
aberrant activation to generate such a constitutive proliferation 
response (at least in the absence of other events). The generation of 
suiiable protein kinase C cDNA constructs should make it possible 
to determine whether the expression of this kinase is abnormal in 
any human neoplasias. 
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Multiple, Distinct Forms of Bovine and Human 
Protein Kinase C Suggest Diversity in Cellular 

Signaling Pathways 

A new family of protein kinase C-related genes has been 
identified in bovine, human, and rat genomes. The alpha-, 
beta-, and gamma-type protein kinase sequences are high- 
ly homologous, include a kinase domain, and potential 
calcium-binding sites, and they contain interspersed vari- 
able regions. The corresponding genes are located on 
distinct human chromosomes; the possibility of even 
greater genetic complexity of this gene family is suggested 
by Northern and Southern hybridization analyses. 

A CTIVATION OF THE PHORBOL ESTER RECEPTOR PROTEIN 

kinase C (PKC) by calcium ions and the second messenger 
diacylglycerol is thought to play a central role in the 

induction of cellular responses by a variety of ligand-receptor 
systems (1-3) and in regulation of cellular responsiveness to external 
stimuli (4, 5 ) .  Structural characterization of bovine PKC (bPKC) by 
partial peptide sequencing and complementary DNA (cDNA) clon- 
ing has now provided information that facilitates the analysis of its 

multiple activities, including diacylglycerol and calcium binding, 
membrane association, serine and threonine residue phosphoryl- 
ation, and substrate recognition (6). I t  remains unclear, however, 
how a single molecule can mediate and control a variety of diverse 
signaling pathways as has been suggested for PKC (1-3). We report 
here, for the first time, the existence of two bovine and human genes 
that encode polypeptide sequences with remarkable homology to 
PKC. We find homologs of bPKC-related messenger RNA's 
(mRNA's) in human and rat tissues and demonstrate that corre- 
sponding genes map to distinct chromosomal loci of the human 
genome. Southern hybridization analysis (7) suggests the existence 
of additional members of this newly identified PKC gene family. 

Screening of a bovine brain cDNA library with a pool of synthetic 
oligonucleotide probes that had been designed on the basis of 
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bovine brain protein kinase C tryptic peptide sequences (6) (Fig. 
1A) reproducibly generated hybridization signals of variable intensi- 
ty. After confirming that the strongly hybridizing clones represented 
bPKC cDNA's, we also characterized the second class of hybridiza- 
tion positives. Southern hybridization analysis (7) of Eco RI- 
digested clones revealed that one of the probes (probe 5) hybridized 
with approximately equal e0iciency to clones AbPKC15 and -19 
(Fig. lB), each about five times lower than the level of hybridization 
detected with the AbPKC21 control (Fig. 1B). Interestingly, probe 
4 hybridized to AbPKC19 but not to AbPKC15 and -21. These 
results prompted us to characterize in detail the clones AbPKC15 
and AbPKC19. Our initial sequence analysis demonstrated that 
these clones contained cDNAYs that were closely related but distinct 
from protein kinase C (clone AbPKC21). Comparison of the cDNA 
nudeotide sequences with the sequences of oligonucleotide probes 
readily explained the differences in hybridization signals observed in 
our initial screening and subsequent Southern analysis (Fig. 1A). 
The 26-nudeotide perfea match between probe 5 and the corre- 
sponding sequence in AbPKC21 is interrupted twice in AbPKC15 
and -19; only AbPKC19 shows a 34-nucleotide stretch with only 
two mismatches with probe 4, whereas the larger number of 
mismatches in AbPKC15 and AbPKC21 prevented hybridization to 
this oligonucleotide. 
Sequences related to protein b a s e  C. On the basis of these 

findings, we designated the clone corresponding to the isolated 
protein sequence as protein kinase (;alpha type (PKCa) and the 
related cDNA sequences as PKCp and PKCy. Further screening of 

A 
Probe I Asn Leu I 

AAC CTC P 
TTG GAG 7 

l e  Pro Met A 
ITC CCC ATG G 
'AG GGG TAC C 

sp Pro Asn G 
AC CCC AAC G 
TG GGG TTG C 

l y  Leu Ser V 
GC CTC TCC G 
CG GAG AGG C 

a1 Pro Tyr 
TC CCC TAC 
AG GGG ATG 

ibPKC21 Asn Leu I l e  h-o Met Asp Pro Asn Gly Leu Ser Asp Pro Tyr 
.a- -7. .,TC CCL ATG GAL CCA AAI GGE CTL TCA GAT CCL TAC 

i Asn Leu V 
AAC CTL 

) Asn Leu I 
PAC CTC P 

'a1 Pro Met Asp Pro Asn Gly Leu Ser Asp Pro Tyr 
;T& CCI ATG GAI CCT AAI GGC TCA GAT CCL TAC 

sp Pro Asn G 
AC CCC AAC G 

sp Pro Tyr 
CCC TAT 

uly L ~ U  n311 our, U I U  VIU Gly Glu Tyr Tyr Asn Val Pro I l e  P 
Probe 5 GGC CTC AAC CAG GAG GAG GGC GAG TAC TAC AAC GTG CCC ATC C 

CCG GAG TTG GTC CTC CTC CCG CTC ATG ATG TTG CAC GGG TAG G 

r o  Glu Gly A 
CC GAG GGC G, 
GG CTC CCG C 

* 
kbPKC21 Leu Leu Asn Gln Glu Glu Gly Glu Tyr Tyr Asn Val Pro I l e  Pro b ~ u  b ~ y  nsp 

LAG GGC GAG TAC TAC AAC GTG CCC ATC CCC GAA GGC GAC CTG CTG P - 
* 

j Leu Leu 5 
TTA CTg P - 

rbPKC19 Leu Leu P 
TTA CTg P - 

15 19 21 

* * * *  
;er Gln Glu Glu Gly Glu Tyr Phe Asn Val Pro Val Pro Pro Glu Gly \s CAG GAG GAA GGC GAG TAC T F  AAC GTG CCC CCACG GAJ G F  

Isn Gln Glu G 
IAC CAG GAG 6 

Fil 
an 
an 
thc 
thc 

bp ba 
sta 

1920 an 

In( 
dil 
br: 

