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A detailed characterization of the inositol 1,4,5-trisphosphate (IP;) receptor in rat basophilic leukemia (RBL) cells, a neoplastic
mast cell line, has been possible through the growth of solid RBL cell tumors which provide a rich source of IP; receptor.
Equilibrium binding studies show a 1.6 + 0.1 pmol /mg of protein maximal binding capacity for [*H]IP; at optimal Ca?* (10 uM).
The specificity of the RBL cell IP; receptor towards phosphoinositides, ATP and heparin parallels those previously described
with excitable and nonexcitable tissues. [*H]IP; binding is slightly enhanced from < 1 nM to 10 uM Ca®* and inhibited by > 10
M Ca?*. Kinetic and equilibrium studies provide evidence for at least two classes or conformational states of binding sites with
pico- and nanomolar affinities. At nM concentrations of IP;, neither binding to the IP; receptor nor IP;-induced Ca?* efflux
from permeabilized cells demonstrates cooperativity. In contrast, at pM concentrations, IP; binding kinetics deviate from simple
mass action suggesting a complex interaction among binding sites for IP; on the receptor-channel oligomer. The mechanisms that
regulate [3H]IP3 binding in RBL cells are unique when compared to what has been reported in other cells.

Introduction

Inositol 1,4,5-trisphosphate (IP;), one of the prod-
ucts of receptor-mediated hydrolysis of phosphatidyl-
inositol 4,5-bisphosphate, acts as an intracellular mes-
senger by mobilizing Ca?* from an intracellular store
[1]. The intracellular receptor for IP; is coupled to a
calcium (Ca?*)-release channel [2] with structural and
functional properties resembling those of the ryan-
odine receptor-Ca’* release channel complex of the
triadic junctions of striated muscle [3]. Intracellular
binding sites exhibiting low nanomolar affinity for 1P,
have been characterized from subcellular fractions of a
variety of excitable cells, e.g., nerve [4-6], smooth
muscle [7], endocrine {8-10], and nonexcitable cells,
e.g., hepatocytes [11-14]. Only a few reports have
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documented radiolabeled IP; binding in bone marrow-
derived cells such as permeabilized neutrophils [15],
mast cell microsomes [16], platelet membrane vesicles
[17], and HL-60 cells, a cell line of leukemic promyelo-
cytes [18].

IP; binding to an intracellular receptor is regulated
by various physiological modulators. The specific bind-
ing of [*HIIP, is enhanced by alkalinization in a variety
of cell types [4,7,10,17]. Concentrations of free ionized
Ca*, known to be attained in agonist-stimulated cells,
inhibit the binding of [*H]IP, to cerebellar membranes
[4,19] but enhance binding to hepatocyte plasma mem-
brane fractions [14]. Lastly, ATP inhibits [*H]JIP, bind-
ing with concentrations of ATP resuiting in half-maxi-
mal inhibition (ICs,) in or near the millimolar range
[9,10,20].

The rat basophilic leukemia (RBL) cell line is de-
rived from transformed mast cells [21]. When stimu-
lated with specific antigens, immunoglobulin E-sensi-
tized RBL cells produce IP, [22], increase the cytoplas-
mic concentration of Ca®* [23,24], and secrete media-
tors of immediate hypersensitivity [25]. The presence of
intracellular Ca?* stores has been demonstrated in
RBL cells [24], and release of Ca’* from these stores
may be important in antigen-mediated secretion [26].
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Meyer and co-workers have demonstrated that perme-
abilized RBL cells contain a pool of intracellular Ca?*
which releases Ca’* by an IP,-sensitive mechanism
[27,28). Analysis of their kinetic Ca?* efflux experi-
ments suggests that there are multiple independent
binding sites for IP, but that IP;-induced Ca®* release
involves a cooperative mechanism, suggesting a com-
plex interaction between IP; and its binding sites on
the intracellular IP, receptor-Ca®* channel complex.
The major obstacle to the elucidation of structure-
function relationships of the IP;-activated Ca>* chan-
nel in bone marrow-derived cells is the lack of suffi-
cient biological material for detailed biochemical char-
acterization. These limitations are circumvented in the
RBL cell line because subcutaneous administration of
cultured RBL cells into neonate rats produces gram
quantities of solid RBL cell tumors. We utilize solid
RBL cell tumors to identify a microsomal fraction that
is enriched in specific [*H]IP, receptor sites. In this
paper we characterize the IP; receptor in this neoplas-
tic cell line and demonstrate unique features not previ-
ously attributed to IP; receptors found in other tissues.

Materials and Methods

Cells. Binding studies were performed with a micro-
somal fraction of a secreting cell line (2H3) of rat
basophilic leukemia cells [21] grown as solid tumors,
and Ca’* efflux experiments were performed with the
same cell line maintained in monolayer culture as
previously described [29].

Reagents. p-[1-*H]Inositol 1,4,5-trisphosphate (17
Ci/mmol, 99% purity) was purchased from Du Pont-
New England Nuclear (Wilmington, DE). Inositol
1,4,5-trisphosphate and inositol 2,4,5-trisphosphate
were purchased from Calbiochem (San Diego, CA).
ATP and myo-inosito!l bisphosphate, low molecular
weight heparin, and de-N-sulfated heparin were from
Sigma (St. Louis, MO). Reduced streptolysin O was
purchased from Wellcome Reagents, (Greenville, NC),
and fluo-3 was from Molecular Probes (Eugene, OR).

