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Abstract — Inositol 1,4,5-trisphosphate receptors (InsP3R) in Xenopus laevis oocytes were
localized and their regulation by Cca’* was investigated. Antibodies raised against the
C-terminal region of the mouse cerebellar InsP3R (cAb) cross-reacted with a 255 kD protein
in Western blots of Xenopus microsomal membranes. Immunolocalization of this protein in
cryosections of oocytes revealed diffuse staining of the cytoplasm, intense staining of the
sub-plasma membrane region of the animal hemisphere, and punctate staining in
association with the germinal vesicle. In the presence of 40 uM free ca®*, isolated oocyte
membranes exhibited a high affinity binding site for Ins 1,4,5-P3 (Kp = 5nM) and a binding
capacity of 450 fmol/mg protein. The specific binding capacity of oocyte membranes for
[‘aH]-Ins 1,4,5-P3 increased as the level of free Ca®* present in binding assays was raised
from < 0.1 nM to 4.0 uM, with an apparent ECso of 60 nM. Increasing the concentration of
free Ba®* failed to facilitate [°H]-Ins1,4,5-P3 binding. Other inositol phosphates competed
for Ins1,4,5-P3 binding sites with approximate ICso values of: Ins1,3,4,5-P4 = 79 nM,
Ins2,4,5-P3 = 455 nM and L-Ins1,4,5-P3 = 20 uM. In addition, 150 pg/ml (approximately 12
uM) heparin displaced 50% of bound f’H]—Ins1,4,5-P3, whereas caffeine (10 mM) had little
effect. Functional reconstitution of solubilized InsP3Rs into lipid bilayers revealed that ca®*
was a necessary co-agonist for activation of the InsPsR. When InsP3 (5 sz) and Ca®* (5
uM) were applied together, conductance steps were observed. InsP3 or Ca’ alone had little
effect. These results suggest that the subcellular organization of InsPsRs and the
facilitation of InsP3 binding and channel opening by Ca“* contribute to the Ins1,4,5-Ps-
mediated Ca®* spikes, waves, and oscillations observed in Xenopus oocytes.

Inositol 1,4,5-trisphosphate (InsP3) is well estab- InsP3R highly enriched in cerebellar membranes
lished as an intracellular second messenger which  (InsP3Rj) has been purified to homogeneity [3],
binds to InsP3 receptor/channel complexes (InsP3sRs)  cloned [4], localized subcellularly [5, 6], and func-
to release Ca®* from intracellular stores [1, 2]. An tionally reconstituted [7]. The InsP3Rjp is a te-
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trameric membrane protein composed of identical
subunits, each with a relative molecular weight of
260 kD [8]. In Purkinje cells, InsP3Ris have been
localized to a sub-compartment of the smooth endo-
plasmic reticulum [9], presumably where lhe func-
tion to release sequestered intracellular o [10].
Binding assays and functional reconstitution of
InsP3Ris have demonstrated that binding of InsP3
and opemng of the Ca?* channel are sensitive to
free [Ca®"] [11], pH, and ATP levels [11, 12], and
can be modified by phosphorylation [13].

Recent molecular characterization of InsP3R
c¢DNAs from peripheral tissues have detected three
additional subtypes of InsP3R (InsP3Ril-m-1v), sug-
gesting that a family of structurally heterogeneous
InsP3Rs exists [14]. These additional forms of
InsP3R appear to be localized to different subcellu-
lar compartments [15], and also exhibit tissue spe-
cific differences in post-translational processing
[16], affinity for various inositol phosphates (IPs)
[15], and sensitivity to endogenous and pharmaco-
logical agents [17]. At present, the physiological re-
levance of possible subcellular heterogeneity and the
complex modulation of InsP3Rs is unclear. How-
ever, it has been sgcculated that the organization of
InsP3-sensitive Ca“" stores and modulation of the
release mechanism, particularly by Ca?*, are respon-
sible for the spatlal and tcmporal patterns of InsP3-
mediated Ca®" release (e. g. ca** spikes, waves, and
oscillations) observed in many cells [2, 18, 19].

