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Abstract. Protein kinases C (PKCs) comprise closely Introduction
related Ser/Thr kinases, ubiquitously present in animal
tissues; they respond to second messengers, e.§;, CaMetazoan protein kinases C (PKCs) are a family of Ser/
and/or diacylglycerol, to express their activities. Two Thr kinases involved in the signaling pathway that uti-
PKCs have been sequenced fréseodia cydoniuma  lizes second messengers which are generated during the
member of the lowest multicellular animals, the spongedreakdown of membrane phospholipids (survey: Ma-
(Porifera). One spong8. cydoniunPKC, GCPKC1, be- honey and Huang 1994). After their discovery by Nishi-
longs to the “novel” (C&*-independent) PKC (nPKC) zuka and his colleagues (Takai et al. 1977) PKCs were
subfamily while the second one, GCPKC2, has the hallidentified and characterized both biochemically and by
marks of the “conventional” (C&-dependent) PKC molecular cloning (Hardie and Hanks 1995). Initially,
(cPKC) subfamily. The alignment of the Ser/Thr cata-the PKCs were identified as €a and phospholipid-
lytic kinase domains, of the predicted aa sequences fodependent protein kinases (reviewed by Nishizuka 1988;
these cDNAs with respective segments from previouslyStabel and Parker 1991). At present, the PKCs are sub-
reported sequences, revealed highest homology to PKQ#ivided into three subfamilies: the ‘“conventional”
from animals but also distant relationships to Ser/Thr(Ca&*-dependent) PKC (cPKC) subfamily, including
kinases from protozoa, plants, and bacteria. However, 8KC /vy, Bl, and Bll; the “novel” (Ca**-independent)
comparison of the complete structures of the spong@rotein kinase C (nPKC) subfamily with PK& e, m,
PKCs, which are—already—identical to those of nPKCsand#6; and the atypical PKC (aPKC) subfamily compris-
and cPKCs from higher metazoa, with the structures ofng PKC ¢, and\ (Hardie and Hanks 1995). The physi-
protozoan, plant, and bacterial Ser/Thr kinases indicateslogical function of the latter group is not yet clear.
that the metazoan PKCs have to be distinguished from Experimental evidence has been presented which
the nonmetazoan enzymes. These data indicate thahows that the PKC-mediated signaling pathway(s) also
metazoan PKCs have a universal common ancestaxists in the lowest multicellular animals, the sponges
which they share with the nonmetazoan Ser/Thr kinasegPorifera) (Miller et al. 1987; Weissmann et al. 1988;
with respect to the kinase domain, but they differ from Mdiller et al. 1990). After incubation of dissociated cells
them in overall structural composition. from both Geodia cydoniumMdller et al. 1987) and
Microciona prolifera(Weissmann et al. 1988) with the
Key words: Sponges —Geodia cydonium— Serine/  homologous aggregation factor, the PKC is activated and
threonine kinases — Phylogeny — Molecular systemat-causes an induction of DNA synthesis via activation of
ics — Molecular evolution DNA topoisomerase Il (Daum et al. 1994).

Based on sequencing data obtained from adhesion
molecules and receptors of the spor@ecydonium[a
lectin (Pfeifer et al. 1993b), the receptor tyrosine kinase
Correspondence tow.E.G. Miller (Schazke et al. 1994b) comprising extracellularly immu-
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noglobulin boxes (Sc'h;ke et al. 19943) and a ho- Sequence Analysi®rediction of sites and signatures has been
meobox-like gene (Kruse et al. 1994)] it can be deducedperformed with programs available in PC/GENE (1995). Homol-

ogy searches were performed via the E-mail servers at the European

that the Porifera branched off from the common meta_Bioinformatics Institute, Hinxton Hall, UK (BLITZ@ebi.ac.uk

zoan tree over 600_ million years ago (N 1_995)- and FASTA@ebi.ac.uk) and the National Center for Biotechnol-
Furthermore, the existence of conserved proteins, struagy Information, National Institutes of Health, MD, USA

turally and functionally similar to higher metazoan pro- (BLAST@ncbi.nim.nih.gov). Sequence comparison as well as the es-

teins supports the view that the Porifera and other udas_tablishment of the dendrogram was achieved with the CLUSTAL pro-
S . . . . gram (Higgins and Sharp 1988). This program uses pairwise similarity

S|c§1l metazoan animals are of monophyletic origin scores to build the dendrogram.

(Mdller 1995).

The phylogenetic relationships of PKCs within the
metazoan and nonmetazoan kingdoms have not been prgesults and Discussion
sented due to the lack of sequences, especially from spe-
cies of the lowest animal phylum. In this study we report
two nucleotide sequences frof. cydonium,one be-  primary Structures of the Sponge cDNAs Coding for
longing to the cPKC and the second one to the NPKGser/Thr Kinases
subfamily. The deduced amino acid (aa) sequences al-
lowed establishment of the evolutionary relationships ofThe mouse cDNA, coding for PK&C (Rose-John et al.
the kinase domains among members of this multigene 988), was used to identify and isolate the corresponding
subfamily, not only among PKCs from metazoa butcDNA clones from the marine spon@e cydoniumTwo
also with Ser/Thr kinases from plants, protozoa, and bacdifferent sequences have been identified; they are termed
teria. In addition, it is shown that the overall composition GCPKC1andGCPKC2.Five (eight) independent clones
of the metazoan PKCs is different from that of nonmeta-a|l leading to the same sequenG€PKC1(GCPKC2)
zoan Ser/Thr kinases. have been analyzed.

CloneGCPKC1contained a 2,403-bp-long cDNA in-
sert; GCPKC2is 2,142 nts long. The nucleotide (nt) se-
Materials and Methods guence as well as the deduced aa sequence of sponge
Ser/Thr kinaseGCPKC1cDNA is shown in Fig. 1, and
Materials.Enzymes for recombinant DNA techniques and vectors werefor GCPKC2cDNA in Fig. 2. The open reading frame
obtained from Stratagene (Heidelberg, Germany). (ORF) for GCPKC1 with the ATG-codon for Met is
2,211 bp long (Fig. 1). The typical signal polyadenyla-

SpongeThe specimens dseodia cydoniuniPorifera, Demospon-  tion site AATAAA (Zarkower et al. 1986) is present. The
giae,_ Geodi_idae) were c_oIIe_ctgd near Rovinj (Croa_tia). The materigIORF for GCPKC2has a size of 2,031 nts. The typical
was immediately frozen in liquid nitrogen and kept in that state until polyadenylation site is missing, a fact which was noted
uee: already earlier in some cDNAs fro®. cydonium Jike

_ , _ _ those coding for the S-type lectins (Pfeifer et al. 1993b).
Isolation of Ser/Thr KinasesDNA coding for Ser/Thr kinases was

isolated from a cDNA library fronG. cydonium(Pfeifer et al. 1993a).

