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Abstract, At fertilization, the glycocalyx (vitelline
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IGNIFICANT advances have been made in elucidating
the nature of the diverse components that constitute
extracellular matrices (ECM), 1 yet little is known
about the coordination of their assembly, or how the combination of individual constituents defines the specialized functions of the ECM. Since the ECM may determine such
processes as the cell-cell interactions and cell movements
that modulate developmental pathways, there must be
specific controls for glycocalyx assembly and modification.
These controls, isolated from the cytosolic machinery, may
involve novel regulatory mechanisms. The lack of information on this issue relates in part to the paucity of model systems where specific questions can be asked about discrete
glycocalyx modifications.
In this regard the sea urchin egg at fertilization provides
an ideal system for investigating the assembly and modification of a specific extracellular matrix. A secretory event that
follows fertilization (the cortical reaction) releases 5 % of the
egg protein to modify the glycocalyx (vitelline layer) and
convert it to an elevated, hardened fertilization envelope that
protects the embryo until the blastula hatches (for review see
P. J. Weidman's present address is Department of Biochemistry, Stanford
University Medical School, Stanford, California 94305.
1. Abbreviations used in this paper: ECM, extracellular matrix; SW, seawater.
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teolytic modification of the vitelline layer is not required for this interaction to occur; (d) the binding of
proteoliaisin to the viteUine layer is mediated by the
synergistic action of the two major seawater divalent
cations, Ca 2÷ and Mg2+; (e) the number of proteoliaisin-binding sites on the vitelline layer of unfertilized
eggs is equivalent to the amount of proteoliaisin secreted at fertilization; and ( f ) the binding of ovoperoxidase to the vitelline layer, via proteoliaisin, permits
the in vitro cross-linking of these two in vivo substrates. The association of purified ovoperoxidase and
proteoliaisin with the vitelline layer of unfertilized
eggs reconstitutes part of the morphogenesis of the fertilization envelope.

reference 13). Modification of the vitelline layer occurs in
discrete steps and is complete within 10 rain of fertilization,
thus providing a convenient system for biochemical investigation. Analysis is facilitated by the large quantities of eggs
that can be synchronously induced to undergo these modifications.
We have been studying these modification reactions by
using isolated components and attempting to effect a reconstitution of the system in vitro. Two components of the fertilization envelope, ovoperoxidase and proteoliaisin, have been
purified (7, 20). 2 Proteoliaisin, which forms a Ca2÷-stabilized complex with ovoperoxidase, is thought to play a
coordinating role in fertilization envelope assembly. This
hypothesis was formed from the observations that the ovoperoxidase-proteoliaisin complex is found in uncross-linked
fertilization envelopes and that proteoliaisin is a substrate for
ovoperoxidase-catalyzed dityrosine formation in vivo (20).
In this paper, we explore the possibility that proteoliaisin is
responsible for integrating ovoperoxidase into complexes
with vitelline layer components.
We have examined the association of ovoperoxidase with
the vitelline layer by directly measuring the binding of
purified, 12SI-labeledovoperoxidase and proteoliaisin to the
vitelline layers of unfertilized eggs. With this in vitro system,
we have also tested the possibility that proteolytic modifica2. Weidman, P. J., D. C. Teller, and B. M. Shapiro, manuscript submitted
for publication.
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layer) of the sea urchin egg is transformed into an
elevated fertilization envelope by the association of
secreted peptides and the formation of intermolecular
dityrosine bonds. Dityrosine cross-links are formed by
a secreted ovoperoxidase that exists in a Ca2÷-stabilized
complex with proteoliaisin in the fertilization envelope. By using purified proteins, we now show that
proteoliaisin is necessary and sufficient to link ovoperoxidase to the egg glycocalyx. Specifically, we have
found that (a) ovoperoxidase can associate with the
viteUine layer only when complexed with proteoliaisin;
(b) proteoliaisin binds to the vitelline layer independently of its association with ovoperoxidase; (c) pro-

Table I. Interaction of Ovoperoxidase with the
Vitelline Layer
Incubation conditions

t25I-Ovoperoxidase
bound
%

A. Eggs with intact vitelline layers
NSW
NSW + proteoliaisin
NSW + proteoliaisin + nonradioactive
ovoperoxidase
EGTA-SW + proteoliaisin
B. Eggs with disrupted vitelline layers
Dithiothreitol-treated eggs in NSW +
proteoliaisin
Trypsin-treated eggs in NSW +
proteoliaisin

0
76
2
0

2
23

tion of the vitelline layer is required for the binding interactions, since limited proteolysis of this glycocalyx occurs after
fertilization (3). Our results indicate that ovoperoxidase
binds to the vitelline layer via its interaction with proteoliaisin, that proteoliaisin binds to the vitelline layer independent
of its association with ovoperoxidase, and that proteolytic
modification of the vitelline layer is not a prerequisite for
binding. We characterize this binding interaction and present
evidence that it represents one step in the pathway of fertilization envelope assembly.

