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ABSTRACT-A  decapeptide (GFDLNGGGVG) isolated from the solubilized  jelly layer of  the sea  urchin  Hemicentrotus

pulcherrimus stimulates  the respiration and  motility  of  H. putcherrimLLs spermatozoa  and,  in additien,  produces a number
of  biological effects  on  H. palcherrimtLs spermatozoa  including increases in cAMP  and  ceMP  levels, activation  of  a  Na+  1
H+  exchange  system,  andincreases  in intracellular pH  (pHi) and  [Ca2'] ([Ca2']i). The  peptide activates  the metabelism

of  endogenous  phosphatidylcholine and  promotes the acroseme  reactien  as  a specthc  co-iactor  of  a major  acrosome

reaction-inducing  substance,  fucese sulfate  glycoconjugate. The peptide also induces an  electrophoretic  mobility  change

in the guanylate cyclase of  the sperm  plasma membrane  with  concomitant  dephospherylation and  inactivation ef  the

enzyme.  Seventy-four peptides producing similar  biological effects, named  sperm-activating  peptide (SAP), have since
been purified frem the solubilized  jelly layer of seventeen  species  ef  sea  urchins  distributed over  five taxonomic  erders.

These peptides show  essentially  the sarne  biological effects  on  sea  urchin  spermatozoa  although their activity and  structures

are  specific  at the ordinal  level. Equ-brium  binding experiments  using  a  radioiodinated  SAP-I  analogue

[GGGY(iesI)GFDLNGGGVG] to H. pulcherrimus spermatozoa  suggests  the presence of  twe  classes  of  receptors  (high
athnity  and  low affinity) specific  for SAP-I binding. Based on  the Kd  values  and  ECso's for SAP-I's biological activity, we

presume that the high arnnity  receptor  is associated  with respiration-stimulating  aetivity  and  elevations in pHi, while  the
low affinity receptor  is coupled  to elevations  in cGMP  and  [Ca2']i. The radioiodinated  SAP-I analogue  crosslinks  to a  71
kDa  protein which  contains  a single  membrane-spanning  domain at almost near  C-terminus. A  SAP-I precursor which  is
synthesized  in the  aocessoTy cells contains  five SAP-I alld  seven  SAP-I-like decapeptides, eaeh  separated  by a  single  lysine
residue.

INTRODUCTION

   Fertilization occurs  as  a  result  of  the interaction between
egg  and  spermatozoa,  beginning with  spermatozoa  reaching

the egg  and  binding to it, and  ending  with  the fusion of  the

sperm  pronucleus and  the egg  nucleus,  In the process, the

egg  communicates  with  the spermatozoa  using  molecules  in
the extracellular  matrix  (Fig. 1), Sea urehin  gametes have

long been used  for analyzing  these processes in fertilization

[28]. Particularly in the past decade, our  knowledge of  the

biochemistry of  sea  urchin  fertilization has increased enor-

mously  [for reviews  see  refs. 22, 75]. A  better understand-
ing of  the  substances  involved in sea  urchin  gamete interac-
tion weuld  not only  lead to an  understanding  of  fertilization

in mammals  and  other  animals,  but would  serve  as a valuable

guide to mechanisms  which  might  be anticipated  in cells  other

than gametes. Until the discovery of sperm-activating  pep-
tides [65, 66] and  mammalian  atrial  natriuretic  peptides [15] ,

specific  endogenous  activators  of  the plasma membrane  form
of  guanylate cyclase which  produces the  second  messenger

cGMP  had not  been identified, The natriuretic  peptides are

responsible  for maintaining  body  fluid and  electrolyte

homeostasis through  interaction with  receptors  on  a  variety of
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mammalian  cell types. However,  the mechanism  has yet to

be described in detail. Sea urchin  spermatozoa  contain

extremely  large amount  of  the plasma membrane  form of

guanylate cyclase.  Elucidation of  the biochemical mecha-

nism of  interaetion between the spermatozoa  and  sperm-

activating  peptides would  be  helpfu1 for understanding  of  the
mechanism  of the action  of  the natriuretic  peptides, and  also

the mechanism  of signal  transduction  by the membrane  form

of guanylate cyclaselreceptor,

   Sea urchin  eggs  are  surrounded  by a  transparent,  gelati-
nous  extrace11ular matrix  called the jelly layer, Sea urchin
spermatozoa  must  pass through the jelly layer before contact-
ing the  egg  surface, The jelly layer has been shown  to

induce the sperm  acrosome  reaction,  which  was  first de-

scribed  in detail by Dan  [10]. The acrosome  reaction  in
spermatozoa  is an  essential  requirement  for fertilization of

eggs  in many  animals  [6, 80]. In sea  urchins,  the acrosome

reaction  occurs  within  seconds  after spermatozoa  have come

into contact  with the jelly layer [14] er the egg  surface

component,  a sperm-binding  protein on  the vitelline  mem-

brane [4, 19], The  acroseme  reactiQn  which  consists  of  the

exocytosis  of  the  acrosomai  granule and  extension  of the
acrosomal  process by the polymerization of  actin  (G-actin to

F-actin formation) [for reviews  see refs.  11, 75] requires  the

net ernux  of H', Ca2+ and  K'  [52].
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Jelly Layer

s

FiG, 1. Diagrammatic  drawing of  the

   sperm  egg  mteractlon.

major  steps  of  sea  urchin

   In the early  1900s, it was  shown  that a  soluble  factor
associated  with the eggs  of  certain species of  sea urchins

stimulated  the  respiration  and  motility  of  sea  urchin  sperma-

tozoa {38]. About fifty years later the factor was  shown  to

be diffusible in dialysis, heat stable,  alcohol  soluble,  and

non-volatile  [32], However,  until Ohtake  [42] demonstrated
that the respiration  of  sea  urchin  spermatozoa  oould  be

reproducibly  stimulated  by solubilized jelly layer of the sea

urchin  Ilseudocentrotzas depressus when  the extracellular  pH
is maintained  at  slightly  acidic  values,  such  stimulation  was

dithcult to reproduee.  The respiration ancl motility  of  sea

urchin  spermatozoa  as  well  as  spermatozoa  of  other  animals

are  highly dependent on  the pH  value  of the suspension

medium.  At  pH  6,6 or  6.8, the  respiration  rate  and  motility

of  sea urchin  spermatozoa  are markedly  reduoed,  but this
effect  can  be reversed  upon  addition  of  solubilized  jelly layer,

The solubilizecl jelly layer also produces incrg4sgs in sperm
cAMP  and  cGMP  levels, and  activation  of  cAMP-dependent

protein kinase [36]. In 1981, using  acidified sea water  for
bioassaying the respiration-stimulating  ability  of  the factor

and  sequential  chromatography  on  Sephadex columns,  we

purified a factor from the solubilized  jelly layer of  the sea

urchin  Hemicentrotus putcherrimtts and  demonstrated that

the factor is a  decapeptide [65]. [[his anicle  deseribes recent

work  which  focuses on  the factors in the jelly layer responsi-
ble for these  profound effects  on  sea  urchin  spermatozoa  and

the signal transduction  mechanism  that turns these signals

into metabolic  changes.

2. ISOLATIONANDSTRUCTUREOFMOLECULES

           FROM  JELLY  LAYER

2.1. op,erm-activatingpeptides
   The  jelly layer of sea urchin  eggs  contains  highly viscous

large molecular  weight  polysaccharide-protein complexes,

making  the use  of many  common  biochemical methods

somewhat  diracult. In preparation for analysis,  jelly layer
must  first be dissolved from the cells  by treatment with
acidified  sea water  (pH5.0), although  even  with  extensive

washing,  jelly molecules  remain  bound to the egg  vitelline

layer [75]. The  solubilized  jelly layer can  be divided into

two fractions by ethanQl  precipitatiQn: a precipitate contain-

ing a  fucose sulfate  glycoconjugate and  a sialoglycoprotein,

and  a  soluble fraction of  peptides.

