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Binding sites for oc-trinositol (inositol 1,2,6-trisphosphate) in
porcine tissues; comparison with Ins(1,4,5)P3 and Ins(1,3,4,5)P4-
binding sites
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1 The molecular mechanism of action of the inositol trisphosphate isomer, a-trinositol (Ins(1,2,6)P3)
which has potential therapeutic use in treatment of inflammation and burn oedema, is still unclear.
Therefore we have studied binding sites for a-trinositol in different tissues.
2 In membranes from pig cerebellum, liver, kidney, heart, and spleen, the density of specific [3H]-a-
trinositol binding sites was maximal at pH 5.0. Cerebellum and spleen showed only one binding site
(cerebellum KD= 9.1 JiM, spleen KD= 7.3 gM). In the other tissues, there were a high-affinity site (heart
KD = 70 nM, liver KD= 790 nM and kidney KD = 1800 nM), besides a low-affinity site with a KD ranging
between 32 and 120 ,uM. In cerebellar membranes, the affinity and density (107 pmol mg-' protein) of ac-
trinositol binding sites were not affected by phosphate (0 to 25 mM).
3 Binding of Ins(1,4,5)P3 and Ins(1,3,4,5)P4 to membranes from different porcine tissues was also
determined. Ins(l,3,4,5)P4, the isomer stereochemically related to ax-trinositol, binds with an affinity of
1.2 nM in cerebellum, but in the other tissues the binding site density was too low to determine the
affinity. With cerebellar membranes heterologous displacement of [3H]-Ins(1,3,4,5)P4 by ax-trinositol
yielded a K1 of 11 jIM. The Ins(1,4,5)P3 receptor displayed an affinity of 15 nM in cerebellum and of 5 to
7 nM in the other tissues investigated.
4 The solubilized Ins(l,3,4,5)P4 receptor preparation from cerebellum did not show Ins(1,2,6)P3
binding. Ins(1,2,6)P3 binding was found in the pellet obtained after solubilization of the membranes with
the detergent Brij 58.
5 Thus, in different tissues a-trinositol binds to proteins with different affinity. They are obviously not
related to binding sites for Ins (1,4,5)P3 or for Ins(l,3,4,5)P4. Future experiments have to unravel the
identity of the binding protein(s) for a-trinositol.
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Introduction

Inositololigophosphates are thought to have a function only as
intracellular signal molecules (Berridge, 1993; Shears, 1992).
There is, however, evidence, albeit sparse, for an extracellular
role of inositolphosphates. InsP5 (Inositol 1,3,4,5,6-pentakis-
phosphate) and InsP6 have been described as modulating Ca2+
influx in cultured neurones (Nicoletti et al., 1989; Regunathan
et al., 1992) and it has been suggested that they influence
cardiovascular regulation in the central nervous system (Val-
lejo et al., 1987). Ins(1,2,6)P3 (oc-trinositol; D-myo-inositol
1,2,6-trisphosphate), which is produced by partial degradation
of phytic acid by yeast phytase (Goldschmidt, 1990), also has
physiological effects. For example, a-trinositol blocks vaso-
constriction produced by neuropeptide Y, but not by other
constrictors (Potter et al., 1992). a-Trinositol appears to be a
functional antagonist of neuropeptide Y (Wahlestedt et al.,
1992), but certainly does not act as a competitive antagonist
(Wahlestedt & Reis, 1994). The effects of a-trinositol on car-
diac and regional hemodynamics have been studied in con-
scious rats (Gardiner et al., 1994).

In addition, a-trinositol has potent anti-inflammatory ac-
tivity, and has been shown to reduce inflammation in several
animal models (Claxson et al., 1990; Lund & Reed, 1994;
Nakazawa et al., 1994). So far, the molecular mechanism of
action of a-trinositol is unclear. It is to be expected that one
receptor protein exists (or several different types) specific for ax-
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trinositol-mediated actions. Even though ox-trinositol has not
been shown to be a natural constituent of mammalian cells,
interactions with intracellular receptors for endogenous in-
ositololigophosphates are possible.

Here we attempted to determine a-trinositol binding sites in
membranes from various pig tissues, and to compare these
with the receptors for Ins(1,4,5)P3 and Ins(1,3,4,5)P4. The
steric orientation of the phosphate groups of Ins(1,2,6)P3 re-
sembles that of Ins(1,3,4,5)P4. Therefore the a-trinositol
binding characteristics were studied mainly in the context of
properties of Ins(1,3,4,5)P4 receptors identified by our (Reiser
et al., 1991; Reiser, 1993) and other laboratories (Theibert et
al., 1992; Cullen et al., 1995a,b) and with regard to the possible
physiological functions of Ins(1,3,4,5)P4.

