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ABSTRACT. The hatching enzyme (envelysin) of the sea urdté@micentrotus pulcherrimusas purified

from the medium of hatched blastulae. By cDNA cloning its deduced amino acid sequence and molecular
architecture were revealed. The 591-residue precursor with calciNgtetl66 123 consists of an 18-
residue signal sequence, a 151-residue propeptide, and a 422-residue mature enzyme with N-terminal
catalytic and C-terminal hemopexin-like domains. As compared with thBacdcentrotus Widus, its

amino acid sequence is 69% identical and 10% similar. They share typical structural features with the
mammalian MMP gene family members: cysteine switch, zinc-binding signature, methionine-turn, Cys
residues near both ends of hemopexin-like domain, etc. However, its propeptide has a 70-residue extra
sequence with an Asp- and Glu-rich stretch, supposedly involved in the proenzyme activation by binding
C&t ions in seawater. The hinge region is also longer than those of most MMPs, with an extra sequence
rich in Thr and Arg residues. Mature 50K enzyme is highly susceptible to autolytic cleavage at GIn-
(503)-Leu(504), producing the 38K form retaining catalytic activity and substrate specificity against
fertilization envelope. The 38K form and 15K fragment were coeluted from a gel-filtration column,
suggesting that these two fragments are disulfide-bridged and that the tertiary structure is not much deviated.
The 38K form further autolyzed to 32K form by cleaving Tyr(450)-Tyr(451) bond with the loss of protein-
substrate specificity, retaining only nonspecific protease activity. Thus, the autolytic reléésefdhe
C-terminal domain reduced the highly specific enzyme to a common nonspecific protease, implying that
the size and structure of almost the entire hemopexin-like domain is essential for the protein substrate
specificity. Moreover, autolytic degradation of envelysins from the two species follow quite different
pathways despite their high homology in structure. The 38K and 32K forms were inhibited by bovine
TIMP-1 with different 1Go values, indicating that its inhibitory activity depends on the extent of the
interaction with the C-terminal domain of the enzyme.

About 11 h after fertilization, the embryos of the sea urchin our designation (Nomura et al., 1991) with the aid of
Hemicentrotus pulcherrimuat mid-blastula stage, hatch out mechanical disruption by ciliary motion. The presence of
from the protective fertilization envelope (FE)a huge HEz as a protease was first reported by J. Ishida (1936,
complex of glycoproteins. During this hatching process FE 1985), and since then several groups have tried to purify
is dissolved by the action of the protease historically called and characterize HEz, but none could succeed in its purifica-
“hatching enzyme (HEz)” (EC 3.4.24.12) or “envelysin” by tion in the strict sense of the word. The isolation procedures

employing the conventional chromatographies of gel filtra-
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(Hoshi et al., 1979; Post et al., 1988). Moreover, the 1993; Baragi et al., 1994; O'Connell et al., 1994). Catalysis,
cleavage-site specificity was reported as Glu-specific, on theanother basic function of protease, is performed by the
basis of results from experiments using the small peptide catalytic site or active center in the N-terminal catalytic
substrates such as Chz-Glu-Phe and Cbz-Glu-Tyr (Barrettdomain, although the cleavage site specificity or the primary
& Edwards, 1976). Another subject of controversy was specificity is generally determined by the structure of
whether the genetic information for HEz was of maternal specificity pocket close to the catalytic site. Thus, in this
origin or not (Barrett et al., 1978). This was basically settled family of metalloproteinases, the two basic functions of a
by the experiments which by the use of hybrid andromer- protease, catalysis and specificity, are ascribed respectively
ogons revealed that new mRNA synthesis from embryonic to the distinct domains, catalytic (N-terminal) and he-
chromatin is required before hatching enzyme can be mopexin-like (C-terminal) domains connected by the hinge
synthesized (Showman & Whiteley, 1980). Ten years later region which is also involved in the determination of
it was clearly solved by Northern blot analysis (Lepage & substrate specificity. This prominent type of molecular
Gache, 1990). architecture for a distinct group of proteases is not found in
The way out from the confusion and deadlock for more ordinary proteases of digestive role or of bacterial origin.
than half a century was at last found by employing procion- Supposedly, this structure was generated by the fusion of
agarose chromatography for the purification of the HEz of two genes in a later phase of protease evolution.
Mediterranean sea urchParacentrotus bidus (Lepage & In order to widen our knowledge on the structure of HEz,
Gache, 1989). The purified 51K enzyme, in itself, retains the structural basis for substrate specificity, and the molecular
the original activity and specificity to rapidly dissolve FE mechanism of specific FE dissolution by HEz, we undertook
in seawater. A year later, by cDNA cloning, its deduced the cDNA cloning of theH. pulcherrimusHEz, determined
amino acid sequence of the preproenzyme was unveiled ashe sites of autolysis, and confirmed the differential inhibition
a member of the matrix metalloproteinase (MMP) gene of the two forms of HEz by TIMP-1.
family (Lepage & Gache, 1990). The 587-residue precursor
consists of an 18-residue signal sequence, a 148-residueEXPERIMENTAL PROCEDURES
propeptide, and a 421-residue mature enzyme made up of
catalytic (N-terminal) and hemopexin-like (C-terminal) do-  Materials. The sea urchindi. pulcherrimuswere col-
mains. As a member of MMP gene family it has a typical lected near Noto Marine Laboratory, Kanazawa University,
cysteine-switch consensus sequence PRCGVPD (Sanchezen the Sea of Japan coast (Toyama Bay). The eggs and
Lopez, 1988; Springman et al., 1990) near the end of sperm were collected by artificial spawning induced by
propeptide, and the catalytic site “zinc(-binding) signature,” pouring 0.5 M KCI into opened body cavity. The concen-
HEFGHSLGLYH (Jongeneel, et al., 1989). As compared trated medium of hatched blastulae, the starting material for
with the mammalian collagenases, gelatinases, and stromelHEz purification, and soft and hard FEs were prepared as
ysins, HEz has an additional Asp- and Glu-rich stretch in reported previously (Nomura et al., 1990, 1991). Organic
the middle of propeptide, and another extra-sequence that isand inorganic chemicals were purchased from Wako Pure
rich in Thr and Arg residues in the hinge region or linker Chemical Ind. Ltd. (Osaka), Nacalai Tesque Inc. (Kyoto),
peptide between the catalytic and hemopexin-like domains or Sigma Chemical Co. (St. Louis, MO) except as otherwise
(Li et al., 1995). Later, they determined the total sequence noted. Chymostatin was purchased from Peptide Institute
of the 6332 bp genomic DNA comprising nine exons, with Inc. (Osaka). Red-agarose, i.e., reactive red 120 (type 3000-
an altered cysteine-switch sequence PLCGVPDV, reportedly CL, cross-linked 4% beaded agarose), HEPES, and CHAPS
due to polymorphism (Ghiglione et al., 1994). were from Sigma, and the maleimide-activated keyhole
We previously reported about the purification of a 37K limpet hemocyanin was from Boehringer-Mannheim (To-
form HEz fromH. pulcherrimusand the specificity at the  kyo). Recombinant bovine TIMP-1 was expressed in CHO
cleavage site and the nearby residues using various peptides;ells and isolated as about 28K glycoprotein. It is identical
including oxidized insulin B chain, substance P, and mas- to embryogenin-1 with embryogenesis-stimulating activity
toparan (Nomura et al., 1991). The results indicated that as previously reported (Sato et al., 1994). Superose 12-HR
the HEz preferentially cleaves the Midide of hydrophobic ~ (10/30) and 12-PG (16/50) columns were from Pharmacia
residues, -Leu, -lle, -Phe, -Tyr as well as -Ala and -GIn Biotech (Tokyo). The reverse phase C18 column for HPLC
residues, similarly to stromelysin, but not so strictly as (Senshu-Pak) was purchased from Senshu Sci. Co. (Tokyo).
thermolysin. Thermolysin and HEz really revealed distinct The cDNA synthesis kit, Hybond-N membrang;£P]ATP
cleavage patterns on the peptides, e.g., substance P, mast¢111 TBg/mmol) and ¢-3?P]dCTP (110 TBg/mmole) were
paran, and LHRH. Later we found that HEz was reversibly products of Amersham International plc. (Amersham, U.K.).
inhibited by the synthetic peptide Ac-PI&VPDV-NH, with 7-DEAZA Sequencing Kit, version 2.0, was from Takara
the cysteine-switch consensus sequence but not by theBiomedicals Co. (Kyoto). Sequenase, version 2.0, DNA
peptide with p-Cys isomer, indicating the stereospecific sequencing kit was from United States Biochemical Co.
nature of the binding of the peptides to the active site of (Cleveland, OH). Restriction enzyme, T4 DNA ligase, and
HEz (Nomura & Suzuki, 1993). other enzymes used for molecular cloning were purchased
Extensive research on mammalian MMPs in the past from Takara Biomedical Co. (Kyoto) or Toyobo Co. (Osaka).
decades established some novel concepts on the structurdhe random-primed DNA labeling kit was purchased from
and function of the metalloproteinases of this category. One Boehringer-Mannheim (Indianapolis, IL). The plasmids,
of the striking features of MMP, except for matrilysin, is pBluescript Il KS¢+) and pBluescript Il KSt) were
that their protein substrate specificity and the inhibition by generously provided by Dr. Yoshitaka Nagahama at the
specific inhibitors TIMPs are ascribed to the C-terminal National Institute for Basic Biology, Okazaki, Japan.
hemopexin-like domain (Clark & Cawston, 1989; Murphy Fertilization and Embryo Culture The collected eggs
et al., 1992; Schnierer et al., 1993; Sanchez-Lopez et al.,were washed with filtered seawater for a few times and
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fertilized by adding diluted semen as previously described mM CaCl and 0.1 M NaCl, was added 1L enzyme
(Nomura et al., 1991), and the seawater medium was changedolution and incubated at 3@ for 20 h. The reaction was
several times to remove sperm by settling and decantation/stopped by adding 136L of 30% trichloroacetic acid, and
aspiration. Embryos were cultured in Millipore-filtered (0.45 the resulting solution was then vigorously mixed on a shaker
um) seawater at 20C, with gentle stirring at a population and kept still for 10 min. The tubes were then microcen-
density of about 5000 eggs/mL. At the onset of hatching, trifuged at 10 000 rpm for 10 min, and the supernatant was
stirring was stopped, the medium was decanted and aspiredneasured foA,s,0n a Shimadzu UV-160 spectrophotometer.
to 10% of the original volume, and the embryos were further  Amino Acid Sequence Analysidsolated HEz and its
incubated to almost complete hatching. After the embryos fragments derived by autolysis and nonspecific protease were
had settled, the medium was paper-filtered and processedanalyzed directly or after HPLC for their N-terminal

