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Mechanisms of Cell Cycle Remodeling at the MBT during

the Development of Xenopus Embryos

Matthew Petrus

(Abstract)

During the early development of Xenopus laevis embryos, cells divide without

checkpoints.  At the midblastula transition (MBT), the cell cycle is remodeled as the

division time lengthens and checkpoints are acquired.  Initiation of the MBT depends

upon the degradation of maternally supplied cyclin E, which is the regulatory partner of

the cyclin dependent kinase, Cdk2.  To study the program that drives cyclin E

degradation and cell cycle remodeling at the MBT, embryos were treated with two cell

cycle inhibitors, GST-∆34Xic1 and XChk1.

Injection of embryos with GST-∆34Xic1, a stoichiometric inhibitor of cyclin

E/Cdk2, delays degradation of cyclin E and onset of the MBT.  GST-∆34Xic1 lowers

Wee1 level, a kinase that maintains Cdks in an inactivate state.  Eventual degradation of

cyclin E is preceded by degradation of GST-∆34Xic1.  The mathematical modelers,

Andrea Ciliberto and John Tyson, incorporated the data into a kinetic model and set of

ordinary differential equations.  The model accurately described the experimental data

and made additional predictions, which were tested experimentally.

Additionally, embryos were injected with mRNA encoding XChk1, a kinase that

activates Wee1 and inhibits Cdc25, the phosphatase opposing Wee1.  Like GST-

∆34Xic1, XChk1 inhibits cyclin E/Cdk2 and delays the degradation of cyclin E.  In

contrast to GST-∆34Xic1, XChk1 elevates the level of Wee1 at a time when sibling

controls begin the MBT, despite cell cycle arrest.

Since XChk1 inhibits both Cdk1 and Cdk2, and GST-∆34Xic1 inhibits only

Cdk2, we propose Cdk1 destabilizes Wee1, whereas Cdk2 elevates Wee1 level.  Prior to

the MBT, when cyclin E/Cdk2 is active, Wee1 is maintained.  After cyclin E/Cdk2 is

destroyed at the MBT, Wee1 is degraded.
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Chapter 1

Introduction
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The cell cycle: G1, S, G2, M phases

The typical somatic cell cycle is composed of four phases: G1, S (DNA

synthesis), G2 and M (mitosis).  A cell must first complete S phase properly before

entering M phase, and the cell must divide its DNA at mitosis before it can re-enter S

phase.  The cell moves between these phases growing, replicating its DNA, ensuring the

DNA is replicated completely and not damaged, and then dividing.  Entry and exit from

the phases is highly regulated, leading to ordered progression through the four phases.

Regulation of a typical somatic cell can be complex and is regulated in a phase-

specific manner.  In the event of damaged or unreplicated DNA, the cell pauses during

the cell cycle, once at G1, just prior to S phase (Moreno and Nurse, 1994; Madine et al.,

1995; Zeng et al., 1998), and again at G2, just prior to M phase (Kumagai and Dunphy,

1995; Peng, et al., 1997; Kumagai et al., 1998).  The cell pauses again at metaphase prior

to anaphase in mitosis if the mitotic spindle is not correctly assembled (Minshull et al.,

1994; Elledge, 1996; Arellano and Moreno, 1997; Novak and Tyson, 1998).  These

pauses in the cell cycle are called checkpoints, and the checkpoints ensure that the

cellular components have been properly maintained in the cell (Furnari et al., 1997;

O'Connell et al., 1997).

 Multiple gene products regulate progression through the cell cycle.  These gene

products have a high degree of homology across species (Lee and Nurse, 1987; Su et al.,

1995; Sanchez et al., 1997).  This conservation suggests the importance of cell cycle

regulation and supports the use of Xenopus embryos in understanding how growth is

controlled in most eukaryotic cells.
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Early cell divisions of Xenopus laevis embryos are rapid and unregulated.

During the early cell divisions of Xenopus embryos, checkpoints and gap phases

(G1/G2) are not observed (Newport and Dasso, 1989; Frederick and Andrews, 1994).

The cell cycles are rapid in the second through twelfth cell divisions and display little

regulation.  The cell cycle is remodeled five hours post-fertilization, at the midblastula

transition (MBT), when the cell cycle is lengthened, zygotic transcription is initiated, cell

motility is gained, gap phases and checkpoints are observed (Newport and Kirschner,

1982; Newport and Kirschner, 1989, Frederick and Andrews, 1994).  Understanding how

cell cycle regulators become active at the MBT, and how the cell regulates the timing of

cell cycle remodeling at the MBT can provide insight into how cell cycle regulation is

lost in malignantly transformed cells.

Xenopus laevis embryos are an excellent model system to investigate the cell

cycle and provides an understanding of how growth is controlled in normal eukaryotic

cells.  During the first five hours of development, embryonic cell divisions proceed

unchecked for DNA damage and incompletely replicated DNA.  These rapid, unchecked

cellular divisions can be compared to the proliferation of cancer cells which often bypass

checkpoints.   Five hours post fertilization, at the mid-blastula transition (MBT)

(Newport and Kirschner, 1982), S phase lengthens and subsequently gap phases appear

(Frederick and Andrews, 1994).  The transition from the rapidly dividing embryonic cells

to the more somatic cell like divisions at the MBT correlates with the initiation of zygotic

transcription (Newport and Kirschner, 1982), gain in cell motility (Newport and

Kirschner, 1982; Kimelman et al., 1987), and changes in cell cycle regulators (Hartley et

al., 1996).  Understanding this transition from rapid, unchecked to slower more regulated

cell divisions can lend insight into the regulation of the cell cycle.

The cell divisions before the MBT are unique.  The first cell cycle progresses over

a 90-minute period (Newport and Kirschner, 1982).  In the second through twelfth cell

cycles, the division time shortens to 30 minutes, as cells move from S phase (DNA

synthesis) to M phase (mitosis) without intervening gap phases (G1/G2) (Newport and

Kirschner, 1982; Frederick and Andrews, 1994).   The rapid cell cycles prior to the MBT
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lack full cell cycle checkpoints.  Induction of DNA damage by γ-ionizing radiation (γ-IR)

before the mid-blastula

transition (MBT) does not arrest cell divisions (Anderson et al., 1997; Hensey and

Gautier, 1997).  Treatment of embryos with aphidicolin to block DNA replication before

the MBT (Newport and Dasso, 1989; Rollins and Andrews, 1991) delays but does not

arrest cell cycles, suggesting that the DNA replication checkpoint is partially functional

in the early cell cycles of the embryo.

The cyclins and Cdks

Progression through the cell cycle is driven by the cyclin-dependent kinases

(Cdks) and their respective cyclins (Chen et al., 1995; Luo et al., 1995; Guadagno and

Newport, 1996; Arellano and Moreno, 1997; Krude et al., 1997).  Displaying a high level

of functional homology among eukaryotic organisms, at least eight Cdks have been

described thus far, suggesting a highly conserved and regulated family of protein kinases

(Lee and Nurse, 1987; Su et al., 1995; Arellano and Moreno, 1997).  The Cdks are

regulated stoichiometrically by the p21/p27 family of cyclin dependent kinase inhibitors

(CKIs) (Luo et al. 1995; Chen et al. 1995; Su et al. 1995; Shou et al. 1996).  In addition,

phosphorylation positively and negatively regulates Cdk activity.  The Cdks must also

associate with, and are activated by, the cyclins (Gautier et al., 1990; Solomon et al.,

1990; Devault et al., 1992; Coleman et al., 1996; Strausfeld et al., 1996; Baily and

Weeks,1996).  The levels of cyclins in the cell are controlled strictly.  The presence of a

certain cyclin and subsequent activity of its associated Cdk allows passage through a

given phase of the cell cycle (Nigg, 1995).  In somatic cells, the degradation of cyclins

through the ubiquitin-dependent proteasome pathway initiates the progression into

mainly into M phase (Arellano and Moreno, 1997).

Each cyclin/Cdk complex drives progression through a specific phase of the cell

cycle.  The transition in the cell cycle at G1/S, for instance, is associated with a set of

Cdks and cyclins separate from those at G2/M.   The binding of cyclin D to its respective
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Cdks, Cdk4 and Cdk6, occurs in G1 and is highly regulated in somatic cells, but is not

extremely relevant in the early embryo.  In late G1, Cdk2 associates with cyclin E and

plays a role in the initiation of DNA synthesis [(Strausfeld et al.1996; (Heichman and

Roberts, 1994; Jackson et al., 1995), see Chapter 3].

S phase regulation

During  the transition in the cell cycle at G1/S, cyclin E binds to Cdk2 and in S

phase, cyclin A binds to Cdk2.  Collectively cyclin A/Cdk2  and then cyclin E/Cdk2

appear to drive the cell through S phase (Chevalier et al., 1996; Strausfeld et al., 1996).

The association of these S phase cyclins with Cdk2 initiates DNA synthesis (Heichman

and Roberts, 1994; Jackson et al., 1995; Arellano and Moreno, 1997).  When cyclin

E/Cdk2 is low in frog egg cell-free extracts, M phase entry is delayed (Guadagno and

Newport, 1996), but the role for cyclin E/Cdk2 activity in the initiation of DNA synthesis

is better characterized.

S phase regulation in somatic cells

Cyclin E/Cdk2 activity is negatively regulated by the kinases Wee1 and Myt1 on

threonine-14 and tyrosine-15 (Gu et al., 1992).  The human cyclin dependent kinase

inhibitor (CKI) p21Cip1 (Cip1) inhibits DNA synthesis and cyclin E/Cdk2 activity in

somatic cells  (Chen, 1995; Luo et al., 1995).  The N-terminus of Cip1 has a Cdk-binding

domain that primarily inhibits Cdk2, and the C-terminus has a proliferating cell nuclear

antigen (PCNA) binding domain (Chen et al., 1995; Luo et al., 1995).  Both the N-

terminus and the C-terminus of Cip1 inhibit the synthesis of double-stranded DNA

(Chen, 1995; Luo et al., 1995; Heichman and Roberts, 1994).  This suggested cyclin

E/Cdk2 is involved in the initiation of DNA synthesis.

Inactivating phosphorylations of cyclin E/Cdk2 are removed by the phosphatase

Cdc25A.  Cdc25A has a cyclin binding motif on the N-terminus and is able to bind to and

remove the inhibitory threonine-14 and tyrosine-15 phosphate groups from cyclin E/Cdk2

(Hoffman et al., 1994; Saha, 1997).  When bound to cyclin E/Cdk2, Cip1 prevents
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Cdc25A binding and phosphatase activity, whereas Cdc25A binding inhibits Cip1

binding (Saha et al., 1997).

This competition for cyclin E/Cdk2 binding by Cip1 and Cdc25A regulates the

initiation of double-stranded DNA synthesis.  The tumor-suppressor, p53, becomes

activated in response to damaged DNA and upregulates Cip1, leading to Cip1 binding of

cyclin E/Cdk2 over Cdc25A binding to cyclin E/Cdk2.  Binding of Cip1 results in a

checkpoint at G1/S as the cell pauses to correct the problem before DNA is replicated (el-

Deiry et al., 1993; el-Deiry et al., 1994).  The human CKI p27KIP1 (Kip1) is a member of

the same family of CKIs as Cip1 but lacks a PCNA binding domain, possessing only a

Cdk binding domain.  Cip1 inhibits both cyclin E/Cdk2 and cyclin B/Cdc2 (Polyak et al.,

1994; Font de Mora, 1997).  Unlike Cip1, Kip1 is not upregulated in response to

damaged DNA.   Instead, Kip1 is upregulated by TGF-β, which inhibits growth in many

cell types (Font de Mora et al., 1997).

S phase regulation in frog extracts and embryos

In Xenopus embryos, the only S phase Cdk present before the MBT is cyclin

E/Cdk2.  During the cell cycles before the MBT, although cyclin E level does not vary,

cyclin E/Cdk2 activity oscillates twice per cell cycle, once at S phase and once at M

phase (Hartley et al., 1996).  Thus, cyclin E/Cdk2 may play a role in both the initiation of

DNA replication and mitosis (Guadagno and Newport, 1996; Hartley et al., 1996; Hartley

et al., 1997).  Because cyclin E level is constant before the MBT, level of cyclin E does

not regulate cyclin E/Cdk2 activity.  CKIs are not present in the early cell divisions (Su et

al.. 1995; Shou and Dunphy., 1996) and therefore do not regulate cyclin E/Cdk2 activity.

Phosphorylation events of cyclin E/Cdk2 have been detected in egg extracts

(D'Angiolella et al., 2001) and may account for the oscillations in cyclin E/Cdk2 activity.

Currently only one Xenopus homologue, Xic1 or Kix1, of the human CKIs, Cip1 and

Kip1 (Su et al., 1995; Shou and Dunphy, 1996) has been identified.  The amino acid

sequence of Xic1 indicates that a CDK-binding domain is present on the N-terminus and
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a PCNA-binding domain (Su et al., 1995) and nuclear localization signal (Shou and

Dunphy, 1996) are found on the C-terminus, similar to the structure of Cip1.  Xic1 is

expressed at a low level in oocytes and remains low until gastrulation when the cell cycle

becomes more somatic-like, suggesting a role for Xic1 in the lengthening of the cell cycle

after the MBT (Shou and Dunphy, 1996).

Recombinant, exogenous CKIs that inhibit cyclin E/Cdk2 have been a powerful

tool in studying phase regulation in frogs.  The recombinant Xic1 protein, GST-∆34Xic1,

is missing the first 34 amino acids on the N-terminus and is highly specific for the

inhibition of cyclin E/Cdk2 (Su et al., 1995; Hartley et al., 1997).  GST-∆34Xic1 inhibits

DNA synthesis in vitro, but GST-∆34Xic1 only causes a 25% delay in the cell cycle in

vivo (Hartley et al., 1997).

The full-length protein, Xic1, and its human homologue, Cip1, function similarly

in frog egg extracts.  Xic1 inhibits DNA synthesis in a dose-dependent manner (Su et al.,

1995; Shou and Dunphy; 1996).  The inhibition of DNA synthesis is due to the ability of

Xic1 to bind to cyclin E/Cdk2 via the Cdk binding domain.  In addition, Xic1 inhibits

DNA synthesis when bound to PCNA via the PCNA-binding domain on the C-terminus

(Su et al., 1995; Shou and Dunphy, 1996).  Cip1 also binds PCNA and cyclin E/Cdk2 in

frog egg extracts, effectively inhibiting double stranded DNA synthesis (Heichman and

Roberts, 1994; Jackson et al., 1995; Jackson et al., 2000).  However, replication of single-

stranded DNA was not inhibited by Cip1.  This suggests that Cip1 and Xic1 inhibit

cyclinE/Cdk2 early in the initiation of DNA synthesis (Jackson et al., 1995; Jackson et

al., 2000).  The binding of PCNA by Cip1 inhibits DNA replication, but not PCNA-

mediated DNA excision and repair.  Because Xic1 does not inhibit cyclin B/Cdc2 activity

as strongly as cyclin E/Cdk2 activity, Xic1 may primarily function in S phase regulation

and secondarily, in M phase regulation (Su et al., 1995; Shou and Dunphy, 1996).

Collectively, these data indicate that cyclin E/Cdk2, and PCNA are inhibited by Xic1 and

Cip1, this is sufficient for a block in DNA replication in egg extracts, but does not delay

DNA replication in vivo, and a delay in cell cycle progression in embryos.
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If Xic1 inhibits DNA replication in vivo as effectively as it does in egg extracts,

then Xic1 must be degraded to release cyclin E/Cdk2 from inhibition.  The ubiquitin-

mediated degradation of G1 regulators by Cdc34 is essential for entry into S phase in

Xenopus embryos (Yew and Kirschner, 1997), suggesting that perhaps Cdc34 leads to the

degradation of Xic1, allowing the necessary cyclin E/Cdk2 activity for entry into S phase.

In frog egg extracts sperm nuclei must be present for Xic1 degradation in a cell

cycle-dependent manner.  As a complex, Xic1-cyclin E/Cdk2 are transported into the

nucleus (Swanson et al., 2000; Chuang and Yew, 2001; Furstenthal et al., 2001b).  Once

in the nucleus, Xic1-cyclin E/Cdk2 bind to Cdc6-ORC and the replication factor Cdt1,

which binds MCM to the DNA [(Fursenthal et al., 2001a; Fursenthal et al., 2001b).  The

chromatin-associated Xic1-cyclin E/Cdk2 complex is required for the recruitment of the

ubiquitin-ligase SCF, which ubiquitinates and leads to Xic1 degradation in the nucleus

(Furstenthal et al., 2001b).  The Xic1-cyclin E/Cdk2 complex is bound to the chromatin

at the origin of replication and is essential for both Xic1 degradation and the initiation of

DNA synthesis.

Experiments conducted in egg extracts indicate cyclin E/Cdk2 plays a role early

in the initiation of DNA synthesis.  If cyclin E/Cdk2 is inhibited by Cip1, then double-

stranded DNA synthesis is inhibited, but not single-stranded DNA synthesis is not

(Jackson et al., 1995; Sherr, 1994).  This indicates that cyclin E/Cdk2 initiates DNA

synthesis at unwinding.  In vivo, the inhibition of cyclin E/Cdk2 by a recombinant form

of the Xenopus CKI, Xic1, only delayed the cell cycle by approximately 25% (Hartley et

al., 1997).

M phase regulation

Significant similarities and differences exist in the regulation of S phase and M

phases.  The transition in the cell cycle at G2/M is associated with Cdk1, also called

Cdc2, dimerized with cyclin A or cyclin B (Dunphy et al., 1988; Gautier et al., 1988;

Gautier et al., 1990; Weeks et al., 1991; Devault et al., 1992).
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During G2, Cdc2 and cyclin B or cyclin A form a dimer called maturation promoting

factor (MPF), which is essential for progression into M phase (Peng et al., 1997).  The

activity of MPF is tightly controlled in normal cell cycles and has just one peak of

activity, at M phase (Arellano et al. 1997; Lee, 1987; Hoffman et al., 1993; Kumagai and

Dunphy, 1995; Lee and Kirschner, 1996).

M phase regulation in somatic cells

Normal cell cycle: Similarly to cyclin E/Cdk2 binding in G1/S, cyclins A and B bind to

Cdc2 in G2, and Cdc2 activity is regulated by phosphorylation, cyclin level and by CKIs.

The Cdk activating kinase (CAK) activates MPF by phosphorylating it on Thr-161, and

MPF is inhibited by phosphorylation on threonine-14 and tyrosine-15 by Myt1 and Wee1

[(Mueller et al., 1995), Figure 1].

In a positive feedback loop, MPF inactivates Myt1 and Wee1, and activates the

phosphatase Cdc25 (Figure 1), which removes inhibitory phosphates (Hoffman et al.,

1993), leading to self activation (Strausfeld et al., 1994b).  In a negative feedback loop,

MPF leads to the degradation of cyclin B by indirectly activating the protease

Cdc20/fizzy (Kramer et al.; 2000).  Progression through M phase is dependent upon the

presence of cyclin B, and to a lesser extent cyclin A.  When present in the cell cyclin B

ensures the formation of MPF.  When cyclin B is degraded, MPF activity is low and the

cell exits mitosis.