Materials and Methods
Gamete Preparation and Materials
Sea urchins (Strongylocentrotuspupuratus), collected on the Straits of Juan
de Fuca, were maintained, spawned, and the eggs collected as previously
described (10). The egg jelly coat was removed either by brief exposure to
pH 5.0 or to EGTA artificial seawater (SW) (19). Either treamaent gave quantitatively similar results in our egg binding assays. In some experiments, the
egg vitelline layers were disrupted by dithiothreitol (DTT) treatment (9) or
by trypsin treatment (8). Eggs were washed three times in excess artificial
SW before use in the assays.
All artificial SWs contained 10 mM KCI and 10 mM Tris, pH 7.8-8.0 (at
4°C). In addition, normal seawater (NSW) contained 458 mM NaC1, 10
mM CaCI2, and 50 mM MgCI2; calcium seawater (CaSW) contained 530
mM NaCI and 10 mM CaCI2; magnesium seawater (MgSW) contained 473
mM NaCI and 50 mM MgCI2; EGTA seawater (EGTA-SW) contained 500
mM NaC1 and 25 mM EGTA. The divalent cation dependence of the egg
binding assay was determined in seawater containing 500 mM NaC1 and the
indicated concentrations of divalent cations.
Protein concentrations were determined using the method of Bradford
(1). All spectrophotometry was performed with a DU-7 spectrophotometer
(Beckman Instruments, Inc., Palo Alto, CA). Unless otherwise indicated,
all proteins and reagents were purchased from Sigma Chemical Co. (St.
Louis, MO) and were of the highest purity available.

Egg Binding Studies

Ovoperoxidase was purified as previously described (7, 20). 2 12sI-Ovoperoxidase was prepared by autoiodination as follows. The enzyme was first
dialyzed against 20 mM Tris methanesulfonate or Tris acetate, pH 8.0, (7, 19)
and diluted to 140 txg/ml in the same buffer. KI (final concentration, 4.0 p,M)
and 10-100 gCi of 125I (New England Nuclear, Boston, MA) were added

The binding of proteins to sea urchin eggs was measured by mixing radiolabeled ovoperoxidase or proteoliaisin with a washed egg suspension in the
desired artificial SW. The final suspension contained 1-10% eggs (vol/vol)
and the incubation volumes ranged from 0.2 to 0.5 ml. After a 1-h incubation
on ice with periodic gentle agitation, the eggs were resuspended and an aliquot (10% of the suspension) was taken to measure the total ~2~Iper assay.
Then 80% of the suspension was transferred to a 1.5 ml Eppendorf tube conraining 0.3 ml silicon oil (General Electric Co., Wilmington, MA) overlaid
with 0.5 ml of SW and centrifuged at 15,000 g for 30 s. The tubes were inverted to drain off the oil, the tip of the tube containing the egg pellet was
cut off, and the associated 12~Imeasured in a gamma counter (Beckman
Gamma 6000; Beckman Instruments, Inc.). Identical suspensions containing ~C-sucrose as an impermeant marker were processed to determine the
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The assay procedure is described in Materials and Methods. Each 250 p.1 sample contained 12 I.tg/ml ~25I-ovoperoxidase(8 x 104 cpm/ml) and 10% eggs
(by volume). The concentrations of nonradioactive proteoliaisiu and ovoperoxidase were 24 I.tg/ml and 120 p.g/ml, respectively. Results are expressed as the
percent of ~2~I-ovoperoxidasein the incubation mixture that was bound to the
egg surface.

and the reaction was initiated by adding H202 in three aliquots at 1-min intervals to give a final concentration of 0.1 raM. After 15 rain most of the
free ~251was removed by 2-3 cycles of dilution into buffer A (20 mM 2-(Nmorpholino)ethane sulfonic acid (MES), pH 6.0, 10% glycerol) and concentration using a Centricon centrifugal concentrator (Amicon Corp., Danvers,
MA). The sample was then applied to a column containing 5 ml CMSephadex and washed with buffer A to remove free J2~I. When t25I was no
longer detected in the eluate, labeled ovoperoxidase was eluted with buffer
B containing 200 mM NaCI (7). 95-99% of the J2Sl associated with the
ovoperoxidase at this stage was precipitable with trichloroacetic acid (TCA).
Iodinated ovoperoxidase contained 0.3-1.0 mol of iodine/mol ovoperoxidase, retained 70-100% of its original peroxidase activity, and was indistinguishable from nonradioactive enzyme as a ligand for proteoliaisin in the
in vitro assay described by Weidman et al. (20; data not shown).
Proteoliaisin was isolated from freshly prepared cortical granule exudate
by chromatography on DEAE-Sephacel, omitting dialysis against Ca 2+
and benzamidine, but otherwise as previously described (20). Hydrophobic
chromatography was used as the final purification step (19). Proteoliaisinenriched fractions from the DEAE-chromatography step (in chromatography buffer consisting of 20 mM MES, pH 6.0, 50 mM glycine ethyl ester,
I mM EGTA, 10% glycerol) were adjusted to 500 mM NaCI and applied
to a column of phenyl-Sepharose equilibrated with 500 mM NaCI chromatography buffer at room temperature (5 mg protein per ml packed bed volume). The column was washed with one column volume of chromatography
buffer containing 300 mM NaCI. Eluate fractions containing proteoliaisin
activity were pooled and concentrated, and protease inhibitors were added
(soybean trypsin inhibitor, pepstatin, and leupeptin, i lag/ml each). This
procedure gave a 10-fold purification of proteolialsin from cortical granule
exudate with ",,50% recovery of activity (not shown). Purified proteoliaisin had a reduced molecular weight of ,',,250,000 (235,000 nonreduced) and
was greater than 99% homogenous, as determined by SDS-PAGE (not
shown)?
1125-1abeled proteoliaisin was prepared by ovoperoxidase-catalyzed iodination as follows. Purified proteoliaisin was dialyzed against 20 mM Tris
methanesulfonate or Tris acetate, pH 8.0, and mixed with purified ovoperoxidase at a ratio of 100 mg proteoliaisin to I mg ovoperoxidase. The final protein concentration varied from 0.65 to 4.0 mg/ml in different preparations.
Carrier free Na~251 (New England Nuclear; 10-70 laCi/mg protein) was
added and the reaction initiated by adding H202 at 1-min intervals to give
a final concentration of 0.1 raM. In some preparations, the reaction mixture
also contained 4 ~tM KI. After 15 min, most of the free ~251was removed
by two cycles of dilution with buffer A and concentration using a Centricon
centrifugal concentrator (Amicon Corp., Danvers, MA). The sample was
then diluted into buffer A containing 200 mM NaCI, applied to a column
containing 10 ml DEAE-Sephadex, and washed to elute ovoperoxidase (20)
and free ~25I. The column was then washed with the same buffer containing
600 mM NaCI to elute the iodinated proteoliaisin. Fractions were collected
and assayed for TCA-precipitable ~251.The latter fractions were pooled and
the specific radioactivity of the protein was determined. In four separate
labeling experiments, the average proportion of TCA-precipitable ~251was
82 %. Attempts to remove residual free ~25Iby either repeated concentration and dilution or by dialysis failed to significantly reduce this amount.
In the calculations, the specific radioactivity was taken to be the total cpm
~2SI/mg proteoliaisin, which ranged from 6.7 x 106 to 5.8 x 107 cpm/mg.
The average recovery of protein with this method was 80%, and the radiolabeled proteoliaisin retained 75-95% of its original ovoperoxidase-binding
activity, even under conditions where 5-30 mol of I- were incorporated
per mole of proteoliaisin (data not shown). The radiolabeled proteins were
concentrated and dialyzed against 500 mM NaCI, 10 mM KCI, and 20 mM
Tris, pH 8.0