1531 dii 
nh 

, lu Gly Glu T 
SAG GGC GAG T 

- . -  

yr  Tyr Asn V 
AT TAC AAI G 

a1 Pro Val A 
TG CCg fl 5 

* * *  
l a  Asp Ala A 
Cr  GAL GC-C G 

. .  . 
g. 1. (A) Companson ot  ol~gonucleonde probes 
d deduced sequenccs of protein h a s e  C vari- 
ts. 1)ouble-stranded oligonucleotides were syn- 
:sized using an Applied Riosystems DNA svn- 
~sizcr. Probe sequences were designed on the 
sis of peptide sequences and codon choice 
~tistics (19, 20). Discrepancies benveen peptide 
d cDNA deduced amino acid sequences are 
jicated by asterisks and nuclcotidc sequence 
Terences are underlined. (R)  Southern blot hy- 
idization analvsis of bPKC clones. Eco RI- 
zcsted A ~ P K C  clones 15, 19, and 21 (1 kg of 

,...age DNA) were analvzed by Southern blot 
hybridization (6) with "P-labeled probe 5 (A); 
T4 polynucleotide kinase and [y"P]ATP (Amer- 
sham) \$ere used to  label thc probe. 

the bovine brain cDNA library with cDNA inserts bPKCp15 and 
bPKCyl9, in addition to specific synthetic oligonucleotide probes 
(see legend to Fig. 2), led to the isolation of the sequences shown in 
Fig. 2, A and B. 

Protein kinase Cp cDNA (Fig. 2A) contains an open reading 
frame coding for 673 amino acids starting with an initiation codon 
(ATG) at position 65, which is flanked by sequences matching 
Kozak's criteria (8) for translation initiation. The encoded polypep- 
tide has a calculated molecular size of 76.9 kD. The coding region is 
flanked by 64 nucleotides of GC-rich, presumably 5' noncoding 
sequence and 880 nucleotides of 3' untranslated sequence, including 
a stretch of eight adenylate residues, which may be part of a poly(A) 
tail. However no AATAAA polyadenylation signal is found at the 
usual distance (15 to 20 nucleotides) upstream, suggesting that this 
cDNA was primed at an internal A stretch and that the correspond- 
ing mRNA extends fiuther 3'. The presence of a potential polyaden- 
ylation signal at position 2623 (AATAAA) suggests the possibility 
of alternative poly(A) addition and thus generation of multiple 
mRNA's. 

Bovine y-type protein kinase C is encoded by the 2168-nucleotide 
cDNA inserts of AbPKCy55l and AbPKCyl9, which include an 
open reading frame of 2046 nucleotides and 362 nucleotides of 3' 
untranslated sequence (Fig. 2B). The coding portion of our bPKCy 
cDNA appears to be incomplete at its 5' end, with 16 amino acid 
codons missing if we assume a colinear organization with a and p 
PKC types. In this case bovine PKCy would be 697 amino acids 
long with an approximate molecular size of 78.4 kD. 

Structural features of the protein kinase C family. Alignment 
of bovine PKCa, -p, and -y sequences reveals an overall sequence 
homology in two major domains that are separated by one large 
variable region (V3) (Fig. 3, A and B). Overall, bPKCy exhibits the 
highest degree of divergence within five sigdicantly variable re- 
gions designated V1 to V5 (Fig. 3, A and B). The V1 region is 
comprised of 16 amino acid residues that follow a Met-Ala-Asp 
amino-terminal tripeptide, which is conserved in bPKCa and 
-p. The region between V l  and V2 (Fig. 3 4  C1) is highly 
conserved in all three types, with 81 percent identity and mostly 
conservative changes. Here 12 conserved cysteine residues comprise 
a 50-residue sequence repeat containing six cysteines each, as 
described by Parker et al. (6). 

The variable region V2 is identified by the presence in bPKCy of 
14 amino acid residues that are entirely unrelated to the bPKCa and 
-p sequences. Both a and p types contain 9 of 13 differences in this 
region. The 115-residue conserved region (C2) that follows 
V2 (bPKCa 175 to 290) is 67 percent identical in all bPKC types; 
more than 65 percent of the differences represent conservative 
changes. 

Parker et al. (6) described a potential calcium-binding domain in 
bPKCa that has a high degree of structural homology with calmod- 
ulin (9). Interestingly, this site is not conserved in either bPKCp or 
bPKCy. The sequence 292 to 303, EGDEEGNVELRQ ( lo) ,  is 
located just within V3 in bPKCa and is similar to that found at this 
position in bPKCp; however, the resemblance to the calmodulin 
prototype calcium-binding loop (9) is more distant. An even more 
divergent sequence is present in the corresponding region of 
bPKCy. Since it is not yet known whether the three bPKC proteins 
display identical calcium dependencies, it is difficult to assess the 
significance of this divergence. However, if this site is used to bind 
calcium, divergence may represent functional distinctions within the 
bPKC family. 
Lack of conservation also implicates other potential cakium- 

binding sites, one of which can be discerned immediately upstream 
from V3. Although this site is less homologous with a classical 
calmodulin ca2+-binding loop (9), it is conserved in all three bPKC 
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Table 1. Correlation of protein kinase C sequences with human chromosomes in somatic cell hybrids (human x rodent). 

Concordant +I+ 1 0 0 0 1 1 0 2 0 0 1  0 1 
-1- 7 7 2 5 7 3 7 6 8 7 5  5 3 

Discordant +/- 2 3 3 3 2 2 2 1 3 3 2  3 2 
-I+ 2 2 6 3 2 6 2 3 1 2 4  4 5 

Discordant clones 4 5 9 6 4 8 4 4 4 5 6  7 7 
Informative clones* 12 12 11 11 12 12 11 12 12 12 12 12 11 
Percent discordant 33 42 82 55 33 66 36 33 33 42 50 58 64 

Concordant +/+ 4 6 1 0 8 5 8 3 8 3 3 6  6 8 
-1- 7 8 5 6 6 4 4 4 7 7 4  6 3 

Discordant +/- 6 5 1 4 7 3 9 4 9 9 6  6 4 
-14 1 1 3 1 2 4 3 4 1 1 3  2 4 

Discordant clones 7 6 4 5 9 7 1 2 8 1 0 1 0 9  8 8 
Informative clones* 18 20 19 19 20 19 19 20 20 20 19 20 19 
Percent discordant 39 30 21 26 45 37 63 40 50 50 47 40 42 