Since a-trinositol has physiological functions when tested in
animal models, we can assume that some of the binding sites
identified in different tissues represent functional receptors.
This issue will only be resolved when the physiological re-
sponse or, at least the second messenger system activated by a-
trinositol, has been identified.

Methods

Membrane preparation

The tissues (pig cerebellum, spleen, liver, kidney and heart)
were collected within 15 min after death of the animal, dis-
sected free of connective tissue and stored at -80°C. For
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membrane preparation the tissue samples were thawed and
homogenized in buffer containing 50 mM Tris/HCl, pH 7.7,
1 mM EDTA, and 1 mM mercaptoethanol, at a ratio of 4 ml of
buffer per g of tissue, with a Waring Blendor (medium setting,
3 x 20 s). The pellet obtained by centrifugation (2,000 g,

Kontron A8.24, 10 min) was re-homogenized and centrifuged
(2,000 g, 10 min). Both supernatants were combined and
centrifuged (35,000 g, 30 min). After resuspension of the pellet
in homogenization buffer containing 400 mM NaCl, the
homogenate was poured through cheese cloth and the micro-
somes were sedimented by centrifugation (35,000 g, 30 min).
The resulting membranes were washed twice in homogeniza-
tion buffer by resuspension and centrifugation (30 min,
35,000 g). The final pellet was suspended in homogenization
buffer by use of a Potter-Elvehjem homogenizer at a protein
concentration of 5 to 20 mg ml-' and kept at -200C.

Solubilization of inositolphosphate binding proteins

The Ins(1,3,4,5)P4 receptor protein was solubilized as described
(Donie et al., 1990; Reiser, 1993). Frozen membranes were

thawed and centrifuged (10 min, 4°C, 27,000 g). The pellet was
mixed with Tris-buffer (50 mM Tris/HCI, pH 7.5, 1 mM
EDTA, 1 mM mercaptoethanol) supplemented with 15 g 1'
Brij 58 and 400 mM NaCl in a ratio of 4 ml per g wet weight of
membranes and stirred for1 h at4°C. After centrifugation for
1 h at 100,000 g (Kontron TST 28.38), the supernatant was

dialyzed overnight twice against 2,000 ml Tris-buffer. In some
experiments, the resulting pellet was resuspended inTris-buffer
at a protein concentration of 5 to 10 mg ml-' and also used
for binding experiments. Protein was determined by the Lowry
method with bovine serum albumin (BSA) as standard.

Binding assays

For determining binding to membranes, incubations were

carried out in a final volume of 400pl in microcentrifuge tubes
at4°C. Microsomes (0.3 to1 mg of protein/assay) were in-
cubated in a solution containing 2.4 to 3.2 nM [3H]-Ins(1,2,6)P3
or 0.3 to 0.6 nM [3H]-Ins(1,3,4,5)P4, in three different buffers
(A, B andC). These buffers have been used by different la-
boratories for assaying Ins(1,3,4,5)P4 binding activity. The
purpose of the present study was not a systematical analysis of
influence of pH on binding. This has already been described
for Ins(1,3,4,5)P4 binding activity (Donie et al., 1990). We
checked for the alledged optimum binding at a pH close to a

physiological value and at salt concentrations mimicking the
intracellular milieu (Cullen & Irvine, 1992). For these reasons,

buffers B and C (Cullen & Irvine, 1992) were employed as well
as buffer A, found optimal by Donie etal. (1990) and by Walsh
etal. (1995). Buffer A contained 25 mm sodium acetate/25 mM

potassium phosphate, pH 5.0, 0.25% (w/v) BSA,1 mM EDTA
(Donie & Reiser, 1989; Challiss et al., 1991). Buffer B con-

tained 100 mM KCl, 20 mM NaC1, 10 mM HEPES/KOH,
pH 7.0, 0.25% (w/v) BSA,1 mM EDTA. Buffer C contained
100 mM KC1, 20 mM NaCl, 10 mM MES/KOH, pH 5.5,
0.25% (w/v) BSA, 1 mM EDTA (Cullen & Irvine, 1992).

