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: trifluoroacetic acid 
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Abstract 

Inositol 1 ， 3人5 ・・tetrakisphosphate (InsP
4
) has been considered to be a 

second messenger that regulates intracellular Ca2+ concentration like inositol 

l人5-trisphosphateαnsP3). v.，もilemany observations suggesting the 

physiological role of InsP 4 have been reported, actual function of InsP 4 is still a 

matter of debate mainly because the specific receptor proteins for InsP 4 (IP4R) 

have not been well characterized yet. Therefore, to clarify physiological functions 

of InsP 4' 1 tried to purify and characterize the IP4R~ 合ommouse cerebellum . 

Some of InsP
4
-binding proteins were solubilized by treatment with 1 % 

Triton X -100 from mouse cerebellar P2/p3 membrane 仕action， and purified by 

sequential column chromatographies (ion-exchange, affinity , and gel filtration 

chromatography). eH] InsP
4
-binding activity was detected using PEG 

precipitation method. N ow , 1 have succeeded in purifying three InsP乙4 主lnωdin

2_rot印ems叫(IP4BP) from mouse cerebella, and characterized these proteins 

biochemically. One of IP4BP from DE-52 absorbed fraction was called IP4BP1 

釦d the others from DE-52 flow-through 合action ~~ere called IP4BP2a 佃d

IP4BP2b. 

IP4BP1 was detected by SDS-PAGE analysis as two protein bands with 

molecular weights of 140K and 65K. Reverse phase HPLC after limited 

proteolysis by lysyl endopeptidase yielded almost the same elution profile on the 

140K and 65K bands , strongly suggesting that the 140K molecule is a dimer of 

the 65K monomer. Amino acid sequences of seven peptides derived from the 

140K molecule were identical to partial sequence of synaptotagmin //, which is 

considered to play a significant role in the docking and fusion of synaptic 
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considered to play a significant role in the docking and fusion of synaptic 

vesicles at the presynaptic release sites. Immunoblot analysis of IP4BP1 using 

two polyclonal antibodies against synaptotagmin 11 revealed that both 140K and 

65K molecules were recognized by the antibodies. Furthermore, the InsP 4-

binding activity of the purified sample was immunoprecipitated by antiｭ

synaptotagmin antibody. 

IP4BP2a gave 42K band on SDS-PAGE analysis , and was shown to form 

tetramer structure by the cross-linking experiment. N -terminal sequence of 

IP4BP2a was nearly equal to that of aldolase A, which is one of glycolytic 

合uctose-1 ，6-bisphosphate aldolases. 

IP4BP2b gave 26K band on SDS-PAGE analysis. N-terminal sequence 

analysis of IP4BP2b revealed 出atit is identical to rnyelin proteolipid protein 

(PLP) , which is the most abundant component and the major integral membrane 

protein of CNS myelin. Irnmunoblot analysis of IP4BP2b revealed that two 

monoclonal antibodies against PLP cross-react with the 26K molecule. 

Furthermore, the InsP
4
-binding activity and 26K protein band were 

immunoabsorbed by anti-PLP monoclonal antibody. 

羽市en [3H] InsP
4
-binding activity was measured under hypotonic (low salt) 

condition, IP4BP1 showed optimal activity at pH 5.0, K
D 
of about 160 nM, 30 

nM and 30 nM, and Bmax of 35 pmol, 2.7 pmol and 2.4 pmol/μg protein at pH 5.0, 

6.2 and 7.4, respectively. IP4BP2a showed optimal activity at pH 5.8 , K
D 
of 1.2 

μM， and Bmax of 22 pmol/μg protein at pH 5.8. IP4BP2b showed optimal activity 

at pH 5.5 , Ko of 71 nM, and Bmax of 30 pmol/μg protein at pH 5.5. On inhibition 

assays of eH] InsP
4
-binding by various inositol phosphates , InsP

4
-binding 

activities of IP4BP1/synaptotagmin 11, IP4BP2a/aldolase A , and IP4BP2b/PLP 

3 

一一一一品一一…IIJ -





Introduction 

The phosphoinositide cascade plays a centra.l role in the transduction of many 

extracellular stimuli. Hormones , neurotransmitters , and growth factors activate this 

cascade by binding to specific plasma membrane receptors that are coupled to 

phosphatidylinositol specific phospholipase C (PLC:). PLC hydrolyzes 

phosphatidylinosito14,5-bisphosphate and generates two second messengers; inositol 

l人5-trisphosphate (InsP3) and diacylglycerol (DAIG). DAG activates protein kinase 

C, whereas InsP3 mobilizes Ca
2+ from the endoplas:mic reticulum via binding to a 

specific receptor (Berridge et al., 1989 ). By this mechanism, InsP 3 activates 

numerous Ca2+ -dependent processes in a wide variety of cell types. 

Molecular mechanism involved in the InsP3-dependent Ca
2+ release process has 

recently been characterized. The receptor protein for InsP 3 (IP3R) has been purified 

from mouse and rat cerebellum, where it was found to be highly abundant in Purkinje 

cells (Supattapone et α1. ， 1988; Maeda et al. , 1990). In出is laboratory , Furuichi et al. 

(1989) succeeded in cloning the cDNA of the mouse cerebellar IP3R protein, and 

deduced its primary structure from the nucleotide sequence. Reconstitution of the 

purified IP3R protein into planar lipid bilayer or lipid vesicles demonstrated that the 

receptor protein constitutes InsP 3-sensitive Ca2+ channels and that the InsP 3-induced 

Ca2+-mobilizing is regulated by phosphorylation of IP3R (Ferris et al. , 1989; Ferris et 

al., 1991; Maeda et al. , 1991; Nakade et al. , 1991; Nakade et al. , 1994). These 

fmdings indicate that the cerebellar IP3R protein is a Ca2+ permeable cation-selective 

channel having InsP 3-binding sites. Thus , significant roles for InsP3 have been 

dramatically clarified by identification and biochenlical characterization of the 
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specific receptor as described above. 

On the other hand, InsP 3 is rapidly metabolized either by dephosphorylation to 

inositol 1,4-bisphosphate or by phosphorylation to inositol 1 ， 3人5-tetrakisphosphate

(InsP4). Ferris et al. (1989) reported that in their reconstituted lipid vesicles InsP 4 did 

not bind significantly to IP3R and was inactive to the InsP
3
-induced Ca2+-mobilizing. 

Mainl y , the specific enzyme InsP 3 3セinase plays a role to inactivate an effective 

second messenger. However, the coexistence of a 5-phosphatase, which also performs 

the function of inactivating InsP
3
, have given speculation that InsP 4 has some specific 

function as an second messenger, since the apparent energy cost of the 3七nase

pathway is high and the half-life of cellular InsP 4 is short. 

Recently, several reports have suggested the physiological role of InsP4 from 

the following two points : (i) regulation of Ca2+-inf1ux phase of the response; (ii) 

modulation of various intracellular Ca2+ pools. As for the first point, Irvine and Moor 

(1986) suggested, on the basis of microinjection experiment in certain species of sea 

urchin oocytes , that InsP4 could play a role in controlling Ca
2+-influx by acting 

toge出erwith InsP 3' as egg activation. In mouse lacrimal acinar cell , measuring 

transmembrane cuηents in single cells by voltage clamping, Morris et al. (1987) and 

Changya et al. (1989) showed that InsP4 and InsP3 in combination evoke a sustained 

increase in Ca2+ -activated-K+ current which is dependent on extemal Ca2+. In addition 

, L�khoff and Clapham (1992) reported that InsP4 enhances the activity of the Ca
2+-

peロneable channel w hen exposed to intracellular surface of endotherial cell inside-out 

patches. 

At the secondary point, Hill et al. (1988) suggested that InsP 4 may induce Ca2+ 

sequestration in rat liver epithelial cell and also Y 010 et α1. (1991) reported InsP 4 

induce rapid uptake of 45Ca2+ into bovine adrenal-nledullary secretory vesicles. On the 
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other hand, Ely et al. (1990) showed that InsP
4 
stimulates Ca2+-release 合ombovine 

adrenal microsomes by a mechanism independent of the IP3R. Although many 

observations have been made which is indicative of InsP4-fuction, the actual function 

of InsP 4 is stil1 a matter of debate , partly because the specific receptor proteins for 

InsP
4 
(IP4R) have not been well characterized yet. 

We have detected [3H]InsP
4
-binding activity during sequential purification 

process of IP3R 仕ommouse cerebella, which indicates the existence of IP4R. 

Cerebellum was used as the source of IP4R, because of the accumulating of 

evidences showing that the phosphoinositide cascade is actively involved in cerebellar 

functions: (i) 出eIP3R is abundant in Purkinje cells alone (Wor1ey et al. , 1987; Maeda 

et al. , 1990); (ii) high levels of InsP
3 
3-kinase are also localized in Purkinje cells 

(Mailleux et al. , 1991; Yamada et al. , 1993), suggesting that InsP
4 
may be easily 

generated in Purkinje cells; (iii) InsP
4 
binding activity has been found to be present in 

relatively high levels in the cerebellum (Theibert et al. , 1987; Doni� et al. , 1989). 

These fmdings strongly suggest the possible involvement of inositol polyphosphates 

(such as InsP
3 
and InsP

4
) in the neuronal functions of Purkinje cells. 

In this study , to clarify physiological functions of InsP4, 1 tried to purify and 

characterize the IP4R. Now , 1 have succeeded in isolating three !ns乙セindingQroteins 

合ommouse cerebella; IP4BP1 (synaptotagmin 11), IP4BP2a (aldolase A) , IP4BP2b 

(myelin proteolipid protein : PLP) and characterized these proteins biochemically. 
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恥faterials and 九1ethods

恥faterials

eH]InsP
4 
(17 Ci/mmol) , eH]InsP3 (17 Ci/mmol) , [3H]InsP

6 
(12 Ci/mmol) , 

SOL V ABLE and AQUASOL-2 were obtained 合o:mDu Pont-New England Nuclear. 

Ins-1人5-P3' Ins ・-l ， 3人5-P4' and 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfate (CHAPS) were from Dojindo Laboratories. Ins-2人5-P3' Ins-1 ，3人6-

P 4' and Ins-1ム4 ，5-P4 were kindly supplied by Dr. :Hirata and Dr. Ozaki. Ins-1ム4ム6-

PS was from Beohringer Manheim, while Ins-1-P, Ins-l ,4-P2, InsP6, Heparin-Agarose , 

and Protein G-Sepharose were from Sigma. Achromobαcter lyticus lysyl 

endopeptidase and silver staining kit were obtained from Wako Pure Chemical 

Industries , Ltd. DE-52, CM-32, and CM-52 were purchased from Whatman. 

Glutathione-Sepharose 4B , Protein A-Sepharose C~L-4B ， CM-Sepharose CL-6B , 

Sepharose CL-6B , Sephacryl S-300, and gel filtration molecular weight standards 

were from Pharmacia. Dimethyl suberimidate (D:NfS) 事 cationizedBSA coupled with 

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-l-carboxylate (sulfo-SMCC), 

and aluminum hydroxide adjuvant were obtained from Pierce Chemical Co. 

Biotinylated goat anti-rat IgG (Fc region specific) was purchased 合omJackson 

Irnmunoresearch Laboratories and biotinylated goat anti-rabbit IgG 組dVectastain 

ABC kit were from Vector Laboratories. Nitrocellulose membrane was obtained from 

Amersham. Rat IgG was 仕om Inter甲CellTechnologies Inc. Molecular weight 

standards for SDS-PAGE, poly(vinylidene difluoride) (PVDF) membrane , and Dye 

Reagent concentrate for protein assay were purchased from Bio Rad. All of the other 

chemicals were of the highest purity commercially available. 
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九lethods

General methods 

Protein concentrations were determined using the Bio-Rad protein assay with 

bovine serum albumin as standard. All the purification steps and protein handling 

were performed at 4 oC or on ice. The pH of all buffers was adjusted at room 

temperature and was not corrected for cooling to 4 oC. 

Measurement of [3H]InsP4 ・Binding

InsP4-binding was measured by the polyethylene glycol (PEG) precipitation 

method, as described previously (Maeda et al. , 1991) , with minor modifications. To 

assay sequential fractions from each column chromatography, eHJInsP4 was added to 

50μ1 aliquots (after appropriate dilution) of the salnples to a concentration of 9.6 nM. 

The samples were incubated for 10 min at 0 oC, then mixed with 2μ1 of 50 mg/ml 

(IP4BP1 and IP4BP2a) or 4 mg/ml (IP4BP2b) bovin.e y-globulin, and equal volume of 

the solution containing 30% PEG 6000 in 50 mM Tris-HCl, pH 8.0 (IP4BP1 and 

IP4BP2a) , or 20 mM HEPES-NaOH, pH 7.2 (IP4BP2b) were added to the samples , 

which were incubated for 5 min at 0 oC. After centrifugation at 10,000 x g for 5 min, 

the supematant was removed by aspiration, and the precipitate was dissolved in 500 

μ1 of SOL V ABLE. Radioactivity was measured after adding 5 ml of AQUASOL-2 as 

a liquid scintillation cocktail. Nonspecific binding was determined in the presence of 

10μM unlabeled InsP4 or without protein samples. 

For biochemical characterization of the purified samples , InsP4-binding was 

assayed by another method. In a total volume of 100μ1 ， the assay mixture contained 
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mercaptoethanol, and 50 mM Tris-HCl, pH 8.0, and then solubilized by addition of 

20% (WN) Triton X-100 to give final protein and detergent concentration of 3.0 

mg/ml and 1.0% , respectively. The sample was stirred for 30 min on ice, and then 

centrifuged at 25 ,000 x g for 60 min at 2 0 C. The supernatant (1 % Triton X -100 

extract) was applied to a column of DE-52 or stored at -80 oC for purification of 

IP4BP1. 

