)
of Ca?*, indicating that calmodulin and InsP; bind to distinct
sites on the InsP; receptor.

The characteristics of [*H]InsP; binding to the receptor beads
were similar to those reported previously (24): in Ca?*-free
medium, [*H]InsP; bound to a single class of high-affinity sites
(Kg = 6.2 = 0.4 nM, nyg = 0.95 = 0.04, n = 3). In the absence of
Ca?*, calmodulin inhibited [*H]InsP; binding to both purified
receptors on SPA beads and cerebellar membranes (Fig. 34). The
effect was not a consequence of calmodulin binding directly to
[*H]InsPs, and thereby depleting the medium of free radioligand,
because in an equilibrium dialysis assay performed under con-
ditions identical to those of the SPA assays, there was no
detectable binding of [*H]InsP; to calmodulin (not shown). Using
SPA to compare [*H]InsP; binding in the presence of 3 uM
calmodulin with that observed after incubating with 10 uM
calmodulin and then diluting the medium to reduce the calmod-
ulin concentration to 3 uM, we established that the inhibitory
effect of calmodulin reversed within 20 min (Table 1). Previous
studies of cerebellar InsP; receptors failed to detect an effect of
calmodulin (2-3 uM) on InsP; binding (29, 30). The combination
of the higher pH used in those experiments, which is known to
alter the conformation of calmodulin and inhibit its Ca?*-
independent interaction with ryanodine receptors (18), and the
high concentration of radioligand used are likely to have con-
tributed to the discrepancy. Indeed, in our experiments increasing
the pH to 8.3 had the anticipated stimulatory effect on [*H]InsP;
binding, but abolished the effect of calmodulin (not shown).
There are also likely to be genuine differences in the effects of
calmodulin between tissues (11, 19, 20): types 1 and 2 InsP3
receptors bind to Ca?"—calmodulin, whereas type 3 receptors
appear not to (27).

Calmodulin (10 wM) inhibited binding of [*H]InsP; (1 nM)
to cerebellar microsomes by 36% * 3% (n = 4), and it
significantly reduced the *Ca?* release evoked by submaximal
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FiG. 1. Reversible binding of 12°I-calmodulin to pure InsP3 recep-
tors in the absence and presence of Ca’*. (4) The time course of
specific binding of *I-calmodulin (3 nM) to SPA-InsP3 receptor
beads is shown, first in nominally Ca?*-free medium ([Ca?*]n ~ 2
nM), then after addition of Ca?* ([Ca?"]m ~ 30 uM), and finally after
addition of EGTA (40 mM) to restore [Ca®* ]y to ~2 nM. The main
panel illustrates results from a single experiment, representative of
three. Equilibrium binding of '*I-calmodulin in Ca?*-free medium
(n = 12), Ca?*-containing medium (n = 12), and after addition of
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FiG. 2. Equilibrium binding of !*I-calmodulin to pure InsP;
receptors in the absence and presence of Ca?". SPA-InsP3 receptor
beads were incubated with 12I-calmodulin (3 nM) in the presence of
the indicated concentrations of unlabeled calmodulin, first in Ca2*-
free medium (@, [Ca?*]m ~ 2 nM) and then after addition of Ca?* (O,
[Ca?*]m =~ 30 uM). C denotes the control. Results (means = SEM) are
from three independent experiments.

concentrations of InsP; without affecting that evoked by
maximal concentrations (Fig. 4). These results also confirm
that the effects of calmodulin are mediated through a cytosolic
site on InsP;3 receptors.

Although the maximal extent of the inhibition of [*H]InsP;
binding by calmodulin was consistent between experiments
using the same receptor preparation, it varied between prep-
arations (Fig. 34 Inset). In four experiments from two separate
receptor purifications, the maximal inhibition of [*H]InsP;
binding by calmodulin was 86% * 3%, while in two experi-
ments from a third purification the inhibition was only 43%
and 42%; similar results were obtained with cerebellar mem-
branes (not shown). The concentration range over which
calmodulin inhibited InsP; binding was, however, similar in all
preparations analyzed by SPA (ICsp = 3.1 = 0.2 uM, ny =
0.81 = 0.04,n = 3) and in cerebellar membranes (ICsp = 7.8 *
0.3 uM, ng = 1.5 £ 0.7, n = 3) (Fig. 34). The reasons behind
the differences in the maximal effects of calmodulin between
receptor preparations and the previously reported effects of
storage conditions on calmodulin binding (29) are unclear,
although they are not a consequence of calmodulin contami-
nation. From equilibrium competition binding experiments,
the Ky for InsP3 was 6.2 = 0.4 nM (ng = 0.95 = 0.04; n = 3)
in the absence of calmodulin and 15.2 = 1 nM (ny = 0.97 *
0.05; n = 3) in the presence of 3 uM calmodulin (Fig. 3B).

