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Cyclin E and Its Associated cdk Activity Do
Not Cycle during Early Embryogenesis
of the Sea Urchin

Jan L. Sumerel,*,† Jennifer C. Moore,*,† Bradley J. Schnackenberg,*,‡
Jason A. Nichols,*,§ Julie C. Canman,§ Gary M. Wessel,¶

and William F. Marzluff*,†,‡,§,1

*Program in Molecular Biology and Biotechnology, †Department of Biochemistry and
iophysics, ‡Lineberger Comprehensive Cancer Center, and §Department of Biology,

University of North Carolina, Chapel Hill, North Carolina 27599; and ¶Department of
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Female sea urchins store their gametes as haploid eggs. The zygote enters S-phase 1 h after fertilization, initiating a series
of cell cycles that lack gap phases. We have cloned cyclin E from the sea urchin Strongylocentrotus purpuratus. Cyclin E
is synthesized during oogenesis, is present in the germinal vesicle, and is released into the egg cytoplasm at oocyte
maturation. Cyclin E synthesis is activated at fertilization, although there is no increase in cyclin E protein levels due to
continuous turnover of the protein. Cyclin E protein levels decline in morula embryos, while cyclin E mRNA levels remain
high. After the blastula stage, cyclin E mRNA and protein levels are very low, and cyclin E expression is predominant only
in cells that are actively dividing. These include cells in the left coelomic pouch, which forms the adult rudiment in the
embryo. The cyclin E present in the egg is complexed with a protein kinase. Activity of the cyclin E/cdk2 changes little
during the initial cell cycles. In particular, cyclin E-cdk2 levels remain high during both S-phase and mitosis. Our results
suggest that progression through the early embryonic cell cycles in the sea urchin does not require fluctuations in cyclin E
kinase activity. © 2001 Academic Press
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INTRODUCTION

A cell’s decision to divide or remain quiescent is gov-
erned by a complex system of growth-stimulating and
growth-retarding signals. The best-characterized control
points are the G1-S transition point (START) that commits
a cell to initiate DNA replication and the G2-M transition
point that commits a cell to enter and complete mitosis. It
is the sequential formation, activation, and inactivation of
cyclin/cdk complexes that together regulate the progression
through these boundaries. The mitotic cyclins A and B were
initially discovered in sea urchins as rapidly synthesized

1 To whom correspondence should be addressed at: Program in
Molecular Biology and Biotechnology, CB# 7100 University of
North Carolina, Chapel Hill, NC 27599. Fax: (919) 966-6821.
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proteins that were degraded at mitosis during the first cell
cycle (Evans et al., 1983).

In early cleavage cycles of rapidly dividing animal em-
ryos, gap phases are often missing, and M phase and S
hase alternate. In these cycles, mitotic regulation is largely
ccomplished by oscillating levels of cyclins A and B
Hartley et al., 1996). Even though a large amount of
nformation has accumulated about the regulation of entry
nto and exit from mitosis in embryonic cells and the entry
nto S-phase of somatic cells, there is little information on
he interactions of the G1 cyclins with the cell cycle
achinery during early embryogenesis.
In somatic cells, the decision to proliferate or remain

uiescent is primarily made during G1, and in mammalian
ells the G1-S transition requires the activation of cyclins D

and E, which complex with cdk4/6 and cdk2, respectively
(Sherr, 1994). In vertebrates, these G1 cyclins are the essen-

ial rate-limiting molecules that determine whether a cell
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426 Sumerel et al.
enters a proliferative state (Sherr, 1994). Mitogens activate
the synthesis of cyclin E, and it associates with cdk2 (Koff
et al., 1992; Dulic et al., 1992). While there are presumably
multiple substrates for the G1 cyclin/cdk complexes, their
est-characterized function is to phosphorylate the pRb
amily of pocket proteins (Kato et al., 1993; Hinds et al.,
992). One consequence of phosphorylating pRb family
embers is their dissociation from E2F-containing com-

lexes at promoters of genes required for the entry into
-phase, thereby allowing transcriptional activation
Dynlacht et al., 1994; Beijersbergen et al., 1995). Cyclin E
as also been shown to play a critical role in the centrosome
ycle in Xenopus embryos (Hinchcliffe et al., 1999; Lacey et
l., 1999), and cyclin E has been implicated in the repeated
entrosome duplication in sea urchin embryos blocked in
-phase (Hinchcliffe et al., 1998).
In contrast to the mitotic cycle of somatic cells, the
eiotic cycle of gametes has two successive M-phases
ithout an intervening S-phase. These meiotic events

equire activation of the cyclin B-cdc2 kinase
maturation-promoting factor, MPF; Maller, 1990). In
enopus oocytes, cdc2 is constitutively expressed, and

ranslation of maternal cyclin B mRNA and degradation
f cyclin B protein are both required for entry and exit of
eiosis (King et al., 1996). In most animals, oocytes are

rrested at prophase of meiosis I, and prior to ovulation,
hey resume meiosis. Fertilization then occurs either
efore or after the completion of meiosis II followed by
he initiation of early cleavage cycles. Since sea urchin
emale gametes are arrested as haploid eggs, the initial
vents after fertilization drive the sea urchin zygote into
he first S phase, followed by a series of cell cycles that
ave alternating S and M phases. Unlike most other
nimals, the cell cycle events in the sea urchin required
or oocyte maturation (meiosis) occur separately from
hose involved in regulation of the initial zygotic cell
ycles, thereby making it an ideal system for studying the
egulation of the early cleavage cell cycles.

The initial step(s) of embryogenesis involves the activa-
ion of a quiescent cell (an oocyte or egg) and the initiation
f a program of gene expression that results in embryonic
evelopment. Although it is thought that critical maternal
ell-cycle regulators present in an egg must somehow be
ept inactive to maintain cell cycle arrest before fertiliza-
ion (Edgar and Lehner, 1996), there is little or no evidence
s to how this restraint is accomplished biochemically.
pon fertilization, the zygote enters into a series of rapid
itotic cell cycles followed by cell divisions with gap

hases and cell differentiation. Therefore, molecular con-
rol of initial cleavage cell cycles must be different from the
ontrol of the subsequent cell cycles that have gap phases.
e report here that cyclin E-cdk2 is constitutively active in

ea urchin (S. purpuratus) eggs and early embryos, suggest-
ng that regulation of entry into S phase must depend on

vents other than activation of cyclin E.

Copyright © 2001 by Academic Press. All right
MATERIALS AND METHODS

Culturing Sea Urchin Embryos

Adult sea urchins were injected with 0.55 M KCl to shed their
gametes. Eggs were shed into sea water, settled, and resuspended in
fresh sea water. The jelly coat was removed by repeated passage
through a Nitex mesh screen (150 microns). Sperm were collected
separately and kept at 4°C. If embryos were harvested before
hatching, 0.1% para-amino benzoic acid (PABA) was added to the
dejellied eggs in order to soften fertilization membranes. Fertiliza-
tion was checked by light microscopy and was routinely greater
than 98%. Embryos were raised at a concentration of 5 g/L in sea
water containing 0.1% Ampicillin (Sigma, St. Louis, MO) with
constant aeration at 15°C and then harvested at different times
during development. For embryos raised past the mesenchyme
blastula stage, the embryos were collected after 18–24 h and
resuspended in fresh sea water at a concentration of about 2.5 g of
embryos per liter.

Preparation of Egg and Embryo Extracts

Embryos were harvested by settling and washed three times in
0.55 M KCl, 2 mM EDTA, and 2 mM EGTA. Eggs and embryos
were resuspended in two volumes of Swelling buffer [0.22 M
Sucrose, 0.1 mM DTT, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 2 mM EDTA, and 2 mM EGTA] and pelleted by centrifu-
gation by allowing the centrifuge (Sorvall RC5B) to reach 5000 rpm
and then switching it off. The volume of the pellet was measured,
and the eggs were resuspended in an equal volume of lysis buffer
containing 0.15 M NaCl, 0.5% NP-40, 50 mM Tris, pH 7.6, 1 mM
DTT, 1 mM PMSF, and 1 mM sodium orthovanadate (Phelps and
Xiong, 1997), and lysed by homogenization using 10–12 strokes in
a Dounce homogenizer (tight pestle). Lysis was checked by light
microscopy, and lysates were immediately frozen in a dry ice–
ethanol bath and stored in liquid nitrogen. Because there is an
increase in pH at fertilization, some extracts were prepared as
above except that the Lysis Buffer was adjusted to pH 6.8 with HCl.

For experiments where the samples were assayed only by West-
ern blotting, the embryos or eggs were washed once with 0.55 M
KCl, followed by two washes with 0.5 M NaCl. The embryos were
suspended in 2 volumes of 0.5 M NaCl, and 3 volumes of 10%
SDS-5 mM EDTA were rapidly added. Typically, 5 ml of culture
containing 0.05 ml of packed eggs or embryos were used and 0.25
ml of extract with a protein concentration of 10–20 mg/ml was
obtained. If less SDS or a higher concentration of embryos was
used, there was significant proteolysis of cyclin E (and other
proteins).