   In the  last decade, we  have purified seventy-four  pep-
tides from the ethanol-soluble  fraction of the solubilized jelly
layer ef  seventeen  species  of  sea  urchins  distributed over  five

taxonomic orders  (Echinoida, Arbaeioida, Clypeasteroida,
Diadematoida and  Spatangoida) [for review  see ref,  64]

(Table 1). [[hese peptides show  essentially  the same  biolo-

gical effects on  sea  urchin  spermatozoa  although  the biologic-
al effects and  structures of the peptides are specific at the

ordinal  level (Table 2). Therefore, we  proposed a  general-
ized name  and  an  abbreviated  name  foT these peptides, i.e.,
sperm-activating  peptide as general name  and  SAP  as  the

abbreviation,  Using this nomenclature,  peptides from spe-
cies  in the order  Echinoida would  be called SAP-I

(GFDLNGGGVG)anditsderivatives[65], Similarly,SAP-
II would  be from species in the order  Arbacioida, which  is
divided into subgroups  A  and  B (SAP-IIA: tiC.r-!y£E-VI] [GAP

{l{tiVGGGRL-NH2 and  SAP-IIB: KLE!tl[l[ilt!gGGNCV) [68, 73],

SAP-III (DSDSAQNLIG) would  be from species  in the order

Clypeasteroida [70], SAP-IV (GCPWGGAVC from species
in the ord ¢ r  Diadematoida  [89], and  SAP-V  (GeqtG
LFHGMGN  from species in the order  Spatangoida [91].
According to a  review  of  Shigei [56], recent species of sea

urchins  are classified into ten taxonomic orders  (Cidaroida,
Echinothurioida, Diadematoida, Arbacioida, Echinoida,

Holectypoida, Clypeasteroida, Cassiduloida and  Spatan-

goida). We  predict that new  specific  peptides will  be iso-
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TABLE  I.Sperm-activating  peptides purified from  the  egg  jelly of  various  species  of  sea  urehins'

Subclass Regularia

 Order Diadematoida

       Suborder

        Family

Order

Order

Arbacioida

   Suborder

    Family

Family

Suborder

 Family

Echinoida

   Suborder

    Family

Diademina

Diadematidae

Diadema setos"m

GSI!tl!!9{l{!Y[iWGGAVC(SAP.Iv)

GXPXGGAV

Phymesomatina

Phymosomatidae

Glyptocidaris crenularis

SAKLEIItl{i9!!gGGNCV (Ser-Ala-SAP-IIB)
  KLgetg{II!f2GGNCV(SAP-IIB)

  Lget[l[l)l[iGGNCV (Des-Lys'-SAP-IIB)
SFKLS  Itlgg9[IGGQCV (Ser-Phe-[Gln']SAP-IIB)

 KL9Itl{i!l9[IGGQCV([Gln']sAp-IIB)

  L9Etl9!l9S]GGQCV (Des-Lysi-[Gln']sAp-IIB)
Stomopneustidae
Stomopneustes variolaris

        '

 KFCPEGKCV  ([Phe2, Glu5, Lys']SAP-IIB)
   -ArbacinaArbaciidae

 Arbacia punctulata

 gyt!{ltl!Il{i{VT  iGPGCVGGGRL-NH,(SAP.IIA)

Ternnopleurina 
'

Toxopnelistidae

Lytechinus picttis
GFDLTGGGVQ  ([Thrf,GlntnSAP-I)
 FDLTGGGVQ  (Des-Gly'-[Thr5]SAP-I)
7Vipnettstes gratilla

GFDLNGGGVG  (SAP-I)
GFNLNGGGVG  ([Asn3]SAP-I)
GFSIGGGGVG  ([Sefi,Ile4,GlyS]SAP-I)
GFDLGGGGvG  ([Gly5]sAp-I)
GFSLGGGGVG  ([Ser3,Gly5]SAP-I)
GFGLGGGGvG  ([Gly3･5]sAp-I)
GF(o-BT)DLNGGGVG  ([o-Br-Phe2]SAP-I)
GF(o-Br)NLNGGGVG  ([o-Br-Phe2,Asn3]SAP-I)
GF(o-Br)DLDGGGVG  ([o-Br-Phe2,AspS]SAP-I)
GF(o-Br)DLGGGGVG ([o-Br-Phe2,GlyS]SAP-I)
GF(o-BT)SLSGGGVG  ([o-Br-Phe2,Ser3･5]SAP-I)
GF(o-Br)GLGGGGVG  ([o-Br-PheZ,GlyS'S]SAP-I)
GF(o-Br)SLGGGGVG  ([o-Br-Phe2,Sei,Gly5]SAP-I)
GF(o-Br)SIGGGGVG  ([o-Br-Phe2,Ser3,Ile`,GlyS]SAP-I)
GF(m-Br)DLNGGGVG  ([m-Br-Phe2]SAP-I)
GF(p-Br)NLNGGGVG  ([p-Br-Phe2,Asn3]SAP-I)
Rsudoboletia maculata

GFALDG  VN  (Des-Gly7'S-[Ala3,Asp5,Asn'O]SAP-I)
GFALDG  VG  (Des-Gly"S-[Ala3,AspS]SAP-I)
GFALDG  VT  (Des-Gly7'S-[Ala3,Asp5, ThriO]SAP-I)

Rseudocentrottts depressus

GFDLNGGGVG  (SAP-I)
GFDLTGGGVG  ([ThrS]SAP-I)
GFALGGGGVG  ([Ala3, Gly5]SAP-I)
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Suborder

 Family

Farnily

Subclass Irregularia

 Order Clypeasteroida
       Suborder

        Family

Suborder

 Family

EchininaStrongylocentrotidae

Strong))locentrottts nutitLs

GFDLNGGGVG  (SAP.I)
GFSLSGGGVG  ([Sefi･S]SAP.I)
GFALGGGGVG  ([Ala3, GlyS]sAp-I)

GFSLGGGGVG  ([SeP, GlyS]SAP-I)

GFDLTGGGVG  ([Thfi]SAP-I)
Strongytecentrot"s purpuratus
GFDLNGGGVG  (SAP-I)
GFALGGGVG  ([Ala3, GlyS]sAp-I)

GFSLTGGGVG  ([Ser3, Thff]SAP-I)

Hbmicentrot"s pulcherrimtts
GFDLNGGGVG  (SAP-I)
GFDLTGGGVG  ([[[hfi]SAP-I)
GFDLNGGGYS  ([SeriOISAP-I)
SFALGGGVG  ([Seri, AlaS, Gly5]SAP-I)

GFSLTGGSVD  ([Ser3'6, AspiOISAP-I)
Echinometridae

Echinometra mathaei  (typc A)

GYSLSGGAVD  ([Tye, scR･S, Ala8, Aspie]sAp-I)

GFALSGGGVG  ([Ala', SerS]SAP-I)

GFSLSGGGVG  ([Ser3'5]SAP-I)
GFDLTGGGVG  ([[[hr5]SAp-I)
Echinometra  mathaei  (type B)

GYSLSGGAVD  (Tye, SeP･S, AlaS, AspiO]sAp.I)
GYNLNGDRID  ([TbJe, Asn3, Asp'･ie, Arg8, Ile"]SAP-I)

GFsLsGGGvG  ([seP･5]sAp-I)
GFDLTGG6VG  ([Thfi]SAP-I)
Anthocidaris crassispina

GH)LTGGGVG  ([[[hfi]SAP-I)
GFDLSG6GVG  ([SerS]SAP-I)
GFSLSGSGVG  (ISer3'S"]SAP-I)
Heterocentrotus mammillatus

G[[LI'IrGSGVS ([Tlir2'S, Leu3, Pro`, Ser7'iO]SAP-I)

GFEMGGTGVG  ([Glu', Met`, Gly5, Thr']SAP-I)