for purification of HEz or was stored at80 °C until
purification.

Purification and Autolytic Degradation of Eelysin.

sequences on a protein sequencer, ABlI model 476A, with
the data processing software 610A.
Preparation of RNA. Total RNA was prepared from

Envelysin and its autolytic products were isolated from the various developmental stages of the embryos by the LiCl
medium of the hatched embryos as previously describedMethod (Cathala et al., 1983). Poly(ARNA was then

(Nomura et al., 1991). In short, 0.5 M NaCl was added to Purified by two passages of the total RNA over a column of
3 L of hatching supernatant prepared from about 30 females0ligo(dT)-cellulose (Pharmacia Biotech, Uppsala, Sweden)

and concentrated to 150 mL by ultrafiltration on Amicon
PM-10 membrane. It was then supplemented with 0.5%
CHAPS and loaded on a red-agarose column &) cm)
equilibrated with buffer A (10 mM HEPES M NacCl, and

10 mM CacC}, 0.5% CHAPS, pH 8.2). It was eluted with
buffer A and then by a gradient of ethylene glycoH0%)

at a flow rate of 30 mL/h, and the fractions of 5 mL were
collected. The fractions with hatching activity were com-

bined and dialyzed against the starting buffer and concen-

trated to about 1 mL. It was further purified by gel filtration
on a Superose 12PG column (1x650 cm) using the same
buffer at the flow rate of 20 mL/h. Fractions of 1 mL were
collected and stored at30 °C. A portion of the purified
enzyme was left for autolysis at 2& for up to 30 h. The

(Davis et al., 1986).

cDNA Library Construction A cDNA library (1.85 x
106 pfu) from poly(A)y RNA isolated from prehatching
blastula stage embryos (cultured for1T2 h at 20°C) was
constructed inlgtll using the cDNA synthesis system and
the cDNA cloning systenmigtll (Amersham, U.K.).

Polymerase Chain Reaction (PCRPpix degenerate oli-
gonucleotide primers were synthesized on the basis of the
partial amino acid sequences of the 38K form of HEz
(NVAVTY for primer 2 and AIKNEL for primer 4), of the
peptides generated by autolysis (FGNILY for primer 5 and
IDRVEAYV for primer 6), and of the known sequences highly
conserved among the mammalian MMPs (CGVPDV for
primer 1 and AAHEFGHS for primer 3). Namely, primer

chromatography fractions and the autolysis samples werel. STG(C/T)GG(A/C/T/G)GT(A/C/GIT)CC(A/C/IGIT)GA-

analyzed by SDSPAGE (Laemmli, 1970). The enzymes

(CIT)GT3; primer 2, BAA(C/T)GT(A/C/GIT)GC(A/C/G/

and autolysis samples were also applied to HPLC on a T)GT(A/C/GIT)AC(A/CIGIT/)TAS; primer 3, SGC(A/C/G/

reverse-phase C18 column (Senshu-Pak,>4.85 cm) by
the gradient elution with acetonitrile in 0.1% trifluoroacetic
acid, monitoring the effluent at 225 nm.

The nonspecific protease fractions from red-agarose chro-
matography were combined, concentrated, and chromato-
graphed on a Superose column, and the fractions with
caseinolytic activity were collected, concentrated, and further

chromatographed on a DEAE-Sephacel columnx(110
mm). The run-through fractions with high specific activity
were combined and concentrated with a micro-ultrafiltration
unit (Mol-Cut L, M, 10 000 cutoff, Millipore Japan).

Measurement of Hatching and Caseinolytic Aitittss. The

T)CA(C/T)GA(A/G)(AICIT)T(AICIGIT)GG(A/CIG/
T)CAS3'; primer 4, BAT(C/T)TC(A/G)TT(C/T)TT(A/G/
T)AT(A/CIGIT)GC3; primer 5, 5(A/G)TA(A/CIGIT)A(A/

G)(A/GIT)AT(G/A)TT(A/CIGIT)CC(A/G)AAZ; and primer
6, 5GC(C/T)TC(A/C/GIT)AC(A/C/IGIT)C(GIT)(AIG)TC(A/
GIT)AT3.

These primers were used to amplify the total cDNA
synthesized fromH. pulcherrimus prehatching blastulae
MRNA in a standard PCR using a RoboCycler 40 (Strat-
agene, U.S.A)). The PCR contained 100 ng of total cDNA,
50 mM KCI, 1.5 mM MgC}, 2.5 mM each of dATP, dCTP,
dGTP, and dTTP, 5.0 units of Taq polymerase, 0.1 mM of
each primer, and 10 mM Tris-HCI (pH 8.3). The reaction

hatching enzyme activity was measured basically as previ- narameters were as follows: 1.5 min at 2, followed by
ously described using ethanol-fixed four-cell stage embryos 35 cycles of 0.5 min at 94C, 0.5 min at 46C (first, second,
as substrate (Nomura et al., 1991_)_. The flxe_d embryos weregnd fifth cycles) or 37C (other cycles) and 1 min at 7Z.
washed free of ethanol and equilibrated with assay buffer an aliquot of the reaction mixture was reamplified under

(10 mM HEPES, 0.5M NaCl, 10 mM Cag£10 mM MgCh,

pH 8.2), and a 20@L suspension of about 100 embryos in
the assay buffer was placed in each well of a 96-well
microplate. After addition of 1L enzyme sample, the
mixture was incubated with occasional shaking for up to 30

the same condition except for the annealing temperature (40
°C for the combination of primers-15, 2—5, and 1-4; 44

°C for primers 2-6; and 46°C for primers 3-6), and the
products were analyzed by agarose gel electrophoresis.
Amplified DNA fragments were subcloned into the plasmid

h at room temperature, counting the number of completely yector pBluescript, and each DNA insert was sequenced by
denudgd (“hatcheQ") embryos at an adequate time intervalihe dideoxy method (Sanger et al., 1977) using 7-DEAZA
on an inverted microscope. The number of the denuded sequencing kit, version 2.0, or Sequenase sequencing kit.
embryos in each well was occasionally counted, and the time  \jplecular Cloning A 1044 bp cDNA fragment generated
required to attain 50% and 100% hatching was recorded. py PCR was used as a probe to scree. goulcherrimus
Nonspecific protease activity was measured in the fol- prehatching blastulae cDNA library. About910* plaques
lowing way. To 200uL of 0.6% casein (Hammarsten, were screened on replicate Hybond-N membranes %##th
Merck) solution in 50 mM Tris-HCI (pH 7.5) containing 5 labeled cDNA fragment. Positive clones were rescreened
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Ficure 1: (A) Reactive-red-agarose chromatography of crude HEz. The incubation medium of the hatched embryos (3 L) was concentrated
to 150 mL and loaded to the column. It was eluted by the starting buffer and by the gradient of ethylene ghp@86J0The nonspecific
protease activity was eluted after the large run-through peak, and the HEz activity was eluted by the gradient of ethylene-§Ql (0

