
Journal of the Washington Academy of Sciences,
Volume 72, Number 1, Pages 24-34, March 1982

Biochemical  Aspects  of  Sperm  Nucleus  Activation

by  Egg  Cytoplasm

Dominic  L.  Poccia

Department  of  Biology,  Amherst  College,  Amherst,  Massachusetts  01002

ABSTRACT

The sperm nucleus is highly unusual in structure and is genetically inactive. Beginning im-
mediately after penetration of the egg at fertilization, it is transformed into a more typical
nucleus. This transformation is brought about by action of the egg cytoplasm which acquires
this ability late in oogenesis. Molecular details of male nuclear activation are beginning to
emerge which may apply to the control of chromosome structure and gene expression in other
cell types as well.

I.  Introduction

The  act  of  fertilization  creates  a  single  to-
tipotent  cell,  the  zygote,  which  in  turn  gives
rise  through  a  series  of  divisions  to  every
other  cell  of  the  organism.  Fertilization  in
the  sea  urchin  involves  the  fusion  of  two
highly  differentiated  cells,  the  spermato-
zoan  and  the  mature  oocyte  or  egg.  It  is  an
unequal  partnership.  In  the  laboratory  the
egg  alone  can  give  rise  to  an  apparently
normal  organism  through  parthenogenesis
(for  example,  by  simple  chemical  stimula-
tion).  Under  normal  conditions,  however,
the  sperm  contributes  two  important  ele-
ments  to  the  zygote:  a  haploid  set  of
chromosomes  (the  paternal  gene  set)  anda
pair  of  centrioles  (organelles  used  in  the  or-
ganization  of  the  apparatus  used  for  segre-
gating  chromosomes  at  cell  division).
The  remainder  of  the  sperm  provides  a
means  for  efficient  motility  and  for  pene-
tration  of  and  binding  to  the  egg  vestments,
processes  required  for  successful  delivery
of  the  chromosomal  and  centriolar  pay-
load  to  the  egg.  Virtually  all  else  used  in
early  embryonic  development  is  provided
by  the  egg.  This  disparity  in  contribution  of

24

the  two  gametes  is  suggested  by  the  dispro-
portionality  of  relative  sizes  of  the  gametes
and  is  substantiated  at  the  biochemical
level.

As  development  proceeds,  the  embry-
onic  nuclei  (all  descendents  of  the  zygote
nucleus  to  which  the  egg  and  sperm
DNA  contribute  equally)  become  increas-
ingly  important  in  directing  development
through  information  sent  to  the  cytoplasm
as  messenger  RNA  (mRNA).  But  the  main
theme  of  the  very  earliest  stages  of  devel-
Opment  in  most  organisms  is  the  impor-
tance  of  maternal  cytoplasm.  Its  effects
may  be  mediated  in  two  ways:  1)  by  direct
expression  of  information  already  present
in  mature  egg  cytoplasm  accumulated  dur-
ing  differentiation  of  the  oocyte  in  oogene-
sis,  and  2)  by  interaction  of  egg  cytoplasm
with  nuclei  to  alter  the  structure  or  activity
of  the  chromosomes  or  chromatin.  The
early  embryo  is  perhaps  best  viewed  in
terms  of  nucleocytoplasmic  interactions,
information  flow  occurring  in  both
directions.

The  purpose  of  this  paper  is  to  review  in-
formation  relevant  to  the  activation  of  the
dormant  sperm  nucleus  following  its  pene-
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tration  of  egg  cytoplasm.  I  will  first  de-
scribe  those  features  of  the  sea  urchin
sperm  nucleus  which  distinguish  it  from
other  nuclei  of  the  embryo  or  adult,  then
discuss  macromolecular  properties  of  egg
cytoplasm  which  may  bear  upon  its  ability
to  transform  the  male  nucleus,  and  finally
treat  some  biochemical  aspects  of  male  nu-
clear  activation.  More  comprehensive  and
technical  reviews  on  certain  of  these  sub-
jects  can  be  found  in  the  bibliography.'~
References  are  given  to  illustrative  papers
and  no  attempt  has  been  made  to  be
comprehensive.

