
218 Biochimica et Biophysica Acta, 101~9 ( 199 ! ) 218-222 
© 1991 Elsevier Science Publishers B.V. All rights reserved 001)5-2736/91/$03.50 

BBAMEM 75381 

Synthetic inositol 1,3,4,5-tetrakisphosphate analogs and their 
effect on the bind ing to microsomal fraction of rat cerebellum 

Yuichi Kimura 1, Takashi Kanematsu i, Yutaka Watanabe 2, Shoichiro Ozaki 2, 

Toshitaka Koga 1 and Masato Hirata ! 
/ Department of Biochemistry, Facuhy of Dentistry, Kyushu Unicersity, Fukuoka (Japan) and 2 Dept.tment of Applied Chemisto,, 

Fac.hy of Engim,cring, Ehime UMct,rsi6', Mats~o'ama (JapmD 

(Received 19 March 1991) 

Key words: [nositol 1,3,4,5-tctrakisphosphate; Receptor; (Rat cerebcllar membrane) 

Binding activity of ['~H]inositol 1,3,4,5-tetrakisphosphate (lnsP 4) was characterized with rat cerebeilar membranes. 
Two typs  of lnsP.i analog with either ~he aminobenzoyi or the aminocyclohexanecarbonyl group on the 2nd position 
of lnsP4 have been synthesized ~nd their effects on the binding activity were also examined. [3H]|nsP4 binding was 
gradually displaced by increasing amounts of unlabeled lnsP 4, with an ICs0 of 60-170 riM, depending on the pH 
values. The binding was sharply increased at acidic pH and millimolar concentrations of Ca z+, this being in clear 
contrast with [SH]lnsPs binding noted in the same species of tissue. Heparin inhibited the binding, with an ICs0 of 
1.7, 3 or 2 0 / ~ g / m l  at pH 8.3, 7.2 or 5.0, respectively. Adenine nucleotide inhibited the binding more potently than 
did [SHllnsP3 binding, lnsP 4 analogs were as effective as lnsP 4 in displacing ['~HllasP,~ from rat cerebeilar 
membranes, thereby indicating that the 2nd hydroxl group ma), not he involved in recognition of lnsP 4 by its 
binding sites. 

Introduction 

Inositol 1,4,5-trisphosphate (lnsP3), a product from 
the hydrolysis of phosphatidylinositoi 4,5-bisphosphate 
by phospholipase C, is well known to cause Ca -'+ 
release from intracellular Ca -'+ store site(s)[ 1]. lnsP 3 is 
phophorylated at position 3 by a specific insP 3 3-kinase 
to yield inositol 1,3,4,5-tetrakisphosphate (insP 4) [2]. 
lrvine and Moor [31 reported that microinjection of 
lnsP~ into sea urchin eg~s ~;aused the fertilization enve- 
lope, depending on both the presence of extraceUular 
Ca -'+ and coqnjection with a Ca2+-mobilizing com- 
pound, inositol 2,4,$-trisphosphate. They suggested that 
insP4 may control cellular Ca -'+ homeostasis through 
the plasma membrane, Higashida and Brown [4] re- 
ported that injection of InsP~ into neuroblastoma x 
glioma NG108-15 hybrid cells evoked an inward cur- 

Abbreviations: lnsP~, inositol 1,3,#.5-tetrakisphosphate; lnsP3, inosi- 
tel 1,4,5-trisphosphate; BPG, bisphosphoglyceric acid; PPi, pyrophos- 
phate. 

Corr~pondenc¢: M. Hirata, Department of Biochemistry, Faculty of 
Dentistry, Kyusha University. Fukuoka 812. Japan. 

rent with a reversal potential of about - 20 mV, thereby 
indicating that lnsP 4 increased the non-specific cation 
conductance. In addition, InsP 4 is reported to be the 
activator for the K + channel with lnsP3 in mouse 
lacrimal acinar cells [5], protein phosphatase with lnsP 3 
in the rat brain [6], accumulation of Ca 2+ into Ca 2+ 
store site(s) in rat liver cells or cerebellum [7,8], or 
release of Ca 2 + from the microsome in the rat cerebel- 
lum [9]. Thus, a genenal consensus concerning the 
function of InsP 4 has not been reached. But it was 
reported that specific binding site(s) for InsP 4 are pre- 
sent in the microsomal fraction [10,11], hence, InsP 4 is 
expected to exert its effects on Ca 2+ homeostasis 
through the specific binding site(s). 