GYNLGGGGID  ([TyT2, Asn3, Gly5, Ile", AspiO]SAP-I)

GFGLSGGGIG  ([Gly3, Sefi, Ile"]SAP-I)

Clypeasterina

Clypeastcridae

Clypeaster japonicus
DSDSAQNLIG  (SAP-III)
GTDSAQNLIG  ([Glyi, The]SAP-III)

 SDSAQNLIG(Des-Asp'-SAP-III)

DSDSAH  LIG  (Des-Asn'-[His6]SAP-III)
DTDSAH  LIG  (Des-Asn'-EIhe, His6]SAP-III)

NTDSAH  LIG  (Des-Asn'-[Asni, Thr2, His6]SAP-III)

GTDSAH  LIG  (Des-Asn'-[Gly', The, His`]SAP-III)

 SDSAH  LIG  (Des-Asp', Asn'-[His6]SAPIII)

DSDSAH  (Br) LIG  (Des-Asn'-[Br-His6]SAP-III)
LaganinaAstriclypeidae

AstricCMpeus manni

DSDSAH  LIG  (Des-Asn'-[His6]SAP-III)
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OrderSpatangoida

    Suborder

      Family

DTDSAH  LIG

 TDSAH  LIG(Des-AsnZ[Thr2,

 His6]SAP-III)

(Des-Asp', Asn'-[ThP, His6]SAP-III)

Spatangina

BrissidaeBrissus

 agassiiii

GCEGLFHGMGNC L (SAP-V)

'
 Amino acids in the sequences  are  given a  one-letter  abbreviation:  asparagine (N), aspartic  acid  (D), alanine
(A), arginine  (R), isoleucine (I), glycine (G), glutamine (Q), glutamic acid  (E), cystine (so,  cysteine  (C),
serine  (S), tyrosine (\), tryptophan (W), valine  (Y), histidine (H), phenylalanine (F), proline (P), methionine

(M), lysine (K) and  leucine (L).

TABLE2.  Specificityof sperm-activatingpeptides

Diademasetosum Glyptocidaris
 crenularts

Spermatezoa used

 Hemicentrottts
  pulcherrimtLs

Clypeapter
1apontcus

Brtssvtsassizii

SAP-IVSAP-IIBSAP-IIASAP-ISAP-IIISAP.V+

+

±

+

+

+

The respiratory  stimulation  activity of  a  sperm-activating  peptide is expressed  as a  plus sign  (+) when  the peptide
stirnulated  spenm  respiratien  one  half-maximally at a eoncentration  less than  5nM.  When  the  half-maximal

respiratory  stimulation  was  induced  by a pepticle concentration  between  5× 10-9 M  and  5× 10-7 M, a  plus-minus
(±) was  used,  Practically no  respiratory  stimulation  was  depicted by a minus  sign  (-).

lated from  species  in the orders  Cidaroida, Echinothurioida,

Holectypoida and  Cassiduloida, When  new  specific pep-
tides are  obtainecl,  they  wi11 be in turns  named  SAP-VI,  

-VII

and  so  on.

2.2, Bromopherrytalanine-containing sperm-activating pep-
tides

   Some of  the SAP-I clerivatives isolated from the solubil-
ized jelly layer of the sea  urchin  7?ipneustes gratilla contained

o-, m-  and  p-bromophenylalanine [89]. Although bromina-
tion of phenylalanine in these peptides does not  appear  to

interfere with its biological effect on  spermatozoa,  it raises  a

question concerning  the generally accepted  idea of the strict

specificity  of  phenylalanyl tRNA  synthetase.  Considering
that the enzymatic  electrophilic bromination of  the  phenyl-
alanyl  aromatic  ring is in the ortho-para  orientation,  o- or

p-bromophenylalanine could  be generated by post-
translational medification  of  phenylalanine with  a  bromide
and  specific  peroxidase. However, there is little possibility
of post-translational generation of  m-bromophenylalanine,

suggesting  pre-translational generation of the amino  acid, in
other  words,  phenylalanyl tRNA  synthetase  may  mistake

m-bromophenylalanine  for phenylalanine,

2.3. fucose suijkite glycoconjugate (ESG)
   For purification of highly viscous  large molecular  weight

polysaccharide-protein complexes  of  the  jelly layer, solubil-

ized jelly layer of  the sea urchin  H, putcherrimzas was  dialyzed
                  o

against  O.1 M  NaCl  at 4 C. Fucose-containing material  was

eluted  earlier than the material  containing  sialic acid  [83-84],
FSG  has been purified from the  fractions containing  fucose by

sequential  gel chromatography  on  Sepharose CL-2B and  TSK
G-3000 PW  columns  [57], FSG  consisted  of  polysaccharide-
containing  protein(s) ancl several other  protein constituents

(258 kDa,  237 kDa  and  120 kDa)  which  associated  with  each

other  by disulfide bonds (Fig, 2), The polysaccharide con-

sisting  of  about  39%  of  FSG  by weight  comprised  fucose

sulfate  (87% , w/w),  N-acetylglucosamine (4.7% , w/w),  man-

nose  (3.7%, wtw),  N-acetylgalactosamine (2.8%, wlw),

galactose (1.0%, w/w)  and  glucose (O.7%, wlw)  (Nishimura
and  Suzuki, unpublished  data),

2.4. Sialoglycoprotein

   The sialic acid-containing  material  obtained  from  chro-

matography  of  solubilized  jelly layer on  a Sepharose 2B

column  was  further purified by chromatography  on  a DEAE-
Sephadex A-25 column,  followed by CsCl density gradient
ultracentrifugation  [57]. The purified sialic  acid-containing

material  (sialoglycoprotein) mainly  consisted  of sialic acid

(77%, wlw)  and  protein (10%, wfw),  although  it contained

several other  sugars such  as N-acetylgalactosamine (4.6% , w1
w),  N-acetylglucosamine (3,1%, wlw),  galactose (2%, wlw),
mannose  (1%, wlw)  and  glucose (O,7%, w/w)  (Nishimura
and  Suzuki, unpublishecl  clata),
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HG.  2. Highly speculative  model  for fucose sulfate  glycoconjugate. Fucose sulfate  glycoconjugate consists  of  a sugar-containing  core protein,

   and  two  major  (258 kDa  and  237  kDa)  and  one  minor  (120 kDa) proteins.

3. INTERACTION  OF  SPERMATOZOA  wrTH
     SPERM.ACTIVATING  PEPTIDES

3.1. Respiratory stimutation

   Sea urchin  egg  jelly molecules  such  as sperrn-activating

peptides and  fucose sulfate  glycoconjugate show  various

effects on  sea urchin  sperm  metabolism.  1[hese are  summa-

rized in Table3. Sperm-activating peptides stimulate  the

respiration rates of sea urchin  spermatozoa  maintained  in

acidified  sea  water,  back to normal  levels [69]. The  stimu-

lated respiration  rate does not exceed  that of spermatozoa  in
normal  sea water  (pH 8,2) even  if 1arge amounts  of  peptides
are  added  to the sperm  suspension  medium,  In an  excep-

tional case  with  we  encountered  once  in over  ten  years of

TABLE3. Effects of  sea  urchin  egg

   sperm-activating  peptide (SAP), onjellyseamolecules,

 fucose
urchin  spermatozoasulfate

 glycoconjugate (FSG) ancl

FSG SAP

Respiration

ModiityAcrosome

 reaction

Histene phosphorylation
Effects on  guanylate cyclase

        Activation

        Dephosphorylation

Activatien of  adenylate  cyclase

Activation of  cAMP-dependeht

        protein kinase

Increase in

        intracellular pH
        intracellular Ca2+

        intracellular cAMP

        intracellular cGMP

Cfieinoattraction

   none

   none

 inducible
(major factor)

 inducible

nonenoneyes

yes

yesyesyesnonenone

stimulation

stimulation

ns."ftdiL{f:If'