Xenopus laevis oocytes have been used exten-
sively to study InsP3-mediated Ca®* liberation in
single intact cells because of their large size (> 1
mm diameter) and simple geometry [20, 21], but
until recently little was known about the distribution
and biochemical properties of InsP3Rs in the oocyte
[22]. In this study, we have localized InsP3Rs in
Xenopus oocytes, and characterized the effects of
Ca®* on the binding properties and channel activity
of this receptor, with the aim of correlating histo-
logical and biochemical data wnh thc macroscopic
properties of InsP3-mediated ca* signalling ob-
served in the intact oocyte [23-25]. Specifically, we
used an affinity-purified polyclonal antibody raised
against a C-terminal epitope of the rat cerebellar
InsP3R (cAb) [4, 26] to determine the subcellular lo-
calization of Xenopus oocyte InsP3Rs. In addition,
assays were conducted to determine the effects of
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divalent ions, various IPs, and the physiologically
active compounds heparin and caffeine on the bind-
ing of [*H]-InsPs to oocyte membranes. Finally, we
examined the effect of Ca”* on the single channel
activity of solubilized InsP3Rs reconstituted into
lipid bilayers.

Materials and methods
Materials

Anti-InsP3R Ab was a generous gift of T.C. Sudhof
(The University of Southwestern Texas Medical
School, USA). Goat anti-rabbit biotinylated second-
ary antibody was obtained from Upstate Biotechnol-
ogy Inc., and alkaline-phosphatase substrate reacﬂon
kits were obtained from Vector Laboratories. [ H]-

InsP3 was obtained from Amersham, D- and L-InsP3
from LC Services Corp., Ins1,3,4,5-P4 from Cal-
biochem, and Ins2,4,5-P3 was provided by R.F. Ir-
vine (AFRC Institute of Animal Physiology and
Genetics Research, Cambridge Research Station,
Cambridge, UK). Lipids were obtained from Avanti
Polar Lipids. All other reagents were obtained from
Sigma.

Preparation of membrane fractions

Following sacrifice of a Xenopus laevis by decere-
bration and pithing, the ovaries were removed and
more than 800 Dumont stage V and VI oocytes
were manually isolated, defolliculated, and stored as
described [27]. Membrane fractions were prepared
by a modification of the procedures of Pietri et al.
[28]. Briefly, oocytes were homogenized 10% wi/v
in ice-cold homogenization medium (20 mM
HEPES-KOH, 1 mM EGTA, ImM DTT, 0.5 mM
PMSF, 10% sucrose, at pH 7.5) with a Teflon pestle
at high speed and spun at 500 g for 5 min to remove
the yolk, pigment granules and large debris. The
supematant was then centrifuged for 20 min at
30 000 g. Pelleted membranes were resuspended
and washed twice in homogenization medium, once
in homogenization medium supplemented with
1.0 M KCl, and the final membrane pellet was re-
suspended in medium containing 10% sucrose,
100 mM KCl, 25 mM HEPES-KOH, 5 mM EGTA,
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at pH 7.5. Membrane preparations were then frozen
at —80°C for later use. Rat cerebella were homo-
genized, centrifuged, washed, resuspended, and
frozen as above, except that the initial 5 min, 500 g
centrifugation step was omitted.

Immunohistology

Defolliculated oocytes were fixed in 2% paraformal-
dehyde-Ringers for 3-6 h, cryoprotected in 20%
sucrose-Ringers overnight, and quick frozen by sub-
mersion in —80°C isopentane. Cryosections 10 pm
thick were cut at -18°C and mounted on gelatin
coated slides. Consecutive sections mounted on the
same slide, which were not exposed to cAb, were
used as controls. To reduce background staining,
sections were blocked with avidin, biotin, 1% BSA,
2% normal goat serum, levamisole, and 0.2 M «-
methyl-mannoside. Sections were rehydrated in
PBS, incubated with a 1:300 dilution of cAb over-
night, washed, and incubated with a 1:500 dilution
of goat anti-rabbit biotinylated secondary antibody
for 1 h. Vector-Stain alkaline-phosphate reac-
tion/substrate kits were then used to localize the
antigen.

[ 3H]-¢’nsP3 binding studies

[3H]-InsP3 binding to membranes was measured as
described by Pietri et al. [28] with minor modifica-
tions. Specifically, 50 pl (50-200 pg protein) of
membrane preparation was added to 450 pl of bind-
ing medium (100 mM KCl, 25 mM HEPES-KOH,
5mM EGTA, at pH 7.5, and 1-2 x 10* cpm of [H]-
Ins1,4,5-P3) to initiate the assay. Non-specific bind-
ing was determined in the presence of 4.0 uM unla-
belled Ins1,4,5P3. The assay was incubated for 10
min at 4°C and halted by centrifugation at 15 000 g
for 15 min. Following aspiration, pellets were solu-
bilized, 2 ml of scintillation fluid was added, and
radioactivity was counted spectrometrically.