Purification of IP4BPl (synaptotagmin 11) 

Ten times stock of the stored supernatant (1 (% Triton X -100 ex仕act) were 

mixed and applied to a column of Heparin申Agarose (2 x 13.7 cm) equilibrated with 

0.2% Triton X-100, 10% glycerol, 10μM pepstatin A, 10μM leupeptin, 0.1 mM 

PMSF, 1 mM  2-mercaptoethanol, and 50 mM Tris.-HCl, pH 8.0 (Buffer 1) containing 

0.25 M NaCl. After sequentially washing the column with 430 ml of 0.25 M NaCl / 

Buffer 1 and 215 ml of 0.5 M NaCl / Bu仔er 1 ，出e IP4BP1 was eluted with 30 ml of 

B uffer 1 containing 1 M N aCl. Peak 仕actions of the InsP4 binding activity were 

pooled, concentrated, and applied to a gel f�ration column of Sepharose CL-6B (1.0 

x 60 cm) equilibrated with Buffer 1 containing 0.2 M NaCl and 1 mM  EDTA. The 

peak fractions of the InsP4 binding activity were pooled, dialyzed against Buffer 1 

containing 1 mM  EDT A, and applied to an anion-exchange chromatography column 

of DE-52 (1.0 x 7.6 cm) equilibrated with the dialyzed buffer. The column was 

washed with 60 ml of the equilibration buffer, and then the IP4BP1 was eluted with a 

50 mllinear NaCl gradient (0-0.3 M in Buffer 1 containing 1 mM  EDTA). Peak 

合actions of InsP 4 binding activity were pooled, concentrated and applied to a column 

of Sepharose CL-6B under the same conditions as described above. Peak fractions of 

InsP4-binding activity were pooled, concentrated and stored at -80 oC. 
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Preparation of DE・52 flow-through fraction 

The supematant (1 % Triton X-100 extract) (--200 ml) was applied to a column 

of DE-52 (2.6 x 11 cm) equilibrated with 1 % Triton X-100 , 10% glycerol, 1 mM  

EDTA, 0.1 mM PMSF, 10μM leupeptin, 10μM pepstatin A, 1 mM  2-

mercaptoethanol, and 50 mM Tris-HCl, pH 8.0 (Buffer 2). The column was washed 

with 70 ml of Buffer 2. DE-52 flow-through fractions were stored at -80 OC. 

Purification of IP4BP2a (aldolase A) 

Stored DE-52 flow-through 合actions from four experiments were combined (,._ 

800ml) and incubated with 21 ml of packed Heparin-Agarose for 1 hr at 4 oC on a 

rotator. These samples were poured into a column (の 2.0 cm) , and nonadherent 

proteins were collected and discard. After washing the column with 400 ml of Buffer 

1 containing 0.05 M NaCl , IP4BP2a was eluted wi出 60 ml of 1.0 M NaCl / Buffer 1. 

Peak fractions were pooled and diluted with 40 volumes of the solution containing 

0.2% Triton X-100, 0.1 mM  PMSF, 10μM leupeptin, 10μM pepstatin A , 1 mM  

2-mercaptoethanol，加d 50 mM :MES-NaOH , pH 6.5 (Buffer 3). They were applied to 

a cation-exchange chromatography column of CM・-32 (2.0 x 9.5 cm) equilibrated with 

0.05 M NaCl / Buffer 3. The column was washed vvith 150 ml of equilibration buffer 

and IP4BP2a was eluted with a of linear gradient of 0.05-0.5 M NaCl / Buffer 3 (300 

ml total) at 0.6 ml/min. Peak fractions of the InsP
4
-binding activity were pooled, 

concentrated, and applied to a gel filtration column of Sephacryl S-300 (l.Ox 57 cm) 

equilibrated with 0.2M NaCl / Buffer 3. Peak 合acÜons were pooled and diluted with 4 

volumes of Buffer 3, and applied to a cationic-exchange chromatography column of 

CM-Sepharose CL-6B (1.0 x 3.8 cm) equilibrated 'with 0.05 M NaCl / Buffer 3. 

12 
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IP4BP2a was eluted with a linear gradient of 0.05-0.5 M NaCl / Buffer 3 (30 ml total) 

at 0.4 ml/min. Peak fractions of the InsP 4 binding activity were pooled, concentrated, 

and applied to a colurnn of Sephacryl S-300 (1.0 x 57 cm) equilibrated with Buffer 3 

containing 0.2 M NaCl. Peak fractions of InsP
4 
binding activity were pooled and 

stored at -80 0 C. 

Purification of IP4BP2b (PLP) 

Stored DE-52 flow-through 企actionsfrom two experiments were combined (-., 

400 ml) and incubated with 5 ml of packed Heparin-Agarose for 1 hr at 4 oC on a 

rotator. The Heparin-Agarose was poured into a colurnn (の 1.0 cm) , and nonadherent 

proteins were collected and discarded. The column was washed with 40 ml of Buffer 

4 (10 mM CHAPS , 0.1 mM PMSF, 10μM leupep6m, 10μM pepstatin A, 1 mM 

2-mercaptoethanol, and 50 mM EPPS-NaOH, pH 8.0) containing 0.05 M NaCl and 40 

ml of Buffer 4 containing 0.25 M NaCl, and the Ins:P
4
-binding activities were eluted 

with a linear gradient of 0.25-1.0 M NaCl / Buffer 4 (50 ml total) at 0.5 ml/min. Peak 

fractions of the InsP
4
-binding activity were pooled and diluted with 15 volumes of the 

solution containing 0.1 mM PMSF, 10μM leupeptin, 10μM pepstatin A, 1 mM  

2-mercaptoethanol, 50 mM  HEPES-NaOH, pH 7.5 (Buffer 5) , and incubated with 8 

ml of packed cation-exchange gel CM-52 for 1 hr a.t 4 oC on a rotator. They were 

poured into a column, and nonadherent proteins were discarded. The colurnn was 

washed with 40 ml ofBuffer 5 containing 10 mM ~CHAPS ， 0.05 M NaCl and the 

binding activities were eluted with a linear gradient of 0.05-0.5 M NaCl / 10 mM  

CHAPS / Buffer 5 (50 ml total) at 0.5 ml/min. Peak fractions of the InsP
4 
binding 

activity were pooled , concentrated, and applied to a column of Sephacryl S-300 (1.0 x 

57 cm) equilibrated with 10 mM  CHAPS /0.5 M N"aCl / Buffer 5. Peak fractions of 
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InsP
4 
binding activity were pooled, concentrated and stored at -80 oC. 

SDS・PAGE and Immunoblot analysis 

SDS-PAGE for protein profile analysis or irnmunoblotting were carried out by 

the method of Laemmli (1970). The proteins were visualized with Coomassie Brilliant 

Blue R-250 (CBB R-250) or by silver staining with Silver Stain 11 kit (Wako). 

After electrophoresis, the proteins were transferred to a nitrocellulose or PVDF 

membranes with semidry system (ATTO) or tank transfer system (Bio-Rad). The 

membrane was soaked in 5% skim milk in PBS containing 0.1 % Tween-20 (T-PBS) 

for 1 hr at room temperature to block no任specific binding and then incubated in the 

antisera or the culture supernatant of hybridoma producing monoclonal antibody for 

60 min at room temperature. After washing with T-.PBS , the membrane was incubated 

with biotinylated goat anti-rabbit IgG (Vectastain) or biotinylated goat anti-rat IgG 

(Jackson) (1:200) in 5% skim milk / T-PBS. Immunoreactive bands were visualized 

using Vectastain ABC kit according to 出emanufacturer's protocol. Finally, the 

membrane was treated with 0.1 % diaminobenzidine (DAB) /0.02% hydrogen 

peroxide / PB S. 

Determination of the partial amino acid sequen(~es of IP4BPl 

The purified IP4BP1 (approximately 0.3 mg) was separated by SDS-PAGE on 

3.75-12.5% linear gradient gel according to the method of Laemmli (1970). 

Generation and purification of the peptides from IP4BP1 was carried out by 出e

method of Iwamatsu (1991). After separation, the proteins were transferred to a PVDF 

membrane (0.2μm) and visualized with Ponceau S. Two protein bands with 

molecular weight of 140K and 65K were cut from the blots and destained with 0.5 
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mM  NaOH. They were cut into 2 mm squares , placed in separate samp1e-tubes , and 

reduced by dithiothreitol (DTT) followed by a1ky1ation using monoiodoacetic acid. 

After washing with 2% acetonitrile , bo出 membranepieces were treated with lysy1 

endopeptidase for 24 hr at 37 oC at molar concentrations one fiftieth those of the 

IP4BP1 in 300μ1 of 100 mM Tris-HCl, pH 8.5 , containing 7.5% acetonitrile and 

0.05% SDS. The membrane pieces were removed by centrifugation at 10,000 x g for 

5 min. The supematants were lyophilized, disso1ved in 0.1 % trifluoroacetic acid 

(TFA) and applied to an HPLC (Waters 600E) with a c01umn (0.39 x 15 cm) of C8 

(μBONDASPHERE， 300A, Waters) that had been equilibrated with distilled water 

containing 0.1 % TFA. A gradient of 0-30% 2-propan01 / acetonitrile (7:3) containing 

0.1 % TFA was run over 45 ml (0.5 ml/min). The e:1ution prof� was monitored by 

absorption at 214 nm and collected manually. The lmajor peaks from 140K molecule 

were concentrated to a volume of less than 100μ1 ,md applied to a gas-phase protein 

sequencer (Applied Biosystem). The sequences were compared to those in the SWISS 

PROT database. 

N-terminal sequence analysis of IP4BP2a and IP4BP2b 

The purified IP4BP2a (approximately 8μg) and IP4BP2b (approximately 14.4 

μg) were separated by SDS-PAGE on 12% gel. A丘er separation, the proteins were 

transferred to a PVDF membrane (0.2μm) with C)¥.PS transfer buffer [10 mM  

3子-(いcyclohexy1aminoω)-1ト-p戸ropanesulflおonic acid (CAPSめ)

methan∞1ω01日]. These proteins were visualized with CBB R-250 and protein bands were 

cut from the blots. The membrane pieces were applied to a gas-phase protein 

sequencer (App1ied-Biosystem). The sequences were compared to those in the SWISS 

PROT database. 

15 

園田園田・E・--・E・一一一一一ー一一一一一一一一一一一一一ーー・

h-..._....  ~ >._-~ _, '~-'->~. .一一一IIIIIIJ-園



Production of antisera against synthetic C-terminal peptide and the C2A region 

of rat synaptotagmin 11 

A peptide corresponding to the C-terminal region of rat synaptotagmin 11 with 

an additional amino acid, cysteine, on the amino-terminal side (amino acid residues , 

409-422) was custom-synthesized (Applied Biosystems). The peptide was conjugated 

to cationized bovine serum albumin coupled to a heterobifunctional crosslinker 

containing a maleimide group (sulfo-SMCC-cBSA) , which reacts with free 

sulfohydryl groups. Brief1y, 5 mg of C-terminal peptide and 5 mg of sulfo-SMCCｭ

cBSA were dissolved in 1 ml of 0.1 M phosphate buffer, pH 7.2, containing 0.1 M 

EDTA and 0.15 M NaCl, and the mixture was incubated for 3 hr at room temperature 

with constant stirring. The remaining unreacted peptide was separated by gel filtration 

on a Sephadex G-25 colurnn equilibrated with 0.083 M phosphate buffer, pH 7.2 , 

containing 0.15 M NaCl. The void 企actions containing peptide-cBSA con jugates 

were coUected, homogenized with an equal volume of aluminum hydroxide at a 

concentration of 1 mg/ml protein, and then subcutaneously i吋ectedinto the back of 

New Zealand White rabbits. Two weeks later, the rabbits were boosted with 

homogenate containing the same amount of adjuvant and the peptide-cBSA 

conjugates. Booster injections were performed every two weeks until the titer of the 

antiserum was saturated. 

Antisera against C2A region were kindly prepared by Niinobe and Fukuda. The 

procedure is described below. A fusion protein of the C2A region (amino acid 

residues , 139-267) of rat synaptotagmin 11 with gluta出ione S-transferase was 

expressed in Es・cherichiacoli and purified as reported previously (Smith et al. , 1988). 

Brief1y, cDNA 仕agments encoding the C2A domain of rat synaptotagmin 11 were 
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amplified by the polymerase chain reaction as described by McPherson et α1. (1991). 

The amplified fragment was sub-cloned into pGE)(-2T vector, and the structure of the 

resultant plasmid was verified by sequencing. The fusion protein was expressed in 

Escherichia co!i， 九1:109. The membranes were disrupted by sonication for 5 min at 0 

。C and 出eprotein was extracted by treatment with Triton X -100 at a fmal 

concentration of 1 %. After centrifugation at 10,000 x g for 15 min it was purified by 

affinity chromatography using glutathione-Sepharose 4B. The purity of the 

preparation was judged by SDS-P AGE on 10% gel. The purified fusion protein was 

concentrated, dialyzed against phosphate-buffered saline, and then used to immunize 

New Zealand White rabbits by the same procedures as described above, except for the 

use of Freund's complete adjuvant. 