Screening of the library was performed under low-stringency hy- . .
bridization conditions of plaque lifts fra 3 x 1& pfu on nitrocellulose Deduced Amino Acid Sequences of Sponge

using the complete PKC-cDNA, isolated from mouse fibroblasts S€/Thr Kinases

(M25811) (Rose-John et al. 1988), as a probe. Filters were hybridized

overnight at 42°C in 35% formamid® x SSC, 0.02% NaDodSO  The aa sequences of sponge Ser/Thr kinases have been
0.1%N-laurylsarcosine, and 1% blocking reagent. The dsDNA restric-deduced from the cDNAs GCPKC1 and GCPKC2 (Figs.

tion fragment isolated by microelution (Ausubel et al. 1995) was la- ;
beled with digoxygenin-11-dUTP using the random primed labeling kit 1 and 2)' Homology searches both with BLITZ and

(Boehringer). Filters were washed twige2 x SSC, 0.1% NaDodSO BLAST programs revealed that the sequences from
at room temperature, followed by additional washing in 0.1 x ssc, GCPKC1 and from GCPKC2 must both be classified as
0.1% NaDodSQ (42°C). Positive clones were detected with an alka- belonging to the group of PKC. The two sequences con-
line-phosphatase-conjugated antidigoxygenin antibody using BCIPgin the typical Ser/Thr kinase active-site Signature
NBT as substrate (Blake et al. 1984). Single phage plaques were OD(HankS and Quinn 1991): IIYRDLKLDNVIL (aa 528—

tained by three additional screening cycles. Followingianvivo . .
excision procedure described by Stratagene, phagemids (pBIuescrié‘m) in GCPKCI1 (Fig. 1) and IIYRDLKLDNVLL (467—

SK-) were excised from lambda phages using the filamentous helped79) in GCPKC2 (Fig. 2).
phage R408 and the. coli strain XL-1-blue. The positive PKC clones

for G. cydoniumwere termedGCPKCland GCPKC2. GCPKC1

. _ _ The deduced aa sequence of GCPKCL1 (Fig. 1) en-

DNA SequencingdsDNA was sequenced by the dideoxy chain cqqeg g 83.2-kDa primary translation product with an
termination method (Sanger et al. 1977). After analysis of thenfl 3 timated bl of 8.3 the instability index is 41.6. indi

ends of the sequence, subclones were constructed either by ligation 85 Imated pl of 6.5, the m$ ability index1s T m_ Ica-

restriction fragments or by creating unidirectional deletions and analiV€ for an unstable protein. Northern blot analysis re-

lyzed by end-over-end sequencing. vealed a size for the transcript GICPKC1of 2.8 kb (not
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GCPKC1 GGTTAAGTTGAGGCCTACTAGCTGACAGCGCAATGGCGTTCGTACGGATCAAGCTGCTGGAGGCGATCGTGGACCACGTCAAGCCCACGH 57
M A F VR I KL L EA I VDHVYVIKUZPT 19

GCPKC1 ATCCCACTTGCTCTGTCAACATCAAGGAGGCCCTTGCGGGAGAGGACGGGAGAGTCACGTTGGAGCAGCGCAAGAAGACGTTCTTTCCAG 147
D PTCS S VNI KEA AL AGETUDGRUVYVYTULTEI QT RIEKI KTV FF P 49
GCPKC1l ACTGGGATCGCTGTTTCGACTCTCACCTAAAGCCGGGTCGACGCATGCAGATCATCGTCAACGACCGCGTGGAATCCTCCCTGCGCCCGC 237
D WD URCVF D S HL KP GRIRMOQTITIUVDNDURVYVESSTILTRP 79
GCPKCl1 TGGCTGAAGTGACGGTGGAAACCGAGGCGTTGGCGACAGAATGTATGGCAGAGGAGGAAGGCAGTGCCGTCAAACTTGCCTTGGACATGA 327
L A E VTV ETE AL ATETGCMMAETEESGS AV KU LA ATLTDM 109
GCPKC1l GACCATCAGGAAAGATGATTCTTCAGGTCAAGCTCTATGGCAGAGAGCACATTGAAGGGCGAGACCTGGCAGTACTGACACCGGAATGGA 417
R P 8 6 KM I L QV KL Y GREUHTIUEUGRUDILAVTLTUZPEW 139
GCPKC1l AGGAATCTCTTCCAAAGAACGCCACAGCTCTGCGAGGGAGACGAGGGGCCATGCACGTGAAGCAGGCACACGTGGAAGACATAAAAGGAC 507
K E S L P XK N A T AL RUGRU®RUGAMU BHE VYU K OQOA AHRVYETUDTIIKG 169

ttttttrttttttttetrtetettttrtrttttttttetetetevtttitettteeet
GCPKC1 ACCAGTTTGTCAAGAGGTTCTTCCGACGAGCAATTTACTGCTCCCTCTGTCACGAATTCCTCTGGGGATTTACAAAGCAAGGCTACCAGT 597

H Q F V KRVFFRIRATI Y CSULCHETFULWGT FTIZ KOQG Y Q 199
¥ ¥

GCPKC1l GCCAAGTGTGCCATTATACAGCCCACAAGAAATGTACTGGCTCAATCCTTGCCAAATGTACTGGAGCTACTGGCAATGAGACTCACTCTA 687
C Q VCH YT AHI KU KT CTUG S5 I LAIKTZGCGTGA AT GNTETH S 229
* ¥ ¥ ¥

GCPKC1l AGTTCCTCAGGGAAAGGTITCAAGATTGACATGCCTCATCGGTTCAAAGTCCACAATTTTCTTGGCCCGTCTTTCTGTGACATGTGTGGCC 777
K F L RERU FI KTIUDMZPUHIRTF FI KUVHNTPFTILUGUPS SV FCDMTZGCG 259

$ ¥

GCPKC1 AAATGATGCACGGGATCTTCCGCCAGGGAGCCAAGTGCACAGCGTGTGGTGTGTGTTGCCACATTCGCTGCCAGAAGAACATGCCCCCGC 867

Q M M H G I FR Q G A KCTA AT CGVYVY COCIHTITZ RTGCU QI KN NMMTPP 289
Ed 3 #

GCPKC1l TGTGTGGAGTCAATGAGAAGATGTTGGCTGAAGCTCTCAAGAGTGTCGACGAACTCAAGAGAAACAGAAGACTGTCCGCAGGGTCGGATC 957

L ¢ GV N E KMTULA AE AL IKS VD ETLI KR RU NI RUIPRILSA AG S D 319

¥
GCPKC1 CGGCGACCACTCCGGGGAGTCCTGGTGCCAAGCCCCTCCCACCTGTCCCCGAGGGGGAGTCAGAGGAGTACATCGAGGTCACTGAAGCCA 1047

P A TTP G S P G A K PULUPUZPV P EGE S EE Y I EVTE A 349
GCPKC1 TGACTCGAGCAGTGTTAGGTCAAACATACAATCTCCCTGGACGAGACGGAGCCCCGCCCATCCCTCCTCGGACGTACAGCCAGCGCGGAG 1137
M T R A V L G Q T ¥ N L P GRDGAUPUPTIU®PUPRTTYS QR G 379
GCPKC1l GACACACCTCCAACGGCCACATCACATCGGGCAGCTTCCACGGCTTTGGGCGACCGGCGATGAAGAAGTACAAACTGGAGCAGTTCAAGT 1227
G H T S N G H I T S GG S F HGVF G R PAMIEKIK T YKTULEOQTF K 409
GCPKC1 TTCTCAAACTCCTTGGGAAAGGAAGCTTTGGGAAGGTCTTGCTGGCCCAACTGGAGGGGAATGAGCAGTATTTTGCCATCAAGGCCCTCA 1317
F L K L L 6 K 6 8 F 6 K V L L A QL E G NUEOQ Y F A TIIKA AL 439

