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Three types of cDNA clone of the protein kinase C family termed , eand { were newly identified by molecu-

lar cloning and sequence analysis. These members have a common structure that is closely related to, but

clearly different from the other four known members of the family which have «-, fI-, fII- and y-sequences,

although the {-cDNA available at present does not contain a complete reading frame for a protein kinase

C molecule. The diverse heterogeneity of the enzyme seems to be an important factor in determining the
mode of response of many tissues and cell types to a variety of external stimuli.

Protein kinase C; cDNA; (Rat brain)

1. INTRODUCTION

Various kinds of extracellular signals which act
by stimulating inositol phospholipid hydrolysis
now appear to operate through a bifurcating in-
tracellular signal pathway which involves Ca**
mobilization and protein kinase C activation
[1-3]. Recent molecular cloning analysis has
shown that protein kinase C is a family of multiple
subspecies having closely related structures [4—11].
Thus far, the complete structures of four
subspecies, a-, GI-, FII- and y-sequences, have
been clarified by sequence analysis of the cDNAs
obtained from the brain libraries [4-8,10,11]. In
the brain, three major distinct types of protein
kinase C can be resolved upon chromatography on
a hydroxyapatite column [12—14] and the cor-
respondence of these subtypes to the cDNA clones
has been determined by comparison with the en-
zymes that were separately expressed in COS 7 cells
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transfected with the respective ¢cDNA-containing
plasmids [13,14]. The subspecies of protein kinase
C thus identified appear to show a slightly dif-
ferent mode of activation, kinetic properties and
substrate specificities [16,17]. In the present study
an additional three subspecies of the protein kinase
C family will be described. The cDNAs encoding
these subspecies were isolated from the rat brain
c¢DNA library, and referred to hereafter as &, ¢ and
£

2. MATERIALS AND METHODS

2.1. Isolation of cDNA clones

Rat brain ¢cDNA libraries constructed in Agtl0
were screened using nitrocellulose filters with a
mixture of inserts of ACKRaS5, ACKR107 and
ACKR#y1 as probes which were specific to a-, F11-
and y-cDNAs, respectively [7,13]. Two hybridiza-
tion conditions of low- and high-stringency were
employed [18]. The ¢cDNA clones which were
positive only under the low-stringency condition
were selected.
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2.2. DNA sequence analysis

Nucleotide sequence analysis was performed by
subcloning suitable overlapping restriction
fragments from the recombinant cDNA clones into
M13 series phage DNA, followed by primed DNA
synthesis on single-siranded DNA templates in the
presence of dideoxynucleotide triphosphates [6].

3. RESULTS AND DISCUSSION

3.1. ¢DNA cloning and sequence analysis

The rat brain ¢cDNA library which was con-
structed in Agt10 as described in {7] was employed.
For isolation of the new class of cDNA clones of
protein kinase C, the plaque screening was made
under low- and high-stringency hybridization con-
ditions with a mixture of restriction endonuclease
fragments as probes. These probes were prepared
from each of the rat brain protein kinase C cDNA
clones, «, SI1 and 4, previously isolated [7,13].
Three c¢cDNA clones, ACKRé5, ACKRe41 and
ACKR¢3, were obtained by this procedure, which
could hybridize with the probes only under the
low-stringency condition. Southern blot analysis
indicated that the three cDNA clones were closely
related to, but distinct from the previously isolated
c¢cDNA clones. The three clones did not cross-
hybridize with one another.

The ACKRS$5 clone contained 6-cDNA in its in-
sert, composed of a total of 2891 nucleotides,
which has an open reading frame encoding a se-
guence of 673 amino acids with a molecular mass
of 77517 Da. The second clone, ACKRe41, con-
tained e-cDNA in its insert, composed of a total of
2686 nucleotides. The reading frame encodes 737
amino acids with a molecular mass of 83474 Da.
The third clone, ACKR{3, contained ¢-cDNA
which appeared to encode an additional protein
kinase C subspecies. This clone did not contain a
full length of the coding region for a protein kinase
C molecule, since the open reading frame con-
tinues to the 5'-terminal direction, and a potential
initiation codon of ATG is not found in the ter-
minal region. Housey et al. [19] have reported a
partial nucleotide sequence of c¢DNA termed
RP16, which is related to but distinct from the
known ¢DNA clones of protein kinase C. The
RP16 ¢cDNA clone has a nucleotide sequence near-
ly identical to a part of ACKRe4l. The detailed
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nucleotide sequences of é-, ¢- and {-cDNA clones
and their expression as well as the enzymatic
properties of the new members of the family will
be described elsewhere.

