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Checkpoint pathways inhibit cyclin-dependent kinases (Cdks) to arrest cell cycles when DNA is
damaged or unreplicated. Early embryonic cell cycles of Xenopus laevis lack these checkpoints.
Completion of 12 divisions marks the midblastula transition (MBT), when the cell cycle lengthens,
acquiring gap phases and checkpoints of a somatic cell cycle. Although Xenopus embryos lack
checkpoints prior to the MBT, checkpoints are observed in cell-free egg extracts supplemented
with sperm nuclei. These checkpoints depend upon the Xenopus Chkl (XChk1)-signaling path-
way. To understand why Xenopus embryos lack checkpoints, xchkl was cloned, and its expression
was examined and manipulated in Xenopus embryos. Although XChkl mRNA is degraded at the
MBT, XChkl1 protein persists throughout development, including pre-MBT cell cycles that lack
checkpoints. However, when DNA replication is blocked, XChk1 is activated only after stage 7,
two cell cycles prior to the MBT. Likewise, DNA damage activates XChk1 only after the MBT.
Furthermore, overexpression of XChkl in Xenopus embryos creates a checkpoint in which cell
division arrests, and both Cdc2 and Cdk2 are phosphorylated on tyrosine 15 and inhibited in
catalytic activity. These data indicate that XChkl signaling is intact but blocked upstream of

XChk1 until the MBT.

INTRODUCTION

Checkpoints that arrest the cell cycle in the presence of
unreplicated or damaged DNA are conserved features
among eukaryotes, and mutations that incapacitate these
checkpoints are frequent in cancers (Elledge, 1996). The
early, embryonic cell cycles of Xenopus laevis provide rare
examples of nonpathological cell divisions that lack cell
cycle checkpoints. Following fertilization, the Xenopus egg
divides after 90 min. It then begins rapid and synchronous
cleavage cycles 2-12. These cell divisions are simplified cell
cycles that alternate between DNA replication and mitosis
without cell growth or gap phases. Cell divisions proceed
“unchecked” when DNA replication is blocked (Kimelman
et al., 1987; Newport and Dasso, 1989; Clute and Masui,
1997) or DNA is damaged (Anderson et al., 1997; Hensey
and Gautier, 1997). These simplified cell cycles are charac-
terized by oscillations in the activity of Cdc2 (due to periodic
synthesis and degradation of cyclins A and B) and in the
activity of Cdk2 (due to an unresolved regulatory mecha-
nism).

* Corresponding author. E-mail address: E-mail: siblej@vt.edu.
Abbreviations used: Cdks, cyclin-dependent kinases; IR, ioniz-
ing radiation; MBT, midblastula transition; XChk1, Xenopus
Chkl.
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Completion of the 12th cleavage marks the midblastula
transition (MBT) when zygotic transcription initiates, cells
gain motility, an apoptotic program becomes functional, and
embryonic cell cycles lengthen as they acquire gap phases
between DNA replication and mitosis (Newport and Kirsch-
ner, 1982a; Frederick and Andrews, 1994; Sible et al., 1997).
Cell cycle checkpoints become operative after the MBT
(Newport and Dasso, 1989; Clute and Masui, 1997), but the
relationship between checkpoint acquisition and other
events of the MBT is not well understood. To better under-
stand the molecular basis for checkpoint acquisition, our
laboratory has investigated checkpoint-signaling pathways
during early Xenopus development.

Although Xenopus embryos lack checkpoint controls prior
to the MBT, artificial checkpoints can be created in cell-free
extracts derived from Xenopus eggs. When DNA replication
is blocked with aphidicolin (Dasso and Newport, 1990) or
DNA is damaged by UV-irradiation (Kumagai et al., 1998b),
extracts supplemented with sperm nuclei arrest with low
Cdc2 activity that is insufficient to induce mitosis. However,
neither aphidicolin nor irradiation arrests cell cycles of the
intact Xenopus embryo prior to the MBT (Kimelman et al.,
1987; Newport and Dasso, 1989; Anderson et al., 1997; Clute
and Masui, 1997; Hensey and Gautier, 1997).

The engagement of cell cycle checkpoints in Xenopus egg
extracts involves biochemical signaling events that are con-
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served among eukaryotes (Paulovich et al., 1997; Westphal,
1997) and are mediated by the checkpoint kinase Chk1. Chk1
was first identified in the fission yeast Schizosaccharomyces
pombe as a gene encoding a protein kinase that interacts
genetically with cdc2 and is required for the DNA damage
checkpoint (Walworth et al., 1993). In fission yeast and mam-
mals, Chkl is activated by a phosphorylation event in re-
sponse to damaged DNA (Walworth and Bernards, 1996;
Sanchez et al., 1997). Chkl regulates Cdk activity indirectly
by phosphorylating Cdc25 (Furnari ef al., 1997; Sanchez et al.,
1997; Zeng et al., 1998), generating a binding site for the
cytoskeletal protein 14-3-3, which sequesters Cdc25 in the
cytoplasm (Peng ef al., 1997; Zeng et al., 1998). In addition to
mediating a DNA damage checkpoint, Chk1 plays a role in
the checkpoint signal that responds to unreplicated DNA in
yeast. However, its function in the DNA replication check-
point is redundant with the Cds1 (Chk2) checkpoint kinase
(Zeng et al., 1998).