(B) Superose 12 PG column chromatography. The fractions with hatching activity from the reactive red agarose chromatography (A) were
combined and dialyzed against buffer A to remove ethylene glycol, concentrated to about 1 mL, and loaded to the column. It was eluted
with buffer A, and the fractions with hatching and/or caseinolytic activities were collected and stored frozaf at.

until pure, eight positive clones were finally obtained, and HEz. A Cys residue was attached to the C-terminus of the
the phage DNA was purified. The largest cDNA insert of peptide to enable the conjugation onto maleimide-activated
the isolated clonesiHE4-1-1 with 2.5 kbp was subcloned keyhole limpet hemocyanin. The antibody was prepared in
into the plasmid vector pBluescript IIKS). Serial deletion a Japanese White Rabbit, and the antisera were storelat
mutants of the subclone were made according to the method®C. The enzyme samples were electrophoresed, electro-
of Yanisch-Perron et al. (1985). Nucleotide sequences wereblotted to a PVDF membrane at°®, and incubated with
determined by the dideoxy chain termination method (Sangerantiserum and then with peroxidase-conjugated anti-rabbit
et al.,, 1977) and analyzed on DNASIS software (Hitachi IgG antibody. The antigens were visualized with diami-
Software Engineering Co., Yokohama). nobenzidine as a substrate of the peroxidase.
Northern Blot Analysis Northern blot analysis was carried
out using 1ug of poly(A)™ RNA isolated from prehatching RESULTS
blastulae. The size of RNA was estimated using the8.24
9.5 kb RNA Ladder (GIBCO BRL, Gaithersberg, MD) as Purification of Ervelysin and Its Autolysis ProductsThe
markers. entire chromatogram of the Reactive-red-120-agarose chro-
Hydropathy Plot Hydropathy index foH. pulcherrimus matography for HEz purification is shown in Figure 1A for
envelysin was calculated by the method of Kyte and Doolittle the first time, because it was not presented in the former
(1982) at a window of 12 residues on DNASIS. reports (Lepage & Gache, 1989; Nomura et al., 1991). The
Antibody Preparation and Western Blot Analysig\ large broad peak which passed through the column contains
peptide with the N-terminal partial sequence of mature most of the FE component proteins and their breakdown
envelysin, YVTGGIAWPRN-C, was synthesized as an products with little HEz activity. After the large peak,
antigen for the preparation of an antibody specific to mature nonspecific protease fractions with only a slight hatching
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Ficure 2: SDS-PAGE analysis of crude envelysin and the fractions eluted from red-agarose (A) and Superose 12PG [with 2-ME (B) and
without 2-ME (C)], and of autolytic degradation products of purified HEz (D). In panel A samples were run on a 14% minislab gel, and
in panels B, C, and D they were run on 13.5% gels of standard width with various height.

activity were eluted. A very small peak with both high to 38K and 15K forms linked by a disulfide bridge maintain-
hatching and caseinolytic activities emerged by the elution ing its hatching activity, fully or slightly less, and further
with 60% ethylene glycol after the gradient. On microplate via some intermediates or directly to apparently stable 32K
assay, the fraction with the highest hatching activity (no. 109) form without specificity against FE during the hatching
dissolved the FEs of all the embryos in 30 min. The active process and purification procedure. As described below, the
fractions (nos. 105111) revealed by SDSPAGE the bands  mature HEz has a calculatdd, of 48 158 based on the

of 38K, 50K, 32K, and 15K in the order of band density deduced amino acid sequence without sugar. Thus, the
(Figure 2A). The fractions with hatching activity were purified HEz turned out to be a mixture of minor 50K and
combined, dialyzed against the starting buffer, concentratedmajor 38K¢15K) forms retaining the hatching activity. The
with Amicon PM10 membrane and Mol-Cut L to about 1.0 38K(+15K) form corresponds to the 37K form in the
mL and applied to a Superose 12 PG column (.50 cm).  previous study (Nomura et al., 1991). The faint diffuse band
The resolution was better than Superose 12 HG (1.80 above 32K band suggests the presence of some other
cm) mainly because of its larger column size. By this autolytic pathways. By SDSPAGE without 2-ME (Figure
chromatography some contaminating substances with UV 2¢C) no 15K band was detected in any fraction but a diffuse
absorbance but without Coomassie stain were eliminated,stain between 50K and 38K was detected in the fractions
and the purified enzyme was eluted in fractions—48  \ith HEz activity. The 32K band was detected in the same
(Figure 1B). In the chromatogram, the peaks of hatching way as in Figure 2B. Although the 50K band was not
and caseinolytic activities did not coincide, but rather getected as sharply as under reducing conditions, the result

separated from each other by three fractions, the hatchingfther supports the above conclusion for the 38K§K)
activity being eluted faster. By SDSPAGE (Figure 2B) form.

the active fractions again revealed the bands of 50K, 38K, Th ii inolvti Kiv bound t
32K, and 15K with a diffuse stain at ca. 34K. However, e nonspecific (caseinolytic) enzyme weakly bound to

the relative density of 50K band became far lower than in the red-agarosg_column (fractions around no. 50, Figure 1A)
Figure 2A, and theéZK band was the densest. This tendencyWas further pur|f|ed by Superose .12HR and DEAE—SephgceI
was already observed for the concentrated enzyme SoMionghromatographles to homogeneity as revealed as a single
before gel filtration. The 38K band was detected in the °and of M of 32K by SDS-PAGE (not shown). The
fractions 52-61, while the 32K band was in the fractions €NZYme ran through the DEAE-Sephacel column similarly
5463, corresponding to the hatching and caseinolytic © theP. lividusenzyme (Lepage & Gache, 1989).
activities, respectively. It was also revealed that the 38K  Autolytic Degradation of Eselysin Small amount of
and 15K bands were coeluted with parallel density for each purified envelysin (fraction no. 54) with major 38K and
fraction (51-59) and that the 32K protein was the last eluted minor 50K and 32K forms was incubated at 25 for up to
(Figure 2B). These results suggest that mature HEz with 30 h and analyzed by SBSAGE. After 15 h, the 50K

the originalM;, of 50K autolyzed mainly by a single cleavage and 38K bands disappeared and only the 32K and 15K bands
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Ficure 4: The restriction endonuclease map and sequencing

11 rr strategy for aiHE4-1-1 cDNA insert. The map shows only the
relevant restriction sites. The direction and length of the sequences
I T determined are indicated by arrows. The deduced open reading

frame is shown by the solid box.

The peak at 19 min was first sequenced as LORRTRIRRY-
\ ; ' 209 FGNILYALID-REAV-, but some ambiguity was later found

as LQRR(T/S)RIRRY-F(G/R)N(I/T/G)LYALID-(G/R)EAV-

by re-examination of the sequencing data. These sequences,
- distinct from the N-terminus of mature HEz, are rationally

assigned to the sites of autolytic cleavage. The peaks of

FiGure 3: Immunoblot analysis of the fractions from Superose :
12PG chromatography. The samples were electrophoresed as ir'léOK and 38K({-15K) forms were not found in the HPLC

Figure 2B, electrotransferred to a PVDF membrane, and treated Chromatogram, presumably because the gradient apptied (0
with the antiserum against a peptide with the N-terminal 11-residue 60%) was not enough for the elution of active enzymes. The

sequence of mature HEz. above four underlined partial sequences were used for the
synthesis of oligonucleotide primers.

and diffuse stain above 32K were detected (Figure 2D) The |solation and Sequence Ana|ysis of the cDNA Encoding
possibility of some other contaminating protease(s) is not H. pulcherrimus Enelysin A cDNA library representing
Completely ruled out, but it is unlikely. The 32K form did the mRNA fromH. pu|cherrimusprehatching embryos was
not digest itself further and did not produce any smaller band constructed inigtll and screened with a 1044 bp PCR
even after 30 h of incubation. The 32K product is considered product which contained the predicted amino acid sequence
to be identical with the nonspecific protease in Figure 1. 180-528:

Immunoblot Analysis The immunoblot of the Superose
fractions using an anti-serum SpeCifiC to the N-terminUS Of NVAVTYSFGT-LSNDLSQTAI-KNELRRAFQV-WDDVSSLTFR-EVVDSSSVDI-
mature HEz revealed that the bands of 50K, 38K, 32K, and RIKFGSYEHG-DGISFDGQGG-VLAHAFLPRN-GDAHFDDSER-WTIGTNSGTN-
weak broad bands around 40K and 34K share a common
antigenic determinant (Figure 3), confirming that these
molecular species are derived from the mature 50K HEz by
consecutive autolytic truncation of C-terminal fragments. In RQACTGSFDA-VIKDNSDRIY-ALAGRYYWRL-DQASPSWGWR-NRFGFDLPEN-
contrast, immunostain was not detected for the 15K band ypasroncIF-sYFFSGCYYY-YQTSTTRRRF-PRTPFNRRWV-GLPCDIDAVY-
which was clearly Coomassie stained (Figure 2B). In this
experiment, the density of the immunostain for each band

was _not pa_rallel with that of Coomassie stain. Those_with The analysis of 9« 10¢ recombinants from an amplified
relatively highMy, the 50K and ca. 40K bands, were stained cpnA library finally yielded 8 positively hybridizing clones.
more densely by antiserum than with Coomassie dye. Among them, the clongHE4-1-1 containing 2.5 kbp insert
Partial Amino Acid Sequences of &lysin Portions of  DNA was chosen for nucleotide sequence determination. The
purified envelysin and nonspecific protease were directly sequencing strategy for the clone is shown in Figure 4, and
applied to N-terminal sequence analysis. Because of inho-the complete nucleotide sequence and the deduced amino
mogeneity due to the autolysis products and someNdw  acid sequence are presented in Figure 5. THE&4-1-1
contaminants, the sequences were not determined unequivocDNA insert was 2488 bp in length. The nucleotide
cally. The major barely readable sequences were (Y/N)(V/ sequences of six primers used for the probes to sdreen
R)(T/P)(G/P)(G/S)(I/S)(A/R)- and (Y/N)(VIR)(T/G)(G/S)(G/  pulcherrimusHEz were all found in the sequence with some
S)(/A)(A/G)-, respectively, suggesting the same N-terminal ajteration: 526-542 for primer 1, 586596 for primer 2,
sequences for the two enzyme samples. Therefore, both633-650 for primer 3, 895911 for primer 4, 15821600
enzyme samples were applied to HPLC and the resultantfor primer 5, and 16061626 for primer 6. We have
peaks were sequenced. Two peaks, major and minor, fromassigned the initiation codon to the ATG at position-4%,
the 32K nonspecific protease yielded the same N-terminal because there is an upstream in-frame stop codon, and
51- and 39-residue sequences, YVTGGIAWPR-NVAVTYS- furthermore this ATG is flanked by the sequence that fits
FGT-LSNDLNQNAI-KNEIRRAFQV-XDDXSGNXFR-N. Kozak’s criteria for translation initiation codon, (A/C)-
We assumed that both peaks represent the whole body ofxXAUGG (Kozak, 1981). The initiation codon is followed
32K form, chromatograhically distinguished by slightly by an open reading frame of 1770 bp. An in-frame stop
different post-translational modification or minor C-terminal  codon occurs at the position 1817, and thei®translated
truncation. region composed of 672 bp includes polyadenylation sites
A portion of purified HEz, already containing autolysis (AATAAA at positions 2102-2107, 2119-2124, and 2442
fragments, was applied to HPLC. Only two of several 2447).
isolated peaks yielded N-terminal sequence data. The peak Deduced Amino Acid Sequence ofiElysin The whole
that eluted at 8 min appeared to be a mixture of small deduced amino acid sequence shown in Figure 5 indicates
fragments, but only the sequence YQTSTR- was determined.that the preproenzyme of 591 amino acid residues with the

LFQVAAHEFG-HSLGLYHSDV-QSALMYPYYR-GYNPNFNLDR-DDIAGITSLY-

GRNTGSTTTT-TRRPTITRTT-TRRTTTRRTT-TQLATTQTTT-IRPPTYPTPP-

KSGDSGTTYF-FKGRFVYKFS-SSNQLORRSP-ISSYFRNTPY-ALRDGVEAV.
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5" CAACATTTTAACTAAAATCATCGTTCGCTCTTTAAACTGAGAATGGCGAATTTTTGCTTGATATTTGCAGCAGTGTTCTTGACACGGCTAACCACT 96
*hk MANFCLIFAAVFLTRLTT 18

GTACTAAATACCCCGATCTCGGTGACGTTCGGACCGACACAGTTAACTGACATCACAAAATTGGTCAGCGAAACAGGAGATGACTTCGGCTTGACCACT 195
VLNTPI SVTFGGPTQLTDITKLYSETGDDFOGLTT 51

CCGAGATCAGCGATCTTGACTACTGTCTCCGAAGACGATTCTGATGATGACGATGGCGGTGAATCGGTTGAAGATACGACGATACTGCAAACAACAACA 294
PRSAI LTTVSEDDSDDDDGGESVEDTT I LQTTT 84

TCATCTGAAATCGTGATTTCGGGCATAGTCGTTGACGAGGACATTGACGAGTCAAAAGTCGTAAAATTGAAGGCAAACCTTGAGCAGTTCGGTTACGTT 393
SSEIVISGIVVDEDI!DESKVVKLEKANLEQQTFGYYV 117

CCCCTCGGCTCAACCTTCGGCGAGGCAAACATCAACTACACATCCGCCATCTTGGAATATCAACAAAATGGCGGTATTAACCAAACAGGTATATTGGAT 492
PLGSTFGEANINYTSAILEYQOQNGG!)NQGTGG I LD 150

GCTGAAACAGCAGCACTCCTAGATACACCTCGGTGTGGGGTTCCCGATATTTTACCATACGTCACAGGTGGCATCGCGTGGCCACGTAACGTAGCCGTG 591
AETAALLDTPRCGVYPDI!ILPYVTGG I AWPRNLUYALV 183
(a)
ACGTATAGCTTCGGTACTCTCTCCAATGATCTCAGTCAAACCGCAATCAAAAACGAACTAAGGAGAGCCTTTCAGGTTTGGGACGATGTGTCTAGTTTG 690
T Y S F 6 T L S N DL S QT A | KNETLRRATFIQVWDDVS S L 216

ACCTTTCGTGAGGTCGTCGATAGTTCATCTGTCGATATCCGTATCAAATTCGGCAGCTATGAACACGGTGACGGCATCTCTTTCGATGGCCAAGGCGGL 789
F REVYDSSSVDIRIKFGSYEHNGDGI SFDGQGG 249

GTCCTCGCCCACGCCTTCCTACCTCGTAACGGTGACGCTCATTTTGACGACTCCGAGAGATGGACAATCGGGACAAACTCTGGTACGAACTTGTTTCAG 888
VLAHAFLPRNGDAHTFDDSERWTIHIGTNSGTNLTFOQG 28

GTTGCAGCCCATGAGTTTGGTCACAGTCTTGGTCTCTACCACTCGGATGTACAGTCAGCTCTCATGTATCCCTATTATCGGGGT TATAATCCCAACTTC 987
VAAHWKEFGHSLGLVYHSDVQSALMRYPYYRGYNPNTF 315

AATCTTGATCGTGATGACATTGCTGGCATCACATCGCTTTATGGAAGAAACACTGGCTCAACTACAACAACAACAAGGCGACCCACAATCACCCGTACT 1086
NLDRDDIAGITSLYGRMNTGSTTTTTRRPTITRT 348

ACCACACGCCGTACAACCACACGCCGTACAACTACACAACTCGCCACCACACAGACTACCACAATAAGACCTCCTACGTACCCTACCCCGCCCCGTCAG 1185
TTRRTTTRRTTTQLATTQTTTIRPPTYPTPPRAQ 38

GCCTGTACTGGATCCTTCGATGCAGTCATCAAAGATAATAGTGATAGAATATACGCATTGGCCGGGCGTTACTACTGGCGGCTGGATCAGGCATCACCT 1284
ACTGSFDAV I KDNSDRIYALAGRYYWRLDOQASP 44

TCGTGGGGTGTAGTTCGTAACAGATTTGGATTTGATCTGCCGGAGAACGTGGATGCCAGTTTCCAAAATGGGATCTTTTCATATTTCTTCAGCGGATGT 1383
S WGVVRNRFGFDLPENVDASFQNG!FSYFFSGC 447

TATTACTACTATCAGACATCCACCCGACGCAGATTTCCAAGAACACCTTTCAACAGGAGATGGGTCGGTTTACCATGCGACATCGATGCAGTATATAAA 1482
YYYVyYQTmTSTRRRFPRTPFNRRWVGLPCDI!IDAVYK 480

TCTGGTGACAGTGGTACAACTTATTTCTTCAAAGGTAGGTTTGTCTACAAATTTAGCAGCAGTAATCAGCTCCAAAGGAGGTCTCCCATATCCAGTTAT 1581
S60DSGTTYFFKGRFVYKFSSSNQLUGRRTSPTIS S Y 511
(b)
TTCAGGAATACACCTTACGCCCTCCGCGATGGAGTTGAAGCAGTGGTACGCGTCGACGATGTTTACCTGCATTTTTACAGAGATGGTCGTTATTACAGG 1680
F R N T P Y AL RDGVY EAVYVRVYDDVYLHFYRDGRYYR 546

ATGATTGAGTCCACTAAGCAGTTTGTCAACTTCCCCAATGGTTTGTCATATCGTGACGTCATCGATACACTTATTCCACAGTGTCGCAGTCTGAACCTG 1779
M I ESTKQFVNFPNGLSYRDVY IDTLIPQCRSLNL 579

