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The pleckstrin homology domain (PH domain) is
ow well known as a structural module for the bind-

ng of inositol compounds. In the present study,
olyclonal antibodies against the peptide KVKSSS-
RRERFYK, derived from the N-terminal of the PH

omain of phospholipase C-d1 (PLC-d1), were raised in
abbits. These were then tested for their ability to
nhibit the binding of inositol 1,4,5-trisphosphate
Ins(1,4,5)P3] to the binding proteins including the re-
eptor molecule. The Fab fragment of the antibodies
ut not the whole molecule inhibited the binding of
ns(1,4,5)P3 not only to PLC-d1 but also to the
ns(1,4,5)P3 receptor, indicating that the antibodies
aised recognized the binding site for Ins(1,4,5)P3 in
he receptor. Rat basophilic leukemic cells were per-
eabilized with saponin and assayed for Ins(1,4,5)P3-
ediated Ca21 release. Pretreatment of permeabilized
BL cells with the Fab fragment of the antibodies
iminished the release of Ca21 caused by Ins(1,4,5)P3,
nd further absorption experiments using a variety of
ynthetic peptides suggested that the tripeptide KVK
s the epitope of the antibodies. Structural informa-
ion about KVK will help in screening for Ins(1,4,5)P3

ntagonists. © 1999 Academic Press

Studies in this laboratory and that of Rebecchi and
olleagues have demonstrated that phospholipase C-d1
PLC-d1) has a high affinity and high specificity for

1 To whom correspondence should be addressed. Fax: 181-92-642-
322. E-mail: hirata1@dent.kyushu-u.ac.jp.
Abbreviations used: Ins(1,4,5)P3, D-myo-inositol 1,4,5-trisphos-

hate; PtdIns(4,5)2, phosphatidylinositol 4,5-bisphosphate; PH do-
ain, pleckstrin homology domain; PLC-d1, d1-isozyme of phospho-

ipase C; RBL cells, rat basophilic leukemic cells; IgG, immuno-
lobulin G.
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oth D-myo-inositol 1,4,5-trisphosphate [Ins(1,4,5)P3]
nd phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2].
lso the deletion mutant, limited proteolysis and syn-

hetic peptide experiments have shown that the bind-
ng site is situated in the N-terminal 30–43 residues in
he molecule (1–7). The major part of these studies
ere done before the emergence of the term “pleckstrin
omology domain (PH domain), which was first found

n pleckstrin, a major substrate for protein kinase C (8,
), and has been identified in more than 100 signaling
r cytoskeletal proteins to date (10–12). We showed
hat the binding site for Ins(1,4,5)P3/PtdIns(4,5)P2 was
apped in the PH domain of PLC-d1 (5, 6, 12). In the

ame year (1994), Harlan et al. (13) reported that the
H domains derived from a variety of proteins bound
tdIns(4,5)P2, identifying several basic amino acids

nvolved in the binding by NMR spectrophotometry.
he location of these basic amino acids in the pri-
ary sequence corresponded to residues 30–43 in
LC-d1, thereby confirming that the 30–43 peptide is
esponsible for the binding of PLC-d1 to Ins(1,4,5)P3/
tdIns(4,5)P2 (5, 6). Therefore, we raised polyclonal
ntibodies against the synthetic peptide in rabbits, and
evealed that Fab fragments of the antibody inhibited
he binding of PLC-d1 to Ins(1,4,5)P3, whilst the whole
ntibody molecule inhibited the binding of the peptide,
ut not the native PLC-d1, to Ins(1,4,5)P3 (6).
Using a different approach, the binding site of the

ns(1,4,5)P3 receptor molecule was first reported by
ignery and Südhof (14), who showed that the
-terminal 650 amino acids in the molecule were in-
olved in the binding. Miyawaki et al. (15) and Newton
t al. (16) supported this observation by showing that
he N-terminal 576 amino acids fused to glutathione
-transferase specifically bound Ins(1,4,5)P3 with a
igh affinity, whereas further N- or C-terminal dele-
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ion completely abolished the binding. Furthermore,
ourey et al. (17) labeled residues 471–501 in this

egion with a photoaffinity ligand. These results indi-
ated that the Ins(1,4,5)P3 binding site of the receptor
s localized within the N-terminal 576 amino acids.
oshikawa et al. (18) performed more systematic ex-
eriments using point-mutagenesis to narrow the
inding site in the receptor. They found that the
-terminal 226–576 amino acids were sufficient and

lose enough to the minimal region for specific
ns(1,4,5)P3 binding, and that 10 basic amino acids, of
he 41 basic amino acids present within this region,
ere a critical requirement for the binding (18).
In the present study, we examined whether antibody

gainst the 30–43 residues of PLC-d1 inhibit binding
f the Ins(1,4,5)P3 receptor, and whether they affect
he process of Ins(1,4,5)P3-mediated Ca21 release from
he endoplasmic reticulum of cells. Furthermore, ab-
orption experiments, in which the antibody was pre-
reated with synthetic peptides comprizing sections of
he 30–43 residues of PLC-d1, revealed that KVK
ould be an epitope of the antibody.

