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Abstract. Protein kinases C (PKCs) comprise closely
related Ser/Thr kinases, ubiquitously present in animal
tissues; they respond to second messengers, e.g., Ca2+

and/or diacylglycerol, to express their activities. Two
PKCs have been sequenced fromGeodia cydonium,a
member of the lowest multicellular animals, the sponges
(Porifera). One spongeG. cydoniumPKC, GCPKC1, be-
longs to the ‘‘novel’’ (Ca2+-independent) PKC (nPKC)
subfamily while the second one, GCPKC2, has the hall-
marks of the ‘‘conventional’’ (Ca2+-dependent) PKC
(cPKC) subfamily. The alignment of the Ser/Thr cata-
lytic kinase domains, of the predicted aa sequences for
these cDNAs with respective segments from previously
reported sequences, revealed highest homology to PKCs
from animals but also distant relationships to Ser/Thr
kinases from protozoa, plants, and bacteria. However, a
comparison of the complete structures of the sponge
PKCs, which are—already—identical to those of nPKCs
and cPKCs from higher metazoa, with the structures of
protozoan, plant, and bacterial Ser/Thr kinases indicates
that the metazoan PKCs have to be distinguished from
the nonmetazoan enzymes. These data indicate that
metazoan PKCs have a universal common ancestor
which they share with the nonmetazoan Ser/Thr kinases
with respect to the kinase domain, but they differ from
them in overall structural composition.

Key words: Sponges —Geodia cydonium— Serine/
threonine kinases — Phylogeny — Molecular systemat-
ics — Molecular evolution

Introduction

Metazoan protein kinases C (PKCs) are a family of Ser/
Thr kinases involved in the signaling pathway that uti-
lizes second messengers which are generated during the
breakdown of membrane phospholipids (survey: Ma-
honey and Huang 1994). After their discovery by Nishi-
zuka and his colleagues (Takai et al. 1977) PKCs were
identified and characterized both biochemically and by
molecular cloning (Hardie and Hanks 1995). Initially,
the PKCs were identified as Ca2+- and phospholipid-
dependent protein kinases (reviewed by Nishizuka 1988;
Stabel and Parker 1991). At present, the PKCs are sub-
divided into three subfamilies: the ‘‘conventional’’
(Ca2+-dependent) PKC (cPKC) subfamily, including
PKC a/g, bI, andbII; the ‘‘novel’’ (Ca2+-independent)
protein kinase C (nPKC) subfamily with PKCd, e, h,
andu; and the atypical PKC (aPKC) subfamily compris-
ing PKC z, andl (Hardie and Hanks 1995). The physi-
ological function of the latter group is not yet clear.

Experimental evidence has been presented which
shows that the PKC-mediated signaling pathway(s) also
exists in the lowest multicellular animals, the sponges
(Porifera) (Müller et al. 1987; Weissmann et al. 1988;
Müller et al. 1990). After incubation of dissociated cells
from both Geodia cydonium(Müller et al. 1987) and
Microciona prolifera (Weissmann et al. 1988) with the
homologous aggregation factor, the PKC is activated and
causes an induction of DNA synthesis via activation of
DNA topoisomerase II (Daum et al. 1994).

Based on sequencing data obtained from adhesion
molecules and receptors of the spongeG. cydonium[a
lectin (Pfeifer et al. 1993b), the receptor tyrosine kinase
(Schäcke et al. 1994b) comprising extracellularly immu-Correspondence to:W.E.G. Müller
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noglobulin boxes (Scha¨cke et al. 1994a) and a ho-
meobox-like gene (Kruse et al. 1994)] it can be deduced
that the Porifera branched off from the common meta-
zoan tree over 600 million years ago (Mu¨ller 1995).
Furthermore, the existence of conserved proteins, struc-
turally and functionally similar to higher metazoan pro-
teins, supports the view that the Porifera and other ‘‘clas-
sical’’ metazoan animals are of monophyletic origin
(Müller 1995).