The concentrations of free divalent ions present
in the binding medium were set by adding different
amounts of chloride salts, calculated using a com-
puter algorithm which employed the equations and
dissociation constants for binding to EGTA de-
scribed by Tsien and Pozzan [29], with appropriate
adjustments made for temperature and pH. In dis-
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placement studies, the specified concentrations of
non-labelled ligand were added to the binding me-
dium, and pH was adjusted if necessary.

Heparin and calmodulin affinity chromatography

Solubilization of oocyte membranes, followed by
heparin then calmodulin affinity chromatography,
was conducted in order to obtain enriched prepara-
tions of InsP3Rs for electrophysiological investiga-
tions. Oocyte membranes were solubilized in buffer
A (100 mM KCl, 25 mM HEPES-KOH, 1 mM
EGTA, 1.8% CHAPS, at pH 7.5) on ice for 2 h, and
spun at 30 000 g for 1 h. The supernatant was then
applied to a 0.5 ml heparin-agarose column equili-
brated in buffer A. The column was washed with
buffer A, supplemented with KCI to a final concen-
tration of 200 mM. Proteins were eluted with buffer
A, supplemented with KCl to a final concentration
of 500 mM. Fractions were collected and protein
determinations were made. The three peak protein
fractions were pooled, diluted 1:5, and sup-
plemented with CaCl to a final concentration of 2
mM CaClp. This was then applied to a 0.3 ml cal-
modulin-Sepharose column equilibrated in buffer B
(100 mM KCl, 25 mM HEPES-KOH, 2 mM CaClz,
0.1% CHAPS, at pH 7.5). The column was washed
with buffer B, and proteins were eluted with buffer
C (100 mM KCl, 25 mM HEPES-KOH, 5mM
EGTA, 0.1% CHAPS, at pH 7.5). Fractions were
collected and analyzed by SDS-PAGE. Peak frac-
tions were then pooled and further concentrated
using Amicon-100 microconcentrators (MW cutoff
= 100 000) in order to provide a further 10-fold in-
crease in protein concentration and to remove low
molecular weight contaminants (e.g. proteins and/or
dissociated heparin or calmodulin).

Bilayer formation and channel incorporation

Artificial lipid bilayers were formed on the tips of
standard patch clamp pipettes by the ‘double dip’
method [30]. Briefly, stock solutions of phosphati-
dylethanolamine (10 mg/ml) and phosphatidylserine
(10 mg/ml) were combined at a ratio of 3:1, dried
under nitrogen, and resuspended in an equal volume
of n-pentane, as a solvent. Bilayers were formed in
the presence of asymmetrical solutions (pipette —
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50 mM BaOH, 250 mM HEPES, pH 7.4: bath —
250 mM HEPES-Tris, pH 7.4) by twice passing a
patch clamp pipette through a monolayer of lipid
solution layered onto 3 ml of bath solution in a
standard petri dish. Channel incorporation into bi-
layers was achieved by the addition of 1 pg of pro-
tein directly to the bath with constant stirring. Fu-
sion events were detected as a rapid transient drop
of bilayer resistance in the presence of an applied
voltage. InsP3, CaClz, or heparin were added direct-
ly to the bathing medium, and were removed by ex-
changing the bathing medium with at least 20 bath
volumes. Current recordings were made with an
Axopatch IC amplifier and digitally recorded. Re-
corded data were filtered at 1 kHz, digitally sam-
pled, and analyzed using Strathclyde Electrophysio-
logical Software (© John Dempster, Dept of Physio-
logy and Pharmacology, University of Strathclyde,
Glasgow, UK) running on an IBM compatible per-
sonal computer.

Other procedures

5% SDS-PAGE gel electrophoresis, transfer of pro-
teins to nitrocellulose, and Western blot hybridiza-
tions using cAb were carried out by the methods of
Sambrook et al. [31]. Protein determinations were
conducted with the Coomassie blue Bio-Rad protein
determination kit.

Results

Western blot analysis of Xenopus laevis microsomal
membranes

Western blot analysis revealed that microsomal
membranes from Xenopus laevis oocytes possessed
a high molecular weight protein (255 kD) which
cross-reacted with cAb and migrated at a slightly
lower relative molecular weight (M;) than the rat
cerebellar InsP3R (Fig. 1). Although equal amounts
of cerebellum and oocyte membrane protein were
loaded (10 pg protein), greater specific staining was
observed in the cerebellar lane. It appeared that
cAb bad a higher reactivity with the cerebellar
InsP3R, since qualitatively similar amounts of
260/255 kD protein were observed in parallel silver
stained SDS gels (data not shown).
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Immunohistological localization of InsPiRs in
Xenopus oocyte sections

Immunolocalization with cAb in sections through
the animal hemisphere of the oocyte revealed a
general diffuse staining of the cytoplasm, intense
staining of the plasma membrane region which ex-
tended approximately 5 um into the cytoplasm, as
well as punctate staining in the sub-plasma mem-
brane region (Fig. 2A). No significant staining of
control sections was observed (Fig. 2B). In contrast
to the intense staining in the animal hemisphere,
sections through the vegetal hemisphere showed
little or no staining of the cytoplasm or plasma
membrane regions (Fig. 2C). Staining of punctate
bodies was also observed in the cytoplasmic en-
velope surrounding the germinal vesicle (Fig. 2D).