Checkpoint at G2/M: Normal progression through the eukaryotic cell cycle is delayed

when DNA is damaged.  This delay allows the cell to repair the damage, or, if the

damage is great, a program of apoptosis may be initiated (Basu et al., 1998).  The kinases

Chk1 and Chk2 are activated by the kinase ATR and ATM in response to damaged DNA

and phosphorylate Cdc25 on serine-216 (Sanchez et al., 1997; Peng et al., 1997; Nakajo

et al., 1999).  This leads to Cdc25 binding to 14-3-3 (Figure 1), preventing Cdc25 from

entering the nucleus and activating MPF, thereby blocking M phase entry in response to
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damaged DNA (Sanchez et al. 1997; Matsuoka et al., 1998; Brown et al., 1999; Sanchez

et al., 1999).

M phase regulation in frog egg extracts and embryos

The regulation of MPF has also been determined through observations in the frog

oocyte, embryo and egg extracts.  As the oocyte matures, MPF level becomes high

(Figure 2), and the cell is blocked in metaphase of meiosis II by cytostatic factor (CSF)

(Nigg, 1995; Murakami and Woude, 1998).  When the egg is fertilized, cyclins are

degraded and MPF drops during the first cell cycle which lasts for 90 minutes.  In cycles

two-twelve, the cell division time is only 30 minutes long.  MPF is found in both

activated and inactivated states, as it oscillates with a high degree of synchrony.  The

level of inactive MPF rises as cyclin B level increases, and the cell progresses towards M

phase as a threshold level of cyclin B is reached, and MPF becomes activated.  The

protein Fizzy, or Cdc20, recognizes cyclin B in frog egg extracts and presents it to the

anaphase promoting complex (APC) where it is degraded each cell cycle (Lorca et al.,

1998).  MPF level drops, and S phase is initiated as cyclin B is degraded (Dunphy et al.,

1988; Murray et al., 1989; Gautier et al., 1990).

During pre-MBT cell cycles cyclin B level fluctuates [(Murray et al., 1989;

Gautier et al., 1990), Figure 2], and MPF activity oscillates once per cell cycle as in

typical somatic cells.  When bound to cyclin A or B, Cdc2 is phosphorylated on three

regulatory sites, two inactivating: threonine-14, tyrosine-15, and one activating:

threonine-161 (Kumagai and Dunphy, 1995).  Little phosphorylation of threonine-14 and

tyrosine-15 is detected during cycles 2 through 12 (Ferrell et al. 1991; Hartley et al. 1996;

Kim et al. 1999).   This is supported by mathematical modeling (Novak and Tyson, 1993;

Novak and Tyson, 1995,; Borisuk and Tyson; 1998) and suggests that the level of cyclin

B, not phosphorylation, causes the oscillation in MPF activity before the MBT (Murray

and Kirschner, 1989; Gautier et al., 1990; Solomon et al., 1990).
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Figure 1. The XChk1 signaling pathway regulates entry into mitosis.  XChk1 is

activated in response to a DNA replication block, and perhaps to DNA damage (Flaggs,

Plug et al., 1997; Furnari, Rhind et al., 1997; O'Connell, Raleigh et al., 1997; Sanchez,

Wong et al., 1997; Brondello, Boddy et al., 1999; Chen, Liu et al., 1999).  Activated

XChk1 phosphorylates Cdc25C (Kumagai and Dunphy, 1992; Furnari et al., 1997; Peng

et al., 1997; Sanchez et al., 1997; Zeng et al., 1998), Wee1 (Mueller et al., 1995; Lee et

al., 2001), and perhaps Cdc25 A. When phosphorylated by XChk1, Cdc25 binds a 14-3-3

protein and becomes sequestered in the cytosol, preventing Cdc25 from entering the

nucleus and activating cyclin B/Cdc2 (MPF) (Sanchez et al. 1997; Matsuoka et al., 1998;

Brown et al., 1999; Sanchez et al., 1999).  XChk1 phosphorylates and activates Wee1

(Lee et al.), which phosphorylates and inhibits MPF.  Thus MPF is maintained in its

phosphorylated, inactive state, leading to cell cycle arrest at G2/M.
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The kinase Wee1, phosphorylates and inactivates MPF (Mueller et al., 1995;

Kumagai et al., 1998; Murakami and Woude, 1998; Lee et al., 2001), and the

phosphatases Cdc25A and C remove the inhibitory phosphorylations on MPF (Gautier et

al., 1991; Kumagai and Dunphy, 1991; Gabrielli et al., 1992; Izumi and Maller, 1993;

Kim et al., 1999).  Cdc25 C remains in the cell from oocyte to

stage 13 (Gautier et al., 1991).  Its activity oscillates during the cell cycle, peaking at

about the same time active MPF reaches its highest concentration during each cycle

(Gautier et al., 1991; Izumi et al., 1992; Kumagai and Dunphy, 1992).  Cdc25A, on the

other hand, is not found until after the first cycle and is degraded at the MBT [(Kim et al.,

1999), Figure 2].  Since there is little tyrosine- phosphorylation on MPF during the early

embryonic cell cycles, this suggests MPF is highly activated in response to Cdc25A and

Cdc25C,  which overcome Wee1 activity (Gautier et al., 1991; Kumagai and Dunphy,

1991; Gabrielli et al., 1997).  MPF enhances its own activation by phosphorylating and

activating Cdc25C, and inactivating Wee1 in a positive feedback loop [(Izumi et al.,

1992; Izumi and Maller, 1993; Mueller et al., 1995), Figure 1].

The kinase XChk1 is activated in response to unreplicated and damaged DNA,

and regulates MPF activity by negatively regulating Cdc25C (Furnari, Rhind et al., 1997;

Sanchez et al., 1997).  When phosphorylated by XChk1, Cdc25 C binds 14-3-3 and is

sequestered in the cytosol [(Izumi et al., 1992; Conklin et al., 1995; Peng et al., 1997;

Kumagai et al., 1998; Kumagi and Dunphy, 1999), Figure 1] leading to the inactivation

of MPF (Peng et al., 1997; Kumagai et al., 1998; Kumagi and Dunphy, 1999).   Since

Cdc25C functions in the nucleus, 14-3-3 binding prevents MPF activation and the cell

cycle is blocked in G2 (Izumi et al., 1992; Izumi and Maller, 1993; Kumagai and

Dunphy, 1997; Nakajo et al., 1999).  Whether XChk1 is directly responsible for the

phosphorylation of Cdc25A in Xenopus embryos, or if Cdc25A functions in M phase, is

unclear.

  XChk1 further regulates the activity of MPF indirectly (Furnari et al., 1997;

O'Connell et al., 1997; Kumagai et al., 1998; Nakajo et al., 1999) by phosphorylating and
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activating Wee1 [(Lee et al., 2001), Figure 1].  When phosphorylated by XChk1, Wee1

becomes bound to 14-3-3 in the nucleus activated, but not stabilized (Lee et al., 2001).

Once activated, Wee1 directly phosphorylates and inactivates MPF, creating a checkpoint

arrest.

 Although XChk1 is present in the embryo prior to the MBT (O'Connell et al.,

1997), XChk1 is not activated by damaged or unreplicated DNA as the cell moves from S

to M phase without checkpoints or gap phases.  In the absence of cell cycle arrest, the cell

is led into a program of apoptosis instead of a checkpoint when DNA is damaged or

replication is blocked (Anderson et al., 1997; Hensey and Gautier, 1998; Carter et al.

unpublished).  After the MBT, unreplicated DNA leads to high concentrations of

phosphorylated active XChk1 (Kappas et al.).

Cell cycle remodeling at the MBT

Prior to the MBT, the embryo relies on maternally supplied mRNAs and protein

to regulate cell cycle progression (Newport and Kirschner, 1982).  As the embryo reaches

the proper cell number and nuclear-to-cytoplasmic ratio at the MBT, zygotic transcription

is initiated and the embryo moves towards a program of zygotic regulation (Newport and

Kirschner, 1982; Krieg and Melton, 1987).  Degradation of cyclin E occurs rapidly at the

MBT (Howe and Newport, 1996; Hartley et al., 1997), and degradation of cyclin A

occurs at gastrulation (Howe et al., 1995).  S phase lengthens and gap phases are

observed as zygotic transcription is initiated in a nuclear-to-cytoplasmic ratio-dependent

manner at the MBT.  However, the degradation of cyclin E is independent of nuclear-to-

cytoplasmic ratio, cell number, and protein synthesis [(Howe et al., 1995; Rempel et al.,

1995; Howe and Newport, 1996; Hartley et al., 1997), Figure 2].  Degradation of cyclin E

at the MBT is said to be regulated by a developmental timer (Howe et al., 1995; Howe

and Newport, 1996) because it is degraded so consistently at the time of the MBT

independent of zygotic transcription.

Oscillations in cyclin E/Cdk2 activity are associated with a developmental timer

that regulates the timing of the MBT and are also independent of cell number, protein
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synthesis, and nuclear-to-cytoplasmic ratio (Howe and Newport, 1996; Hartley et al.,

1997).  The mechanisms of  "cell cycle remodeling" (Frederick and Andrews, 1994) at

the MBT are not well understood.  A fundamental control system may exist that links the

events of the MBT, like zygotic transcription, to the regulation of cyclin E/Cdk2

oscillations and cyclin E degradation.  The oscillations in Cdk2 activity might be

generated by a negative feedback similar to the one found in cyclin B/Cdc2 regulation

(Figure 1).  But since cyclin E level does not change in the second through twelfth cell

divisions in the Xenopus embryo (Figure 2), the oscillations in Cdk2 activity are probably

due to phosphorylation state rather then cyclin level.  We hypothesize that cyclin E/Cdk2

activity drives cyclin E degradation at the MBT.

Prior to the MBT, gap phases and checkpoints are not observed.  During the early,

rapid cell divisions of the embryo, activated Cdc25A (Kim et al., 1999) and Cdc25C

(Izumi et al., 1992; Kumagai and Dunphy, 1992; Izumi and Maller, 1993) are found in

high concentrations, driving the cell into S and M phase.  XChk1 (Nakajo et al., 1999),

and Wee1 (Mueller et al., 1995; Murakmai and Woude 1998; Nakajo et al., 1999) exist in

the cell before the MBT, yet checkpoints are not observed until five hours post-

fertilization when the MBT begins (Newport and Dasso, 1989; Anderson et al., 1997;

Hensey and Gautier, 1997).   When activated and in high concentrations, Cdc25A and

Cdc25C together may provide a signal that is too strong to overcome in the cycles before

the MBT as they activate MPF and lead the cell from division to division.

The exact reason why the cell lacks "stop division" signals prior to the MBT is

unknown.  It would appear that all of the necessary checkpoint machinery is present and

still no checkpoints are observed.  Exogenous XChk1 does lead the embryo into a

checkpoint before the MBT, suggesting the cell cycle checkpoint is functional

downstream of XChk1 pre-MBT (Kappas et al. 2000).  It might be assumed that the

inhibition of checkpoints and the lack of active XChk1 in the early cell divisions before

the MBT is due in part to the lack of a threshold concentration of replicated DNA

(Dabauvalle et al., 1988; Newport and Dasso, 1989).  At fertilization, the nuclear-to-

cytoplasmic ratio is low and as the embryo divides and replicates its DNA, without
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growth, the ratio increases.  When a critical nuclear/cytoplasmic ratio is met at division

12, the MBT is triggered as zygotic transcription begins and checkpoints are observed

(Newport and Kirschner, 1982).
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Figure 2.  The cell cycle is remodeled at the MBT.  Cell cycles are driven by the

activity of cyclin-dependent kinases.  Levels of cyclins A and B oscillate rapidly prior to

the MBT.  Cyclin E is present at a constant level until the MBT, when it is rapidly

degraded.  The degradation of cyclin E is said to regulated by a developmental timer

which is independent of other events at the MBT.  This degradation is independent of the

nuclear-to-cytoplasmic ratio, cell number and protein synthesis and is difficult to disrupt.

The kinase Wee1, which inhibits Cdks, is present in the cell at a constant level until it is

degraded at gastrulation and negatively regulates the cell cycle.  The phosphatase Cdc25

A activates Cdks and is present from cycle 2 until the MBT.
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Maintenance, manipulation and microinjections of Xenopus Embryos

Eggs from wild type Xenopus laevis (Xenopus Express) were fertilized in vitro, dejellied

in 2% cysteine in 0.1 X MMR (0.5 mM HEPES, pH 7.8, 10 mM NaCl, 0.2 mM KCl, 0.1

mM MgSO4, 0.2 mM CaCl2, 0.01 mM EDTA) and maintained in 0.1 X MMR.  Embryos

were collected at stages spanning the midblastula transition (MBT) and staged according

to Nieuwkoop and Farber (1975).  XChk1 and luciferase mRNA were dissolved in TE

buffer (10mM Tris, pH 8.0, 1 mM EDTA), and 10 ng RNA in approximately 25 nL total

volume was microinjected into one-cell embryos.  GST-Xic-C, and GST-∆34-Xic1

proteins were dissolved in Xic1 buffer (20 mM HEPES, pH7.5, 88 mM NaCl, 20 mM

βME, 7.5 mΜ McCl2, 5% glycerol) and microinjected into one-cell stage embryos at 2.5

ng, 5 ng or 10 ng, as indicated, in a 30 nL total volume.  GST-Xic-C and GST-∆34-Xic1

proteins were provided by Dr. James Maller (University of Colorado Health Sciences

Center, Denver, CO) (Hartley et al., 1997).  For microinjections of GST-∆34-Xic1 and α-

amanitin (Sigma, St. Louis, MO), all reagents were dissolved in water.   Five ng of GST-

∆34-Xic1 and 50 ng of α-amanitin were microinjected or co-injected in a 50 nL total

volume into one-cell staged embryos.  A Medical Systems Corp. microinjector, with

RNase-free glass needles, were used for microinjections, and embryos were placed in a

5% Ficoll in 0.1X MMR solution after microinjection to minimize leakage of cytoplasm.

Embryos were observed with an Olympus SZX12 stereo microscope and photographed

with an Olympus DP10 digital camera.

In vitro transcription of XChk1 and luciferase mRNA

The xchk1 gene had been subcloned with a FLAG-tag into the pSP64polyA vector

(Promega, Madison, WI) as previously described (Kappas et al., 2000).  The plasmid

construct was linearized and used as template for the Ambion SP6 mMessage mMachine

in vitro transcription kit to produce polyadenylated FLAG-tagged XChk1 mRNA.  A

luciferase cDNA clone (Kappas et al., 2000) was used as template for transcription of

FLAG-tagged luciferase mRNA.
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Retroelution of cyclin E antibody

Cyclin E antibody used for Western analysis was purified using cyclin E protein and

rabbit immunoserum obtained from Dr. Rebecca Hartley (Department of Anatomy and

Cell Biology, College of Medicine, University of Iowa).  100-250 µg purified cyclin E

protein was electrophoresed on a modified Anderson gel (separating gel = 10-12%

acrylamide, 0.1-0.13% bis-acrylamide, 0.37 M Tris-HCL, pH 8.7, 0.1% SDS, running

buffer = 0.025 M Tris pH 8.8, 0.192 M glycine, 0.1% SDS) and transferred to a

nitrocellulose membrane.  The membrane was stained with Ponceau S (Fisher Scientific,

Pittsburgh, PA) and strips containing cyclin E were cut and incubated overnight with 1

mL of anti-cyclin E rabbit immunoserum and 9 mL 10% nonfat dry milk in PBS (80 mM

Na2HPO4•7H2O, 20 mM NaH2PO4•H2O, 100 mM NaCl).  Strips were then washed in

PBS 0.05% Tween, and the antibody was eluted three times with 12 mL of 100 mM

Glycine, pH 2.8,for each elution collected.  1.2mL 1M Tris pH 8.0, 1.5mL 10X PBS, and

3 µL 10% sodium azide was added to each of the three antibody elutions, and the cyclin

E antibody elutions were stored at 4oC for future use.

Western analysis of cell cycle proteins

Embryos were collected at the indicated times, snap frozen on dry ice, and homogenized

in EB (Hartley+3p: 80 nM β-glycerophosphate, 20 mM HEPES pH 7.5, 20 nM EGTA,

15 mM MgCl2, 1 mM Na Vanadate, 50 mM NaF, 1 mM DTT, 0.05 mM PMSF, 6 µg/ml

leupeptin, 1 µM microcystin, 3 µg/mL pepstatin, and 3 µg/mL chymostatin.  TR EB: 30

mM HEPES pH 7.5, 20 mM EGTA, 15 mM MgCl2, 1 mM Na Vanadate, 1 mM DTT, 1

mM PMSF, 3 µg/mL leupeptin, 1 µM microcystin).  Samples blotted for Wee1 were

resolved on either modified Anderson (as above) or Laemmli  SDS-polyacrylamide gels

(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).

Western analysis of samples for cyclin E, Xic-1, FLAG, and Cdc25A or Cdc25C were

resolved on 10-15% Anderson gels.  All samples were transferred to nitrocellulose

membranes, and those immunoblotted for Wee1, Cyclin E, Xic-1, and FLAG were
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blocked in 10% nonfat dry milk in PBS.  Membranes immunoblotted for Cdc25A

or Cdc25C were blocked in 5% BSA in TBS (20 mM Tris, pH 7.6, 137 mM NaCl), 0.1%

Tween.  The Wee1 antibody was obtained from Dr. Monica Murkami (National Cancer

Institute, National Institutes of Health) and was diluted in 10% nonfat dry milk in PBS

with or without Amersham Pharmacia Biotech Liquid Blocking Reagent diluted 1:20

(Piscataway, NJ.; catalog number EC60152).  Cyclin E antibody was retroeluted as

described above and diluted in 1% BSA in PBS.  Xic-1 and FLAG antibodies were

diluted in 10% nonfat dry milk in PBS, and Cdc25 A and Cdc25C antibodies were diluted

in 5% BSA in TBS-0.1% Tween.  The Xic-1 and Cdc25 A and Cdc25C antibodies were

obtained from Dr. James Maller (University of Colorado Health Sciences Center, Denver,

CO).  Membranes were washed in PBS or TBS-0.1% Tween after incubation in the

primary antibody.  Immunoreactive proteins were visualized by hybridizing them to a

horseradish peroxidase-conjugated secondary antibody diluted 1:10,000 in 10% nonfat

dry milk in PBS (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA), raised

in donkey against appropriate species, and chemiluminescence was detected with the

ECL Plus kit (Amersham Pharmacia Biotech, Piscataway, N.J) or SuperSignal West Pico

Chemiluminescent Substrate (Pierce, Rockford, IL).

