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The Role of the Unreplicated DNA Checkpoint in Xenopus laevis 

Embryos and Extracts 

Nassiba Adjerid 

ABSTRACT 
 
 When unreplicated or damaged DNA is present, cell cycle checkpoint pathways cause 
cell cycle arrest by inhibiting cyclin-dependent kinases (Cdks). In Xenopus laevis, early 
embryonic development consists of twelve rapid cleavage cycles between DNA replication (S) 
and mitosis (M) without checkpoints or gap phases. However, checkpoints are engaged in 
Xenopus once the embryo reaches the midblastula transition (MBT).  At this point, the embryo 
initiates transcription, acquires gap phases between S and M phases, and establishes a functional 
apoptotic program. During the cell cycle, there are two main checkpoints that regulate entrance 
into S and M phases. The focus of this study is the role of protein kinase Chk1 and the 
phosphatase Cdc25A in the DNA replication checkpoint. In the absence of active Chk1, Cdc25A 
activates cyclin dependent kinases (Cdks) allowing the cell to progress into S or M phase. Chk1 
regulates cell cycle arrest in the presence of unreplicated DNA in somatic cells by 
phosphorylating Cdc25A and leading to its degradation. Chk1 is also transiently activated at the 
MBT in Xenopus laevis embryos, even when there is no block to DNA replication or damaged 
DNA. One goal of this work is to understand the developmental role and regulation of checkpoint 
signaling pathways due to its monitoring of DNA integrity within the cell.  

Chk1 plays a critical but not fully understood role in cell cycle remodeling and early 
embryonic development. In order to understand the function and regulation of Chk1 in 
checkpoints, the features of the MBT that activate Chk1 must be identified. The activation of 
Chk1 by two time-dependent events in the cell cycle, the critical nuclear to cytoplasmic (N/C) 
ratio and the cyclin E/Cdk2 maternal timer are explored in this study. Embryos treated with 
aphidicolin, resulting in a halted replication fork and therefore a reduced DNA concentration, 
were tested for Chk1 activation and Cdc25A degradation. Chk1 and Cdc25A were observed to 
undergo activation and degradation, respectively, in embryos with a reduced DNA concentration. 
In addition, embryos were injected with 34Xic cyclin E/Cdk2 inhibitor, in order to disturb the 
maternal timer and tested for Chk1 activation and Cdc25A degradation. Both Chk1 and Cdc25A 
were unaffected by the disruption of the cyclin E/Cdk2 maternal time in the embryo. Therefore, 
the N/C ratio and the cyclin E/Cdk2 maternal timer do not affect Chk1 activation and therefore 
Cdc25A degradation. 

Another means of characterizing the unreplicated DNA checkpoint is through the use of 
mathematical modeling of the checkpoint-signaling cascade of the cell cycle. Mathematical 
modeling is the translating of biological pathways into mathematical equations that can simulate 
interactions without performing laboratory experiments. The Novák-Tyson checkpoint model 
made important predictions of hysteresis and bistability in the frog egg checkpoint model, 
predictions that were later confirmed experimentally. The model was updated with additional 
interactions, such as those including Myt1, a second inhibitor kinase, and lamin proteins, which 
become phosphorylated at the onset of nuclear envelope breakdown (NEB) at entry into mitosis.  
Also, experimental data was fit into the model while maintaining hysteresis and bistability. 
Therefore, the unreplicated DNA checkpoint model was updated with new interactions and 
experimental data while still preserving previously identified dynamic characteristics of the 
system.  

As described, Cdc25A regulation is dynamic in the embryo. The checkpoint original 
model represents the activity of Cdc25 phosphatase on the mitosis promoting factor (MPF) that 
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leads the cell into mitosis. In the checkpoint model, Cdc25C is the phosphatase activating MPF. 
However, the model does not include Cdc25A, which is an integral part of the checkpoint-
signaling pathway due to its role in activating the cyclin/Cdk complex allowing entry into S and 
possibly M phase. Experimental studies were performed in which Cdc25A levels were reduced in 
embryos and extracts using Cdc25A morpholinos. Embryos and extracts showed delayed cell 
cycle and mitotic entry, demonstrating the importance of Cdc25A plays in the cell cycle.  Based 
upon experimental data, the mathematical model of the DNA replication checkpoint was 
expanded to include Cdc25A. The expanded model should more accurately demonstrate how 
checkpoints affect the core cell cycle machinery. Cdc25A was incorporated into the model by 
gathering experimental data and designing a signaling cascade, which was translated into 
differential equations. The updated model was then used to simulate the effect of synthesis and 
degradation rates of Cdc25A on the entry into mitosis dynamics. Therefore, using mathematical 
modeling and experimental design, we can further understand the role that Cdc25A plays in cell 
cycle progression during development. 

 Understanding the regulation of Chk1 activity at the MBT and the role of Cdc25A in 
checkpoint signaling will help us further characterize the dynamics of early embryonic 
development.  The use of mathematical modeling and experimental tools both contribute to 
further our understanding of controls of the checkpoint signaling pathway and therefore leading 
us one step closer to truly being able to model a pathway and make predictions as to the behavior 
of the cell during early embryonic development.  
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Chapter 1: The Cell Cycle and Xenopus laevis 

 

1.1 The Cell Cycle and Cyclin Dependent Kinases 

The cell cycle is the set of events in which the cell replicates itself and thereby, 

the cell cycle must be highly regulated in developing organisms. The two most important 

steps in the cell cycle are the replication of the cell’s DNA (S phase) and mitosis (M 

phase) in which the duplicated genetic material segregates precisely into two daughter 

cells. Between S and M phases, there are two gap phases, G1 before S and G2 (Murray 

and Hunt, 1993; Lodish, 2004). In the G1 phase, the cell prepares for chromosomal 

replication, grows and assesses its environment in preparation for DNA replication and 

eventually cell division. In the G2 phase, the cell prepares to enter mitosis and is a point 

in the cell cycle where checkpoints can be engaged in response to damaged or 

unreplicated DNA (Lodish, 2004). The cell cycle is a mechanism set up by the cell to 

ensure correct DNA replication and division occur and promotes progress in development 

(Figure 1.1). 

                          
Figure 1.1: The eukaryotic cell cycle.  In most growing somatic cells, the four phases 

proceed successively, taking from 10 – 20 hours depending on cell type and 

developmental state. Interphase consists of the G1, S, and G2 phases. DNA is synthesized 

in S, and other cellular macromolecules are synthesized throughout interphase, so the cell 

roughly doubles its mass. During G2, the cell is prepared for the mitotic (M) phase, when 

the genetic material is evenly partitioned, and the cell divides. Non-proliferating cells exit 

the normal cycle, entering the quiescent G0 state.  Figure based on Lodish et al, 2004 as 

modified by AbdulShakur Abdullah. 
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Progression of the eukaryotic cell through the cell cycle depends on cyclin 

dependent kinases (Cdks). Cdks are serine/threonine protein kinases. In yeast, where 

much fundamental research has been done regarding cell cycle regulation, progress 

through the entire cell cycle can occur with only one Cdk, Cdc2 in Schizosaccharomyces 

pombe. Cdc2 was later discovered to be a homolog of human Cdk1 when experiments 

were done to verify that Cdc2 bound cyclin (Doree and Hunt, 2002).  In contrast to yeast, 

in metazoan systems such as Xenopus laevis, there are many Cdks, each regulating 

passage from one phase to the next of the cell cycle (Arellano and Moreno, 1997). Some 

Cdks link cell proliferation with other cell fates such as senescence, quiescence and 

differentiation (Arellano and Moreno, 1997). Mammalian Cdks have been able to replace 

Cdk function in yeast demonstrating a high degree of conservation among those core cell 

cycle regulators. The human Cdc2Hs gene was cloned into fission yeast and its role 

resembled that of Cdc2 in fission yeast. From this experiment, it can be assumed that 

both Cdks have similar kinase activity (Lee and Nurse, 1987). Therefore, Cdks are 

common protein kinases that drive cell cycle progression in all types of organisms 

ranging from human to yeast. Studying one species such as the frog should provide 

valuable information for all metazoans and insight into human health such as various 

cancers. 

  Cdks on their own possess very weak kinase activity; they need regulatory 

subunits named cyclins to attach before they can become fully activated. Some enzymatic 

activity was measured of monomeric Cdks vs. cyclin/Cdk complexes. It was concluded 

that kinase activity was increased by a 40,000 fold in specific activity (Lanker et al., 

1996). Binding of the cyclin subunit causes structural changes in the Cdks by rearranging 

the catalytic residues within the ATP binding site of the Cdk, leading to activation of the 

kinase.  Different cyclin subunits may bind the same Cdk due to a 16 amino acid 

conserved region in the Cdk. Major cyclin/Cdk complexes include cyclin B/Cdk1 and 

cyclin A/Cdk1, which function during M phase. Also, there is cyclin D/Cdk4, 6 which 

has a role during G1 and cyclin A/Cdk2 and cyclin E/Cdk2 which function during S 

phase (Lodish, 2004). Each cyclin/Cdk complex plays a significant role to get the cell 

through the cell cycle (Figure 1.2). These cyclin subunits are less conserved than the 

Cdks. Cyclins play a role in specifying the substrate-binding site of the complex and cell 
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phase specificity for Cdks (Sandal et al., 2002). It was first discovered in developing 

embryos that cyclins were produced in waves (Hunt et al., 1992).  

Factors such as cyclin availability, stoichiometric inhibition, and inhibition 

through phosphorylation regulate the levels and activity of Cdks and consequently, cell 

cycle progression. As mentioned above, Cdks form complexes with cyclins, and cyclin 

levels are modulated by many transcriptional regulators and protein degradation 

processes. Cyclins can be targeted for ubiquination by the proteasome pathway, which 

can then lower levels of cyclins and therefore limit the amount of complexes that are able 

to form and regulate cell cycle processes. The ubiquination of cyclins may be caused by 

natural events of the cell cycle. For example, there is evidence that cyclin E/Cdk2 has an 

autophosphorylation activity that leads to the instability of cyclin E (Lanker et al., 1996; 

Sheaff et al., 1997). Therefore, the availability of cyclin E/Cdk2 in the cell may be the 

cause of ubiquination and therefore instability of cyclin E in the cell. 

 Three main cyclins drive the mammalian cell cycle, cyclin A, B and E. Cyclin A 

is required for DNA replication in mammalian cells as is shown by experiments in which 

antisense cyclin A is injected into a cell and blocked DNA replication and then human 

cyclin A is added back and restoration of DNA replication is observed (Girard et al., 

1991). Cyclin B is necessary for mitosis as it forms a complex with Cdk1 forming mitosis 

promoting factor, MPF. MPF accumulation at specific thresholds allows progression into 

mitosis. Cyclin E is also necessary to support DNA replication and centrosome 

duplication at S phase entry. The binding of cyclin E with Cdk2 can facilitate origin 

firing through the loading of DNA polymerase and promoting histone synthesis (Bartek 

and Lukas, 2001). 
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Figure 1.2:  The cell cycle and assorted cyclin/Cdk complexes. Cyclin and cyclin 
dependent kinase (Cdk) complexes that assembles and drive transitions throughout the 
cell cycle. The arrow heads represent phase start times. Figure adapted from Lodish et al 
2004 as modified by AbdulShakur Abdullah. 

 

In addition to cyclins A and B, cyclin E plays an important role during the cell 

cycle, as the regulator of the entry into S phase. In somatic cells, cyclin E/Cdk2 regulates 

the transcription of genes that activate and assemble DNA replication complexes at the 

replication origins (Coverley et al., 2002). In Xenopus embryos, cyclin E is available as a 

maternally supplied protein, and stays constant throughout the first stages of embryonic 

development (pre-MBT) (Murray, 2004). It is rapidly degraded once the embryo reaches 

the MBT. The degradation process is independent of the progress of the cell cycle, the 

nuclear-to-cytoplasmic ratio, and new protein synthesis (Howe and Newport, 1996; 

Hartley et al., 1997).  The activity of the associated Cdk2 protein oscillates twice per cell 

cycle (Hartley et al., 1997). Before the MBT, oscillations in Cdk2 activity are not 

affected by Cdk inhibitors because the Cdk inhibitors are not abundant (Shou and 

Dunphy, 1996). There is indication that Cdk2 is regulated by the phosphorylation of 

tyrosine 15 in the pre-MBT stage of embryo development. Once the Cdk2 tyrosine 15 

residue is phosphorylated, catalytic activity is inhibited (Constanzo et al., 2000; Kappas 

et al., 2000).  Therefore, the oscillations of Cdk2 activity most likely depend on periodic 
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phosphorylation and dephosphorylation and degradation of cyclin E occurs after a set 

number of these oscillations (Ciliberto et al., 2003). Cyclin E complexed with Cdk2 

controls initiation and continuation of DNA replication during S phase (Hartley et al., 

1996).  

Cyclin E/Cdk2 is directly linked to the maternal timer that drives embryo 

development all the way up to MBT (Hartley et al., 1997). Cyclin E/Cdk2 plays a role in 

the timing of MBT events, because when the activity of cyclin E/Cdk2 was inhibited, 

zygotic transcription at the MBT was delayed (Hartley et al., 1997). At the MBT, cyclin 

E is degraded by a pathway which is proposed to be activated by the cyclin E/Cdk2 

complex itself (Ciliberto et al., 2003). Abrupt degradation of cyclin E may be facilitated 

by the removal of cyclin E/Cdk2 in a cooperative fashion from the oscillatory system, but 

this hypothesis remains to be experimentally validated (Ciliberto et al., 2003). The cyclin 

E/Cdk2 maternal timer is an integral component of the timing of events in the rest of the 

cell cycle and may have effects on the timed transient activation of Chk1 that occurs at 

the MBT. 

Cyclin kinase inhibitors (CKIs) can bind to cyclin-Cdk complexes and inactivate 

them. There are two main families of CKI, the Cip/Kip family which includes p21Cip1, 

p27Kip1, and p57Kip2, and the second family is the INK4 family, which includes, p15, p16, 

p18, and p19.  The Cip/Kip family of inhibitors bind to the cyclin/Cdk complex and leave 

them inactive until the complex is released by phosphorylation of the Cdk (Arellano and 

Moreno, 1997; Coqueret, 2003).   In Xenopus, a single member of the Cip/Kip family of 

inhibitors, XIC (Xenopus inhibitor of Cdk), was discovered to be present in early 

embryonic development when transcription is absent and cell cycles are very rapid (Su et 

al., 1995). 34 Xic1 is a manmade tool that specifically target cyclin E/Cdk2 and prevent 

entry into S phase by inhibiting Cdks and also may block DNA replication (Su et al., 

1995).  

The phosphorylation of threonine and tyrosine residues near the active site of the 

Cdk can cause inactivation as mentioned earlier in reference to Cdk2 activity regulation. 

This process is catalyzed by the Wee1 and Myt1 protein kinases (Mueller et al., 1995a; 

Mueller et al., 1995b) and then reversed by Cdc25 phosphatase (Gautier and Maller, 

1991; Kumagai and Dunphy, 1991). There are three different classes of Cdc25: Cdc25A, 
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Cdc25B, and Cdc25C. In mammalian cells Cdc25A is nuclear while Cdc25B and C 

shuttle in and out of the nucleus throughout interphase. In early cell cycles, Cdc25A 

regulates the G1 to S transition, while Cdc25B and Cdc25C regulate the G2-M phase 

transition (Figure 1.3) (Ferguson et al., 2005).  Cdc25C phosphatase dephosphorylates 

the cyclin B/Cdk1 complex, which is also known as mitosis promoting factor (MPF), by 

removing the phosphates on Thr14 and Tyr15 residues, rendering it active during normal 

frog cell cycle events (Gautier and Maller, 1991; Kumagai and Dunphy, 1991). However, 

when a checkpoint is engaged, Chk1 phosphorylates and activates the Wee1 kinase, 

which phosphorylates MPF and inactivates MPF at the G2/M transition, stopping 

entrance into mitosis (Lee et al., 2001).  In addition, during normal cell cycle events, 

MPF phosphorylates and inhibits the function of Wee1 and activates Cdc25C while in the 

feedback loop that maintains high MPF activity (Hoffman et al., 1993; Izumi and Maller, 

1993; Mueller et al., 1995a). 

 

             

Figure 1.3: The cell cycle checkpoint pathway. Checkpoint pathways that blocks cell 

cycle progression as a consequence of blocked DNA replication and DNA damage. Solid 

arrows represent changes in physical states of a molecule while dashed arrows represent 

biochemical interactions.  
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1.2 Cell Cycle Checkpoints 

 In somatic cells, genotoxic stresses, including those that cause DNA damage or 

inhibit DNA synthesis, result in the activation of cell cycle checkpoints. A cell cycle 

checkpoint is a pathway that causes an inhibitory signal to later stages of the cell cycle in 

the presence of an uncompleted cell cycle process (Hartwell and Weinert, 1989). During 

the cell cycle, there are five major cell cycle checkpoints, at the G1/S, intra-S, G2/M, the 

metaphase/anaphase, and anaphase/telophase boundary.  Cell cycle progression can be 

halted at any of these checkpoints if the conditions for successful cell division are not met 

(Hanahan and Weinberg, 2000). The presence of cellular checkpoints prevents genomic 

instability in the cell progeny and leads to various responses such as cell cycle arrest, 

DNA repair, and cell death (Hanahan and Weinberg, 2000; Novak et al., 2002; Sagata, 

2002). The engagements of cell cycle checkpoints activate signaling pathways that 

ultimately affect cyclin dependent kinases (Sagata, 2002).  Therefore, once the Cdks are 

inhibited or inactivated, the cell cycle is delayed and/or arrested at that specific phase.  

One major threat to genomic integrity is DNA damage. DNA damage triggers a 

signaling network that arrests the cell cycle at specific phases by inactivating Cdk 

complexes (Figure 1.3). In mammalian cells, ionizing radiation triggers double-stranded 

breaks in the DNA, which in turn triggers phosphorylation and the activation of Ataxia 

telangiectasia-mutated protein (ATM). ATM phosphorylates many substrates in signaling 

pathways leading to apoptotic cell death, cell cycle arrest and DNA repair. ATM causes 

activation and stabilization of p53 indirectly through the phosphorylation of Chk1 and 

Chk2 protein kinases and inhibition of MDM2 protein (Sagata, 2002; Stokes et al., 2002). 

MDM2 protein is responsible for the degradation of p53; however, once inhibited by 

ATM, p53 is not degraded (Khosravi et al., 1999; Carr, 2000; Chehab et al., 2000).  The 

presence of p53 leads the cell to arrest or become apoptotic depending on the degree of 

damage in the cell. However, Cdc25 functions as a phosphatase that activates cyclin/Cdk 

complexes by removing inhibitory phosphates on Thr14 and Tyr15 and is initially 

activated by a sequence of ATM and Chk1/Chk2 phosphorylation events (Sagata, 2002). 

When phosphorylated by Chk1, Cdc25A is rapidly degraded. In mammalian organisms, 

Cdc25A activates the cyclin/Cdk complexes cyclin E/Cdk2 and cyclin A/Cdk2, and 

therefore, its degradation causes cell cycle arrest before S phase (Figure 1.3).  In addition, 
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Chk1 phosphorylates Cdc25C, a Tyr15 and Thr14 phosphatase, at the G2/M transition 

point of the cell cycle. When phosphorylated, Cdc25C binds to the 14-3-3 protein and is 

trapped in the cytosol away from Cdks in the nucleus (Conklin et al., 1995; Kumagai et 

al., 1998). Therefore, through the phosphorylation and dephosphorylation of Cdc25, the 

cell can control whether it is in the best interest of the cell to proceed into mitosis.  

  Another element of the checkpoint signaling pathway is ATR, an essential protein 

kinase in early embryonic development of mammals that functions in the damage and 

DNA replication response pathways. ATR, an ATM-related protein, becomes activated 

when DNA replication is blocked due to a signal in the embryo. ATR activates protein 

kinase Chk1, which then phosphorylates and activates p53. Heterozygous mice with 

ATR+/- experienced increased tumor incidence while homozygous ATR-/- mice 

experienced early embryonic lethality. These embryos also experience chromosome 

fragmentation and dramatic loss of genomic integrity (Brown and Baltimore, 2000). 

