
ABBREVIATiONS: lnsP2,lnsP3,lnsP4, inositol bis-, tris-, tetrakis-phosphate with isomeric positioning of phosphate groups, as indicated in parenthesis,
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SUMMARY
Synthetic DL-myO-iflOSitOl 1 ,2,4,5-tetrakisphosphate (DL-lns-
(1 ,2,4,5)P4) functioned as a full agonist, with only 3-fold less
potency than D-lns(1 ,4,5)P3 in eliciting the release of Ca2� from
nonmitochondnal pools of permeabilized rat basophilic leukemic
cells. DL-lns(1 ,2,4,5)P4 inhibited the binding of D-[3H]lns(1 ,4,5)P3
to the purified D-lns(1 ,4,5)P3 receptor with almost the same
potency as seen for the Ca2� release. This compound inhibited
the hydrolysis of D-[3H]lns#{231}l,4,5)P3 to D-[3H]lns(1 ,4)P2 catalyzed

by erythrocyte ghosts, with a K, value of as low as 1 .4 �M, but it

could not serve as a substrate for the same enzyme. D-

lns(1 ,4,5)P3 3-kinase in rat brain cytosol did not recognize the
compound at concentrations up to 30 zM. Thus, it would appear
that DL-lns(1 ,2,4,5)P4 can serve as a potent and long lasting
experimental and pharmacological tool for stimulating D-

lns(1 ,4,5)P3-mediating processes.

D-Ins(1,4,5)P3 �S an established intracellular messenger that
mobilizes Ca2� from nonmitochondrial store sites in a variety

of cells (1, 2). D-Ins(1,4,5)P3 is metabolized by two known
routes; one is dephosphorylation, catalyzed by D-Ins(1,4,5)P3

5-phosphatase, and the other is phosphorylation of the 3-

hydroxyl group of D-Ins(1,4,5)P3 by an ATP-dependent kinase

to produce D-Ins(1,3,4,5)P4 (3-5). Thus, three proteins can be

listed as D-Ins(1,4,5)P3-recognizing macromolecules, the D-

Ins(1,4,5)P3 receptors involved in the Ca2� release and two
types of enzymes relating to its metabolism. To characterize

the D-Ins(1,4,5)P3-recognizing domain of these proteins in re-
lation to their function, we synthesized a series of D-

Ins(1,4,5)P3 analogs in which large substituents were intro-
duced into the second hydroxyl group, and we examined events

related to their recognition by receptor sites and by metabolic

enzymes (6, 7). Using these analogs, we found that such modi-

fication reduced little the potential of the analogs to interact

with the receptor and metabolic enzymes, thereby indicating

that the 2-OH of D-Ins(1,4,5)P3 may not be primarily involved

in the recognition by the D-Ins(1,4,5)P3-recognizing molecules
(6,7).

This work was supported by The Uehara Memorial Foundation, The Kato
Memorial Bioscience Foundation, The Ichiro Kanehara Foundation, and by a
Grant-in-Aid for scientific research from the Ministry of Education, Science and
Culture of Japan.

In this study, the substitution at the 2-OH of D-Ins(1,4,5)P3
was done with a phosphate group. DL-Ins(1,2,4,5)P4 could be

synthesized with relatively few steps, in a large amount. This

compound was examined for events related to the recognition
by the receptor sites and by metabolic enzymes. We found that
DL-Ins(1,2,4,5)P4 evoked Ca2� release with almost the same

potency as D-Ins(1,4,5)P3, without the influence of effects of

metabolic enzymes.

Materials and Methods

Materials. D-[3HJIns(1,4,5)P3 (specific radioactivity, 777 GBCIJ
mmol) and �Ca2’� (specific radioactivity, 416.6 MBoJmg) were obtained
from DuPont-New England Nuclear (Boston, MA). D-Ins(1,4,5)P3 was
chemically synthesized as described (8). All other reagents were of the
highest grade available.