II.  The  Sperm  Nucleus

A.  Spermatogenesis

During  the  formation  of  the  mature
sperm  cell  (spermatogenesis),  the  chroma-
tin  of  the  precursor  cell,  the  spermatogo-
nium,  replicates  to  give  rise  to  the  chro-
matin  of  the  primary  spermatocyte.  The
spermatocyte  undergoes  two  meiotic  divi-
sions  to  yield  four  spermatids  which  then
without  division  differentiate  into  the  ma-
ture  spermatozoan.  The  nuclei  of  sperma-
togonia  look  like  typical  somatic  cell  nuclei
in  the  electron  microscope.  However,  the
nuclei  of  early  spermatids  are  of  an  irregu-
lar  shape  and  contain  granular  aggregates
of  chromatin  displayed  in  no  particular
order  against  a  background  of  more  diffuse
chromatin.°  Chromatin  condensation  con-
tinues  progressively  until  in  the  mature
sperm  the  chromatin  packing  is  extremely
dense.  Dense  packing  of  chromatin  is  usu-
ally  a  sign  of  genetic  inactivity.  The  differ-
entiation  of  the  spermatid  (spermiogenesis)
has  not  been  studied  biochemically  in  the
sea  urchin,  but  by  analogy  to  other  orga-
nisms,  it  is  likely  that  during  this  period
RNA  synthesis  ceases  and  sperm-specific
nuclear  proteins  become  associated  with
the  DNA.

B.  Nuclear  proteins

Chromosomes  of  all  nucleated  cells  ex-
cept  sperm  contain  DNA  packaged  with
highly  basic  nuclear  proteins  called  his-
tones.  There  are  five  histone  types:  H2A,
H2B,  H3,  H4  and  H1.  The  first  four  (core
histones)  aggregate  to  form  a  structure
called  a  nucleosome.  The  nucleosome  con-
sists  of  an  octamer  of  two  each  of  the  core
histones.  DNA  wraps  around  the  outside
of  the  core.  A  length  of  chromatin  consists
of  an  unbroken  string  of  DNA  connecting
cores  together.  The  length  of  DNA  be-
tween  cores  Is  called  linker  DNA  and  H1  is
probably  associated  with  the  linker.

Sperm  cells  from  various  organisms  con-
tain  a  bewildering  array  of  nuclear  proteins
associated  with  the  DNA.  These  range
from  typical  histones  to  proteins  which  are
not  even  basic.’  In  the  sea  urchin  sperm,
histones  are  present  but  three  of  the  five
(H1,  H2A,  and  H2B)  differ  from  the  so-
matic  or  embryonic  forms  electrophoreti-
cally  and  by  amino  acid  composition  and
sequence.*  ''  Sperm  H3  and  H4  differ  little
if  at  all  from  their  embryonic  counterparts.
No  multiple  secondary  modifications  due
to  phosphorylation,  acetylation  or  methy]I-
ation  of  any  of  the  histones  has  been  de-
tected,  unlike  histones  of  virtually  all  other
cell  types  examined.*  In  addition  levels  of
non-histone  chromosomal  proteins  are  ex-
tremely  low.

C.  Genetic  inactivity

Sperm  chromatin  is  inactive  in  DNA  or
RNA  synthesis,  lacks  associated  DNA  or
RNA  polymerases,'”’®  and  is  associated
with  little  if  any  RNA.”

D.  Chromatin  structure

In  the  electron  microscope  sperm  chro-
matin  shows  typical  nucleosomal  organi-
zation,’  and  this  organization  is  con-
firmed  biochemically  by  nuclease  digestion
studies.'>  The  typical  145  base  pairs  of
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DNA  associated  with  each  core  is  separ-
ated  on  average  by  about  100  base  pairs  of
linker  DNA,  making  the  length  of  one  re-
peating  unit  (240-260  base  pairs)  the  long-
est  known  for  chromatin  in  any  cell  of  any
organism.  The  cores  differ  from  embryonic
cores  in  physical  properties  such  as  thermal
stability  and  digestion  rates  or  cutting  sites
of  various  nucleases.  ’°

E.  Summary

The  sperm  nucleus  differs  from  somatic
nuclei  in  its  composition,  structure,  and  ac-
tivity.  Its  chromatin  contains  histones  only
found  in  sperm  chromatin,  and  little  if  any
non-histone  proteins  or  RNA.  Its  chro-
matin  is  highly  compact  and  stable  and  or-
ganized  into  long  repeat  units.  It  is  inactive
in  DNA  or  RNA  synthesis.