Since ATR-/- and p53 -/- knockout mice do not display similar phenotypes, ATR function 

is not simply through p53 alone (Brown and Baltimore, 2000).  In addition, ATR 

knockout mice exposed to DNA replication inhibitors were not allowed past the G2/M 

phase checkpoint and into mitosis.  However, once the inhibitors were eliminated, the 

ATR knockout cells entered into mitosis with chromosomal breaks present.  This 

indicates that ATR provides a key genome maintenance function in S phase (Brown and 

Sethna, 2003).  At the G2/M checkpoint, ATR is phosphorylated in response to 

unreplicated DNA signals. ATR phosphorylates and actives Chk1.  Active Chk1 then 

phosphorylates and triggers the inactivation of Cdc25s, (Bartek and Lukas, 2003), 

causing arrest at the G2/M checkpoint. It is important to realize that both Chk1 and ATR 

play critical roles in the development of the embryo during the absence of any genomic 

instability. It was shown that when either ATR or Chk1 were knocked out in mice, the 

embryos died early by apoptosis (Brown and Baltimore, 2000; Liu et al., 2000; Brown 

and Sethna, 2003). 

1.3 The Role of Chk1 during Early Development of Xenopus laevis 

  Chk1 was first discovered in yeast as a gene encoding a protein kinase that 

genetically interacts with cdc2 and is required for the DNA damage checkpoint 
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(Walworth et al., 1993; Walworth and Bernards, 1996). The DNA damage checkpoint is 

activated through the functions of ATR or ATM when the cell senses DNA damage by 

nicks in the DNA or a stalled replication fork. In mammalian systems, Chk1 indirectly 

interacts with Cdk1 via a signaling pathway in which Chk1 phosphorylates Cdc25C, a 

Tyr15 and Thr14 phosphatase of Cdk1 (Shimuta et al., 2002). When dominant-negative 

Chk1 was injected into embryos, the embryos began to lose cell attachments and 

condense chromatin post-gastrulation, and undergo apoptosis, demonstrating the 

importance of Chk1 during regular cell cycle events (Carter and Sible, 2003). At the 

G2/M transition, Cdc25C removes the phosphates off Tyrosine 15 and Threonine 14 

residues of Cdk1, which then activates the cyclin B/Cdk1 complex and allow entrance 

into mitosis (Kumagai and Dunphy, 1991).  The phosphorylation of Cdc25A by Chk1 

results in the deactivation and degradation of Cdc25A, thereby causing cell cycle arrest 

(Uto et al., 2004). Therefore, in the absence of Cdc25A the cell should not be able to 

progress through the cell cycle due to the lack of activation of the subsequent 

cyclin/Cdk1 complex.  

Chk1 plays a major role in early embryonic development even in the absence of a 

checkpoint engagement. There is developmental activation of Chk1 at the MBT even 

without damaged or unreplicated DNA present. The reason for this activation is not yet 

understood, but is important because when Chk1 is removed from the system, the embryo 

does not develop past gastrulation normally and undergoes apoptosis (Shimuta et al., 

2002; Carter and Sible, 2003). However, in Xenopus, Chk1 targets Cdc25A for 

degradation at the MBT and blocks apoptosis so that the embryo can continue past the 

MBT (Shimuta et al., 2002; Petrus et al., 2004). This suggests that Chk1 plays a role in 

cell cycle lengthening at the MBT and that this lengthening is crucial to embryo survival. 

When new zygotic transcription or protein translation is inhibited, Chk1 progressively 

becomes more active after the MBT, while Cdc25A is rapidly degraded (Shimuta et al., 

2002). This shows that the Chk1 pathway is not active until the MBT, which results in 

Tyrosine 15 phosphorylation of Cdks and cell cycle lengthening (Shimuta et al., 2002). 

Therefore, Chk1 is necessary before the MBT in order for the embryo to undergo further 

normal development (Shimuta et al., 2002).  



 10

In addition, Chk1 has important roles outside of checkpoints during normal 

development. During oocyte development, Chk1 helps maintain arrest in prophase I of 

meiosis (Nakajo et al., 1999). This was shown by overexpressing dominant-negative 

Chk1, which inhibits Chk1 and releases the oocyte from prophase arrest. On the other 

hand, overexpressing Chk1 prolonged arrest in prophase (Nakajo et al., 1999). However, 

during oocyte maturation, Chk1 protein is expressed in constant levels, suggesting that 

steady levels of Chk1 are necessary for meiosis, whereas the active phosphorylated form 

is necessary at the MBT to phosphorylate Cdc25A.After the first cleavage cycle, steady 

levels of Cdc25A are present.  However, once the embryo reaches the MBT, the levels 

drop drastically as Chk1 becomes activated. This suggests a direct relationship between 

Chk1 and Cdc25A at the time of the MBT (Shimuta et al., 2002; Petrus et al., 2004). 

When Chk1 was overexpressed, Cdc25A protein levels were low even before the onset of 

the MBT. In addition to targeting Cdc25A for degradation, Chk1 may also function in 

cell cycle remodeling at the MBT by activating the Wee1 protein (Figure 1.3) (Lee et al., 

2001). Therefore, Chk1 plays a role in the development of the Xenopus laevis embryo by 

phosphorylating Cdc25A at the MBT and in meiosis in addition to inactivating Cdc25s 

by phosphorylation when a checkpoint is engaged.  

As mentioned earlier, the Xenopus embryo undergoes a pre- MBT stage of 

development in which checkpoints are not functional, and there is no new zygotic 

transcription. However, once the embryo reaches the MBT, all these events become 

functional and the embryo reaches a critical nuclear-to-cytoplasmic (N/C) ratio. At the 

MBT, the embryo reaches a DNA concentration that is sufficient to turn on checkpoints 

and transcription. Chk1 is a good indicator of checkpoint engagement as it becomes 

active due a stalled DNA replication fork and therefore causes a cascade of 

phosphorylations, which result in a checkpoint response. In cell-free extracts, different 

levels of DNA causes a dose-dependent activation of Chk1 before the MBT (Conn et al., 

2004). Therefore, we want to study whether the nuclear to cytoplasmic ratio in the pre-

MBT stage of development has an effect on Chk1 activation and whether Chk1 activation 

at the MBT depends on this ratio in embryos. 
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1.4 Xenopus laevis: A Model System 

The early embryonic development of Xenopus laevis provides a convenient 

biological system in which to study regulation of cell cycle checkpoints. The first twelve 

cell cycles of Xenopus embryonic development lack functional checkpoints. The embryo 

undergoes twelve synchronized cleavage cycles in a 20-30 minute cycle time that 

alternate between DNA replication (S phase) and mitosis (M phase), lacking cell growth, 

gap phases and checkpoints (Newport and Kirschner, 1982a, 1982b). The prominent view 

states that cell cycle checkpoints do not exist during the first twelve cleavage cycle 

because initial cleavage of the cell is not affected by DNA, RNA, microtubule synthesis, 

or DNA damage (Maller et al., 2001). However, checkpoints, and zygotic transcription 

become functional at the midblastula transition (MBT)(Newport and Kirschner, 1982a, 

1982b; Dasso and Newport, 1990; Frederick and Andrews, 1994; Kappas et al., 2000). 

The remodeling cell cycle in the Xenopus embryo provides a facile model to study what 

turns on and off checkpoints during in order to insure cell cycle progression.  

After the first twelve cleavage cycles, the embryo enters the MBT in which the 

cell aquires gap phases, and checkpoints (Newport and Dasso, 1989; Dasso and Newport, 

1990). At the MBT, the embryo reaches a crucial nuclear to cytoplasmic (N/C) ratio, 

which is usually sensed by the cell when there is a shortage of cytoplasmic factors that 

can no longer interact at a stoichiometric level with the increased DNA levels in the cell 

(Mechali and Harland, 1982; Newport and Kirschner, 1982a, 1982b).   When the MBT is 

completed, cell cycles can presumably then be halted by either DNA damage or blocked 

DNA replication (Anderson et al., 1997; Hensey and Gautier, 1997). However, timing of 

checkpoint acquisition has not been precisely mapped.  DNA damage and blocked DNA 

replication can occur during the cell cycle, and the cell must be able to detect and correct 

damaged or unreplicated DNA before allowing the embryo to progress in development, 

either into the G2 phase or mitosis of the cell cycle.  

The dynamic remodeling that occurs during Xenopus laevis early development at 

the MBT is important for understanding checkpoint signaling.  MBT is an event during 

frog development in which the embryo undergoes a fast switch from uncontrolled cell 

divisions to very controlled longer cell cycles, which have checkpoints, DNA 

transcription and apoptosis. Checkpoint signaling includes kinases and phosphatases that 
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become activated in the presence of damage that signal the embryo to either undergo 

arrest or death. Proteins such as Chk1 and Cdc25A are important members of this 

signaling cascade and their precise level of activity directly affects events in the cell 

cycle. The N/C ratio and the cyclin E maternal timer may both play a significant role in 

the activation of these proteins and therefore affect the response of embryos to DNA 

damage.  In addition, the removal of proteins in the checkpoint signaling cascade such as 

Cdc25A can cause dramatic affects on cell cycle progression and further explain the 

important roles that each members of the checkpoint signaling cascade plays in embryos 

with comprised genome integrity. Understanding the activation and inactivation of cell 

cycle proteins is the key to understanding the cell cycle as a whole and eventually using 

that knowledge to cure cell cycle related illnesses. 

 

1.5 Mathematical Modeling of the Frog Egg Cell Cycle 

1.5.1 Why We Need Mathematical Modeling of the Cell Cycle 

The cell cycle is a complex network of control signals that regulate proliferation 

of eukaryotic cells. Understanding the mechanism by which the cell cycle is regulated is 

the key to understanding human illnesses based in unregulated cell cycles such as cancer.  

As advances in cell and molecular biology are made, our knowledge of cell cycle 

networks have become more complex and intertwined, which has made this field more 

interesting, but also more difficult to map and understand. Mathematical models 

representing the cell cycle engine have been developed in order to achieve better 

comprehension of cell cycle progression and the controls underlying the cell cycle. 

Mathematical models combine computational tools and biochemical and laboratory data 

in order to expand our understanding of the system. Mathematical models have been 

constructed that predict underlying and novel behaviors of the DNA replication 

checkpoint of the cell cycle engine in Xenopus laevis extracts.   
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1.5.2 Novák-Tyson Model of the Cell Cycle in Frog Egg Extracts 

Mathematical modeling of the cell cycle engine in Xenopus laevis extracts is 

utilized in order to understand cell cycle progression and checkpoint controls. 

Mathematical modeling can provide insight into complex mechanisms by 

compartmentalizing the signaling cascade into sections and allowing the study of the 

effect of each section as well as its integration into the cell cycle network as a whole. The 

model provides a mechanism by which simulations can predict system behaviors. The 

frog egg cell cycle model has provided such insight into cell cycle controls and 

progression.  

In 1993, Dr. Béla Novák and Dr. John Tyson published a mathematical model that 

represented protein-dependent controls that occur at the transitions into and out of mitosis 

during the frog egg cell cycle (Novak and Tyson, 1993; Marlovits, 1998). The focus of 

the mathematical model is the cyclin/Cdk complex, MPF, which is responsible for mitotic 

entry. In Xenopus laevis, Cdks are present at constant levels throughout development, 

while mitotic cyclins oscillate with every cell cycle. The binding of cyclin B to Cdk1 

facilitates the phosphorylation of Thr161 by Cdk Activating Kinase (CAK) (Figure 

1.4)(Solomon et al., 1992).  As soon as cyclin B and Cdk1 bind, Cdk1 also becomes 

phosphorylated on Tyr15 and exists in its inactive state during interphase of Xenopus 

extracts. The abrupt dephosphorylation of MPF on Tyr15 triggers the transition of the 

extract from interphase into mitosis. 
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Figure 1.4: The Novák-Tyson model illustrating the cell cycle core engine in frog egg 
extract. Positive feedback between Cdk1 and Cdc25 (Gautier et al., 1991; Kumagai and 
Dunphy, 1991, 1992; Izumi and Maller, 1993) and double-negative feedback between 
Cdk1 and Wee1 (Smythe and Newport, 1992; Mueller et al., 1995a)  create the abrupt 
activation of Cdk1 at G2/M. Inactivation of Cdk1 results from negative feedback in 
which Cdk1 indirectly targets cyclin B for degradation (Lorca et al., 1998). Synthesis of 
cyclin is represented by an asterisk (*). k1 represents the rate constant for cyclin 
synthesis, k2 represents the rate of cyclin degradation and k3 represents the rate of which 
cyclin B binds to Cdk1 to make MPF. Solid arrows represent changes in physical states 
of a molecule while dashed arrows represent biochemical interactions.  

 

The model illustrates the rapid activation of MPF due to two positive feedback 

loops, between MPF and Cdc25 (mutual activation) and MPF and Wee1 (mutual 

antagonism), and a negative feedback loop resulting in cyclin degradation, causing 

inactivation of MPF and exit from mitosis. Phosphorylated Cdc25C is the active 

phosphatase that activates MPF by removing the phosphate on Tyr15. In turn, MPF 

phosphorylates Cdc25C on Ser285, which increases its activity as a phosphatase on MPF 

(Figure 1.4) (Izumi and Maller, 1993; Furnari et al., 1997; Sanchez et al., 1997). Wee1 is 

a protein kinase that functions to inhibit MPF though a double negative feedback loop by 

adding an inhibitory phosphatase on Tyr15 (Mueller et al., 1995a). MPF phosphorylates  
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Wee1 and inactivates it (Figure 1.4). The positive feedback loop with Cdc25C and the 

double-negative feedback loop with Wee1 are critical to irreversible transitions into 

mitosis as demonstrated in the Novák-Tyson model and later confirmed experimentally 

(Pomerening et al., 2003; Sha et al., 2003; Pomerening et al., 2005).  

In addition to the positive feedback loops, the Novák-Tyson model also includes a 

negative feedback loop in which MPF induces its own degradation through the indirect 

activation of an ubiquitin pathway by a ubiquitin-conjugating enzyme (UbE) that 

indirectly labels the cyclin component of MPF for degradation. The UbE enzyme 

identified in the Novák-Tyson model refers to the Anaphase Promoting Complex (APC), 

an E3 ligase. The phosphorylation of the APC by MPF results in subsequent 

polyubiquitination of cyclin B and targets cyclin B for degradation (Peters et al., 1996).  

The binding of cyclin B causes the activation of the Cdk1 subunit and allows for the MPF 

complex to be functional during the cell cycle (Figure 1.4). The degradation of the cyclin 

B subunit will decrease the levels of MPF in the cell and therefore cause exit from 

mitosis. 

The model of cell cycle regulation in frog egg extracts was built through the 

conversion of the biochemical wiring diagram of MPF activation and inactivation 

(Figures 1.4) into a set of ordinary differential equations (ODEs). The model consisted of 

10 ODEs representing the rate of change in concentration of each varying species, of 

which six equations were based on mass action and four were based on Michaelis Menten 

kinetics (Table 1.1). Mass action can be used for almost all biochemical reactions except 

in interactions in which the concentration of substrate is significantly higher than the 

concentration of enzyme in which Michaelis-Menten kinetics are more appropriate. The 

synthesis and degradation of cyclin B, and its binding to Cdk1 are important steps that 

must occur in order to determine the ability of the extract to enter mitosis (Figure 1.4).  

As an example of an ODE, the equation for the rate of change of free cyclin in the 

Xenopus extract was represented as: 

d[cyclin]/dt= k1 –k2[cyclin]-k3[cyclin][Cdk1] 

k1 represents the synthesis rate of cyclin, k2 is the degradation rate, and k3 represents the 

rate of cyclin binding to Cdk1 available in the system. The second and third terms are 

negative terms because they both represent the removal of free cyclin from the system.  
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The differential equations gave rise to 31 parameters, of which 18 are rate 

constants and 13 are concentrations of proteins represented in the model. Parameters 

were estimated based on available experimental data and/or  

“back of the envelope” calculations. Programs such as PET (Zwolak et al., 2005b) were 

used later to perform parameter estimation. Parameters can be modified to simulate 

biological or experimental conditions. Simulations of the Novák-Tyson model with a set 

of parameters that fit experimental data were used to describe underlying controls and 

predict novel behaviors. 

 The cell cycle model of Xenopus laevis extracts predicted novel behaviors of 

hysteresis and bistability in the frog egg cell cycle (Sha et al., 2003).  Hysteresis is a 

toggle-like switch behavior in which a system switches from an inactive state to an active 

state once beyond a specific threshold. However, switching back to an inactive state 

occurs at a lower threshold. Bistability refers to a system in which at any given parameter 

value between the activation and inactivation thresholds, the system may exist in either of 

two stable steady states, which are separated by an unstable steady state. Hysteresis for 

the cell cycle in frog egg extracts is the behavior in which a higher activation threshold 

concentration of cyclin B is necessary to enter mitosis than the concentration of cyclin B 

necessary to maintain high MPF activity once in mitosis. Between the active and inactive 

cyclin thresholds, the extract exits in two stable steady states (interphase and mitosis) and 

one unstable steady state. Hysteretic transitions are described to be discontinuous. Once 

the cell passes a specific threshold, the system is turned on and moving back to that same 

threshold cannot turn it off (Figure 1.5). 
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Figure 1.5: Theoretical predictions of bistability and hysteresis in the MPF 
activation model. An S-shaped curve is delineated by two thresholds, Ti and Ta. If cyclin 
concentration is elevated beyond the activation threshold, the system switches to a stable 
mitotic state, and switching back to interphase occurs at a lower inactivation threshold of 
cyclin concentration. At a fixed concentration of cyclin between the two thresholds, the 
system exists in two stable steady states (solid line) and one unstable steady state (dashed 
line).  Figure adopted from Sha et al., 2003. 
 
 

In addition to hysteresis, a critical slowing down of the cell cycle was observed in 

the cell cycle core model in frog egg extracts. Critical slowing down is a signature 

characteristic of the hysteresis loop that represents the transitions of the extract into and 

out of mitosis.  In dynamic systems experiencing hysteretic transitions, slowing down is a 

general property that is observed at the turning point that occurs at the activation and 

inactivation thresholds (Figure 1.5). Time lag experimental predictions in which different 

concentrations of cyclin were added into the model and time into mitosis was measured 

provided predictions indicating that slowing down of the system occurred when 

approaching the activation threshold from above (Figure 1.6). Critical slowing down is a 

characteristic of a dynamical system observed in the Novák-Tyson model.  
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Figure 1.6: The increase in time lag when approaching the cyclin activation 
threshold from above.  

 
 

With the wealth of information that the Novák-Tyson cell cycle model provided, 

experiments seeking to observe the behaviors predicted by the model were performed. 

Experiments by Sha et al., in 2003 measured hysteresis in frog egg cell free extracts. Two 

experiments were set up simultaneously to measure cyclin activation and inactivation 

thresholds.  Cycling extracts were treated with cycloheximide (CHX), in order to inhibit 

protein translation, at 0 minutes post activation for the activation threshold (interphase) 

and at 60 min post activation for the inactivation threshold (mitosis I). Nondegradable 

cyclin B was added to the extracts at different concentrations and nucleai morphology 

was observed for cell cycle progression. Experimental data showed that the cyclin 

activation threshold exists between 32 and 40 nM, while the inactivation threshold 

occurred between 16 and 24 nM, showing that hysteretic transitions occur during entry 

into and out of mitosis of frog egg extracts. In addition, studies performed by Pomerening 

et al in 2003 also showed hysteresis by measuring Cdk1 activity in cell-free extracts. 

Different concentrations of cyclin B were added to extracts and Cdk1 activity was 

measured as an indication of mitotic entry.  Therefore, two different series of 

experimentals confirmed the presence of hysteresis during entry and exist from mitosis in 

frog egg extracts.  

Critical slowing down was another behavior predicted by the Novák-Tyson model 

of the cell cycle core engine. Experiments performed by Sha et al in 2003 validated the 
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prediction of the critical slowing down of the system when the activation threshold was 

approached from above.  Activated cell free extracts treated with CHX receiving different 

concentrations of nondegradable cyclin B were observed for nucleai morphology and 

Cdk1 activity. Results indicated that as the cyclin concentrations approached the cyclin 

activation threshold from above, the extract lag time into mitosis increased. Therefore, 

the time lag data provided by Sha et al., in 2003 directly correlates to the prediction made 

by the Novák-Tyson model and provides experimental basis proving the existence of 

predicted behaviors by the model.  