Effects of free Ca** on the affinity of [°H]-InsP3
binding to oocyte membranes

Preliminary experiments established that little [*HJ-

cAb controls
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Fig. 1 Western blot analysis of Xenopus oocyte and cerebellar
microsomal membrane proteins using cAb. Affinity purified poly-
clonal antibodies raised against the mouse InsP3sR (cAb) recognize
a 255 kD protein in Xenopus oocyte microsomal membrane prep-
arations. High molecular weight proteins of 260 kD from cerebel-
lar (lane 1, C) and 255 kD from oocyte (lane 2, O) microsomal
membrane, reacted with cAb. Parallel blots which were not ex-
posed to primary antibody, but to normal pre-immune serum,
show no detectable staining of cerebellar (lane 3, C) or oocyte
(lane 4, O) proteins. All lanes were loaded with 30 pg of total
protein and primary antibodies were localized using horseradish
peroxidase conjugated secondary antibodies with DAB as a sub-
strate.
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Fig. 2 Subcellular distribution of cAb immunoreactivity in oocyte sections. InsP3R immunoreactivity is localized to the plasma mem-
brane region and germinal vesicle in oocyte cryosections. (A, B) Consecutive sections of the plasma membrane region of the animal
hemisphere. Some shrinkage of the cocyte resulted from dehydration during cryoprotection (bar in A represents 50 pum). In (A) the
section was probed with a 1:300 dilution of cAb. Note the staining of plasma and sub-plasma membrane regions. The control section
(B) was exposed to normal pre-immune serum rather than primary antibody. Note the lack of staining. (C) Plasma membrane region of
the vegetal hemisphere of section (A) (bar represents 25 pm). Note the lower levels of staining in the plasma membrane region and the
lack of punctate granules. (D) The germinal vesicle, from a different section, reveals a diffuse staining, in addition to punctate staining
near the germinal envelope (bar represents 25 pm). All plates are bright field photomicrographs of 15 pm thick Xenopus oocyte
cryosections. Primary antibodies were visualized using alkaline-phosphatase conjugated secondary antibodies with Vector Red as a
substrate.

InsP3 binding to oocyte membranes could be de-
tected under Ca®* free assay conditions. Thcrefore.
radioligand displacement assays with 40 uM Ca?*

present in the assay medium, as well as under ca®*
free conditions, were conducted to determine the
sensitivity of InsP3 binding sites in oocyte mem-
branes. Non-specific binding was determined by the

addition of 4 pM unlabciled InsP3, and was always
less than 10% of the total [ H]-InsP3 bound. In the
absence of free Ca’*, little [*H]-InsP3 could be de-
tected (Fig. 3). I-Iowcver when 40 pM free Ca

was present in the assay medium, displaceable [H]-
InsP3 was detected. Scatchard plot analysis of these
data demonstrates that in the presence of 40 pM free
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Fig. 3 Effect of Ca** on [H)-InsP;3 saturation binding. Ca** fa-
cilitates InsP3 binding to oocyte membranes, Displaceable [PH)-
InsPs in the presence of 40 uM free Ca>* (filled squares) or under
Ca?* free conditions (open squares) are shown. Scatchard analysis
(see inset) was conducted to determine the Kp (5 nM) and Bmax
(450 fmol/mg protein) of [*H]-InsP3 binding sites in the presence
of 40 M free Ca®" (filled squares) and the Kp (6 nM) and B
(40 fmol/mg protein) of [°H]-InsP3 binding sites in the absence
Ca? (open squares). Non-specific binding was determined in the
presence of 4 uM InsP3. Data points are the means of duplicate
determinations from a single experiment, repeated twice more with
similar results,

Ca?*, InsP3 bound to an apparently homogenous
population of binding sites with a Kp = 5 nM and a
Bmax = 450 fmol/mg of protein. In the absence of
free Ca’" the Bmax decreased more than 10-fold to
40 fmol/mg, without a measurable change in the af-
finity of the binding site (Fig. 3, inset).

