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Abstract. We have analyzed the gene that encodes
receptor tyrosine kinase (RTK) from the marine sponge
Geodia cydonium,which belongs to the most ancient and
simple metazoan groups, the Porifera. RTKs are en-
zymes found only in metazoa. The sponge gene contains
two introns in the extracellular part of the protein. How-
ever, the rest of the protein (transmembrane and intra-
cellular part), including the tyrosine kinase (TK)-
domain, is encoded by a single exon. In contrast, all TK
genes, so far known only from higher animals (verte-
brates), contain several introns especially in the TK-
domain. The TK-domain ofG. cydoniumshows similar-
ity with numerous members of receptor as well as
nonreceptor TKs. Phylogenetic analysis of the sponge
TK-domain indicates that this enzyme branched off first
from the common tree of metazoan TK proteins. Conse-
quently, we assume that introns, found in the TK-
domains of genes from higher animals, were inserted into
these genes after splitting off the sponge taxa from other
metazoan organisms (over 600 million years ago). Our
results support the view that ancient genes were not ‘‘in
pieces.’’

Key words: Geodia cydonium— Sponge — Meta-
zoan protein molecules

Introduction

Protein tyrosine kinases (PTKs) are a large group of
enzymes that specifically phosphorylate tyrosine resi-
dues (Hardie and Hanks 1995). They play important
roles in the response of cells to different extracellular
stimuli and are essential proteins most notable for control
of growth and differentiation (Hunter et al. 1992). Many
PTKs serve as receptors and signal transducers for cir-
culating peptide hormones and growth factors (Stoddard
et al. 1992). PTKs were first discovered in oncogenic
retroviruses and subsequently identified and analyzed in
a variety of different metazoan organisms (Hanks and
Quinn 1991). Hundreds of PTK primary structures are
known; all have been isolated from metazoan organisms
(Hardie and Hanks 1995). PTKs together with serine/
threonine kinases constitute the largest known protein
superfamily (Hardie and Hanks 1995).

All PTKs possess a closely related tyrosine kinase
(TK)-domain which is specific for the phosphorylation
of tyrosine only (Hunter et al. 1992; Ullrich and Schless-
inger 1990). It was estimated by Hunter (1987) that the
number of protein kinases, including TKs, present in a
highly evolved metazoan organism might be 1,000 or

The sequences reported in this paper have been deposited in the EMBL
database (cDNA for receptor tyrosine kinsase fromG. cydonium,ac-
cession No. X77528; for the gene, No. X94128)
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Fig. 1. See full caption below.
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Fig. 1. See full caption below.
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even more (Hunter 1987). This number is close to our
present knowledge. It can be expected that many of these
enzymes, especially if they are members of the same (or
closely related) subfamilies, very probably have only a
recent biological history. PTKs are divided into two ma-
jor groups, the receptor tyrosine kinases (RTKs), which
are membrane-spanning molecules with similar overall
structural topologies, and the nonreceptor TKs, also
composed of structurally similar molecules. Members of
the PTKs are further classified on the basis of their struc-
tural (functional) similarities and divided into over 20
subfamilies (Hardie and Hanks 1995). Phylogenetic

analysis, based on the alignment of TK-domain amino
acid (aa) sequences, indicates that all TK proteins have
one common ancestor (Hardie and Hanks 1995). Since
PTKs were found only in the metazoan (multicellular)
organisms it is reasonable to postulate that these en-
zymes derive from one common ancestral molecule
(Müller 1995).

Sponges (Porifera) are the most primitive multicellu-
lar animal phylum; they are known to have existed since
the Proterozoic period (Orlov 1971). Recent analysis of
phylogenetically conserved proteins from the marine
spongeGeodia cydonium(Porifera, Demospongiae,

