
細胞内シグナル研究に魅せられて
貝淵弘三

名古屋大学大学院医学系研究科

2021年3月19日

地中海のイフ島からマルセイユを望む（2005年5月）



1974年4月入学 〜 1980年3月卒業 神戸大学医学部

1980年4月入学 〜 1984年3月 神戸大学大学院医学研究科 （西塚泰美教授）

1984年4月〜1985年9月 神戸大学医学部・助手 (生化学講座)

1985年10月〜1987年11月 DNAX分子生物学研究所・ポストドク （新井賢一部長）

1987年12月〜1994年3月 神戸大学医学部・助教・講師・助教授

1994年4月〜2000年3月 奈良先端科学技術大学院大学・教授（細胞内情報学）

2000年4月〜2021年3月 名古屋大学大学院医学系研究科・教授（神経情報薬理学）

2019年4月〜 藤田医科大学総合医科学研究所・所長

略歴



恩師（西塚泰美先生）

昭和61年1月朝日賞受賞
昭和61年6月日本学士院賞受賞
昭和63年6月スローン賞 (米国癌研究賞) 受賞
昭和63年11月文化勲章受章
平成元年9月ラスカー賞 (米国医学生理学賞) 受賞
平成4年11月京都賞 (基礎科学部門) 受賞
平成7年3月ウォルフ賞 (イスラエル国家賞・医学) 受賞

1970年代、細胞内のシグナル伝達系で最も良
く知られており、かつ重要だったのは、アデニ
ル酸シクラーゼ-サイクリックAMP(cAMP)-PKA
系であった。

↓
プロテインキナーゼC (PKC)の発見とジアシル
グリセロール(DG)による活性化の発見

↓
新しいシグナル伝達系の発見

何を世界に発信したのか

(1932-2004)



Fig15-38

(Nishizuk et al 1980)

(Berrige et al 1983)

（細胞の生物学） Newton Press



PKC発見に至る経緯
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Figure 2. Schematic representation of platelet activation 
and release reaction. PI, phosphatidylinositol; DG, di- 
acylglycerol; and PS, phosphatidylserine. 

mixture was suspended by sonication in an aqueous buffer 
solution and was employed for the enzyme assay. On the 
other hand, in the experiment with intact platelets the 
synthetic diacylglycerol was mixed with a small volume of 
1% dimethylsulfoxide in aqueous buffer solution, and was 
sonicated to prepare micelles before being added to plate- 
lets. Although this diacylglycerol suspension was able to 
induce 40K protein phosphorylation, neither phosphatidyl- 
inositol breakdown nor endogenous diacylglycerol formation 
was demonstrated under the same conditions. Dimethyl- 
sulfoxide alone was rather inhibitory. It is likely that 
in the presence of dimethylsulfoxide the synthetic diacyl- 
glycerol may intercalate into the phospholipid bilayer and 
activate C-kinase directly. This assumption was supported 
in part by the fact that the exogenously added synthetic 
diacylglycerol was rapidly converted in situ to the cor- 
responding phosphatidate, l-oleoyl-2-Eetyl-3-glyceryl 
phosphate, presumably through the action of diacylglycerol 
kinase present in the cytoplasmic side of the membrane. 
This unique phosphatidate was isolated by thin layer chro- 
matography, and identified as such by comparison with an 
authentic sample of the synthetic product. In the absence 
of dimethylsulfoxide the synthetic diacylglycerol was 
practically ineffective. There was no indication that the 
observed effect of exogenous diacylglycerol was simply due 
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Tumor-promoting  phorbol esters such as 12-0-tetra- 
decanoylphorbol-13-acetate (TPA) directly  activate in 
uitro Ca2+-activated,  phospholipid-dependent  protein 
kinase  (protein  kinase C), which  normally  requires un- 
saturated  diacylglycerol.  Kinetic  analysis  indicates 
that TPA can  substitute  for  diacylglycerol and greatly 
increases  the  affinity of the  enzyme  for Ca2' as well 
as for  phospholipid.  Under  physiological  conditions, 
the  activation of this enzyme  appears to be linked to 
the  receptor-mediated  phosphatidylinositol  break- 
down  which  may be provoked  by  a  wide  variety  of 
extracellular  messengers,  eventually  leading to the  ac- 
tivation of specific  cellular  functions or proliferation. 
Using human platelets as a  model  system, TPA is shown 
to  enhance  the  protein  kinase  C-specific  phosphoryla- 
tion  associated  with  the  release  reaction  in  the  total 
absence of phosphatidylinositol  breakdown.  Various 
phorbol  derivatives  which  have  been  shown  to be ac- 
tive in tumor  promotion  are  also  capable  of  activating 
this  protein  kinase  in in  uitro systems. 

Although the cellular targets for the action of tumor-pro- 
moting phorbol esters have not been definitely identified, 
studies in cell culture systems strongly suggest that 12-0- 
tetradecanoylphorbol-13-acetate may act directly on cell sur- 
face membranes (for review, see Ref. 1). One of the earliest 
biological effects of phorbol esters is the induction of platelet 
aggregation associated with release reaction (2-5), and the 
structural  requirements of tigliane-type diterpenes for tumor 
promotion appear  to be similar to those for platelet activation 
(3 ,4) .  A series of recent reports from this laboratory (6-8) has 
shown that a Ca2+-activated, phospholipid-dependent protein 
kinase is activated by unsaturated diacylglycerol  which may 
be transiently formed during the receptor-mediated turnover 
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of phosphatidylinositol. It is suggestive that in  human plate- 
lets  the enzyme activated in this way plays roles in serotonin 
release, presumably through the phosphorylation of one pro- 
tein having Mr - 40,000 (9, 10). This protein kinase is present 
in a wide variety of tissues, and shows apparently  neither 
tissue nor species specificity (11, 12). The enzyme requires 
absolutely Ca2' and phospholipid, particularly phosphatidyl- 
serine for its activation (7, 13). Kinetic analysis indicates that 
diacylglycerol sharply increases the affinity of enzyme for 
Ca2' as well as for phospholipid, and  thus  initiates  the selec- 
tive activation of this protein kinase (7,8). We wish to describe 
here that in human  platelets tumor-promoting phorbol esters 
such as TPA' can substitute  for  unsaturated diacylglycerol 
and, thus activate the protein kinase directly without provok- 
ing phosphatidylinositol turnover. Ca2+-activated, phospho- 
lipid-dependent protein kinase and cyclic AMP-dependent 
protein kinase will be referred to as protein kinase C and 
protein kinase A, respectively. 

EXPERIMENTAL PROCEDURES 

Materials  and Chemicals-Protein kinase C and  Ca2+-dependent 
protease were prepared from soluble fraction of rat brain as described 
previously (14). The catalytic  fragment  (protein kinase M) of protein 
kinase C was prepared by limited proteolysis with Ca2+-dependent 
protease  under the conditions specified earlier (14). Rabbit muscle 
glycogen phosphorylase kinase was prepared by the method of Cohen 
(15). Rabbit muscle protein kinase A was prepared as described 
previously (16). These enzyme preparations were free of each other 
and of endogenous phosphate acceptor proteins. A mixture of phos- 
pholipids used for the present  studies was extracted from bovine brain 
by the method of Folch et al. (17) and  fractionated on a silicic acid 
column as described by Rouser et al. (18). Human platelet-rich plasma 
and washed platelets were prepared by the method of Baenziger and 
Majerus (19). TPA  and  other phorbol derivatives were obtained from 
P. Borchert, Eden Praire, MN. Diolein and  dimethyl sulfoxide were 
purchased from Nakarai Chemicals. r3H]Arachidonic acid (78.2  Ci/ 
mmol) and ["C]serotonin (58 mCi/mmol) were obtained from New 
England Nuclear and Amersham, respectively. Bovine thrombin was 
obtained from Mochida Pharmaceutical Co. [y-=P]ATP, calf thymus 
H1 histone, and  other materials  and chemicals were prepared as 
described earlier (6, 8). 

Enzyme Assays-Protein kinase C was assayed by measuring the 
incorporation of 32P into H1 histone from [y3'P]ATP. The  standard 
reaction mixture (0.25 ml) contained 5 pmol of Tris/HCl  at  pH 7.5, 
1.25 pmol of magnesium nitrate, 50  pg  of H1 histone, 2.5 nmol of [y- 

PIATP (5 to 15 X lo4 cpm/nmol), and 0.5 pg of protein kinase C. 
Phospholipid, diolein, phorbol esters, and Ca2+ were added as indi- 
cated in each experiment. All reagents were taken up in water which 
was prepared by a double distillation apparatus followed by passing 
through a Chelex 100 column to remove as much Ca2+ as possible as 
specified earlier (8). All reactions were carried out in plastic tubes. 
After incubation for 3 min at 30 "C, the reaction was stopped by the 
addition of 25% trichloroacetic acid, and acid-precipitable materials 

' The abbreviation used is: TPA, 12-O-tetradecanoylphorbol-13- 

32 

acetate. 
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were collected on a Toyo-Roshi membrane filter (pore size, 0.45 pm). 
The catalytic fragment of protein kinase C was assayed similarly 
except that Ca2+, phospholipid, and diolein were omitted. Protein 
kinase A was assayed under similar conditions except that 250 pmol 
of cyclic AMP was added  instead of  Ca", phospholipid, and diolein. 
Glycogen phosphorylase kinase was assayed by measuring the incor- 
poration of 32P into phosphorylase from [y3'P]ATP as specified 
earlier (20). Ca2+-dependent  protease was assayed with 1251-labeled 
casein as a substrate (21). 

Assay for Platelet  Protein Phosphorylation-The washed plate- 
lets (4 X IO9 cells) were labeled with 1 mCi of carrier-free 32Pi in 2 ml 
of Buffer A (0.14 M NaCl, 15 m~ Tris/HCl at  pH 7.5, and 5.5 m~ 
glucose) as described by Lyons et al. (22). The radioactive platelets 
(6 X IO'/ml) were then stimulated by thrombin or  TPA as indicated 
in  each experiment. The incubation was terminated by the addition 
of a half volume of a stop solution which contained 9% sodium dodecyl 
sulfate, 6% 2-mercaptoethanol, 15% glycerol, 0.186 M Tris/HCl at  pH 
6.7. The sample was boiled in a water bath for 3 min, and subjected 
to sodium dodecyl sulfate-polyacrylamide slab gel electrophoresis 
under the conditions described by Laemmli (23). The separating and 
stacking gels contained 11 and 3% acrylamide, respectively. The gel 
was stained with Coomassie brilliant blue. After destaining, the gel 
was dried on a Whatman No. 1 filter paper, and exposed to  an x-ray 
film to prepare the autoradiograph. The relative intensity of each 
band was quantitated by densitometric tracing of the autoradiograph 
using a Shimadzu dual wavelength chromatogram scanner, Model 
cs-910. 

Assays for Diacylglycerol Formation and 32P Incorporation into 
Phospholipid-The  platelet-rich plasma (36 ml) was incubated with 
25 pCi of [3H]arachidonic acid as described by Rittenhouse-Simmons 
(24), and platelets were isolated and washed as described (19). The 
radioactive platelets thus obtained were suspended in Buffer A (6 X 
IO' cells/ml) and stimulated by thrombin or TPA as indicated in each 
experiment. The incubation was terminated by the addition of chlo- 
roform/methanol (1:2) and  the radioactive lipid was extracted by the 
method of Bligh and Dyer (25). Diacylglycerol was separated from 
the  other lipids by Silica Gel G plate thin layer chromatography with 
a solvent system of benzene/diethylether/ethanol/ammonia water 
(5040:200.1). The  area corresponding to diacylglycerol was scraped 
into a vial and  the radioactivity was determined. 

In another  set of experiments to measure phosphatidylinositol 
turnover, the platelets which were separately labeled with 32Pi were 
suspended in Buffer A (6 X 108 cells/ml), and stimulated by thrombin 
or  TPA. At various periods of time, the incubation was terminated by 
the addition of chloroform/methanol (1:2). Phospholipids were then 
extracted and isolated by Silica Gel G plate thin layer chromatogra- 
phy with a solvent system of chloroform/methanol/acetic acid/HzO 
(2515:4:2). The  areas corresponding to each phospholipid were 
scraped into a vial and  the radioactivity was determined. 

Assay for Serotonin Release-The platelet-rich plasma (20 ml) 
was incubated with 1 pCi  of ['4C]serotonin as described by Haslam 
and Lynham (26), and platelets were isolated and washed as described 
(19). The radioactive platelets thus obtained were suspended in Buffer 
A (6 x 10' cells/ml) and stimulated by thrombin or TPA  as indicated 
in each experiment. The incubation was terminated by the addition 
of formaldehyde followed by centrifugation at 10,OOO X g for 40 s by 
the method of Costa and Murphy (27). The radioactive serotonin 
released was determined. 

Determinations-The radioactivity of 32P-, 3H-, and 14C-labeled 
samples was determined using a Packard  Tri-Carb liquid scintillation 
spectrometer, Model 3320. Protein was determined by the method of 
Lowry et al. (28) with bovine serum  albumin as a standard. 

RESULTS AND DISCUSSION 

Among various lipids tested so far, including monoacyl-, 
diacyl-, and triacylglycerols and  free  fatty acids, only unsatu- 
rated diacylglycerol  was effective in the activation of protein 
kinase C (7,8). However, it was found that, when TPA instead 
of unsaturated diacylglycerol  was directly added  to the reac- 
tion mixture, the enzymatic activity was greatly enhanced 
with the concomitant decrease in the Ca2+ concentration that 
was necessary for enzyme activation as shown in Fig. 1. 
Phospholipid was indispensable, and  TPA alone was unable 
to  activate the enzyme. Kinetic analysis indicated that TPA, 
like unsaturated diacylglycerol (7, 8), greatly increased the 
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FIG. I. Activation of protein kinase C by TPA and unsatu- 
rated diacylglycerol at various concentrations of CaC12. Protein 
kinase C was assayed under the standard conditions in the presence 
of CaCL as indicated. TPA, diolein, and phospholipid were added as 
specified. Diolein, phospholipid, or both were dissolved in a small 
volume of chloroform. After chloroform was removed in vacuo, the 
residue was suspended in 20  mM Tris/HCl at  pH 7.5 by sonication as 
described (7). TPA, which was dissolved in dimethyl sulfoxide, was 
directly mixed with phospholipid suspended in the buffer before being 
added to  the reaction mixture. The final concentration of dimethyl 
sulfoxide in the reaction mixture was 0.01%. Where indicated with an 
arrow,  ethylene glycol bis(/3-aminoethyl ether)-N,N,N',N'-tetraace- 
tic acid (0.5 mM at a final concentration) was added instead of  CaC12. 
M, in the presence of 20 pg/ml of phospholipid alone; EL - U, 

0.8 pg/ml of diolein alone; W, in the presence of 20 pg/ml of 
in the presence of 10 ng/ml of TPA alone; A- - -A, in the presence of 

phospholipid plus 10 ng/ml of TPA; H, in the presence of 20 
pg/ml of phospholipid plus 0.8 pg/ml of diolein. 

apparent affinity of enzyme for Caz+ as well as for the phos- 
pholipid, and thus enhanced the enzyme activation. Namely, 
in the presence of phospholipid alone, relatively higher con- 
centrations of Ca2+ were needed irrespective of the amount of 
phospholipid present, and the reaction velocity  was acceler- 
ated by increasing amounts of phospholipid employed. When 
a  saturating  amount of phospholipid (about 100 pg/ml) was 
added, full enzymatic activity was obtained even though the 
K,  value for Ca", the concentration needed for half-maximum 
activation, remained higher (about 7 X M). If,  however, a 
small amount of either  TPA or diolein  was supplemented to 
phospholipid, the K, value for Ca" was dramatically de- 
creased to be M range. For instance, in the presence of 
TPA (10 ng/ml) or diolein (0.8 pg/ml) in addition to phospho- 
lipid (20 pg/ml), approximate K, values of 2 X and 8 X 

M were obtained for this divalent cation, respectively; 
here diolein  was not saturated. With saturating  amount of 
TPA (more than 10 ng/ml) or diolein (more than 1.5 pg/ml), 
the same Ca" titration curves were obtained for these acti- 
vators. In addition, TPA and diolein did not act  as synergistic 
allies, and  in the presence of a saturating  amount of one of 
these two activators, no further enhancement of the reaction 
was observed by the addition of the other. However, at sub- 
maximal concentrations, the effects of TPA  and diolein  were 
apparently additive. 

It  has been described previously (14) that protein kinase C 
may alternatively be activated through limited proteolysis by 
Ca2+-dependent  neutral protease. The enzyme activated in 
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this way (protein kinase M) was catalytically fully active in 
the absence of  Ca'', phospholipid, and diacylglycerol and was 
not susceptible to TPA. The result seems to indicate that  the 
tumor promoter does not  interact with the catalytically active 
site of the enzyme. Rather,  it is suggestive that  TPA may 
associate with lipid lamellae or micelles and modify the phos- 
pholipid-enzyme interaction to express full catalytic activity 
at  physiologically  lower concentrations of  Ca''.  Ca''-depend- 
ent neutral protease was not affected by TPA as assayed with 
casein as a substrate. Experiments shown in Fig. 2 indicated 
that low concentrations of TPA.in the order of nanograms/ml 
showed signifcant effects, this  tumor promoter at  an amount 
of roughly one- to five-thousandths of that of diacylglycerol 
fully activated the protein kinase in vitro. Dimethyl sulfoxide 
itself  showed practically no effect at  the concentrations em- 
ployed in these experiments. In similar in vitro systems, 
neither protein kinase A nor calmodulin-dependent protein 
kinase such as glycogen phosphorylase kinase was affected by 
TPA. 

The next set of experiments was conducted to examine 
whether in intact cells TPA activates directly protein kinase 
C and causes some cellular response in an analogous manner 
to receptor-linked natural extracellular messengers. For this 
purpose, human  platelets were employed. Preceding reports 
from this laboratory (9, 10) have proposed that in thrombin- 
stimulated  platelets protein kinase C is activated by diacyl- 
glycerol  which is derived from the receptor-linked breakdown 
of phosphatidylinositol and that  the enzyme thus activated is 
probably responsible for the release of serotonin. In  the ex- 
periment given in Fig. 3, washed human  platelets were prein- 
cubated with 3'Pi, and  then  stimulated by either  thrombin  or 
TPA. Consistent with the recent observations made by Chiang 
et al. (5), when platelets were activated by TPA, some endog- 
enous platelet  proteins were rapidly phosphorylated; in the 
present experiment, most predominantly 40-kilodalton protein 
and to some extent  another protein having M, - 20,000 were 
labeled. It  has been described earlier (9) that 40-kilodalton 
protein serves as a preferred substrate for protein kinase C in 
vitro and that  the phosphorylation of this  particular protein 
is most likely related to release reaction.' In fact, in all 
experiments thus far done with intact platelets, the diacyl- 
glycerol formation that was induced either by thrombin (Fig. 
4A) or by exogenously added phospholipase C (9) was always 
associated with 40-kilodalton protein phosphorylation as well 
as with serotonin release. On the  other hand, 20-kilodalton 
protein has been identified as myosin light chain, and  another 
species of protein kinase, that is Ca2'-calmodulin-regulated 
myosin light chain kinase, has been proposed to be responsible 
for the phosphorylation of this protein (30, 31). It is evident 
from the autoradiograph that 20-kilodalton protein was phos- 
phorylated only slightly, when platelets were stimulated by 
TPA. It is likely that Ca'' influx or movement may be limited 
at  least in the early phase of the TPA-induced platelet  acti- 
vation. The rapid disappearance of diacylglycerol shown in 
Fig. 4A was probably due to  the conversion to phosphatidic 
acid and also to  further degradation to arachidonic acid and 
its metabolites. 