Preparation of Radiolabeled Lysates from Embryos

In order to measure the synthesis of proteins, eggs or embryos
were cultured in sea water with 1.0 mCi of 35S-methionine-cysteine

ix (NEN Translabel, Boston, MA) per 2.5 ml of embryos (in 2
iters of artificial sea water) for indicated times, and lysates were
repared as described above by using the NP-40 lysis buffer.

Design and Synthesis of Probes for Cloning Sea
Urchin Cyclin E

Two 380-nt regions that encoded the conserved cyclin boxes

from human cyclin E (Lew et al., 1991) and Drosophila cyclin E

s of reproduction in any form reserved.
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427Sea Urchin Cyclin E
(Richardson et al., 1993) were PCR-amplified in the presence
of [a-32P]dCTP. Briefly, primers were made to the 59 and 39 ends
of the cyclin box from both cyclin E cDNAs. The 59 and 39 primers
for amplification of the human and Drosophila cDNA clones
were: (59)-GGATTATTGCACCATCCAGA-(59 (human) and (59)-
AAAGATTTGCTGGGGATACT (39, human) and (59)-GGAGG-
ACGGTCTGCGCCAGT (59, Drosophila) and (59)-TTGCCTGC-
CAATCTGGAGA (39, Drosophila). The PCR product was labeled
by carrying out the PCR in the presence of 50 mCi of [a-32P]dCTP
(specific activity 3000 Ci/mMol) and 2 nM dCTP in a 50-ml
reaction. Routinely greater than 75% of the radiolabeled dCTP was
incorporated into DNA. The DNA was quantified by staining with
ethidium bromide after agarose gel electrophoresis and Cerenkov
counting, and equal amounts of the human and Drosophila probes
were mixed and used in the screen to clone sea urchin cyclin E.

Cloning Sea Urchin Cyclin E

BB4 cells were infected with 1.2 million bacteriophage from a S.
purpuratus sea urchin ovarian library in lZAP (Stratagene, La Jolla,

A) that had been prepared by the random-priming of sea urchin
vary poly(A)1 mRNA (Laidlaw and Wessel, 1994). The phage were

screened by hybridization in QuickHybe (Stratagene) containing 67
mg/ml denatured salmon sperm DNA (Gibco BRL, Gaithersburg,
MD; 1.5 ml/filter). The filters were prehybridized for 15 min at
55°C. The probes were denatured at 100°C for 5 min and 1 ml
600,000 cpm/ml) of each probe was added per ml of the QuickHybe

ixture and the filters hybridized for an additional 2 h at 55°C.
fter hybridization, the filters were washed twice for 15 min each

n 23 SSC and 0.1% SDS at 45°C, followed by one wash with 0.13
SC and 0.1% SDS at 25°C. The filters were autoradiographed
vernight. A weak signal was obtained from 12 plaques, and these
laques were isolated and rescreened. Identical hybridization con-
itions were used in the secondary and tertiary screens, and a single
ositive phage was isolated. The purified phage contained a 2.1-kb
coRI fragment that encoded the sea urchin cyclin E. Subclones
ere constructed, and both strands were sequenced.

Isolation of Total RNA from Sea Urchin Embryos

Total RNA was extracted from both eggs and embryos by using
phenol extraction. Eggs and embryos were washed in 0.55 M KCl
twice and resuspended in 5–10 volumes Swelling Buffer and pel-
leted by centrifugation. After resuspension, the eggs or embryos
were added to an equal volume of a solution containing 2% SDS
and 10 mM EDTA, pH 8.0. After mixing well, 1/10 volume of 3 M
NaOAC, pH 5, was added. This solution was mixed with an equal
volume of 4:1.5 phenol/chloroform solution and extracted at room
temperature for 15 min. Additional phenol-chloroform extractions
were done, and the nucleic acids were precipitated with three
volumes of ethanol. The precipitated RNA was collected by cen-
trifugation, dissolved at a concentration of about 0.5 mg/ml in a
solution containing 0.1% SDS and 1 mM EDTA, extracted one
more time with phenol-chloroform, and then ethanol precipitated
again. For later stage embryos (when there is a large amount of
chromosomal DNA), the initial extraction was performed at 55°C
for 10 min to remove chromosomal DNA.

Northern Blot Analysis

A total of 5.0 mg of cyclin E DNA in pGEM-5Zf was digested

ith 20 units of XbaI, and 5.0 mg of cyclin A DNA in pCR2.1 was 4

Copyright © 2001 by Academic Press. All right
digested with 20 units of XhoI and NcoI for 1 h at 37°C. The
resulting 666-bp XbaI fragment from cyclin E and the 1000-bp
XhoI/NcoI fragment from cyclin A were separated on a 1% agarose
gel and extracted by using a Qiaquik gel extraction kit (Qiagen).
The probes were prepared by using a Random Primed DNA labeling
kit (Boehringer Mannheim) with 50 mCi of [a-32P]dCTP and purified
with a ProbeQuant G-50 Micro Column (Amersham Pharmacia
Biotech Piscataway, NJ). Approximately 60% of the label was
incorporated into the probes. Total RNA samples (7.5 mg/lane) were
dissolved in RNA Denaturation Buffer containing 20 mM MOPS,
pH 7.0, 8 mM NaOAc, 1 mM EDTA, pH 8.0, 6% formaldehyde, and
50% formamide, heated to 65°C for 10 mins, and separated on an
agarose gel containing 6% formaldehyde in 20 mM Mops, pH 7.0,
8 mM NaOAc, 1 mM EDTA, pH 8.0. The RNA was transferred to
a Hybond nylon membrane (Amersham Pharmacia Biotech), and
the membrane was hybridized with 20 ng of cyclin E or cyclin A
probe at 60°C for 4 h in QuickHybe (Stratagene), containing 0.1
mg/ml salmon sperm DNA. After hybridization, the filter was
washed twice with 23 SSC/0.1% SDS at 60°C for 10 min, twice
with 0.23 SSC/0.1% SDS for 10 min at 56°C, twice with 0.13
SSC/0.1% SDS for 10 mins at 56°C, and autoradiographed.

Preparation of Polyclonal Antibodies Against a C-
Terminal Peptide of Sea Urchin Cyclin E

A synthetic peptide corresponding to the C-terminal amino acid
sequence (with a cysteine residue added for coupling purposes) was
synthesized in the UNC Protein Chemistry Facility, coupled to
KLH, and injected into rabbits (Pocono Rabbit Farm and Labora-
tory, Canadensis, Pa). The antibody was affinity purified from the
rabbit serum by using a peptide-coupled sulfolink column (Pierce,
Rockford, IL).

In Situ RNA Hybridization

A digoxygenin RNA probe was produced by isolating a DNA
fragment corresponding to 610 nucleotides of the sea urchin cyclin
E open reading frame (corresponding to nucleotides 608–1218 of
SpcycE). In situ whole-mount RNA hybridizations were performed
as described (Ransick et al., 1993; Laidlaw and Wessel, 1994).

Immunofluoresence

Sea urchin ovaries, eggs, and embryos at different developmental
stages were fixed in artificial sea water containing 4% paraformal-
dehyde. After fixation, they were washed twice in artificial sea
water containing 0.05% Tween 20 (ASWt). The affinity purified
a-cyclin E (0.25 mg/ml) was added at a concentration of 1:50 in
ASWt. Samples were incubated at 25°C for 1 h followed by two
washes in ASWt. Donkey a-rabbit serum conjugated to CY3
Molecular Probes) was added at a concentration of 1:200 diluted in
SWt and incubated at room temperature for 1 h. After two
dditional washes in ASWt, ovaries, eggs, and embryos were
isualized by fluorescent microscopy. Metamorph imaging soft-
are (Metamorph, Universal Imaging Corporation) was used for
ata collection and analysis.

For confocal microscopy, the eggs or early embryos were settled
nto poly-L-lysine-coated coverslips, fixed in 220°C 90%
eOH/50 mM EGTA, pH 6.0 (Harris, 1986), rehydrated in PBS, and

locked with 5% milk in PBS containing 0.1% Tween 20 (PBST).
amples were incubated with anti-cyclin E antibodies overnight at

°C, washed in PBST, incubated with rhodamine-conjugated sec-

s of reproduction in any form reserved.
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428 Sumerel et al.
ondary antibodies (Jackson ImmunoResearch Laboratories, West
Grove, PA), washed with PBST, and mounted in elvanol (Palazzo
and Vogel, 1999). Images were collected by using a Zeiss LSM 410
laser scanning confocal system in conjunction with a Zeiss Axio-
vert 100 microscope equipped with a 403/1.3NA objective lens.

Western Blotting

The protein concentration of extracts from sea urchin eggs and
embryos was determined by Bradford analysis or BCA (Pierce
Chemical). Total protein (10 mg) from each stage was resolved on a
12.5% SDS-polyacrylamide gel. Western blots were performed as
described (Jenkins and Xiong, 1995).