Preparation of RBL cell solid tumors and microsomes.
Cultured cells were suspended in cell culture media
without serum or antibiotics and were injected subcu-
taneously (approx. (8-10)-10° cells/animal) into 2
week old Wistar rats (Tac:N(WKY)fBR; Taconic
Farms). Ten days later the rats were killed, and the
tumors were harvested. Dissected tumors were imme-
diately frozen in liquid N, and stored at —70°C.

RBL cell tumors (40 g) were allowed to partially
thaw before the tissue was finely minced and homoge-
nized with 8 volumes of ice-cold homogenization solu-
tion composed of 110 mM KCl, 10 mM NaCl, 5 mM
KH,PO,, 2 mM MgCl,, 2 mM EGTA, 1 mM dithio-
threitol, and 20 mM Hepes (pH 7.2) in a Waring
Blender (3-5 s at maximum speed). The filtered ho-

mogenate was subjected to centrifugations at 4°C in
the following sequence: 20 min at 1500 X g, super-
natant for 10 min at 8000 X g, and supernatant for 20
min at 35000 X g. The 35000 X g pellet was washed
once in EGTA-free homogenization buffer and repel-
leted. The final pellet was resuspended with a loose-fit-
ting Dounce homogenizer in 25 mM Na,HPO,, 1 mM
EDTA, 10% sucrose, 0.1% BSA (pH 7.4) portioned in
0.5 ml aliquots, and quickly frozen in liquid N,. Protein
concentrations were determined by the method of
Lowry et al. [30].

The 35000 X g pellet was enriched 6-fold in [*HIIP,
binding capacity when compared to the filtered ho-
mogenate. Electron microscopic examination showed
the composition of the receptor-enriched fraction to be
predominantly membrane vesicles up to 40 nm in di-
ameter (designated as microsomes) with minor contam-
inants of mitochondria and secretory granules.

[*H]IP, binding to RBL cell microsomal membranes.
Equilibrium experiments were performed with approxi-
mately 600 ug of protein and 0.2-0.5 nM [*H]IP, (17
Ci/mmol) in a total volume of 1 ml of assay solution
containing 100 mM KCl, 20 mM NaCl, 1 mM EDTA,
0.1% BSA, 25 mM Na,HPO, (pH 8). Assays were
performed at 4°C with constant shaking. Non-specific
binding was measured in the presence of a 100-fold
excess of unlabeled IP;. Equilibrium binding reactions
were terminated after 30 min by rapid, single manifold
filtration through Whatman GF /B filters pre-soaked
in ice-cold assay solution. The filters were immediately
washed with 2.5 ml ice-cold assay solution; the entire
process required fewer than 5 s per sample. Filters
were placed in Ready Safe scintillation cocktail (Beck-
man) and counted in a scintillation counter (Beckman)
with an efficiency of 43%. In a typical experiment,
specific binding was about 1800 dpm, while non-specific
binding was generally 10-15% of total binding.

Binding experiments were also performed using cen-
trifugation to terminate the reaction. These experi-
ments were performed with 500 ug/ml microsomal
protein and 0.5 nM [3H]IP3 in a total volume of 250 ul
of the assay solution described above in 400 wl-capac-
ity polyethylene microfuge tubes. Reactions were incu-
bated at 4°C for 30 min and were terminated by
centrifugation at 50000 X g for 20 min. The super-
natant was removed and the portion of the tube con-
taining the microsomal pellet was placed in scintilla-
tion fluid and counted for radioactivity. Non-specific
binding was measured in the presence of a 100-fold
excess of unlabeled IP;.

To examine the effect of free Ca’* or Mg?* on
equilibrium binding of [3 HIIP,, the free divalent cation
concentration was adjusted with EDTA using the sta-
bility constants published by Fabiato [31] and calcu-
lated with the SPECS computer program.

Association experiments were performed by termi-



nating the binding of [*HJIP, (0.2-0.4 nM) to micro-
somes at 4°C at times ranging from 0.15 to 90 min by
rapid filtration. Dissociation of [*HJIP; from the mi-
crosomal binding site by competition with unlabeled
ligand was determined by equilibrating [*HJIP, (0.2-0.4
nM) with microsomes for 30 min at 4°C and then
adding a 100-fold excess of unlabeled IP, to the incu-
bation mixture. Dissociation of [*H]IP; from the micro-
somal binding site by dilution with excess assay solu-
tion was determined by equilibrating [*H]IP, (3-4 nM)
with microsomes in a total volume of 100 ul of assay
solution and then adding a 100-fold excess of ice-cold
assay solution to the incubation mixture. Residual spe-
cific binding was measured from 0.15 to 90 min by
rapid filtration. In both association and dissociation
experiments non-specific binding did not vary with
time.