Immunoprecipitation of IP4BPl (synaptotagmin 1乃

Ten microliters of the anti-C2A polyclonal antibody solutions (concentrations 

of antibody used were 2, 5, and 10μg as IgG protein per 10μ1 of 50 mM HEPESｭ

N aOH , pH 7.4, containing 0.1 M N aCl) purified using Protein A column kit from 

Amersham were added to 10μ1 of the purified IP413P1 (0.35μg) dialyzed with 50 

mM HEPES-NaOH , pH 7.4, containing 0.1 M NaC~l. The mixtures were then 

incubated for 30 min at room temperature. Thirty n1ﾍcroliters of protein A -Sepharose 

CL-4B suspension (0.3 mg of Protein A Sepharose powder) in the same buffer was 

added, and the sample tubes were gently rotated for 30 min at 4 oC. The protein 

A司Sepharose CL-4B particles were precipitated by centrifugation at 10,000 x g for 10 

min, and the residual eH]InsP
4 
binding activity of the supematant was estimated. A 

control experiment was also performed by the same method using the IgG fraction 

from the serum before immunization. 
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九1onoclonal antibodies against PLP 

The hybridoma of anti-PLP monoclonal antibodies (AA3 and AH7-2a) were 

kindly supplied 合omDr. Marjorie B. Lees (Yamarnura et al. , 1991). The hybridomas 

were cultured in HYBRIDOMA-SFM (GrnCO) medium. The culture supematant was 

used for immunoblot analysis or IgG-purification. 

Purification of AA3-IgG 

Ammonium sulfate (313 g/l of the culture supematant) was gradually added to 

the culture supematant of AA3-hybridoma with stirring on ice. Fifteen minutes after 

the addition, mixing was stopped and the mixture ¥vas kept still on ice for 1 hr. Then 

the mixture was centrifuged at 13 ,800 x g for 10 min. The pellet was resuspended in 

20 ml of phosphate-buffered saline (PBS). Half volume of saturated ammonium 

sulfate solution (pH 7.2 adjusted by KOH) was added dropwise to the suspension with 

constant mixing on ice. After standing on ice , the rnixture was centrifuged as above. 

The pellet was resuspend in a least volume of PBS and the suspension was dialyzed in 

20 mM  HEPES-NaOH , pH 7.2 containing 0.15 M 1九~aCl. The IgG solution was stored 

at -80 oc. 

Immunoabsorption against IP4BP2b (PLP) using Protein G-Sepharose 

The AA3-IgG solution or normal Rat IgG solution were diluted with PBS to 

give a final protein concentration of 2 mg/ml. To each 500μ1 of the above IgG 

solution (1 mg protein) , equal volume of the binding-solution: 1 M acetate buffer, pH 

4.6 containing 3 M NaCl was added , and incubated with 200μ1 of packed Protein 

G-Sepharose equilibrated with the binding-solution, ovemight at 4 oC on a rotator. 
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Each of these solutions was poured into a column (の 5 mrn) , and washed with 2 ml of 

the washing-solution containing 0.15 M NaCl / 20 mM  HEPES-NaOH, pH 7.5. The 

washed gel particles were transferred into sample-tubes and incubated with 20μlof 

the purified IP4BP2b (PLP) (13.6μg) for 1 hr at 4 OIC on rotator. After incubation , 

these were re-poured into columns (の 5 mm) and ¥¥rashed four times with 100μlof 

the washing solution . Nonadherent proteins were collected at approximately 100 

μl!fraction. A control experiment was also performed by the same method without 

IgG. Each of these five fractions were used for eH]Insp 4-binding assay or SDSｭ

PAGE analysis. 

Cross-linking of IP4BP2a (aldolase A) with D九1S

The purified IP4BP2a was dialyzed against 0.2% Triton X-I00 , 1 mM 2-

mercaptoethanol, 50 rnM MES-KOH, pH 6.5. Thirty micro1iters of the dialyzed 

sample were mixed with 1 % Triton X-I00 and 1 M: carbonate buffer, pH 9.9 to make 

a fma1 concentration of 0.2 % Triton X -100 and 50 mM  carbonate. A1iquots (200μ1) 

of the solution were treated with various concentrations (0 , 40, 80, 200μg) of 

dimethy1 suberimidate (DMS) at the protein concentration of 0.3 mg/ml. The reactions 

were allowed to proceed for 4 hr on ice and then were quenched by the addition of 25 

μ1 of 1 M glycine. The samples were concentrated by the ethanol precipitation 

method. The concentrated samp1es were ana1yzed by SDS-PAGE (Weber and Osbom, 

1969). 

Purification of Myelin 

Myelin was purified from the medulla oblongata and the spinal cord of adult 

male ddY mouse by a modification of the procedure of Lucas et al. (1994). The 
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medulla oblongatas and the spinal cords (1 g) were mixed with 20 volumes of 10μM 

pepstatin A, 10μM leupeptin, 0.1 mM  PMSF, 1 mM 2-mercaptoethanol, and 5 mM 

Tris-HCl, pH 7.5 (Buffer 7) containing 0.85M sucrose and homogenized (Glass-

Te企onPotter homogenizer) with 10 strokes at 850 rpm. The homogenate was overlaid 

with 16.5 ml of 0.32 M sucrose / Buffer 7 and centrifuged at 28 ，000 中mfor 60 min in 

an SW-28 rotor (Beckman). Three fractions were separated as the crude interface, the 

crude precipitate, and the crude middle-layer between them. Each of them was 

homogenized in 0.85 M / Buffer 7 (final total volUllle: 19 ml) overlaid with 16.5 ml of 

0.32 M sucrose / B uffer 7 and centrifuged as above. 

The crude interface was resuspended in 20 ml ddH
2
0 and centrifuged at 30,000 

中min a Type 50.2 Ti rotor (Beckman). The pellet ,;vas resuspended in 20 m1 of 10 

mM O,O'-bis(2-aminoethyl)ethyleneglycol-N,N,N'-N'-tetraacetic acid (EGTA) (pH 

7.5) and homogenized. The suspension was kept at:2 oC and centrifuged at 10,000 

rpm for 15 min in a JA-17 fixed angle rotor (Beclanan). The pellet was washed again 

under the same conditions. The pellet was homogenized in 17 ml of 0.85 M sucrose / 

2 mM EGT A (pH 7.5) , overlaid with 18 ml of 0.32 M sucrose / Buffer 7 and 

centrifuged at 28 ,000 rpm for 60 min in an SW-28 rotor. The interface was collected 

by centrifugation, and washed repeatedly. The pellet was resuspended in 20 ml of 10 

mM EGTA (pH 7.5) and homogenized. The suspension was kept at 2 oC and 

centrifuged at 10,000 rpm for 15 min in a JA-17 fixed angle rotor. The pellet (myelin 

tractiog) was homogenized in 5 ml of 1 mM  EDTA , 1 mM  EGTA , 10μM pepstatin 

A， 10μM leupeptin, 0.1 mM  PMSF, 1 mM  2-mercaptoethanol, and 20 mM  HEPESｭ

KOH, pH 7.2 (Buffer 8) , snap frozen in liquid N
2 
and stored at -80 oC. 

The crude middle-layer was diluted with 3 volumes of ddH
2
0 and centrifuged 

at 30,000 rpm in a Type 50.2 Ti rotor. The pellet was kept in 5 ml of 10 mM  EGT A 
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(pH 7.5) and homogenized. The suspension was kept at 2 oC and centrifuged at 10,000 

rpm for 15 min in a JA-17 fixed angle rotor. The pellet was washed again under the 

same conditions. The pellet (middle-layer fraction) 'was homogenized in 2 ml of 

B uffer 8, snap 合ozenin liquid N
2 
and stored at -80 e,C. 

The crude precipitate was resuspended in 9 ml of 0.32 M sucrose/Buffer 7 , and 

centrifuged at 2,500 rpm for 10 min in a J A -17 fixed angle rotor. The pellet was 

washed again under the same condition. The combined supematant was diluted with 3 

volumes of dd~O and centrifuged at 30,000 rpm in a Type 50.2 Ti rotor. The pellet 

was suspended in 5 ml of 10 mM EGT A (pH 7.5) and homogenized. The suspension 

was kept at 2 oC and centrifuged at 10,000 rpm for 15 min in a JA-17 fixed angle 

川or. The pellet was washed again under the same condition. The pellet (p2/P3 

membrane-myelin 合actiog) was homogenized in 5 rnl of Buffer 8, snap frozen in 

liquid N2 釦dstored at -80 oC. 
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Results 

Three [3H] !nsP 4 -Qinding Qroteins (IP4 BP) V{ere purified from mouse cerebella. 

One of IP4BP from DE-52 absorbed fraction was called IP4BP1 and the others from 

DE-52 flow由throughfraction were called IP4BP2a and IP4BP2b. The sequential 

purification procedure is shown as a flow chart (Fig. 1). 

InsP
4
-binding activity was efficiently solubilized by treatment with 1 % Triton 

X-100 (Table 1). It seemed that many substances which affect InsP
4 
binding activity , 

such as the InsP 3 receptor, inositol polyphosphate phosphatases and kinases , were 

extracted by the treatment with detergent. However, most of kinases w hich are in 

cytosol, may not be present in P2/P3 membrane fraction and the other proteins may 

have been eliminated by chromatographic procedure : during IP4BP 1-purification 

procedure, phosphatases were in the flow through and 0.5 M NaCl fractions , and IP3R 

was in the 0.5 M NaCl fraction on Heparin-Agarose chromatography; during IP4BP2-

purification procedure, phosphatases and IP3R were in DE-52 absorbed fraction. 

Purification of IP4BPl 

During the purification procedure of IP4BP1 , Heparin-Agarose was most 

efficient to concentrate the InsP
4
-binding activity (Table 1). Low levels of InsP

4
-

binding activity were also detected in the void 合actionduring gel filtration 

chromatography on Sepharose CL-6B (Fig. 2, a). Although most of the contaminants 

were eliminated by ion-exchange chromatography on DE-52, small amounts of Iow 

molecular weight substances still remained ( Fig. 2 世 b) ， which were removed by the 

second gel filtration chromatography (Fig. 2, c). 
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FIG. 1. Scheme summarizing purification of IP4BP1, IP4BP2a and 
IP4BP2b from mouse cerebella. 

Details of the purification procedure were described in "Methods." 



TABLE 1 
Purification summary of IP4BPl 

Proteina InsP4・Bindingb Specific Act. Yield Purification 
Fraction (mg) (μmol) (μmol/mg) (0/0 ) (fold) 

P21P3 membrane 3740 12 O.OOC 100 1 

Triton extract 2797 28 0.01 85 3.3 

Heparin-Agarose pool 14 4.8 0.34 15 113 

Sepharose CL・6B pool 4.2 2.7 0.64 8.2 213 

DE・52pool 1.3 1.4 1.08 4.2 360 

Sepharose CL・6B pool 0.45 1.1 2.44 3.3 813 

The result presented is for a typical preparation. 

Trotein was determined by using the Bio-Rad protein assay reagent. 

bInsP4-binding activities were measured by routine assay with 4.8 nM of eHJInsP4 
at pH 7.4. Nonspecific binding was determined v..rithout samples. 

CSpecific activity was estimated to be 0.003. 
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FIG. 2. Purification of IP4BPl/synaptotagmin 11. 

Fractions containing InsP 4-binding activity after Heparin-Agarose 

chromato graphy were concentrated and applied to a gel filtration column on 

Sepharose CL-6B (a). The fractions collected, indicated by the horizontal bar in 

(a) , were dialyzed against the equilibration buffer for DE-52 and applied to a 

column of DE-52. The proteins were then eluted with a linear NaCl gradient 

(0-0.3 M NaCl indicated by the broken line) (b)" Fractions containing InsP4-

binding activity (indicated by the horizontal bar in (b)) were collected, 

concentrated and applied again to a gel filtration column on Sepharose CL-6B 

(c). Aliquots of each fraction were assayed for protein concentration (・) and 

for InsP4-binding activity (0). Peak of InsP4-binding activity on Sepharose 

CL-6B [(c) inset] was used to calibrate molecular size. The molecular weight 

markers used were: 1, thyroglobulin (669K); 2, ferritin (440K); 3, catalase 

(232K); and 4, aldolase (158K). 
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The protein profile of each purification step ¥vas characterized by SDS-PAGE 

(Fig. 3, A). Most of the contaminating proteins after Heparin-Agarose fraction were 

removed efficiently by the first Sepharose CL-6B gel filtration chromatography (Fig. 

3, A, lane c and d). After the final step on Sepharose CL-6B , two protein bands with 

molecular weights of 140K and 65K were detected (Fig. 3, A, lane f, and Fig. 3, C). 

InsP
4
-binding activity perfectly coincided with the intensities of CBB R-250 staining 

of each fraction (Fig. 2, c, and Fig. 3, B). In the second gel filtration , the molecular 

size of the IP4BP1 was also estimated to be about 140K in the presence of detergent 

(Fig.2, c) , indicating that the 140K molecule may be a dimer of 出e 65K molecule. 

Table 1 summarizes the purification of IP4BP1. Approximately 0.45 mg of the 

binding protein can be obtained from 150 g of mous:e cerebellum. 

Determination of the partial amino acid sequenc.~s of the purified IP4BPl 

The purified IP4BPl 仕omSepharose CL-6B gel filtration chromatography was 

applied to SDS-PAGE on 3.75-12.50/0 linear gradient gel. The proteins were 

transferred to a PVDF membrane and visualized by Ponceau S staining. The purified 

IP4BPl-140K and 65K bands cut from the membrane were hydrolyzed with lysyl 

endopeptidase in the presence of 0.050/0 SDS. The resultant peptides were separated 

by reverse phase column chromatography (Fig. 4, A). Elution profile of the 140K 

bands (Fig. 4, A, a) was quite similar to 出atof 65K band (Fig. 4, A, b). Therefore, 1 

determined the amino acid sequence of seven peptides derived from the 140K 

molecule (Fig. 4, B). The amino acid sequences of each peptide were checked against 

the SWISS PROT database, revealing 100% identity with that of rat synaptotagmin 

II. Synaptotagmin is an integral membrane protein of synaptic vesicles considered to 

play a significant role in the docking and fusion of synaptic vesicles at 出e presynaptic 
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FIG. 3. SDS・PAGE analysis of each purificatjion step of IP4BPl (A) and 

the fractions after the second gel filtration column chromatography of 

IP4BPl on Sepharose CL・6B (B). 