Effect of Ca** and Ba®* on the [ 3H}-InsP3 binding
capacity of oocyte membranes

The effects of Ca®" and Ba?* on [*H)-InsPs binding
to oocyte membranes were mvcsugated Non-spe-
cific binding at each [Ca2 ] or [Ba ] was always
less than 10% of the total [° H]-InsP3 bound. In-
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creasing free [Ca®'] in the assay medium (< 1.0 nM
to 4.0 uM) increased the specific binding capacity
of oocyte membranes for ["H]-InsP3 from virtually
zero to 510 fmol/mg protein. The dose-response re-
lation for thls effect provlded an appamnt ECso of
60 nM Ca** (Fig. 4). Ba** did not alter [ H]-InsP3
binding at concentrations between 1.0 nM to 4.0
uM. In marked contrast, specific binding of [*H]-
InsP3 to cerebellar membranes decreased dramati-
cally as free [Ca®"] was increased from < 1.0 nM to

4.0 uM (Fig. 4).

Displacement of [3H}~InsP3 binding by various IPs,
heparin and caffeine

All dlsplacemcnt assays were carried out with 40
pM free Lot present in the assay medium, with
non-specific binding determined by the addition of 4
pM InsP3. Unlabelled D-InsP3 displaced bound
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Fig. 4 Effect of increasing [Ca®*] on [*H]-InsPs binding capacity.
Raising free [Ca*] over a physiological range increased the speci-
ficity binding capacity of oocyte membrane for [*H]-InsPs3 (filled
circles), whereas increasing [Ba*] had little effect (open circles).
In contrast, Ca* potently inhibited the binding of [*H]-InsPs to
cerebellar membranes (stars). Data from oocyte membranes were
expressed as percentages of maximal binding with 40 pm free
Ca?* present, and cerebellar data as a percentage of maximal bind-
ing in the absence of free Ca®*, Data are the means of duplicate
determinations from a single experiment, repeated twice more
with similar results.
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[SHI InsP3 in a dose dependent manner with an ap-
parent ICso = 4 nM. Furthermore, displacement of
[’H]-InsPs binding was highly stereospecific. L-
InsP3 was approximately 5000-fold less effactwe
(ICso = 20 pM) than D-InsP3 at displacing [ H]-
InsP3. Insl,3,4,5-P4 displayed a relatively high af-
finity for InsP3 binding sites with an ICso of 79 nM,
approximately 20-fold less potent than D-InsPs.
Ins2,4,5-P3, a poorly m:tabollzable InsP3 analog,
was less effective at displacing [ H]-InsP3, with an
ICso =455 nM (Fig. 5).

Caffeine and hepa.rm compounds known to in-
hibit InsP3- medlatcd Ca** release in the oocyte [32,
33], inhibited [ H]-InsP3 binding to oocyte mem-
branes. Caffeine was a relatively weak inhibitor,
with an apparent ICso value > 10 mM (Fig. 5). As
in other tissues, heparin was a potent inhibitor of
InsP3 binding. Low molecular weight heparin (Mr =
5000) inhibited [*H]-InsP3 binding by 50% at 150
pg/ml (approximately 12 uM) (Fig. 5).

CELL CALCIUM
Heparin and calmodulin affinity chromatography

Heparin followed by calmodulin affinity chromato-
graphy provided a rapid two-step procedure to iso-
late InsP3Rs from solubilized oocyte membranes.
As previously shown, InsP3Rs bound tightly to he-
parin-Agarose [3] and calmodulin-Sepharose 4B af-
finity resins [32]. Virtually all the bound protein
was eluted in three peak protein fractions by addi-
tion of 500 mM NaCl to the heparin column wash-
ing solution (Fig. 6A), Silver-stained SDS-PAGE
gels of the collected eluates revealed that the 255
kD protein, previously shown to cross-react with
CAb (see above), eluted in these three fractions;
however several low molecular weight heparin bind-
ing proteins were also present (data not shown).
When the three peak protein fractions were applied
to a column of ca]moduhn-Sephamsc 4B in the
presence of 2 mM Ca?*, a substantial amount of the
applied protein was not retained on the column
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Fig. 5 Specl.ﬁcny of [’H]-InsPs binding to oocyte membranes. Assay conditions were identical to those described in Figure 3. Dis-
placement of [ H]-InsP3 binding by increasing concentrations of D-InsP; (filled squares), Ins1,3,4,5-P4 (open circles), Ins2,4,5-P3 (filled
triangles), L-InsP3 (crosses), heparin (filled circles), and caffeine (open triangles). Data points are means of duplicate or triplicate
determinations which varied by less than 10% of the mean, and are expressed as a percentage of maximal binding in the absence of

