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The crayfish digestive protease astacin is the first
described member of the astacin family of zinc-endo-
peptidases, for which it is regarded as a prototype. We
have isolated and characterized the genomic sequence
of astacin which spans a region of 2616 bp. The coding
sequence is distributed over five exons and is inter-
rupted by four introns. It was observed that structur-
ally and functionally essential units of the protein, like
the three a-helices, the five B-strands, the Zn-binding
motif, and the Met turn are never disrupted by introns.
The start site of transcription was determined by
primer extension analysis, confirming the existence of
a pre-pro-protein of 49 amino acids which so far had
not been detectable at the protein level. In addition,
when compared to the amino acid sequence of mature
astacin, a carboxy-terminal extension of two addi-
tional amino acids was also found. The exon-intron
pattern of the astacin gene was compared to those of
three other astacin family members with known geno-
mic sequences, i.e., tolloid of Drosophila, the fish
hatching enzyme LCE, and the human BMP1 gene. In
each of the four proteins one intron was found to be
inserted in the codon for a similar Gly residue which
is highly conserved in this position within the astacin
family. © 1997 Academic Press

Key Words: astacin; zinc-metalloproteases; pre-pro-
proteins in invertebrates; exon-intron pattern.

Astacin is the prototype for the astacin family of zinc
peptidases which has been studied intensively in recent
years. The enzyme can be isolated from the stomach-
like cardia of the freshwater crayfish Astacus astacus
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(1-3) and was shown to be synthesized in the hepato-
pancreas (midgut gland) of the animal (4). This diges-
tive endopeptidase displays a distinct unique cleavage
specificity, liberating peptides with short aliphatic
amino acid side chains in the N-terminal position (5).
Active astacin is a single-chain polypeptide, stabilized
by two intramolecular disulfide bonds, and composed of
200 amino acid residues, which account for a molecular
mass of 22,614 Da (6). One zinc ion which is essential
for catalysis (7) is complexed to each astacin molecule.

X ray crystal structure analysis of astacin revealed
a spherical molecule, divided by a long deep active site
cleft into a N-terminal and a C-terminal domain (8).
The catalytic zinc ion is located at the bottom of this
cleft and forms a complex with the astacin family con-
sensus sequence HExxHxxGFxHE. The N-terminal do-
main mainly consists of two long a-helices and five S3-
strands. The C-terminal domain, apart from two helical
stretches, is largely organized in several turns and ir-
regular structures. As a characteristic feature it also
includes the so-called Met turn (9, 10), which provides
a tyrosine Zn ligand as part of the short conserved
motif SXMHY.

In recent years it has become evident that astacin is
actually a member of a highly diverged protein family
(11) with homologous sequences found in both verte-
brates and invertebrate species as well as the procary-
otes (flavastacin; 12). These proteins exhibit a number
of different physiological functions. Human bone mor-
phogenetic protein 1 (BMP1)* has been shown to be
identical with the type | procollagen C-proteinase (13)
and is likely to be involved in the de novo formation of
bone and cartilage (14). A second class of astacin family
members are the membrane-bound meprins which oc-
cur in the small intestine and the kidney and are be-
lieved to be involved in the processing of biologically
active peptides (15, 16). Astacin-like enzymes are also

4 Abbreviations used: BMP1, bone morphogenetic protein 1; PCR,
polymerase chain reaction; EGTA, ethylene glycol bis(s-aminoethyl
ether)-N,N’-tetraacetic acid; TPI, triosephosphate isomerase.
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engaged in the breakdown of the egg envelope during
hatching of fish (17) and bird embryos (18).

Other astacin-containing proteins are morphogeneti-
cally active in early embryogenesis in the frog (19) and
the sea urchin (20). In Drosophila, tolloid, another fam-
ily member, plays a role in patterning the dorsoventral
axis of the embryo (21, 22).

In all of these homologous proteins, except for the
hatching enzymes and astacin itself, an astacin-like
module with a constant chain length of about 200 resi-
dues is attached to a much larger protein. Presumably
these C-terminal extensions serve as regulatory sites
or as membrane anchors (8). On the basis of topological
evidence, the astacin protein family can be grouped
together with other zinc-protease families (adamalys-
ins, serralysins, and matrix metalloproteases) into a
common superfamily designated as “metzincins”
(9, 10).