Electrophoresis was carried out according to Laemmli (1970) on a 3.75-12.5% 

linear gradient gel. The gel was visualized by CBB R-250 staining. (A) : 

molecular weight marker (lane a) , proteins of 80μg from solubilized 

supematant (Triton X -100 extract) (lane b) , 30μg from Heparin-Agarose (lαne 

c) , 10μg 合om 1 st Sepharose CL-6B (lαne d) , 2μg from DE-52 (lane e) and 

the second Sepharose CL-6B (1αne f). (B) : protein prof� of fractions eluted 

from the second Sepharose CL-6B gel filtration column (10μ1 each). (C) : 

molecular weight calibration of the purified IP4:BP1/synaptotagmin. Molecular 

weight standards (A, 1αne a) (200K, myosin; 116K, ゚ -galactosidase; 97.4K, 

phosphorylase b; 66K, bovine serum albumin; 45K, ovalbumin) with 

coηesponding Mr values (x10勺 are shown to the left of (A) , and in (C). 



7 

FIG.4 

ε
c
ω
F
N
〈

80 70 50 60 
Time (min) 

40 30 20 

126 
GLTEGEGEGEEEKEPENLGKlOFSLOYOFOANOし下IGVLO

EPENLG 

人AELPALOMGGTSOPYVKVFLLPD向。qぐfEη。市RK九NPA

VFLLPO Tひ~PA
4 6 

FNETFT円。IPYOELGGK九VMAJYDFDRFS時iD I1GEYKVPM
FN町内FymmGK 荷

7 
Rat 11 N1YDLGOPIEEWROLOGGEKEEPE}くしGOICTSLR、NPTAGK
IP4BP N"わIDLGOPI しGOICT

5 331 
LTVCILEAKNUOくMOVGGLSDPYス刀くlHLMONGKRlJ<KK}ぐπv

IHLMQ 
2 

B 
Rat 11 

IP4BP 

Rat 11 

IP4BP 

Rat 11 

IP48P 

Rat 11 

lP48P 

-lrIIプープ三二二三 ~ 



FIG. 4. Reverse phase HPLC separation of the proteolytic peptides of the 

140K (A, a) and 65K (A, b) molecules, and cornparison between peptide 
sequences from the 140K molecule and the predicted amino acid sequence 

of rat synaptotagmin 11 (B). 

The proteolytic peptides obtained with lysyl endopeptidase were analyzed on a 

C8 reverse phase column and monitored by absorption at 215 nm. The detailed 

procedures are described in "Methods." The peptides (No. 1-7) from the 140K 

molecule were sequenced and compared to the atnino acid sequence of rat 

synaptotagmin 11. 



release sites (S�hof et al. , 1991; Greengard et al. , 1993). Native rat brain 

synaptotagmin has been repo口edto form dimers that are organized into high 

molecular weight complexes with other presynaptic membrane proteins (Perin et α1. ， 

1991 , a). As shown in Figure 4 , A , reverse phase column chromatography after 

limited proteolysis by lysyl endopeptidase yielded almost the same elution profile on 

the 140k and 65K bands , strongly suggesting that the 140K molecule is a dimer of the 

65K monomer. 

Immunological cross-reactivity of IP4BPl and synaptotagmin 11 

We prepared two antisera against synaptotagrnin 11, one is against C-terminal 

and another is against C2A domain. The former was produced by immunization of a 

rabbit against conjugates of synthetic C-terminal peptide (amino acid residues , 409-

422) of rat synaptotagmin 11 with cationized BSA. 1'he latter was produced by 

imrnunization of a rabbit against a fusion protein of the C2A region (amino acid 

residue , 136-267) of rat synaptotagmin 11 with glutathione S-transferase, which was 

expressed in Escherichia coli. The C2A domain is one of two regions of 

synaptotagmin 11, homologous to the C2 domain in the regulatory region of protein 

kinase C (PKC) (Geppert et al. , 1991). 

Sample of 出e supematant (Triton X -100 extract) (Fig. 5 , a) and purified 

IP4BP1 from the second Sepharose CL-6B gel filtration chromatography (Fig. 5, b) 

were applied to SDS-PAGE on 3.75-12.50/0 linear ♂~adient gel, and the proteins were 

transferred to PVDF membranes. The membranes w'ere either stained with amido 

black (Fig. 5, A) or analyzed immunochemically using antisera against synthetic 

C-terminal peptide (Fig. 5, B) or the C2A region (Fig. 5, C). This immunoblot 

analysis revealed that polyclonal antibodies against synaptotagmin 11 cross-react with 
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FIG. 5. Immunoblot analysis of IP4BPl/synap1totagmin 11 in crude extract 

and purified preparation. 

The solubilized supematant (Triton X -100 extract; 50μg) (1αne a) and 3μg of 

sample after the second Sepharose CL-6B (lane b) were applied to SDS-PAGE 

on a Laemmli gel with a 3.75-12.50/0 linear gradient. Proteins were transferred 

to PVDF membranes , and the b10ts were then stained with amido b1ack (A) and 

probed with po1yc1onal anti-sera against the C2A domain (B) , C-terrnina1 

peptide (C) of rat synaptotagmin //, and preimmune serum serving as a contro1 

(D). Peroxidase-coup1ed detection was perfo口nedby the DAB staining method 

using a Vectastain ABC kit. Mo1ecu1ar weight markers (お1rx 10う are shown to 

the left as described in the Fig. 3 1egend. Arrow indicates position of the band 

stained nonspecifically with con仕01 serum. 



each of the 140K and 65K molecules. Furthermore, 1the InsP4 binding activity of the 

purified sample was inununoprecipitated in a dose-dependent manner by anti-C2A 

antibody (Fig. 6). These results toge出erwith the partial amino acid sequences 

strongly indicate that the purified IP4BP1 is the mouse synaptotagmin 11. 

Characterization of the InsP 4・ bindingactivity of 1the purified IP4BPl 

(synaptotagmin 1乃

The dependence of InsP 4 -binding on pH is demonstrated in Fig. 7 . In the 

presence of unlabeled InsP4 at a concentration of 4.8μM the maximum binding of 

eH]InsP4 was observed around pH 5.0. However, the nonspecific binding component 

defined in the presence of unlabeled InsP4 was significantly higher at this pH or 

lower, i.e. , to 90% and 60% of total binding at pH 4.5 and pH 5.0, respectively , 

whereas it was less than 10% at pH 7.0 or higher. Specific eH]Insp 4 binding between 

pH 6.25 (50 mM  HEPES-NaOH) and pH 8.25 (50 mM  EPPS-NaOH) did not change 

much, which was about 30% of specific eH]InsP4-binding at pH 5.0. Displacement of 

specifically bound eH]InsP4 from the purified samples by unlabeled InsP4 at pH 5.0, 

6.2 and 7.4 is shown in Fig. 8. Half-maximal reduction of binding occurred at about 

30 nM, 40 nM加d 170 nM at pH 6.2, 7.4 and 5.0, respectively. Each Scatchard 

analysis indicates a single binding site with a K
D 
of about 30 nM, 30 nM and 160 nM, 

and a Bmax of 2.7 pmol, 2.4 pmol and 35 pmol/μg protein at pH 6.2, 7.4 and 5.0, 

respectively. The Hill coefficients at each pH were not significantly different from 

1.0. These findings indicate that acidic conditions at pH 5.0 are unsuitable for 

Scatchard analysis of eH]Insp 4-binding activity because of the high level of 

nonspecific binding and relatively lower affmity. The specificity of the Ins 1 ， 3人5-P4

binding site was characterized by adding several inositol polyphosphates (Fig.9). Ins 
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FIG. 6. Immunoprecipitation of the [3H]InsP 4・・bindingactivity with 

polyclonal antibody against the C2A domain of rat synaptotagmin 11. 

Mixtures of various concentrations of anti-C2A IgG (0) or pre-immune IgG 

(・) and 0.35μg of the purified protein were incubated for 30 rnin at room 

temperature, and 30μ1 of Protein A -Sepharose suspension (corresponding to 

0.3 mg of Protein A-Sepharose powder) was then added. After incubation, the 

samples were centrifuged at 10,000 x g for 10 min. The residual eH]Insp
4
-

binding activity of 25μ1 of the supematant was lmeasured by the PEG 

precipitation method for biochemical characterization described in "Methods." 

Each point represents the mean from triplicated experiment. The values varied 

within 10% from the mean. Percent inhibition (企) was calculated using the 

following formula : Percent inhibition (...) = [binding activity (%) (・) after 

pre-immune IgG treatment] ー [binding activity (%) (0) after anti-C2A IgG 

treatment] . 
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FIG. 7. pH dependence of eH]InsP4・ bindingactivity of purified 
IP4BPl/synaptotagmin 11. 

InsP4・bindingactivity was determined using 4.8 nM eH]InsP4 and 0.35μg of 

purified protein at the pH values shown. 50 mM  J¥1ES-NaOH (pH 4.5-6.7) , 50 

mM  HEPES-NaOH (pH 6.2-7.6) , and 50 mM EPPS-NaOH (pH 7.3-8.3) buffers 

containing 50μg of y-globulin in a total volume of 100μ1 were used. 

Nonspecific binding was measured in the presence of 4.8μM unlabeled InsP 4 ・

The samples were incubated for 10 min at 0 oC and binding activity was 

measured by the PEG precipitation method described in "Methods." Each point 

represents the mean 合omtriplicated experiment ,md the values differed less 

than 10% from the mean. 
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FIG. 8. Saturation analysis of [3H]InsP
4
-binding to purified 

IP4BPl/synaptotagmin 11. 

Binding assay mixtures contained 0.35μg of pUI1fied protein at pH 6.2 (ム) and 

pH 7.4 (0), or 0.1 同 ofthe purified protein at pI-I 5.0 (口)， 4.8 nM eH]Ins九

various concentrations of cold InsP4, and 50μg of y-globulin. The samples were 

incubated for 10 min at 0 oC and binding activity was measured by the PEG 

precipitation method described in "Methods." Each point represents the mean 

仕omtriplicated experiment. Values differed less than 10% from the mean. The 

inset shows the result of Scatchard analysis. The estimated values were: K
D 
= 

160 nM, 30 nM, and 30 nM; Bmax = 35 pmol/μg， 2.7 pmol/μg， and 2.4 pmol/μg ， 

at pH 5.0, 6.2, and 7.4, respectively. 
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FIG. 9. Inhibition of eH]InsP 4・binding to purified IP4BPl/synaptotagmin 

11 by various inositol phosphates. 

Purified protein (0.35μg) was incubated with 4.8 nM eHJInsP
4 
in the presence 

ofthe various concentration ofIns 1,4,5-P3 (...), Ins 1 ， 3人5-P4 (・)， Ins 3,4,5,6-

P4 (0) , Ins 1 ， 3人5 ，6-Ps (・)， and InsP
6 
(口) at pH 7.4. Nonspecific binding was 

determined by depleting the purified sample frorn the assay mixture. The 

binding assay was performed by the PEG precipitation method described in 

"Methods." Each point represents the mean frorn a triplicated experiment. The 

values differed less than 10% 台omthe mean. 



1 ， 3人5 ，6-pentakisphosphatedisplaced [3H]Ins 1 ， 3人5-P 4 binding with higher potency 

than Ins 1ム4 ，5-P4・Ins 3人5 ，6-P4 and inositol hexakisphosphate suppressed Ins 

1 ， 3人5-P4binding half-maximally at about 100 nM. But in the case of inositol 

hexakisphosphate the displacement slope was relatively sharp, with an enhancing 

effect on [3H]InsP4 binding at about 10 nM, and strong suppression of eH]InsP4 

binding at 300 nM. Simi1ar suppression at 300 nM of Ins 1 ， 3人5-P4 was a1so 

observed. The other inositol phosphates tested displayed much lower affinity, with Ins 

1,4-P2 in particular having no influence at concentrations up to 10μM (data not 

shown). 

Purification of IP4BP2a 

IP4 BP 1 and most of other concomitant proteins (IP3R, IP4 BP 1 and 

phosphatases) were separated from IP4BP2 by the first anion-exchange 

chromatography on DE-52 (Fig. 10). Since the volurne of DE-52 flow-through 

仕actionwas large, InsP4-binding activity was concentrated by Heparin-Agarose 

chromatography (Fig. 11 , a). After dilution to lower the NaCl concentration and pH , 

出eInsP4-binding activity was concentrated and enriched by cation-exchange 

chromatography on CM-32 (Table 2 and Fig. 11 , b). The InsP4-binding activity was 

purified by sequential chromatography on 出efirst Sephacryl S-300 (Fig. 11 , c) , CM 

Sepharose CL-6B (Fig. 11 , d) , and the second Sephacryl S-300 (Fig. 11 , e). On the 

first Sephacryl S-300, the first peak of the InsP4-binding activity is due to the 

presence of IP4BP2b. Table 2 summarizes the purification of IP4BP2a. 

Approximately 1.6 mg of the binding protein can be obtained from 80 g of mouse 

cerebellum. 

The protein profile of each purification step was characterized by SDS-PAGE 
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FIG. 10. Elution profile of IP4BP on DE・52 anilon圃exchange

chromatography. 

Crude 1 % Triton X-I00 extract was applied to a column of DE-52. Four 

milliliter fractions were collected. Each fractions collected was 4.0 ml. IP4BP2 

was contained in flow-through 合action (++ ), whereas IP4BPl(仲) was eluted 

with 0-0.3 M NaCllinear gradient (ー一). Aliquots of each 合actionwere assayed 

for protein concentration ('..) and for InsP
4
-binding activity (・).
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FIG. 11. Purification of IP4BP2a /aldolase A. 

The DE-52 flow-through 仕actionwas applied to a Heparin-Agarose column (a). 