The phylogenetic relationships of PKCs within the
metazoan and nonmetazoan kingdoms have not been pre-
sented due to the lack of sequences, especially from spe-
cies of the lowest animal phylum. In this study we report
two nucleotide sequences fromG. cydonium,one be-
longing to the cPKC and the second one to the nPKC
subfamily. The deduced amino acid (aa) sequences al-
lowed establishment of the evolutionary relationships of
the kinase domains among members of this multigene
subfamily, not only among PKCs from metazoa but
also with Ser/Thr kinases from plants, protozoa, and bac-
teria. In addition, it is shown that the overall composition
of the metazoan PKCs is different from that of nonmeta-
zoan Ser/Thr kinases.

Materials and Methods

Materials.Enzymes for recombinant DNA techniques and vectors were
obtained from Stratagene (Heidelberg, Germany).

Sponge.The specimens ofGeodia cydonium(Porifera, Demospon-
giae, Geodiidae) were collected near Rovinj (Croatia). The material
was immediately frozen in liquid nitrogen and kept in that state until
use.

Isolation of Ser/Thr Kinases.cDNA coding for Ser/Thr kinases was
isolated from a cDNA library fromG. cydonium(Pfeifer et al. 1993a).

Screening of the library was performed under low-stringency hy-
bridization conditions of plaque lifts from 3 × 105 pfu on nitrocellulose
using the complete PKC-cDNA, isolated from mouse fibroblasts
(M25811) (Rose-John et al. 1988), as a probe. Filters were hybridized
overnight at 42°C in 35% formamide, 5 × SSC, 0.02% NaDodSO4,
0.1%N-laurylsarcosine, and 1% blocking reagent. The dsDNA restric-
tion fragment isolated by microelution (Ausubel et al. 1995) was la-
beled with digoxygenin-11-dUTP using the random primed labeling kit
(Boehringer). Filters were washed twice in 2 × SSC, 0.1% NaDodSO4
at room temperature, followed by additional washing in 0.1 × SSC,
0.1% NaDodSO4 (42°C). Positive clones were detected with an alka-
line-phosphatase-conjugated antidigoxygenin antibody using BCIP/
NBT as substrate (Blake et al. 1984). Single phage plaques were ob-
tained by three additional screening cycles. Following anin vivo
excision procedure described by Stratagene, phagemids (pBluescript
SK−) were excised from lambda phages using the filamentous helper
phage R408 and theE. coli strain XL-1-blue. The positive PKC clones
for G. cydoniumwere termedGCPKC1andGCPKC2.

DNA Sequencing.dsDNA was sequenced by the dideoxy chain
termination method (Sanger et al. 1977). After analysis of the 58 and 38
ends of the sequence, subclones were constructed either by ligation of
restriction fragments or by creating unidirectional deletions and ana-
lyzed by end-over-end sequencing.

Sequence Analysis.Prediction of sites and signatures has been
performed with programs available in PC/GENE (1995). Homol-
ogy searches were performed via the E-mail servers at the European
Bioinformatics Institute, Hinxton Hall, UK (BLITZ@ebi.ac.uk
and FASTA@ebi.ac.uk) and the National Center for Biotechnol-
ogy Information, National Institutes of Health, MD, USA
(BLAST@ncbi.nlm.nih.gov). Sequence comparison as well as the es-
tablishment of the dendrogram was achieved with the CLUSTAL pro-
gram (Higgins and Sharp 1988). This program uses pairwise similarity
scores to build the dendrogram.

Results and Discussion

Primary Structures of the Sponge cDNAs Coding for
Ser/Thr Kinases

The mouse cDNA, coding for PKCa (Rose-John et al.
1988), was used to identify and isolate the corresponding
cDNA clones from the marine spongeG. cydonium.Two
different sequences have been identified; they are termed
GCPKC1andGCPKC2.Five (eight) independent clones
all leading to the same sequenceGCPKC1 (GCPKC2)
have been analyzed.

CloneGCPKC1contained a 2,403-bp-long cDNA in-
sert;GCPKC2is 2,142 nts long. The nucleotide (nt) se-
quence as well as the deduced aa sequence of sponge
Ser/Thr kinaseGCPKC1cDNA is shown in Fig. 1, and
for GCPKC2cDNA in Fig. 2. The open reading frame
(ORF) for GCPKC1with the ATG-codon for Met is
2,211 bp long (Fig. 1). The typical signal polyadenyla-
tion site AATAAA (Zarkower et al. 1986) is present. The
ORF forGCPKC2has a size of 2,031 nts. The typical
polyadenylation site is missing, a fact which was noted
already earlier in some cDNAs fromG. cydonium,like
those coding for the S-type lectins (Pfeifer et al. 1993b).