The Novák- Tyson model of the core cell cycle engine frog egg extracts has given 

us the ability to organized very complex signaling networks into simpler interactions and 

allowed us to make predictions about underlying cell cycle controls. The Novák-Tyson 

model predicted that unreplicated DNA would upregulate the phosphatase(s) that oppose 

MPF on Wee1 and Cdc25 (Figure 1.7). This model predicts that the activation threshold 

(Ta) is raised in the presence of unreplicated DNA and therefore widens the hysteresis 

loop. This prediction was also confirmed by Sha et al in 2003. However, the actual 

mechanism of the unreplicated DNA checkpoint is more complicated than the Novák-

Tyson model proposed. This checkpoint mechanism is addressed in Chapters Four and 

Five of this dissertation. 
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Figure 1.7: The effect of unreplicated DNA on the core cell cycle machinery. In the 
Novák-Tyson model, nreplicated DNA would upregulate the phosphatase that would 
dephosphorylate Wee1 and Cdc25, opposing MPF activation. Solid arrows represent 
changes in physical states of a molecule while dashed arrows represent biochemical 
interactions. 
 

1.5.3 The Approach to Model Expansion 

 Once a model defining the core cell cycle engine was constructed and validated 

experimentally, the next step was to expand the model incrementally to describe 

additional elements of the control network. In this dissertation, the Novák-Tyson cell 

cycle model was expanded to include the effect of unreplicated DNA, along with the 

addition of Myt1 inhibitor protein of MPF and lamin protein phosphorylation as an 

indicator of nuclear envelope breakdown as shown in Chapter Four. The unreplicated 

DNA checkpoint model was also expanded to include Cdc25A. Cdc25C is the 

phosphatase represented in the Novák-Tyson model. The addition of Cdc25A and all of 

the relevant elements that promote Cdc25A activation were additional branches of the 

network as presented in Chapter Five.  The expansion of the cell cycle model is the 

means by which we build models that accurately represent biological systems in order to 

make predictions and simulate studies to broaden our understanding of cell cycle 

regulation. 
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Chapter 2: Materials and Methods 

2.1 Frog Care 

 To induce ovulation, female Xenopus laevis frogs were primed with 75 IU 

pregnant mare serum gonadotropin (PMSG, Calbiochem) injected subcutaneously into 

the doral lymph sac 3-5 days prior to fertilization. Frogs received another subcutaneous 

injection with 550 IU human chrionic gonadotropin (HCG, Calbiochem) the evening 

prior to fertilization. All procedures were approved by the Institutional Animal Care and 

Use Committee at Virginia Tech.  

 

2.2 Fertilization and Microinjection 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 staged (Nieuwkoop and Faber, 1975), and subjected to manipulation. To 

block DNA replication, embryos were incubated at specific stages in 0.1X MMR 

containing 100 g/mL aphidicolin (Calbiochem, La Jolla, CA) and 1% dimethyl 

sulfoxide (DMSO). Control embryos were incubated in 0.1X MMR, 1% DMSO.  In some 

experiments, embryos were injected at the one-cell stage with specific concentrations of 

control Xic-C or 34 mutatnt Xic protein dissolved in buffer (20 mM Hepes, 88mM 

NaCl, 7.5mM MgCl2, 10 mM ME).  In other experiments, embryos were injected with 

control and Cdc25A morpholinos dissolved in Reverse Osmosis H2O (Gene Tools, 

Philomath, OR) at 100 ng/embryo. Embryos were observed with an Olympus SZX12 

stereomicroscope and photographed with Olympus DP10 digital camera. 

 

 

 

 



 22

2.3 Western Blotting 

Embryos were lysed in 10 μL EB buffer  (20 mM HEPES, pH 7.5, 80 mM -

glycerophosphate, 5 mM MgCl2, 20 mM EGTA, 50 mM NaF, 1 mM sodium 

orthovanadate, 1 mM dithiotheitol, 1 mM phenylmethylsulfonyl fluoride, 20 μg/mL 

leupeptin, 1 mM microcystin). Samples were resolved on modified SDS polyacrylamide 

gels (separating gel = 10% acrylamide, 0.1% bis-acrylamide, 0.37 M Tris, pH 8.7, 0.1% 

SDS; running buffer = 0.05 M Tris, pH 8.3, 0.384 M glycine, 0.2% SDS), transferred to a 

nitrocellulose or PVDF membranes on semi-dry transfer apparatus (BioRad) and blocked 

in 10% nonfat dry milk in TBS or 5% BSA in 0.1% TBS-Tween (Tris buffered solution= 

20 mM Na2HPO4•7H2O, 20 mM NaH2PO4•H2O, 100 mM NaCl). Membranes were 

incubated in primary antibodies (P-Chk1, Cdc25A, or cyclin E diluted in 5% nonfat dry 

milk in TBS or 5% BSA in .1% TBS-Tween) overnight at 4º C. Membranes were washed 

in 0.1% TBS-Tween, followed by incubation in secondary antibody (Anti-Rabbit IgG 

(Cell Signaling)) 1:10,000 in 5% BSA in TBS-Tween. Immunoreactive proteins were 

detected by chemiluminescence using an ECL Plus Kit (Amersham, Arlington Heights, 

IL). 

 

2.4 DNA Isolation and Visualization 

To isolate DNA, embryos were lysed in 200 mL lysis buffer (1% SDS, 10 mM 

Tris, pH 8.0, 10 mM EDTA, 50 mg/mL proteinase K) for 1 - 1.5 hours. Phenol then 

phenol/chloroform extractions were performed on each sample. Next, the samples were 

ethanol precipitated, and then resuspended in 1 mL TE. The DNA was resolved by 

electrophoresis and stained with ethidium bromide then visualized with a UV illuminator.  
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2.5 Preparation of CSF Extract and Treatment with Cdc25A Morpholino  

Extract preparation were performed as described by Murray et al., 1989: Laid 

eggs were collected in 100 mM NaCl, de-jellied with 2% (w/v) cysteine in XB salt (0.1 

M KCl, 1 mM CaCl2, 1 mM MgCl2, pH 7.6-7.8) for 6-8 minutes and subsequently 

washed four times in XB  buffer (0.1 M KCl, 1 mM CaCl2, 1 mM MgCl2, 1 mM MgCl2, 

10 mM HEPES, 50 mM sucrose, pH 7.7), and then twice in CSF-XB buffer (XB buffer 

plus 5 mM EGTA; pH 7.7, 1 mM MgCl2 (for final concentration of 2 mM), and 10 

μg/mL each of leupeptin, chymostatin, and pepstatin). The eggs were then transferred to 

a pre-chilled centrifuge tube at 4° C containing 5 mL of CSF-XB plus 100 μg/mL 

cytochalasin B. One mL of Versilube F-50 oil (General Electric, MIL-S-81087) was then 

added to the top of the centrifuge tube to displace excess buffer. The tube was centrifuged 

in a tabletop swinging bucket centrifuge at 1000 RPM (168 x G) for one minute, and then 

2000 RPM (671 x G) for 30 seconds. Excess buffer and any eggs appearing lytic at top of 

centrifuge tube were removed and replaced with a minimal amount of fresh Versilube oil. 

The packed eggs were then centrifuged for 15 min at 680 G at 4° C (12000 x G, JS 13.2 

swinging bucket rotor, Beckman Avanti J-20 XP centrifuge). The cytoplasmic fraction 

was then collected and 1/20 column volume of CSK energy mix (150 mM creatine 

phosphate, 20 mM ATP; pH 7.4, 20 mM MgCl2, 200 μg/mL each of leupeptin, 

chymostatin, and pepstatin, and 200  μg/mL cytochalasin B) was then added. The extract 

was then given a clarifying centrifugation for 15 minutes at 15,680 x G at 4°C (12000 x 

G, JS 13.2 swinging bucket rotor, Beckman Avanti J-20 XP centrifuge). Sperm nuclei 

(see below) were diluted into the extract at appropriate concentrations from a stock 

concentration of 60,000 nuclei/μL.  

To arrest extracts in interphase, 100 μg/mL of cyclohexamide was added to CSF 

extracts at the onset of activation and this is the zero time point to block synthesis of 

endogenous proteins. At the zero time point, 0.4 mM CaCl2 was added to activate the 

extract, and then extracts were incubated at room temperature. After 30-40 minutes post-

activation, a viable extract entered interphase. To induce DNA replication blocks, 

aphidicolin (10 mg/mL in DMSO) was diluted into the extract to a final concentration for 

100 μg per mL. 
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Extracts were also treated with control and Cdc25A morpholinos at 100 ng at the 

onset of fertilization (at time zero) and then sperm nuclei morphology was observed.  

2.5.1 Preparation of sperm nuclei: 

Method based on Gurdon (1976): 

 Four male frogs were injected with 25 IU/frog of PMSG three days before sperm 

collection and then injected with 125 IU/ frog of HCG the day before the collection. The 

frogs were then anesthetized by immersion in ice water for at least 20 minutes or until the 

animal was unresponsive. Testes were then surgically removed and rinsed three times in 

cold MMR (0.1 M NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 0.1 mM Na2EGTA, and 

5 mM HEPES; pH 7.8), then washed twice in NPB (250 mM sucrose, 15 mM HEPES,; 

pH 7.4, 1 mM EDTA, 0.5 mM spermidine trihydrochloride (Sigma), 0.2 mM spermidine 

tetrahydrochloride (Sigma), 1  mM dithiothreitol (Sigma), 10 μg/mL leupeptin, 0.3 mM 

PMSF (Sigma). Testes were then macerated in small Petri dish and 2 mL NPB was 

added. Testes were then filtered and rinsed with 8 mL NPB and centrifuged at 3000 RPM 

(1400 G) for 10 minutes. The sperm pellet was then resuspended in 1 mL NPB with 10 

mg/mL lysolecithin and incubated for five minutes at room temperature. Ten mL cold 

NPB containing 3% (w/v) BSA was the added. The sperm was then centrifuged at 3000 

RPM (1400 G) for 10 minutes, resuspended in 5 mL NPB containing 3% (w/v) BSA and 

centrifuged at 3000 RPM (1400 G) for 10 minutes. The sperm was then resuspended 

again in one mL NPB without PMSF and containing 0.3% (w/v) BSA and 30 % (w/v) 

glycerol. The sperm concentration was determined using a hemocytometer and adjusted 

to a final concentration of 107 sperm nuclei/mL. After appropriate dilutions, sperm was 

then snap frozen in 25 μL aliquots in liquid nitrogen and stored at -80 °C (Gurdon et al., 

1976).  

2.5.2 Monitoring entry into mitosis by sperm nuclear morphology 

 The progression of the cell cycle from interphase into mitosis in CSF extracts was 

monitored by examining sperm nuclear morphology. Two μL of the extract sample was 

added to 2 μL of 4’,6-Diamidino-2-phenylindole (DAPI (Sigma)) Fix (11.1% (v/v) 

fomaldehyde, 48% (v/v) glycerol, 1X MMR, 1 μg/mL DAPI) and mixed on a glass 
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microscope slide.  A cover slip was then placed on the combined drops and the slide was 

viewed using fluorescence and phase contrast microscopy (Olympus PROVIS AX70, 

with Olympus U-PS light source). The nuclear membranes were resolved under phase 

contrast microscopy, while DNA morphology was viewed using fluorescent microscopy. 

The nuclear morphology for an extract in mitosis is condensed DNA with no nuclear 

membrane. Dispersed or decondensed DNA surrounded by a nuclear membrane is 

indicative of interphase.  

 

2.6 Model Expansion, Data Fits and Parameter Estimation Using PET: 

 PET, Parameter Estimation Tool, a program originally created by Jason Zwolak 

was used to perform model building and parameter estimation.  PET is a graphical user 

interface based on the tools used in Zwolak et al, 2005 (Zwolak ; Zwolak et al., 2005a). 

PET uses JigCell, a program in which reactions are entered that define the model along 

with initial conditions, parameters and conservation relations. PET uses the SBML file 

from JigCell to compile basal sets with all the parameters of the model along with initial 

conditions available for modification. PET allows the user to enter data and simulate at 

the same time, which is the most important way in which PET was used.  Model 

expansion occurred by methods similar to those of building a model. In expanding the 

Novák-Tyson model to include the effect of unreplicated DNA on cell cycle progression, 

relevant data from the literature was compiled and a mechanism of the effect of 

unreplicated DNA through the activation of protein kinase Chk1 was formulated. The 

mechanism was then translated into a wiring diagram with icons and arrows representing 

interactions of Chk1 with cell cycle core regulatory proteins. These interactions were 

then converted into ordinary differential equations (ODE) and an appropriate set of 

parameters, such as the rate of phosphorylation of Cdc25 by Chk1, was estimated 

according to the experimental literature provided (Sible and Tyson, 2007). Simulations 

were then run by PET and XPP and then compared to the data that was available 

experimentally (Zwolak ; Ermentrout, 2002). A more detailed method of how PET was 

used in these studies will be presented in Chapter Five. Simulations that were done in the 

model referred to the following of variables and/or model output over time to see the 
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general behavior of the system. If the simulations did not fit the data, then changes had to 

be done to the parameter set in order to ensure a better fit.  If parameter changes alone did 

not allow better fits between simulations and data then changes or expansion of the model 

are necessary in order to result in closer fit between the simulations made by the model 

and those in the literature.  
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Chapter 3: Activation of Chk1 at the Midblastula Transition in 

Xenopus laevis Embryos Occurs Independently of the 

Nucleocytoplasmic Ratio and Cyclin E/Cdk2 Developmental 

Timer.     

(In press at Cell Cycle) 

Nassiba Adjerid, Brian Wroble, and Jill C. Sible 

3.1 Abstract 

Cell cycle checkpoints that are engaged in response to damaged and unreplicated 

DNA may serve additional constitutive functions. In the developing Xenopus laevis 

embryo, the checkpoint kinase Chk1 is transiently activated at the midblastula transition 

(MBT), which corresponds to a period of extensive cell cycle remodeling including the 

acquisition of cell cycle checkpoints. The timing of many cell cycle remodeling events at 

the MBT, such as the lengthening of cell cycles, depends upon a critical 

nucleocytoplasmic (N/C) ratio. However, other events, including the degradation of 

maternal cyclin E, do not depend upon the N/C ratio, and instead are regulated by an 

autonomous developmental timer. To better understand what regulates Chk1 activation at 

the MBT, embryos were treated with aphidicolin, at different developmental times and 

for different lengths of time, to reduce the DNA content at the MBT. Chk1 was activated 

at the MBT in these embryos, establishing that Chk1 activation occurs independently of 

the N/C ratio.  Cdc25A is normally phosphorylated by Chk1 at the MBT and then 

degraded. The degradation of Cdc25A demonstrated partial dependence on DNA content; 

suggesting that factors other than Chk1 regulate its degradation. When the cyclin E 

developmental timer was disrupted with the Cdk2 inhibitor 34Xic1, Chk1 was still 

activated at the MBT, indicating that activation of Chk1 at the MBT was not directly 

linked to the cyclin E timer. Conversely, unreplicated or damaged DNA delayed the 

degradation of cyclin E at the MBT, indicating that the cyclin E/Cdk2 timer is sensitive to 

activation of cell cycle checkpoint pathways. 
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3.2 Introduction 

Externally developing embryos, such as those of Xenopus laevis, provide a 

dynamic context in which to investigate cell cycle regulation. After fertilization, embryos 

undergo twelve rapid cell cycles that are oscillations between the S and M phases without 

checkpoints or gap phases. When treated with agents that damage DNA or block DNA 

replication, checkpoint kinases are not activated and the rapid cleavage cycles continue. 

After the twelfth cleavage, embryos enter the midblastula transition (MBT) when 

transcription initiates, cells become motile and the cell cycles are extensively remodeled 

(Newport and Kirschner, 1982a, 1982b; Frederick and Andrews, 1994). Cells that 

accumulate damaged or unreplicated DNA before the MBT die by a maternally regulated 

program of apoptosis (Anderson et al., 1997; Hensey and Gautier, 1997; Carter and Sible, 

2003). After the MBT, cell cycles are lengthened and asynchronous, and cell cycle 

checkpoints are engaged in response to threats to genomic integrity (Newport and Dasso, 

1989). After the MBT, agents that block DNA replication or damage DNA activate the 

checkpoint kinase Chk1 (Kappas et al., 2000; Shimuta et al., 2002).  

The molecular basis for embryos switching from checkpoint–deficient to 

checkpoint–active is not fully understood. However, experiments both in vitro and in 

vivo, in which the content of DNA was manipulated, have indicated that engagement of 

checkpoints may depend upon a threshold content of DNA (Newport and Dasso, 1989; 

Conn et al., 2004; Peng et al., 2008). The achievement of a particular nucleocytoplasmic 

(N/C) ratio at the MBT is also responsible for the onset of zygotic transition, the 

acquisition of cell motility and the lengthening of embryonic cell cycles (Newport and 

Kirschner, 1982a, 1982b). Other events of the MBT, such as the degradation of 

maternally supplied cyclin E, do not depend upon the N/C ratio and instead are regulated 

by an autonomous timer that consists of oscillations in cyclin E/Cdk2 activity (Howe and 

Newport, 1996; Hartley et al., 1997).  

A recently identified event of the MBT is the transient activation of Chk1 

(Shimuta et al., 2002). In X. laevis, Chk1 becomes phosphorylated on Ser342, an 

activating site, at the MBT and phosphorylated Chk1 disappears during gastrulation. The 

transient activation of Chk1 occurs in healthy embryos that have not been exposed to 

agents that damage DNA or block DNA replication. The purpose for this 
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developmentally regulated activation of Chk1 is not fully understood. However, it has 

been shown that activation of Chk1 at the MBT is required for the degradation of 

maternally supplied Cdc25A (Shimuta et al., 2002). Furthermore, inhibition of Chk1 in 

early embryos causes them to die by apoptosis after the MBT (Carter and Sible, 2003). 

Therefore, the developmental function of Chk1 appears to be distinct from its role in cell 

cycle checkpoints and is essential for embryonic survival.  

The switch for activating Chk1 at the MBT is not known. Since exogenous 

damaged or unreplicated DNA can activate Chk1 before the MBT, one likely hypothesis 

is that Chk1 activation at the MBT is triggered by the N/C ratio just like the onset of 

zygotic transcription. Furthermore, Chk1 may play a role in lengthening embryonic cell 

cycles by triggering degradation of Cdc25A and possibly other mechanisms. However, 

studies with exogenous DNA do not distinguish between the developmental activation of 

Chk1 and its established role in responding to damaged or unreplicated DNA. In the 

studies presented here, we test the relationship between the N/C ratio, the cyclin E timer 

and the activation of Chk1 at the MBT. Our results suggest that the activation of Chk1 

may be regulated by its own autonomous timer independent of DNA content and the 

cyclin E/Cdk2 oscillator.  

