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SYNOPSIS 

Synaptosomes prepared from brain tissues are known to retain morphorogical 
and functional characteristics of the nerve ending. Little information is available, 

however, as to the biochemical events underlying synaptogenesis and transmitter 

release. Increasing body of evidence suggests that protein kinase C (PKC) plays 

crucially important roles through phosphorylation of membrane proteins such as 

GAP-43 (for 43-kDa growth-gssociated Qrotein) and 87-kDa MARCKS (for 

!!!_Yristoylated, glanine-rich Q kinase ~ubstrate) in many aspects of the neuronal 
function. Among them, arrangement of membrane cytoskeletal protein is proposed to 

be one of the primary sites of PKC action. The present study is an attempt to isolate 

and characterize PKC associated with synaptosomal membrane cytoskeleton. Rat 

brain synaptosomal Triton X-100 insoluble elements (cytoskeleton) contains specific 
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[ 3H]phorbol dibutyrate binding activity and 78-kDa protein which reacts with an 

antibody against .(UI-PKC subspecies. Although 78-kDa protein could not be 

solublized by the treatment with various ionic and non-ionic detergents and/or high 

concentrations of salts such as NaCl and LiBr, the fragment of 78-kDa protein was 

produced and solublized from cytoskeleton by limited proteolysis with calpain II, 

which cleaves PKC at one or two specific sites of the enzyme to produce catalytic and 

regulatory fragments. The solublized 46-kDa fragment was identical with the 

catalytic fragment of .(UI-PKC. The results indicate that this PKC subspecies is 

tightly associated with the cytoskeletal network of synaptic membranes. 

INTRODUCTION 

The receptor-mediated hydrolysis of polyphosphoinositides initiates signal 

transduction to regulate many neuronal functions such as modulation of membrane 

excitability and neurotransmitter release.20> The primary products of this reaction, 

inositol 1,4,5-trisphosphate and 1,2-sn-diacylglycerol, act as the second messengers 

for Ca2 + -mobilization from its intracellular storage pool,4> and the activation of 

PKC,10> respectively. In addition, unsaturated fatty acids such as arachidonic acid 

are known to serve as PKC activator,19
> and Ca2 + may also come from an 

extracellular source by the activation of plasma membrane ion channels.30> PKC is a 

large family of proteins with multiple subspecies that reveal subtly different 

enzymological characteristics and diverse distribution among mammalian tissues. 

At present, seven cDNA clones, u, 131, 1311, r, 6, c, and~ have been isolated from rat 

brain cDNA library.21 > PKC from cytosol and detergent-soluble fractions ofrat brain 

is normally resolved into three subfractions, type I, II, and III, upon hydroxyapatite 

column chromatography, which correspond to the enzymes encoded by r-, 13 (131 plus 

l3II)-, and u-cDNA clone, respectively. 28
> Immunocytochemical studies with 

subspecies-specific antibodies indicate that these PKC subspecies are differently 

located in particular neuronal cells, and at limited intracellular locations.21
> In brain 

tissue areas such as the hippocampus and cerebellum, it is proposed that PKC is 

persistently translocated to the membrane after prolonged electric stimulation and 

plays a role in the long-term potentiation of synaptic transmission.1> Two specific 

substrates for PKC, GAP-43 (Fl, B-50) and 87-kDa MARCKS, are known to be 

intercalated into the membrane. 18• 27> The soluble and detergent-extractable PKC 

subspecies in rat brain synaptosomes and their corelation to neurotransmitter 

release have been analyzed biochemically.22• 30 In addition to these soluble and 

Triton-extractable subspecies, the existance of PKC molecules, which is tightly 

associated with and not extractable from the membranes, has been suggested.33 > This 

paper will describe the extraction, identification, and characterization of the PKC 
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subspecies associated with Triton X-100 insoluble cytoskeletal elements of rat brain 
synaptosomes. 

EXPERIMENTAL PROCEDURES 

Materials 

PS and DO were obtained from Serdary Research Laboratories. [r-32P]ATP (3 
Ci/mmol) and [3H]PDBu (17.5 Ci/mmol) were obtained from New England Nuclear. 
PMA, PDBu, and 4aPDD were the products of LC service. Hl histone (calf thymus) 
and MBP (bovine brain) were prepared by the methods of Oliver et al.23

> and Oshiro 
and Eylar,25

> respectively. Rat brain PKC and rat kidney calpain II were purified by 
the methods ofSekiguchi et al.28> and Yoshimura et al.,35> respectively. The catalytic 
fragment of PKC was prepared on gel filtration after digestion of PKC by cal pain II as 
described.14

> The peptides employed in the present studies were synthesized using an 
Applied Biosystems peptide synthesizer model 430A: Gln-Lys-Arg-Pro-Ser-Gln-Arg­
Ser-Lys-Tyr-Leu (MBP 4_14) 34> and Arg-Phe-Ala-Arg-Lys-Gly-Ala-Leu-Arg-Gln-Lys­
Asn-Val (PKC19_31 ).6> Superose 12HR 10/30 column and TSK-gel ODS-120T reverse­
phase column ( 4.6 x 250 mm) were obtained from Pharmacia-LKB Biotechnology and 
Tosoh, respectively. 

