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*Zoologisches Institut der Universität Heidelberg, Im Neuenheimer Feld 230, D-69120 Heidelberg, Germany; and
†Department of Toxicology, BASF Aktiengesellschaft, D-67056 Ludwigshafen, Germany

Received April 23, 1996, and in revised form August 28, 1996

(1–3) and was shown to be synthesized in the hepato-
The crayfish digestive protease astacin is the first pancreas (midgut gland) of the animal (4). This diges-

described member of the astacin family of zinc-endo- tive endopeptidase displays a distinct unique cleavage
peptidases, for which it is regarded as a prototype. We specificity, liberating peptides with short aliphatic
have isolated and characterized the genomic sequence amino acid side chains in the N-terminal position (5).
of astacin which spans a region of 2616 bp. The coding Active astacin is a single-chain polypeptide, stabilized
sequence is distributed over five exons and is inter- by two intramolecular disulfide bonds, and composed of
rupted by four introns. It was observed that structur- 200 amino acid residues, which account for a molecular
ally and functionally essential units of the protein, like mass of 22,614 Da (6). One zinc ion which is essential
the three a-helices, the five b-strands, the Zn-binding for catalysis (7) is complexed to each astacin molecule.
motif, and the Met turn are never disrupted by introns. X ray crystal structure analysis of astacin revealed
The start site of transcription was determined by a spherical molecule, divided by a long deep active site
primer extension analysis, confirming the existence of cleft into a N-terminal and a C-terminal domain (8).a pre-pro-protein of 49 amino acids which so far had The catalytic zinc ion is located at the bottom of thisnot been detectable at the protein level. In addition,

cleft and forms a complex with the astacin family con-when compared to the amino acid sequence of mature
sensus sequence HExxHxxGFxHE. The N-terminal do-astacin, a carboxy-terminal extension of two addi-
main mainly consists of two long a-helices and five b-tional amino acids was also found. The exon–intron
strands. The C-terminal domain, apart from two helicalpattern of the astacin gene was compared to those of
stretches, is largely organized in several turns and ir-three other astacin family members with known geno-
regular structures. As a characteristic feature it alsomic sequences, i.e., tolloid of Drosophila, the fish
includes the so-called Met turn (9, 10), which provideshatching enzyme LCE, and the human BMP1 gene. In
a tyrosine Zn ligand as part of the short conservedeach of the four proteins one intron was found to be
motif SxMHY.inserted in the codon for a similar Gly residue which

is highly conserved in this position within the astacin In recent years it has become evident that astacin is
family. q 1997 Academic Press actually a member of a highly diverged protein family

Key Words: astacin; zinc-metalloproteases; pre-pro- (11) with homologous sequences found in both verte-
proteins in invertebrates; exon–intron pattern. 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)4 has been shown to beAstacin is the prototype for the astacin family of zinc
identical with the type I procollagen C-proteinase (13)peptidases which has been studied intensively in recent
and is likely to be involved in the de novo formation ofyears. The enzyme can be isolated from the stomach-
bone and cartilage (14). A second class of astacin familylike cardia of the freshwater crayfish Astacus astacus
members are the membrane-bound meprins which oc-
cur in the small intestine and the kidney and are be-

1 The nucleotide sequence has been submitted to the EMBL Nucle- lieved to be involved in the processing of biologically
otide Sequence Database under the Accession No. X95684. active peptides (15, 16). Astacin-like enzymes are also
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301GENOMIC ORGANIZATION OF THE ZINC-ENDOPEPTIDASE ASTACIN

protocol, primers EJ356 (5*-GCAAGCCAATGGTTGTGTTTACCA-engaged in the breakdown of the egg envelope during
3*) and EJ229 (5*-TGCATCAGTTTGCAGCATGTGAGC-3*) resultedhatching of fish (17) and bird embryos (18).
in an amplification product of 1190 bp. The PCR products were ana-Other astacin-containing proteins are morphogeneti- lyzed in 2% agarose gels, excised from the gels, and purified with a

cally active in early embryogenesis in the frog (19) and NUCLEOTRAP gel extraction kit (Machery & Nagel, Germany). The
purified fragments were then cloned into a T-vector generated fromthe sea urchin (20). In Drosophila, tolloid, another fam-
a EcoRV-digested pBluescript KS/ plasmid (Stratagene) by the pro-ily member, plays a role in patterning the dorsoventral
tocol of Marchuk et al. (26). By this procedure the 488- and 1190-bpaxis of the embryo (21, 22).
PCR products were cloned as pASP1 and pASP3, respectively.