Table II. Interactionof Proteoliaisin with the
Vitelline Layer
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Figure 1. Binding o f ovoperoxidase to the vitelline layer o f unfertilized eggs as a function of proteoliaisin concentration. Assays were
performed in NSW as described in Materials and Methods. Each
0.5-ml assay contained 4.5 lig/ml 125I-ovopemxidase (8 x 104
cpm/ml), 10% eggs (vol/vol), and the indicated concentrations of
proteoliaisin. Results are expressed as the percent of ~25I-ovoperoxidase in the incubation mixture that was bound to the eggs.

Results
Binding of Ovoperoxidase to the Surface
of Unfertilized Eggs
We began our investigation by examining the ability of ~2sIovoperoxidase to bind to the vitelline layers of unfertilized
eggs. The results of these experiments are summarized in Table I and Fig. 1. Ovoperoxidase alone did not bind to the surface of unfertilized eggs. However, substantial binding was
observed when the incubation mixture included proteoliaisin. The binding of ~25I-ovoperoxidase showed a linear dependence on the concentration of proteoliaisin (Fig. 1) and
was inhibited when a 10-fold excess of unlabeled ovoperoxidase was included in the incubation (Table I). Thus,
ovoperoxidase appeared to bind to the egg surface only when
complexed with proteoliaisin. As expected, no binding was
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observed in EGTA-SW, since the interaction of ovoperoxidase with proteoliaisin requires Ca 2+ (20). These results
also suggested that proteolytic processing is not obligatory
for the binding of these two proteins to the vitelline scaffold,
since eggs with intact vitelline layers were used. In fact,
treatments which disrupt the vitelline layer (DTT and trypsin) decreased the binding of ovoperoxidase-proteoliaisin
complexes to the egg surface (Table I). We conclude that proteolytic processing of the egg glycocalyx was not necessary
for the binding of ovoperoxidase to the vitelline layer
scaffold, and that proteoliaisin was necessary and sufficient
to mediate this binding.

Binding of Proteoliaisin to the ViteUineLayer
of Unfertilized Eggs
To determine whether the binding of ovoperoxidase to the
vitelline layer, in association with proteoliaisin, is cooperative or indirect, we examined the binding of ~SI-proteoliaisin
to the viteUine layer of unfertilized eggs. Proteoliaisin bound
to the viteUine layer in the absence of ovoperoxidase (Table
II), as long as divalent cations were present. Addition of
ovoperoxidase had little effect on this binding. Changes in the
divalent cation content of the seawater, however, did have
significant effects on the association of proteoliaisin with the
vitelline layer. Binding was optimal in NSW and decreased
by 27 % in CaSW. A small but significant amount of binding
was observed in MgSW. Virtually no binding was observed
in seawater lacking divalent cations. We conclude that proteolialsin binds directly to the vitelline layer in a divalent cation-dependent fashion and that ovoperoxidase is not required for this interaction. Therefore, ovoperoxidase binds
to the vitelline layer indirectly, by its association with proteoliaisin. In the experiments that follow, incubation in
EGTA-SW was used to determine the nonspecific binding of
proteoliasin to the vitelline layer.