Ca** release from permeabilized cells. Streptolysin O
was used to permeabilize cultured RBL cells, and free
ionized Ca®* was measured with the calcium-sensitive
fluorescent dye fluo-3 [32]. RBL cells were initially
washed twice in a saline solution composed of 135 mM
NaCl, S mM KCI, and 10 mM Hepes adjusted to pH
7.2 with NaOH. The cells were then resuspended to
2-10% cells/ml in a simplified saline solution com-
posed of 140 mM KCl and 30 mM Hepes (pH 7.2),
adjusted with KOH. Fluo-3 (1 uM) was added to the
cells, and 3 ml of the cell suspension was placed in
polystyrene cuvettes maintained at 18-19°C in a ther-
mostatted cuvette holder and constantly stirred by a
small magnetic bar. Streptolysin O (0.2-0.4 units /ml)
was subsequently added, and membrane permeabiliza-
tion was monitored by a decrease in fluorescence and
by the extent of Trypan blue staining in aliquots of
cells. Experiments were started when the decline in
fluo-3 fluorescence had leveled off and greater than
90% of the cells stained with Trypan blue. Care was
taken to ensure rapid and complete mixing of added
agents. Fluorescence was measured with a Perkin-
Elmer LS-5B fluorescence spectrophotometer (excita-
tion 506 nm, emission 526 nm). The free ionized Ca®*
concentration was determined by the relationship [33]

[C32+ 1= Ky(F - Fmin)/(Fmax -F

where K, = 450 nM (value given by Molecular Probes,
Eugene, OR), F was the measured fluorescence inten-
sity, F,,, was the fluorescence in the presence of
excess Ca’* (2 mM), and F,;, was the fluorescence in
the absence of Ca?* (20 mM Tris base, 20 mM EGTA).

Analysis of data. Data obtained from equilibrium
binding experiments were analyzed using the computer
program LIGAND. Data obtained from kinetic binding
studies and from Ca’* efflux experiments were ana-
lyzed using the nonlinear regression computer program
ENZFITTER. In calculating kinetic constants obtained
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from association and dissociation studies, no correction
was included for hydrolysis of [*H]IP, since previous
work by Guillemette et al. [34] has shown that the
stated assay conditions both optimize IP; binding and
minimize its degradation. Assays were also performed
at 4°C and in the absence of Mg?* in order to mini-
mize hydrolysis of [*H]IP; by phosphatases [35]. In
addition, the consistent observation that binding was
stable for at least 60 min indicated that hydrolysis of
IP; was not a significant factor. In the Ca®* efflux
assays, previous work by Meyer et al. also indicated
that under comparable assay conditions, no hydrolysis
of IP, occurred within 10 min [27].

Results

Characteristics of [H]IP; binding in an RBL cell micro-
somal fraction

Specific binding of [*H]IP, to RBL cell microsomes
is proportional to the protein concentration in the
assay medium and is reduced to non-specific levels by
heat treatment (50°C, 10 min) or by digestion with
trypsin (10 wg/ml) (unpublished data). Binding per-
formed at low (<1 nM) free Ca?* and Mg?* is sat-
urable in the range of 0.5 to 10 nM IP; (Fig. 1) and is
resolved into a single class of binding sites having
nanomolar affinity (apparent K; = 1.5 + 0.3 nM) and a
capacity (B,,,) of 0.9+ 0.1 pmol/mg protein {(mean
and S.D. of three independent experiments performed
at pH 8.0). When centrifugation is used instead of
filtration to terminate the binding reaction, compara-
ble values for the apparent K, and B, are obtained:
3.3 nM and 2.4 pmol /mg protein, respectively. [*HJIP,
receptor occupancy increases 4.25-fold with alkaliniza-
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Fig. 1. Equilibrium binding analysis of [>H]IP; to RBL cell microso-
mal membranes. The experiment is performed by adding unlabeled
1P, (0.1-10 nM) to a fixed amount of [*H]IP; (0.4 nM) and measur-
ing specific binding under equilibrium conditions. The dpm of spe-
cific radioligand binding are transformed into pmol /mg protein. The
free Ca?* and Mg?* concentrations in this experiment are less than
1 nM. Inset: Scatchard analysis of the binding data. The data are
from one experiment and are representative of three separate exper-
iments performed in duplicate at pH 8.0.
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tion in the pH range of 6.0 to 8.0 (from 0.02 to 0.085
pmol /mg protein; measured at 0.4 nM [*HIIP;).

[3H]IP3 binding sites having lower affinity have been
identified in cerebellum [5] and liver [11,13]. These low
affinity sites are not present on RBL cell microsomal
membranes since saturation experiments performed
with 5 nM [*HJIP, and competing concentrations of
unlabeled IP; ranging from S to 100 nM show that
occupancy within this range of IP; concentrations is
already fully saturated (unpublished data).

When [*HIIP, equilibrium binding experiments are
performed with [3H]IP3 concentrations extending from
0.025 to 10 nM, the binding of [*H]IP, to RBL cell
microsomal membranes is no longer to a single class of
sites. Instead the convexity of the Scatchard plot of the
equilibrium data (Fig. 2A) indicates that the binding of
1P, to its receptor in this range of ligand concentra-
tions displays complex behavior. Specific [*H]IP, bind-
ing can be discriminated from non-specific binding at
concentrations as low as 25 pM [*HIIP; (total dpm:
355 + 22, nonspecific dpm: 166 + 22). The convexity of
the plot is not attributed to the failure to achieve
equilibrium binding conditions at the lower [*H]IP,
concentrations. Based on a k_, of 0.003 s™' (slow
phase of dissociation by dilution, Table I), the halftime
of steady-state binding is 3.8 min. The 30 min incuba-
tion period of the equilibrium experiment represented
by Scatchard analysis in Fig. 2A reflects approx. 8
half-lives demonstrating that even at low concentra-
tions of [3H]IP3, the experiments represented by Fig.
2A are performed under equilibrium conditions. The
curvilinear result in Fig. 2A prevents extrapolation of
the K, values and B, ,, values for the higher affinity
binding sites; by computer analysis the Hill number is
1.5. A double-reciprocal plot of the IP; concentration
vs. the amount of [*HJIP; bound is also curvilinear
(Fig. 2B). However, when the IP; concentration is
raised to the 1.5 power before the reciprocal is taken,
the relationship becomes linear, r = 0.99, (Fig. 2B), in
agreement with a Hill number in the range of 1.5.