Recently, we synthesized a series of InsP 3 analogs, 
in which the bulky substituent such as 4-azidobenzoyl 
(designated as analog 195), 4-(5-benzamidoethyl-2-hy- 
droxy-phenylazo)benzoyl (204), 4-aminocyclohexane- 
carboyl (206) or 4-aminobenzoyl group (209) are cou- 
pled with the 2-hydroxyl group of InsP 3. Using these 
analogs, we found that such modifications reduced 
little the ability of the analogs to interact with recep- 
tors and with metabolic enzymes [12,13]. We have now 
synthesized two types of InsP 4 analog which corre- 
spond to InsP 3 analogs of 206 and 209 [14], and their 



effects on [3H]InsP4-binding was examined. As little is 
known of the characteristics of the InsP4-binding activ- 
ity, we also examined this point before attending to the 
effects of lnsP 4 analogs. The effects of In~P~ analogs 
on the phosphatase activities were already described 
[14]. 

Materials and Methods 

Materials 
[3H]lnsP3 (specific radioactivity, 754.8 GBq/mmol) 

and [3H]lnsP4 (specific radioactivity, 629 GBq/mmol) 
were obtained from DuPont-New England Nuclear. 
D-insP 3 and OL-InsP 4 were chemically synthesized, as 
described [15,16]. o-lnsP 4 was obtained from Cal- 
biochem. All other reagents were of the highest grade 
available. 

Assay ]br /~Hllnsi~ hireling actit'ity of rat cerehellar 
membrattes 

Rat cerebellums were homogenized in a glass ho- 
mogenizer with a Teflon pescle in a solution containing 
50 mM Mes buffer (pH 5.0) and 1 mM EDTA. The 
homogenate was centrifuged at 1500 x g for 10 min, 
followed by centrifugation at 40 000 x g for 20 min and 
washed once with the same buffer. 50 mM Hepes 
buffer or Tris-HCI buffer was also used in the place of 
Mes buffer, dependirlg on the experiments. The wasllcd 
pellet was suspended in the same buffer and assayed 
for [3H]InsP4 binding as follows: the mixture (0.5 ~,al) 
contained 50 mM pH-buffer (Mes, Hepes or Tris-HCl), 
1 mM EDTA, 1.18 nM [3H]lnsP4 and approx. 400 ~g 
membrane fraction and incubated on ice for 15 min, 
followed by passing the mixture through a glas,,~-fiber 
filter (Whatman GF/C) ,  under vacuum. The filter was 
washed with 2 mi of the buffer, dried and counted for 
radioactivity. The protein concentration was deter- 
mined by the method of Lowry et al. [17] using bovine 
serum albumin as a standard. 

Chemical synthesis of hlsP4 analogs (See Fig. 4 for 
structural formulae) 

(i) 2.0.( 4-Aminobenzoyl )-myooinositoi- l ,3,4,5-tetra- 
2-O-~,~. r, itro- phosphate (KG-194)" a solution of ,4, 

benzoyl)-6-benzyl- 1,3,4,5-tetrakis (l'-5'-dihydrobenzo- 
dioxaphosphelynyi)myo-inositol (271 mg) (Ozaki, S., 
Watanabe, Y. and Koga, Y., unpublished data) and 5% 
paladium-carbon (Pd/C)  (20 mg) in 10 ml of 
methanol/water (4: 1 ) (v /v)was  stirred under hydro- 
gen gas for 24 h. After fihration of the mixture to 
remove Pd/C,  the filtrate was evaporated and chro- 
matographed using an Avicei column (CC-31) to afford 
KG-!94 (79.9 mg, 50%). 

(ii) 2-O-(4-Aminocyclohexanecarbonyl)myo-inositol- 
1,3,4,5-tetraphosphate (KG-210): a mixture of KG-194 
(14.9 mg, 0.0221 mmol) and rutenium oxide (21.5 mg, 
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0.162 retool) in water (3.75 ml) and hydrogen gas (80 
arm) were charged in a 50 ml autoclave and heated at 
60 °C for 2 h. The catalyst was filtered and the filtrate 
evaporated. The residue was chromatographed using a 
cellulose column and eluents (n-PrOH/conc. NH 3 
aq . /H20,  5:4:  1) to give KG-210 (14.3 mg, 96.8%). 
RF: 0.24 (n-PrOH/conc NH 3 a q . / H 2 0  , 5:5:1).  

Results 

Characteristics of /3H]lnsP4 bhlding 
Rat cerebellum membrane fractions were used tor 

the ~ssay of [3H]lnsP4 binding. Binding of [3H]InsP4 (at 
1.18 ~M) to the memhrane fraction was dose-depen- 
dently displaced by unlabelled lnsP 4 (Fig. 1). A 50% 
displacement of the labelled ligand was attained with 
0.06 ~M-0.17/xM, depending on the pH values. The 
binding wa~,~ specific for lnsP 4, since lnsP 3 at 1 or 10 
/.t M displace~l the binding by 23% or 38%, respectively, 
and inositol 1,3,4-trisphosphate was less potent (data 
not: shown). 