After the extensive characterization of astacin at the
protein level, we report here the genomic organization
of this prototypical zinc-endopeptidase. The sequence
information obtained by this work and the character-
ization of the transcription unit of the gene clearly con-
firm that a N-terminal pre-pro-peptide for astacin ex-
ists, even though an inactive precursor or zymogen has
thus far not been isolated. The new data described here
will help to assign structurally and functionally dis-
tinct domains of the protein to the corresponding exons
and will yield insight into the molecular evolution of
this protein family at the DNA level.

MATERIALS AND METHODS

Animals and isolation of genomic DNA. Crayfish, A. astacus,
were obtained from a commercial crayfish farm (Keller, Augsburg,
Germany) and kept as described elsewhere (4). For the preparation
of genomic DNA, muscle tissue from animals in the intermolt stage
was used. Frozen tissue (10 g) was ground by using a pestle in a
mortar containing liquid nitrogen. The resulting powder was sus-
pended in 50 ml of homogenization buffer (15 mm Tris, pH 7.5, 0.15
mm spermine, 0.5 mm spermidine, 60 mm KCI, 0.3 m sucrose, 2 mm
EDTA, and 0.5 mm EGTA).

From this material nuclei were isolated using a standard protocol
(23). Nuclei were suspended in lysis buffer (50 mm Tris, pH 8.0, 100
mm EDTA, 200 mm NacCl, 0.8% SDS) and incubated for 20 min at
50°C. An additional incubation at 37°C with proteinase K (1 mg/ml)
was carried out with slow agitation for 6 h. Isolation of high-molecu-
lar-weight DNA was done by formamide treatment and dialysis ac-
cording to Kupiec et al. (24) with an additional phenol extraction at
the end of the procedure.

Molecular cloning. Unless otherwise stated, materials and meth-
ods for cloning and DNA manipulation were adopted from standard
molecular biology protocols (25). Parts of the genomic sequence of
the astacin gene were amplified from genomic DNA of A. astacus by
PCR. Two sets of gene-specific oligonucleotide primers (see Fig. 3)
were derived from cDNA fragments isolated by E. Jacob (manuscript
in preparation). Primers EJ354 (5'-TATCTCTGGTCAGGTGTCATA-
3’) and EJ357 (5'-CGGGTGTGCTCATGGTAGAAG-3’) resulted in a
488-bp product by using 100 ng of chromosomal DNA and the follow-
ing temperature cycle: 94°C, 1 min; 58°C, 2 min; 72°C, 5 min repeated
35 times followed by an extension at 72°C for 10 min. Using the same
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protocol, primers EJ356 (5'-GCAAGCCAATGGTTGTGTTTACCA-
3') and EJ229 (5'-TGCATCAGTTTGCAGCATGTGAGC-3’) resulted
in an amplification product of 1190 bp. The PCR products were ana-
lyzed in 2% agarose gels, excised from the gels, and purified with a
NUCLEOTRAP gel extraction kit (Machery & Nagel, Germany). The
purified fragments were then cloned into a T-vector generated from
a EcoRV-digested pBluescript KS* plasmid (Stratagene) by the pro-
tocol of Marchuk et al. (26). By this procedure the 488- and 1190-bp
PCR products were cloned as pASP1 and pASP3, respectively.

For Southern blot analysis of the astacin gene, 10 ug of high-
molecular-weight genomic DNA were completely digested using dif-
ferent restriction enzymes, separated in 0.8% agarose gels, and
transferred to Hybond™ membranes (Amersham). Hybridization was
performed in 6X SSC, 5X Denhardt’s solution, 0.5% SDS, 100 pug/ml
of salmon sperm DNA, and 50% formamide at 42°C for 20 h. The
1190-bp PCR product was used as a probe, radioactively labeled to
a specific activity of 6 X 10° cpm/ug by random priming. After hybrid-
ization, membranes were washed with 2X SSC, 0.1% SDS for 5 min
twice at 37°C. Final washing was performed in 0.1X SSC, 0.1% SDS
at 60°C.