3.3 Results 

3.3.1 Chk1 is activated at the MBT independently of DNA content. 

Embryos normally do not activate Chk1 before the MBT, even in the presence of 

damaged or unreplicated DNA (Kappas et al., 2000). However, when microinjected with 

exogenous, linearized plasmid DNA or double-stranded oligonucleotides, Chk1 is 

activated, as evidence by phosphorylation of Ser342, as early as the 2 – cell stage (Conn 

et al., 2004). Addition of undamaged DNA lowers the threshold of damaged DNA 

required to activate Chk1 in early embryos (Conn et al., 2004; Peng et al., 2008). These 

data establish a link between DNA content and the activation of Chk1 in the DNA 

damage checkpoint signaling pathway. Transient activation of Chk1 at the MBT occurs 

in the absence of DNA damage, yet the timing correlates with embryos reaching an N/C 

ratio that triggers many events, including lengthening of the cell cycle (Newport and 

Kirschner, 1982a).  
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To determine whether activation of Chk1 at the MBT required a threshold N/C 

ratio, embryos were incubated with 100 μg/ml aphidicolin beginning at 2, 4, or 6 hours 

post-fertilization (pf). To determine the relative DNA content, embryos were collected 

every two hrs beginning at the MBT (6 hrs pf), and genomic DNA was isolated, resolved 

by gel electrophoresis, stained with ethidium bromide and visualized under UV 

illumination (Figure 3.1 A). Embryos treated from 2 hrs pf onward had little detectable 

DNA at any time point, whereas embryo treated at 4 or 6 hrs pf showed steady increases 

in DNA content, with the embryos treated at 4 hrs delayed by approximately 2 hrs 

compared to those treated at the MBT (6 hrs pf). 
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Figure 3.1: Activation of Chk1 at the MBT occurs independently of the 
nucleocytoplasmic ratio. Embryos were treated with 100 μg/ml aphidicolin (Aph) at 2, 4 
or 6 hours post-fertilization (hrs pf). (A, B) Embryos were maintained in aphidicolin for 
the duration of the experiment. (C, D) Aphidicolin was removed and replaced with fresh 
medium after 30 min. Embryos were collected at the times indicated and snap-frozen. (A, 
C) Total DNA was isolated, resolved by electrophoresis and detected by staining with 
ethidium bromide. (B, D) Western blotting of embryo lysates was performed for 
phosphorylated Chk1. 
 

To determine whether embryos reaching the MBT with a reduced DNA content would 

transiently activate Chk1, embryos were incubated in aphidicolin and collected as in 

Figure. 3.1 A. Embryo lysates were blotted for Chk1 phosphorylated on Ser342 (Figure 

3.1 B).  Control embryos showed a peak of Chk1 phosphorylation beginning at 10 hrs pf. 

As shown previously by Shimuta et al 2002, embryos treated with aphidicolin at 6 hr 

demonstrated a more robust and sustained phosphorylation of Chk1, consistent with the 

activation of the DNA replication checkpoint at the MBT. Despite the reduced DNA 
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content shown in Figure 3.1 A, embryos incubated in aphidicolin at 2 or 4 hr pf, also 

demonstrated phosphorylation of Chk1 beginning at 8 hr pf. These data indicate that 

activation of Chk1 at the MBT does not depend on a threshold N/C ratio. 

One possible explanation for the activation of Chk1 in embryos with reduced 

DNA content could be the presence of stalled DNA replication forks, that is, activation of 

a DNA replication checkpoint, rather than the developmentally timed activation of Chk1 

at the MBT. Even though the timing of Chk1 activation in these experiments does not 

support this explanation, it was important to test the effect of reduced DNA content on 

Chk1 activation in a context where DNA replication was ongoing at the MBT.   

To achieve these conditions, embryos were incubated with 100 μg/mL aphidicolin 

for 30 min at 2, 4, or 6 hrs pf, then the aphidicolin was washed away and replaced with 

fresh medium.  The embryos pulsed with aphidicolin at 2 hrs pf, showed resumption of 

DNA replication (compare Figures 3.1 C and A). The embryos pulsed at 4 or 6 hrs pf 

reach MBT with approximately the same DNA content, and an increase from 6 to 8 hrs 

pf, indicating DNA replication (Figure 3.1 C).  

These embryos were collected at the indicated time points beginning at 6 hrs pf, 

and embryo lysates were blotted for pChk1. Both the control embryos and those pulsed 

with aphidicolin at 6 hrs pf show a similar, modest and transient activation of Chk1 

(Figure 3.1 D). The duration of the pulse and its administration at the MBT, when DNA 

replication slows down, may have not been sufficient to significantly delay the timing of 

DNA replication and activate a DNA replication checkpoint. In contrast, embryos pulsed 

with aphidicolin at 2 and 4 hrs pf showed a robust and sustained activation of Chk1 

(Figure 3.1 D). The embryos pulsed at 2 hrs pf appear delayed whereas the embryos 

pulsed at 4 hrs pf were accelerated in the activation of Chk1. These data indicate that 

embryos activate Chk1 at or near the MBT when there is a decreased DNA content and 

ongoing DNA replication. The robust activation in embryos pulsed with aphidicolin at 2 

or 4 hrs pf suggests that there is engagement of the DNA replication checkpoint above 

and beyond the developmentally regulated activation of Chk1. Collectively, the data 

presented in Figures 3.1 indicate that the activation of the Chk1 at the MBT can occur at 

lower than normal N/C ratios and in the presence of ongoing DNA replication. 
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3.3.2 Activation of Chk1 at the MBT is not regulated by the cyclin E developmental timer. 

 In previous studies, activation of cell cycle checkpoints before the MBT by the 

addition of exogenous Chk1 was shown to inhibit cyclin E/Cdk2 activity and delay the 

degradation of cyclin E (Kappas et al., 2000). To examine the converse relationship, 

whether the cyclin E developmental timer regulates the activation of Chk1 at the MBT, 

the timer was disrupted by microinjection of 34Xic1, a specific inhibitor of cyclin 

E/Cdk2 (Su et al., 1995). As shown by Hartley et al., 34Xic1 inhibits cyclin E/Cdk2 by 

>90%, and delays cleavage cycles, the MBT and the degradation of cyclin E by about 

25% (Hartley et al., 1997) 

. Control embryos were injected with Xic-C, which lacks cyclin/Cdk binding site and has 

no observable effect on embryonic cell cycles (Hartley et al., 1997). Embryos injected 

with 34Xic1 at the one-cell stage activated Chk1 (Figure 3.2 A) at approximately the 

same time as control embryos. Therefore, the transient activation of Chk1 at the MBT is 

independent of both the N/C ratio and the cyclin E/Cdk2 developmental timer. 
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Figure 3.2: Activation of Chk1 occurs independently of the cyclin E/Cdk2 timer but 
unreplicated or damaged DNA affects the timer. (A) Embryos were microinjected at 5 
ng Xic-C (negative control) or 34-Xic1.  Embryos were collected at the times indicated, 
snap-frozen, and blotted for phosphorylated Chk1 (pChk1).  (B, C) Embryos were 
subjected to the indicated treatments, collected at the times indicated, snap frozen, and 
blotted for cyclin E. (B) Embryos were incubated in 100 μg/ml aphidicolin beginning at 2 
or 6 hrs pf. (C) Embryos were exposed to 30 Gy X-rays at 2 hr pf. 
 

3.3.3 Unreplicated and damaged DNA delay the degradation of cyclin E. 

The previous studies indicate that Chk1 is activated at the MBT independent of 

the cyclin E developmental timer. Cyclin E is degraded at a fixed time pf independent of 

cell cleavage, protein synthesis or the onset of zygotic transcription (Howe and Newport, 

1996; Hartley et al., 1997; Sible et al., 1997). The only mechanism known to regulate the 

timing of cyclin E degradation is the cyclin E/Cdk2 developmental timer itself (Hartley et 

al., 1997; Kappas et al., 2000; Ciliberto et al., 2003). However, the effects of damaged 
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and unreplicated DNA, which did not affect the activation of Chk1 at the MBT, had not 

been tested directly with respect to the degradation of cyclin E.  

In order to test these effects, embryos were treated with aphidicolin or IR as 

described above, collected at the indicated times and blotted for cyclin E (Figures 3.2 B, 

C). In control embryos, cyclin E degradation began at the MBT, approximately 6 hrs pf. 

In embryos treated with aphidicolin at 2 hrs pf, cyclin E degradation did not begin until at 

least 12 hrs pf. Embryos treated with aphidicolin at the MBT (6 hrs pf) began degradation 

of cyclin E at approximately the same time as control embryos (Figure 3.2 B), When 

exposed to 30 Gy IR at 2 hrs pf, degradation of cyclin E was also degraded until about 10 

hr pf (Figure 3.2 C). Although previous studies have shown that the timing of cyclin E 

degradation does not depend on the N/C ratio (Howe and Newport, 1996; Hartley et al., 

1997; Sible et al., 1997), these experiments indicate that damaged and/or unreplicated 

DNA does indeed delay the cyclin E/Cdk2 developmental timer. 

3.3.4 Degradation of Cdc25A at the MBT is influenced by the N/C ratio. 

Activation of Chk1 at the MBT triggers the phosphorylation and subsequent 

degradation of Cdc25A (Shimuta et al., 2002). To see the effect of reduced DNA content 

on the degradation of Cdc25A, embryos were treated with aphidicolin as in Figures 3.1 

A, B. Embryo lysates were blotted with antibodies against Cdc25A at time points 

beginning at 6 hrs pf, approximately the MBT (Figure 3.3 A). In control embryos, 

Cdc25A degradation was observed beginning at the MBT.  In embryos treated with 

aphidicolin at 4 and 6 hrs pf, degradation of Cdc25A began at approximately the same 

time as in control embryos. The rate of Cdc25A degradation was accelerated in the 

embryos treated at 6 hrs pf, as shown by Shimuta et al  (Shimuta et al., 2002) and similar 

to embryos expressing exogenous Chk1 (Petrus et al., 2004). However, in embryos 

treated with aphidicolin at 2 hr pf, Cdc25A was not degraded. These data suggest that 

factors other than the phosphorylation of Chk1, factors that may depend upon a 

threshold content of DNA, may be required for degradation of Cdc25A at the MBT. 

Embryos were also treated with ionizing radiation at 2 and 6 hrs pf to determine 

the effect on the degradation of Cdc25A (Figure 3.3 B). Like aphidicolin, embryos 

treated with IR at the MBT (6 hrs pf) were accelerated in their degradation of Cdc25A 
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and embryos treated with IR at 2 hr pf were delayed. To determine whether embryos 

treated with IR at 2 hrs pf had an altered content of DNA, embryos were collected and 

genomic DNA was isolated and resolved by gel electrophoresis (Figure 3.3 C). DNA 

content was indeed reduced in embryos treated with IR at 2 hrs pf, consistent with the 

idea that degradation of Cdc25A is influenced by DNA content.  
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Figure 3.3: Degradation of Cdc25A is delayed in embryos that reach the MBT with 
a reduced N/C ratio. Embryos were treated with (A) 100 μg/ml aphidicolin or (B, C) 30 
Gy IR at the times indicated or (D) microinjected at the one-cell stage with 5 ng Xic-C 
(control) or 34-Xic1. Embryos were collected at the indicated times and lysates were 
blotted for Cdc25A (A, B, D), or genomic DNA was isolated and resolved by gel 
electrophoresis. 
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In contrast, embryos injected with the cyclin E/Cdk2 inhibitor, 34Xic-1, degraded 

cyclin E at the same time as control embryos (Figure 3.3 D). However, both sets of 

embryos degraded Cdc25A much later than control in the other experiments. These 

results might reflect the fact that the control protein, Xic-C, maintains a PCNA binding 

site, (Su et al., 1995), which could affect DNA replication.  Nonetheless, these data 

indicate that the cyclin E developmental timer does not affect degradation of Cdc25A. 

3.4 Discussion 

The experiments presented here provide evidence that the activation of Chk1 at 

the MBT is not triggered by the N/C ratio. The most compelling piece of data is shown in 

Figure 3.1, where embryos incubated in aphidicolin beginning at 2 hrs pf, show no 

accumulation of DNA and still activate Chk1 at the MBT. In these studies, because 

embryos presumably enter the MBT with stalled DNA replication forks, the activation of 

Chk1 could be in response to unreplicated DNA rather than a developmental cue. 

However, Chk1 does not become phosphorylated in these embryos until the MBT, 

indicating that there is indeed a developmental timing mechanism at play.   

When embryos are pulsed with aphidicolin to reduce DNA content while allowing 

resumption of DNA replication, Chk1 is still activated at the MBT (Figures 3.1 C, D). In 

these studies, embryos pulsed at 2 hrs, demonstrated a modest delay in Chk1 activation 

that approximately corresponded with reaching the typical MBT N/C ratio. However, 

when Chk1 was activated in these embryos at 10 hrs pf, the activation was robust and 

sustained relative to control embryos. Therefore, DNA content and stalled replication 

forks may independently influence the exact timing of Chk1 activation but neither 

functions at the sole timer. Embryos pulsed with aphidicolin at 4 hrs pf show little 

difference in DNA content but an accelerated and enhanced activation of Chk1, 

indicating that above a certain DNA threshold, the developmental activation of Chk1 is 

further sensitized by agents that stall the DNA replication forks. 

The activation of Chk1 was also insensitive to disruption of the cyclin E/Cdk2 

timer. The modest delay apparent in Figure 3.2 A was not reproducible. Furthermore, as 

shown in Figure 3.3 D, the timing of Cdc25A degradation was the same in Xic-C and 
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34Xic1 injected embryos. These data were surprising and suggest that Chk1 activation 

may be regulated by a previously unrecognized mechanism that operates at the MBT. 

 Although inhibition of cyclin E/Cdk2 by 34Xic1 had little effect on the 

activation of Chk1 at the MBT, both unreplicated and damaged DNA delayed the 

degradation of cyclin E (Figure 3.2 B and C). Treatment of embryos with aphidicolin or 

IR at 2 hrs pf delayed the degradation of cyclin E by 4 – 5 hrs. Because aphidicolin and 

IR activate Chk1 (Kappas et al., 2000) and because Chk1 causes inhibition of cyclin 

E/Cdk2 (Kappas et al., 2000) it is likely that the delay in degradation of cyclin E results 

from activation of cell cycle checkpoint signaling. Furthermore, expression of exogenous 

Wee1 in embryos, which also delays cell cycles and thus the achievement of the N/C 

ratio typical of the MBT, also delays the degradation of Cdc25A similar to aphidicolin 

and IR (Wroble et al., 2007). 

Although activation of Chk1 was largely independent of DNA content, the 

degradation of Cdc25A was delayed in embryos with reduced DNA content due to 

treatment with aphidicolin or IR (Figure 3.3).  In previous studies, IR treatment before 

the MBT did not affect the N/C ratio, most likely because those studies used -rays, 

which mainly cause double-strands breaks in DNA (Anderson et al., 1997). This study 

used X-rays, which cause a variety of DNA lesions, some of which may stall DNA 

replication forks (Latimer, 2004). Because these same treatments accelerated rather than 

delayed Cdc25A degradation when administered at the MBT, it seems not to be the 

damage per se, but rather, the reduction in the N/C ratio that is responsible for the 

delayed degradation of Cdc25A. The Shimuta lab showed that Cdc25A required 

phosphorylation on Ser 73 as well as phosphorylation by Chk1, in order to be degraded 

(Shimuta et al., 2002). Therefore, there appears to be several timing mechanisms that 

must be coordinated to regulate Cdc25A degradation. These mechanisms may provide a 

safe guard against premature degradation of Cdc25A, which appears to be a critical 

component of cell cycle remodeling at the MBT in the early embryo. 
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Chapter 4: A Quantitative Model of the Effect of Unreplicated 

DNA on Cell Cycle Progression in Frog Egg Extracts 

 

Jason Zwolak, Nassiba Adjerid, Elfie Z. Bagci, John J. Tyson, and Jill C. Sible (in 

preparation for PLOS Computational Biology).  

 

Jason, Zerrin and I worked in collaboration on building and estimating the Unreplicated 

DNA checkpoint model. Dr. Sible and I worked in collaboration in writing this 

manuscript for journal submission.   

4.1 Abstract 

 During the cell cycle, there are two main checkpoints that regulate entrance into S 

and M phase. Checkpoints are pathways engaged in the presence of a threat to genomic 

integrity during cell cycle progression. Understanding the unreplicated DNA checkpoint 

at entry into mitosis is the aim of this study. The Novák-Tyson mathematical model 

representing a simplified cell cycle in cell-free frog egg extracts made important 

predictions about novel behaviors of the unreplicated DNA checkpoint system. The 

system is governed by hysteresis and bistability and a critical slowing down characterizes 

the lag time into mitosis near threshold concentrations of cyclin. The presented model is 

an expansion of the Novák-Tyson model that includes the effect of unreplicated DNA on 

the cell cycle by the addition of an element that dephosphorylates and inactivates Cdc25, 

causing cell cycle arrest. The model was also expanded to include the effects of Myt1 

protein inhibitor of MPF and lamin protein phosphorylation as an indicator of nuclear 

envelope breakdown at the onset of mitosis. The unreplicated DNA checkpoint model 

preserved hysteresis and bistability in the presence of experimental fits from the 

literature. The model was also able to accurately distinguish between the role and 

influence of Wee1 and Myt1 in the presence of unreplicated DNA. In addition, the model 

was able to convert MPF activation into nuclear envelope breakdown by making good 

fits to time course data taken from the experimental literature. The unreplicated DNA 

checkpoint model incorporates new elements of the checkpoint pathway with fits of a 
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body of semi-quantitative experimental data and maintains fundamental system 

behaviors. The unreplicated DNA checkpoint in frog egg extracts is a complex network 

of interactions that allows the cell to check and repair unreplicated DNA, and modeling 

this checkpoint will bring insight into cell cycle controls that regulate this checkpoint. 

4.2 Introduction 

 The ability of cells to arrest at checkpoints in response to damaged or unreplicated 

DNA is conserved among eukaryotes (Elledge, 1996), and loss of checkpoints results in 

genomic instability, which characterizes most human malignancies (Hanahan and 

Weinberg, 2000; Bartek and Lukas, 2003). Because the core cell cycle machinery as well 

as the checkpoint signaling networks that affect this machinery are highly conserved, 

information derived from studying checkpoints in one experimental system, such as the 

frog egg extract, should provide a framework of knowledge which can be modified to 

include control points introduced into the mammalian lineage. 

 As details about the molecules that regulate checkpoints and their interactions 

with one another accumulate, it becomes increasingly difficult to predict how 

perturbations (such as a deletion or overexpression of a protein) will affect the entire 

system. Mathematical models provide a system-level view of molecular networks. 

Experimentally validated models identify critical interactions that control the system and 

assist in developing the next round of questions to test experimentally. 

 We have used mathematical modeling as a tool to organize a large body of 

experimental data and discover underlying regulatory principles governing entry into and 

exit from mitosis in cell-free egg extracts (Novak and Tyson, 1993). The model is based 

on biochemical kinetics (to generate a set of rate equations for Cdks and their associated 

proteins) and modern dynamical systems theory (to analyze the solutions of these 

nonlinear differential equations). The wiring diagram for the model (Figure 4.1) 

summarizes the regulation of cyclin B/Cdk1 by a number of feedback loops.  In egg 

extracts, newly synthesized cyclin B associates with Cdk1 (present in excess) to form 

active mitosis-promoting factor (MPF) (Solomon et al., 1990). MPF is rapidly inhibited 

by phosphorylation on Tyr15 by the kinase, Wee 1 (Mueller et al., 1995a). MPF remains 

inactive until this phosphate group is removed by the phosphatase, Cdc25 (Gautier et al., 
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1991; Kumagai and Dunphy, 1991). In turn, active MPF phosphorylates and inhibits 

Wee1, (Mueller et al., 1995a) and phosphorylates and activates Cdc25 (Kumagai and 

Dunphy, 1992; Izumi and Maller, 1993). These feedback loops are responsible for the 

abrupt activation of MPF at the G2/M transition. Also important to this control system is 

a negative feedback loop in which active MPF indirectly activates the APC to target 

cyclin B for degradation via the ubiquitin-proteasome pathway. 

                     
 
Figure 4.1: The Novak-Tyson model of the cell cycle engine in frog egg extracts. 
Positive feedback between Cdk1 and Cdc25 (Gautier et al., 1991; Kumagai and Dunphy, 
1991, 1992; Izumi and Maller, 1993) and double-negative feedback between Cdk1 and 
Wee1 (Smythe and Newport, 1992; Mueller et al., 1995a)  create the abrupt activation of 
Cdk1 at G2/M. Inactivation of Cdk1 results from negative feedback in which Cdk1 
indirectly targets cyclin B for degradation through an enzyme intermediate (IE) (Lorca et 
al., 1998). Synthesis of cyclin is represented by an asterisk (*). Computer simulations of 
the model reproduce oscillations of Cdk1 (MPF) activity as they are observed in cell-free 
egg extracts (Novak and Tyson, 1993). 
 