not  known

yesyesyes

not  known

    yes

    yes

    yes

    yes

    yes

(enly SAP-IIA)
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research  on  sperm-activating  peptides, SAP-IIA  stimulated

respiration  rates  of  spermatozoa  from a given individual of

Arbaciapunctulata in any  pH  tested. This may  explain  why

sometimes  in the early phase of research  on  egg-associated

factor(s) some  investigators obtained  positive effects of  egg

water  on  stimulation  of sperm  respiration rates even  when

they tested the  effects  in sea  water  (pH8.2). To  obtain

reproducible  results, however, we  recommend  the use  of

slightly  acidic  sea  water  (pH 6,8 or  6,6) for assaying  respira-

tory stimulation  effects  of  sperm-activating  peptides on  sea

urchin  spermatozoa.  Half-maximal stimulation  of  the re-

spiration rate by these peptides is 10-100 pM. The respira-

tory stimulation  effect  is dependent upon  the concentration  of

external  Na'  [48, 69], [[1ie ability of SAP-I to stimulate  H'

ernux  and  hence increase intrace11ular pH  correlates  well  with

the stimulation  of respiration rates [33], Thus, induction of

respiratory  stimulation  by sperm-activating  peptides can  be
explained  by the hypothesis that the peptides trigger Na'1
H+  exchange  across  the sperm  plasma membrane  and  raise

the intracellular pH. SAP-I increases iptracellular pH  an,d

Ca2+  in both acidic  (pH 6.6) and  normal  (pH 8.0) seti water.

Tlie extent  of the increase in intrace11ular pH  in n6rmal  sea

water  is smaller  than  that in acidic  sea  water,  but the extent  of

the increase in intraoellular Ca2+ in normal  sea  water  is much

larger than  that in acidic  sea  water,  In sea  water  containing

high concentration  of K+, the respiration rates  and  motility

of  sea  urchin  spermatozoa  are  lower than  those  in normal  sea

water.  Under these conditions,  SAP-I increases neither  the

lowered respiration rate  and  motility  nor  the intracellular pH
and  Ca2+ , although  the peptide binds to the spermatozoa  as  it

does in normal  sea  water  [31, 33].
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3.2. Activation ofguanylate cyclcLse
    Sperm-activating peptides cause  increases in sea urchin

sperm  cGMP  levels as  well  as  cAMP  levels in both acidic  and

normal  sea water  [73]. Half-maximal elevations  of cGMP

occurs  at about  20 nM  peptide versus  2nM  for cAMP

elevation, SAP-I elevates  the sperm  cGMP  level in leO mM
K'  sea  water  (from O.37 to 4,81 pmol  tmg wet  weight  sperma-

tozoa) more  than in normal  sea  water  (from O,21 to O.93
pmolfmg  wet  weight  spermatozoa)  [31]. A  phosphodiester-
ase inhibitor, 3-isobutyl-1-methyixanthine (IB)vO() and  SAP-
I synergistically elevate the cGMP  level from O.35 to 33.08

pmolfmg wet  weight  spermatozoa  in 100 mM  K+  sea  water,

However,  in high concentration  K+  sea  water,  SAP-I does

not increase cAMP  levels even  in the presence of  IBMX  [311.
    When  A. punctulata spermatozoa  were  incubated with
Ir-32P]-ATP, a  major  membrane  protein of 160kDa was

constitutively  labeled. When  spermatozoa  were  treated

with  the solubilized jelly layer of A, punctulata this protein
lost its 32P-label  and  changed  its relative  mobility  on  SDS  gels
to 150kDa [76], Reaction with  specific  antibodies  and

purification studies  have shown,thqt  the phosphoprotein is the
enzyme  guanylate cyclase [77], The  increased mobility  is
thought to result  from  increased binding of  SDS  to the
dephosphorylated form of  the enzyme.  The factor responsi-
ble for the' chgnge  has been identified as SAP-IIA [68].
Similar changes  are commonly  observed  in sea urchin  sper-
matozoa  treatecl with  a  specific  sperm-activating  peptide [7,
60, 69, 72-73, 86-88, 91] (Table 4).

    Loss of phosphate from guanylate cyclase  and  a change

in the  molecular  form which  is dependent on  external  Na'
and  Ca2+  concentrations  result in a  large decrease in the
specific  activity  of the enzyme  [79]. The decrease in the

TABLE4, Apparent molecular

   activating  peptide

mass  change  of  amajorsperm  pretein inducecl by a  specific  sperm-

Species Change  in molecular  mass

SAP-I

SAP-IIASAP.IIBSAP.III

SAP-IVSAP-V

LytechintLs pictttsi>
T?ipneustes gratitla2}

Rseudeboletia macutata2)

Rseudocentrotus nudtLs3)

StrongytocentrottLs depresstLs3)

Strongylocentrotus purpuratus4)

Hemicentrottts p"lcherrimtts3)
Echinemetra methaei  type A2)

Echinometra methaei  type B2)

Anthocidaris crassispina3)

Heterocentrottcs mammitlatus2)

Arbacia punctulataS)
G()cptocidaris crenularis6)

C4}Lpeaster japonictLs7),S)
AstriclypeiLs manni8)

Diadema setosumg)

Brisstcs agassiziiiO)

150.140131.123128.120132.1rs132.127150.14e131.128130-123130-123136-131130.IM160.150195-200,

126-123128-122134L-128lg3-129

1)6)Shimomura et al. [56]; 2) Yoshino et at. [82]; 3) Suzuki et at. [68]; 4) Bentlgy etal. [6]; 5) Suzuki et aL  [64];
Suzuki et  al. [69]; 7) Suzuki etal. [66]; 8) Yoshino etal.  [84]; 9)' Yosbino etal.  [83]; 10) Yoshino  etal.  [86].
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specific activity could  be repressed  by protein phosphatse
inhibitors like calyculin  A  to a great extent  and  microcystin-

LR  or  okadaic  acid  te seme  extent  (Hoshino and  Suzuki,

unpublished  data), These suggest  that a specific protein
phosphatase sensitive to calyculin A  dephosphorylates guany-
late cyclase. On  the other  hand, in 1oo mM  K+  sea  water

SAP-I  did not  induce the  electrophoretic  mobility  change  of

guanylate cyclase [30]. Thus, we  consider  that the sperm-

activaimg  peptide-induced elevation  of the cGMP  level in sea
urchin  spermatozoa  occurs  before or independently of mem-

brane hyperpolarization induced by the opening  of  K'  chan-

nels.

FSG  shows  only  about  half the ability of the original unfrac-

tionated  jelly layer to induce the  acrosome  reaction.  SAP-I,
which  has no  acrosome  reacton-inducing  ability  by itself,

increases the rate  of  the acrosome  reaction  induced by FSG;
the maximal  rate of  the acrosome  reaction  with  FSG  and

SAP-I is that  of  the unfractionated  jelly layer [57, 83-84].
[[he hal"maximal increase in induction of  the acrosome

reaction  by SAP-I with FSG  occurs  at 400 pM  SAP-I, approx-
imately the same  concentration  as  that producing half

maximal  stimulation  of  sperm  respiration.  These results

indicate that SAP-I  promotes induction of  the acrosome

reaction  by acting  as  a  specific  co-factor  of  FSG.

3.3. Chemoattraction

   The  chemotaxis  of  animal  spermatozoa  to eggs  or  egg

secretions  from the female reproductive  system  is a wide-

spread  phenomenon  [40]. However,  the chemical  nature  of

animal  sperm  chemoattractants  have remained  unknown.

In this regard,  it is important to mention  that when  1 nl  of 10
nM  SAP-IIA  was  injected into a drop of randomly  dispersed
A. punctulata spermatozoa,  a  striking  chemotactic  response

occurred;  they  changed  their swimming  behaviour and

formed a cluster in the area  of microinjected  SAP-IIA [78].
The  chemoattraction  to SAP-IIA  was  species  specific and

dependent on  concentration  of the peptide and  the presence
of  Ca2+, SAP-IIA  is the first egg-derived  molecule  of

known structure that has been shown  to be a chemoattractant

for animal  spermatozoa.