Concordant + 1 + 2 3 5 4 3 7 0 4 0 1 4  3 5 
- 1 - 7 7 3 6 6 4 3 3 7 6 4  6 2 

Discordant + I - 5 5 3 4 5 1 8 2 8 7 4  5 2 
- / + 0 1 4 1 2 3 4 5 1 2 4  2 6 

Discordant clones 5 6 7 5 7 4 1 2 7 9 9 8  7 8 
Informative clones* 14 16 15 15 16 15 15 14 16 16 16 16 15 
Percent discordant 36 38 47 33 44 27 80 50 56 56 50 44 53 

*Data for chromosomes involved in rearrangements or present at a frequency of 0.1 or less were excluded. 

types, and residues 279 to 287 might form a coiled structure that 
could coordinate calcium through appropriately spaced amino acid 
side chains. Further analysis will be required to determine the 
precise location or locations of the Ca2+-binding site or sites. 

The longest region of extensive sequence divergence is directly 
adjacent to this potential calcium-binding site. Comprised of 47, 50, 
and 59 residues in bPKCa, -P, and -y, respectively, this hypervaria- 
ble V3 region has hydrophilic characteristics in all three bPKC 
sequences (F&. 3B), &d is likely to represent an exposed surface 
domain since it is sensitive to proteolytic attack (6). We have 
proposed that V3 represents a hinge region between regulatory and 
catalytic domains (6). 

A highly conserved region that includes a Gly X Gly XX Gly 
(where X is any amino acid) consensus sequence for adenosine 
triphosphate (ATP) binding (11) lies immediately beyond the V3 
region, and marks the beginning of the kinase domain (Fig. 3A). 
Extensive sequence homology (about 72 percent) is found in this 
amino terminal half of all three bPKC's with only a minor insertion 
of five residues in the bPKCy sequence (position 411, V4). 
Interestingly, a second Gly X Gly XX Gly consensus sequence for 
ATP-binding sites is found in all three bPKC sequences at the end of 
the protein kinase domain (positions: a ,  583; P, 585; y, 599) with 
lys&e residues found at an-appropriate distance (17 amino acids) 
downstream in bPKCa and -P only. An arginine residue is located in 
the corresponding position in bPKCy. Whether or not these 
sequences Eepresent k additional ATP-binding site requires further 
investigation. Another minor divergent structural feature is found at 
the carboxyl terminus (V5): a and y are 2 and 11 residues longer, 
respectively, than the aligned bPKCP sequence. 

Analysis of the hydropathic characteristics of PKCa and its 
relatives (Fig. 3B) further demonstrated the extensive overall simi- 
larity of these molecules. but did not provide additional clues with 
regard to the location of a structural domain involved in plasma 
membrane interactions. Only the cysteine-rich repeat region con- 
tains short hydrophobic stretches that may, as of anappropri- 
ately folded conformation, permit transient association with the 
cytoplasmic face of the plasma membrane. 

~ n t e r s ~ e c i e s  conservation of the protein kinase C family. 
Comparison of bPKC family sequences may provide clues regarding 

the significance of bPKC variable sequences. In related, but func- 
tionally distinct polypeptides such as the receptor tyrosine kinases 
(12) divergent sequences are thought to be involved in the defini- 
tion of specificity for ligand binding and signal generation, yet in 
proteins such as proinsulin and prorelaxin, variable regions serve as 
mere spacer sections to facilitate protein folding (13). T o  obtain 
evolutionary clues to this question and to verify the existence of 
protein kinase Grelated sequences in other species, we isolated 
human protein kinase C cDNA clones from a human fetal brain 
AgtlO cDNA library (1.5 x lo6 clones). The library was screened at 
high stringency with type-specific oligonucleotides obtained from 
V3 regions (legend to Fig. 2, A and B) and revealed the existence of 
protein kinase C a-, p-, and y-type sequences in humans. Partial 
human protein kinase C a ,  p, and y clones (AhPKCa7; AhPKCP15, 
AhPKCP802; AhPKCy6) were isolated and characterized by nucleo- 
tide sequence analysis (see Fig. 2, A and B). 

Amino acid sequence conservation was found to be more than 98 
percent between bovine and human gene products for all three types 
of PKC within the regions covered by our clones (for a, 98.4 
percent, reflectin seven amino acid substitutions between positions 
16 and 444, Aspk6, ~ys" ,  ~ l n ~ ' ~ ,  Asn2'l, Va1212 , M etZ9', L ~ s ~ ~ ~ ;  for 
p, 98.4 percent; for y, 99.3 percent). Nucleotide sequence conserva- 
tion was lower in all three cases because of a large number of silent 
mutations (a, 89  percent; P, 93.5 percent; y, 92.3 percent). The 
high degree of sequence conservation of PKCP between bovine 
brain and human fetal brain sequences extends beyond the termina- 
tion codon for 341 nucleotides (89 percent) into the 3' untranslated 
region (Fig. 2A), at which point they diverge. The extensive 
sequence conservation within all regions of bovine and human a, p, 
and y PKC gene products strongly supports the idea that the 
variable domains of different PKC types play an important role in 
defining distinct functional specificities of these proteins, rather than 
functioning as mere structural spacer sequences. 

Chromosomal assignment of protein kinase C genes. T o  
establish the genetic localization of the PKC gene family members, 
the chromosomal assignments of human genes for PKCa, PKCP, 
and PKCy were made by in situ hybridization and by Southern 
analysis of somatic cell hybrids (7). In situ hybridization of a 3H- 
labeled bPKCa probe (a 504-bp Eco RI insert of AbPKCa21) to 
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human chromosomes yielded silver grains at bands q22 -t q24 of with bPKCP probe (a 1921-bp Eco RI fragment from AbPKCP15); 
chromosome 17 in 24 out of 110 cells (21.8 percent) (Fig. 4 4 .  Of 30 (28.6 percent) had silver grains over the p12 -t q l l . 1  bands of 
the 188 total grains observed, 27 (14.4 percent) were found over chromosome 16 (Fig. 4C). Grains at this specific region represented 
this specific region (Fig. 4B). 13.2 percent (31 of 234) of all chromosomal label (Fig. 4D). 