For Ins(1,4,5)P3, binding, microsomes (0.4 to 1.5 mg of
protein/assay) were incubated in buffer containing 0.2 to
0.4nM [3H]-Ins(1,4,5)P3, 0.1% (w/v) BSA,1 mM EDTA and
25mM Tris/HCl, pH 9.0. Nonspecific binding was determined
in the presence of1 pM Ins(1,3,4,5)P4,1 pM Ins(1,4,5)P3, or 0.5
to1 mM Ins(1,2,6)P3, respectively. The samples were incubated
in the presence of different concentrations of unlabelled
Ins(1,2,6)P3, Ins(1,4,5)P3 or Ins(1,3,4,5)P4 for 20 to 30 min,
and bound ligand was separated from free ligand by cen-

trifugation (10,000 g, 5 min). The supernatants were discarded
andthe pellets were solubilized with 2% (w/v) SDS before
transferring into scintillation vials for measuring the bound
radioactive tracer.

Binding of Ins(1,3,4,5)P4 to the solubilized receptor protein
was determined as described previously (Donie etal., 1990;
Reiser, 1993). Solubilized membrane protein (350 to 600 pg)

was assayed in 280 yul binding medium composed of 0.4 nM
[3H]-Ins(1,3,4,5)P4, 25 mM sodium acetate/25 mm potassium
phosphate, pH 5.0, 0.05% (w/v) Brij 58, 1 mM EDTA, and 0
to 200 nm unlabelled Ins(1,3,4,5)P4. Nonspecific binding was
determined in the presence of 1 pM Ins(1,3,4,5)P4. Binding was
allowed to proceed for 20 min at 40C. Then an aliquot of the
reaction mixture was centrifuged through columns containing
1 ml packed resin of BioGel P-4 (grade fine 65 pm; Bio-Rad,
Mtinchen, Germany) to separate bound from free ligand. In
both cases (assaying binding either to membranes or to solu-
bilized proteins) 4 ml of scintillation fluid (Ultima Gold,
Packard) was added for measurement of the bound radio-
activity (Rackbeta 1214, LKB). For each experiment all de-
terminations were made in triplicate and showed less than 10%
deviation.

Materials

The sodium salt of [3H]-Ins(1,2,6)P3 (7 Ci mmol', or
45 Ci mmol-') and Ins(1,2,6)P3 (sodium salt) was provided by
Perstorp Pharma (Lund, Sweden). [3H]-Ins(1,3,4,5)P4
(40 Ci mmol-'), [3H]-Ins(1,4,5)P3 (54 Ci mmol-') and
Ins(1,4,5)P3 (potassium salt) were obtained from Amersham
(Braunschweig; Germany). Ins(1,3,4,5)P4 (potassium salt) was
purchased from Calbiochem (Bad Soden; Germany). Brij 58
was from Serva (Heidelberg, Germany).

Data analysis

KD values and the number of binding sites were estimated by
use of the RADLIG data-analysis computer programme
(Version 4; BIOSOFT, Cambridge, U.K.). Free ligand was
calculated from the concentration of total bound ligand and
curve fitting was done by using total binding (i.e. nonspecific
binding is not subtracted by the programme before curve-fit-
ting and can be estimated by the programme). The data were
weighted assuming a constant percentage of error in the
measured binding (i.e. l/Y2). For statistical analysis the F-test
was employed.

Results

The first aim of the present study was a comparison of binding
sites for oc-trinositol and for Ins(1,3,4,5)P4. Binding of
Ins(1,3,4,5)P4 has been investigated by different authors using
buffers with different pH and ionic composition (Cullen &
Irvine, 1992; Donie & Reiser, 1989; Theibert et al., 1987). In
initial experiments we used these three buffer systems to in-
vestigate their influence on binding of[3H]-Ins(1,3,4,5)P4 and
[3H]-Ins(1,2,6)P3 in membranes from different porcine tissues.
A comparison using three different buffer systems shown in
Figure la demonstrates that binding of [3H]-Ins(1,3,4,5)P4 to
membranes from cerebellum and spleen was strongly influ-
enced by the ionic composition and pH of the buffer system,
whereas in the other tissues tested there was only a marginal
effect. The apparently high density of binding sites in spleen
was further investigated. We found that there was no dis-
placement at concentrations of unlabelled Ins(1,3,4,5)P4up to
200nM. Moreover, 70-80% of total [3H]-Ins(1,3,4,5)P4 bound
could be displaced by 50pM of the unlabelled compound (data
not shown). Displacement curves indicated the presence of one
binding site with a medium affinity in spleen (KD= 970nM,
Bmax = 251+ 96 pmol mg-' of protein; 3 experiments). Because
in liver, heart and kidney only low densities of Ins(1,3,4,5)P4-
binding sites could be detected (Figure la), no attempts at
further characterization were made.