AGCGTAGAAATCGAGAGTTGCTCGAATTCATCAGAATGAAATGACATTTTATCAGGACTTTCCCTTTATCAACGTGAGCGGGAATGACCCCAGCAAAGA 1878
S VE I ESCS NS S E*x 591

ATAGAAATTAAAAATGTTAAGATGAAAAGTTGAAATGTGTGTCATTTTCATTGGTTACCTACTCTATTTGACAATGTACTTACATTATTATAAGCCACA 1977
TACCACATATCAAATATCTGTAAAAGAGGAGAGGATATAGAATTATTACAGCCGAAGCATTGTTTATAACGAGGTCATAACTAAGTTGAAGGAGTGGTT 2076
TTTTGTTTAGCACTCGCACTGACCAAATAAAATGGCAGCTGTAATAAACATTTAAACCTATATCTTTAAAGAAAACATTTTTATAGATCCATTTTTTTT 2175
TTATCGAGTGCGTGTATTTATTACGTAAATCTTTCCTGGTCAATTTCCAAATGCTTTCAGCAAATTCTACGAATTAATTTCACCTTACATCGTATTTGT 2274
ACACCTCAATAATATCGCTGTCATTATCAGTTGCATTATTTTGTCTTCCATTATTGTCCTCGAATTGTATTACTTATTATTCATTTATGTTTAAATCTT 2373
AGTTTGGATATTAATATATGTATGYGATTTACTTATTACAGGTGTGTATCTCTATTTTTCTCTTTGTAAATAAATCTAATTATTCAATTGAAAAAAAAA 2472
AAAAAAAAAAAAAAAA 3 2488

Ficure 5: Complete nucleotide sequence and deduced amino acid sequencelbiBfel-1 cDNA insert. Nucleotide and amino acid
residue numbers are indicated on the right side. The triple asterisks (***) denote the stop codons (TAA and TGA). Potentially N-linked
carbohydrate binding sites [NX(S/T)] and polyadenylation signal sequence at-timer@nslated region (AATAAA) are underlined. The
N-terminal amino acid sequences of the purified envelysin (YVTGG-) and of the peptide generated by autolysis (LQRRS-) are indicated
by double underlines.

calculatedM;, of 66 125, contains a hydrophobic region of mature enzyme with the calculatéd of 48 158 (without
about 20 amino acid residues in its N-terminal part, Asp- sugar), corresponding to the intact mature 50K band, but
and Glu-rich region (EDDSDDDDGGESVED---VVDEDI- much larger than the major form of the purified envelysin
DES) in the propeptide, and four potentially N-linked with M, 38K. This confirms that the smaller form is derived
glycosylation sites at residues 12932 (NYT) and 144 by truncation of its C-terminal portion of ca. 12 kDa size by
146 (NQT) in the propeptide, and 57880 (NLS) and 588 autolytic degradation during hatching process and purification
590 (NSS) near the C-terminus. The total number is the procedures. The cleavage occurred at the GIn-Leu<503
same, but their distribution is different from that 8% 504) bond but the C-terminal fragment with the LORRSPIS-
lividus three in the propeptide and one near the C-terminus. SY- (504-591) sequence was not liberated from the major
The signal peptide is determined to be the residuesg, ~ body of HEz, presumably due to the presence of intact
based on the method by von Heijne (1986). The N-terminal disulfide bond as described below. The 15K band detected
amino acid sequence of the purified enzyme (YVTGGIA-) by SDS-PAGE may correspond to this fragment.

suggests that the activation of proenzyme proceeded by the Near the end of propeptide, HEz has a typical cysteine-
cleavage at Pro(169)-Tyr(170), yielding the 422-residue switch consensus sequence, PRCGVPD (Sanchez-Lopez,



7232 Biochemistry, Vol. 36, No. 23, 1997 Nomura et al.

1988) followed by the lle residue, less popular than Val for prepared from various developmental stagebl opulcher-
this position as found irP. lizidus HEz and most of the  rimusembryos were analyzed by Northern blot hybridization
mammalian MMP family members. To our knowledge the using a part of theiHE4-1-1 cDNA insert (nucleotide
PRCGVPDI sequence with lle was first found in the numbers 5861626) as a probe. A single hybridization
stromelysin-3 of African clawed frog (Patterson et al., 1995). signal was detected at the position of 2.8 kb by poly(A)
Some more structural features described Rr lividus RNA from the embryos cultured at 2@ for 6—12 h, with
(Lepage & Gache 1990) were also foundHnpulcherrimus a maximal signal for the 8 h-cultured embryos (Figure 8A).
HEz. The domain structure of HEz is summarized in Figure No signal was detected in unfertilized eggs or in the embryos
7A. The mature enzyme has five Cys residues, all of which either within 3 h pos#rtilization or after 14 h. The envelysin
are in the C-terminal domain, much more than two in most activity in the medium of normal embryos reached maximum
mammalian MMPs. The two Cys residues Cys-383 and Cys-at 12.5 h. In the medium of nude embryos, whose softened
586 is highly probably assumed to be disulfide-bridged to FEs were stripped soon after fertilization by forcing them
accomplish the four-blade propeller structure of hemopexin- through a nylon net (Nomura et al., 1990), the activity peak
like domain, by analogy to the 3-D structure of full-length was at 11.5 h, an hour earlier than normal embryos (Figure
porcine synovial collagenase (Li et al., 1995). 8B). Thus the periodfol h is considered to be the time
By the DNASIS program, the isoelectric points of the 591- required to resolve the FE surrounding the embryo.
residue preproenzyme, the 422-residue (50K) intact mature Effect of Inhibitors on Erelysin Actiity and Hatching
enzyme, and the 334- (38K) and 281-residue (32K) autolyzed Bovine TIMP-1 inhibited the hatching activity on ethanol-
forms were calculated to be 5.09, 9.14, 9.47, and 8.10, fixed embryos dose_dependenﬂy with tlgvalue of about
respectively, showing drastic elevation dfypon activation. 110 nM. Using the humaros-proteinase inhibitor as
The @ of the 32K form is lower than expected because it substrate as previously reported (Nomura & Suzuki, 1993),
ran through DEAE-Sephacel column at its final purification TIMP-1 in molar excess was shown to inhibit HEz activity
step. As shown by the hydropathy plot in Figure 7B, the completely for a practical period of 45 h. Caseinolysis by
entire molecule of the preproenzyme contains very few poth 38K and 32K enzymes was also inhibited by TIMP-1
hydrophobic block except in the N-terminal signal sequence dose-dependently with appardggvalues of 26 and 88 nM,
and several residues in the propeptide, indicating that bothrespectively (Figure 9). Inhibition of 32K form to a lesser
propeptide and mature enzymes are rather hydrophilic. Theextent indicates that the binding of TIMP-1 to the C-terminal
interaction of HEz with the substrate FE, however, is very domain of HEz is necessary for effective inhibition (Bigg et
strong, and this was the reason for the mysterious difficulty al., 1994; Taylor et al., 1996). In contrast, chymostatin (1
in purification of this enzyme for more than half a century. mM) was not inhibitory at all on the hydrolysis of substance
The prediction of the secondary structure was partially P, as analyzed by the method previously reported (Nomura
successful. The catalytic domains of mammalian MMPs in et al., 1991). The hydrolyses of casein and substance P were
general have three-helices: helix A near the N-terminus, also inhibited by ZnGl dose-dependently as measured up
helix B containing the active site His and Glu residues, and to 5 mM. The normal hatching and later development of
helix C at the end of catalytic domain (Dhanaraj et al., 1996). H. pulcherrimusembryos were also inhibited by 10V
In HEz, on the assumption that it has helices at the sameznSQ,. The same result was observed for ZnCl
positions as MMPs, the helices A and B were successfully
predicted, although they are slightly shorter than those in p|SCUSSION
human fibroblast collagenase (Spurlino et al., 1994). The
helix C, however, was not predicted at the corresponding After the hatching enzyme was found by Ishida in 1936,
position (Figure 7C), but instead a sheet was predicted. Themore than half a century had passed before the isolation of
C-terminal domain of mammalian MMPs has almost no an intact sea urchin HEz was successfully achieved by
helix, having instead a few one 8k, turn of a helix-like Lepage and Gache in 1989. A procedure suggestive of
stretch (Li et al., 1995; Libson et al., 1995). Therefore the successful purification had been reported briefly and fully
prediction ofa-helices in this domain of HEz is overesti- described later for the sea urct@trongylocentrotus purpu-
mated. ratus (Roe & Lennarz, 1985, 1990) by a method with some
The deduced amino acid sequence of the prepro-form of steps different from those of other species (Lepage & Gache,
H. pulcherrimusHEz is 69.1% identical and 10% similar to  1989; Nomura et al., 1991). The failure to isolate intact HEz
that of P. lividus and if limited to the catalytic domain in earlier studies is due to excess steps of conventional
(residues 176330, tentatively), the sequences are 79.5% chromatographies, during which the intact HEz autolyzed
identical. Other domains have different identities: 44% for to a nonspecific protease without (or with defective) C-
signal sequence, 64% for propeptide, and 69% for he- terminal hemopexin-like domain which is essential to the
mopexin-like domain. As compared with human stromel- protein substrate specificity, well-known for mammalian
ysin-1 (Saus et al., 1988) it is 23.7% identical, and for each MMPs except for matrilysin (Clark & Cawston, 1989; Alan
domain, the identities were 6% for signal peptide, 13% for et al., 1991; Murphy et al., 1992). The point was that they
propeptide, 50% for catalytic domain, and 15% for C- used the procion-agarose chromatography for the first step
terminal domain. It is 23.2% identical and 10.9% similar of purification to quickly separate the HEz from the bulk of
to porcine synovial collagenase (Clarke et al., 1990) for the FE degradation products. By this method the time for
whole precursor sequence, and 16% identical for signal purification was drastically shortened, and thus the autolysis
peptide, 13% for propeptide, 45% for catalytic domain, and was practically suppressed during the isolation procedure.
16% for hemopexin-like domain (Figure 6B). Procion-agarose or red-agarose, one of the dye-ligand affinity
Northern Blot Analysis.In order to determine the size of chromatography media, had been successfully employed for
the mRNA for theAHE4-1-1 cDNA insert and to know when  the purification of collagenases and stromelysins. A rabbit
the mRNA for HEz is expressed in embryos, poly{/®NAs bone “proteoglycanase” was purified with “procion-red-
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A