Fractions containing InsP4-binding activity (紳 in (a)) eluted with a buffer 

containing 1 M N aCl were diluted with an equilibration buffer and applied to a 

column on CM-32. The proteins were then eluted with a linear 0-0.3 M NaCl 

gradient (b). The fractions collected (... in (b)) were concentrated and applied to 

a gel filtration column on Sephacryl S-300 (c). The fractions collected (ωm 

(c)) were diluted with the equilibration buffer and applied to a column of 

CM-Sepharose CL四6B. The proteins were then eluted with a linear 0-0.3 M 

NaCl gradient (d). Fractions with InsP 4-binding activity (特 in (d)) were 

collected, concentrated and applied again to a gel fIltration column of Sephacry 1 

S-300 (e). Aliquots of each fraction were assayed for protein concentration C..) 

and for InsP4-binding activity (・). N aCl concentration was indicated by the 

broken line. 



TABLE 2 
Purification summary of IJP4BP2a 

Proteina InsP4・Bindingb Specific Act. Yield Purification 
Fraction (mg) (μmol) (Ilmol/mg) (%) (fold) 

DE・52 (flow-through) 436 17.2 0.04 100 1 

Heparin-Agarose pool 121 17.7 0.15 103 3.7 

C九4・32pool 10.6 4.0 0.38 23 9.6 

Sephacryl S・300pool 5.3 2.7 0.51 16 13 

CM-Sepharose CL-6B pool 3.1 2.3 0.74 13 19 

Sephacryl S・300pool 1.6 1.6 1.0 9 25 

The result presented is for a typical preparation. 

Trotein was determined by using the Bio-Rad protein assay reagent. 

bInsP4-binding activities were measured by routine assay with 9.6 凶1 of eH] InsP 4 
at pH 5.8. Nonspecific binding was determined without samples. 



(Fig. 12). Most of the contaminating proteins after Heparin-Agarose fraction were 

removed efficiently by CM-32 chromatography (Fig.. 12, lane 2 and 3). After the fmal 

step on Sephacryl S-300, a protein band with molecular weight of 42K was detected 

(Fig. 12, lane 6). InsP
4 
binding activity perfectly coincided with the intensities of CBB 

staining of 出is 42K protein (data not shown). 

Cross-Iinking of IP4BP2a 

While the molecular weight ofIP4BP2a was 42K by SDS-PAGE analysis , the 

apparent molecular weight was 160K by molecular weight calibration on gel f�ration 

chromatography (Sephacryl S-300) (Fig. 13). On this account, IP4BP2a was expected 

to be a tetramer of a single subunit . To prove this hypothesis , 1 carried out cross-

linking of IP4BP2a. The purified protein was cross-linked with DMS. First, the crossｭ

linked proteins were analyzed by SDS-PAGE with the buffer system of Laemmli 

(1970) and visualized with CBB R-250. The result of the molecular weight calibration 

of these protein bands did not match with my estimation (data not shown). Therefore , 

1 used the buffer system of Weber and Osbom (1969) as an altemative. Molecular 

weight calibration of four protein bands indicated that 1, 11, lII, and IV coηesponded 

approximately to 45K, 90K, 135K, and 180K (Fig. 14). This result nearly coincided 

with apparent molecular weight on Sephacryl S-300. 

N-terminal sequence analysis of IP4BP2a 

The purified IP4BP2a from the second Sephacryl S-300 gel filtration 

chromatography was applied to SDS-PAGE on 10% gel. The protein was transferred 

to a PVDF membrane with CAPS buffer to prevent the contamination of glycine. The 

42K band stained with CBB R-250 was cut out from the blot and N-terminal sequence 
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FIG. 12. SDS・PAGE analysis after each purification step of IP4BP2a. 

SDS-PAGE was carried out on a 10 % gel using the buffer system ofLaemmli. 

The gel was visualized by CBB R-250 staining. Lane 1 , DE-52 flow-through 

合action; 1αne 2 , pooled fractions from the Heparin-Agarose column; lane 3 , 

pooled 合actions obtained 合omthe CM-32 column; lane 4, pooled fractions 

obtained from the 1st Sephacryl S-300 column; 1αne 5, pooled fractions from 

the C1ιSepharose CL-6B column; lane 6, pooled 合action 0 btained from the 

2nd Sephacryl S-300 column. The protein loaded onto each lane was 4.0μg as 

determined by Bio-Rad protein assay reagent. Molecular weight standards (1αne 

M) (97.4K, phosphorylase b; 66K, bovine serum albumin; 45K, ovalbumin; 

31K, carbonic anhydrase) with co汀espondingMr values are shown at the left. 
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FIG. 13. Molecular weight calibration of IP4BP2a on Sephacryl S・300gel 

filtration chromatography. 

Calibration of molecular weight of IP4BP2a on Sephacryl S-300 gel filtration 

chromato graphy is shown. The molecular weight standards used were 

thyroglobulin (669K) , ferritin (440K) , catalase (232K) , and aldolase (158K). 

Void volume was determined by Blue-Dextran (2000K). The molecular weights 

of theses proteins were plotted against Kav. 
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FIG. 14. SDS-PAGE analysis of cross-Iinked IP4BP2a using Weber and 

Osborn buffer system. 

Purified IP4BP2a (0.3 mg/ml) was cross-linked w'ith DMS at reagent 

concentrations of 0 (lane 1), 40 (lαne 2) , 80 (lane 3), 200 (lane 4) μg/200μ1. 

Cross-linked proteins were analyzed with SDS-PAGE on a 10% gel using the 

Weber and Osbom buffer system (1969). The proteins were stained with CBB 

R-250. Molecular weight standards (200K, myosin; 116K, -゚galactosidase; 

97.4K, phosphorylase b; 66K, bovine serum alburnin; 45K, ovalbumin) with 

co汀espondingMr values are shown at the left. 1 , 11, 111, and 刀! coηespond to 

the position of the monomeric , dimeric , trimeric and tetrameric forms of 

IP4BP2a, respectively. 



of this protein was determined by a gas-phase protein sequencer. The N-terminal 

sequence of IP4BP2a was checked against SWISS PH.OT database, revealing close 

identity with mouse aldolase A (Table 3). At the amount of IP4BP2a used for 

sequencing, histidine (H) and threonine (T) residues 'were difficult to identify. 

Aldolase A is one of the three isoforms of fructose-1 .,6-bisphosphate aldolase , which 

is a ubiquitous glycolytic enzyme and catalyzes the reversible aldol cleavage of 

合uctose-1 ，6-bisphosphate to glyceraldehydeふphosphate 如d dihydroxy acetone 

phosphate. 

Characterization of the InsP 4・binding activity of the purified IP4BP2a (aldolase 

A) 

The pH dependence ofInsP4-binding is shown in Fig. 15. The maximum 

binding of [3H]InsP4 was observed around pH 5.8. Nonspecific binding component in 

the absence of purified IP4BP2a was significantly higher at pH value lower th組 5.0

as in the case of IP4BPl. It seemed 出atthis nonspecific binding is caused by 

abundant y-globulin in PEG-precipitation methods. Thus following InsP4-binding 

analyses were carried out at pH 5.8. 

Scatchard analysis of the InsP4-binding to the purified IP4BP2a indicated that 

the K
D 
was 1.2μM and the Bmax was 22 pmol/μg of protein (Fig. 16). The Hill 

coefficient was about 1.0. The specificity of the Ins 1 ， 3人5-P4-binding site was 

characterized by adding several inositol polyphosphates (Fig. 17). Ins 1 ， 3人6-P4'Ins 

l ム4，5-P4' Ins 1,3,4,5-P4, and Ins 1 ， 3人5 ，6-P
S 
suppressed eH]Ins 1,3,4 ,5-P 4 binding 

with higher potency than Ins 2人5-P3' Ins 1,4 ,5-P3' and InsP 6' The ICso of Ins 1 ， 3人6-

P4' Ins 1 ，2人5-P4' Ins 1 ,3,4 ,5-P 4' and Ins 1 ， 3人5 ，6由民 were about 1 μM. The IP4BP2a 

appeared to have higher affinity against InsP4 and InsPs' Ins l-P and Ins 1,4-P2 

28 



TABLE 3 
Comparison of N-terminal amino acid sequences from IP4BP2a and 
mouse muscle aldolase A, IP4BP2b and mouse PLP/DM20 

mouse 

aldolase A : 

IP4BP2a 

mouse 
PLP/DM20 : 

IP4BP2b 

10 20 

PHPYPAPLTPEQKKELSDIAHR 

I I I I I I I I I I I I I I 

p*? P Y P A P L ? P E Q K K ? L ? ? ? A 

10 

GLLECCARCLVGA1?FA 

I I I I I I I I I I 

GLLE??A??LVGA1? 

Amino acid sequencing was done as described in lmethods. 

*? refers to an amino acid 出atwas not positively identified. 
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FIG. 15. pH dependence of [3H]InsP 4-binding a(~tivity of purified 

IP4BP2aJaldolase A. 

InsP4圃binding activity was determined using 9.6 凶M eH]Insp 4 and 1.6μg of 
purified protein at the pH values shown. 250 mM :MES-NaOH (pH 4.7-6.1) , 

250 mM  HEPES-NaOH (pH 6.2-7.6) , and 250 mM  EPPS-NaOH (pH 6.9-8.5) 

buffers containing 100μg of y-globulin in a total volume of 50μ1 were used. 

Nonspecific binding was determined by depleting the purified sample 合omthe 

assay mixture. Samples were incubated for 10 min at 0 oC and binding activity 

was measured by the PEG precipitation method described in "Methods." 
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FIG. 16. Saturation analysis of eH]InsP4-binding to purified 

IP4BP2aJaldolase A. 

Binding assay mixture contained 1.3μg of the purified protein, 9.6 nM 

eH]InsP4' various concentrations of cold InsP 4' and 100μg of y-globulin in 50 

μ1 of 250 mM  MES-NaOH , pH 5.0. Samples were incubated for 10 min at 0 oc 
and binding activity was then measured by the PE~G precipitation method 

described in "Methods." The inset shows the result of Scatchard analysis. The 

estimated values were: K
D 
= 1.2μhf， Bmu=22pmol/μg. 
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FIG. 17. Inhibition of [3H]InsP 4-binding to puriJtied IP4BP2aJaldolase A by 

various inositol phosphates. 

The purified protein (1.3μg) was incubated with 9.6 nM eH]Insp4 in the 

presence of the various concentration of Ins 1-P (メ)， Ins 1,4-P2 (9), Ins 2人5-

P3 (T) , Ins 1,4,5-P3 (・)， Ins 1 ， 3人6-P4 (く>)，Ins 1 ，2人5-P4(。)， Ins l ，3人5-P4

(・)， Ins 1,3,4,5,6-Ps (宵)， and InsP6 (..). Nonspecific binding was determined 

by depleting the purified sample 仕omthe assay mixture. The binding assay was 

performed by the PEG precipitation method described in "Methods." 



displayed much lower affinity. 

Purification of IP4BP2b 

From DE-52 flow-through fraction , first 1 purified IP4BP2a. During this 

procedure 1 detected another InsP4-binding activity (IP4BP2b). To pu司令 IP4BP2b ，

several modifications of the purification method were needed. The DE-52 flowｭ

through fraction used was the same as that of IP4 BP2a purification procedure. At 

Heparin-Agarose chromatography , detergent of sample buffer and purification buffer 

was changed from Triton X-100 into CHAPS because the InsP4-binding activity of 

IP4BP2b was inhibited by Triton X-100 and because the concomitant proteins were 

separated from IP4BP2b. 

IP4BP2a was separated from IP4BP2b by 0.25 M NaCl wash on the Heparinｭ

Agarose chromatography (Fig. 18 , A). IP4BP2b was eluted with 0.25-1.0 M NaCl 

linear gradient and the InsP4-binding protein included in this fraction seemed to be 

mostly IP4BP2b. After dilution to lower the NaCl concentration and pH, the InsP4-

binding activity was concentrated and enriched by cation-exchange chromatography 

on CM-52 (Fig. 18 , B). The final step was Sephacryl S-300 gel filtration (Fig. 18 , C). 

Since the solubilized detergent was changed and InsP 4-binding assay was modified 

(described below) , the purification summary can not be shown. Approximately 0.5 mg 

of the IP4BP2b can be obtained from 40 g of mouse cerebellum. 

The protein profile of the each purification step was characterized by SDSｭ

PAGE (Fig. 19). Particular attention has been paid not to boil the sample mixture in 

SDS solution and to let them stand at room temperature. Since the IP4BP2b seemed 

extremely hydrophobic , IP4BP2b proteins aggregated and did not enter 出e separation 

gel after boiling (data not shown). 
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FIG. 18. Purification of IP4BP2b /PLP. 

TheDEδ2 flow-through 合actionwas applied to a Heparin-Agarose column 

(A). Fractions containing InsP 4-binding activity (付 in (A)) eluted with linear 

0.25-1.0 M NaCl gradient were diluted with Buffer 5 (see "Methods") and 

applied to a column on CM-52. The proteins were then eluted with a linear 

0.05-0.5 M NaCl gradient (B). The fractions collected (特 in(B)) were 

concentrated and applied to a gel filtration column on Sephacryl S-300 (C). 

Aliquots of each fraction were assayed for protein concentration (・) and for 

InsP4-binding activity (・). The NaCl concentration was indicated by the line. 
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FIG. 19. SDS-PAGE analysis after each purification step of IP4BP2b. 

SDS-PAGE was carried out on a 15 % gel using the buffer system of Laemmli. 