[3H]-Ins(1,2,6)P3 binding to membranes was highest when a
low-ionic strength acetate-based buffer, pH 5.0 was used
(Figurelb). In contrast to the results obtained with
Ins(1,3,4,5)P4, in all tissues investigated, a high density ofa-
trinositol binding sites in the range of 30 to 60 fmol mg-'
protein was detected. Therefore, characterization of the un-
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derlying binding sites was possible. In Figure 2 the displace-
ment curves obtained for membranes from cerebellum (a),
spleen (b), liver (c), kidney (d) and heart (e) are shown.

In Table 1, the analysis of a-trinositol binding character-
istics in different pig tissues is summarized. The results from a
one-site analysis and from a two-site analysis using the same
set of data are juxtaposed to give the statistical significance of
one or the other model. Displacement of binding of radioactive
a-trinositol by unlabelled a-trinositol shows that in spleen
(Figure 2b) there was only one class of binding sites with an
affinity which was between 5 and 15 gM. In cerebellum (Figure
2a) there was one class of binding sites with KD = 9.1 gM. The
second binding site derived from the analysis with 2 binding
sites cannot be accepted because it had a KD above the con-
centration used for determining non-specific binding (cf. Table
2). However, the binding data obtained for membranes from
heart (Figure 2e), liver (Figure 2c) and kidney (Figure 2d) were
best described by a two-site model (P<0.05 compared with a
one-site fit; Table 1). In heart there was clearly a high-affinity
binding site with a KD in the range of 70 nM. In kidney and
liver the affinity of the first binding site ranged between 0.70
and 1.8 gM. In these tissues a second, low-affinity binding site
with a KD in the upper micromolar range was found (Table 1).

For comparison, Ins(1,4,5)P3 binding was also assessed
using the membranes from porcine cerebellum, spleen, liver,
and kidney (Figure 3) in which oc-trinositol and InsP4-binding
have also been studied. The data obtained with Ins(1,4,5)P3 are
best described by a one-binding site model for the membranes
from all tissues investigated (Figure 3). The dissociation con-
stant for Ins(1,4,5)P3 in cerebellar membranes (15.5 + 0.6 nM)
was approximately three times higher than the values obtained
for spleen, liver and kidney (6.5 + 0.65, 5.3 + 0.48 and
6.4+ 0.64 nM respectively). Another striking difference be-
tween the various tissues was that in cerebellum the density of
Ins(1,4,5)P3-binding sites (3.64 + 0.15 pmol mg-') was sig-
nificantly higher than in spleen (787 + 71 fmol mg-'), liver
(343 + 24 fmol mg-) and in kidney (345 + 28 fmol mg-').
A detailed comparison of the binding of [3H]-Ins(l,3,4,5)P4

and [3H]-Ins(1,2,6)P3 was carried out with membranes from
cerebellum. In Figure 4 the homologous displacement of [3H]-
Ins(1,3,4,5)P4 and [3H]-Ins(1,2,6)P3 by the unlabelled com-
pound and the heterologous displacement of [3H]-
Ins(1,3,4,5)P4 by Ins(1,2,6)P3 are shown. The experimental
incubations were carried out using the same batch of micro-
somes in acetate-based buffer, pH 5.0, which yielded maximal
binding capacity (Figure 1). Analysis of the Ins(1,3,4,5)P4
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Figure 1 Specific binding of [3H]-Ins(1,3,4,5)P4 (a) and [3H]-
Ins(1,2,6)P3 (b) in various tissues. Membranes prepared from the
different tissues indicated (500pg of protein each) were incubated in
the presence of 0.7nM [3H]-Ins(1,3,4,5)P4 (25000 d.p.m. per assay) or
2.8 nM [3H]-Ins(1,2,6)P3 (18000 d.p.m. per assay) at pH 5.0 (open
columns), pH 5.5 (solid columns) or pH 7.0 (cross-hatched columns)
using the buffer systems described under Methods. Nonspecific
binding was determined in the presence of 1 yM Ins(1,3,4,5)P4 and
1 mM Ins(1,2,6)P3, respectively. Error bars are unusually large
because they represent the combined errors of total binding and of
non-specific binding.