EGTA (n = 3) are shown in the histogram (means = SEM). (B) The
stimulatory effect of [Ca?*]m on specific '?’I-calmodulin binding is
plotted as a percentage of the maximal effect, which was obtained
when [Ca2* ], was ~30 uM. The 0 and 100% values were both derived
by extrapolation of the curves. Results are means = SEM of three
independent experiments. (C) Dissociation of '2’I-calmodulin from
InsP3 receptors is shown after addition of calmodulin (50 uM) to
SPA-InsPs receptor beads that had equilibrated (3 h) with *I-cal-
modulin (3 nM) in the absence (®, [Ca?"]m =~ 2 nM) or presence (O,
[Ca2*]m =~ 30 uM) of Ca%*. Results are plotted on a semilogarithmic
scale and are representative of three independent experiments. In
Ca2*-free medium, 45% =+ 5% of the 125I-calmodulin dissociated with
a half-time (f1,,) = 474 * 156 s, and the remainder with a 1/, = 143 *
29 min; the comparable numbers in Ca?*-containing medium were t1,,
= 180 *= 48 s (44% = 2%) and 74 = 9 min. i
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FiG. 3. Calmodulin inhibits [*H]InsP5 binding to InsP5 receptors.
(A) Effects of calmodulin in Ca?*-free medium on equilibrium binding
of [*H]InsP5 (3 nM) to cerebellar membranes (O, typical results from
one of three independent preparations) or to pure InsP; receptors on
SPA beads (®, means = SEM of three independent receptor purifi-
cations). Results are shown as percentages of the maximal inhibition
obtained in the presence of a saturating concentration of calmodulin
(derived by extrapolation of the binding curve to infinite calmodulin
concentration). (Inset) Typical effects of calmodulin on specific bind-
ing of [®*H]InsP; to pure InsP3 receptors from two preparations,
showing the differences in the maximal inhibition caused by calmod-
ulin. (B) Equilibrium competition binding curves are shown for
specific [*H]InsP5 binding to InsPs receptors in Ca?*-free medium in
the absence of calmodulin (®) and then after addition of a submaximal
concentration of calmodulin (3 uM) (O). Results are the means =
SEM of three independent experiments.

In the absence of calmodulin, increasing [Ca?* ], from ~2
nM to ~30 uM caused a small decrease (15% * 4%, n = 3)
in binding of [*H]InsP; to InsP; receptors (Fig. 5). The
inhibitory effect of a submaximal concentration of calmodulin
on [*H]InsP; binding was not, however, affected by [Ca?*],.
Calmodulin (3 uM) inhibited InsP; binding by 57% *+ 1% (n =
3) when [Ca®*]y, was ~2 nM, by 54% =+ 3% (n = 3) when it
was ~30 uM, and by similar amounts at all intermediate
[Ca%*],, (Fig. 5).

In the absence of Ca?* ([Ca?"],, ~ 2 nM), the inhibition of
[*H]InsP; binding by calmodulin was minimally affected by
either W7 or calmidazolium, whereas in the presence of Ca?™,
both calmidazolium and W7 reversed the inhibitory effects of

Proc. Natl. Acad. Sci. USA 94 (1997)

Table 1. Reversible inhibition of [3H]InsP3; binding by calmodulin

Inhibition of

Calmodulin, [*H]InsP53
uM binding, %

3 54*1

10 722

10 then 3 49+ 1

SPA methods were used to compare [*H]InsP; binding to receptors
incubated with 3 or 10 uM calmodulin for 40 min. In parallel, receptors
were incubated with 10 uM calmodulin (20 min) and then incubated for
a further 20 min after dilution to reduce the calmodulin concentration to
3 uM without otherwise changing the composition of the medium. The
results (means = SEM, n = 6) are expressed relative to the specific
[*H]InsP;3 binding detected in parallel incubations without calmodulin.

calmodulin (Table 2). Neither antagonist affected [*H]InsP;
binding in the absence of calmodulin (Table 2).

DISCUSSION

In peripheral tissues, intracellular concentrations of soluble
calmodulin are about 2-6 uM, but both the total and soluble
calmodulin concentrations (=19 uM) are about 4-fold higher
in cerebellum (31). Our results therefore suggest that the
inhibition of both [*H]InsP; binding (ICsp = 3.1 puM; Fig. 3)
and InsPs-evoked Ca?* release (Fig. 4) in cerebellum occur at
concentrations of calmodulin likely to occur within the cytosol
of Purkinje neurons, the cerebellar cells within which most
InsP; receptors (32) and calmodulin (33) are located. Within
Purkinje cells, the subcellular distributions of calmodulin and
InsP; receptors are also similar. Both occur at highest density
in dendritic spines (32, 34), the sites of glutaminergic inner-
vation by parallel fibers, and each is associated with stacks of
smooth endoplasmic reticulum (32, 34). Endogenous calmod-
ulin might therefore provide an explanation for the observa-
tion that intact Purkinje cells are, despite their exceptionally
high levels of InsP; receptors, unusually insensitive to InsP3
(35), whereas cerebellar microsomes are similar to other
tissues in their InsP3 sensitivity (36) (Fig. 4). Such tonic
inhibition of InsP; receptors is likely to be particularly impor-
tant in dendritic spines, because within their very small volume
(=5 X 107" liters), spontaneous formation of even a few
molecules of InsP; might otherwise cause maximal Ca’*
mobilization.