competitor.
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(Fig. 6B). Addition of 10 mM EGTA to the col-
umn washing buffer rapidly eluted all bound InsP3R
in two fractions as determined by the presence of
the 255 kD protein in silver-stained SDS-PAGE gels
(Fig. 6B, inset).
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Fig. 6 Heparin followed by calmodulin affinity chromatography
of CHAPS solubilized membranes. (A) Solubilized proteins from
oocyte membranes were absorbed to a heparin-Agarose column
and eluted with high salt (arrow), and the three peak protein frac-
tion were collected and pooled (bar). Pooled heparin column elu-
ate was applied to a calmodulin-Sepharose 4B column (B). Frac-
tion two represents pooled column flow-through. Proteins were
eluted by the addition of 5 mM EGTA to the column washing
buffer (arrow). Subsequent SDS-PAGE analysis of collected frac-
tions revealed that fractions 5 and 6 were highly enriched in the
255 kD protein previously shown to cross-react with cAB (inset).
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Reconstitution of InsP3-activated channels

Addition of affinity purified InsP3R (1 pg protein)
to the frans side of lipid bilayers resulted in multiple
fusion events with the membrane. After several
such fusion events had occurred, the success rate for
observing functionally incorporated chamlcls was
approximately 50% when both InsP3 and Ca®* were
prescnt m the bath. In the absence of InsP3, 5 uM
free Ca®’ in the bath did not e11c1t current steps,
demonstrating the absence of Ca**-activated chan-
nels in the bilayer (Fig. 7A). Following washout of
ca®t , InsP3 (5 pM) was added to the bath solution.
Addmon of InsP3 alone was also without effect
(Fig. 7B). Subsequent addition of Ca’* to the bath
induced current steps of about 1.9 and 5.0 pA
(corresponding to chord conductances of 31 pS and
83 pS, respectively) at a holding potential of —60
mV (Fig. 7C), as determined by amplitude histo-
grams of the channel open state (Fig. 7E). Abrupt
transitions from zero current to 5.0 pA and back
again to zero, as well as intermediate steps from 5.0
to 1.9 pA, suggest that these two current levels rep-
resent multiple conductance states of a single chan-
nel. Further addition of 200 pg/ml of heparin to the
bath inhibited all channel activity (Fig. 7D), consist-
ent with the pharmacology of the InsP3R.

Discussion

Recent studies have underscored the roles of Ca®*
modulation and the organization of the InsP3-sensi-
tive stores in generatmg the complex patterns of the
InsP3-mediated Ca®* release observed in Xenopus
oocytes [18, 25, 33]. In this study we have exam-
ined the subcellular localization of oocyte InsP3Rs
at the llght microscopic level, and tested the effects
of Ca?* on the binding of InsP3 to oocyte mem-
branes as well as the gating properties of the func-
tionally reconstituted channel. Following the com-
pletion of our immunological and biochemical
studies a similar report by Parys et al. appeared [22].
In that study, binding data were obtained usmg puri-
fied InsP3Rs m the absence of free Ca?*, and the
effects of Ca?* on the functional propertlcs of the
receptor were investigated by assaying Ca®" release
from microsomes. In the present study receptor
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binding assays employed microsomal membranes
and single channel records were obtained following
reconstitution of solubilized InsP3Rs. Comparison
of these results obtained using different methodo-
logies may provide insight into the molecular mech-
anisms of InsP3-mediated Ca®* release in the intact
cel_‘l’,+ particularly with respect to modulation by
Ga
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Fig. 7 Functional reconstitution of InsP3-activated an+-depend-
ent channels into lipid bilayers. (A) Addition of Ca®* (5 pM firee
Ca?*) or (B) InsP (5 tM) alone to the bath did not induce chan-
nel activity, as seen in consecutive 425 ms records, respectively.
(C) Subsequent addition of InsPs (5 pM) and Ca>* (5 uM) to the
bath chamber activated a membrane current with two major con-
ductance states. Representative channel openings are shown in
four consecutive records. (D) The further addition of heparin
(200 pg/ml) inhibited all channel activity. (E) An amplitude his-
togram representing 1450 open-channel events over a 6 s sampling
period, under the recording conditions described in (C), demon-
strates two major conductance states of 1.9 and 5.0 pA. In all
records, the holding potential of the pipette was ~60 mV. Channel
openings are shown as upward deflections from zero current
(dotted line) with current moving from cis to trans (pipette/cis; 50
mM BaOH, 250 mM HEPES, pH 7.4; bath/trans; 250 mM
HEPES-Tris, pH 7.4).

