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Ca?t signalling during fertilization of echinoderm eggs
Laurinda A. Jaffé*, Andrew F. Giustt-?, David J. Carroll® and Kathy R. Folt?

The C&* rise at fertilization of echinoderm eggs is ini- In some species including mammals, multiple 2Ca
tiated by a process requiring the sequential activation ofrises occur, over a period of hours. The functions of the
a Src family kinase, phospholipase’ Cand the inositol C&" rise in various species include the opening of ion
trisphosphate receptor/channel in the endoplasmic reticchannels and the exocytosis of cortical granules, both
ulum. The consequences of the?€Caise include exocy- of which are important for polyspermy preventié:
tosis of cortical granules, which establishes a block tothe C&" rise also stimulates the resumption of the cell
polyspermy, and inactivation of MAP kinase, which func-cycle (see below). This paper reviews recent evidence
tions in linking the C&t rise to the reinitiation of the cell concerning the signal transduction pathway that leads

cycle. from sperm—egg interaction to the ®arise, and from
. . o the C&" rise to the resumption of the cell cycle, focusing
Key words: calcium / echinoderm / fertilization on echinoderm (sea urchin and starfish) eggs. Related

papers in this issue review €a signalling in mam-
malian fertilization!® and in the regulation of the cell
cyclel?
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IP3 and Ca2* release from the egg’s endoplasmic

Introduction 3
reticulum

The concept of C& as a signal for activating the egg to

begin development at fertilization arose from early studied etilization stimulates the phosphatidylinositol cycle
of artificial activation! but it was not until 50 years later @nd the production of inositol 1,4,5-trisphosphates)IP
that an increase in free €ain a fertilizing egg was first Within 15 s after insemination in sea urchin edgs’
measured:3 A Ca2" rise has since been shown to be a@nd injection of IR into unfertilized eggs causes €a
universal event of fertilization among all species exam-'eleaseé:* These results, in conjunction with studies
ined, and generally occurs in the form of a regenerativeshowing the necessity for Pproduction (see below),
wave starting at the site of sperm—egg fusfom sea  support the hypothesis that theslRse causes the €a
urchin eggs, the G4 rise results from intracellular Ga rise at fertilization. Injection of echinoderm eggs with
release, since it is not reduced by lowering extracellula@ number of other small molecules, including cGMP,
C&t (Ref. 3); C&* reaches a peak of about/2M,>  cyclic ADP-ribose (CADPRJ? or nicotinic acid adenine
and remains elevated for a period of several minutesdinucleotide phosphate (NAADBY, or application of
nitric oxide (NO)!8 can also cause a €a rise, but
whether these small molecules could, along with, IP
function in releasing Ca at fertilization, has been a
From the @Department of Physiology, Un%izsity OfBCC;nn_eCtliCUt subject of considerable controversy. Likez]PcGMP
eain Center, Famingor, CT 98052, UsANarre 800al o oen measured to increase in sea urchin eggs at
Sciences, Florida Institute of Technology, Melbourne, FL 32901 USAfertl"Zath"],19 but whether or not increases occur in
and dDepartment of Molecular, Cellular and Developmental Biology cADPR, NAADP or NO is unknown, and inhibitor
g’;‘r’bg:; '\g'gglgg'ed‘;;":Et_'::]’:?ijaggg’@e;:goififff’:;f' Santa studies argue against a role in fertilization for these
(©2001 Academic Press alternative C&-releasing molecules. In particular,
1084-9521/01/01004507/$35.00/0 inhibition of cGMP- or NO-induced C4 release by use
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of a cGMP analogue does not inhibit Earelease at Phospholipase @ and Ca* release
fertilization, even in the presence of heparin to partially

inhibit 1Pz-induced C&" releasé®20 An inhibitor of
CADPR-induced C& release, 8-Nb-cADPribose,
inhibits C&* release at fertilization when injected
into sea urchin eggs together with heparin, but has n
inhibitory effect by itself® Although this result was
interpreted as evidence for dual roles for cADPR and
IP3 in releasing C&" at fertilization, the possibility
of an additive effect of the two injected inhibitors on
IPs-induced C&t release was not definitively excluded.
Arguing against a role for NAADP in releasing €a
at fertilization, the C4& rise in response to injection of b
NAADP is reduced to a low level by a prior injection
of thio-NADP, but thio-NADP injection does not block
the fertilization respons¥. It has also been suggested
that C&" itself might initiate C&" release at fertiliza- protein2426 PLCy is activated when it is phosphorylated