4. INTERACTIONOFSPERMATOZOAWITH

POLYSACCHARIDE-  PROTEIN  COMPLEXES

          IN  THE  JELLY  LAYER

4,1, intactESG

   The macromolecular  fraction of the sea urchin  jelly layer
consists  of  20%  sialoglycoprotein  and  80% FSG  by weight

[53]. At  the present time,  nothing  is known  about  the

effects of isolated sialoglycoprotein  on  sea urchin  spermato-

zoa,  although earlier studies  suggested  that it caused  sperm-

isoagglutination, The isolatecl FSG, which  exhibits some

degree of  species  specificity  [58], induces the acrosome  reac-

tion [36, 53, 57], activates adenylate  cyclase up  to 50-fold

[81], increases cAMP  levels 400-fold [23-24, 26, 36], in-

creases the activity of cAMP-dependent  protein kinase [25]
and  elevates  intracellular Ca2+  and  pH  in spermatozoa  [33,
52], The elevations in intracellular Ca2+ and  pH  by  FSG

appear  to occur  through  different Ca2+  and  H+  transport

systems  than those for SAP-I [33]. The  effects of FSG  on

cAMP  metabolism  and  the acrosome  reaction  are  blocked by

a  lectin wheat-germ  agglutinin  and  the Ca2+  channel  anta-

gonists verapamil  and  D-600  [51].
   Isolated FSG  contains  twice as much  protein to fucose
sulfate by weight  and  induces the acrosome  reaction  in a
concentration-dependent  manner  [57], however, induction of

the acrosome  reaction  by FSG  is fully achieved  only  in Ca2'
-enriched sea  water  [53--54]. In normal  sea  water,  isolated

4.2. ModipedFSG

    When  70%  of  the constituent proteins were  removed

from FSG  by pronase digestion, the  resulting  fucose sulfate-
rich glycoconjugate lost more  than 50%  of the acrosome

reaction-inducing  ability  of the untreated  FSG  [57], Com-

plete carboxymethylation  of  cysteine  residues  in FSG  results

in the  release  of  258kDa,  237kDa  and  120kDa  proteins
from FSG  and  the resulting fucose sulfate-rich glycoconjugate
shows  only  falf the ability  of  the intact molecule  to induce the

acrosome  reaction, A  similar fucose sulfate-rich glyco-
conjugate  preparation can  be Qbtained  by HPLC  ef  FSG  on  a

TSK  G-6000 PW  column  connected  to a TSK  G-400e SW
column  in the  presence of  SDS  and  2-mercaptoethanol (Shi-
mizu  and  Suzuki, unpublished  clata). [Ihe resulting  fucose
sulfate-rich  glycoconjugate also  shows  approximately  half the

ability of FSG  to induce the acrosome  reaction. The de-
creased  potency of  these  fucose sulfate-rich  glycoconjugates
to induce the acrosome  reaction  can  be partially restored  by
the  addition  of  SAP-I. Fucoidan, a  polymer of  L-fucose-4-

sulfate, which  is a major  sugar  component  in fucan sulfate
isolated from the solubilized  jelly layer of  H. pulcherrimtts,
does not induce the acrosome  reaction  of H, putcherrimtts
spermatozoa  appreciably.  Fucose sulfate-free protein con-
stituents (258kDa, 237kDa  and  120 kDa  proteins) do  not

show  any  significant ability at inducing the acrosome  reaction.

When  spermatozoa  are  first treated with  these  protein consti-

tuents, the addition  of  FSG  induces a  further increase in the
rates  of  the  acrosome  reaction,  The  addition  of  FSG  does

not procluce a further increase if spermatozoa  are first treated

with  the  fucose sulfate-rich  glycoconjugate. These results

suggest  that the protein moiety  ef  FSG, particularly when

associated  with the sugar  moiety,  is involved in induction of

the acrosome  reaction, although  the mechanism  remains

unclear.

5. RECEPI]ORSONSPERMATOZOAFOR

MOLECULES  OF  THE  EGG  JELLY LAYER

5,l, Eqm'librium binding ofSAP to spermatozoa

   We  do not  know much  about  the receptor  for FSG
because it is quite diMcult to perform binding experiments
using  radioiodinated  FSG.  The  radioiodmated  FS6  binds
non-specifically  to spermatozoa,  test tubes  and  even  the
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glass-filters used  in the  experiments.  However,  the  differen-

tial effects of  FSG  and  SAP-I on  the elcvation  of  intrace11ular
Ca2+ and  pH  in sea  urchin  spermatozoa  suggest  that FSG  and

SAP-I bind different receptors  [33]. Using radioiodinated
synthetic  SAP-I, SAP-IIA  or SAP-III analogue  (which ex-

hibit the same  respiratory stimulating  activities as SAP-I,
SAP-IIA or  SAP-III) receptors  specific  for these peptides
have been characterized.  S. purpuratus speTmatozoa  pos-
sess approximately  6,OOO-8,ooO receptors/cell  specific for
SAP-I [63]. [Ihese receptors  exclusively  localize on  the

sperm  tail [70]. Analyses of  the data obtained  from  the

equilibrium  binding of  a 
i2SI-SAP-III

 analogue  to spermato-

zoa  of the sand  dollar C(ypeaster japonicus, using  Klotz,
Schatchard and  Hill plots, showed  the presence of two classes

of  receptors  specific  for SAP-III [90], One  of  the receptors

(high arnnity)  has a  Kd  of  3,4 nM  and  3,4× 10  ̀binding sites1

spermatozoon,  The other  Teceptor  (low affinity) has a  Kd  of

48 nM,  wnh  6.1× 104 binding sites/spermatozoon.  Tbe Kd
of  the  high-affinity receptor  is comparable  to the half-
maximal  effective concentration  of the intracellular-pH-

increasing activity  of  SAP-III and  the Kd  of the low-affinity

receptor  is comparable  to the halfmaximal  effective concen-

tration of  the cellular-cGMP-elevating  activity of  the peptide,
Similar results  are  also  obtained  from  a binding experiment
using  H.  pulcherrimtcs spermatozoa  and  an  

i2SI-SAP-I
 ana-

logue [59]. These binding sites  (receptors) localize on  sperm

plasma membranes.

5,2. St4P-crosslinkingproteins

   It has been reported  that SAP-IIA, natriuretic peptides
and  heat-stable enterotoxins  are extracellular peptide ligands
for which  a  membrane  form of  guanylate cyclase serves as  a

 cyclase

ca2+channel

ee
K+ channel

tw:
Na+IH+
antlporter

GTP
      
cGMP

GTP
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Na+

perm activatlon
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   Activation of
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FiG. 3. Model of the signaling machanism  of  SAP-I in H. pttlbherrimtts spermatezoa
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cell-surface receptor  [22], These peptide ligands crosslink  to

the guanylate cyclase  in the respective  target tissue in the

presence of  a  chemical  crosslinking  reagent,  disuccinimidyl

suberate  the i2SI-SAP-I  analogue  is specifically  crosslinked  to

a 77 kDa  protein in S. purpuratus spermatozoa  [12] and  to a

71kDa  protein in H. pulcherrimus sperrnatozoa  [29],
although these protein themselves do not  show  any  guanylate
cyclase  activity.  In purification of  the 71 kDa  protein from
H. pultherrimtLs sperm  tails, the  protein was  always  co-

purified with  a 220kDa wheat  germ agglutinin (WGA)-
binding protein by gel filtration, ion exchange  and  aMnity

chromatography  even  in thc presence of detergent (CHAPS).
The  71 kDa  protein was  separated  from  the  220 kDa  protein
only  after  treatment with 2%  SDS  at  1oo"C. [[he 71 kDa

protein may  be tightly associated  with  the 220 kDa protein,
[[he WGA-binding protein is reported  to be involved in the
induction of the aerosome  reaction  through regulating ion
fluxes associated  with  the acrosome  reaction  [44, 55]. SAP-I

has also been reported  to participate in the induction of the

acrosome  reaction  [83], Therefore, SAP-I binding to the 71

kDa protein on  a spermatozoon  may  affect the regulatory

system  of ion fiuxes induced by the binding of component(s)
in the jelly layer to the WGA-binding protein (Fig. 3).