The specific binding activity was extremely sensitive 
to pH values as first described for porcine cer~,bellum 
by Doni6 et al. [18,19] (Fig. 2A), but the sensitivity was 
opposite that seen for [3H]InsP3 binding [20], i.e., an 
alkaline pH favored the increased binding of [~H]InsP.~ 
[,.0]. Furthermore, the same phenomenon was ob- 
served for the Ca 2÷ dependence of [3H]lnsP4 binding 
(Fig. 2B). The specific binding at both pH 5.0 and 7.2 
was increased by 3- to 5-fold by raising Ca 2÷ concen- 
trations to I raM, the dependence of which also dif- 
fered from that for [31-~]InsP3 binding [20]. Heparin was 
also effective in inhibiting the specific [3H]lnsP4 bind- 
ing (Fig. 2C), as w~s the case with [3H]lnsP.~ binding 
first reported by Worley et al. [20]. The concentrations 
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Fig. 1. Displacement of [3H]InsP4 from rat cerebellar membranes by 
lnsP 4 at different pH values. Rat cerebellum microsomes were 
il~cubated with !.2 nM f~H]InsP4 in the presence of various concen- 
trations of unlabeled InsP4 on ice for 15 min, at pH 8.3 ( I ) .  7.2 (e) 
or 5.0 (A), which were made with Tris-HCI, Hopes or Mcs buffer, 
respectively. Non-specific binding was determined in the presence of 
30 p,M unlabeled lnsP 4, and was subtracted from the total binding in 
its absence to determine the specific binding. Each point is the mean 
of six, two or eight determinations at pH 8.3, 7.2 oi" 5.0, respectively. 
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required for the half-maximal inhibition (IC50)varied, 
depending on the pH values, i.e., 1.7, 3 and 20/zg/ml  
at pH 8.3, 7.2 and 5.0, respectively. 

Effects of compounds containing the phosphorus 
moiety on the specific InsP4 binding were then exam- 
ined, as compared with those of [3H]lnsP3 binding to 
the same tissue. As shown in Fig. 3A, ATP at concen- 
trations ranging from 10-1000 /zM, inhibited the 
[3H]InsP4 binding with the IC5o of 35 /zM, whereas 
[3H]InsP3 binding with the IC50 of 1000 ~M was less 
sensitive. Although the assay conditions differed in pH 
value (5.0 vs. 8.3), this would not cause such a different 
sensitivity to ATP since the dose-dependence in the 
binding of ['~H]lnsP4 at pH 7.2 was much the same as 
that at pH 5.0. GTP and ATP were equipotent in 
inhibiting [aH]InsP4 binding, while ADP and AMP 

were less potent, in this order, and adenosine up to 1 
mM was ineffective (data not shown), thereby indicat- 
ing that the phosphorus moiety is apparently responsi- 
ble for the inhibition. Bisphosphoglyceric acid (BPG) 
range 0.1-10 mM, and pyrophosphate (PPi) range 1- 
100 mM were effective in inhibiting the [3H]InsP4 
binding, but in this case, the potency in inhibition was 
much the same as that seen with [3H]Ins~ binding 
(Fig. 3B). 

Recognition of InsP 4 analogs by the binding sites 
Two types of InsP4 analog were synthesized. The 

structure of the compounds are shown in Fig. 4. 
Whether or not the synthetic lnsP 4 analogs w,  uld 
compete with [3H]InsP4 for the binding sites was exam- 
ined using rat cerebellum membranes. As shown in 
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Fig. 2. Dependence of ['~H]lnsP4 binding on pH (A), free Ca 2+ concentration (B) and heparin (C). Rat cerebellum microsomes were incubated 
with 1,2 nM ['~H]insPa on ice for 15 rain. Non-specific binding was determined in the presence of 30 ~M unlabeled InsP4, and was subtracted 
from the total binding in its absence to determine the specific binding. (A) pH-dependence. The specific binding was determined in 50 mM Mes 
buffer (pH 3,5-6), Hepes buffer (pH 6-8) or Tris-HCI buffer (pH 8-8.5). Each point is the mean of two determinations. (B) Ca2+-dependence. 
The specific binding was determined at various free Ca 2+ concentrations at pH 7.2 (e) or 5.0 ( A ). in this case, EDTA concentration was reduced 
to 10 pM and EGTA at 2 mM was included. CaCI 2 was added to obtain the desired free Ca 2. concentration, under the assumption that the 
apparent affinity constant of EGTA for Ca 2+ is 6.3.106 M-!  at pH 7.2. At pH 5.0, two determinations were made at 0 or :3 mM CaCI 2 in the 
presence of 2 mM EGTA, thus free, Ca 2+ concentration was not calculated. Each point is the mean of duplicate determinations. (C) 
Heparin-dependence. The specific binding was determined in the presence of various doses of heparin at pH 8.3 ([]), 7.2 (e) or 5.0 ( A ). Each 