In a marked contrast  to thrombin, TPA induced serotonin 
release in parallel with 40-kilodalton protein phosphorylation, 
but did not produce diacylglycerol under similar conditions as 
shown in Fig.  4B. In the experiments shown in  Fig. 4, A and 

* This 40-kilodalton protein corresponds to  the 47-kilodalton pro- 
tein designated by other workers (for review, see Ref. 29). It is noted 
that  the sites of phosphorylation in the purified in vitro 40-kilodalton 
protein-protein kinase C  system are shown to be identical with those 
in the thrombin-stimulated platelet system in vivo as judged by 
fingerprint analysis (manuscript in preparation). 
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FIG. 2. Dose-dependent activation of protein kinase C by 
TPA and diolein. Protein kinase C was assayed under the  standard 
conditions in the presence of 20 pg/ml of phospholipid, 1 X M 
CaCl?, and various amounts of either  TPA or diolein as indicated. A, 
with TPA, B,  with diolein. M, in the presence of phospholipid 
plus CaCL; 0- - -0, in the presence of  CaC12 and without phospho- 
lipid. The enzymatic activity  obtained in the presence of phospholipid 
and without CaCI2 was nearly the same as that obtained in the 
presence of CaC& and without phospholipid (data not shown). 

40K- 

20K- 
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FIG. 3. Autoradiograph of TPA-induced platelet protein 
phosphorylation. The platelets, which were labeled with "Pi, were 
stimulated at  37 "C by 0.25 unit/ml of thrombin or by 100 ng/ml TPA 
for various periods of time as indicated. Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis and  autoradiography were done as 
described under "Experimental Procedures." Lane I ,  control; Lane 2, 
with thrombin for 60 s; Lane 3, with TPA for 10 s; Lane 4, with TPA 
for 30 s; Lane 5, with TPA for 60 s; Lane 6, with TPA for 90 s; Lane 
7, with TPA for 120 s. 

B, however, the  rates and  extents of the release of serotonin 
were different, although the extents of 40-kilodalton protein 
phosphorylation in both systems were roughly the same. The 
reason for this difference is not known, but  it is possible that 
Ca2' plays some roles in the secretory process of serotonin. 
Another possibility which may not  be ruled out is that diac- 
ylglycerol has additional roles during the platelet activation. 
For instance, diacylglycerol is known as a membrane fusigen 
(32,33)  and also serves as a precursor to ionophoric phospha- 
tidic acid (for review, see Ref.  34) as well as to arachidonic 
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現在ではPKCの下流のシグナルを活性化させるための試薬とし
てもよく用いられている。

Thrombin

TPA
Contro

l

Pleckstrin

Myosin
light chain

12-O-テトラデカノイルホルボール 13-
アセタート（12-O-Tetradecanoylphorbol 
13-acetate: TPA）

ホルボールエステル（TPA)は直接PKCを活性化した

+TPA

+DG

TPAはPKCを直接活性化する
血小板をTPAで刺激すると
PKCの基質がリン酸化される

TPAは植物由来のジテルペンで
強力な発がんプロモーターであること
が知られていたが作用機構は全く不明
だった。

https://ja.wikipedia.org/wiki/%E6%A4%8D%E7%89%A9
https://ja.wikipedia.org/wiki/%E3%83%86%E3%83%AB%E3%83%9A%E3%83%8E%E3%82%A4%E3%83%89
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1-Oleoyl-2-acetylglycerol (OAG)
Cell-permeable PKC activator

6702 Calcium and Protein Phosphorylation in Platelet  Activation 

chloroform, methanol, 7 N ammonia water (1221)  as a 1st dimen- 
sion solvent system, and chloroform/methanol/acetic acid/water 
(25:1542) as a 2nd dimension solvent system. Under these condi- 
tions, l-oleoyl-2-acetyl-glyceryl-3-phosphoric acid was  well separated 
from other phospholipids. The plate was then exposed to a Kodak 
Royal X-Omat film to prepare an autoradiograph. 

Assay for  Protein Phosphorylation-The washed platelets were 
labeled with 32Pi as described above, and stimulated by either  throm- 
bin, synthetic diacylglycerol, or A23187 under the conditions specified 
in each experiment. The radioactive platelets were then directly 
subjected to SDS-polyacrylamide gel electrophoresis, stained, dried 
on a  Whatman No. 1 filter paper, and exposed to a Kodak Royal X- 
Omat film to prepare an autoradiograph. The relative intensity of 
each band was quantitated by densitometric tracing at  430 nm using 
a Shimadzu dual wavelength chromatogram scanner, Model  CS-910. 

Assay for Serotonin Release-The platelet-rich plasma (20 ml) was 
incubated with 1 pCi  of [L4C]serotonin as described by Haslam and 
Lynham (17), and platelets were isolated and washed as described 
earlier (7-9). The radioactive platelets were stimulated by either 
thrombin,  synthetic diacylglycerol, or A23187. The incubation was 
terminated by formaldehyde followed by centrifugation at  10,OOO X g 
for 40 s, and  the radioactive serotonin released was determined as 
described by Costa and Murphy (18). 

Other Procedures-Fingerprint analysis of the 32P-labeled platelet 
proteins was carried out under the conditions described previously 
(8,9). Two-dimensional mapping of the tryptic phosphopeptides was 
made by the method of Beemon and  Hunter (19). Protein kinase C 
was routinely assayed with calf thymus H1 histone as a  phosphate 
acceptor (20). Lactic dehydrogenase was assayed by the method of 
Kornberg (21). The radioactivity of 32P-, 3H-, and “C-labeled samples 
was determined using a  Packard Tri-Carb liquid scintillation spec- 
trometer, Model  3320. 

RESULTS  AND  DISCUSSION 

Protein kinase C absolutely requires Ca2+ and phospholipid 
for enzymatic activity, and it was  shown that  msaturated 
diacylglycerol  increased its affinity for Ca2+ dramatically to 
the 10” M range, and thereby rendered this enzyme  fully 
active at physiologically  lower concentrations of Ca2+ (5, 6, 
22). It was also  described that various synthetic diacylglycer- 
01s such as OAG,  AOG, and diolein were equally active in this 
capacity when tested in in oitro enzymatic reactions (11). In 
the experiment shown  in Fig. lA, OAG was suspended in a 
small amount of 1% dimethylsulfoxide solution, sonicated to 
prepare micelles, and  then directly added to intact platelets. 
It was found that  an endogenous protein having an approxi- 
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FIG. 1. Time courses or diacylglycerol formation and 40- 
kilodalton protein phosphorylation in platelets. The platelets, 
which  were labeled with ~~Hlarachidonic acid or 32Pi, were stimulated 
at  37 “C by 50  pg/ml of  OAG or 0.2 unit/ml of thrombin for various 
periods of time indicated. The final concentration of dimethylsulf- 
oxide was 0.1%. Diacylglycerol formation and 40-kilodalton protein 
phosphorylation were assayed as described under “Experimental Pro- 
cedures.” A, with OAG; B,  with thrombin. U, diacylglycerol 
formation; M, 40-kilodalton protein phosphorylation. 

I I 

- 
2nd dimension 

FIG. 2. Autoradiograph of two-dimensional thin layer chro- 
matograph of 32P-labeled phospholipids of platelets. The plate- 
lets prelabeled with 32Pi were stimulated at 37 “C for 3 min by 50 pg/ 
ml  of  OAG or 0.2 unit/ml of thrombin as indicated. The final 
concentration of dimethylsulfoxide was  0.1%. Thin layer chromato- 
graph and autoradiograph were made as described under “Experi- 
mental Procedures.” The spot shown by an arrow indicates l-oleoyl- 
2-acetyl-glyceryl-3-phosphoric acid. PC, PS,  PI, and PA indicate 
phosphatidylcholine, phosphatidylserine, phosphatidylinositol, and 
phosphatidic acid, respectively. A, with OAG; B, control; C, with 
thrombin. 

mate molecular mass of 40,000 daltons (40-kilodalton protein) 
was rapidly phosphorylated just as  it was  by natural extracel- 
lular messengers. As shown  in Fig. lB, when platelets were 
stimulated by thrombin, 40-kilodalton protein was phospho- 
rylated, and  this reaction was preceded by transient formation 
of endogenous  diacylglycerol. Quantitative analysis of various 
phospholipids suggested that  this diacylglycerol  was  derived 
most  likely  from the receptor-linked breakdown of phospha- 
tidylinositol as previously  described (7-9, 14).2 The rapid 
disappearance of the diacylglycerol  was  presumably due to  its 
conversion to phosphatidylinositol by  way  of phosphatidate 
and also due to  its  further degradation to arachidonic acid  for 
thromboxane synthesis. In a marked contrast  to thrombin, 
OAG did not produce  endogenous  diacylglycerol nor did it 
induce phosphatidylinositol breakdown. There was no  sign 
for arachidonic acid  release or thromboxane synthesis, and 
neither HETE nor HHT was detected under these conditions. 
Dimethylsulfoxide alone showed  no  effect  on platelets at  the 
concentration employed  for the present studies. The radio- 
active 40-kilodalton protein was isolated from the platelets 
which  were stimulated by OAG and also  from those stimulated 

* Polyphosphoinositides were not  quantitated in the present  stud- 
ies. 
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When  human platelets were stimulated  by synthetic 
diacylglycerol such as l-oIeoyl-2-acetyl-glycerol, 
which was a potent activator in uitro of Ca2+-activated, 
phospholipid-dependent  protein kinase (protein kinase 
C) (Mori, T., Takai, Y., Yu, B., Takahashi, J., Nishi- 
zuka, Y., and  Fujikura, T. (1982) J. Biochem. (Tokyo) 
91, 427-431), a  protein having M, - 40,000 (40- 
kilodalton  protein) was rapidly  phosphorylated,  just 8s 
it was by  natural extracellular messengers  such as 
thrombin.  Fingerprint analysis appeared to indicate 
that  protein kinase C was indeed  responsible for this 
40-kilodalton protein  phosphorylation in intact plate- 
lets. Under  these  conditions, neither inositol  phospho- 
lipid breakdown  nor  endogenous diacylglycerol for- 
mation was observed,  indicating  that  the synthetic di- 
acylglycerol intercalated into the  membrane  and di- 
rectly activated protein kinase C without  interaction 
with cell surface receptors.  During this process,  the 
diacylglycerol was converted in situ to  the  correspond- 
ing phosphatidate, l-oleoyl-2-acetyl-glyceryl-3-phos- 
phoric  acid.  Experiments with the synthetic diacyl- 
glycerol and  Ca2+  ionophore A23187 suggested  that 
the  protein  phosphorylation catalyzed by protein ki- 
nase C was a prerequisite  requirement for the release 
of serotonin, and  that the receptor-linked protein  phos- 
phorylation  and ea2+ mobilization  acted synergisti- 
cally to elicit the full physiological cellular response. 

A wide variety of neurotransmitters, peptide hormones, 
secretagogues, and many other biologically active substances 
have  been repeatedly shown to provoke inositol phospholipid 
turnover in their  target tissues (see for  reviews,  Refs. 1-3). In 
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Science and Culture (1981-1982), the Intractable Diseases Division, 
Public Health Bureau, the Ministry of Health and Welfare (1980- 
1982), a  Grant-in-Aid of  New Drug Development from the Ministry 
of Health and Welfare, Japan (1980-1982), and  the Yamanouchi 
Foundation for Research on Metabolic Disorders (1980-1982). The 
costs of publication of this article were defrayed in part by the 
payment of page charges. This article  must therefore be hereby 
marked “aduertisement” in accordance with 18 U.S.C. Section 1734 
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general, the stimulation of most of these receptors immedi- 
ately mobilizes ea2+, and  this divalent cation appears to play 
crucial roles in the cellular response to these extracellular 
messengers. A series of recent studies in our laboratories has 
suggested that diacylglycerol  derived  from this inositol phos- 
pholipid breakdown is directly involved in  the transmembrane 
control of protein phosphorylation through activation of Ca2+- 
activated, phospholipid-dependent protein kinase (protein ki- 
nase 6)  (4-9). Nevertheless, neither the relationship between 
the phospholipid degradation and  Ca2+ mobilization  nor the 
biological  role of this receptor-linked protein phosphorylation 
has yet been definitely established. This communication will 
describe that under appropriate conditions a  synthetic diac- 
ylglycerol  exogenously  added to intact platelets may interca- 
late  into membranes and directly activates protein kinase C 
without inducing the phosphol~pid degradation and Ca2+ mo- 
bilization. Thus, using diacylglycerol and Ca2+ ionophore, it 
is possible to show that either  the protein phosphorylation or 
Ca2+ mobilization alone is a prerequisite but  not  a complete 
requirement, and both are synergistically effective for causing 
the full  physiological cellular response such as release of 
serotonin. 

EXPERIMENTAL  PROCEDURES 
Materials and Chemicals-Human phtelet-rich plasma and washed 

platelets were prepared by the method of Baenziger and Majerus (10). 
OAG’ and AOG  were synthesized as described previously (11).  1- 
Oieoyl-2-acetyl-~n-giyce~l-3-phosphoric acid was synthesized from 
1-oleoyl-2-acetyl-sn-glycerol by the method of Lammers and Van 
Boom (12).  These  synthetic products were chromatographically pure. 
Bovine thrombin was obtained from Mochida Pharmaceutical Co. 
(Tokyo, Japan). A23187 was a product of Calbiochem. [’HIArachi- 
donic acid (78.1 Ci/mmol), carrier-free Hs3*P04, and  [Wlserotonin 
(58 mCi/mmol) were obtained from New England Nuclear, Japan 
Radioisotope Association, and Amersham, respectively. [r-“P]ATP 
and calf thymus HI histone were prepared as described earlier (13). 
Other  materials and chemicals were obtained from commercial 
sources. 

Assay for Lipid Metabolism-The platelet-rich plasma (36 ml) was 
labeled with 25 gCi of [‘Hlarachidonic acid under the conditions 
described by Rittenhouse-Simmons (141, and platelets were isolated 
and washed as described (7-9). The radioactive platelets were stim- 
ulated by either  thrombin,  synthetic diacylglycerol, or A23187 as 
indicated in each experiment. The incubation was terminated by the 
addition of chloroform/methanol(l:2), and  the radioactive lipids were 
directly extracted by the method of Bligh and Dyer (15). Phospho- 
lipids, diacylglycerol, and arachidonic acid metabolites were separated 
by Silica Gel G  plate thin layer chromatography. The solvent systems 
employed were methyl acetate, n-propanol, chloroform, methanol,, 
0.25% aqueous KC1  (25:25:25:10:9) for phospholipids; benzene/dieth- 
ylether/ethanol/~monia  vater  (50~02:O.l) for diacylglycerol; and 
the top phase  of ethylacetate/2,2,4-trimethylpentane/acetic acid/ 
water (9:5:2:10) for HETE  and  HHT.  The area corresponding to each 
lipid was scraped into  a vial, and  the radioactivity was determined. 

In another set, of experiments, the washed plateIets (4 x IO9 cells) 
were labeled with 1 mCi of carrier-free 32Pi under the conditions 
describPd by Lyons et al. (16). The radioactive platelets were then 
stimulated by thrombin or synthetic diacylglycerol and  the reaction 
was terminakd by the addition of chloroform/methanol (1:2). The 
radioactive phospholipids were directly extracted, and separated by 
two-dimensional Silica Gel G plate thin layer chromatography using 

’ The abbreviations used are: OAG, I-oleoyl-2-acetyl-glycerol; 
AOG, 1-acetyl-2-o~eoyl-glycerol; HETE, 12-L-hydroxy-5,8,10,l~-ei- 
cosatetraenoic acid; HHT, 12-hydroxy-5,8,10-heptadecatrienoic acid; 
SDS, sodium dodecyl sulfate. 
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phospholipid-dependent  protein kinase (protein kinase 
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that  protein kinase C was indeed  responsible for this 
40-kilodalton protein  phosphorylation in intact plate- 
lets. Under  these  conditions, neither inositol  phospho- 
lipid breakdown  nor  endogenous diacylglycerol for- 
mation was observed,  indicating  that  the synthetic di- 
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rectly activated protein kinase C without  interaction 
with cell surface receptors.  During this process,  the 
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phoric  acid.  Experiments with the synthetic diacyl- 
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nase C was a prerequisite  requirement for the release 
of serotonin, and  that the receptor-linked protein  phos- 
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general, the stimulation of most of these receptors immedi- 
ately mobilizes ea2+, and  this divalent cation appears to play 
crucial roles in the cellular response to these extracellular 
messengers. A series of recent studies in our laboratories has 
suggested that diacylglycerol  derived  from this inositol phos- 
pholipid breakdown is directly involved in  the transmembrane 
control of protein phosphorylation through activation of Ca2+- 
activated, phospholipid-dependent protein kinase (protein ki- 
nase 6)  (4-9). Nevertheless, neither the relationship between 
the phospholipid degradation and  Ca2+ mobilization  nor the 
biological  role of this receptor-linked protein phosphorylation 
has yet been definitely established. This communication will 
describe that under appropriate conditions a  synthetic diac- 
ylglycerol  exogenously  added to intact platelets may interca- 
late  into membranes and directly activates protein kinase C 
without inducing the phosphol~pid degradation and Ca2+ mo- 
bilization. Thus, using diacylglycerol and Ca2+ ionophore, it 
is possible to show that either  the protein phosphorylation or 
Ca2+ mobilization alone is a prerequisite but  not  a complete 
requirement, and both are synergistically effective for causing 
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(58 mCi/mmol) were obtained from New England Nuclear, Japan 
Radioisotope Association, and Amersham, respectively. [r-“P]ATP 
and calf thymus HI histone were prepared as described earlier (13). 
Other  materials and chemicals were obtained from commercial 
sources. 