Chemical synthesis of DL-Ins(1 ,2,4,5)P4 . 3,6..di-O..benzyl-
1 ,2,4,5-tetra-O-dibenzyloxyphosphoryl-myo-inositol. To a sus-
pension of 1,4-di-O-benzyi-rnyo-inositoi (200 mg, 0.45 mmoi) (9) and

1H-tetrazole (209 mg, 2.99 mmol) in CH2C12 (3 ml) was added dibenzyl

N,N-diisopropylphosphoramidite (689 mg, 2.0 mmol) at 0’, the mixture

was stirred at the same temperature for 2 hr, and mCPBA (517 mg,
2.99 mmol) was added at -78’ . The cooling bath was removed, and the
mixture was warmed to room temperature and diluted with AcOEt.
The organic layer was washed successively with 10% aqueous Na2SO3,
iN HC1, saturated aqueous NaHCO3, and brine, dried on Na2SO4 and

evaporated to dryness. The residue was subjected to column chroma-
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tography on silica gel (AcOEt/C6H14 1:2) to afford the title compound

(610 mg, 96% yield) Anal. Calc. for C76H76O15P4: C, 65.14; H, 5.47.

Found: C, 65.06; H, 5.59. NMR data: oH (270 MHz, CDC13) 3.54 (1 H,

dt, J 9.46 and 2.94 Hz H3), 3.97 (1 H, J 9.46 Hz, H6), 4.40 (1 H, ddt, J

9.46, 8.85, and 2.94 Hz, H,), 4.59 (1 H, dt, J 9.46 and 8.85 Hz, H5), 4.94

(1 H, complex owing to overlapping with benzylic protons, H4), 4.97-

5.11 (20 H, complex, benzylic H), 5.42 (1 H, td, J 8.85 and 2.94 Hz,

H2), and 6.93-7.42 (50 H, m, aromatic H); op (109 MHz, CDC13) -0.30,

0.04, 0.08, and 0.60; �c (67.8 MHz proton-decoupled, CDC13) 68.60,

68.67, 68.69, 68.71, 68.79, 68.89, 68.98, 69.02, 69.10, 71.67, 73.76 (m),

74.06, 74.89 (m), 75.44 (m), 76.87 (m), 78.10 (m), 126.64, 127.02, 127.15,

127.17, 127.26, 127.27, 127.39, 127.52, 127.58, 127.73, 127.81, 127.87,

127.94, 128.10, 134.91, 135.02, 135.11, 135.16, 135.22, 135.26, 135.35,

135.45, 135.47, 135.90, 137.39.

myo-Inositol 1 ,2,4,5-tetrakis (sodium hydrogen phosphate).
The fully protected phosphorylation product (220 mg, 0.148 mmol), 5%

Pd-C (100 mg), MeOH (3 ml), and H20 (1 ml) were stirred together

under hydrogen for 24 hr at room temperature. After filtration of the

catalyst and addition of pyridine to the filtrate, the aqueous solution

was concentrated to a small volume, which then was subjected to

cation-exchange chromatography of Dowex-50 (Na�-form) and elution

with water. The resulting eluate and washings were concentrated to

dryness under reduced pressure below 40’ . The residue was recrystal-

lized from H20 and MeOH, and the crystals in distilled water were

evaporated under reduced pressure to remove a trace of the MeOH to

give the finai product (C6H12Na3O18P4) as putative tetrasodium salt (32
mg), judged from our salt-forming procedure (8). The second crop (39

mg) was obtained by the recrystallization of the mother liquid (77%
yield); mp > 280’, Rf (cellulose, ‘PrOH/28% NH4OH/H20 5:4:1) 0.1

NMR data: oH (270 MHz, D20, neutral) 3.59 (1 H, dd, J 9.46 and 3.96
Hz, H3), 3.77 (1 H, t, J 9.46 Hz, H6), 3.89 (1 H, br ddd, J unreadable,

H1), 3.89 (1 H, q, J 9.46 Hz, H5), 4.19 (1 H, q, J 9.46 Hz, H4), H2 proton

overlapped with HOD proton, which was supported by decoupling

experiment; #{244}�(109 MHz proton-decoupled, D20, pD 11.6 with cyclo-

hexylamine) 4.21, 4.91, 5.10, 5.20: 5c (67.8 MHz proton-decoupled, D20,

pD 11.6 with cyclohexyl-amine) 72.88 (s), 73.04 (m), 74.11 (m), 75.96

(m), 76.59 (m), 78.74 (m). The purity of final product was >98%.