Northern analysis of Wee1 and GS17 expression

Northern analysis of Wee1 mRNA and GS17 mRNA expression during Xenopus

development was performed essentially as described previously (Sible et al., 1997;

Hartley et al., 1997).  Total RNA was isolated from embryos using TriReagent

(Molecular Research Center, Inc., Cincinnati, OH).  Ten micrograms of each RNA was

resolved by denaturing gel electrophoresis, transferred to a 0.2µm Nytran membrane in

20X SSC (3 M NaCl, 300 mM Na citrate, pH 7.0) with a TurboBlotter apparatus

(Schleicher and Scheull, Keene, NH) and then cross-linked to the membrane with a

Stratagene UV cross-linker.  The wee1 gene (Accession number, AF035443) inserted into

the pBS+/- vector (Stratagene, La Jolla, CA) was provided by Monica Murakami and

heat shock transformed into DH5α competent E. coli cells (Invitrogen, Frederick, MD).
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The plasmid was isolated using the Qiafilter Maxi Plasmid Kit (Qiagen, Valencia, CA),

and the gene was excised from the plasmid by cutting with the restriction enzymes

BamHI and DraI (New England BioLabs, Beverly, MA).  The wee1 gene fragment was

resolved by agarose electrophoresis and gel-extracted using Qiagen Qiaquick Gel

Extraction Kit, heated at 100oC for ten minutes and used as a single stranded template in

random priming (Random Priming Kit, Roche Diagnostics Corporation, Indianapolis, IN)

to produce an [α-32P] dCTP (Amersham Biosciences, Piscataway, NJ) labeled probe.  The

GS17 cDNA probe was made in a similar fashion (Krieg and Melton, 1985).  Each probe

was added to a Bio-Spin Chromatography Column (Bio-Rad Laboratories, Hercules,

CA).  Incorporation of  [α-32P] dCTP into probe was determined by Cerenkov

scintillation counting of TCA-precipitable material.   The probe was heated with 100

µg/mL of sonicated herring sperm DNA at 100oC for ten minutes.  The single-stranded

cDNA probes were used at 2 x 106 cpm counts per mL and hybridized with the RNA blot

for 2-4 hours at 65oC in QuickHyb solution (Stratagene, La Jolla, CA).  The blots were

washed twice for 15 minutes in 2X SSC, 0.1% SDS at room temperature, and once in

0.2X SSC, 0.1% SDS at 60oC for 30 minutes.  After washing, the blots were dried and

exposed to Kodak BioMax film.

Immunoprecipitation and kinase assays of cyclin-Cdk complexes

Embryos injected with GST-Xic1-C and GST-∆34-Xic1 were collected at various

timepoints and snap-frozen on dry ice.  Protein G immobilized on sepharose beads

(Sigma, St. Louis, MO) was prepared by washing three times for ten minutes each in 10%

BSA in H2O and again in EB buffer (80 nM β-glycerophosphate, 20 mM HEPES pH 7.5,

20 nM EGTA, 15 mM MgCl2, 1 mM Na Vanadate, 50 mM NaF, 1 mM DTT, 0.05 mM

PMSF, 3 µg/ml leupeptin, 1 µM microcystin).  The embryos were homogenized in the

same EB buffer and pre-cleared by incubating for 30 minutes at 4oC with protein G

beads.  Lysates were then centrifuged, and the supernatant was collected.  Antiserum
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against either cyclin E or cyclin B (cyclin antibodies were kindly supplied by Dr. James

L.  Maller) was added to the homogenized embryos and incubated on ice overnight at

4oC.  The prepared protein G beads were added to precipitate the antibody-Cyclin/Cdk

complexes from the embryo lysates.  Beads were incubated 1-2 hours at 4oC washed in

low-salt buffer (20 mM Tris pH 7.4, 5 mM EDTA, 0.1% Triton X-100, 100 mM NaCl)

and high-salt buffer (20 mM Tris pH7.4, 5 mM EDTA, 0.1% Triton X-100, 1 M NaCl) to

remove any nonspecifically bound proteins.  The protein G-cyclin/Cdk complex was

incubated for 20 minutes at 23oC in 1X kinase reaction buffer (20 mM HEPES, pH 7.4,

50 mM KCl, 10 mM MgCl2, 1 mM EGTA, 0.5 mM DTT), 5 µCi [32P] γ−ATP, 100 µM

ATP, 1µg histone H1, and H2O or 50 mM sodium phosphate.  To terminate the reaction,

5X sampling buffer (463 mM Tris, 13.3% glycerol, 0.002% bromophenol blue, 20%

SDS, 13.75 mM β−mercaptoethanol (BME), pH 6.8) was added, and the samples were

heated at 95oC for 2 minutes and resolved by SDS-PAGE on 12.5% acrylamide gels.  The

gel was stained with Coomassie blue for about 1 hour and destained overnight in destain

solution (45% methanol, 10% glacial acetic acid).  The gel was rinsed in water and

exposed to Kodak BioMax film for the autoradiography. The histone H1 bands were cut

out and counted for radioactivity in 3 mL safe-scintillation fluid, in a Beckman LS

6000SC scintillation counter.
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Introduction

A typical, somatic cell cycle is divided into four phases: G1, S (synthesis of new

DNA), G2, and M (mitosis) (Elledge, 1996).  Checkpoints exist to ensure that genetic and

cellular components have been properly maintained in the cell at G1 prior to S phase, G2

prior to M phase and at metaphase prior to anaphase (Hartwell and Weinert, 1989).  The

G1 checkpoint ensures that the cell is the appropriate size for initiation of DNA

replication and that any damaged DNA has been repaired (Moreno and Nurse, 1994;

Sherr, 1994).  The G2 checkpoint ensures that DNA replication is complete and DNA is

not damaged before entering mitosis (Newport and Dasso, 1989).  The checkpoint at

metaphase ensures the chromosomes are properly aligned along the mitotic spindle.  In

contrast to a typical somatic cell where three checkpoints are observed, the early cell

divisions in Xenopus embryos appear to bypass these checkpoints entirely (Newport and

Kirschner, 1982 a; Murray and Kirschner, 1989).  As the embryo moves from these

unregulated cell divisions prior to the midblastula transition (MBT) to the more regulated

somatic cell divisions after the MBT, checkpoints are acquired (Newport and Kirschner,

1982 a).

In addition to the acquisition of checkpoints, multiple events characterize the

onset of the MBT.  At the MBT, cell division time lengthens, zygotic transcription

initiates, cells become motile, and the expression of cell cycle regulators changes

(Newport and Kirschner 1982; Newport and Kirschner 1989).  Degradation of cyclin E

occurs rapidly at the MBT. Unlike transcription, which is dependent upon the proper

nuclear-to-cytoplasmic ratio (Newport and Kirschner 1982a), the degradation of cyclin E

is independent of nuclear-to-cytoplasmic ratio, cell number, protein synthesis, and

transcription [(Howe et al., 1995; Howe and Newport, 1996), Figure 2].  The timing of

the MBT may be regulated by a developmental timer that triggers degradation of cyclin E

at approximately six hours post-fertilization (Howe and Newport, 1996).  If the

degradation of cyclin E is delayed, then all other events of the MBT are delayed,
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including transcription and degradation of cyclin A (Howe et al., 1995; Howe and

Newport, 1996).

The only known agent to delay the timing of the degradation of cyclin E is the

cyclin-dependent kinase inhibitor (CKI) Xic1 (Hartley et al., 1997).  Initially described

by Su et al. (1995), Xic1 was shown to have an isoform, Kix1, with 90% homology, as

described by Shou and Dunphy (1996).  Xic1/Kix1 is a member of the mammalian

p21Cip1/p27Kip1/p57Kip2 CDK inhibitor family (Su et al. 1995, Shou et al. 1996).  Xic1 has a

Cdk binding-domain on the N-terminus and proliferating cell nuclear antigen (PCNA)

binding-domain on the C-terminus (Su et al., 1995; Shou and Dunphy, 1996).  The

presence of these two domains are similar to the structure of p21Cip1 (Chen, 1995),

whereas p27Kip1 has only a Cdk binding domain (Polyak et al., 1994; Font de Mora et al.,

1997).  Presumably, the two functional domains allow Xic1 to inhibit DNA synthesis via

Cdk and PCNA binding.

In the cell cycles before the MBT, although cyclin E level does not vary [(Hartley

et al., 1996; Howe and Newport, 1996; Hartley et al., 1997), Figure 2], cyclin E/Cdk2

activity oscillates twice per cell cycle (Hartley, Rempel et al., 1996).  This suggests that

cyclin E/Cdk2 has a role in the initiation of DNA synthesis and mitosis (Guadagno and

Newport, 1996; Hartley et al., 1996; Hartley et al., 1997).  In higher eukaryotes, the

activity of cyclin E/Cdk2 is essential for the replication of DNA at unwinding, and PCNA

activity is required for the formation of the initiation complex (Strausfeld et al., 1994;

Chen, 1995; Jackson et al., 1995; Luo et al., 1995; Su et al., 1995; Shou and Dunphy,

1996).  Therefore, Xic1 may inhibit initiation of replication via cyclin E/Cdk2.

The ability of Xic1 to bind and inhibit cyclin E/Cdk2 and delay the degradation of

cyclin E was of interest to our lab.  Previously Su et al. (1995) had generated two

recombinant Xic1 fusion proteins, 1) GST-Xic1-C, composed of the C-terminal (residues

97-210) half of Xic1 including the PCNA-binding domain (within residues 165-186) and

2) GST-∆34-Xic1, composed of the N-terminal Cdk-binding domain and C-terminal

PCNA binding domain with the first 34 amino acids deleted, therefore consisting of

amino acids 35-210.  The GST-Xic1-C protein is unable to inhibit the activity of
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cyclin/Cdk complexes, and the GST-∆34-Xic1 protein is a highly specific inhibitor of

cyclin E/Cdk2 but not cyclin A/Cdc2 or cyclin B/Cdc2 (Su et al., 1995; Shou and

Dunphy, 1996; Hartley et al., 1997).  Microinjections of GST-∆34-Xic1 protein into

fertilized eggs to specifically inhibit cyclin E/Cdk2 activity leads to a delay in cyclin E

degradation until 10 hours post-fertilization, thus altering the cyclin E/Cdk2

developmental timer.  In addition, GST-∆34-Xic1 also delays the cell cycle by

approximately 25%, delaying the embryo from reaching the nuclear-to-cytoplasmic ratio

required for the MBT until 10 hours post-fertilization, coincident with degradation of

cyclin E (Hartley et al., 1997).  GST-Xic1-C does not inhibit cyclin E/Cdk2 activity, cell

cycle length, or the timing of cyclin E degradation; therefore, GST-Xic1-C can be used as

a negative control for GST-∆34-Xic1 (Su et al., 1995; Hartley et al., 1997).  These

recombinant proteins provide powerful tools by which investigations into the cyclin

E/Cdk2 developmental timer and cell cycle regulation can be conducted.

Cell cycle regulation has been extensively studied experimentally in cell-free

extracts in Xenopus (Murray and Kirschner, 1989; Solomon et al., 1990; Gautier et al.,

1991; Kumagai and Dunphy, 1991; Devault et al., 1992; Kumagai and Dunphy, 1992;

Smythe and Newport, 1992; Solomon et al., 1992; Izumi and Maller, 1993; Mueller et al.,

1995 a; Mueller et al., 1995 b; Lorca et al., 1998).  In egg extracts, cyclin B/Cdc2 (MPF)

activity promotes the degradation of cyclin B in a negative feedback loop, which causes

oscillations in MPF activity that drive the cell cycle (Lorca et al., 1998).  MPF is also

inhibited via phosphorylation on Thr-14 and Tyr-15 by Myt1 and Wee1 (Mueller et al.,

1995 a; Mueller et al., 1995 b).  In a positive feedback loop, MPF activates the

phosphatase Cdc25, which removes inhibitory phosphorylations on MPF, and inactivates

Myt1 and Wee1, leading to self activation (Izumi and Maller, 1993; Mueller et al., 1995

a; Mueller et al., 1995 b; Kumagai and Dunphy, 1997).

Mathematical modeling has also been used to describe and predict how the cell

cycle is regulated (Novak and Tyson, 1993; Novak and Tyson, 1995; Borisuk and Tyson,

1998; Marlovits, 1998).  Ordinary differential equations (ODEs) are used to predict and

model events in the cell cycle.  For instance, the role of MPF in promoting the
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degradation of cyclin B (negative feedback loop) explains the oscillations in MPF

activity.  The feedback loops between MPF and Cdc25/Myt1 and Wee1 are not required

for the oscillations, but explain the autocatalytic nature of MPF (Hoffman et al., 1993;

Izumi and Maller, 1993; Kumagai and Dunphy, 1997; Mueller et al., 1995a; Mueller et

al., 1995b).

On the other hand, cyclin E degradation at the MBT (the cyclin E developmental

timer) and the observation of two oscillations in cyclin E/Cdk2 activity per cell cycle

before the MBT have not been characterized by a mathematical model.  A mathematical

model may incorporate the similarities and differences in MPF and cyclin E/Cdk2

regulation to create ODEs.  The ODEs are then supplied with estimated rate constants

and concentrations of any given component in  cyclin E/Cdk2 regulation to predict a role

for cyclin E/Cdk2 activity in cyclin E degradation.

In an attempt to understand the regulation of the cyclin E/Cdk2 developmental

timer and the oscillations in cyclin E/Cdk2 activity, a mathematical model was built in

conjunction with the experiments described here (Appendix A).  This mathematical

model, by Andrea Ciliberto and John Tyson, took into consideration the similarities and

differences in Cdk2 and Cdc2 regulation.  For instance, Cdk2 is not regulated by the level

of cyclin E in pre-MBT cells, since cyclin E level is constant (Hartley et al., 1997).  In

addition, the cyclin E/Cdk2 inhibitor, Xic1, is present in low a level previous to late-

gastrulation, 11-12 hours post-fertilization and therefore, no CKI regulation is likely for

Cdk2 as for Cdc2 (Shou and Dunphy, 1996).  It has been noted that Cdk2 is regulated by

phosphorylation events (Kappas et al., 2000; D'Angiolella et al., 2001).  If Cdk2 activity

is regulated by a negative feedback loop, similarly to Cdc2, then the oscillations in cyclin

E/Cdk2 activity are likely due to a negative feedback loop at the site of inhibitory

phosphorylation.  Therefore, initial design of a mathematical model and experimentation

was based on the assumption that oscillations in cyclin E/Cdk2 activity are due to the

phosphorylation state of Cdk2.  To provide critical data for the model and to

experimentally validate the predictions made in the comprehensive mathematical model,

we performed the following sets of experiments.
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Results

The inhibition of cyclin E/Cdk2 by GST-∆34Xic1 leads to decreased level of Wee1

protein and mRNA in vivo.  Cyclin E/Cdk2 has two peaks of activity during the cell

divisions before the MBT (Hartley et al., 1996).  Cyclin E level is constant, and we

assume cyclin E/Cdk2 is primarily regulated by phosphorylation. To explore the causes

of cyclin E/Cdk2 oscillations, we began by looking for evidence of a negative feedback

loop between Cdk2 and its regulatory kinase, Wee1.  If changes in the phosphorylation

state of Cdk2 cause the observed oscillations in cyclin E/Cdk2 activity, then Wee1 might

be activated by cyclin E/Cdk2 in a negative feedback loop.  We hypothesized that Wee1

is indeed activated by cyclin E/Cdk2 and performed experiments to test this hypothesis.

Embryos were microinjected prior to the first cleavage with 5 ng GST-Xic1-C or

GST-∆34-Xic1.  Xic1-C lacks the first 96 amino acids and does not bind Cdks; therefore,

it serves as a negative control (Su et al., 1995; Hartley et al., 1997).  GST-∆34-Xic1 is

missing the first 34 amino acids on the N-terminus and is highly specific for the

inhibition of cyclin E/Cdk2 (Su et al., 1995; Hartley et al., 1997).  We have confirmed

that GST-∆34-Xic1 significantly inhibits cyclin E/Cdk2 activity (Figure 3 A) without

inhibiting cyclin B/Cdc2 activity (Figure 3 B).  In addition, cell cycle lengthening of

approximately 25% was observed in embryos microinjected with GST-∆34-Xic1

compared to those microinjected with GST-Xic1-C was observed (Figure 4 A).  These

results are in agreement with Hartley et al. (1997).  As described previously (Hartley et

al., 1997), the disappearance of cyclin E in control embryos begins after the MBT, about

7 hours post-fertilization.  GST-∆34-Xic1 delays this disappearance until approximately

10 hours post-fertilization, until after the embryos have approximately reached the MBT

number of cells (Figure 4 B).
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Figure 3.  GST-∆34-Xic1 specifically inhibits cyclin E/Cdk2.  Embryos were

microinjected with 5 ng GST-Xic1-C (Xic C) or GST-∆34Xic1 (34) and collected at the

indicated times.  Cyclin E/Cdk2 and cyclin B/Cdc2 complexes were immunoprecipitated

with antisera against cyclins E and B, respectively.  Kinase activity was determined by

the incorporation of [32P] into histone H1 using [32P] γ−ATP.  (A) Cyclin E/Cdk2 activity

is inhibited in the GST-∆34Xic1 injected embryos.  Cyclin E/Cdk2 activity decreases in

GST-Xic1-C injected embryos ,coincident with cyclin E degradation at the MBT.  (B)

Cyclin B/Cdc2 activity is not inhibited in GST-∆34Xic1 injected embryos.
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Figure 4.  Inhibition of cyclin E/Cdk2 by exogenous GST-∆34Xic1 in early Xenopus

embryos results in a loss of Wee1 protein.  At the one-cell stage, embryos were

microinjected with either 5 ng GST-Xic1-C or GST-∆34Xic1.  (A) Embryos were

fertilized and photographed at the indicated time post-fertilization (pf).  Cell cycles are

delayed in GST-∆34Xic1 microinjected embryos.  (B) Embryos were collected at the

indicated times pf and analyzed by Western analysis for steady state level of Wee1

(Hartley et al. 1996) and cyclin E protein (Rempel et al., 1995; Hartley et al., 1997;

Audic et al., 2001).  The migration of molecular weight standards in kDa is indicated.

The detection of a nonspecific band on Western analysis of Wee1 is consistent with

reports of Murakami and Vande Woude (1998).
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In control embryos, Wee1 level is constant until the late gastrula/early neurula stage

(Figure 4 B), when Wee1 level declines [(Mueller et al., 1995; Murakami and Woude,

1998), Figure 4 B].  In the embryos injected with GST-∆34-Xic1, the level of Wee1 is

very low, even prior to the MBT (Figure 4 B).  These data suggest that cyclin E/Cdk2

activity is required to maintain Wee1 protein level prior to the MBT, evidence for a

negative feedback loop between Cdk2 and Wee1.

To determine whether the decrease in Wee1 protein level in GST-∆34-Xic1-

injected embryos was related to a change in Wee1 mRNA level, we performed Northern

analysis.  Prior to determining the effect of GST-∆34-Xic1 on Wee1 mRNA, we

collected a time course of untreated Xenopus embryos.  Total RNA was extracted from

the embryos and a total of 10 µg was resolved on an agarose gel and transferred to a

nylon membrane.  A copy of the wee1 gene provided by Dr. Monika Murakami was used

as template for synthesis of radiolabeled DNA probe (see Chapter 2).  The probe was

hybridized with the RNA extracted from the collection of normal embryos.  Similar to the

degradation of Wee1 protein , Wee1 mRNA in normal embryos is degraded at

gastrulation, or approximately 11 hours post-fertilization (Figure 5 A).

Embryos were then microinjected with 5 ng of GST-Xic1-C or GST-∆34-Xic1 for

Northern blot analysis and were collected at the indicated times.  Injections of GST-∆34-

Xic1 led to a decreased level of Wee1 mRNA (Figure 5 B).  Therefore, inhibition of

cyclin E/Cdk2 by GST-∆34-Xic1 leads to lower a level of Wee1 mRNA and Wee1

protein, indicating that cyclin E/Cdk2 activity may maintain the Wee1 level by stabilizing

Wee1 mRNA.
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Figure 5.  Microinjection of GST-∆34-Xic1 leads to lower levels of Wee1 mRNA.