Association and dissociation kinetic studies

The mechanism responsible for the complex binding
behavior at very low concentrations of [3H]IP3 demon-
strated in Fig. 2 may be due to transitions of the IP,
receptor into different conformational states induced
by increasing IP; concentration. This is demonstrated
by kinetic binding experiments performed with RBL
cell microsomal membranes (Fig. 3). Association stud-
ies by rapid, single manifold filtration reveal a very
rapid association of [*HJIP; with its binding site (k
= (.046 s~ ') which reaches maximal binding within 3
min at 4°C and free Ca?* and Mg?* < 1 nM (Fig. 3A).
Dissociation of the [*HJIP;-receptor equilibrium com-
plex by addition of a 100-fold excess of either ice-cold
assay buffer or unlabeled IP; results in rapid, biphasic
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Fig. 2. RBL cell [3H]IP3 binding sites display multiple affinity states.
(A) Scatchard analysis of [*H]IP, binding from 0.025 to 10 nM. The
experiment is performed by adding 0.025 to 10 nM [*HIIP; to RBL
cell microsomes and measuring specific binding under equilibrium
conditions. Non-specific binding is determined for each IP; concen-
tration. The free Ca?* and Mg?* concentrations are <1 nM. (B)
Double-reciprocal plot of IP; concentration vs. amount [3H]IP3
specifically bound. The values are derived from the Scatchard plot in
(A). The curvilinear plot (@) corresponds to the reciprocal IP; con-
centration (upper abscissa). The straight line (O) corresponds to the
reciprocal of the IP; concentration raised to the 1.5 power (lower
abscissa). The points in both A & B are mean values of a single
representative experiment performed in duplicate and repeated once
with similar results.

dissociation (Fig. 3B); the corresponding rate constants
are summarized in Table 1. The association rate con-
stant k., is calculated by the relationship

k+1 = (kobs - k—l)/[L]

where k_, is the dissociation rate constant determined
from Fig. 3B and [L] is the [3H]IP3 concentration.
When dissociation is measured by dilution, two K,
values can be calculated from the rate constants for the
binding of [*H]IP, (2.8 and 0.026 nM). The calculated
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Fig. 3. The association and dissociation of [3H]IP3 binding. (A) Time
course of association of [3H]IP3 (0.36 nM) to its binding site (Ca®*
and MgZ* <1 nM). Inset: transformation of association binding data
as determined by the computer program ENZFITTER. B, is specific
binding at time ¢, B, is the binding at equilibrium, and kg, is
calculated from the slope. (B) Time-course of dissociation of [*HIIP,
initiated by adding a 100-fold excess of unlabeled IP; (@) or of
ice-cold assay solution (O) and then determining the amount of
residual [*H]IP, bound to its receptor. SBy, is the specific binding at
time 0 and SB is specific binding at time ¢. Both A and B are single
experiments performed in duplicate and are representative of two
separate experiments. The duplicate values are shown in (A). For
clarity, only the mean values are given in (B).

K, based on the rapid component of dissociation (Ta-
ble I) is in excellent quantitative agreement with the
apparent K, from equilibrium binding studies per-

TABLE I
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formed in the range of 0.4 to 10 nM IP, (Fig. 1). The
k_, values calculated when [*HIIP, is dissociated from
the receptor complex by competition with unlabeled
IP; are significantly slower than those obtained by the
dilution method, and result in calculated K4 values
which are markedly lower than those predicted by
equilibrium experiments (Table I). Extrapolation of the
y-intercepts from linearized dissociation curves (from
dilution experiments) show that the low affinity confor-
mational state is more prevalent than the high-affinity
conformational state by a ratio of 3:1 (mean of two
separate experiments).

Selectivity of the [°H]IP, binding site

The selectivity of [*H]IP; binding to its microsomal
receptor is demonstrated in Fig. 4. Inositol 2,4,5-tri-
sphosphate (IC,, = 21.4 + 1.4 nM) a synthetic inositol
phosphate, and inositol 1,4-bisphosphate (ICs, =13 +
0.17 uM), a hydrolytic product of IP,;, have 9- and
560-fold less affinity for displacing [*HJIP; binding,
respectively, when compared to IP; (IC;, =23 + 0.16
nM). Low molecular weight heparin, a potent inhibitor
of IP, binding [36], inhibits [*H]IP, binding in RBL cell
tumor tissue with an IC,, of 32 + 1.7 M. This inhibi-
tion of [*H]IP; binding by low molecular weight hep-
arin is dependent on the presence of the sulfate groups
since the ICy, for de-sulfated heparin is > 600 uM
(unpublished data). ATP (Mg?* salt) is able to reduce
the binding of [*HIIP; to its binding site (ICs, = 228 +
24 uM) at concentrations of ATP that are lower than
the amount of ATP found in RBL [26] and mast cells
[37]. The Hill numbers derived from the data from Fig.
4 (see figure legend) do not differ significantly from
unity, implying that no cooperative interactions exist
between the agents tested and the IP; receptor under
these conditions.