Deduced Amino Acid Sequences of Sponge
Ser/Thr Kinases

The aa sequences of sponge Ser/Thr kinases have been
deduced from the cDNAs GCPKC1 and GCPKC2 (Figs.
1 and 2). Homology searches both with BLITZ and
BLAST programs revealed that the sequences from
GCPKC1 and from GCPKC2 must both be classified as
belonging to the group of PKC. The two sequences con-
tain the typical Ser/Thr kinase active-site signature
(Hanks and Quinn 1991): IIYRDLKLDNVIL (aa 528–
540) in GCPKC1 (Fig. 1) and IIYRDLKLDNVLL (467–
479) in GCPKC2 (Fig. 2).

GCPKC1
The deduced aa sequence of GCPKC1 (Fig. 1) en-

codes a 83.2-kDa primary translation product with an
estimated pl of 8.3; the instability index is 41.6, indica-
tive for an unstable protein. Northern blot analysis re-
vealed a size for the transcript ofGCPKC1of 2.8 kb (not
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shown), indicating that the sequence isolated is of full
length.

The sponge Ser/Thr kinase GCPKC1 displays the fol-
lowing boxes. (1) The pseudosubstrate segment (aa 150–
169) with its Ala residue surrounded by basic, positively
charged aa (Stabel and Parker 1991); (2) the typical
phorbol esters/diacyglycerol-binding domain (170–219)
with the consensus Hx1Fx10Cx2Cx3Lx7YxCx2Cx4Hx2-

Cx7C, (PC/GENE 1995); (3) two zinc fingers of the PKC
motif (Stabel and Parker 1991) Cx2Cx13Cx2Cx7Cx7C
(first: 183-186-200-203-211-219; second: 255-258-272-
275-283-291); and (4) the Ser/Thr kinase catalytic do-
main (Hanks and Quinn 1991) (410–662). It is delimited
at the amino-terminal boundary Phe (410), which is lo-
cated seven residues upstream from the aa Gly in the
protein kinase ATP-binding region signature which reads

Fig. 1. Nucleotide sequence (2.4 kb long) and the deduced aa se-
quence of theG. cydoniumcDNA GCPKC1.The pseudosubstrate seg-
ment (†), the zinc fingers (‡), and the phorbol esters/diacylglycerol-
binding domain are indicated (zzz). The boundaries of the catalytic
domain at the extreme amino- and carboxy-terminal residues (#) are

marked; the protein kinase ATP-binding region signature isunderlined
and the Ser/Thr protein kinase active-site signature isdouble under-
lined. Open squaresmark the putative polyadenylation signal. This
sequence has been assigned the EMBL accession number X87684.
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LGKGSFGKV (414–422) (Hanks and Quinn 1991). The
Ser/Thr protein kinase active-site signature is found from
aa 528 to 540. The carboxy-terminus of the domain, Arg
at position 662, lies six aa downstream of the invariant
Arg.

Since the deduced aa of GCPKC1 contains, in addi-
tion, (1) the Ser/Thr kinase catalytic domain, including
C3, the putative ATP-binding domain (aa 409–462), and

C4, the part of the catalytic domain (467–662); (2) the
pseudosubstrate segment (150–169); (3) the phorbol es-
ters/diacylglycerol-binding domain (170–219); and (4)
two zinc fingers (183–219 and 255–291) (Fig. 3),
GCPKC1 has to be classed as a member of the ‘‘novel’’
(Ca2+-independent) protein kinase C (nPKC) subfamily
(Stabel and Parker 1991; Hardie and Hanks 1995). The
nomenclature chosen follows Stabel and Parker (1991).

Fig. 2. The 2.1-kb-long nucleotide sequence of the secondG. cydo-
niumSer/Thr kinase cDNA,GCPKC2,and its deduced aa sequence are
shown. The pseudosubstrate segment (†), the ‘‘Greek key’’ motif
(∼∼∼), the zinc fingers (‡), the phorbol esters/diacylglycerol-binding
domain (zzz), the C2 domain signature (ø), the bipartite nuclear targeting

sequence (+), and the ATP/GTP-binding site motif (*) are indicated.
The boundary of the catalytic domain (#), the protein kinase ATP-
binding region signature (underlined), and the Ser/Thr protein kinase
active-site signature (double underlined) are marked. Accession num-
ber X87683.
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GCPKC2
TheMr of the deduced aa sequence ofGCPKC2(Fig.