ATERIALS AND METHODS

Synthesis of the peptide and its conjugation with carrier proteins
or immunization. A peptide corresponding to residues 30–43 of
LC-d1 [PLC-d1(30–43)], KVKSSSWRRERFYK, was synthesized
nd purified as described (6). A scrambled peptide of PLC-d1(30–43),
KSRFKSERYKSRV, was also synthesized and purified as the con-

rol. The peptides used were supplemented with a cystein residue at
he amino terminal to facilitate coupling with carrier protein. Con-
ugation of the peptide with carrier proteins such as keyhole limpet
emocyanin was carried out using the bifunctional reagent
-maleimidobenzoyl-N-hydroxysuccinimide ester, as described (19).
he coupling ratio was determined by amino acid analysis. Four
eptides, KVK [PLC-d1(30–32)], KVKSSSWR [PLC-d1(30–37)],
RER [PLC-d1(37–40)] and RRERFYK [PLC-d1(37–43)] were also
ynthesized for absorption experiments.

Immunization and purification of specific antibody against the
eptide. Immunization was performed as described previously (6).
hole immunoglobulin G (IgG) specific for the peptide PLC-d1(30–

3) was purified by applying the antiserum to a peptide-coupled
epharose 4B resin which was prepared according to the method
escribed (19). Fab fragments from whole IgG were prepared and
urified as follows: Rabbit IgG was isolated from immune serum by
mmonium sulfate fractionation. Following dialysis against 0.1 M
odium acetate buffer (pH 5.5), digestion with papain was carried out
n the presence of 1 mM EDTA, 50 mM L-cystein and 1% (w/w) of
apain at 37°C for 16 h and stopped by adding iodoacetamide to give
final concentration of 75 mM. Fab fragments thus produced were

eparated from undigested IgG by applying the mixture to a HiLoad
6/60 Sephacryl S-100 column. A fraction containing Fab fragments,
s assessed by SDS-polyacrylamide gel electrophoresis, was then
pplied to a peptide-coupled Sepharose 4B column to obtain Fab
ragments specific for the peptide. Characterization of the anti-
eptide antibody has been performed previously (6), i.e., the antibody
ecognized the full-length PLC-d1, but not thrombin-treated PLC-d1
acking the N-terminal 60 residues, and the Fab fragments of the
ntibody inhibited the binding of [3H]Ins(1,4,5)P3 to native PLC-d1.

Preparation of type I-Ins(1,4,5)P3 receptor and assay for binding to
3H]Ins(1,4,5)P3. The Ins(1,4,5)P3 receptor was purified to apparent
omogeneity from rat cerebellum, as described (1). The purity was
43
inding of [3H]Ins(1,4,5)P3 to the receptor was determined by the
olyethyleneglycol precipitation method, as described (20). Briefly,
he purified receptor was incubated with 1.3 nM [3H]Ins(1,4,5)P3 in

solution (0.45 ml) containing 50 mM Tris-HCl buffer (pH 8.3), 2
M EDTA and 0.2% Triton X-100 for 15 min on ice. Fifty ml of bovine

-globulin (10 mg/ml) was added to this mixture, followed by the
ddition of 0.5 ml of 30% polyethylene glycol. After centrifugation,
he precipitate was dissolved in 1 ml of 0.1 N NaOH and the radio-
ctivity counted. For the binding assay using the native form of the
ns(1,4,5)P3 receptor, rat cerebellar membrane fraction which was
repared by homogenization and sequential centrifugation, was also
sed. The assay mixture was the same as for the purified sample
xcept for the omission of Triton X-100. After incubating on ice, the
embrane fraction was precipitated by centrifugation and the radio-

ctivity was analyzed. In both cases, non-specific binding (about 200
pm) was determined in the presence of 10 mM Ins(1,4,5)P3 and was
ubtracted from that in its absence to determine the specific binding.