Divalent Cation Requirements for the ProteoliaisinVitelline Layer Interaction
Divalent cations are known to mediate the association of
structural proteins released from the cortical granules with
the vitelline layer during fertilization envelope assembly
(13). Although the exact requirements are not known, reducing the total divalent cation concentration below 1 mM

563

Downloaded from http://rupress.org/jcb/article-pdf/105/1/561/1055334/561.pdf by guest on 22 September 2021

external water volume of the pellet. All results were corrected to account
for this volume which usually contained <5 % of the counts associated with
the pellet. Each assay was performed in triplicate and the results presented
are the average of these values; the usual standard deviation was +8%. In
experiments where other proteins or compounds were added to the assay
during incubation, these were either dissolved in or dialyzed against the indicated artificial seawater.
For the determination of the proteoliaisin egg binding parameters, Kd,
and molecules per egg, the binding assay was modified as follows. The concentration of eggs was 1% (vol/vol) in a total assay volume of 200 Ill. Sampies were incubated in inverted 0.5 ml Eppendorf tubes that had been cut
with a razor to remove the tip of the tube. Total radioactivity was determined
by counting the incubation mixture before adding the eggs. At the end of
the incubation, the entire mixture was quantitatively transferred to the silicon oil-containing 1.5 ml Eppendorf tube by setting the smaller incubation
tube, open (cut) end down, into the larger, The stacked tubes were then centrifuged and the egg pellets processed as described above. The number of
eggs per assay was determined by counting 5 x 10 Ill aliquots of a control
egg suspension on a clear plastic grid using a dissecting microscope. The
values of Kd and N were derived by using an iterative routine, written by
Dr. David Teller (University of Washington, Seattle, WA), to fit the data to
a normal titration curve. Chi square analysis was used to test the probability
of normality after each fit. The best fit was obtained when points lying
greater than 2.5 standard deviations from the mean were omitted from the
data set. The final data sets consisted of 20 out of 21, 19 out of 21, and 15
out of 16 original data points for NSW, CaSW, and MgSW, respectively.
Using this method, the least square fit of the unweighted data constitutes
a maximum likelihood estimate (MLE) (12).

The total compositions of the artificial seawaters used and the assay procedure
are described in Materials and Methods. Each 0.5 ml of incubation mixture
contained 50 ltg/ml t2SI-proteoliaisin (2.4 x 1@ cpm/ml) and 1% eggs by
volume. The concentration of nonradioactive ovoperoxidase was 50 lig/ml.
Results are expressed as percent of binding observed with ~251-proteoliaisinin
NSW (control), which was 1.4 x 104 cpm.

Quantitative Measurements of Proteoliaisin Binding
to the Egg Surface
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To further characterize the proteoliaisin-vitelline layer interaction, we determined the dissociation constants and number
of proteoliaisin-binding sites on each egg. The number of
proteoliaisin molecules bound per egg as a function of proteoliaisin concentration is shown in Fig. 3. Saturation binding curves were fit to the observed data and the values of Kd
and N were derived as described in Materials and Methods.
For seawater containing either 10 mM Ca 2+, 50 mM Mg 2+,
or both divalent cations, the shape of the curve was indicative
of a single class of proteoliaisin-binding sites on the vitelline
layer. Highest affinity binding was observed in MgSW (Fig.
3 C; Kd = 0.19 ~tM) with 8.3 x 107 molecules ofproteoliaisin bound per egg at saturation. In CaSW (Fig. 3 B), over
six times as many molecules of proteoliaisin (5.5 x 108 per
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Figure2. Divalent cation-dependence of proteoliaisin binding to the
egg vitelline layer. Each 200-gl assay contained 50 gg/ml t25I-proteoliaisin (2.4 × 1@ cpm/ml) and 1% eggs by volume. Results are
expressed as percent of 125I-proteoliaisinin the incubation mixture
that was bound to the eggs. (A) Binding as a function of Ca2÷concentration in Mg:+-free seawater. (B) o, binding as a function of
Mg2÷ concentration in Ca2+-free seawater; o, binding as function
of Mg2+ concentration in seawater containing 10 mM Ca2+; dashed
line, level of binding observed in Mg2+-free seawater containing
10 mM CaCI2 (from data in A).
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allows uncross-linked fertilization membranes to partially
disassemble without disrupting the interaction between ovoperoxidase and proteoliaisin (20). This suggests that the requirements for divalent cations in the interaction between
ovoperoxidase-proteoliaisin complexes and other components of the fertilization envelope (i.e,, the vitelline layer)
must be different than the requirements for the formation of
the ovoperoxidase-proteoliaisin complex, which is specific
for Ca 2+ with K,h = 50 t~M (20).
To explore this hypothesis, we examined the quantitative
requirements for seawater divalent cations in proteoliaisin
binding to the vitelline layer. As illustrated in Fig. 2 A, halfmaximal binding in CaSW was observed at 200 lxM Ca 2+.
In MgSW, half-maximal binding occurred at ~,2.5 mM
Mg 2+ (Fig. 2 B, closed circles). In CaSW, saturable binding
was not observed at concentrations of Mg 2+ up to 50 mM
(Fig. 2 B, open circles). Note that the binding observed in
seawater containing both 10 mM Ca ~+ and 50 mM Mg 2+ was
greater than the sum of binding observed for each cation
alone (Fig. 2 B), suggesting a synergistic effect of these cations on the binding interaction. This is supported by the observations presented in the next section. Thus, the divalent
cation dependence of proteoliaisin binding to the vitelline
layer is distinct from the Ca2+-specific ovoperoxidase-proteoliaisin binding interaction.
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Figure 3. Saturation binding curves for proteoliaisin binding to the
vitelline layer of unfertilized eggs. The composition of the artificial
seawaters used and the modified assay procedure are described in
Materials and Methods. The concentration of ~2~I-proteoliaisin
was varied over the range of 0.003 to 1.5 mg/ml. (A) Binding in
NSW (10 mM Ca2+, 50 mM Mg2+); (B) binding in CaSW (10 mM
Ca2+); (C) binding in MgSW (50 mM Mg2+). Note the difference
in scales between A, B, and C. All curves were drawn with the use
of a curve fitting routine (see Materials and Methods).