3) is 76.8 kDa and the pl is 6.5; the instability index is
43.3, characteristic for an unstable protein. Based on
Northern blot analysis—size for the transcript: 2.5 kb
(not shown)—theGCPKC2sequence is full length.

The following units are present in sponge Ser/Thr
kinase GCPKC2: (1) the pseudosubstrate segment (13–
30) and (2) the ‘‘Greek key’’ motif (35–50) with its
typical sequence Lx2FKx3Fx1Gx4F. This motif is fre-
quently found in antiparallelb-sheets when four adjacent
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-
natures are present: (3) The typical phorbol esters/
diacylglycerol-binding domain (94–143) with
Fx1Fx10Cx2Cx3Ix2Lx6Cx2Cx4Hx2Cx7C (PC/GENE
1995), (4) two zinc fingers [first, an incomplete one:
(Arg instead of Cys)44-47-62-65-73-81; second: 107-
110-124-127-135-143]; (5) an ATP/GTP-binding site
motif A (P-loop) Gx4GKT (116–123) usually not found
in PKCs; (6) the C2 domain signature, which is likely
involved in Ca2+ binding (Stabel and Parker 1991),
Gx2Lx3Dx2GxA(replaced in GCPKC2 by SDPY (177-
180-184-187-189-190-191-192) (PC/GENE 1995); and
(7) the Ser/Thr kinase catalytic domain (347–607). The
Ser/Thr kinase catalytic domain has the borders Phe
(347), located adjacent to the protein kinase ATP-
binding region LGKGSFGKV (353–361), and Lys (607).
The Ser/Thr protein kinase active-site signature is found
at aa 467–479.

Finally, (8) the deduced aa of GCPKC2 shows at the
C-terminus a bipartite nuclear targeting sequence,
RREVKPPYRPKNKGKKN (616–632); it follows the
pattern (R/L)-(R/L)-x10-yyyyy whereby in the y-block at
least the residue R or L must occur. Based on findings
obtained in higher metazoa that both the inositol lipid
cycle (Cocco et al. 1994) and some selected protein ki-

nase C isoforms are found in the nucleus (Schro¨der et al.
1988; Disatnik et al. 1994), it seems likely that also in
sponges related enzymes are present in this organelle.

As GCPKC2 contains, besides the C3 (346–401) and
the C4 domain (406–607), a C1 domain (12–153), in-
cluding the pseudosubstrate segment (13–30) and the
two zinc fingers (44–81; 107–143), and in addition a C2
domain (171–295), GCPKC2 belongs to the ‘‘conven-
tional’’ (Ca2+-dependent) protein kinase C (cPKC) sub-
family (Stabel and Parker 1991; Hardie and Hanks 1995)
(Fig. 3).

Ser/Thr Kinase Catalytic Domain

The Ser/Thr kinase catalytic domains of GCPKC1
(GEODIA1) and GCPKC2 (GEODIA2) show all the
hallmarks known from sequences of Ser/Thr kinases iso-
lated from higher metazoa (Hanks et al. 1988; Hanks and
Quinn 1991) (Fig. 4). The characteristics of the different
subdomains, which are all present in the sponge se-
quences, are the following: Subdomain I contains the
ATP-binding signature GxGxxG (the numbers for the
respective aa refer to sequence GCPKC1: 415-417-420;
Fig. 1); subdomain II contains the invariant Lys (437),
required for maximal enzymic activity; subdomain III
contains the invariant Glu (456), necessary for ATP
binding; subdomain IV contains no invariant; subdomain
V contains the residues Met, Tyr, and Leu (486-488-489)
involved in the formation of the hyhrophobic pocket sur-
rounding the adenine ring; subdomain VIa has support-
ing function; subdomain VIb contains the consensus
motif LRDLKx2N (530-531-532-533-534-537) of the
catalytic loop; subdomain VII contains the highly con-
served triplet DFG (550–552); subdomain VIII, which is
the major segment involved in recognition of the sub-
strate, contains the highly conserved S/APE motif (575–
577); subdomain IX contains the invariant Asp residue