#===== catalytic domain
GCPKCl1l AGAAGGACGTAGTACTGGAGGACGATGACGTGGAGGCCACTATGGTGGAGAAGAGACTTCTCGCTCTTGGCTGTAACCATCCTTTCCTCA 1407

K K DV v L EDDD YV EATMVEIZ KR RIULILALGT CNUHRUPTFL 469
GCPKC1l CTCACCTCCACTCCACCTTCCAGACCCCCAGTCACCTGTTCTTTGTGATGGAGTATCTGAATGGCGGCGATCTCATGTATCACATACAGA 1497
T H L H s T F Q T P S8 HLVFF VMET TYULUNUGU GDTU LMMYHTIOQ 499

GCPKC1 TTTCTCACAAATTCAAACTCCCCAGAGCAAGGTTCCATGCTGCAGAAATACTCTGTGCTCTTCAGTTCCTCCACAAACAAGGCATTATAT 1587
I 8 H K F KL PRARYT FHAAETIULTUGCALUGOTFIULUHI KU QG I I 529
GCPKC1 ACAGAGATCTCAAGTTGGACAACGTGATACTGGACTCTGAGGGTCACTGTAAACTGGCCGACTTTGGCATGTGCAAGGAGAACATCATTG 1677

D S E G H C K L A DVF G MOCIKETU NTIITI 559

GCPKC1l GGTATGCCACTGCAGGCACCTTCTGTGGGACACCAGACTACATATCACCAGAGATCATAAAGGGGAAGAGGTATACATTICTCTGTGGACT 1767
G Y AT A GTVF CGTPD Y I s P EI I KGI KU RYTU F S V D 589
GCPKC1l GGTGGTCTTTTGGAGTCCTCTGCTACGAGATGATTACCGGCCAGTCTCCATTCAGTGGAGAGGATGAGGACGAGTTGTTTGACTCAATCT 1857
W W s F G VLCYEMMTITGGUO QSUPF S G EDEUDETLTFUDS I 619
GCPKC1l GCAACCATCAGGTCTCCTITCTCTCGCTACCTCGACCAAACCACCATCAACTTCCTTGACAAGTTGTTGCAGAGAGATCCAGGGGAGAGGC 1947
C N H Q Vs F s R YL D QT T INUVFULDI KTU LTI LG QURDUPGER 649
GCPKC1 TGGGCTTGCATCGAAGACAGAGAGAATATCAGAGCACACGCCTTCTTCAGAGAAATTTGACTGTTGTCAAACTGGAGGCCAGGAAACTAA 2037
L G L HR R QRE Y Q8 TRULULOQORUNILTV VYV KTULE ARIKIL 679

catalytic domain =====j
GCPKC1 AACCTCCCTTCAAACCCAATGTGAAAGGGGCGTCAGATGCCAGCAACTTTGGCGATGATTTCACCTTCCAGCCAGCCCAGCTCACTCCCA 2127

K P P F K PNV KGA S DA ASNVFGDUDV FTV F QP AOQULTUP 709
GCPKC1 CTGACACCACACTGGTGATGTCCATCGACCAAACAAACTTCACCGGGTTCTCATTCACTAGTGACCTCTATTCCAAACTCCACTGATATT 2217
T D TTULV MBS I DQTU NV F TGV F S FT S DUIL Y S KL H - 737

GCPKC1l ATCTAACRCTGCTATATATTATAATTGTAATGATTGTGATCTGCCTAAGGCTCAGCTGTAAGTAGAGCGTCTCTCATTTTCTCTGTTTITG 2037
GCPKC1l TAAGTGCTGCTACAGTATGCTGACAATGTGTTTTTAACTGATGTGATCATTTTTTATCCCGAGTGAGTGTATTGTACAATAATAAATGTT 2397

GCPKC1 GTGTITA, 2403

Fig. 1. Nucleotide sequence (2.4 kb long) and the deduced aa semarked; the protein kinase ATP-binding region signaturgniderlined
quence of the&s. cydoniuntcDNA GCPKC1.The pseudosubstrate seg- and the Ser/Thr protein kinase active-site signaturdoisble under-
ment (1), the zinc fingers (f), and the phorbol esters/diacylglycerol-lined. Open squaresnark the putative polyadenylation signal. This
binding domain are indicated-j. The boundaries of the catalytic sequence has been assigned the EMBL accession number X87684.
domain at the extreme amino- and carboxy-terminal residues (#) are

shown), indicating that the sequence isolated is of fullCx,C, (PC/GENE 1995); (3) two zinc fingers of the PKC
length. motif (Stabel and Parker 1991) @3x;sCx,Cx,Cx,C
The sponge Ser/Thr kinase GCPKC1 displays the fol{first: 183-186-200-203-211-219; second: 255-258-272-
lowing boxes. (1) The pseudosubstrate segment (aa 15@®75-283-291); and (4) the Ser/Thr kinase catalytic do-
169) with its Ala residue surrounded by basic, positivelymain (Hanks and Quinn 1991) (410-662). It is delimited
charged aa (Stabel and Parker 1991); (2) the typicaht the amino-terminal boundary Phe (410), which is lo-
phorbol esters/diacyglycerol-binding domain (170-219)cated seven residues upstream from the aa Gly in the
with the consensus HEx;Cx,Cx;Lx;YXCx,Cx,HX,-  protein kinase ATP-binding region signature which reads
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GCPKC2 GAGAAGAGAAGACTAGGTCTAAGACAGGCGETTGCTAGCTGCGCTTGGCTGCAGTGTGCTCCAGTCGAGCTGTAGAGAAAGATGGCGGACG 10

. M A D 3
GCPKC2 GCGGATCACTGGACGTAGAGCCGCGCCGTCCAGTTCGGAGGAACGCCGTCCGACAGGCCAGAGTGGTGGAAGTGAAGGGACACAAGTTTG 100
G 6 S L D VETPIRIRZPVIRIRNAVRUG QARTVYTYETYI KT G GTHTZ KF 33

THHHHH PP P T bR T
GCPKC2 TGCTCACTTACTTCAAGACCTTTACATTCCGCGGCCACTGCGGCCGCTTTCTCTGGGGCCTTACGGGACCTCAGGGATACCAGTGCAAGC 190

VL TY F KTV FTVFIRGUHT CG G RUPFILUWGUV T G P Q G Y Q C K 63
$ +
GCPKC2 TGTGTGACTTTGTTATGCACAAGAGATGCCTGGACTACGTCTCTTTCATATGTCCAGATGTTCACATTGGARATCGCGAGCCCCTTCACCAC 2 80
L ¢C D F VMUHI KU RUCILDY YV S F I CUPDVHTIUGNITGA ATP S P 93
+ + %

GCPKC2 GCAAATTCAAGACGACGTCATTTCGTCACCCCACCTGGTGCGACCACTGCGGCTCCTTCATCTATGGGCTGATGAACCAGGGGAAGACGT 370
RKFKT'I'SFRHPTWCDHCGSFIYGLMNQGKT 123
% d e d d % d d d d g g Ik A ok ok ko
3 +
L] L ] L] L] . [ ] L] L] [ ] L] L] L] L] L] L] [ ] L] . L] L] L] . L] L ] [ ] L] L] L] [ ] .
GCPKC2 GCGGGGACTGTGGAGTCAACGTCCACCATCGCTGCCATGAGATGGTCCCCAAGACATGCGGCCAGCAGGTGAAGGAGACACGAGGCCGCC 460
CGDCGVNVHHRCHEMVPKTCGQQVKETRGR 153
% + % %
L] . L ] . L] L ] L] L] L] L] L] L] . L] L] L] L ] L] L ] L]
GCPKC2 TCGAGATGTCTGTTCGCTCTGAGGATATTGATGATGACCACATACGACTACACATCGGCATAATCCAGGGAGCAAACCTGCCTCCCATGE 550
LEMSVRSEDIDDDHIRLHIGIIQGANLPPMA183