564

egg) were bound at saturation but the binding was of lower
affinity (kd = 0.47 lxM). The lowest apparent binding affinity was observed in seawater containing both Ca 2÷ and
Mg 2+ in physiological concentrations (Fig. 3 A; Kd = 1.43
lxM). However, at saturation, nearly twice as many molecules of proteoliaisin (1.03 x 109 per egg) were bound to
the egg surface as were bound in CaSW. Although these are
substantial quantities of bound proteoliaisin (see Discussion), these values represent minimum estimates since we
have not corrected the data for the non-TCA-precipitable
1251 associated with the radiolabeled proteoliaisin (21% of
the total 125I) or for loss of proteoliaisin ovoperoxidasebinding activity after iodination (25% of the original
ovoperoxidase-binding activity). There are significant differences in the binding observed in each of the seawaters, consistent with the observation (Fig. 2) that Ca 2+ and Mg 2+
have a synergistic effect on the binding interaction between
proteoliaisin and the vitelline layer.

Many compounds interfere in fertilization envelope assembly, but the mechanisms underlying the effects of most of
these compounds are unknown (13, 19). We therefore tested
the effects of several inhibitors of fertilization envelope assembly on the binding of 125I-ovoperoxidase (via proteoliaisin) and aSI-proteoliaisin to the egg vitelline layer. Three
inhibitors were examined: glycine ethyl ester, which inhibits
a characteristic morphological transition that occurs during
fertilization envelope assembly, known as the I to T transition (18); glycine, which increases the amount of ovoperoxidase (and possibly other proteins) not incorporated into the
fertilization envelope (11); and benzamidine, a competitive
inhibitor of serine proteases that also binds to proteoliaisin
and other fertilization envelope proteins, possibly at divalent
cation-binding sites (19, 20). BSA and IgG, proteins that do
not interfere in fertilization envelope assembly (Weidman,
P. J., unpublished data), were also assayed to determine
whether other nonspecific proteins were inhibitors of the
binding interaction. Of these compounds, only benzamidine
significantly inhibited binding of proteoliaisin to the vitelline
layer in vitro, with I0.5 for binding occurring at 20 mM benzamidine (data not shown). The effects of glycine and glycine
ethyl ester can not be attributed to an inhibition of either the
ovoperoxidase-proteoliaisin or proteoliaisin-vitelline layer
interactions.
Evidence is accumulating that the carbohydrate elements
of extracellular proteins frequently mediate specific cell surface interactions. In Xenopus eggs, assembly of the fertilization envelope proceeds in a manner similar to the sea urchin
fertilization envelope and the assembly process involves a
lectin-like association of secreted proteins with the egg
glycocalyx (21). The vitelline layer of the sea urchin egg contains at least one cell surface receptor, the sperm receptor,
in which the primary binding domain corresponds to the carbohydrate portion of a proteoglycan-like molecule (16). To
determine whether carbohydrates play a role in the proteoliaisin-vitelline layer binding interaction, we examined
the effects of various simple and complex carbohydrates in
the in vitro assay. No significant inhibitory effects were found
with the following monosaccharides, tested at concentrations
up to 100 mM: ¢t-methyl-I>-xylose,~methyl-o-xylose, ct-meth-
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Ovoperoxidase-catalyzed Cross-linking of Proteoliaisin
to the Egg ViteUineLayer
In addition to binding ovoperoxidase, proteoliaisin is also a
substrate for ovoperoxidase-catalyzed cross-linking of the
fertilization envelope (14; Kay, E. S., and B. M. Shapiro, unpublished data). We therefore examined the ability of pure
ovoperoxidase, bound to the vitelline layer via proteoliaisin,
to cross-link proteoliaisin to the surface of unfertilized eggs.
In these experiments, we have taken advantage of the divalent
cation dependence of the proteoliaisin-vitelline layer interaction. If proteoliaisin is noncovalently associated with the
vitelline layer, then it should be possible to extract it from
the egg by removing divalent cations. On the other hand, if
proteoliaisin is covalently linked to the vitelline layer, it
should not be extracted by this treatment. In these experiments, several different molar ratios of ovoperoxidase and
proteoliaisin were incubated with eggs in CaSW. To prevent
egg lysis during the extraction procedure, bound proteoliaisin was extracted by diluting the eggs into 30 vol of EGTASW containing 2 mM MgCI2 and incubating for 30 min. In
control eggs that were not treated with H202, the oxidative
substrate of ovoperoxidase, extraction with EGTA-SW removed ,~80 % of the proteoliaisin bound to the eggs (Fig. 4).
After an aliquot of the same eggs were exposed to H202, the
amount of proteoliaisin bound in NSW did not change significantly (data not shown); however, as much as 70% of this
bound proteoliaisin was not extractable. These results suggest that proteoliaisin was covalently cross-linked to the
vitelline layer of the unfertilized egg by ovoperoxidasecatalyzed oxidation. That both ovoperoxidase and proteoliaisin must be bound to the vitelline layer for cross-linking to
occur is suggested by the observations that no proteoliaisin
was bound in seawater containing EGTA and H202, and that
the maximum level of irreversible binding occurred only
when stoichiometric amounts of ovoperoxidase were present
(e.g., ovoperoxidase/proteoliaisin molar ratios greater than
or equal to one; Fig. 4). These data support the hypothesis
that binding of ovoperoxidase and proteoliaisin in our in vitro
system reconstitutes one step in the fertilization envelope assembly process.