Effect of free Ca’* on the binding of [*H]IP; to RBL
cell microsomes

The free ionized Ca?* concentration has been shown
to have a modulatory influence on the IP; receptor in
different cell preparations. In some cases Ca®" inhibits

The rate constants for the association and dissociation of [PH]IP; binding are dependent on the method of dissociation

The rate constants are calculated from the transformations of kinetic association and dissociation experiments (Fig. 3). The values+ S.E. are from

experiments performed with similar concentrations of [*H]IP,. k. (from

Fig. 3A, inset) and k_; (derived from data points in Fig. 3B) are

calculated using the nonlinear regression program ENZFITTER. These experiments were repeated once with similar results.

Method of kops 57D k_,G™Y k, (M 1s™ 1 K4 (nM)

dissociation

Dilution 0.044 + 0.005 0.003 £ 0.0007 0.114 0.026
0.039 +0.0088 0.014 2.8

100 X unlabeled IP; 0.044 +0.005 0.001 + 0.0002 0.119 0.008
0.028 +0.0027 0.044 0.636
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Fig. 4. The inhibition of [3H]IP3 binding by inositol polyphosphates,
LMW heparin, and ATP (Mg?™ salt). Data are presented as the Hill
transformation of inhibition binding experiments where B is occu-
pancy of [3H]IP3 at each inhibitor concentration and B, is occu-
pancy in the presence of a non-saturating amount of [3H]IP3 in the
absence of inhibitor. The correlation coefficients are > 0.99 for
every plot. Hill numbers are 1.1+0.1 for IP,, 0.8 +£0.04 for inositol
2,4,5-trisphosphate, 0.9+ 0.1 for inositol 1,4-bisphosphate, 0.8 +0.03
for LMW heparin, and 0.9+ 0.05 for ATP. The molecular weight of
heparin is between 4000 and 6000 with an mean value of 5000 used
for plotting the data. The data points are mean values of single
representative experiments performed in duplicate and replicated at
least twice with similar results.

IP; binding [4,17,19] while in other cells, Ca’* en-
hances the binding of IP; to its receptor [14]. In RBL
cells, Ca®* has both enhancing and inhibitory effects
on the binding of [*HJIP; (0.4 nM) to RBL cell micro-
somal membranes. With increasing concentrations of
free ionized Ca®* up to 10 uM there is a modest
(approx. 30%) enhancement of specific binding, while a
marked inhibition is observed at concentrations of
Ca’*> 10 uM (Fig. 5). Enhancement of [*HJIP; bind-
ing by Ca?" is not due to an increase in affinity but
possibly is the result of an increase in the binding
capacity of the preparation since the B_,, increases
almost 2-fold with 10 uM Ca?* (Table II).
Association rate studies performed at 100 M and
300 uM Ca’* reveal that the inhibition of [*HJIP,
binding to microsomal membranes in high concentra-
tions of Ca’* is due to an unstable [*HJIP;-receptor
equilibrium complex (Fig. 6). The association of the
binding of [*H]IP, is characterized by an initial in-
crease in specific binding that reaches a plateau briefly
and then declines over the course of the experiment.
The rate of association for [*HJIP; with its binding site
in the presence of 300 uM Ca?* is faster compared to
the association rate in 100 uM Ca®*; the reason for
this finding is not known. The instability of the equilib-
rium at high Ca?* is not the result of a non-specific
effect of a large concentration of cations since Mg?™*
up to 2 mM in concentration has no effect on the
binding of [*HI]IP; to its receptor nor on the stability of
the equilibrium (unpublished data). Further, the insta-
bility does not appear to be due to the binding of Ca®*
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Fig. 5. The effect of the free Ca®* concentration on equilibrium
binding of [*H]IP,. The results are the mean of two representative
experiments each performed in duplicate at pH 8 and are expressed
as a percent of maximal specific binding at 10 pM Ca?* (ranging
between 0.10 and 0.19 pmol/mg protein). The bars represent the
range of values in the two experiments. When bars are not present,
the range falls within the area of the symbol.

TABLE 11

The binding of [*H]IP; to RBL cell microsomal membranes is en-
hanced by free Ca’™* up to 10 uM

Saturation binding experiments are performed with 0.3-0.4 nM
[3H]IP3 in the presence of different concentrations of free Ca®*. The
values from these experiments are expressed as a mean+ S.E. These
experiments were performed twice with similar results each time.

