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Proteolytic Processing of a Sea Urchin, ECM-Localized
Protein into Lower Mol Mass Species Possessing
Collagen-Cleavage Activity

John J. Robinson*

Department of Biochemistry, Memorial University of Newfoundland, St John’s,
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Abstract The hyaline layer is an apically located extraembryonic matrix, which blankets the sea urchin embryo.
Using gelatin substrate gel zymography, we have identified a number of gelatin-cleaving activities within the hyaline layer
and defined a precursor–product processing pathway which leads to the appearance of 40- and 38-kDa activities
coincident with the loss of a 50-kDa species. Proteolytic processing of the precursor required the presence of both CaCl2
and NaCl at concentrations similar to those found in sea water. The cleavage activities utilized both sea urchin and rat tail
tendon gelatins as substrates but demonstrated a species-specific cleavage activity towards sea urchin collagen. The
gelatin-cleaving activities were refractory to inhibition by 1, 10-phenanthroline but were inhibited by benzamidine. This
latter result defines the serine protease nature of the cleavage activities. Both the 40- and 38-kDa activities were found to
comigrate with gelatin-cleaving activities present in the sea urchin embryo. J. Cell. Biochem. 99: 816–823, 2006.
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The extracellular matrix (ECM) in both
vertebrates and invertebrates is a ubiquitously
distributed proteinaceous coat, which sur-
rounds tissues and embryos. In addition to
contributing to structural integrity, the ECM
is a dynamic entity, which indirectly modulates
cell behavior bymediating interactions between
the cell surface and extracellular signaling
molecules. Also, a number of the constituent
components of the ECM can directly bind
receptor molecules on the surface of cells. Thus,

by acting as a reservoir of cell interactive
molecules, the ECM modulates many cellular
properties including shape, migration, prolif-
eration, and differentiation. Not surprisingly,
cells have evolved elaborate mechanisms for
controlling the biogenesis of theECM.Composi-
tion is controlled at several levels including de
novo synthesis of constituents, regulation of
secretory pathways, and protease-mediated
turn-over of components.

The regulation of ECM composition occurs at
many levels including de novo synthesis, post-
translational modification and proteolytic pro-
cessing. Identifying and characterizing the
proteolytic activities responsible for remodeling
the ECM has emerged as a major area of
investigation. This level of interest is derived,
in part, from the recognition that cleavage-
activities directed against components of the
ECM contribute to the homeostatic balance
required for normal development and physiol-
ogy [Vu and Werb, 2000]. Consequently,
changes to the level of cell surface proteolytic
activity can lead to a number of pathological
conditions [Coussens et al., 2002; Garcia-Tou-
chard et al., 2005]. The activities responsible for
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regulating protein composition in the pericel-
lular space belong to the metallo- and serine
families of proteases. Recent studies have
broadened the spectrum of molecules recog-
nized as substrates for these proteases. Non
ECM constituents such as growth factors, cell
surface receptors, and cell–cell adhesion mole-
cules are utilized as substrates for extracellular
metallo- and serine proteases [Del Rosso et al.,
2002; Somerville et al., 2003]. The former family
is the best studied and consists of four sub-
families, the matrix metalloproteases (MMP),
the adamalysins, seralysins, and astacins [Bode
et al., 1996].
The sea urchin has long been used as a

paradigm for embryonic development. In this
context, a number of laboratories have identi-
fied and partially characterized gelatin and
collagen cleaving activities in the egg and
embryo [Karakiulakis et al., 1993; Quigley
et al., 1993; Vafa and Nishioka, 1995]. While
these studies were devoid of structural details
on the proteases, they did describe cleavage
activities that were both expressed in a devel-
opmentally regulated pattern and inhibited
by the zinc chelator, 1, 10-phenanthroline.
This latter result identifies these activities
as metalloproteases. In an additional study
BB94, a vertebrate MMP inhibitor, was shown
to inhibit spiculogenesis in the sea urchin
embryo [Ingersoll and Wilt, 1998]. Analysis
of a zinc and calcium-dependent protease
responsible for dissolution of the sea urchin
fertilization envelope revealed a structure
similar to that reported for vertebrate MMPs
[Roe and Lennarz, 1990; Nomura et al., 1997].
These results identify MMP-like activities in
the sea urchin egg and embryo. In parallel
studies, we have characterized a serine pro-
tease, which is prominent in the sea urchin egg
and exported to the ECM following fertilization
[Mayne and Robinson, 1998, 2002; Robinson,
2000]. Clearly, a number of proteases, belong-
ing to at least two different families, are
required to maintain the proper composition
of the sea urchin ECM.
In this study, we report on two gelatin-