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
belongs to the ‘‘novel’’ (Ca2+-independent)
protein kinase C subfamily, while GCPKC2,
which contains the C2 domain (filled bar), has
to be grouped to the ‘‘conventional’’
(Ca2+-dependent) protein kinase C subfamily.
C3 (striped boxes) includes the putative
ATP-binding domain and C4 (striped boxes)
is part of the catalytic domain. The conserved
(C) and variable (V) domains are indicated,
according to Stabel and Parker (1991). The
two chequered boxeswithin the C1 domain
show the conserved zinc finger motifs.Arrow:
pseudosubstrate;horizontal line:phorbol
esters/diacylglycerol-binding domain;d: Greek
key motif. Thenumbersgive the size of the
respective sequences in aa.
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(589); subdomain X is less conserved; and subdomain XI
contains invariant Arg (657) close to the C-terminus of
the catalytic domain.

Phylogenetic Analysis of Ser/Thr Kinase Domain

Twelve out of 135 Ser/Thr kinase sequences listed in the
EMBL Sequence Database (1994) as well as in the sum-
mary given by Hardie and Hanks (1995) have been se-
lected for analysis. Only those sequences from different
phyla have been included which show the Ser/Thr kinase
signatures. Two mammalian Ser/Thr kinases (rat and hu-
man), PKCs, have been selected. In addition, one further
kinase from a deuterostomian species has been included
from Lytechinus pictus.From invertebrates, sequences to
be grouped into the cPKC or the nPKC subfamily are

known fromDrosophila melanogaster, Aplysia califor-
nica, and Caenorhabditis elegans.From yeasts, se-
quences that are thought to belong to the same groups
have been cloned fromSaccharomyces cerevisiaeand
Schizosaccharomyces pombe(Hardie and Hanks 1995).
The other kinase sequences used for the comparison are
from protozoa, plants, slime mold, and bacteria; they
belong to other subfamilies of Ser/Thr kinases. The rep-
resentatives chosen from them display the highest simi-
larities to the sequences fromG. cydonium.

The following sequences, spanning the Ser/Thr kinase
domain, have been used for the comparison: Eukaryota:
Metazoa: Deuterostomia: Chordata:Homo sapiens
[Ca2+- and phospholipid-dependent PKCbII, according
to the classification of Hardie and Hanks (1995)],Rattus
norvegicus[Ca2+- and phospholipid-dependent PKCz].

Fig. 4. Alignment of catalytic domains of Ser/Thr kinases from eu-
karyotic and prokaryotic organisms for construction of the phyloge-
netic tree. The following sequences have been selected; the last aa
position is given. Metazoa:Homo sapiensprotein kinase C (HOMO;
accession number P05127; aa: 542) (Kubo et al. 1987),Rattus nor-
vegicus(RATTUS; X07286; aa: 538) (Kikkawa et al. 1987),Lytechi-
nus pictus(LYTECH; LP02967; aa: 525) (Rakow and Shen, submit-
ted),Drosophila melanogaster(DROSO; P13678; aa: 502) (Schaeffer
et al. 1989),Caenorhabditis elegans(CAENO; PKC2 CAEEL; aa:
398) (Land et al. 1994),Geodia cydonium[GEODIA1 and GEODIA2;
GCPKC1 (X87684), GCPKC2 (X87683); aa: 608 and 547]. Protozoa:
Trypanosoma brucei(TRYPANO; L03778; aa: 225) (Gale and Parsons
1993). Planta:Zea mays(ZEA; M62985; incomplete aa sequence)