Free Ca?* (uM) app K4 (nM) B, (pmol/mg protein)
0 1.124+0.10 0.9+0.05
1 1.224+0.07 1.47+0.05

10 1.04+0.11 1.62+0.10

100 LM Ca?*

% MAXIMUM IP; BOUND

. . .
] 200 400 600 800 1000 1200 1400 1600 1800

TIME (seconds)
Fig. 6. The association [3H]IP3 binding in the presence of 100 and
300 uM Ca®*. Time course of association of [*H]JIP; (0.5 nM) to its
binding site in the presence of 100 (0) or 300 uM () Ca®*. The
results are expressed as a percentage of the maximal amount of
specific binding that occurred over the course of the experiment
(0.07 pmol /mg protein in 100 uM Ca?* and 0.09 pmol ,/mg protein
in 300 M Ca®*). The data points are mean values from duplicate
samples.
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Fig. 7. The rate of Ca?* release from internal stores by IP;. (A) Representative traces from a single experiment are shown. Permeabilized cells
are stimulated with IP; (1, 10, 30, 100, 300, and 1000 nM) at the time indicated by the arrow. The fractional change of fluo-3 bound to Ca%*
ranges from 0.01 to 0.05. Fluorescence of fluo-3 did not change with the addition of IP, to cuvettes containing either saline solution alone or
non-permeabilized cells. (B) The Ca?* efflux rate constants (s 1) for the initial release of Ca®* after IP; stimulation are determined by taking
the reciprocal of the time required for half-maximal release of Ca®*. Inset: Hill plots of the efflux rates. R is the efflux rate constant, and R, is
the efflux rate constant at maximal response as determined by the computer program ENZFITTER (0.3081 +0.0159 s~!) for this experiment.
Only points between 10 and 90% of maximal response are included for analysis. This experiment was performed twice with similar results.

to IP; since inhibition binding experiments measuring
displacement of [*HJIP, by unlabeled IP; in the pres-
ence of <0.001, 1, 10, and 100 uM Ca?* do not result
in significantly different ICs, values for IP; (mean ICg,
values of 2.4, 1.9, 2.3, 2.2 nM, respectively, n = 2).

Correlation between binding and Ca** release at nM
concentrations of 1P,

IP, induces the release of Ca’*, measured with
fluo-3, from intracellular stores in streptolysin O-per-
meabilized RBL cells (Fig. 7A). To minimize the
amount of Ca®* uptake by intracellular stores follow-
ing stimulation with IP,, ATP and Mg?* are not pre-
sent in the saline solution. ATP is also excluded since
it inhibits the binding of IP; to its receptor (Fig. 4).
Under these conditions the ambient Ca®* concentra-
tion is buffered by the permeabilized cells to 192 4 21
nM. The addition of IP; (10-1000 nM) initiates a
dose-dependent increase in the rate of Ca®* release
from the permeabilized cells (Fig. 7A). The lag time
between the addition of IP, and the beginning of Ca®*
release decreases with increasing concentrations of IP;
(7 s at 10 nM IP; down to 1 s at 1000 nM IP;). At less
than 10 nM concentrations of IP;, Ca** release is not
detectable. The apparent effective concentration of 1P,
which induces a half-maximal rate of Ca’* release is
100 nM (Fig. 7B, inset) and 60 nM in two separate
experiments. In Fig. 7B the relationship of Ca?* efflux
rate to IP; concentration is hyperbolic, which indicates
that the release of Ca’* in response to IP; is a simple
bimolecular reaction within the IP; concentration range
of 10-1000 nM. The simple bimolecular reaction corre-
sponds well to the Hill number derived from the Ca®*

efflux rates, ny = 0.94 (Fig. 7B, inset) and 0.86 in two
separate experiments, and to the single class of binding
sites found with Scatchard analysis of IP; equilibrium
binding data when IP; is in the nM concentration
range (Fig. 1).

Discussion

From RBL cell solid tumors, we have prepared a
microsomal fraction which is enriched in [*H]IP, bind-
ing activity. The low nM affinity of the receptor for 1P,
and the presence of a single class of binding sites,
when the IP; concentration is between 0.5 and 10 nM,
are observed in both the rapid filtration (Fig. 1) and
centrifugation assays and are consistent with those
reported from endocrine [8,9], hepatic [12], and smooth
muscle [7] membrane preparations. The IP; binding
site shows selectivity over other inositol phosphates
and ATP (Fig. 4). Heparin, an inhibitor of [*HJIP,
binding to cerebellar [4], and hepatocyte microsomes
[38], also inhibits [*H]IP, binding to RBL cell microso-
mal membranes (Fig. 4). The increase in total [*H]IP,
binding in RBL cell microsomes observed with increas-
ing pH is consistent with findings in cerebellar mem-
branes [4] and other tissues [7,10,17].

Varying the free ionized Ca’* concentration from
<1 nM to 10 uM has a 30% enhancing effect on
[*HJIP, binding to RBL cell microsomal membranes
(Fig. 5). However, if only the physiological range of
Ca®* concentrations (from 0.1 to 1 wM) is considered,
[*H]IP, binding is increased by 9%. This increase is not
substantial when compared to the findings of Pietri
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and co-workers who show with hepatocyte plasma
membrane fractions that IP; binding is enhanced ap-
proximately 8-fold when the Ca®* concentration is
increased from concentrations of <100 nM to >1
uM [14]. This enhancement of binding is due to a shift
in the receptor from a low- to a high-affinity binding
state for IP;. Interestingly, this shift to high affinity
binding is correlated with the inhibition of IP;-induced
Ca®* release from permeabilized hepatocytes [14]. We
find that the modest enhancement of [3H]IP3 binding
to RBL cell microsomes by Ca** up to 10 uM is not
due to a change in the affinity of the receptor for IP,
but is the result of an increase in the binding capacity
of the preparation since the B, increases almost
2—fold with 10 uM Ca®* (Table II).