Figure 2 oa-Trinositol-binding in membranes from pig cerebellum
(a), spleen (b), liver (c), kidney (d) and heart (e). [3H]-Ins(1,2,6)P3 (a-
trinositol, 2.9nM) was used with membranes from different tissues
(500,pg of protein per assay) in 25mm sodium acetate/25mM
potassium-phosphate buffer, pH 5.0. For non-specific binding, 1 mM
(a, d, e) or 0.5mm Ins(1,2,6)P3 (b, c) were added, respectively. Data
analysis of such displacement curves by the Radlig programme for
the presence of one or two binding sites is shown in Table 1. All
determinations were made in triplicate. The standard deviations
(usually less than 10%) are indicated by the error bars only when
they exceed the size of the symbol used. The curves are drawn in the
plots according to 4-parameter logistic fits to the data points shown,
assuming one binding site.
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Table 1 Binding of Ins(1,2,6)P3 to microsomes from different tissues

I Binding site
Kd Bm
(UM) (pmol mg' )

9.1 +2.1
7.3 ± 3.2
1.6 ± 0.7

12.7 ± 4.0
47.8 ± 11.2

106.7 +27.1
203 ±91
39.6+ 16.2
325 + 71
1241 + 391

2 Binding sites
Kd, B,,,, K2
(pM) (pmol mg1) (pM)

5.1 +2.8
0.57*

0.07 + 0.05
1.8 + 0.9

0.79 0.56

48.6 + 36.3
7.8*

1.4+0.9
26.4+ 16.2
6.9+ 5.7

1268*
11.7+ 19.9
32.0 21.7
100.8 16.2
122.7 +44.1

Displacement of binding of [3H]-Ins(1,2,6)P3 (1.1 nM, 45 Ci minor' or 2.1 to 3.3 nM, 7 Ci mmol-1) by unlabelled Ins(1,2,6)P3, using
membranes from different tissues (0.5 to mg per assay) in 25mm sodium acetate/25mM potassium phosphate buffer, pH 5.0. Non-
specific binding was determined in the presence of 1 mM Ins(1,2,6)P3, in some cases 0.5 mM. The data were analyzed for the presence of
one or two binding sites with the LIGAND component of the Radlig programme by a combined fit of the results from 4 (cerebellum)
or 3 (all other tissues) independent experiments (cf. Figure 2). For each experiment at least 10 concentrations were tested in triplicate.
The values given are the final estimates of the parameters KD and Bmax and the associated standard errors calculated by the curve-fitting
programme. *gives a statistical standard error exceeding the estimated parameter by more than 200%.
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Figure 3 Binding of Ins(1,4,5)P3 to microsomes from pig cerebellum
(a), spleen (b), liver (c) and kidney (d). Displacement of [3H]-
Ins(1,4,5)P3 binding to membranes from various tissues by unlabelled
Ins(1,4,5)P3 was determined in Tris-buffer, pH 9.0. Membranes (0.45
to 1.3mg of protein) were incubated with 0.22 to 0.27nm [3H]-
Ins(1,4,5)P3 (11000-13000 d.p.m. per assay) and varying concentra-
tions of unlabelled Ins(1,4,5)P3. Nonspecific binding was determined
in the presence of 1 pM Ins(1,4,5)P3. The data were analyzed with the
Radlig programme for the presence of one or two binding sites. In all
experiments, there was no evidence for a two binding site model
(P> >0.05). It was not possible to analyze the displacement data for
heart microsomes because the difference between the amount of
maximally bound tracer (approx. 3.8 fmol) and nonspecific bound
tracer (approx. 2.3fmol) in the presence of 1.5mg protein was too
small.

binding data in Figure 4 gave one class of binding sites with a
dissociation constant of 1.2+0.2 nM and Bmax of
96.5+ 11.6 fmol mg-'. Using these values, we obtained a KI of
10.9 + 3.4 pM for the heterologous displacement of [3H]-
Ins(1,3,4,5)P4 by Ins(1,2,6)P3. As shown in Figure 2a and Ta-
ble 1, the homologous displacement of [3H]-Ins(1,2,6)P3 by the
unlabelled compound in cerebellar membranes (Figure 4) gave
one class of binding sites with KD of 5.2 + 1.6 gM and Bma,, of
56.4+ 18.6 pmol mg-' of protein.
Yoo et al. (1994) showed that inorganic phosphate inter-

feres with [3H]-Ins(1,2,6)P3 binding in membranes from rat
heart. They reported that binding was inhibited at 1 mm or-
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0)
a
i)