(A) Normal embryos were collected at the indicated times for Northern analysis of steady

state level of Wee1 mRNA.  (B) Northern blot analysis of embryos injected with either

GST-Xic1-C or GST-∆34Xic1 indicated that steady state level of Wee1 mRNA is lower

when cyclin E/Cdk2 activity is inhibited by GST-∆34Xic1.
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GST-∆34Xic1 delays the degradation of cyclin E in a dose-dependent and

transcription-independent manner.  In the initial attempts at constructing a mathematical

model, the eventual degradation of cyclin E in embryos injected with GST-∆34-Xic1

(Hartley et al., 1997) was not explained (Figure 3 B).  The model predicted that in the

absence of cyclin E/Cdk2 activity, cyclin E persists indefinitely, unless another

mechanism to degrade developmental cyclin E exists.  Since the degradation of cyclin E

in both control and GST-∆34-Xic1-injected embryos occurs coincident with the onset of

zygotic transcription (Hartley et al., 1997), we explored the possibility that a product of

zygotic transcription turned on degradation of developmental cyclin E by a second

mechanism, independent of cyclin E/Cdk2 activity.

To test this possibility, embryos were injected with either H2O; α-amanitin, an inhibitor

of transcription; GST-∆34-Xic1; or a combination of α-amanitin and GST-∆34-Xic1

(Figure 6).  In embryos injected with H2O or α-amanitin, cyclin E disappeared between 5

and 7 hours post-fertilization, consistent with previous reports that degradation of

developmental cyclin E at the MBT does not depend on transcription (Howe and

Newport, 1996; Hartley et al., 1997).  As predicted [(Hartley et al., 1997) and Figure 4

B], degradation of cyclin E was delayed in embryos injected with GST-∆34-Xic1, but

was complete by 10 hours post-fertilization.  In embryos injected with both α-amanitin

and GST-∆34-Xic1, cyclin E was degraded at the same time as in embryos injected with

GST-∆34-Xic1 alone (Figure 6).  These results indicate that transcription at the MBT is

not required for the eventual degradation of cyclin E in embryos lacking cyclin E/Cdk2

activity.  Therefore, our data is consistent with the hypothesis that cyclin E degradation is

dependent upon cyclin E/Cdk2 activity and not another mechanism.  As long as GST-

∆34-Xic1 is present in the embryo, cyclin E/Cdk2 activity will be inhibited along with

cyclin E degradation.  However, there is an eventual degradation of cyclin E in embryos

injected with GST-∆34-Xic1 [(Hartley et al., 1997), Figures 5 B, and 7].  This

degradation of cyclin E could be explained if GST-∆34-Xic1 is eventually degraded and

precedes degradation of cyclin E.
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Figure 6.  Zygotic transcription is not required for degradation of cyclin E.  Embryos

were injected with H2O, GST-∆34Xic1, α-amanitin, or GST-∆34Xic1 and α-amanitin.

Embryos were collected at the indicated times pf for Western analysis of cyclin E.  The

inhibition of transcription with α-amanitin does not further delay the degradation of the

cyclin E in GST-∆34Xic1 microinjected embryos.
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To test for the degradation of GST-∆34-Xic1 in embryos, we injected GST-Xic1-

C or GST-∆34-Xic1 into one-cell staged embryos and collected them as in previous

experiments.  Western analysis with an anti-Xic1 antibody, demonstrated the degradation

of GST-∆34-Xic1 and GST-Xic1-C just prior to, or coinciding with, the degradation of

cyclin E (Figure 7).

The mathematical model predicted that if the degradation of cyclin E is dependent

upon its own activity, then the delay in cyclin E degradation will be prolonged as the total

concentration of GST-∆34-Xic1 injected into one-cell stage embryos increases

(Appendix A).  To test this prediction, varying amounts of GST-∆34-Xic1 were injected

into embryos, and the timing of cyclin E degradation was determined by Western

analysis.  Cyclin E degradation was further delayed in embryos injected with increasing

amounts of GST-∆34-Xic1 (Figure 8).  These results are consistent with the hypothesis

that Xic1 must be degraded prior to cyclin E in the embryo.

Collectively, the mathematical model (Appendix A) and the experimental data

suggest that cyclin E/Cdk2 activity leads to the stabilization of Wee1 in a negative

feedback loop.  The inhibition of cyclin E/Cdk2 by GST-∆34-Xic1 disrupts this

stabilization, and Wee1 protein and mRNA levels are decreased.  In addition, cyclin

E/Cdk2 activity may be essential for the degradation of cyclin E.  Consistent with the

mathematical model, these data predict that in the absence of cyclin E/Cdk2 activity,

cyclin E will persist, and Xic1 degradation precedes cyclin E degradation in vitro.
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Figure 7.  GST-∆34Xic1 is degraded prior to the degradation of cyclin E.  Embryos

were collected at the indicated times for Western blot analysis of cyclin E and Xic1.

GST-∆34Xic1 is degraded prior to cyclin E.  Migration of molecular weight markers in

KDa is indicated.
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Figure 8. Timing of the degradation of cyclin E depends upon the dose of GST-∆34-

Xic1.  Embryos were injected with either buffer as a control, 2.5 ng, 5 ng, or 10 ng of

GST-∆34-Xic1.  In buffer injected embryos, cyclin E is degraded at the MBT.  Increasing

concentrations of GST-∆34Xic1 lead to a prolonged delay in degradation of cyclin E.

Inhibiting cyclin E/Cdk2 activity delays the degradation of cyclin E, suggesting cyclin E

degradation is dependent upon the activity of cyclin E/Cdk2.
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Discussion

During the cell cycles before the MBT, although cyclin E level does not vary

[(Rempel et al., 1995; Hartley et al.,1996; Howe and Newport, 1996; Hartley et al.,

1997), Figure 2], cyclin E-associated kinase activity oscillates twice per cell cycle

(Hartley et al., 1996).  These oscillations occur independently of nuclear-to-cytoplasmic

ratio, cell number, protein translation, and transcription (Hartley et al., 1997; Graves et

al., 2000).  MPF activity oscillates once per cell cycle in frog embryos and is regulated by

cyclin B level (Murray et al., 1989a; [Murray et al., 1989b; Gautier et al., 1990).  In

contrast, we propose that cyclin E/Cdk2 activity is regulated by phosphorylation in a

negative feedback loop where cyclin E/Cdk2 promotes synthesis of Wee1.

In control embryos, Wee1 protein level is constant until the late gastrula/early

neurula stage when Wee1 protein level declines (Figure 4 B).  In the embryos injected

with GST-∆34-Xic1, the level of Wee1 protein is very low, even prior to the MBT

(Figure 4 B).   The level of Wee1 mRNA is also lower in GST-∆34-Xic1 injected

embryos (Figure 5 B).  Because GST-∆34-Xic1 specifically inhibits cyclin E/Cdk2, these

data suggest that cyclin E/Cdk2 activity is required to maintain Wee1 protein level prior

to the MBT.  One possibility, incorporated into the mathematical model (Appendix A), is

that a negative feedback loop exists between cyclin E/Cdk2 and Wee1, in which cyclin

E/Cdk2 phosphorylates and inhibits a kinase that phosphorylates Wee1, targeting it for

degradation.   In embryos injected with GST-Xic1-C, cyclin E is degraded prior to Wee1

(Figure 4 B), further suggesting a role for cyclin E/Cdk2 in the stabilization of Wee1 via

Wee1 mRNA (Figure 5 B).

The inhibition of cyclin E/Cdk2 by Xic1 only leads to a temporary delay in cyclin

E degradation.  GST-∆34Xic1 inhibits cyclin E/Cdk2 by >90%, and early drafts of the

mathematical model predicted that in the absence of cyclin E/Cdk2 activity, cyclin E

persists indefinitely, unless another mechanism to degrade developmental cyclin E exists.

Since the degradation of cyclin E in both control and GST-∆34Xic1-injected embryos

occurs coincident with the onset of zygotic transcription, we explored the possibility that
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a product of zygotic transcription turned on degradation of developmental cyclin E,

independent of cyclin E/Cdk2 activity.  The co-injection of α-amanitin and GST-∆34-

Xic1did not prolong the delay in cyclin E degradation (Figure 6).  Our data corresponds

to Hartley et al., (1997) and suggests that cyclin E degradation is independent of

transcription.  The prediction that transcription lead to another mechanism of cyclin E

degradation was not supported by the data.

Initial drafts of the mathematical model were unable to explain the eventual

degradation of cyclin E in the absence of cyclin E/Cdk2 activity.  We hypothesized that if

cyclin E/Cdk2 activity is essential for the degradation of cyclin E, then GST-∆34Xic1

eventually must be degraded prior to cyclin E degradation and increasing amounts of

GST-∆34Xic1 will further inhibit cyclin E/Cdk2 activity and delay cyclin E degradation.

Our data indicates that GST-∆34-Xic1 is, in fact, degraded prior to cyclin E (Figure 7)

and higher concentrations of GST-∆34Xic1 do prolong the delay in cyclin E degradation

(Figure 8).

The observed degradation of GST-∆34-Xic1 prior to cyclin E is supported by

studies in Xenopus egg extracts.  Cyclin E/Cdk2 binds Xic1 and loads Xic1 onto the

chromatin (Figure 9), promoting Xic1 degradation (Swanson et al., 2000; Chuang and

Yew, 2001; Furstenthal et al., 2001).  Xic1 binds cyclin E/Cdk2 in the cytosol and is

transported as a complex into the nucleus [(Swanson et al., 2000; Chuang and Yew,

2001; Furstenthal et al., 2001), Figure 9].  Once in the nucleus, the Xic-cyclin E/Cdk2

complex binds to Cdc6 and ORC and associates with the chromatin (Swanson et al.,

2000; Chuang and Yew, 2001; Fursenthal, 2001; Furstenthal et al., 2001).  This

association is essential for Xic1 ubiquitination and degradation (Chuang and Yew, 2001;

Furstenthal et al., 2001).  These data and our data together suggest that Xic1 binds cyclin

E/Cdk2 and is transported into the nucleus and the initiation of DNA synthesis is

inhibited.  On the chromatin at origins of replication, Xic1 is degraded, and DNA

synthesis is initiated (Figure 9).  Once Xic1 is degraded, cyclin E/Cdk2 initiates DNA

synthesis and its activity may eventually lead to the degradation of cyclin E (Figure 9, see

model in Appendix A).
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We suggest cyclin E/Cdk2 is regulated primarily by phosphorylation.  Together

with the mathematical model (Appendix A), our data suggests cyclin E/Cdk2 is linked to

Wee1 in a negative feedback loop, stabilizing Wee1 protein via Wee1 mRNA.  This

negative feedback loop explains the degradation of cyclin E at the MBT, and Wee1 at

gastrulation.  The oscillations in cyclin E/Cdk2 activity before the MBT, however, can

not be explained by the same negative feedback loop with Wee1.  In the absence of

zygotic transcription in the pre-MBT cell divisions, the removal of Wee1 mRNA is

terminal.  To explain the oscillations in cyclin E/Cdk2 activity before the MBT we

hypothesize cyclin E/Cdk2 inhibits an inhibitor of Wee1 and the mathematical model

(Appendix A) suggests that will lead to the observed oscillations in cyclin E/Cdk2

activity prior to the MBT.  In addition, our data suggests that cyclin E/Cdk2 activity

appears to play a role in the degradation of cyclin E at the MBT.
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Figure 9.  Xic1 binds to and inhibits cyclinE/Cdk2, which loads Xic1 on to the

chromatin for degradation.  Cyclin E/Cdk2 is negatively regulated when

phosphorylated by the kinase Wee1.   The phosphatase Cdc25A removes this inhibitory

phosphorylation and sends cyclin E/Cdk2 into the activated state.  When Xic1 is present

in egg extracts, it binds cyclin E/Cdk2 or cyclin E/Cdk2-P and is transported into the

nucleus as a complex (Swanson et al., 2000; Chuang and Yew, 2001; Furstenthal et al.,

2001).  Once in the nucleus, the complex associates with Cdc6-ORC and is bound to the

chromatin in complex with Cdt1 and MCMs, where cyclin E/Cdk2 recruits the ubiquitin-

ligase SCF, and Xic1 becomes ubiquitinated and degraded in the nucleus (Fursenthal,

2001; Furstenthal et al., 2001).  We hypothesize (question marks) that cyclin E/Cdk2

might move between the inactive and active states once bound to the chromatin.  In

addition, we hypothesize that cyclin E/Cdk2 actively recruits more cyclin E/Cdk2 to the

chromatin.  After Xic1 is degraded is somatic cells we hypothesize that the activity of

cyclin E/Cdk2 leads to DNA synthesis and the degradation of cyclin E (See Appendix A).

Our data suggest that cyclin E/Cdk2 is involved in a negative feedback loop with Wee1.

This model became the basis for the mathematical model developed by Andrea Ciliberto

and John Tyson (See Chapter 3).
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Chapter 4

XChk1 is linked to the timing of, and cell cycle

remodeling at the MBT.
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Introduction

During the cell divisions before the MBT, damaged or unreplicated DNA

(Hensey, 1997) does not induce a checkpoint, and the cell cycle proceeds (Anderson et

al., 1997; Hensey and Gautier, 1997).  After the MBT, on the other hand, damaged DNA

will prevent the activation of MPF, allowing cells to correct the damage and survive

(Anderson et al., 1997; Sible et al., 1998).  The negative cell cycle regulator Xenopus

Chk1 (XChk1) becomes activated in response to unreplicated DNA, and potentially to

damaged DNA (Kappas et al., 2000), and indirectly leads to the inactivation of MPF

[(Furnari et al., 1997; O'Connell et al., 1997), Figure 1].  During the rapid early cell

divisions of Xenopus embryos, activated Cdc25 (Izumi et al., 1992; Kumagai and

Dunphy, 1992; Izumi and Maller, 1993) is found in high concentrations and removes

phosphorylations on Thr-14 and Tyr-15 of MPF caused by Wee1 and Myt1 (Gautier et

al., 1991; Kumagai and Dunphy, 1991; Gabrielli et al., 1992; Mueller et al., 1995a;

Mueller et al., 1995b).  Cdc25C reaches its highest activity at about the same time active

MPF reaches its highest concentration during each cycle, and there is little tyrosine

phosphorylation during the early cell divisions (Ferrell et al., 1991; Hartley et al., 1996).

This suggests MPF is highly activated in response to Cdc25A and Cdc25C, and this

activation signal is stronger then the inactivation signal by Wee1 before the MBT,

causing the observed rapid cell divisions.

Although XChk1 and Wee1 are present in the cell before the MBT, checkpoints

and gap phases are not observed until five hours post-fertilization when the MBT begins

(Newport and Dasso, 1989; Mueller et al., 1995; Anderson et al., 1997; Hensey and

Gautier, 1997; Kumagai et al., 1998; Murakami and Woude, 1998; Nakajo et al., 1999).

In egg extracts and somatic cells, XChk1 activation in response to unreplicated DNA

leads to the inactivation of Cdc25C by phosphorylating it and allowing it to bind 14-3-3,

sequestering Cdc25C in the cytosol (Peng et al., 1997; Kumagai et al., 1998; Kumagi,

1999).  This leads to the inactivation of MPF and a cell cycle block at G2/M [(Izumi,

Walker et al., 1992; Kumagai and Dunphy, 1992; Izumi and Maller, 1993; Nakajo et al.,
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1999) Figure 1].  It is currently unclear whether XChk1 phosphorylates Cdc25A (Figure

1).   In cell cycle extracts, there is data to suggest XChk1 directly phosphorylates and

activates Wee1, but there is no evidence that this activation stabilizes Wee1 (O'Connell et

al., 1997; Lee et al., 2001).  Wee1 concentrations in the nucleus are seen to be highest

when MPF is inactive, and when Wee1 concentrations decrease in the nucleus as a result

of proteolysis, the cell enters mitosis, consistent with the role for Wee1 in the inactivation

of MPF [(Michael and Newport, 1998) Figure 1].  This suggests XChk1 becomes

activated in response to unreplicated DNA and then activates Wee1, leading to MPF

inactivation after the MBT.

We have previously demonstrated that in addition to inactivation of MPF, XChk1

inhibits cyclin E/Cdk2 activity indirectly.  Earlier (see Chapter 3), we demonstrated that

the specific inhibition of cyclin E/Cdk2 activity by the recombinant protein GST-

∆34Xic1 led to a delay in cyclin E degradation.  If the degradation of cyclin E is

dependent upon cyclin E/Cdk2 activity, then XChk1 should also block or delay cyclin E

degradation.  To study and to better understand the role of cyclin E/Cdk2 activity in the

degradation of cyclin E, and the role of XChk1 in cell cycle remodeling at, and the timing

of, the MBT, we microinjected one-cell staged Xenopus embryos with mRNA encoding

XChk1 or luciferase as control.  Embryos were collected at various time points that span

the MBT for Western and Northern blot analysis.

XChk1 microinjected embryos were arrested at the two cell stage (Kappas et al.,

2000).  This indicates that exogenous XChk1 arrests cell divisions, and leads to a

checkpoint before the MBT (Kappas et al., 2000).  Because XChk1 microinjected

embryos do not divide beyond the eight-cell stage, this indicates that the XChk1

checkpoint pathway is functional downstream of XChk1 in the pre-MBT cell divisions of

the embryo.
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Results

XChk1 alters the timing of the MBT.  Microinjections of one-cell stage embryos with

mRNA encoding XChk1 led to cell cycle arrest and tyrosine phosphorylation of Cdc2

and Cdk2 in embryos (Kappas et al., 2000).   The embryos stop dividing at the two-to

eight-cell stage (Figure 10 A), suggesting that the XChk1 checkpoint pathway is

functional in the cell divisions before the MBT.  Firefly luciferase mRNA acts as a good

control element in the frog since it is not normally expressed by Xenopus and exerts no

observable effect on development (Figure 10 A).  To determine if the XChk1 and

luciferase mRNAs are translated, one-cell stage embryos were microinjected with 15 ng

mRNA encoding FLAG-tagged XChk1 or FLAG-tagged luciferase.  The embryos were

collected at times that span the MBT for Western blot analysis.  Western blot analysis of

the embryos with an anti-FLAG antibody demonstrated that the FLAG-tagged luciferase

protein is present for up to 15 hours post-fertilization, and FLAG-tagged XChk1 protein

is present up to 11-15 hours post-fertilization (Figure 10 B).

The degradation of cyclin E occurs at seven hours post-fertilization, independent

of nuclear-to-cytoplasmic ratio, cell number, and protein synthesis (Howe and Newport,

1996).  This consistent degradation of cyclin E at the MBT is linked to a developmental

timer (Howe et al., 1995; Howe and Newport, 1996), and is linked to cyclin E/Cdk2

activity (Hartley et al., 1997).  The recombinant protein GST-∆34-Xic1 specifically

inhibits cyclin E/Cdk2 activity (Hartley et al., 1997) and delays degradation of cyclin E

(see Chapter 3). We have also previously demonstrated that exogenous XChk1 inhibits

cyclin E/Cdk2 activity (Kappas et al., 2000).  Microinjections with mRNA encoding

XChk1 were conducted as above.  The Western blot analysis demonstrated that XChk1

delays the degradation of cyclin E (Figure 11 A) in Xenopus embryos.  In addition,

exogenous
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Figure 10.  Expression of exogenous XChk1 disrupts pre-MBT cell cycles.  Embryos

were microinjected at the one-cell stage with 15 ng mRNA encoding FLAG-tagged

luciferase or FLAG-tagged XChk1.  (A) Embryos were photographed when the controls

reached Stage 10 (~10 hours post fertilization).  In multiple experiments, the control

embryos appeared normal, and the XChk1 embryos stopped dividing at the 2-4 cell stage.