cleaving activities, which appear in the sea
urchin extraembryonicmatrix, the hyaline layer,
following proteolytic processing of a 50-kDa
precursor. These activities possess a species-
specific, collagen-cleaving activity and, inter-
estingly, display a serine, rather than the more
common metalloprotease character.

MATERIALS AND METHODS

Materials

All materials were of the highest grade
available.

Growth of Embryos

Strongylocentrotus purpuratus were pur-
chased from Seacology, Vancouver, Canada,
and gametes were obtained by intracoelomic
injection of 0.5 M KCl. Eggs were washed three
times in ice-cold Millipore-filtered and UV-
irradiated seawater (MFSW; 0.45 mm) and
fertilized with an approximate 100-fold numer-
ical excessive of sperm. Embryos were cultured
with constant aeration, at 128C, in cylindrical
chambers containing paddles rotating at 40 rpm.
Samples were harvested at the times indicated
after fertilization (HPF).

Isolation of Hyaline Layers

To facilitate the isolation of hyaline layers,
unfertilized eggsweredejellied by titrationwith
HCl to pH 5.5 and left on ice for 2 min. The pH
was then returned to 8.0with theaddition of 1M
Tris-HCl (pH 8.0). After extensive washing in
ice-cold MFSW, the eggs were resuspended in
MFSW to give a final concentration of 10% (v/v)
and their vitelline layer was disrupted with
10 mM dithiothereritol [Epel et al., 1970]. After
extensive washing in ice-cold MFSW, the eggs
were fertilized with a 100-fold numerical excess
of sperm. Hyaline layers were isolated as
follows. One-hour-old embryos were washed
several times in ice-cold MFSW and resus-
pended to give a final concentration of 10% (v/
v) in MFSW containing 10 mM benzamidine
hydrochloride as a proteinase inhibitor. The
resuspended embryos were homogenized with
100 strokes in a hand-heldDounce homogenizer
(type A) at 08C. The homogenate was passed by
gravity filtration through a 28-mm-pore-size
Nitex mesh (B, D, and H Thompson and Co.,
MountRoyal, Quebec), the retarded layerswere
resuspended in ice-cold MFSW and the filtra-
tion step repeated twicemore. Eachpreparation
was examined by phase-contrast microscopy
and showed no evidence of contaminating
cytoplasmic debris. The isolated hyaline layers
were harvested by centrifugation and stored as
pellets at �708C.

Substrate Gel Zymography

Substrate gel zymography was performed
essentially as described previously [Huessen
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and Dowdle, 1980]. Gels containing sodium
dodecyl sulfate were prepared by copolymeriz-
ing acrylamide and gelatin or a test substrate at
a final concentration of 0.1% (w/v). Samples of
embryos or the gelatinase(s) were dispersed
for 30 min at room temperature in Laemmli
solubilizing solution from which both DTT and
bromophenol blue had been omitted [Laemmli,
1970]. Electrophoresis was performed at a
constant current of 10 mA at 48C for 4 h. After
electrophoresis, the gels were incubated for
60 min at room temperature in 50 mM Tris-
HCl, pH 8.0, containing 2.5% (v/v) Triton X-100
followed by 16 h incubation at room tempera-
ture in 50 mM Tris-HCl, pH 8.0, containing
10 mM CaCl2. The gels were stained with
Coomassie Brilliant Blue R-250 using a stan-
dard protocol.