i0n 21 , i
tion,”* by entering the egg from the external solution. j,y, 5 tyrosine kinase; the interaction with the tyrosine
However, this possibility is not consistent with the finding yinase occurs by way of two tandem Src homology

that C&+ release can occur in the absence of externap (SH2) domains present in the PLGequence, which
Ca* (Ref.22). recognize a phosphotyrosine-containing sequence in
Until recently, the key difficulty in testing whether o tyrosine kinas& Microinjection of mammalian
the IP; increase was the cause of the’Carelease at celis with excess PLZ SH2 domains can inhibit PLEZ
fertilization in echinoderm eggs was the lack of specific 5ctivation in response to tyrosine kinase stimulation,
inhibitors? In mammalian eggs, an antibody against thepresumably by interacting with the tyrosine kinase and
IP3 receptor was shown to completely inhibitCaelease blocking access of endogenous full-length B8 37
at fertilization?3 but no corresponding antibody is avail- Likewise, microinjection of PL§ SH2 domains into eggs
able for echinoderms. The problem of finding a specificof starfisk? and sea urchf¥ 28 inhibits the cytoplasmic
inhibitor of IPs-induced C&" release was overcome by cz2+ increase that occurs during fertilization. The BLC
use of a dominant negative form of thest§enerating en-  sH2 domains affect the initiation and amplitude of
zyme phospholipase)C In the presence of this inhibitor, the C#* rise in a concentration-dependent manner. At
Ce?t release at fertilization of starfish eglsas well  |ower concentrations, the SH2 domains increase the time
as sea urchin eg8%?® could be completely prevented petween sperm—egg fusion and the initiation of th&'Ca
(see next section). These findings not only establishegse, and reduce the amplitude of the resulting?’Ca
that IP; causes CH release at fertilization of echino- increase. At higher concentrations, the SH2 domains
derm eggs, but also showed that phospholipageiC completely inhibit the C& rise. Sperm entry into these

is produced from phosphatidylinositol 4,5-
bisphosphate by the phospholipase C (PLC) family
of enzymes?? The function of a PLC in causing the
T2+ rise during fertilization of sea urchin eggs has
been suggested by the use of the general PLC inhibitor,
U73122, although this inhibitor also has actions unrelated
to PLC33 Of the three isoforms of PLCB, y and §,
echinoderm eggs contain PL(* 3> and probably PLB
as well?4 it is not known if PLG is present.

In sea urchin eggs, an increase in BL&ctivity occurs

y 30 s post-inseminatioft. A requirement for PLG
activation for the initiation of C& release at fertilization

of echinoderm eggs was demonstrated by injecting
eggs with a dominant negative fragment of the PLC

required. N . _ ' eggs occurs normally, indicating that the PLCSH2
The IRs-sensitive store in echinoderm eggs is the en-domains do not interfere with sperm—egg fusion.
doplasmic reticulum (ER3! and fertilization of centrifu- Microinjection of IP; bypasses the block of &a