Fig. 1. Comparison of the nt as well as the deduced aa sequence
(three-letter code) both from the RTK gene,GCTKGe, and from the
RTK cDNA, GCTKcD. Identical nt between the two sequences are
indicated (|); the nonidentical aa areunderlined.The donor and accep-
tor splice sites are also marked (‡); the location of the introns is indi-
cated. The nt as well as the deduced aa sequence of theGCTKGe is

numbered;the putative termination of the deduced aa sequence is
marked (+). The potential transcription start site and the polyadenyla-
tion site areunderlined.The CArG box-like sequence isdouble under-
lined. The different domains, the first and second Ig-like domain (Ig 1
and Ig 2), the transmembrane domain (TM), the juxtamembrane region
(JM), and the TK-domain (TK), are indicated.
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Geodiidae), a lectin (Pfeifer et al. 1993a), the RTK
(Schäcke et al. 1994c), and a homeodomain-like poly-
peptide (Kruse et al. 1994) strongly supports the assump-
tion of the very old lineage of the sponge taxa and indi-
cates that sponges branched off from the common
metazoan 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, speaks in favor of a monophyletic origin of Porif-
era and other ‘‘classical’’ metazoan animals (Mu¨ller
1995). Fossil species belonging to the genusGeodia,
Lamarck 1815, have Cretaceous (145–75 million years
ago)-to-recent range (De Laubenfels 1955);G. cydonium
is a long-living and large sponge species (up to 70 cm in
diameter) which predominantly reproduces asexually
(Arndt 1930).

Here we show that—in contrast to similar sequences
from higher metazoa—the RTK gene fromG. cydonium
is not interspersed by introns.

Materials and Methods

Materials.Enzymes for recombinant DNA techniques and vectors were
obtained from Stratagene (Heidelberg, Germany), Boehringer (Mann-
heim, Germany), Promega (Madison, WI, USA), Epicentre Technolo-
gies (Madison, WI, USA), and USB (Cleveland, OH, USA).

Sponge.The specimens ofGeodia cydonium(Porifera, Demospon-
giae, Tetractinomorpha, Astrophorida, Geodiidae) were collected near
Rovinj (Croatia). The material was immediately frozen in liquid nitro-
gen until use.

Preparation of G. cydonium Genomic Library.Genomic DNA from
G. cydoniumwas isolated from frozen tissue using ultracentrifugation
in guanidine isothiocyanate/cesium chloride gradient and purified ac-
cording to standard phenol-chloroform extraction procedure (Ausubel
et al. 1995). The small-scale reactions of partial restriction endonucle-
ase digestion ofG. cydoniumgenomic DNA were performed using
Sau3A I to generate fragments of 15–23 kb. With the cos-sites pro-

tected by ligation,lGEM 12 vector (Promega) was digested withXhoI.
Both lGEM 12/XhoI and G. cydoniumgenomic DNA/Sau3A I were
partially filled-in using the Klenow Partial Fill-In Kit (Stratagene).
Since the partial fill-in procedure prevents the self-ligation reactions of
vector arms, central stuffer, and genomic fragments, the primary liga-
tion of genomic DNA intolGEM 12 arms was performed at 4°C
overnight. Optimal packaging efficiency of ligated DNA products was
performed using Max Plax Packaging Extract (Epicentre).

Isolation of G. cydonium Genomic Clones for Receptor Ty-
rosine Kinase.Southern hybridization of 106 pfu of G. cydoniumge-
nomic library was performed under moderately stringent conditions
(42°C, 50% formamide) with plasmid probe containingG. cydonium
RTK cDNA (termedRTKcD; accession No. X77528; Scha¨cke et al.
1994c) applying the random priming labeling DIG system from Boe-
hringer (Ausubel et al. 1995). Subsequently filters were washed with
2× SSC, 1× SSC, 0.5× SSC, and 0.25× SSC at room temperature and
finally with 0.1× SSC at 55°C (all solutions contained 0.1%
NaDodSO4). Hybridization signals were detected with anti-DIG alka-
line phosphatase, Fab fragment (Boehringer). Several genomic clones
containing coding sequence for theG. cydoniumof RTK were isolated.
Restriction endonuclease mapping of plaque-purified positive isolates
was performed by Southern hybridization (Ausubel et al. 1995) using
DIG-labeled cDNA probe.

DNA Sequence Analysis.Genomic clone fragments of interest were
subcloned into pBluescript vector for sequencing and further restriction
analysis. Double-stranded DNA sequencing was performed according
to the dideoxy chain termination method of Sanger (Sanger et al. 1977)
with [a35S]dATP using the DNA Sequencing kit (USB). Ambiguities
in exon parts were resolved using the IsoTherm DNA Sequencing kit
(Epicentre). Sequences were composed and analyzed using the com-
puter program PCGene (1995).