 The model made several predictions about the behavior of the underlying control 

system regulating entry into mitosis. The first prediction we tested was that entry into 

mitosis (activation of MPF) and exit from mitosis (inactivation of MPF) are regulated by 

hysteresis. Novák and Tyson predicted that the phosphorylation reactions controlling the 

activity of MPF can persist in two alternative states: an interphase-arrested state with low 

MPF activity (because of inhibitory phosphorylation of Cdk1), and an M-phase arrested 
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state with high MPF activity (because the inhibitory phosphate group has been removed). 

The system switches between the two states when the amount of cyclin B in the cell is 

manipulated (e.g. by altering its rate of synthesis or degradation). Such switch-like 

behavior is called hysteresis. Hysteresis is created by positive feedback in the underlying 

control mechanism.  

In a series of experiments based on the Solomon protocol (Solomon et al., 1990), 

we confirmed that mitosis is governed by hysteresis and bistability. By strictly 

controlling the amount of cyclin B in the extract (using cycloheximide to block synthesis 

of endogenous cyclins and adding exogenous nondegradable cyclin at fixed 

concentrations), we determined that the activation threshold (amount of cyclin B required 

to activate MPF and drive entry into mitosis) was between 32 and 40 nM, whereas the 

inactivation threshold (amount of cyclin B required to keep an extract in mitosis) was 

between 16 and 24 nM (Sha et al., 2003). Thus, by pairing experimental and 

computational studies, we established a fundamental principle of cell cycle control in 

cell-free egg extracts. Pomerening et al. confirmed this principle in an independent study 

(Pomerening et al., 2003). 

 We also tested and validated several other predictions of the Novák-Tyson model. 

Most importantly, we confirmed that unreplicated DNA enlarged the hysteresis loop 

governing mitosis. Experimentally, we showed that for a specific concentration of sperm 

nuclei (1200/μl), an increase in cyclin content from 40 to 100 nM was required to bypass 

a DNA replication checkpoint (Sha et al., 2003). This discovery of a relatively small 

quantitative difference (2.5 fold change in cyclin concentration) producing a striking 

change in physiologic behavior (bypassing cell cycle arrest) provides another notable 

example of the novel information gained by pairing experimental studies in egg extracts 

with mathematical modeling. As we identify points of control in the molecular network 

that are sensitive to small quantitative changes, we will add a new layer of understanding 

about how diseases develop (sometimes by subtle rather than gross changes in gene 

expression) and might be treated (by adjusting the cell cycle thermostat by degrees, not 

orders of magnitude). These preliminary studies provided insight into how a checkpoint 

signaling pathway affected the dynamical behavior of the cell-cycle engine. 
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 We are building our understanding of cell cycle regulation by adding points of 

control on the cell cycle engine. The body of work presented here addresses the effect of 

unreplicated DNA on the core cell cycle engine, in particular, on the activating 

phosphatases (Cdc25) and the inhibitory kinases (Wee1 and Myt1) that engage in 

feedback loops with MPF. However, these elements only represent a fraction of the 

complex network of interactions that occur in the presence of unreplicated DNA during 

the cell cycle.  Despite the wealth of biochemical data regarding the DNA replication 

checkpoint, we lack an integrated and quantitative understanding of how checkpoint 

signaling pathways impinge on the dynamical properties of the cell cycle engine. The 

goal of this project was to build a mathematical model representing the cell cycle engine 

and the regulatory components affected by unreplicated DNA. In order to preserve the 

fundamental properties of the system, the model was constrained to reproduce the 

characteristics of hysteresis and critical slowing down with respect to concentrations of 

cyclin, as demonstrated experimentally by Sha et al., 2003.  We developed a set of 

parameter values that brought the model into good qualitative agreement with 

experiments in which the regulatory phosphatase Cdc25 and the regulatory kinase Wee1 

were manipulated. Finally, the model was modified to accurately represent the effects of 

unreplicated DNA on these regulatory feedback loops.  This model serves as a 

computational tool for investigating underlying system dynamics of cell cycle 

checkpoints and predicting the effect of pharmacological and pathological perturbations 

to the system. 

4.3 Materials and Methods 

4.3.1 Overall approach to building the model 

The development of this model proved an excellent test case for our parameter 

estimation tools (PET) (Zwolak et al., 2005b), and through trial and error, we developed 

an efficient strategy for utilizing PET to find a set of parameter values that fit a large and 

diverse body of experimental data. At first, we wrote ODEs representing the complete 

biochemical network shown in Figure 4.2. We then attempted to estimate these 16 

parameters to fit key published experiments defining the fundamental behaviors of the 

cell cycle engine (Sha et al., 2003), results of specific biochemical manipulations 
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(Kumagai and Dunphy, 1995; Lee et al., 2001), and the effects of drugs that block DNA 

replication (Kumagai et al., 1998; Lee et al., 2001). We used parameter estimation tools 

(PET; (Zwolak)) but were still unable to fit all experiments and retain key behaviors (e.g. 

bistability) simultaneously. We then reverted to the approach described below in which 

we expanded the Novák-Tyson model in a stepwise fashion, addressing one experiment 

at a time by adding the relevant new components to the model, and then applying 

parameter estimation tools to find a set of parameter values that fit the data in the new 

experiment while retaining essential features of the model and good fits to the data that 

was added in previous steps.  
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Figure 4.2: The cell cycle core engine representing the major interactions of the cell 
cycle. In the presence of unreplicated DNA, Chk1 is activated which then phosphorylates 

and deactivates Cdc25. Cdc25 dephosphorylates MPF and allows cell cycle progression. 

Inhibitors Wee1 and Myt1 of MPF activity are also represented in the core cell cycle 

engine. Synthesis of cyclin is represented by an asterisk. 

4.3.2 Mathematical analysis of a simplified Novák-Tyson model 

 Prior to expanding the Novák-Tyson model to include new terms involved in the 

DNA replication checkpoint, we generated a single – equation model of the core cell 

cycle engine (Figure 4.3).  

 

 

Figure 4.3: The one simple equation model. The one equation represents the 

dephosphorylation and activation of MPF by Cdc25 and the phosphorylation and 

inhibition of MPF by Myt1.  
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We then used this model to perform a mathematical analysis to estimate a rate constants 

that fit the cyclin threshold data of Moore (unpublished) and the time lag data of Sha et 

al. 2003. The simplified model describes the activation/inactivation of cyclin B/Cdk1 by 

dephosphorylation/phosphorylation on Tyr15. Cdc25 is the phosphatase as in the Novák-

Tyson model, and Myt1 replaces Wee1 as the inhibitory kinase (based on data  of Lee et 

al., 2001 to be discussed later). Both Cdc25 and Myt1 are phosphorylated by Cdk, 

leading to their activation and inactivation, respectively. These feedback loops make the 

system bistable with respect to Cdk1 activation (Novak and Tyson, 1993; Marlovits, 

1998). In the simplified model, we assumed that Cdc25 and Myt1 reach steady state 

quickly and set their rate equations to 0. We also assumed that cyclin binds quickly with 

Cdk1 and dissociates just before degradation, allowing us to set cyclin synthesis and 

degradation terms to 0.  Finally, we made the following parameter substitutions so that 

we could analytically estimate the rate constants  

 

 

These simplifying steps were key to finding parameters that fit the bistability and time lag 

data. The parameter values obtained after two rounds of hand-fitting and one round of 

automated parameter estimation are listed in Table 4.3, set B1. This simplified model and 

set of parameter values served as the starting point for expansion of the model to include 

features of the DNA replication checkpoint. 

 

4.3.3 Adding rate equations for Cdc25 and Myt1 

 Following the mathematical analysis of the simple model, rate equations for 

Cdc25 and Myt1 were added. Experimental data for the rates of Cdc25 and MPF 

phosphorylation/ dephosphorylation were fit in order to derive more realistic rate 

constants. To constrain the rate of Cdc25 phosphorylation/dephosphorylation, we added 

experimental data from Kumagai and Dunphy to PET (Kumagai and Dunphy, 1992).  

 To determine the rate of Cdc25 phosphorylation by MPF, Kumagai and Dunphy 

added 35S-labeled Cdc25 to frog egg extracts during interphase or mitosis. These extracts 

kYP_M =
kY

[MY]
, kDP = [MD]* kDP_M, kDP_M =

kD_P

MSTR
, kM_D =

kMP_Y

B
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were supplemented with the phosphatase inhibitor okadaic acid. Extracts were sampled 

over time and the % phosphorylated Cdc25 was determined by gel electrophoresis as the 

amount of labeled Cdc25 that migrated with reduced mobility (and increased apparent 

molecular weight from 70 kD to 98 kD). During interphase when MPF is low, 50% of the 

Cdc25 was phosphorylated at 6 min) and 100% was phosphorylated at 10 min (not 

shown). During mitosis, 50% of the Cdc25 was phosphorylated at 1 min and 100% was 

phosphorylated at 2.5 min (Figure 4.4). 

 To determine rate constants for the dephosphorylation of Cdc25, Cdc25 that was 

phosphorylated with 32P was added to extracts during interphase or mitosis. Extracts were 

sampled over time and the % Cdc25 that remained labeled (and thereby detectable by 

autoradiography) was determined. During interphase, Cdc25 was rapidly 

dephosphorylated with a half-life of about 1.5 min (Figure 4.4) whereas during mitosis, 

Cdc25 was slowly dephosphorylated with a half-life of 12-15 minutes (not shown).  

Therefore, the phosphorylation of Cdc25 during mitosis and the dephosphorylation of 

Cdc25 during interphase were fit into the model in order to estimate the rates, kDP_M and 

kD_P in the model.   

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: Phosphorylation/dephosphorylation rates of Cdc25. Simulations (lines) 
were compared to experimental data (circle dots) estimated from Kumagai et al. 1995.  
The phosphorylation of Cdc25 during interphase beginning with unphosphorylated, 
exogenous Cdc25 and the dephosphorylation of Cdc25 during M-phase beginning with 
phosphorylated Cdc25 are represented. kDP_M and kD_P represent the phosphorylation of 
Cdc25 by MPF and dephosphorylation of Cdc25 respectively.  

kD_P=0.41 

kDP_M=72 
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 Similar data sets were utilized to determine rate constants for phosphorylation/ 

dephosphorylation of MPF. Rates of MPF phosphorylation during interphase and mitosis 

were determined by supplementing extracts with preformed, labeled MPF (cyclin B/Cdk1 

complexes that were phosphorylated on Thr161 of Cdk1 with 32P (Kumagai and Dunphy, 

1995). This phosphorylation event is catalyzed by CAK, not Wee1 or Myt1, and is not 

affected by Cdc25. Thus, the protein remains radioactively labeled throughout the 

experiment. When added to interphase extracts, MPF was rapidly phosphorylated on 

tyrosine (as determined by a shift in electrophoretic mobility), reaching maximum 

phosphorylations state within 3 minutes (Figure 4.5 A). When added to mitotic extracts, 

MPF remained unphosphorylated for the duration of the experiment (> 20 min).  

 Rates of MPF dephosphorylation were determined by adding MPF that was 

phosphorylated on Tyr15 with 32P to interphase or mitotic extracts. During interphase, 

MPF remained tyrosine phosphorylated for > 20 min, whereas MPF was 

dephosphorylated in mitotic extracts with a half-life of about 4 minutes (Figure 4.5 B). 
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Figure 4.5 Phosphorylation/dephosphorylation rates of MPF. Simulations were 
compared to experimental data estimated from Kumagai et al. 1992, Figs 10A, B. A) 
Phosphorylation of MPF during interphase and M-phase, beginning with 
unphosphorylated, exogenous MPF. kMP_Y is the phosphorylation of MPF by Myt1. B) 
Dephosphorylation of MPF during interphase and M-phase beginning with 
phosphorylated MPF. kM_D is the  dephosphorylation of MPF by Cdc25.  
 
 In order to fit these data to the model, the values for kDP, kD_P kDP_M, were reduced 

by a factor of 400 by hand in order make them more realistic (Table 4.3,B2) and then 

PET was applied using the ODRPACK95 algorithm. In addition, a maximal bound for 

MD and MY  was set to 1 in order to maintain bistability in the system. PET estimated a set 

of parameters (Table 4.3, B3), providing a good fit all of experimental data. The 

simulations shown in Figures 4.4 and 4.5 were performed with the final set of parameter 

estimates (Table 4.4). The fitting of MPF phosphorylation data constrained kMP_Y 

kMP_Y=2.1 

kM_D =0.2 

none 
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describing the phosphorylation of MPF by Myt1. The data describing the rate of 

dephosphorylation of MPF during mitosis constrained kM_D.  

4.3.4 Expansion of the model  

 Once a satisfying set of parameter values for the model of the core cell cycle 

engine had been determined, the model was expanded to include relevant features of the 

DNA replication checkpoint (Figure 4.6). Cyclin synthesis and degradation were 

introduced for completeness and in order to simulate MPF turnover in the cell. Two 

forms of Wee1, were added, an unphosphorylated, inactive form and an active form that 

has been phosphorylated by Chk1. A third form of Cdc25, one that is phosphorylated on 

Ser287 by Chk1, was also introduced. We assumed that phosphorylation of Cdc25 on 

Ser285 by MPF and on Ser287 by Chk1 are mutually exclusive based on the work of 

Bulavin et al. (Bulavin et al., 2003a). More recent studies indicate that Cdc25 can be 

dually phosphorylated (Bulavin et al., 2003b), but the conversion from dual (Ser285 and 

Ser287) to mono phosphorylated (Ser287) forms of Cdc25 is rapid, we leave the 

assumption in place to simplify the model.  Parameter estimation was performed by a 

series of steps in which a few parameters were estimated at time while setting the rest to 

zero. Then with each addition of experimental data, each parameter was estimated while 

making sure the previous estimated parameters still allowed previous experimental fits. 

This stepwise method preserved previous experimental fits and system behaviors.   
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Figure 4.6: The mathematical model of the unreplicated DNA checkpoint model in 
frog egg extracts. The mathematical model represents the phosphorylation of Cdc25 by 

Chk1 and MPF along with the activation and inhibition of MPF by Wee1 and Myt1 

proteins. Also, the model represents lamin phosphorylation and activation as an 

indication of nuclear envelope breakdown.  

 

4.3.5 Simulating nuclear envelope breakdown (NEB) 

 The experimental studies we fit in Figures 4.10, and 4.11 report time into mitosis 

as determined microscopically by break down of the nuclear envelope (NEB). To 

simulate these experiments, we needed to add terms that related MPF activity to NEB. 

Because NEB occurs due to phosphorylation of its lamin subunits by MPF (Peter et al., 

1990), we added equations for the phosphorylation of lamin and for NEB as a function of 

lamin (Figure 4.7). The equation for NEB was an integral of a truncated normal 

distribution with respect to phosphorylated lamin. As lamin is phosphorylated, the 

probability that the nuclear envelope breaks down increases. When all of the lamin is 

phosphorylated, the probability of NEB = 1. We assumed a large population in which the 

probability approximates the percentage of the population having undergone NEB. We 
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use a truncated normal distribution because values of lamin only occur between 0 (none 

phosphorylated) and 1 (100% phosphorylated). 

 

      

Figure 4.7: The addition of lamin phosphorylation to the unreplicated DNA 
checkpoint model. Lamin phosphorylation is indicative of nuclear envelope breakdown 

prior to mitotic entry. NEB is incorporated into the model as an integral of a truncated 

normal distribution with respect to lamin phosphorylation.  

 

4.4 Results 

4.4.1 Maintaining the bistable switch 

 We considered the bistability of the cell cycle engine in frog egg extracts to be a 

critical feature that must be preserved throughout the expansion of the Novák-Tyson 

model. We and others had proved experimentally that entry into mitosis is regulated by a 

hysteresis loop such that the concentration of cyclin required for entry into mitosis is 

reproducibly higher than the concentration required to stay in mitosis (Pomerening et al., 

2003; Sha et al., 2003). For fitting the parameter values, we chose an unpublished data 

set (Jonathan Moore, personal communication) in which the activation and inactivation 

threshold concentrations of cyclin were measured as described in Sha et al (Sha et al., 

2003). We selected this data set because the “activity” of the recombinant cyclin best 

matched that of the recombinant cyclin used in the lag time experiments we were also 

fitting (Figure 4.8). 
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 As described in the Materials and Methods, we used the simplified model in 

Figure 4.3, containing MPF, Cdc25 and Myt1, to obtain the parameter estimates for kMP_Y, 

MY, kY, kYP_M, kDP, kDP_M, kM_D shown in Table 4.3, set B1. When the full model (Figures 

4.5, Tables 4.1 and 4.2) was simulated using the final set of parameter values (Table 4.4), 

bistability was preserved and the hysteresis loop remained bounded by the activation and 

inactivation threshold concentrations of cyclin measured experimentally by Moore 

(Figure 4.8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: The model reproduces the hysteresis loop for activation (Ta) and 
inactivation (Ti) threshold concentrations of cyclin. The figure indicates the two cyclin 
thresholds experimentally observed by unpublished data by Moore that indicate a 6 nM 
inactivation threshold and 19 nM activation threshold. The simulation reproduced the 
hysteresis loop bounded by the thresholds observed experimentally.  
 

 



 55

4.4.2 Demonstrating “critical slowing down” through lag times 

  In addition to bistability, we built the model to preserve a second property of the 

cell cycle control network, “critical slowing down”. We had proven experimentally that 

as the activation threshold concentration of cyclin in approached from above, the time 

required to enter mitosis following addition of cyclin becomes longer and longer (Sha et 

al., 2003). A set of parameter values that provided a good fit for these lag time data was 

established for the simple model (Figure 4.3, Table 4.3 B3). These data were used to 

constrain the model as new parameters were added and the final fit remained good 

(Figure 4.9). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9: Simulations of a critical slowing down of the cell cycle model. Simulations 
of a “critical slowing down” were fit to the experimental data at cyclin concentrations 
approaching the activation threshold from above. The data is presented as MPF activity 
vs. time. Data points are from Sha et al., 2003 as well as unpublished data (Sha and Sible) 
collected during the same experiment at 25 and 38 nM cyclin. 
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4.4.3 Establishing the effects of Wee1 and unreplicated DNA 

 An accurate representation of the roles of Wee1 and unreplicated DNA in the 

unreplicated DNA checkpoint was established through % NEB studies in which Wee1 

depletions were performed in the presence or absence of aphidicolin, and the effect on 

mitotic entry was monitored (Figure 4.10) (Lee et al., 2001). The Mock and Wee1 

immunodepletion studies estimated the rate constants of kDP2_C and kMP_W, respectively. 

Mock depletion experiments are experiments in which a buffer was used to “deplete” the 

extract, and nothing was removed from the extract. The experiments were added to the 

model so that only one parameter had to be adjusted in order to have a good fit to the 

model. The addition of aphidicolin to a Wee1 immunodepleted extract simulated an 

unreplicated DNA checkpoint in which Chk1 was active and Wee1 was not present. 

Therefore, the effect of Chk1 on Cdc25 phosphorylation on Ser287 (kDP2_C) could be 

estimated since Wee1 was not in the system. This allows estimation of kDP2_C only 

because the direct effect of Chk1 on Wee1 was removed due to the depletion. In order to 

measure the effect of Wee1 on the rate of MPF phosphorylation on Tyr15 in the presence 

of an unreplicated DNA checkpoint, the mock-depleted extracts treated with aphidicolin 

estimated the parameter kMP_W. These experiments constrained the model and estimated 

parameter values describing the effect of Wee1 and unreplicated DNA on the 

unreplicated DNA checkpoint model (Figure 4.10). 
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Figure 4.10: Time course simulations of entry into mitosis: effects of Wee1 depletion 
and unreplicated DNA. Experiments performed by Lee et al, 2001 in which Wee1 
depleted extracts were placed in the presence and absence of aphidicolin in order to 
estimate rates of MPF synthesis, Cdc25 phosphorylation by Chk1, and the 
phosphorylation of MPF by Wee1.  
 