Immunoprecipitation

Equal amounts of protein (typically 50 mg) from 35S-methionine-
labeled lysates were precleared in the presence of 10 ml Protein A
agarose at 4°C for 1 h. After preclearing, samples were transferred
to a new microfuge tube and immunoprecipitated with 1 ml
a-cyclin E (approximately 200 mg/ml) at 4°C for 2 h. Following
ncubation with a-cyclin E, proteins that bound to the antibody

were recovered by the addition of protein A agarose, and the
samples were rocked at 4°C for 1 h. The beads were washed in Lysis
Buffer four times and then boiled in sample buffer and resolved on
a 12.5% SDS-polyacrylamide gel. The gel was fixed in Enhance
(NEN, Boston, MA), and radiolabeled bands were detected by
autoradiography.

Assay of Cyclin E-Dependent Kinase Activity

Immunoprecipitations were performed as described above by
using extracts from unlabeled embryos. After isolating the anti-
body complexes with 10 ml of Protein A agarose, the beads were

ashed in Lysis Buffer four times. After washing, 25 ml of Kinase
Assay Buffer (Phelps and Xiong, 1997) was added to the beads.
Then, 4 mg of either calf thymus histone H1 (Sigma) or the

-terminus of human pRb conjugated to GST was added in the
resence of 1 mCi[g-32P]ATP (specific activity 3000 Ci/mMol;

NEN). Because the antibody was produced against a C-terminal
peptide, the specificity of the reaction was determined by the
addition of antigenic peptide to the antibody for 15 min at room
temperature before carrying out the immunoprecipitation. In order
to test the ability of a cdk inhibitor to block the reaction, the cyclin
E immunoprecipitates were isolated on Protein A agarose and
incubated for 10 min at 25°C in the presence of either p27-GST or
p16-GST before performing the kinase assay.

RESULTS

To begin to understand the role of the G1 cyclins and cdk
complexes in the early events in embryogenesis, we have
studied the expression and activity of cyclin E in sea urchin
oocytes, eggs, and early embryos.

Identification and Characterization of Sea Urchin
Cyclin E

Phage (1.2 million) from an S. purpuratus sea urchin

ovarian library in bacteriophage l were screened with a

Copyright © 2001 by Academic Press. All right
mixture of two probes: the cyclin boxes from human and
Drosophila cyclin E. A single positive phage was obtained
that contained a 2.1-kb insert that encoded the full-length
cyclin E protein (Fig. 1). The plasmid SpcycE encoded a
protein of 423 amino acids (predicted molecular weight 46.2
kDa), and contained 414 nt and 455 nt of 59 and 39
untranslated region (UTR), respectively. Cloning of sea
urchin cyclin E from the species Hemicentrotus pulcherri-
mus has also been reported recently (Kurokawa et al., 1997),
and the nucleotide sequence of our clone is identical to that
cDNA (as are several other genes from H. pulcherrimus and
S. purpuratus), raising the likelihood that these two sea
urchins are the same species.

The protein encoded by the cDNAs was identified as cyclin
E on the basis of the highly conserved cyclin box, which was
very similar to both the mammalian and Drosophila cyclin
sequences. A comparison of the cyclin E sequences from
different phyla is shown in Fig. 1. In addition to the
similarity in the cyclin box of cyclin E among the different
species, the sequence around threonine-380 (in mammalian
cyclin E), which is responsible for regulation of the stability
of cyclin E in mammalian cells (Kelly et al., 1998; Clurman
et al., 1996), is also conserved in the sea urchin cyclin E
(denoted by a . in Fig. 1).

The 59 untranslated region of the cyclin E mRNA is
unusually long and contains a number of potential small
open reading frames in all three possible reading frames. An
in-frame stop codon is present 176 nt upstream of the ATG
designated as the initiator methionine, confirming that the
initiator methionine has been properly identified (not
shown). Long 59 UTRs with open reading frames are char-
acteristic of many translationally regulated mRNAs, par-
ticularly those involved in cell growth (Geballe and Morris,
1994). Rescreening of the library with the cyclin E cDNA
resulted in isolation of multiple independent clones of the
same cDNA. None of these extended further 59 than the
initially isolated clone.

A polyclonal antibody was raised against a C-terminal
peptide containing the last 15 amino acids of cyclin E and
affinity purified. To test the ability of the antibody to
specifically recognize cyclin E, we labeled sea urchin em-
bryos with 35S-methionine and cysteine for 2 h after fertili-
ation. The lysates were immunoprecipitated with a-cyclin

E and analyzed by SDS-polyacrylamide gel electrophoresis.
The precipitation was also performed in the presence of the
peptide used as the antigen. A single major labeled polypep-
tide of 46 kDa, the same molecular weight as the in vitro
translation product (not shown), was precipitated with the
a-cyclin E (Fig. 2A, lane 2). There is also a 36-kDa band
which is a proteolytic product of cyclin E (see below).
Precipitation of both of these proteins was competed by the
peptide antigen (Fig. 2A, lanes 3). Neither of these proteins
was precipitated by the protein A beads in the absence of
antibody (Fig. 2A, lane 4), although there was a nonspecific
band at about 43 kDa present in all samples.

The antibody also detected a single polypeptide of about

46 kDa by Western blotting in extracts prepared from 8-cell

s of reproduction in any form reserved.
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429Sea Urchin Cyclin E
embryos (Fig. 2B, lane 1), and the reaction was blocked by
competition with the antigenic peptide (Fig. 2B, lane 2).
Thus, this antisera specifically recognizes sea urchin cyclin
E and both immunoprecipitates and detects the cyclin E
polypeptide by Western blotting.

Cyclin E Is Expressed at High Levels in Eggs and
Early Embryos

To determine the expression pattern of cyclin E during
development, we prepared extracts from embryos at various
times after fertilization, resolved the equal amounts of total
protein by SDS-gel electrophoresis, and probed Western
blots with the cyclin E antibody. Surprisingly a large
amount of cyclin E protein was detected in the unfertilized
eggs (Fig. 3A, lane 1), which have completed meiosis and are

FIG. 1. Sea urchin cyclin E. The alignment of human, mouse, X
haded amino acids are identical in all these species. The cyclin b
yclin E1 and 64% identical to Drosophila cyclin E in the cyclin b

conserved threonine that is phosphorylated to target cyclin E for d
quiescent. There was as much cyclin E in the egg as in any l

Copyright © 2001 by Academic Press. All right
ther stage of development. The egg contained more cyclin
protein than the cleaving embryo (4–8 h), when cell

umber increases from 8 cells to over 100 cells. The levels
f cyclin E decreased about 2-fold between 2 and 4 h of
evelopment (2–8 cell embryo; Fig. 3A, lanes 4 and 5), but
here was a larger drop (an additional 5-fold) between 10.5
nd 12.5 h of development (at the very early blastula stage).
hus, the early blastula (12.5 h) embryo contains about
–10% the amount of cyclin E present in the unfertilized
gg. In later stages (after 24 h), cyclin E protein was barely
etectable by Western blotting of whole embryo extracts
not shown).

Total RNA was prepared from the same stages of devel-
pment as the protein samples, and the amount of cyclin E
RNA was determined by Northern analysis. A single

yclin E mRNA, about 5.5 kb in length, was detected. The

us, sea urchin, and Drosophila cyclin E sequences is shown. The
underlined. The sea urchin sequence is 60% identical to human
he peptide used as the antigen is underlined. The . indicates the

dation.
enop
ox is
ox. T
evel of cyclin E mRNA was high in eggs and remained high

s of reproduction in any form reserved.



t
m
s
p
s
c
t

i
n
e
a
d
w
u
b
s
(
9
5
fi
c
w
a

a

w

t
b

430 Sumerel et al.
throughout the first 10–12 h of development (early blastula;
Fig. 3B, lanes 3–8, top panel). Cyclin E mRNA levels then
declined slowly (Fig. 3B, lanes 9 and 10, top panel), decreas-
ing about 5-fold between 10 and 23 h (mesenchyme blas-
tula) of development.

The mitotic cyclins A and B are very abundant mRNAs in
early embryos (Minshull et al., 1989; Pines and Hunt, 1987).
To compare the levels of the mitotic cyclin mRNAs with
cyclin E mRNA, we analyzed the same RNA samples by
Northern blotting using similar sized probes of identical
specific activity. More than 10 times as much cyclin A
mRNA than cyclin E mRNA was present in eggs and early
embryos (Fig. 3B, lanes 1 and 2). The level of cyclin A
mRNA was also high in unfertilized eggs, and declined
much more sharply after the blastula stage than the levels
of cyclin E mRNA (Fig. 3B, lanes 3–10, bottom panel).