Assay of Ca21 release by Ins(1,4,5)P3. Rat basophilic leukemic
RBL) cells were harvested 4 ; 5 days after plating, and then were
ermeabilized with saponin, as described for peritoneal macrophages
21, 22). Ca21 uptake and release by saponin-permeabilized RBL
ells was assayed as follows: permeabilized RBL cells (1 3 106

ells/ml) were incubated in a solution (1 ml) containing 130 mM KCl,
0 mM Hepes buffer (pH 7.2), 5 mM MgCl2, 5 mM NaN3 and 1 mM
ura 2. Ca21 uptake by the endoplasmic reticulum was initiated by
he addition of 5 mM ATP, and monitored with a fluorescent spec-
rometer at a wavelength of 380 nm and 510 nm for excitation and
mission, respectively. Seven min after the addition of ATP, when
he Ca21 uptake reached a plateau, various concentrations of
ns(1,4,5)P3 were added cumulatively to the mixture to observe the
a21 release. In order to examine the effect of the antibody, cells
ere preincubated with the antibody at room temperature for 10 min
efore the addition of ATP. Assays were carried out at room temper-
ture (20–25°C).

Chemicals. [3H]Ins(1,4,5)P3 (specific radioactivity: 777 GBq/
mol) was obtained from DuPont New England Nuclear (Boston,
A). HiLoad 26/60 Sephacryl S-100 column and 1,6-diaminohexane-

epharose 4B (EAH-Sepharose 4B) were purchased from Pharmacia
iotechnol Inc (Uppsala, Sweden). m-Maleimidobenzoyl-N-hydroxy-
uccinimide ester and keyhole limpet hemocyanin were obtained
rom Pierce (Rockford, IL) and Sigma (St. Louis, MO), respectively.
ura 2 was purchased from Dojindo Laboratories (Kumamoto, Ja-
an). All other reagents were of the highest grade available.

ESULTS

Figure 1 shows the effect of the antibody against the
eptide comprizing PLC-d1(30–43) on the binding of

3H]Ins(1,4,5)P3 to the Ins(1,4,5)P3 receptor. The bind-
ng of [3H]Ins(1,4,5)P3 to the receptor was not inhibited
y the IgG purified on the peptide-immobilized column.
owever, the Fab fragments isolated from the IgG by
apain digestion inhibited the binding in a dose-
ependent manner, indicating that the antibody
gainst the Ins(1,4,5)P3 binding peptide on the PH
omain of PLC-d1 recognized the Ins(1,4,5)P3 binding
ite on the receptor molecule. We previously showed
he same results with native PLC-d1 (6). Failure of the
hole antibody to inhibit binding could be because an
ntibody with divalent antigenic determinants does
ot have as much access to the native Ins(1,4,5)P3

eceptor binding site as to the native PLC-d1 binding
ite, probably because of sterical hindrance.
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We then examined whether the antibody inhibits the
rocess initiated by the receptor molecule. For this
urpose, permeabilized RBL cells were incubated in
he presence of ATP and NaN3, an inhibitor of mito-
hondrial Ca21 accumulation, and in the absence of
GTA and exogenously added Ca21. Thus, the endo-
lasmic reticulum of permeabilized cells would accu-
ulate contaminating Ca21 as a result of ATP hydro-

ysis. The amount of extra-endoplasmic reticulum Ca21

as monitored by the changes in the fluorescence of
ura 2. The addition of ATP together with Mg21 caused

decrease in fura 2 fluorescence due to a decrease in
he Ca21 concentration, as shown in Fig. 2A. Neither
TP nor Mg21 could be omitted from the mixture for

he decrease in the fluorescence, indicating that it
ust be due to the accumulation of Ca21 by permeabil-

zed cells as a result of ATP hydrolysis. The sequential
ddition of Ins(1,4,5)P3 from low concentrations caused

stepwise increase in fluorescence, indicating that
ns(1,4,5)P3 causes the release of Ca21 accumulated in
he endoplasmic reticulum of permeabilized cells in a
ose-dependent manner. After addition of highest con-
entration of Ins(1,4,5)P3, there was no further in-
rease in fluorescence, even after the addition of 1 mM
onomycin. Also, if ionomycin was added to the assay
uvette before or during the addition of Ins(1,4,5)P3,
he fluorescence increased up to the level of that
fter the addition of the highest concentration of
ns(1,4,5)P3, indicating that all of the Ca21 accumu-
ated after the addition of ATP was in the Ins(1,4,5)P3-
ensitive pool (Fig. 2B).
When the permeabilized cells were incubated with

he Fab fragment of the antibody, there was no differ-

FIG. 1. Effect of antibody against the N-terminal portion of the
H domain of PLC-d1 on [3H]Ins(1,4,5)P3 binding to the Ins(1,4,5)P3