Assay for Lipid Metabolism-The platelet-rich plasma (36 ml) was 
labeled with 25 gCi of [‘Hlarachidonic acid under the conditions 
described by Rittenhouse-Simmons (141, and platelets were isolated 
and washed as described (7-9). The radioactive platelets were stim- 
ulated by either  thrombin,  synthetic diacylglycerol, or A23187 as 
indicated in each experiment. The incubation was terminated by the 
addition of chloroform/methanol(l:2), and  the radioactive lipids were 
directly extracted by the method of Bligh and Dyer (15). Phospho- 
lipids, diacylglycerol, and arachidonic acid metabolites were separated 
by Silica Gel G  plate thin layer chromatography. The solvent systems 
employed were methyl acetate, n-propanol, chloroform, methanol,, 
0.25% aqueous KC1  (25:25:25:10:9) for phospholipids; benzene/dieth- 
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water (9:5:2:10) for HETE  and  HHT.  The area corresponding to each 
lipid was scraped into  a vial, and  the radioactivity was determined. 

In another set, of experiments, the washed plateIets (4 x IO9 cells) 
were labeled with 1 mCi of carrier-free 32Pi under the conditions 
describPd by Lyons et al. (16). The radioactive platelets were then 
stimulated by thrombin or synthetic diacylglycerol and  the reaction 
was terminakd by the addition of chloroform/methanol (1:2). The 
radioactive phospholipids were directly extracted, and separated by 
two-dimensional Silica Gel G plate thin layer chromatography using 
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dependent breakdown of phosphatidylinositol, and thereby 
counteract the activation of C-kinase (19). Nevertheless, 
the 40K protein phosphorylation induced by synthetic di- 
acylglycerol described above was not susceptible to prosta- 
glandin El nor to dibutyryl cyclic AMP. 

Synergistic Roles of Calcium and Protein Phosphorylation 

It is plausible that the interaction of natural messen- 
gers such as thrombin, collagen and PAF with their cell 
surface receptors immediately mobilizes Ca2+ and provokes 
phosphatidylinositol breakdown. Although the activation 
of C-kinase needed both Ca2+ and diacylglycerol, the 
exogenous addition of diacylglycerol to intact platelets 
appeared to cause the full activation of this enzyme in 
the absence of Ca2+ in the medium. This is presumably due 
to the fact that a small quantity of diacylglycerol dra- 
matically increases the affinity of this enzyme for Ca2+ 
to the 10-7 M range, and renders the enzyme fully active 
without a neE increase in the cytosolic Ca2+ concentration 
(5,6). However, the activation of this protein kinase was 
merely prerequisite and not sufficient for the release 
reaction, and the addition of synthetic diacylglycerol 
alone did not cause full response of platelets to release 
serotonin. It is now possible to induce Ca2+ mobilization 
and 40K protein phosphorylation independently by the addi- 
tion of Ca2+ ionophore and synthetic diacylglycerol, re- 
spectively, as schematically shown in Figure 4. 

Figure 4. Independent but synergistic roles of Ca 2+ and 
protein phosphorylation in physiological cell response. 

In the experiment given in Figure 5, the radioactive 
platelets were first incubated with 1-oleoyl-2-acetyl- 
glycerol, and then stimulated by a lower concentration 
of ionophore A23187 (0.4 g). It was shown that the re- 
lease of serotonin was markedly enhanced by this treatment 
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Figure 3. Activation of C-kinase by synthetic diacyl- 
glycerol in vitro. .-- A homogenous preparation of C-kinase 
was assayed at 4 x lo-6 M CaC12 in the presence of various 
amounts of either diolein or 1-oleoyl-2-acetyl-glycerol 
and a fixed amount of phospholipid. Other detailed condi- 
tions were similar to those specified earlier (11). l- 
Oleoyl-2-acetyl DG, 1-oleoyl-2-acetyl-glycerol. 

to the damage of cell membranes. In intact platelets di- 
acylglycerols possessing two long fatty acyl moieties such 
as diolein were far less effective to induce 40K protein 
phosphorylation presumably due to their steric properties 
or to some other unknown reasons. 

The radioactive 40K protein which was phosphorylated in 
platelets stimulated by the synthetic diacylglycerol was 
isolated and subjected to tryptic digestion, followed by 
fingerprint analysis. The results indicated that C-kinase 
was indeed responsible for this protein phosphorylation. 
It has been previously shown that the receptor-linked 
phosphorylation of 40K protein as well as the release of 
serotonin is profoundly inhibited by prostaglandin El pre- 
sumably through the action of cyclic AMP-dependent protein 
kinase (l-3,7,8). In fact, 
tems in 

in bidirectional controi sys- 
tissues such as olatelets. both Drostaalandin 

El and dibutyryl cyclic AMP skrongly inhibit ihe signal- 
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セロトニン分泌等

OAGは細胞膜を透過してPKCを活性化した

OAG

細胞内でリン酸化されたOAG

OAGは血小板に取り込まれてリン酸化される

OAGはPKCを直接活性化する



©          Nature Publishing Group1984

il\W.lJ111\iR\\IUMilliliiiti 

Ptdlns 

= ATP 

CTP 
2 

-CMP 

I ili!iil!!l"h!IIUtwmliJIJ/IDMJJJMRIIAiiliiilkiii£2AMikliliikllhUihiit!i! I ::t!:::Z i ! 

Ptdlns4P 

ATP 
2 .. 

p 

Ptdlns4,5P2 

: 

Fig. 1 Inositol phospholipid turn-
over and signal transduction. Ptdlns, 
phosphatidylinositol; Ptdlns4P, phos-
phatidylinositol-4-phosphate; Ptdlns-
4,5P 2 , phosphatidylinositol-4,5-bis-
phosphate; R 1 and R 2 , fatty acyl 
groups; I, inositol; and P, phosphoryl 
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some mammalian tissues (for a review see ref. 24) and insect 
salivary gland25 , the immediate target is phosphatidylinositol 
bisphosphate even though this phospholipid is a very minor 
component in membranes (Fig. 1). The evidence so far presented 
is plausible, but the precise physiological picture and tissue 
variations may be established by further investigations. In any 
case, the primary products of the reaction are diacylglycerol 
and inositol phosphate or inositol polyphosphate26 . Evidence 
that this signal-induced reaction is directly linked to activation 
of protein kinase C has primarily come from experiments with 
platelets for which there are many useful agonists and 
antagonists6 '27'28 • 

In platelets stimulated by thrombin27
-

30
, collagen28 or plate-

let-activating factor31
, two endogenous proteins with approxi-

mate molecular weights of 40,000 ( 40K protein) and 20,000 
(20K protein) are rapidly and heavily phosphorylated in associ-
ation with release of various constituents of platelet granules 
such as serotonin from dense bodies and acid hydrolases from 
lysosomes. The 20K protein is myosin light chain: calmodulin-
dependent phosphorylation of this protein absolutely requires 
mobilization of Ca2+ (ref. 32). On the other hand, the 40K 
protein isolated from human platelets is a substrate for protein 
kinase C28 • More recently, Imaoka et a/.33 have confirmed this 
reaction using a highly purified preparation of the 40K protein, 
which they find has a 4 7K component with some micro-
heterogeneity on isoelectrofocusing electrophoresis. The func-
tion of the 40K protein remains unknown. 

It has been repeatedly shown that, when stimulated, platelets 
rapidly produce diacylglycerol containing arachidonic acid, and 
that this reaction is accompanied by the concomitant disappear-
ance of inositol phospholipids27•28•31 •34•35• It is important to note 
that diacylglycerol is only transiently produced in membranes, 
presumably due both to its conversion back to inositol phos-
pholipids and to its further degradation to arachidonic acid for 
thromboxane and prostaglandin synthesis (Fig. 1). The transient 
appearance of diacylglycerol in membranes is always associated 
with activation of protein kinase C as judged by 40K protein 
phosphorylation27 •·18•31 . 

In the in vitro enzymatic reaction, various synthetic diacylgly-
cerols are equally capable of activating protein kinase C. 
Although those of the synthetic diacylglycerols that contain two 
long fatty acyl moieties such as diolein are poor inducers of 40K 
protein phosphorylation in intact cell systems, presumably due 
to their inability to be intercalated into the membrane, others 
are able to activate protein kinase C in intact cells6

•
36

•
37

• For 
instance, when 1-oleoyl-2-acetylglycerol (shown in Fig. 2) is 

suspended in 1% dimethyl sulphoxide and added to intact plate-
lets directly, the 40K protein is rapidly and fully phosphorylated 
but without any concomitant breakdown of inositol phos-
pholipids, formation of diacylglycerol, arachidonic acid release 
or thromboxane synthesis36•37• There is no sign of damage to 
the cell membranes. This diacylglycerol does not appear to 
interact with the receptor for platelet-activating factor, since 
the latter factor definitely induces rapid breakdown of inositol 
phospholipids31 . Instead, the synthetic diacylglycerol is shown 
to be metabolized rapidly in situ to its corresponding phos-
phatidic acid, 1-oleoyl-2-acetyl-3-phosphorylglycerol, presum-
ably by the action of diacylglycerol kinase37

• Fingerprint analysis 
of the tryptic phosphopeptides of the 40K protein that is phos-
phorylated in platelets treated with the synthetic diacylglycerol 
confirms that the phosphorylation is catalysed by protein kinase 
C. On the basis of these observations, together with evidence 
obtained with inhibitors such as chlorpromazine and dibucaine 7 , 

it may be concluded that protein kinase C is indeed activated 
by extracellular signals in physiological processes, and that 
diacylglycerol, transiently produced from inositol phospholipids 
in response to the extracellular signals reaching their target cell 
membranes, serves as the direct activator of this protein kinase. 

Activation by tumour promoters 
Several phorbol esters such as 12-0-tetradecanoylphorbol-13-
acetate (TP A) are well known as potent tumour promoters, and 
several kinetic studies with various cell types suggest that their 
primary site of action is the cell surface membrane (for review 
see refs 38-40). Recent studies in our laboratory have provided 
evidence that protein kinase C is a target for phorbol esters, as 
the tumour promoters directly activate this enzyme both in vitro 
and in vivo, and there is an approximate correlation between 
the ability of individual phorbol esters to promote tumours and 
to activate the enzyme41

'42 • Kinetic analysis indicates that TP A, 
which has a diacylglycerol-like structure (Fig. is able to 
substitute for diacylglycerol at extremely low concentrations. 
Like diacylglycerol, TP A dramatically increases the affinity of 
the enzyme for Ca2+ to the 10-7 M range, resulting in its full 
activation without detectable cellular mobilization of Ca2

+ (ref. 
42). The binding of 3H-labelled phorbol-12,13-dibutyrate 
(PDBu), which is a potent tumour promoter but less hydro-
phobic than TP A, to purified protein kinase C has an absolute 
requirement for Ca2+ and phospholipid43

• 
3H-PDBu will bind 

neither to protein kinase C nor to phospholipid per se irrespec-
tive of the presence or absence of Ca2+; only if all four com-
ponents are present simultaneously do binding and enzyme 

THE ROLE OF PROTEIN KINASE-C IN CELL-SURFACE 
SIGNAL TRANSDUCTION AND TUMOR PROMOTION
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西塚先生の言葉

百メートルを十秒で走る人に勝つには、どうすればいいか。と
の問いに、

西塚先生の答えは

(1981年春長島温泉にて）

「十秒前に走りだせばいい」。

『ほかの人が目を付ける前に
研究をスタートさせ、百倍汗をかけ』

「教科書に残る仕事をめざせ」
「点ではなく線になる仕事」
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Possible Involvement of.Protein Kinase C and  Calcium  Ion in Growth 
Factor-induced  Expression  of c-myc Oncogene in Swiss 3T3 
Fibroblasts* 

(Received for publication, June 19,  1985) 

Kozo Kaibuchi,  Terutaka  Tsuda,  Akira  Kikuchi,  Tetsuji  Tanimoto,  Takayuki  Yamashita,  and 
Yoshimi  TakaiS 

From the Department of Biochemktty, Kobe University School of Medicine, Kobe 650, Japan 

The  addition  of  platelet-derived  growth  factor  and 
fibroblast  growth  factor  to  quiescent  cultures  of Swiss 
3T3 fibroblasts  rapidly  induced  protein kinase C acti- 
vation  and  Ca2+  mobilization  and  afterwards  markedly 
increased c-myc mRNA levels. 1-Oleoyl-2-acetyl- 
glycerol, a membrane-permeable  synthetic diacylglyc- 
erol, and 12-0-tetradecanoylphorbol 13-acetate, a  tu- 
mor-promoting  phorbol ester, stimulated  protein ki- 
nase C activation without  Ca2+  mobilization. Inversely, 
Ca2+  ionophores, A23187 and  ionomycin, elicited Ca2+ 
mobilization  without  protein  kinase C activation.  Both 
protein kinase  C-activating and Ca2+-mobilizing 
agents were able  to  increase c-myc mRNA levels in  an 
additive manner.  Prolonged  treatment  of  the cells with 
phorbol 12,13-dibutyrate, another  protein kinase C- 
activating phorbol ester, led  to  the  down-regulation 
and  complete  disappearance of protein kinase C. In 
these cells, 1-oleoyl-2-acetylglycerol and 12-0-tetra- 
decanoylphorbol 13-acetate did  not  increase c-myc 
mRNA levels, but platelet-derived  growth  factor, fi- 
broblast  growth  factor,  and  the  Ca2+  ionophores, all of 
which still induced  Ca2+  mobilization,  stimulated  the 
increase  of c-myc mRNA levels. These results strongly 
suggest  that  both  protein kinase C and  Ca2+  may  be 
involved  in platelet-derived growth  factor- as well as 
fibroblast  growth  factor-induced  expression  of  the c- 
myc oncogene  in Swiss 3T3 cells. 

It has been demonstrated that  the c-myc oncogene is rapidly 
activated after  stimulation of mouse lymphocytes by concan- 
avalin A and of BALB/c 3T3 fibroblasts by PDGF,’ FGF, and 
TPA and  in regenerating rat liver (1, 2). Moreover, it  has 
been described that expression of the c-myc gene, which is 

*This investigation was supported by research grants from the 
Scientific Research Fund of the Ministry of Education, Science, and 
Culture, Japan (1984,1985), the Foundation for Promotion of Cancer 
Research (1984), the Naito Foundation (1984), the Yamanouchi 
Foundation for Research on Metabolic Disorders (1984), and  the 
Research Foundation for Cancer and Cardiovascular Diseases (1985). 
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FGF, fibroblast growth factor; TPA, 12-0-tetradecanoylphorbol 13- 
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tyrate; DMEM, Dulbecco’s modified Eagle’s medium; Hepes, 4-(2- 
hydroxyethy1)-I-piperazineethanesulfonic acid; EGTA, ethylene gly- 
col bis(0-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; SDS, sodium 
dodecyl sulfate. 

introduced into BALB/c 3T3 cells by recombinant plasmids 
(3), partly mimics the action of PDGF on cell growth of 
BALB/c 3T3 fibroblasts. Since PDGF renders BALB/c 3T3 
fibroblasts “competent” which progress to replicate DNA and 
divide  upon further  stimulation by other growth factors such 
as epidermal growth factor and insulin (4, 5), these recent 
observations strongly suggest that  the c-myc  gene  may be 
involved in the regulation of cell division, particularly of an 
early stage of the cell cycle.  However, the mode of action of 
competent growth factors in expression of the c-myc  gene has 
not yet been clarified. 

It has been described that PDGF induces both phosphoi- 
nositide turnover and Ca2+ mobilization in Swiss 3T3 fibro- 
blasts (6, 7). This phospholipid turnover  is elicited by a wide 
variety of extracellular signals in most mammalian cells (for 
a review, see Ref. 8). Phosphoinositide turnover is directly 
linked to  the activation of protein kinase C  and intracellular 
Ca2+ mobilization (for reviews, see Refs.  9-11).  Diacylglycerol, 
which is derived from the initial reaction of this phospholipid 
turnover, serves as a second messenger for the activation of 
protein kinase C  in  the presence of Ca2+ and phosphatidylser- 
ine; whereas inositol 1,4,5-trisphosphate, another  initial prod- 
uct of phosphoinositide turnover, serves as  a trigger for Ca2+ 
mobilization from endoplasmic reticulum to  the cytoplasm. 
Another line of evidence indicates that  the tumor-promoting 
phorbol esters such as TPA substitute for diacylglycerol and 
activate  protein kinase C  in  a manner similar to  that of 
diacylglycerol (12). It is currently accepted that a phorbol 
ester receptor may  be protein kinase C complexed with Ca2+ 
and phospholipids and  the diverse actions of the phorbol ester 
may  be mediated through the activation of this enzyme  (13, 
14). 

Based on these observations, we attempted  to clarify the 
mode of action of PDGF  and  FGF in the regulation of  c-myc 
gene expression. For this purpose, we utilized protein kinase 
C-activating agents such as OAG and  TPA  and Ca2+-mobiliz- 
ing agents such as A23187 and ionomycin since it  has been 
described that, under appropriate conditions, OAG and TPA 
selectively induce protein kinase C activation without Ca2+ 
mobilization, and inversely, the Ca2+ ionophores selectively 
induce Ca2+ mobilization without protein kinase C activation 
in many types of cells (15-18). 

EXPERIMENTAL  PROCEDURES 

Materials and Chemicals-Swiss 3T3 cells, PDGF, FGF, pBR322 
plasmids containing human c-myc  gene, and pBR322 plasmids con- 
taining the  v-Ha-ras gene  were kindly supplied by Dr.  E. Rozengurt 
(Imperial Cancer Research Fund, London, England), Dr. T. F.  Deuel 
(Washington University School of Medicine, St. Louis), Dr. D. Gos- 
podarowicz (University of California, san Francisco), Dr. J. M. 
Bishop (University of California, San Francisco), and Dr. E. Soeda 
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Protein Kinase C and  Calcium Ion 
in Mitogenic  Response of 
Macrophage-depleted Human 
Peripheral Lymphocytes* 

(Received for publication, September 17,1984) 
Kozo KaibuchiS, Yoshimi Takai, and 
Yasutomi Nishizuka 
From the Department of Biochemistry, Kobe University 
School of Medicine, Kobe 650, and the Department of Cell 
Biology, National Institute for Basic Biology, Okuzaki 444, 
Japan 

For mitogenic  resDonse  of  macrophage-depleted 
human peripheral  lymphocytes, 12- 0-tetradecanoyl- 
phorbol- 13 -acetate (TPA) or 1  -0leoy1-  2 -acetylglyc- 
erol (OAG) and  Ca2+  ionophore are both  needed in 
addition to a  small  quantity  of  plant lectin, phytohe- 
magglutinin  (PHA). PHA alone is not sufficient to pro- 
duce  the  cellular  response.  The  addition  of  TPA  or 
OAG to  these cells induces  the  activation  of  protein 
kinase C as assayed  by  the  phosphorylation  of its en- 
dogenous  substrates.  Apparently, TPA  or OAG and 
A23187 together  substitute  for  macrophages  and  act 
synergistically to potentiate  the DNA synthesis of this 
lymphocyte  preparation.  The  results  suggest  that  pro- 
tein  kinase C activation  and Ca" mobilization  are es- 
sential  and  that  additional  receptor  occupation by  PHA 
is necessary  for  producing cell proliferation. 