   A  cDNA  encoding  the 71 kDa  protein was  isolated from

a  H, palcherrimzas testis cDNA  library, An  open  reading

frame of the cDNA  predicted a protein of 532 amino  acids

containing  a 30-residue amino-terminal  signal peptide, fol-
lowed by a  sequence  which  corresponds  to the N-terminal

sequence  of the purMecl 71 kDa protein. The  amino  acid

sequence  of  the mature  71 kDa  protein is quite similar  to that

of the 77 kDa protein of S. purpurattLs (95.5% identical) and

has a  maximum  48%  identity to a  bovine and  human  type-I-

specific scavenger  receptor  cysteine-rich domain [13, 20, 39,

59] (Fig, 4).

   1[he '25I-SAP-IIA
 analogue  crosslinks  to a 160 kDa

protein in A. punctulata spermatozoa  [61], which  has been

identified as  membrane-bound  guanylate cyclase  [62, 77].

However,  the i25I-SAP-IIB
 analogue  crosslinks to 172 kDa,

62 kDa  and  58 kDa  proteins in sperm  heads, and  157 kDa and

62 kDa  proteins in sperm  tails of Glyptocidaris crenularis

[29], The iasI-SAP-III  analogue  crosslinks to 126 kDa,  87
kDa  and  64 kDa  proteins in C, iaponictLs spermatozoa  [90],
In these cases  as well as the case  of SAP-I, however, binding
of the sperm-activating  peptides to these  proteins in sperma-
tozoa  resultes  in a transient activation of  the membrane-

bound guanylate cyclase, fo11owed by  a  large decrease in the
activity  of the enzyme.  [[he activity is proportional to the

amount  of enzyme  in the phosphorylated form  [45-46, 77],

The  clephosphorylation, which  is accompanied  by a change  in
the electrophoretic  mobility  of  the enzyme  on  SDS  gels,

depends on  the pH  of  the surrounding  sea  water,  and  shows

an  absolute  requirement  for Na+  [77].

6. SYNTI]HESISOFMOLECULESINJELLYLAYER

6.1. 0ocytegrowth

   It is well  known  that the oocytes  of most  groups of
animals  are  surrounded  by extracellular coats  that are  gly-
coprotein  in nature  and  are  variously  designated the vitelline

coat  or the  viterune envelope,  as  well  as  the jelly coat  in some

marine  invertebrates and  the zona  pellucida in mammals.
Most egg  investments are laid down  between the oocyte  and

the follicle cells  during oogenesis.  Whether these invest-
ments  originate from the oocyte,  the foIlicle cells, or both,

seems  to vary  according  to the investments studied. Results
of electron  microscepic  and  histoautoradiographic studies

indicate that the  vitelline coat  in the ascidian  [49-50] and

both the  vitelline coat  and  the jelly coat  in the  stadish  [50] are

SAP-I CP
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huCD6-2huMac-2
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 38345156
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                              1 2

                             v v
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AENRALR:VD:GGACA:R::MLEHGE::SVg:DT:DLEDAH:V-CRQ::CGWAVQ

VNosomR:AD:GATNQ:R::IrvRoo::TVg:NL:DLTDAS:VgRA::FENATQ

TEDG[)MG:VN:ASANE:A::IFYRGR::TVC:NL:NLLDAH:VCRA::YENATQ

 53398209
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                                               3 4 5 6

                                               v v  v y

           SAP-I  CP  54  FYRRAYYGAHVTTFVVVYKLA!S;LGNETRLDE-CYHRPYGRPWrpSSowAAGVE9LP  145

           huSCAV  R 399  VHKAAHFGQGTGPIWLNEVFCF:R:SSIEEgKIRQWGT-RAgSHSED:::TQTL  451

           huCD6-2  2tO  ALPGLHFTPGRGPIHRooVNCS:A:AYLWDCPGLP-GQ--HY-CGHKED:::VgSE  261

           huMac-2  BP  73  ALGRAAFGQGSGPIMLDEVQgT:T:ASLAQ{;KSLGVVLK-SNgRHERD:::VQTN  125

           mouCyp-C  AP  73 ALGRAAFGPGKGPIMLDEVE-CT:T:SSLASQRSLGww-SRCGHEKO:::V9SN  t25

FiG. 4. Sequenee  alignment  comparing  the scavenger-receptor  eysteine-rich  (SRCR) domain of  the 71 kDa  SAP-I-erosslinking protein (SAP-I
   CP) with  other  SRCR-containing proteins. The six consensus  cysteine residues  underlined are  indicated by numbered  arrow  heads, The

   vertical  clouble dots show  amino  acid  identity. The  aligncd  sequellces  with  SAP-I CP  [59] are  as  foltows: human  macrophage  scavenger

   receptor  (huSCAV R) [39]; human  lymphocyte glycoprotein CD6  (huCD6-2) [5]; human Mac-2-binding protein (Mac-2 BP) [37]; mouse

   cyc]ophilin  C-associated protein (mouCyp-C AP)  [21].
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produced in oocytes.  An  immunoelectron microscopic

study  revealed  that the envelope  glycoproteins in amphibian
oocytes  are  synthesized  by the oocytes  themselves  [85]. In

mammals,  it has been  shown  that the zona  pellucida in the
mouse  is synthesized  in the oocytes  [8, 27], whereas  in the

rabbit  the follicle cells  also participate in the forrnation of the

zona  pellucida [82]. In addition,  the jelly envelopes  of

amphibian  eggs  [for review  see  ref,  34] and  the oviductal

glycoproteins of the zona  pellucicla of  ovulated  eggs  in

mammals  appear  to be secreted  by the oviductal  epithelial

cells [1, 43], The  origin  of  the jelly layer molecules  of  sea

urchins  has been investigated in many  ultrastructural  and

histochemical studies, Until recently, however, it has been
unclear  whether  FSG  and  sperm-activating  peptides originate

from the oocyte  andlor  the accessory  cells,

   Development  of oocytes  in the ovary  of the sea urchin  H,

puicherrimtts is divided into four apparent  stages  [2], 
'iaogo-

nia  (stage 1), identified by their smal1  size and  geminal
vesicle-like nuclei, have a dense cytoplasm  with  little or  no

granularity, Early oocytes  (stage 2) can  be distiriguished
from  oogonia  by the presence of  cytoplasmic  cortical  granules
and  yolk granules, Oocytes at stages 1 and  2 are attached  to

the ovarian  wall, Large vitellogenic oocytes  (stage 3) con-
tain many  cytoplasmic  granules and  possess a 1arge geminal
vesicle  and  nucleolus,  They  are  usually  not  immediately

adjacent  to the ovarian  wal1, The  most  mature  oocytes

(stage 4) are usually located in the lumen  of  the ovary.  [Iliey

lack a  germinal vesicle  and  nucleolus  and  contain  many

cytoplasmic  granules and  cortical  granules. They  have a

distinct submembranous  layer of cortical granules, Matur-
ing oocytes  are  surrounded  by accessory  oells  which  contain  a

number  of  conspicuous  globules.