(HNMR spectrum of the tetrakisphosphate showed that it was not

contaminated with any impurity.)

Assay of D-Ins( 1 ,4 ,5)P3 5-phosphatase activity. Erythrocyte

ghosts were prepared from whole human blood (10) and were assayed

for phosphatase activity, as follows: the assay mixture (0.2 ml) con-

tamed 20 mM HEPES buffer (pH 7.0), 5 mM MgC12, 0.2 mg/mi saponin,

and 10 #M D-[3H]Ins(1,4,5)P3. After preincubation at 37’ for 2 mm, the

reaction was initiated by adding -100 �g ghosts, it was continued for

10 mm, and it was halted by adding 0.2 ml of 10% trichloroacetic acid.
After centrifugation using a table-top centrifuge, the supernatant was

treated with water-saturated diethyl ether (3 ml X 3) and then was

applied on a SAX column mounted in an HPLC system (11). Fractions

corresponding to D-[3H)Ins(1,4)P2 and D-[3HlIns(1,4,5)P3 were col-

lected, and the radioactivity was counted to calculate phosphatase

activity. Conditions were determined so that less than 30% of the
substrate was consumed during the period of incubation. Erythrocyte

ghosts were also used to determine whether the synthetic compounds

could serve as a substrate for the 5-phosphatase. For this purpose, DL-

Ins(1,2,4,5)P4 at 100 MM was incubated with erythrocyte ghosts (-100

Mg) or rat brain cytosol (-10 �g) in the same mixture as described

above, except that incubation without the radioactive D-Ins(1,4,5)P3

was continued for 1 hr. After termination of the reaction with trichlo-

roacetic acid, the supernatant was assayed for liberated inorganic

phosphate according to the method of Youngburg and Youngburg (12).

Assay of D-Ins(1,4,5)P3 3-kinase activity. Rat whole brain

cytosol, prepared as described (6), was assayed for kinase activity. The

assay mixture (0.5 ml) contained 50 mM HEPES buffer (pH 7.2), 5 mM

ATP, 5 mM MgCl2, 10 mM sodium pyrophosphate, 2 mM EGTA with

or without 2 mM CaCl2, and 1 #M D-[3H]Ins(1,4,5)P3. After preincuba-

tion at 3T for 2 mm, the incubation was initiated by adding -10 �zg of

brain cytosol, continued for 5 or 10 mm, with or without CaCl2,

respectively, and terminated with 0.5 ml of 10% trichioroacetic acid.

After centrifugation and neutralization with diethylether treatment,

the sample was analyzed by applying to a SAX column. Fractions to
D-[3H]Ifls(1,4,5)P3 and D-[3H]Ins(1,3,4,5)P4 were collected, and the

radioactivity was counted. Under this condition, about 40% of the

substrate was consumed.

Assay of D-Ins(1,4,5)P3 binding. D-Ins(1,4,5)P3 receptor was
purified to apparent homogeneity from rat cerebellum as described

(13). The purity was checked by SDS-PAGE (not shown). The binding
of D-[3H]Ins(1,4,5)P3 to the receptor was determined by the polyeth-

yleneglycol precipitation method as described (14). Briefly, the purified

receptor was incubated with 1 nM D-[3H]Ins(1,4,5)P3 in a solution (0.45

ml) containing 50 mM Tris-HC1 buffer (pH 8.3), 2 mM EDTA and 0.2%

Triton X-100 for 15 mm on ice. To the mixture 50 �zl of bovine -y-

globulin (10 mg/mi) was added, followed by the addition of 0.5 ml of
30% polyethyleneglycol 6000. After centrifugation, the precipitate was

dissolved in 1 ml of 0.1 N NaOH, and the radioactivity was counted.

Nonspecific binding (about 200 dpm) was determined in the presence

of 10 #M D-Ins(1,4,5)P3 and was subtracted from that in its absence to

determine the specific binding (4500-5500 dpm).