(B) Western blots were performed with antibodies against FLAG in lysates from embryos

collected at the time indicated. Migration of molecular weight markers (in KDa) is

indicated.

55



4      5     7     9    15       4    5    7     9   15

Figure 10
Luc mRNA XChk1 mRNAA

Luciferase mRNA

Hours pf:

MBT
XChk1 mRNA

68.8
52.5
40

FLAG

B

5 hours post-fertilization

(MBT)

56

Nonspecific band



XChk1 led to elevated levels of cyclins A1 and B (Figure 11 A), consistent with cell

cycle arrest in mitosis when those cyclins accumulate.  Since the disappearance of cyclin

E at the MBT and the disappearance of cyclin A1 at gastrulation are delayed in embryos

expressing XChk1 (Figure 10), these data demonstrate that like Xic1, the inhibition of

Cdk2 by exogenous XChk1 alters the maternal cyclin E/Cdk2 developmental timer.

The timing of the MBT is not only defined by cyclin E degradation but also by

cell number, zygotic transcription, nuclear-to-cytoplasmic ratio, and a gain in cell

motility.  Since both the proper cell number is not reached and degradation of cyclin E is

delayed in embryos expressing exogenous XChk1, this suggested the timing of the MBT

is altered in embryos microinjected with XChk1.  To confirm this, we monitored the

initiation of zygotic transcription in control embryos and embryos expressing exogenous

XChk1.  The gene GS17 is transcribed after the MBT (Krieg and Melton, 1987) at 7

hours post-fertilization (Figure 12 A).  Embryos were microinjected at the one-cell stage

with mRNA encoding luciferase or XChk1 and collected for Northern blot analysis at the

indicated times (Figure 12 B).  We demonstrated that zygotic transcription is inhibited

past 13-15 hours post-fertilization.  These data indicates that exogenous XChk1 not only

inhibits cyclin E degradation and stops cell division before the MBT, preventing the

embryo from reaching the number of cells required for the MBT, but it also inhibits the

initiation of zygotic transcription.  Collectively, these data indicates exogenous XChk1

alters the both nuclear-to-cytoplasmic dependent-(zygotic transcription) and independent-

(cyclin E degradation) events that characterize the timing of the MBT.
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Figure 11.  Expression of exogenous XChk1 delays the degradation of cyclins E and

A and elevates level of cyclin B.  Western blots were performed with antibodies against

cyclins A, B, and E on lysates from embryos microinjected with 15 ng of control or

XChk1 mRNA collected at the times indicated.  Cyclin E and A persist, and levels of

cyclins B and A are elevated in embryos expressing exogenous XChk1 (performed by

Nicholas Kappas).
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Figure 12.  Expression of exogenous XChk1 blocks the onset of zygotic

transcription .  Total RNA was isolated from embryos collected at the indicated times.

Northern blots were performed with a radiolabeled DNA probe against GS17, a gene

transcribed at the MBT (Krieg and Melton, 1987).  (A) Untreated embryos were

collected, and the steady state level of GS17 mRNA was determined.  (B) Embryos

microinjected with luciferase or XChk1 mRNA were collected and the level of GS17

mRNA was determined.
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Expression of exogenous XChk1 leads to an increase in the level of Wee1 and decrease

in the level of Cdc25A.  Both XChk1 and GST-∆34-Xic1 inhibit cyclin E/Cdk2 activity

(Su et al., 1995; Hartley et al., 1997).  Wee1 is also normally degraded at gastrulation

(Mueller et al., 1995), but specific inhibition of cyclin E/Cdk2 by GST-∆34-Xic1 leads to

a decrease in the level of Wee1, suggesting a role for cyclin E/Cdk2 activity in the

stabilization of Wee1 (Chapter 3, Figure 5 B).  In a positive feedback loop, MPF activates

itself by inactivating its inhibitor Wee1 (Mueller et al., 1995), and activating its positive

regulator Cdc25 (Hoffman et al., 1993).  We hypothesized that the inhibition of MPF by

XChk1 will interfere with this positive feedback loop, altering Wee1 and Cdc25 protein

levels.  Furthermore, MPF is known to inhibit Wee1 and based on Chapter 3, we

demonstrated cyclin E/Cdk2 stabilizes Wee1.  Therefore, the effect of cyclin E/Cdk2 and

cyclin B/Cdc2 inhibition by XChk1 is unknown.

To determine the effect of exogenous XChk1 on Wee1 level, embryos

microinjected at the one-cell stage with mRNA encoding XChk1 or luciferase.  In those

XChk1-expressing embryos collected for Western analysis and probed with an anti-Wee1

antibody, the level of Wee1 appeared stable until 5 - 5.5 hours post-fertilization, when the

level of Wee1 drastically increased (Figure 13 A).   In addition, the positive regulator of

MPF, Cdc25A, is present at a constant level until the MBT in embryos injected with

mRNA encoding luciferase but exogenous XChk1 leads to lower a level of Cdc25A

(Figure 13 B).  XChk1 has no observable effect on the level of Cdc25C (Figure13 B).

We hypothesize that MPF targets Wee1 for degradation and stabilizes Cdc25.  If this is

true, then our data may indicate that the increase in the level of Wee1 and the decrease in

Cdc25A is due to the disruption of the MPF positive feedback loop (Figure 1).  This

increase may also be due, in part, to a direct interaction between exogenous XChk1 and

Weel, or to a stabilization in Wee1 mRNA and increase in protein translation.
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Figure 13.  Expression of exogenous XChk1 induces an increase in level of Wee1

five hours post-fertilization.  Embryos were injected at the one-cell stage with 15 ng of

control mRNA or XChk1 mRNA.  Western blotting was performed with antibodies

against (A) Wee1, (B) Cdc25 A, and Cdc25 C.  The migration of molecular weight

markers is shown in KDa.  
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XChk1 does not alter the level of Wee1 mRNA in Xenopus embryos.  The specific

inhibition of cyclin E/Cdk2 GST-∆34-Xic1 leads to a decrease in the level of Wee1, but

the inhibition of cyclin E/Cdk2 and cyclin B/Cdc2 by XChk1 leads to an increase in the

level of Wee1.  We hypothesized that XChk1 was leading to this increase in Wee1 by

altering the level of Wee1 mRNA.  To determine the effect of exogenous XChk1 on

Wee1 mRNA, we collected a time course of normal Xenopus embryos.  We used a wee1

gene provided to us by Monika Murikami (see Chapter 2) as template for our

radiolabeled DNA probe.  We determined the steady state level of Wee1 mRNA by

Northern analysis of total RNA extracted from embryos collected at the times indicated.

Similar to the degradation of Wee1 protein , Wee1 mRNA in normal embryos is

degraded at gastrulation, or approximately 11 hours post-fertilization (Figure 14 A).

Embryos microinjected with luciferase mRNA, as a control, or XChk1 mRNA

were collected in a similar fashion for Northern blot analysis.  We determined that the

level of Wee1 mRNA is not altered in injected embryos expressing XChk1 (Figure 14 B).

Therefore, the stabilization of Wee1 protein is not due to a stabilization of Wee1 mRNA

by exogenous XChk1.
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Figure 14.  Overexpression of XChk1 does not alter the timing of Wee1 mRNA

degradation.  (A) Northern analysis of Wee1 mRNA level in untreated embryos

demonstrates Wee1 mRNA is degraded at gastrulation.  (B) The steady state level of

Wee1 mRNA is not affected by overexpression of XChk1.
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Discussion

In previous experiments, it was shown the negative cell cycle regulator XChk1

inhibited cyclin E/Cdk2 activity [(Kappas et al., 2000), Figure 11] and cyclin E

degradation (Figure 11).  This suggested a delay in cyclin E degradation is linked to the

inhibition of cyclin E/Cdk2.   In addition, our data suggests that a negative feedback loop

exists between cyclin E/Cdk2 and Wee1 (Figure 4 B).  We inhibited cyclin E/Cdk2 with

XChk1 to further link cyclin E/Cdk2 activity in cyclin E degradation and in a negative

feedback loop with Wee1.

In the presence of unreplicated (Kumagai et al., 1998; Kappas et al., 2000), and

perhaps damaged (Kappas et al., 2000) DNA, XChk1 becomes activated.  Recently,

XChk1 has been shown to phosphorylate Wee1 in egg extracts (Lee et al., 2001).

Phosphorylation of Wee1 by XChk1 causes Wee1 to bind to 14-3-3 proteins and become

localized in the nucleus where Wee1 can readily phosphorylate MPF (Lee et al., 2001).

The phosphorylation of Wee1 by XChk1 thus leads the cell into a checkpoint at G2/M by

activating Wee1, and thus indirectly inactivating MPF.  To further inactivate MPF and

prevent the initiation of mitosis, XChk1 phosphorylates the MPF phosphatase Cdc25 C,

allowing it to bind to 14-3-3 in cytosol and prevent it from functioning in the nucleus

(Izumi et al., 1992; Kumagai and Dunphy, 1992; Izumi and Maller, 1993; Nakajo et al.,

1999).

Our studies indicate it is possible to force a checkpoint in these early embryonic

cells.  Microinjections of XChk1 mRNA into one-cell staged embryos causes the embryo

to stop dividing at the two to four-cell stage (Figure 10 A).  Inhibition of Cdc25C

function and activation of Wee1 explains the cell cycle arrest observed before the MBT

in XChk1-microinjected embryos.  This suggests that in the early cell divisions of the

embryo, the XChk1 checkpoint pathway is functional downstream of XChk1.  It was also

shown that exogenous XChk1 inhibits cyclin E/Cdk2 activity and delayed the

degradation of cyclin E at the MBT (Figure 11 A).  Inhibition of cyclin E/Cdk2 activity
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by both GST-∆34-Xic1 and XChk1 demonstrated that cyclin E/Cdk2 activity at least

partially regulates the developmental timer.

In embryos microinjected with GST-∆34-Xic1, we showed that the level of Wee1

protein is decreased.  This decrease in Wee1 was linked to a negative feedback where

cyclin E/Cdk2 activity inhibits Wee1 mRNA degradation.  However, when previously

described, the phosphorylation of Wee1 by XChk1 did not alter the level of Wee1 protein

in egg extracts (Lee et al., 2001).  We observed that exogenous XChk1 leads to a

dramatic increase in Wee1 protein level at the timing of the MBT (Figure 12 A).

Although Wee1 protein is potentially stabilized by cyclin E/Cdk2 activity and

XChk1 inhibits its activity, XChk1 inhibits MPF as well.  We hypothesized that the

inhibition of MPF by XChk1 leads to a stabilization of Wee1 mRNA, or an increase in

translation or a stabilization of Wee1 protein.  Perhaps MPF activity leads to the

degradation of Wee1, and XChk1 inhibits this, consistent with Michael and Newport's

observation that Wee1 is degraded each cell cycle just before mitosis, but not degraded

when DNA replication is blocked (Michael and Newport, 1998).

Wee1 mRNA is degraded similarly to the protein at gastrulation, 11 hours post-

fertilization (Figure 14 A), and in embryos microinjected with XChk1 mRNA, the level

of Wee1 mRNA is not altered (Figure 14 B).  This suggests that the Wee1 increase in

XChk1 injected embryos is due to an increase in translation or a stabilization of Wee1

protein.  We did not, however, look at the effects exogenous XChk1 has on the

stabilization or translation of Wee1 protein.  To test if the Wee1 increase was due to a

stabilization in Wee1, radiolabeled Wee1 protein could be used to determine the fate of

Wee1 in embryos expressing exogenous XChk1.  In normal embryos, Wee1 is degraded

at gastrulation and radiolabeled Wee1 should also be degraded at this time point in

embryos.  Co-injected with luciferase mRNA or XChk1 mRNA, radiolabeled Wee1

protein can be monitored in embryos.  The Wee1 in the control embryos should degrade

normally at gastrulation.  In the XChk1 injected embryos, Wee1 protein will either

degrade normally or will remain in embryos if Wee1 is stabilized by exogenous XChk1.

Wee1 translation may increase in XChk1 mRNA injected embryos as
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well, leading to the observed increase.  During protein translation, ribosomes will be

bound to Wee1 mRNA and the amount of ribosomes bound to Wee1 mRNA will increase

as the amount of Wee1 translation increases.  By isolating the ribosome and mRNA

complexes , or polysomes, in the embryo, we can determine if the translation of Wee1 is

higher in XChk1 injected embryos by probing the polysomes for Wee1 mRNA.

XChk1 is an inhibitor of MPF, and our data indicates that XChk1 inhibits cyclin

E/Cdk2 as well.  If Cdc2 were specifically inhibited using antisense technology (Weeks

et al., 1991) or morpholinos (Audic et al. 2001), Wee1 protein level could then be

monitored.  If the specific inhibition of Cdc2 leads to an increase in Wee1 protein level,

then we can further demonstrate that XChk1 may lead to a Wee1 increase via the

inhibition of Cdc2.

Our data indicate that in embryos, exogenous XChk1 mRNA causes cells to stop

dividing in the otherwise rapid early embryonic cell divisions, the protein Wee1

dramatically increases at the time of the MBT, cyclin E protein degradation is delayed

and zygotic transcription is delayed.  This delay in degradation of cyclin E and zygotic

transcription suggests XChk1 is able to alter the timing of the cyclin E/Cdk2

developmental timer, thus altering the onset of the MBT.  These data supports the idea

that the developmental timer is autonomously regulated by cyclin E/Cdk2 activity.

Indeed, XChk1 does alter the timing of the MBT.  Exogenous XChk1 leads to a

halt in cell divisions, preventing the proper number of cells normally used to mark the

MBT.  In addition, exogenous XChk1 prevents the initiation of zygotic transcription, as

seen by the lack of transcription of GS17 in embryos microinjected with XChk1 mRNA

(Figure 13).  These data demonstrates that GST-∆34-Xic1 and XChk1 can perturb to the

timing of, and cell cycle remodeling, at the MBT.
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Chapter 5

Conclusions
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The experiments described in the previous chapters were performed coincident

with the formulation, by Andrea Ciliberto and John Tyson, of a mathematical model

predicting the regulation of cyclin E/Cdk2 in Xenopus embryos.  The initial predictions

made from a mathematical model attempted to explain the oscillations in cyclin E/Cdk2

activity before the MBT and the degradation of cyclin E at the MBT.  As experimental

data were generated that did not support the model, changes were made in the

mathematical model.  The predictions made in the altered model were then further tested

experimentally.  The final predictions and data included the existence of a negative

feedback loop between cyclin E/Cdk2 and Wee1, and evidence to support the role of

cyclin E/Cdk2 in the degradation of cyclin E (Appendix A).

In the cell divisions before the MBT, two peaks in cyclin E/Cdk2 activity have

been observed (Hartley et al., 1997).  The causes in the oscillations of cyclin E/Cdk2

activity have not been determined.  Wee1 negatively regulates cyclin E/Cdk2 via

phosphorylation, and it was hypothesized in the mathematical model that cyclin E/Cdk2

activates Wee1 in a negative feedback loop that creates the observed oscillations in cyclin

E/Cdk2 activity.  To determine the existence of a negative feedback loop, GST-∆34Xic1

was microinjected into Xenopus embryos to specifically inhibit cyclin E/Cdk2 (Figures 4

A and B).  The specific inhibition of cyclin E/Cdk2 resulted in a low level of Wee1

protein and mRNA, and delayed the degradation of cyclin E (Figure 4 B).  Our data

suggested cyclin E/Cdk2 promotes the stabilization of Wee1 in a negative feedback loop

(Figure 15) and is linked to cyclin E degradation.  Northern analysis of Wee1 mRNA has

demonstrated that GST-∆34Xic1 leads to a low level of Wee1 mRNA (Figure 5 B).  This

suggests cyclin E/Cdk2 promotes Wee1 synthesis by stabilizing Wee1 mRNA and this

stabilization accounts for the degradation of cyclin E at the MBT and Wee1 at

gastrulation.  But in the absence of zygotic transcription in the pre-MBT cell divisions,

the removal of Wee1 mRNA is terminal.  To explain the oscillations in cyclin E/Cdk2

activity before the MBT we hypothesize cyclin E/Cdk2 inhibits an inhibitor of Wee1 and

the mathematical model (Appendix A) suggests this will lead to the observed oscillations

in cyclin E/Cdk2 activity prior to the MBT.
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The mathematical model had also suggested that as cyclin E/Cdk2 activity is

inhibited, degradation of cyclin E will be delayed.  The model however did not explain

the eventual degradation of cyclin E in GST-∆34Xic1 injected embryos.  The degradation

of cyclin E is associated with a developmental timer at the MBT (Howe et al., 1995;

Howe and Newport, 1996; Hartley et al., 1997), and since cyclin E is degraded with onset

of zygotic transcription, we inhibited transcription with α-amanitin.  Our data is

consistent with Hartley et al. (1997), where cyclin E degradation is independent of

transcription (Figure 6).  This further linked cyclin E/Cdk2 to the degradation of cyclin E.

To investigate a role for cyclin E/Cdk2 in cyclin E degradation, we injected varied doses

of GST-∆34Xic1, extending the delay in cyclin E degradation with increased GST-

∆34Xic1 concentrations (Figure 7).  Together, our data indicate that cyclin E/Cdk2

activity is associated with cyclin E degradation, regulation of the developmental timer

and stabilization of Wee1.

To further link cyclin E/Cdk2 to a negative feedback loop with Wee1 and cyclin E

degradation, we inhibited cyclin E/Cdk2 with XChk1.   Exogenous XChk1 prevents the

initiation of the MBT by preventing the embryo from dividing beyond approximately the

four-cell stage (Figure 8), delaying cyclin E degradation (Figure 10) and preventing

zygotic transcription (Figure 12 B).  Exogenous XChk1 inhibits cyclin B/Cdc2 and cyclin

E/Cdk2, and we observed an increase in Wee1 protein at the timing of the MBT (Figure

11) but no effect on Wee1 mRNA (Figure 13).    These data support a role for cyclin

E/Cdk2 in the degradation of cyclin E and the idea that XChk1 can perturb the timing of,

and cell cycle remodeling at, the MBT.  Although XChk1 inhibits cyclin E/Cdk2 activity

as well, Wee1 protein level is increased.  This increase is perhaps due to the inhibition of

cyclin B/Cdc2, which may lead to Wee1 degradation in a positive feedback loop (Figure

15).  It is unclear how inhibition of cyclin B/Cdc2 by XChk1 leads to the observed

increase in Wee1 protein at the timing of the MBT.