Enzyme assay 

PKC activity was routinely assayed by measuring the incorporation of 32P from 
[r-32P]ATP into the synthetic peptide, MBP4_14•34> The reaction mixture (50 µ1) 
contained 20 mM Tris/HCl at pH 7.5, 5 mM magnesium acetate, 10 µM [r-32P]ATP (3-
6 x 105 cpm), 25 µM MBP4.w 10 µg/ml PS, 1 µg/ml DO, 0.66 mM CaC12' and enzyme 
preparation to be assayed. After incubation for 6 min at 30°C, a 30-µl aliquot of the 
mixture was spotted onto a square (2 x 2 cm) of phosphocellulose paper (Whatman P-
81), and then the paper was washed with 75 mM phosphoric acid 4 times each time for 
5 min. The radioactivity trapped on the paper was quantitated by scintillation 
spectroscopy. The catalytic fragment of PKC was assayed under the same condition 
except that 0.5 mM EGTA was added to the reaction mixture instead of CaC12' PS, 
and DO. One unit of the enzyme was defined as that amount of enzyme which 
incorporated 1 nmol of phosphate from ATP to MBP 4_14 per min. 

Subcellular fractionation of rat brain 

Male Sprague-Dawley rats were decapitated and brains were quickly removed. 
All subsequent operations were carried out at 0-4°C. The fractionation procedure of 
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cerebrum was essentially same as described 15> except that a Tris-buffered sucrose 

solution (TBSS, 20 mM Tris/HCl at pH 7.5, 0.32 M sucrose, 2 mM EDTA, 2 mM 

EGTA, 1 mM leupeptin, 0.4 mM APMSF) was employed. The metal chelators were 

indispensable to prevent the association of cytosol PKC with membrane, and also to 

block the proteolysis of enzyme by calpain during the subcellular fractionation 

procedures.7> Starting from 10 g of the wet tissues, nuclear (PI' 507 mg of protein), 

crude mitochondrial (P 2' 184 mg of protein), microsomal (P 3, 79 mg of protein), and 

soluble (413 mg of protein) fractions were obtained. Then, Fraction P 2 was 

fractionated further by the method of Kreuger g_t al. 15> which was a modification of 

the procedure originally described by Gurd et al.5> Fraction P 2 from 10 g of rat brain 

(184 mg of protein) was suspended in 10 ml ofTBSS. This was then diluted with 30 

ml of 19% (WN) Ficoll (Pharmacia) dissolved in TBSS to give a final Ficoll 

concentration of about 14%. A discontinuous density gradient was formed by 

overlaying 7 ml of this suspension, first with 3.5 ml of7.5% (WN) Ficoll in TBSS, and 

then with 1.6 ml ofTBSS alone in a swinging bucket (Beckman model SW40Ti). Six 

buckets were centrifuged for 120 min at 90,000 x g. The materials at the 0 to 7 .5% 

Ficoll interface (Fraction P 2A), that at the 7.5 to 14% Ficoll interface (Fraction P
2
B), 

and the pellet (Fraction P 2C) were harvested with a Pasteur pipette. Each of these 

fractions was diluted with 100 ml ofTBSS and centrifuged for 10 min at 20,000 x g. 

Then, pellets were separately suspended in TBSS. Fraction P 2A (25 mg of protein, 

mainly myelin and membranes), Fraction P 2B (135 mg of protein highly enriched in 

synaptosomes with a slight contamination ofmyelin, mitochondria, and unidentified 

particulate materials), and Fraction P 2C (23 mg of protein, mainly mitochondria with 

a few synaptosomes) were obtained. 