eceptor. Ins(1,4,5)P3 receptor (10 mg, ■; 20 mg, E, F) purified from
at cerebellum was preincubated with various concentrations of
hole IgG (E) or the Fab fragment (F, ■) against PLC-d1(30–43)
eptide at 4°C for 20 min and then assayed for [3H]Ins(1,4,5)P3

inding. Each point represents the mean 6 SE of four determina-
ions. The mean value of 100% binding by Ins(1,4,5)P3 receptor was
524 dpm at 20 mg and 1997 dpm at 10 mg.
44
nce in the amount of Ca accumulated in control and
retreated cells after the addition of ATP, therefore
ndicating that the Fab fragment has no effect on the
a21 accumulating process. The amount of Ca21 re-

eased after the addition of Ins(1,4,5)P3 decreased,
owever, depending on the amount of antibody used
Fig. 2C). The addition of ionomycin released the re-

aining Ca21 in the permeabilized cells, indicating
hat the antibody had inhibited the process of
ns(1,4,5)P3-mediated release of Ca21. Fab fragments
nrelated to the antibody against PLC-d1(30–43), that

s, the fraction that passed through the peptide-
mmobilized column (see “Materials and Methods”),
as ineffect in the inhibition of Ca21 release (results
ot shown). Taken together with the results in
ig. 1, where the antibody inhibited the binding of
ns(1,4,5)P3 to the receptor, the inhibition of Ca21 re-
ease mediated by Ins(1,4,5)P3 was considered to be
ue to the inhibition of ligand binding. However, inhi-
ition of Ca21 release was not complete even when a
ery high dose of the antibody was used, although the
inding process could be completely inhibited.
Next, we performed absorption experiments to see
hich part of the peptide is the antigenic epitope of the
ntibody. First, the inhibition of Ins(1,4,5)P3-mediated
a21 release caused by the addition of the antibody was
estored when the antibody was preincubated with the
eptide of PLC-d1(30–43), but not after pre-incubation
ith the scrambled peptide (Fig. 3A). The peptides of
LC-d1(30–37) and (37–43) were both synthesized,
nd then served for the absorption experiments. Each
eptide was pre-incubated with the antibody before
nalyzing the effect on Ca21 release. The peptide of
LC-d1(30–37) was effective in restoring the inhibition
f Ca21 release, but the peptide of PLC-d1(37–43) was
neffective, indicating that the antibody must be
pitope in PLC-d1(30–37) (Fig. 3B). Furthermore, the
eptide of KVK, PLC-d1(30–32) was found to be effec-
ive in restoring the inhibition (Fig. 3B), whereas the
eptide of RRER, PLC-d1(37–40) was ineffective (re-
ults not shown). These peptides by themselves with-
ut Fab fragments had no effect on Ins(1,4,5)P3-
ediated Ca21 release.

ISCUSSION

Antibody against the N-terminal portion of the PH
omain of PLC-d1 was effective in inhibiting the bind-
ng of Ins(1,4,5)P3 to the receptor molecule, indicating
hat the antibody recognizes the binding site of the
eceptor molecule. Since the binding of neither PLC-d1
or the receptor to the ligand was inhibited by an
ntibody with divalent antigenic determinants, but,
ather, by the Fab fragments with monovalent anti-
enic determinants, it could be assumed that the
ns(1,4,5)P3 binding site of both PLC-d1 and the recep-
or is sterically restricted to exclude bulky molecules.
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45
owever, their 3D-structures are not similar to each
ther, because the Ins(1,4,5)P3 binding region of the
eceptor does not have the same structure as that of
he PH domain (23, 24). These results indicate that the
ntibody recognizes the alignment of the basic amino
cids which are important for interacting with the
egatively-charged phosphates of Ins(1,4,5)P3. The ab-
orption experiments using the synthetic peptides
VKSSSWR or KVK supports this view. The results

hat RRER was ineffective in absorption shows the
mportance of the alignment of the basic amino acids.

The Ca21 accumulated into the Ca21 pool of perme-
bilized cells was all released by the addition of high
oncentrations of Ins(1,4,5)P3 and the level released
as much the same as that by an ionophore, indicating

hat all of the Ca21 accumulated after the addition of
TP was in the Ins(1,4,5)P3-sensitive pool of the RBL
ells. However, even if very high concentrations of Fab
ragments of the antibody (up to 20 mg) were used,
omplete inhibition of the Ca21 release mediated by
ns(1,4,5)P3 at the micromolar range was not observed.
n the other hand, high doses of the antibody com-
letely inhibited the binding of 1.3 nM [3H]Ins(1,4,5)P3