In all of these homologous proteins, except for the For Southern blot analysis of the astacin gene, 10 mg of high-
hatching enzymes and astacin itself, an astacin-like molecular-weight genomic DNA were completely digested using dif-

ferent restriction enzymes, separated in 0.8% agarose gels, andmodule with a constant chain length of about 200 resi-
transferred to HybondN membranes (Amersham). Hybridization wasdues is attached to a much larger protein. Presumably
performed in 61 SSC, 51 Denhardt’s solution, 0.5% SDS, 100 mg/mlthese C-terminal extensions serve as regulatory sites of salmon sperm DNA, and 50% formamide at 427C for 20 h. The

or as membrane anchors (8). On the basis of topological 1190-bp PCR product was used as a probe, radioactively labeled to
evidence, the astacin protein family can be grouped a specific activity of 61 109 cpm/mg by random priming. After hybrid-

ization, membranes were washed with 21 SSC, 0.1% SDS for 5 mintogether with other zinc-protease families (adamalys-
twice at 377C. Final washing was performed in 0.11 SSC, 0.1% SDSins, serralysins, and matrix metalloproteases) into a
at 607C.common superfamily designated as ‘‘metzincins’’ For the creation of subgenomic libraries, 40 mg of a total EcoRI,

(9, 10). HindIII, and ClaI digest of genomic DNA was separated in a prepara-
tive 0.8% agarose gel. Genomic EcoRI fragments in the 2- to 3.5-After the extensive characterization of astacin at the
kb range, HindIII fragments in the 5.5- to 6.0-kb range, and ClaIprotein level, we report here the genomic organization
fragments between 2.5- and 3.5-kb were excised and purified as de-of this prototypical zinc-endopeptidase. The sequence
scribed above and ligated to alkaline phosphatase-treated pBlue-information obtained by this work and the character- script KS/ vector that had been digested with the same restriction

ization of the transcription unit of the gene clearly con- enzymes. In order to obtain a high transformation efficiency, the
libraries were introduced into Escherichia coli DH5a (BRL) by elec-firm that a N-terminal pre-pro-peptide for astacin ex-
troporation (32). Preliminary characterization of mini-prep DNAists, even though an inactive precursor or zymogen has
(Promega Biotec, Magic mini-prep) from selected positive recombi-thus far not been isolated. The new data described here
nants verified that the size-selected genomic fragments were ligated

will help to assign structurally and functionally dis- to pBluescript. Identification of clones containing astacin sequences
tinct domains of the protein to the corresponding exons was done by colony hybridization on nitrocellulose filters. Oligonucle-

otide primers EJ356 and EJ229 labeled on the 5*-position with [g-and will yield insight into the molecular evolution of
32P]ATP were used as probes. Hybridization conditions were as de-this protein family at the DNA level.
scribed for Southern blotting. By this procedure a 2.8-kb EcoRI frag-
ment, a 3.2-kb ClaI fragment, and a 5.8-kb HindIII fragment were
identified and cloned as pAS25, pAS34, and pAS42, respectively.MATERIALS AND METHODS

The nucleotide sequences of the plasmid inserts were determined
Animals and isolation of genomic DNA. Crayfish, A. astacus, by double-stranded sequencing according to the dideoxy chain termi-

were obtained from a commercial crayfish farm (Keller, Augsburg, nation method, using Sequenase version 2.0 (UBS). Either universal
Germany) and kept as described elsewhere (4). For the preparation M13 primers or the specific primers mentioned above were used. In
of genomic DNA, muscle tissue from animals in the intermolt stage some cases, plasmid inserts partially deleted by exonuclease III were
was used. Frozen tissue (10 g) was ground by using a pestle in a utilized.
mortar containing liquid nitrogen. The resulting powder was sus-