III.  Maternal  Storage  of  Macromolecules

A.  RNA  Synthesis  During  Oogenesis

As  in  spermatogenesis,  the  production  of
a  mature  egg  involves  transformation  of  an
oogonium  to  a  primary  oocyte  which
through  meiotic  division  gives  rise  to  four
ootids.  In  contrast  to  formation  of  sper-
matids,  the  divisions  are  unequal,  produc-
ing  one  large  cell  and  three  small  ones.  In
the  case  of  the  sea  urchin,  the  large  celli  is
the  mature  egg.  Having  completed  meiosis
it  contains  a  haploid  amount  of  nuclear
DNA  and  is  fertilized  in  this  state.  Its
growth  (about  2000X  in  volume)  occurs  in
the  primary  oocyte  stage,  the  latter  part  of
which  (vitellogenesis)  involves  accumula-
tion  of  large  amounts  of  yolk.  During  vitel-
logenesis  large  amounts  of  ribosomal  RNA
(rRNA)  are  synthesized  and  accumulate.’’
The  total  sequence  complexity  of  the  RNA
present  in  the  oocyte  (the  sum  of  the
lengths  in  nucleotides  of  all  the  qualita-
tively  different  RNA  sequences  present)  in-
creases  throughout  development  of  the
primary  oocyte.’

The  nuclear  DNA  of  higher  organisms
falls  into  two  classes:  those  nucleotide  se-
quences  which  are  present  in  essentially
one  copy  per  haploid  genome,  and  those
which  are  present  in  many  copies  (reiter-
ated).  Most  messenger  RNA’s  are  comple-
mentary  to  the  single  copy  DNA.  By  the
time  it  is  mature,  the  sea  urchin  oocyte  con-
tains  RNA  transcribed  from  about  6%  of
its  single  copy  DNA.  Much  of  this  corre-
sponds  to  structural  gene  sequences  whose
mRNA’s  are  translated  in  the  early  em-
bryo.'®  If  all  of  this  RNA  (30-40  X  10°  nu-
cleotides  long)  were  mRNA  it  could  code
for  as  many  as  30,000  different  average-
sized  proteins.

Of  the  total  RNA  in  the  mature  egg
about  80%  is  ribosomal  RNA.’  Approxi-
mately  10’  ribosomes  are  present  per  egg
and  maternal  ribosomes  account  for  virtu-
ally  all  the  rRNA  of  early  development.  All
other  factors  needed  for  protein  synthesis
such  as  tRNA’s  and  various  enzymes  are
abundant  in  the  egg.

About  1-3%  of  the  total  mass  of  egg
RNA  is  mRNA.  An  important  class  of
maternal  RNA  is  histone  mRNA  which  is
derived  from  the  reiterated  DNA  sequence
class.  It  accounts  for  4-8%  of  the  total
mRNA.’

Not  only  does  the  mature  egg  contain  a
variety  of  different  RNA  sequences  and  a
large  amount  of  RNA  (3.3  ng/egg),  but  its
nucleus  unlike  that  of  the  sperm  is  actively
engaged  in  RNA  synthesis.’®  *'

B.  Precursor  Pools

Mature  eggs  contain  pools  of  low  molec-
ular  weight  molecules  which  are  precursors
in  the  synthesis  of  macromolecules.  Sub-
stantial  pools  of  ribonucleotides  (RNA
precursors)  and   deoxyribonucleotides
(DNA  precursors)  have  been  measured.
Total  pools  of  deoxyribonucleotides  can
support  embryonic  DNA  synthesis  for  sev-
eral  cell  cycles.”

Amino  acid  pools  however  are  only  suf-
ficient  for  a  few  minutes  of  protein  synthe-
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sis.”>  They  are  presumably  replenished  by
breakdown  of  yolk  protein  which  is  50-80%
of  the  total  egg  protein.  About  1%  of  total
egg  protein  is  converted  per  hour.

C.  Protein  Storage

Many  enzymes  and  structural  proteins
are  stored  in  the  egg  including  DNA  and
RNA  polymerases,  and  a  variety  of  en-
zymes  involved  in  nucleotide  metabolism
and  protein  synthesis.  Of  particular  inter-
est  are  the  polymerases  responsible  for  rep-
licating  and  transcribing  the  DNA.  Even
though  the  number  of  nuclei/embryo  in-
creases  exponentially  during  the  cleavage
stage  of  development,”  the  total  activi-
ties/embryo  of  these  enzymes  remain
constant.*”*°