Preparation of Triton X-100 insoluble elements 

Triton X-100 (2% (VN) at final concentration) and leupeptin (0.1 mM at final 

concentration) were added to each subcellular fraction. The solution was sonicated 4 

times each time for 15 sec, allowed on ice for 30 min, and then centrifuged for 30 min 

at 100,000 x g. The pellet was suspended with 10 volumes of Buffer A (50 mM 

HEPES at pH 7.5, 0.5 mM EGTA, 0.5mM EDTA, 0.1 M NaCl) containing 1 % (VN) 

Triton X-100, and sonicated 4 times each time for 15 sec followed by centrifugation 

for 30 min at 100,000 x g. This procedure was repeated two more times. The 

resultant pellet was washed once with Buffer A, and the pellet was finally suspended 

in Buffer A. These preparations were stored at-80°C until use. 

Analysis of PKC subspecies 
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The PKC subspecies, a, .(}(131 plus .(}II), and r, in the soluble fraction, were 

separated and quantitated upon hydroxyapatite column chromatography as 
described previously.29> The ratio of .PI- and .(}II-subspecies was determined by 

immunological procedures. 291 

Phosphopeptide analysis of MBP 

The 32P-labeled MBP (5 µg) was dissolved in 0.05 ml of 0.1 M ammonium 

bicarbonate at pH 8.0, and digested with trypsin treated with L-1-tosylamido-2-
phenylethyl chloromethyl ketone (0.1 µg) for 2.5 hat 37°C. Fresh trypsin (0.1 µg) was 

again added, and the mixture was incubated for additional 2.5 h. After 

lyophilization, the resulting tryptic phosphopeptides were taken up with 0.05 ml of 

0.1 % (VN) trifluoroacetic acid and subjected to HPLC equipped with a TSK-gel ODS-

120T reverse-phase column (5 µm silica, 120A pore, 4.6 x 250 mm; Tosoh) 
equilibrated with 0.1% trifluoroacetic acid. After the column was washed for 21 min 

with the same solution at a flow rate of 1 ml/min, elution was performed using an 80-

min linear gradient from 0.1 % trifluoroacetic acid to 20% (VN) acetonitrile in 0.1 % 

trifluoroacetic acid at a constant flow rate of 1 ml/min. Fractions of 1 ml each were 

collected and the radioactivity was determined. 

Preparation of antibodies 

A monoclonal antibody designated CKmCl.(}-a, was raised against the 
synthetic peptide, FARKGALRQKNVHEVKNHKF, which corresponds to the amino 

acid residues from 20 to 39 deduced from the .P-cDNA clone of the rat brain PKC.28
> 

This sequence is almost common among the equivalent regions of the predicted amino 

acid sequences encoded by a-, .PI-, .PII-, and r-cDNA clones.81 The polyclonal 

antibodies, designated CKpV5.PI-a, CKpV5.PII-a, CKpV3r-a, and CKpV5a-a were 
prepared against oligopeptides, SYTNPEFVINV (.PI-sequence, amino acid residue 

661-671), SFVNSEFLKPEVKS (.(}II-sequence, amino acid residue 660-673); 

SPIPSPSPSPTDSK (r-sequence, amino acid residue 322-335), QFVHPILQSA V (a­
sequence, amino acid residue 662-672), respectively, as described.12> These polyclonal 

antibodies were specific to _131-, .PII-, r-, and a-PKC subspecies, respectively. 

lmmunoblot analysis 

Samples were electrophoresed on a SDS-10% (WN) polyacrylamide gel by the 

method of Laemrnli,16> and transfered to a polyvinylidene difluoride membrane 

(Millipore). The membrane was incubated overnight at room temperature with 20 

mM Tris/HCl at pH 7.5 containing 150 mM NaCl (TBS) supplemented with 3% (WN) 
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gelatin and 0.02% (WN) NaN 3. Then, the membranes were exposed to the respective 
antibodies (1 µg/ml) in TBS containing 1 % gelatin for 60 min at room temperature. 
Immunoreactive bands were visualized using an anti-mouse or anti-rabbit IgG 
antiserum and avidin-biotinylated horseradish peroxidase complex (Vectastain, 
Vector Laboratories), employing diaminobenzidine and H20 2 for color reaction 
according to the manufacture's procedure. The visualized bands were scanned using 
a dual wave length TLC scanner (Shimazu) and the relative intensities were 
quantitated as integrated areas of the optical density. 

Assay of [3HJPDBu binding 

The binding assay was done as described previously 32 > with a slight 
modification. The standard mixture (0.1 ml) contained 20 mM Tris/HCl at pH 7 .5, 
100 mM KCl, 0.15 mM CaC12, 0.05 mM EGTA, 100 µg/ml PS, 10 nM [3H]PDBu (8-10 
x 103 cpm), 0.5% (VN) DMSO, and 24 µg of synaptosomal Triton X-100 insoluble 
elements or 0.04 µg of purified PKC. After incubation for 20 min at 30°C, the reaction 
was stopped by the addition of2 ml of ice-cold 0.5% (VN) DMSO. Then, the solution 
was immediately poured onto a glass-fiber filter (Whatman GF/A) under a high 
vacuum produced by a suction apparatus. The filter was washed three times, each 
time with 3 ml of ice-cold 0.5% (v/v) DMSO. After drying, the bound radioactivity 
was determined in a toluene-based liquid scintillation fluid. Non-specific binding 
was measured in the presence of 50 µM non-radioactive PDBu. Specific binding 
represents the difference between total and non-specific binding. 