Many features of Chkl signaling are reconstituted in cell-
free egg extracts from Xenopus. In response to damaged or
unreplicated DNA in these extracts, Cdc2 is maintained in
its tyrosine-phosphorylated inactive state because Cdc25 be-
comes phosphorylated on serine 287 and associates with
14-3-3 (Kumagai et al., 1998b). As in yeast, a Xenopus ho-
molog of Chk1 (XChk1) is phosphorylated in egg extracts in
the presence of damaged or unreplicated DNA (Kumagai et
al., 1998a). XChkl phosphorylates Cdc25C in vitro, and
XChk1 signaling is required for complete engagement of a
caffeine-sensitive DNA replication checkpoint in egg ex-
tracts (Kumagai et al., 1998a).

These studies indicate that the XChkl pathway is func-
tional prior to the MBT in egg extracts, yet cell cycle check-
points are not operational in the intact pre-MBT embryo. An
investigation of XChk1 signaling in the intact Xenopus em-
bryo was performed to resolve these apparent paradoxes in
checkpoint controls between the in vitro and in vivo sys-
tems. The goal of the following experiments was to address
four questions: 1) When is XChk1 expressed during Xenopus
embryonic development? 2) When is XChk1 signaling first
activated in response to damaged or unreplicated DNA? 3)
Can a checkpoint be created prior to the MBT by manipu-
lating XChk1 signaling? and 4) Which cyclin-dependent ki-
nases (Cdks) are the targets of XChk1 signaling in the intact
Xenopus embryo?

MATERIALS AND METHODS

Cloning Xenopus Chk1 (XChk1)

To identify a Chk1l homolog in the Xenopus genome, the following three
pairs of degenerate oligodeoxyribonucleotide primers were designed
based on conserved regions within the human, mouse, Drosophila, and
Caenorhabditis elegans chkl sequences (GenBank accession numbers
AF016582, AF016583, AF057041, and U44902, respectively): primer pair 1,
5'-GGIGA(G/A) GGIGCIT(A/T)(T/C)GGIGA(G/A)-3" and 5'«T/C)T-
CIGGIGCI(G/A)C(G/A)TAIGGIAINGTICC(G/A)CA-3'; primer pair 2,
5'-GGIGA(G/A)GGIGCIT(A/T)(T/C)GGIGA(G/A)-3" and 5'-(G/A)-
TCCCAIGGIA(G/A)T/C)TCICCIG(T/C)IA(G/A)CAT-3; and primer
pair 3, 5-ATG(T/COTIG/A)CIGGIGA(G/A)T/C)TICCITGGGA(T/
C)-3" and 5-IC(T/G)(T/C)TI(G/A)AA(T/C)TCIAG/AICC(G/A)A/
OICC(T/COTT-3.

Using these primer pairs and total RNA derived from Xenopus
oocytes or stage 28-30 embryos as template for a reverse transcrip-
tion-polymerase chain reaction, several regions of the Xenopus chk1
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gene were amplified. These PCR products were subcloned into
pGEMT-Easy vectors (Promega, Madison, WI), and the inserts were
labeled with [a-**P]dCTP by random priming and used in combi-
nation as probes to screen an oocyte cDNA library in a AZAP
Express phagemid vector. The sequence of the longest clone was
determined on both strands by a combination of manual and auto-
mated sequencing techniques. Based on homology with human and
mouse genes, the clone encodes a full-length chk1 homolog that was
named xchkl. The GenBank accession number is AF117816.

Maintenance and Manipulation of Embryos

Eggs from wild-type X. laevis (Xenopus Express) were fertilized in
vitro, dejellied in 2% cysteine, 0.1X MMR (0.5 mM HEPES, pH 7.8,
10 mM NaCl, 0.2 mM KCl, 0.1 mM MgSO,, 0.2 mM CaCl,, 0.01 mM
EDTA,), and maintained in 0.1X MMR. Embryos were staged ac-
cording to Nieuwkoop and Faber (1975). For some experiments,
embryos were microinjected at the one-cell stage with the indicated
quantities of mRNA dissolved in TE buffer (10 mM Tris, pH 8.0, 1
mM EDTA) and then maintained in 5% Ficoll, 0.1 X MMR. To block
DNA replication, embryos were incubated at the indicated stages in
0.1X MMR containing 100 ug/ml aphidicolin (Calbiochem, La Jolla,
CA) and 1% dimethyl sulfoxide. Control embryos were maintained
in 0.1X MMR, 1% dimethyl sulfoxide. To inflict DNA damage,
embryos were treated at the indicated stage with 60-Gy ionizing
radiation (IR) emitted from a TFI Mini Shot X-ray chamber. Em-
bryos were observed with an Olympus SZX12 stereo microscope
and photographed with an Olympus DP10 digital camera.