Assay of Ca2� release by DL-Ins(1 ,2,4,5)P4. RBL were harvested
after 4-5 days, then were permeabilized with saponin as described for

peritoneal macrophages (15). Ca2� uptake and release by saponin-

permeabilized RBL were determined by essentially the same method

described previously (16). Briefly, cells (1 x iO� cells/ml) were prein-

cubated in solution containing 0.13 M KC1, 20 mM Tris-maleate buffer

(pH 6.8), 10 mM NaN3, 5 mM MgC12, 0.12 mM CaC12 (containing 18.5

kBaJml 45Ca2i, and 1 mM EGTA at 37’ for 2 mm. The concentration

of free Ca2� was calculated to be 140 nM. Ca2� uptake was initiated by

adding 5 mM ATP and was determined by passing an aliquot of the

mixture through a Whatman GF/C filter, as described (15, 16). After

the uptake of Ca25 had reached a plateau (in about 10 mm), DL-

Ins(1,2,4,5)P4 at various concentrations was added to test for their
potential to release Ca2�.

Results

Recognition of DL-Ins(1 ,2,4,5)P4 by D-Ins(1 ,4,5)P3
receptor and Ca2� releasing activity. Fig. 1 shows the

structures of DL-Ins(1,2,4,5)P4 and D-Ins(1,4,5)P3. The D-

Ins(1,4,5)P3 receptor purified from rat cerebellum was assayed

for D-[3H]Ins(1,4,5)P3 binding to determine whether or not DL-

Ins(1,2,4,5)P4 would be effective in inhibiting the binding. As

shown in Fig. 2, DL-Ins(1,2,4,5)P4 was capable of inhibiting the

D-[3H]Ifls(1,4,5)P, binding and required the half-maximal con-

centration of 11.3 ± 1.1 nM (n = 5), whereas that for D-

Ins(1,4,5)P3 was 7.1 ± 0.9 nM (n = 5).

DL-Ins(1,2,4,5)P4 was then examined for the possible poten-

tial to evoke the release of Ca2� from permeabilized RBL.

Permeabilized RBL accumulated 45Ca2, when provided with

ATP, into nonmitochondrial pools at a free Ca2� concentration

of 140 nM in the presence of NaN3. Within 10 mm, the accu-

mulation reached a plateau of 0.94 ± 0.4 nmol/106 cells. Addi-

tion of D-Ins(1,4,5)P3 or DL-Ins(1,2,4,5)P4 at 3 or 10 �zM, re-

spectively stimulated the release of 45Ca2� by 50 to 55% of that

releasable by 10 �tM ionomycin within 1 mm, and no appreciable

re-accumulation of 45Ca2� was observed up to 7 mm after ligand

addition when cell density was 106 cells/ml (Fig. 3A). Smaller

amount of D-Ins(1,4,5)P3 evoked a partial release of 45Ca2�, and

subsequent addition of DL-Ins(1,2,4,5)P4 released further to the

same extent as that seen with higher concentration of D-

Ins(1,4,5)P3 and vice-versa, thereby indicating that DL-

Ins(1,2,4,5)P4 acts on the same store of Ca2� as D-Ins(1,4,5)P3

(Fig. 3A). Furthermore, heparin, an antagonist to D-
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Fig. 1. Structure of D-lns(1 ,4,5)P3 (a) and DL-lns(1 ,2,4,5)P4 (b).
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Fig. 2. Displacement of D-[3H]lns(1 ,4,5)P3 from the purified receptor by
DL-lns(1 ,2,4,5)P4. The purified receptor was incubated with 1 n�i D-[3H]
lns(1 ,4,5)P3 in the presence of various concentrations of DL-

lns(1 ,2,4,5)P4. Nonspecific binding (about 200 dpm) was determined in
the presence of 10 zM D-lns(1 ,4,5)P3 and was subtracted from that in its
absence to determine the specific binding. The specific binding in the
absence of unlabeled ligand was taken as 100%. Each point is the mean
± standard error of four experiments. When error bar is absent, the size
was smaller than the symbol. (#{149}),D-lns(1 ,4,5)P3; (0), DL-lns(1 ,2,4,5)P4.

Ins(1,4,5)P3, at 5 or 10 �zg/ml, partially or totally inhibited the
45Ca2’ release induced by 3 zM DL-Ins(1,2,4,5)P4 (not shown).