Polyclonal plant  lectins  such  as PHA' are well-known as 
inducers of a series of biochemical changes in lymphocytes 
including inositol phospholipid breakdown, CaZf mobilization, 
alteration of membrane fluidity, and eventually cell prolifer- 
ation (for a review see Ref. 1). If, however, macrophages are 
depleted from the lymphocyte preparations,  PHA alone is  not 
sufficient for producing growth response (2). Although TPA, 
a tumor-promoting phorbol ester, is a weak mitogen by itself, 
this  tumor promoter is  known to  act  as a  potent co-mitogen 
in combination with PHA  (3). It has been proposed that both 

* This investigation was supported in part by research grants from 
the Scientific Research Fund of the Ministry of Education, Science 
and Culture (1982-1984), the Intractable Diseases Division, Public 
Health Bureau, the Ministry of Health and Welfare (1982-1984), a 
grant-in-aid of  New Drug Development from the Ministry of Health 
and Welfare, Japan (1983), the Science and Technology Agency 
(1983), the Yamanouchi Foundation for Research on Metabolic Dis- 
orders (1982-1983), and  the Foundation for Promotion of Cancer 
Research (1984). The costs of publication of this article were defrayed 
in part by the payment of page charges. This article must therefore 
be hereby marked "advertisement" in accordance with 18 U.S.C. 
Section 1734 solely to indicate this fact. 
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0-tetradecanoylphorbol-13-acetate; OAG, 1-oleoyl-2-acetylglycerol; 
EGTA, ethylene glycol bis(p-aminoethyl ether)-N,  N,N',N'-tetra- 
acetic acid; PMSF, phenylmethylsulfonyl fluoride; SDS, sodium do- 
decyl sulfate; EGF, epidermal growth factor; PDGF, platelet-derived 
growth factor. 

TPA and Caz+ ionophore, A23187, together may  replace the 
plant mitogen and  act synergistically to stimulate DNA syn- 
thesis for the lymphocytes (4, 5). 

Preceding reports from this laboratory (6-10)  have shown 
that diacylglycerol derived from the receptor-mediated inosi- 
tol phospholipid breakdown initiates the activation of protein 
kinase C  and  that  TPA serves as  a  substitute for diacylglycerol 
and directly activates  this signal pathway in intact cells. 
Evidence is available at present that in many tissues protein 
kinase C activation and Ca2+ mobilization, both of which are 
normally induced by an interaction of a single ligand and  a 
receptor, act synergistically to evoke  fully some of the phys- 
iological cellular responses such as release reactions (for re- 
views see Refs. 11 and 12). The present  studies with macro- 
phage-depleted human peripheral lymphocytes suggest that 
these two synergistic pathways, protein kinase C activation 
and Ca2+ mobilization, are  both  essential  and synergistic for 
promoting DNA synthesis. However, for this long-term cel- 
lular response, still  a low concentration of PHA is needed in 
addition to  TPA or OAG and Ca2+ ionophore, implying that 
another  hitherto unknown signal pathway may also be in- 
volved in eliciting cell proliferation. OAG has been shown to 
be intercalated  into  intact cell membranes and  to activate 
protein kinase C directly (13). 

EXPERIMENTAL PROCEDURES 

Materials and Chemicals-Homogeneous protein kinase C was 
prepared from soluble fraction of rat brain as described previously 
(14). PHA was obtained from Difco Laboratories. OAG and l-oleoyl- 
2-acetyl-3-phosphorylglycerol were synthesized as described (13). 
TPA  and A23187 were purchased from P-L Biochemicals and Calbi- 
ochem, respectively. [Y-~'P]ATP (3000 Ci/mmol), carrier-free 
H22P04,  and [3H]methyl thymidine (6.2 Ci/mmol) were obtained 
from New England Nuclear, Japan Radioisotope Association, and 
Amersham, respectively. Other materials and chemicals were ob- 
tained from commercial sources. 

Cell Preparation-Lymphocytes were prepared by the Ficoll-Hy- 
paque separation procedure from venous blood of healthy human 
volunteers (15). The lymphocyte preparation was resuspended in 
RPMI 1640 with 10% fetal calf serum. For macrophage depletion, 
this suspension (1 X lo6 cells/ml) was  allowed to adhere for 1 h at 
37 "C in a flask in 5% COZ and 95% air. Then,  the nonadherent cells 
were gently poured from the flask, centrifuged, and resuspended in 
RPMI 1640. The cells were then passed through a nylon wool column 
as described (16). 

Preparation of Cytosol-The macrophage-depleted lymphocytes (1 
X 10' cells) were suspended in 1 ml  of 20 mM Tris/HCl at pH 7.5, 
containing 5 mM EGTA, 2 mM PMSF,  10 mM 2-mercaptoethanol, 
and 0.25 M sucrose and disrupted at 4 "C by sonication for 15 s using 
a  Kontes sonifier, Model K881440. Cytosol and particulate fractions 
were separated by centrifugation for 60 min at 100,000 X g. 

Protein Phosphorylution in  a Cell-free System-The reaction mix- 
ture (0.1 ml) contained 2 pmol of Tris/HCl at pH 7.5,  0.5 pmol of 
magnesium acetate, 4 nmol of [Y-~'P]ATP (5 X 10' cpm/nmol), 158 
nmol of  CaC12, 5 pg  of phosphatidylserine, 0.2 pg  of diolein, lympho- 
cyte cytosol (equivalent to 3 X lo6 cells), and 0.1  pg  of protein kinase 
C. Since the lymphocyte cytosol and protein kinase C contained 
EGTA in their stock solutions, the free Ca'+ concentration in  the 
incubation mixture was about 5 X lo-' M as estimated by the method 
of Pires and Perry (17). After incubation for 2 min at 30 "C, the 
reaction was terminated by placing the  test tube for 2 min in  a boiling 
water bath. After lyophylization, the sample was subjected to SDS- 
polyacrylamide slab gel electrophoresis by using the buffer system of 
Laemmli (18), and  an autoradiograph was prepared. 

Protein Phosphorylation and Phospholipid Metabolism in  Intact 
Cells-Lymphocytes  were  labeled with 32Pi and stimulated as de- 
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FIG. 2. Phosphorylation of cytosol proteins in macrophage- 
depleted peripheral lymphocytes stimulated by TPA or OAG. 
Macrophage-depleted peripheral lymphocytes (1 X 10‘ cells/ml) pre- 
labeled with 32Pi were stimulated for 10 min at 37 “C by TPA (10 nM) 
or OAG (10 pg/ml) as indicated. OAG was suspended in  a small 
amount of 1% dimethyl sulfoxide solution, sonicated to prepare 
micelles, and  then directly added to lymphocytes. The final concen- 
tration of dimethyl sulfoxide was  0.1%. Dimethyl sulfoxide alone 
showed no effect. The radioactive proteins were analyzed as described 
under “Experimental Procedures.” A,  stimulated by TPA; B, stimu- 
lated by  OAG. Dotted l i n e  indicates radioactive proteins from unstim- 
ulated cells. 

on the phosphorylation of the 56-kDa protein. Ca2+ ionophore 
did not  enhance  this  protein phosphorylation. In  the presence 
of PHA, in contrast, TPA at higher concentrations (1-10  nM) 
significantly enhanced DNA synthesis without addition of 
Ca2+ ionophore. It has been previously described that for 
macrophage-depleted lymphocytes TPA acts  as  a  potent co- 
mitogen with PHA  in the absence of Ca2+ ionophore (3). This 
observation was confirmed only at  higher concentrations of 
TPA. The exact reason for this  enhancement is not clear, but 
the tumor-promoting phorbol ester a t  higher concentrations 
shows various nonspecific effects on membranes presumably 
by acting as a  perturber or a weak Ca2+ ionophore (for a 
review  see  Ref. 24). Ca2+ ionophore, A23187, alone showed 
practically no effect as mentioned above, but again at higher 
concentrations (more than 0.5 p ~ )  it slightly enhanced the 
thymidine incorporation probably due to nonspecific activa- 
tion of phospholipases as well as  protein kinase C by a large 
increase in Ca2+ concentration,  as described for its action on 
platelets  (13). Essentially similar results were obtained with 
OAG instead of TPA (Fig. 4B). 

The results seem to indicate that under submaximal con- 
centrations  three factors, PHA, TPA or OAG, and A23187, 
act together to produce mitogenic response of macrophage- 
depleted lymphocytes. Evidence is now accumulating that 
protein kinase C activation and Ca2+ mobilization are  both 
essential  and act synergistically to produce full cellular re- 
sponses, particularly in short  term, such as secretion and 
release reactions (10-13).  However, additional receptor occu- 

FIG. 3. Effects of TPA, OAG, and PHA on 66-kDa protein 
phosphorylation and phosphatidylinositol labeling in macro- 
phage-depleted peripheral lymphocytes. Macrophage-depleted 
peripheral lymphocytes (1 X lo6 cells/ml) prelabeled with 32Pi were 
incubated at  37 “C with various concentrations of TPA, OAG, and 
PHA as indicated. OAG  was added under the conditions similar to 
those described in the legend to Fig. 2. The incubation was carried 
out for 10 min for the determination of protein phosphorylation, and 
for 20 min for the measurement of phosphatidylinositol labeling. 56- 
kDa protein phosphorylation and phosphatidylinositol labeling were 
assayed as described under “Experimental Procedures.” A,  stimulated 
by TPA; B, stimulated by  OAG, C, stimulated by PHA. U, 56- 
kDa protein phosphorylation; C - 4, phosphatidylinositol labeling. 
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FIG. 4. Synergistic effects of A23187 and TPA or OAG on 
PHA-induced DNA synthesis in macrophage-depleted periph- 
eral lymphocytes. Macrophage-depleted peripheral lymphocytes 
were incubated for 72 h at 37 “C with various concentrations of PHA 
in the presence or absence of  A23187, TPA, or OAG as indicated. 
OAG was added under the conditions similar to those described in 
the legend to Fig. 2. Sixteen hours before harvesting, the cells were 
pulsed with [3H]methyl thymidine. DNA synthesis was assayed as 
described under “Experimental Procedures.” A,  with TPA; B, with 
OAG. 0- - -0, stimulated by PHA alone; A- - -A, stimulated by 
PHA and A23187  (0.25 p ~ ) ;  0- - U, stimulated by PHA and  TPA 
(0.1 nM); C - 4, stimulated by PHA and OAG (3 pg/ml); V-V, 
stimulated by PHA, A23187  (0.25 p ~ ) ,  and  TPA (0.1 nM); .”--., 
stimulated by PHA, A23187  (0.25 p ~ ) ,  and OAG (3 pg/ml). 

細胞増殖制御におけるPKCの役割は？

PKCは線維芽細胞で癌遺伝子c-mycの発現に関与する

PKCはCa2+と相乗的に作用して末梢リンパ球の増殖を促進する

細胞膜（受容体）から核（遺伝子発現）にどのようなメカニズムでシグナルが伝わるのか？
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日本は分子生物学の黎明期。本場のアメリカ西海岸で最先端の技術を学びたい。
新井賢一先生の情熱に心動かされるも、Harold Varmus (c-srcを発見し
後のノーベル賞受賞者）の誘いを断ったのが気がかり。
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DNAXと新井賢一部長（当時）

１９８１年コーンバーグやポール・
バーグによって設立されたバイオ
ベンチャー型研究所。数々の
サイトカインの発見により、
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ひとつになる。
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０４年ー 東京都臨床研所長
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DNAX時代の研究(1985-87年)
• Ｃ-キナーゼの変異体を多数作成して恒常活性型を得て、
Ｃ-キナーゼがc-fosなどの遺伝子発現に関与することを
証明ーーー遺伝子操作技術の修得

• 酵母を用いて、癌遺伝子Rasの生理機能を解析ーーー
Rasを含む癌遺伝子の機能が分からなかった時代。分子
遺伝学に触れる

• 研究室間の障壁のないオープンな雰囲気を知る
• 自由にdiscussion する楽しさを知る



PKCのジアシルグリセロール結合部位の欠失変異体は恒常活
性型キナーゼになりc-fos-CATを活性化できる
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FIG. 2. Immunoblot analysis  of PKC mutants in extracts 

from  COS7 cells transfected with PKC mutant constructs. The 
extracts from  COS7  cells transfected with the  PKC  constructs were 
subjected to  SDS-PAGE, followed by immunoblot  analysis using the 
anti-PKC  antibody  as described under  "Experimental Procedures." 
Lane A ,  control  (mock); lane B, PKCa; lane C, PKCP; lane D, PKAC; 
lane E, PKCPAEE; lane F, PKCaANS; lane G, PKCaACB; lane H, 
PKCaASB. 

PKCaADB,  PKCaASB,  and  PKCSAEE lack  a  major part of 
the  C1 region. PKCaANS  and  PKCaACB  are defective in N- 
and  C-terminal  portions of the  C1 region, respectively. 
PKCaAHH  and  PKCSAOP  mainly lack the C2 and C3 re- 
gions, respectively. These  PKC  mutant  cDNAs were cloned 
into  the  pcDSRa expression plasmid  under  the  control of the 
SRa promoter which  was  composed of the SV40 early  pro- 
moter  and  the  R-U5  segment of the  human T cell leukemia 
virus-I  long terminal  repeat (Fig. 1B) (18). 

Recognition by Anti-PKC Antibody of Products of PKC 
Mutant cDNAs Expressed in COS7 Cells-To identify the 
PKC  mutants encoded by the cloned  cDNAs, we expressed 
the  PKC  cDNAs  in COS7 cells. The  extracts from  COS7 cells 
transfected  with  these  PKC  constructs were subjected to  SDS- 
PAGE, followed by immunoblot  analysis using the  anti-PKC 
antibody  (the  epitope  is mapped around residues 296-317). 
The  analysis revealed that  this  antibody recognized bovine 
PKCa, PKCB, PKAC, PKCPAEE, PKCaANS,  PKCaACB, 
and  PKCaASB expressed in COS7 cells (Fig. 2). PKCaADB 
and PKCDAOP were also identified  by this  antibody  (data 
not  shown).  On  the  other  hand,  PKCA  and  PKCaAHH were 
not  detected  (data  not  shown)  since  PKCA  and  PKCaAHH 
lack the region of the  epitope recognized by this  antibody. 
The  PKC  mutants were expressed to  an  extent  similar  to 
those of PKCa  and PKCP.  Observed M, values of these 
mutants were consistent  with  those calculated  from the  pri- 
mary  structures. Some of the  bands  in  the  immunoblot  analy- 
sis  appeared to  be  proteolytic  products (Fig. 2). The  amount 
of these  bands  was less than 5% of their  parent's bands. 

PHIPDBu Binding Activity of PKC  Mutants-The  PKC 
mutants expressed  in  COS7  cells were analyzed by measuring 

mutant  cDNAs were cloned into expression  plasmid pcDSRol using 
an XbaI linker  to yield SRaPKCa,  SRaPKCB,  SRaPKCaANS, 
SRaPKCaACB,  SRaPKCaADB,  SRaPKCaASB,  SRaPKCaAHH, 
SRaPKCPAEE,  and  SRaPKCPAOP  as diagramed. C, predicted 
amino acid  sequences of the  PKC  mutants.  The  amino acid  sequences 
of the  open reading frame  beginning with initiation codons  (bovine 
PKCa  and  PKCp start a t  positions 51 and 65 from the XbaI cloning 
sites, respectively) are  translated. Broken lines show the deleted 
amino acids. A circled amino acid indicates  the  substitute  due  to  the 
junction of cDNA  ligated. Tandem  repeats of cysteine-rich  region are 
shaded. ATP-binding  site glycines (asterisk) and lysine (arrowhead) 
are shown. Panel a,  PKCa  mutants; panel  b, PKCB mutants. 
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tants expressed in COS7 cells. Fig. 7  shows protein  kinase 
activity  eluted by 200 mM NaCl  toward  EGF-R  and GS 
peptides  and  Kemptide  in  the  absence of phospholipid, 
Ca2+,  and  DG  or  TPA.  SRaPKAC-,  SRaPKCaASB-,  or 
SRaPKCBAEE-transfected cells  showed  a significant  in- 
crease in protein  kinase  activity  toward  EGF-R  and  GS  pep- 
tides,  but  not  Kemptide,  when  compared  with  the cells trans- 
fected  with the  pcDSRa  plasmid alone. Similar  observations 
were obtained when  COS7  cells were transfected  with  either 
SRaPKCaANS  or  SRaPKCaADB  (data  not  shown).  The 
substrate specificity of these  PKC  mutants was  very similar 
to  that of the wild-type PKC. 

Chloramphenicol Acetyltransferase Gene Expression by Co- 
transfection  with PKC Mutant Constructs-To determine 
whether  the  PKC  mutants  are active  for gene expression, we 
carried  out  the following transfection  experiments.  Since  an 
AP-1-binding  element  is known to  act as a TPA-inducible 
enhancer  in  various  plasmids (20,30), AP-1-binding  elements 
were inserted  into  the  plasmid  carrying  the  bacterial  chlor- 
amphenicol  acetyltransferase  reporter gene (AP-1CAT). 
When  the  CHO cells were cotransfected  with  AP-1CAT  and 
SRaPKAC  or  SRaPKCPAEE, chloramphenicol acetyltrans- 
ferase activity  increased  to  an  extent  similar  to  that observed 
when  the cells were stimulated by TPA (Fig. 8 and  Table 111). 
TPA did not  show  additive effects on  chloramphenicol ace- 
tyltransferase  activity induced by transfection  with 
SRaPKAC  or  SRaPKCPAEE  (data  not shown). Transfection 
with  SRaPKCaANS  conferred a slight increased chloram- 
phenicol acetyltransferase  activity  (Table 111). SRaPKCa, 
SRaPKCP,  SRaPKCaACB,  SRaPKCaADB,  SRaPKCaASB, 
SRaPKCaAHH,  SRaPKCBAOP,  SRaPKCA,  and  SRaPKA 
were inactive  in  this capacity.  Bt,cAMP  did not show 
any  effect  on  AP-1CAT  gene  expression.  SRaPKAC, 
SRaPKCaANS,  and  SRaPKCBAEE  did  not  stimulate  ex- 
pression of the AIL3CAT gene, which  lacked AP-1-binding 
elements  (data  not  shown).  Interestingly,  the c-fosCAT 
gene  was  activated  by  cotransfection  with  SRaPKAC, 
SRaPKCPAEE,  SRaPKCaANS,  SRaPKCA,  or  SRaPKA 
(Table 111). Both  TPA  and  Bt2cAMP  stimulated expression 
of the c-fosCAT gene. This may  be due  to  the responsiveness 
of the c-fos enhancer  to DG and  CAMP signals. Similar  results 

Substrates 
FIG. 7. Substrate specificity of PKC mutants from  COS7 

cells transfected with PKC constructs. The  supernatants of 
COS7 cells transfected with the  PKC constructs were fractionated by 
DEAE-Sephacel column chromatography as described in the legend 
to Fig. 5. Aliquots (10 pl) of the fractions  eluted by  200 mM NaCl 
were assayed for protein kinase activity using EGF-R peptide, GS 
peptide, and Kemptide as  substrates in the presence of 1 mM EGTA 
as described in the legend to Fig. 6. A, with pcDSRa; B, with 
SRnPKAC; C ,  with SRaPKCaASB; D, with SRaPKCpAEE. E,  EGF- 
R peptide; G, TS peptide; K, Kemptide. Essentially identical results 
were obtained in three independent experiments. 