Northern Analysis of XChk1 Expression

Northern analysis of XChkl mRNA expression during Xenopus
development was performed essentially as described previously
(Sible et al., 1997). Total RNA was isolated from embryos by using
TriReagent (Molecular Research Center, Inc., Cincinnati, OH).
Twenty micrograms of each RNA was resolved by denaturing gel
electrophoresis, transferred to a 0.2-um Nytran membrane with a
TurboBlotter apparatus (Schleicher & Schuell, Keene, NH), and then
cross-linked to the membrane with a Stratagene UV cross-linker. A
fragment of the xchkl gene, derived from the PCR amplification of
cDNA from stage 28-30 embryos by using primer pair 2, was
labeled with [a-**P]dCTP by random priming. This probe was hy-
bridized with the RNA blot in QuickHyb solution (Stratagene, La
Jolla, CA). After washing, the blot was exposed to Kodak XARS film.

Generation of a Polyclonal XChk1 Antibody

A recombinant His-tagged XChk1 fusion protein was generated by
subcloning the xchkl open reading frame into the pET30 expression
vector (Novagen, Madison, WI). BL21DE3 cells were transformed
with this plasmid. Bacteria were grown to an ODy, of 0.6 and then
induced to express recombinant XChk1 protein with 1 mM isopro-
pyl B-p-thiogalactoside and cultured at 37°C for 4 h. The recombi-
nant protein was purified under denaturing conditions on TALON
cobalt beads (Clontech, Palo Alto, CA) according to the manufac-
turer’s protocol. Polyclonal antibodies were generated by immuniz-
ing rabbits with recombinant His-tagged XChk1 on TALON beads.
To purify XChkl1 antibodies, the antiserum was diluted 1:10 in 10%
nonfat dry milk in phosphate-buffered saline (PBS) (100 mM
Na,HPO,, pH 7.5, 100 mM NaCl) and incubated with nitrocellulose
strips containing ~100 pg of antigen. Strips were washed with PBS,
0.05% Tween, antibodies were eluted from the strips with 100 mM
glycine, pH 2.8, and the purified antibodies were neutralized with
1/10 volume 1 M Tris, pH 8.0, and 1/10 volume 10X PBS. Sodium
azide was added to 0.002%, and the antibodies were stored at 4°C.

Western Analysis of XChk1

Embryos were collected at the times indicated, snap frozen on dry
ice, and homogenized in EB buffer (20 mM HEPES, pH 7.5, 80 mM
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Figure 1. Developmental expression of Xenopus chkl (xchk1). (A)
Northern analysis of xchkl gene expression during Xenopus devel-
opment. Total RNA was isolated from Xenopus embryos at the
indicated stages of development. The RNA blot was probed with a
random-primed 588-base pair fragment of xchkl that was generated
by RT-PCR and encodes amino acids 13-209. The migration of
molecular-weight markers in kilobases is shown on the left. Twenty
micrograms total RNA was loaded per lane. (B) Western analysis of
XChkl1 protein during Xenopus development. Extracts were pre-
pared from embryos at the indicated stages of development. The
migration of molecular-weight markers in kDa is shown. One em-
bryo equivalent was loaded per lane.

B-glycerophosphate, 15 mM MgCl,, 20 mM EGTA, 50 mM NaF, 1
mM sodium orthovanadate, 1 mM dithiothreitol, 1 mM phenyl-
methylsulfonyl flouride, 20 pg/ml leupeptin, 1 mM microcystin),
resolved by SDS-PAGE, transferred to nylon or nitrocellulose mem-
branes, and blotted essentially as described previously (Hartley et
al., 1996; Sible et al., 1997). For Figure 1, modified Laemmli SDS-
polyacrylamide gels were used (separating gel = 12.2% acrylamide,
0.4% bis-acrylamide, 0.3 M Tris, pH 8.8, 0.1% SDS, 10% glycerol;
running buffer = 0.025 M Tris, pH 8.3, 0.192 M glycine, 0.1% SDS).
For Figures 2-5, modified Anderson SDS-polyacrylamide gels were
used (separating gel = 10-12% acrylamide, 0.10-0.13% bis-acryl-
amide, 0.37 M Tris, pH 8.7, 0.1% SDS; running buffer = 0.05 M Tris,
pH 83, 0.384 M glycine, 0.2% SDS). The XChkl antibody was
generated as described above, and the antibody against tyrosine-
phosphorylated Cdc2 and Cdk2 was purchased from New England
Biolabs (Beverly, MA; catalog number 9111). Western analysis of
XChkl was performed by diluting antibodies in 10% nonfat dry
milk in PBS and washing membranes in PBS, 0.1% Tween. Western
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analysis of phosphotyrosine on Cdks was performed by diluting
antibodies in 5% bovine serum albumin in TBS (20 mM Tris, pH 7.6,
137 mM NaCl), 0.1% Tween and washing membranes with
TBS, 0.1% Tween. To visualize immunoreactive proteins, a horse-
radish peroxidase-conjugated secondary antibody was hybridized,
and chemiluminescence from the secondary antibody was detected
with the ECL Plus kit (Amersham, Arlington Heights, IL). Densi-
tometry was performed by using the Alpha Innotech imaging sys-
tem.

