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Sea anemones produce several toxic peptides and proteins. Equi-
natoxins (Eqt) isolated from the sea anemone Actinia equina are
basic cytolytic proteins with molecular masses of approximately 20
kDa. Of the three Eqt purified so far, EqtII is the most abundant
and well characterized. Its gene organization has not yet been
studied. In order to obtain the first information about the EqtII
gene structure and sequence, genomic DNA was isolated from A.
equina and the target DNA fragment amplified by the polymerase
chain reaction (PCR) using three different pairs of oligonucleotide
primers deduced from the preserved regions of Eqt cDNA clones.
The sequence of the PCR product obtained after amplification of
genomic DNA, using an oligonucleotide specific for Eqtll, was al-
most indistinguishable from that of EqtIl cDNA. As the DNA frag-
ments derived from PCR of genomic DNA were of the same length
as those from control PCR reactions performed on an A. equina
cDNA library and EqtIl ¢cDNA, the EqtII gene was proved to be in-
tronless, at least within the amplified preproprotein region. The
presence of such an intronless gene coding for this cytotoxic protein
might be explained by the relative low position of cnidarians in the
evolutionary tree or by the advantage provided by a potentially
higher rate of gene expression.

* Author to whom correspondence should be addressed.
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INTRODUCTION

From the tentacles and bodies of the sea anemone Actinia equina L.,
Macek and Lebez! isolated three lethal hemolytic toxins, designated equi-
natoxins (Eqt) I, IT and III. They all belong to a larger heterogeneous group
of protein cytolysins produced by sea anemones (ordo Actiniaria). To date,
about 30 such toxins have been characterized?, with molecular masses rang-
ing from 10-20 kDa. Eqt are basic, single-chain proteins, devoid of cysteine
residues, with a molecular mass of approximately 20 kDa. In Actinia
equina, Eqtll is the most abundant of the three equinatoxins. It exhibits
cytotoxic and cytolytic pore-forming activity> and several other pharma-
cological effects™®.

In a single species of sea anemones, several closely related basic cytolys-
ins can be found. There are reports on purification of these toxins including
isolation of equinatoxins I, Il and III from Actinia equinal, tenebrosins-A,
B, C from Actinia tenebrosa'®, and cytolysins I, II, III and IV from Sticho-
dactyla helianthus'l. Comparison of their N-termini shows a high percent-
age of identical residues indicating that several isoforms differing only in a
few residues might be present. Additionally, a high level of similarity be-
tween basic cytolysins from different species was also observed. Moreover,
the amino acid sequence of EqtII'? is nearly identical to that of tenebrosin-C,
a cytolysin from Actinia tenebrosa'3. Both proteins are also very similar in
their biochemical and biological properties.* Although the protein sequences
of the two toxins match almost perfectly within all of the 179 amino acid
residues, the sequence of the genes encoding Eqtll and tenebrosin-C might
be different. In the present work, we performed PCR analysis of Eqt genes
using different pairs of oligonucleotide primers deduced from Eqt cDNA se-
quences in order to investigate the structure and sequence of the EqtII gene
within the protein coding region.

EXPERIMENTAL

Isolation of genomic DNA

Genomic DNA was independently isolated from two specimens of the sea anem-
one Actinia equina L. The whole body was immersed in liquid nitrogen and ground in
a mortar to a fine powder. Ten volumes of extraction buffer (10 mM Tris-HCI, pH 8.0,
0.1 M EDTA, 0.5% SDS, 100 pg/ml of proteinase K) were added to the powder and
incubated overnight at 55 °C. The viscous solution was extracted seven times with
an equal volume of phenol equilibrated with 0.5 M Tris-HCl (pH 8.0). The water
phase was dialyzed three times against TE buffer (50 mM Tris-HCl, 10 mM EDTA,
pH 8.0). The DNA was stored at 4 °C. The concentration of the DNA was estimated
from its absorbance at 260 nm.
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PCR amplification

Oligonucleotides deduced from Eqt cDNA sequences (Punger¢ar, J. et al., unpub-
lished) were synthesized on an Applied Biosystems 381A DNA synthesizer and par-
tially purified by precipitation with a one tenth volume of 3 M NaOAc, pH 5.2, and
five volumes of 100% EtOH. The following oligonucleotides were used:

E1(+), 5-CGAATTCAATCGCACGCTTTAACTCAG-3';

E1(-), 5'-GTGGGATCCTAGTTTTACATCAGTATTCTCGAG-3';
E2(+), 5-GGAATTCATATGTCCGCAGACGTGGCT-3';

E2(-), 5-CAGAATTCGGATCCTATCAAGCTTTGGTCACGT-3';
E3(+), 5-CGGAATTCGGGCAAGACGTGGACCGC-3'; and
E3(-), 5'-GTGGGATCCATTGTCCCCTCGAAATGGAGA-3'.