4.4.4 The effect of Cdc25 on the unreplicated DNA model 

 In order to build confidence in the unreplicated DNA model, and constrain the 

model further, experiments in which the level of Cdc25C was manipulated as performed 

by Kumagai and Dunphy in 1998 were incorporated into the model. In extracts in which 

control depletion experiments were performed, the extract entered mitosis at 

approximately 110 minutes (Figure 4.11). However, in extracts in which endogenous 

Cdc25 was depleted and an equal concentration of exogenous Cdc25 was added back in, 

the extract experienced earlier mitotic entry (Figure 4.11, Cdc25-WT). The control and 

endogenous Cdc25 depleted extracts (Cdc25-WT) should experience similar time into 

mitosis; however, this was not observed in the simulations (Figure 4.11). We assumed 

kM_S=1.6e-3 

kDP2_C=7.2 

kMP_W=0.19 
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that the exogenous concentration of Cdc25 that was added back into the extract was 

approximately 1.2 times the endogenous basal amount. Therefore we assigned the 

parameter DT_K98 to represent the ratio of the concentration of exogenous Cdc25 

concentration with respect to the endogenous amount. After adding Cdc25-WT data, 

DT_K98 was estimated to be 1.2 and the data fit (Figure 4.11).  In addition, Cdc25 

depleted extracts, which contained exogenous Cdc25 that cannot be phosphorylated on 

Ser287 (Cdc25-S287), also experienced early mitotic entry. This data fit without change 

to parameter values. In order to simulate unreplicated DNA, Cdc25 depleted extracts with 

additions of Cdc25-WT or Cdc25-S287 were treated with aphidicolin. Both extracts, with 

Cdc25-WT and Cdc25-S287, fit in the model without adjusting parameter values (Figure 

4.11).  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.11: Time course simulations of entry into mitosis due to the effects of 
exogenous Cdc25 and unreplicated DNA. Experiments from Kumagai, et al 1998 
simulating the addition of exogenous Cdc25 in the presence of aphidicolin. DT_K98 was 
a parameter added in order to account for endogenous vs. exogenous concentrations of 
Cdc25 in the experiments in which Cdc25 was depleted and exogenous Cdc25 was added 
back into the extract. Experiments in which Cdc25-S287A was added into extracts were 
fit to the model without parameter adjustments. DT_K98 is the ratio of exogenous Cdc25 
to the endogenous concentration.  
 

DT_K98=1.2 
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 The data in which Cdc25-WT was added in the presence of aphidicolin 

experienced a relatively poor fit to simulations of the model. One explanation was that 

the unreplicated DNA checkpoint model accounts for only Cdc25C and does not include 

Cdc25A. Cdc25A plays a significant role in the presence of unreplicated DNA and its 

absence in the model could account for the poor fit of the data. We chose to leave this 

poor fit rather than compromise other fits since we hypothesize that Cdc25A is essential 

in the presence of unreplicated DNA. Studies in which the model is expanded to include 

Cdc25A are presented in Chapter Five.  Overall these experimental fits were a good test 

and built confidence in the predictive capabilities of the unreplicated DNA checkpoint 

model of the frog egg cell cycle.  

4.5 Discussion 

 The construction of the unreplicated DNA checkpoint model is the first step in 

connecting the DNA replication checkpoint signaling network to the cell cycle engine. 

The unreplicated DNA checkpoint model in frog egg extracts was built through the 

combination of computational and experimental methods.  The building of this model 

was constrained by novel behaviors of the system, hysteresis and bistability, as predicted 

initially by the Novák-Tyson model. These two behaviors were preserved in the model by 

constraining data from experiments performed by Sha et al., 2003 and Moore and were 

maintained throughout the expansion of the model. The unreplicated DNA model was 

constructed using only mass action kinetics, which differs from the Novák-Tyson model 

(2003). The Novák-Tyson cell cycle model used both mass action and Michaelis-Menten 

kinetics. In addition, the unreplicated DNA checkpoint model made significant 

distinctions between the functions of Myt1 and Wee1 as two separate inhibitory kinases 

of MPF in the model. Also, the model was expanded to account for NEB using a 

truncated normal distribution with respect to phosphorylated lamin. The addition of NEB 

to the checkpoint model was incorporated in a later version of the Novák-Tyson model as 

presented in Marlovits et al., 1998. The addition of NEB to the checkpoint model brought 

about another level of complexity, which allowed experiments measuring NEB to 

constrain the model even further and allowed the model to account for parameters of 



 60

NEB. The presence of NEB in the checkpoint model expanded the ability of the model to 

fit a wide range of experimental manipulations. 

 As valuable as the model itself, the method by which the model was built using 

PET is also an important contribution to the field of computational cell biology. PET was 

employed in a stepwise protocol that was developed for the first time while building this 

model. The DNA replication model started out with a simple one-equation model and fits 

were made to establish hysteresis and bistability in the model. The expansion of the 

model then occurred in a manner in which elements were added as they were needed. At 

each addition, the model was investigated to make sure previous features and good fits 

were preserved. The newly added parameters had to then be estimated according to 

constraining data or through the use of estimation tools.  

 The addition of Myt1 to the model along with its positive feedback loop with 

MPF allowed us to distinguish the different roles of Myt1 and Wee1 in the checkpoint 

model. In studies by Lee et al in 2001 (Figure 4.10), in which Wee1 was depleted from 

frog extracts, the extract experienced normal mitotic entry indicating that Myt1, not 

Wee1, is the leading inhibitor of MPF activity during normal cell cycle progression. 

However, when Wee1 was depleted from extracts in the presence of a checkpoint, the 

extract experienced delayed mitotic entry indicating that both Wee1 and Myt1 play a role 

in the presence of unreplicated DNA. Therefore, Wee1 and Myt1 play different roles in 

the presence of unreplicated DNA and during normal cell cycle progression.  

 With this first phase of modeling the DNA replication checkpoint complete, a 

next step is to expand the model to include the phosphatase Cdc25A and its role during 

the DNA replication checkpoint. Only Cdc25C is presented in the current unreplicated 

DNA model. Cdc25A is known to play an integral role in the transition between the G1 

and S phase of the cell cycle (Kim et al., 1999). However, it has also been characterized 

to play an important role during mitotic entry (Kim et al., 1999; Shimuta et al., 2002). 

Therefore, adding Cdc25A and all of its interactions with MPF and Chk1 is a logical next 

step as we expand the model to more accurately represent the cell cycle. Cdc25A may 

account for some of the discrepancies between experimental data and simulations in 

which Cdc25C is depleted. The expansion of the DNA replication checkpoint model to 
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include Cdc25A is presented in Chapter Five, and in silico studies of Cdc25A synthesis 

and degradation are described.  

 Other key studies should be performed in order to expand the model and refine 

the parameter values. We can alter the total amount of DNA in order to change the signal 

strength of Chk1 in the model. Both of these elements will change the dynamics of the 

system. Altering the signal of Chk1 will have a direct effect on the activities of Cdc25A 

and Cdc25C, and will affect the activation of MPF and restrict or enhance the ability of 

the model to enter mitosis. In addition, the model needs to be expanded to account for 

adaptation as observed in frog egg extracts. Frog egg extracts were observed to adapt to 

checkpoint engagement by allowing progress beyond a checkpoint in the presence of 

unreplicated DNA (Yoo et al., 2004). Activation of Chk1 in the presence of unreplicated 

DNA occurs in response to the assembling of Claspin molecules at the stalled replication 

forks for repair. However, the phosphorylation of Claspin on Ser93 by Plx1 causes the 

repair complex to fall off the stalled replication fork. This causes down regulation of 

Chk1 and the extract progresses in the cell cycle with persistent unreplicated DNA (Yoo 

et al., 2004). Adaptation needs to be incorporated into the unreplicated DNA model 

because it encompasses the effect of persistent unreplicated DNA. Therefore, there are 

various routes in which the unreplicated DNA checkpoint model can be expanded 

furthering our understanding of the unreplicated DNA checkpoint.  

 Overall, the model presented in these studies is based on an organized stepwise 

model protocol that was developed from the study of the cell cycle checkpoint network 

and the experimental data pool available for each new set of parameters added to the 

model. The ability of the model to maintain hysteresis and bistability grounded the model 

in fundamental system behaviors/properties and provided a strong foundation upon which 

to build. Our expansion of the model is build upon the foundation laid in the single-

equation model that we started from (based on the Novák-Tyson model) and from the 

body of data in the literature describing the events of the DNA replication checkpoint 

during the cell cycle. Models of biological systems are never complete due to the 

complexity of the biological processes, and this modeling should be a continuous process. 

As such, the checkpoint model will always be expanding and the order in which we 

choose to expand the model will be as much of a challenge as the actual expansion and 
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fitting of new data. With each parameter added, the model will be able to simulate new 

levels of controls and make predictions of novel system behaviors. However, addition of 

parameters will also increase complexity and increase the level of difficulty in estimating 

the full set of parameter values and maintaining previous fits and system behaviors. This 

is the challenge of mathematical modeling. We believe the order in which the model is 

expanded will either facilitate or complicate parameter estimation. We offer our approach 

as a successful working strategy. We hope to gradually expand the current model to 

accurately represent the unreplicated DNA checkpoint pathway during cell cycle. The 

first step in expansion is the inclusion of Cdc25A into the unreplicated DNA checkpoint 

model as described in Chapter Five.  

 

 

 

M MPF 

MP MPF phosphorylated on Tyr-15 (pre-MPF, inactive form of MPF) 

Myt1 Myt1 

Myt1P Phosphorylated Myt1  

D Cdc25C 

DP Cdc25C phosphorylated on Ser-285 (active form of Cdc25C) 

DP2 Cdc25C phosphorylated on Ser-287 

Ds S287Cdc25C 

DSP Ser-287Cdc25C phosphorylated on Ser-285 

Wee1 Wee1 

WP Wee1 phosphorylated on Ser-549 (active form of Wee1) 

NEB % nuclear envelope breakdown 

 

 

Table 4.1 Table of abbreviations representing the elements of the unreplicated DNA 

checkpoint model.  
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Unreplicated DNA Checkpoint Model Reactions: 

 

1. 

 
d[M]

dt
= kMP_Y[Myt1] + kMP_W[WP] + kM[MP] + kM_D[DP][Mp] + kM_S - kM_DEG + kM_D[DSP][MP] 

 

2. 

 
d[MP]

dt
= kMP_Y[Myt1]+ kMP_w[WP] kM[MP] kM_D[DP][MP]+ kM_S - kM_DEG[M] -KM_D[DSP][MP] 

 

3. 

 
d[D]

dt
= kD_P[DP] kDP[D] kDP_M[M][D] kDP2[D] kDP2_C[Chk1][D]+ kD_P2[DP2] 

 

4. 

 
d[DP]

dt
= kD_P[DP] + kDP[D] + kDP_M[M] 

 

5. 

 
d[Myt1]

dt
= -kYP_M[M][Myt1]- kY[Myt1P] 

 

6. 

 
d[Wee1]

dt
= -kWP[Wee1] - kWP_C[Chk1][Wee1] + kW[WP] 

 

7. 

 
d[Lamin]

dt
= kLP_M[M][Lamin] 

 

8. 

 
d[DSP]

dt
= -kD_P[DSP] - kDP[DS] - kDP_M[DS] 

 

9. 

 

Half MT =
[MT]

2
 

 

10. 

 
[Myt1T]= [Myt1]+ [Myt1P] 

 

11 

 
[Wee1T]= [Wee1]+ [WP] 

 

12. 

 
[DT]= [D]+ [DP]+ [DP2] 

 

13. 

 
[LaminT]= [Lamin]+ [LaminP] 

 

14. 

 
[DST]= [DS]+ [DSP] 

 

15. 

 

NEB is set by Gtrunc(LaminP,0.0,0.1) 

 

 

Table 4.2: The mathematical model of the unreplicated DNA checkpoint.  
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Table 4.3: Table of parameter values used during the construction of the 

unreplicated DNA checkpoint model. The table represents three basal sets used to build 

the model.  

. 

 

 

 

Table 4.4: The final set of parameter values used in the cell cycle checkpoint model.  

 

 

 

 

Rate Constant (min-1)

kMP Y 2.1

kM 0

kM D 0.2

kD P 0.41

kDP 0.17

kDP M 72

kYP M 52

kY 0.14

kWP 1E-05

kW 0.77

Concentrations 

zero 0

[Chk1] 0

[MT] 1

[DT] 1

[Wee1T] 1

[MytT] 1

[LaminT] 1

[DST] 0

DT_K98 1.2

sdNEB 0.13

Rate Constant (min-1)

kWP C 8.1

kDP2 8.4

kDP2 C 7.2

kD P2 1.2

kM S 0.002

kM DEG 0

kLP M 0.52

kMP W 0.19

Parameters (min-1) B1 B2 B3

kMP Y 0.393 0.393 2.11

MD 0.0003 0.0003 0.0123

MY 0.0042 0.0042 0.0009

kY 100 100 255

kYP M 0.0002 0.0002 3E-05

kD P 100 0.25 0.49

kDP 0.11 0.0003 0.009

kDP M 398 1 7.3

kM D 0.393 0.393 0.19
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Chapter 5: The Role of Cdc25A in the Frog Egg Cell Cycle 

Model. 

Nassiba Adjerid 

I am responsible for the preparation, expansion, and simulations performed in the studies 

presented in this chapter. As always, thanks goes to Drs. Sible, Tyson and Zwolak for 

their insight and help in editing this manuscript.  

5.1 Abstract:  

The focus of this study is the role of the protein phosphatase Cdc25A during cell 

cycle progression and checkpoints. Cdc25A dephosphorylates and activates cyclin/Cdk 

complexes on the Cdk subunit, allowing entry into S and M phases. However, in the 

presence of damaged or unreplicated DNA, Cdc25A is phosphorylated by Chk1 and 

targeted for degradation, and consequently, the cell cycle arrests. In experiments in which 

Cdc25A morpholinos were injected into fertilized Xenopus embryos in order to reduce 

levels of Cdc25A, embryos experienced an initial cell cycle delay, but otherwise 

developed normally without apoptosis. Xenopus extracts treated similarly with Cdc25A 

morpholinos also gave rise to a delay in mitotic entry. Therefore, Cdc25A plays a 

significant role in cell cycle progression. We built a mathematical model of the DNA 

replication checkpoint to study the underlying regulation of the DNA signaling network. 

However, in our initial mathematical models of the DNA replication checkpoint in frog 

egg extracts, we did not include Cdc25A (Chapter Four). In this study, Cdc25A was 

introduced into the cell cycle model.  The Cdc25A module was built by gathering data 

from the experimental literature and converting these into differential equations that 

represent the interaction of Cdc25A with other components of the signaling cascade. The 

Cdc25A module includes the activation of MPF by Cdc25A and the inhibition of Cdc25A 

by Chk1. Using the Cdc25A module, simulations were run testing various ratios of rates 

of synthesis and degradation of Cdc25A. We found that as synthesis rate of Cdc25A 

increased, the extract experienced earlier mitotic entry. The inhibition of Cdc25C resulted 

in cell cycle arrest unless the rate of Cdc25A synthesis was very high. In addition, we 
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found that an initial concentration of Cdc25A does not affect the timing of mitosis. 

Through the use of experimental and computational tools, Cdc25A has been shown to be 

an integral part of the cell cycle signal cascade and needs to be accurately represented in 

our mathematical model.  

 5.2 Introduction 

 Cdc25A phosphatase plays an important role during normal cell cycle progression 

and in the presence of damaged or unreplicated DNA. During cell cycle progression, 

Cdc25A is a direct activator of cyclin/Cdk complexes, promoting cell cycle progression 

during S and M phases of the cell cycle (Kim et al., 1999). In embryos in which Cdc25A 

levels were reduced by the injection of dominant negative Cdc25A, embryos experienced 

cell cycle lengthening and slowed cleavage cycles (Kim et al., 1999). These are 

indications that Cdc25A is important during normal cell cycle progression.  

  In the presence of unreplicated DNA, ATR become phosphorylated in response 

to stalled replication forks. ATR then phosphorylates and actives Chk1 which causes the 

degradation of Cdc25A due to a Ser73 phosphorylation event (Shimuta et al., 2002; 

Petrus et al., 2004). The degradation of Cdc25A removes the signal that activates MPF 

and results in cell cycle arrest, allowing repair of damaged or unreplicated DNA. 

Therefore, Cdc25A is important during cell cycle progression and a key component of the 

unreplicated DNA checkpoint and needs to be incorporated into the unreplicated DNA 

checkpoint model of frog egg extracts.  

 The model of cell cycle checkpoints in Xenopus laevis egg extracts consists of the 

essential elements that are required for the cell cycle core machinery. In the model 

described in Chapter Four, MPF, Cdc25(C), Chk1, Myt1, and Wee1 were incorporated, 

and parameters were estimated that fit a large body of data with one exception: extracts 

containing exogenous Cdc25 in the presence of unreplicated DNA. However, the current 

working model does not includes all isoforms of Cdc25  (A, B, and C). Cdc25C that is 

represented in the current model, and parameters for its phosphorylation and its effect on 

MPF were estimated from the data that is available. There is not much known about 

Cdc25B and therefore it is not included in the model. However, Cdc25A has been shown 

to be a key player in the cell cycle in the presence or absence of a checkpoint (Kim et al., 
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1999; Shimuta et al., 2002). Therefore, the addition of Cdc25A is the next logical step in 

expanding the unreplicated DNA checkpoint model in frog egg extracts.  

5.3 Experimental Results 

5.3.1 Inhibition of Cdc25A in embryos caused a delay in cell cycle progression 

 The model in Chapter Four includes only a single form of Cdc25, Cdc25C. 

However, data suggest that Cdc25A may be important in embryos in timing of early cell 

cycles (Kim et al., 1999; Shimuta et al., 2002). In this study, to more directly specifically 

knockdown Cdc25A, Xenopus embryos were injected with control or Cdc25A 

morpholinos (Gene Tools). Morpholinos are modified oligonucleotides that inhibit gene 

expression by binding to complementary sites on the mRNA and block translation. The 

morpholinos were injected at an internal concentration of 100 ng/embryo at the one cell 

stage of development. Then embryos were observed until the neurulation stage of 

development, approximately 25 hours post-fertilization (pf). Embryos treated with 

control morpholinos exhibited normal development, whereas embryos injected with 

Cdc25A morpholinos showed a cell cycle delay in the early developmental stages 

(approximately one cell cycle behind at the MBT). However, at 25 hours pf, the Cdc25A 

morpholino-treated embryos reach the neurulation stage and having by passed the MBT 

and gastrulation stages of development (Figure 5.1). The cell cycle delay was no longer 

observable because the cells are very small and hard to distinguish. Therefore, it is 

impossible to determine whether embryos “caught up” in cell number as they had in 

morphology. 

  The ability of Cdc25A morpholino injected embryo to undergo normal 

development may be due to cell cycle remodeling events that occur at the MBT, when 

cell cycle lengthening occurs. Cdc25A undergoes developmental degradation at the MBT 

and may not play an important role during later cell cycles in comparison to earlier cell 

cycles.  
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Figure 5.1: Embryos with reduced Cdc25A levels experienced early cell cycle delay 
at the blastula stage. Control and Cdc25A morpholinos  (100 ng/embryo) were injected 
into Xenopus laevis embryos at the one cell-stage (30 minutes pf) and monitored at 4.5 
hours pf and 25 hours pf. Embryos injected with the morpholinos showed delay in 
development but reached neurulation 25 hrs pf, similar to control embryos.  
 

5.3.2 Inhibition of Cdc25A in extracts causes a delayed entry into mitosis 

 Analogous studies to those performed in Xenopus laevis embryos were then 

performed in extracts in order to study the effects of Cdc25A on cell cycle progression. It 

is important to study effects of reducing Cdc25A on cell cycle progression in the cell-free 

extract as well as the embryo as they differ significantly in a number of relevant features. 

Embryos show physiological and developmental relevance but injection volumes can 

vary. Extracts, on the other hand, provide better quantitative information in a simplified 

context and are the system that was used for the mathematical model in Chapter Four. 