When cell density increased, the partial re-accumulation of
45Ca2’� induced by 1 �M D-Ins(1,4,5)P3 was observed; however,
there was no re-accumulation of 45Ca2� induced by the same
concentration of DL-Ins(1,2,4,5)P4 (Fig. 3B). Fig. 3C shows the
dose-dependence of 45Ca24 release; the half-maximal release
occurred with 0.5 or 1.2 �sM for D-Ins(1,4,5)P3 or DL-

Ins(1,2,4,5)P4, respectively.
Recognition of DL-Ins(1 ,2,4,5)P4 by D-Ins(1 ,4,5)P3

metabolic enzymes. DL-Ins(1,2,4,5)P4 at various concentra-

tions was examined in the assay of D-Ins(1,4,5)P3 5-phospha-

tase to determine possible recognition by the phosphatase of

erythrocyte ghosts. These ghosts had a specific activity of 0.49

± 0.05 nmol hydrolyzed/mg of protein/mm at 10 �iM D-[3H]

Ins(1,4,5)P3. As shown in Fig. 4, DL-Ins(1,2,4,5)P4 dose-depend-

ently inhibited the hydrolysis of 10 �tM [3H]Ins(1,4,5)P3 cata-
2- lyzed by the ghosts, but the potency was greater than that seen

with D-Ins(1,4,5)P3. Dixon plot analysis revealed that DL-

Ins(1,2,4,5)P4 behaved like an apparent competitive inhibitor,

and the K1 value was 1.4 ± 0.1 �tM, whereas that for D-

Ins(1,4,5)P, was 16.8 ± 2.1 .tM (Table 1). We then examined

whether DL-Ins(1,2,4,5)P4 could serve as a substrate for the D-

Ins(1,4,5)P3 5-phosphatase in the ghosts, and for this purpose

we measured the liberated inorganic phosphate. There was no
appreciable hydrolysis of DL-Ins(1,2,4,5)P4, compared to that

observed with D-Ins(1,4,5)P3 (Table 1). Rat brain cytosol, which

contains various inositol polyphosphatases (5), was also used

to examine whether Ins(1,2,4,5)P4 could be hydrolyzed. This

compound was found to be hydrolyzed to the least extent (Table

1). Thus, it appeared likely that the re-accumulation of Ca2�

induced by D-Ins(1,4,5)P3, but not by DL-Ins(1,2,4,5)P4, would

be caused by the hydrolysis of the ligand. These results indicate

that DL-Ins(1,2,4,5)P4 could be recognized by the active center

of the enzyme with a high affinity; however, the catalysis did

not fully take place.

DL-Ins(1,2,4,5)P4 at various concentrations was examined to

determine whether this compound functions as an inhibitor in

the assay of Ins(1,4,5)P3 3-kinase in rat brain cytosol. Because

the kinase is a Ca2�/calmodulin-dependent enzyme (4, 5), the

assays were carried out either in the presence or absence of
Ca2�. Rat brain cytosol possessed a specific activity at 1 �zM D-

[3H]Ins(1,4,5)P, of 0.89 ± 0.07 or 0.49 ± 0.04 mmol/mg of

protein/mm in the presence or absence of Ca2�, respectively.

As shown in Fig. 5, DL-Ins(1,2,4,5)P4 at 30 �zM, the highest

concentration examined, only slightly inhibited the phospho-

rylation of 1 �M D-[3H]Ins(1,4,5)P3 (<10%) when assayed at a

free Ca2� concentration of 30 �zM. By decreasing the free Ca2�

concentration, DL-Ins(1,2,4,5)P4 began to show some evidence

of inhibition. On the other hand, D-Ins(1,4,5)P3, at lower con-

centrations, similarly inhibited this process, independent of

free Ca2� concentration. Thus, DL-Ins(1,2,4,5)P4 apparently

was not recognized by the kinase in rat brain cytosol.