] AcCM 

- CM 

A B C D  
FIG. 8. Activation of AP- lCAT gene by cotransfection with 

PKC constructs. AP-1CAT was cotransfected with the  PKC con- 
structs  into CHO cells as described for COS7 cells except that 
incubation of the transfected cells was carried out in the presence of 
0.5% fetal calf serum. Chloramphenicol acetyltransferase activity was 
assayed as described under  “Experimental Procedures.” Lane A, with 
pcDSRa;  lane B, with SRaPKCa; lane C, with SRaPKAC; lane D, 
with SRaPKCPAEE. Essentially identical results were obtained in 
three independent experiments. CM and AcCM, chloramphenicol and 
its acetylated form, respectively. 

TABLE 111 
Activation of AP-1CAT and c-fosCATgenes by cotransfectwn with 

the various protein kinase constructs 
AP-1CAT or c-fosCAT was cotransfected with the protein kinase 

constructs into CHO cells as described in the legend to Fig. 8. 
Chloramphenicol acetyltransferase  activity was determined as de- 
scribed under  “Experimental Procedures.” Incubation of the cells 
with 100 ng/ml TPA or 2 mM Bt2cAMP was carried out for the last 
8 h as indicated. Each value represents the percentage of conversion 
of chloramphenicol into  the acetylated form. The numbers in paren- 
theses  indicate the -fold of induction. Essentially identical results 
were obtained in three independent experiments. 

Additions AP-ICAT  c-~osCAT 
None 0.9 (1.0) 0.25 (1.0) 
pcDSRo! 0.9 (1.0) 0.26 (1.0) 
TPA 3.4 (3.8) 0.91 (3.5) 
BbcAMP 0.9 (1.0) 0.86 (3.3) 
SRaPKCa 0.9 (1.0) 0.24 (1.0) 
SRaPKCB 0.9 (1.0) 0.25 (1.0) 
SRaPKA 1.0 (1.1) 1.01 (3.9) 
SRaPKAC 4.7 (5.2) 1.12 (4.3) 
SRaPKCA 0.9 (1.0) 1.03 (4.0) 
SRaPKCaANS 2.1 (2.3) 0.62 (4.0) 
SRaPKCaACB 0.9 (1.0) 0.24 (1.0) 
SRaPKCaADB 0.9 (1.0) 0.25 (1.0) 
SRaPKCaASB 0.9 (1.0) 0.24 (1.0) 
SRaPKCaAHH 0.9 (1.0) 0.25 (1.0) 
SRaPKCBAEE 3.3 (3.7) 0.87 (3.3) 
SRaPKCpAOP 0.9 (1.0) 0.23 (0.9) 

were obtained  with  Jurkat cells instead of CHO cells, whereas 
the  basal levels of AP-1CAT  and c-fosCAT activity  in  Jurkat 
cells were lower than  those  in  CHO cells. 

Oocyte Maturation  Induced by Microinjection of PKC Mu- 
tant Constructs-Phorbol ester induces maturation of X. lae- 
vis oocytes in a manner  similar  to  that of progesterone and 
insulin (31). In a  previous paper  (14), we have  shown that 
nuclear injection of SRaPKAC  elicits  initiation of germinal 
vesicle breakdown. Thus,  this system  provides us with a 
simple  and  sensitive way to  characterize  the  PKC  mutants  in 
an  intact cell system. The  PKC  mutant  constructs were 
injected into nuclei of Xenopus oocytes. Initiation of germinal 
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that  the proteolytic product of PKC (protein kinase M) was 
in  this fraction (Fig. 5B, lune c). 

To ensure that  three types of protein kinases were resolved, 
we next  determined substrate specificity of each  fraction. 
EGF-R  and  GS peptides, which are specific substrates for 
PKC (28), and Kemptide, which is a specific substrate for 
PKA (29), were employed for this purpose. The protein kinase 
eluted by 90 mM NaCl phosphorylated EGF-R  and  GS pep- 
tides in addition to histone H1  in a  manner  dependent on 
phospholipid, Ca”, and DG or  TPA,  but did not phosphoryl- 
ate Kemptide (Fig. 6 A ) .  This protein  kinase  activity was not 
stimulated by CAMP. In  contrast,  the protein  kinase  eluted 
by 100 FM cAMP plus 90 mM NaCl  phosphorylated Kemptide, 
but not  EGF-R and GS peptides (Fig. 6 B ) .  The enzymatic 
activity toward Kemptide was not  enhanced by phospholipid, 
Ca2+, and DG or TPA, implying that  this fraction  contained 
PKA, but not PKC  and protein kinase M. The protein kinase 
eluted by 200 mM NaCl showed enzymatic activity toward 
EGF-R  and GS peptides and Kemptide  in the presence of 
EGTA (Fig. 6 C ) .  The addition of phospholipid, Ca2+, and DG 
or  TPA stimulated the phosphorylation of EGF-R  and GS 
peptides up to 3-fold (data  not shown). Together  with the 
previous observations (27), it is most likely that  this fraction 
contains  a major part of protein kinase M and a small part of 
PKC  and PKA. 

By use of DEAE-Sephacel column chromatography with 
stepwise elution, we characterized  protein kinases in  the 
extracts from COS7 cells transfected with the various PKC 
constructs. Since most of the  PKC  mutant products were 
mainly recovered in  the cytoplasmic fractions of COS7 cells 
(data not shown), the cytoplasmic fractions from COS7 cells 
were subjected to DEAE-Sephacel column chromatography, 
and protein kinase activities were determined. All the  PKC 
mutants except for P K C a  and PKCg were eluted by 200 r n ~  
NaCl as judged by immunoblot analysis (data  not shown). 
Table I shows protein  kinase  activities  in the  extracts from 
COS7 cells transfected  with the  PKC  mutant cDNAs. Trans- 
fection with SRaPKCa  or SRaPKCB  resulted in  an 8-10-fold 

m 1 0 1  A 

H E G K   H E G K  
Substrates 

A I 

H E G K  

FIG. 6. Substrate specificity of endogenous protein kinases 
in COS7 cells. The supernatant of COS7 cells was fractionated by 
DEAE-Sephacel column chromatography as described in  the legend 
to Fig. 5. Protein kinase activities eluted by 90 mM NaCl (fractions 
2-5 combined), 100 pM cAMP plus 90 mM NaCl (fraction 2), and 200 
m M  NaCl (fraction 2) were assayed using histone H1. EGF-R peptide, 
GS peptide, or Kemptide as  substrates  as described under “Experi- 
mental Procedures.” A ,  by an aliquot (3 pl) of the fraction eluted by 
90 mM NaCl in the presence of phosphatidyl-serine, Ca”, and  TPA; 
B, by an aliquot (10 pl) of the fraction eluted by 100 PM cAMP plus 
90 mM NaCl in the presence of 1 mM EGTA; C, by an aliquot (20 pl) 
of the fraction eluted by 200 mM NaCl in the presence of EGTA. H, 
histone H1; E ,  EGF-R peptide; G, GS peptide; K,  Kemptide. 

TABLE I 
Protein kinase activities in COS7  celk  transfected  with the PKC 

mutant  constructs 
COS7 cells were transfected with the PKC  constructs as indicated, 

and  the supernatants of the cells were fractionated by DEAE-Sepha- 
cel column chromatography. Aliquots (10 pl) of the fractions eluted 
by 90 and 200 mM NaCl were assayed for protein kinase activity 
using EGF-R peptide as the substrate  as described in the legend to 
Fig. 6. Essentially identical results were obtained in three independent 
experiments. PS, phosphatidylserine. 

Protein kinase activity Protein kinase activity 
eluted with 90 mM eluted with: 200 mM 

PKC  constructs NaCl NaCl 

PS + Ca2+ + EGTA PS + Ca2+ + 
TPA  TPA EGTA 

pcDSRa 
SRaPKCa 
SRaPKCB 
SRaPKAC 
SRaPKCaANS 
SRaPKCaACB 
SRaPKCaADB 
SRaPKCaASB 
SRaPKCaAHH 
SRaPKCBAEE 
SRaPKCBAOP 

29,200 
268,760 
278,730 
29,360 
28,730 
29,650 
29,370 
30,020 
28,740 
29,240 
29.650 

cpm 
530 

1,150 
1,350 

450 
480 
510 
490 
500 
480 
440 
570 

16,100 
28,200 
26,600 
27,310 
20,420 
46,980 
62,610 
47,310 

119,250 
40,870 
15.700 

4,580 
9,010 
8,750 

16,270 
11,020 
12,470 
51,470 
33,010 
11,170 
29,660 
4.320 

TABLE I1 
Activator  requirement for the PKC mutants expressed in COS? cells 

COS7 cells were transfected with SRaPKCa, SRaPKCaACB, or 
SRaPKCaAHH  as indicated; and  the  supernatants of the cells were 
fractionated by DEAE-Sephacel column chromatography. Protein 
kinase activity was measured using EGF-R peptide as the substrate 
as described in the legend to Fig. 6. An aliquot (5 pl) of the fraction 
eluted by 90 mM NaCl was assayed for PKCa. Aliquots (10 pl) of the 
fractions eluted by 200 mM NaCl were assayed for PKCaACB and 
PKCaAHH. Essentially identical results were obtained in  three in- 
dependent experiments. PS, phosphatidylserine. 

Reaction system  SRaPKCa  SRaPKCaACB  SRaPKCaAHH 
cpm f%) cpm (%I cpm (%I 

Complete system 130,020 (100) 46,980 (100) 119,250 (100) 

-Ca2+ 44,280  (33) 31,570 (67) 115,310  (97) 
-PS 2,300  (1.8) 18,170 (39) 21,360 (18) 
+EGTA 820 (0.6) 12,470 (27) 11,170 (9.4) 

increase in the protein kinase activity which was dependent 
on phospholipid, Ca2+, and DG or TPA  in  the fraction  eluted 
by 90 mM NaC1. There was a slight increase in protein kinase 
activity independent of the activators in  the fraction  eluted 
by  200 mM NaCl, presumably due to  the limited proteolysis 
of the overproduced wild-type PKC. PKC activities  eluted by 
90 mM NaCl were almost the same among the cells trans- 
fected  with the various PKC  mutant  constructs.  Trans- 
fection with SRaPKAC,  SRaPKCaANS,  SRaPKCaADB, 
SRaPKCaASB, or SRaPKCPAEE conferred an increase in 
protein kinase activity independent of phospholipid, Ca2+, 
and DG or TPA in the fraction  eluted by 200 mM NaC1, 
although the levels of protein kinase activity varied from one 
another (Table I). PKCaACB showed a small increment of 
protein kinase activity in the presence of EGTA, but still was 
partially  dependent on phospholipid, Ca2+, and DG or TPA 
(Tables I and 11). PKCaAHH showed protein  kinase  activity 
dependent on phospholipid, Ca2+, and DG or TPA (Table  I). 
Interestingly, the requirement for Ca2+ of PKCaAHH seemed 
to be lower than  that of PKCa  and  PKCP  (Table 11). 
SRaPKCPAOP did not give rise to protein kinase activity in 
the presence and absence of the activators. 

Next, we determined substrate specificity of the  PKC mu- 

-TPA 64,800 (50) 34,510 (73) 69,420 (58) 
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We have constructed the expression plasmids har- 
boring protein kinase C (PKC) mutant cDNAs with a 
series of deletions in  the PKC coding region. These 
plasmids were  transfected  into COS7 cells to  charac- 
terize the PKC mutants. Immunoblot analysis using the 
anti-PKC antibody identified proteins  with  the M, val- 
ues expected from the PKC mutant cDNAs in  the ex- 
tracts from COS7  cells. The wild-type PKC, when ex- 
pressed in COS7 cells, conferred increased phorbol 
ester binding activity on intact cells; but the PKC 
mutants  with  the deletion around  the C 1 region did not 
show this activity. The wild-type PKC  showed protein 
kinase  activity dependent on  phospholipid, Ca”, and 
phorbol ester,  whereas these PKC mutants exhibited 
protein kinase activity independent of the  activators 
in  a cell-free system. A PKC mutant cDNA with the 
deletion in  the C2 region gave increased phorbol ester 
binding activity.  Protein  kinase  activity of this mutant 
was much less dependent on Ca2+ compared with the 
wild-type PKC. A PKC mutant cDNA with  the deletion 
in  the C3 region conferred increased phorbol ester 
binding activity, but neither activator-dependent nor 
-independent protein kinase activity. These results in- 
dicate that elimination of the C 1  region of  PKC gives 
rise  to constitutively active PKC independent of phos- 
pholipid, Ca”, and phorbol ester  and  that  the  Cl-C3 
regions play distinct roles in  the  regulatory  and  cata- 
lytic function of PKC. In another  series of experiments, 
transfection of some PKC mutant cDNAs with  the dele- 
tions around  the C1  region into Chinese hamster ovary 
and Jurkat cells activated  the  activator protein-l- 
binding element or  the c-fos gene enhancer linked to 
the chloramphenicol acetyltransferase  reporter gene 
in  the absence of phorbol ester. Microinjection of these 
constructs into Xenopus oocytes induced initiation of 
germinal vesicle breakdown, indicating that they stim- 
ulated the PKC pathway in  vivo. Thus, the phorbol 
ester-independent PKC mutant cDNAs could be a pow- 
erful tool to investigate  the  transmembrane signaling 
pathway mediated by  PKC. 
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Exposure of cells to various hormones, neurotransmitters, 
and growth factors elicits the breakdown of inositol phospho- 
lipids to produce DG’ and inositol phosphates (for reviews, 
see Refs. 1-3). Among these products, DG and inositol tris- 
phosphate serve as second messengers for PKC activation 
and Ca2+ mobilization, respectively (1-3). We have shown 
that  PKC activation and Ca2+ mobilization are synergistically 
or additively effective for cellular responses such as exocyto- 
sis, cell proliferation, and gene expression by use of mem- 
brane-permeable DGs or phorbol esters and Ca’+ ionophores 
(1, 2, 4-6). PKC is believed to play pivotal roles through 
phosphorylation of key substrates,  although the key target 
substrates of PKC for cell proliferation and gene expression 
remain to be identified. Thus,  the intracellular signal pathway 
from activation of PKC  to nuclear events  such as gene expres- 
sion is not  yet understood. Molecular genetic approaches 
could be useful to dissect the black box existing downstream 
of the protein kinase. 

Early  studies of PKC have shown that limited proteolysis 
of PKC by Ca2+-dependent  protease produces a 51-kDa frag- 
ment which has catalytic activity in  the absence of phospho- 
lipid, Ca2+, and DG or phorbol ester (7). The remainder of the 
proteolytic product has been shown to bind  a complex of 
phospholipid, Ca2+, and phorbol ester (8, 9). These results 
have suggested that  PKC is composed of the regulatory and 
catalytic domains. The amino acid sequences deduced from 
PKC cDNAs cloned from various species have revealed that 
PKC  has  three conserved regions and four divergent regions 
(10-13). The N-terminal half of PKC, which contains  con- 
served regions C1 and C2, has cysteine-rich repeats and is 
considered to serve as  the regulatory domain (10-13). The C- 
terminal half of PKC,  containing the C3 region, is presumed 
to be the catalytic domain since it has a typical ATP-binding 
site and shows homology with other protein  kinases  such as 
PKA. However, the functions and roles of each region of PKC 
have not yet been determined at a molecular level. 

In  the light of these observations, we have constructed PKC 
mutants by making hybrid genes with  PKA as a first  step of 
molecular genetic approaches (14). These  constructs induce 

‘The abbreviations used are: DG, diacylglycerol; PKC,  protein 
kinase C; PKA, catalytic subunit of CAMP-dependent protein kinase; 
EGF-R, epidermal growth factor receptor; GS, glycogen synthase; 
IL3, interleukin 3; AP-1, activator protein-1; PDBu, phorbol 12,13- 
dibutyrate; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; PBS, phosphate-buffered saline; BSA, bovine serum 
albumin; APMSF, (p-amidinopheny1)methanesulfonyl fluoride hy- 
drochloride; TPA, 12-O-tetradecanoylphorbol-13-acetate; Bt2cAMP, 
dibutyryl CAMP; bp, base pair(s); CHO, Chinese hamster ovary; 
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid EGTA, 
[ethylenebis(oxyethylenenitrilo)]tetraacetic acid. 
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• 細胞増殖因子から遺伝子発現へのシグナルーーー細胞膜
から核へのシグナル伝達機構。Rasの作用機構の解明

• 低分子量GTP結合タンパク質の機能解析

(Fred Wittingofer博士を迎えて）

おそらく一生で
一番働いた



低分子量GTP結合タンパク質ファミリー



細胞増殖因子はどのようなメカニズムでc-myc, 
c-fosなどの遺伝子発現を誘導するのか？

活性型のRaf-キナーゼはc-fos遺伝子のプロモーターを活性化する
Activation of the serum response element and 12-O-Tetradecanoylphorbol-13-acetate response element 
by the activated c-raf-1 protein in a manner independent of protein kinase C. Kaibuchi, K., Fukumoto, Y., 
Oku, N., Hori, Y., Yamamoto, T., Toyoshima, K., and Takai, Y.  J. Biol. Chem., 264, 20855-20858 (1989) 被引
用数 75

活性型のRasはc-fos遺伝子のプロモーターを活性化する
Activation of the c-fos serum-response element by the activated c-Ha-ras protein in a manner 
independent of protein kinase C and cAMP-dependent protein kinase. Fukumoto, Y., Kaibuchi, K., Oku, N., 
Hori, Y., and Takai, Y.  J. Biol. Chem., 265, 774-780 (1990) 被引用数 64

20856 Mode of Action of c-raf-1 Protein in Gene Expression 

and  NaeI  (position +41) is cloned upstream from the  CAT sequence. 
c-fos-luciferase was  a  gift  from K. Arai and M. Muramatsu  (DNAX 
Research Institute,  Palo Alto, CA). The 445-base pair  SstII-NaeI 
fragment of the c-fos gene  was cut by Hind111 from c-fosCAT and 
cloned into pSVO-luciferase to  construct c-fos-luciferase (20). 
pTKGH was obtained from  Nicols Institute (21). pTKGH  is a fusion 
gene in which the  promoter region of the  thymidine  kinase gene of 
herpes simplex virus  is cloned upstream  from  the  human growth 
hormone  gene  (21). The  SRE,  CRE,  and  TRE (5"CAGGATGTCCA- 
TATTAGGACATCTG-3,5'-GAGCCCGTGACGTTTACAC-3', and 
5'-ATGAGTCAGCGCGGATC-3', respectively) were synthesized by 
a DNA synthesizer (Applied  Biosystems, Inc., model 381A). 