(Signal) | 19~ (Propeptide)
Hp FEHFAA%TR TV BTBSQEGP—— ik Lﬁsﬂg-n LT DSDDD SHEDE 78
AN nseL | Il T NP LT TSR ToL $0 | TR I TiEREDRF GL T TRYTGL L TRV SEIDSDDDERGO ey 75

1 19- (Propeptide)

Hp v 1 SGIVVEEY gongxﬂuov
Pl 3 AV VE EVITE SV KA ELSFG Y]
A TPREGVPDILPY VTR L8 SBT LYIKINEL RRAFQVWDDYSSLY DsssvalKFGsvi_'_
IR TPRUGY PDYLPEY TRS INDLQTKE L RRAFVWDDYSGLSRFREVEDTISVD IR IKFGSY B

1 %167- (Activation)
#
[ I"IHGDG | SFDGMGGVLAHAFLA DAHFDDS TIGTRISGTNLFQVAAHEFGHSLGL VSALMYPY R--&IN 312
CTIHGDG | SFDG[HGGYLAHAF L FIRNG gt DAHFDDS BUWT | GTIRASGTNL FQVAAHEFGHSLGL MYHSIVINSALMYPY VoGl G Y V)
%

é d ., )
PPN 1L DIRDD | AG IPISLY G RTTTTTRRPT [ TRGTTTRRRTTT(HR QLHQI ij_‘PPR --ND
SYIPNF (L DTDD | AG I[HSL Y GANRSGSETTTTTRRPT LTRAT TTRRRTTTIRA T TLRAT TJIT T TRlRRNPSPS PPRIASRRSGSF D)

1325 (Autolysis)

] ] {451  (Autolysis)
Hp D LDQ'SPSWGWNRFGF NK{DASFQ ol YYYQTS RER— FIR 466
IR vy RDNSY WOl DQlESPSWGLVINRFGF L PN LDASFQRGHTLY F FSZellY Y Y Y QTS THRYFPReFIPUINRIELE

QTGILDAETAL
QTG 1LDABTAEL LRI

237

—

v | 504 (Autolysis) ]
Hp IDAVYXSCIDNA Ggm%zm LQRRS RNTEYER DGVEAVVY” 542
Pl | DAVYRSSIBEAT YEFK NN REEGIR TP NALTEDGY EAVYREDETY { HE VRDCRERY:]
" P ** -
Hp RYYRM KQFVNFPNGL SPIYIRDV 1 DTL (PQ L!;iEV I@%& 591
IR v RMIEONEGROFUNFPNGL ARVRDY | £5¢ | PQUERGIRIL SYERNE GES [1SSE) 587
B
(Signal) } 19- (Propeptide) ,

Hp [ANF(] FAA"‘”FLRLT%VL N%PISVTFGP——T TDITK LVSETGDDFTTPESAI i} TVSEDDSDDDDGGESVEDTT 78
pC UFSLLEELLLICNIGSHEFP ALTSETQEQD--VEIVQKYL KNYYNLNSDG/PVEKRNSE L 59
Hp ILQTTTSSEIVISGIVVDEDIDESKKLKAN%EGYVP LGSTFGEAN INYTSAILEYQ QNG 'QI 158
pC - (RIEKLKQ Jolg-——- N GLI¢TGLGDAETH 88

{ %170~ (Activation)

Hp T LP&—GW P}EEVA' SFGTL?*NQT A KNE%R FQ§{W Riﬂvgsgvﬂaﬂkw' 237
pC  QCOTNVAETLUPENPR W RIENYHPRE VWO 3K AF QL WLV Sl THFIVSEGRARD || NFIGED IR Y,

1 %100~ (Activation)

#
(T R DGUGOL AHAF PG R DAHF D BNERW T{I NG GHSLG {EDVQ&YR——YN 312
Pl 0 Y DG GG AHAF SPRGRCHEEDAHF D ENERW TN NL Yl AAHEIGHSL G LISHSEDTIGAL MY PNV [RRICO VA1

@ % 2]
Hp PNF D 8RN TGS-TTTTTRRPTITR-TTT RRTTTRRTTTQLATTQTTTI TPER 388
pC  Q-—-Esoulpelo \fePS ENP - QTE-ov 285

1 259- (Autolysis)

} 451- (Autolysis)
N§IFSYFFSG¢ YYY QESTRRRFPR— FNR 466
I DRDEVRFFK GNKNWAVRGQDVLYGYgKDI 364

LDQAS SWG?‘VRNRFGFD-Q ENED
TNSFY[REVELNF | SVFWPQL] ENGIQ

| 504- (Autolysis)
ELQR%PISSYFRNTEYALR DG} VRVBDVYLHYRDG 542

Hp RWV-SLECD-—-TDEVYKSG
G SMDTZYPKMIAEEF G IGN K-{BANJFQKDGFLYF[RHGTR 443

pC  HRSFEFESTVKNIEAVFEE

%
Hp RYRMIEEQFVNFPNGLS YRDVIIofil PQC LNLE\\:E |ESCS-NSSE 591
pC  QUQFDF-KIR-~~-~~~-= -==- Lulo-——-0-8W- -FNCRKQ-—- 469

FiIGURE 6: Sequence alignment 6f. pulcherrimusenvelysin withP. lividusenvelysin (A), and with porcine synovial collagenase (B). The

amino acid sequences of the two envelysins (Hp and PI) were aligned first by the DNASIS software and further manually to obtain maximal
identity by inserting blanks. Alignment with porcine collagenase (pC) in (B) was performed manually. The residues that are identical
between the two are shown by white-on-black letters, and the residues of similar nature, belonging to any of the groups (G, A, S, T), (D,

E), (N, Q), (K, R), (V, I, L, M), or (F, Y, W), are shown white-on-gray. The Cys residues and potentially N-glycosylated Asn residue are
typed black-on-gray. The consensus sequences for cysteine switch and zinc signature are underlined. The symbols above the residues
denote the following: *- - -*, tentative catalytic domain (Tyr 27Gly 330 for Hp envelysin); #, Met residue in the “Met-turn” motif; @,

Asp residue essential to &a-binding; **, the two Cys residues, supposedly disulfide-bridged in the hemopexin-like domain. The arrow
heads indicate the cleavage sites for signal sequence, proenzyme activation and autolysis. The sequences and cleavage sites were adopte
from Lepage and Gache (199B; lividus envelysin) and Richards et al. (1991) and Clark et al. (1995; porcine collagenase).
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Ficure 7: Domain structure (A), hydropathy plot (B), and predict

BT $838§ RN s
TOT T TTETTIT T THTIT TITET TITMTT TN THMMINENT TIM TTOOIT RO OTTTT TTTOTITY
oo ¢

[

ed secondary structure (&) milcherrimusenvelysin. (A) The bar

indicating the total sequence is divided to signal peptide, pro-sequence, N-terminal domain, hinge region, and C-terminal domain. The
characteristic Asp/Glu-rich stretch, zinc signature, and Thr-rich stretch are shown by shaded or black boxes. (B) The hydropathy index was
calculated by the method of Kyte and Doolittle (1982) at a window of 12 residues. The horizontal axis with the same scale as in A separates
the hydrophobic (positive) and hydrophilic (negative) regions. (C) The secondary structure was predicted by DNASIS software based on

the method of Chou and Fasman (1978). The letters H, S, T, and C stand for Helix, Sheet, Turn, and Coil, respectively.