The level of cyclin E mRNA and cyclin E protein did not
change in parallel, but the cyclin E protein levels declined
much more rapidly than the cyclin E mRNA levels. In
particular, cyclin E protein levels dropped about 10-fold
between 2 and 10 h of development, a time when cyclin E
mRNA levels were constant. In addition, cyclin E protein
was less than 5% of the level in the egg by 15.5 h (Fig. 3A,

FIG. 2. Characterization of sea urchin cyclin E protein. (A) Newly
synthesized cyclin E can be immunoprecipitated from embryos.
Immediately after fertilization, embryos were incubated in sea
water with 35S-methionine-cysteine, and radiolabeled extracts were
prepared at 100 min after fertilization. Both the 46-kDa intact
cyclin E and the 32-kDa proteolytic product are precipitated by the
antibody and competed by the peptide. Lane 1, Molecular weight
markers. Lane 2, 100 mg of the extract was immunoprecipitated

ith a-cyclin E. Lane 3, a-cyclin E was preincubated in the
presence of 0.5 mg of competing peptide. Lane 4, The extract was
treated with protein A beads without added antibody. (B) Western
blot of 8-cell embryonic extracts probed with a-cyclin E. Protein
(10 mg) from 8-cell (4-h) embryos was resolved by SDS–PAGE and
ransferred to nitrocellulose. The filter was cut in half and one lane
lotted with a-cyclin E (lane 1). The other lane was blotted with

a-cyclin E that had been preincubated with 1 mg of the peptide
antigen (lane 2).
lane 10), and even lower in 23-h embryos (not shown), a

Copyright © 2001 by Academic Press. All right
ime when there is still significant amounts of cyclin E
RNA (Fig. 3B, lane 10). Cyclin E mRNA levels decline

lowly later in development (not shown), although the
rotein is barely detectable by Western blotting (not
hown). Therefore, a major component of regulation of
yclin E protein levels during this time must be transla-
ional or posttranslational.

Synthesis of Cyclin E in Early Embryogenesis

Major changes occur in the rates of translation of pre-
formed maternal mRNAs in animal cell embryos, as a
result of selective recruitment of mRNAs to polyribosomes
(Winkler et al., 1985; Nelson and Winkler, 1987). In sea
urchins, the overall rate of protein synthesis rises more
than 50-fold during the first 4 h of development (Winkler et
al., 1985). Among the proteins synthesized by the embryo
immediately after fertilization are the mitotic cyclins A and
B, and these proteins are not being synthesized at a signifi-
cant rate in the unfertilized egg (Evans et al., 1983).

For experiments examining cyclin E synthesis and activ-
ty during the first two cell cycles, we used highly synchro-
ous populations of embryos. After fertilization sea urchin
mbryos proceed synchronously through the first cell cycle,
nd the events of the first cell cycle have been very well
ocumented (Whitaker and Patel, 1990). To ensure that we
ere studying synchronous populations of embryos, we
sed eggs from a single female (up to 10–20 ml of eggs could
e obtained) and fertilized and cultured them in dilute
uspensions (0.5–1 ml eggs/100 ml). The eggs were fertilized
.98%) in less than 2 min after addition of sperm. Over
0% of the embryos cleaved to the 2-cell stage within a
-min window, indicating that they progressed through the
rst cell cycle synchronously. In some experiments, the
ultures were monitored by polarization microscopy, and
e observed that nuclear envelope breakdown and mitosis

nd cytokinesis occurred synchronously in the culture.
To determine whether cyclin E was synthesized immedi-

tely after fertilization, we preloaded eggs for 4 h with
35S-methionine and then fertilized the eggs and prepared
extracts from eggs and embryos 40, 80, and 110 min
postfertilization. Inclusion of the label resulted in a slightly
slower first cell cycle, with cytokinesis occurring at about
120 min in this experiment. Sea urchin eggs import amino
acids poorly, and the 4-h incubation of the eggs with labeled
methionine allows equilibration of the amino acid pool as
well as labeling of the proteins being synthesized by the
eggs. Following fertilization, the labeled methionine that
was imported during the 4-h preincubation is used for
protein synthesis, and incorporation of radiolabel into total
protein was linear for at least 3 h (not shown). The cyclin E
protein was then precipitated with the anti-cyclin E anti-
body and the proteins resolved by gel electrophoresis. Two
labeled proteins were observed, a major band at 46 kDa
(full-length cyclin E) and a less intense band at 36 kDa,
which is a proteolytic fragment of cyclin E. Note that the

precipitation of both the 36-kDa polypeptide and full-length
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431Sea Urchin Cyclin E
cyclin E was competed by the antigenic peptide (Fig. 2A).
Lysis of eggs in lysis buffer results in a cleavage of cyclin E
yielding a 36-kDa fragment detected by Western blotting
(not shown). This cleavage is a result of the activity of
proteases that are released from the egg at fertilization
(Vacquier et al., 1972), and is present at low levels in some,
but not all, embryo extracts. The 36-kDa band is not cdk2,
which migrates at 29 kDa, and is not synthesized at a
significant rate in eggs or early embryos (J.A.N., unpub-
lished results).

Incorporation of label into cyclin E was readily detectable
within 40 min after fertilization (Fig. 4A, lane 3), and the
amount of labeled protein reached a steady-state by 80-110
min (Fig. 4A, lanes 4 and 5), although the amount of total
labeled protein was still increasing at a linear rate at this
time (not shown). In this experiment, the first cell division
was between 100 and 105 min. Both mitotic (80 min) and

FIG. 3. Expression of cyclin E during development. (A) Extracts w
y using the SDS extraction procedure. Equal amounts of protein
y SDS–PAGE. Proteins were transferred to nitrocellulose and W

Extracts prepared at the indicated times after fertilization. Embryos
stage at 12.5 h. (B) Equal amounts of RNA from eggs and 2-h embryo
E (lanes 1 and 2, top) or cyclin A (lanes 1 and 2, bottom) probes of eq
piece of X-ray film to assess the relative amounts of cyclin E and c
eggs and embryos from the indicated time of development were res
(bottom) probes. The cyclin E blot was exposed for 20 times longe
cells immediately after cytokinesis (110 min) contained 3

Copyright © 2001 by Academic Press. All right
imilar amounts of newly synthesized cyclin E. Since
ncorporation of label into total protein continued at a
inear rate for more than 2 h and incorporation of label into
yclin E reached a constant level in about 80 min, cyclin E
ust have a relatively short half-life during the first cell

ycle. When the total embryo protein was analyzed and the
ewly synthesized proteins were detected by autoradiogra-
hy, a protein comigrating with cyclin E was not visible
not shown). This is consistent with the much lower levels
f cyclin E mRNA in the egg than cyclin A mRNA (Fig. 3B).
To determine how rapidly we could see an increase in

yclin E synthesis after fertilization, we prelabeled eggs for
h and then fertilized the embryos and harvested them 10
in after fertilization. There is a small amount of cyclin E

ynthesized in the unfertilized egg, all of which is in the
6-kDa proteolytic fragment (Fig. 4A, lane 6). We detected a
lear increase in the amount of cyclin E (46-kDa band plus

repared from eggs and embryos at different times after fertilization
dged both by protein assay and staining of the gels) were resolved
n blotted with a-cyclin E. Lane 1, Unfertilized eggs. Lanes 2–10,
at the 2-cell stage at 2 h, 8-cell stage at 4 h, and in the early blastula

re resolved by gel electrophoresis. The filter was probed with cyclin
pecific activities. The filters were washed and exposed to the same
A mRNAs. In lanes 3–10, duplicate total cell RNA samples from

d by gel electrophoresis and probed with cyclin E (top) or cyclin A
n the cyclin A blot.
ere p
(as ju
ester
were
s we
ual s
yclin
olve
6-kDa band), analyzed by immunoprecipitation, synthe-
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sized in the first 10 min after fertilization (Fig. 4A, lane 7)
compared to the amount of label incorporated in cyclin E by
eggs in a 4-h incubation (Fig. 4A, lane 6). These results
demonstrate that cyclin E protein is synthesized in sea
urchin eggs, and that translation of cyclin E mRNA is
increased immediately after fertilization.

The rapid increase in the rate of synthesis of cyclin E after
fertilization did not result in an increase in the absolute
amount of cyclin E protein (Fig. 3A, lanes 1 and 2). We
analyzed the amount of cyclin E by Western blotting at
10-min intervals during the first cell cycle in a highly
synchronous population of embryos derived from a single
female (Fig. 4B). There was no change in the amount of
cyclin E protein during the first and second cell cycles. In
this experiment, the embryos cleaved to give two cell
embryos between 120 and 130 min. In particular, there was
no change in cyclin E levels as the embryos progressed
either through S-phase (Fig. 4B, lanes 2–4) or mitosis (Fig.
4B, lanes 5–12). These results suggest that cyclin E must be
continually turning over after fertilization, since cyclin E is
being synthesized, but the steady-state amount of cyclin E
is not increasing. It is likely that there is an increase in both
the rate of synthesis and degradation of cyclin E after
fertilization. Consistent with this conclusion is the recent
report of an increase in proteasome activity after activation
of echinoderm eggs (Chiba et al., 1999).

Kinase Activity Associated with Cyclin E

In somatic cells, the major function of cyclin E is to bind
to cdk2 and phosphorylate critical substrates, resulting in
progression of cells into S-phase. We determined the level of
cyclin E kinase activity in eggs and embryos by immuno-
precipitation of cyclin E followed by use of either histone
H1 or the pocket fragment of the retinoblastoma protein,
pRb, as a substrate. We readily detected kinase activity
using either histone H1 or pRb as a substrate in immuno-
precipitates of egg and embryo extracts with anti-cyclin E
(Figs. 5A and 5B). The activity was completely blocked by
including excess antigenic peptide in the immunoprecipi-
tation (not shown, see Fig. 6A). This assay provides a
quantitative estimate of the amount of cyclin E activity in
a particular extract since immunoprecipitation of increas-
ing amounts of extract resulted in recovery of increasing
amounts of kinase activity (not shown).