Gel Exclusion Chromatography

The supernatant containing the displaced
gelatin-cleavage activities was applied to a
1� 28 cm column of the gel exclusion resin,
Agarose 1.5 M (BioRad). Chromatography was
performed at a flow rate of 1.8 ml/h at 48C and
0.3 ml fractions were collected.

Quantitative Gelatinase Assay

Gelatinase activity was assayed by quantitat-
ing the cleavage of gelatin into trichloroacetic
acid (TCA)-soluble peptides. Aliquots of gelati-
nase were incubated in a total volume of 100 ml
containing 50 mM Tris-HCl, pH 8.0, 0.1% (w/v)
gelatin and 10 mM CaCl2 for 60 min at 378C. A
control was set up as above, except that the
gelatinase was omitted, to ensure that cleavage
was dependent upon the gelatinase. At the end
of the incubations, an equal volume of 20% TCA
was added and the samples left at 08C for
30 min. A control for measuring the total
amount of protein prior to cleavage contained
all the reagents listed above and the 20% TCA
was added at zero time. Samples were centri-
fuged at 16,000g for 10 min and the protein
content of the pellet was determined [Lowry
et al., 1951]. A unit of gelatinase activity is
defined as 0.1 mg gelatin cleaved/min.

Quantitation of Collagen-Cleavage Activity

Following incubationwith the collagen-cleav-
ing activities, the digestion products were
fractionated by SDS–PAGE, stained with Coo-
massie Brilliant Blue, destained and gel slices

containing the collagen polypeptide chainswere
excised. The dye was eluted in 25% (v/v)
pyridine and quantitated by optical density
measurements at 605 nm. Gel slices without
proteinwere also excised, the dye eluted and the
optical density at 605 nmwas used to correct for
background binding of stain. Values obtained
for the collagen samples incubated in the
absence of cleavage activities were normalized
to 100%.

RESULTS AND DISCUSSION

The ECM is a proteinaceous structure, which
interfaces between the cell surface and the
extracellular environment. Direct interactions
between ECM components and cell surface
receptors as well as indirect interactions
through the sequestering of signalingmolecules
serve to direct cell behavior. The composition of
the ECM is intimately related to its functional
capabilities and the turn-over of components is
controlled both at the level of new synthesis and
regulated protease activities. The hyaline layer
is an apically located, sea urchin extraembryo-
nic matrix, which surrounds the embryo and
larva from the time of fertilization until meta-
morphosis occurs. Within 60 min following
fertilization, the hyaline layer is assembled
through the timed sequential release of compo-
nents stored within the egg [Alliegro and
McClay, 1988; Alliegro et al., 1988]. The layer
consists of two distinct structural domains
which aremaintained by protein–protein inter-
actions [Robinson, 1991] and this structure is
sufficiently robust to allow for its isolation and
visualization (Fig. 1). Functionally, the layer is
required to maintain the structural integrity
of the early embryo and antibodies directed
against a major protein component of the layer,
hyalin, resulted in the arrest of development
prior to gastrulation [Adelson and Humphreys,
1988]. Failure to deposit cross-linked collagen
into the layer also resulted in the arrest of
development [Wessel and McClay, 1987].
Arrested embryos could be rescued by the
extracellular signaling molecules, platelet-
derived growth factor, or transforming growth
factor-a [Ramachandran et al., 1993; Govindar-
ajan et al., 1995]. Also, antibodies prepared
against vertebrate ECM components cross-
react with species within the hyaline layer
[Wessel et al., 1984; Spiegel et al., 1989].
Collectively, these results attest to the need
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for a properly constituted hyaline layer to drive
normal developmentandalso suggest theutility
of the seaurchinECMasamodel to examine cell
surface signaling during embryonic develop-
ment. Although the biogenesis, composition,
and function of the hyaline layer has been
extensively studied, little attention has been
paid to the processes which regulate the
composition of the layer.
We have previously analyzed the sea urchin