Construction of Plasmids-The  pCOMlu expression  plasmid was 
constructed from the  pC012  plasmid  (4).  The  activated  c-raf-1  pro- 
tein was a hybrid protein  consisting of 16  amino-terminal  amino  acids 
of human lipocortin I1 and 370 carboxyl-terminal  amino  acids of 
human  c-raf-1  protein  (4). The cDNA of the  activated  c-raf-1  protein 
is cloned into  the pCOMlu plasmid  using a MluI  linker  to yield 
pCORAF.  A IL3  promoter  (positions -50 to +10 in  the mouse IL3 
gene) was synthesized with the KpnI and XbaI cohesive ends  and 
subcloned into  the  KpnI  and XbaI sites of pUC18 to form  pUCIL3 
(16). AILSCAT was synthesized by insertion of the  CAT gene into 
the XbaI cut  pUCIL3 using an XbaI linker.  SRECAT,  CRECAT,  and 
TRECAT were synthesized by introducing a synthetic  SRE,  three 
synthetic  CREs,  and  three  synthetic  TREs, respectively, upstream 
from the  IL3  promoter of AILSCAT (16). 

Transfection of cDNAs  to NIH/3T3 Cells-High efficient transfec- 
tion of cDNAs  to  NIH/3T3 cells  was carried  out as described by Chen 
and Okayama (22) with a slight modification. NIH/3T3 cells (1 X lo6 
cells/lOO-mm plate) were seeded 16 h  before transfection  in  10 ml of 
the growth  media. The cells were transfected  with 20 pg of plasmid 
DNA containing 5 pg of pCORAF,  5 pg of pTKGH, 5 pg of the  CAT 
construct  or 5 pg of c-/os-luciferase, and pUC18 as a carrier as 
indicated. One ml of the DNA/calcium phosphate  solution  was  added 
to  the cells, and  incubation was carried  out for an additional 16 h a t  
35 "C  in 3% CO,. The cells were then  rinsed  with  PBS twice, fed with 
10 ml  of DMEM  containing 0.5% CS, and  incubated for 32 h. For  the 
last 8-h incubation,  various  agents were added as  indicated  in  each 
experiment. 

Assays for CAT, Growth  Hormone, and Luciferase-A couple of 
plates of NIH/3T3 cells were transfected  with  the  plasmids  as  indi- 
cated. After transfection,  the media  were  saved for the growth hor- 
mone assay. The levels of the  human  growth  hormone were measured 
with a  solid phase  two-site radioimmunoassay kit  under  the  condi- 
tions recommended by the  manufacturer  (Nicols  Institute).  The 
transfected cells were harvested, washed, and resuspended in 0.2 ml 
of 250 mM Tris/HCl at   pH 7.8. The cell lysates were prepared  from 
the two plates  as described by Gorman  et al. (23). For  the  CAT  assay, 
the  lysates (100 pg of protein) were incubated  in 0.2 ml of the  reaction 
mixture  containing 50 p~ ['4C]chloramphenicol (0.5 $3)  and 2 mM 
acetyl-coA  in 250 mM Tris/HCl at   pH 7.8 for  4 h a t  37 "Cas indicated. 
CAT activity was assayed by thin layer chromatography as described. 
For  the luciferase  assay, the  lysates (50  pg of protein) were incubated 
in 0.4  ml  of the reaction mixture  containing 1 mM ATP, 3 mM MgSO,, 
and 0.2 mM luciferin in 10 mM Hepes a t   p H  7.8 a t  37 "C  (20). 
Luciferase activity was measured by a lumiphotometer  (Labo Science, 
model TD-4000). Each value  for CAT  and luciferase activities  and 
growth  hormone levels represents  the average of the  two  plates. 

Assay for fH]PDBu Binding"['H]PDBu binding to  NIH/3T3 
cells and  the cells whose protein  kinase C  was  down-regulated was 
assayed as follows. NIH/3T3 cells (1 X lo6 cells/lOO-mm plate) were 
seeded and  incubated for 24 h a t  37 "C. The cells were washed and 
incubated for 24 h in 10 ml of DMEM  containing 0.5% CS with or 
without 800 nM nonradioactive  PDBu.  During  this  incubation,  pro- 
tein kinase  C was down-regulated. The cells  were  washed three  times 
with PBS  and  incubated for  30 min a t  37 "C  with  2 ml of the  binding 
solution (DMEM, 0.1% bovine serum  albumin,  and 10 mM Hepes a t  
pH 7.4) containing  various  concentrations of ['HIPDBu (14.4 Ci/ 
mmol)  (16). The cells were rinsed  three  times  with ice-cold PBS  and 
scraped into 1 ml of PBS.  The  radioactivity was measured  and  the 
cell number was  counted. 

Protein Determination-Protein  was determined by the  method of 
Bradford  (24)  with  bovine serum  albumin as a standard  protein. 

RESULTS 

c-fosCAT and c-fos-luciferase Expression by Cotransfection 
of the Activated c-raf-1 cDNA-The cDNA encoding  the ac- 

tivated c-ruf-1 protein, which is  truncated at   the amino- 
terminal region,  was  cloned into  the pCOMlu  expression 
plasmid derived  from the  Harvey  sarcoma  virus  (Ha-MuSV) 
genome (4). This  construct showed transforming  activity  after 
transfection to  NIH/3T3 cells as described (4). A  fusion  gene 
(c-fosCAT) containing 445 base  pairs of the c-fos 5"flanking 
sequence  ligated to  the coding  sequence of the  bacterial  en- 
zyme CAT was  used as a reporter of transcriptional  activity 
of the c-fos gene enhancer.  In  addition, to measure  the relative 
efficiency of transfection  and  to allow normalization of sepa- 
rate  experiments, a construct  bearing  the  human growth 
hormone gene under  the  transcriptional  control of the  pro- 
moter of the  thymidine  kinase gene (pTKGH) was cotrans- 
fected with  the  CAT  constructs  to  NIH/3T3 cells. When  c- 
fosCAT  was expressed  in  NIH/3T3 cells, this expression  was 
stimulated by TPA  or  Bt2cAMP (Fig. 1). Under  the  same 
conditions,  cotransfection of c-fosCAT with the raf construct 
to  NIH/3T3 cells increased  CAT  activity slightly  more than 
that observed when  the cells transfected with c-fosCAT were 
stimulated  with  TPA  or  Bt2cAMP (Fig. 1). The  control  plas- 
mid (pCOMlu) did not show this activity. CAT  activity  de- 
rived from  the  CAT  construct  lacking  the c-fos 5"flanking 
sequence was negligible in  the cells cotransfected  with  the raf 
construct or supplied with  TPA or Bt2cAMP  (data  not 
shown).  The levels of the growth hormone derived from 
pTKGH were almost  the  same  among  the  transfected cells in 
each  experiment. 

To  examine  the  reporter gene other  than  the  CAT gene, 
the c-fos 5"flanking sequence  ligated to  the luciferase  gene 
(c-fos-luciferase)  was  employed as another  reporter of tran- 
scriptional  activity of the c-fos gene enhancer. c-fos-luciferase 
and  pTKGH were cotransfected to  NIH/3T3 cells. Cotrans- 
fection of the raf construct or addition of TPA or Bt2cAMP 
to  NIH/3T3 cells directed c-fos-luciferase expression but  not 
pTKGH expression (Table  I).  The  control  plasmid  (pCOMlu) 
was inactive  in  this capacity. Since c-fos-luciferase contains 
the  signal  for a polyadenylation addition  upstream  from  the 
c-fos gene enhancer,  the background level of the expression 
was  very low compared  with  that of c-fosCAT (20). These 
results  indicate  that  the  activated c-ruf-1 protein  stimulates 
the c-fos gene enhancer linked to  the heterologous reporter 
genes such  as  the  CAT  and luciferase  genes rather  than  affects 
transfection efficiency. 

Effect of Down-regulation of Protein  Kinase C on c-fosCAT 
Expression-We next  examined  whether  protein  kinase C  was 

]AcCM 

-CM 

A B C D E  
FIG. 1. Activation of c-fosCAT by cotransfection with the 

activated c-raf-1 cDNA to NIH/3T3 cells. c-fosCAT and  pTKGH 
were cotransfected  with pCOMlu or  pCORAF  to  NIH/3T3 cells as 
indicated. TPA  or  Bt2cAMP was added to  the cells transfected with 
c-fosCAT and  pTKGH  alone 8 h  before the  harvest of the cells as 
indicated. CAT  activity  and growth hormone level were then assayed. 
A, control; 19, stimulated with  2 mM BbcAMP; C, stimulated with 
100 nM TPA;  D, with  pCOMlu; E,  with pCORAF. CM  and AcCM 
represent  chloramphenicol  and  its  acetylated forms, respectively. 
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A protein factor for ras p21-dependent activation of mitogen-
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ABSTRACT To identify the direct target molecule of ras
p21 in higher eukaryotes, we have recently developed the
cell-free system in which ras p21 activates mitogen-activated
protein (MAP) kinase/extraceflular signal-regulated kinase
(ERK). In this cell-free system, the guanosine 5'-[Y-
thioltriphosphate-bound form of Ki-ras p21, but not the GDP-
bound form, activates endogenousXenopusMAP kinase as well
as recombinant ERK2 in the presence of the cytosol fraction of
Xenopus oocytes. We separated two protein factors from the
cytosol fraction of Xenopus oocytes by column chromatogra-
phy: one was the inactive form of MAP kinase kinase and the
other was a factor tentatively named ras p21-dependent ERK-
kinase stimulator (REKS). The former and latter showed Mr
values of -45,000 and 150,000-200,000, respectively, as esti-
mated by gel filtration. Both factors were necessary for Ki-ras
p21-dependent activation ofMAP kinase/ERK2. These results
indicate that an additional protein factor (REKS) is essential
for Ki-ras p21 to activate MAP kinase through MAP kinase
kinase.

ras p21 is a small GTP-binding protein (G protein) that
exhibits both GDP/GTP-binding and GTPase activities (1).
ras p21 has the GDP-bound inactive and GTP-bound active
forms, which are interconvertible by GDP/GTP exchange
and GTPase reactions (1). The GTPase reaction is regulated
by ras p21 GTPase-activating protein (GAP) (2), whereas the
GDP/GTP exchange reaction is regulated by GDP/GTP
exchange protein (GEP) (3). ras p21 has been shown to be
converted from the GDP-bound inactive form to the GTP-
bound active form upon stimulation by platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), in-
sulin, and phorbol 12-myristate 13-acetate (4-7). It has also
been shown that ras p21 GAP is phosphorylated by tyrosine
kinases of the PDGF and EGF receptors (8, 9). These results,
together with the accumulating evidence, indicate that ras
p21 is a downstream molecule of the receptor tyrosine
kinases and protein kinase C (10, 11). However, it has not
been fully understood how ras p21 activity is regulated by
these receptors and protein kinase C through its GEP or
GAP, or how ras p21 transduces the signal to genes.
On the other hand, evidence is accumulating that a wide

variety of extracellular signals such as PDGF, EGF, insulin,
nerve growth factor, phorbol 12-myristate 13-acetate, and
progesterone activate mitogen-activated protein (MAP) ki-
nase/extracellular signal-regulated kinase (ERK) in various
types of cells, including mouse fibroblasts, PC12 cells, and
Xenopus oocytes, and that MAP kinase mediates at least a
part of these signals (12-15). This MAP kinase activation is
mediated by MAP kinase kinase, which is activated in

mammalian cells and Xenopus oocytes upon stimulation by
the extracellular signals (16-20). Accumulating evidence
indicates that some of the extracellular signals activate MAP
kinase through the action of ras p21 (21-26). However, it
remains to be clarified how ras p21 regulates MAP kinase
activity and what the direct target molecule of ras p21 is.

In light ofthese observations, we have recently established
a cell-free system using the cytosol fraction of Xenopus
oocytes, in which ras p21 activates Xenopus MAP kinase and
recombinant MAP kinase (35). By use ofthis cell-free system,
we have found and partially purified an additional protein
factor that is necessary for ras p21 to activate MAP kinase
through MAP kinase kinase.

MATERIALS AND METHODS
Materials. The cytosol fraction of Xenopus laevis oocytes

was prepared as described with a slight modification (15).
Immature oocytes (stage VI) were obtained surgically from
hypothermically anesthetized females without collagenase
treatment. Mature oocytes were obtained from females in-
jected with gonadotropin (500 international units) 15 hr before
use. The immature oocytes, washed with buffer A [20 mM
Tris-HCI, pH 8.0/10 mM EGTA/5 mM MgCl2/1 mM dithio-
threitol/1 ,uM (p-amidinophenyl)methanesulfonyl fluoride/
leupeptin (10 ug/ml)/aprotinin (20 ,g/ml)], were homoge-
nized with 1 vol of buffer A by a Teflon glass homogenizer.
The homogenate was centrifuged at 5000 x g for 10 min at
4° C. The supernatant was then centrifuged twice at 300,000
x g for 30 min at 2° C. The supernatant was used as the cytosol
fraction of immature oocytes. The mature oocytes, dejellied
with cysteine (2%; pH 7.8) and washed with buffer B (buffer
A containing 20mM P-glycerophosphate/0.1 mM NaF/1 mM
sodium orthovanadate), were homogenized with 1 vol of
buffer B and centrifuged as described above. The supernatant
was used as the cytosol fraction of mature oocytes. Recom-
binant ERK2 was purified from overexpressing Escherichia
coli as a glutathione S-transferase (GST)-ERK2 fusion pro-
tein using a glutathione Sepharose 4B column as described
(35). The GDP-bound and guanosine 5'-[y-thiojtriphosphate
(GTP[yS])-bound forms of Ki-ras p21 were prepared as
described (27). Phosphatase 2A was purified from human
erythrocytes as described (28). An anti-MAP kinase polyclo-
nal antibody was a generous gift from E. Nishida (University
of Tokyo). Myelin basic protein (MBP) and aprotinin were
purchased from Sigma.

Abbreviations: G protein, GTP-binding protein; GAP, GTPase acti-
vating protein; GEP, GDP/GTP exchange protein; PDGF, platelet-
derived growth factor; EGF, epidermal growth factor; MAP, mitogen-
activated protein; ERK, extracellular signal-regulated kinase; GST,
glutathione S-transferase; GTP[yS], guanosine 5'-[y-thio]triphos-
phate; MBP, myelin basic protein.
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Assay for MAP Kinase. The MAP kinase activity was
detected by the in-gel kinase assay as described (15). Briefly,
the sample to be assayed was incubated for 10 min at 30TC in
a final vol of 50 Jl containing 20 mM Tris-HCl (pH 7.5), 100
t&M ATP, 6mM EGTA, 10mM MgCI2, and 300 nM Ki-ras p21
(GDP-bound or GTP[yS]-bound form). Where indicated, 10
/.d of the inactive form of MAP kinase (4 t&g of protein) or
GST-ERK2 (500 ng of protein) was added, and the reaction
mixture was incubated for an additional 20 min at 30TC. The
reaction was terminated by addition of Laemmli's sampling
buffer and boiled for 5 min at 100TC (29). The sample was
subjected to SDS/PAGE using 10% gel containing 0.5 mg of
MBP per ml. After renaturation of the sample, it was incu-
bated with [y-32P]ATP to detect protein kinase activity to-
ward MBP. The radioactivity of 32p incorporated into MBP
was detected by autoradiography or bioimaging analyzer
BAS2000 (FUJIX, Tokyo). Details of the assay conditions
will be described (35).
DEAE-Sephacel Column Chromatography of Cytosol Frac-

tions. The cytosol fractions of immature and mature oocytes
(0.5 ml each) were diluted with 4 vol of buffers A and B.
respectively, and separately applied to DEAE-Sephacel col-
umns (1 x 1.3 cm) equilibrated with each buffer. The flow-
through fraction (2 ml) was collected and used as the unad-
sorbed fraction. After the column was washed with 5 column
vol of each buffer containing 0.1 M NaCl, elution was
performed with 2 ml of each buffer containing 0.2 M NaCl.
The fraction eluted by 0.1-0.2 M NaCl was used as the
adsorbed fraction. The adsorbed fractions from the cytosol
fractions of immature and mature oocytes contained the
inactive and active form of MAP kinase, respectively (see
Results) (18).

Gel Filtration of Each Fraction from DEAE-Sephacel Col-
umn Chromatography. To partially purify Xenopus MAP
kinase kinase, the unadsorbed fraction from the cytosol
fraction of mature oocytes was concentrated 10:1 by Centri-
con 10 (300 IlI; 2.4 mg of protein) and applied to a Superose
12 HR10/30 column equilibrated with buffer A. Elution was
performed with the same buffer at a flow rate of 0.25 ml/min
and 0.5-ml fractions were collected. The activity of MAP
kinase kinase appeared in fractions 26-28 as a single peak
(see Fig. 3A). These fractions were collected and used as the
active form of MAP kinase kinase. The active form of MAP
kinase kinase was detected by the MAP kinase assay. The
unadsorbed fraction (2.4 mg of protein) and the adsorbed
fraction (3.6 mg of protein) from the cytosol fraction of
immature oocytes were subjected to the same columns,
respectively, in a similar way (see Figs. 3B and 4).

Partial Purification of Xenopus MAP Kinase. The adsorbed
fraction from the cytosol fraction (10 ml) of mature oocytes
was dialyzed against buffer C [20mM Tris HCl, pH 8.0/2mM
EGTA/10 mM MgCl2/1 mM dithiothreitol/1 ,uM (p-
amidinophenyl)methanesulfonyl fluoride] and then applied to
a Mono Q HR5/5 column equilibrated with buffer C. After
the column was washed with the same buffer, elution was
performed with a 50-ml linear gradient of NaCl (0-0.5 M) in
buffer C and collected in 0.5-ml fractions. The active form of
MAP kinase appeared in fractions 32-40 as a single peak.
These fractions were collected and used as the active form of
MAP kinase. The active form ofMAP kinase was detected by
the MAP kinase assay. The inactive form ofMAP kinase was
partially purified from the adsorbed fraction from the cytosol
fraction of immature oocytes in a similar way. The inactive
form of MAP kinase was detected by immunoblot analysis.

Phosphatase Treatment. The active form of MAP kinase
kinase (10 ,ug of protein) was incubated for 10 min at 30° C
with phosphatase 2A (50 ng of protein) in a final vol of 50 jul
containing 20 mM Tris HCl (pH 7.5), 9 mM EGTA, 1 mM
EDTA, 4 mM MgCl2, and 1 mM dithiothreitol. The reaction

was terminated by addition of okadaic acid to a final con-
centration of 10 ILM.
Other Procedures. The H1 histone kinase assay was carried

out as described (15). Immunoblot analysis by use of the
anti-MAP kinase antibody was carried out as described (30).
SDS/PAGE was performed by the method of Laemmli (29).
Protein concentrations were determined with bovine serum
albumin as a standard protein (31).