Primer extension analysis. For primer extension analysis,pended in 50 ml of homogenization buffer (15 mM Tris, pH 7.5, 0.15
Poly(A)/ RNA was isolated from the crayfish hepatopancreas by stan-mM spermine, 0.5 mM spermidine, 60 mM KCl, 0.3 M sucrose, 2 mM
dard methods (25). The oligonucleotide primer PE 3 (5*-GCGCAC-EDTA, and 0.5 mM EGTA).
TGCATGTGGTAGGTA-3*, complementary to nucleotides 326 to 346From this material nuclei were isolated using a standard protocol
in Fig. 3) was 5*-end-labeled with polynucleotide kinase and [g-32P]-(23). Nuclei were suspended in lysis buffer (50 mM Tris, pH 8.0, 100
ATP and purified on a 20% urea–acrylamide gel. Poly(A)/ RNA (15mM EDTA, 200 mM NaCl, 0.8% SDS) and incubated for 20 min at
mg) was primed and reverse-transcribed with 12 units of reverse507C. An additional incubation at 377C with proteinase K (1 mg/ml)
transcriptase for 45 min at 377C as described (30). The primer exten-was carried out with slow agitation for 6 h. Isolation of high-molecu-
sion product was analyzed on a 6% sequencing gel, and the size oflar-weight DNA was done by formamide treatment and dialysis ac-
the product was determined by comparison with sequencing reac-cording to Kupiec et al. (24) with an additional phenol extraction at
tions that were simultaneously loaded.the end of the procedure.

Molecular cloning. Unless otherwise stated, materials and meth-
ods for cloning and DNA manipulation were adopted from standard RESULTS AND DISCUSSION
molecular biology protocols (25). Parts of the genomic sequence of
the astacin gene were amplified from genomic DNA of A. astacus by Isolation of Genomic Fragments of the Astacin Gene
PCR. Two sets of gene-specific oligonucleotide primers (see Fig. 3)
were derived from cDNA fragments isolated by E. Jacob (manuscript A first approach to obtain genomic sequences of as-
in preparation). Primers EJ354 (5*-TATCTCTGGTCAGGTGTCATA- tacin was made by applying PCR techniques. Two frag-
3*) and EJ357 (5*-CGGGTGTGCTCATGGTAGAAG-3*) resulted in a ments of 488 and 1190 bp were amplified from genomic488-bp product by using 100 ng of chromosomal DNA and the follow-

DNA of A. astacus and cloned as described under Mate-ing temperature cycle: 947C, 1 min; 587C, 2 min; 727C, 5 min repeated
35 times followed by an extension at 727C for 10 min. Using the same rials and Methods. Since both of these cloned genomic
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astacin sequences by colony hybridization resulted in
the isolation of a 2.8-kb EcoRI fragment, a 3.2-kb ClaI
fragment, and a 5.8-kb HindIII 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-
quences, 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–PstI sub-
fragment. The nucleotide sequence of this fragment

FIG. 1. Southern blot analysis of Astacus astacus genomic DNA. and the deduced amino acid sequence of 251 residues10 mg of genomic DNA was digested with the restriction enzymes
is shown in Fig. 3. It differs from the cDNA sequenceindicated in the top line, separated in a 0.8% agarose gel, and trans-
by only three nucleotides, of which only one leads to aferred to a nylon membrane. The filter was hybridized with a 1190-

bp genomic PCR product of the astacin gene, labeled internally with different amino acid residue. The amino acid residue
32P. Filters were washed at high stringency and exposed to an X ray in position 041 was found to be valine instead of ala-
film for 2 days. 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) asPCR products are significantly longer than the corre-
sponding cDNA derived amplification products (326 intron 1 to 4 (Figs. 2 and 3). Two long intronic se-

quences of 268 bp (intron 1) and 894 bp (intron 2) areand 296 bp, respectively; data not shown) the presence
of intron sequences was supposed. As described below, followed by two small introns of 106 bp (intron 3) and

58 bp (intron 4). These introns display donor and ac-this assumption was confirmed by sequencing.
Southern blot analysis of genomic A. astacus DNA, ceptor sites fitting the invertebrate splice junction con-

sensus (27) and contain stop codons in all three readingapplying the 1190-bp PCR product of pASP3 as a probe,
revealed a simple pattern of hybridization (Fig. 1). Ex- frames. Except for intron 4 the astacin introns also

contain an internal sequence corresponding to a puta-cept for EcoRI, all restriction enzymes used for the total
digest of genomic DNA resulted in a single hybridiza- tive lariat branch point upstream to the 3*-splice site

in the region between 21 and 35 nucleotides upstreamtion signal, suggesting that the astacin gene is present
in a single copy within the genome of A. astacus. How- from the 3*-splice point (28).