agarose” used at the final step (Galloway et al., 1983) and more specific affinity chromatography with easier elution is

stromelysin was isolated from rabbit synovial fibroblasts with
procion-red-Sepharose (Chin et al., 1985). Research o

preferable, e.g., active-site directed peptide hydroxamic acid
ncolumns without the use of ethylene glycol (O’'Hare et al.,

vertebrate collagenases, which led to the currently flourishing 1995). Jaspisin, a HEz inhibitor produced by a sponge

mammalian MMP studies, also have a long history with
difficulty in purification after their findings in the involuting

(Ikegami et al., 1994) may also be useful as a ligand for
such column. Another tactic may be the use of some

tadpole tail and rat uterus in the early 1960s (Woessner, J.reversible inhibitors which suppress the autolysis during

F., 1962; Gross & Lapiere 1962).

purification and storage. Zinc ion or some other recently

Red-agarose chromatography provided an excellent methoddeveloped inhibitors for MMPs in adequate concentration

for purification of sea urchin HEz, as was proved by the
successful isolation d®. lividusenzyme as a 51 kDa intact
mature form without any autolyzed form (Lepage & Gache,
1989). In our study, however, it still takes many hours to
remove 60% ethylene glycol by dialysis followed by
concentration, during which the autolysis of intact enzyme
proceeds to a measurable extent. The intact 50K matur
enzyme was hardly isolated as a stable entity; rather, i
rapidly autolyzed to 38k{15K) and further to 32K forms
during purification procedure, thus making the “purified”
HEz as a mixture of 50K and 38K(L5K) or of 38KH15K)
and 32K molecular species as shown by SIPAGE of

may be the candidates for such additives.

By the purification procedures of HEz so far reported, it
is difficult to isolate proenzyme and thus to elucidate the
mechanism of proenzyme activation, because the source of
HEz was the supernatant of hatched blastulae medium,
available only after the enzyme finished its role. Proenzyme

eand autolysis-resistant mutants of HEz in substantial amount

t may be obtained by the expression in adequate cells. Once
obtained they will be of great value to study the mechanism
of proenzyme activation and the crystal structure and will
provide us much new information. Distribution of HEz
protein in whole embryos was studied by immunolabeling

Superose fractions. In the previous study we isolated 37K (Lepage et al., 1992b).

enzyme as an intact HEz without knowing the significant
role of the 15K fragment which was faintly detected in the
SDS-PAGE plate (Nomura et al., 1990). To avoid autolysis

The first report on the cDNA cloning of HEz appeared
about 6 years ago (Lepage & Gache 1990); we show here
the second cloning data. A part of the deduced amino acid
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the total sequence. The value 69% is slightly lower than
those for mammalian stromelysins. Namely, rat, mouse, and
rabbit stromelysins-1 are 76%, 79%, and 85% identical,

A Time after Fertilization
Uf 3 6 8 10 12 14 16"

Origin respectively, to the human enzyme, and stromelysins-1 of
kb mouse and rat are 90% identical to each other (Henriet et
.9,:2 = al., 1992). In contrast, human fibroblast and neutrophil
44 — : collagenases are only 58% identical (Devarajan et al., 1991,
24 — .' Goldberg et al., 1986).
1.4 — ' On the basis of their high homology envelysins are
rationally placed in the MMP gene family to which the
024 subfamilies of mammalian MMPs and sea urchin envelysins

belong (Sang & Douglas, 1996). They have common VAA
sequence immediately before the zinc signature HEXGH-
B SLGLXHS. The cell wall lytic enzyme o€hlamydomonas

_ g reinhardtii (Kinoshita et al., 1992) may also be placed in
§°°° I I ] -1 this family as the third subfamily, although it has a VIM
< 10 3 instead of a VAA sequence. Several metalloproteinases of
§ S e . 5 zg M, 55K, 50K, 42K, and 38K were found in a developing
g ool g §§ = sea urchin embryo by gelatin zymography (Quigley et al.,
T o & Jos T & 1993), implying their roles in various phases of development
ol g gg, 5 other than hatching.
] 8§ In addition to different susceptibility to autolytic degrada-
7 1 L "2k g tion, the sites of autolysis are also quite different among the
ol— —,J 3 ORI T e = two enzymes. IrP. lizidusthe reported autolysis site was
“ Time after Fertilization (h) Ser-Leu (325-326) in and near the end of catalytic domain

FiIGURES: (A) Northern blot analysis. Poly(A)RNA prepared from  (Leépage & Gache, 1989) similarly to porcine synovial
various developmental stagestdfpulcherrimusembryos cultured ~ collagenase (Clark et al., 1995), while kh pulcherrimus
at 20°C was hybridized with a portion (nucleotides 580626) of the enzyme cleaved itself consecutively at GIn-Leu (503
the AHE4-1-1 cDNA insert. Embryos were cultured at ZDup to 504) and Tyr-Tyr (456-451), cleaving off abou#/s of the

16 h after insemination. They developed through the stages of “early o :
blastula (6 h).” “mid-blastula (810 h),” and the hatching period hemopexin-like domain to the apparently stable 32K form.

starting at 11.5 h. (B) The mRNA level in arbitrary units, the The partial sequences on both sides of the autolytically
percentage of hatched embryos, and the envelysin activity in the attacked peptide bonds K. pulcherrimusHEz are YYY-

media of normal and denuded embryos in arbitrary unit are plotted YQTST (448-455) and SSNQ-LQRR (566607). TheP.
against the time after insemination. lividus HEz also has the same or similar sequences YYY-
YQTST and SNNR-LQRR, but these sites were not cleaved
at all. Instead, it was cleaved only at IAGIRS-LYGSNSGS
°8R 1% (319-332), while the similar sequence IAGITS-LYGRNTGS
les in H. pulcherrimuswas not attacked. The difference in the
sites of autolytic attack may be due to a subtle difference in
104 the folding of the peptide chains and/or in their total 3-D
structures. Determination of exact 3-D structures by X-ray
crystallography in future will be of great help to answer this
02 guestion.

The SDS-PAGE pattern of the Superose fractions sup-
ports that the autolyzed 38K{L5K) form maintains the size
PEEEEAS 0 of intact 50K form. However, by the second cleavage at
T e (ug) ’ Tyr-Tyr (450—45'1), t'he fragment Tyr-GIn (451503) may
Ficure 9: Inhibition of envelysin and nonspecific protease (auto- be un-able t(-) mglntaln th'e §econdary and t?mary Structur.es
lyzed 32K form) by recombinant bovine TIMP-1. Activities of both even if the disulfide bond is intact. This may I.nduce a cjrastlc
types of enzyme are plotted against the weight of TIMP-1 in each change in the total structure of hemopexin-like domain and
tube. ELN, envelysin; NSP, nonspecific protease. linker peptide, and this may prevent the proper binding of
the substrate protein to accommodate the scissile peptide
sequence (LQRRSPISSYFRNTPYALRDGVEA-) was not bond to the active site in the catalytic domain. The difference
identical with that of the isolated autolysis fragment [LQRR- in size of the two molecular species 38K(5K) and 32K
(T/S)RIRRYF(G/R)N(I/T/G)LYAL(/G)D(G/R)VEAV-] pos- under non-denaturing condition is evident by the Superose
sibly due to the limitation of peptide sequencing, particularly fraction pattern (Figure 1B). It is also evident by SBS
at the chromatography of PTH-amino acids, microheteroge- PAGE that 32K enzyme does not accompany the second
neity in the enzyme protein from 30 individuals, polymor- polypeptide chain linked by disulfide bond. The pattern of
phism, or mutation during PCR amplification of DNA the band density for 38K and 15K in Figure 2B and the
fragment. Similar inconsistency was observed between thehatching activity profile in Figure 1B correlates well,
cDNA and gene oP. lividus HEz (Ghiglione et al., 1994).  suggesting that the 38K(5K) enzyme is responsible for
Two prepro-forms of HEz were revealed to have the the hatching activity, in addition to the 50K intact enzyme
sequence homology of 69% identity and 10% similarity in in minor proportion.