Protein phosphorylation in synaptosomal Triton X-100 insoluble elements 

Protein phosphorylation in synaptosomal Triton X-100 insoluble elements was 
carried out at 30°C in the reaction mixture (50 µl) containing 20 mM Tris/HCl at pH 
7.5, 5 mM magnesium acetate, 10 mM 2-mercaptoethanol, 0.01 % (VN) Triton X-100, 
10 µM [r-32P]ATP (3 x 105 cpm), 10 µg/ml PS, 1 µg/ml DO, 0.2 mM CaC12' and the 
synaptosomal Triton X-100 insoluble elements. Where indicated, purified PKC was 
added to the mixture. The phosphorylation reaction was terminated by the addition 
ofSDS-containing sample solution according to Laemmli.16> Then, a 25-µl aliquot of 
the solution was electrophoresed. The dried gel was exposed on a Fuji RX film sheet 
for 12 h in the presence of a intensifying screen at -80°C. 

Protein determination 
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Protein was determined by the method of Lowry et al. 17l with bovine serum 

albumin as a standard protein. Samples were first precipitated in 10% (w/v) 

trichloroacetic acid to remove the interfering materials, dissolved in 0.1 M NaOH, 

and subjected to protein determination. 

RESULTS AND DISCUSSION 

Figure 1 shows a typical elution profile of the PKC subspecies present in the 

soluble fraction of synaptosomes. The relative activities of a-, PI-, PII-, and r­
subspecies are quantitatively shown in Table 1. Although most of PKC activity was 

recovered in the soluble fraction, a small quantity of PKC remained thightly 

associated with Triton X-100 insoluble material. Figure 2 shows an immunoblot 

analysis of the Triton X-100 insoluble element. This element contained 78-kDa 

protein which was reactive with CKpV5Pll-a (lane 4), and slightly with CKpV5a-a 

(lane 5). The antibodies against the r- and PI- subspecies did not recognize this 78-

kDa protein. This protein was not solublized by various non-ionic and ionic 

detergents, 0.4-1.0 M KCl, nor by 1.25 M LiBr, indicating that this protein is 

probably associated tightly with structural elements. Densitometric scanning of the 

"1 
0 

x 
E 
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2 

Fig. 1. PKC subspecies from rat brain synaptosomal Triton 

X-100 soluble fraction. The synaptosomal fraction was 

prepared from 0.5 g of rat brain as described 

under "EXPERIMENTAL PROCEDURES". Then, Triton X-

100 (2% (v/v) at final concentration) was added to the 

synaptosomal fraction. The solution was sonicated 4 times 

each time for 15 sec, allowed on ice for 30 min, and then 

centrifuged for 30 min at 100,000 x g at 4°C. The supernatant 

was subjected to DEAE-cellulose column chromatography 

folloWed by the separation of PKC subspecies on a 

hydroxyapatite column as described under "EXPERIMENTAL 

PROCEDURES". A I0-111 aliquot of each fraction was assayed 

0 L_.E"-=~a::,-t:::t~~=ll:=-c=-c=-o,E£'.J for PKC in the presence of either PS, DO, and CaCl2 (0) or in 

70 80 the presence of 0.5 mM EGTA <•> under the standard 20 30 40 50 60 
condition. 

Fraction Number 

Table 1. Realative ratios of PKC subspecies from rat brain synaptosomal Triton X-100 soluble 

fraction. 

Subspecies a .{31 .{3Il r 

Relative activities 34.1% 5.2% 46.5% 14.2% 

Quantitations of a-, .{3(.{31 and .{3II)-, and r-PKC subspecies were performed by measuring the areas 

from protein kinase activities of Fig. 1. Since 131- and l3Il-PKC were not able to be separated 

chromatographically, the relative ratio of .{31- and .{3Il-PKC was tentatively determined by immunoblot 

analysis of the fraction as described.2°> 
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- -
Fig. 2. Immunob lot analysis of purifi ed PKC and 