The gel was visualized by CBB R-250 staining. Lαne 1 , DE-52 flow-through 

fraction; 1αne 2 , pooled fractions from the Heparin-Agarose column; lane 3 , 

pooled 合actions obtained 合omthe C~ι52 colurnn; lane 4, pooled fractions 

obtained from the Sephacryl S-300 colurnn. The protein loaded onto each lane 

was 2.0μg as determined by Bio-Rad protein assay reagent. Molecular weight 

standards (lane M) (97.4K, phosphorylase b; 66K, bovine serum albumin; 45K, 

ovalbumin; 31K, carbonic anhydrase; 21.5K, trypsin inhibitor; 14.4K, 

lysozyme) with corresponding Mr values are show'n at the left. 



Many of contaminating proteins after Heparin-Agarose fraction were 

eliminated efficiently by CM-S2 chromatography (Fig. 19, lane 2 and 3). After the 

fmal step on Sephacryl S-300 , a protein band with molecular weight of 26K was 

detected (Fig. 19, lane 4). While the molecular weight of IP4BP2b was 26K by SDSｭ

PAGE analysis , the apparent molecular weight was about 440K -669K by gel filtration 

chromatography (Sephacryl S-300) (Fig. 20). Consequently, IP4BP2a was expected to 

be homomultimer. InsP 4-binding activity and the intensities of CBB staining of this 

26K protein differed slightly (Fig. 18 , c and Fig. 20). However, the results described 

below indicate that the binding activity resides in this 26K protein. 

N-terminal sequence analysis of IP4BP2b 

The N-terminal sequence of purified IP4BP2b from Sephacryl S-300 gel 

filtration chromatography was determined by a gas-phase protein sequencer as in 出e

case of IP4BP2a. The N-terminal sequence of IP4BP2b was checked against SWISS 

PROT database and revealed close identity with mouse myelin proteolipid protein 

(PLP) (Table 3). By the sequencing method used , cysteine (C) and arginine (R) are 

undetectable. Generally , PLP is known to be a major intrinsic myelin protein to 

stabilize myelin structure in the central nervous systern (CNS). Other functions wiU be 

discussed below. 

Immunological cross圃reactivityof IP4BP2b and myelin proteolipid protein (PLP) 

Purified IP4BP2b from Sephacryl S-300 gel filtration chromatography and 

purified myelin sample (used below for an inositol polyphosphate-binding assay) as a 

positive control were applied to SDS-PAGE on 150/0 gel , and the proteins were 

transferred to PVDF membranes. The membranes were either stained with amido 
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FIG. 20. SDS-P AGE analysis of the fractions obtained from gel filtration 

column chromatography of IP4BP2b on Sephacryl S-300. 

SDS-P AGE protein profile of fractions eluted frorTl gel filtration column (10μl 

each). Molecular weight markers with corresponding Mr values are shown at 

the left as described in the Fig. 19 legend. Approximate elution point of 

molecular weight standards for gel filtration chrornato graphy are shown at the 

top. 



black (Fig. 21 , a and d) or analyzed immunochemically using monoclonal antibodies 

against PLP ( AH7 -2a : epitope is amino acid residues number 209-217 , AA3 : 

epitope is 264-276) (Fig. 21 , b, c and e). Lane b and c revealed that monoclonal 

antibodies against PLP cross-react with 26K molecules. In addition, immunoblot 

analysis of the purified myelin showed these antibodies detect PLP (26K) and DM20 

(about 20K) , which is a related protein related to PLP (details of DM20 will be 

described in "Discussion") (Fig. 21 , e). 

Further, 1 asked whether the InsP4-binding activity of IP4BP2b could be 

iIllll1unoabsorbed by anti-PLP antibody. The purified samples from Sephacryl S-300 

gel filtration chromatography were incubated with Protein G-Sepharose resin coupled 

with AA3-IgG or normal rat IgG, or non-coupled. The resin were poured into 

columns and washed with washing solution (100μ1 x 4). The nonadherent fractions 

were collected, and characterized by eH] InsP4-binding assay and SDS-PAGE 

analysis with silver staining on 15% gel (Fig. 22 , A and B). The InsP4-binding 

activity and 26K protein bands were immunoabsorbed by AA3-Protein G-Sepharose 

(Fig. 22 , A and B; +AA3; Fraction No. 2) but they were not absorbed by normal rat 

IgG-Protein G-Sepharose and Protein G-Sepharose (Fig. 22 , A and B; -IgG and 

+Rat IgG; Fraction No. 2). These results toge出erwith the N-terminal sequences 

indicate that the purified IP4BP2b is mouse PLP itself. 

Characterization of the InsP 4-binding activity of the purified IP4BP2b (PLP) 

In the InsP4-binding assay of IP4BP2b , the final concentration of γglobulin 

was set to 0.2-0.25 mg/ml (usual: 2 mg/ml) because when the concentration of yｭ

globulin was higher than 0.25 mg/ml, the InsP4-binding activity of IP4BP2b was 

inhibited ( data not shown). 
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FIG. 21. Immunoblot analysis of IP4BP2b /PLP in purified preparation 

and of myelin fraction. 

Purified IP4BP2b samples [3.4μg (lane α) 叩d 0.34μg (lane b and 1αne c)] and 

myelin samples [2.1μg (1αne d) and 0.42μg (/ane e)] were applied to SDS-

PAGE on a 15 % Laemmli gel. Proteins were transferred to PVDF membranes , 

and the blots were stained with amido black (lane αand lane d) and probed with 

monoclonal antibody against PLP, AA3 (/ane b 飢d lane e) or AH7-2a (lαne c). 

Peroxidase-coupled detection was performed by the DAB staining method by 

using a Vectastain ABC kit. Molecular weight markers used were 10 kDa 

Protein Ladder (Grnco BRL). Sizes of markers are shown at the left . The 

band indicated by the bold a汀ow seems to be aggregates of two PLP molecules. 
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FIG. 22. Immunoabsorption of InsP4・binding a4ctivity in purified IP4BP2b 

fraction by anti-PLP antibody. 

Purified IP4BP2b fractions were incubated with Protein G-Sepharose residues 

coupled with AA3-IgG or normal rat IgG , or non-coupled. The residues were 

poured into columns and washed with washing solution (100μ1 x 4). 

Nonadherent 仕actions were collected (fraction No. 1-4) , assayed for InsP
4
-

binding activity (A) and analyzed by SDS-PAGE (B). InsP4・bindingacti vity 

was determined using 4.8 nM eH]InsP
4 
in 20 m:M[ HEPES-KOH (pH 7.2) 

buffer. Nonspecific binding was determined by removing the sample. Samples 

were incubated for 10 min at 0 oC and binding activity was measured by the 

PEG precipitation method described in "Methods.," SDS-P AGE was carried out 

on a 15 % gel using the buffer system of Laemmli. The gel was visualized by 

silver staining. Molecular weight markers with coηesponding Mr values are 

shown at the left as described in the Fig. 19 legend. 



The pH dependence of InsP4-binding is indicated in Fig. 23. The maximum 

binding of eH]InsP4 was observed at pH range of 5.5-6.0. The nonspecific binding 

component defined in the absence of purified IP4BP2a was significantly higher at pH 

values lower 出anpH 5.0 , which is similar to other IP4BP. Thus following InsP4-

binding analysises were carried out at pH 5.5. 

Scatchard analysis of the InsP4-binding to the purified IP4BP2b indicated that 

the K
D 
was 71 nM and the Bmax was 30 pmol/μg of protein (Fig. 24). The Hill 

coefficient was about 1.0. The specificity of the Ins 1 ， 3人5-P4-binding site was 

characterized by adding several inositol polyphosphates (Fig. 25). Ins 1 ，3人6-P4'Ins 

lム4，5-P4，Ins 1,3,4,5-P4, and Ins 1 ， 3人5 ，6-Ps displaced eH]Ins 1,3,4 ,5-P 4 binding 

with higher potency than Ins 1人5-P3 . InsP6 suppressed Ins 1 ， 3人5-P4binding halfｭ

maximally at about 80 nM and the displacement slope was relatively sharp. Both 

InsP6 and InsP4 at 100 nM efficiently suppressed eH]Insp 4-binding to IP4BP2b 

(PLP). Ins 1-P, Ins 1,4-P2 ' and Ins 1,4,5-P3 displayed much lower affmity. These 

tendency of affmities for inositol high-polyphosphate (InsPJ are similar to those of 

IP4BP1. 

Characterization of the InsP 6-binding activity of IP4BP2b (PLP) 

From the above results , it was shown that the affmity for InsP6 on InsP4-binding 

site was unique. Analysis of InsP4-binding described so far was performed under 

hypotonic solution (low salt) , however, considering the physiological condition, 1 

measured InsP 3' InsP 4' and InsP 6-binding activities of purified IP4BP2b (PLP) in the 

lsotonic buffer containing 0.15 M KCl / 20 mM  HEPES-KOH, pH 7.2. As a result, 

detectable binding activity was displayed only agains1t InsP6 (Fig. 26). These findings 

suggested that InsP 6 plays a physiological role for IP4BP2b (PLP). Therefore , K
D 
and 
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FIG. 23. pH dependence of [3H]InsP 4・bindingactivity of purified 

IP4BP2b/PLP. 

InsP4・binding activity was determined using 2.4 nM eH]Insp 4 and 0.4μg of 
purified protein at the pH values shown. 16 mM  11ES-NaOH (pH 5.3-7.4) 

buffers containing 40μg of y-globulin in a total volume of 200μ1 were used. 

Nonspecific binding was determined by depleting the purified sample from the 

assay mixture. The samples were incubated for 101 min at 0 oC and binding 

activity was then measured by the PEG precipitation method described in 

"Methods." Each point represents the mean 仕omtwo independent experiments. 
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FIG. 24. Saturation analysis of [3H]InsP
4
-binding to purified IP4BP2bIPLP. 

Binding assay mixtures contained 0.3μg of purified protein, 2.4 凶1 [3H]InsP4, 

various concentrations of cold InsP4, and 40μg ofy-globulin in 16 mM MESｭ

NaOH, pH 5.5 (200μ1). Samples were incuhated for 10 min at 0 oC and binding 

activity was measured by the PEG precipitation n(}ethod descrihed in 

"Methods." The inset shows the result of Scatchard analysis. The estimated 

values were: Kn = 71 nM, Bmax = 30 pmol/μg. Each point represents 出emean

from duplicated experiment. 
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FIG. 25. Inhibition of [3H]InsP 4-binding to pur:ified IP4BP2b/PLP by 

various inositol phosphates. 

The purified protein (0.3μg) was incubated with 4.8 nM eH]Insp 4 in the 

presence of the various concentration of Ins l-P (メ)， Ins 1,4-P2 (9) , Ins 1人5-

P3 (T) , Ins1 ， 3人6-P4 (・)，Ins 1 ，2人5-P4 (く>)，Ins 1 ， 3人5-P4 (企)， Ins 1 ， 3人5 ，6-Ps

(・)， and InsP
6 
(貴). Nonspecific binding was determined by depleting the 

purified sample from the assay mixture. The binding assay was performed by 

the PEG precipitation method described in "Methods." Each point represents 

the mean from duplicated experiment. 
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FIG. 26. Specific eH]InsP x (InsP 3' InsPρ and InsP 6) ・・ binding to purified 

IP4BP2b/PLP under the isotonic condition. 

Binding assay mixtures contained 0.34μg of the purified IP4BP2b/PLP, 4.8 nM 

eH]Insp3, 4.8 nM eH] Insp4, or 4.7 nM eH] Insp6, and 40μg ofy-g1obulin in 20 

mM HEPES-KOH, pH 7.2 containing 0.15 M KC:I (100μ1) (isotonic buffer). 

Nonspecific binding was determined by dep1eting the purified sample from the 

assay mixture. The samples were incubated for 10 min at 0 oC and binding 

activity was measured by the PEG precipitation n1ethod described in 

"Methods." Each point represents the mean from duplicated experiment. 



Bmax under isotonic condition were determined for eH]Insp 6-binding. Scatchard 

analysis of the InsP6-binding to the purified IP4BP2lb showed that the KD was 58 nM 

and the Bmax was 13 pmol/μg of protein (Fig. 27). 

Purification and Inspx・・binding activity of myelin 

The IP4BP2b was identified as PLP. Therefore , it is suggested that myelin 

membrane , where PLP is intrinsic, have binding activity against inositol 

polyphosphate (1nsPム To prove this , 1 tried to puri今 the myelin fraction. Initially, 

myelin was isolated by the standard method ofNorton and Poduslo (1973). The three 

fractions (myelin, middle layer, and P2/P3-myelin) \~ere separated, and analyzed by 

SDS-PAGE and InsP
3
, InsP4, InsP6-binding assay (data not shown). 1t was clear 出at

each of these fractions contained many contaminating proteins from other fraction and 

had nearly the same InsP
3
, InsP4, InsP6-binding activity. This result was possibly 

caused by the fact that the homogenate in 0.32 M sucrose were layered over 0.85 M 

sucrose and that membranes formed multilamellar. Therefore , the method (Lukas et 

al. , 1994) improving these points were applied for purifying the myelin membrane. 

Three fractions (myelin, middle layer, and P2/P3-myelin) were separated, and 

analyzed by SDS-PAGE and assayed for InsP 3' InsP4, InsP 6-binding (Fig. 28). Many 

of contaminating proteins were eliminated efficiently 仕omthe myelin fraction and the 

InsP6申binding activity of the myelin was significantly higher than those of other 

仕actions.
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FIG. 27. Saturation analysis of eH]InsP
6
-binding to IP4BP2bIPLP. 

Binding assay mixtures contained 0.17μg of the purified IP4BP2b/pLP, 2.4 nM 

eHJInsp6, various concentrations of co1d InsP 6' and 40μg of y-g1obulin in 20 

mM HEPES-KOH, pH 7.2 (100μ1). Samp1es were incubated for 10 min at 0 oc 
and binding activity was measured by the PEG precipitation method described 

in "Methods." The inset shows the resu1t of Scatchard ana1ysis. The estimated 

va1ues were: K
D 
= 58 nM, Bmax = 13 pmol/μg. Each point represents the mean 

合omduplicated experiment. 
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FIG. 28. Specific [3H]InsP x (InsP 3' InsP 4' and InsP 6) -binding to the three 

fractions obtained from myelin purification procedure. 