Concentrations of free Ca’* greater than 10 uM
decrease the binding of [*HJIP; to RBL cell microso-
mal membranes (Fig. 5). Inhibition of [*HJIP; binding
to hepatic microsomes [11] and platelet membrane
vesicles [17] by uM concentrations of Ca?* has also
been reported. From association experiments (Fig. 6) it
is evident that [*H]IP; never reaches a stable equilib-
rium with the microsomal receptor when the free Ca’*
concentration is 100 or 300 uM. Our finding of an
unstable equilibrium in [*HIIP; binding may explain
why in some cells, IP;-induced Ca’® release from
intracellular stores is inhibited when the free Ca®*
concentration is 10 uM or greater [39-41]. The mecha-
nism responsible for the unstable equilibrium is not
known, but our evidence suggests that it is not due to
decreased [3H]IP3 concentrations through increased
5-phosphomonoesterase activity for several reasons.
First, this enzyme is not activated by Ca’* [4,35,39],
but by Mg?*, which is not present in the assay solution
and has a K for hydrolyzing IP; near 20 uM [34,35].
Given the low (0.5 nM) [*HIIP, concentration present
in our binding assays, IP, degradation is most likely
insignificant. Second, the microsomal membranes are
washed once and the binding assays are performed in
low temperatures which should ensure minimal influ-
ences from any phosphatase or proteinase activity
[34,35]. Third, the presence of Mg?*, up to 2 mM,
(with Ca?*< 1 nM) in separate equilibrium binding
experiments did not affect specific binding, arguing
against an effect of phosphatases in any of the binding
assays performed with RBL cell microsomal mem-
branes. In contrast, Sasaguri and co-workers have
shown in smooth muscle cells that maximal activation
of this phosphatase can occur in the presence of high
(>1 uM) Ca’* concentrations but in those experi-
ments 2 mM Mg?* was also present [42]. Additional
[*HIIP, association binding experiments performed
with permeabilized RBL cells in 500 uM Ca?*+ 1 mM
Mg2* demonstrate that the observed instability of the
IP,-receptor complex is not enhanced by Mg?*, as
would be expected if there is increased hydrolysis of

[PHIIP,, but instead the instability is actually dimin-
ished (unpublished data).

Another possibility to consider is that instead of
enhancing degradation of IP;, increased concentrations
of Ca’* may lead to the formation of IP,. A recent
report by Mignery and co-workers demonstrated that
in cerebellar microsomes, calcium concentrations
greater than 10 uM led to decreased binding of IP, to
its receptor [43]. They determined that this was due to
increased PIP, hydrolysis which led to increased IP,
production. We cannot rule out that when free Ca?* is
greater than 10 uM, IP; production may be increased
in the RBL cell microsomal preparation, thus giving
the appearance of decreased [3H]IP3 binding. What-
ever the mechanism by which Ca?* affects the IP,
receptor might be, these data taken together suggest
that Ca?* at concentrations which could be attained
within localized regions of the IP; receptor channel
complex may directly or indirectly influence the kinet-
ics of IP; binding to its receptor site by allosteric
modulation.

Although the characteristics of [*H]IP; equilibrium
binding to RBL cell microsomes are very similar to
other non-neuronal cell types in terms of affinity of the
receptor for 1P, its selectivity over other analogues,
and its sensitivity to modulators such as pH and Ca?*
concentration, the kinetic binding studies presented
here document a novel observation about the [*H]IP,
binding site in nonexcitable cells. From dissociation
studies, we observe a biphasic dissociation of the
[*HIIP;-receptor complex by either competition with
unlabeled IP; or by dilution with excess assay solution
(Fig. 3B). The appearance of biphasic dissociation can
indicate the possibility either of two independent
classes of binding sites for IP, or of cooperative inter-
actions when IP, binds. The slower dissociation of
[*HJIP, binding by competition with excess unlabeled
IP; suggests that the biphasic dissociation may be due
to allosteric interactions between the ligand and its
binding sites [44] on the channel oligomers. In addi-
tion, Scatchard analysis of [*HJIP, equilibrium binding
experiments performed with pM to nM concentrations
of [PH]IP; shows a convex relationship (Fig. 2A), sup-
porting the idea that an allosteric mechanism may be
involved in IP;-receptor binding in RBL cells. How-
ever, the Hill number of 1.5, derived from these equi-
librium binding experiments indicates that any alloster-
ism involved in IP;-receptor interactions would be
weak. This may suggest that the complex binding be-
havior observed in the presence of pM concentrations
of [3H]IP3 may be the result of a sequential mechanism
that is dependent on IP; concentration and may reflect
IP;-mediated transitions in channel conformation. This
mechanism has been proposed to be involved in the
interaction of ryanodine with the Ca?* release channel
of sarcoplasmic reticulum [45,46], an intracellular re-



ceptor-Ca?* channel complex with structural and func-
tional similarity to the IP; receptor. Consistent with
this interpretation, Watras and co-workers recently
have demonstrated multiple conductance states of the
IP;-sensitive channel reconstituted in lipid bilayers [47].