2 [
GCPKC2 ATGCCAATGGGTATGCAGATCCATACGTGAAGCTGCGTCTTCTGCCTGAGGCGAGTAACGCAGCGAAACAGAAGACAGAGAGACAGACCA 640
DANGYADPYVKLRLLPEASNAAKQKTERQT 213
2 2 2 2 2 @ )
GCPKC2 AGACGCTCAGCCCCGTCTGGGAGGAGACGTTCTTCTTTGATGTAAACAAGGCGGACACGTCATTTGAGCTCTCTCGTCTGGTGATAGAGG 730
K T L S PV WEETV FV FV FD VNI KA ATDT SV FETLS ST RILUVYVTIE 243
GCPKC2 TGTGGGACTGGGACCGCTACACTGCCAATGATCTGATTGGTGGGTTCAGTATCCCGGTACCAGAGATTGTGCGAGTGGAGTAAGGGAGGAG 820
V WD WDRYTANDTULTIGT G GT F S I PV PETIUVETWSIZ KT GG 273
GCPKC2 CCACTGTCTGCAACTGGTACCGCCTCCTGGACAGCAAGAGTCTCAAACAGAAATATGAACACGTCATTGACACAGTGAAGCTGAGAACTG 910
A TV CNW Y RUIL LD S K S L K Q K Y EUHUVYVYIUDTU VI KT LU RT 303
GCPKC2 ATAGAGGAGTTCAAGAAGAAGACGAGGATCGACAGGGCGCGGGGACTCCAGAGGGGATCCCAGACCTCCGCAGAGGCTCAGAGATGGTCC 1000
D RGV QEEDEUDU RUG QG ASGTU®PETG GTIU®PUDTILUZ RTI ERGTSEMMUV 333
GCPKC2 CGGAGAGCCACGGTCTACCCAAAATGTCCCTCGGAGAATTCAAACTCATTGTGGTTCTCGGGAAAGGCAGCTTTGGGAAGGTGTTTCTGG 1090
P E S HGLP KM SUL GETVFI KU LTIUVVYVLGI K G SV F G K VU F L 363
# catalytic domain
GCPKC2 CAGAGCACAAGGAGTCGAAGGAGGTTTATGCCATAAAGAGTTTGAAGAAGGACCTGATAGTCCAGGAGGACGATGTGGAGTGCACACTGA 1180
A E HKE S KEV Y A IKSTULIKI KDIULTIV VG QETDUDUVETCTTL 393
GCPKC2 ATGAGAGGAAGGTCCTGGCGCTGCAGAGCAAGCCGCCATTTCTCATCAACCTCCACTCGTGTTTTCAAACAGAGGAGCATCTGTTCTTTG 1270
N ER K VL AL QS KPPV F UL INTULUH ST CT FOQTETEUHTULTFF 423
GCPKC2 TCATGGAGTACGTGAGTGGAGGAGACCTCATGTTCCACATCCTGGAGCTGGGCCGGTTCTCTCAGAGCCAGACCAGGTTCTACGCTGCAG 1360
VM E YV S 6 6GDLMVFHTITULETULSGUZRUPFSESQTIRTF Y A A 453
GCPKC2 AGATAGTTCTGGGTCTGGTCTACCTCCACAACCTGGGGATCATATACAGAGATCTGAAGCTGGACAACGTCCTCCTGGACTCTGAGGGGC 1450
E I VL 6 L V Y L HNILGTI I Y RDULI KULUDNUVILIULUD S E G 483
GCPKC2 ACGTCAAGATAGCTGACTTTGGTCTGTGTAAGGATGCTATTAGTGEAACCAGCAAGCCACCCACATTCTCTGCGCACTCCCGACTACATTG 1540
H VvV K I ADVFGLCI KDGTI S GG T S KA ARTUV FTCS GTU®PUD Y TI 513
GCPKC2 CTCCTGAGATCATCCAGTACCATCCCTACGATGCAGCAGTTGACTGGTGGGCTCTGGGTGTCCTCATTTATGAAATGCTGGTCGGAAGAC 1630
A P E I I Q ¥YH P Y DA AVIDWWATLGVILTIVYZEMMLUVYVGR 543
GCPKC2 CACCATTCGATGSTGATGATGACGACCAACTCTTTATGAACATTGTCCAGAAGCAGGTCCACTACCCTCGAGGGCTCTCTGAGCCGTGCA 1720
P P F D GDDDD QL FMNTIUVOQI K QU VHYPURGUL S EUPC 573
GCPKC2 GAAAGATCATCTCAGGATTACTAACAAAGAATGCCAGCAAGCGGCTGGGCAGCCATCCCGAGGCTGGGGTGGACATGATCAAGGCACAGC 1810
R K I I S 6 L L T K NA S KU RULGS HU&PEW AGVDMTII KA AOQ 603
GCPKC2 CGTTCTTCAAAAACATGGACTGGGAGAAGTTGGCAAGGAGAGAAGTCAAACCTCCTTATCGACCAAAGAACAAAGGCAAGAAGAACCGCG 1900
P F F K NMDWEI KU L ARUIREUVYVI KUPUPYRUPI KNI KGI KI KNR 633
catalytic domain# B O R EEEEa s Y
GCPKC2 ATAATTTTGACCCAGAGTTCACAAAGGAGCCATGCAGACTCAGCCCTGTGGACTCCAATATCATAGCAGCCATTGACCCCGGTGCCTTTG 1990
D NF DPEVF T KEU®PT CIRTULSUZPVD S NTITI A ATIUDUZPTGATF 663
GCPKC2 AGGGGTTCTCCTTCACCAACCCAGAGCTGTTCATTGAACCTTGACCTTTAGCTGGACTTATCTCTCACTGCACATGTTACTATTTTTATC 2080
E G F 8 FTNUPETULUVFTIZEU?P - 677
GCPKC2 TGAATGTAATTTTTAGTG'1‘TATATAACACAGCTTTTGTAGAGTAATGGTATGATATTG’.['TAn 2142

Fig. 2. The 2.1-kb-long nucleotide sequence of the sed@ndydo- sequence (+), and the ATP/GTP-binding site motif (*) are indicated.
niumSer/Thr kinase cDNAGCPKC2,and its deduced aa sequence are The boundary of the catalytic domain (#), the protein kinase ATP-
shown. The pseudosubstrate segment (1), the “Greek key” motifbinding region signatureugderlined, and the Ser/Thr protein kinase
(01, the zinc fingers (%), the phorbol esters/diacylglycerol-binding active-site signaturedpuble underlineflare marked. Accession hum-
domain {-), the C2 domain signature (@), the bipartite nuclear targetingber X87683.