For the creation of subgenomic libraries, 40 g of a total EcoRl,
Hindlll, and Clal digest of genomic DNA was separated in a prepara-
tive 0.8% agarose gel. Genomic EcoRI fragments in the 2- to 3.5-
kb range, Hindlll fragments in the 5.5- to 6.0-kb range, and Clal
fragments between 2.5- and 3.5-kb were excised and purified as de-
scribed above and ligated to alkaline phosphatase-treated pBlue-
script KS* vector that had been digested with the same restriction
enzymes. In order to obtain a high transformation efficiency, the
libraries were introduced into Escherichia coli DH5« (BRL) by elec-
troporation (32). Preliminary characterization of mini-prep DNA
(Promega Biotec, Magic mini-prep) from selected positive recombi-
nants verified that the size-selected genomic fragments were ligated
to pBluescript. Identification of clones containing astacin sequences
was done by colony hybridization on nitrocellulose filters. Oligonucle-
otide primers EJ356 and EJ229 labeled on the 5’-position with [vy-
32P]ATP were used as probes. Hybridization conditions were as de-
scribed for Southern blotting. By this procedure a 2.8-kb EcoRI frag-
ment, a 3.2-kb Clal fragment, and a 5.8-kb Hindlll fragment were
identified and cloned as pAS25, pAS34, and pAS42, respectively.

The nucleotide sequences of the plasmid inserts were determined
by double-stranded sequencing according to the dideoxy chain termi-
nation method, using Sequenase version 2.0 (UBS). Either universal
M213 primers or the specific primers mentioned above were used. In
some cases, plasmid inserts partially deleted by exonuclease 111 were
utilized.

Primer extension analysis. For primer extension analysis,
Poly(A)* RNA was isolated from the crayfish hepatopancreas by stan-
dard methods (25). The oligonucleotide primer PE 3 (5'-GCGCAC-
TGCATGTGGTAGGTA-3’, complementary to nucleotides 326 to 346
in Fig. 3) was 5’-end-labeled with polynucleotide kinase and [y-*?P]-
ATP and purified on a 20% urea—acrylamide gel. Poly(A)* RNA (15
©g) was primed and reverse-transcribed with 12 units of reverse
transcriptase for 45 min at 37°C as described (30). The primer exten-
sion product was analyzed on a 6% sequencing gel, and the size of
the product was determined by comparison with sequencing reac-
tions that were simultaneously loaded.

RESULTS AND DISCUSSION
Isolation of Genomic Fragments of the Astacin Gene

A first approach to obtain genomic sequences of as-
tacin was made by applying PCR techniques. Two frag-
ments of 488 and 1190 bp were amplified from genomic
DNA of A. astacus and cloned as described under Mate-
rials and Methods. Since both of these cloned genomic
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FIG. 1. Southern blot analysis of Astacus astacus genomic DNA.
10 pg of genomic DNA was digested with the restriction enzymes
indicated in the top line, separated in a 0.8% agarose gel, and trans-
ferred to a nylon membrane. The filter was hybridized with a 1190-
bp genomic PCR product of the astacin gene, labeled internally with
2P, Filters were washed at high stringency and exposed to an X ray
film for 2 days.

PCR products are significantly longer than the corre-
sponding cDNA derived amplification products (326
and 296 bp, respectively; data not shown) the presence
of intron sequences was supposed. As described below,
this assumption was confirmed by sequencing.

Southern blot analysis of genomic A. astacus DNA,
applying the 1190-bp PCR product of pASP3 as a probe,
revealed a simple pattern of hybridization (Fig. 1). Ex-
cept for EcoRl, all restriction enzymes used for the total
digest of genomic DNA resulted in a single hybridiza-
tion signal, suggesting that the astacin gene is present
in a single copy within the genome of A. astacus. How-
ever, for active astacin at least three isoforms have
been observed after purification (2). Several reasons
may be envisaged to account for this observation:

There may be several genes with sequences that are
too dissimilar in their nucleotide sequences to be de-
tectable by the high stringency conditions used here.
Itis also conceivable that there are diverging sequences
beyond the sequence stretch covered by the probe. Post-
translational trimming of one or both C-terminal resi-
dues which are deduced from the nucleotide sequence
of the gene (see below), but absent in the predominant
isoform at the protein level, may also result in different
isoforms. In addition, splicing variants of the astacin
gene might also exist.