Sea urchin embryogenesis initiates with a rapid period of
cell division lasting until the early blastula stage. During
this time, there is an exponentially increasing rate of DNA
synthesis on a per embryo basis. We measured the activity
of cyclin E kinase activity at various times after fertiliza-
tion. We observed the highest levels of cyclin E-associated
kinase in eggs and early embryos and the level of cyclin
E-associated kinase decreased as development proceeded.
Activity was reduced about 3-fold in the 6-h (32–64 cell)
embryo (Fig. 5A, lane 4) compared to the 2-cell embryo (Fig.
5A, lane 3). There is a further drop in activity during the
FIG. 4. Synthesis of cyclin E in early embryos. (A) Eggs were
preloaded with 35S-methionine-cysteine for 4 h, and then the eggs

ere fertilized. Extracts were prepared from eggs and from embryos
0, 80, and 110 min after fertilization. Each extract (100 mg) was

immunoprecipitated with a-cyclin E. Lane 1, Molecular weight mark-
ers. Lane 2, Egg. Lane 3, 40 min after fertilization. Lane 4, 80 min (in
mitosis) after fertilization. Lane 5, 110 min (just completed cytokine-
sis) after fertilization. Lanes 6 and 7 show a separate experiment in
which extracts were prepared from the radiolabeled eggs and embryos
10 min after fertilization. The band at about 36 kDa is a proteolytic
fragment of cyclin E. (B) Extracts of S. purpuratus embryos from a
single female were prepared by suspension in SDS lysis buffer. Equal
amounts (10 mg) of protein were resolved by SDS-gel electrophoresis
and cyclin E detected by Western blotting using the anti-cyclin E
antibody. The samples were resolved on two SDS-polyacrylamide
mini-gels. To account for differences in transfer, the 80-, 90-, and
100-min time points were loaded on both gels, allowing us to
standardize the relative amounts of cyclin E as detected by Western
blot. The time in minutes after fertilization is shown above each lane.
More than 90% of the embryos completed cytokinesis between 120
and 130 min in this experiment. The position of the molecular weight
morula stage to a level about 10% of that in the egg (7.5 h;
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433Sea Urchin Cyclin E
Fig. 5A, lane 5), despite the fact that, during this time, there
is at least a 50-fold higher rate of DNA synthesis/embryo
than during the first cell cycle. Activity declined to barely
detectable levels by the mesenchyme blastula stage (24 h of
development; Fig. 5A, lane 7) and the early gastrula stage
(Fig. 5A, lane 8). Figure 5B shows a separate experiment
using pRb as a substrate, again showing that the cyclin
E-associated kinase activity initially declines after the first
2 h (Fig. 5B, lanes 6 and 7), and continues to decline
throughout cleavage. The activity of cyclin E-associated
kinase qualitatively parallels the level of cyclin E protein
(Fig. 3A). The one exception is the large decrease in cyclin E
kinase activity after 7.5 h (Fig. 5A, lane 5; Fig. 5B, lane 7),

FIG. 5. Cyclin E-associated kinase activity during development.
(A) Two independent extracts from eggs (lanes 1 and 2) and embryos
were prepared at the indicated times after fertilization. Protein (100
mg) was immunoprecipitated with a-cyclin E. Immunoprecipitated
proteins were washed with Lysis buffer and assayed for kinase
activity by using histone H1 as a substrate. The reaction was
resolved by SDS–PAGE and phosphorylated proteins detected by
autoradiography. Lane 3, 2-h (2-cell) embryonic extract. Lane 4, 6-h
(30–60 cell) embryonic extract. Lane 5, 7.5-h (morula) extract. Lane
6, 12-h (early blastula) extract. Lane 7, 24-h (mesenchyme blastula)
extract. Lane 8, 36-h (early gastrula) extract. (B) Extracts from eggs
and embryos were prepared at different time points through the
first cell cycle. Protein (200 mg) was immunoprecipitated with
a-cyclin E. Immunoprecipitated proteins were washed with Lysis
buffer and assayed for kinase activity using pRb as a substrate. The
reaction was resolved by SDS–PAGE and phosphorylated proteins
detected by autoradiography. Lane 1, Egg extract. Lane 2, 10 min
after fertilization. Lane 3, 30 min after fertilization. Lane 4, 60 min
after fertilization. Lane 5, 120 min (late mitosis) after fertilization.
Lane 6, 6-h (30–60 cells). Lane 7, 10-h (early blastula).
before there is a similar decrease in cyclin E protein which

Copyright © 2001 by Academic Press. All right
oesn’t occur until early blastula stage, after 10 h of
evelopment (Fig. 3A, lanes 7–9). The reason for this dis-
repancy is not known, but it is possible that cyclin
-associated kinase activity has been reduced at this time as
he result of the appearance of a cdk inhibitor or an
nhibitory modification of cdk2.

Cyclin E Is Active in Sea Urchin Eggs

Surprisingly, we detected the highest levels of cyclin
E-associated kinase activity in extracts of sea urchin eggs,
as assayed by phosphorylation of both histone H1 and pRb.
Similar results were found in six different batches of egg
and embryo extracts, and, in each case, the cyclin
E-associated kinase activity in eggs was as high or higher
than the activity in 2-cell embryos, even though the eggs
are quiescent and are not capable of DNA replication. At
these early stages, the activity of cyclin E-associated kinase
does not change during the first cell cycle and, importantly,
is present during “G1” (Fig. 5B, lanes 2 and 3), S-phase (Fig.
5B, lane 4), and mitosis (Fig. 5B, lane 5, and unpublished
results).

The finding that there were equally high levels of cyclin
E-associated kinase activity in unfertilized eggs and early
embryos was surprising, since (1) the egg is not replicating
DNA, (2) it has already completed meiosis, and (3) eggs are
stored for weeks in a quiescent state in the ovary prior to
spawning. Therefore, we performed several control experi-
ments to ascertain that we were specifically measuring
cyclin E-associated kinase activity, both in the egg and in
the embryo samples. Parallel immunoprecipitations were
performed from the egg extract in the presence of increasing
amounts of the peptide used as an antigen. The activity of
these immunoprecipitates was assayed by using both his-
tone H1 and pRb as substrates. Precipitation of the kinase
activity toward both substrates in the egg extracts was
completely prevented by preincubation of the antibody
with the synthetic peptide (Fig. 6A, lanes 2 and 6).

A characteristic of the cyclin E-associated kinases is that
they are inhibited by the p21 family of cyclin-dependent
kinase inhibitors (Sherr and Roberts, 1995), and we took
advantage of this specific inhibition as a further demonstra-
tion of cyclin E kinase activity (Sherr and Roberts, 1999).
The cyclin E-associated kinase was immunoprecipitated
from the egg extract with the anti-cyclin E antibody, and
then the kinase activity assayed in the presence of GST-
p27, a p21 family member, or GST alone. p27 specifically
blocked the kinase activity (Fig. 6B, lane 4), while the GST
protein had no effect (Fig. 6B, lane 3). The p16 cdk inhibitor,
which is specific for the cdk4/6-associated kinase activity
(Guan et al., 1994), also had no effect on the cyclin
E-associated kinase activity (Fig. 6B, lane 5). We conclude
that our activity assay specifically measures cyclin
E-dependent kinase activity in extracts from sea urchin
eggs.

One of the critical changes which occurs at fertilization is

an increase in the pH of the sea urchin egg, and this increase
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434 Sumerel et al.
in pH is sufficient to initiate the increase in protein
synthesis (Grainger et al., 1979; Winkler et al., 1980;

inkler and Steinhardt, 1981) and DNA replication in eggs
Mazia and Ruby, 1974; Mazia, 1974). Since the extracts we
ad assayed were all prepared at pH 7.4, it was possible that
e had activated latent cyclin E kinase activity by increas-

ng the pH of the extract compared with that of the
nfertilized egg. We prepared extracts at either pH 7.4 or pH
.8 from the same batch of eggs and assayed the cyclin

FIG. 6. Characterization of cyclin E kinase activity in eggs. (A)
a-Cyclin E antibody was incubated in the absence (lanes 1 and 5) or
presence (lanes 2–4, 6–8) of varying amounts of the peptide
antigen. After incubation, 100 mg of egg extract was added to each
ample followed by immunoprecipitation with protein A beads.
mmunoprecipitated proteins were washed with Lysis buffer and
ssayed for kinase activity by using histone H1 (lanes 1–4) or pRb
lanes 5–8) as a substrate. The proteins were resolved by SDS–
AGE and phosphorylated proteins detected by autoradiography.
anes 2 and 6, 1 mg antigenic peptide. Lanes 3 and 7, 0.01 mg

antigenic peptide. Lanes 4 and 8, 0.001 mg antigenic peptide. (B)
Equal amounts of egg extract (100 mg protein) were immunopre-
cipitated with a-cyclin E antibody. The immunoprecipitates were
nalyzed for kinase activity by using pRb as a substrate. In lane 2,
he antibody was incubated with 1 mg of peptide antigen. In lanes
and 2, no proteins were added to the immunoprecipitates prior to

he kinase assay. In lanes 3–5, equal amounts of GST, p27-GST, or
16-GST, respectively, were added prior to the kinase assay. The
hosphorylated proteins were resolved by gel electrophoresis and
etected by autoradiography. (C) Egg lysates were prepared by using
ysis buffers at pH 6.8 and pH 7.4. Equal amounts (100 mg of

protein) of extracts were immunoprecipitated with a-cyclin E. The
mmunoprecipitated proteins were washed with Lysis buffer and
ssayed for kinase activity at the appropriate pH using pRb as a
ubstrate in the presence of GST (lanes 1 and 3) or p27-GST (lanes
and 4). The phosphorylated proteins were resolved by gel electro-
horesis and detected by autoradiography.
-associated kinase activity in the immunoprecipitates.