(Biermann et al. 1990),Phaseolus vulgaris(PHASEO; J04555; aa:
507) (Lawton et al. 1989). Yeast:Saccharomyces cerevisiae(SAC-
CHARO; M32491; aa: 1025) (Levin et al. 1990),Schizosaccharomyces
pombe(SCHIZOSA; X04728; aa: 240) (McLeod and Beach 1986).
Slime mold:Dictyostelium discoideum(DICTYO; M38703; aa: 532)
(Bürki et al. 1991). Prokaryota:Myxococcus xanthus(MYXOCO;
M73498; aa: 262) (Munoz-Dorado et al. 1991). Sequence comparison
was achieved first using the CLUSTAL program and subsequently by
eye inspection to obtain maximum homology. Identities and homolo-
gies >90% of related aa (*) and homologies between 50 and 90% (+)
and between 40 and 50% (z) are indicated; deletions introduced are
denoted by (−). The nomenclature for the subdomains follows that of
Hardie and Hanks (1995); they are given inbrackets.
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Echinodermata:L. pictus (unclassified); Protostomia:
Arthropoda:D. melanogaster(cPKC), Nematoda:C. el-
egans(nPKC); Protozoa: Flagellata:Trypanosoma bru-
cei (‘‘other protein kinase family’’); Planta: Dicotyledo-
neae: Leguminosae:Phaseolus vulgaris(belonging to
the AGC group of Ser/Thr kinases), Monocotyledoneae:
Glumiflorae:Zea mays(belonging to the AGC group of
Ser/Thr kinases); Mycophyta/yeast: Eumycophyta: Eu-
mycetes:S. cerevisiae(nPKC ?),S. pombe(nPKC ?),
Myxomycetes/protozoa:Dictyostelium discoideum(cy-
clic nucleotide-regulated protein kinase family) and from
Prokaryota/bacteria: Gracilicutes: Scotobacteria: Myxo-
bacterales:Myxococcus xanthus(‘‘other protein kinase
family’’). They are compared with the sequences from
the poriferan, metazoan organism,G. cydonium
[GCPKC1 (GEODIA1) nPKC; GCPKC2 (GEODIA2)
cPKC]. Due to the low sequence identity with these se-
quences, the one fromA. californicawas not included
(<15% aa similarity toG. cydoniumsequences).

Amino acid sequences were truncated prior to analy-
sis in order to exclude regions that are less conserved.
Therefore, we restricted the sequences to the Ser/Thr
kinase catalytic domain. Analysis was performed first
with the CLUSTAL program. At this stage it was appar-
ent that the subdomains X and XI are less suitable for

inclusion in the comparison; thus, only subdomains I–IX
were chosen. The plant sequencesP. vulgaris and Z.
mayscontain, between subdomains VII and VIII, an in-
terspersed sequence of 83 and 81 nts, respectively; these
were excluded also. The maximum number of matches
was established by eye inspection, orienting at the posi-
tions of the highly conserved aa (Fig. 4). The values for
the overall identity/homology were identity or >90% ho-
mology (with respect to aa belonging to the same group),
17.5%; homologies between 50 and 90%, 40.4%; and
40–50% homology, 13.1%.

The degree of identity, given as the number of iden-
tical aa per 100, has been calculated. The results revealed
that the metazoan PKCs obtained fromH. sapiens, R.
norvegicus, L. pictus, D. melanogaster, C. elegans,and
G. cydoniumare closely related among themselves and
show only lower homology to the Ser/Thr kinases of (1)
the protozoan sequence fromT. brucei, (2) the plant
sequencesP. vulgaris and Z. mays,(3) the yeast se-
quences fromS. cerevisiaeand S. pombe,and (4) the
slime mold/protozoaD. discoideum.(5) The Ser/Thr ki-
nase from the bacterial organismM. xanthusstill dis-
plays a 27% identity with the corresponding human se-
quence (Fig. 5).

After calculating the pairwise similarity scores (PC/

Fig. 5. Phylogenetic tree based on similarity-matrix analysis of the
Ser/Thr kinase domain present in sequences of the following 14 organ-
isms. Metazoa (black bar): HOMO (Homo sapiens), RATTUS (Rattus
norvegicus), the sea urchin LYTECH (Lytechinus pictus), CAENO
(Caenorhabditis elegans), DROSO (Drosophila melanogaster), and the
sponge GEODIA1 and GEODIA2 (Geodia cydonium); planta/fungi
(crosshatched) SACCHARO (Saccharomyces cerevisiae), PHASEO