In a second approach to isolate genomic sequences
of the astacin gene, restriction fragments of an appro-
priate size range (as determined by southern blot anal-
ysis, Fig. 1) were used for a shotgun cloning. By this
procedure subgenomic libraries were established as de-
scribed under Materials and Methods. A screening for
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astacin sequences by colony hybridization resulted in
the isolation of a 2.8-kb EcoRI fragment, a 3.2-kb Clal
fragment, and a 5.8-kb Hindlll fragment.

Nucleotide Sequence and Structural Analysis of the
Astacin Gene

The cloned genomic PCR products and the genomic
fragments isolated from the subgenomic libraries were
sequenced on both strands. Using overlapping se-
guences, a continuous genomic region of 7.6 kb was
established (Fig. 2). As deduced from the amino acid
sequence (6), additional cDNA sequence data, and
primer extension analysis (see below) the complete as-
tacin gene was localized to a 2.6-kb EcoRV—Pstl sub-
fragment. The nucleotide sequence of this fragment
and the deduced amino acid sequence of 251 residues
is shown in Fig. 3. It differs from the cDNA sequence
by only three nucleotides, of which only one leads to a
different amino acid residue. The amino acid residue
in position —41 was found to be valine instead of ala-
nine in the cDNA sequence (E. Jacob, manuscript in
preparation).

The coding region of the astacin gene is interrupted
by four introns, designated (in the 5'—3’ direction) as
intron 1 to 4 (Figs. 2 and 3). Two long intronic se-
guences of 268 bp (intron 1) and 894 bp (intron 2) are
followed by two small introns of 106 bp (intron 3) and
58 bp (intron 4). These introns display donor and ac-
ceptor sites fitting the invertebrate splice junction con-
sensus (27) and contain stop codons in all three reading
frames. Except for intron 4 the astacin introns also
contain an internal sequence corresponding to a puta-
tive lariat branch point upstream to the 3’-splice site
in the region between 21 and 35 nucleotides upstream
from the 3’-splice point (28).

The amino acid sequence deduced from the genomic
DNA shows an amino-terminal extension of 49 residues
when compared to active astacin (Fig. 3). The ATG
translation initiation codon (Met —49) starts at nucleo-
tide position 336 (according to the nucleotide position
numbering in Fig. 3). Only five codons upstream from
it, a TAA stop codon is located in frame.

The existence of a signal- and a pro-sequence has
long been postulated for astacin, since all members of
the astacin family are either secreted or are membrane
bound proteins. Besides a transient signalpeptide, they
also contain a pro-part which is removed during matu-
ration. In the case of astacin no inactive zymogen (pro-
enzyme) has been observed, presumably because dur-
ing biosynthesis the enzyme is not accumulated intra-
cellularly, but is rather immediately released and
stored in the stomach as an active mature proteinase
(4). The crystal structure of astacin indicates that the
removal of a prosequence may be the major mechanism
of activation. An amino-terminal extension will prevent
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FIG. 2. Structure of the astacin gene. The restriction map of the 7.6-kb genomic fragment carrying the gene is presented on the top line.
(abbreviations: E, EcoRI; EV, EcoRV; H, Hind 111; C, Cla I; P, Pst I). The distribution of secondary structure elements of the enzyme over
the five exons is outlined in the lower part of the figure. a-helices hA to hD and f-strands sl to sV are indicated according to Stocker et al.
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the formation of a critical salt bridge between the
amino-terminal residue of mature astacin (Ala 1) and
Glu 103, which is next to the zinc ligand His 102 at
the active site (8).