extraembryonic matrix, the hyaline layer, for
gelatin-cleavage activities. These analyses
revealed that both serine- and metalloprotease
activities utilize substrates within the apical
ECM. In addition, our work with isolated hya-
line layers suggested that most ECM-localized,
gelatin-cleavage activities were deposited
within the layer as larger precursor molecules,
which were subsequently processed to their
native forms through proteolytic cleavage [Ran-
ganathan et al., 2004]. In a recent study, we
documented the appearance of two serine-type
proteases of apparent mol mass 40- and 50 kDa
[Robinson et al., 2003]. These activities pos-
sessed many shared characteristics. While
neither activity was detected in layers prepared
from 1-h-old embryos, both appeared when
these layers were incubated for up to 18 h at
378C inMFSW. Both species were first detected
following 7–9 h of incubation and requiredCa2þ

but not Mg 2þ for activity. In addition, both
displayed substrate specificity for gelatin and
failed to cleave bovine serum albumin, hemo-
globin, or casein.
In the study reported here, we have extended

this work and increased the incubation time

beyond 18 h. In initial experiments, isolated
hyaline layers were incubated for up to 51 h at
378C in the presence of 500 mM NaCl and
10mMCaCl2 and analyzed by gelatin substrate
gel zymography (Fig. 2). After 8 h incubation,
a number of gelatin-cleavage activities were
detected at 90-, 70-, 50-, and 40 kDa (lane 1).
Following 24 h of incubation, new species
appeared at 55- and 38 kDa while the activity
of the 40 kDa species appeared to increase. A
particularly faint species was also seen at
80 kDa. In addition, the activity of the 90- and
70-kDa species appeared to decrease while the
50-kDa activity was no longer detected. This
pattern of activities remained stable following
up to 51 h of incubation (lane 5). The coin-
cidental loss of the 50-kDa species and the
appearance of the 38-kDa activity suggests a
precursor–product relationship.

To explore the biochemical nature of the 50-
and 40-kDa species detected in this study, we
used gel exclusion chromatography to fraction-
ate a mixture of the activities displaced from
hyaline layers in the absence ofNaCl andCaCl2.
We have previously shown that the structural
integrity of the layer is compromised by the
removal of CaCl2 [Robinson, 1991]. Hyaline
layers were incubated at 378C for 8 h in the
presence of 10 mM CaCl2 and 500 mM NaCl,

Fig. 1. Phase contrast microscopy of isolated hyaline layers.
Hyaline layers were prepared as described in Materials and
Methods, resuspended in MFSW and examined in a Zeiss
Photomicroscope. Scale bar¼ 40 mm.

Fig. 2. Gelatin substrate gel analysis of isolated hyaline layers.
Aliquots of isolated hyaline layers were incubated in 50 mM Tris-
HCl, pH 8.0, 10 mM CaCl2, and 500 mM NaCl at 378C for 8 h
(lane 1), 24 h (lane 2), 36 h (lane 3), 45 h (lane 4), or 51 h (lane 5).
Aliquots (5 mg) were then fractionated in a gelatin substrate gel.
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harvested by centrifugation and the activities
displaced by resuspending the layers in 50 mM
Tris-HCl, pH 8.0 and 5 mM ethylenediaminete-
traacetic acid (EDTA). The displaced activities
were fractionated in a column packed with
agarose 1.5 M gel exclusion resin and fractions
enriched in the 40- and 50-kDa activities or the
40-kDa activity alone were obtained. Fractions
enriched in the 40- and 50-kDa species were
analyzed by gelatin substrate gel zymography
and the gel strips processed in the presence of
either the Zn2þ-dependent, metalloprotease
inhibitor, 1, 10-phenanthroline, or the serine
protease inhibitor, benzamidine (Fig. 3). Both
species were active in the control sample and
the 1, 10-phenanthroline-treated sample (lanes
2 and 3, respectively). However, when the gel
slice was processed in the presence of benzami-
dine, a substantial decrease in activity occurred
(lane 1). These results establish the serine
protease nature of the gelatin-cleaving activi-

ties and confirm that they are the same species
as those identified in our previous study
[Robinson et al., 2003]. In addition, as pre-
viously reported, we have found that the
appearance of the 40- and 50-kDa activities
required the incubation of layers in thepresence
of both10mMCaCl2and500mMNaCl (datanot
shown).