6.2. immunohistochemicat detection of FSG  in the ovary

   Immunohistochemical examination  of  pararan section$

of  the  immature  ovary  of  H, pulcherrimus using  polyclonal
antibodies  specific to FSG  in the jelly layer of H. pulcherri-
mus  showed  that the antibodies  reacted  with  the  accessory

eells  and  oocytes  in the ovarian  lumen [2]. An  intense
immunohistochemical reaction  was  observed  in many  glo-
bules in the accessory  cells and  also frequently in the surface
region  of the oocytes,  at a  distance from  the ovarian  wal1,

At  the  ultrastructural  level, the antibodies  were  found to
react with  the material  present in the Golgi apparatus  in the
cytoplasm  (globules) of the accessory  cells [2-3]. These

results strongly  support  our  claim  that FSG  is produced by the

accessory  cells  and  also  suggest  that the  Golgi apparatus  plays
an important role in the production of FSG. An  enzyme-

linked immunosorbent  assay  experiment  using  polyclonal
antibodies  to FSG  indicated that FSG  was  present in the
supernatants  from homogenates  of  evaries  of  the  sea  urchin

H. pulcherrimus throughout ovarian  development [3]. FSG
was  present in ovaries  during both the non-breeding  and  the

breeding seasons,  However, in the non-breeding  season

FSG  was  distributed in the globules of  the  accessory  cells,

while  in the breeding season  FSG  was  present in the surface
region  of  oocytes,  and  it was  rarely  found in the  accessory

cells. These results suggest  that FSG  is produced in the
acgessory  cells  during the non-breeding  season  to the early

breeding season,  the accessory  cells  showed  marked  ultra-

structural changes  and  during which  time FSG  was  detected
within  the Golgi apparatus  and  in the vaeuole-like  structures

    

Ac
    

RG, 5, Schematic drawing of  formation of  the H. pulcherrimtLs jelly coat  during oogenesis.  Sperm-activating peptides (SAP) and  fucose

   sulfate  glycoconjugate (FSG) are  synthesized  in the granules of  the aceessory  cells at an  early  developmental stage  ef  the ovary,  and  then

   seereted  to out  of  the accessory  cells and  deposited in the surroundings  of  the oocyte.
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 of  the globules in the accessory  cells.  [[his suggests  that FSG  6･3･ SAP-Iprecursor

 is storecl in these structures before it is released  into the A  cDNA  encoding  the SAP-I precursor was  isolated

ovaTian  lumefi. Many  gold particles demonstrating specific  from a H. pulcherrimtts ovary  cDNA  library and  its nuc-

labeling were  associatedwith  well-developed  microvilli  on  the leotide sequence  was  determined. An  open  reading  frame

 vitellogenic oocytes,  In the mature  oocytes,  intense labeling predicted a protein of  334 amino  acids containing  five SAP-I
was  observed  in the jelly layer but not  in the vitelline  coat.  and  seven  SAP-I-like decapeptides, each  separated  by a
By  contrast,  oogonia  and  early oocytes  were  barely labeled. single lysine residue  [35] (Fig, 6). Among  them, SAP-I  and

In all cases, neither the oocyte  cytoplasm  nor  the subcellular four other  peptides (GFDLTGGGVG, GFI])LNGGGVS,
organelles  were  labeled. These results  suggest that FSG  is GFSLTGGSVD)  have been  biochemically isolated from the

procluced by the accessory  cells and  is deposited initially on  jelly layer of  H.  puicherrimus, and  they  show  equivalent

the surface  of  vitellogenic oocytes  for the formation of the biological activity  to SAP-I [65, 72], [[1ie amino  acid  se-

jelly layer (Fig, 5). quence of  the SAP-I precursor of  H. pulcherrimzas is similar

                                                             to that of  the SAP-I precursor of S, purpurattcs (92.5%, 286

                                                    
･
 out  of 309 residues  are identical) [35, 47]. Furthermore,

                                                                                        .
             CGTTCAATCGAAGCTGCTACTCGACCTTACGCTAGATCTCTACCGAGCTTTCTCGTCGAATAGAACAACCGACCAACCCACGCCGTTCAAG ATG ACG TTC ATC 103

                                                                                          MTFI  4

             GTA TGC CTC TTe GTC CTC GTG eCC GTA GCT TCA GGC AAG CCC GTC ATC AGC eGT CAT GAC CAG AAG TAC ACC CTT GCT GAT 184

              VCLLVLVAVASGKPVlSGHDQKYTLAD  31

                                             .
             TCC AGC AAG GAC CTA GAG GGC ATT GCT CAC ATG GCT ATC GTC GAC TCA CTT TCG CCT CTA CAC ATC TCG CTC TCA TCT TTG 265

              SSKDLEG1AHMA1VDSLSPLH1SLSSL  58

             GAA TCA GCG TGG AAT AAC CTC GTC AGC ATT GCT ACT CAG GAG AAA TAC ATT ATC CCG GAA CTG TCC ATA CCC AAA ATC GAC 346
              E S A W N N L V S t A T Q E K Y 1 t P E L S 1 P K 1 D 85

             GTG AAG AGC ATC TTG ACA TGC AAe CCC AAG TAT TCT CCA AAG TAC CCT GTG GTC TTG CAG TAC ATC TCT GAT CAT CAA GTC 427
              V K S I L T C K P K Y S P K Y P V V L Q Y 1 S D H Q V 112

             CAG GTC CAG GAC CAT ATC GCT AAC GCC AAT GAA CTT GTA GAA GGG CTG AAA TTC GTC TCe CAG CTC ATC ATG TAC AAG AAG 508

              Q V O D H 1 A N A N E L V E G L K F V S Q L 1 M Y K K 139

             GTC GAC CAT GAT ACC CTG GCC TCG  GTC TCT AAA ATG TTG AGC GAT TAC TTG ACT GAC TAC GCA TCG ACC ATC TCA TCT ATT 589

             M KMLSDYLTDYAST1SS1  1as

             AAA TCG GTC GTC TGT CAG GAT CCA ACA  GCG CCC TCT  CAT CCT ATG  GCC GAe AGT TAC ATG GAC ACA CCC CTG TCA ATG TTC 670

              KSVVCQDPTAPSHPMAESYMDTPLSMF  193

             TTG MA  eGC ACC ATG CCT ACT GGT GGT GGA GTT GAA AAA AGC TTT GCA CTT GGC GGC GGT GGA GTT GGC AAA  GGA TTC  GAC 751

              L K w t  K iS,,fi,,,k,i,L･,･,･lal･,･S,･i･,･el･･,e･･･V･･･G K IS･･･g････D 220

                                                               [ser',Ata3,Gly5]SAP-t
             TTG AAC GGC GGI GGA GTT GGC'AAG GGC TTT GAC TTG AAC GGC GGT GGA GTT GGC AAA GGA TTT GAC TTG AAC GeC GGT GeA 832

             ,t 
'ti･･Gl

 e e, ,V ,G K 
'G'1･F''"'''t'''"'''e''ta'''ie'''S'"C

 K e F b il ･be ･ts･,･･16･･･} 247
                  SAP-1 SAP-1 SAP-1
             GTT GGC AAA GGC TTT GAC TTG AAC GGC GGT GGA GTT AGC AAA GGA TTC GAG TTG AAC GGC GGT GGA GTT GGC AAA GGC TTT 913

             EiEEIIIII] K G.･･}･･av･u･±･N･.G.e'･g･･･t･･･s K p t  K EEIEIE] 274

                                  [Seri{]SAP-1
             GAC TTG AAC GGC GGT eGA GTT GGC AAA GGA TTC GAC TTG ACC GGC GGT GGA GTT GeC AAA GGC TTT  GAC TTG AAC GGC GGT 994
              O,L  S E GI･'e･･'･V. 