The pre-pro-peptide deduced from the genomic se-
quence of astacin contains in its N-terminal part a pu-
tative signalpeptide of 15 residues as predicted by the
program PSIGNAL (PC/Gene-package, IntelliGene-
tics). The potential cleavage site, which conforms to the
“(=3, —1)-rule” of von Heijne (29), is located between
Ala —35 and Ser —34. For the removal of the remaining
prosequence two modes of proteolytic cleavage are con-
ceivable. There could be an autoactivation by astacin
itself, cleaving between Gly —1 and Ala +1. The se-
guence around the mature N-terminus would meet the
requirements for an astacin substrate cleavage site (5).
Another possible way for activation might consist in a
tryptic cleavage after Arg —3, followed by subsequent
trimming of the N-terminus by an aminopeptidase.

Surprisingly, the C-terminus of astacin as deduced
from the 3’ region of the gene carries two additional
residues when compared to the mature enzyme. The
mature C-terminus (Leu 200) is followed by Arg 201
and His 202 (Fig. 3), which have also been found in
the cDNA sequence. Possibly the two additional amino
acids are removed by the activity of an carboxypepti-
dase B, which is also present in A. astacus (2).

At a distance of 83 bp downstream from the TAG
stop codon (nucleotide position 2415) a putative polyad-
enylation signal is located, which occurs 11 bp up-
stream from the predicted end of the cDNA (indicated
in Fig. 3).

The 5’ region of the astacin gene was further charac-
terized by primer extension of mRNA isolated from
hepatopancreas to determine the start site of transcrip-
tion. An oligonucleotide primer (PE3) complementary
to nucleotides 326—346 was radiolabeled and extended,
and the product was analyzed by denaturing gel elec-
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1 GATATCCGATGACAGATGACAGACTGACCTAGACAGTAGATGAAGAGGGGTTTATATGACATTTATTTAAAGCGCACACG 80
81 CAGCAACGGCAATTAATTCGGAATAATCTGGGTAAACGTGTCAAGTAACGTCGGCCCTTTGAATGAATGCGTAAGTCCGG 160
161 GGTAAAACGTGTACAGGTAAACCCGGTTAACGTTTGTTTCGGGCCAACCAGTTCTCTATAAATGATGTGGCGCGCTGTTG 240

241 CTGTCEFTCAAGGCC TATACCGAGCCTACAACAGAACACGCGTACCAAGACTTCTTTTCCCGGTGTCCTCGACACAATAA 320

PE3 Intron 1
321 AAGCG’fACCTACCACATGCAGTGCGCthaagcctgagggccatttgcattgcaatggaatctggtaaatgcctgaaggc 400

-49 M Q C A -46

401 tttgatagctgcggatgaagtcgtcacagtttcecgaatgaacctgaagtccgaactgggatcgaaggactggattgacee 480
481 tttcgataacgatgaccgtaagctaccgtaccagttgaggeccacctggagtcgatcggectgggtaaatattaggatteee  sso
561 gtaatttaagcaaggtgcatgattctaacgatggtataaatagtttctatttcagGTATTGCTGGTATTGTTGGGGGTGG 640

-45 v L L V L L G V V-37

641 TGGCGGCATCGCCCATCATCCCAGAGGCAGCTCGGGCCCTCTATTACAACGATGGAATGTTTGAAGGAGACATCAAGCTT 720
-36A A S P I I P E A A RAL Y Y NDGMV FE G D I K L -11
EJ 354
721 CGTGCTGGACGCCAACCTGCGAGGGTTGGAGCAGCCATCTTGGGAGACGAATATCTCTGGTCAGGTGGTGTCATACCCTA 800
—J.ORAGRQPARVG@AILGDEYLWSGGVIPY1'7
-1 +1
801 TACCTTTGCAGGTGTAAGCGGTGCGGATCAAAGTGCAATCCTGAGTGGAATGCAGGAACTGGAGGAGAAAACATGCATCC 880
8T F A G V 8 G A DQ S A I L 8 GM Q E L EE K T C I R44

Intron 2
881 GCTTTGTGCCCAGGACCACTGAGTCGGACTACGTTGAAATTTTCACCAGTGGTTCAGgtgagcgtggcactggatgactg 960
45 F v P R T T E § D Y V E I F T § G S8 G 63