Northern Blot.Sponge tissue was frozen in liquid nitrogen and then
pulverized. RNA was then extracted from the tissue using TRIzol Re-
agent (GibcoBRL) as recommended by the manufacturer, with an ad-
ditional isolation step for samples with high polysaccharide content.
Poly(A) RNA was purified with Oligotex mRNA kit (Qiagen). One
microgram of mRNA was electrophoresed through 1% formaldehyde/
agarose gel and blotted onto Hybond N+ membrane following the in-
structions of the manufacturer (Amersham). The RNA molecular
weight marker II (Boehringer) was used for size estimates.

Hybridization was performed with the cDNA ofRTKcD at 65°C
overnight in the following buffer: 0.25M NaH2PO4 (pH 7.2), 1 mM

EDTA, 5% SDS, and 0.5% blocking reagent (DuPont). Washes were
done at 65°C as follows: twice in 0.125M NaH2PO4 (pH 7.2), 2.5%
SDS, 0.05 mM EDTA, and then twice in 0.025M NaH2PO4 (pH 7.2),
0.5% SDS, 0.01 mM EDTA (Ausubel et al. 1995). The film was ex-
posed for five days at −80°C.

Fig. 2. Northern blot analysis ofG. cydonium transcriptfor RTK
using the homologous cDNA as a probe. Further details are given under
Materials and Methods.

Fig. 3. Gene structure ofGCTKGe, coding for an RTK fromG.
cydonium.The two introns are inserted (1) between the first and the
second Ig-like domain (160 bp) and (2) between the Ig-like domain and
the transmembrane domain (508 bp). The other parts of the sponge
RTK, the transmembrane domain (TM, 84 bp), the juxtamembrane
region (JM, 693 bp), and the TK-domain (TK, 879 bp), form one exon.
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Fig. 4. Multiple aa alignment ofG. cydoniumTK-domain (one-letter
code), both of the deduced aa sequences from the gene (GCTKGe) and
from the cDNA (GCTKcD) with 16 TK-domains of other PTKs dis-
playing highest homology. The following sequences are shown: cell
adhesion kinase (CAK_Hu; accession No. L20817; Perez et al. 1994);
nerve growth factor receptor (TRKA_Hu; P04629; Martin-Zanca et al.
1986); neurotrophin-4 receptor (TRKB_Mouse; P15209; Klein et al.
1989); NT-3 growth factor precursor (TRKC_Pig; P24786; Lamballe et
al. 1991);DASH/ABLproto-oncogene tyrosine kinase fromDrosophila
melanogaster(ABL_Dmela; P00522; Henkemeyer et al. 1988); ABL
proto-oncogene tyrosine kinase (ABL_Human; P00519; Shtivelman et
al. 1986); ROS proto-oncogene tyosine kinase (ROS_Human; M35106;
Birchmeier et al. 1990); insulin-like growth factor 1 receptor
precursor(IG1R_Human; P08069; Ullrich et al. 1986); insulin receptor

precursor(INSR_Human; P06213; Ullrich et al. 1985); insulin receptor-
related receptor (IRR_Human; P14616; Shier and Watt 1989); basic
fibroblast growth factor receptor 1 precursor (FGR1_Human; P11362/
P17049); Drosophila melanogasterSRC protein tyrosine kinase
(TEC_Dmela.; M11917); FES/FPS-related PTK (FER_Human;
J03358; Hao et al. 1989); FES/FPS protein-tyrosine kinase (FES_Hu-
man; P07332; Roebroek et al. 1985);Drosophila melanogasterseven-
less receptor PTK (SEV_D. mela.; P13368; Bowtell et al. 1988); TIE
protein-tyrosine kinase (TIE_Mouse; X71425; Sato et al. 1993). The
delineation of the TK subdomains I–XI is adopted from Hardie and
Hanks (1995). The homologies of the subdomains with respect to the
sponge aa sequence fromGCTKGe are given in percent. The consensus
sequences mentioned in the text are shown.