Discussion

DL-Ins(1,2,4,5)P4 was capable of evoking the release of Ca2�

from nonmitochondrial pools in cells, with slightly less potency

than D-Ins(1,4,5)P3. The biological activity of DL-Ins(1,4,5)P3

has been attributed entirely to the D-isomer and the L-isomer

in the racemic mixture not interfering with the action of the

D-isomer (17-19). The same was applicable to the 2-substituted

analog of DL-Ins(1,4,5)P3 (6, 7). Thus, it seems reasonable to

assume that such may hold for DL-Ins(1,2,4,5)P4; the half-

maximal concentration for Ca2� release with D-Ins(1,2,4,5)P4
would then be 0.6 �sM, thereby indicating that this compound

is almost as potent as D-Ins(1,4,5)P3.

DL-Ins(1,2,4,5)P4 was found to be a strong inhibitor of D-

Ins(1,4,5)P3 5-phosphatase of erythrocyte ghosts. D-

Ins(1,3,4,5)P4 also was reported to be an inhibitor of the en-

zyme, with almost the same potency as DL-Ins(1,2,4,5)P4 (3, 20,

21). Ifthe D-isomer of DL-Ins(1,2,4,5)P4 is assumed to be active
in the inhibitory process, substitution with the phosphate

moiety of the 2- or 3-hydroxyl site, a remote site from the site

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


A B

8 10 12 14 16 18 20 8 10 12 14 18 18 20

Tim. after additIon of ATP (mm)

60

50

40
0
0
0
a

30

20

10

S

.;
U

C

I

120

:
�. 80
0
0

.C

5, 60

a.
SI,
� 40

0

�. 20
I

0
.01

Inosltol phosphat. (�sM)

Fig. 4. Inhibition of D-[3H]lns(1 ,4,5)P3 5-phosphatase activity by DL-

lns(1 ,2,4,5)P4. The enzyme activity was assayed at 10 #M D-[3H]

lns(1 ,4,5)P3 in the presence of various concentrations of DL-lns(1 ,2,4,5)P4
given in the abscissa. The results are expressed relative to that in the
absence of unlabeled D-lns(1 ,4,5)P3. Each value is the mean ± standard
error of five independent determinations. (#{149}),D-lns(1 ,4,5)P3; (0), DL-

lns(1 ,2,4,5)P4.
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of attack by the 5-phosphatase, may make the compound

recognizable, with a higher affinity. DL-Ins(1,2,4,5)P4 did not

1 000 serve as a substrate for the enzyme, whereas D-Ins(1,3,4,5)P4

was an active substrate for the same enzyme to produce D-

Ins(1,3,4)P3 (3, 20, 21). A proper explanation for this difference

cannot be given, because catalytic mechanisms of the 5-phos-

phatase are not well understood (22). Alternatively, it is possi-

ble that the L-isomer of DL-Ins(1,2,4,5)P4 functions as an

inhibitor in the phosphatase assay system, because a number

of compounds, even the L-Ins(1,4,5)P3, were reported to be

competitive inhibitors for the enzyme (23-25); and the L-isomer

of 2-benzoyl analog of Ins(1,4,5)P3 was found to be a strong

274 Hirataeta!.

Fig. 3. 45Ca2�-releasing activity of
DL-lflS(1 ,2,4,5)P4. Permeabilized
RBL accumulated 45Ca2� at 37#{176}for
10 mm. Each point is the mean ±

standard error of three (A and B) or
four (C) independent determina-
tions. A, At 1 1 mm, as indicated by
first arrow, D-lns(1 ,4,5)P3 at 0.3 #M/

3 #M (I/#{149})or DL-lns(1 ,2,4,5)P4 at 1
#M/1O #M (0/0) was added to evoke
the release of �Ca2t At 15 mm, as
indicated by second arrow, the alter-
native ligand at maximal concentra-
tion was added, respectively. The
cell density was 1 06 cells/mI. B,
45Ca2�-releasing activity was as-
sayed at cell density of 4 x 1 o� cells/
ml. At 11 mm, as indicated by an
arrow, D-lns(1,4,5)P3 at 1 #M (#{149})or
DL-lns(1 ,2,4,5)P4 at 1 #M (0) was
added. C, At 11 mm, DL-
lns(1 ,2,4,5)P4 (0) as well as D-

lns(1 ,4,5)P3 (#{149})at various concen-
trations given in the abscissa were
added, and the 45Ca2� release was
assayed at 12 mm.