961 atgcatttgatgattagtagaggtcagtggttaaagccattgaaatgatgatcgatctgacttgatgagatccagttgaa 1040
1041 aatgggcatacagtagcacactgaggtagcactagacgatgacagatggacatagacgtgacagatgacacagatgacag 1120
1121 atgacagatagacagatggacagatggacaaaagcatgacagatgacagatgacagatgagaacacagatgacacacatg 1200
1201 atgacccacagtgagataccagtgacagtggacacagtttaacggagacaaaagtgacacccgatggatttaccccaaat 1280
1281 tgatgacagatgacagatatttagataatccataaatagacagtttagacagatgggacagataaatgacagatgacaga 13eo
1361 tgacagatgacagatgacagatgacagatgacagaaaattgggatagacagtatatggaatgatgatgattacgttgacc 1440
1441 agtgatcagtggtacagtagatcagaatcagttaggaccagttaggcagatgacccagtgacaccaatgatcacgatgac iszo
1521 agtagtacgatgacgatgaaaagttttagatacagatgacgatgacgatgacgataacagataaaccgtgatacagattt 1600
1601 tgacagatgacagatgacccagatgatagaaaaacgtacagatttagatacgatagcagatgatagacagataggggaaa 1680
1681 ttcagatgacgattttaagcgtgacagacattgcagatgacgatgactaggaattcaatgcgacagacaattagcagata 1760
1761 tgacagtagtcgatagacagatacgactaagacaaaatcgttaatacgacttcagatttattctatttcagGGTGTTGGT 1840
64 C W S 66
EJ 356
1841 CCTATGTGGGACGAATAAGTGGAGCGCAGCAGGTGTCACTGCAAGCCAATGGTTGTGTTTACCATGGCACAATCATCCAT 1920
67 Y V G R I 8§ G A Q Q V S L Q A N G C V Y H G T I I HO9
. EJ 357 *
1921 GAGCTCATGCATGCCATTGGCTTCTACCATGAGCACACCCGTATGGACCGAGACAACTACGTCACTATTAACTATCAAAA 2000
9313%!;11;15‘\E(EIIYHEHTRMDRDNYVTINYQN119

Intron 3
2001 TGTTGATCCTTgtaagtatttttacctagggagacttcctgeccagtacttaaatatattgaccaggtcttaaaggetatt 2080

120v D P S 123

2081 cactgacctagctaaagectggectgtgatcatgecagCAATGACGTCCAACTTCGACATTGACACCTACTCGCGCTATGT 2160
24 M T S N F D I D T Y S R Y V 137

2161 GGGTGAGGATTACCAGTACTACAGCATAATGCACTACGGCAAGTACTCCTTCTCCATACAGTGGGGAGTCCTCGAGACCA 2240
138G E D Y Q Y ¥ 8§ I M H Y G K Y S F S'I Q W G V L E T 1I 164

X A A A
Intron 4
2241 TTGTACCTCTGCAAAACGGTATTGATCTCAgtctgatcgttaacgtagtcacgagtgacacgtacggctaatagcagett 2320

65v P L Q N G I D L T 174
EJ 229
2321 agtacgagCTGACCCTTATGATAAAGCTCACATGCTGCAAACTGATGCAAACCAGATCAACAACCTATACACAAATGAGT 2400
17 b P Y D K A H ML ¢ T D AN I N NL Y T N E C 198

2401 GTAGCCTAAGGCATTAGAAATTTCAAAGCTGACCTCTACTTGTATCATGAAACGAGGCCATATTTGATGTAAGCATTTAT 2480
199 S L R H 202

2481 TTGAAGAATCTAAGAATTTAATAAATATITAC TATEC CGGACGACCTTGACCAGATGACCCAGTGAATTTAGCATTACAC 2560
2561 GGTAAATTCAGGAGATGGACTCAAAATTTACGATTGCATGACTCGCATTACTGCAG 2616