247



Results and Discussion

Cloning of the Ancient Receptor Tyrosine Kinase Gene
in G. cydonium

We used theGeodia cydoniumRTK cDNA probe
(termed hereGCTKcD; accession No. X77528) (Scha¨cke
et al. 1994c) to screen this sponge’s genomic DNA li-
brary (Sambrook et al. 1989). A genomic DNA clone
containing the entire coding sequence of sponge RTK

was analyzed. It contains the gene for RTK, designated
here GCTKGe (accession No. X94128), which has a
length of 4,871 bp (Fig. 1).

A comparison of the corresponding segments of the
nucleotide (nt) as well as the deduced amino acid (aa)
sequences ofGCTKcD andGCTKGe revealed that they
differ only slightly 105 out of 2,181 nt and 32 out of 727
aa (Fig. 1).

The size of the sponge RTK mRNA was identified by
Northern blotting using the cDNA ofGCTKcD as a

Fig. 4. Continued.
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probe. An mRNA species of 3.3 kb was detected (Fig. 2).
The deduced aa sequence of the exons ofGCTKGe re-
veals an Mr of 101,309—917 aa (corresponding to 2.8
kb).

58- and 38-Flanking Region of the GCTKGe Gene

The typical translation start site A/G−3/G+4 (Kozak
1986), nt 1268–1274, is present. The 58-nontranslated
region contains potential promotor elements, TATA box
(nt 646–651), GC-box (nt 623 as a center), and Cap
signals (nt 669, 672, and 691 as centers) (PC/GENE
1995; program EUKPROM). In addition a CArG box-
like sequence, CCTATATGG (nt 97–105), is present in
the potential promotor region, which is known to be the
target for the serum response factor, a transcription factor
which is involved in the RTK signaling pathway (Shore
and Sharrocks 1995). Recently, this cDNA was also
cloned fromG. cydonium(to be published).

A typical polyadenylation site, AAUAAA (Zarkower
et al. 1986), is missing in bothGCTKGe andGCTKcD.
This site is also absent in other cDNAs cloned fromG.
cydonium,e.g., ubiquitin (Pfeifer et al. 1993b; EMBL
accession No. X70917) the lectin (Pfeifer et al. 1993a;
No. X93925). In the 38-nontranslated region (length of
112 nt) the sequence AAUAAC (Wickens and Ste-
phenson 1984) which is present 23 nt upstream of the
poly(A) sequence might function as a polyadenylation
signal (Fig. 1). The stop codon UGA is located 111 nt
from the poly(A) sequence.

Gene Structure of Sponge RTK

The coding sequence of RTK contains three exons. The
putative structure of the sponge RTK gene,GCTKGe,
shows (1) the extracellular part, comprising two com-
plete immunoglobulin (Ig)-like domains (Scha¨cke et
al. 1994a, b) (first aa 106–247 and second aa 248–350
with respect to the aa in the sequence deduced from
GCTKGe), (2) the transmembrane domain (aa 366–392),
(3) the juxtamembrane region (aa 393–626), and (4) the
catalytic TK-domain (aa 627–917) (Fig. 3). Two introns
have been found. The first is located between the two
Ig-like domains (nt 2013–2172) and the second intron
between the second Ig-like domain and the transmem-
brane region (nt 2482–2989) in the extracellular part of
GCTKGe. The introns are of medium size (160 bp and
508 bp, respectively). The consensus sequence at the
boundary of the first intron GT (donor) and AG (accep-
tor) is a typical one, while in the second intron the nt GC
and AG are less frequently used (Stephens and Schneider
1992). The 247th aa (Leu) is interrupted by the first
intron and the 350th aa (Gly) by the second intron.

However, the rest of the gene, comprising the trans-

membrane domain, the juxtamembrane region and the
catalytic TK-domain is coded by one single exon.

Tyrosine Kinase Catalytic Domain

A search for homology ofG. cydoniumTK-domain aa
sequence deduced from the gene sequence was per-
formed (PC/GENE 1995). All 50 most homologous se-
quences to sponge RTK contained the TK-domains of
PTKs. Many of those PTKs were orthologous gene prod-
ucts from different organisms. One representative speci-
men from each group of closely related enzymes was
used for the multiple sequence alignment. The alignment
was computed (CLUSTAL; PC/GENE 1995) and subse-
quently manually adjusted to delineate the TK subdo-
mains I–XI (aa 535–825), as proposed by Hardie and
Hanks (1995) (Fig. 4).