Expression of Exogenous XChk1 in Xenopus
Embryos

The PCR was used to subclone N-terminal FLAG-tagged xchkl open
reading frame into the pSP64polyA vector (Promega). This plasmid
construction was linearized and used as template for the Ambion
SP6 mMessage mMachine in vitro transcription kit to synthesize
polyadenylated XChkl mRNA containing a 5" 7-methyl-guanosine
cap. FLAG-tagged XChk1l N135A mRNA (in which asparagine 135
was mutationally altered to alanine to generate catalytically inactive
protein) and FLAG-tagged luciferase mRNA were prepared simi-
larly. (A luciferase cDNA clone was provided by Dr. Charles Ruth-
erford, Virginia Polytechnic Institute and State University, Blacks-
burg, VA) For the experiments in Figure 4, XChkl mRNA was
transcribed directly from the original phagemid clone by using T3
polymerase. The control mRNA for this experiment was a polyad-
enylated cyclin E mRNA. All mRNAs were injected into one-cell
fertilized eggs in a volume of <30 nl.

Immunoprecipitation and Kinase Assays of Cyclin—
Cdk Complexes

Embryos injected at the one-cell stage with 15 ng of luciferase or
wild-type XChkl mRNA were collected at 3.5 h postfertilization
(stage 6.5), and antibodies against cyclins A, B, and E were used to
immunoprecipitate cyclin A/Cdc2, cyclin B/Cdc2, and cyclin
E/CdKk2, respectively. (Cyclin antibodies were kindly provided by
Dr. James L. Maller, University of Colorado Health Sciences Center,
Denver, CO.) Embryos were lysed in EB buffer, lysates were pre-
cleared with protein G Sepharose beads (Sigma, St. Louis, MO) for
30 min, mixed with appropriate antiserum, and incubated overnight
on ice. Protein G Sepharose beads were added the next day and
incubated with the immunoprecipitates for 1 h with rotation. Beads
were then washed twice in low-salt buffer (20 mM Tris, pH 7.4, 5
mM EDTA, 0.1% Triton X-100, 100 mM NaCl) and once or twice in
high-salt buffer (20 mM Tris, pH 7.4, 5 mM EDTA, 0.1% Triton
X-100, 1 M NaCl). For Western blotting, beads were then mixed with
12.5 ul 2X gel loading buffer (1X = 0.6 mM Tris base, 2% glycerol,
3% SDS, 0.002% bromphenol blue) containing 10 mM n-ethylmale-
imide, and resolved by electrophoresis on a polyacrylamide gel.

For kinase assays, immunoprecipitates were washed twice in
kinase buffer (20 mM HEPES, pH 7.5, 15 mM MgCl,, 5 mM EGTA,
1 mM dithiothreitol), and then incubated 20 min at room tempera-
ture with 25 ul of kinase buffer containing 0.2 mg/ml bovine serum
albumin, 0.5 mg/ml histone H1, 200 uM [y-*?P]ATP [2 cpm/fmol]).
Reactions were terminated with 8 ul of 5X gel loading buffer con-
taining 25% B-mercaptoethanol, heated at 95°C for 2 min, and
resolved by PAGE. The gels were stained with Coomassie Blue and
dried. Incorporation of [y->*P]JATP was determined by Cerenkov
scintillation counting of the excised histone H1 band.

RESULTS

Xchk1 Is Expressed during pre-MBT Embryonic Cell
Cycles That Lack Checkpoints

To investigate XChk1 signaling in Xenopus, a clone contain-
ing an xchkl cDNA of 2377 base pairs was isolated from a

3103



N.C. Kappas ef al.

Xenopus oocyte cDNA library. The xchkl gene encodes a
protein of 473 amino acids with a predicted molecular
weight of 54 kDa. The GenBank accession number is
AF117816. XChk1 exhibits 77 and 74% amino acid identity to
the human and mouse Chkl proteins, respectively. Two
other laboratories have recently cloned Xenopus chkl genes
(GenBank accession numbers AF053120 [Kumagai ef al.,
1998a] and AB019218 [Nakajo et al., 1999]). All three se-
quences are 98% identical in predicted amino acid sequence,
although considerable differences in the nucleotide se-
quences of the 3’-untranslated regions exist (Sible and Hart-
ley, unpublished observations).