FIG. 3. The nucleotide sequence of the astacin gene and the corresponding amino acid sequence. Sequence numbering starts with the
first base of the EcoRV site and ends with the last base of the Pstl site (see Fig. 2). The sequence of the introns is represented by lower
case letters. Start and stop codons are indicated in bold letters. The circled alanine residue marks the N-terminus of the mature protease
(Ala +1). The boxed A in the nucleotide sequence represents the transcriptional start, and the boxed T marks the predicted cDNA end.
The putative TATA box and the polyadenylation signal are underlined. The position and direction of oligonucleotides used for PCR, probes
or primer extension analysis are indicated by arrows. The main zinc-binding motif and the Met turn consensus are labeled by * and "
respectively.
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FIG. 4. Mapping of the transcriptional start site of the astacin gene
by primer extension analysis. Lane P shows the product obtained by
primer extension of oligonucleotide PE 3 (see Fig. 3). Lanes G, T, C,
and A are sequencing reactions used to determine the exact size of
the extended product.

trophoresis (Fig. 4). A major product was found as well
as a minor product corresponding to a fragment one
nucleotide shorter in length, which was detected only
upon a very long exposure of the gel. The major product
corresponded to a 101-base extended fragment as de-
duced from the dideoxy sequencing reactions, primed
with the same oligonucleotide, and loaded onto the gel
at the same time. This result localizes the transcription
start site at the A in position 246, which is 90 bp up-
stream from the translation initiation codon. The anal-
ysis of the 5’-flanking region revealed a TATA box (pu-
tative RNA polymerase Il promoter sequence) in posi-
tions 217 to 223. This is centered 27 bp upstream from
the identified transcription initiation site, which is in
good accordance with the preferred position of such a
promoter element (30). The sequence CA at the tran-
scription start site corresponds to the sequence found
in the majority of eukaryotic promoters analyzed (30).

The coding sequence of the astacin gene is distrib-
uted over a total of five exons, designated as exon A to
E in Fig. 2. Sequences coding for secondary structure
elements of the protein like the three a-helices hA, hB,
hD, the short 3'°-helix hC, and the five S-strands sl to
sV (8) are never interrupted by introns (Fig. 2). Like-
wise, also the main Zn-binding motif and the Met turn
consensus remain uninterrupted.

Exon A only codes for the four N-terminal amino
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acid residues of the pre-pro-sequence from the start
methionine (position —49) to Ala —46. It also includes
a 90-bp nontranslated leader sequence, which is also
part of the transcription unit. Exon B, which is the
longest of the five astacin exons, encodes the region
between Val —45 and Gly 63. It contains the major part
of the pre-pro-sequence (Val —45 to Gly —1), the N-
terminus of mature astacin (Ala 1), and includes g-
strands sl, sll, slll, and a-helix hA. Exon C comprises
the region between Cys 64 and Pro 122 which includes
B-strands slV and sV as well as a-helix hB. It also
includes the main zinc-binding motif, which is repre-
sented by the consensus HExxHxxGFxH (8, 11). Exon
D carries the coding sequence between Ser 123 and Leu
173. It therefore contains the short 3'°-helix hC and
the conserved SXMHY consensus for the characteristic
Met turn (9), which provides the zinc ligand Tyr 149.
Exon E codes for the C-terminal part of astacin from
Thr 174 up to the extended C-terminus His 202 and
includes the C-terminal a-helix D. The stop codon is
followed by a 99-bp untranslated trailer containing a
putative polyadenylation signal.

Until now, tolloid from Drosophila (22), the fish
hatching enzymes HCE and LCE from Oryzias latipes
(17, 31), and the human BMP1 gene (32) are the only
astacin family members that have been characterized
at the genomic level. Fig. 5 outlines an alignment of
the intron positions in the astacin-like modules found
in these three genes (36 to 39% amino acid sequence
identity to astacin) and the astacin gene characterized
in this work.