In our previous study, we failed to detect the
38-kDaactivity in layers incubated forup to18h.
The data in Figure 2 suggests a coincidental
relationship between the appearance of the
38-kDa activity and the loss of the 50-kDa
species, an event triggered by increasing the
incubation time from18 to 24h.We explored the
relationship between the 50-, 40- and 38-kDa
activities using fractions enriched in the 40- and
50-kDa species or the 40-kDa species alone.
Fractions were made 10 mM in CaCl2 and
500 mM in NaCl and either frozen immediately
or incubated at 378C for 48 h followed by
analysis using gelatin substrate gel zymogra-
phy (Fig. 4A). Following incubation of the
fraction enriched in the 40- and 50-kDa species,
the activity at 38 kDa appeared concomitant
with the loss of the 50-kDa activity (lanes 1 and
2). Interestingly, the intensity of the 40-kDa
activity appeared to increase following incuba-
tion (lane 2). These results suggest a precursor–
product relationship between the 50-, 40-, and
38-kDa species. When the fraction enriched in
the 40-kDa species alone (lane 3) was incubated
in the presence of both CaCl2 and NaCl, the
380-kDa activity was detected (lane 4). We also
noted an apparent decrease in the activity of
the 40-kDa species. Collectively, these results
define a processing pathway involving the
species at 50-kDa, which can be converted into
an active species of 40 kDa. The 40-kDa species
can in turn be converted to a third active species
of 38 kDa. Processing required the presence of
the major salts, NaCl and CaCl2, present in sea
water (data not shown). Interestingly, and in
contrast with the 50-kDa species, the 40-kDa
activity was not completely processed but
remained detectable at the end of the incuba-
tions (lanes 2 and 4).

We next probed the biochemical nature of the
activity responsible for processing the 50- and
40-kDa species. We have shown that these
species themselves are only detected in zymo-
gen gels processed in the absence of benzami-
dine (Fig. 3).Whena fraction enriched in the 50-
and 40-kDa activities was incubated in the

Fig. 3. Definition of the catalytic nature of the 40- and 50-kDa
species. Aliquots, 0.5 mg, of fractions enriched in the 40- and 50-
kDa cleavage activities were fractionated in a gelatin substrate
gel followed by dissection of the gel into strips which were then
processed in the presence or absence of selected protease
inhibitors. One gel strip was processed in the absence of added
inhibitior (lane3), a second strip was processed in the presence of
2 mM 1, 10-phenanthroline (lane 2) while a third strip was
processed in the presence of 10 mM benzamidine (lane 1).
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presence of CaCl2, NaCl, and the Zn2þ-depen-
dent metalloprotease inhibitor, 1, 10-phenan-
throline followed by fractionation in a gelatin
substrate gel, the 38-kDa species was detected
(Fig. 4B, lanes 2). This result eliminates an
active role for a metalloprotease-like activity in
the processing pathway leading to the appear-
ance of the 38-kDa species. Similarly, when the
serine protease inhibitor benzamidine was
present during the incubation, the 38-kDa
species was again detected in a gelatin sub-
strate gel (lane 3) eliminating the possibility of
auto-catalytic processing. This latter result
contrasts with an earlier study in which we
demonstrated the auto-catalytic processing of a
90-kDametalloprotease activity to species of 55-
and 32-kDa [Ranganathan et al., 2004]. To date,
our collective data suggest that two classes of
proteases, serine- and metallo-, are responsible
for modulating the composition of the apically
located ECM in the sea urchin embryo. In
addition, the data presented here identify a
second, distinct processing pathway, which is
responsible for the genesis of the serine protease
activities.
In an effort to identify a physiological sub-