The sponge TK-domain contains all conserved aa, or
streches of aa, known to be important for the function of
these enzymes (Geer et al. 1994) (Fig. 4). In detail, sub-
domain I shows the ATP-binding site (consensus:
GXGXXGXV) and subdomain II shows Lys in the con-
sensus vavK which is required for kinase activity. This K
(Lys) is likely to be involved in the phosphotransfer re-
action, possibly functioning in proton transfer (Russo et
al. 1985). The aa D (Asp) and N (Asn) in subdomain VIB
as well as the DFG trimer in subdomain VII are present
in the sponge sequence; DFG has been implicated in
ATP binding (Hanks et al. 1988). This triplet is the most
conserved portion in the catalytic domain and is sur-
rounded for two positions on both ends by the hydro-
phobic or near-neutral residues I (I1e) and S (Ser) (58-
position) and M (Met) and S (Ser) (38-position). Asp (D)
in subdomain VIB and Asp (D) in subdomain VII are
thought to interact with the phosphate groups of ATP via
a Mg2+ salt bridge (Brenner 1987). Y (Tyr) (aa 181 of RT
domain; subdomain VII) undergoes phosphorylation (ty-
rosine kinase phosphorylation site) — located seven resi-
dues to the C-terminal side of an R (Arg); this Y (Tyr) is
located adjacent to the Y (Tyr) (aa 182) which is the
potential autophosphorylation site. Signatures in subdo-
mains III, IV, V, VIA IX, X, and XI are less well con-
served.

Highest homology in theG. cydoniumTK-domain
with 45% was found in the recently discovered human
cell adhesion kinase CAK RTK (Johnson et al. 1993;
Perez et al. 1994), a protein which is not closely related
to other known RTKs. CAK RTK represents a new class
of RTKs. Second-best homology (over 43%) was found
within the subfamily of RTK with genes coding for the
nerve growth factor receptors (TRKBMo, TRKCPi, and
TRKAHu). These TKs also contain two Ig-like domains in
the extracellular part of the proteins. RTK genes of the
insulin receptor subfamily (IRRHu, IG1RHu, INSRHu) and
of related enzymes (ROSHu,SEVDm) also show significant
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homology in the deduced TK-domain to the sponge
GCTKGe (35–37.5%). Homologies in the range of 32%
were found with the fibroblast growth factor subfamily of
RTKs (FGR1Hu), having three Ig-like domains in the ex-
tracellular part, and theTIE receptor PTK (TIEMo; two
Ig-like domains). Interestingly, several nonreceptor TKs
were selected among the 50 proteins having highest homol-
ogy in the TK-domain with the sponge RTK. The TK-
domains of nonreceptor TK genes from the Abl subfamily
(ABLDm, ABLHu) show remarkable homology (41%) and
other selected nonreceptor TKs (TECDm, FERHu, and
FESHu) still show a homology of over 35%.

Phylogenetic Tree

The dendrogram of the alignment of TK-domains of 15
PTKs produced by the CLUSTAL program is shown in
Fig. 5. CAK RTK was not used here, because of its
uniqueness (1) in its extracellular sequence as well as (2)
in its structural motifs (Perez et al. 1994). All RTKs used
for the dendrogram fall in one branch of the tree, while
nonreceptor TKs are grouped in a second one; sponge
RTK is placed in a separate branch, which splits off first
from the common tree of metazoan PTKs.

Introns Early or Late?