Discussion
In the more than a century that fertilization envelope assembly has been studied, certain mechanistic principles have
emerged, which may have general validity (13). Before the
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Inhibition of the Proteoliaisin-Vitelline
Layer Interaction

yl-o-mannoside, o-glucose, o-galactose, a-L-fucose, tt-o-fucose, n-acetyl-o-glucosamine, n-acetyl-o-galactosamine,
and sialic acid. Fetuin, a highly glycosylated protein that frequently inhibits carbohydrate-specific interactions, also had
no effect on binding. Because of the proteoglycan-like nature
of some of the vitelline layer components, we examined the
effects of several complex carbohydrates on the proteoliaisin-vitelline layer interaction. Chondroitin sulfate and dextran sulfate had no effect on the binding of proteoliaisin to
the egg vitelline layer, whereas inconsistent results were obtained with different preparations of heparin and heparin sulfate. Although we can not rule out the possibility that carbohydrates play an important role in the proteoliaisin-vitelline
layer interaction, an inhibitory effect of specific carbohydrates has not been demonstrated for this interaction.
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modification induced by fertilization, the interacting components are kept in separate cellular compartments: the secretory cortical vesicles and the vitelline layer. At fertilization,
these compartments are mixed by a controlled wave of exocytosis induced by the sperm and using a rise in intracellular
free Ca 2÷. Secreted proteins are then stoichiometrically
added to the vitelline layer in a reaction dependent upon divalent cations in the extracellular environment. One component inserted into the fertilization envelope, ovoperoxidase,
catalyzes the covalent association of envelope peptides by
ditryosine formation, using H202 formed in a respiratory
burst after fertilization. This is an extreme example of extracellular matrix remodeling that may be instructive for a
consideration of general mechanisms that obtain when other
glycocalyces are altered in developmental pathways. As
demonstrated in this report, the problems of assembly and
its regulation in this system are approachable with conventional biochemical techniques because several key components have been purified and characterized. By using two
purified fertilization envelope components and the glycocalyx of unfertilized eggs, we have shown that it is possible to
reconstruct, in vitro, a pathway leading to the partial assembly of a fertilization envelope.
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Molar Ratio Proteoliaisin : Ovoperoxidase

Figure 4. Ovoperoxidase-catalyzedcross-linking of proteoliaisin to
the vitelline layers of unfertilized eggs. The incubation mixtures
contained mI-proteoliaisin (200 lig/ml, 2.6 x 1@ cpm/ml),
sufficient unlabeled ovoperoxidase (14-112 Ixg/ml) to give the indicated molar ratios of ovoperoxidase to proteoliaisin, and 5 % eggs
by volume in CaSW. After the 1-h incubation, two 50-1xl aliquots
were removed to determine the amount of proteoliaisin bound.
Identical aliquots were diluted into 1.5 ml of EGTA-SWcontaining
2 mM Mg2÷, allowed to incubate for 30 min, and then processed
to determine the amount of proteoliaisin remaining bound. To the
remainder of the incubation mixture, H202 was added to a final
concentration of 100 ~tM. After 15 rain, 50-1xl aliquots were
processed to determine the amount of proteoliaisin bound before
and after EGTA extraction, as described above. Results are expressed as the fraction of proteoliaisin bound to the eggs that was
not extracted by EGTA-SWas a function of the ovoperoxidase/proteoliaisin molar ratio, o, Control eggs not exposed to H20:; o,
eggs exposed to H202; ", [], incubation in EGTA-SW with and
without H202.