The  presence  of  large  amounts  of  deoxy-
ribonucleotides  and  DNA  _  polymerase
allow  the  very  rapid  rates  of  DNA  replica-
tion  seen  in  the  early  embryo.  All  the  new
DNA  must  be  complexed  with  an  equal
mass  of  histone.  This  is  provided  during
development  by  a  combination  of  mater-
nally  stored  histone  protein,  translation  of
stored  mRNA  coding  for  histones,  and
translation  of  histone  mRNA  newly  tran-
scribed  from  the  embryonic  genes.  The
predominant  type  of  histone  found  within
the  first  few  cell  cycles  after  fertilization  is
of  the  so-called  cleavage-stage  (CS)  variant
class.  These  are  the  only  variant  types
stored  in  the  egg  and  are  present  in  several
hundred  haploid  equivalents/egg.  They  are
stored  therefore  in  great  excess  over  the
amounts  required  by  the  male  or  female
nuclei.”*’  Evidence  for  a  pool  of  non-his-
tone  chromosomal  proteins  has  also  been
presented.”

D.  Macromolecular  Responses  of  Egg
Cytoplasm  to  Fertilization

The  most  thoroughly  studied  macromo-
lecular  transition  occurring  in  the  zygote
following  fertilization  is  the  activation  of
protein  synthesis.”*  The  rate  of  synthesis

increases  about  15-fold  by  two  hours  post-
fertilization.””  This  stimulation  is  accom-
panied  by  a  30-fold  increase  in  the  fraction
of  ribosomes  found  in  polysomes  but  not
by  changes  in  the  efficiency  of  translation
(i.e.,  the  rate  of  protein  synthesis/poly-
somal  mRNA/time).*”  Protein  synthesis
activation  occurs  even  when  transcription
of  the  maternal  or  paternal  genes  is  blocked
with  the  drug  actinomycin  D,  as  well  as  in
enucleated  egg  cytoplasms.  Therefore  it
has  been  attributed  to  the  recruitment  of
maternal  mRNA  from  an  untranslated
store  in  the  mature  egg  to  an  actively  trans-
lating  polyribosomal  form.  In  the  first  two
hours  of  development  90%  of  the  poly-
somal  mRNA  is  maternal  whereas  by  gas-
trula  stage  virtually  all  is  newly  synthesized
from  embryonic  genes.”

The  maternal  RNA  is  sufficient  to  sup-
port  essentially  normal  development  to  the
blastula  stage  as  demonstrated  by  the  abil-
ity  of  embryos  to  grow in  the  presence of  ac-
tinomycin  D.  Quantitatively,  the  most  im-
portant  proteins  made  during  cleavage
stages  (between  fertilization  and  blastula)
are  nuclear  proteins.©’  Among  cleavage
stage  transcripts  from  embryonic  genes,
histone  mRNA  accounts  for  a  substantial
portion  of  all  mRNA  synthesis,”  but  by
utilizing  maternal  histone  mRNA’s  and
stored  histone  and  non-histone  chromo-
somal  proteins  the  embryo  can  apparently
complete  cleavage  stages  in  the  absence  of
embryonic  transcription.  Blocking  protein
synthesis,  however,  stops  development
within  a  single  cell  cycle.

An  interesting  question  regarding  the  re-
cruitment  of  maternal  mRNA  after  fertili-
zation  is  whether  it  is  selective.  Can  a  qual-
itatively  distinct  set  of  mRNA’s  be  selected
for  translation  compared  to  the  set  already
being  translated  in  the  unfertilized  egg?  In
general,  it  appears  that  most  of  the  abund-
ant  mRNA’s  being  translated  before  or
after  fertilization  code  for  the  same
proteins.»

An  exception  is  provided  by  the  histone
family.  Although  mRNA’s  coding  for  both
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the  CS  variants  (predominant  in  early
cleavage  chromatin)  and  a  variants  (pre-
dominant  in  late  cleavage)  are  present  in
the  unfertilized  egg  as  demonstrated  by
translation  in  a  cell-free  system,  in  the  liv-
ing  egg  only  the  CS  forms  appear  to  be
translated.**  (It  will  be  recalled  that  only
CS  variants  are  stored  maternally.)  How-
ever,  after  fertilization  alpha  variants  begin
to  be  synthesized,  and  so  their  mRNA’s
appear  to  be  selectively  recruited.