Cl)

10 io-9 i08 106 105 104 10-

InsPx [Ml

Figure 4 Displacement of binding of [3H]-Ins(1,3,4,5)P4 by
unlabelled Ins(1,3,4,5)P4 (0) or Ins(1,2,6)P3 (El), and displacement
of binding of [3H]-Ins(1,2,6)P3 by unlabelled Ins(1,2,6)P3 (A) in pig
cerebellum. Membranes from pig cerebellum (380 to 570 jug of
protein) were incubated with 0.36nM [3H]-Ins(1,3,4,5)P4 or 2.1 nM
[3H]-Ins(1,2,6)P3 corresponding to - 13000 d.p.m. per assay and the
indicated concentrations of ligands in acetate-phosphate buffer,
pH5.0, on ice for 20min. The binding reaction was terminated by
centrifugation. Nonspecific binding was determined in the presence of
1 pM Ins(1,3,4,5)P4 (0, 5 experiments) or mM Ins(1,2,6)P3 (EO, 3
experiments; A, 4 experiments). Total binding and nonspecific
binding were 1110 d.p.m./399 d.p.m. (0); 927 d.p.m./208 d.p.m.
(El), and 991 d.p.m./707 d.p.m. (A), respectively. The curves shown
were calculated according to a 4-parameter logistic function,
assuming one binding site.

thophosphate by 70%, and totally abolished at 25 mM.
Therefore, to study the influence of the phosphate concentra-
tion on [3H]-Ins(1,2,6)P3 binding in pig cerebellar membranes,
binding experiments were carried out, using the acetate based
buffer, pH 5.0, which contained phosphate between 0 and
25 mM. Table 2 demonstrates that neither the appearance of a
second binding site for [3H]-Ins(1,2,6)P3 nor the affinity and
binding site density were influenced by varying the potassium
phosphate concentration in the buffer between 0 and 25 mM.
In those cases where a two-binding-site model seemed to fit the
data with a P<?10.05 significantly better than a one-binding-
site model, the KD values obtained for the low-affinity binding
sites were comparable in size to the highest concentration of a-
trinositol used in the displacement experiments, and cannot
therefore be relied on. Moreover, for technical reasons, in these
cases the standard deviations estimated for KD and Bmax were

Tissue

Cerebellum
Spleen
Heart
Kidney
Liver

Bmax.2
(nmol mg')

16.9*
0.25 ± 0.25
0.52+0.36
1.7+0.8
2.7+1.0

p

P=0.014
P= 0.683
P= 0.002
P=0.000
P= 0.000
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Table 2 Binding of Ins(1,2,6)P3 to membranes from pig cerebellum in the presence of various concentrations of phosphate

1 Binding site 2 Binding sites
Kd Bmax Kdl Bmaxj
(#M) (pmol mg') (MM) (pmol mg')

6.1 +2.4 102+43
5.9+2.1 66.3±25.2
4.1 ± 1.7 59.3 25.5
5.2 1.6 56.4+ 18.6

2.5 ± 1.7
4.4±2.4
1.9+1.1
2.3 1.7

32.0 ± 28.8
46.4+28.8
22.3 + 15.8
18.1 17.6

Kd2 Bmax2
(UM) (nmol mg-')

504*
1. 100*
475*
235*

6.8*
5*

5*

3*

Membranes (500 Mg of protein) were incubated with 2.1 to 2.8 nM [3H]-Ins(1,2,6)P3 (13000 to 18000 d.p.m. per assay) in sodium acetate

buffer, pH 5.0 containing different concentrations of potassium phosphate. Displacement of [3H]-Ins(1,2,6)P3 by unlabelled Ins(1,2,6)P3
was determined as described under Methods. For measuring nonspecific binding, 1 mM Ins(1,2,6)P3 was employed. Sample size as

described in legend to Table 1. The resulting displacement curves were analyzed for the presence of one or two binding sites. *denotes
standard errors >200%.

too high to allow a reliable interpretation by a two-site model.
Thus, the phosphate concentration had no effect on binding of
[3H]-Ins(I,2,6)P3 to pig cerebellar membranes.