Either an EcoRI or BamHI restriction site was added to the 5' end of the primers
in order to subclone the PCR amplified DNA fragments into the pUC19 vector.

PCR reaction was performed in a total volume of 100 ul using a Perkin-Elmer
DNA Thermal Cycler. The reaction mixture typically consisted of 1x PCR buffer II
(Perkin-Elmer Cetus), 8 ul of 20 mM MgClg, 16 pl of dNTP mix (1.25 mM each), 50
pmoles of each of the sense and antisense oligonucleotides and 1 pg of the isolated
genomic DNA. The mixture was overlaid with 35 pl of mineral oil, incubated in boil-
ing water for 10 min, after which 2.5 U of AmpliTaq DNA Polymerase (Perkin-Elmer
Cetus) was added. Amplification was carried out for 25 cycles, each cycle consisted
of incubations for 1 min at 96 °C for denaturation, 1 min at 40 °C for annealing and
6 min at 70 °C for primer extension. The PCR products were analyzed by electro-
phoresis on a 1.5% agarose gel. In the case of amplification of non-genomic DNA
samples, a 20-pl aliquot of an A. equina ¢cDNA library or 0.3 pg of an EqtIl cDNA
clone in pUC19, respectively, was used instead of 1 pg of genomic DNA and amplified
under the same conditions.

Cloning and nucleotide sequencing

The PCR products of genomic DNA samples obtained by amplification using
E2(+) and E2(-) oligonucleotides were digested with EcoRI (New England BioLabs)
and ligated into pUC19. The DNA fragment was sequenced using T'7 DNA polym-
erase (T7 sequencing kit, Pharmacia) and [ 5S]dATPoS (Amersham). Nucleotide and
amino acid sequences obtained were analyzed on a computer by DNASIS (Pharmacia).

RESULTS

DNA amplification

Six different oligonucleotides complementary to three different Eqt
c¢DNAs, including the one specific for EqtIl, E2(+), were used to amplify dif-
ferent segments of the coding, 5'- and 3'-untranslated regions of the EqtIl
gene (Figure 1). For PCR amplification of genomic DNA, the oligonucleotide
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Figure 1. Oligonucleotide localization according to the EqtIl ¢cDNA sequence. The
shaded box represents the prepropeptide, the open box the mature protein, and the
lines the 5'-untranslated and 3'-untranslated flanking regions.

primers were combined in sets of two in different ways. PCR reaction was
performed using genomic DNA isolated from a single specimen of the sea
anemone A. equina. Two clones were sequenced in order to exclude the pos-
sibility of error made by Tag DNA polymerase. Additionally, applying the
same conditions, the PCR reaction was carried out using genomic DNA iso-
lated from another specimen of A. equina. As control reactions, an A. equina
cDNA library and EqtII ¢cDNA were also amplified. Figure 2 shows the
analysis of some of the PCR products by agarose gel electrophoresis. The
DNA fragments resulting from DNA amplification of both specimens with
E2(+) and E2(-) primers were of the same length, approximately 560 base
pairs (data shown for one specimen only, lane 1). This length also perfectly
matches the length of the PCR products obtained after amplification of the
cDNA library (lane 2) and EqtII ¢cDNA clone in pUC19 (lane 3) using the
same primers.

w
[0
[T}

Figure 2. Analysis of PCR products by agarose gel electrophoresis. DNA was ampli-
fied with different pairs of oligonucleotides. Lane 1, E2(+)/E2(-), genomic DNA (570 bp);
lane 2, E2(+)/E2(-), ¢cDNA library of A. equina (570 bp); lane 3, E2(+)/E2(-), EqtII
cDNA clone (570 bp); lane 4, E1(+)/E3(-), genomic DNA (580 bp); lane 5, E3(+)/E1(-),
genomic DNA (490 bp); M, 123-bp DNA marker.
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In lanes 4 and 5, the products of PCR amplifications of genomic DNA
using two different pairs of oligonucleotides, E1(+)/E3(-) and E3(+)VE1(-),
respectively, are shown. In each case, one of the oligonucleotides of the par-
ticular pair was located within the protein coding region (E3) and the other
oligonucleotide (E1) either within the 5'-untranslated or within the 3'-end
of Eqt cDNAs. Both PCR products were of the expected size, according to
c¢DNA sequences, approximately 580 bp and 490 bp, respectively.