E.  Summary

Oogenesis  produces  an  extraordinarily
large  egg  cell  containing  substantial  pre-
cursor  pools,  enzymes  of  nucleic  acid  me-
tabolism,  histones,  ribosomes  and  factors
involved  in  protein  synthesis,  and  an
enormously  diverse  store  of  genetic  infor-
mation  in  the  form  of  mRNA  molecules.
This  maternal  store  of  genetic  information
is  sufficient  for  early  development  without
major  contribution  by  the  embryo’s  genes.
The  egg  cytoplasm  can  therefore  control
the  transformation  of  the  male  nucleus  fol-
lowing  fertilization  and  provide  for  the
very  rapid  production  of  chromosomes  re-
quired  to  form  a  multicellular  blastula  em-
bryo  from  a  unicellular  zygote.

IV.  Transformation  of  the  Sperm  Nucleus
by the Egg

A.  Pronuclear  Development

A  critical  event  in  normal  early  devel-
opment  of  all  organisms  is  the  morphologi-
cal  and  biochemical  transformation  of  the
inactive  sperm  nucleus.  In  sea  urchin  egg
cytoplasm,  the  sperm  nucleus  becomes  the
male  pronucleus  which  fuses  with  the  egg
nucleus  (female  pronucleus)  to  form  the

zygote  nucleus.  The  egg  pronuclear  chro-
matin  is  already  decondensed  and  active.

Decondensation  and  swelling  of  the  male
pronucleus  in  S.  purpuratus  occurs  within
15-20  minutes  post-fertilization  proceed-
ing  from  the  nuclear  periphery  towards  the
core,  ”’*°  and  during  a  fraction  of  this  pe-
riod  the  nuclear  envelope  is  absent  (see
Figure  1),  although  the  female  pronucleus
retains  its  envelope.  Thus  the  male  chro-
matin  is  rather  directly  exposed  to  egg  cy-
toplasm.  Highly  condensed  chromatin  is
characteristic  of  other  genetically  inactive
nuclei  and  reactivation  of  these  in  foreign
cytoplasms  is  usually  accompanied  by
swelling  and  ingress  of  cytoplasmic
proteins.

The  conditions  which  promote  decon-
densation  appear  to  be  absent  from  previ-
tellogenic  or  vitellogenic  oocytes  and  only
begin  to  appear  during  meiotic  maturation
divisions.”**  In  the  mature  egg,  however,
maintenance  of  these  conditions  is  not  de-
pendent  on  the  presence  of  the  female  pro-
nucleus,  nuclear  or  mitochondrial  RNA
synthesis,  or  protein  synthesis.*”*°  The
conditions  persist  for  a  time  into
embryogenesis.”'

B.  Nucleic  Acid  Synthesis

DNA  synthesis  normally  follows  pronu-
clear  fusion  but  fusion  is  not  required.
DNA  synthesis  in  both  pronuclei  is  in-
itiated  at  20-30  minutes  post-fertilization
depending  on  species.*”  The  30  minute  lag
is  absent  from  the  next  few  cell  cycles  as  —
DNA  synthesis  follows  immediately  upon
mitotic  chromosome  decondensation.  The
first  mitotic  condensation  occurs  at  about
90  minutes  (Figure  1).  The  early  DNA  syn-
thetic  periods  in  monospermic  eggs  may
last  only  5-15  minutes  making  them  among
the  most  rapid  known  in  higher  organ-
isms.*?  DNA  synthesis  is  confined  to  the

Fig. 1. Diagrammtic representation of various male nuclear transitions in the first cell cycle following fertili-
zation of the sea urchin S. purpuratus at low degrees of polyspermy. Timing and amounts are approximate.
From A. Savic, P. Richman, P. Williamson, and D. Poccia (1981). Proc. Natl. Acad. Sci. USA 78: 3706-3710.
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nucleus.  Although  most  DNA  in  the  egg  is
mitochondrial,  this  DNA  does  not  repli-
cate  in  early  development.  It  is  made  in
oogenesis.

Nuclear  RNA  synthesis  though  difficult
to  detect  apparently  occurs  in  the  first  cell
cycle.*’  The  nature  of  the  initial  transcripts
is  not  known.  However,  both  paternal  and
maternal  nuclear  transcripts  of  histone
mRNA  can  be  detected  as  early  as  the  two
cell stage.**

By  inference  entry  of  DNA  and  RNA
polymerases  into  male  pronuclei  must  occur
in  the  first  cell  cycle.  DNA  synthesis  in  the
first  cycle  is  largely  independent  of  protein
synthesis  following  fertilization,  although
protein  synthesis  seems  to  be  required  for
the  next  round  of  replication.**  Severe  in-
hibition  of  nuclear  or  mitochondrial  RNA
synthesis  has  little  effect  on  progression  of
the  first  cycle.”