Solubilization of an Ins(1,3,4,5)P4 binding protein with the
nonionic detergent Brij 58 has been described by Donie et al.
(1990). Therefore, we tested whether the Ins(1,2,6)P3 binding
protein was solubilized under these conditions. Figure 5 ex-

emplifies the results. In the membrane sample employed for
solubilization (2,733 mg of total protein), we found only one

class of binding sites for each ligand. For Ins(1,3,4,5)P4 the KD
was 1.6 nm and Bmax was 62 fmol mg-'. This gave a total
amount of binding sites of 169.2 pmol. For ac-trinositol, the
corresponding data were KD= 9.2 ,M, Bmax= 69.7 pmol mg-I
and a total binding sites of 190 nmol. These values were

comparable to those obtained in the experiments shown in
Figure 4. After solubilization, the resulting pellet bound
Ins(1,3,4,5)P4 with a KD of 0.26 nM (Bmax=95.6 fmol mg-';
total 42 pmol) and Ins(1,2,6)P3 with a KD of 6.1 gM
(Bmax= 209.7 pmol mg-'; total 95 nmol). The solubilized
proteins bound Ins(1,3,4,5)P4 with a KD of 1.7 nM
(Bmax = 169 fmol mg-1; total 348 pmol). However, no [3H]-
Ins(1,2,6)P3 binding could be detected in the solubilized sample
with the assay conditions used.

During solubilization the total number of binding sites for
Ins(1,3,4,5)P4 was more than duplicated (i.e. 169 pmol before
vs. 389 pmol after solubilization), indicating that there were

binding sites within the microsomes which were not accessible
to the ligand. Alternatively, the existence of endogenous in-
hibitors which were released during solubilization has also to
be considered.

Discussion

Here we have demonstrated in different tissues, binding sites
for the therapeutically interesting inositoltrisphosphate, a-
trinositol. The highest affinity for these binding sites was

found for heart membranes (70 nM) followed by the liver
and the kidney. Most physiological effects of ax-trinositol are

related to mechanisms involving blood vessels (see In-
troduction), and a binding study using autoradiography in
tissue sections from various species has shown that a-trino-
sitol binding density was highest in blood vessel wall struc-
tures (Walsh et al., 1995). That binding (maximal at pH 5,
KD = 10 to 20 nM) has properties comparable to those de-

scribed here.
The characteristics of receptor sites for inositololigopho-

sphates can significantly depend on the method used for
membrane preparation. Yoo et al. (1994), for example used
detergent treatment to condition membranes from rat heart in
order to improve specific a-trinositol binding. In those mem-
brane preparations, one apparently homogeneous binding site
population was found (KD of 159 nM), the pH-dependence of
[3H]-ax-trinositol binding was minimal, binding was severely

100

- 80
-01

.' 60

.0

0 40
._5

C. 20
C,)

10- 10- 10 10-7 10 1°50 10-4 10 3

InsPX [M]

Figure 5 Binding of [3H]-Ins(1,3,4,5)P4 and [3H]-Ins(1,2,6)P3 in
different fractions obtained during solubilization of proteins from
cerebellum membranes. Following solubilization of membranes from
pig cerebellum (2,733mg of protein) and centrifugation, the resulting
dialyzed supernatant (2,055 mg of protein) and the resuspended pellet
(453mg of protein) were analyzed for Ins(1,3,4,5)P4 and Ins(1,2,6)P3
binding. Membranes (500 to 900 yg, 0), the pellet (300 Mg, El) and
the solubilized proteins (500 Mg, A) were incubated with 0.4 to 0.5 nM
[3H]-Ins(l,3,4,5)P4 (14000-18000 d.p.m. per assay; open symbols) or

3.0 to 3.3nM [ H]-Ins(l,2,6)P3 (19000-20000 d.p.m. per assay; solid
symbols) and the indicated concentrations of unlabelled ligands were

added in acetate-phosphate buffer, pH 5.0. After separation of bound
ligand from free ligand the resulting displacement curves were

analyzed as described under Methods. Results shown are typical for
at least 2 further experiments. Total binding and nonspecific binding
were 2297 d.p.m./1375 d.p.m. (0); 2560 d.p.m./996 d.p.m. (El); 2697
d.p.m./1462 d.p.m. (A); 875 dp.m./298 d.p.m. (0), and 1474 d.p.m./
1037 d.p.m. (0) respectively.

hampered by the presence of phosphate ions, and there was

great similarity with [3H]-Ins(1,3,4,5)P4 binding (Yoo et al.,
1994).