RESULTS
Activation by Ki-ras p21 of MAP Kinase in the Ceil-Free

System. We have recently developed the cell-free system in
which ras p21 activates endogenous Xenopus MAP kinase
and GST-ERK2 in the presence of the cytosol fraction of
immature oocytes (35). The ras p21-dependent activation of
MAP kinase and GST-ERK2 is shown in Fig. 1. The
GTP[IyS]-bound form of Ki-ras p21 markedly activated MAP
kinase and GST-ERK2 in the presence ofthe cytosol fraction
ofimmature oocytes. The GDP-bound form ofKi-ras p21 was
far less effective under the same conditions. Since MAP
kinase is known to be activated by H1 histone kinase (15), we
sought to determine whether ras p21 affected H1 histone
kinase activity. The GTPtyS]-bound form of Ki-ras p21 did
not affect H1 histone kinase activity (data not shown). On the
other hand, the cytosol fraction of mature oocytes showed
strong MAP kinase activity as described (15). This activity
was not further activated by Ki-ras p21. Since GST-ERK2,
with a Mr of -70,000 on SDS/PAGE, was easily distin-
guished from Xenopus MAP kinase, we used GST-ERK2 as
the exogenous inactive form of MAP kinase in the following
experiments.

Identification of a Protein Factor for Ki-ras p21 to Activate
MAP Kinase Through MAP Kinase Kinase. It has recently
been reported that MAP kinase is directly activated by its
activator, MAP kinase kinase in response to various extra-
cellular signals (16-20). Therefore, it is possible that Ki-ras
p21 directly or indirectly stimulates MAP kinase kinase. To
address this question, the cytosol fractions of mature and
immature oocytes were fractionated by DEAE-Sephacel
column chromatography into two fractions, the unadsorbed
and adsorbed fractions. Immunoblot analysis by use of the

GST-ERK2
_ _

- + + +

(//*y<//"
FIG. 1. Ki-ras p21-dependent activation ofXenopus MAP kinase

and GST-ERK2 in the presence of the cytosol fraction of Xenopus
oocytes. The cytosol fraction (200 j&g ofprotein) ofimmature oocytes
was incubated for 10 min at 30° C with the GDP-bound or GTP[IyS]-
bound form of Ki-ras p21 in the presence or absence of GST-ERK2
(500 ng of protein). The MAP kinase activity was detected by the
in-gel kinase assay. Open and solid arrowheads indicate positions of
Xenopus MAP kinase and GST-ERK2, respectively. Solid arrow
indicates position of unidentified protein kinase with a Mr of
-60,000. Results are representative of three independent experi-
ments.
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被引用数 20

被引用数 69

1000匹以上のカエルの卵からRasのターゲットを精製した。

RasがERK (MAPK)を活性化する系を開発して、Rasのターゲット
（REKS)を同定した。

REKSはB-Rafのalternative splice formだった。

黒田君

世界に先駆けてRasのターゲットを取ることを目指した



Fig15-66

Complexes of Ras-GTP with Raf-1 and mitogen-activated protein kinase kinase. Moodie
SA., et al, Science 260, 1658-1661 (1993) 被引用数 896 （細胞の生物学） Newton Press

細胞増殖因子はRas/Raf/MAPKK/MAPK経路でc-myc, 
c-fosなどの遺伝子発現を誘導する



神戸大学時代の研究
(高井研究室、1988-93年)

• 細胞増殖因子から遺伝子発現へのシグナ
ルーーー膜から核へのシグナル伝達機構。
Rasの作用機構の解明

• 低分子量GTP結合タンパク質(Rap1, Rab, 
Rho)の機能解析
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Molecular cloning and characterization of a novel type of regulatory protein (GDI) for the rho
proteins, ras p21-like small GTP-binding proteins. Fukumoto, Y., et al, Oncogene, 5, 1321-
1328 (1990) 被引用数 230
Involvement of Rho p21 in the GTP-enhanced calcium-ion sensitivity of smooth
muscle contraction
Hirata K, et al J Biol Chem 267, 8719-22, 1992 (May) 被引用数 399



Fig16-97

Rho familyは細胞骨格と接着を制御する

The small GTP-binding protein Rho regulates the assembly of focal adhesions and 
actin stress fibers in response to growth factors
Ridley A, Hall A, Cell 70,389-399, 1992 (August) 被引用数 2994（細胞の生物学） Newton Press

Alan Hall
(1962-2015)



1974年4月入学 〜 1980年3月卒業 神戸大学医学部

1980年4月入学 〜 1984年3月 神戸大学大学院医学研究科 （西塚泰美教授）

1984年4月〜1985年9月 神戸大学医学部・助手 (生化学講座)

1985年10月〜1987年11月 DNAX分子生物学研究所・ポストドク （新井賢一部長）

1987年12月〜1994年3月 神戸大学医学部・助教・講師・助教授

1994年4月〜2000年3月 奈良先端科学技術大学院大学・教授（細胞内情報学）

2000年4月〜2021年3月 名古屋大学大学院医学系研究科・教授（神経情報薬理学）

2019年4月〜 藤田医科大学総合医科学研究所・所長

略歴

希望と不安を胸に新天地（新設の大学院大学）へ



奈良先端科学技術大学院大学時代
の研究（1994-2000年)

• 低分子量GTP結合タンパク質の機能解析
• Rhoファミリーによる細胞骨格・接着の制御機構

1995年3月 1995年12月



Rho を介するシグナル伝達機構

受容体

RhoGEF

細胞外シグナル

RhoGAP

GTP

Rho Rho

GDP

GDPGTP

Pi

不活性型 活性型

平滑筋収縮

細胞基質間接着

細胞遊走
細胞分裂

ターゲット

(Hirata et al. J Biol Chem 1992; Ridley et al. Cell 1992)

？

Rhoのターゲットは

同定されてなかった



Rho の標的タンパク質の同定

GTPRho

標的タンパク質

GST
（Rho のアフィニティカラム）

牛脳の抽出液

結合タンパク質の溶出

SDS PAGE & 銀染色
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Rho-キ
ナーゼ

MYPT1
(ミオシン脱リン
酸化酵素のミオ
シン結合サブユ
ニット)

(Amano et al. Science 1996; Matsui et al. EMBO J 1996; Kimura et al. Science 1996)

天野さん
中福さん



catalytic

Rho/Rho-キナーゼ経路によるミオシン軽鎖 (MLC)

のリン酸化制御機構

GTPRho

Rho-キナーゼ

MLC

MLC

MYPT1

P

P

不活性型活性型

catalytic

ミ
オ
シ
ン
脱
リ
ン
酸
化
酵
素

(M
LCP)

平滑筋収縮

弛緩

(Kimura et al. Science 1996; Amano et al. J Biol Chem 1996; Kureishi et al. J Biol Chem 1997)
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Rho-キナーゼ/ROCK/ROKの一次構造

Kinase domain Coiled coli domain PH domain

Cys richRho-binding

1388 aa
Rho-kinasea
(ROCK2/ROKa)

1354 aa
Rho-kinaseb
(ROCK1/ROKb)

N-terminal 
extension

C-terminal 
extension

27 85 399
419

424 1125 1151 1349

11 69 383
401

402 1096 1119 1317

82.8% 55.1% 68.4%

(Amano et al. Cytoskeleton 2010)



Rho-キナーゼの活性化機構

アラキドン酸
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(Amano et al. J Biol Chem 1999; Feng et al. J Biol Chem 1999)



Rho/Rho-キナーゼのシグナル伝達経路
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Fig16-98

Rho/Rho-kinaseはミオシンのリン酸化を調節して
細胞の収縮性と接着を制御する

Regulation of myosin phosphatase by Rho and Rho-associated kinase (Rho-kinase). Kimura K., et al, 
Science, 273, 245-258 (1996) 被引用数 2241
Phosphorylation and activation of myosin by Rho-associated kinase (Rho-kinase). Amano M, et al, J Biol
Chem, 271, 20246-20249 (1996) 被引用数 1531
Formation of actin stress fibers and focal adhesions enhanced by Rho-kinase. Amano M, et al,  Science, 
275, 1308-1311 (1997) 被引用数 901
Regulation of the cytoskeleton and cell adhesion by the Rho family GTPases in mammalian cells. Kaibuchi
K, et al,  Annu Rev Biochem, 68, 459-486 (1999) 被引用数 845 （細胞の生物学） Newton Press
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Rho/Rho-キナーゼの生理機能と病態への関与
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2087Roles of IQGAP1 in cell adhesion and cell polarization

Regulation of cadherin-mediated cell-cell adhesion
by IQGAP1
IQGAP1 localizes to sites of cell-cell contact (Kuroda et al.,
1998) and, when overexpressed, it reduces E-cadherin-
mediated cell-cell adhesion by interacting with β-catenin,
causing the dissociation of α-catenin from the cadherin-catenin
complex in EL cells (Kuroda et al., 1998). Activated Rac1 and
Cdc42 positively regulate E-cadherin-mediated cell-cell
adhesion by inhibiting the interaction of IQGAP1 with β-
catenin (Fukata et al., 1999). We have therefore proposed that
E-cadherin exists in a dynamic equilibrium between the E-
cadherin–β-catenin–α-catenin complex and the E-cadherin–β-
catenin–IQGAP1 complex at sites of cell-cell contact. The
ratio between these two complexes could determine the
strength of adhesion. However, until recently, the consequences
of loss of function of IQGAP1 had been unclear.

Recent work, including the use of RNA interference (RNAi),
has now examined this issue. We have shown that the inhibition
of either IQGAP1 or Rac1 by RNAi reduces the accumulation
of actin filaments, E-cadherin and β-catenin at sites of cell-cell
contact in MDCKII cells (Noritake et al., 2004). In addition,
we showed that expression of a putative constitutively active
mutant of IQGAP1(T1050AX2) (Fig. 1) that cannot bind to
Rac1/Cdc42 overcomes the effect of knocking down Rac1 (e.g.
promoting actin accumulation). We also found that 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced cell scattering
in cells in which IQGAP1 or Rac1 is knocked down is faster
than in control cells (Noritake et al., 2004). IQGAP1 and Rac1
are thus both necessary for cell-cell adhesion.

Rac1 directly binds to IQGAP1 when the amount of its GTP-
bound form increases. This tethers actin filaments, which are
also linked to the cadherin–β-catenin complex through α-

catenin. Under these conditions, IQGAP1 does not bind to β-
catenin and cannot dissociate α-catenin from the cadherin-
catenin complex, and the ratio of E-cadherin–β-catenin–α-
catenin complex to E-cadherin–β-catenin–IQGAP1 complex is
high. This state confers strong adhesive activity (Fig. 2). Since
IQGAP1 has anti-GTPase activity (Hart et al., 1996), it might
sustain the amount of GTP-bound Rac1 at sites of cell-cell
contact, leading to stable adhesion. Izumi et al. recently
reported that the inhibition of endocytosis of trans-interacting
E-cadherin is mediated by reorganization of the actin
cytoskeleton by the IQGAP1-Rac/Cdc42 complex (Izumi et al.,
2004). Thus, IQGAP1 behaves as a positive regulator
downstream of Rac1.

By contrast, IQGAP1 is freed from Rac1 and Cdc42, and
interacts with β-catenin to dissociate α-catenin from the
cadherin-catenin complex when the amounts of inactivated
Rac1 and Cdc42 increase during the action of certain
extracellular signals such as HGF or TPA (see below). In this
case, the ratio of E-cadherin–β-catenin–IQGAP1 complex to
E-cadherin–β-catenin–α-catenin complex is high, resulting in
weak adhesion and cell-cell dissociation (Fig. 2). Thus,
IQGAP1 negatively regulates E-cadherin-mediated cell-cell
adhesion.

The physiological processes in which this
Rac1/Cdc42/IQGAP1 system is involved are unclear. It
functions in cell-cell dissociation during HGF- or TPA-induced
cell scattering, which is thought to be a model for the
epithelial-mesenchymal transition (EMT) and dispersal of
cancer cells. Time-lapse analyses using green fluorescent
protein (GFP)-tagged α-catenin showed that α-catenin
disappears from cell-cell contacts before the cells dissociate
during cell scattering. Rac1V12, Cdc42V12 and a dominant-
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Fig. 2. Role of IQGAP1 in the regulation of E-cadherin-mediated cell-cell adhesion. When the amount of activated Rac1 increases, Rac1
interacts with IQGAP1, thereby crosslinking actin filaments. Under these conditions, IQGAP1 does not bind to β-catenin and cannot dissociate
α-catenin from the cadherin-catenin complex, leading to strong adhesion. By contrast, when the amounts of inactivated Rac1 increases,
IQGAP1 is freed from Rac1 and interacts with β-catenin to dissociate α-catenin from the cadherin-catenin complex. This results in weak
adhesion.

Rhoファミリーによる細胞間接着の制御機構

(Noritake et al., J Cell Sci 2005)
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et al., 1996) and IQGAP3. IQGAP1 is upregulated by gene
amplification in some diffuse types of gastric cancer (Sugimoto
et al., 2001) and is highly expressed in patients with moderate
and/or severe atopic dermatitis (Matsumoto et al., 2002).
Furthermore, there seems to be a correlation between
dysfunction of E-cadherin-mediated adhesion in gastric
tumors, increased membrane localization of IQGAP1 and
decreased membrane localization of α-catenin (Takemoto et
al., 2001). This indicates that the Rac1/Cdc42/IQGAP1 system
might be involved in tumor progression. Presslauer et al. found
that autoantibodies in patients with autoimmune bullous skin
diseases recognize IQGAP1 as an antigen (Presslauer et
al., 2003). Moreover, IQGAP1 might have a role in the
organization of reactive oxygen species (ROS)-dependent
vascular endothelial growth factor (VEGF) signaling, followed
by the promotion of endothelial cell migration and
proliferation, which may contribute to the regeneration of
endothelial cells after vascular injury (Yamaoka-Tojo et al.,
2004).

IQGAP1 thus seems to be involved in several human
diseases, and it is conceivable that the dysregulation of
cadherin-mediated cell-cell adhesion and the misregulation of
cell polarization by IQGAP1 and Rho GTPases promote tumor
metastasis and intractable inflammatory diseases that often
lead to death. If so, modulation of the signaling pathways
linking IQGAP1 and cadherins or cell polarization might
provide the basis for therapies for these diseases.
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(2005) 被引用数 663, Arimura et al., Dev Cell (2009) 被引用数 126, Namba et al., Neuron (2014) 被引用数 80, Takano 
et al., Nat Commun (2017) 被引用数 26, 
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1 March 2001
Dear Dr Kaibuchi,

I do apologize for the delay in contacting you about your manuscript "CRMP-2 an axon 
including molecule in cultured hippocampal neurons" which was due to the difficulty we 
had in obtaining reports from our referees. It has now been seen by the first original 
referee and a further extra referee (since the second original referee was unavailable for 
re-review)  whose comments are attached, and in the light of their advice I am sorry to say 
we are unable to offer to publish it in Nature.
You will see that, while they find your work interesting, the first referee continues to raise 
substantive concerns which cast doubt on the strength of the novel conclusions that can 
be drawn at this stage. ------------------

Dr Andrea Kauffmann-Zeh
Senior Editor of Nature

PS. Should you decide to submit your paper to Nature Neuroscience, however, we shall be 
happy to release our referees' reports to its editors in order to expedite the review 
process.

その後、Nat Neurosciにacceptされる。結果的
に他に先行して仕事ができて良かったかもし
れない。

奈良にて
Mu-ming Poo
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FIGURE 1 | Processes of neuronal polarization in vitro and in vivo. (A) Upon isolation, hippocampal neurons form filopodia (stage 1). These neurons subsequently
extend several minor neurites (stage 2), which show characteristic alternations of growth, and retraction. The major polarity event occurs when one of these
equivalent minor neurites grows rapidly to become the axon (stage 3). The next steps are the morphological development of the remaining short minor neurites into
dendrites (stage 4) and the functional polarization of axons and dendrites, including dendritic spine formation (stage 5). (B) In the developing neocortex, cortical
neurons are generated from the radial glia in the VZ. These neurons extend multiple minor neurites and migrate toward the IZ through the SVZ. The multipolar (MP)
cells generate a trailing process (future axon) and a leading process (future dendrite), and then these MP cells transform into bipolar (BP) cells and migrate toward the
cortical plate (CP). A TAG-mediated interaction between a minor neurite of an MP cell and pioneering axons determines axon specification in the lower part of the IZ
(IZ-L). N-cadherin-mediated interactions between the radial glia and neuron interactions determines dendrite specification in the upper part of the IZ (IZ-U).

N-cadherin by the expression of dominant-negative N-cadherin
or knockdown disrupts axon-dendrite polarity and neuronal
migration in vivo (Kawauchi et al., 2010; Jossin and Cooper,
2011; Gartner et al., 2012; Xu et al., 2015). N-cadherin activates
RhoA at the contacting neurite and then induces the formation
of a leading process (Xu et al., 2015; Figure 2A). Thus, the
TAG1-mediated neuron-neuron interaction and the N-cadherin-
mediated radial glia–neuron interaction are essential for neuronal
polarization in vivo as complementary mechanisms (Figure 1B).

POSITIVE FEEDBACK SIGNALS

The involvement of “positive and negative feedback signals” play
a crucial role in neuronal polarization (Arimura and Kaibuchi,
2007; Inagaki et al., 2011; Takano et al., 2015; Schelski and Bradke,
2017). “Positive feedback signals” induce axon specification
and elongation. “Negative feedback signals” determine dendrite

specification and maintain neuronal polarity by preventing the
formation of multiple axons.

In the developing cortex, neuronal polarization is established
in response to environmental cues (Funahashi et al., 2014;
Namba et al., 2015). In contrast, cultured neurons stochastically
generate a single axon and multiple dendrites that never
develop into axons without the need for exogenous factors
(Arimura and Kaibuchi, 2007; Takano et al., 2015). How
do neurons on the stochastic model establish their polarity
without these environmental cues? Recent results showed that
inhibition of neurotrophins, such as BDNF and NT-3, or
their receptors through the use of neutralizing antibodies
and inhibitors prevents axon specification. These findings
indicate that cultured hippocampal neurons secrete these
neurotrophins for establishing neuronal polarity (Cheng et al.,
2011; Nakamuta et al., 2011). Neurotrophin receptors are
predominantly transported toward the tip of the nascent axon
by kinesin-1 (Arimura et al., 2009). Furthermore, BDNF induces

Frontiers in Cell and Developmental Biology | www.frontiersin.org 3 April 2019 | Volume 7 | Article 69

In Vivoにおける神経細胞の極性形成機構

(Nakamuta et al., Science Signal 2011; Namba et al., Neuron 2014; Xu J Neurosci 2015; Takano et al., Frontiers Cell Dev 2019) 
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FIGURE 2 | Continued
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Establishment and maintenance of neuronal polarity are critical for neuronal
development and function. One of the fundamental questions in neurodevelopment is
how neurons generate only one axon and several dendrites from multiple minor neurites.
Over the past few decades, molecular and cell biological approaches have unveiled a
large number of signaling networks regulating neuronal polarity in cultured hippocampal
neurons and the developing cortex. Emerging evidence reveals that positive and
negative feedback signals play a crucial role in axon and dendrite specification. Positive
feedback signals are continuously activated in one of minor neurites and result in
axon specification and elongation, whereas negative feedback signals are propagated
from a nascent axon terminal to all minor neurites and inhibit the formation of multiple
axon, thereby leading to dendrite specification, and maintaining neuronal polarity. This
current insight provides a holistic picture of the signaling mechanisms underlying
neuronal polarization during neuronal development. Here, our review highlights recent
advancements in this fascinating field, with a focus on the positive, and negative
feedback signals as key regulatory mechanisms underlying neuronal polarization.