Copyright © 2001 by Academic Press. All right
he pH in the assay buffer was the same as in the corre-
ponding extract. Identical activities were found in both
xtracts (Fig. 6C, lanes 1 and 3), and the activity was
nhibited by the cdk inhibitor p27 (Fig. 6D, lanes 2 and 4).
hus, we conclude that the cyclin E-dependent kinase in
ggs exists in a form which is catalytically active.

Localization of Cyclin E in Eggs and Early
Embryos

To determine the expression characteristics of cyclin E,
we used both in situ hybridization to detect the cyclin E
mRNA and immunofluorescence to detect the cyclin E
protein. Using in situ hybridization, we observed high
levels of cyclin E mRNA in both immature and mature
oocytes, while there was no detectable cyclin E mRNA in
the surrounding ovarian tissue (Fig. 7A). Cyclin E mRNA is
present in oocytes throughout oogenesis, and is uniformly
distributed in the cytoplasm of oocytes and eggs (Fig. 7B).
Cyclin E mRNA remained at similar levels in all cells
through development to the early blastula stage (Fig. 7C). In
later embryos, cyclin E mRNA levels were significantly
lower (Fig. 7B) and all detectable signal was present in select
cells and tissues. In mesenchyme blastula embryos, cyclin
E mRNA accumulated selectively in the vegetal plate, as
well as in a small patch of cells at the animal pole (Fig. 7D).
During gastrulation, cyclin E mRNA was detectable in both
invaginating gut precursor cells as well as in single cells
within the ectoderm (Figs. 7B and 7E). These latter cells
appeared to be pigment cells, based on their morphology,
presence in the ectoderm, and spacing, although, following
the fixation and hybridization protocol used in these experi-
ments, the pigment is extracted, so it is not possible to
definitively identify them. In larvae, the ciliated band and
regions of the gut, tissues known to be still undergoing cell
division, continue to accumulate detectable levels of cyclin
E mRNA (Fig. 7F). In larvae cultured for several days,
significant cyclin E mRNA was also detected in the left but
not the right coelomic pouch (Fig. 7G). The embryo devel-
ops coelomic pouches following gastrulation, one on either
side of the foregut, just below the mouth. Both coelomic
pouches develop and expand into elaborate mesodermal
tissues during the larval stage. The left coelomic pouch,
however, contains the cells destined to form the adult
rudiment, where, at metamorphosis, the immature adult
everts and the remainder of the larval tissues histolyze. The
assymetry in cyclin E levels between the two pouches is not
coincident with the onset of coelomic pouch development,
since late gastrula/prism embryos (Figs. 7B and 7E) have
apparent pouches, but no significant cyclin E mRNA accu-
mulation in the pouches. This suggests that expression of
cyclin E and the proliferation of the pouch derivatives is a
result of mitogenic induction, and not remaining from cells
which were continuously cycling and had maintained high
cyclin E mRNA levels.

The antibodies to cyclin E also allowed us to study the

cyclin E protein accumulation by immunofluorescence.
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The mature oocytes contained large amounts of cyclin E,
and it was largely, if not exclusively, restricted to the
germinal vesicle (Fig. 8A), as judged by both whole-mount
immunofluorescence and confocal microscopy. After ger-
minal vesicle breakdown, cyclin E protein was uniformly
distributed throughout the egg cytoplasm, and by confocal
microscopy was not found concentrated in any particular
region of the cytoplasm, and there was only a slight con-
centration of cyclin E in the pronucleus (Fig. 8A). In the
one-cell zygote, cyclin E is concentrated in the nucleus after
pronuclear fusion, and, in two-cell, four-cell, and 16-cell
embryos, the cyclin E protein was localized in the nucleus
of interphase cells (Fig. 8B). Strikingly, cyclin E was present
in similar concentrations in the nuclei of all cells, including
the micromeres, of the 16-cell embryo (Fig. 8B). The micro-
meres are the first cells to exit the cell cycle, and their
progression through the next cell cycle will be delayed
relative to the rest of the blastomeres. In later stages of
embryogenesis, there was labeling of a subset of cell nuclei
using the antibody to cyclin E (Fig. 8C). In blastula embryos,
there was labeling of a subset of cell nuclei, with labeling
clearly concentrated in the vegetal plate (Fig. 8C). In the
gastrula and early pluteus embryo, there was also labeling

FIG. 7. Detection of cyclin E mRNA by in situ hybridization. Cycl
probes as described in Materials and Methods. The embryos were
(A) An explant of ovary tissue showing both immature (small) and f
a gastrula embryo hybridized on the same cover slip. Overall, the
some tissues are enriched, especially the endoderm (En). (C) Early
showing enriched cyclin E mRNA in the vegetal plate (Vp). (E) G
within the ectoderm. (F) Pluteus larva showing low overall cyclin E
band (Cb), endoderm (En) and shown best in a higher magnificatio
the right coelomic pouch is not detectably labeled, nor are pigmen
of a small subset of cell nuclei, including some of the

Copyright © 2001 by Academic Press. All right
igment cells that were also labeled by in situ hybridiza-
ion.

DISCUSSION

During oogenesis, many of the macromolecules that are
necessary for early embryogenesis are packaged in the
developing egg. At fertilization, the quiescent egg under-
goes a number of changes that result in the initiation of
DNA replication and entry into the cleavage cell cycles.
These unusual rapid cell cycles continue during the initial
stages of embryogenesis and are subsequently replaced by
cell cycles that are more similar to the somatic cell cycles
in larva and adults. However, many of the molecules
involved in regulating the later somatic cell cycles are
likely also involved in regulating the early cell cycles that
lack gap phases.

The cyclin/cdk complexes play a critical role in cell cycle
regulation. While the role of the mitotic cyclins A and B are
well understood during oogenesis and embryogenesis, it is
less clear how the initiation of DNA replication (entry into
S-phase) is regulated during embryogenesis. Cyclin E has

RNA was localized in situ following hybridization to digoxygenin
dized to the same batch of probe and developed for similar times.
rown oocytes. Note accessory cells (AC) are unlabeled. (B) Eggs and
ula embryo contains significantly less cyclin E mRNA, although

ula showing micromere (m) derivatives. (D) Mesenchyme blastula
la embryo focused on the surface to reveal the pigment cells (Pc)
al. The tissues with detectable cyclin E mRNA include the ciliary
a different embryo (G) label in the left coelomic pouch. Note that
ls at this stage. Bar in (A) 5 50 mm.
in E m
hybri
ull-g
gastr

blast
astru

sign
n of
been directly implicated in controlling initiation of DNA
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436 Sumerel et al.
FIG. 8. Immunolocalization of cyclin E during sea urchin development. Oocytes, eggs, and embryos were fixed in paraformaldehyde and
immunostained with a-cyclin E and a CY3-conjugated secondary antibody. For confocal microscopy, the samples were fixed in methanol
and immunostained with a-cyclin E and rhodamine-conjugated secondary antibody. (A) Oocyte and egg. Phase contrast microscopy (light),
pifluorescence, and confocal microscopic images are shown. Note the intense staining in the germinal vesicle (GV) and the lack of staining
n the pronucleus of the unfertilized egg. (B) One-cell zygote after pronuclear fusion (fertilized); 2-cell embryo; 4-cell embryo; 16-cell
mbryo; and mesenchyme blastula embryo. Both epifluorescence and confocal images of 4-cell embryos are shown. (C) Mesenchyme
lastula (24-h), gastrula (48-h), and pluteus (72-h) embryo. Phase contrast picture on the left (light), epifluorescence on the right. The vegetal
late (Vp) is labeled in the mesenchyme blastula (out of focal plane) as well as some individual nuclei (which were visible in the phase
ontrast image of the same embryo (not shown). This is the same embryo shown in (B). Among the cells labeled in the pluteus embryo are

ome of the pigment cells (Pc).
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437Sea Urchin Cyclin E
replication in Xenopus embryos (Strausfeld et al., 1996;
ackson et al., 1995). Cyclin E has also been implicated in
ontrolling the transition from G1 to S-phase in somatic
ells (Ohtsubo et al., 1995; Knoblich et al., 1994; Koff et al.,
992; Duronio and O’Farrell, 1995; Chevalier et al., 1996).
n “normal” cell cycles, cyclin E/cdk2 has low kinase
ctivity at the beginning of the gap phase before DNA
ynthesis (G1), but rises right before entry into S-phase as a
esult of both activation of cyclin E expression as well as
egradation of inhibitors of cyclinE/cdk2, particularly p27
Vlach et al., 1997; Coats et al., 1996; Pagano et al., 1995;
olyak et al., 1994). The activity of cyclin E-cdk2 is then
educed during S-phase, and cyclin E-cdk2 does not become
ctive again until the next cell cycle. In the mitotic cell
ycles, activation of cyclin E-cdk2 is a major event com-
itting the cell to replicate its DNA. The degradation of

yclin E (or the inactivation of cyclin E-cdk2) is thought to
e necessary for cells to complete S-phase and reenter the

FIG. 8—Continued
ext cell cycle.