Estimates of the cytosolic InsP3 concentration of unstimu-
lated cells are almost invariably higher (37, 38), and often
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FiG. 4. Calmodulin inhibits InsP3-evoked Ca?* release from cer-
ebellar microsomes. Cerebellar microsomes were loaded with 4°Ca2*
in the absence (O) or presence (®) of 10 uM calmodulin before
addition of the indicated concentrations of InsPz in the continued
presence or absence of calmodulin. The results (means = SEM of 3-17
independent experiments, each performed in triplicate) show the
amount of Ca?* released during the 45-s incubation with InsPs.
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Fi1G. 5. Calmodulin inhibition of [*H]InsP; binding is independent
of Ca?*. Results (means = SEM of three independent experiments)
show the effect of varying [Ca?* ] on the specific binding of [*H]InsP3
(3 nM) to receptor beads in the absence (®) and presence (O) of a
submaximal concentration of calmodulin (3 uM).

much higher (39, 40), than the concentrations required to
evoke Ca?" mobilization from the same cells after permeabi-
lization. The discrepancy has been ascribed to intracellular
compartmentalization of InsP5 (38), but it may also reflect the
tonic inhibition of InsP3 receptors by a cytosolic component
that is lost during permeabilization. Our results suggest that
calmodulin may be an endogenous inhibitor of InsPs receptors.
Such tonic inhibition of InsP; receptors by calmodulin would
also be consistent with calmodulin antagonists causing both
Ca?* release and Ca" entry in Dictyostelium (41) and with
inhibition of InsPs-stimulated Ca®* release from pancreatic 8
cells by calmodulin (19).

Most interactions between calmodulin and its targets are
Ca?*-dependent (1). The only previously demonstrated inter-
action between calmodulin and InsP; receptors was also
Ca?*-dependent and mediated by a single basic amphipathic
helix within the central modulatory domain of the receptor
(27) that is similar to those found in other Ca?*—calmodulin-
binding proteins (42) (Fig. 64). The effect of calmodulin on
InsP; binding was, however, entirely insensitive to changes in
Ca?* concentration: the inhibition caused by a submaximal
calmodulin concentration was similar over a range of Ca’*
concentration wider than that likely to occur physiologically
(Fig. 5). Furthermore, Ca?"—calmodulin antagonists substan-

Table 2. Effects of calmodulin antagonists on [*H]InsP3 binding
in the presence of calmodulin

[*H]InsP3 binding, %

Antagonist Without Ca2*+ With Ca?*
Calmidazolium (50 uM) 13x5 43+ 6
W7 (500 M) 24 +7 76 + 7

In the presence of a submaximal concentration of calmodulin (3
M), [*H]InsP; binding was inhibited by 32% =+ 1% in the absence of
Ca?* and by 31% = 2% in its presence. The table shows the extents
to which the effects of calmodulin were reversed by preincubation (20
min) with the calmodulin antagonists. Results are means = SEM of
three independent experiments. The inhibitors had no effect in the
absence of calmodulin: in Ca?*-free medium, [*H]InsP3 binding was
101% = 2% and 98% = 3% of its control value in the presence of
calmidazolium and W7, respectively, and in the presence of Ca?* the
comparable numbers were 104% *+ 2% and 101% * 3%.
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Fi1G. 6. Interactions between calmodulin and neuronal InsP; re-
ceptors. (4) Predicted structure of a single subunit of the type 1 InsP3
receptor. Our results establish that both calmodulin and Ca?*—cal-
modulin bind with the same affinity to a site on the InsP3 receptor to
decrease its affinity for InsP3; the exact location of this site 1 is
unknown. Another calmodulin-binding site (site 2) within the modu-
latory domain of the receptor binds only Ca?>*—calmodulin (27) and,
as the helical wheel representation demonstrates, that site has the basic
amphipathic helical structure found in other Ca?*—calmodulin-
binding proteins (42). Within the helical wheel, basic residues (Arg,
His, Lys) are denoted by @, and hydrophobic residues (Ile, Ala, Trp,
Val, Leu) by O. (B) Both neurogranin (postsynaptic) and neuromodu-
lin (presynaptic) are exclusively neuronal and release their bound
calmodulin after either an increase in cytosolic Ca?* concentration or
phosphorylation by protein kinase C (PKC). CaMKII binds Ca?*—
calmodulin, which triggers autophosphorylation causing the calmod-
ulin to remain bound after the Ca?* concentration has returned to its
resting level. The ensuing changes in cytosolic calmodulin concentra-
tion will regulate binding of InsPs to its receptor irrespective of the
prevailing cytosolic Ca?* concentration.