Metaphase cells (105) were analyzed after in situ hybridization In situ chromosomal hybridizations with the bPKCy probe 

A 
1 10 

MetAlaAspProAlaAlaGlyProProProSerGluGlyGluGluSe~Th~Val 
1 CCGCGGCGCGCGGTCCCGCGGCCCCGAGCCGGCACTTCTCGGGCTCCGGCTCCCCGCGCGCAAGATGGCTGACCCGGCCGCGGGGCCGCCGCCGAGCGAGGGAGAGGAGAGCACCGTG 

GCA C CGCG T C  GC C G G C T C 

100 110 120 130 
ArgSerLysHisLysPheLysIleHisThrTyrSerSerProThrPh~#spHi~lySerLeuLeuTyrGlyLeuIleHisGlnGlyMetLyst)rAspThr " '  e t M e t A s n  

359 CGGAGCAAACACAAGTTCAAGATCCACACATACTCCAGCCCCACGTT IGACCA ,, ,, G G G T C A T T G C T C T A T G G A C T T A T C C A C C A G G G G A T G A A A ~ A C A C C ~ T G A T G A A C  
C G 

140 160 A s p  A s p  L e u  
ValHisLysArgi$~ValMetAsnValProSer~~~WYG. lyThrAspHisThrGluArgArgGlyArgIleTyrIleGlnAlaHisileGluArgGluValLeuIleValValValArg 

479 GTCCACAAGCGCrWTGATGAACGTCCCCAGCCTCWGGCACGGACCACACGGAGCGCCGCGGCCGCATCTACATCCAAGCCCACATCGAGAGGGAGGTCCTCATTGTTGTCGTAAGA 
G T T G T G C C CC 

180 190 200 210 
AspAIaLysAsnLeuValProMetAspProAsnGlyLeuSerAspProTValLysLeuLysLeuileProAspProLysSerGIuSerLysGlnLysThrLysThrl le~ys&&er 

599 GATGCTAAAAACCTTGTACCTATGGATCCTAATGGCTTGTCAGATCCTTACGTGAAACTGAMCTGATTCCTGATCCCAAGAGTGAGAGCAAGCAGAAGACCAAGACCATCMGWCC 
C C  C C A C A A A A 

220 230 240 250 
LeuAsnProGluTrpAsnGluThrPheArgPheGlnLeuLysGluSerAspLysAspArgArgLeuSerValGluIleTrpAspTrpAspLeuThrSerArgAsnAspPheMetGlySer 

719 C T C A A C C C C G A G T G G M C G A A A C A T T T A G A T T C C A G C T G A A G A C A G G A G A C T G T C T G T A G A G A T T T G G G A T T G G G A T C T G A C C A G C A G A A A T G A C T T C A T G G G A T C T  
T T G T A A T G 

260 S e r  280 290 A l  a 
LeuSerPheGlylleSerGluLeuGlnLysAlaGlyValAspGlyTrpPheLysLeuLeuSerGlnGluGluGlyGluTyrPheAsnValProValProProGluGlySerGluGlyAsn 

839 TTGTCGTTTGGGATTTCTGAACTGCAGAAAGCTGGTGTTGATGGCTGGTTTAAGTTACTGAGCCAGGAGGAAGGCGAGTACTTCAACGTGCCCGTGCCACCGGAAGGCAGTGAGGGCAAC 
C T C A T T A A C T  

300 310 S e r G l u  T h r  Val 320 Val 330 
GluGluLeuArgGlnLysPheGluArgAlaLysIleGlyProGlyProLysThrProGluGluLysTh~ThrAsnThrIleSe~LysPheAspAsnAsnGlyAsnA~gAspA~qMetLys 

959 GAGGAACTGCGACAGAAATTCGAGAGAGCCAAGATCGGTCCTGGGCCCAAGACTCCTGAAGAAAAGACGACCAACACCATCTCCAAATTTGACAACAACGGCAACAGGGACCGGATGAAA 
A G T G A A G  AA GTC G T G  T A 

340 * *  * 360 370 
LeuThrAspPheAsnPheLeuMetValLeuGlyLysGlySerPheGlyLysValMetLeuSerGluArgLysGlyThrAspGluLeuTyrAlaValLysIleLeuLysLysAspValVal 

1079 TTGACCGATTTTMCTTCCTGATGGTGCTGGGAAAAGGCAGCTTTGGCAAGGTCATGCTCTCAGAGCGAAAAGGCACAGATGAGCTGTATGCTGTGAAGATCCTGAAAAAGGACGTGGTC 
C A G T A C G T G 

T A C T C A A C C T A  
Fig. 2. (A) Sequences of bovine and human P 
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540 550 560 570 Met  
from fetal ~ l a ~ r o ~ h e ~ l u ~ 1 y ~ 1 u ~ s p ~ l u ~ ~ p ~ 1 ~ ~ e ~ ~ h e ~ 1 n ~ e r 1 l e ~ e t ~ 1 ~ ~ i s ~ s n ~ a l ~ 1 a ~ y r ~ r 0 ~ y s ~ e r ~ e t ~ e r ~ ~ s ~ l ~ ~ 1 a ~ a 1 ~ 1 a 1 1 e ~ ~ y s ~ l y ~ e ~ 1 l e ~ h r ~ y s  

XhPKCfil5 and AhPKCP802. Cysteine residues 1679 GCACCGTTTGAAGGGGAGGACGAGGATGAACTCTTCCAGTCCATCATGGAACACAACGTGGCTTATCCGAAGTCCATGTCCAAGGAAGCTGTGGCCATC~AAGGGCTGAT~A~~AAA 

are shaded and residues involved h ATP binding 
are emphasized by asterisks (Gly) or an arrow 
(Lys). Only differences in the human PKCP se- 
quence are shown. Clones hhPKCP15 and 802 
were isolated from a human fetal brain cDNA 
library of 1.5 x lo6 independent clones using a 
bPKCP specific probe from the V3 region (com- 
plementary nucleotides to 996 to 1042 in bPKC). 
(B) Protein kinase C y-type sequences from bo- 
vine brain and human fetal brain. Clones 
hbPKCy551 and 19 resulted in a sequence lack- 
ing the 5' initiation site. Human sequences from 
hhPKCy6 are aligned and extend further 5' (in 
brackets) while being incomplete at the 3' end 
(black dots indicate end of cloned cDNA). An 
inframe stop codon is underlined in the 5' human 
untranslated sequence. Cysteine residues (shaded) 
and ATP-binding site glycines (asterisks) and 
lysine (arrow) are emphasized. A PKCy-speclfic 
oligonucleotide probe complementary to the V3 
region of bPKCy was used to isolate the partial 
human PKCy cDNA clone hhPKCy6 (comple- 
ment of nucleotides 1157 to 1204). 