However, extracts may lack relevant control features, such as differences in relative 

concentrations of critical components that are conserved in the embryo.  Control and 
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Cdc25A morpholinos were added at concentration of 100ng/μL to activated extracts. This 

approximates the concentration and the injection volume that was injected into embryos, 

which have a volume of approximately 1 μL. The sperm nuclei were then observed for 

morphology changes to evaluate time into mitosis. Experiments showed that control 

extracts entered mitosis at approximately 75 minutes after activation, whereas embryos 

treated with the Cdc25A morpholino extracts enter mitosis at 90 minutes after activation 

(Figure 5.2). These results complement those observed in the embryo, in that Cdc25A 

seems to play a role in the timing of early cell cycle progression. The ability of the cell to 

eventually enter mitosis is most likely due to partial expression of Cdc25A. The extracts 

were not treated with cycloheximide and therefore leaky translation of Cdc25A may have 

occurred in the extract.  Cdc25C may also be able to compensate for the loss of Cdc25A 

in the extract and allow entry into mitosis even if delayed.  
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Figure 5.2: Extracts with reduced Cdc25A experienced delayed mitotic entry. 
Activated Xenopus laevis CSF extracts were treated with 100 ng/μL control and Cdc25A 
morpholinos and then time into mitosis was monitored by observing sperm nuclear 
morphology. Time into mitosis was defined as more than 50% NEB in the extract.  
 
 
 We conclude that Cdc25A controls timing into mitosis in both extracts and in 

embryos, since reduction of Cdc25A levels caused delays in early cell cycles of 

development and in entry into mitosis in extracts. Studies in which the concentration of 

Cdc25A is controlled precisely and progression into mitosis is monitored in extracts will 

provide important quantitative information to inform the Cdc25A module of the DNA 

replication checkpoint model. Rates of Cdc25A synthesis and degradation are important 

to measure as critical parameters for mathematical modeling especially since synthesis 

and degradation distinguish Cdc25A from Cdc25C, which is present in constant levels 

even in the presence of unreplicated DNA. These experiments provide preliminary data 

and protocols to be tested in the DNA replication model in order to distinguish the role of 

Cdc25A in the presence of a DNA replication checkpoint.  
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5.4 Computational Results 

5.4.1 The insertion of Cdc25A into the model of unreplicated DNA 

 The Cdc25A module was constructed based upon a large body of experimental 

data that identified interactions among signaling components of the cell cycle. Figure 5.3 

presents the Cdc25A module describing the relationship of Cdc25A and the cell cycle 

engine and how Chk1 affects Cdc25A in the presence of unreplicated DNA.  

 

Figure 5.3: The Cdc25A module and its interactions with the cell cycle engine. 
Cdc25A is phosphorylated on four different sites. Chk1 phosphorylates Cdc25A on 
Ser73, and Thr507 while two other unidentified sites on Cdc25A are phosphorylated by 
Plx1 and , an unknown kinase. The effect of Cdc25A on MPF activation and the 
autoamplification loop including Plkk1 and Plx1 are also represented. The model also 
represents synthesis and degradation of Cdc25A.   
 

 The module represents three main areas of the cell cycle signaling network that 

involve Cdc25A. Cdc25C interactions are assumed to be present but not represented in 

this wiring diagram for simplicity (Figure 5.3). The first area of the module represents 

three forms of Cdc25A. Cdc25A is synthesized and in response to checkpoint signaling is 
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phosphorylated on Ser73 by Chk1, and then degraded (Shimuta et al., 2002). In addition 

to the phosphorylation on Ser73 of Cdc25A, Chk1 can also phosphorylate Cdc25A on 

Thr507. Dually phosphorylated Cdc25A is transiently present in the extract until PP2A 

dephosphorylates the Thr507 site and allows for degradation of Cdc25A phosphorylated 

only on Ser73 (Mailand et al., 2002; Chen et al., 2003). Degradation of Cdc25A in the 

presence of a checkpoint occurs at higher levels due to the accumulation of the 

phosphorylated form of Cdc25A on Ser73 by Chk1 in comparison to background 

degradation that occurs naturally during cell cycle progression.  

 The second important section of the module is the activation of MPF by Cdc25A. 

The single phosphorylated form of Cdc25A is shown to be the active form that 

desphosphorylates MPF, causing its activation and initiation of entry into mitosis (Izumi 

and Maller, 1995). The phosphorylation of Cdc25A, analogous to phosphorylation of 

Cdc25C by MPF, is made by an unidentified element labeled as  in the model (Izumi 

and Maller, 1995).  

 The final section of the Cdc25A module represents the interactions that Polo like 

kinase 1 (Plx1) and Polo like kinase kinase (Plkk1) have with MPF and Cdc25A. Plx1 

was shown to be a key player in mitotic entry through Cdc25C activation and during 

spindle assembly at later stages of development (Qian et al., 1998). Plx1 has also been 

shown to be important during sister chromatid separation, exit from mitosis and 

cytokinesis (Liu and Maller, 2005). Therefore, Plx1 is an important protein for entry into 

motisis and other mitotic events.  Plkk1 can be phosphorylated and activated by active 

MPF. Active Plkk1 then phosphorylates and activates Plx1 (Qian et al., 1998). Through 

an autoamplification loop, active phosphorylated Plx1 phosphorylates Cdc25A on a 

separate site from the activating phosphorylation site on Cdc25A. This interaction 

produces a hyperphosphorylated form of Cdc25A that is more active than the single 

phosphorylated form of Cdc25A by  (Figure 5.3) and can further activate MPF 

(Karaiskou et al., 1999). Plx1 has also been shown to phosphorylate and enhance the 

activity of Plkk1 and therefore create a positive feedback loop to increase the strength of 

the signal (Liu and Maller, 2005; Myer et al., 2005). From all these interactions comes a 

comprehensive signaling network diagramming the interactions of Cdc25A with other 

components of the signaling network. In addition, the effect of Plx1 on Cdc25A links 
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mitotic events to those promoting cell cycle progression. Due to the level of complexity, 

these interactions could not be incorporated in the first phase of model expansion. 

Modeling is required to appreciate the effect of Cdc25A on cell cycle and checkpoint 

behaviors. 

 From the wiring diagram describing the interaction of Cdc25A in the signaling 

network in the cell cycle (Figure 5.3), differential equations were composed to represent 

every part of the Cdc25A module as shown in Chapters One and Four. The module was 

written using mass action kinetics and is shown in Tables 5.1, 5.2. Mass action was used 

to write the equations representing the model because Michaelis-Menten kinetics makes 

the assumption that there is more substrate than enzyme in the model and this does not 

apply to the checkpoint model due to feedback loops with Wee1 and Cdc25. Also, mass 

action kinetics are easier and simpler to use for the cell cycle model. The equations 

represent the rate of change of the concentration of each element in the model over time 

(Table 5.2).  In order to estimate rate constants and initial concentrations of the Cdc25A 

module, the Cdc25A module needs to be incorporated into the existing DNA replication 

model of frog egg extracts (Chapter Four). However, the expansion of the unreplicated 

DNA checkpoint model cannot incorporate all the sections of the Cdc25A module 

simultaneously. Therefore, we begin studies in which sections of the model are added in a 

stepwise method beginning with core MPF interactions and the effect of Chk1 on 

Cdc25A activity. 
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M MPF 

MP MPF phosphorylated on Tyr-15 (pre-MPF, inactive form of MPF) 

Myt1 Myt1 

Myt1P Phosphorylated Myt1 

D Cdc25C 

DP Cdc25C phosphorylated on Ser-285 (active form of Cdc25C) 

DP2 Cdc25C phosphorylated on Ser-287 

Ds S287Cdc25C 

DSP Ser-287Cdc25C phosphorylated on Ser-285 

Wee1 Wee1 

WP Wee1 phosphorylated on Ser-549 (active form of Wee1) 

NEB % nuclear envelope breakdown 

Da Cdc25A 

DaP1 Cdc25A activating phosphorylation  

DaP2 Cdc25A phosphorylated on Ser73 

DaP2,3 Cdc25A phosphorylated on Ser73 and Thr507 

DaP1,3 Cdc25A phosphorylated by Plx1 and  on two separate sites 

PX Plx1 

PXP Phosphorylated Plx1 

PL Pllk1 

PLP Phosphorylated Pllk1 

 
 
Table 5.1: The abbreviations of the elements in the Cdc25A module.  In addition, the 
abbreviations of the elements already in the DNA replication checkpoint model are 
represented as well (Chapter Four). The box outlines the elements that would be added to 
the unreplicated DNA checkpoint model.  
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 Cdc25A Insertion Model Equations 

 MPF Subsystem: 

1.  d[CyclinT]

dt
= kC_S kC_DEG[CyclinT] 

2. d[M]
dt

= kC_S kC_DEG[M]+ (kI+ kII[DaP1]+ kIII[Da]+ kIV[DaP2]

+kV[Cdc25AP2,3])*[MP] (kMP_Y[Myt1] kMP_w[WP])[M]
 

3. [MP]=[CyclinT]-[M] 

 Cdc25A Subsystem: 

4. d[Da]
dt

= kDa_S + kDa_P2[DaP2]+ kDa_P1[DaP1] kDaP1[Da] kDaP_C[Da][Chk1] + kDaP2, 3_P3[DaP2,3]

-kDaP2[Da][Chk1]
 

5. d[DaP1]

dt
= kDaP1[Da] kDa_P1[DaP1] - kDaP1, 3_Px[DaP1][PXP]+ kDaP1_P3[DaP1,3][PP2A] 

6. d[DaP2]

dt
= kDaP2[Da][Chk1] kDaP2_DEG[DaP2] - kDa_P2[DaP2] 

7. d[DaP1,3]

dt
= kDaP1, 3_PX[DaP1][PXP] kDaP1_P3[DaP1,3][PP2A] 

8. [DaP2]= [DaT] [Da] [DaP1] [DaP1,3] - [DaP2,3] 
9. d[DaP2,3]

dt
= kDaP_C[Da][Chk1] kDaP2, 3_P3[DaP2,3] 

 Plx1 Subsystem: 

10. d[PX]

dt
= kPX_P[PXP] kPXP[PX][PLP] 

11. [PXP]= [PXT] [PX] 
 Pllk1 Subsystem: 

12. d[PL]

dt
= kPL_P[PLP] kPLP[PL][M] kPLP_PX[PL][PXP] 

12. [PLP] = [PLT] [PL] 
 

Table 5.2: Differential equations describing the interactions of the Cdc25A module. 
The differential equations that describe the interactions of the Cdc25A module of cell 
cycle networks using mass-action kinetics. The equations represent four main subsystems 
in the model, the MPF, Cdc25A, Plx1, and Pllk1 subsystems.  
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5.4.2 Wiring diagram and equations for the insertion of the minimal Cdc25A module into 

the model 

 The proposed Cdc25A module includes three main subsystems, the 

phosphorylation of Cdc25A by Chk1, the phosphorylation of MPF by Cdc25A, and the 

autoamplification loop that is created by Plx1 and Pllk1 proteins. The elements of the 

Cdc25A module that were incorporated first and shown in this chapter are those that 

represent the phosphorylation of Cdc25A on Ser73 by Chk1 and the dephosphorylation of 

MPF by Cdc25A. These elements were the first added because these interactions link 

Cdc25A to the cell cycle engine (through MPF activation) and to the unreplicated DNA 

checkpoint (through phosphorylation by Chk1).  

 The Cdc25A module link to the cell cycle engine should include all relevant 

elements of Cdc25A regulation. The center of the current model is MPF. The activation 

of MPF is the signal that allows the cell to progress through the cell cycle and enter 

mitosis. Therefore, the first interaction to add to the current model is the effect of 

Cdc25A on MPF. In the Cdc25A module, the unphosphorylated form of Cdc25A is 

assumed to be the active form on MPF (Figure 5.4). The unphosphorylated form of 

Cdc25A has been shown to maintain MPF activity during cell cycle progression in 

addition to the form of Cdc25A phosphorylated by an unidentified kinase  (Figure 5.3). 

 In addition to the effect of Cdc25A on MPF, we also included the effect of 

Cdc25A phosphorylation by Chk1. Chk1 was initially incorporated into the model 

because it is a signal in the checkpoint pathway that is an indication of the presence of 

unreplicated DNA in the frog egg. Chk1 plays a major role in the signaling network of 

the unreplicated DNA checkpoint by the phosphorylation of Cdc25A (and Cdc25C). 

Chk1 phosphorylates Cdc25A on Ser73 and causes its degradation at a basal rate during 

normal cell cycle progression (Figure 5.4) and at an elevated rate when cell cycle 

checkpoints are activated (Mailand et al., 2002; Shimuta et al., 2002). We included this 

interaction because we can then use the model to understand the difference between the 

effect of Chk1 on Cdc25A during normal cell progression and in the presence of 

unreplicated DNA.  

 When adding a new molecule into a mathematical model, we write equations for 

all new components whose concentrations are variable in the model. Therefore, in 
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addition to representing the interactions that can occur between Cdc25A, Chk1 and MPF, 

we also included rates of synthesis and degradation of the phosphorylated (on Ser73) and 

unphosphorylated forms of Cdc25A (Figure 5.4). 

 

 
 
Figure 5.4: Insertion of Cdc25A module into the working model of the cell cycle 
engine in frog egg extracts. The phosphorylation of MPF by Cdc25A, phosphorylation 
of Cdc25A by Chk1, and synthesis and degradation of Cdc25A are included in the model.  
 
 Rate equations representing the interactions were written and added to the current 

working model (Tables 5.3, 5.4). The activating phosphorylation of MPF by Cdc25A was 

included in the equations that represent MPF activity. Rate constants for phosphorylation 

of Cdc25A by Chk1 as well as Cdc25A dephosphorylation (by an unspecified 

phosphatase) were also represented in the equations describing those reactions.  In 

addition, parameters were set to represent the synthesis and degradation rates of the 

different forms of Cdc25A. It is important to include the synthesis of Cdc25A because 

Xenopus laevis embryos lack Cdc25A at fertilization then synthesize new Cdc25A from 

maternally supplied mRNA in the extract (Auckland and Sible, unpublished) and early 

embryo (beginning at fertilization) (Murakami and Woude, 1998; Kim et al., 1999). 
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Overall, the Cdc25A module added 5 parameters to the model, which brings the total to 

10 equations and 33 parameters. With the model in hand, simulations of time into mitosis 

varying Cdc25A synthesis and degradation rates were performed to explore the 

concentration-dependent effect of Cdc25A on mitotic entry in cell cycle extract. 

 

M MPF 

MP MPF phosphorylated on Tyr15 (pre-MPF, inactive form of MPF) 

Myt1 Myt1 

Myt1P Phosphorylated Myt1 (by MPF, inactive form of Myt1) 

D Cdc25C 

DP Cdc25C phosphorylated on Ser285 (active form of Cdc25C) 

DP2 Cdc25C phosphorylated on Ser287 

Ds S287Cdc25C 

DSP Ser287Cdc25C phosphorylated on Ser285 

Wee1 Wee1 

WP Wee1 phosphorylated on Ser549 (active form of Wee1) 

NEB % nuclear envelope breakdown 

Da Cdc25A 

DaP2 Cdc25A phosphorylated on Ser73 

 

Table 5.3: Abbreviations of the elements of the unreplicated DNA checkpoint model 

including the Cdc25A module. The boxed abbreviations represent the elements of the 
unreplicated DNA checkpoint model.  
 

1. d[Mp]

dt
= kMP_Y *[Myt][M] + kMP_W[Wee1P][M] - (kM_D([DP] +[DsP] +[Da])[Mp]) - kM_DEG[MP] 

2. d[Da]

dt
= kDaP2[DaP2]- kDaP2_C[Chk1][Da] + kDa_S - kDa_DEG[Da] 

3.  d[Dap2]

dt
= -kDaP2*[DaP2] + kDaP2_C[Chk1][Da] - kDaP2_DEG[DaP2] 

 
Table 5.4: The equations added to the unreplicated DNA checkpoint model to 

represent the Cdc25A module.  
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5.4.3 Simulations of the model with Cdc25A represented 

 In the working model of the unreplicated DNA checkpoint, a branch was added to 

describe the effect of Cdc25A on MPF as well as the effect of unreplicated DNA on the 

Cdc25A module. The estimated reaction rates of MPF dephosphorylation by Cdc25A and 

Cdc25A phosphorylated by Chk1 were based on the rates that were estimated for Cdc25C 

(from experimental data), since the rates have not been measured experimentally. The 

two parameters that were estimated to be similar to those of Cdc25C were kDaP2_C and 

kDa_P2, the rate of phosphorylation of Cdc25A by Chk1 and the dephosphorylation rate of 

Cdc25A (by an unidentified phosphatase) respectively (Table 5.4). We assumed that the 

rates of Chk1 phosphorylation of Cdc25A were less likely to reflect difference in 

dynamics between the two phosphatases as were the next steps in which Cdc25C is 

reversibly bound to 14-3-3 protein and Cdc25A is irreversibly degraded. The initial 

conditions were unchanged from the previous iteration of the model because they are 

unaffected by the Cdc25A module, [Cdc25A]=0 at fertilization (Table 5.5, A). 

 We performed initial simulations of the model to explore the effects of varying 

rates of Cdc25A synthesis and degradation on time into mitosis. Initially the rate 

constants of Cdc25A synthesis and degradation (of unphosphorylated and Ser73 

phosphorylated Cdc25A), as represented by kDa_S, kDa_DEG and kDaP2_DEG rate constants 

respectively, were set to zero (Figure 5.5 A).  None of these values have been measured 

experimentally and can readily be manipulated in cell-free extracts. Experimentally, 

extracts treated with cycloheximide do not have Cdc25A present and this state of the 

extract was reflected in the simulations in which the concentration of Cdc25A and kDa_S 

are zero. 

 Ten different ratios of rates of degradation and synthesis were run.  The results of 

the first set of simulations showed that as synthesis rates of Cdc25A increase, entry into 

mitosis occurred earlier (Figure 5.5, Table 5.7 A). For example in Figure 5.5 I, the 

synthesis rate was a value of 0.9 while the degradation rates were maintained at low 

levels (0.5 and 0 for the unphosphorylated and phosphorylated forms, respectively) and 

the extract entered mitosis at 100 minutes in comparison to simulations in Fig 5.5 A, in 

which the extract entered mitosis at 118 minutes. Also, in simulations in which synthesis 

rates were very high (above 1) and degradation rates were kept at zero, the extract entered 
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mitosis earlier showing that Cdc25A has a strong effect on mitotic entry even when 

Cdc25C is present. In contrast, when degradation rates were increased above 0.4, and 

synthesis was kept low (below 0.4) entry into mitosis was even later than that of when 

Cdc25A was left out of the model completely (Figure 5.5). Therefore, the changes in 

Cdc25A dynamics have a direct effect on the timing of entry into mitosis and have shown 

that in comparison to simulations in which Cdc25A synthesis and degradation rates are 

zero, those who have low levels of Cdc25A (in the presence of low synthesis and high 

degradation rates) experienced delayed mitotic entry. This behavior is a novel behavior 

predicted by the model that indicates that in the presence low amounts of Cdc25A in the 

extract there is a mechanism that is delaying mitotic entry in comparison to extracts in 

which Cdc25A is completely absent.  

 In order to separate the effect of Cdc25A from that of Cdc25C in the model, the 

total amount of Cdc25C was set to zero (DT=0) in the next set of simulations (Figure 5.6, 

Table 5.7 B). The same set of ratios used for the simulation studies in Figure 5.5 was 

applied and time into mitosis (as approximated by % NEB) was simulated. In the 

simulation in which Cdc25A synthesis and degradation rates were set to zero and 

Cdc25C was absent, mitotic entry occurred at over 4,000 minutes. This time can never be 

observed in an extract, but the shallowness of the curve shows that it is predicted to be a 

very slow mitotic entry and not a switch-like behavior. Most likely bistability was lost in 

the model (Figure 5.6 A). The eventual entry into mitosis may be due to background 

levels of MPF in the extract allowing for low levels of lamin phosphorylation in the 

extract. Essentially, the removal of Cdc25C blocked entry into mitosis. In simulations in 

which the synthesis rate of Cdc25A was low, the extracts did not enter mitosis at all and 

remained permanently arrested in interphase with low MPF activity (Figure 5.6). 

Therefore, in the absence of Cdc25C and very low levels of Cdc25A, the cell cycle was 

permanently arrested (Figure 5.6 B-D) due to the inhibition of MPF by Wee1 and Myt1 

but entered mitosis at 4000 minutes when Cdc25A and Cdc25C concentrations were set 

to zero.  This observation agrees with the observation made in the first set of simulations. 