GST-∆34Xic1 inhibits cyclin E/Cdk2 (Su et al., 1995; Shou and Dunphy, 1996;

Hartley et al., 1997), and XChk1 inhibits cyclin E/Cdk2 and cyclin B/Cdc2 (Kappas et

al., 2000).  Our data indicates cyclin E/Cdk2 inhibition leads to a delay in cyclin E
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degradation and a low level of Wee1 via mRNA.  It appears cyclin E/Cdk2 and cyclin

B/Cdc2 inhibition delays cyclin E degradation and leads to an increase in Wee1 protein

level.  These data suggests cyclin E/Cdk2 autonomously regulates the developmental

timer and is linked to a negative feedback loop with Wee1, and cyclin B/Cdc2 is linked to

the degradation of Wee1 and cell cycle remodeling at the MBT.
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Figure 15.  A proposed model for the role of Xic1 and XChk1 in altering the cyclin

E/Cdk2 developmental timer.  The inhibition of cyclin E/Cdk2 activity by Xic1 and

XChk1 delays cyclin E degradation.  Xic1 specifically inhibits cyclin E/Cdk2, preventing

the stabilization of Wee1.  XChk1 inhibits both cyclin E/Cdk2 and cyclin B/Cdc2

activity, leading to an increase in the level of Wee1 protein.
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ABSTRACT

Early cell cycles of Xenopus laevis embryos are characterized by rapid oscillations in the activity

of two cyclin-dependent kinases. Cdk1 activity peaks at mitosis, driven by periodic degradation

of cyclins A1 and B. In contrast, Cdk2 activity oscillates twice per cell cycle, despite constant

levels of its partner, cyclin E. Cyclin E degrades at a fixed time after fertilization, normally

corresponding to the midblastula transition. Based on published data and new experiments, we

assumed that (1) oscillations in Cdk2 activity depend upon changes in phosphorylation, (2) Cdk2

participates in a negative feedback loop with the inhibitory kinase Wee1, (3) cyclin E binds

cooperatively to chromatin, and (4) chromatin-bound cyclin E is degraded by a pathway

activated by cyclin E/Cdk2 itself. A mathematical model of these interactions was constructed

and compared with relevant data. The model made predictions about Xic1-injected embryosÑ(1)

an inverse relationship between Xic1 concentration and timing of cyclin E degradation and (2)

degradation of Xic1 prior to degradation of cyclin EÑthat were validated experimentally.

Therefore, we propose cyclin E/Cdk2 activity patterns during early development are generated

by two feedback loops: negative feedback creating oscillations, and positive feedback causing

irreversible cyclin E binding and degradation on chromosomes.
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INTRODUCTION

      The chromosome replication-division cycle of cell-free extracts derived from Xenopus laevis

eggs is well characterized by rigorous experimentation (Murray and Kirschner, 1989; Solomon et

al., 1990; Gautier et al., 1991; Kumagai and Dunphy, 1991; Devault et al., 1992; Kumagai and

Dunphy, 1992; Smythe and Newport, 1992; Solomon et al., 1992; Izumi and Maller, 1993;

Mueller et al., 1995a; Mueller et al., 1995b; Lorca et al., 1998) and mathematical modeling

(Novak and Tyson, 1993; Novak and Tyson, 1995; Borisuk and Tyson, 1998; Marlovits et al.,

1998). In the egg extract system, the chromosome cycle is driven by oscillations in the activity of

M-phase promoting factor (MPF), a dimer of a catalytic subunit, Cdk1, and a regulatory subunit,

cyclin A1 or B (Murray and Kirschner, 1989). Oscillations in MPF activity depend upon a

negative feedback loop in which active MPF promotes degradation of mitotic cyclins (Lorca et

al., 1998). MPF activity is also modulated by inhibitory phosphorylation on threonine 14 and

tyrosine 15. These sites are phosphorylated by Wee1 and Mik1 (Mueller et al., 1995a; Mueller et

al., 1995b), and dephosphorylated by Cdc25 (Gautier et al., 1991; Kumagai and Dunphy, 1991).

The autocatalytic nature of MPF activation (Masui and Markert, 1971; Gerhart et al., 1984; Cyert

and Kirschner, 1988) depends upon positive feedback loops, whereby MPF activates Cdc25

(Izumi and Maller, 1993; Kumagai and Dunphy, 1997) and inhibits Wee1 (Mueller et al., 1995a;

1995b).

     Cell cycle controls in intact, developing Xenopus embryos present additional experimental

and theoretical challenges. After fertilization, nuclear fusion and the first mitotic division,

embryonic cell cycles 2-12 are rapid, synchronous oscillations between DNA replication and

mitosis, lacking intervening gap phases, cell growth, and cell cycle checkpoints. After the twelfth

division, the Xenopus embryo undergoes the midblastula transition (MBT) when cells become

motile, embryonic transcription begins, and the cell cycle acquires the gap phases and

checkpoints of a typical somatic cell (Newport and Kirschner, 1982a; 1982b).

     The mechanisms of Òcell cycle remodelingÓ (Frederick and Andrews, 1994)  are not fully

understood, but recent evidence suggests that remodeling depends in part on a maternal

developmental timer driven by oscillations in the activity of cyclin E/Cdk2 (Hartley et al., 1997).

During cleavage cycles 2-12 in the frog, cyclin E level is constant, while cyclin E-associated
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kinase activity (cyclin E/Cdk2) oscillates twice per cell cycle (Hartley et al., 1996; Hartley et al.,

1997). Cyclin E/Cdk2 activity promotes DNA replication (Strausfeld et al., 1994; Jackson et al.,

1995) and is essential for centrosome duplication (Hinchcliffe et al., 1999; Lacey et al., 1999). At

the MBT, maternally supplied cyclin E is degraded (Rempel et al., 1995; Hartley et al., 1996;

Howe and Newport, 1996; Hartley et al., 1997), and Cdk2 activity declines (Hartley et al., 1997),

coincident with remodeling of the cell cycle. Maternal cyclin E mRNA disappears some hours

later (Howe and Newport, 1996).

     Injection of embryos with ∆34Xic1, (a recombinant, truncated form of the CKI, Xic1),

specifically inhibits cyclin E/Cdk2, causes a 25% increase in interdivision time, and delays the

MBT (zygotic transcription) and the degradation of cyclin E until approximately the correct

nucleocytoplasmic ratio (Hartley et al., 1997). This observation suggests that cyclin E

degradation is causally related to the MBT.  However, the two events can be dissociated.

Cycloheximide treatment (which inhibits protein synthesis) blocks cell division and the MBT,

but does not prevent cyclin E degradation. Nor does α-amanitin treatment (which blocks zygotic

transcription at the MBT) prevent cyclin E degradation (Hartley et al., 1997).  Furthermore,

oscillations in cyclin E/Cdk2 also occur independently of protein synthesis, the

nucleocytoplasmic ratio, and embryonic transcription (Howe and Newport, 1996; Hartley et al.,

1997).

     We have combined experimental and computational approaches to build a model of the cyclin

E/Cdk2 developmental timer that describes both the oscillations in Cdk2 activity and the abrupt

destruction of cyclin E at the MBT. The model was constructed along the same lines as the

Novak-Tyson model of MPF oscillations in frog egg extracts (Novak and Tyson, 1993), taking

into account the similarities and differences between cyclin B/Cdk1 regulation and cyclin

E/Cdk2 regulation. For both Cdk1 and Cdk2, there are no abundant Cdk-inhibitors expressed

during this time (Shou and Dunphy, 1996); hence, oscillations are due either to periodic

synthesis and degradation of cyclin partners or periodic phosphorylation and dephosphorylation

of kinase subunits (or both). Pre-MBT oscillations of Cdk1 activity are driven by periodic cyclin

B degradation (Murray and Kirschner, 1989); however, pre-MBT oscillations of Cdk2 activity

are not (Hartley et al., 1997). Although early reports indicated no periodic tyrosine

phosphorylation of either Cdk1 or Cdk2 until the MBT (Ferrell et al., 1991; Hartley et al., 1996),
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subsequent studies with a sensitive antibody have detected periodic tyrosine phosphorylation of a

Cdk in pre-MBT Xenopus embryos (Kim et al., 1999). Furthermore, Cdk2 activity is regulated in

cell-free egg extracts by such phosphorylation events (D'Angiolella et al., 2001). Therefore, if

oscillations in Cdk2 activity are generated by a negative feedback loop (as for Cdk1), the

inhibitory phosphorylation state of Cdk2 (rather than cyclin level) is the likely position of the

negative feedback.

     A second important distinction between the regulation of Cdk1 and Cdk2 activity is the rapid

destruction of cyclin E at the MBT. Because the only manipulation known to delay the

degradation of cyclin E is to inhibit Cdk2 activity directly (Hartley et al., 1997), we propose that

degradation of cyclin E is intrinsically dependent on Cdk2 activity. Furthermore, we propose that

cyclin E degradation is turned on by a chromosome-bound form of cyclin E/Cdk2.
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MATERIALS AND METHODS

Maintenance and Manipulation of Embryos

Eggs from wild type Xenopus laevis (Xenopus Express) were fertilized in vitro, dejellied in 2%

cysteine in 0.1X MMR (0.5 mM HEPES, pH 7.8, 10 mM NaCl, 0.2 mM KCl, 0.1 mM MgSO4,

0.2 mM CaCl2, 0.01 mM EDTA) and maintained in 0.1X MMR. Embryos were collected at

stages spanning the midblastula transition (MBT) and staged according to Nieuwkoop and Faber

(1975). In some experiments, fertilized eggs were injected with indicated amounts of GST-

tagged Xic1-C or GST-tagged ∆34Xic1 protein dissolved in Xic1 buffer (20 mM HEPES, pH

7.5, 88 mM NaCl, 20 mM β-mercaptoethanol, 7.5 mM MgCl2, 5% glycerol) at a concentration of

0.08 Ð 0.33 mg/ml. As described by Su et al. (1995), Xic1-C contains amino acids 97-210 and

∆34Xic1 contains amino acids 25-210 of the Xic1 protein. The Xic1 proteins were gifts of James

Maller (Howard Hughes Medical Institute, University of Colorado Health Sciences Center).

Microinjected embryos were maintained in 5% Ficoll in 0.1X MMR, and snap-frozen at

indicated time points. Some embryos were also injected with 50 ng α-amanitin dissolved in H2O.

In some experiments, fertilized eggs were injected with buffer or 15 ng mRNA encoding

luciferase or XChk1 (transcribed in vitro using the mMessage mMachine kit from Ambion), as

described in Kappas et al. (2000).

Immunoblotting

Embryos were collected at the indicated times, snap-frozen on dry ice, and homogenized in EB

buffer (20-30 mM HEPES, pH 7.5, 15 mM MgCl2, 20 mM EGTA, 1 mM dithiothreitol, 1 mM

sodium vanadate, 1 mM microcystin, 1 mM PMSF, and 3 µg/ml each leupeptin, pepstatin and

chymostatin, with or without 80 mM β-glycerophosphate and 50 mM sodium fluoride). Embryo

lysates were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and hybridized

with antibodies, as described previously (Sible et al., 1997; Kappas et al., 2000). The cyclin E

antibody was purified from serum provided by Rebecca Hartley (University of Iowa). The Wee1

antibodies and Xic1 antibodies were generously provided by Monica Murakami (National

Cancer Institute, NIH) and James Maller (Howard Hughes Medical Institute, University of

Colorado Health Sciences Center), respectively. To visualize immunoreactive proteins, a

98



horseradish peroxidase-conjugated secondary antibody was hybridized, and chemiluminescence

from the secondary antibody was detected with the ECL Plus (Amersham) or West Pico (Pierce)

kits.

Northern analysis of Wee1 Expression

Northern analysis of Wee1 mRNA expression during Xenopus development was performed

essentially as described previously (Sible et al., 1997). Total RNA was isolated from embryos

using TriReagent (Molecular Research Center). Ten micrograms of each RNA was resolved by

denaturing gel electrophoresis, transferred to a 0.2µm Nytran membrane with a TurboBlotter

apparatus (Schleicher and Schuell), and then cross-linked to the membrane with a Stratagene UV

cross-linker. Wee1 cDNA, isolated from a plasmid provided by Dr. Monica Murakami (National

Cancer Institute, NIH), was used as template to generate 32P-labeled probe in a random priming

reaction (Roche) containing [α-32P]dCTP (Amersham). The probe was hybridized with the RNA

blot in QuickHyb solution (Stratagene). After washing, the blot was exposed to Kodak BioMax

film.

Immunoprecipitation and kinase assays of cyclin /Cdk complexes

Embryos injected at the one-cell stage with 5 ng Xic-C or ∆34Xic1 were collected at the time

indicated, and antibodies against cyclin B or cyclin E were used to immunoprecipitate cyclin

B/Cdk1 or cyclin E/Cdk2 complexes, respectively, as described in Kappas et al. (2000). Cyclin

antibodies were provided by Dr James L. Maller (Howard Hughes Institute, University of

Colorado Health Sciences Center).

Mathematical modeling and computational simulation

Mathematical models of hypothetical molecular mechanisms for regulation of cyclin E/Cdk2

activity were constructed by translating a mechanism into a set of ordinary differential equations

(ODEs) by standard principles of biochemical kinetics (Tyson et al., 1996). The ODEs were then

provided as input to XPP-AUT, a simulation and analysis software system, freely downloadable

from http://www.math.pitt.edu/~bard/xpp/xpp.html. XPP runs on the Unix operating system.

99



Parameter values were chosen by trial-and-error, to fit the basic phenomenological properties of

the control system (rapid fluctuations in cyclin E/Cdk2 activity followed by abrupt degradation

of cyclin E).
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RESULTS

     Based on the experimental evidence summarized in the INTRODUCTION (Òphase oneÓ), a

preliminary model of the cyclin E/Cdk2 control system is first presented (Figure 1). The model is

sufficient to guide a new round of experiments, but not sufficiently well defined to build a

mathematical model. After phase-two experiments are described, a fully specified model is

presented, with simulations demonstrating that the model is consistent with phase-one and phase-

two data. The model makes clear predictions that are tested in phase-three experiments.

Preliminary model

     Pathways by which cyclin E/Cdk2 activity might be controlled in the early embryo are

sketched in Figure 1. A maternal store of cyclin E combines with free Cdk2 monomers to form

active cyclin E/Cdk2 dimers. These dimers can be inactivated by phosphorylation of tyrosine and

threonine residues of Cdk2 by Wee1, a reaction that is reversed by the phosphatase Cdc25. It is

predicted that cyclin E/Cdk2 somehow activates Wee1 or inhibits Cdc25, creating a negative

feedback loop with the capacity to oscillate autonomously under the right conditions. We

propose to associate oscillations in Cdk2 phosphorylation state with the rapid, twice-per-mitotic-

cycle fluctuations in Cdk2 activity observed before the MBT (Hartley et al., 1997).

     To model the abrupt degradation of cyclin E at approximately 7 h post fertilization (pf), it is

proposed that cyclin E/Cdk2 is removed from the oscillatory subsystem in a cooperative fashion

through a positive feedback loop. Subsequently, the removed-form of cyclin E is degraded,

probably by the SCF/proteasome pathway. ÒRemovedÓ cyclin E/Cdk2 could correspond to a

change in phosphorylation state, localization, or some other property of cyclin E. Qualitatively, it

is predicted that, during the first 7 h of embryonic development, most cyclin E will cycle

between active (unphosphorylated) and inactive (Cdk2-phosphorylated) forms. During these

oscillations, an increasing fraction of cyclin E/Cdk2 dimers is removed from the oscillating

forms, eventually stimulating a rapid, cooperative (autocatalytic) removal of cyclin E/Cdk2,

which quenches the oscillation.



Phase-two experiments: refinement of the model

Inhibition of cyclin E/Cdk2 in early Xenopus embryos results in a loss of Wee1 protein. To

explore possible mechanisms for the oscillatory behavior of Cdk2 activity in pre-MBT embryos,

we looked for experimental evidence of a negative feedback loop between cyclin E/Cdk2 and the

enzymes that regulate Cdk phosphorylation. Prior to the first cleavage, embryos were

microinjected with 5 ng Xic1-C or ∆34Xic1. (Xic1-C lacks the first 96 amino acids and does not

bind Cdks (Su et al., 1995); therefore, it serves as a negative control. Five ng ∆34Xic1

specifically inhibits cyclin E/Cdk2 in Xenopus embryos (Su et al., 1995; Hartley et al., 1997).)

Embryos were collected at the times indicated, and immunoblotting of cyclin E and the

inhibitory kinase Wee1 was performed (Figure 2A). As described previously (Hartley et al.,

1997), the disappearance of cyclin E in control embryos began after the MBT, about 6-7 h pf,

and ∆34Xic1 delayed this disappearance until approximately 10 h pf, when embryos reached

approximately the MBT number of cells. In control embryos, Wee1 level was constant until the

late gastrula/early neurula stage when Wee1 level declined, as previously described (Murakami

and Woude, 1998). In the embryos injected with ∆34Xic1, the level of Wee1 was very low, even

prior to the MBT. These data suggest that cyclin E/Cdk2 activity is required to maintain Wee1

protein level prior to the MBT.

     Embryos injected with ∆34Xic1 demonstrated no difference in the level of Cdc25A compared

to control embryos (data not shown). The level of Cdc25C was not determined.

Wee1 mRNA level correlates with cyclin E/Cdk2 activity. Since Wee1 protein level depends on

the activity of cyclin E/Cdk2, the abundance of Wee1 mRNA during early embryogenesis was

determined. Embryos were collected at the indicated times post-fertilization, and total RNA was

isolated for Northern analysis of Wee1 mRNA levels. Like Wee1 protein ((Murakami and

Woude, 1998) and Figure 2A), Wee1 mRNA level is constant during early development through

the MBT, and then levels decline during gastrulation (Figure 2B). Wee1 mRNA levels are lower

in ∆34Xic1-injected embryos (Figure 2C), suggesting that cyclin E/Cdk2 maintains the stability

of Wee1 mRNA.

102



Reagents that inhibit Cdk2 delay the degradation of cyclin E. A fundamental assumption of our

working model is that degradation of cyclin E at the MBT results from a cooperative transition in

cyclin E/Cdk2 forms. This assumption is based upon published studies demonstrating that cyclin

E is degraded at a fixed time post-fertilization, independent of protein synthesis (hence,

independent of Cdk1 activity which requires continued synthesis of mitotic cyclins A1 and B),

cell number, the nucleocytoplasmic ratio, and zygotic transcription (Howe and Newport, 1996;

Hartley et al., 1997; Sible et al., 1997). Furthermore, the only manipulation known to alter the

timing of cyclin E degradation is microinjection of ∆34Xic1, a protein that specifically inhibits

Cdk2 but not Cdk1 activity (Hartley et al., 1997). Because ∆34Xic1 delays the degradation of

cyclin E, it seemed likely that the timing mechanism for cyclin E degradation depends upon

cyclin E/Cdk2 activity itself.

     If this assumption were correct, then other reagents that interfere with cyclin E/Cdk2 activity

should also block or delay the degradation of cyclin E. Expression of exogenous XChk1 in

Xenopus embryos inhibits both Cdk1 and Cdk2 activity (Kappas et al., 2000); therefore,

expression of XChk1 should also block or delay the degradation of cyclin E. Embryos were

injected with 15 ng mRNA encoding FLAG-tagged XChk1. Negative control embryos were

injected with buffer or 15 ng mRNA encoding FLAG-tagged luciferase. Embryos were collected

at the times indicated and analyzed for cyclin E content by immunoblotting (Figure 2D).

Analogous to embryos injected with ∆34Xic1, cyclin E degradation was delayed in embryos

overexpressing XChk1 compared to both buffer (Figure 2D) and luciferase controls (not shown),

supporting the hypothesis that timing of cyclin E degradation depends directly on Cdk2 activity.

Cyclin E degradation in Xic1-treated embryos does not depend upon transient cyclin E/Cdk2

activity. When embryos are microinjected with 5 ng ∆34Xic1, cyclin E/Cdk2 activity is inhibited

by more than 90% without inhibition of Cdk1 activity (Hartley et al., 1997). Intuitively, one

would predict that cyclin E degradation would be blocked indefinitely (or until embryos died by

necrosis) in ∆34Xic1-injected embryos. However, the degradation of cyclin E does occur, only

several hours delayed, when embryos have reached the nucleocytoplasmic ratio of the MBT

(Hartley et al., 1997). This observation challenges the hypothesis that cyclin E degradation is

directly linked to cyclin E/Cdk2 activity.
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    One possible explanation for the eventual degradation of cyclin E in ∆34Xic1-injected

embryos is that cyclin E/Cdk2 activity resumes transiently, prior to the degradation of cyclin E,

at approximately 9 h pf. This scenario played a central role in a preliminary mathematical model

that simulated the delay in degradation of cyclin E in ∆34Xic1-injected embryos. However,

kinase assays performed on embryos injected with ∆34Xic1 detected no transient peak of Cdk2

activity (Figure 2E), even when samples were collected at 30 min intervals (not shown), ruling

out this particular model.