Sequence of the PCR product

The DNA product resulting from PCR amplification of genomic DNA, us-
ing E2 sense and antisense primers, was sequenced after cloning into
pUC19. In Figure 3, the nucleotide and deduced amino acid sequences of the
EqtlI gene in the mature protein region are shown. This coding region com-
prises 540 bp ended by a TGA stop codon. It is neither interrupted by ter-
mination codons nor by any intervening sequences and encodes a protein of
179 amino acids. The nucleotide sequence nearly perfectly matches the EqtII
c¢DNA sequence, the only difference being an ACC codon, as a consequence
of the E2(-) primer, coding for Thr177 instead of AGC coding for Ser177, like
in the case of EqtIl ¢cDNA. Thus, the deduced amino acid sequence is thus
actually the same as the recently published protein sequence of EqtII!2
where, at position 81, by protein sequencing equimolar amounts of Pro and
Asp were found (Figure 4). In our case, we deduced a Pro residue at this po-
sition. Interestingly, EqtII from A. equina (family Actiniidae) shares only about
60% of amino acid indentity with cytolysin III from Stichodactyla helianthus,'®
which belongs to the other family of sea anemones, Stichodactylidae.

DISCUSSION

In evolution, cnidarians (coelenterates), including sea anemones, sepa-
rated early from other, more complex metazoans to represent a distinct side-
branch in the phylogenetic tree. The presence of several closely related cy-
tolytic toxins in a single or in different species of sea anemones, differing
in their biological activities, indicates a strong positive selection pressure on
the toxic proteins taking place during the evolution of these rather primitive
organisms. Isolation and characterization of the toxins, together with amino
acid sequencing, showed that the number of the members within a certain
group of cytolysins and the differences between them exceed the possible
variability due to allelic polymorphism. Therefore, it seems reasonable to as-
sume that a single gene coding for such a toxic protein had to be duplicated
and re-arranged to fullfil all the different demands of a predator. One can also
speculate that expression of such toxins has to be fast in order to be effective.
At present, there is little information about structure of cnidarian genes.
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TCCGCAGACGTGGCTGGCGCCGTTATTGATGGTGCAAGTCTGTCCTTCGACATCCTGAAGACT 63

s A DV A GA V I DGA S L S F DI L K T 21

GTCCTCGAAGCACTCGGTAATGTCAAACGAAAGATTGCCGTCGGTGTCGACAACGAGTCGGGC 128

V L EA LGNV KR KTI AV GV DN E S G 42

AAGACGTGGACCGCATTGAACACATACTTCCGTTCTGGCACCTCTGATATCGTCCTTCCCCAT 189

K T w T™ A L N T Y F R S GG T S D I V L P H 63

AAAGTTCCACATGGTAAGGCACTACTCTACAACGGTCAGAAAGATCGTGGTCCAGTTGCGACT 252

K vV P H G KA L L Y NG Q K D R G P V A T 84

GGCGCGGTTGGAGTACTTGCTTATCTCATGAGCGATGGAAACACCCTGGCCGTTTTATTCAGC 315

G AV GV L A Y L M S D GNTILAV L F S 105

GTTCCCTATGACTATAACTGGTACAGCAACTGGTGGAATGTCAGGATCTATAAGGGAAAGAGG 378

vV P Y D Y N W Y S N W W N V R I Y K G K R 126

CGAGCAGACCAGAGGATGTACGAGGAACTCTACTACAATTTGTCTCCATTTCGAGGGGACAAT 441

R A DQ R MY EETUL Y Y N L S P F R G D N 147

GGCTGGCACACCAGGAATCTTGGATATGGGTTGAAGAGCCGTGGATTCATGAACAGCTGTGGA 504

G W H T RN L G Y G L K S R G F M N S S G 168

CATGCCATACTGGAAATTCACGTGACCAAAGCTTGA 540

H A I L E I H V T K A * 179

Figure 3. The nucleotide and deduced amino acid sequences of the mature protein
region of a genomic EqtII PCR clone. The regions complementary to the oligonucleo-
tides E2(+), E3(+), E3(-) and E2(-) are underlined.
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Eqtll et et e ettt aane S..

TenC ... . #..

Sthlll EK......RMK.I.T.A.EAKMQ.KISR

Figure 4. Amino acid sequence ahﬁnment of an E%}II genomic clone (gEqtII) and
protein sequences of eqII (EqtID!?, tenebrosin-C'® (TenC) and Stichodactyla he-
lianthus cytolysin II1'6 (SthII). A dot indicates the same amino acid residue, the
asterisk (*) indicates Pro or Asp residue, the sign # denotes Thr or Ser residue. A
gap introduced in order to optimize the alignment is shown by dashes ().