3.2. Structural characteristics

The protein kinase C subspecies encoded by a-,
B1-, B11- and y-cDNAs isolated from the rat brain
¢DNA library all consist of a single polypeptide
with four conserved (C1-C4) and five variable
(V1-V5) regions as schematically shown in fig.1.
The detailed nucleotide sequences are described
[20]. The two conserved regions C3 and C4 located
in the carboxyl-terminal half appear to be essential
for the catalytic activity, and the region C3 con-
tains an ATP-binding sequence which is found in
many protein kinases. The conserved regions C1
and C2 in the amino-terminal half presumably
compose the regulatory domain that interacts with
calcium, phospholipid and diacylglycerol. The
region C1 contains a tandem repeat of a cysteine-
rich sequence.

In comparison, the new members of the protein
kinase C family reported herein show closely
related, but different structures. The protein
kinase C subspecies encoded by d-, ¢- and {-cDNAs
all contain the characteristic cysteine-rich se-
quences in the amino-terminal half of the enzyme
molecules. Fig.2 shows a comparison of the amino
acid sequences in the cysteine-rich region common-
Iy present among the protein kinase C subspecies
so far identified. The sequence CX;CXisza4)-
CX2CX,CX,C, where C is cysteine and X
represents any amino acid, is conserved in all
subspecies. The sequence agrees with the consensus
sequence of a ‘cysteine-zinc DNA-binding finger’,
which is seen in a variety of proteins involved in
transcriptional regulation [21]. The sequences of

Regulatory domain Kinase domain
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Fig.1. Schematic representation of the structures of two

groups of protein kinase C family. C1—-C4 (thick boxes)

and V1-V5 (thin boxes) indicate conserved and variable
regions, respectively.
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a DVYPANDSTASQDVANR[FJARKGALRQKNVHEVK|D ARFFKQPTFC| 50
BI/BII gEDPAAGPPPSEGEESTVRFARKGALRQKN HE VK|N ARFFKQPTFC| 50
” GLGPGGGD|SE[G-GPRPL|FICRKGALRQKVVHE VKIS ARFFKQPTFC| 49
8 EDGDCKQSMR[SE[EEAMF P TMN A[TIF F[GIQP TFC| 172
€ SGEAPKDNEERVFR[EJRMRPRK AT YL RIQP TfY[C| 183
t -+« -EFRAEEJAAEKAESIY QEKRHNRRAYC 4
a SHCTDF IWG|F -[GKQG|FQCQVC|C[FVVHKRCHEF VTF|S[C DKGP]DTDDPR| 99
B1/811 [SHCTDF IWG[F-|GKQG|FIQCQVCICIFVVHKRCHEFVTF[S[C DKGP/ASDDPR| 99
7 SHCTDF IWG FVVHR[RCHEF VTFIEC KGPQTDDPR|
3 SVICKEFVWG NAAIHKE 221
€ SHCRRDF IWG 233
4 80
a Sl--=-=—-- KHKFKIH|T[Y]GSPTFCDHCGSLLYGL|I[HQGMKC|D T 142
Bl/BIl |S|-=————=~ KHKFK IH[T|Y|S|SPTFEDHCGSLLYGL|I[HQGMKCD T 142
” N-——————— KHKF[RLJH|S|Y|S|SPTF.CDHCGSLLYGL[VIHQGMKE]S CK 141
3 KERFN I DMPHR|F K]V YN[YM[S P T F C DHC G[T]L LG L|VK|QG[LIK C|E DK 2n
e [SlaRF SVNMPHK FIG[THN[Y[K VIP TFEDHCG S L LW|G L|L RQGIL QK VIC 283
§ mmmmm e e m— - m— 80
« 156

B1/B11 156
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€ 297
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Fig.2. Comparison of amino acid sequences of the cysteine-rich regions among protein kinase C subspecies. Amino acids
are numbered at the right. Residues commonly present among the subspecies are boxed. Hyphens are introduced for
optimal alignment. Cysteine residues universally present in all protein kinase C subspecies are shaded.

the kinase domain, C3 and C4, are highly
homologous to one another, and show more
similarity among the protein kinase C family than
any other protein kinases. The conserved region
C2, that is present in -, S1-, S11- and y-subspecies,
is absent in the new members which have é-, ¢- and
¢-sequences (fig.1).

The results outlined above suggest the existence
of several additional subspecies of protein kinase
C. The new members of the protein kinase C fami-
ly predicted by the cDNA clone analysis have a
common structure similar to that of the previously
known members, but have clearly different
regulatory domains. The enzymatic properties and
the distributions of the new members of the en-
zyme family are not known at present. However,
it is becoming more evident that the protein kinase
C family consists of a large number of subspecies
which show subtle individual characteristics with
slightly different properties. Their functional roles
in physiological responses of tissue and cell types

to various external stimuli may be clarified by fur-
ther investigation.