Subcellular distribution of cAb immunoreactivity

We show that microsomal membranes from Xeno-
pus oocytes possess a high molecular weight protein
which cross-reacts with an antibody raised against a
conserved C-terminal portion of the mouse cerebel-
lar InsP3 (cAb) [26]. This protein is less reactive
with cAb and has a lower M, than the InsP3R; from
cerebellum, similar to the characterization of oocyte
InsP3Rs by Parys et al. [22]. In that study, prote-
olytic cleavage experiments demonstrated sequence
disparities between the oocyte and InsP3Rj in the C-
terminal region as well as the central portion of the
receptor. These differences may account for the low
cross-reactivity of cAb with the oocyte InsP3R. Pe-
ripheral forms of the InsP3R, which are preferen-
tially expressed in fetal tissue, are derived in part
via alternative splicing of a full length neuronal
transcript [16]. If the difference in size between the
oocyte and neuronal InsP3Rs is the result of such an
alternative splicing event, then the oocyte InsP3R
could correspond to one of the previously described
fetal/peripheral forms, or perhaps represent a novel
isoform of the InsP3R1. Southem blot analysis, or in
situ hybridization using subtype-specific probes, are
needed to clarify which InsP3R subunit RNA, or
RNAs, are present in the oocyte.

The subcellular distribution of cAb immunoreac-
tivity (InsP3Rs) in the oocyte (Fig. 2) was similar to
that of the cortical endoplasmic reticulum (CER)
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[34], and consistent with the distribution of InsP3Rs
observed in the oocyte and other cells [9, 22, 34].
Electron micrographic studies have shown that the
CER is a dense network of smooth endoplasmic re-
ticulum concentrated in the animal hemisphere, in
close proximity (5-10 pm) to the plasma membrane
[34]. We observed a more intense staining of the
sub-plasma membrane region of the animal hemis-
phere as compared to the vegetal hemisphere, sug-
gesting an increased density of InsP3Rs in this re-
gion. This is consistent with the greater sensitivity
of the animal hemisphere to injected InsP3 [35], and
further supports the hypothems that the CER repre-
sents the InsP3 sensitive Ca>* pool [36, 37].

In addition to homogenous staining, punctate
staining was observed in association with the sub-
plasma membrane region and peri-nuclear envelope.
This may represent a clustering of InsP3Rs at spe-
cific sites on continuous intracellular membrane sys-
tems or on discrete organelles (e.g. calciosomes)
[38]. In the case of the sub-plasma membrane re-
gion, these cluslers could account for the function-
ally discrete ca** hot spots observed in optical
studies of InsP3-mediated Ca®* release in the oocyte
[18]. Localized InsP3R immunoreactivity around
the germinal vesicle suggests that it may also act as
an InsP3 sensitive Ca’* store, as shown for hepato-
cyte nuclei [39]. In addition, recent observations
suggest that the nuclear membrane may possess the
enzymatic machinery necessary to generate InsP3
from nuclear phosphatidyl inositol 1,2-bisphosphate
[40].

Displacement of InsP3 binding by IPs and
physiologically active compounds

The high affinity and stereo-specificity of the bind-
ing site present in oocyte microsomal membranes
for D-InsP3 over L-InsP3, as well as its selectivity
profile for other IPs, make it unlikely that this bind-
ing represents an InsP3-phosphatase or other non-
InsP3R protein [11], and strongly suggest that it is
the physiological InsP3R. The affinity of Ins1,3,4,5-
P4 for the InsP3 binding site was approximately 20-
fold less than that of InsP3, similar to its physiologi-
cal potency in the intact oocyte [41]. This result
supports the 1dea that Ins1,3,4,5-P4 facilitates InsP3-
induced Ca®* release by a direct activation of the
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InsP3R and may release intracellular ca** from
InsP3-sensitive pools [41, 42]. Ins2,4,5-P3, a poorly
metabolized isomer of InsP3, has been shown to be
only 5- tlmes less potent that InsP3 in releasing intra-
cellular Ca?* in the oocyte [41]. However, our
binding studies show that, although Ins2,4,5-P3 dis-
places InsP3 from its binding site, its affinity is
about 100-times less than that of InsP3. The sta-
b:htf of this isomer may, therefore, contribute to its
releasing ability in the intact cell.

Heparin inhibited InsP3 binding to oocyte mem-
branes at concentrations (100 uglml) sumlar to those
needed to block InsP3-mediated Ca®* release in the
intact oocyte [43], but higher than those reported for
the inhibition of affinity purified oocyte InsP3Rs (5
pg/ml) [22]. This difference may simply arise from
the binding of heparin to non-InsP3R proteins pres-
ent in our oocyte microsomal membrane prepara-
tions, thereby decreasing its specific activity.