The amino acid sequence deduced from the genomicever, for active astacin at least three isoforms have
been observed after purification (2). Several reasons DNA shows an amino-terminal extension of 49 residues

when compared to active astacin (Fig. 3). The ATGmay be envisaged to account for this observation:
There may be several genes with sequences that are translation initiation codon (Met 049) starts at nucleo-

tide position 336 (according to the nucleotide positiontoo dissimilar in their nucleotide sequences to be de-
tectable by the high stringency conditions used here. numbering in Fig. 3). Only five codons upstream from

it, a TAA stop codon is located in frame.It is also conceivable that there are diverging sequences
beyond the sequence stretch covered by the probe. Post- The existence of a signal- and a pro-sequence has

long been postulated for astacin, since all members oftranslational trimming of one or both C-terminal resi-
dues which are deduced from the nucleotide sequence the astacin family are either secreted or are membrane

bound proteins. Besides a transient signalpeptide, theyof the gene (see below), but absent in the predominant
isoform at the protein level, may also result in different also contain a pro-part which is removed during matu-

ration. In the case of astacin no inactive zymogen (pro-isoforms. In addition, splicing variants of the astacin
gene might also exist. enzyme) has been observed, presumably because dur-

ing biosynthesis the enzyme is not accumulated intra-In a second approach to isolate genomic sequences
of the astacin gene, restriction fragments of an appro- cellularly, but is rather immediately released and

stored in the stomach as an active mature proteinasepriate size range (as determined by southern blot anal-
ysis, Fig. 1) were used for a shotgun cloning. By this (4). The crystal structure of astacin indicates that the

removal of a prosequence may be the major mechanismprocedure subgenomic libraries were established as de-
scribed under Materials and Methods. A screening for 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 III; 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 b-strands sI to sV are indicated according to Stöcker et al.
(8).

the formation of a critical salt bridge between the Surprisingly, the C-terminus of astacin as deduced
from the 3* region of the gene carries two additionalamino-terminal residue of mature astacin (Ala 1) and

Glu 103, which is next to the zinc ligand His 102 at residues when compared to the mature enzyme. The
mature C-terminus (Leu 200) is followed by Arg 201the active site (8).

The pre-pro-peptide deduced from the genomic se- and His 202 (Fig. 3), which have also been found in
the cDNA sequence. Possibly the two additional aminoquence of astacin contains in its N-terminal part a pu-

tative signalpeptide of 15 residues as predicted by the acids are removed by the activity of an carboxypepti-
dase B, which is also present in A. astacus (2).program PSIGNAL (PC/Gene-package, IntelliGene-

tics). The potential cleavage site, which conforms to the At a distance of 83 bp downstream from the TAG
stop codon (nucleotide position 2415) a putative polyad-‘‘(03, 01)-rule’’ of von Heijne (29), is located between

Ala035 and Ser034. For the removal of the remaining enylation signal is located, which occurs 11 bp up-
stream from the predicted end of the cDNA (indicatedprosequence two modes of proteolytic cleavage are con-

ceivable. There could be an autoactivation by astacin in Fig. 3).
The 5* region of the astacin gene was further charac-itself, cleaving between Gly 01 and Ala /1. The se-

quence around the mature N-terminus would meet the terized by primer extension of mRNA isolated from
hepatopancreas to determine the start site of transcrip-requirements for an astacin substrate cleavage site (5).

Another possible way for activation might consist in a tion. An oligonucleotide primer (PE3) complementary
to nucleotides 326–346 was radiolabeled and extended,tryptic cleavage after Arg 03, followed by subsequent

trimming of the N-terminus by an aminopeptidase. and the product was analyzed by denaturing gel elec-
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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 PstI 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 Ú

respectively.
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305GENOMIC ORGANIZATION OF THE ZINC-ENDOPEPTIDASE ASTACIN

acid residues of the pre-pro-sequence from the start
methionine (position 049) to Ala 046. 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 Val045 and Gly 63. It contains the major part
of the pre-pro-sequence (Val 045 to Gly 01), the N-
terminus of mature astacin (Ala 1), and includes b-
strands sI, sII, sIII, and a-helix hA. Exon C comprises
the region between Cys 64 and Pro 122 which includes
b-strands sIV 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 310-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 fishFIG. 4. Mapping of the transcriptional start site of the astacin gene
hatching enzymes HCE and LCE from Oryzias latipesby primer extension analysis. Lane P shows the product obtained by
(17, 31), and the human BMP1 gene (32) are the onlyprimer extension of oligonucleotide PE 3 (see Fig. 3). Lanes G, T, C,

and A are sequencing reactions used to determine the exact size of astacin family members that have been characterized
the extended product. 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 characterizedtrophoresis (Fig. 4). A major product was found as well

as a minor product corresponding to a fragment one in this work.
From an evolutionary point of view it is quite inter-nucleotide shorter in length, which was detected only