LGKGSFGKYV (414-422) (Hanks and Quinn 1991). The C4, the part of the catalytic domain (467-662); (2) the
Ser/Thr protein kinase active-site signature is found frompseudosubstrate segment (150-169); (3) the phorbol es-
aa 528 to 540. The carboxy-terminus of the domain, Argters/diacylglycerol-binding domain (170-219); and (4)
at position 662, lies six aa downstream of the invarianttwo zinc fingers (183-219 and 255-291) (Fig. 3),
Arg. GCPKC1 has to be classed as a member of the “novel”
Since the deduced aa of GCPKC1 contains, in addi{C&*-independent) protein kinase C (nPKC) subfamily
tion, (1) the Ser/Thr kinase catalytic domain, including (Stabel and Parker 1991; Hardie and Hanks 1995). The
C3, the putative ATP-binding domain (aa 409—462), andnomenclature chosen follows Stabel and Parker (1991).
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Fig. 3. Domain structure of both deduced aa
of GCPKC1 and of GCPKC2. Due to the lack
of the C2 domain, but the presence of two zinc
fingers within the C1 domain, GCPKC1
V1 c1 Vv2/3 c3v4 c4 V5 belongs to the “novel” (C&*-independent)
protein kinase C subfamily, while GCPKC2,
GCPKC1  which contains the C2 domaifilled bar), has
to be grouped to the “conventional”
(C&*-dependent) protein kinase C subfamily.
C3 (striped boxekgincludes the putative
ATP-binding domain and C4sfriped boxep
is part of the catalytic domain. The conserved
GCPKC2 (C) and variable ¥) domains are indicated,
according to Stabel and Parker (1991). The
two chequered boxewithin the C1 domain
show the conserved zinc finger motif&trow:
pseudosubstratéorizontal line: phorbol
I | | | | | | 1 | esters/diacylglycerol-binding domai®: Greek
key motif. Thenumbersgive the size of the
0 200 400 600 800 respective sequences in aa.

GCPKC2 nase C isoforms are found in the nucleus (Sdereet al.
The M, of the deduced aa sequenceGEPKC2(Fig.  1988; Disatnik et al. 1994), it seems likely that also in
3) is 76.8 kDa and the pl is 6.5; the instability index is sponges related enzymes are present in this organelle.
43.3, characteristic for an unstable protein. Based on As GCPKC2 contains, besides the C3 (346-401) and
Northern blot analysis—size for the transcript: 2.5 kbthe C4 domain (406-607), a C1 domain (12-153), in-
(not shown)—theGCPKC2sequence is full length. cluding the pseudosubstrate segment (13-30) and the
The following units are present in sponge Ser/Thrtwo zinc fingers (44—81; 107-143), and in addition a C2
kinase GCPKC2: (1) the pseudosubstrate segment (13domain (171-295), GCPKC2 belongs to the “conven-
30) and (2) the “Greek key” motif (35-50) with its tional” (Ca**-dependent) protein kinase C (cPKC) sub-
typical sequence L¥FKxsFx,Gx,F. This motif is fre-  family (Stabel and Parker 1991; Hardie and Hanks 1995)
guently found in antiparallgt-sheets when four adjacent (Fig. 3).
B-strands are arranged in one to two, two to three, and
one to four orientation and might form a hinge (Branden
and Tooze 1991). In addition the following typical sig- Ser/Thr Kinase Catalytic Domain
natures are present: (3) The typical phorbol esters/
diacylglycerol-binding domain (94-143) with The Ser/Thr kinase catalytic domains of GCPKC1
FX1FX10CX,CX5lX,LXxgCX,CX,HX,CXx,C (PC/GENE (GEODIAL) and GCPKC2 (GEODIA2) show all the
1995), (4) two zinc fingers [first, an incomplete one: hallmarks known from sequences of Ser/Thr kinases iso-
(Arg instead of Cys)44-47-62-65-73-81; second: 107-lated from higher metazoa (Hanks et al. 1988; Hanks and
110-124-127-135-143]; (5) an ATP/GTP-binding site Quinn 1991) (Fig. 4). The characteristics of the different
motif A (P-loop) GxGKT (116-123) usually not found subdomains, which are all present in the sponge se-
in PKCs; (6) the C2 domain signature, which is likely quences, are the following: Subdomain | contains the
involved in C&" binding (Stabel and Parker 1991), ATP-binding signature GxGxxG (the numbers for the
Gx,LxzDx,GxA(replaced in GCPKC2 by SDPY (177- respective aa refer to sequence GCPKC1: 415-417-420;
180-184-187-189-190-191-192) (PC/GENE 1995); andrig. 1); subdomain Il contains the invariant Lys (437),
(7) the Ser/Thr kinase catalytic domain (347—-607). Therequired for maximal enzymic activity; subdomain Il
Ser/Thr kinase catalytic domain has the borders Pheontains the invariant Glu (456), necessary for ATP
(347), located adjacent to the protein kinase ATP-binding; subdomain IV contains no invariant; subdomain
binding region LGKGSFGKYV (353-361), and Lys (607). V contains the residues Met, Tyr, and Leu (486-488-489)
The Ser/Thr protein kinase active-site signature is foundnvolved in the formation of the hyhrophobic pocket sur-
at aa 467-479. rounding the adenine ring; subdomain Vla has support-
Finally, (8) the deduced aa of GCPKC2 shows at theing function; subdomain VIb contains the consensus
C-terminus a bipartite nuclear targeting sequencemotif LRDLKX,N (530-531-532-533-534-537) of the
RREVKPPYRPKNKGKKN (616-632); it follows the catalytic loop; subdomain VII contains the highly con-
pattern (R/L)-(R/L)-%5YYyyyy whereby in the y-block at  served triplet DFG (550-552); subdomain VIII, which is
least the residue R or L must occur. Based on findingghe major segment involved in recognition of the sub-
obtained in higher metazoa that both the inositol lipidstrate, contains the highly conserved S/APE motif (575—
cycle (Cocco et al. 1994) and some selected protein ki577); subdomain IX contains the invariant Asp residue
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GEODIAL FKFLKLLGKGSFG--KVLLAQLE--GNEQYFAIKA--LKKDVVLEDDDVEATMVEKRLLALGCN~~HPFLTHLHSTFQTPSHLFFVMEYLNGGDLMYHI ~ -Q~~~ISHK-FKLP
GEODIA2 FKLIVVLGKGSFG~-KVFLAEHKESK~-EVYAIKS-~LKKDLIVQEDDVECTLNERKVLALQSK~-PPFLINLHSCFQTEEHLFFVMEYVSGGDLMFHILELGR -~ ==~~~ FSES
HOMO FNFLMVLGKGSFG-~KVMLSERK-~GTDELYAVKI--LKKDVVIQDDDVECTMVEKRVLALPGK~~PPFLTQLHSCFQTMDRLYFVMEYVNGGDLMYHI ~ ~Q~~~QVGR-FKEP
RATTUS FNFLMVLGKGSFG--KVMLADRK~~GTEELYAIKI~~LKKDVVIQDDDVECTMVEKRVLALLDK~~PPFLTQLHSCFQTVDRLYFVMEYVNGGDLMYHI ~-Q~~~-QVGK~FKEP
LYTECH FNFLSVLGKGSFG~~KVMLAEKK—-~GTDELYAIKI--LKKDVIIQDDDVECTMTEKRVLGLPSK~~PAFLTALHSCFQTMDRLFFVMEFVNGGDLMFQI ~~Q~~~KVGK~-FREP
DROSO FNFIKVLGKGSFG-~KVMLAEKK~~GTDEIYAIKV--LKKDAIIQDDDVDCTMTEKRILALAAN~~HPFLTALHSCFQTPDRLFFVMEYVNGGDLMFQI ~~Q~~~KARR-FEAS
CAENO FTFMKVLGKGSFG-~-KVMLAERK-~GTDEVYAIKI~~LKKDVIVQDDDVECTMCEKRILSLAA~~~HPFLTALHSSFQTSDRLFFVMEYVNGGDLMFQI ~~Q~~~RARK-FDES
PROTOZOA