gally stratified sea urchin eggs shows’Caelease occur- release by the PLE SH2 domains, confirming that
ring from the zone containing the ERR.In echinoderm  the SH2 domains act upstream ofs|Production?4-26
eggs, the release of €ais accompanied by fragmenta- Ca&+ signalling through PL®B, cGMP, or cADPR is
tion of the ER, as detected by the loss of pathways for difnot inhibited by PLG SH2 domains, indicating the
fusion of molecules in the ER lumen or membrafé®  specificity of the inhibito?% 25 Additional evidence for
ER continuity is regained as €ais resequestered. The specificity comes from experiments in which mutant
return of cytosolic C&" to a low level after fertilization PLCy SH2 domains, which are deficient in binding
results at least in part from its resequestration into the ERto phosphotyrosine (and thus inactive), were found to
since injection of IR into sea urchin eggs at 20 min after have no effect on the &4 rise during fertilizatior?* 2°
fertilization causes Ca release comparable to that at fer- Furthermore, SH2 domains from several other signalling
tilization.3* However, uptake into mitochondria also ap- proteins (with one exception, see below) have no effect on
pears to occut® C&™ release during fertilizatioff—26 38 39
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Similar experiments have demonstrated that PLIE  fertilized sea urchin egg extracts specifically bind these
also required for the Ga increase that occurs during Fyn protein domaing? These results indicated a rapid
fertilization of ascidian egg¥® but in vertebrate eggs, the interaction between a Src family kinase and RLduring
mechanisms leading to 4froduction and the G4 rise  fertilization of echinoderm eggs. An increase in tyrosine
during fertilization are unknown. In frog and mouse eggs,phosphorylation of PL§ at fertilization has not been
the non-specific PLC inhibitor U73122 has an inhibitory detected, but the increase could be very small if it occurs
effect on the C&" release at fertilizatioi 42 However, locally at the site of sperm—egg interacti¢fns®
neither PLG> SH2 domains, nor a function-blocking  The requirement for a Src family kinase in initiating
antibody against gfamily G-proteins, which prevents the Cat release at fertilization was investigated using a
activation of PL@, have any effect on Ga release at dominant negative approach similar to that used with the
fertilization in these species. 4344 PLCy SH2 domains (discussed above). Microinjection

of starfish®® and sea urchif?">2 eggs with dominant

negative Src family kinase SH2 domains results in a
Src family kinases and C&* release concentration-dependent delay or complete inhibition of

Cé&t release in response to a fertilizing sperm. Injection

o ] ) ] of control SH2 domains from three non-Src family

The finding that the isoform of PLC is responsible for yinases is not inhibitory, and injection of a point-mutated
the production of IR at fertilization of echinoderm €ggs orm of the Src SH2 domain, which binds phosphotyro-
allows several predictions about the signalling compo-gine with reduced affinity, shows reduced inhibition of
nents that are upstream of PLOn the egg activation ¢+ release at fertilization. In addition, PP1, a pharma-
pathway. Since PLEZ enzymatic activity is commonly  co|ogical inhibitor of Src family kinases, significantly
regulated by tyrosine phosphorylatidhpne can predict gejays C&" release in sea urchin egdsThese results
that a protein tyrosine kinase(s) will be activated atproyide evidence that SH2 domain-mediated interactions
fertilization. A second prediction is that the interaction of \jth a Src family kinase are a requisite component of
the activated protein tyrosine kinase and PAghould be  the pathway leading to G4 release at fertilization in
fertilization dependent and rapid (occurring prior t€a  echinoderm eggs.
release), and should resultin the tyrosine phosphorylation The sufficiency of Src kinase activity to initiate €a
of PLCy. Finally, activation of the tyrosine kinase should release in the absence of fertilization was established
be necessary for normal €a release at fertilization \yith the observation that G4 release is initiated when
and sufficient to cause €a release in the absence of a starfish eggs are microinjected with a form of Src that
fertilizing sperm. has high kinase activitf/ This response depends on the

In echinoderm eggs, an increase in tyrosine kinasghosphorylation state of the Src protein, as only the kinase
activity has been detected by 15 s post-insemindtion, active form is able to initiate G4 release. Moreover, as
and the general protein tyrosine kinase inhibitor genisteinvas observed at fertilization, €& release in response
delays the onset of €4 releasé'® One group of tyrosine o Src protein injection is delayed or blocked by a prior
kinases that participates, directly or indirectly, in theinjection of the dominant negative PhCSH2 domains.
activation of PLG is the Src family?’ Src family kinases  However, unlike fertilization, a prior injection of the
are present in echinoderm eg<i®>° and in vitro  dominant negative Src SH2 domains has no inhibitory
kinase assays of proteins immunoprecipitated with a Sreffect on C&* release in response to active Src protein
family kinase antibody have indicated that in sea UI‘Chininjection_ These findings allow us to propose a model
eggs, a Src family kinase is activated within 30 s after(Figure 1), in which fertilization results in the SH2
insemination’® domain-mediated activation of a Src family kinase. Once