Binding studies with cloned cerebellar IP; receptor
subunits that have deleted transmembrane segments
and are in the form of soluble monomers, show that
[*HIIP, binds independently to each soluble subunit
with a single K, ranging from 14 to 28 nM in soluble
monomers with intact N-terminal regions [48]. This
would suggest that IP;-receptor interactions are not
allosteric. However, this finding does not discount the
possibility that as a homotetramer, the IP;-receptor
binding reaction deviates from mass action since the
binding affinity is higher [48] in soluble subunit
monomers than in the intact receptor [4]. Thus while it
is clear that each monomer of the IP; receptor is able
to independently bind IP,, the nature of this interac-
tion in the native state needs to be resolved.

The binding between IP; and its receptor has also
been shown to be more complicated than a single
binding site model in other non-neuronal tissues.
O’Rourke and co-workers report the possibility of ei-
ther two independent binding sites or cooperativity in
the binding of [*HIIP, to platelet membranes [17] in
the concentration range of 0.25 to 100 nM [*HJIP;;
however, the cooperativity is negative and only demon-
strated under alkaline conditions. Spit and co-workers
describe the equilibrium binding of radiolabeled IP; to
two specific components of liver microsomal mem-
branes; however, kinetic studies performed on the same
membrane fraction show that radiolabeled-IP; dissoci-
ation is from a single class of binding sites [11]. More
than one class of binding site for IP; in hepatocyte
membranes has also been described by Mauger and
co-workers [13,14]. Complex interactions in radiola-
beled IP; binding to its receptor are also introduced
depending on pretreatment temperatures and the pres-
ence of Ca’*. Finally, the binding of [*H]IP, to a
microsomal fraction from peritoneal mast cells can be
resolved into two distinct components [16]. The appar-
ent K, values of the high- and low-affinity binding
components are 52 pM and 22 nM, respectively. It is
interesting that in the RBL cell microsomal prepara-
tion reported here, a binding site having pM affinity is
clearly present.

The dissociation curve in Fig. 3B can be resolved
into two computer-determined linear components: one
due to a rapidly dissociating (low-affinity) site and
another to a slowly dissociating (high-affinity) site. The
relative number of binding sites determined from the
y-intercepts indicates that the ratio of low- to high-af-
finity sites is on the average 3:1. If all four sites are
important for Ca®* release, this would be in agreement
with the observation by Meyer and co-workers that the
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opening of the IP; receptor-channel complex requires
the binding of at least three [27] or more [28] molecules
of IP;,.

The affinity of the slowly dissociating component for
IP; is calculated to be in the pM range (Table D). Since
this study (Fig. 7) and others [27,28] have demonstrated
that nM concentrations of IP; are required to elicit a
measurable release of Ca’?* from permeabilized RBL
cells, the function of this high-affinity site is unclear. In
addition, the binding of [*H]IP, to the low-affinity
conformational state of the IP, receptor with apparent
affinity of 1.5 nM occurs at a much lower concentration
of IP, than is required to elicit half-maximal rates of
Ca?* release from intracellular Ca®* stores. In the
accompanying paper we present evidence that perme-
abilized RBL cells, whose soluble cellular constituents
are not removed, possess a single class of low-affinity
IP; binding sites. Moreover, the binding affinity to this
class of sites is in the approximate range of IP; concen-
trations that induces the half-maximal rate of Ca®*
release from IP,-sensitive stores (Fig. 7). The differ-
ences in binding affinities found between permeabi-
lized RBL cells (companion paper) and microsomal
membranes (this study) in no way negate the signifi-
cance of different conformation states of the IP, recep-
tor in the microsomal membrane preparations. Soluble
cytosolic factors may be responsible for modulating the
activity of the IP; receptor in intact cells.

IP;-induced Ca’* efflux from permeabilized RBL
cells does not show evidence of any cooperative inter-
actions (Fig. 7B) which most notably differs from the
finding of a high degree of cooperativity to IP;-induced
Ca’* release in RBL cells reported by Meyer and
co-workers [27,28]. Our analysis of the relationship
between Ca’* efflux rate and IP; concentration is
based on a wide range of IP; concentrations (10 to
1000 nM) since in our experimental system, the behav-
ior of IPy-induced Ca®* release rate over this concen-
tration range is one of a simple bimolecular reaction
(Fig. 7B). Meyer and co-workers also found that the
maximal rate of Ca’* efflux is observed when IP; is
about 1000 nM [28]. However, in calculating the Hill
number they used only those rates obtained at the
lower nM concentrations of IP; where the steep depen-
dence of Ca** efflux on IP; concentration would indi-
cate a highly cooperative interaction and also where
the rates of Ca®" efflux are less than 10% of their
reported maximal rate.

Cooperative interaction in IP;-induced Ca’" release
has been found in permeabilized rat hepatocytes
[49,50], although, the cooperativity in both cases is
much weaker (n;; = 1.6 and 1.7, respectively) than what
has been reported by Meyer et al. [28] in permeabilized
RBL cells. In contrast, there has been no evidence
found for a cooperative dependence of IP;-induced
Ca’* release in brain microsomes [41,47].
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RBL cells grown as solid tumors are an excellent

source of material for isolation, purification, and char-
acterization of the IP; receptor from bone marrow-de-
rived cells. Comparison of the [*HJIP, binding proper-
ties of the microsomal IP; receptor with those of
permeabilized cells will provide insights into the mech-
anisms involved in coordinating ligand-receptor inter-
actions with the functional release of Ca?* from IP,-
sensitive stores in nonexcitable cells.
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