TRYPANO YLNKGIVGLGSYGEAYV-~AESVEDGS~LCVA-KVMDLSKMS~-QRDKRYA-QSEIKCLANCN-~~HPNIIRYIEDHEENDRLLIVMEFADSGNLDEQIKLRGSGDAR-YFQEH
PLANTA

ZEA FRLLKRLGCGDIG-~SVYLSELS-~-GTKCYFAMKI-~-MDKASLASRKKLLRAQTEREILQCLD-~~-HPFLPTLYTHFETDKFSCLVMEFCPGGDL~~HTLRQ-K-QPGKYFPEQ
PHASEO FRLLKKLGCGDIG-~SVYLAELS-~~GTRTSFAMKV~~MNKTELANRKKLLRAQTEREILQSLD~~~HPFLPTLYTHFETEIFSCLVMEFCPGGDL~~HALRQ-R-QPGKYFSEH
YEASTS

SACCHARO FVLLKVLGKGNFG~-KVILSKSKNTD-RL-CAIKV--LKKDNIIQNHDIESARAEKKVFLLATKTKHPFLTNLYCSFQTENRIYFAMEFIGGGDLMWHV~~QN~-QRL~~~SVR
SCHIZOSA LRFVSIIGAGAYG--VVYKAEDIYDGT--LYAVKA--LCKDGLNEKQKKLQAR-ELALHARVSS-~HPYIITLHRVLET-DAIYVVLOQYCPNGDLFTYITEKKVYQGNS--HLI
SLIME MOLD

DICTYO FKQIRVLGTGTFG-~~KVYLIQONTKDGC-~YYAMKC-~LNKAYVVQLKOVEHLNSEKSILSSIH~~~HPFIVNLYQAFQDEKKLYLLFEYVAGGEVFTHL~R~~-KSM-~K~-FSNS
PROKARYOTA

MYXOCO FRLVRRLGRGGMG-~AVYLGEHVSIGSR--VAVKV-~LHAHLTMYPELVQRFHAEARAVNLIG-~~HENIVSIFDMDATPPRPYLIMEFLD-GAPLSAWVGTPLAAGAVVSVLS
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SEODIAL RARFHAAEILCALQFLHKQGIIYRDLKLDNVILDSE-GH~~~CKLADFGMCKENII-~~GYATAGTF~-CGTPDYISPEI IKGKRYTFSV~~~DWWSFGVLCYEMI~TGQSPFS
GEODIA2 QTRFYAAEIVLGLVYLHNLGIIYRDLKLDNVLLDSE-GH-~~VKIADFGLCKDGIS-~~GTSKARTF~~-~-TPDYIAPEIIQYHPYDAAV-~~DWWALGVLIYEML-VGRPPFD
HOMO HAVFYAAEIAIGLFFLQSKGIIYRDLKLDNVMLDSE-GH~~~IKIADFGMCKENIWD~-GV~TTKTF~~CGTPDYIAPEIIAYQPYGKSV~~~DWWAFGVLLYEML~AGQAPFE
RATTUS QAVFYAAEISIGLFFLHKRGIIYRDLKLDNVMLDSE-GH~~~IKIADFGMCKEHMMD-~GV~TTRTF~-CGTPDYIAPEIIAYQPYGKSV~~~DWWAYGVLLYEML~-AGQPPFD
LYTECH HAVFYAAEIAVGLFYLHSQGVIYRDLKLDNVLVDAE-GH~~~IKIADFGMCKEHMNE - ~GD-TTRTF~~CGTPDYIAPEIVAYQPYGKAV-~~DWWAFGVLLYEML~-AGQPPFD

DROSO RAAFYAAEVTLALQFLHTHGVIYRDLKLDNILLDQE-GH~~~CKLADFGMCKEGIMN~~GM-LTTTF~~CGTPDYIAPEILKEQEYGASV~~~DWWALGVLMYEMM-AGQPPFE
CAENO RARFYAAEVTCALQFLHRNDVIYRDLKLDNILLDAE-GH-~~CRLADFGMCKEGINKDN-~-LTSTF ~~CGTPDYTAPEILQEMEYGVSV~~~DWWALGVLMYEMM~AGQPPFE
TRYPANO EALFLFLOLCLALDYIHSHKMLHRDIKSANVLLTST-GL~-~VKLGDFGFSHQYEDTVSGV-VASTF~~CGTPYYLAPELWNNKRYNKKA~~~DVWSLGVLLYEIM~-GMKKPFS
ZEA AAKFYVAEVLLALEYLHMLGIIYRDLKPENVLVRED-GH~-~IMLSDFDLSLRQVRP~~-DAKSMSF--VGTHEYLAPEIIKGEGHGSAV~-~-DWNTFGIFLYELL-FGKTPFK

PHASEO AVRFYVAEVLLSLEYLHMLGIIYRDLKPENVLVRED-GH~~-IMLSDFDLSLRQVT~~~PNARSMSF~-VGTHEYLAPEI IKGEGHGSAV~~-DWWIFGIFLYELL~FGRTPFK
SACCHARO RAKFYAAEVLLALKYFHDNGVIYRDLKLENILLTPE-GH--~IKIADYGLCKDEMWY--GNR-TSTF--CGTPEFMAPEILKEQEYTKAV-~~DWWAFGVLLYQML~LCQSPFS

SCHIZOSA KTVF--LQOLISAVEHCHSVGIYHRDLKPENIMVGND-GN~-TVYLADFGLATTEPYSKLSSLSSLSDMLPVT -~ PEPIESQSSF-ATAPNDVWALGI ILIN-LCCKRNPWK
DICTYO TAKFYAAEIVLALEFLHKQNIVYRDLKPENLLIDNQ-GH~~=IKITDFGFAKRVED~ = o e RTFTLCGTPEYLAPEI IQSKGHGKAV-~~DWWALGILIFEML~AGYPPFY
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Fig. 4. Alignment of catalytic domains of Ser/Thr kinases from eu- (Biermann et al. 1990)Phaseolus vulgarifPHASEO; J04555; aa:
karyotic and prokaryotic organisms for construction of the phyloge-507) (Lawton et al. 1989). Yeas8accharomyces cerevisid8AC-
netic tree. The following sequences have been selected; the last @@HARO; M32491; aa: 1025) (Levin et al. 199@chizosaccharomyces
position is given. Metazoadiomo sapiengrotein kinase C (HOMO;  pombe(SCHIZOSA; X04728; aa: 240) (McLeod and Beach 1986).
accession number P05127; aa: 542) (Kubo et al. 198@jtus nor- Slime mold: Dictyostelium discoideurtDICTYO; M38703; aa: 532)
vegicus(RATTUS; X07286; aa: 538) (Kikkawa et al. 198T)ytechi- (Burki et al. 1991). ProkaryotaMyxococcus xanthugMYXOCO;

nus pictus(LYTECH; LP02967; aa: 525) (Rakow and Shen, submit- M73498; aa: 262) (Munoz-Dorado et al. 1991). Sequence comparison
ted), Drosophila melanogastefDROSO; P13678; aa: 502) (Schaeffer was achieved first using the CLUSTAL program and subsequently by
et al. 1989),Caenorhabditis eleganCAENO; PKC2 CAEEL; aa: eye inspection to obtain maximum homology. Identities and homolo-
398) (Land et al. 1994)Geodia cydoniuniGEODIAL and GEODIAZ2; gies >90% of related aa (*) and homologies between 50 and 90% (+)
GCPKC1 (X87684), GCPKC2 (X87683); aa: 608 and 547]. Protozoa:and between 40 and 50%) (re indicated; deletions introduced are
Trypanosoma brucéTRYPANO; L03778; aa: 225) (Gale and Parsons denoted by (-). The nomenclature for the subdomains follows that of
1993). PlantaiZea mays(ZEA; M62985; incomplete aa sequence) Hardie and Hanks (1995); they are givenhrackets.