C.  Nuclear  Proteins

Biochemical  transitions  must  occur  in
the  male  pronucleus  in  the  direction  of
those  properties  that  distinguish  embry-
onic  nuclei  from  sperm  nuclei  as  outlined  in
Section  II.  Most  of  these  are  known  only  by
comparison  of  blastula  or  later  embryonic
nuclei  with  sperm.  For  several  technical
reasons  it  has  been  virtually  impossible  to
study  isolated  male  pronuclear  chromatin
on  a  biochemical  level  in  any  organism.
These  reasons  are:  1)  the  high  ratio  of  cyto-
plasm  to  nucleus  in  fertilized  eggs  which  re-
sults  in  formidable  purification  problems;
2)  difficulties  in  obtaining  synchronously
developing  fertilized  eggs  in  sufficient
number  to  allow  requisite  quantities  of
chromatin  for  biochemical  analysis  to  be
isolated;  and  3)  the  inability  to  distinguish
the  maternal  and  paternal  contributions  to
the  chromatin  isolated  from  an  egg  fertil-
ized  by  only  one  sperm.  These  problems
have  been  largely  circumvented  in  the  sea
urchin  by  use  of  polyspermically  fertilized
eggs.  °°?  Similar  problems  apply  to  analysis
of  the  unfertilized  egg  nucleus  or  female

pronucleus  so  biochemical  information  on
these  is  limited.

Our  knowledge  of  transitions  in  sperm
specific  nuclear  proteins  following  fertili-
zation  has  been  largely  based  on  cytochem-
ical  procedures  such  as  staining  reactions.
Most  studies  suggest  that  a  period  occurs
between  the  loss  of  sperm  specific  nuclear
proteins  and  the  acquisition  of  “‘typical”’
adult  histones  during  which  the  male  chro-
matin  has  proteins  different  from  either.*°

Using  polyspermic  eggs  a  much  more  de-
tailed  description  is  now  available  for  the
first  cell  cycle.’  The  first  transition  to  take
place  is  the  complete  replacement  of  sperm
H1  by  CS  H1.  This  occurs  almost  imme-
diately  following  fertilization  and  well  be-
fore  pronuclear  decondensation  is  com-
plete  (Figure  1).  Roughly  in  parallel  with
decondensation,  a  gradual  loss  of  sperm
H2B’s  and  proportional  gain  of  proteins  O
and  P  occur.  O  and  P  are  distinguished  by
gel  electrophoresis  in  the  presence  of  a  non-
ionic  detergent,  but  have  virtually  the  same
molecular  weights  as  the  sperm  H2B’s.  O
and  P  areas  yet  incompletely  characterized
and  may  represent  either  modified  forms  of
the  sperm  H2B’s  or  stored  egg  histone  var-
iants.  During  replication  CS  variants  of
H2A  and  H2B  accumulate  in  large  amounts
on  the  chromatin,  supplementing  sperm
H2A  and  O,  P  respectively.  Several  other
changes  are  seen  as  well  including  accumu-
lation  of  a  form  of  H3  called  3”.  By  the  time
of  the  first  chromosome  condensation,
male  pronuclear  chromatin  consists  of  a
heterogeneous  group  of  histone  variants
composed  of  proteins  the  sperm  nucleus
brought  into  the  egg  and  histone  variants
from  the  maternal  store.  An  important
point  is  that  the  chromatin  remodeling  that
occurs  in  the  first  cell  cycle  is  accomplished
by  a  fairly  complex  set  of  transitions  which
do  not  occur  coordinately.  The  discrete
temporal  segregation  of  specific  transitions
Suggests  distinct  functions  for  each.
Whether  earlier  transitions  must  occur  in
order  for  later  transitions  to  take  place  is
not  known.  The  extent  to  which  given  var-
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iants  are  secondarily  modified  is  also  un-
known  except  for  CS  H1.*°  In  any  event
male  chromatin  at  the  end  of  the  first  cycle
is  considerably  more  complex  in  histone
composition  than  sperm  chromatin.