The presence of the peroxidative enzyme, ovoperoxidase,
in the fertilization envelope presents an opportunity to examine a specific strategy for the regulation of enzymatic activity
in the extracellular environment of a cell. Ovoperoxidase exhibits a pH-dependent hysteretic behavior that may act as a
timing mechanism to delay its activity until it is assembled
in the fertilization envelope (5, 6). When activated, however,
ovoperoxidase is similar to most peroxidases and can oxidize
a variety of substrates in addition to tyrosine (7). This suggests that part of the strategy for regulating ovoperoxidase involves rapidly sequestering the enzyme within the assembling fertilization envelope, in an orientation favorable for
both interaction with specific substrates and induction of
conformational changes that activate the enzyme. Our data
indicate that the first step in this process is mediated by the
association of ovoperoxidase with proteoliaisin and the subsequent interaction of this complex with the vitelline layer
scaffold. Since ovoperoxidase binds to the vitelline layer of
unfertilized eggs only when proteoliaisin is present, in
amounts proportional to the amount of proteoliaisin added
(Table I), proteoliaisin is probably not a component of the
vitelline layer. Thus, both ovoperoxidase and proteoliaisin
most likely reside in the cortical granules, possibly as a
preformed complex, before fertilization. Preliminary results
with antibodies to both proteoliaisin and ovoperoxidase verified this supposition (Somers, C., D. Battaglia, and B. M.
Shapiro, unpublished data).
It is well known that some proteolytic modification of the
vitelline layer occurs during fertilization envelope assembly.
The best characterized of these modifications are the cleavage of attachment posts (15) between the vitelline layer and
plasma membrane and the inactivation of sperm receptors
(3). More extensive proteolysis has been proposed, since the
morphology of the vitelline layer changes from thick fibers
to thin strands during fertilization envelope assembly (4).
Although this additional processing might be required for
complete assembly to occur, it is clear that such processing
is not obligatory for the binding of ovoperoxidase and proteoliaisin to the vitelline layer scaffold. Proteolysis might,
however, enhance this binding interaction, for example, by
increasing the accessibility of vitelline layer binding sites.
Divalent cations have been implicated in the assembly
process for many years. In this context, two features of the
divalent cation dependence of the proteoliaisin-vitelline layer
interaction are interesting. First, this dependence is substantially different than that for the ovoperoxidase-proteoliaisin
interaction (20), which is highly specific for Ca 2÷ and requires relatively low concentrations of this cation (K,~ =
50 ~M). In the interaction of proteoliaisin with ovoperoxidase, Mg 2÷ can not substitute for Ca 2÷ nor does it enhance
binding in the presence of Ca 2÷ (20; Weidman, P. J., unpublished observation). Second, the two major divalent cations
found in seawater influence binding through a synergistic action. In the interaction of proteoliaisin with the vitelline
layer, either Ca 2÷ or Mg 2÷, can mediate binding, albeit with
different efficiencies. Both cations are required for optimal
binding. This suggests that proteoliaisin has at least two distinct, divalent cation-dependent binding domains, one for
interacting with ovoperoxidase and one for interacting with
the vitelline layer.
The synergistic effect of Ca 2÷ and Mg 2÷ on the binding of
proteoliaisin to the vitelline layer was most striking in the
saturation binding studies. There were three apparently
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The data presented in this report show that it is possible
to effect the in vitro assembly of a partial fertilization envelope on the surface of an unfertilized egg by using purified
components. This type of in vitro morphogenesis has previously been possible only with genetically characterized systems, such as viral capsid assembly. By extending this approach, it should be possible to further elucidate the rules
governing pathways and mechanisms that allow this specialized glycocalyx to be assembled in the absence of intracellular control mechanisms.
The authors would like to thank Dr. David Teller for performing statistical
analyses and Pamela Horbet for preparing the figures.
This research was supported by National Institutes of Health grant
GM23910 to B. M. Shapiro.
Received for publication 20 January 1987, and in revised form 23 March
1987.

References

1. Bradford, M. M. 1976. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72:248-254.
2. Bryan, J. 1970. The isolation of a major structural element of the sea urchin
fertilization membrane. J. Cell Biol. 44:635-644.
3. Carroll, E. J., and D. Epel. 1975. Isolation and biological activity of the
proteases released by sea urchin eggs following fertilization. Dev. Biol.
44:22-32.
4. Chandler, D. E., and J. Heuser. 1980. The vitelline layer of the sea urchin
egg and its modification during fertilization. J. Cell Biol. 84:618-632.
5. Deits, T., and B. M. Shapiro. 1985. pH-induced bysteretic transitions of
ovoperoxidase. J. Biol. Chem. 260:7882-7888.
6. Deits, T., and B. M. Shapiro. 1986. Conformational control of ovoperoxidases catalysis in the sea urchin fertilization membrane. J. Biol. Chem.
261:12159-12165.
7. Deits, T., M. Farrance, E. Kay, E. Turner, P. Weidman, and B. M.
Shapiro. 1984. Purification and properties of ovoperoxidase, the enzyme
responsible for hardening the fertilization membrane of the sea urchin
egg. J. Biol. Chem. 259:13525-13533.
8. Epel, D. 1970. Methods for the removal of the vitelline layer of sea urchin
eggs. II. Controlled exposure to trypsin to eliminate post-fertilization
clumping of embryos. Exp. Cell Res. 61:69-70.
9. Epel, D., A. M. Weaver, and D. Mazia. 1970. Methods for the removal
of the vitelline layer of sea urchin eggs. I. Use of dithiothreitol (Cleland
reagent). Exp. Cell Res. 61:64-68.
10. Foerder, C. A., and B. M. Shapiro. 1977. Release of ovoperoxidase from
sea urchin eggs hardens the fertilization membrane with tyrosine crosslinks. Proc. Natl. Acad. Sci. USA. 74:4214-4218.
11. Hall, H. G. 1978. Hardening of the sea urchin fertilization envelope by
peroxidase-catalyzed phenolic coupling of tyrosines. Cell. 15:343-355.
12. Jennrich, R. I., and M. L. Ralston. 1979. Fitting nonlinear models to data.
Anna. Rev. Biophys. Bioeng. 8:195-238.
13. Kay, E. S., and B. M. Shapiro. 1985. The formation of the fertilization
membrane of the sea urchin egg. In Biology of Fertilization. Vol. 3. Monroy, A., ed. Academic Press, Inc., N.Y. 45-80.
14. Kay, E., E. M. Eddy, and B. M. Shapiro. 1982. Assembly of the fertilization membrane of the sea urchin: isolation of a divalent cation-dependent
intermediate and its crosslinking in vitro. Cell. 29:867-875.
15. Kidd, P. 1978. The jelly and vitelline coats of the sea urchin egg: new ultrastructural features. J. Ultrastruct. Res. 64:204-215.
16. Rossignol, D. P., B. J. Earles, G. L. Decker, and W. J. Lennarz. 1984.
Characterization of the sperm receptor on the surface of eggs of Strongylocentrotus purpuratus. Dev. Biol. 104:308-321.
17. Veron, M., and B. M. Shapiro. 1977. Binding ofconcanavalin A to the surface of sea urchin eggs and its alteration upon fertilization. J. Biol. Chem.
252:1286-1292.
18. Veron, M., C. Foerder, E. M. Eddy, and B. M. Shapiro. 1977. Sequential
biochemical and morphological events during assembly of the fertilization membrane of the sea urchin. Cell. 10:321-328.
19. Weidman, P. J., and E. S. Kay. 1986. Egg and embryonic extracellular
coats: isolation and purification. In Methods Cell Biol. 27:111-138.
20. Weidman, P. J., E. S. Kay, and B. M. Shapiro. 1985. Assembly of the sea
urchin fertilization membrane: isolation of proteoliaisin, a calciumdependent ovoperoxidase binding protein. J. Cell Biol. 100:938-946.
21. Wyrick, R. E., T. Nishihara, and J. L. Hedrick. 1974. Agglutination of
jelly coat and cortical granule components and the block to polyspermy
in the amphibian Xenopus laevis. Proc. Natl. Acad. Sci. USA. 71:20672071.