(589); subdomain X is less conserved; and subdomain Xknown from Drosophila melanogaster, Aplysia califor-
contains invariant Arg (657) close to the C-terminus ofnica, and Caenorhabditis eleganscrom yeasts, se-

the catalytic domain. guences that are thought to belong to the same groups
have been cloned frorBaccharomyces cerevisiasnd
Phylogenetic Analysis of Ser/Thr Kinase Domain Schizosaccharomyces pomp¢ardie and Hanks 1995).

The other kinase sequences used for the comparison are
Twelve out of 135 Ser/Thr kinase sequences listed in thdrom protozoa, plants, slime mold, and bacteria; they
EMBL Sequence Database (1994) as well as in the sumbelong to other subfamilies of Ser/Thr kinases. The rep-
mary given by Hardie and Hanks (1995) have been seresentatives chosen from them display the highest simi-
lected for analysis. Only those sequences from differentarities to the sequences fro@. cydonium.
phyla have been included which show the Ser/Thr kinase The following sequences, spanning the Ser/Thr kinase
signatures. Two mammalian Ser/Thr kinases (rat and hudomain, have been used for the comparison: Eukaryota:
man), PKCs, have been selected. In addition, one furtheMetazoa: Deuterostomia: ChordatBlomo sapiens
kinase from a deuterostomian species has been includd@a?*- and phospholipid-dependent PK3II, according
from Lytechinus pictusFrom invertebrates, sequences to to the classification of Hardie and Hanks (199%attus
be grouped into the cPKC or the nPKC subfamily arenorvegicus[Ca?*- and phospholipid-dependent PK{
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Fig. 5. Phylogenetic tree based on similarity-matrix analysis of the (Phaseolus vulgar)s ZEA (Zea mayys and SCHIZOSA $chizosac-
Ser/Thr kinase domain present in sequences of the following 14 organecharomyces pombpgprotozoa yertically) DICTYO (Dictyostelium dis-
isms. Metazoalflack ba): HOMO (Homo sapiens RATTUS (Rattus coideun), TRYPANO (Trypanosoma brucgi prokaryota/bacteria
norvegicu}, the sea urchin LYTECH Liytechinus pictus CAENO (open baj MYXOCO (Myxococcus xanthlisFor sequence compari-
(Caenorhabditis elegafpsDROSO DProsophila melanogastgrand the son the CLUSTAL program (PC/GENE 1995) was applied; the rela-
sponge GEODIA1 and GEODIA2Geodia cydoniufy planta/fungi tionships between the species, based on the number of identical amino
(crosshatched SACCHARO Saccharomyces cerevisjaePHASEO acids, are given in matrix units.

Echinodermatal. pictus (unclassified); Protostomia: inclusion in the comparison; thus, only subdomains I-1X
Arthropoda:D. melanogaste(cPKC), NematodaC. el-  were chosen. The plant sequendesvulgaris and Z.
egans(nPKC); Protozoa: Flagellat&rypanosoma bru- mayscontain, between subdomains VIl and VI, an in-
cei (“other protein kinase family”); Planta: Dicotyledo- terspersed sequence of 83 and 81 nts, respectively; these
neae: Leguminosae?haseolus vulgarigbelonging to  were excluded also. The maximum number of matches
the AGC group of Ser/Thr kinases), Monocotyledoneaewas established by eye inspection, orienting at the posi-
Glumiflorae: Zea maygbelonging to the AGC group of tions of the highly conserved aa (Fig. 4). The values for
Ser/Thr kinases); Mycophyta/yeast: Eumycophyta: Euthe overall identity/homology were identity or >90% ho-
mycetes:S. cerevisiagdnPKC ?),S. pombegnPKC ?), mology (with respect to aa belonging to the same group),
Myxomycetes/protozoabictyostelium discoideunfcy-  17.5%; homologies between 50 and 90%, 40.4%; and
clic nucleotide-regulated protein kinase family) and from40-50% homology, 13.1%.
Prokaryota/bacteria: Gracilicutes: Scotobacteria: Myxo- The degree of identity, given as the number of iden-
bacteralesMyxococcus xanthug‘other protein kinase tical aa per 100, has been calculated. The results revealed
family”). They are compared with the sequences fromthat the metazoan PKCs obtained frd#n sapiens, R.
the poriferan, metazoan organisng. cydonium norvegicus, L. pictus, D. melanogaster, C. elegars]
[GCPKC1 (GEODIAL1) nPKC; GCPKC2 (GEODIA2) G. cydoniumare closely related among themselves and
cPKC]. Due to the low sequence identity with these sesshow only lower homology to the Ser/Thr kinases of (1)
guences, the one from. californicawas not included the protozoan sequence from brucei, (2) the plant
(<15% aa similarity toG. cydoniumsequences). sequences. vulgaris and Z. mays,(3) the yeast se-
Amino acid sequences were truncated prior to analyquences fronS. cerevisiaeand S. pombeand (4) the
sis in order to exclude regions that are less conservedilime mold/protozod. discoideum(5) The Ser/Thr ki-
Therefore, we restricted the sequences to the Ser/Thrase from the bacterial organisim. xanthusstill dis-
kinase catalytic domain. Analysis was performed firstplays a 27% identity with the corresponding human se-
with the CLUSTAL program. At this stage it was appar- quence (Fig. 5).
ent that the subdomains X and Xl are less suitable for After calculating the pairwise similarity scores (PC/
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Fig. 6. Comparison of the domain structures of the metazoan PKC, here with the examples of the sponge GCPKC1 and GCPKC2, with f
nonmetazoan Ser/Thr kinases. The origins of the sequences are shown in the legend to Fig. 5. The presentation, according to Hardie and F
(1995), in Cys-rich repeats, C2 [€abinding site], and kinase domain is applied. The length of the segments/total deduced protein is given in
scaleof aa numbers.

GENE 1995) the relationships among the PKCs are deeoideumcontains only the kinase segment (17-300 and
picted in a dendrogram (Fig. 5). It shows that all selected342-648), resp.); anill. xanthusagain, besides the ki-
metazoan sequences are closely related and fall into ongase region (59—322), contains Cys-rich repeats (10-56).
branch. Separated from them are the sequences derived Consequently, the metazoan PKCs, shown here for
from the plantsS. cerevisiae, Z. mayandP. vulgaris.  the cPKC and the nPKC frore. cydoniumhave to be

As expected, only distantly related to the metazoan sedistinguished from the nonmetazoan (protozoan, plant,
guences are those from Protozd@a (liscoideumandT.  yeast, and bacterial) PKCs on the basis of their domain
bruce). The lowest percent identity with the selected composition.