Caffeine acts intracellularly at rmllunular con-
centrations to inhibit InsP3-mediated Ca”* release in
the oocyte via a mechanism different from that of
Ca®*-mediated inhibition or inhibition of phospho-
diesterase enzymes [44]. In contrast, our binding
data show that as much as 10 mM caffeine has little
effect on the binding of InsPs to its receptor. Re-
cent experiments on cerebellar microsomes showed
a similar discrepancy, in that caffeine inhibited
InsP3-induced Ca®" release from cerebellar micro-
somes, but had no effect on ligand binding [45].
Those observations may be reconciled 1f caffeine
acts by modulating the gating of the Ca** channel
rather than the InsP3 receptor site.

Fac:tuanon of InsP3R binding and channel activity
by ca**

Similar to findings in other permeabilized cells and
microsomal preparations [46, 47], whole cell studles
in the oocyte have shown InsP3-induced ca?t
lease is both facilitated and inhibited by cytosohc
* 133, 48]. In our bmdmg assays, only facilita-
tmn of InsP3 binding by Ca?" was detected even at
micromolar concentrations of Ca®' In contrast,
micromolar concentrations of free Ca have been
shown to inhibit InsP3-mediated release of ca**
from oocyte nucrosomes [22] One explanation of
these results is that Ca®* may convert the InsP3R
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from a low affinity (active) to a high affinity (desen-
sitized) state, thus increasing the affinity of the re-
ceptor for InsP3, but decreasing its functional activ-
ity [46]. This seems uullkely since Scatchard ana-
lysis revealed that Ca®" had little effect on the af-
finity of the receptor. Altematively, a loosely asso-
ciated protein or factor could mediate Ca* inhibi-
tion of channel activity (e.g. calmedin), the activity
of which was lost during membrane isolation proce-
dures [7, 11]. Electrophysiological experiments
with affinity purified oocyte InsP3R support this hy-
pothesis, since InsP3-gated channel opening was fa-
cilitated by micromolar concentrations of Ca**
(Fig. 7).

Single channel recordings from affinity purified
InsP3Rs demonsu'atcd that channel activity was de-
pendcnt on both Ca** and InsP3, suggesting that
ca® isa necessary co- fonist for activation of the
oocyte InsP3R. Free Ca“ concentrations of 5 uM,
which resulted in maximal binding of InsP3 to its
receptor, also facilitated channel opening, with no
observed inhibition of activity. In contrast to 0ur
findings, bell-shaped dose-response curves for Ca?*
facilitation of InsP3 activated channels from brain
synaptosomes [49] have been reported. In those
studies, non-solubilized vesicular preparations were
used for reconstitution, so that, as mentioned above,
an associated protein or factor could have mediated
the inhibition observed at higher ca** concentra-
tions. In another study which employed affinity
punfieﬂ InsPsRs. channel activity was observed with
both Ca (100 nM) and InsP3 (4.8 uM) present in
the bathing medium [32]. However, the effects of a
range of Ca?* concentrations or InsP3 alone on
channel activity were not re i)orted though clearly a
concentration of 0.1 pM Ca“" did not abolish chan-
nel activity. Results from studies where Ca®*
lease from permeabilized cells was measured su g
gest that changes in intra-luminal (frans) [Ca2
might affect InsP3R1 channel kinetics [50], however
this mechanism would not be appamnt in our studies
since a constant level of trans Ba * was maintained.

Positive feedback by (> il , following receptor
occupancy by InsP3, has been proposecl as a variant
of calcium-induced Ca 2* release, to account for the
generation of ca*t spikes, oscillations and travelling
waves [18, 51, 52]. In the oocyte, the pronounced
facilitation of InsP3 binding and channel activity by
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ca? is likely to be of physiological relevance, since
it is half-maximal at a concentration (60 nM) ap-
proximately the same as the resting level of free in-
tracellular Ca®* [Yao Y., Parker I. unpublished
data]. In addition, our electrophysiological resul!s
demonstrate a direct allosteric facilitation by ca**
and suggest that an ancillary protein may be m-
volved in mediating the inhibitory effects of ca®*
on the InsP3R. Activation of this protein could im-
pose time delays on negative feedback, facilitating
oscillatory behaviour of the system, and could itself
be modulated by endogenous factors. Further char-
acterization of the physiological and phannacologl—
cal properties of these InsP3-activated ca* depend-
ent channels should provide a clearer understanding
of the mechanisms underlying the macmscopl.c be-
haviour of InsP3-mediated intracellular Ca®* release
in the oocyte.
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