0.3 0.3

Caseinolytic Activity (Azso0)
°
N

e
Y
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In contrast to the 50K and 38K(15K) forms, the 32K residues, -Leu, -Tyr, -Phe, as well as -Ala, -Asn, etc.
form was eluted from the red-agarose column with only a (Nomura et al., 1991). However, the protein substrate
slight retardation after the bulk of FE degradation products specificity of HEz has not been well elucidated. Among
(Figure 1A), indicating that the 32K form, lacking thg of the FE proteins, 70K ovoperoxidase ard00K proteins
the hemopexin-like domain, has only a weak interaction with were reported to be rapidly degraded, while 100K, 50K, and
the reactive-red dye ligand. This means that the enzyme’s15K proteins are rather resistant (Nomura et al., 1991; Roe
interaction with the reactive-red dye is mainly via C-terminal & Lennarz, 1990; Nomura & Suzuki, 1995). The FEs of
hemopexin-like domain, but not the catalytic domain, sug- the embryos from various species were dissolved at different
gesting that the dye is not catalytic site-directed in the rates depending on the phylogenetical distance, indicating
chromatography, although it was really inhibitory to HEz the species specificity (Nomura et al., 1990). The cleavage
(Roe & Lennarz, 1990). Itis an interesting question whether site specificity, or Stspecificity for most of metallopro-
or not the cleavage of small peptide substrates by the 32Kteinases can be understood to be determined by the structure
form is inhibited by the dye. of “S1' specificity pocket” (Stams et al., 1994) close to the

TIMP-1 inhibited the 38K¢15K) form more effectively catalytic center, but the higher order protein substrate
than the 32K form, suggesting that its interaction with the specificity is rationally assumed to be determined by the
C-terminal domain of HEz is essential for inhibition. This interaction of the substrate protein(s) and the enzyme’s
result is in accordance with the report that the TIMP C-terminal domain including the linker peptide for MMP
inhibition of 22K form (catalytic domain) of human fibroblast  family members. This implies that the scissile bond-S1
collagenase is less pronounced than whole molecule, con-S? in the substrate FE protein is somewhat distant from the
firming the role of C-terminal domain in the interaction with  putative “substrate specificity determinant” which interacts
the inhibitor (Bigg et al., 1994; Taylor et al., 1996). with the HEZ's “substrate specificity site”.

In the hemopexin-like domain'there are four motifs highly e region essential for the substrate specificity of
conserved among the mammalian MMPs and two HEzs, at e trophil collagenase was studied using various C-termi-
the starting point of each of the foyii-propeller leaflets, oy truncated collagenases and chimera enzymes between
mostly containinAV triplet: SFDAV(386-390), (N/G)-  ¢qjagenase and stromelysin (Hirose et al., 1993). The
VDA(S/A)(FIY)(Q/E) (431-435), DA (VIA)(Y/) (474~ truncation of C-terminal four residues including the Cys-
477), and (VINE/D)AV(VIF) (525-529). These VDA 464 requced its collagenase activity to 62%. The region

motifs are conserved in other MMPs and hemopexins, \oqhqnsible to the specificity against native collagen was
suggesting their role in initiating th@-structure in e_ach assigned to be minimally the 16 residues in the middle of
leaflet, as shown in the 3D-structure of hemopexin and hemopexin-like domain. The chimera enzyme NED6)-
C-terminal domain of MMPs by Faber et al. (1995), Libson ST(327-467) retains 16.1% of the native collagenase
et arl{ (1995)|' and GO?}'ke et al. (199?1): _ st 2CtVitY, while NC(1-301)-ST(302-467) has only 0.94%
The envelysins of the two sea urchin species are distin- 5 iy - 1n our experiment the 32K enzyme with the linker
guished frO”.‘ mamma"a” MMPs in that HEZ‘?‘ have Insertion peptide and/; of the hemopexin-like domain does not have
of charggterlsgcTshequegc:s. Ashp- and r?llu-rrllchhr'eglon in the the specificity to FE. These data imply that the sequence to
propeptide an - and Arg-rich stretch In the hinge region. o, 5intain the full size of the enzyme, except for a few residues

Such al Thr'”d:j Sftretﬁ:h'l\;:’ﬁan n:jve_ry shto(rjt, IS ";Igolfoggdl'g at the C-terminus, contributes essentially to maintain the
stromelysin and in the S aesignated as 2D-1, 2D-19, o \hsirate specificity. It is thus rational that the autolyzed

and 2D-24 of regenerating newt limbs (Miyazaki et al., 38K(+15K) form of HEz, with a single nick at Gln-Leu

1996). (503-504) and supposedly maintaining its original tertiary

The two autolytic cleavage sites identified in this work oo i .
' structure, retains its substrate specificity against homologous
-Tyr(451) and -Leu(503), supposedly correspond to the FE as well as catalytic activity.

beginning of the third flat arrow in the second leaflet and to ) o .
the beginning of the fourth arrow in the third leaflet, For the next step of the investigation on the specificity
respectively, based on the reported structure (Faber et al.@nd structure, some autolysis-resistant mutant enzymes
1995: Libson et al., 1995). These positions may be p_repargd by site-directed mutagenesis, r_eplacmg the cleavage
susceptible to autolytic attack of HEz due to the location at Sité residues -Leu(503) and -Tyr(451) with non-hydrophobic
the outer surface of the molecule near the exit end of the OF charged residues, e.g., Gly, Lys, Glu, would be of great
channel-like opening. value. .By the use .of these mutant enzymes, ehmmguon of
As to another function of hemopexin-like domain, it would autolysis or alteration of autolysis sites vylll be confirmed.
be an interesting question whether or not intact or partially And furthermore, these stable mutants will be of great help
degraded envelysin and other MMPs of mammalian origin for the study on the relationship of the protesubstrate
has the hyaluronidase activity, since hyaluronidase has beerpPecificity and the C-terminal hemopexin-like domain, and
reported to be identical with hemopexin (Zhu et al., 1994). its detailed mechanism. Such a study has already been
The physiological significance for the high tendency to "eported for human collagenase (O'Hare et al., 1995).
autolysis of HEz is difficult to elucidate, because degradation A recent paper on collagercollagenase interaction (De
of FE in free seawater or more precisely in perivitelline Souza et al., 1996) is highly suggestive for the study on the
space, does not seem to require subtle regulation of thespecificity of HEz or on the HEz-FE interaction, in that the
enzyme action, in sharp contrast to that of extracellular matrix hinge region of HEz may mimic the conformation of its
proteins in tissues by mammalian MMPs. target protein(s) in FE. The mechanism of FE dissolution
The specificity of a protease is on a hierarchy structure. by HEz is the major theme of the next study, and for that
As to HEz the primary specificity concerning the residue or purpose the knowledge of FE structure is essential and of
short sequence on one or both side of scissile bond is alreadygreat interest. Isolation and characterization of FE proteins
reported by us as cleaving the amino side of hydrophobic are now in progress and will be reported in the near future.
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The cDNA cloning of the two sea urchin HEzs revealed
that they have a close relation to mammalian MMPs.
Choriolysins (HCE and LCE) of the teleoSryzias latipes
(medaka), in contrast, belongs to the family of crayfish

Biochemistry, Vol. 36, No. 23, 19977237

Gohlke, U., Gomis-Rueth, F.-X., Crabbe, T., Murphy, G., Docherty,
A.J. P., & Bode, W. (1996FEBS Lett. 378126-130.

Goldberg, G. I., Wilhelm, S. M., Kronberger, A., Bauer, E. A,,
Grant, A. G., & Eisen, A. Z. (1986). Biol. Chem. 2616600~
6605.

astacin (Yasumasu et al., 1992; Yamagami, 1996). Itis of Gyoss, J., & Lapiere, C. M. (196Broc. Natl. Acad. Sci. U.S.A.
interest that a group of invertebrate enzymes belongs to a 48, 1014-1022.

family of vertebrate enzymes and vice versa. It is widely

accepted that the enzymes playing important roles in
degradation of structural proteins are mostly metalloprotein-
ases. The cDNA clones encoding another metalloproteinase

BP10, a homologue of human BMP-1, were isolated from
the sea urchin embryo cDNA libraries in two sea urchin
speciesP. lividus (Lepage et al., 1992a) ar®l purpuratus
(Hwang et al., 1994), with similar sizes of 64K and 72K,
respectively. They are now known to play important roles
in the early development, dorsalentral patterning. With

the accumulation of more and more sequence data of HEz

Henriet, P., Rousseau, G. G., & Eckhout, Y. (199BBS Lett.
310 175-178.

Hirose, T., Patterson, C., Pourmotabbed, T., Mainardi, C. L., &

Hasty, K. A. (1993)Proc. Natl. Acad. Sci. U.S.A. 92569

2573.

Hoshi, M., Moriya, T., Aoyagi, T., & Umezawa, H. (1979) Exp.
Zool. 209 129-134.

Hwang, S.-P. L., Partin, J. S., & Lennarz, W. L. (19®%&velop-
ment (Cambridge, U.K.) 12(%659-568.

Ikegami, S., Kobayashi, H., Myotoishi, Y., Ohta, S., & Kato, K.
H. (1994)J. Biol. Chem. 26923262-23267.

Ishida, J. (1936Annot. Zool. Jpn. 1%4), 453-459.

Sishida, J. (1985y00l. Sci. 2 1-10.

and other metalloproteinases (e.g., Quigley et al., 1993), ajongeneel, C. V., Bouvier, J., & Bairoch, A. (1988EBS Lett.

new phylogenetic relation of animals in terms of metallo-
proteinases will be clarified.
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