(Phaseolus vulgaris), ZEA (Zea mays), and SCHIZOSA (Schizosac-
charomyces pombe); protozoa (vertically) DICTYO (Dictyostelium dis-
coideum), TRYPANO (Trypanosoma brucei), prokaryota/bacteria
(open bar) MYXOCO (Myxococcus xanthus). For sequence compari-
son the CLUSTAL program (PC/GENE 1995) was applied; the rela-
tionships between the species, based on the number of identical amino
acids, are given in matrix units.
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GENE 1995) the relationships among the PKCs are de-
picted in a dendrogram (Fig. 5). It shows that all selected
metazoan sequences are closely related and fall into one
branch. Separated from them are the sequences derived
from the plantsS. cerevisiae, Z. mays,andP. vulgaris.
As expected, only distantly related to the metazoan se-
quences are those from Protozoa (D. discoideumandT.
brucei). The lowest percent identity with the selected
Ser/Thr kinase is the one obtained from the bacteriumM.
xanthusand the fission yeastS. pombe.The data also
show that the sequences fromS. cerevisiaeandS. pombe
are only distantly related to each other, suggesting a very
early divergence of these two fungi from each other.

Phylogenetic Analysis of the Structure of the PKCs

As summarized (Stabel and Parker 1991; Hardie and
Hanks 1995), the isoforms of the mammalian PKCs are
separated into the cPKC, nPKC, and aPKC. The two
sequences identified inG. cydoniumfall exactly into the
groups of metazoan PKCs—GCPKC1 into the subfamily
nPKC and GCPKC2 into subfamily cPKC.

A comparison of these two sequences with the non-
metazoan Ser/Thr kinases revealed distinct differences
(Fig. 6). Unlike in GCPKC2, none of the other kinases
shows a typical C2 domain, and unlike in GCPKC1
and GCPKC2, there were no conventional conserved
zinc finger motifs.T. brucei and Z. mayskinase con-
sist only of a kinase domain (20–285 and 29–370, re-
spectively);P. vulgaris kinase shows within its kinase
domain (235–568) interspersed Cys-rich repeats (379–
421); S. cerevisiaecontains only a distantly related
C2 domain (672–767), which lacks the consensus
[AG]x2Lx3Dx2GxSDPY, Cys-rich repeats (427–531)
and the kinase region (830–949);S. pombeandD. dis-

coideumcontains only the kinase segment (17–300 and
342–648), resp.); andM. xanthusagain, besides the ki-
nase region (59–322), contains Cys-rich repeats (10–56).

Consequently, the metazoan PKCs, shown here for
the cPKC and the nPKC fromG. cydonium,have to be
distinguished from the nonmetazoan (protozoan, plant,
yeast, and bacterial) PKCs on the basis of their domain
composition.

Conclusion

In the present study two cDNAs,GCPKC1 and
GCPKC2,coding for PKCs have been cloned fromG.
cydonium,a species belonging to the lowest animal phy-
lum, the sponges. GCPKC1 can be classified as belong-
ing to the ‘‘novel’’ (Ca2+-independent) PKC subfamily
and GCPKC2 to the ‘‘conventional’’ (Ca2+-dependent)
PKC subfamily. The alignment and the subsequent con-
struction of a phylogenetic tree (based on the Ser/Thr
kinase domain of the PKCs) of the sponge sequences
using the hitherto-known invertebrate Ser/Thr kinase se-
quences as well as two representatives of vertebrate
PKCs revealed a common origin for PKCs from animals.
Furthermore, the animal kinase domains also display ho-
mologies with those from plants, protozoa, and bacteria.
This suggests that the Ser/Thr kinase domain has a uni-
versal common ancestor, as is known for other enzymes,
e.g., for RNA polymerases (Pu¨hler et al. 1989). How-
ever, the overall structures of the Ser/Thr kinases with
respect to domains, other than the catalytic domain, in-
dicate that composition of the PKCs from metazoans is
identical, but differs from those of nonmetazoans.