tially reduced the effects of calmodulin when the Ca?* con-
centration was high and were much less effective when the
Ca?* concentration was low, indicating that both calmodulin
and Ca”*-calmodulin inhibit InsP3 binding. Our observation
that the effects of calmodulin antagonists on InsP; receptors
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depend on the cytosolic Ca?>* concentration may have con-
tributed to the conflicting results obtained with such antago-
nists in previous studies (19, 20, 43).

Neurons express high levels of several calmodulin-binding
proteins with unusual properties. CaMKII is concentrated at
postsynaptic sites, notably in hippocampus, and is unusual in
that binding of Ca?*—calmodulin causes autophosphorylation,
which substantially slows calmodulin dissociation such that
calmodulin remains bound after the cytosolic Ca?* concen-
tration has returned to its resting level (44). Two major
calmodulin-binding proteins of brain, neuromodulin (= GAP-
43; presynaptic) and neurogranin (postsynaptic), are also
unusual in that they preferentially bind Ca?*-free calmodulin
and dissociate from it when the cytosolic Ca?>* concentration
increases. Both neuromodulin and neurogranin are phosphor-
ylated by protein kinase C, which also causes dissociation of
calmodulin (45-47). The presence within neurons of high
concentrations of calmodulin, of calmodulin-binding proteins
that can either release calmodulin or retain it long after the
Ca?* signal has decayed, and of InsP; receptors that are
inhibited by calmodulin irrespective of the cytosolic Ca2*
concentration has important implications. The changes in
cytosolic calmodulin concentration that follow activation of
these calmodulin-binding proteins may, according to the com-
plement of proteins expressed, lead to long-lasting increases or
decreases in InsP; receptor sensitivity (Fig. 6B). An increase in
cytosolic Ca?* concentration is essential for induction of many
forms of synpatic plasticity (48, 49). A coincident increase in
cytosolic Ca?* concentration and activation of phosphoinosi-
tide hydrolysis is essential for induction of long-term depres-
sion in cerebellar Purkinje cells (48). Furthermore, the unusual
calmodulin-binding proteins, CamKII and neuromodulin, are
concentrated in brain areas where synaptic plasticity occurs
(44, 46, 47). These observations raise the possibility that
transient activation of synaptic inputs may cause substantial
redistribution of cytosolic calmodulin with long-lasting conse-
quences for the effectiveness with which InsP; evokes Ca?*
release (Fig. 6B).

Our results demonstrate that calmodulin binds directly to
cerebellar InsP; receptors; both the multiphasic kinetics of its
association and dissociation (Fig. 1) and the shallow equilib-
rium competition binding curves (Fig. 2) suggest the existence
of multiple calmodulin-binding sites on the InsPs receptor.
Ryanodine receptors also express multiple calmodulin-binding
sites, some of which bind Ca?*—calmodulin and some of which
bind Ca?*-free calmodulin, although estimates of the stoichi-
ometry vary substantially between studies (=6 per subunit)
(18, 50). Such complex binding phenomena, reflecting the
likely existence of multiple calmodulin-binding sites as well as
the effects of Ca?" on the conformations of both calmodulin
(1) and the InsP; receptor (51), are not amenable to further
analysis without genetic or pharmacological means of distin-
guishing between the sites. Our preliminary analysis is consis-
tent with the existence of up to 5 calmodulin-binding sites per
InsP3 receptor subunit with affinities in both the micromolar
and submicromolar range. One of these sites binds only
Ca?*—calmodulin (27) and at least one other binds Ca?*—cal-
modulin and calmodulin with the same affinity (Kq = 3.1 uM)
(Fig. 34); the characteristics of the remaining sites remain to
be established (Fig. 6A).

We conclude that calmodulin binds directly to multiple sites
on the type 1 InsP; receptors of cerebellum. One of these sites
binds Ca?*-calmodulin (27) and another binds equally well to
calmodulin with or without bound Ca?*. The Ca?*-
independent site endows InsP; receptors with an ability to
sense the free cytosolic calmodulin concentration whatever the
Ca?* concentration. The presence within neurons, notably
those involved in synaptic plasticity, of substantial concentra-
tions of unusual calmodulin-binding proteins that can exert

Proc. Natl. Acad. Sci. USA 94 (1997)

long-lasting effects on the free calmodulin concentration may
provide a means whereby synaptic inputs are integrated to
control the sensitivity of InsP; receptors.
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