o the receptor. The highest concentration of Fab frag-
ents of the antibody was equal to about 0.4 nmole,
hile the concentration of Ins(1,4,5)P3 required for the

elease of Ca21 was around 1 nmole (;1 mM/ml), and
or the binding assay was 0.65 pmole (1.3 nM/0.5 ml).
herefore it could be assumed that the higher concen-
ration of Ins(1,4,5)P3 displaced the Fab fragment of
he antibody bound to the Ins(1,4,5)P3 site on the re-
eptor molecule, due to the lower affinity of the anti-
ody. However this was unlikely because inhibition by
he Fab fragment was much the same at both lower
nd higher concentrations of Ins(1,4,5)P3. For example,
ven Ins(1,4,5)P3 at 0.01 mM (equal to 0.01 nmole, a 40
imes lower molar ratio than that of the Fab frag-
ents) inhibited Ca21 release to the same extent as

hat observed at 1 mM Ins(1,4,5)P3. Alternatively, a
ifference in the receptor subtypes might be the reason
or the difference observed. Molecular cloning studies
ave revealed the presence of three types of receptors,
ogether with their splice variants, encoded by sepa-
ate genes, although their similarity exceeds 62% and
hey shares the domain structures (ligand binding,
oupling and membrane spanning) (25, 26). Rat cere-
ellar Ins(1,4,5)P3 receptor was reported to be predom-
nantly subtype I (Type I, more than 90%) (27, 28),
hereas that of RBL cells was predominantly subtype

, 2 mg Fab fragments; ‚, 5 mg Fab fragments; F, 10 mg Fab
ragments; h, 20 mg Fab fragments. Each point represents the mean
f two determinations using a different preparation of permeabilized
ells. For the control cells and those pretreated with 10 mg Fab
ragments, five determinations were made with different prepara-
ions of Fab fragments and permeabilized cells, and, therefore, the
E values are shown.
FIG. 2. Effect of Fab fragments of the antibody against the
-terminal portion of the PH domain of PLC-d1 on Ins(1,4,5)P3-
ediated release of Ca21 from permeabilized cells. (A and B) Ca21

ccumulation and release in permeabilized RBL cells was monitored
ith fura 2. Seven min after the addition of ATP, various concentra-

ions of Ins(1,4,5)P3 were sequentially added to observe the release of
a21. Additions are indicated by arrows. (C) Permeabilized cells were
re-incubated with various concentrations of the Fab fragments for
0 min before the addition of ATP. E, None; Œ, 1 mg Fab fragments;
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I (Type I, 17%, Type II, 70% and Type III, 13%) (27–
9). However this possibility is also unlikely, because
0 basic residues present in the ligand binding “core” of
he type I receptor, some of which would be the site for
he recognition of the antibody Fab fragments, are
dentical in all of the receptor subtypes as reported by
oshikawa et al. (18). Furthermore, another cell type,
OS cells, whose receptor subtype composition was

eported to be Type I, 1%, Type II, 37% and Type III,
2%, exhibited very similar pattern of inhibition of
ns(1,4,5)P3-mediated Ca21 release by Fab fragments
f the antibody (unpublished observations). Thus, we
ave no reasonable explanation for the incomplete in-
ibition of Ins(1,4,5)P3-mediated release of Ca21 by the
ntibody. It might be that even Fab fragments with
onovalent antigenic determinants could not have ac-

ess to all the sites for Ca21 storage.

FIG. 3. Absorption experiments with synthetic peptides. The
ab fragments (10 mg) were pre-treated with various synthetic pep-

ides (1 mg) before being added to permeabilized cells. Values of
ns(1,4,5)P3-mediated Ca21 release from the control cells (E) and
rom those pre-treated with 10 mg Fab fragments (F) were taken
rom Fig. 2C. (A) The effect of PLC-d1(30–43) peptide (■) and the
crambled peptide (h, for the sequence see “Materials and Meth-
ds”). (B) Effect of shorter peptides of PLC-d1(30–43). -■-, PLC-
1(30–37); - - -h- - -, PLC-d1(37–43); - - -■- - -, PLC-d1(30–32).
46
In conclusion, the results presented here could be
ummarized as follows: (i) an antibody against the
eptide comprizing PLC-d1(30–43), which resides in
he N-terminal region of the PH domain of PLC-d1,
nhibits the binding of Ins(1,4,5)P3 to the receptor mol-
cule, and thus inhibits the release of Ca21 from the
ns(1,4,5)P3-sensitive Ca21 pool. (ii) the minimal
pitope of the inhibitory antibody was revealed to be
he tripeptide, KVK. Structural information about
VK will be helpful in screening for Ins(1,4,5)P3

ntagonists.
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