Binding assay mixtures contained 50μg protein of the membrane 企action

(mye1in, midd1e 1ayer, and P2/P3-mye1in), 4.8 ~~ eH]Insp 3' 4.8 nM [3H] InsP4, 

or 4.1 凶1 [3H]InsP6, and 40μg of y-g1obulin in 20 mM  HEPES-KOH, pH 7.2 

containing 0.15 M KC1 (100μ1) (isotonic buffer). Nonspecific binding was 

determined by dep1eting the purified samp1e frolll the assay mixture. The 

samp1es were incubated for 10 min at 0 oC and binding activity was measured 

by the PEG precipitation method described in ":N.lethods." Each point represents 

the mean from duplicated experiment. 



Discussion 

I have purified and characterized three !ns~-Qinding groteins (IP4BP1 , 

IP4BP2a, and IP4BP2b) from mouse cerebella. These proteins were identified as 

synaptotagmin 11 (IP4BP1) , aldolase A (IP4BP2a) , and myelin proteolipid protein : 

PLP (IP4BP2b). 

IP4BPl / synaptotagmin 11 

I found that IP4BP1 showed structural characteristics identical to those of rat 

synaptotagmin 11. The structural similarities between IP4BP1 and rat synaptotagmin 11 

include (i) identical partial amino acid sequences of the 140K molecule (Fig. 4, B); 

(ii) 出e same 65K molecular weight as synaptotagmin, and a tendency to readily 

associate to form a dimer as determined by SDS-PAGE (Fig. 3 釦d5); (iii) 

immunoreactivity of both the 140K and 65K molecules toward polyclonal antibodies 

produced against the C2A domain and carboxy-temtinal peptide of rat synaptotagmin 

11 (Fig. 5) , and immunoprecipitation of InsP
4
-binding activity by the anti-C2A 

antibody (Fig. 6). Based on these fmdings , I conclude that the purified IP4BP1 

corresponds to mouse synaptotagmin 11. 

Synaptotagmin was identified as a synaptic vesicle membrane protein by an 

lmmunohistochemical approach (Matthew et α1 . ， 1981). It was referred to as p65 from 

lts molecular weight, and recently the primary sequences of synaptotagmin from 

several species have been determined (Geppert et al. , 1991; Perin et α1. ， 1991 , b; 

Wendland et al. , 1991). The cDNA clones encoding synaptotagmin isolated from 

humans , rats , and drosophila predicted a highly conserved primary structure 

consisting of a small intravesicular sequence, a single transmembrane region , and a 
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large cytoplasmic domain containing two copies of an intemal repeat homologous to 

the regulatory region of protein kinase C (Perin et al., 1991 , b). The importance of 

synaptotagmin has been well demonstrated by its presynaptic functions , especially in 

the exocytotic pathway of synaptic vesicles. 

Two types of synaptotagmin (1 and Il) have been reported in the rat based on 

analysis of complementary DNA clones. RNA blotting experiments have 

demonstrated different dis甘ibutions of the two synaptotagmins (Geppert et al. , 1991) 

with 11 being present in the phylogenetically older parts of the brain, such as the spinal 

cord, brain stem and cerebellum, and 1 in the newer regions , such as the cerebral 

cortex and hippocampus. Since cerebellum was used as a source of IP4BP , there may 

not be synaptotagmin 1 合omthe beginning of this purification process. 

From the viewpoint of physiological role, there have been two exciting reports 

indicating 出epresence of functional domains of synaptotagmin. First, Elferink et al. 

(1993) reported that exocytosis in PC12 cells was suppressed by injection of a long 

peptide containing the C2A domain of synaptotagmin. Second, Bommert et al. (1993) 

showed 出atneurotransmitter release in the squid g�t synapse is rapidly and 

reversibly inhibited by injection of a short peptide w'hich has a lysine cluster within 

the C2A or C2B domain of synaptotagmin. These domains , which are homologous to 

the C2 region of PKC , are thought to mediate the binding of both phospholipids and 

Ca
2
+ to synaptotagmin as well as to PKC (Brose et α1. ， 1992; Davletov et al. , 1993). 

Therefore , these domains seems to mediate the binding of synaptotagmin to 

phospholipids. 

The results obtained by DiAntonio et al. (1993) and Littleton et al. (1993) 

suggest that synaptotagmin functions as a barrier to spontaneous neurotransmitter 

release. Sollner et al. (1993) have reported that synaptotagmin operates as a "clamp" 



to prevent fusion from proceeding in the absence of a signal. Thus the function of 

synaptotagmin seems to be a regulatory element preventing nonspecific and 

spontaneous neurotransmitter release. 

How can 1 evaluate involvement of InsP
4 
in the function of synaptotagmin? 

Recently, Fukuda et al. (1994) (my colleagues) reported that C2B domain was 

essential for InsP
4
-binding. It was shown that while C2A domain binds phospholipid 

in a Ca 2+ -dependent manner C2B domain binds phospholipids Ca 2+申independently . 

Furthermore, Llinas et al. , (1994) (my colleagues) displayed that the inositol high-

polyphosphate series (InsP 4' InsP 5' InsP 6) blocked transmission in the squid giant 

synapse and reduced synaptic noise by spontaneous transmitter release. 

These fmdings speculate the following mechanism for triggering the membrane 

fusion in vesicular exocytosis. The rise of calcium concentration seems to produce a 

conformational change in synaptotagmin via its calcium-sensitive C2A domain 

(Davletov et al. , 1993; Chapmann et al. , 1994; Fukuda et al. , 1994). This 

conformational change is thought to allow vesicles to fuse with the plasma membrane 

by direct phospholipid-protein interaction between the membrane and the C2A, C2B 

domains. Probably, this conformational change is triggered by calcium en汀y ，but only 

when the C2B domain is free from inositol high-polyphosphate. 

IP4BP2a / aldolase A 

IP4BP2a have a structural similarities to aldolase A : (i) close identity of their 

N-terminal amino acid sequences (Table 3); (ii) the molecular weight determined by 

SDS圃PAGEis about 40K similar to aldolase (Fig. 12); (iii) 出e apparent molecular 

weight on gel filtration chromatography is estimated to be 160K (Fig. 13); (iv) 

formation of tetramer by cross-linking (Fig. 14). Based on these results , 1 concluded 



出atpurified IP4BP2a is mouse aldolase A. 

Fructose-1 ,6-bisphosphate aldolase (EC 4.1.2.13) is a ubiquitous glycolytic 

enzyme that catalyzes the cleavage of 合uctose-1 ，6-bisphosphate. In vertebrates , three 

isozyme forms exist (Penhoet et al., 1966). These three enzymes , aldolase A (muscle 

type) , aldolase B (liver type) and aldolase C (brain type) have been purified from 

rabbit tissues , and have been well characterized. These isozymes have nearly the same 

molecular size, but they can be distinguished by their electrophoretic mobilities and 

substrate specificities as well as their tissue distribultion (Penhoet et al. , 1966; 

Penhoet et al. , 1967; Horecker et al. , 1972). These are expressed in a tissue-specific 

manner. In the adult mammal aldolase A is found in every tissue except the liver, 

while aldolase B is found in the liver, kidney and slllall intestine. Brain is the only 

adult tissue which contains aldolase C (Lebherts et al. , 1969). Amino acid sequence 

studies indicate they are highly conserved and probably derived by divergent 

evolution from a common ancestral gene (Kukita et al. , 1988). 

Koppitz et al. (1986) previously demonstrated that aldolase A from rabbit 

skeletal muscle binds with InsP 3 ([LJo.s: values substituted for Ku= 0.58μM)叩d

InsP4-mixture ([LJO.5 = 0.83μM). The inositol polyphosphate InsP 3' InsP4-mixture, and 

Ins 1,4-P 2 are potent competitive inhibitors of the glycolytic activity of aldolase A. 

They induce a conformational change upon binding to 出eenzyme. 

In skeletal muscle , aldolase A together with glyceraldehyde-3-phosphate 

dehydrogenase also exist in the triad junction. In出is region the foot protein, which 

Connects the terminal cistemae with the T -tubular membrane, might be involved in the 

binding of aldolase A. Vergara et al. (1985) and Volpe et al. (1985) suggested that 

InsP3 in skeletal muscle mobilizes Ca2
+, and Vars疣yi et al. (1989) reported that in 

fast-twitch skeletal muscle inositol-phospholipid-metabolizing enzymes are associated 



with triads. Since InSP3 can displace aldolase A frorn the triad junction, Thieleczek et 

al. (1989) and Heilmeyer Jr. et al. (1990) thought that InsP3 may regulate the 

glycolysis in 出etriad junction. 

The binding mechanism between aldolase A and the triad junction appears to be 

electrostatic interaction, because it has been reported that aldolase can be solubilized 

easily from membranes by high salt concentrations and behave as water soluble 

proteins during purification (Thieleczek et al. , 1987; Vars疣yi et al. , 1989). In 

addition, aldolase A also binds to actin and tubulin. Many of glycolytic enzymes 

including aldolase A are basic protein with isoelectric point near 8 (Malamud et al. , 

1978), while most proteins that bind glycolytic enzymes are acidic e.g. , actin (Garrels 

et al. , 1976) and tubulin (Kelly et al. , 1983). Their binding mechanisms are also 

electrostatic interaction. Furthe口nore ， proteolytic removal of the acidic C-terminals of 

tubulin results in loss of interaction between aldolase and tubulin (Caη et al. , 1993) , 

which proved that the interaction is electrostatic. Inositol polyphosphates may 

competitively inhibit protein-protein interactions e.g. , interaction between aldolase A 

組dthe triad junction (Thieleczek et al. , 1989). 

Then, in brain, what kind of function does aldolase ca汀y out? The K
D 
of 

purified IP4BP2a / aldolase A from mouse cerebella for InsP
4 
is 1.2μM. This value is 

nearly equal to [L]O.5 of InsP
4
-mixture-binding to aldolase A of skeletal muscle 

(Koppitz et al. , 1986). However InsP x -binding-specificity of purified brain aldolase A 

is different from that of muscle aldolase A e.g. , muscle aldolase A has the higher 

specificity against InsP 3 ・ These may be caused by the difference in species or by the 

following hypothetical reason. 

In brain of adult mammal , both A and C forms of aldolase exist. They have the 

same essential catalytic prope口ies to cleave fructose-1 ,6-bisphosphate, but they are 



different in their kinetic parameters (Pe凶loetet al. , 1969). While the kinetics of 

InsPx四binding activity of aldolase C have not been repo口ed， aldolase C seems to have 

distinct InsP x -binding-specificity 合om aldolase A. In addition, aldolase is composed 

of four subunits , and in brain three aldolase A-C hybrid set : heterotetramers (A3C, 

A
2
C

2
, and AC

3
) are formed. The catalytic activities of their hybrids differ (Penhoet et 

al. , 1971). Because of identical N-terminal amino a.cid sequence , most of IP4BP2a 

should be aldolase A , but from the reasons mentioned above IP4BP2a fraction may 

contain small amount of aldolase C. It is not known at present by which step most of 

aldolase C had been separated. 

Interestingly, Ahn et al. (1994) recently reported that the Zebrin 11 is aldolase 

C. Immunocytochemical staining with monoclonal antibody of Zebrin 11 reveal , as its 

name suggest, a series of stripes that are continuous across most folia of vermis (the 

middle third of the cerebellum). Zebrin 11 is a intracellular antigen found throughout 

the Purkinje cell 合omdendritic spine to axon tip (Hawkes et al. , 1985; Hawkes and 

Leclerc, 1986, 1987). Considering that in cerebellum (especially in Purkinje cell) the 

phosphoinositide cascade is operating vigorously, it is highly likely that aldolase A 

and aldolase C are involved in cerebellar functions. It seems that each distribution of 

aldolase A and aldolase C in the same cerebellar section needs to be studied. 

IP4BP2b / PLP 

1 showed that IP4BP2b had almost the same structural characteristics as myelin 

proteolipid protein (PLP). The structural similarities between IP4BP2b and PLP 

mclude : (i) identity of their N-terminal amino acid sequences (Table 3); (ii) nearly 

the same molecular weight of IP4BP2b determined by SDS-PAGE (26K) as that of 

PLP (Fig. 19); (iii) immunoreactivity of 26K molecules against anti-PLP monoclonal 



antibody (AA3 and AH7-2a) (Fig. 21) , and immunoabsorption of InsP
4
-binding 

activity of IP4BP2b by AA3 antibody (Fig. 22). From these results , 1 concluded that 

the purified IP4BP2b is mouse PLP. 

Myelin proteolipid protein (PLP) is the most abundant component and the 

major integral membrane protein of CNS myelin, which is one of the most 

hydrophobic proteins. PLP can be dissolved in organic solvents (Folch-Pi and Lees , 

1951) and thus called "proteolipid protein". Another less abundant proteolipid , DM20 

whose mRNA was produced by altemative splicing of the PLP-rnRNA precursor 

(Morello et al. , 1986; Hudson et al. , 1987) , shows iInmunological cross-reactivity 

with PLP (Lees et al. , 1984). PLP and DM20 are synthesized by oligodendrocytes 

(Stoffel et αl. ， 1984). The molecular weights of PLP has been estimated to be 24K-

26K and 出atof DM20 to be about 5K less than that of PLP by SDS-PAGE (Lees et 

α人 1984). Lipids are covalently attached to PLP by thioester linkages (Ross and 

Braun, 1988; Bizzozero and Good , 1990; Bizzozero et al. , 1990; Weimbs and Stoffel, 

1992). The amino acid and nucleotide sequences of the PLP of cow , rat, mouse, and 

human are closely homologous (Milner et al. , 1985; Naismith et al. , 1985; Diehl et 

al. , 1986; Gardinier et al. , 1986; Nave et al. , 1986; I-Iudson et al. , 1987; Macklin et 

α1. ， 1987; Puckett et al. , 1987; Ikenaka et al. , 1988). Further, the mutation within the 

PLP gene causes severe dysmyelination (Hogan and Greenfield 1984). Therefore, 

PLP is thought to play a significant role in myelina�n in CNS , presumably by 

promoting the apposition of extracellular surfaces of the myelin 1amellae. 