strate for the 38-kDa activity, this species was

assayed for collagen-cleavage activity. Follow-
ing fractionation in a gelatin substrate gel, the
38-kDa activity was recovered by electroelution
from a gel slice and assayed in a quantitative
gelatin-cleavage assay. Aliquots, containing
0.12 units of gelatin-cleavage activity, were
then incubated with collagen purified from
either sea urchin peristome or rat tail tendon.
Peristome collagen consists of two polypeptide
chains of 116- and 140-kDawhile rat tail tendon
collagen is composed of polypeptide chains of
123- and 126 kDa. In a previous study, we
reported that sea urchin peristome collagen
possessed amino acid compositional features
characteristic of vertebrate collagens [Robin-
son, 1997]. Peristome collagen was found to
contain 28.1 mol % glycine as well as hydro-
xyproline and hydroxylysine. Following incuba-
tion for 2 h at 378C in the absence (lane 1) or the
presence (lane 2) of the gelatinase, both chains
of the peristome collagenwere cleaved (Fig. 5A).
Quantification of chain cleavage revealed that
40� 5%of the140kDaand37� 7%of the116kDa
chains were cleaved (values represent mean-
s�SEM, n¼ 3). In contrast, rat tail tendon
collagen was refractory to cleavage (lanes 3
and 4). In additional experiments gelatins,

Fig. 4. Proteolytic processing of the 40- and 50-kDa species
into the 38-kDa activity. A: Processing of the 40- and 50-kDa
species. Aliquots of fractions recovered from the agarose 1.5 M
column, enriched in the 40- and 50-kDa activities or the 40-kDa
activity alone, were made 10 mM in CaCl2 and 500 mM in NaCl
and either frozen immediately or incubated for 48 h at 378C.
Following incubation, the samples were analyzed in a gelatin
substrate gel. Aliquots enriched in the 40- and 50-kDa species

(lanes 1 and 2) or the 40-kDa species alone (lanes 3 and 4) were
analyzed without (lanes 1 and 3) or after (lanes 2 and 4)
incubation. B: Processing of the 40- and 50-kDa species in the
presence of protease inhibitors. Aliquots from the agarose 1.5 M
column, enriched in the 40- and 50-kDa species, were incubated
as described above in the absence (lane 1) or the presence of
2 mM 1,10-phenanthroline (lane 2) or 10 mM benzamidine
(lane 3).
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generated by heat denaturation of either peri-
stome or rat tail tendon collagen, were both
cleaved by the 38-kDa activity (data not shown).
These results clearly identify a species specific,
collagen-cleavage activity as well as a less
specific gelatin-cleavage activity associated
with the 38-kDa species. In a related experi-
ment, amixture of the 40- and 50-kDa activities
cleaved peristome collagen but not rat tail
tendon collagen (data not shown).

Gelatin substrate gel zymography was used
to examine sea urchin embryos for the presence
of cleavage activities comigrating with the 50-,
40- and 38-kDa species (Fig. 5B). Gastrula stage
embryos (lanes 3 and 4) were found to contain a
broad band of gelatin-cleavage activity, which
comigrated with the 40- and 38-kDa species. In
additional experiments, blastula stage embryos
were also found to possess the same broad band
of cleavage activity (data not shown). This
finding clearly establishes the 40- and 38-kDa
species as biologically relevant activities in the
sea urchin embryo. Interestingly, the 50-kDa
species was not detected in the embryos exam-
ined (lane 1). This latter result would be
expected if the 50 kDa, gelatin-cleaving activity
is in fact a transient precursor to the 40- and 38-
kDa species.

The data presented here document the pro-
teolytic processing of a 50-kDa precursor into
40- and 38-kDa gelatin- and collagen-cleaving
activities in the sea urchin extraembryonic

matrix. Interestingly, the 50-kDa protein can
utilize gelatin and, most probably, collagen as
cleavage substrates. Processing, therefore,
appears not to be required for the activation of
cleavage activity. This result is similar to that
seen during the proteolytic conversion of chy-
motrypsinogen to a-chymotrypsin. The inter-
mediate species, p, d, and k are all catalytically
active but less stable than a-chymotrypsin. Our
failure to detect the 50-kDa protein in sea
urchin embryos, both here and in a previous
study Robinson et al. [2003], suggests that this
species may be inherently unstable. The con-
version of the 50-kDa protein into more stable
40- and 38-kDa activities may be a response to
the need for sustained gelatin- and collagen-
cleavage activities during periods of embryonic
development requiring extensive remodeling of
the extraembryonic matrix. However, the need
for two stable, active species remains unclear.
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