Cyclin E degradation in Xic1-treated embryos does not depend upon zygotic transcription. It

could be that degradation of cyclin E in embryos injected with ∆34Xic1 is initiated by zygotic

transcription at the MBT, since transcription initiates coincident with cyclin E degradation in

∆34Xic1-injected embryos (Hartley et al., 1997). To determine whether a product of zygotic

transcription turned on degradation of maternal cyclin E, independent of cyclin E/Cdk2 activity,

embryos were injected with H2O, α -amanitin (an inhibitor of transcription), ∆34Xic1, or a

combination of α-amanitin and ∆34Xic1 (Figure 2F). In embryos injected with H2O or

α−amanitin, cyclin E disappeared between 5 and 7 h pf, consistent with previous reports that

degradation of maternal cyclin E at the MBT does not depend on transcription (Howe and

Newport, 1996; Hartley et al., 1997). As predicted (Hartley et al., 1997), degradation of cyclin E

was delayed in embryos injected with ∆34Xic1, and was complete by 10 h pf. In embryos

injected with both α-amanitin and ∆34Xic1, cyclin E was degraded at the same time as in

embryos injected with ∆34Xic1 alone. These results indicate that transcription at the MBT is not

required for the eventual degradation of cyclin E in embryos lacking cyclin E/Cdk2 activity.

Kinetic model of the cyclin E/Cdk2 developmental timer

Based on the information summarized in the INTRODUCTION and the new data presented in

Figure 2, a full, working model of the cyclin E/Cdk2 control system was developed (Figure 3).

The model is composed of three modules: a negative feedback oscillator, a positive feedback

switch, and an irreversibly activated pathway for cyclin E degradation.

Negative feedback oscillator.  Cyclin E/Cdk2 dimers can be transformed between an inactive,
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phosphorylated form (cyclin E/Cdk2P) and an active, non-phosphorylated form (cyclin E/Cdk2)

by the action of a kinase, Wee1, and a phosphatase, Cdc25A. We assume that Cdc25A is present

at constant activity in the early embryo, and that Wee1 is periodically activated by cyclin

E/Cdk2, indirectly through the action of a hypothetical kinase, Kin. (Cdc25C was not included in

the model because dominant-negative Cdc25C does not affect cell cycle length in embryos (Kim

et al., 1999).) In the model, Kin phosphorylates and inactivates Wee1, and cyclin E/Cdk2

phosphorylates and inactivates Kin. These interactions create a delayed negative feedback loop,

consisting of three inactivating phosphorylation steps in sequence (Cdk2 --| Kin --| Wee1 --|

Cdk2). The parameters in the model are adjusted to create limit cycle oscillations with a period

of about 15 min (two peaks per mitotic cycle). Because a two-component negative feedback loop

(Cdk2 --| Wee1 --| Cdk2) cannot oscillate (Griffith, 1968), we are compelled to introduce the

hypothetical kinase (as the simplest case of some process that provides a delay between the

actions of Cdk2 and Wee1). Furthermore, because Wee1 mRNA levels are lower in ∆34Xic1-

injected embryos and disappear after the MBT, when cyclin E is degraded (Figure 2B, C), we

assume that the synthesis rate for Wee1 is an increasing function of cyclin E-dependent kinase

activity. This assumption is consistent with the observation that nuclear Wee1 is turned over

during each cell cycle (Michael and Newport, 1998).

Positive feedback switch. Cyclin E/Cdk2 binds to chromatin (Furstenthal et al., 2001a). We

assume that the binding step is cooperative (autocatalytic), and that bound dimers activate the

cyclin E degradation machinery (presumably SCF). If the binding step is cooperative, then there

will be at first little cyclin E bound to chromatin.  After several hours, enough cyclin E is

chromatin-bound to rapidly accelerate the loading step and bring the entire cyclin E pool onto

chromosomes, consistent with the observations of Furstenthal et al (2001a). Naturally, this

extinguishes the cyclin E/Cdk2 oscillations among the unbound dimers.

Cyclin E degradation. After a further delay, the cyclin E-degradation machinery (ÒDegÓ)

activates, and the whole pool of cyclin E is degraded from the chromosomes. We suppose that

Deg is activated by the active form of cyclin E/Cdk2 bound to chromatin. Furthermore, the

concentration of cyclin E/Cdk2/chromatin must exceed a certain threshold (θ in Eq. 8) before it
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can activate Deg. As cyclin E is destroyed, we presume that Deg remains active. In mammals,

cyclin E is degraded by the SCF after cyclin E is phosphorylated (Clurman et al., 1996; Won and

Reed, 1996), so Deg may correspond to a kinase.

Effect of ∆34Xic1.  We assume that (1) Xic1 binds strongly to all forms of cyclin E/Cdk2 and

blocks any catalytic activity they may have; nonetheless, (2) Xic1 binding does not interfere with

cyclin E/Cdk2 association to chromatin. Because Xic1 bound to the chromatin-associated forms

of cyclin E is slowly degraded (Swanson et al., 2000; Chuang and Yew, 2001; Furstenthal et al.,

2001b), the active form of cyclin E/Cdk2 will eventually appear on chromatin and subsequently

activate cyclin E degradation. Under these assumptions, Xic1 injections are expected to quench

oscillations of cyclin E/Cdk2 activity and to delay (but not eliminate) cyclin E degradation.

Further assumptions.  (1) The chromatin-bound forms of cyclin E/Cdk2 (1) are not subject to

phosphorylation and dephosphorylation by Wee1 and Cdc25. (2) The chromatin-bound form of

cyclin E/Cdk2 does not phosphorylate Kin. (3) The chromatin-bound form of cyclin E/Cdk2 does

not stabilize Wee1 mRNA. These assumptions make the model a little easier to understand, but

they are not necessary. Models in which these assumptions are not made behave very similarly to

the model simulated here (not shown).

The model.  A mathematical model (the differential equations in Table 1) can be derived from

the molecular wiring diagram (Figure 3) by using standard rate laws of biochemical kinetics.

Basal parameter values are proposed in Table 2. These values were chosen to reproduce the basic

quantitative characteristics of the cyclin E/Cdk2 timer in normal frog embryos. We assume that,

at t=0 (fertilization, or shortly thereafter), the cyclin E oscillator is in full swing and no cyclin E

is chromatin-bound.
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Numerical simulations and phase-three experiments: testing the model

The model reproduces the fundamental features of the cyclin E/Cdk2 timer.

Figure 4 presents a numerical solution of the kinetic equations (Table 1) using the basal

parameter values proposed for unperturbed embryos (Table 2). The model reproduces the

fundamental observations driving this study, that (1) cyclin E is a stable protein at first (Howe

and Newport, 1996; Hartley et al., 1997) and then rapidly degraded at the MBT, and (2) cyclin

E/Cdk2 activity oscillates twice per cell cycle before the MBT (Hartley et al., 1997) (Figure 4A).

We did not attempt to model the distinct cycle 1, which is longer than cycles 2 Ð 12 and does

demonstrate cyclin E degradation (Hartley et al. 1996). An appreciation for the regulatory

mechanisms behind the oscillations in kinase activity and the abrupt degradation of cyclin E

unfolds from graphing the concentrations of the four forms of cyclin E/Cdk2 over time (Figure

4B). Oscillations in cyclin E/Cdk2 activity prior to the MBT derive from the periodic

phosphorylation and dephosphorylation of unbound cyclin E/Cdk2, as a consequence of the

negative feedback loop with Wee1. Loss of cyclin E results as chromatin-bound dimers

accumulate.  Changes in steady state levels of Wee1 over time (Figure 4C) agree with published

experimental data (Murakami and Woude, 1998), in which Wee1 is degraded during the late

gastrula/early neurula stage, after the disappearance of cyclin E.

The cyclin E/Cdk2 timer functions independently of protein synthesis.

Oscillations in cyclin E/Cdk2 activity (Hartley et al., 1997) and disappearance of cyclin E at a

fixed time post-fertilization (Howe and Newport, 1996; Hartley et al., 1997) occur even when

embryos are treated with cycloheximide to block protein synthesis. The only step in the model

that depends upon protein synthesis is the production of Wee1. Therefore, to simulate the effect

of cycloheximide, kwsyn is set to 0. In the simulations, cyclin E/Cdk2 activity still oscillates 22

times (Figure 5A), is removed from the system by cooperative binding to chromatin (Figure 5A)

and is degraded beginning approximately 6 h pf (Figure 5B) despite a dramatic loss of Wee1

within the first 3 h pf (Figure 5B). Therefore, the model faithfully describes a timer that does not
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depend upon protein synthesis, a critical constraint from the experimental data (Hartley et al,

1997).

Exogenous ∆34Xic1 is degraded prior to the disappearance of cyclin E.

A major challenge in developing the model was the experimental result that embryos

microinjected with ∆34Xic1 eventually degrade cyclin E, with a delay of only several hours

(Hartley et al., 1997). If cyclin E degradation were intrinsically linked to cyclin E/Cdk2 activity

as we assume, and if ∆34Xic1 inhibits cyclin E/Cdk2 activity by more than 90% (Hartley et al.,

1997), then cyclin E levels might persist indefinitely in ∆34Xic1-injected embryos. That this is

not the case suggests that Xic1 is eventually lost from the treated embryos. In the model, we

assume that chromatin-bound Xic1 is subject to steady degradation. Simulations show that this

reasonable assumption is sufficient to account for Xic1- and cyclin E fates in treated embryos

(Figure 6). To simulate the effect of injecting ∆34Xic1, the initial concentration of "Xic1" in the

model was set to 3. (In simulations of unperturbed embryos (Figure 4), [total Xic1] = 0, based on

the data of (Shou and Dunphy, 1996).) Simulations indicate that most cyclin E/Cdk2 associates

with Xic1, and this complex is gradually loaded onto chromatin, peaking approximately 7 hrs pf

(Figure 6A). Once bound to chromatin, Xic1 is degraded there, consistent with experiments

(Swanson et al., 2000; Furstenthal et al., 2001b). As long as free Xic1 is present in the cell,

chromatin-bound cyclin E/Cdk2 complexes that lose their Xic1 partner will quickly pick up

another. Between hours 5-9, a steady drop in concentration of free Xic1 is observed with only a

modest rise in chromatin-bound cyclin E/Cdk2 (Figure 6B). Once the supply of Xic1 is

exhausted, the active form of chromatin-bound cyclinE/Cdk2 can turn on Deg (Figure 6B), and

cyclin E is degraded (Figure 6C). We assume that chromatin bound cyclin E/Cdk2 is not

immunoprecipitated and detected in H1 kinase assays because we do not detect a transient peak

in cyclin E/Cdk2 activity between the degradation of microinjected ∆34Xic1 and the degradation

of cyclin E (Figure 2E and data not shown).

     Plotting levels of ∆34Xic1 and cyclin E over time (Figure 6C) indicates that (1) cyclin E is

degraded abruptly at approximately 10 h pf, consistent with observations (Hartley et al., 1997),

and (2) ∆34Xic1 is degraded a few hours before cyclin E.

    Since the content of ∆34Xic1 over time had not been monitored in previous studies of
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∆34Xic1-injected embryos, the theoretical prediction that ∆34Xic1 would be degraded just prior

to the degradation of cyclin E was tested experimentally. Embryos were injected with 5 ng Xic1-

C or ∆34Xic1 at the one-cell stage, collected at multiple time points, and analyzed for content of

cyclin E and Xic1 (Figure 6D). The level of ∆34Xic1 decreased dramatically between 6 and 8 h

pf, prior to the degradation of cyclin E between 8 and 10 h pf. Therefore, the prediction of the

model was confirmed. Interestingly, in the Xic1-C-injected embryos, cyclin E degradation began

between 6 and 8 h pf, and exogenous Xic1-C was also degraded at this time, indicating that the

truncated Xic1-C protein contains the necessary elements to be targeted for degradation.

Cyclin E degradation is progressively delayed by increasing amounts of ∆34Xic1.

As a final test of the model, the dose of ∆34Xic1 was altered in simulations to determine the

effect on cyclin E degradation. Simulations (Figure 7A) indicated that the timing of cyclin E

degradation should be inversely correlated to the quantity of ∆34Xic1 injected over at least a 4-

fold range. To test this prediction experimentally, embryos were injected with 0, 2.5, 5 or 10 ng

∆34Xic1. The total injection volume was kept constant. Embryos were analyzed for the

degradation of cyclin E at multiple time points (Figure 7B). In embryos lacking ∆34Xic1, most

cyclin E degradation occurred between 5 and 7 h pf. In embryos injected with 2.5 or 5 ng

∆34Xic1, cyclin E degradation occurred 7-8 h and 9-10 h pf, respectively. Little degradation of

cyclin E was detected in embryos injected with 10 ng ∆34Xic1, even as late as 11 h pf. The

simulations and experimental data correlate well, further supporting the theoretical basis of the

model.

     The good fit between simulations and experiments allows us to estimate the Òarbitrary unitsÓ

of Xic1 concentration in the model. [Total Xic1] = 1 AU corresponds to 1.67 ng ∆34Xic1 per

embryo (1.5 AU simulates activity of 2.5 ng ∆34Xic1; 3 AU simulates 5 ng ∆34Xic1, etc.),

which is a concentration of about 33 nM (assuming 1 embryo = 1.0 µL and MW ∆34Xic1 =

50,000 g/mol). Since Xic1 and cyclin E/Cdk2 bind in 1:1 stoichiometry, this means that [total

cyclin E] = 1 AU also corresponds to about 33 nM.
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DISCUSSION

By combining computational and experimental approaches, we have built a model of the cyclin

E/Cdk2 developmental timer in early Xenopus embryos. Development of the model was

constrained by experimental evidence obtained from intact Xenopus embryos: (1) oscillations in

E/Cdk2 occur twice per cell cycle prior to the MBT (Hartley et al. 1997), (2) the level of cyclin E

remains constant during this time (Howe and Newport, 1996; Hartley et al., 1997), and (3) cyclin

E is degraded at a fixed time post-fertilization independent of cell number, protein synthesis,

nucleocytoplasmic ratio, and zygotic transcription (Howe and Newport, 1996; Hartley et al.,

1997). The model faithfully reproduces 22 oscillations in cyclin E/Cdk2 activity and degradation

of cyclin E at approximately 6-7 h pf, independent of protein synthesis. Experimental evidence

that the degradation of cyclin E is delayed in embryos microinjected with 5 ng ∆34Xic1 (Hartley

et al., 1997) also agrees with the simulations.

The model is composed of three ÒmodulesÓ: an oscillatory module, based on a delayed negative

feedback loop, a switching module, based on cooperative loading of cyclin E/Cdk2 onto

chromatin, and a proteolysis module, based on irreversible activation of the cyclin E degradation

pathway.

Oscillatory module

Oscillations in cyclinE/Cdk2 activity are not dependent on cyclin E synthesis or degradation,

because total cyclin E level is quite constant throughout the early stages of frog egg

embryogenesis (Hartley et al., 1997). Nor are these oscillations attributable to periodic

fluctuations in a stoichiometric inhibitor, Xic1, because Xic1 is not normally present in the early

embryo (Shou and Dunphy, 1996). That leaves reversible inhibitory phosphorylation of Cdk2 as

the prime suspect for generating oscillations in cyclin E/Cdk2 activity. To our knowledge,

oscillations in the phosphorylation state of Cdk2 have not been measured in intact embryos and

may be difficult to observe because the oscillations are rapid and may be localized within nuclei.

On the other hand, Cdk2 activity is regulated by reversible phosphorylation in extracts

(D'Angiolella et al., 2001), and embryos microinjected with XChk1, which promotes tyrosine
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phosphorylation of Cdks, have low cyclin E/Cdk2 activity (Kappas et al., 2000). If cyclin

E/Cdk2 oscillations derive from reversible phosphorylation alone, then the components must be

involved in a negative feedback loop, cyclin E/Cdk2 either promoting Wee1 activity or inhibiting

Cdc25. This supposition is in sharp contrast to the case of cyclin B/Cdk1, which inhibits Wee1

and activates Cdc25. In that case, oscillations depend on Cdk1 turning on cyclin B degradation

by activating Fizzy/APC. Therefore, Cdk2 oscillations are fundamentally different from Cdk1

oscillations.

     Inhibition of cyclin E/Cdk2 with ∆34Xic1 results in decreased levels of Wee1 mRNA and

protein, evidence for a negative feedback loop in which cyclin E/Cdk2 stabilizes Wee1 mRNA.

These data provide a satisfying explanation for the disappearance of Wee1 mRNA (Figure 2D)

and protein after the MBT (Murakami and Woude, 1998). However, regulation of mRNA

stability is not likely to account for the rapid oscillations in cyclin E/Cdk2 activity prior to the

MBT. Because there is no transcription before the MBT (Newport and Kirschner, 1982a), Wee1

mRNA content can only remain steady or decrease until the MBT. For these reasons, we suggest

that the negative feedback loop works on Wee1 activity rather than protein level.

At this point, the oscillatory module in Figure 3 is purely hypothetical and awaits experimental

validation. One should also keep in mind that a negative feedback loop, whereby cyclin E/Cdk2

indirectly inhibits Cdc25, might be an alternative basis for oscillations in Cdk2 activity.

Switching module

The second major assumption in the model is that the timing of cyclin E degradation depends

upon cyclin E/Cdk2 activity. In support of this assumption, degradation of cyclin E is delayed

when Cdk2 activity is inhibited by either ∆34Xic1 (Hartley et al., 1997 and Figures 2A, F) or

XChk1 (Figure 2B). The model assumes cooperative binding of cyclin E/Cdk2 to chromatin,

consistent with the two-step association of cyclin E/Cdk2 to chromatin observed by Furstenthal

et al (2001a) in egg extracts. However, in ∆34Xic1-injected embryos, cyclin E is eventually

degraded. The model incorporates the idea that cyclin E/Cdk2 promotes chromatin association

and subsequent degradation of Xic1, as suggested by experiments of (Furstenthal et al., 2001b).

In simulations of ∆34Xic1-injected embryos, cyclin E is degraded some hours after degradation
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of ∆34Xic1 (Figure 6A). This prediction was validated experimentally (Figure 6B).

Degradation module

We have not attempted to model the molecular machinery of cyclin E degradation, because it

does not feedback, as far as we know, on the dynamics of the oscillatory and switching modules.

We use a mathematical trick (the ÒHeaviside functionÓ) to switch on cyclin E degradation in an

irreversible fashion, after a sufficient amount of active cyclin E/Cdk2 has accumulated on

chromatin. As new experimental data is generated, a more realistic mechanism for cyclin E

degradation can be inserted in place of this module.