Since PLP is one the most hydrophobic proteins in nature and inso1uble in 

aqueous solution, the usua1 purification of PLP is carried out after solubilization by 

organic solvents 1ike mixture of ch1oroform and methanol (Lees and Sakura, 1978). 

However, in this study , 1 have succeeded in purifying PLP after solubilization with 
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Triton X-100. Using nondenaturing detergent, PLP seems to have been purified in 

close1y natural conformation. 

Current model (Fig. 29) for topology of PLP in the plasma membrane is 

proposed by Weimbs and Stoffel (1992). This model shows that PLP has fourα-

helical transmembrane regions , two pairs of disulfide bonds (Cys 183_Cys227 , Cys2∞-

Cys229) , and six cysteine residues (in positions 5, 6, 9, 108, 138 , and 140) acylated 

with long-chain fatty acids. The N-terminus and the C-terminus of PLP in this model 

are on cytoplasmic side. In addition, the highly basic residues deleted in DM20 is on 

cytoplasmic side. 

The two monoclonal antibodies against PLP, AH7 -2a (epitope is amino acid 

residue number 209-217) and AA3 (epitope is 264-276) , bind with both PLP and 

DM20, further, N -terminal sequences of PLP and DM20 are identical. lmmunoblot 

analysis of myelin fraction detected two bands of 26K and 20K, co汀esponding to PLP 

and DM20, respectively (Fig. 21). Since the final sample only contained 26K protein, 

1 concluded that purified IP4BP2b (26K protein) is PLP itself. 

From immunoblot analysis of each purification step with AA3 , it became clear 

that most of DM20 was removed at the Heparin-Agarose step (data not shown). Since 

PLP is a highly basic protein with an isoelectric point greater than 9 (Draper et al. , 

1978), PLP binds with heparin, which is an acidic polysaccaride having many sulfate 

groups. Their binding mechanisms are probably electrostatic interaction. DM20 , 

however, did not bind to heparin , probably because the basic residues 116 to 150 of 

PLP is deleted in DM20 (Nave et al. , 1987) and D1120 is more hydrophobic than PLP 

(Skalidis et al. , 1986). As DM20 has not been purified, it is not known whether DM20 

has InsP
4
-binding activity or not. 

How do InsP
4 
or InsP

x 
modulate the function of PLP? PLP is thought to 
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FIG. 29. The current model of the topology of PLP in the plasma 

membrane (Weimbs and Stoffel, 1992). 



promote c10se packing of 1ipid bi1ayer in intact CNS mye1in. Therefore , it is difficu1t 

to think that PLP binds with InsPx in tightly packed mye1in. 

Generally , integra1 membrane proteins are trans1ated in rough endop1asmic 

reticu1um (rough ER). The nascent protein is cotrans1ationally inserted into the ER 

membrane and passes through the Go1gi apparatus en route to the p1asma membrane 

(Sabatini et al. , 1982). PLP mRNA is a1so associated with po1ysome on rough ER 

(Co1man et al. , 1982) and immunoreactive product has been detected in membranous 

structures interpreted as cistemae of the Go1gi apparatus of oligodendrocytes in vivo 

(Nussbaum and Rousse1, 1983; Schwob et al. , 1985; Rousse1 et al. , 1987). Sinoway et 

al. (1994) showed that DM20 a10ne and PLP coexpressed with DM20 assume 

appropriate conforrnations for transpo抗 to the cell surface using transfected HeLa 

cells. Gow et α1. (1994) a1so reported that PLP is synthesized in the rough ER and 

passes through the Go1gi appara印s to the cell surface in the Cos-7 cells transfected 

with human PLP cDNA. During this process , a significant 1ag exists between 

biosynthesis of PLP on rough ER and its insertion into the expanding mye1in 

membrane (Benjamins et al. , 1978; Co1man et α1. ， 1982). This delay can be as long as 

20 days , in the case of cu1tured oligodendrocytes 合ompostnata1 day 2 rat (Hudson et 

al. , 1989). The de1ay between biosynthesis and insertion of PLP into p1asma 

membrane of oligodendrocytes suggested that PLP has some re1ation with integral 

membrane protein transport system. It is possib1e that InsP 4 or InsP x may regu1ate the 

protein-protein interaction during this process e.g. , the interaction between the 

cytop1asmic basic region of PLP and cytoske1eta1 protein having acidic region (actin, 

tubulin, etc.). 

On the other hand, very interesting1y , Kitagawa et al. 1993 demonstrated that 

the proteolipid DM po1ypeptide found in e1asmobranch CNS contain regions having 
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homology to the pore-forming region of ligand-galted channels (the rat GluR1 and the 

Torpedo nAcR). In addition, many groups reported that the PLP purified through 

solubilization in organic solvents have ionophoretic ability (Na+ , K+ , or Ca2+ channel 

activities) within the lipid bilayer (Ting-Beall et al. , 1979; Helynck et al. , 1983; de 

C�ar et al. , 1987; D僘z et al. , 1990). InsP
4 
or InsPx may regulate these channel 

activities. To prove the existence of such a regulation, it is necessary to perfo口nthe 

planar lipid bilayer experiments using the sample in nearly native condition like the 

PLP purified in this study. 

Other InsP
4 
and InsP x・binding proteins 

Recently , Doni� and Reiser (1991) reported solubilization and partial 

purification of a high-affmity InsP
4
-binding protein (K

D 
= 5.6 nM) from pig 

cerebellum. Theibert et al. (1991) also isolated two types of proteins (K
D 
= 3-4 nM) 

with InsP
4
-binding activity from rat cerebellum. Although their functions have not yet 

been elucidated, they are certainly InsP
4
-binding proteins because they can be labeled 

with a specific InsP 4 photoaffinity probe (Reiser et α1. ， 1991; Theibert et al. , 1992). 

The same inositol polyphosphate (InsP J -binding protein has also been isolated 

by two other groups. Very interestingly , partial am:ino acid sequencing of this protein 

has shown that it is clathrin assembly protein (AP-2) which is possibly an essential 

protein in the endocytotic or recycling pathway of synaptic vesicles (Theibert et al. , 

1991; Chadwick et α1. ， 1992; Voglemaier et α1. ， 1992; Timerman et al. , 1992). The Ko 

ofInsPx-binding protein toward InsP
6 
reported by Theibert et al. (1991) is 12 nM and 

that of the protein reported by Chadwick et α1. (1992) is 0.12μお1. Dependence of the 

InSPx-binding on the salt concentration of assay system seems to cause this difference. 

In addition, coatomer which is a cytosolic protein complex containing subunits of 



non-clathrin-coated Golgi intercistemal transport vesicles , has shown to have the 

InsPx-binding activity (K
D 
for InsP

6 
= 0.2 nM, K

D 
for InsP4 = 0.1 nM) by Fleischer et 

al. (1994). 

In this study , by which purification steps these InsP
4
-binding proteins were 

eliminated? As a start material, Doni� and Reiser (1991) used pig cerebellum and 

Theibert et al. (1991) used rat cerebellum. Since 1 used mouse cerebellum, the InsP4-

binding proteins found in other materials may not be present in starting material. 

However, there is a good possibility that at the step of solubilization they were 

eliminated from IP4BP in this study. The protein ofDoni� and Reiser (1991) was 

solubilized by treatment with Brij 58 (1.5%) under hypertonic condition (400mM 

NaCl). The protein ofTheibert et al. (1991) was solubilized by treatment with 

CHAPS (1 0/0) under hypotonic condition (low salt)., Because of solubilization with 

Triton X-100 (1 %) under hypotonic condition (low salt) , their proteins( especially the 

protein of Doni� and Reiser) are unlikely to have been solubilized. Considering the 

protein ofTheibert et al. (1991) , it was not described which kind ofion-exchange 

resin adsorbed this protein. However, since 出is protein was eluted from Heparin 

-Agarose column by the solution containing 0.75 M[ NaCl at pH 7.7 , it may have been 

separated 合omIP4BP1 at the step of 0.5 M NaCl elution at pH 8.0 on Heparinｭ

Agarose chromatography and from IP4BP2 at the step of adsorption at pH 8.0 to 

DE-52. Further, most of vesicles containing AP-2 or coatomer may have been 

contained in the cytosol fraction (the supematant of centrifuge at 100,000 x g). 

From the viewpoint of InsP
4 
or InsP x -binding activities , IP4BP11 synaptotagmin 

11 and IP4BP2b/PLP purified in this study resemble AP-2 , whereas IP4BP2a/aldolase 

A does not fit into any groups because of its comparatively lower affinity and 

different specificities toward InsP
4 
or InsP x' The InsPx -binding site of synaptotagmin 
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11 was determined to be C2B region (amino acid residues , 315-346) (Fukuda et α1. ， 

1994). Although the C2A domain also contains lysine-rich sequence, InsP
4 
bound 

only to 出e C2B domain. This fact indicated that the C2A and C2B domains of 

synaptotagmin 11 have different conformation and function. The C2B domain of 

synaptotagmin is highly conserved from C. elegans to human (Perin et al. , 1991 , b; 

Wendland et al. , 1991; Bommert et al. , 1993; Nonet et al. , 1993), suggesting that the 

InsP x-binding ability has also been kept during evolution. However, the consensus 

sequence of the InsPx -binding site is still unclear, ,md furthermore the InsPx -binding 

site of other proteins (PLP, AP-2, and coatomer) have not been determined. Probably , 

the InsPx -binding site is in the basic region and govemed by a certain rule. It is 

necessary to determine the binding site of other proteins. 

The possibility that IP4BP purified in this study regulates intracellular Ca2+ 

concentration as IP4R 

Many observations 出atInsP
4 
regulates intracellular Ca2+ concentration ([Ca2+]) 

have been reported (described in "Introduction"). C~叩 IP4BPpurified in this study 

play a role as channel proteins? Aldolase A could not be a channel protein because it 

� a cytosolic and glycolytic enzyme. Although synaptotagmin is an integral 

membrane protein of synaptic vesicles , it may not rnake a channel because it only has 

one single transmembrane region unlike general channel proteins [e.g. ligand-gated 

channels (nAcR, G luR, etc.) or voltage-gated chamlels (K+ , N a +, Ca2+ -channel)]. 

Since PLP has four α-helical transmembrane regions and already have been reported 

as a channel protein (Ting-Beall et αl. ， 1979; Helynck et al. , 1983; de C�ar et al. , 

1987; D僘z et al. , 1990), there is a possibility that PLP regulates [Ca2+l as a IP4R. 

To prove this , 1 tried to reconstitute the purified PLP in the planar lipid bilayer, 



or to measure [Ca2+]j with Fura 2-AM in the NIH/3T3 fibroblast forced to produce 

PLP. Preliminary experiments suggested that PLP can form a channel in the planar 

lipid bilayer system (data not shown). However, when InsP4 was applied by diffusion 

from 出e patch pipette into the cytoplasm of the NIH/3T3 fibroblast forced to produce 

PLP, change in [Ca2+]j was similar to that of parent Nlli/3T3 fibroblast serving as a 

control (data not shown). These findings are against the hypothesis that PLP regulates 

[Ca2+l by forming InsPバensitive calcium channel.. It is also unlikely that AP-2 and 

coatomer on vesicles to have such roles , and therefore, other InsP4-binding proteins 

that serve as "IP4R" might exist. On the other hand, since the physiological roles of 

InsP 4 reported so far were mostly observed in cells of peripheral tissues (described in 

"Discussion") , IP4R playing such a role may not be distributed in brain. 

Relationships among InsP x・binding proteins 

Only aldolase A is an enzyme. Synaptotagmin //, AP久 andcoatomer are well 

known to participate in vesicle transport system. As stated above, PLP also seems to 

be involved in this system. Therefore, the following discussion centers the 

relationship among synaptotagmin //, PLP , AP-2 , and coatomer. 

Interestingly Zhang et al. (1994) reported that synaptotagmin has a property as 

the AP-2 receptor and that AP司2 binds to the C2B domain of the molecule. Because 

the C2B domain is the InsP 4-binding site as discussed above , the protein -protein 

mteraction between synaptotagmin and AP-2 is presumably regulated by InsP
x 
as that 

of aldolase and triad junction. In addition, InsP
3 
and InsP x affect three activities of 

AP-2: self-association, clathrin binding, and AP-2-rnediated coat assembly (Beck and 

Keen 1991). These fmdings suggest strong involvernent of InsP
x 
in the regulation of 
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the endocytotic pathway of synaptic vesicles. 

On the other hand, AP-2 , coatomer, and additionally AP-3 (cardiac clathrin 

assembly protein) forms potassium-selective ion channels regulated by InsPx 

(Chadwick et al. , 1992; Timerman et al. , 1992; Kijirna et al. , 1993). PLP also seems 

to form a cation-selective channel (Ting-Beall et al. , 1979; Helynck et al. , 1983; de 

C�ar et al. , 1987; D僘z et al. , 1990). During the vesicle transport pathway they may 

control the ionic condition in the vesicles , modulated by InsPx ・

In conclusion, 1 identified synaptotagmin 11 and PLP as InsPx-binding proteins 

and from the relationship with other InsPx -binding proteins 1 propose that inositol 

tetrakisphosphate and other inositol high-polyphosphates may be important as 

putative second messenger in regulation of exo-or endocytosis. 
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