To characterize the expression of xchkl in the Xenopus
embryo, Northern analysis with a 3*P-labeled fragment of
xchkl cDNA as probe was performed with total RNA iso-
lated from embryos at several stages of development (Figure
1A). XChkl mRNA is ~3 kilobases in length and migrates as
a doublet, implying the existence of two distinct genes or
alternatively spliced variants. Both species of xchk1 RNA are
abundant in the unfertilized egg and persist in the embryo
until the MBT (stage 8), at which point they are degraded.
The larger species of XChkl mRNA remains at low levels in
post-MBT embryos and then increases in abundance in the
early tadpole (stage 39). This pattern of expression is iden-
tical to that observed for the grp1 gene (a homolog of xchk1)
in the Drosophila embryo (Fogarty et al., 1997) and suggests a
role for XChk1 during early development or at the MBT.

It appears paradoxical that XChkl mRNA level is high in
the pre-MBT embryo, which lacks checkpoints, and then
decreases at the MBT when checkpoints are acquired. To
determine whether this pattern of mRNA expression was
reflected at the protein level, polyclonal antiserum was gen-
erated in rabbits inoculated with recombinant, bacterially
expressed XChkl. Western analysis with the purified anti-
body indicates that XChkl protein level remains constant
during early Xenopus development (Figure 1B). These data
are consistent with recently reported results (Nakajo ef al.,
1999). Because the level of XChk1 protein is constant prior to
and after the MBT, the absence of cell cycle checkpoints in
the pre-MBT Xenopus embryo cannot be explained by a lack
of XChkl1.

XChk1 Signaling Pathway Can Be Induced by DNA
Damage and by Inhibition of DNA Replication

To determine when endogenous XChkl signaling becomes
operational in the intact Xenopus embryo, embryos were
treated at various stages with 100 ug/ml aphidicolin to
block DNA replication or 60-Gy IR to damage DNA. Ad-
ministration of either treatment prior to the MBT induces a
rapid and synchronous embryonic death at a time corre-
sponding to the onset of gastrulation in sibling control em-
bryos (Anderson et al., 1997; Hensey and Gautier, 1997; our
unpublished results). However, neither treatment disrupts
development prior to the MBT. To allow time for checkpoint
engagement, control and treated embryos were collected
after sibling controls had completed 1-2 additional cell cy-
cles. Western analysis with purified antibody against XChk1
indicated a shift in the electrophoretic mobility of XChk1
(Figure 2). This shift was recently demonstrated to result
from phosphorylation and correlates with checkpoint en-
gagement (Kumagai et al., 1998a). A mobility shift was de-
tected in a small fraction of the XChk1l when embryos were
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Figure 2. Altered electrophoretic mobility of XChk1 in response to
aphidicolin and IR. Embryos were treated with 100 ug/ml aphidi-
colin (A) or 60-Gy IR (B), collected after sibling controls had com-
pleted 1-2 cell cycles, and Western analysis of XChkl was per-
formed. XChk1-P indicates the band of retarded electrophoretic
mobility, previously shown to be the phosphorylated form of
XChk1 (Kumagai et al., 1998a). HMWXCHKI1 indicates high-molec-
ular-weight species of XChk1 that migrate more slowly than XChk1
and XChk1P. The immunoreactive band that migrates below XChk1
is observed in some experiments and is nonspecific. One embryo
equivalent was loaded per lane.

treated with aphidicolin as early as stage 7 (pre-MBT),
whereas additional XChk1 was phosphorylated when treat-
ment was performed at stage 9 (post-MBT) (Figure 2A). The
appearance of XChk1P correlates with the ability of aphidi-
colin to slow the embryonic cell cycles that precede the MBT
(Kimelman ef al., 1987; Clute and Masui, 1997; Hartley ef al.,
1997) and its ability to arrest cell cycles only after the MBT
(Newport and Dasso, 1989; Clute and Masui, 1997).

IR also induced a shift in the electrophoretic mobility of
XChk1, but this shift was only observed in embryos treated
after the MBT (Figure 2B, stages 10.5 and beyond). Corre-
spondingly, IR has no discernable effect on pre-MBT cell
cycles. These data indicate that XChkl is activated in re-
sponse to aphidicolin and IR at distinct developmental times
that correlate with observed effects on the embryonic cell
cycles (Anderson et al., 1997; Hensey and Gautier, 1997; Sible
et al., 1997). Furthermore, these data suggest that early em-
bryos do not arrest in response to damaged and unrepli-
cated DNA prior to the MBT because sufficient quantities of
XChkl do not get phosphorylated. Therefore, the check-
point-signaling pathway is blocked upstream of XChk1 in
the early embryo.

Upon treatment of embryos with aphidicolin or IR, mul-
tiple high-molecular-weight species that reacted with the
XChk1 antibody (HMWXChk1) were observed, and the level
of XChk1 + XChk1P decreased (Figure 2A). The significance
of this observation is unknown but may suggest that upon
activation, XChk1l subsequently becomes phosphorylated
and/or polyubiquitinated and targeted for degradation.
These events have not been described in other species or in
egg extracts.