Bifurcation analysis of the mathematical model

To better understand the fundamental behavior of the cyclin E/Cdk2 developmental timer,

bifurcation analysis was applied to a simplified version of the model (a primer on bifurcation

analysis is available in Borisuk and Tyson, 1998). Because our aim is to uncover the dynamics of

the oscillatory and switching modules, we have eliminated Xic1 binding and cyclin E

degradation from the network (see Table 3). A numerical simulation of these equations is

presented in Figure 8A. Chromatin-bound cyclin E/Cdk2 (dashed line) increases abruptly around

6 h pf, indicative of cooperative loading, as postulated by the model and supported by

Furstenthal et al. (2001b). Oscillations in active, unbound cyclin E/Cdk2 (solid line) are created

by the negative feedback loop involving Wee1 and quenched by the cooperative binding of

cyclin E/Cdk2 to chromatin.

     In Figure 8B, we consider the behavior of the negative feedback loop as a function of the

fraction of cyclin E bound to chromatin. That is, we fix [Cdk2:CycE:Chr] + [PCdk2:CycE:Chr]

= H = constant, and study the behavior of the negative feedback loop as a function of the value

of H. For 0 < H < 0.416, the steady state solution of the negative feedback loop (dashed line) is

unstable, and the network executes sustained oscillations (the black circles indicate the

maximum and minimum values of active cyclin E/Cdk2 over the course of an oscillation) with

period close to 14 min (open triangles). For 0.416 < H < 1, the negative feedback loop has a

stable steady state (solid line) and no sustained oscillations. At H = 0.416, the negative feedback

loop is said to undergo a Hopf bifurcation. Now, comparing Figures 8A and B, we see that, as H
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increases from 0 to 0.416 (during the first 5 h pf), the negative feedback loop oscillates with a

period of about 14 min. But, as soon as H exceeds the Hopf-bifurcation point, the oscillations are

quickly lost.

     To see why H increases as in Figure 8A, we plot the rate of change of H (dH/dt) as a function

of H in Figure 8C. When dH/dt is positive, H will increase; when dH/dt is negative, H will

decrease. Steady states exist wherever dH/dt = 0. For the parameter set used here (solid line), a

single stable steady state exists at H close to 1. Hence, starting with H=0 (no chromatin-bound

cyclin E/Cdk2), H must increase until it reaches the steady state, where most cyclin E/Cdk2 is

bound to chromatin. Notice, however, that the rate of increase of H is, at first, very small (dH/dt

≈ 0.0008) and then accelerates rapidly by nearly ten-fold. This acceleration is a reflection of the

cooperative binding of cyclin E to chromatin in the model.

     Cooperative binding is a form of positive feedback ( autocatalysis) that can easily create

bistable behavior. If the dissociation rate constant, koff, is increased from 0.0001 to 0.01 (perhaps

by a mutation in Cdc6 that affects cyclin E/Cdk2 binding to chromatin), then dH/dt as a function

of H is modified (dashed line) so that there now exist two stable steady states: one with H ≈ 0.1

(little cyclin E bound to chromatin), and another with H  ≈  0.7 (most cyclin E bound to

chromatin). At the lower steady state, the negative feedback loop will be in its oscillatory regime,

and at the upper steady state, the negative feedback loop will be quiescent. This behavior of the

control system is entirely different from what is observed. We have chosen our parameter set

(Table 2) to bring the control system close to but not within its region of bistability. With this

choice, H increases slowly at first, pulling the oscillatory module past its Hopf bifurcation, and

then H increases rapidly, as most of the cyclin E loads cooperatively onto chromatin.

     Finally, we have mentioned several times that oscillations in the negative feedback loop

require an intermediate, Kin, between cyclin E/Cdk2 and Wee1. Kin introduces a time delay

between activation of cyclin E/Cdk2 and subsequent increase in Wee1 activity. This time delay

depends on the characteristic time, τ, required for cyclin E/Cdk2 to inactivate Kin (τ = 1/kiinact).

As this characteristic time gets small, the time delay becomes negligible, and the oscillations
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disappear. This effect is illustrated in Figure 8D, where we show that oscillations of the negative

feedback disappear as τ gets small. (To keep the relative activity of Kin fixed, we steadily

increase both kiact and kiinact, keeping their ratio constant at kiact/kiinact = 0.25.) As τ gets small,

oscillations are lost by a Hopf bifurcation (at τ = 5 × 10-4 in Figure 8D). The amplitude of the

negative feedback oscillations is getting quite small even for τ < 5 × 10-4.  In other words,

oscillations in the negative feedback loop require an intermediate that introduces a minimal time

lag between cyclin E/Cdk2 and Wee1.

Future developments

The model presented here will be refined as new experimental and computational information

becomes available. Creation of egg extracts that reproduce oscillations in cyclin E/Cdk2 activity

would facilitate future experimentation. Although these oscillations have not been observed in

egg extracts (Rebecca Hartley, personal communication), it should be possible to use the model

to predict which parameters should be varied in egg extracts to promote cyclin E/Cdk2

oscillations. An in-depth investigation of the underlying dynamics of the mathematical model

(Table 1) is underway. Additional modeling should be done to study the interaction between

Cdk1 and Cdk2 oscillators in determining the timing of cell divisions in the early embryo.
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Table 1. Differential equations describing the model in Figure 3. All concentration variables are

expressed in Òarbitrary unitsÓ (i.e., they are dimensionless numbers). Hence, all rate constants

(kÕs) have units time-1. In the text, 1 AU of Xic and CycE concentration is estimated to be

approximately 33 nM.

1. 
td

d
[Cdk2:CycE] = − kwee[Wee1*][Cdk2:CycE] + k25A[PCdk2:CycE] − kon φ [Cdk2:CycE]

+ koff[Cdk2:CycE:Chr] − kassoc[Xic][Cdk2:CycE] + kdissoc[Xic:Cdk2:CycE]

2. 
td

d
[PCdk2:CycE] = + kwee[Wee1*][Cdk2:CycE] − k25A[PCdk2:CycE] − kon φ [PCdk2:CycE]

+ koff[PCdk2:CycE:Chr] − kassoc[Xic][PCdk2:CycE] + kdissoc[Xic:PCdk2:CycE]

3. 
td

d
[Wee1*] = 

yy[ y ][ y ]

 − kwdeg[Wee1*]

+

([ ][ ])[ ][ ][ ][ ][ ]

4. 
td

d
[Wee1total] = 

[ y ][ y ]

 − kwdeg[Wee1total]

5. 
td

d
 [Kin*] = 

( [ ] )[ y ][ ][ ][ ]

6. 
td

d
[Cdk2:CycE:Chr] = + kon φ [Cdk2:CycE] − koff[Cdk2:CycE:Chr]

− kedeg[Deg][Cdk2:CycE:Chr] + kxdeg[Xic:Cdk2:CycE:Chr]

− kassoc[Xic][Cdk2:CycE:Chr] + kdissoc[Xic:Cdk2:CycE:Chr]
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7. 
td

d
[PCdk2:CycE:Chr] = + kon φ [PCdk2:CycE] − koff[PCdk2:CycE:Chr]

− kedeg[Deg][PCdk2:CycE:Chr] + kxdeg[Xic:PCdk2:CycE:Chr]

− kassoc[Xic][PCdk2:CycE:Chr] + kdissoc[Xic:PCdk2:CycE:Chr]

8. 
td

d
[Deg*] = kdact Heav( [Cdk2:CycE:Chr] Ð θ )

9. 
td

d
[Xic] = − kassoc [Xic] ( [Cdk2:CycE] + [PCdk2:CycE] + [Cdk2:CycE:Chr] + [PCdk2:CycE:Chr] )

    + kdissoc ( [Xic:Cdk2:CycE] + [Xic:PCdk2:CycE] + [Xic:Cdk2:CycE:Chr] +[Xic:PCdk2:CycE:Chr] )

10. 
td

d
[Xic:Cdk2:CycE] = + kassoc[Xic][Cdk2:CycE] − kdissoc[Xic:Cdk2:CycE]

− kon φ [Xic:Cdk2:CycE] + koff[Xic:Cdk2:CycE:Chr]

− kwee[Wee1*][Xic:Cdk2:CycE] + k25A[Xic:PCdk2:CycE]

11. 
td

d
[Xic:PCdk2:CycE] = + kassoc[Xic][PCdk2:CycE] − kdissoc[Xic:PCdk2:CycE]

− kon φ [Xic:PCdk2:CycE] + koff[Xic:PCdk2:CycE:Chr]

+ kwee[Wee1*][Xic:Cdk2:CycE] − k25A[Xic:PCdk2:CycE]

12. 
td

d
[Xic:Cdk2:CycE:Chr] = + kassoc[Xic][Cdk2:CycE:Chr] − kdissoc[Xic:Cdk2:CycE:Chr]

+ kon φ [Xic:Cdk2:CycE] − koff[Xic:Cdk2:CycE:Chr]

− kedeg[Deg][Xic:Cdk2:CycE:Chr] − kxdeg[Xic:Cdk2:CycE:Chr]
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13. 
td

d
[Xic:PCdk2:CycE:Chr] = + kassoc[Xic][PCdk2:CycE:Chr] − kdissoc[Xic:PCdk2:CycE:Chr]

+ kon φ [Xic:PCdk2:CycE] − koff[Xic:PCdk2:CycE:Chr]

− kedeg[Deg][Xic:PCdk2:CycE:Chr] − kxdeg[Xic:PCdk2:CycE:Chr]

14. 
td

d
[Xic:Chr] = + kedeg[Deg][Xic:Cdk2:CycE:Chr] + kedeg[Deg][Xic:PCdk2:CycE:Chr]

− kxdeg[Xic:Chr]

nn

n

L [Pool]
[Pool]

+
+= εφ ,    

?
??

<
=

0 if  , 1

0 if  , 0
)(Heav

x

x
x

[Pool] = [Cdk2:CycE:Chr] + [PCdk2:CycE:Chr] + [Xic:Cdk2:CycE:Chr] + [Xic:PCdk2:CycE:Chr]

Notes:

(i) φ is a Hill function describing the cooperativity of CycE:Cdk2 binding to chromatin.

It depends on [Pool], the Òtotal poolÓ of chromatin-bound cyclin E.

(ii) Heav(x) is the Heaviside function, a common mathematical expression for a switch. θ

is the threshold Cdk2-activity for turning on the switch.

(iii) Because cyclin E-dependent kinase activity seems to stabilize Wee1 mRNA, we

assume that the rate of Wee1 synthesis increases hyperbolically with Cdk2-activity.

(iv) The activation kinetics of Wee1 and Kin are assumed to be zero-order ultrasensitive

switches (Goldbeter and Koshland, 1981).
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Table 2. Basal parameter values for the differential equations in Table 1.

Rate constants ( min-1 )

kwee = 1.5, k25A = 0.1, kon = 0.02, koff = 0.0001, kassoc = 0.1, kdissoc = 0.001, kwsyn = 0.1, kwdeg = 0.01,

kwact = 0.75, kwinact = 1.5, kiact = 0.15, kiinact = 0.6, kedeg = 0.017, kxdeg = 0.01, kdact = 0.023

Other constants ( dimensionless )

Jwsyn = 0.1,  Jwact = 0.01, Jwinact = 0.01,  Jiact = 0.01, Jiinact = 0.01, θ = 0.3, ε = 0.001,  L = 0.4, m = 4,

n = 4

Initial concentrations (arbitrary units)

[Cdk2:CycE] = 0.08, [PCdk2:CycE] = 0.92, [Wee1*] = 0.78, [Kin] = 0.61, [Wee1total] = 8.06
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Table 3. Differential equations used for bifurcation analysis in Figure 8. In the simplified model,

cyclin E degradation and Xic1 binding are ignored. These equations are carried over from Table

1, with the understanding that H = [cyclin E bound to chromatin], and Etot = [cyclin E in all

forms] = [Cdk2:CycE] + [PCdk2:CycE] + H .

1. 
td

d
[Cdk2:CycE] = − kwee[Wee1*][Cdk2:CycE] + k25A(Etot Ð H Ð [Cdk2:CycE])

3. 
td

d
[Wee1*] = 

yy[ y ][ y ]

 − kwdeg[Wee1*]

+

([ ][ ])[ ][ ][ ][ ][ ]

4. 
td

d
[Wee1total] = 

yy[ y ][ y ]

 − kwdeg[Wee1total]

5. 
td

d
 [Kin*] = 

( [ ] )[ y ][ ][ ][ ]

6. 
td

d
H = + kon  

nnnHLHε++
 (Etot Ð H) − koff H
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LEGENDS

Figure 1. Positive and negative feedback loops are thought to underlie the cyclin E/Cdk2

developmental timer. The hatched box represents a mechanism for removing cyclin E/Cdk2

from oscillatory subsystem (the negative feedback loops through Wee1 and, possibly, Cdc25).

ÒDegÓ represents the cyclin E degradation system, which we assume is activated by the

ÒremovedÓ form of cyclin E/Cdk2. Notice that the removal step is cooperative, i.e., the more

cyclin E/Cdk2 is bound to the black box, the faster is the association reaction.

Figure 2. Experimental basis for a mathematical model of the cyclin E/Cdk2 developmental

timer.

(A) Inhibition of cyclin E/Cdk2 in early Xenopus embryos results in a loss of Wee1 protein.

At the one-cell stage, embryos were microinjected with 5 ng Xic1-C or ∆34-Xic1 (Su et al.,

1995). Embryos were collected at the indicated times post-fertilization (pf) and analyzed by

immunoblotting for steady state levels of Wee1 (Murakami and Woude, 1998) and cyclin E

protein (Rempel et al., 1995; Audic et al., 2001). The migration of molecular weight standards in

kDa is indicated. The detection of a nonspecific protein on the Wee1 immunoblot is consistent

with reports of Murakami and Vande Woude (1998).

(B) Wee1 mRNA is degraded during gastrulation. Embryos were collected at the indicated

times, and RNA was isolated for Northern analysis of Wee1 mRNA. The migration of molecular

weight standards (in kb) is shown on the left.

(C) Wee1 mRNA level is decreased in embryos injected with ∆34Xic1. Embryos were

injected at the once cell stage with 5 ng Xic1-C or ∆34Xic1, collected at the time indicated, and

processed for Northern analysis.

(D) Expression of XChk1 delays the degradation of cyclin E in Xenopus embryos. Embryos

were injected with buffer or 15 ng mRNA encoding XChk1. Embryos were collected at the time

points indicated and analyzed for cyclin E protein content. The migration of molecular weight

standards in kDa is indicated. In other experiments, control embryos were injected with mRNA

encoding luciferase, and the delay in cyclin E degradation was shown to be a specific effect of

XChk1 (data not shown).

127



(E) Cyclin E degradation in ∆34-Xic1-treated embryos does not depend upon transient

cyclin E/Cdk2 activity. Embryos microinjected with 5 ng Xic1-C or ∆34-Xic1 were collected at

the times indicated, cyclin E/Cdk2 was immunoprecipitated, and immunoprecipitates were

analyzed for histone H1 kinase activity. cpm = counts per minute 32P incorporated into histone

H1. Values plotted represents raw cpm Ð background cpm on gel (1476 cpm). Cyclin B/Cdk1

immunoprecipates indicated no inhibition of Cdk1 by ∆34-Xic1 (not shown).

(F) Zygotic transcription is not required for degradation of cyclin E. Embryos were injected

at the one-cell stage with H2O, 50 ng α-amanitin, 5 ng ∆34-Xic1, or 50 ng α-amanitin + 5 ng

∆34-Xic1. Embryos were collected at the indicated times pf and analyzed by immunoblotting for

steady state level of cyclin E protein as described in Figure 2A. The migration of molecular

weight standards in kDa is indicated.

Figure 3. A detailed molecular mechanism of the cyclin E/Cdk2 developmental timer is

necessary for the construction of a mathematical model. An extension of Figure 1. We

introduce a kinase (ÒKinÓ) between cyclin E/Cdk1, to introduce a time lag in the negative

feedback loop. We propose that the removal reaction corresponds to chromatin association.

ÒPoolÓ corresponds to the sum of all forms of cyclin E/Cdk2 bound to chromatin. We also allow

Xic1 to bind to and inhibit all forms of cyclin E/Cdk2. Xic1 associated to chromatin, in any

form, is degraded with a constant half-life.

Figure 4. The mathematical model is consistent with the observed dynamics of cyclin

E/Cdk2 in normal frog embryos.

(A) Numerical simulation of the equations in Table 1. Given the parameter values in Table 2,

the control system exhibits rapid oscillations in Cdk2 activity (period = 15 min) followed by

abrupt degradation of cyclin E about 6 h pf.

(B) The four forms of cyclin E/Cdk2.

(C) Total cyclin E, activity of the cyclin E-degradation machinery, Wee1 activity. We plot

[Wee1total] relative to its initial value, 8.06.
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Figure 5. The cyclin E/Cdk2 timer runs independently of protein synthesis. The only step in

the model (Figure 3) that depends on protein synthesis is Wee1 production. With kwsyn = 0,

[Wee1total] drops to zero over the course of 3-4 h, with little effect on the dynamics of cyclin

E/Cdk2.

(A) The four forms of cyclin E/Cdk2.

(B) Total cyclin E, activity of the cyclin E-degradation machinery (Deg), Wee1 activity. We

plot [Wee1total] relative to its initial value, 8.06.

Figure 6. Exogenous ∆34Xic1 is degraded prior to the destruction of cyclin E.

(A, B, C) Simulation. [Xic1]initial = 3. In panel (C) we plot [Xic1total] / [Xic1]initial.

(D) Experiments. Embryos were injected with 5 ng Xic1-C or ∆34Xic1, collected at the

indicated time points and analyzed by immunoblotting for the content of cyclin E and Xic1. The

migration of molecular weight standards is indicated on the left. Note: Xic1-C reacts weakly

with the Xic1 antibody but is detected and is degraded at the same time as ∆34Xic1.

Figure 7. Timing of cyclin E degradation is dependent upon the dose of ∆34Xic1.

(A) Simulation. Total cyclin E for different amounts of Xic1 added to the system. As in Figure

6, Xic1 is degraded prior to cyclin E. The times when one-half the original Xic1 has been

degraded are 6.4, 7.6 and 10 h for [Xic1]initial =  1.5, 3, 6, respectively The times when one-half

of the original cyclin E has been degraded are 7, 7.7, 10.3, 15.4 h, for [Xic1]initial = 0, 1.5, 3, 6,

respectively.

(B) Experiment. Embryos were injected with 0, 2.5, 5 or 10 ng ∆34Xic1, collected at the time

points indicated, and analyzed by immunoblotting for content of cyclin E. Arrows denote the

position of cyclin E.

Figure 8. Bifurcation analysis of the cyclin E/Cdk2 developmental timer.

(A) Simulation of the equations in Table 3. Chromatin-bound cyclin E/Cdk2 (dashed line; H =

[Cdk2:CycE:Chr] + [P Cdk2:CycE:Chr]) and active, unbound cyclin E/Cdk2 (solid line)  as

functions of time.
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(B) Dependence of negative feedback oscillations on H. The ordinate is [Cdk2:CycE], except

for the open diamonds, which indicate the period of oscillation (scale on right). Solid line: stable

steady state; dashed line: unstable steady state; black circles: maximum and minimum values of

[Cdk2:CycE] during the course of an oscillation at fixed H. The control system undergoes a Hopf

bifurcation at H = 0.41.

(C) Bistability in the positive feedback module. We plot dH/dt as a function of H for two

values of koff. The system is monostable (one steady state, where dH/dt = 0) for koff = 0.0001 and

bistable (three steady states) for koff = 0.01.

(D) Oscillations in the negative feedback module. Symbols as in panel (B). The steady state is

unstable between the two points of Hopf bifurcation at τ = 5 × 10-4 and 8 (see text).
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