660 670 
PheSerPheValAsnSerGluPheLeuLysProGluValLysSerEnd 

2039 TTTTCCTTTGTTAACTCTGAATTTTTAAAACCTGAAGTCAGTAGCTGTGTAGATTTCCGTCCTTCATTTCTGTCATTCAAGCTCAACGGCTATTGTGGTGACATTTTTTTGT 
C A C A 

2159 TTTCATTGCAAAGTTGCATCCATGTTTTGTTTGCTGATGAAACTAGAGTGACCATGTTTCAGGACCCAAATGTCCTCAGGTAGTTTTGGAGCATCTCTGTGAGATGGGATTATGCAGATG 
C GA T G AG A A 

2279 GCATGTTGACAATGTGGCTGCATAATTAGCACATTATCAAAGTCCTTGTAGCATTTATTTTCCCCAGCATGTCAGCGATGTAGATCCAGCGGGGACAGAACATGCCTGCTTTCTCCCCCT 
C A G  A CA A CT CA G T A  C A T  G A T T  

2399 TGTTCCTGCACTGCCATTCTCATCCCTTTTCCAACGCCAACCATCCAATCTAGATTTTTTTTCCTGCCAAACAAGTGGATAATCGGATGCTAGCAGTATTCTCCCGCTTCCAGTCCTGGA 
T T A T  C CAAC A T C  A A T C T G T G G A T  TGGATG AGCGGTACT T T C C A C T T C C  GGCC G AGCTTGGCTT C A A G T  T A  GGTTG T T C 

2519 GCTTGGCTTGTATCCAAGTAGATGGTTGCTTTGCCTTAGGGGGAATTTCCTCCATTCTTCCTGGTTTGGAGGCCCCAGGAGCTTTGGGGAAAAAACATGCTAAAAATAAAATTTTATTTG 
C T A A  AGGAA CC T C T A  T T C A C C  G T T C  G AGGC CCA A C C  GAAAAG ACA G T C A A A A  A A A A T G T T A T C T G T T A  T T T  T C T  A A G  T G G TCAAAGT C A 

2639 TTTTTTTTTTTTTTAACTCAAAAATTAAGAAGATTATTTAAGTCCTTTTAAAATTCCAAGAGTGTGCTTTTAGACAGTTTCAATCTAAGGGCACTTCCAGGAGTCATAAGGCAACCAGCT 
AAA CCAAGAA GTGC T T T  G CGGTCTCA C T A A A  GCA T CAAGGGG CAP G GCAACCAGC G GTGC A C  T C A G  G T T G T A G T  T G A T  C T T A T G T C T T T G  TCAC 

2759 TGGGTGCTACCTTAATGCTGTAATTTCTGGTTCCCTGTGTCCCCCGATCACCTTCATCCCCAAACTACTTGAACAGGGCATTTGGACTAACTCCCTGAAAAGACATGGTCACTTTAGCAA 
C C T C A T  CC A A A C T A C T  A AGGGCAT GG A C C A C T  T T AACAACA G T  A T C T A G C A A G  CC CCAAAGGGCCCTGGTTT A C A T T A C  T T T  AAC T T A  G C T T T  

2879 AGTCCCAAAGGGCCATGGTTTTACATTACATTTCAAACTTTATTTGCTTTGGGGTTTTATTTCTGTTGTTCAAATGCAAAAAAAA 
G G G T T T T G T T T  TG T G T T C  A A T G C A A A A  A A  
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(1912-bp Eco RI fragment from XbPKCyl9) revealed that 30.5 
percent (32 of 105) of cells examined had silver grains at the distal 
long arm of chromosome 19, 19q13.2 -, q13.4 (Fig. 4E). Of 200 
grains on 105 metaphase cells, 36 (18 percent) were over this 
specific region (Fig. 4F). No secondary sites of hybridization were 
found for each probe, and therefore no cross-hybridizations were 
detected among these three genes (Fig. 4, B, D, and F). 

Southern blot analysis of somatic cell hybrid DNA confirmed the 
localizations of PKCa, PKCP, and PKCy to human chromosomes 
17, 16, and 19, respectively. 32~-labeled bPKCa-specific sequences 
were hybridized to Eco RI- or Hind 111-digested DNA prepared 
from 12 hybrids (human x rodent). Major 4.7-kbp Eco RI and 4.2- 
kbp Hind I11 fragments were detected only in human control DNA 
and in hybrids containing human chromosome 17 (the 3.8-kbp 
Eco RI and 7.5-kbp and 3.0-kbp Hind I11 human fragments being 
visible after longer exposure). In addition, the 4.7-kbp human 
specific Eco RI fragment was also detected in a mouse x human 
hybrid containing only the q21+ qter region of chromosome 17. 

The regional assignment of the PKCa gene to human chromosome 
17q21-+ qter made by Southern blot analysis agreed with the 
localization (17q22 -+ q24) determined by in situ hybridization. 

Southern blot analysis of DNA from 20 somatic cell hybrids 
(human x Chinese hamster) was performed with the bPKCP 
probe. The hybrids containing human chromosome 16 all generated 
a 7.5-kbp Hind I11 human PKCP hybridizing fragment. Further- 
more, human PKCP sequences were also detected in two subclones 
of a hybrid containing a rearranged chromosome 16 with a deletion 
of region 16q22 -+ qter (14). This indicates that the human PKCP 
gene is not located at 16q22 -, qter, also compatible with the 
chromosomal assignment ( 1 6 ~ 1 2  -+ q l l .  1) made by in situ hybrid- 
ization. 