From an evolutionary point of view it is quite inter-
esting that the comparison of a crustacean, an insect,
and two vertebrate members of the astacin family
seems to reveal conserved positions for some of the
introns. Intron 2 of the astacin gene, intron e of the
LCE gene (31), one of the introns in the BMP1 gene
(32), and the only intron found in the astacin-like por-
tion of tolloid are all inserted into the codon for a simi-
lar Gly residue (Gly63 in the astacin sequence), which
is highly conserved in this position within the astacin
family. At the protein level this intron occurs between
(B-strands slll and sIV. However, while the astacin in-
tron separates the codon triplet for this residue after
the first nucleotide (phase I intron), the three other
introns lie between the second and third nucleotide
(phase Il introns). The genes for astacin, BMP1, and
LCE also share a second conserved intron position
which corresponds to astacin intron 3. According to the
standard amino acid sequence alignment of the astacin
family (8, 11) these three phase | introns occur in ho-
mologous positions.

There are two major theories to explain the origin
and evolutionary significance of introns. One suggests
that precursor genes consisted entirely of coding se-
guences and introns were inserted later in the course
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FIG. 5. Comparison of intron positions in the astacin-like domain of the tolloid gene of Drosophila (22), the gene for the fish hatching
enzyme LCE (31), the human BMP1 gene (32), and the astacin gene (this work). Only the section representing the mature astacin protease
is shown. The intron positions are marked by arrows. For orientation, the position of astacin introns 2, 3, and 4 relative to the amino acid

sequence are indicated.

of evolution (33). The alternative theory argues that
introns were present in the earliest cells (34, 38) and
that gene evolution is dominated by recombination
within the introns (“exon shuffling”), by the loss of in-
trons, and by sliding of the introns.

A conservation of certain intron positions within the
genes of some protein families has also been observed
in the actin family (35), the serine protease family (36),
in evolutionary distinct genes for glycerinaldehyde-3-
phosphate dehydrogenases (37), and triosephosphate
isomerase (TPI) (38). For the different TPI genes, for
example, it was shown that intron positions are not
random in respect to the three-dimensional structure
of the protein (38), implicating that exons are related
to units of protein structure. In general this is also
true for the astacin gene where elements of secondary
structure are not interrupted by introns. Intron 2,
which may be seen as an exception, is only inserted
into the outermost residue (Gly63) of g-strand slV.

It is remarkable that the position of the astacin in-
tron 2 seems to be conserved in invertebrates (insect
and crustacean) and vertebrates (fish and human), al-
though both are separated by an evolutionary distance
of about 500 million years. This conservation, however,
is entirely true only in terms of the same amino acid
position since the exact position of intron 2 differs from
those of the corresponding introns in the other three

genes by one nucleotide (see above). Such cases of
guasi-conservation have also been observed in other
protein families (37, 38) and may be interpreted as
examples of intron sliding caused by a passive series
of mutations that must leave an intron present, but
not necessarily in the same nucleotide position (38).

It is also noteworthy that the exon—intron patterns
of the genes with a crustacean, fish, and human origin
show a closer similarity (two conserved intron posi-
tions) than the two invertebrate genes (one conserved
intron position). The fact that the tolloid gene of Dro-
sophila contains only one single intron in the astacin-
like module may reflect a tendency toward a loss of
introns, which seems to be reasonable for organisms
with small genomes and short generation times.

The complete loss of introns within a gene of an as-
tacin family member has also been observed for the
fish hatching enzyme HCE. Both HCE and LCE, which
are closely related, were shown to be expressed in the
same fish species (17, 31). In this case the intron-less
HCE gene is thought to be the consequence of a mMRNA-
mediated process of retrotransposition.

Exon—intron patterns are also known for several
members of the matrix metalloproteinases (matrixins)
(39), another group of the metzincins (9). Interestingly,
the presently known astacin and matrixin genes share
a single intron position, which corresponds to the re-
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gion between g-strands 111 and 1V at the protein level.
Considering the three-dimensional structure of the as-
tacins and the other metzincins, this particular con-
served intron position is located at the border between
the N-terminal framework of the protein structure and
the catalytic apparatus, which starts with g-strand 1V
that is essential for substrate binding. This specific fea-
ture might account for the fact that intron 2 has been
conserved beyond the boundaries of different protease
families which belong to the same superfamily, the
metzincins.
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