This finding of a common ancestor for the Ser/Thr
kinase domain also sheds new light on the nature of

Fig. 6. Comparison of the domain structures of the metazoan PKC, here with the examples of the sponge GCPKC1 and GCPKC2, with the
nonmetazoan Ser/Thr kinases. The origins of the sequences are shown in the legend to Fig. 5. The presentation, according to Hardie and Hanks
(1995), in Cys-rich repeats, C2 [Ca2+-binding site], and kinase domain is applied. The length of the segments/total deduced protein is given in a
scaleof aa numbers.
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signal molecules to which organisms from bacteria to
metazoa react. Previously it was suggested that only uni-
cellular and multicellular eukaryotes, but not prokary-
otes, react to authentic signal molecules (Stabel and
Parker 1991). This conclusion was impressively sup-
ported by Csaba and his colleagues (1994), who were
able to demonstrate that the unicellularTetrahymenare-
acts to ‘‘vertebrate’’ hormones, e.g., insulin, epineph-
rine, and histamine. Signal molecules that resemble in-
sulin, calmodulin, and chorionic gonadotropin have been
described as being produced in bacteria (Gorby et al.
1988). According to the homology comparison summa-
rized here, these organisms contain Ser/Thr kinases. To
the best of our knowledge, sequences for Ser/Thr kinases
of archaebacteria have not been cloned yet.

The finding that the overall structure of the metazoan
PKCs is different from those found in the nonmetazoans
also suggests different functions of Ser/Thr kinases in
these organisms: (1) The nonmetazoan sequences do not
contain the potential Ca2+-binding site and hence these
enzymes might not be crucially regulated by this cation;
(2) they lack the typical pseudosubstrate structure, sug-
gesting a different regulation mechanism of the catalytic
site; and (3) they show Cys-rich sequences that are not in
accordance with the typical zinc fingers found in meta-
zoan PKCs, suggesting a differing mode of interaction
between the Ser/Thr kinases and nucleic acid or other
proteins, respectively.

Based on these data it is apparent that the Ser/Thr
kinase domain of metazoan PKCs is a block that shares
homology with other eukaryotes and prokaryotes. This
finding also suggests an identical or similar enzymatic
mechanism. However, the presence of new domains in
the metazoan PKCs indicates different manners of regu-
lation of the kinase activity.
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Schröder HC (1987) Role of the aggregation factor in the regulation
of phosphoinositide metabolism in sponges. Possible consequences
on calcium efflux and on mitogenesis. J Biol Chem 262:9850–9858

Müller WEG, Ugarkovic D, Gamulin V, Weiler E, Schro¨der HC (1990)
Intracellular signal transduction pathways in sponges. Electron Mi-
crosc Rev 3:97–114

Munoz-Dorado J, Inouye S, Inouye M (1991) A gene encoding a pro-
tein serine/threonine kinase is required for normal development of
M. xanthus,a gram-negative bacterium. Cell 67:995–1006

382



Nishizuka Y (1988) The molecular heterogeneity of protein kinase-C
and its implications for cellular regulation. Nature 334:661–665.

PC/GENE (1995) Data Banks CD-ROM; Release 14.0. IntelliGenetics,
Inc. Mountain View, CA

Pfeifer K, Frank W, Schro¨der HC, Gamulin V, Rinkevich B, Mu¨ller
IM, Müller WEG (1993a) cDNA cloning of the polyubiquitin gene
from the marine spongeGeodia cydoniumwhich is preferentially
expressed during reaggregation of cells. J Cell Science 106:545–
554

Pfeifer K, Haasemann M, Gamulin V, Bretting H, Fahrenholz F, Mu¨ller
WEG (1993b) S-type lectins occur also in invertebrates: unusual
subunit composition and high conservation of the carbohydrate rec-
ognition domain in the lectin genes from the marine spongeGeodia
cydonium.Glycobiology 3:179–184

Pühler G, Leffers H, Gropp F, Palm P, Klenk HP, Lottspeich F, Garrett
RA, Zillig W (1989) Archaebacterial DNA-dependent RNA poly-
merases testify to the evolution of the eukaryotic nuclear genome.
Proc Natl Acad Sci USA 86:4569–4573

Rakow TL, Shen SS (submitted) Molecular cloning and characteriza-
tion of protein kinase C from the sea urchinLytechinus pictus.
(cited from: EMBL Sequence Database, Release 40)

Rose-John S, Dietrich A, Marks F (1988) Molecular cloning of mouse
protein kinase C (PKC) cDNA from Swiss 3T3 fibroblasts. Gene
74:465–471

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with chain-
terminating inhibitors. Proc Natl Acad Sci USA 74:5463–5467
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