DNA extracted from 16 somatic cell lines (human x Chinese 
hamster) was hybridized with 32~-labeled bPKCy probe. The 5.5- 
kbp, 4.6-kbp, and 4.3-kbp human PKCy Hind I11 bands and the 
7.2-kbp, 4.4-kbp, and 3.4-kbp human PKCy Eco RI bands were 
detected only in hybrids containing human chromosome 19. Dis- 

B r 1 CCTTGCGGAGCCGGCGCGCCCGGGGTGCCGCTCCCTGCCTGGCGCGCTCCGCACCTGGAGGTGCCTTGCCCCTCTCCTGCCCACCTCGGAATTTCCCTGTGGCTCCTTGTCCTTCGAG 1 
1 10 
MetAlaGlyLeuGlyProGlyValGlyAspSerGl~GlyGlyPro 

121 TCTCCAGCTCCTCTCCCTTCCACCTGTTTCCCCCAAGAAAGGCAGGATCCTGGTCCCTGCTACGTTTCTGGGGCCATGGCTGGTCTGGGCCCCGGCGTAGGCGATTCAGAGGGGGGACCC 1 

180 190 200 210 
ThrValGlyGluAlaArgAsnLeul leProMetAspProAsnGlyLeuSerAspProTyrValLysLeuLysLeulleProAspProArgAsnLeuThrLysGlnLyrThrArglhrVa1 

721 ACGGTTGGCGAGGCCCGGAACCTCATCCCAATGGACCCCAACGGTCTCTCCGATCCCTATGTGAAGCTGAAGCTCATCCCAGACCCTCGGAATTTGACCAAGCAGAAGACCCGCACGGTG 
T T A T T  T T A C C  G A A 

220 230 240 250 
LysAlaThrLeuAsnProValTrpAsnGluThrPheValPheAsnLeuLysProGlyAspValGluArgArqLeuSerValGluValTrpAspTrpAspArgThrSerArqAsnAspPhe 

841 AAAGCTACGCTAAACCCTGTGTGGAACGAGACCTTTGTGTTCAACCTGAAGCCGGGGGACGTGGAGCGCCGGCTCAGCGTGGAGGTGTGGGACTGGGACCGGACCTCCCGAAACGACTTC 
C T A T C 

260 270 2 80 290 
MetGlyAlaMetSerPheG1yValSerGl~LeuLeuLysAlaProValAspGlyTrpTyrLysLeuLeuAsnGlnGluGluGlyGluTyrT~AsnValProValAlaAspAlaAspAsn 

961 ATGGGCGCCATGTCCTTCGGCGTCTCGGAGCTGCTCAAGGCGCCGGTGGACGGCTGGTACAAGTTACTGAACCAGGAGGAGGGCGAGTATTACAATGTGCCGGTGGCTGACGCCGACAAC 
G T C T T T 

300 310 ValSer 320 330 

1081 % snLeuLeuGlnLysPheGluA1a~~snT~rProLeuGluLeuTyrGluArqValArqThrGlyProSerSerSerProileProSerProSerProSerProThrAspSerLys A A C C T C C T C C A G A A G T T C G A G G C C ~ A A C T A C C C C C T G G A A ~ T A T A ~ G A G A G G G T G ~ G G A C G G G T C C ~ T C T T ~ A T C T ~ C ~ A T ~ ~ ~ ~ T ~ C ~ ~ A T C C ~ ~ ~ A G T ~ ~ ~ A C C G A ~ T C C A A G  
T T" T G T GT AGTA A Cn. 

d70 P l n  ddn ncn 

L6: L?: S8: SS? 
~rsilaAlePneT,~ilaAlaCl.:le;le:lejl,~eePnEineeeee~sAsnGI~?l,lle:leT,rA~~A~~.eee,~.eeAi~A~~.1lvetteeis:AliGI.Gl,~~s:le~,s 
?i?~(A~( G--?~A:;:T-- .G.. . - - - - - .  >.- --- ,>,.mT:C?::T:-T:T-:CT::iTAA?:iCGGCA--iTC-i-CG?CiC?-?AAA:-GGA:AA:G-?ATG:-CCATC:CGiiGCA?iCA-?iAA 

LC? j:C j ? ?  5 3C 
! ' e T n r i s c D r e G I  r e r l y r *  r ~ l . A s n . a l ~ n e F r o ~ l , S e r ~ n r T n r i ~ g ~ r r ~ ~ e ~ y ~ l ~ ~ n r P r o ~ s c T l l e d ' i ? r ? ~ '  Ilelle;'aT~r^lnoroT,~~CI,.,r~er 

168: ~ T C ~ : C G L : T ~ ~ C : ~ ; ~ ; T B ~ ~ ~ C G ~ C . ~ ~ ? C ~ C ~ T - ~ ~ ~ G G C A G - ~ ~ C ~ C - I : ~ ~ ~ : ~ - C T ~ G ~ ~ ~ C ~ ~ ~ ? G A ~ T ~ ~ ~ ~ ~ ~ C ~ C C ~ ~ A C A T ~ ~ ~ ~ ~ ~ ~ ~ ~ C ~ : L ~ ? C ~ A ~ ? ~ ~ ~ A : ~ C ~  

540 550 560 570 
ValAspTrpTrpSerPheGlyVa1LeuLeuTyrGluMetLeuAlaGlyGlnProProPheAspGlyGluAspGluGluGluLe~PheGlnAlaileMetGluGlnThrValThrT~Pro 

1801 GTGGATTGGTGGTCCTTTGGGGTTCTGCTCTACGAGATGTTGGCAGGACAGCCCCCCTTTGATGGAGAAGATGAGGAGGAGCTGTTTCAAGCCATCATGGAACAAACTGTCACCTACCCC 

580 590 600 610 
LysSe rLeuSe rA rgG luA laVa lA la l l ~G l~PheLeuTh rLysH i sP roA laLysA rgLeuG lySe rG l yP roAspG lyG l~P r~Th r l l eA rgA laH i sG l yPhePheArg  

1921 AAGTCGCTTTCCCGGGAAGCTGTGGCCATC I;4AGGGGTTCCTCACCAAGCACCCGGCCAAGCGCCTGGGCTCAGGCCCCGATGGAGAGCCCACCATCCGCGCTCACGGCTTTTTCCGC 

660 670 680 690 
ProProAspArgLeuValLeuAlaSerIleAspGlnAlaGluPheGlnGlyPheThrTyrValAsnProAspPheValHisProAspAlaArgSerProileSerProThrProValPro 

2161 CCCCCTGACCGCCTGGTTCTGGCCAGCATCGACCAGGCTGAGTTCCAGGGCTTCACCTATGTCAACCCGGATTTCGTGCACCCGGATGCCCGCAGCCCCATCAGCCCAACGCCTGTGCCA 

YalMetEnd 
2281 GTCATGTAATCCCACCTGCCGCCACCAGGCGTCCCCACGGCTCCCTCCTCCGCCCCGGCTTTGGCCCTCGCCTCACCATGCCACCCGCCTTTCCAATTCTAGATATGGCTCCCCAGCGTT 

2401 CTGGCCTC 
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cordancy analysis of human chromosomes and hybridization 
with these three different PKC probes are summarized in 
Table 1. 