In starfish eggs, fertilization results in the specificthe Src family kinase is activated, it then directly or
binding of a Src family kinase to the SH2 domains indirectly causes the phosphorylation and activation of
of PLCy.%! The interaction of the Src family kinase PLCy. This activation step requires the binding of PLC
with PLCy SH2 domains is detected within 15 s of SH2 domains, as both fertilization and injection of active
insemination, and correlates with an increase in the leve$rc protein are inhibited by excess dominant negative
of tyrosine kinase activity bound to the PRCSH2  PLCy SH2 domains.
domains. Related experiments using the SH2 domain Experiments with ascidian eggs support a similar
of the Src family kinase Fyn, or a construct including model*® In vertebrates, experiments with frog eggs
the Fyn SH3 and unique domains, showed that {LC also indicate the involvement of a Src family kinase in
protein and a corresponding phospholipase activity fronthe fertilization signalling pathwal* Pharmacological
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Sperm binding/fusion is inactivated by heat). This protein might be a regulator,
. directly or indirectly, of a Src family kinase in the egg.
— Excess Src SH2 domains A variation of this hypothesis is that a protein from the
o o spermmembraneserves as an activator of Src in the egg
Activation of a Src-family kinase cytoplasm, when the sperm membrane comes in contact

with the egg cytoplasm as a consequence of sperm—egg
fusion. Alternatively, a sperm membrane protein might
activate Src as a consequence of binding to a protein in
the egg membrane.

The molecule that activates Src at fertilization of echin-
oderm eggs appears to do so by way of the SH2 domain of
PIP, — IP; + DAG Src?” In somatic cells, proteins that activate Src by bind-
ing to its SH2 domain include the PDGF receptor, antigen
receptors, and the focal adhesion kinase FAK; these pro-
teins serve as Src activators only when they themselves

— Excess PLCy SH2 domains

Activation of PLCy

Ca®" release Ca?* chelators are tyrosine phosphorylatéé.*8 Possibly sperm—egg in-
,/ \ —— or teraction results in the tyrosine phosphorylation of such
MAP kinase a protein in the egg, allowing it to bind to and activate
r/ \ activators Src. Alternatively sperm—egg fusion might introduce an
Cortical granule Inactivation of already phosphorylated Src activator into the egg cyto-
exocytosis MAP kinase plasm from the sperm. Either of these mechanisms would
l be consistent with the requirement for the Src SH2 domain
l in the interaction leading to the activation of the Src-like
l kinase in the egg at fertilization.
Block to Cell cycle
polyspermy reinitiation

_ ) _ Ca?* and the reinitiation of the cell cycle at
Figure 1. A model of the signal transduction pathway that fertilization

leads from sperm—egg interaction to thé?Caise, and from the
C&* rise to the resumption of the cell cycle during echinoderm
fertilization. Introduction of SH2 domains of Src and PLC At fertilization, the quiescent egg resumes the cell divi-
Ca* chelators, and MAP kinase activators interferes with sjon cycle, leading to the formation of a new multicellular
signalling at the indicated points. organism. C&" appears to be a universal regulator of this
response, although eggs of different species are arrested,
and then restarted, at different stages of the meiotic
inhibitor studies suggest the function of a tyrosine kinaseor mitotic cell cycle. In vertebrates, the €arise at
in mouse fertilization, but this remains to be establishedertilization reinitiates the cell cycle from second meiotic
definitively#2 Although the fertilization signalling path- metaphasé.®53 In echinoderms, fertilization normally
way that leads to I production may differ somewhat occurs at first metaphase (starfish) or after the completion
between echinoderms and vertebrates, a tyrosine kinasd meiosis (sea urchins). However, in both starfish and sea
may be a common feature. urchins, meiosis is completed independently of fertiliza-
A major unanswered question is how the contact and/otion, and the C&" rise at fertilization serves to stimulate
fusion of the sperm and egg plasma membranes result§e egg to proceed into first mitosis. In sea urckng?} >
in the activation of a Src family kinase and the ensuingand some starfist?>8 the control point is before DNA
events (see discussion in ReferenBe$0 and40). One  synthesis (from G1 arrest), while in some other starfish,
hint comes from a recent study of ascidians, in whichthe primary control point is after DNA synthesis (from
Ca* release in response to either fertilization or injectionG2 arrestf® The evidence for regulation by €ais that
of an extract of sperm was found to be inhibited by SH2experimental elevation of €& stimulates the resumption
domains of PLG or of a Src family kinasé® These  of the cell cycle as occurs at fertilizatiG,>3 58 59 while
results support the hypothesis that in ascidians at leasinjection of C&* chelators or PLE SH2 domains, which
C& release at fertilization is initiated by a soluble factor prevent the C& rise at fertilization, prevent cell cycle
from the sperm cytoplasm (presumably a protein, since itesumptior?> 5559
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How C&t reinitiates the cell cycle at fertilization unknown how the contact and/or fusion of the sperm and
is only beginning to be understood. The signallingegg plasma membranes initiates theCeelease. In sea
pathway differs from that in somatic cells responding tourchin and starfish eggs, these early plasma membrane
mitogens in that new protein synthesis is not requirednteractions somehow cause the activation of a Src family
for sea urchin eggs to enter the first S ph¥s®ecent  kinase, which leads to the activation of phospholipase
evidence indicates that for both sea urchins and starfistGy, which produces I which releases Ga from
inactivation of mitogen-activated protein kinase (MAPK) the ER. However, it is unknown what stimulatessz IP
may be one of the links between the Zarise to the production in vertebrate eggs. An apparently universal
reactivation of the cell cycle (Figur&). In unfertilized consequence of the &€a rise at fertilization is the
eggs, MAPK is in its phosphorylated and active state;resumption of the cell cycle, and recent evidence indicates