In the course of our study, we determined the structure and sequence of
a cnidarian gene encoding EqtlII by use of PCR. The deduced amino acid
sequence of a genomic EqtII clone within the mature protein region was
practically the same as that of an EqtII ¢cDNA or protein sequence of
EqtII (Figure 4). Additionally, this sequence also nearly perfectly matches
that of tenebrosin-C isolated from the Australian sea anemone A. tenebrosa.
All these sequences differ at two positions only, 81 (Pro or Asp) and 177 (Ser
or Thr). Our genomic clone, together with protein and ¢cDNA sequences,
shows that this heterogeneity could be explained by different allelic forms
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of EqtIl present in the sea anemone A. equina. However, it is still difficult
to explain the presence of the same toxic protein in two different species of
sea anemones, A. equina and A. tenebrosa'®. Recent results of N-terminal
sequencing of Eqtl and EqtIIl (Krizaj, I. et al., unpublished) and different
c¢DNA sequences of Eqt indicate that the number of different Eqt, basic cy-
tolysins of about 20 kDa, is higher than three. These Eqt have to be products
of different genes.

The length and sequence of a genomic clone of Eqtll, in comparison with
its cDNA sequence, clearly indicate that this gene is intronless, at least
within the preproprotein region. Additionally, since not even a single mu-
tation was found, it is not likely to be a pseudogene. Furthermore, in our
PCR experiments, all but one oligonucleotide primer were synthesized to
amplify genomic sequences of at least three Eqt. Since these oligonu-
cleotides could anneal to different genomic Eqt sequences, not just to that
of EqtIl, we can further conclude that other Eqt genes do not possess in-
tervening sequences.

Most eukaryotic genes are interrupted by introns. It is believed that in-
trons were already present in the primordial genes and were later differen-
tially lost during evolution!’"'°. Intron loss was the most drastic in
prokaryotes. For example, one can hardly find any introns in bacteria, and
the situation is quite similar in fungi?®. In these evolutionary lower organ-
isms, loss of introns is correlated with a high rate of cellular divison. In eu-
karyotes, however, the genome is bigger and the replication rate is lower.
Additionally, introns could also contribute to the development of more com-
plex proteins. As a consequence, the selection pressure against eukaryotic
introns was smaller. It may be therefore expected that the higher an organ-
ism is placed in the evolutionary tree the fewer intronless genes it will pos-
sess. Cnidarians are evolutionary primitive organisms. On the basis of com-
parison of the 18S ribosomal RNA from different species, Hendriks et al.2!
placed them in their own lineage just after the branching of fungi and other
metazoans. We may, thus, assume that more intronless genes are present
in these animals than in higher organisms, especially vertebrates. Indeed,
there are some reports on the isolation of such genes from different classes
of the phylum Cnidaria?2-24. In this respect, Eqt genes are just another ex-
ample of cnidarian genes lacking intervening sequences, reflecting their
common origin. In genome evolution, multiplication of complete genes is
likely to be easier in the absence of introns. Further studies will show how
Eqt genes are organized in the genome of A. equina. On the other hand, the
presence of intronless genes encoding important cytotoxic proteins could be
advantageous for these predatory animals in order to respond quickly to dif-
ferent environmental stimuli. Splicing out introns could decrease the gene
expression rate and slow down the rapid accumulation of these toxins, re-
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quired for efficient action. Structural and functional analyses of the promo-
tor regions of Eqt genes, together with thorough physiological studies,
will help us to understand better the expression of these interesting toxic
proteins.
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SAZETAK
Kodirajuéa regija gena za ekvinatoksin Il nema introna

Gregor Anderluh, JoZe Pungercar, Borut Strukelj, Peter Macek,
i Franc Gubensek

Morske vjetrenjade proizvode nekoliko toksi¢kih peptida i proteina. Ekvinatok-
sini (Eqt) izolirani iz morske vjetrenjade Actinia equina bazi¢ni su citoliti¢ki proteini
&ija je molekulska masa priblizno 20 kDa. Od triju Eqt koji su do sada izolirani, Eq-
tII je najrasireniji i dobro je opisan. Njegova genska organizacija jo$ nije proucena.
Da bi dobili informaciju o genskoj strukturi i sekvenci Eqtll, izolirana je genomska
DNA iz A. equina. Ciljna DNA umnoZena je lanéanom reakcijom polimerizacije
(PCR) uz upotrebu tri razli¢ita para oligonukleotida, odredena na osnovi sa¢uvanih
regija cDNA Eqt. Sekvenca PCR proizvoda koju smo dobili upotrebljavajuéi oligonu-
kleotid specifiéan za EqtII se gotovo nije razlikovala od cDNA EqtIl. DNA fragmenti
genomske DNA dobiveni upotrebom PCR iste su duZine kao i oni iz kontrolnih PCR
reakcija koje smo izveli na ¢cDNA biblioteci A. equina i cDNA EqtIL. To pokazuje, da
je gen za Eqtll bez introna u umnoZenoj preproproteinskoj regiji. Prisustvo ovakog
gena bez introna, koji kodira za ovaj citotoksicki protein, moZe se objasniti pojavom
knidarija relativno nisko na evolucijskom drvetu ili prednoséu, koju omoguéava brza
ekspresija gena.
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