ACKNOWLEDGEMENTS

We thank Drs Y. Sugino and A. Kakinuma for
encouragement, and Ms S. Nishiyama for
secretarial assistance. The research in the Depart-
ment of Biochemistry, Kobe University School of
Medicine was supported in part by research grants
from the Scientific Research Fund of Ministry of
Education, Science and Culture, Japan; Muscular
Dystrophy Association; Yamanouchi Foundation
for Research on Metabolic Disorders; Merck
Sharp & Dohme Research Laboratories;
Biotechnology Laboratories of Takeda Chemical
Industries; and Meiji Institute of Health Sciences.

.REFERENCES

{1] Nishizuka, Y. (1986) Science 233, 305-312.

127



Volume 226, number 1

[2] Kikkawa, U. and Nishizuka, Y. (1986) Annu. Rev.
Cell Biol. 2, 149-178.

[3] Berridge, M.J. (1987) Annu. Rev. Biochem. 56,
159-193.

{4] Parker, P.J., Coussens, L., Totty, N., Rhee, L.,
Young, S., Chen, E., Stabel, S., Waterfield, M.D.
and Ullich, A. (1986) Science 233, 853—859.

[5] Coussens, L., Parker, P.J., Rhee, L., Yang-Feng,
T.L., Chen, E., Waterfield, M.D., Francke, U. and
Ullich, A. (1986) Science 233, 859-866.

[6] Ono, Y., Kurokawa, T., Kawahara, K.,
Nishimura, O., Marumoto, R., Igarashi, K.,
Sugino, Y., Kikkawa, U., Ogita, K. and Nishizuka,
Y. (1986) FEBS Lett. 203, 111-115.

[7] Ono, Y., Kurokawa, T., Fujii, T., Kawahara, K.,
Igarashi, K., Kikkawa, U., Ogita, K. and
Nishizuka, Y. (1986) FEBS Lett. 206, 347-352.

[8] Knopf, J.L., Lee, M.-H., Sultzman, L.A., Kriz,
R.W., Loomis, C.R., Hewick, R.M. and Bell,
R.M. (1986) Cell 46, 491-502.

[91 Makowske, M., Birnbaum, M.]J., Ballester, R. and
Rosen, O.M. (1986) J. Biol. Chem. 261,
13389—13392.

[10] Ohno, S., Kawasaki, H., Imajoh, T., Suzuki, K.,
Inagaki, M., Yokokura, H., Sakoh, T. and
Hidaka, H. (1987) Nature 325, 161-166.

[11} Kubo, K., Ohno, S. and Suzuki, K. (1987) FEBS
Lett. 223, 138—142.

128

FEBS LETTERS

December 1987

[12]) Huang, K.-P., Nakabayashi, H. and Huang, F.L.
(1986) Proc. Natl. Acad. Sci. USA 83, 8535-8539.

[13] Kikkawa, U., Ono, Y., Ogita, K., Fujii, T.,
Asaoka, Y., Sekiguchi, K., Kosaka, Y., Igarashi,
K. and Nishizuka, Y. (1987) FEBS Lett. 217,
227-231.

[14] Ono, Y., Kikkawa, U., Ogita, K., Fujii, T.,
Kurokawa, T., Asaoka, Y., Sekiguchi, K., Ase, K.,
Igarashi, K. and Nishizuka, Y. (1987) Science 236,
1116~1120.

[15] Jaken, S. and Kiley, S.C. (1987) Proc. Natl. Acad.
Sci. USA 84, 4418—4422.

[16] Sekiguchi, K., Tsukuda, M., Ogita, K., Kikkawa,
U. and Nishizuka, Y. (1987) Biochem. Biophys.
Res. Commun. 145, 797-802.

[17] Ido, M., Sekiguchi, K., Kikkawa, U. and
Nishizuka, Y. (1987) FEBS Lett. 219, 215-218.

[18] Maniatis, T., Fritsch, E.F. and Sambrook, J.
(1982) in: Molecular Cloning, A Laboratory
Manual, pp.320-321, Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY.

[19] Housey, G.M., O’Brian, C.A., Johnson, M.D.,
Kirschmeier, P. and Weinstein, 1.B. (1987) Proc.
Natl. Acad. Sci. USA 84, 1065—1069.

[20] Kikkawa, U., Ogita, K., Ono, Y., Asaoka, Y.,
Shearman, M.S., Fujii, T., Ase, K., Sekiguchi, K.,
Igarashi, K. and Nishizuka, Y. (1987) FEBS Lett.,
in press.

[21] Berg, J. (1986) Science 232, 485—487.