Keywords: neuronal polarity, axon specification, dendrite specification, positive feedback loop, negative
feedback signal

INTRODUCTION

Cell polarization is a crucial step in multiple cellular aspects such as di�erentiation, morphogenesis,
and migration. Among the various cell types, neurons are highly polarized cells that have a long
axon, and several short dendrites. These two di�erent processes generate the information flow
that is essential for brain functions such as memory, learning, and emotion. An axon is a single
long process that transmits the information to other neurons by the release of neurotransmitters.
Dendrites have several branched processes and dendritic spines, which contain neurotransmitter
receptors to receive information from other neurons (Arimura and Kaibuchi, 2007; Takano
et al., 2015). Recently, several excellent reviews have described remarkable advancements in
understanding the molecular mechanisms regulating neuronal polarization, especially focusing on
axon formation, and elongation in vitro and in vivo (Namba et al., 2015; Takano et al., 2015; Bentley
and Banker, 2016; Schelski and Bradke, 2017; Yogev and Shen, 2017; Tortosa and Hoogenraad,
2018). In addition to these exciting topics, a major goal of neuronal development is to uncover
the molecular mechanisms on how neurons stochastically determine axonal and dendritic fates
to establish proper brain circuitry. Accumulating evidence has demonstrated that positive and
negative feedback signals play a pivotal role in the establishment and maintenance of neuronal
polarity (Arimura and Kaibuchi, 2007; Takano et al., 2015). These fascinating concepts can greatly
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2015年3月
プエルトバラス（チリ）
にて高野君

2011年4月
サンチアゴにて
船橋君

(Nishimura et al., Nat Cell Biol 2005; Funahashi et al., J Neurosci 2013; Takano et al., Nat Commun 2017) 

呉さん



名古屋大学での研究（2000-2021年)

• Rhoファミリーと血管疾患
• Rhoファミリーによる細胞極性の制御機構
• 神経細胞の極性制御機構
• 精神疾患の病態解明
• 新規のリン酸化プロテオミクス法の開発
• リン酸化プロテオミクス法を用いた情動行動の
制御機構の解明

薬理学の講義で中枢神経系と精神医学
を教えるうちに何か貢献出来ないかと考
えた



胎性期・周産期の問題

思春期・青年期の心理社
会的ストレス 発症

再発による神経毒性

病勢の進行

神経発達障害による
生物学的脆弱性

正常 統合失調症

複数の遺伝因子

神経発達障害仮説に基づく統合失調症の病態モデル

(精神科の尾崎紀夫教授提供）

Orly Reiner 2014年8月



統合失調症の発症脆弱性因子

染色体遺伝子

統合失調症との関係

関連解析 連鎖解析

modified from [Harrison and Weinberger, Mol. Psychiatry, 2005]

22q11COMT ＋＋＋＋ ＋＋＋＋

6p22Dysbindin ＋＋＋＋＋ ＋＋＋＋

8p12-21Neuregulin-1 ＋＋＋＋＋ ＋＋＋＋

1q21-22RGS4 ＋＋＋ ＋＋＋

1q42DISC1 ＋＋＋ ＋＋

13q32-34G72 ＋＋＋ ＋＋

7q21-22mGluR3 ＋＋＋ ＋

14q22-32Akt1 ＋ ＋

7p15Chimaerin-2 ＋ ＋

匹田君

田谷君

2015年4月
エルサレム
にて坪井君

2007年11月
ニューオリンズ
にて黒田君

篠田君
森君



(Millar et al., HMG, 2000)

DISC1

第1
染色体

第11
染色体

（１）スコットランドの統合失調症多発家系での相互転座

carrier (hetero) non-carrier

18/29精神疾患 0/38

（２）相互転座により統合失調症が多発する

(Blackwood et al. AJHG, 2001)

統合失調症: 7
双極性障害: 1
難治性大うつ病: 10

DISC1
蛋白質の
発現低下

家族集積性統合失調症の原因遺伝子DISC1

DISC1の機能:神経細胞の遊走、シナプス形成、軸索内輸送

Rare Variation

2010年8月エジンバラ
DISC! meeting



細胞体

軸索

成長円錐

14-3-3e

DISC1
P

LIS1
NUDEL

Grb2
DISC1

14-3-3e

DISC1

P

LIS1
NUDEL

Rac1
IQGAP1

微小管(-)

Grb2

MAPK

骨格制御

(+)

タンパク質輸送

CLIP170

受容体

接着分子

細胞外マトリックス

アクチン
フィラメント

(Taya  et al., J Neurosci 2007; Shinoda et al., J Neurosci 2007: Enomoto et al., Neuron 2009)

DISC1による軸索伸長機構：DISC1はキネシンモーター
とNUDEL/LIS1/14-3-3e複合体を繋ぐ積み荷受容体として働く

kinesin



細胞体

Hzf
DISC1

Distal end →

Neuronal 
RNA granule

細胞体

スパイン

- +

TrkB

MAPK

BDNF

樹状突起

Hzf
DISC1

タンパク質合成

DISC1はIP3-R mRNAなどのmRNA輸送と翻
訳を制御する

(Kuroda  et al., Hum Mol Genet 2011; Tsuboi et al., Nat Neurosci 2015)



名古屋大学での研究（2000-2021年)
• Rhoファミリーと血管疾患
• Rhoファミリーによる細胞極性の制御機構
• 神経細胞の極性制御機構
• 精神疾患の病態解明
• 新規のリン酸化プロテオミクス法の開発
• リン酸化プロテオミクス法を用いた情動行動の
制御機構の解明

2014年7月
国際薬理学会連合
での講演後ケープタウン
の喜望峰にて



(http://www.cellsignal.com)

約500種類のプロテインキナーゼが存在する



プロテインキナーゼの基質蛋白質の多くは未だ
同定されていない

• 人の遺伝子は約25000（蛋白質もほぼ同数）。
• そのうち少なくとも約80％の蛋白質がリン酸化されてい
るらしい。

• 1つの蛋白質あたり平均10カ所のリン酸化サイトが存在
する。

• 約500種類のプロテインキナーゼが存在する。
• 25000 X 0.8 X 10 ÷ 500 = 400 １種類のプロテインキ
ナーゼあたり平均400種類の基質蛋白質が存在するは
ず。

• 1959年のホスホリラーゼキナーゼの発見以来、効率的
な基質蛋白質の同定法の確立は研究者の悲願。

基質蛋白質の網羅的な同定法の確立に向けて



Rho

Rho-kinase

MLC phosphatase

MYPT1 cat

Myosin light chain
ERM (Ezrin/ Radixin/ Moesin)

Adducin
LIM-kinase

CPI-17
Calponin

endophilin
MARCS

CRMP-2 (DPYL2)
MAP-2/ Tau

Intermediate filaments (GFAP, Vimentin, NF-L)
Par3, Tiam1/STEF, p190RhoGAP, eNOS

phosphorylation

effector

dephosphorylation

生化学的な手法で同定したRho-キナーゼの基質

● cytokinesis

● smooth muscle       
contraction

● cell migration
● cell adhesion

● vasospasm
● hypertension
● arteriosclerosis
・
・
・

(Amano et al., Cytoskeleton 2010)



新規のリン酸化プロテオミクス法の開発

タンパク質抽出

T:
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1203.52564.35

262.14
1317.41361.24

1373.59

ショットガンリン酸化プロテオミクス

Phosphatase Inhibitor and Kinase 
Inhibitor Substrate Screening 

(PIKISS) 法
(Nishioka et al., Cell Struct Func 2012)

Kinase-interacting substrate 
screening (KISS) 法

(Amano et al., J Cell Biol 2015)

脱リン酸化酵素阻害剤

リン酸化ペプチドの抽出・濃縮

リン酸化酵素阻害剤

質量分析
Data analysis

GST

ビーズ

リン酸
化酵素

基質タン
パク質

培養神経細胞

特定の脳領域

P

リン酸化反応

特定のリン酸化酵素
の基質を同定できない

特定のリン酸化酵素の基質を同定できる

西岡君



substrate

ATP or H2O
ADP

Phosphorylated substrate

＜pull down＞
Mg,Calyculin A

GST GST

＜phosphorylation＞

< IB >
< ProQ >

＜digestion＞

＜concentration of P-peptide＞

＜LC-MS/MS＞

Catalytic fragment 
of kinase

+ guanidine HCl

desalt, concentration
reduction, alkylation

aliquot

Kinase-interacting substrate 
screening (KISS) 法

tissue or 
cell lysate

濱口君
2008年7月
バーモント
にて天野さん

Shohag 由良君(Amano et al., J Cell Biol 2015; Amano et al., J Biochem 2019)



Identification of phosphorylated peptides from Rho-kinase-interacting proteins

Bait: Rho-kinase-cat
Target: Rat brain lysate

XXXX phosphopeptides
132 proteins

from two independent analyses
14-3-3B CRMP4 GNRHR MIDN PITM3/NIR1 STRN4
α-adducin CRMP5 GOLGA3 MLC/MYL9 PP1H/PPM1H Synapsin 1
Aak1 CTTNBP2 GRLF1/p190A RhoGAP MMP27 Ppfia3/����� TCPD/Cct4
AKAP2 Culin-4A/Cul4a GSK3A MTA70/METTL3 PPP2R5D TCPH
ALS2/Alsin DCUN1D1 H1f0 (H1 histone) Myosin XVI PTPRZ TNR/Tenascin-R
AMPD2 DEPDC5/KIAA0645 HLTF Myosin XVIIIa RAN TOM34
Amphyphysin DIP2B/KIAA1463 HNRNPa MYPT1 Rap1GAP TWF2/PTK9l
AP180 DIP2C Hsp90α/β MYPT2 Rap1GAP2 Ubr5
ApoE Dlg2/MPP2 HSPA4L NadK RapGEF2 UH1BL/UH1BL
ARFGAP1 EF1α INPP4a Nars RASL12 Vps33a
ATS19/ADAMTS19 EIF4B Itih4 ND5 RGD1305481/C10orf78 WDR13
β-adducin EPB4.1L3 KKCC1/CaMKK1 NMT1 RGD1565712 WIPI3/WDR45l
BORG4/CDC42EP4 EPB49 Klrc3 nNOS SCRIB/KIAA0147 Zwint
CAMKV EVL Lancl2 OSBL5 SDC10
Cdc37 F262/pfkfb2 LASP1 OTUD6B Spectrin β/SPTBN1

Cdc73 FAK2/PTK2B MAP2 P53/TP53 SPF30/Smndc1
CRADD Fam40a/b MAP2K4 Pctk1/CDK16 SRGP2/SRGAP3
CRMP1 FGFR1OP2 MAPK7 PDGFRβ Stk24
CRMP2 Filamin a MARCKS PGM2L Stk32C
CRMP3 GAPDH MBS85/PP12C PITM1/NIR2 Striatin

(Amano et al., J Cell Biol 2015)



名古屋大学での研究（2000-2021年)
• Rhoファミリーと血管疾患
• Rhoファミリーによる細胞極性の制御機構
• 神経細胞の極性制御機構
• 精神疾患の病態解明
• 新規のリン酸化プロテオミクス法の開発
• リン酸化プロテオミクス法を用いた情動行動の
制御機構の解明



情動

喜びや恐怖というような感情（情動）は、ドーパミンなどのモノアミン
系神経伝達物質によって制御されている。

情動の表出

快情動 不快情動

愛 喜び 怒り 恐怖基本情動 不安

ドーパミン ノルアドレナリン セロトニン などのモノアミン系神経伝達物質が情動を制御する。

薬物依存症（多幸感）

情動の障害を伴う精神・神経疾患

統合失調症（幻覚・妄想、不安、意欲減退）

うつ病（抑うつ気分、快感喪失、不安、焦燥）

パーキンソン病（感情鈍麻 、快感喪失 、不安）

PTSD（恐怖記憶のﾌﾗｯｼｭﾊﾞｯｸ、心理的苦痛・回避行動）

著作権の都合により画像を削除しました。



快・不快などの情動行動とその学習・記憶に関する神経回路

前頭前皮質腹側海馬 扁桃体

ドーパミン
（腹側被蓋野）

側坐核

D1R-MSN D2R-MSN

グルタミン酸神経による興奮性入力

黒質(網様部)
/腹側被蓋野 腹側淡蒼球

ｲﾝﾃｸﾞﾚｰｼｮﾝ
機能の調節

大脳基底核

快情動
(報酬行動・学習)

不快情動
(忌避行動・学習)

MSN
Hikida et al. Neuron 2010; Smith et al. Curr Opin Neurobiol 2013

中型有棘神経細胞
（Medium Spiny Neuron, MSN）

VTA:腹側被蓋野
NAc: 側坐核
PFC: 前頭前皮質



スライス培養
＋D1R アゴニスト

マウス脳（9週齢）

リン酸化された基質を14-3-3によ
り濃縮して精製

GST

ビーズ

P
基質

14-3-3

14-3-3プルダウンによる
機能分子の濃縮

質量分析によるリン酸化部位の同定

In vivoリン酸化プロテオミクス解析

マウス脳線条体スライス培養におけるD1R下流で惹
起されるリン酸化シグナルの包括的解析



D1R 刺激によってリン酸化が亢進する基質

111 proteins

D1R stimulation

Ion Channels：CACNA1B, CACNA1E, KCNQ2, NR2B
Small G regulators：ARHGAP21, ARHGAP23, ARHGEF2, RAP1GAP, 
RASGRP2
Kinases：Abl2, CAMKK1, PCTK1 (CDK16), DCLK1,  MARK1
Synaptic proteins：Bassoon, Piccolo, SHANK3, Synaptopodin
Others：CASKIN-1, EPB49, Epsin2,

PKA substrates

Ion Channels：KCNQ2, HCN2, HCN3, CHRNA4
Small G regulators：ARHGEF2 (RhoGEF), RAP1GAP
Kinase： BRSK2, MAST1, ULK1
Transcription factors：CRTC1, CRTC3

MAPK substrates

Cytoskeletons：Cofilin-1, Intersectin-2, Numb-like

Substrates of other kinases



目的

リン酸化プロテオミクスで同定した各種リン酸
化酵素の基質情報を世界に発信

関連するパスウェイ・機能・発現・疾患をワンス
トップ検索

精神疾患の発症脆弱性遺伝子を関連づけて実
装

要求仕様
酵素名から基質一覧を検索
基質名から酵素一覧を検索
パスウェイ図から酵素を選択

→ その基質一覧を検索

関連機能・発現・疾患情報を提供している外部
DBとの紐付け

Kinaseの種類 サイト数
※基質数

KISS
（rodent）

PKA, MAPK1, PKCe, CaMK1a, 
CaMK1d, CaMK2a, CaMK4, Rho-
kinase, DCLK1, CDK5, PAK7, AKT, 
LYN, FYN, GSK3B

3399

KISS
(nematode)

CaMK1, CaMK4, PKA, MAPK1, 
PKCe, Rho-kinase 788

ProtoArray
(human)

PKA, MAPK1, CaMK2a , PKCa, 
CDK5, AKT, LYN, Rho-kinase

※1725

PIKISS PKA, MAPK, PKC, Rho-kinase 1725
D1R agonist D1R pathway phosphorylation 162

D2R agonist D2R pathway phosphorylation 86

Known PKA, MAPK, CaMK1, CaMK2, 
CaMK4, ROCK, PKCa, PKCe, Cdk5, 
GSK3b, Lyn, AMPK, MARK1, LKB1, 
AurA, AurB

3933

登録データの概要

KANPHOS
(Kinase-Associated Neural Phospho-Signaling)

(Nagai et al. Trends Pharmacol Sci 2016)



PKA

PP1

Ca4CaM

CaMK2

Pol II

Rasgrp2

Rap1gap

MAPK

Rap1

GDP

Rap1

GTP

P

P

BRaf

MEK1/2

Cofilin
P

Npas4

P

P

DCLK1
P

Many
substrates

RhoGEF

RhoA

P

DARPP32

P

PLC

DAGIP3

PKC

RhoK

ER-Ca2+
store

Ca2+

NR2BD1R
(A2AR)

KCNQ2/
KCNQ3

mGluR5/
M1R

P

P

Shank3

GluR d2

Dlg2 P

P

P
細胞膜興奮性

神経可塑性（転写）

神経可塑性（スパイン）

Bdnf, etc.

リン酸化プロテオミクス解析とKANPHOSから得られた側坐核
MSNの細胞内リン酸化シグナル伝達経路

(Nagai et al. Neuron 2016; Funahashi et al., Cell Rep 2019)



ドーパミン濃度：低（通常）

ドーパミン

D１受容体 Kチャネル NMDA型受容体

PKA

Rasgrp2

Rap1

グルタミン酸

MAPK

K+ K+

興奮性：低

グルタミン酸入力
への応答性 ：低

ドーパミン濃度：高

ドーパミン

D１受容体 Kチャネル NMDA型受容体

PKA

Rasgrp2

Rap1

グルタミン酸

MAPK

K+ K+

興奮性：高

グルタミン酸入力

への応答性 ：高

行動の実行

K+ K+

K+

K+

ドーパミンは、D1R、Rap1、MAPKを介してKチャネルを抑制し、側坐核MSNの膜興奮性
を高める。その結果、グルタミン酸入力への応答性が高まり、行動の実行が促進されると
考えられる。

ドーパミンがグルタミン酸神経伝達への応答性を高める作用機構

(Nagai et al. Neuron 2016)

ドーパミンは応答性の低い神経細胞を応答性の高い状態に遷移させ、
神経回路を作動しやすくする。

発火頻度：低 発火頻度：高
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(Funahashi et al, Cell Rep 2019; Zhang et al., Neurochem Int 2020: Ariza et al., J Neurochem 2021; Lin et al., Nneurochem Int 2021) 
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藤田医科大学 総合医科学研究所

藤田学園創設者 藤田啓介 総長

存在しないのは「独創性」ではない。独創的な発想を見抜く目であり、
その芽を育てる土壌である（西塚泰美先生）

ご清聴ありがとうございました。お世話になりました。これからもよろしくお願いします。

http://www.fujita-hu.ac.jp/ICMS/ 2021.5.11
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