Copyright © 2001 by Academic Press. All right
In frog embryos, cyclin E is essential for initiation of
NA replication, since depletion of cyclin E from the
enopus cell-free system blocks initiation of DNA replica-

ion (Strausfeld et al., 1996; Jackson et al., 1995). Cyclin E is
lso postulated to play a role in meiosis, since significant
mounts of cyclin E are synthesized after treatment of stage
I oocytes with progesterone prior to fertilization (Rempel
t al., 1995). Other workers claim that the increase in cyclin
-cdk2 at this time has no role in meiosis (Furuno et al.,
997). An additional role for cyclin E is in the replication of
he centrosome, and cyclin E is associated with the centro-
ome in frog embryos (Hinchcliffe et al., 1999; Lacey et al.,
999).
In Drosophila, cyclin E protein is present continuously

hroughout the initial syncytial cell cycles, as is cdk2.
hese proteins are found both in the nucleus of interphase
ells and in the cytoplasm during mitosis (Sauer et al.,
995). Cyclin E-cdk2 kinase is constitutively active
hroughout these cell cycles, which are characterized by a
ack of a G1-phase (Sauer et al., 1995). In contrast, later in

embryogenesis when endoreduplication cycles occur, cy-
clin E-cdk2 activity is cyclic, decreasing in the gap phase
and then increasing shortly before entry into the subse-
quent S-phase (Sauer et al., 1995).

Some workers have reported an oscillation of cyclin
E-cdk2 activity in frog embryos during the initial cell cycles
(Rempel et al., 1995; Hartley et al., 1996), while others have
reported that the cyclin E-cdk2 kinase activity is constant
during the initial cell cycles in vitro (Fang and Newport,
1991; Hua et al., 1997). The levels of cyclin E-cdk2 proteins
do not vary during the cleavage cell cycles (Greaves et al.,
1989; Fang and Newport, 1991; Howe and Newport, 1996).
Newport and coworkers have postulated that the high
levels of cyclin E-cdk2 present in nuclei of early embryos
inhibits re-replication of DNA prior to the completion of
mitosis. At mitosis, the cyclin E-cdk2 is greatly diluted
(effectively inactivated) allowing the cell to prepare for the
subsequent reinitiation of DNA replication which occurs
after formation of the nuclei and import of cyclin E into
nuclei (Howe and Newport, 1996). According to this model,
supported by in vitro experiments in frog egg extracts, there
is effectively little difference in the role of cyclin E in the
early embryonic cycles and the “normal” somatic cell
cycles.

Role of Cyclin E in Sea Urchin Eggs?

We have clearly shown the presence of both cyclin E
protein and cyclin E-dependent kinase activity in otherwise
quiescent sea urchin eggs, and we see little change in the
kinase activity as the embryo progresses through the first
cell cycle. Thus, while cyclin E-cdk2 activity may be
necessary for the initiation of DNA replication, the activa-
tion of cyclin E-cdk2 is not one of the signals which is
produced after fertilization resulting in DNA replication.
Since protein synthesis is not necessary for entry into or

completion of the first S-phase (Hinchcliffe et al., 1998), the
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438 Sumerel et al.
signaling pathway initiated by fertilization (and the in-
crease in pH in the sea urchin embryo), must result in
activation of key components for replication by posttrans-
lational mechanisms. Either these mechanisms normally
act downstream of cyclin E, affect the phosphatase activity
that would alter the balance of modification on cyclin
E-cdk2 substrates, or affect a parallel pathway to cyclin E
that is necessary for initiation of the first cell cycle.
Alternatively, the concentration of cyclin E in the nucleus
after pronuclear fusion (Fig. 8B) could trigger the initiation
of DNA replication. Recent findings suggest, however, that
cyclin E associates with pronuclei well before pronuclear
fusion and initiation of DNA replication (B.J.S. and W.F.M.,
unpublished results), suggesting that there must be addi-
tional limiting steps other than concentration of cyclin
E-cdk2 activity necessary for initiation of DNA replication.

It is possible that cyclin E-cdk2 also has a role in
maintenance of the unfertilized egg in a state that is poised
to undergo DNA replication. Alternatively, since cyclin
E-cdk2 is not concentrated in the egg pronucleus, there may
be cytoplasmic substrates for this complex, either in the egg
or after fertilization.

Cyclin E Doesn’t “Cycle” during the Initial Cell
Cycles

The initial cell cycles in sea urchin embryogenesis don’t
have gap phases, and cyclin E protein levels and kinase
activity are constant through the first cell cycle. In particu-
lar, cyclin E kinase activity is high during mitosis and
immediately after cytokinesis. These results provide a
serious paradox for using cyclin E kinase activity as a
paradigm for regulation of the entry into and out of S phase.
Clearly, embryonic cells are committed to S phase in spite
of the continual cyclin E kinase activity, and they also go
through mitosis in the presence of high G1 cyclin activity.
n early embryogenesis in the sea urchin, DNA replication
s actually initiated during anaphase as vesicles form
round portions of the condensed chromosomes allowing
ome replication for the next cell cycle to occur during
elophase (Ito et al., 1981).

It is not known when the first gap phases are introduced
uring sea urchin embryogenesis. There is a drop in total
yclin E protein levels between 2 and 4 h (8 cells) and a
urther drop as embryos enter the blastula stage (between 10
nd 12 h, Fig. 3A). However, the levels of cyclin E mRNA
re constant throughout this time, suggesting that the
evels of cyclin E protein must be translationally or post-
ranslationally controlled as cells enter the blastula stage.
y immunofluorescence, only a subset of cells in the
lastula embryo contain high concentrations of cyclin E
rotein, while cyclin E mRNA is present in most if not all
ells. These results are consistent with the possibility that
he cells in the blastula embryo contain gap phases and that
he somatic pattern of cyclin E expression has been estab-
ished in these cells. These possibilities are currently under

nvestigation.

Copyright © 2001 by Academic Press. All right
ACKNOWLEDGMENTS

This work was supported by National Institutes of Health
Grants GM 58921 (to W.F.M.) and HD28152 and HD01170 (to
G.W.) and a grant from National Science Foundation IBN-9816683
(to G.W.). B.J.S. was supported by National Cancer Institute Train-
ing Grant T32CA09156 and postdoctoral fellowship F32GM20151.
J.C. was supported by a NIH predoctoral training grant
(T32GM08581). We thank Yue Xiong for a gift of the GST-p27, p16,
and pRb expression plasmids and Yue Xiong and Bob Duronio for
many helpful suggestions. We thank Dr. Z. F. Wang for assistance
in the library screening.

REFERENCES

Beijersbergen, R. L., Carlee, L., Kerkhoven, R. M., and Bernards, R.
(1995). Regulation of the retinoblastoma protein-related p107 by
G1 cyclin complexes. Genes Dev. 9, 1340–1353.
hevalier, S., Couturier, A., Chartrain, I., Le Guellec, R., Beckhell-
ing, C., Le Guellec, K., Philippe, M., and Ford, C. C. (1996).
Xenopus cyclin E, a nuclear phosphoprotein, accumulates when
oocytes gain the ability to initiate DNA replication. J. Cell Sci.
109, 1173–1184.
hiba, K., Alderton, J. M., Hoshi, M., and Steinhardt, R. A. (1999).
Activation of the proteasomes of sand dollar eggs at fertilization
depends on the intracellular pH rise. Dev. Biol. 209, 52–59.
lurman, B. E., Sheaff, R. J., Thress, K., Groudine, M., and Roberts,
J. M. (1996). Turnover of cyclin E by the ubiquitin-proteasome
pathway is regulated by cdk2 binding and cyclin phosphoryla-
tion. Genes Dev. 10, 1979–1990.
oats, S., Flanagan, W. M., Nourse, J., and Roberts, J. M. (1996).
Requirement of p27Kip1 for restriction point control of the fibro-
blast cell cycle. Science 272, 877–880.
ulic, V., Lees, E., and Reed, S. I. (1992). Association of human
cyclin E with a periodic G1-S phase protein kinase. Science 257,
1958–1961.
uronio, R. J., and O’Farrell, P. H. (1995). Developmental control of
the G1 to S transition in Drosophila: cyclin E is a limiting
downstream target of E2F. Genes Dev. 9, 1456–1468.
ynlacht, B. D., Flores, O., Lees, J. A., and Harlow, E. (1994).
Differential regulation of E2F trans-activation by cyclin/cdk2
complexes. Genes Dev. 8, 1772–1786.

dgar, B. A., and Lehner, C. F. (1996). Developmental control of cell
cycle regulators: A fly’s perspective. Science 274, 1646–1652.