point is the mean of three determinations. 
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Fig. 3. Effects of ATP, BPG or PPi on [31-1]insP, t or [3H]lnsP3 binding. Rat cerebellum microsomes were incubated with either 1.2 nM [3H]lnsP4 
at pit '~.1) or 0.08 nM ['alt]lnsPa at pH 8.3 on ice for ~,5 min. Non-specific binding was determined i,1 the presence of 31) tzM insP4 or 1 tzM insP.~, 
and subtracted from th~ total binding in its absence °.o determine the specific binding. (A) ATP-effect. Similar inhibition by ATP was also 
observed at pH 7.2. Each point is the mean of four dete,'minations. (B) BPG- or PPi-effect. Open symbols, BPG; closed symbols, PP,. a ,  A: fl)r 

[~lt]insP. i binding, u ,  U: lot" lnsPa binding. Each point is the mean of two determinations. 

Fig. 5, the lnsP 4 analogs were capable of inducing a 
dose-dependent displacement of [3H]lnsP4 from bind- 
ing site(s). The potency in the displacement of KG~94 
was much the same as that of InsP 4, while KG210 was 
slightly less potent. 

Discussion 
We characterized [3H]InsP4 binding in rat cerebellar 

membranes, the sites of which may be involved in 
function(s) not yet been well-defined. 

The effects of pH and Ca 2 ÷ which were opposite to 
those seen with the [3H]InsP3 binding, do not appear 
to be physiological relevant as they occur extremely 
deviated from physiological conditions. The sensitivity 
to ATP of the binding was greater than that of 
[3H]lrlsP3 binding. In cont.T.ast, the sensitivities of 
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Fig. 4. Structures of synthetic InsP4 analogs. The compounds are a 
racemic mixture. 

[3H]InsP4 binding to BPG, PPi and heparin were equal 
to those of [3H]InsP3 binding. The greater sensitivity to 
ATP and GTP, but not to BPG or PP~ may be due to 
the aEgnment of three, but not t~'o, phosphorus moi- 
eties. However, the observation that ADP also inhib- 
ited the [3H]InsP4 binding more potently than did 
[3H]InsP3 binding would make this proposal unlikely. 
Thus, adenosine or guanosine moieties in ATP or 
GTP, albeit ineffective by itself may also be responsible 
for the greater sensitivity. Theibert et al. [10] reported 
that ATP inhibited the [3H]lnsP4 binding to rat cere- 
bellar membranes, with the ICso of 30/.tM at pH 8.5, 
that is the same as observed here at pH 5.0. On the 
other hand, Enyedi and Williams [21] reported that 
ATP at 100 ~M or 1 mM only inhibited the [3H]lnsP4 
binding to calf adrenal cortex membranes by 17% or 
72%, respectively. Thus, the binding to peripheral tis- 
sues seems to be less sensitive to ATP. 
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Fig. 5. Displacement of [3H]InsP4 by lnsP4 analogs. The specific 
binding was determined in the presence of various doses of lnsP4 
analogs at pH 5.0. A, KGI94; l ,  KG210; o, lnsP4. Each point is the 
mean of five or seven determinations for KGI94 or KG210, respec- 
tively. Data with InsP 4 were re-plotted from Fig. 1. Similar resulls 

were obtained at pH 8.3. 
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The potencies of heparin and InsP 4 in inhibiting 
[3H]lnsP4 binding vary, depending on the pH values, 
i.e., a lower pH decreased the potencies. Change in 
electrical charges at a different pH in both proteins 
and inhibitors (heparin and lnsP 4) can explain such 
differences. However, ATP and GTP, though their 
phosphorus moieties were required, were. equally effec- 
tive, regardless of the difference in pH values. We have 
no reasonable explanation on this point. 

lnsP 4 analogs with either an aminobenzoyl or an 
aminocyclohexanecarbonyi group on position 2 were 
capable of inhibiting the binding of ['~H]insP 4, with 
almost the same potencies as lnsP 4. The result indi- 
cates that the 2-hydroxyl group may not be involved in 
the recognition by the binding sites, and furthermore 
bulky moieties such as a benzene or a cyclohexane ring 
on position 2 of InsP 4 would not sterically interfere 
with the recognition. Thus, the results suggest that the 
InsP 4 analogs may be linked to other molecules without 
loss of their biological activities through the substituent 
on the 2-position of InsP 4. Such a notion is being 
undertaken, by making lnsP 4 affinity resins. 
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