Ser/Thr kinase is the one obtained from the bactefilim

xanthusand the fission yeass. pombeThe data also

show that the sequences fr@ncerevisia@ndS. pombe  conclusion

are only distantly related to each other, suggesting a very

early divergence of these two fungi from each other. In the present study two cDNASGCPKC1 and

GCPKC2,coding for PKCs have been cloned frog
Phylogenetic Analysis of the Structure of the PKCs  cydoniuma species belonging to the lowest animal phy-
lum, the sponges. GCPKC1 can be classified as belong-

As summarized (Stabel and Parker 1991; Hardie andng to the “novel” (C&*-independent) PKC subfamily
Hanks 1995), the isoforms of the mammalian PKCs areand GCPKC2 to the “conventional” (G&-dependent)
separated into the cPKC, nPKC, and aPKC. The twdPKC subfamily. The alignment and the subsequent con-
sequences identified iB. cydoniunfall exactly into the  struction of a phylogenetic tree (based on the Ser/Thr
groups of metazoan PKCs—GCPKC1 into the subfamilykinase domain of the PKCs) of the sponge sequences
nPKC and GCPKC2 into subfamily cPKC. using the hitherto-known invertebrate Ser/Thr kinase se-

A comparison of these two sequences with the nonquences as well as two representatives of vertebrate
metazoan Ser/Thr kinases revealed distinct differenceBKCs revealed a common origin for PKCs from animals.
(Fig. 6). Unlike in GCPKC2, none of the other kinases Furthermore, the animal kinase domains also display ho-
shows a typical C2 domain, and unlike in GCPKC1 mologies with those from plants, protozoa, and bacteria.
and GCPKC2, there were no conventional conservedhis suggests that the Ser/Thr kinase domain has a uni-
zinc finger motifs.T. bruceiand Z. mayskinase con- versal common ancestor, as is known for other enzymes,
sist only of a kinase domain (20-285 and 29-370, re€.g., for RNA polymerases {Bler et al. 1989). How-
spectively);P. vulgariskinase shows within its kinase ever, the overall structures of the Ser/Thr kinases with
domain (235-568) interspersed Cys-rich repeats (379+espect to domains, other than the catalytic domain, in-
421); S. cerevisiaecontains only a distantly related dicate that composition of the PKCs from metazoans is
C2 domain (672-767), which lacks the consensuddentical, but differs from those of nonmetazoans.
[AG]x,Lx;Dx,GxSDPY, Cys-rich repeats (427-531) This finding of a common ancestor for the Ser/Thr
and the kinase region (830-94%9; pombeandD. dis-  kinase domain also sheds new light on the nature of
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signal molecules to which organisms from bacteria toCocco L, Martelli AM, Gilmour RS (1994) Inositol lipid cycle in the
metazoa react. Previously it was suggested that only uni- nucleus. Cell Signal 6:481-485

. _ Csaba G (1994) Phylogeny and ontogeny of chemical signalling: origin
cellular and multicellular eukaryotes, but not prokary and development of hormone receptors. Int Rev Cytol 155:1-48

otes, react to athentic sig.nal mole_cules (S_tabel anaum G, Eisenmann-Tappe |, Fries HW, Troppmair J, Rapp UF (1994)
Parker 1991). This conclusion was impressively sup- The ins and outs of Raf kinases. Trends Biochem Sci 19:474-480
ported by Csaba and his colleagues (1994), who wer®isatnik MH, Winnier AR, Mochly-Rosen D, Arteaga CL (1994) Dis-

able to demonstrate that the unicellu’lée‘[rahymenae- tinct responses of protein kinase C isoenzymes to c-erbB-2 activa-

acts to “vertebrate” hormones, e.q., insulin, epineph- 2?572_§8K()BR-3 human breast carcinoma cells. Cell Growth Differ

ring, and histamine. Signa'l mplecules that.resemble INEMBL Sequence Database, Release 40 (September 1994)

sulin, calmodulin, and chorionic gonadotropin have beenzale MJ, Parsons M (1993) Arypanosoma brucejene family en-
described as being produced in bacteria (Gorby et al. coding protein kinases with catalytic domains structurally related to
1988). According to the hom0|ogy Comparison summa- Nekl and NIMA. Mol Biochem Parasitol 59:111-121

. . . . orby GL, Robinson EN, Barley LR, Clemens CM, McGee ZA (1988)
rized here, these organisms contain Ser/Thr kinases. T% Microbial invasion: a covert activity? Can J Microbiol 34:507-512

the best of our k_nOW|edgea sequences for Ser/Thr kinasgsanks sk, Quinn AM (1991) Protein kinase catalytic domain sequence
of archaebacteria have not been cloned yet. database: identification of conserved features of primary structure
The finding that the overall structure of the metazoan and classification of family members. Methods Enzymol 200A:3—

PKCs is different from those found in the nonmetazoans, 3k7 SK. Quinn AM, Hunter T (1988) The protein kinase famil
. . . . Hanks SK, Quinn , Hunter e protein kinase family:
also suggests different functions of Ser/Thr kinases in conserved features and deduced phylogeny of the catalytic do-

these organisms: (1) The nonmetazoan sequences do Not y4ins. Science 241:42—52

contain the potential Ga-binding site and hence these Hardie G, Hanks S (1995) The protein kinase factsbook: protein-serine
enzymes might not be crucially regulated by this cation; kinases. Academic Press, London

(2) they lack the typical pseudosubstrate structure, Sugl:|iggins DG, Sharp PM (1988) CLUSTAL: a package for performing

gesting a different regulation mechanism of the catalytic multiple sequence alignment on a microcomputer. Gene 73:237—
244

site; and (3) th_ey show Cys-ric_h sequences that_are not iRikkawa U, Ogita K, Ono Y, Asaoka Y, Shearman MS, Fujii T, Ase K,
accordance with the typical zinc fingers found in meta-  sekiguchi K, Igarashi K, Nishizuka Y (1987) The common struc-
zoan PKCs, suggesting a differing mode of interaction ture and activities of four subspecies of rat brain protein kinase C

between the Ser/Thr kinases and nucleic acid or othe& fam,\‘/'ly-’\;EBsA'-eét 2k23:_21H2—(2316 iV, Rinkevich B. Mar IM
proteins, respectively. ruse M, Mikoc A, Cetkovic H, Gamulin V, Rinkevicl s r M,

L Miller WG (1994) Molecular evidence for the presence of a de-
Based on these data it is apparent that the Ser/Thr velopmental gene in the lowest animals: identification of a ho-

kinase domain of metazoan PKCs is a block that shares meobox-like gene in the marine sponGeodia cydoniumMech
homology with other eukaryotes and prokaryotes. This Ageing Dev 77:43-54
finding also suggests an identical or similar enzymaticKUbO K, Ohno S, Suzuki K (1987) Primary structures of human protein

; : .~ kinase C beta-l and beta-Il differ only in their C-terminal se-
mechanism. However, the presence of new domains in quences, FEBS Lett 223:138-142

th? metazoan_PKCS mqlcl:ates different manners of re9Urand M, Islas-Trejo A, Freedman JH, Rubin CS (1994) Structure and

lation of the kinase activity. expression of a novel, neuronal protein kinase C (PKC1B) from
Caenorhabditis elegan$?KC1B is expressed selectively in neu-
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