All  the  histone  transitions  outlined  will
take  place  in  eggs  blocked  in  protein  syn-
thesis.”*’  In  a  polyspermic  egg  this  is  taken
as  evidence  for  a  minimal  store  of  25-50
functional  haploid  equivalents  of  each  var-
iant/egg.  Independent  measurements  sug-
gest  an  upper  limit  of  several  hundred  hap-
loid  equivalents.”’

Under  conditions  where  DNA  synthesis
is  blocked  by  aphidicolin  (a  DNA  polymer-
ase  inhibitor)  assembly  of  nucleosomes
from  the  pool  apparently  continues.*’  In
this  case  some  of  the  sperm  core  histones
must  be  replaced  by  CS  variants.

The  most  likely  candidates  to  be  in-
volved  in  decondensation  of  the  chromatin
are  the  H1  and  H2B  classes  since  decon-
densation  is  complete  before  the  other
transitions  have  progressed  very  far.

D.  Chromatin  Structure

During  development  of  the  sea  urchin,
sets  of  histone  variants  appear  sequentially
in  the  chromatin.**  Once  incorporated  into
chromatin  they  are  stable  and  thus  passed
on  to  future  cell  generations.  The  elabora-
tion  of  this  program  then  must  result  in  an
increasing  heterogeneity  of  chromatin
within  the  organism  as  development  pro-
gresses.  The  functional  outcome  of  this  in-
creasing  diversity  is  not  known,  but  inter-
esting  speculations  have  been  presented
relating  histone  variant  inheritance  pat-
terns  to  simple  proliferative  cell  division
and  stem  cell  generation  and  mainte-
nance.”

Some  circumstantial  evidence  exists  link-
ing  histone  variant  changes  with  differen-
ces  in  physical  properties  of  the  core  his-
tones’®  or  changes  in  average  nucleosomal
repeat  lengths.”°  In  the  first  cell  cycle  the
repeat  length  of  the  male  pronuclear  chro-
matin  remains  at  the  high  level  characteris-

tic  of  sperm,  then  declines  during  replica-
tion  to  levels  typical  of  embryonic
chromatins  (Figure  1).  Since  Sp  H1/CS  H1
and  SpH2B/O,P  transitions  take  place
without  change  in  spacing,  they  cannot  at
least  by  themselves  cause  the  repeat  length
decline.  H1,  the  noncore  histone,  has  been
a  leading  candidate  in  the  literature  for  set-
ting  the  repeat  length.

The  decline  in  repeat  length  coincident
with  replication  suggests  a  requirement  for
DNA  synthesis  to  allow  adjustment  of  nu-
cleosome  spacing,  perhaps  by  altering
chromatin  structure  in  such  a  way  as  to
allow  sliding  of  cores  along  the  DNA  fiber.
Under  conditions  where  DNA  synthesis  is
blocked,  the  decline  in  repeat  length  is
also  blocked  lending  weight  to  this  inter-
pretation.*’  Since  the  SpH2A/CSH2A  and
O,P/CSH2B  transitions  occur  in  the  ab-
sence  of  DNA  synthesis  they  also  can  be
ruled  out  as  sufficient  cause  of  the  altera-
tion  in  spacing.

The  highest  level  of  chromatin  organiza-
tion  in  normal  cell  cycles  is  the  packing  of
chromatin  into  mitotic  chromosomes.  Con-
ditions  for  promoting  chromosome  con-
densation  have  been  studied  in  mono-  and
polyspermic  sea  urchin  eggs.°’“°  These
conditions  are  assayed  either  by  observa-
tion  of  endogenous  chromosomes  or  by
chemically  activating  the  eggs  to  start  the
maternal  cell  cycle  and  subsequently  fertil-
izing  at  various  times  to  test  for  the  conver-
sion  of  sperm  chromatin  directly  to
chromosomes  (premature  chromosome
condensation)  instead  of  to  decondensed
pronuclei.  These  studies  show  that  chromo-
some  condensing  conditions  can  develop
even  in  egg  halves  devoid  of  the  maternal
nucleus,  although  they  are  more  ephemeral
in  enucleated  eggs  suggesting  a  role  of  the
egg  nucleus  in  stabilizing  condensing  con-
ditions.  The  conditions  develop  independ-
ently  of  RNA  synthesis  but  require  protein
synthesis  prior  to  the  end  of  replication.”