567

Downloaded from http://rupress.org/jcb/article-pdf/105/1/561/1055334/561.pdf by guest on 22 September 2021

different classes of binding sites. Relatively low amounts (N
= 8.3 × 107 molecules per egg) of the highest affinity sites
(Kd = 0.19 I~M) were found in seawater containing only
Mg 2÷. Over six times as many sites (N = 5.5 × 108 molecules per egg) were found in seawater containing only Ca 2÷,
but the affinity of these sites was approximately threefold
lower (Kd = 0.43 lxM). In seawater containing both cations,
the number of binding sites increased even further (N = 1.03
x 109 molecules per egg). This was a nearly 10- and 2-fold
increase in number of sites over MgSW and CaSW, respectively, yet the apparent affinity of these sites was considerably lower (Kd = 1.47 lxM). This very large number of
binding sites on the egg compares favorably with the number
of concanavalin A binding sites on the surface of the egg (4.0
× 10s sites per egg; reference 17). Although we can not
directly measure the number of molecules of proteoliaisin
per fertilization envelope, we can estimate the number of
molecules of proteoliaisin released at fertilization. Since the
structural proteins of the fertilization envelope released from
the cortical granules comprise 3.6 % of the total egg protein
(2), and 10% of this protein is proteoliaisin (20) 2, we estimate that there are 1.4 x 109 molecules of proteoliaisin
released per egg at fertilization. Thus, the number of
proteoliaisin-binding sites on the egg surface in this in vitro
system is reasonably close to the levels that might be expected to act during the in vivo assembly process.
One clue to the apparently cooperative effects of Ca 2+ and
Mg 2+ in the proteoliaisin-vitelline layer interaction is suggested by the observation that the assembled fertilization
envelope is a trilaminar structure. This results from the
penetration of cortical granule proteins through the vitelline
layer during assembly and the deposition of these proteins
on both sides of this scaffold (4). In NSW, if we are indeed
measuring the total binding capacity of the vitelline layer for
proteoliaisin during the assembly process, then proteoliaisin
must be binding to both sides of the vitelline layer, even
though this structure is covalently attached to the plasma
membrane in the unfertilized egg (15). The fact that almost
half as many binding sites are observed in CaSW would be
consistent with binding of proteoliaisin to only one side of
the vitelline layer. Perhaps Mg 2+ facilitates the transport of
proteoliaisin across the vitelline layer, thereby doubling the
number of binding sites available. Since there is a distinct
class of binding sites in MgSW, such sites might play a role
in allowing proteoliaisin to reach the other side of the vitelline layer during envelope assembly, and thus serve to prevent saturation of the plasma membrane-apposed face.
We have shown that purified ovoperoxidase can bind to the
vitelline layer of unfertilized eggs when complexed with
purified proteoliaisin. This supports our hypothesis that the
function of proteoliaisin is to appropriately direct the insertion of ovoperoxidase into the fertilization envelope. The observations that ovoperoxidase can cross-link proteoliaisin to
the vitelline layer of unfertilized eggs and that optimal crosslinking requires stoichiometric (rather than enzymatic)
quantities of ovoperoxidase indirectly demonstrate that this
insertion places ovoperoxidase in an orientation that allows
cross-linking. Because ovoperoxidase is bound to proteoliaisin, it is likely that the binding of this complex to the vitelline
layer results in highly specific and targeted cross-linking.
This would serve as another mechanism for insuring specificity in the use of reactive oxygen intermediates by the egg
at the beginning of its developmental program.