Here we have used a conventional protocol for membrane
preparation and have validated the results obtained for a-tri-
nositol binding by an analogous analysis of binding for
Ins(1,4,5)P3 and Ins(1,3,4,5)P4 with the same batches of
membranes. The data obtained for Ins(1,4,5)P3 binding are in
close agreement with the data published previously (Challiss et
al., 1991; Joseph & Samanta, 1993). Binding of Ins(1,3,4,5)P4
reached the highest level at pH 5.0 in cerebellar microsomes
from rat (Challis et al., 1991) and pig (Donie & Reiser, 1989)
when assayed in acetate-based, phosphate-containing buffer
(Figure la). Similarly, a-trinositol binding was found here to
be maximal with this pH 5.0 buffer.

The literature concerning the binding characteristics of the
Ins(1,3,4,5)P4 receptor protein(s) is still controversial, partly
due to inconsistencies in some of the reports. Cullen & Irvine
(1992) showed that in membranes from rat cerebellum and
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from bovine adrenal cortex, binding of Ins(1,3,4,5)P4 was in-
fluenced more significantly by the ionic strength than by the
pH of the buffer used when assayed in the range of pH 5.0 to
7.0. In contrast to these results, Theibert et al. (1987) de-
monstrated that Ins(1,3,4,5)P4 binding to membranes from
different rat tissues was maximal when measured in a Tris-
based buffer at pH 8.5 which contained no further salts.
A similar uncertainty applies to ligand binding character-

istics of the solubilized and purified Ins(1,3,4,5)P4 receptor
protein. In detergent-solubilized membranes from canine
smooth muscle, Zhang et al. (1993) found that binding was
maximal at pH 5.0, similar to the finding of Donie et al. (1990).
The data presented by Zhang et al. (1993) are in close agree-
ment with those described by Cullen et al. (1995a,b) for a
purified Ins(1,3,4,5)P4 receptor from pig platelets. This protein
showed a decrease in specific Ins(1,3,4,5)P4 binding when as-
sayed between pH 5.5 to pH 9.0. But in this case no clear pH
maximum was described. With the purified Ins(1,3,4,5)P4
binding protein from pig cerebellum, Donie et al. (1990) found
the same pH-dependency as in membranes, whereas Theibert
et al. (1992), using photoaffinity labelling, identified two
Ins(1,3,4,5)P4 binding protein complexes with different pH-
dependencies. The first complex displayed a broad pH opti-
mum between 7 and 9. The second complex was resolved into
two components, one with a pH-dependency comparable to
that of the first complex, and a second protein with a maximal
binding at acidic pH values of 5 to 6.

The platelet Ins(1,3,4,5)P4 binding protein molecularly
cloned by Cullen et al. (1995b) with a molecular mass of
94.6 kDa was identified as a GTPase activating protein. This
protein however, has no structural similarity with the 42 kDa
Ins(1,3,4,5)P4 receptor protein identified in our laboratory

(Donie & Reiser, 1991). This is obvious from amino acid se-
quences (Stricker et al., 1995; Reiser et al., 1995) and from
cDNA clones obtained from the 42 kDa receptor protein
(Hilser and Reiser, unpublished observation).
We found the same influence ofpH and buffer composition

on Ins(1,3,4,5)P4 and on a-trinositol binding in all tissues
studied. Therefore these data do not allow us to distinguish
between separate binding sites for these inositolphosphates.
The obvious difference in the number of binding sites for
Ins(1,2,6)P3 (pmol mg-') and for Ins(1,3,4,5)P4 (fmol mg-')
within all tissues tested indicates that these inositolphosphates
do not bind to the same class of receptor protein(s). It has been
suggested by Walsh et al. (1995) that specific [3H]-a-trinositol
binding sites may represent binding to low affinity
Ins(1,3,4,5)P4 receptors.

Further evidence for the fact that the high-affinity
Ins(1,3,4,5)P4 receptor does not represent the Ins(1,2,6)P3
binding site is provided by the solubilization experiments
(Figure 5). The solubilized proteins showed no a-trinositol
binding, in contrast to the sizeable Ins(1,3,4,5)P4 binding ac-
tivity. In summary, here we have clearly established the ex-
istence of a-trinositol binding sites with different characteristics
in different tissues possibly mediating the physiological effects
of the drug. Future experiments will have to determine whether
or not these are receptor sites for a-trinositol.

This work was supported by a project grant from Deutsche
Forschungsgemeinschaft (Re 563/3-3 and 5-1), Fonds der Che-
mischen Industrie and Perstop Pharma.
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