upon a very long exposure of the gel. The major product esting that the comparison of a crustacean, an insect,
and two vertebrate members of the astacin familycorresponded to a 101-base extended fragment as de-

duced from the dideoxy sequencing reactions, primed seems to reveal conserved positions for some of the
introns. Intron 2 of the astacin gene, intron e of thewith the same oligonucleotide, and loaded onto the gel

at the same time. This result localizes the transcription LCE gene (31), one of the introns in the BMP1 gene
(32), and the only intron found in the astacin-like por-start site at the A in position 246, which is 90 bp up-

stream from the translation initiation codon. The anal- tion of tolloid are all inserted into the codon for a simi-
lar Gly residue (Gly63 in the astacin sequence), whichysis of the 5*-flanking region revealed a TATA box (pu-

tative RNA polymerase II promoter sequence) in posi- is highly conserved in this position within the astacin
family. At the protein level this intron occurs betweentions 217 to 223. This is centered 27 bp upstream from

the identified transcription initiation site, which is in b-strands sIII and sIV. However, while the astacin in-
tron separates the codon triplet for this residue aftergood accordance with the preferred position of such a

promoter element (30). The sequence CA at the tran- the first nucleotide (phase I intron), the three other
introns lie between the second and third nucleotidescription start site corresponds to the sequence found

in the majority of eukaryotic promoters analyzed (30). (phase II introns). The genes for astacin, BMP1, and
LCE also share a second conserved intron positionThe coding sequence of the astacin gene is distrib-

uted over a total of five exons, designated as exon A to which corresponds to astacin intron 3. According to the
standard amino acid sequence alignment of the astacinE in Fig. 2. Sequences coding for secondary structure

elements of the protein like the three a-helices hA, hB, family (8, 11) these three phase I introns occur in ho-
mologous positions.hD, the short 310-helix hC, and the five b-strands sI to

sV (8) are never interrupted by introns (Fig. 2). Like- There are two major theories to explain the origin
and evolutionary significance of introns. One suggestswise, also the main Zn-binding motif and the Met turn

consensus remain uninterrupted. that precursor genes consisted entirely of coding se-
quences and introns were inserted later in the courseExon A only codes for the four N-terminal amino
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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 genes by one nucleotide (see above). Such cases of
quasi-conservation have also been observed in otherintrons were present in the earliest cells (34, 38) and

that gene evolution is dominated by recombination protein families (37, 38) and may be interpreted as
examples of intron sliding caused by a passive serieswithin the introns (‘‘exon shuffling’’), by the loss of in-

trons, and by sliding of the introns. of mutations that must leave an intron present, but
not necessarily in the same nucleotide position (38).A conservation of certain intron positions within the

genes of some protein families has also been observed It is also noteworthy that the exon–intron patterns
of the genes with a crustacean, fish, and human originin the actin family (35), the serine protease family (36),

in evolutionary distinct genes for glycerinaldehyde-3- show a closer similarity (two conserved intron posi-
tions) than the two invertebrate genes (one conservedphosphate dehydrogenases (37), and triosephosphate

isomerase (TPI) (38). For the different TPI genes, for intron position). The fact that the tolloid gene of Dro-
sophila contains only one single intron in the astacin-example, it was shown that intron positions are not

random in respect to the three-dimensional structure like module may reflect a tendency toward a loss of
introns, which seems to be reasonable for organismsof the protein (38), implicating that exons are related

to units of protein structure. In general this is also with small genomes and short generation times.
The complete loss of introns within a gene of an as-true for the astacin gene where elements of secondary

structure are not interrupted by introns. Intron 2, tacin family member has also been observed for the
fish hatching enzyme HCE. Both HCE and LCE, whichwhich may be seen as an exception, is only inserted

into the outermost residue (Gly63) of b-strand sIV. are closely related, were shown to be expressed in the
same fish species (17, 31). In this case the intron-lessIt is remarkable that the position of the astacin in-

tron 2 seems to be conserved in invertebrates (insect HCE gene is thought to be the consequence of a mRNA-
mediated process of retrotransposition.and crustacean) and vertebrates (fish and human), al-

though both are separated by an evolutionary distance Exon–intron patterns are also known for several
members of the matrix metalloproteinases (matrixins)of about 500 million years. This conservation, however,

is entirely true only in terms of the same amino acid (39), another group of the metzincins (9). Interestingly,
the presently known astacin and matrixin genes shareposition since the exact position of intron 2 differs from

those of the corresponding introns in the other three a single intron position, which corresponds to the re-
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