synuptosoma l Triton X- 100 insoluble elements. Purified PKC 

(0.24 µg) and sy naptosomal Triton X-100 inso luble e lements 

(51 µg) were subjected to polyacrylamide ge l electrophoresis 

followed by immun oblot ana lysis as desc r i bed 

under "EXPERIMENTAL PROCEDURES"". Lane I. rn l brain 

purified PKC (mixture); lanes 2-5, sy naptosoma l Triton X-100 

insoluble elements. CKmCl P-a (lanp 1), CK pV 3r-a (lane 2J, 

CKpV5Pl-a (lane 3), GKpY5Pll -a (lane 4), and GKpY5a-a lla ne 

5) were used as the fi rst antibody. The gel was ca librated with 

the following standards: myosin, 205 kDa; phosphory lase Q. 97 

kDa; bovine serum albumin, 66 kDa; ovalbumin , 45 kDa; 

carbonic an hydrase, 29 kOa. A Position of purified PKC t82 

kDa) is indicated by t.he arrow. 
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Fig. 3. [3 H]PDBu-bindings to synn ptosomnl Tri ton X- 100 inso luble e lements and purifi ed PKG. fl a nd Jl.. [3H JPDBu­

binding to 24 µg of synaptosoma l Tri Lan X-100 insoluble e lements a nd 0.04 µg of pu rifi ed PKC (mixture I, respective ly. 

[
3HJPDBu-binding was measured as described under "EXPERIMENTAL PROCEDURES". Where ind icated, 50 µM of 

non-radioactive PDBu, PMA or 4aPDD was added t.o the mixture. Lane I, in the absence or non-radioactive material; 

lanes 2, 3, and 4, in the presence of 50 µM non-radioactive PDBu, PMA, and 4aPD D, respectively. Q, spec ific ('1H JPOBu­

bindings to sy naplosomn l Triton X-100 insolub le elements and those treated with ca l pain II. sy nnptosomnl Triton X-100 

insoluble elements (72 µg) were at fi rst incubated with ca l pain II {0 .9 µg) at 20°C for 30 min in the reaction mi xture 150 

µI) containing 20 mM Tris/HG! a t pH 7.5, 5 mM 2-mercaptocthanol, 1% (v/v) Tween 20, 0.7 mM CaCI2 , 10 µg /ml PS. I 

µg/ml DO, and 0.5 µM HI histonc . After the incubation, the reaction was stopped by the addition ofEGTA (4 mM at fin a l 

concentration). Then, the mixture wns centrifuged at 100,000 x g for 30 min at 4°C. The pell et was suspe nd ed wit.h 50 µI 

of Buffer A. Then, a 20-µ I aliquot of each fraction was subjected to t he assay of specific [3HJPDBu-bind ing as described 

nbove. Lane 1, synnptosomal Triton X-100 insoluble elements (24 µg); Innes 2 and 3, the su pernatant and the pellet 

after the treatment of syneptosoma l Triton X-100 insoluble e lements with cn lpain II , respectively. 

irnmunoblot analysis with the antibody against Jlll-PKC indicated that the 78-kDa 

protein was approximately 9 % of total synaptosomal soluble and insoluble Jlll-PKC. 

It has been shown that PKC shows a specific [3H]PDBu-binding activity, and this 

binding site is located in the regulatory domain.24> Figure 3 shows the specific 

binding of [3H]PDBu to purified PKC and the synaptosomal Triton X-100 insoluble 

elements. Purified PKC and the Triton X-100 insoluble elements showed specific 

[3HJPDBu-binding of 490 and 0.22 pmol/mg protein, respectively. Non-radioactive 

tumor promoting phorbol esters, such as PD Bu and PMA, inhibited the specific 
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origin-

97kDa-- .... _ 
66kDa-

45kDa-

29kDa ­
dye front-

2 3 4 5 

Fig. 4. lmmunoblot ana lysis of synaptosoma l Triton X-100 

insoluble elements aft.er calpain II -treatment. Syneptosnmnl 

Triton X-100 insoluble elements (900 µg) were incubated with 

calpain II (9 µg) at 20°C fo r 30 min on a large sca le W.5 ml ) 

:::; 82kDa under th e co ndition described under th e legend to Fig. 3. Aft.er 

78kDa the centrifugation, the pellet was suspended in 0.5 ml of BulTer 

A. Aliquots (20 µI each) of the resulta nt supernata nt and pe llet 

were subjected to immunob lot a nalysis using an tib odies 
CKmCl P-a (lane 1) and CK pV5PII -~ (la nes 2-5) as described 

• - 4GkDa under the lege nd to Fig. 2. Lane 1, purified rat brain PKG 

(mixture); lane 2, synaptosomes (1 16 µg of protein); Jane 3, 
synaptosomal Triton X- 100 insoluble elements (5 1 µg); lanes 4 

and 5, the pe ll et a nd su per natan t afler treat me nt of 

synaptosomel Triton X-100 insoluble e lements with ca lpa in II, 

respective ly. The positionsof82 kDn, 78 kDn, and 46 kDa ore 

indicated by the arrows. 