Evans, T., Rosenthal, E. T., Youngbloom, J., Distal, D., and Hunt,
T. (1983). Cyclin: A protein specified by maternal mRNA in sea
urchin eggs that is destroyed at each cleavage division. Cell 33,
389–396.

Fang, F., and Newport, J. W. (1991). Evidence that the G1-S and
G2-M transitions are controlled by different cdc2 proteins in
higher eukaryotes. Cell 66, 731–742.

uruno, N., Ogawa, Y., Iwashita, J., Nakajo, N., and Sagata, N.
(1997). Meiotic cell cycle in Xenopus oocytes is independent of
cdk2 kinase. EMBO J. 16, 3860–3865.
eballe, A. P., and Morris, D. R. (1994). Initiation codons within
59-leaders of mRNAs as regulators of translation. Trends Bio-
chem. Sci. 19, 159–164.
rainger, J. L., Winkler, M. M., Shen, S. S., and Steinhardt, R. A.
(1979). Intracellular pH controls protein synthesis rate in the sea

urchin egg and early embryos. Dev. Biol. 68, 396–406.

s of reproduction in any form reserved.



K

P

P

R

439Sea Urchin Cyclin E
Greaves, D. R., Wilson, F. D., Lang, G., and Kioussis, D. (1989).
Human CD2 39-flanking sequences confer high-level, T cell-
specific, position-independent gene expression in transgenic
mice. Cell 56, 979–986.

Guan, K. L., Jenkins, C. W., Li, Y., Nichols, M. A., Wu, X., O’Keefe,
C. L., Matera, A. G., and Xiong, Y. (1994). Growth suppression by
p18, a p16INK4/MTS1- and p14INK4B/MTS2-related CDK6 in-
hibitor, correlates with wild-type pRb function. Genes Dev. 8,
2939–2952.

Harris, P. J. (1986). Cytology and immunocytochemistry. Methods
Cell Biol. 27, 243–262.

Hartley, R. S., Rempel, R. E., and Maller, J. L. (1996). In vivo
regulation of the early embryonic cell cycle in Xenopus. Dev.
Biol. 173, 408–419.

Hinchcliffe, E. H., Cassels, G. O., Rieder, C. L., and Sluder, G.
(1998). The coordination of centrosome reproduction with
nuclear events of the cell cycle in the sea urchin zygote. J. Cell
Biol. 140, 1417–1426.

Hinchcliffe, E. H., Li, C., Thompson, E. A., Maller, J. L., and Sluder,
G. (1999). Requirement of Cdk2-cyclin E activity for repeated
centrosome reproduction in Xenopus egg extracts. Science 283,
851–854.

Hinds, P. W., Mittnacht, S., Dulic, V., Arnold, A., Reed, S. I., and
Weinberg, R. A. (1992). Regulation of retinoblastoma protein
functions by ectopic expression of human cyclins. Cell 70,
993–1006.

Howe, J. A., and Newport, J. W. (1996). A developmental timer
regulates degradation of cyclin E1 at the midblastula transition
during Xenopus embryogenesis. Proc. Natl. Acad. Sci. USA 93,
2060–2064.

Hua, X. H., Yan, H., and Newport, J. (1997). A role for cdk2 kinase
in negatively regulating DNA replication during S phase of the
cell cycle. J. Cell Biol. 137, 183–192.

Ito, S., Dan, K., and Goodenough, D. (1981). Ultrastructure and
3H-thymidine incorporation by chromosome vesicles in sea
urchin embryos. Chromosoma 83, 441–453.

Jackson, P. K., Chevalier, S., Philippe, M., and Kirschner, M. W.
(1995). Early events in DNA replication require cyclin E and are
blocked by p21CIP1. J. Cell Biol. 130, 755–769.

Jenkins, C. W., and Xiong, Y. (1995). Immunoprecipitations and
immunoblotting in cell cycle studies. In “Cell Cycle: Materials
and Methods” (M. Pagano, Ed.), pp. 250–263. Springer, New
York.

Kato, J., Matsushime, H., Hiebert, S. W., Ewen, M. E., and Sherr,
C. J. (1993). Direct binding of cyclin D to the retinoblastoma gene
product (pRb) and pRb phosphorylation by the cyclin
D-dependent kinase CDK4. Genes Dev. 7, 331–342.

Kelly, B. L., Wolfe, K. G., and Roberts, J. M. (1998). Identification of
a substrate-targeting domain in cyclin E necessary for phosphor-
ylation of the retinoblastoma protein. Proc. Natl. Acad. Sci. USA
95, 2535–2540.

King, R. W., Deshaies, R. J., Peters, J. M., and Kirschner, M. W.
(1996). How proteolysis drives the cell cycle. Science 274, 1652–
1659.

Knoblich, J. A., Sauer, K., Jones, L., Richardson, H., Saint, R., and
Lehner, C. F. (1994). Cyclin E controls S phase progression and its
down-regulation during Drosophila embryogenesis is required
for the arrest of cell proliferation. Cell 77, 107–120.

Koff, A., Giordano, A., Desai, D., Yamashita, K., Harper, J. W.,
Elledge, S., Nishimoto, T., Morgan, D. O., Franza, B. R., and

Roberts, J. M. (1992). Formation and activation of a cyclin E-cdk2

Copyright © 2001 by Academic Press. All right
complex during the G1 phase of the human cell cycle. Science
257, 1689–1694.
urokawa, D., Akasaka, K., Mitsunaga-Nakatsubo, K., and Shi-
mada, H. (1997). Cloning of cyclin E cDNA of the sea urchin,
Hemicentrotus pulcherrimus. Zool. Sci. 14, 791–794.

Lacey, K. R., Jackson, P. K., and Stearns, T. (1999). Cyclin-
dependent kinase control of centrosome duplication. Proc. Natl.
Acad. Sci. USA 96, 2817–2822.

Laidlaw, M., and Wessel, G. M. (1994). Cortical granule biogenesis
is active throughout oogenesis in sea urchins. Development 120,
1325–1333.

Lew, D. J., Dulic, V., and Reed, S. I. (1991). Isolation of three novel
human cyclins by rescue of G1 cyclin (Cln) function in yeast. Cell
66, 1197–1206.

Maller, J. L. (1990). MPF and cell cycle control. Adv. Second
Messenger Phosphoprotein Res. 24, 323–328.

Mazia, D. (1974). Chromosome cycles turned on in unfertilized sea
urchin eggs exposed to NH4OH. Proc. Natl. Acad. Sci. USA 71,
690–693.

Mazia, D., and Ruby, A. (1974). DNA synthesis turned on in
unfertilized sea urchin eggs by treatment with NH4OH. Exp. Cell
Res. 85, 167–172.

Minshull, J., Pines, J., Golsteyn, R., Standart, N., Mackie, S.,
Colman, A., Blow, J., Ruderman, J. V., Wu, M., and Hunt, T.
(1989). The role of cyclin synthesis, modification and destruction
in the control of cell division. J. Cell Sci. 94, Suppl. 12, 77–97.

Nelson, E. M., and Winkler, M. M. (1987). Regulation of mRNA
entry into polysomes. Parameters affecting polysome size and
the fraction of mRNA in polysomes. J. Biol. Chem. 262, 11501–
11506.

Ohtsubo, M., Theodoras, A. M., Schumacher, J., Roberts, J. M., and
Pagano, M. (1995). Human cyclin E, a nuclear protein essential
for the G1-to-S phase transition. Mol. Cell. Biol. 15, 2612–2624.

Pagano, M., Tam, S. W., Theodoras, A. M., Beer-Romero, P., Del
Sal, G., Chau, V., Yew, P. R., Draetta, G. F., and Rolfe, M. (1995).
Role of the ubiquitin-proteasome pathway in regulating abun-
dance of the cyclin-dependent kinase inhibitor p27. Science 269,
682–685.

alazzo, R. E., and Vogel, J. V. (1999). Isolation of centrosomes from
Spisula solidissima oocytes. Methods Cell Biol. 61, 35–56.

helps, D. E., and Xiong, Y. (1997). Assay for activity of mamma-
lian cyclin D-dependent kinases CDK4 and CDK6. Methods
Enzymol. 283, 194–205.

Pines, J., and Hunt, T. (1987). Molecular cloning and characteriza-
tion of the mRNA for cyclin from sea urchin eggs. EMBO J. 6,
2987–2995.

Polyak, K., Lee, M.-H., Erdjument-Bromage, H., Koff, A., Roberts,
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