TABLE I

Potency of DL-lns(1 ,2,4,5)P4 in D-lns(1,4,5) P3 5-phosphatase activity

Compounds K5

Hydro�ysis(nmol)5

By ghosts

+Mg2�

By bra�i cytos�

+Mg25 -Mg2�

D-lns(1,4,5)P3 16.8 ± 2.1 9.5 ± 1.7 33.7 ± 1.9 3.4 ± 0.1
DL-lns(1 ,2,4,5)P4 1 .4 ± 0.1 0.9 ± 0.1 4.1 ± 0.8 2.0

a K, value was determined by a Dixon plot analysis. The enzyme activity was
assayed in the presence of various concentrations of inositol phosphates at 10,
25, or 50 MM D-[3H]IflS(1 ,4,5)P3. Each value is the mean ± standard error of three
determinations.

b Hydrolysis was assayed by measuring inorganic phosphate. Each value is the
mean ± standard error of four determinations.
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Fig. 5. Inhibition of [3H]lns(1 ,4,5)P3 3-kinase activity by DL-lns(1 ,2,4,5)P4.
The enzyme activity was assayed at 1MM D-[3H]lns(1 ,4,5)P3 in the pres-
ence of unlabeled DL-lns(1 ,2,4,5)P4 at concentrations given in the ab-
scissa at free Ca2� concentration of 30 MM (solid line) or less than 0.01
�M (broken line). The results are expressed relative to that in the absence
of unlabeled D-lns(1 ,4,5)P3. Each value is the mean ± standard error of
three independent determinations. (#{149}),D-lns(1 ,4,5)P,; (0), DL-
lns(1 ,2,4,5)P4.

inhibitor, but not a substrate (6, 7). The separation into mdi-

vidual enantiomers will clarify these proposals.

DL-Ins(1,2,4,5)P4 up to 30 �sM was not recognized by D-

Ins(1,4,5)P, 3-kinase of rat brain cytosol. In previous works,

the introduction of a bulky substituent such as benzoyl or

cyclohexanecarbonyl group to 2-OH of D-Ins(1,4,5)P3 did not

reduce the potential of the analog to interact with the kinase

(6, 7). Therefore, the 2-phosphate group of D-Ins(1,2,4,5)P4

does not seem to interfere sterically with the active sites of the

enzyme; yet an electrically negative charge of the 2-phosphate

may do so. On the other hand, the L-isomer of the analog with

a bulky substituent as well as L-Ins(1,4,5)P, was not recognized

by the kinase (6, 7, 23).

We propose that, in the presence of DL-Ins(1,2,4,5)P4, D-

Ins(1,4,5)P3 produced upon cell stimulation would be phos-

phorylated to D-Ins(1,3,4,5)P4, but would hardly be dephospho-

rylated to D-Ins(1,4)P2, thereby facilitating the former process.

D-Ins(1,3,4,5)P4 thus produced, in some cases together with D-

Ins(1,4,5)P,, is expected to exert effects on Ca2� homeostasis

(26-29). DL-Ins(1,2,4,5)P4 by itselfis as potent as D-Ins(1,4,5)P3

in causing the release of Ca2�, without dephosphorylation.

Therefore, DL-Ins(1,2,4,5)P4 will be useful as a potent and long

lasting experimental tool for stimulating intracellular Ca2�

homeostasis in cells. If this compound can be modified to a

membrane-permeable type, as was done for D-Ins(1,4,5)P3 by

Schultz et at. (30), pharmacological events in vivo could also be

examined.

DL-inositol 1,4,5-trisphosphorothioate (DL-Ins(1,4,5)P3S3) is

known to affect the D-Ins(1,4,5)P3 receptor site and metabolic

enzymes in the same manner as does DL-Ins(1,2,4,5)P4 pre-

sented here (17, 24, 25, 31, 32). However, the concentrations of

DL-Ins(1,4,5)P3S3 required for affecting D-Ins(1,4,5)P3-recog-

nizable molecules are higher than those of DL-Ins(1,2,4,5)P4,
and DL-Ins(1,2,4,5)P4 can be synthesized in a large amount

with fewer steps required.
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