Table II. Protein kinase activity re leased from the Triton X-100 insoluble elements by the treatment 

with cal pain. 

without ca l pain with cal pain 

phosphoryl ation of MBP 
4

_
14 

(cpm) 239 4,924 

The Triton X-100 insoluble elements was incubated eithe r with or without ca lpa in II followed by 

centrifugation as described in the legend to Fig. 3. A 5-µl a liquot of the supernatant was assayed for 

the cata lytic fragment of PKC with the PKC-specific substrate, MBP,_
14

, under the standard condition . 

binding of [3H]PDBu, whereas non-tumor promoting phorbol ester, 4aPDD, was not 

inhibitory (Fig. 3A and B). Ca2 + -dependent neutral protease, cal pain II, is known to 

cleave PKC in a limited mannar to produce two fragments, catalytic and regulatory 

fragments .13• 14' The Triton-insoluble elements was incubated with calpain II, and 

then separated into soluble and insoluble fractions by centrifugation. Immunoblut 

analysis with polyclonal antibody CKpV5PII-a, which can recognize the catalytic 

fragment of PII-PKC, is shown in Fig. 4. A 46-kDa protein, whose molecular weight 

corresponds to the catalytic fragment of PKC, 14' was produced and recovered from the 

soluble fraction. Simultaneously, the enzymatic activity reactive with a synthetic 

oligopeptide substrate specific to PKC was released into the soluble fraction (Table 

II). After digestion with cal pain II, the Triton X-100 insoluble elements still retained 

the [3H]PDBu-binding activity (Fig. 3C). This suggests that the regulatory domain of 

PKC in the Triton X-100 insoluble elements was tightly bound to the cytoskeletal 

elements, whereas the catalytic fragment was converted to a soluble form after the 

limited proteolysis. The enzyme fraction obtained from the synaptosoma l Triton X-

100 insoluble elements by cal pain was subjected to gel filtration on a Superose 12 HR 
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Fig. 5. Analysis of the fragment of PKC in sy naptosoma l Triton X-

100 insoluble elements ge nerated by ca lpnin. Synnptoso ma l Triton X-

100 insoluble e lements (9 mg) were incubated with ca lpa in II (90 pg Ion 

a large scale (5 ml) under the condition described under the legend t.o 

F ig. 3. Then , the s uper natant fraction of reacti on mixture was 

prepared by centrifugation and applied to a hyd roxyapatite column (0.8 

x 1cm) equilibrated with 20 mM Tris/HCI a t pl-I 7.5 conta ining 0.5 mM_ 

EGTA. 0.5 mM_ EDTA. and 10 mM_ 2-mercaptoetha nol. Mter the 

column was washed with the same buffer, proteins were e luted wi th 1 

ml of0.3 M potassium phosphate at pl-I 7.5 containing 0.5 m.M EGTA, 

0.5 tnM EDTA , 10 mM 2-mercnptoethanol, and 10% (v/v ) glycerol. The 

eluate was, then , subjected to gel filtration on Superose 12HR 10/30 

co lumn, w hi ch was co n necte d to n Fnst P r otei n Liquid 

Chromatograp hy system (Phar macia) eq uilibrated with 20 mM 
Tris/HCl at pH 7.5 conta ining 0.5 mM_ EGTA. 0.5 mM_ EDTA. 10 mM_ 2-

mercaptoethanol, 0.02 % (v/v) Triton X-100, and 0.5 M NaCl nt 4°C. 

Elution of proteins was performed with the same solution at n now rote 

of 0.3 mVmin and fractions of 0.3 ml each were co llected . fl , a 250- pl 

aliquot of each fract ion was lyophilyzed and dissolved in 25 µI of H
2
U, 

then the so lution was subjected to im rnunob lot ana lys is us in g 

polyclonal antibody CKpV5Pll-a, as described under the lege nd to Fig. 

2. The 46-kDa protein reactive to the antibody was indicated by the 

nrrow. ~. n 10-µl aliquot of each fract ion was assayed fo r the cat.a lytic 

fragment of PKC wit.h synthetic peplide, MBP
4

.
14

, as substra le under 

the slandn rd cond it.ion. The fractions containing kina se activity (48 to 

52) were comb ined as indicated by the horizo nta l arrow in Panel ~ 

(cytoskeletal PK Ci. 