after fertilization, it becomes dephosphorylated anda role for the inactivation of MAP kinase in this process.
therefore inactiv® 55575961 (hut see Referencé2, ~ However, it is unknown how Cd causes MAP kinase

and discussion in Referendgs). In sea urchin eggs, inactivation, and how MAP kinase inactivation causes
these changes in MAPK are detected within 5-15 minDNA synthesis. Thus, despite considerable progress,
after inseminatio?® and DNA synthesis begins at about fertilization continues to present a wealth of questions
15-20 min after inseminatidif. If MAPK activity is  about C&" signalling.

experimentally maintained, by injection of kinases that

maintain its phosphorylated state, the fertilized egg does

not re-enter the cell cyck$5% Conversely, inactivation Acknowledgements

of MAPK in an unfertilized egg, by injection of MAPK

specific phosphatases or application of an inhibitor ofy\e thank Linda Runft for critical reading of the
MAPK kinase, results in cell cycle resumption without manyscript. Research in our laboratories has been sup-
fertilization>5%59 The conclusion that Cd causes ported by grants from the National Institute of Health and

the inactivation of MAPK at fertilization is supported py a grant from the National Science Foundation to KRF.
by evidence that raising a with the C&* ionophore

A23187 or injection of buffered Ga inactivates MAPK,
and that preventing the €& rise by injection of C&"  Note added in proof
chelators or PLE SH2 domains prevents the inactivation
of MAPK at fertilizatior?® 5559 (but see Referencé?).
The links between the G& rise at fertilization, the
inactivation of MAPK, and the resumption of the cell
cycle are unknown.

C&t is also a regulator of cell cycle reinitiation at
fertilization in vertebrate eggs® %3 As in echinoderms,
MAPK is inactivated at fertilization in frog egds; 4 and

A recent papéY has proposed that nitric oxide synthase
may be the factor from sea urchin sperm that causes
C&t release in sea urchin eggs at fertilization. However,
as noted above, this hypothesis is difficult to reconcile
with the finding that Rp-8-pCPT-cGMPS, which is an
inhibitor of cGMP-dependent protein kinase, inhibits

F + 8 oAt
this appears to result from the Sarise’® Based on the NO+|nduced CO% rgleas_el, but not fertilization-induced
Cat release?? It will be important to determine whether

kinetics of the degradation of the MAPK kinase kinase, sic inhibitor of nitri id th inhibits 2%
mos, MAPK inactivation does not appear to cause theaelsg)aescé Igtlrf]erlt'll' O;t%nm:r? dOXIhgtrS]Z? k:serlln'nlh'lbs'torz of
reinitiation of meiosis from second metaphase arrest in. 5 fizatlon, and w wn INhibIto!

&* release at fertilization, such as the SH2 domains of

vertebrate eggs, but it may function in the initiation of L :
DNA synthesi?> 86 For further discussion of the role of PLCy and Src, inhibit C& release in response to NO.

c&t in cell cycle regulation, see the paper by Whitaker

and Larman, this issué. References
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