Molecular Biology of the Cell
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Figure 3. Exogenous XChkl lengthens cleavage cycles. (A) Embryos were microinjected at the one-cell stage with buffer or 12 ng of
FLAG-tagged XChkl mRNA and photographed when controls reached stage 8 (the MBT). (B and C) Embryos were microinjected at the
one-cell stage with 2 ng of FLAG-tagged luciferase (control) mRNA, FLAG-tagged catalytically inactive XChkl mRNA (NA XChk1), or
FLAG-tagged wild-type XChkl mRNA (XChk1). Embryos were photographed when controls reached stage 7 (B; pre-MBT) and stage 9 (C;
post-MBT). (D) Western analysis of XChk1 protein in embryos treated and collected as in B and C. NA XChkl, inactive XChkl mRNA; wt
XChk1, wild-type XChkl mRNA. Numeric values represent relative band intensity as determined by densitometry. The intensity of the
XChk1 band in control embryos collected at stage 7 was arbitrarily set to 1. One embryo equivalent was loaded per lane.

Overexpression of Xenopus Chk1 Disrupts Cleavage
Cell Cycles

The experiments in Figure 2 define the developmental time
at which XChkl1 signaling is first engaged in response to
damaged or unreplicated DNA and indicate a block in sig-
naling upstream of XChk1 in the pre-MBT embryo. To de-
termine whether signaling downstream of XChk1 could be
engaged prior to the MBT, XChkl was overexpressed in
Xenopus embryos. mRNA encoding FLAG-tagged XChkl
was microinjected into fertilized eggs at the one-cell stage
(Figure 3). XChkl mRNA was efficiently translated as deter-
mined by Western analysis with a polyclonal FLAG anti-
body (our unpublished results) or the XChk1 antibody (Fig-
ure 3D). Exogenous XChkl mRNA induced a dose-
dependent, reproducible delay or arrest of the early cleavage
cycles (Figure 3). Embryos injected with 2 ng of XChk1l RNA
expressed XChkl protein ~2- to 3-fold over endogenous
levels (Figure 3D). These embryos exhibited slower cleavage
cycles and were delayed by approximately one cell cycle at
the MBT (Figure 3B). This dose of XChk1 was not lethal, and
many embryos developed normally, although delayed (Fig-
ure 3C). However, embryos injected with 12 ng of XChk1
mRNA failed to gastrulate and died after the MBT (Figure
3A). No delay was induced by injection with buffer or with
mRNAs encoding luciferase, catalytically inactive XChk1
(Figure 3), or a variety of other proteins (our unpublished
results). Therefore, Xenopus embryos are sensitive to exoge-
nous XChk1, and overexpression of XChk1 disrupts devel-
opment and arrests the cell cycle. These results indicate that
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even prior to checkpoints are normally triggered in response
to damaged or unreplicated DNA, the signaling pathway
downstream of XChkl is intact in the pre-MBT embryo.

Both Cdc2 and Cdk2 Are Targets of XChk1 Signaling
in Xenopus Embryos

If the cell cycle arrest induced by expression of exogenous
XChk1 results from engagement of a genuine cell cycle
checkpoint, then embryonic Cdks should be phosphorylated
and their catalytic activity should be inhibited. To test this
prediction, extracts from control embryos and embryos ex-
pressing exogenous XChkl were immunoblotted with an
antibody specific for the phosphorylated tyrosine 15 epitope
of Cdks (Figure 4). Embryos injected with buffer or control
mRNAs exhibited the developmentally regulated pattern
previously described (Ferrell et al., 1991; Hartley et al., 1997):
a striking increase in the level of phosphorylated tyrosine 15
epitope on Cdks after the MBT. Although previous studies
failed to detect phosphorylation of Cdks prior to the MBT
(Ferrell et al., 1991; Hartley et al., 1997), low levels of phos-
phorylation were detected in pre-MBT embryos in our study
(Figure 4). This observation may reflect the greater sensitiv-
ity of the antibody used in these studies compared with
those described previously (Hartley et al., 1997) and has been
confirmed in recent experiments with the same antibody
(Kim et al., 1999). Compared with controls, embryos micro-
injected with 15 ng of mRNA encoding XChk1 exhibited
enhanced phosphorylation of tyrosine 15 on Cdks prior to
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Figure 4. Premature phosphorylation of Cdks on tyrosine 15 in
embryos expressing exogenous XChkl. Embryos were injected at
the one-cell stage with buffer, 15 ng of control mRNA, or 15-ng
XChkl mRNA. Western blots were reacted with an antibody that
recognizes the phosphorylated tyrosine 15 epitope of Cdc2 and
Cdk2. The equivalent of one embryo is loaded per lane. These
results were reproducible in multiple experiments by using different
control RNAs. The migration of molecular-weight markers in kDa is
shown at the left.

the MBT (3-4 h postfertilization, stages 6 and 7; Figure 4),
correlating with the observed cell cycle arrest (Figure 3A).
Phosphorylation of tyrosine 15 appeared within 1 h in em-
bryos injected with as little as 2 ng of XChkl mRNA (our
unpublished results), correlating with cell cycle delay (Fig-
ure 3B). These results indicate that overexpression of XChk1
in early embryos lengthens cleavage cycles by tyrosine phos-
phorylation and inhibition of one or more Cdks.