50 

Fig. 6. The effect of synthetic peptide, PK C
19

.
3 1

, upon protein 

kinase activities of PKC, the cata lytic fragment of PKC, and 

the cata lyt ic fragme nt of cytoske leta l PKC. Purified PKC 

(0.036 µg), the cata lytic fragment of purified PKC \0.036 µg as 

PKC), a nd a 5-µ1 al iq uot of the cata lyti c fr ngmern t of 

cytoske leta l PKC prepared in Fig. 5 were assayed under the 

respect ive s tandard condition except that various 

concentrations of PKC
19

.
31 

were added to the mi xlure. (e ), 

(0 ), a nd (A ), the catalytic fragmcrnt of cytoskc lct.n l PKC, 

purified PKC, and the catalytic fragmen t of purified PKC , 

respcclively. 

10/30 column (Fig. 5). The elution position of 46-kDa protein was shown by the 

immunoblot analysis using polyclonal antibody, CKpV5Jlll-a (Fig. 5A). This 

antibody recognizes the C-terminal end of Jlll-PKC. Protein kinase activity toward 

PKC-specific peptide substrate was eluted at the exactly same fraction (Fig. 5B). 

Thus, this 46-kDa protein, which was recognized by the antibody against Jlll-PKC, 

was likely to possess the enzymatic activity. The fractions containing kinase activity 

were pooled and employed for the subsequent studies as the catalytic fragment of 

cytoskeletal PKC. 

The peptide, PKC 19_3 p which corresponds to the pseudosubstrate region of 

PKC, is known to inhibit PKC specifically at micromolar concentrations.61 Figure 6 
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20 

10 

Fig. 7. Phosphopeptide analysis of MBP phosphorylated by either 

purified type Jl PKC, the catalytic fragment of purified type Jl PKC, or 

the catalytic fragment of cytoskeletal PKC. MBP (88 11g) was 
incubated with type ll PKC (0.054 11g) in the reation mixture (0.22 ml) 

containing 20 mM Tris/HCl at pH 7.5, 0.1 mM [r.32P]ATP (4.1 x 106 

cpm), 30 mJ\! 2-mercaptoethanol, 5 ml\! magnesium acetate, 0.0 I% (v/v) 

,J Triton X-100, 10 11g/ml PS, I 11g/ml DO, and 0.34 mM, CaC1
2

• MBP was 
0 .9' also phosphorylated by either the catalytic fragment of type JJ PKC 

30 
~ (0.05411g as PKC) or that of cytoskeletal PKC (170 111) under the same 

condition except that 0.66 mM EGTA was added to the reaction 

I 
2 

1 

I 
0 mixture instead of PS, DO, and CaCl

2
. After the incubation at 30'C for 

100 min, 0.48 mol, 0.67 mol, and 0.64 mol of 32P were incorporated into 

I mol ofMBPwith type Jl PKC, the catalytic fragment of type Jl PKC, 

and the catalytic fragment of cytoskeletal PKC, respectively. The 

reaction was stopped by the addition of an ice-cold saturated 
a_ 
~ 0 

C 

.......... 
................................. 

Fraction Number 

30 ammonium sulfate solution (final 45% saturation). The precipitated 
32P-labeled MBP was collected by centrifugation for 15 min at 20,000 x 

20 g at 4'C and washed with ice-cold 45% saturated ammonium sulfate 

10 
solution followed by centrifugation. Precipitated materials were 
dissolved in distilled water and dialyzed overnight at 4°C with 

Spectrapor 3 (Mr cut off: 3,500) membrane tube against a large volume 

of distilled water. Then, the 32P-labeled MBP was lyophilized and 

phosphopeptide analysis was performed by the trypsin digestion 

followed by a reversed-phase HPLC under the condition described 

under "EXPERIMENTAL PROCEDURES." /1, with purified type Jl 

PKC; ~. with the catalytic fragment of purified type Jl PKC; !;;, with the 

catalytic fragment of cytoskeletal PKC, respectively. The Arrow 

indicates the position of the peptide, Arg-Pro-Ser(8)-Gln-Arg. 

shows the effect of this synthetic peptide inhibitor, PKC19_3p on PKC, the catalytic 

fragment of PKC, and the catalytic fragment of cytoskeletal PKC. Activities of these 

enzyme fractions were all inhibited by this peptide (2-10 µM). Purified PKC 

phosphorylates preferentially Ser-8 in MBP.11> Phosphopeptide analysis of the MBP 

phosphorylated by purified type II PKC, the catalytic fragment of type II PKC, and 

the catalytic fragment of cytoskeletal PKC was performed to examine the substrate 

specificities of these enzymes (Fig. 7). With these enzymes, an identical 

phosphopeptide was obtained. This phosphopeptide has been identified as, Arg-Pro­

Ser(8)-Gln-Arg.11> The results indicate that Triton-insoluble elements of rat brain 

synaptosomes tightly bind most likely PII- or its related PKC subspecies, and that its 

catalytic fragment is released by the limited proteolysis with calpain. 