･G
 K ,G.,E,,,D,± il･,･,･r･･G'･･G G Y ts K G,e,O,,,U.lli,,,le.,Bl 301

                    sAp-1 [Thr5]sAp-1 sAp-t

             GGA GTT GGC AAA GGT TTC GCT TTG GGC GGC GGT GGA GTT GGC AAA GGA TTC AGC CTC ACC GGA GGA AGC GTC GAC AGe  GAG 1075

             ･G･'･･v'･･B･ K p t  K ･e'''S""si''t'':'t'''S''itilliglliv,,m･ R E 32s

                                                                     [ser"e,Thr',Asp"%SAp-1

             eTC aAA ACT GAA GGA TGG as TCGACGTTGATTATCTGGCGCTCCATAGATCTGACATCACAATGCCGTGCGCCTGTACACATAATTCGCTAACTGCCAA 1175

              VETEGW***  334

             TTTTACACGGATTTTAATACATTGATCeTTTAAAACGTTCAAGTGAAACCTGTCACATAATACAAATATGTAATAAAATAATAGCATCAAATGCAAAAAAAAAAAAA1282

FiG. 6. Complete nucleetide  sequence  and  deduced amino  acid  sequence  of  cDNA  encoding  an  SAP-I precursor. Ihe two  potential start

   codons  are  indicated with  arrows.  SAP-I and  its derivatives found in the jelly layer of  H. puleherrimLLy are  indicated with  stitched  boxes and

   possible SAP-I derivatives with epen  boxes, Tlie polyadenylatien signal  is underlined.
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there  is a  common  structural  feature in the  two  precursors,
that is, each  decapeptide is separated  by a single lysine
residue.  [[his suggests  that  these  precursors may  be cleaved

by a  specific  endoprotease  at  these sites to produce biological-
ly active decapeptides,

   The  mRNA  for the  H, putcherrimus SAP-I precursor
was  detected only  in the cytoplasm  of  the accessory  cells in

the pre-breeding and  breeding season  [35], On the other

hand, the activity of  SAP-I appears  in the H, pulcherrimus
ovary  containing  oocytes  at stage  3 [66], Northern blot
analysis showed  that the cDNA  encoding  the SAP-I  precursor
of  H. pulcherrimus does not  hybridize to mRNA  from the
eggs  of H. p"lcherrimus. These results  strongly  suggest  that

the  accessory  cells of H, pulcherrimus serve  as the site  for
synthesis of the H. pulcherrimus SAP-I  precursor mRNA

(Fig, 5).

7. SIGNIFICANCEOFSPERM-ACTIVATINGPEPI]IDES
TO  THE  TAXONOMY  AND  PHYLOGENY  OF  ECHINOIDS

   Nl  sperm-activating  peptides isolated thus  far show

essentially the same  biological effects on  sea urchin  spermato-

zoa  although  these  effects  and  the structures of the peptides
are specific at the ordinal  level. We  have proposed a

working  hypothesis that sperm-activating  peptides isolated

from  the jelly layer of  sea urchin  species of one  taxonomic

order  interact with spermatozoa  of  other  species  within  the

same  order, but not with spermatozoa  within  other  orders

[67], 1[1iis hypothesis may  be extended  to a  funher hypoth-

esis that apparent  co-evolution  of peptide and  receptor  is due

to the necessity  of  the resultant  physiological responses.

This implies that many  mutations  in sperm-activating  pep-
tides and  their receptors  could  in themselves  lead to the

development of new  orders. We  have attempted  to corre-

late specificity  in the  structure  and  biological activity  of

sperm-activating  peptides with  the taxonomic position of

echinoids  and  have presented several  changes  in the tax-
onomy  and  phylogeny of  echinoids  [90],
   Sea urchins  in the order  Echinoida are  divided into two

suboTders  (Temnopleurina and  Echinina) but they have simi-
lar sperm-activating  peptides, SAP-I and  SAP-I derivatives.
This is also the case  in the order  Clypeasteroida; C. japonicus
and  Astriclypeus manni  belong to two  different suborders,

Clypeasterina and  Laganina, and  have SAP-III andtor  SAP-

III derivatives, Howeyer, in the  case  of  the  order  Arba-
cioida, sea  urchins  belonging to different suborders  have a
structurally different sperm-activating  peptide, i.e,, A, punc-
tulata has SAP-IIA, and  Glyptocidarts crenularts and  Stomop-
nettstes  variolaris  in the  suborder  Phymosomatina  have SAP-

IIB and/or  SAP-IIB derivatiyes, which  are quite different
from SAP-IIA, Therefore, the suborders  Arbacina and

Phymosomatina  should  be placed in two different orders:

Arbacioida and  Phymosomatoida, respectively, This is in
agreement  with  Durham  and  Melville [17] who  postulated a

separation  of the suborder  Phymosomatina  from the order
Arbacioida.

   Disulfide linkage plays an  important role  in maintaining

secondary  and  tertiary structures in pfoteins and  peptides,
SAP-IIA, SAP-IIB, SAP-IV, and  SAP-V  contain  an  intra-
molecular  disulfide linkage, whereas  SAP-I and  SAP-III do
not,  Sea urchins  in orders  Arbacioida and  Diadernateida

are believed to be more  primitive than those in the order
Echinoida, Therefore, the  presence of  an  intramolecular
disulfide linkage in sperm-activating  peptides could  be consi-
dered a primitive characteristic of echinoids.  Accordingly,

Brisszas agassizii in the order  Spatangoida is more  primitive
than C. japonicus and  A. manni  in the order  Clypeasteroida
since SAP-V from B. agassizii contains  an  intramolecular
disulfide linkage but SAP-III and  SAP-III derivatives from  C.

japonicus and  A. manni  do not. [[1iis speculation  is consis-
tent with  paleontological evidence  that species  in the  order

Spatangoida appeared  at the beginning of the Cretaceous and
species  in the  order  Clypeasteroida appeared  at  the end  ef  the

Cretaceous (a time difference of  about  50 million  years) [16,
18]. A  comparison  of  the amino  acid  sequences  of  SAP-V

and  other  sperm-activatlng  peptides shows  a low degree of

similarity, but SAP-IV has some  similarities  in its primary
structure  to SAP-V, such  as  Gly-Cys- in the N-terminal
sequence  and  the presence of an  intramolecular disulfide
linkage formed by cysteine residues  at  the second  position
ancl  C-terminus. This implies that the  aiicestor  of  echinoids

in the  order  Spatangoida arose  from a  species  in the  order

Diadematoida or that they arose  from a common  ancestor,

8. FUTUREPROSPECTS

   Sperm-activating peptides cause  many  biological re-

sponses  in sea  uTchin  spermatozoa  such  as  increases in cGMP
and  cAMP  concentrations,  induction of ionic exchanges

across  the plasma membrane  and  increases in intracellular

pH, [[1ie mechanism  of action of sperm-activating  peptides
resembles  in many  aspects  that of  the atrial  natriuretic

peptides, although  the  mechanism  has yet to be described in
detail. Since de Bold et al. [15] suggested  that a factor
released  from the  atria  of  the  heart evokes  a  variety  of

physiological responses  affecting  cardiovascular  homeostasis,

intensive studies have been carried out  in an  attempt  to

identify the factor and  a  receptor(s)  for the factor [41], In

this connection,  it should  be mentioned  that the structure of a

receptor  for atrial  natriuretic  peptides was  determined by

Chinkers et at. [9] as a result of intensiye research  on  a

sperm-activating  peptide receptor.  Tliis serves  as  an  excel-

lent demonstration that the  results  of  research  in one  field can

be applied  to solving the problems in another  fields,

    [[1ie receptor  for FSG, which  is the major  substance

responsible  for induction of  the acrosome  reaction  has yet to
be isolated. Study of the receptor  protein appears  to have

great significance because questions have arisen as  to whether

or not  this protein could  also represent  a calcium  channel.

Furthermore, FSG  is a large ligand of which  molecular  mass

may  be more  than 3,Ooo kDa. To  our  knowledge, there  is

little research  on  the reoeptor  for such  a ligand. Parallel to
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the isolation and  characterization  of the receptor,  the func-
tion of primary and  secondary  messengers  wi11 be an  impor-
tant future area  of  research,  much  as  in other  cells,
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