These results do not distinguish whether the substrate of
the inhibitory phosphorylation is Cdc2, Cdk2, or both, be-
cause the antibody used recognizes the phosphorylated ty-
rosine 15 epitope on both Cdks. To identify which Cdks are
targets of the XChkl pathway, embryos were injected with
control or XChkl mRNA, and specific cyclin/Cdk com-
plexes were immunoprecipitated with antisera against cyc-
lins A, B, and E. In the pre-MBT embryo, cyclins A and B are
exclusively complexed with Cdc2 and cyclin E with Cdk2
(Gabrielli et al., 1992; Jackson et al., 1995; Rempel et al., 1995).
Control experiments confirmed that Cdc2 does not coimmu-
noprecipitate with cyclin E (our unpublished results). Im-
munoprecipitates were analyzed for phosphorylation of ty-
rosine 15 on each Cdk (Figure 5A). All three complexes
exhibited enhanced phosphorylation on tyrosine 15 relative
to controls. These results identify Cdk2 in addition to Cdc2
as a target of the XChk1 pathway, something not previously
demonstrated in any model system. These data are in agree-
ment with the observation that Cdk2 is subject to multiple
phosphorylation events in Xenopus egg extracts and can be
activated by Cdc25 (Gabrielli et al., 1992).

To determine whether the tyrosine phosphorylation of
Cdc2 and Cdk2 in response to exogenous XChkl1 altered the
catalytic activity of these enzymes, cyclin B-Cdc2 and cyclin
E-Cdk2 complexes were immunoprecipitated and analyzed
for the ability to phosphorylate histone H1 (Figure 5B). In
embryos injected with XChkl mRNA, both Cdc2 and Cdk2
exhibit a decrease in kinase activity relative to controls. Cdc2
complexes demonstrated an average 25% decrease in kinase
activity, and Cdk2 complexes exhibited an average 52%
decrease in kinase activity. The effect of XChkl on Cdc2
activity may actually be larger than our measurement be-
cause Cdc2 activity oscillates more dramatically than Cdk2
activity during the pre-MBT cell cycles (Hartley et al., 1996),
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Figure 5. Both Cdc2 and Cdk2 are targets of XChk1. Embryos were
microinjected with 15 ng of FLAG-tagged luciferase (control) or
FLAG-tagged XChkl mRNA at the one-cell stage. At stage 6.5 (3.5 h
postfertilization), embryos were collected, and cyclin A/Cdc2, cy-
clin B/Cdc2 and cyclin E/Cdk2 complexes were immunoprecipi-
tated with antibodies against cyclins A, B, and E, respectively. (A)
Immunoprecipitates were probed with an antibody that recognizes
phosphorylated tyrosine 15 on Cdc2 and Cdk2. (B) Cyclin B/Cdc2
and cyclin E/Cdk2 immunoprecipitates were assayed for ability to
phosphorylate histone H1. Ten embryo equivalents were loaded per
lane.

and it is likely that embryos were not always collected
during the peak in Cdc2 kinase activity at mitosis. This
explanation also can account for the larger SD in the effect of
exogenous XChkl on Cdc2 activity.

DISCUSSION

Cell Cycle Checkpoints in the Early Xenopus
Embryo

The first 12 cell divisions of the developing Xenopus embryo
present unique features for the study of cell cycle control.
Most eukaryotic cell cycles arrest when the fidelity of the
genome is threatened by damaged or unreplicated DNA.
When checkpoints fail, mutations result, which may render
the cell inviable or occasionally, malignant. The cell cycles of
early Xenopus embryos sacrifice checkpoint surveillance in
exchange for a period of rapid cell divisions, resulting in the
formation of the 4096-cell blastula 5 h after fertilization.
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Xenopus embryos may compensate for the lack of check-
points during early development by engaging a program of
apoptosis in damaged cells after the MBT (Anderson et al.,
1997; Hensey and Gautier, 1997; Sible et al., 1997; Stack and
Newport, 1997).

The molecular basis for the absence of checkpoints during
early Xenopus development is not known. The lack of p53-
mediated checkpoints, which rely in part upon transcription
of p21 (for review, see Levine, 1997), may be explained by
the fact that transcription is not activated in Xenopus em-
bryos until the MBT (Newport and Kirschner, 1982b). An
alternative explanation is needed for the absence of check-
points that use the Chkl-signaling pathway, which does not
require transcription. Our laboratory has dissected the
XChkl-signaling pathway in the intact Xenopus embryo
prior to the MBT. The results of this study suggest that the
XChk1 program is functional in the early embryo but awaits
an appropriate signal to trigger activation of XChk1, most
likely threshold levels of damaged or unreplicated DNA.