A  biochemical  transition  occurring  to
the  histone  complement  during  mitotic  or
premature  chromosome  condensation,
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also  seen  in  other  cell  types,  is  extensive
phosphorylation  of  histone  H1  (in  this  case
CS  H1).  H1  phosphorylation  and  chromo-
some  condensation  can  however  be  un-
linked  in  the  egg.  If  protein  synthesis  is  in-
hibited,  CS  H1  is  recruited  from  the  stored
pool  and  becomes  just  as  highly  phosphor-
ylated  as  in  controls  from  uninhibited  cul-
tures.  However  chromosome  condensation
is  blocked.Thus  phosphorylation  of  H1
cannot  drive  chromosome  condensation  by
itself.  The  experiment  also  shows  that  all
proteins  needed  for  CS  H1  phosphoryla-
tion  and  its  timing  are  already  present  in
the  unfertilized  egg  and  suggest  arolefor  a
newly  synthesized  protein(s)  in  chromo-
some  condensation.

V.  Summary

Using  the  sea  urchin  polyspermic  egg  it
has  now  become  possible  to  describe  a  va-
riety  of  macromolecular  transitions  occur-
ring  in  the  male  pronucleus  to  a  degree  of
detail  never  before  approached.  This  should
allow  an  analysis  of  the  relationship  of  var-
lous  aspects  of  the  reactivation  of  the
sperm  nucleus  such  as  protein  composi-
tion,  chromatin  structure  and  genetic  activ-
ity.  In  addition  to  contributing  to  our  un-
derstanding  of  events  of  the  first  cell  cycle
of  the  urchin,  many  of  the  lessons  learned
are  likely  to  be  generally  applicable  to
problems  of  chromatin  structure  and  the
activation  or  inactivation  of  replication
and  gene  expression  in  a  variety  of  cell
types  and  organisms.
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ABSTRACT

The cell cycle in early cleavage stages of sea urchin embryos is reviewed. The embryonic cell
cycle consists of S, G2 and M (there is no G;). Various aspects of mitotic apparatus formation,
chromosome movement and the cleavage furrow are discussed. Cell cycle regulation is also
reviewed, including factors involved in the control of chromosome condensation cycles and
also in terms of cell cycle timing.

The  eukaryotic  cell  cycle  represents  all  of
the  events  occurring  in  sequence  from  one
cellular  division  to  the  next.  Cells  repeti-
tively  undergoing  the  series  of  events  lead-
ing  to  division  are  termed  cycling  cells,
while  those  cells  involved  in  other  aspects
of  development,  growth  or  maintenance
(for  example,  terminally  differentiated  cells)
are  considered  to  be  in  a  non-cycling  state.
The  mature,  unfertilized  sea  urchin  egg  is
one  cell  which  1s  in  a  resting  or  non-cycling
state.  However,  when  the  egg  is  fertilized
and  becomes  metabolically  activated,  the
first  cell  cycle  is  initiated,  unleashing  in  the
egg  an  awesome  potential  for  division  that
can  result  in  the  production  of  as  many  asa
thousand  cells  in  8  hours.’  Add  to  this  di-
vision  potential  the  attraction  of  being  able
to  fertilize  an  entire  population  of  cells  in
such  a  way  that  all  of  the  cells  within  the
population  divide  synchronously,  and  the
sea  urchin  egg  becomes  a  useful  model  sys-
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tem  for  cell  cycle  studies.  The  purpose  of
this  discussion  is  to  review  some  of  the
events  of  the  sea  urchin  cell  cycle,  and  some
of  the  proposed  mechanisms  by  which  the
tempo  of  the  cell  cycle  may  be  regulated.
Cell  cycle  models  derived  from  a  study  of
this  system  must  be  extrapolated  to  other
cellular  systems  with  care.  The  egg  is,  after
all,  a  developmental  system,  with  a  re-
quirement  for  large  numbers  of  divisions
over  very  short  time  spans,  with  little  or  no
interphase  pause  between  successive  cell
divisions.

The  basic  eukaryotic  cell  cycle  is  gener-
ally  subdivided  into  four  phases  designated
as  G;  (Gap  1),  S,  G2  (Gap  2)  and  M.  In  this
scheme  (Figure  1),  interphase  (encompass-
ing  G,,  S  and  G))  is  actually  a  dynamic
state  of  the  growing,  metabolically  active
cell.  The  G;  phase  marks  the  interval  oc-
curring  between  the  end  of  mitosis  (M)  and
the  onset  of  the  DNA  synthetic  phase  (S).  It

.
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