Genetic complexity of PKC gene family. Northern (15) and 
Southern blot (7) hybridization experiments were carried out to 
characterize the transcription pattern of the PKC family and to 
hrther investigate its genetic complexity. Hybridization analysis of 
bovine and rat brain total poly(A)-containing RNA's (16) resulted 
in detection of multiple mRNA's by specific bPKCa, $3, and -y 
cDNA probes. Surprisingly, despite the close sequence homology 
between PKC types we observed no cross-hybridization at the high 
stringency conditions used. Very low levels of mRNA's were found 
in whole calf brain, while a more intense signal of the same 
hybridization pattern was obtained with poly(A)-containing RNA 
from calf cerebellum (Fig. 5A). The hybridization patterns obtained 
with a bPKCa probe (8.1-kb, 3.8-kb, and 3.0-kb mRNA's) (6), 
compared with those obtained when bPKCP and bPKCy probes 
were used, are shown in Fig. 5A. A 1921-bp Eco RI fragment of 
AbPKCp15 detected 8.7-kb, 3.4-kb, and 2.6-kb RNA's in bovine 
cerebellum, while whole rat brain contained 8.7-kb and 2.6-kb 
mRNA's with sufficient sequence homology to the P probe to yield 
a signal under the high stringency conditions used. Use of a 
synthetic bPKCP V3 probe (ps) in a Northern hybridization 
analysis of bovine cerebellum poly(A)+ RNA yielded an identical 
pattern (Fig. 5A), suggesting that all hybridizing bands contained 
not only closely related but actual PKCP sequences, although the 
possibility of a splicing variant cannot be excluded. A major PKCy 
mRNA (1912-bp Eco RI fragment from AbPKCyl9) of 3.1 kb and 
a minor species of 2.4 kb were found in bovine cerebellum; only the 
3.1-kb mRNA was detected in rat brain. 

To investigate the possible existence of an even larger number of 

protein kinase C family genes, we carried out Southern blot analysis 
of bovine and human genomic DNA with cDNA probes of bovine 
PKCa, $3, and -y 3' untranslated regions (Fig. 5B). One strongly 
hybridizing band was detected with each bPKC probe in Pvu II- 
digested DNA from bovine cerebellum (a, 2.3 kbp; P, 8.6 kbp; y, 
10.5 kbp). Furthermore, each bovine DNA lane showed two 
additional hybridization signals (a,  3.6 kbp and 4.1 kbp; P, 4.7 kbp 
and 5.8 kbp; y, 5.7 kbp and 7.6 kbp), which suggests the possible 
existence of other PKC family genes that are more homologous to a, 
p, and y than these three genes are to each other. Weaker bands 
were detected in Pvu II-digested human liver DNA with bovine 
PKCa (4.1 kbp and 15.5 kbp), PKCP (1.3 kbp and 0.8 kbp), and 
PKCy (7.2 kbp) cDNA probes. More detailed investigations will be 
necessary to substantiate the possible existence of additional protein 
kinase C related genes. 

Biological significance of protein kinase C family. We have 
identified a family of genes that encode polypeptides closely related 
to protein kinase C. Three members of this gene family have been 
characterized and were mapped to distinct chromosomal locations. 
Southern hybridization analysis suggests that an even larger number 
of PKC genes may exist, and the diversity within this family of 
proteins may be further increased by alternative splicing in at least 
some of these genes (17). The extensive similarity between the 
cDNA-deduced primary structures of PKCa, -P, and -y strongly 
suggests that the corresponding polypeptides share certain functions 
including kinase activity. Whether PKCP and -y types are also 
activated by diacylglycerol and calcium remains to be established. 

The significance of a family of very similar but distinct PKC 
molecules bears consideration. Until now, tht term protein kinase C 
has been used to represent what may in fact have been a family of 
proteins that were indistinguishable by the physical and hnctional 

-Z'  d \ \ ,  
consensus ~AD------P---------F-RKGALRQK-VHEVK-H-F-ARFFKQPTFCSHCTDFIWG-GKQG-QCQV~-FVVH-R~HEFVTF-GPGA-KGP--DDPR- 

, ,.-. bPKC-0 

consensus KHKF--H-Y-SPTFCDHOGSLLYGL-HQGMKC--E-MNVH--@V--VPSLOG-DHTE-RGR--------------V-V--A-hL-PMDPhGLSDPYVKLK 2 " r r 'V- '  i \ , , h ~  A 