There is an underlying mechanism that is being turned on in the presence of low levels of 

Cdc25A that delays mitosis. However, in simulations in which the synthesis rates were 

increased to an arbitrary value of 0.4 or above, the simulations entered mitosis but at a 
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delayed time of 427 minutes (Figure 5.6 F). Experimentally, an extract does not maintain 

viability for 400 minutes and therefore this prediction is only theoretical but exemplifies 

how modeling allows one to explore system conditions and behaviors that are not 

tractable experimentally. Therefore, Cdc25A can push the extract into mitosis in the 

absence of Cdc25C provided the synthesis to degradation ratio is sufficiently high as 

shown in simulations in which synthesis rates are considerably higher (above 1) than the 

degradation rates (set to 0) (Fig 5.6 K, L). However, Cdc25A caused entry into mitosis at 

a very delayed times (427 minutes) in comparison to the entry times (129 minutes) when 

Cdc25A and Cdc25C were both present in the model. The model predicted that Cdc25C 

is necessary for the extract to undergo normal mitotic entry, which does not agree with 

experimental observations in which embryos injected with dominant negative Cdc25C 

observed normal cell cycle development (Kim et al., 1999). However, it is possible that 

the dominant-negative Cdc25C injected into embryos did not fully inhibit Cdc25C and 

partial inhibition allowed for normal development in the embryo. Alternatively, relative 

strengths of the Cdc25A and Cdc25C phosphatases may not be accurately described in 

the model.  

 The final set of simulations explored the effect of supplementing the extract with 

exogenous Cdc25A.  Initial [Cdc25A] was set to 0.5, and time into mitosis was simulated 

(Table 5.3 B). From the second cell cycle onward, endogenous Cdc25A also accumulates 

due to synthesis and these cell cycles become faster as development progresses. Figure 

5.7 (Table 5.7 C and D) shows the results of these simulations using three different 

synthesis and degradation ratios in the presence and absence of Cdc25C. The simulations 

show that both in the presence and absence of Cdc25C, the addition of Cdc25A in the 

initial conditions does not produce a significant difference in time into mitosis. Therefore, 

due to the weight that Cdc25C has in the current model at the G2/M transition, the 

addition of the initial concentration of Cdc25A does not have a major effect in 

simulations that still included Cdc25C. In addition, simulations in which Cdc25C was 

absent, the timing of entry into mitosis did not change in comparison to those that had no 

initial Cdc25A concentration because synthesis rates were high enough to maintain 

enough Cdc25A to allow similar time of entry into mitosis. These data sets disagree with 

experiments in extracts in which exogenous Cdc25A was added and the cell cycle is 
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accelerated (Auckland and Sible, unpublished). Therefore, further work needs to be done 

on the model in order to account for the observed experimental data.  

 From the simulations run following the insertion of the Cdc25A module, more is 

known about the dynamics of the system and the effect that Cdc25A has on the cell cycle 

engine. Cdc25A has been shown to play a role in mitotic entry (Kim et al., 1999; Chen et 

al., 2001) and now using a mathematical model, quantitative predictions were made 

regarding the effect of Cdc25A on mitotic entry in the cell-free egg extract.  The greater 

the synthesis rate and lower the degradation rates, the faster the cell can enter mitosis. 

Removal of Cdc25C from the system can cause complete cell cycle arrest unless the 

synthesis rate of Cdc25A is high enough to maintain the trigger for the cell to enter 

mitosis, even if it is at a delayed time point. Also it was shown that low levels of Cdc25A 

have a delaying effect on mitotic entry due to an underlying mechanism, which has not 

been identified by experimental studies. These studies give an insight into how the model 

functions with specific ratios of synthesis and degradation rates. Once experimental data 

can verify synthesis and degradation rates of Cdc25A in the presence or absence of 

unreplicated DNA, the rates can be specified and final time of mitotic entry can be 

determined. Also, the mechanism delaying mitosis in the presence of low levels of 

Cdc25A needs to be identified and characterized experimentally and through studies 

utilizing the DNA replication model. Then the model can be expanded to include Cdc25A 

synthesis and degradation can be fit which eventually will further characterize the role 

Cdc25A plays in the unreplicated DNA checkpoint.  
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Table 5.5: Parameter values in the unreplicated DNA checkpoint model in the 

presence of Cdc25A.  The boxed region of the parameters represents the parameters 
added to the unreplicated DNA checkpoint model with respect to Cdc25A.  
 

 

Table 5.6:  The initial conditions of the unreplicated DNA model with Cdc25A. The 
tables represent the initial conditions set up in the two different simulations. (A) The 
initial conditions where Da and Dap are 0 in interphase. (B) The initial conditions where 
Da is present in interphase at a concentration of 0.5.  
 

(A) (B) 

Rate Constant (min-1)
kMP_Y 2.1
kM 0
kM_D 0.2
kD_P 0.41
kDP 0.17
kDP_M 72
kYP_M 52
kY 0.14
kWP 1E-05
kW 0.77

Rate Constant (min-1)

kWP C 8.1

kDP2 8.4

kDP2 C 7.2

kD P2 1.2

kM S 0.002

kM DEG 0

kLP M 0.52

kMP W 0.19

kDa P2 8.364

kDaP2 c 5.431

kDa S 0

kDaP2 deg 0

kDa deg 0

Concentrations 

zero 0

[Chk1] 0

[MT] 1

[DT] 1

[Wee1T] 1

[MytT] 1

[LaminT] 1

[DST] 0

DT_K98 1.2

sdNEB 0.13

Initial Conditions

[M] 0

[MP] 1

[D] 1

[DP] 0

[Myt] 1

[Wee1] 1

[WP] 0

[Lamin] 1

[DSP] 0

[Da] 0

[Dap] 0

Initial Conditions

[M] 0

[MP] 1

[D] 1

[DP] 0

[Myt] 1

[Wee1] 1

[WP] 0

[Lamin] 1

[DSP] 0

[Da] 0.5

[Dap2] 0
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Figure 5.5: Simulations of entry into mitosis in model including Cdc25A module. 
Da=0, while varying the values of synthesis and degradation of Da and Dap2. The ratio 
represent kDa_S /kDa_DEG /kDaP2_DEG. 
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Figure 5.6: Simulations of entry into mitosis in model including Cdc25A module. 
Cdc25C (DT) is equal to zero. The ratio represent kDa_S /kDa_DEG /kDaP2_DEG. 
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Figure 5.7: Simulations of entry into mitosis in model including Cdc25A module, 
Da=0.5. Performed with the addition of Cdc25A in interphase (Da=0.5) with (left) and 
without (right) Cdc25C. The ratio represents kDa_S /kDa_DEG /kDaP2_DEG. 
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Table 5.7 Tables representing numerical values of the Cdc25A simulations. 

Numerical representation of the simulations in Figure 5.5 (A), Figure 5.6 (B) and Figure 

5.7 in the presence of Cdc25C (C) and without (D). 

kDa_S kDa_DEG kDaP2_DEG 50% NEB (min)
0 0 0 118

0.5 0.6 0.4 207
0.1 0.4 0.4 141
0.2 0.3 0.3 124
0.4 0.6 0.7 129
0.4 0.1 0.5 109
0.6 0.03 0.05 104
0.7 0.2 0.1 105
0.9 0.05 0 100
0.9 0.01 0.3 101

1 0 0 98
2 0 0 90

kDa_S kDa_DEG kDaP2_DEG 50% NEB (min)
0 0 0 4272

0.5 0.6 0.4 0
0.1 0.4 0.4 0
0.2 0.3 0.3 0
0.4 0.6 0.7 0
0.4 0.1 0.5 427
0.6 0.03 0.05 269
0.7 0.2 0.1 292
0.9 0.05 0 207
0.9 0.01 0.3 214

1 0 0 188
2 0 0 130

kDa_S kDa_DEG kDaP2_DEG 50% NEB (min)
0.05 0.6 0.4 140

0.1 0.4 0.4 138
0.7 0.2 0.1 103

kDa_S kDa_DEG kDaP2_DEG 50% NEB (min)
0.05 0.6 0.4 0

0.1 0.4 0.4 0
0.7 0.2 0.1 295

A 

D 

C 

B 
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5.5 Discussion 

 The cell cycle field benefits from advances in both experimental and 

computational/theoretical tools. This study demonstrates the utilization of both types of 

tools. Morpholinos and PET are some of the cutting edge tools both experimentally and 

computationally, respectively, that are utilized in this study. The role of Cdc25A in cell 

cycle progression of Xenopus laevis extracts and embryos have been addressed through 

the use of mathematical modeling in frog egg extracts. Cdc25A has been shown to be an 

important phosphatase during the G1/S transition and during the transition of the cell into 

mitosis in Xenopus laevis entry, and its levels also change during development (Kim et 

al., 1999). Studies indicate that in both embryos (Kim et al., 1999) and extracts 

(Auckland and Sible, unpublished), removal of Cdc25A from the system caused cell 

cycle arrest in both embryos and extracts. In experiments presented in this study in which 

Cdc25A was knocked out with a morpholino, the cell cycle lengthened in embryos and 

delayed mitotic entry in extracts. These preliminary studies further indicate that Cdc25A 

is a critical player during cell cycle progression and mitotic entry. Therefore, studies of 

Cdc25A synthesis and degradation in extracts are the next logical experimental course to 

take in order to deduce the actual rate constants and in order to incorporate the 

morpholino experiments presented in this study. In addition, experiments in which 

exogenous Cdc25A is added to morpholino treated embryos and extracts will provide the 

model with a better set of parameter values. Therefore it is important to take Cdc25A into 

consideration if a model is built to truly represent cell cycle pathways in the presence of a 

checkpoint especially in the dynamical context of the developing embryo. The previous 

iteration of model (Chapter Four) included only Cdc25C, which did produce fundamental 

behaviors of the cell cycle. However, it is important to include Cdc25A if we are to 

model a valid reflection of what is happening in the unreplicated DNA checkpoint 

signaling pathway under changing physiological conditions.  

 The Cdc25A module will allow us to explore system-level explanation for the 

importance of Cdc25A, including the implications of its synthesis after fertilization and 

its degradation at the MBT. The synthesis and degradation of Cdc25A is a timed event, 

which is not yet understood, and understanding the activation trends and function of 

Cdc25A at each stage of development will shed some light on timed synthesis and 
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degradation events of Cdc25A. In addition, the model can also be used to study the 

interaction of Cdc25A with Chk1 during normal cell cycle progression and during a 

checkpoint engagement. Since Cdc25A is degraded at the MBT, the model may also be 

able to provide explanation for the role of Cdc25A during cell cycle remodeling that 

occurs at the MBT.  

 The simulations run using the expanded unreplicated DNA model to include 

Cdc25A addressed the synthesis and degradation of the different forms of Cdc25A and 

their effect on time into mitosis. Since quantitative data relating to the synthesis and 

degradation rates of Cdc25A in extracts is not yet available, simulations were run testing 

different ratios of synthesis and degradation rates as a test of the role that Cdc25A plays 

dependent on its concentration in the extract.  The results showed that as Cdc25A 

availability increased in the model the earlier the extract entered mitosis and that the 

absence of Cdc25C delays mitotic entry considerably. These simulations are initial 

studies of the dynamic of Cdc25A availability during the cell cycle and the effect on cell 

cycle regulation. However, a novel discovery was observed by simulations of mitotic 

entry in the presence of low levels of Cdc25A present in the extract when compared to 

simulations in which synthesis and degradation rates were set to zero.  The model 

predicted that the presence of low levels of Cdc25A (in the presence and absence of 

Cdc25C) caused a delayed mitotic entry when compared to the mitotic entry of 

simulations in which the rates were zero. This observation is an indication of an 

underlying mechanism that is delaying mitosis in the presence of low concentrations of 

Cdc25A. Even though the mechanism is still unidentified, the model made an observation 

that brought awareness about a mechanism that affects the ability of Cdc25A to regulate 

cell cycle progression.  

 In simulations in which Cdc25A was present in the initial conditions, simulating 

later cell cycles in development, results showed that the extracts did not show much 

change in time of mitotic entry, suggesting that an initial concentration of Cdc25A is not 

necessary in the model as it stands. These results fit well with experimental data provided 

in which the concentration of Cdc25A is zero at fertilization (Murakami and Woude, 

1998; Kim et al., 1999). The synthesis rate of Cdc25A is enough to maintain a required 

concentration of Cdc25A to aid in mitotic entry in Xenopus extracts. It may be interesting 
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to perform simulations to predict the effect of varying levels of cyclin on mitotic entry in 

extracts in which Cdc25A synthesis and degradation rates are varied in the presence or 

absence of Cdc25C. These simulations give insight as to the role of Cdc25A during the 

first cell cycle and beyond and may provide the foundation for studies to explain the role 

of Cdc25A at the MBT. 

 Overall, the studies presented provided further insight into the role that Cdc25A 

plays during the cell cycle and in the presence of unreplicated DNA. The simulations 

performed in these studies are with the partial insertion of the Cdc25A module. After the 

experiments measuring Cdc25A synthesis and degradation are fit to the current version of 

the unreplicated DNA model, further expansion of the model can begin to occur.  The 

representation of the other effects that Chk1 has on Cdc25A (Thr507 phosphorylation) 

and the autoamplification loop set up by Plx1 are key features of the Cdc25A module and 

will be added next (Figure 5.3). Simultaneous to model expansion, experimental studies 

of the role of Cdc25A need to also be fit in order to constrain the model and build a 

strong foundation on which to make predictions about the cell cycle and cell cycle 

checkpoints. Through the combination of experimental and computation tools, the 

expansion of the unreplicated DNA checkpoint model can provide insight into the 

workings of the cell during normal progression and in the presence of a checkpoint.   
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Chapter 6: Conclusions and Future Directions 

6.1 The Importance of Chk1 and Cdc25A in the Cell Cycle 

 Chk1 and Cdc25A are key players in the DNA replication checkpoint. Chk1 

receives and transduces a signal from a stalled replication fork during DNA replication, 

while Cdc25A is phosphatase that is a target of Chk1. Chk1 phosphorylates and 

deactivates Cdc25A and puts brakes on the cell cycle engine in order for the cell to either 

repair damage or become apoptotic. The period in which the cell cycle is arrested 

depends on the time necessary for the cell to transcribe new Cdc25A and allow MPF 

activation and therefore cell cycle progression (Shimuta et al., 2002; Petrus et al., 2004).  

The cell must be able to check its own DNA for damage and have the ability to halt the 

cell cycle for a sufficient amount of time in order to decide the fate of that individual cell. 

The length of a checkpoint engagement in a cell depends on the activation and 

inactivation of Chk1 and Cdc25A, as well as other proteins.  

 Work done on Chk1 and Cdc25A is directly related to cancer research and the 

importance of characterizing the activation and deactivation trends of these proteins. The 

inability for the cell to activate Chk1 can cause the cell to allow cell cycle progression in 

the presence of severe damage to its DNA. In studies done in mice, Chk1-/- mutants were 

lethal (Liu et al., 2000) providing evidence that Chk1 is essential for normal development 

and that loss of Chk1 due to its role during normal development is lethal to cells (Nakajo 

et al., 1999).  This uncontrollable division that may continue to happen if a checkpoint is 

not engaged can lead a normal somatic cell to become a deadly cancerous cell. Therefore 

speculations as to what causes the activation of Chk1 are many and the effect of the N/C 

ratio on Chk1 is tested in these studies.  Even though it was shown that the N/C ratio 

seems to not have an effect on Chk1 activation it is important to show that a time 

dependent event does not depend on N/C, which is also a timed event. Also, the role of 

the cyclin E maternal timer of embryo development is shown to be ineffective on Chk1 

activation. Other hypotheses such as the presence of another undiscovered effector 

molecule may play a role in Chk1 activation and the concept of adaptation that has been 

shown in several studies (Lee et al., 2000; You et al., 2002) may describe the activation 
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patterns of Chk1 in the cell cycle. Therefore, the discovery of the role that Chk1 plays 

during normal cell cycle progression and in the presence of a checkpoint engagement is a 

field that is vast and many are attempting to describe in hopes of using a Chk1 related 

mechanism to control cancerous cells and reinstall checkpoints in order to kill cancerous 

cells in a normal way with little to no side effects that current methods include.  

6.2 Mathematical Modeling: The Future 

 Mathematical modeling is a useful tool that is being introduced to biologists in all 

fields as a way to understand complicated biological processes. Many pioneers in the 

progressing field of computational biology are coming to realize that modeling of 

biological processes is the future of biology. It is the combination of activating and 

inhibitory interactions between molecules that can be accurately represented in 

mathematical equation format and incorporated into newly developed programs made to 

translate these mathematical equations into simulations with conditions as set by the 

modeler and explain unexpected behavior of the system.  The ability to change a small 

parameter in a dynamic system and study the behavior of the system as a whole provides 

an insight into biological processes that have not been available to scientists in the past. 

This work provides an example of the process and potential benefits especially when 

experimentalists and modelers work in close collaboration. For example, experimentalists 

perform experiments to characterize checkpoints at the MBT, and modelers use the 

information to predict quantitative agreements as to why checkpoints do not exist before 

the MBT and are turned on after the MBT in development.  

 In addition to providing a very important insight into biological processes, 

mathematical modeling can also allow experimentalists to simulate experiments in silico 

in a model format and be able to make predictions as to what is expected from the system 

of study. This method can help redesign and fine tune experimental designs and result in 

much more specific experimental designs targeting a specific result rather than beginning 

with general studies that may or may not lead to the expected results. The use of 

mathematical modeling can also conserve resources in the lab both in time and materials 

for experimental applications. In addition, mathematical modeling can allow scientists to 

discover novel behaviors of the system such as the characteristic of hysteresis in the frog 
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egg unreplicated DNA checkpoint model. This behavior of the model would have been a 

very difficult characteristic to observe using experimental design alone, mathematical 

modeling provided a guide through a very complicated signaling pathway. These are only 

a few known ways in which mathematical modeling has been used to provide new insight 

into biological processes, there may be other uses of mathematical modeling that may be 

discovered in the near future which may prove mathematical modeling to be an even 

more powerful tool than we understand it to be today.   

6.3 Incorporation of Cdc25A Phosphatase into the Frog Egg Cell Cycle Model 

 As mentioned earlier, the working unreplicated DNA checkpoint model consists 

of interactions of MPF, Cdc25C, Wee1, Myt1 and lamin. This model provides a 

foundation on which the Cdc25A module was added in order to expand the model to 

represent a more accurate checkpoint system. The expanded model was able to function 

and produce simulations that fit very well with experimental data entered into the model 

along with parameter adjustments to find best fits between simulations run by the model 

and those of the data points. However, at this point of the model, it is important to begin 

consideration of which steps to take in order to expand the model, and Cdc25A was 

chosen as the most logical step forward. The Cdc25A module describes the future 

interactions that the model is going to include but added in a stepwise manner in order to 

simplify parameter estimation of all the reaction rates. The Cdc25A module includes the 

interaction with MPF and the effect of Chk1 on Cdc25A. The next logical step in model 

building will be to expand the Cdc25A phosphorylated state branch due to the various 

effects of Chk1 on Cdc25A, since Chk1 is the signal that indicates the engagement of a 

checkpoint. Also, it is important to start characterizing the autoamplification loop that is 

set up with Plx1 and Plkk1 since there are a series of studies that have shown this effect 

on Cdc25A and on MPF. Each step of the proposed model adds another level of 

complexity and increases the accuracy of the model especially when the provided 

experimental data is added at each updated step in the model building process.  

 Cdc25A has the potential to increase complexity to the unreplicated DNA 

checkpoint model and allow the model to simulate experiments that may represent the 

true system much more closely giving rise to results that closely resemble the reality of 
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the biological process. These steps all have one purpose, which is to create a model with 

all levels of complexity, which is able to resemble the true biological system as closely as 

possible. Each addition and parameter adjustments leads the modeler to a higher level of 

understanding of the dynamic system that is being studied. Once the model is complete in 

its representation of the unreplicated DNA checkpoint, the checkpoint model can be used 

to simulate experiments in silico and make predictions about behaviors of the system that 

are otherwise unknown.  Novel behaviors predicted by the model can then guide 

experimentalist to ask specific questions rather than being lost in the complexity of the 

system as whole. Therefore, the goal of modeling is to simplify and make accessible 

studies in complex biological networks and opening doors to novel understandings of the 

system.  
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