XChk1 Signaling In Vitro and In Vivo

This study investigates differences regarding checkpoint en-
gagement in Xenopus egg extracts versus intact embryos.
Cell-free extracts engage DNA damage and DNA replication
checkpoints that involve the XChkl-signaling pathway
(Kumagai et al., 1998a). Consistent with these results, mater-
nally supplied XChkl protein is detected in the intact em-
bryo during pre-MBT development (Nakajo et al., 1999; Fig-
ure 1B). However, checkpoints are not operational in
embryos until the MBT, and there is good correlation be-
tween the extent of XChk1 phosphorylation and the engage-
ment of checkpoints (Figure 2). Inhibition of DNA replica-
tion has no effect on embryonic cell cycles and does not alter
the electrophoretic mobility of XChk1 until 4 h postfertiliza-
tion (stage 7, Figure 2A). Likewise, cell cycle arrest in re-
sponse to aphidicolin correlates with increased phosphory-
lation of XChkl after the MBT (stage 9). Similarly, high
doses of IR alter the mobility of XChk1 only when admin-
istered after the MBT, when the checkpoint is operative
(Figure 2B).

The DNA content in an egg extract and an embryo may
explain the difference in XChk1 signaling. At fertilization,
the egg possesses 1 diploid nucleus/ul (Hausen and Riebe-
sell, 1991), and by the MBT, the concentration reaches 4096
nuclei/ul. This is the critical nuclear/cytoplasmic ratio that
triggers the onset of zygotic transcription (Newport and
Kirschner, 1982b). Although egg extracts represent the first
mitotic cell cycles, these extracts are supplemented with
1000-3000 sperm nuclei/ul to induce a checkpoint and
phosphorylation of XChk1 when DNA replication is blocked
(Kumagai ef al., 1998a). A similar concentration of nuclei is
found in the stage 7 embryo (1024 /embryo) when a mobility
shift of XChkl and cell cycle delay are first detected in
response to unreplicated DNA (Figure 2A). In extracts,
XChk1 phosphorylation in response to DNA damage is ob-
served at a concentration of 3000 sperm nuclei/ul, approx-
imating the concentration of nuclei required to activate
XChkl in the intact embryo (>4096 diploid nuclei/embryo;
Figure 2B). Overall, the concentrations of nuclei required to
engage checkpoints in extracts and embryos are in close
enough agreement to suggest that a threshold concentration
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of unreplicated or damaged DNA is required to trigger
XChk1 signaling.

Cdk2 Is a Target of XChk1 Signaling

In the present study, Cdk2 was phosphorylated and its
catalytic activity was inhibited when the XChk1-signaling
pathway was engaged by overexpression of XChk1 (Figure
5A). Cdk2 has not been reported previously as a target of
Chkl in any model system. Our results suggest tyrosine
phosphorylation as a candidate regulator of Cdk2 activity
prior to the MBT. Hartley et al. (1997) discovered that cyclin
E/Cdk2 oscillates twice per cell cycle during the first 12
cleavages despite constant levels of cyclin E. Furthermore,
cyclin E is degraded at the MBT in a maternally pro-
grammed manner (Howe and Newport, 1996; Hartley et al.,
1997). Discovery of how Cdk2 activity is controlled may
elucidate the mechanism that governs the cyclin E develop-
mental timer (Hartley ef al., 1997). A role for XChkl in
modifying the tyrosine phosphorylation of Cdks at the MBT
would parallel the role that Grp1 plays in timing the mater-
nal-zygotic transition in Drosophila (Fogarty et al., 1997; Si-
bon et al., 1997). Experiments in other model organisms such
as Drosophila are required to determine whether Cdk2 is a
universal target of Chk1, which would imply a role in G, /S
checkpoints, or whether this observation represents a
unique aspect of molecular physiology in the Xenopus em-
bryo.

CONCLUSION

XChk1 protein is present throughout early development of
X. laevis (Figure 1B). However, phosphorylation of XChk1 is
first detected at stage 7 when DNA replication is blocked
and at stage 9 when DNA is damaged (Figure 2). The timing
of this phosphorylation event correlates well with the delay
or arrest of embryonic cell cycles in response to aphidicolin
and IR (Figure 3). Therefore, the activation of XChk1 corre-
sponds temporally with the engagement of cell cycle check-
points in Xenopus embryos. Furthermore, overexpression of
XChkl prior to the MBT induces a checkpoint, indicating
that the downstream pathway is operational (Figures 3 and
4). We hypothesize that the XChkl pathway is normally
inactive prior to the MBT because of subthreshold levels of
DNA. Both Cdc2 and Cdk2 are targets of XChkl signaling
(Figure 5). These data indicate that Cdk2 activity may be
modulated by phosphorylation prior to the MBT. Future
studies in Xenopus will explore whether Chkl and related
proteins function as regulators of the timing of the MBT by
participating in the disengagement of the cyclin E/Cdk2
developmental timer.
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