The synaptosome (P2B) fraction contained a significant amount of Triton­

insoluble PKC, whereas the myelin (P 2A) and microsome/plasma membrane fraction 

(P3) contained nearly negligible activity. No enzymatic activity was associated with 

the mitochondria (P 2C) fraction. Although a considerable amount of enzyme was also 

released from P1 fraction, its specific activity was relatively low. This may be due to 

the contamination of P 2 and P 3 fractions and cell debris to P 1 fraction. 

157 



A 

205kDa-origin - ,, 

97kDa 
66kDa - '~ ... 
45kDa - • - 45kDa 

29kDa -

dye front - --
1 2 

S.TANAKA 

B 

origin- ,, 205kDa-

97kDa -
66kD a -

45kDa - • I - 45kDa 

29kDa-

dye front - --a.. 
3 4 

Fig. 8. PKC-mediated protein phosphorylation in 

synaptosomal Triton X-100 insoluble elemenl9. 

Incubations were carried out at 30°C for 6 min in the 
reaction mixture (50 µI) containing 20 m.M_ Tris/HCI at 

pH 7 .5, 5 m.M magnesium acetate, 10 m.M 2 -
mercaptoethanol, 0.01 % (v/v) Triton X-100, 10 µM lr-
32PJATP (3 x 105 cpm), 10 µg/1111 PS, 1 µg/1111 DO. 0.2 

mM CaCI
2

, and synaptosomat Triton X-100 insoluble 
elements (24 µg) alone (.:1_) or synaptosomal Triton X-

100 insoluble elements (24 µg) plus purified type II 

PKC (0.2 µg) (!}_). In control experiment, 0.7 mM 
EGTA was added to the mixture instead of PS, DO, ond 

CaCI
2

. The reaction was terminated by the addition of 

25 µI of the sample solution according to Laemmli. 161 

The samples were subjected to SDS- 10% fw/ v l 

polyacrylamicle gel electrophoresis followed by 

autoradiogrnphy. Lanes 1 and 3, in the presence of 

EGTA; lanes 2 and 4, in the presence of PS, DO. end 

CaC1
2

. Position of 45-kDa protein is indicated by the 
arrow. 

Finally, the endogenous substrate of PKC in synaptosomal Triton X-100 

insoluble elements was examined (Fig. 8). Phosphorylation of 45-kDa protein was 

enhanced slightly by the addition of Ca2 +, PS, and DO to the reaction mixture (Fig. 

8A). When purified type II PKC was exogenously added to the mixture, 

phosphorylation of 45-kDa protein was markedly increased in the presence of Ca2 +, 

PS, and DO (Fig. 8B). The result indicates that 45-kDa protein in the cytoskeletal 

elements was a major substrate protein for PKC. Recently, Moss~ aL 18l has reported 

that more than 50% of membrane-associated GAP-43 (Fl, B-50, P57), which is a 

major phosphoprotein of synaptic plasma membrane and growth cone preparations,26
> 

is resistant to non-ionic detergent extraction. GAP-43 is known to be a preferable 

target of PKC,2l and phosphorylation of Ser41 of GAP-43 by PKC decreases its 

activity to bind calmodulin.3l Thus, it is plausible that this 45-kDa protein is GAP-43 

and is phosphorylated by 13II-PKC in cytoskeletal elements. 

The presence of PKC in the cytoskeletal elements was previously suggested in 

cultured cells,9' rat brain post synaptic densities,33 l and chicken neuron and brain. 18
> 

These authors detected PKC using [3H]PDBu-binding assay or the antibodies against 

PKC, but they could not extract nor assay the enzymatic activity of PKC. In the 

present studies, the 78-kDa protein, which was recognized by the antibody against 

1311-PKC, was detected in Triton X-100 insoluble elements of rat brain synaptosomes. 

The 46-kDa protein released from the cytoskeleton by calpain treatment showed an 

identical molecular weight and enzymatic activity with the authentic catalytic 

fragment of the purified PKC. It is concluded that the 1311-subspecies of PKC is 

thightly associated with the cytoskeletal network, and may have some roles in the 

control of axonal growth and transmitter release in mature synapses. 
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