Most of the information about the PTKs in different or-
ganisms was obtained from studies of the corresponding

cDNAs. During the last few years the organization of a
growing number of genes encoding these proteins has
been analyzed. To the best of our knowledge, all studied
genes contain introns in their TK-domain. Some of the
genes encoding RTKs are over 100 kb long with over 20
introns, as in the case of the insulin receptor subfamily of
RTKs (Seino et al. 1989). The insulin receptor gene con-
tains five introns in the TK-domain. Comparison of the
exon structure of the TK-domains of this and three other
TK genes (ROS, SRC,and ERBB2) revealed that the
exon–intron organization of this region has not been well
conserved during evolution (Seino et al. 1989). Accord-
ing to the exon theory of genes (Gilbert et al. 1986;
Gilbert 1987), proposed by Seino et al. (1989), the pu-
tative ancestral TK-domain may have been assembled
from 13 exons; consequently, introns must have been lost
in a more or less random fashion from individual genes.
Genes encoding human RTKs with three, five, or seven
Ig-like domains and the TK insert within the catalytic
domain were recently studied in detail (Agne`s et al.
1994; Rousset et al. 1995). In these reports introns at
conserved positions within the TK-domains of these
genes were found. These data were used for the estab-
lishment of the phylogenetic relationships between three
related subfamilies of RTKs, and it was proposed that all
genes most probably evolved from the common ancestor
already ‘‘in pieces’’ by successive duplications involv-
ing entire genes. However, the time when the first du-
plication might have occurred was not discussed.

The tyrosine kinase domain of the ancient enzyme,

Fig. 5. Dendrogram deduced from the multiple alignment produced
with CLUSTAL (PC/GENE 1995) of the TK-domain of RTK gene of
G. cydonium(GCTKGe) with those of ten receptor TKs [neurotrophin-
4 receptor (TRKB_Mouse); NT-3 growth factor precursor (TRKC_Pig);
nerve growth factor receptor (TRKA_Human); ROS proto-oncogene
tyosine kinase (ROS_Human);Drosophila melanogastersevenless re-
ceptor PTK (SEV_Dmela); insulin receptor-related receptor (IRR_Hu-
man); insulin-like growth factor 1 receptor precursor (IG1R_Human);
insulin receptor precursor (INSR_Human); basic fibroblast growth fac-

tor receptor 1 precursor (FGR1_Human) and TIE protein-tyrosine ki-
nase (TIE_Mouse)] and of five nonreceptor TKs [DASH/ABLproto-
oncogene tyrosine kinase fromDrosophila melanogaster(ABL_D-
mela.); ABL proto-oncogene tyrosine kinase (ABL_Human);
Drosophila melanogasterSRC protein tyrosine kinase (TEC_Dmela);
FES/FPS-related PTK (FER_Human); FES/FPS protein-tyrosine ki-
nase (FES_Human)]. The accession numbers and the references are
given in legend to Fig. 3.
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the RTK from the marine spongeG. cydonium,is — as
mentioned — encoded by one single exon. There are
many reasons to assume thatG. cydoniumRTK is the
most ancient RTK analyzed so far (Scha¨cke et al.
1994a—c) that branched off first from the common tree
of metazoan PTKs (Fig. 5). PTKs are found only in
metazoan (multicellular) organisms andG. cydoniumbe-
longs to the oldest and the most simple metazoan phy-
lum, the Porifera.

Conclusion

One can only speculate about the structure of the com-
mon ancestor gene for all TK-domains of PTK, including
the G. cydoniumRTK. According to the exon theory of
genes, also called the ‘‘intron early’’ view (Gilbert et al.
1986; Gilbert 1987; Darnell 1978; Doolittle 1978), this
common ancestor gene was present already in pieces. If
this assumption should be correct, then (at least) in the
spongeG. cydoniumall introns have been eliminated
from the TK-domain during the long period of the
sponge’s separate evolution. This view cannot be ex-
cluded considering the fact that — based on populational
genetic studies — the sponge genome is particularly dy-
namic (Sole´-Cava and Thorpe 1991). However, it is also
— perhaps more — likely that introns, found in the TK-
domain of existing PTKs genes, were introduced after
splitting off the sponge line from the common, primitive
ancestral metazoan organisms. Recent investigations
from the early supporters of ‘‘genes in pieces’’ and the
‘‘intron early’’ view speak against their own theory
(Stolzfus 1994). The most logical way to explain the
results obtained from the analysis of the ancientG. cy-
donium RTK gene is to accept the ‘‘introns late’’ hy-
pothesis (Orgel and Crick 1980; Cavalier-Smith 1991).
Introns in the TK-domains of the TK proteins were in-
troduced gradually during the (recent) evolution of these
enzymes in the kingdom of Metazoa.
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