C2 I 0 LR-?.;~+~+% ', St,", , : I , 8 ! , 'Y i., 

consensus LIPDP----KQKT-T----LNP-W-E-F-F-LK--D--RRLS-E-WDWD-T-RhDFMG--SFG-SEL-K----GW-KLL-QEEGEY-hVP--------N- C3 
v 3  ** * 0 100 200 300 400 500 600 

bPKCo 300 ELRQKFEKAKLGPAGhKVISPSEDRRQ------PShN--LDRVK------L--TDFNFLMVLGKGSFGKVMLADRKGTEELYAIKILKKDVVIQDDDVE 

,pKc. ~ P K C ~  300 298 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ s ~ - - - - - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - - - - - - ~ - ~ ~ u ~ ~ ~ ~ ~ v ~ ~ ~ ~ s ~ ~ ~ v ~ ~ s ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ v ~ i ~ ~ ~ ~ v v i ~ u u ~ v ~ ~  L L - Q K F E - A ~ ~ Y P L E L Y E R V R T G P S S S P I P S P S P S P T D S K R ~ ~ F G A ~ P G R L H I ~ D F ~ F L M ~ L G K G ~ F G K ~ M L A E R R G ~ D E L Y A I K I L K K D ~ I ~ Q D D D ~ D ~  

consensus -L-QKFE-A---P-------------------------------------L---DF-FLMVLGKGSFGKVML--R-G--ELYA-KILKKDV--QDDDV-@ 

consensus T-VEKRVLAL----P-----FLTQLHS-FQT-DRLYFVMEYV-GGDLMYHIQQ-G-FKEP-A-FYAAEI-IGLFFL---GIIYRDLKLDNVMLD-EGHIK 

C4 

consensus I-DFGMGKE----G-TT-TF~GTPDYIAPEIIAYQPYGKSVDWW--GVLLYEMLAGQ-PF-GEDE-ELFQ-~ME--V-YPKS-S-EAV-~~KG--TKHP- 

consensus KRLG-GP-GE--- - -H-FFR-IDW--LE--EI -PP--P-~G---ENFD-FFTR--P-LTPPD--V-- -~DQ-E~ 

Fig. 3. (A) Comparison of bovine protein kinase C family primary structures. 
Cysteine residues (shaded) and ATP-binding sites (asterisk and arrow) are 
emphasized; the consensus line shows identities in PKCa, -P, and -y, except 
for the first 16 residues where only a and P are compared. Initiation 
methionines are underlined and polypeptide chain ends are indicated 
(asterisk). Variable (brackets) regions V1 to V5 and consenled regions (C1 
to C4) are marked. (B) Hydropathy profile comparison of bPKCa, -P, and - 

y. Hydrophobicity (above line) and hydrophilicity (below line) values were 
determined using the computer program of Kyte and Doolittle (21). 
Locations of cysteine-rich repeat domain (hatched box), putative calcium 
binding site in bPKCa (shaded box), ATP-binding site (open box), variable 
regions (black boxes) V1 to V3 and conserved regions C1 to C4 are 
indicated below. The asterisk in the bPKCy profile indicates incomplete 
amino-terminal sequences. 

SCIENCE, VOL. 233 



Fig. 4. Silver grain distribution along chromosomes 17, 16, and 19 
[ideograms from ISCN 1985 (22)] representing specific hybridization to 
PKCa (A), PKCP (C), and PKCy (E). Human metaphase and prometa- 
phase chromosomes were prepared from methouexate-synchronized periph- 
eral lymphocyte cultures (23) of two normal individuals. In situ hybridiza- 
tion was carried out as described (24,25). The probes were 3H-labeled by 
nick-translation with three labeled nucleotides to specific activities of 
2 x lo7 to 3 x lo7 cpmlg and were hybridized to chromosome preparations 
at a concentration of 25 nglml or 50 nglml for 16 hours at 37°C. The 
emulsion-coated slides were exposed for 10 to 18 days at 4OC. Chromosomes 
were stained with quinacrineedmustard dihydrodoride and photographed 
under a fluorescence microscow. The chromosomes were then stained for G 
bands with Wright's stain, &d a second photograph was taken of the 
previously selected cells. The G-banded chromosomes were examined for 
silver grain IocaIizations. Histograms showing the distribution of silver 
grains over the human complement for probes bPKCa (B), bPKCP (D), and 
bPKCy (F). Somatic cell hybrids were used to confirm the in situ hybridiza- 
tion results. Their origin and characterization as well as analytical procedures 
have been reported (26-31). 

criteria employed. The existence of a family of protein kinase C 
molecules suggests *at cellular responses may be affected by the 
activation of one or more polypeptides. This may serve in part to 
account for the diversity of responses observed and also through 
differential expression to govern the nature of the response in 
individual cell types. Preliminary data indicate that individual cell 
lines do indeed show different patterns of protein kinase C a, P, 
and y rnRNA and protein expression (18). 

Distinctive structural features including interspersed variable re- 
gions are highly conserved beo~een protein kinase C species, and are 
thus likely to represent domains that d e h e  specific biological 
functions. They may represent sites of interaction with the specific 
cell surface proteins, receptors, activators, and substrates that com- 
prise a portion of distinct signaling pathways. The identification and 
characterization of multiple PKC proteins reported here provide an 
essential step toward unraveling the mechanisms that regulate 
lineage-specific cellular responses and specificity of signal transduc- 
tion within a single cell type. 

Fig. 5. (A) Northern hybridization analysis of bovine cerebellum (b) and rat 
whole brain (r) mRNA's. The total poly(A)-containing RNA's (4 pg) (16) 
were separated on agarose-formaldehyde gels and analyzed (15). 32P-labeled 
probes (10' cpmlpg) (32) from h clones bPKCa306, bPKCP15 (1920 bp, 
PC) and bPKCyl9 (1912 bp) were used for hybridization. Sizes are given in 
kilobases and were determined with RNA markers (Bethesda Research 
Labs). The f.3, lane shows a hybridization pattern obtained with a 5' end- 
labeled (3ZP) synthetic oligonucleotide antistrand probe (47 nucleotides) 
from bPKCP V3 region (complementary sequence to 996 to 1042). 
Exposure times were 10 days for a and PC, 1 day for y, and 10 days for P, at 
-70°C [Cronex Lightning Plus (Dupont)]. (B) Southern blot hybridization 
analysis of bovine and human chromosomal DNA. Pvu II-digested bovine 
(b) and human (h) chromosomal DNA (33) was analyzed (6) with bPKCa, 
-p, and -yspecific labeled (32) hybridization probes from 3' terminal cDNA 
regions (a: 286-bp Hinc 11-Eco RI fragment from hbPKCa306; P: 936-bp 
Eco RI-Eco RI fragment from hbPKCP15; y: 170 bp Hinc 11-Eco RI 
fragment from XbPKCyl9) at high stringency conditions (hybridization: 50 
percent formamide, 0.75M NaCI, 42°C; washing: 0.03M NaCI, 45°C) (33). 
Sizes are indicated in kilobase pairs and were determined from hwt size 
markers (Hind 111-Eco RI fragments) (Boehringer-Mannheim). 
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