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ABSTRACT  During the cell cycle, cyclin dependent kinase 1 (CDK1) and protein phosphatase 2A 
(PP2A) play major roles in the regulation of mitosis. CDK1 phosphorylates a series of substrates 
triggering M-phase entry. Most of these substrates are dephosphorylated by PP2A. To allow 
phosphorylation of CDK1 substrates, PP2A is progressively inactivated upon M-phase entry. We 
have shown previously that the interplay between these two activities determines the timing of 
M-phase entry. Slight diminution of CDK1 activity by the RO3306 inhibitor delays M-phase entry 
in a dose-dependent manner in Xenopus embryo cell-free extract, while reduction of PP2A activ-
ity by OA inhibitor accelerates this process also in a dose-dependent manner. However, when a 
mixture of RO3306 and OA is added to the extract, an intermediate timing of M-phase entry is 
observed. Here we use a mathematical model to describe and understand this interplay. Simula-
tions showing acceleration and delay in M-phase entry match previously described experimental 
data. CDC25 phosphatase is a major activator of CDK1 and acts through CDK1 Tyr15 and Thr14 
dephosphorylation. Addition of CDC25 activity to our mathematical model was also consistent 
with our experimental results. To verify whether our assumption that the dynamics of CDC25 acti-
vation used in this model are the same in all experimental variants, we analyzed the dynamics of 
CDC25 phosphorylation, which reflect its activation. We confirm that these dynamics are indeed 
very similar in control extracts and when RO3306 and OA are present separately. However, when 
RO3306 and OA are added simultaneously to the extract, activation of CDC25 is slightly delayed. 
Integration of this parameter allowed us to improve our model. Furthermore, the pattern of CDK1 
dephosphorylation on Tyr15 showed that the real dynamics of CDK1 activation are very similar in 
all experimental variants. The model presented here accurately describes, in mathematical terms, 
how the interplay between CDK1, PP2A and CDC25 controls the flexible timing of M-phase entry. 
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Introduction

Cell cycle control is driven in large part by phosphorylation and 
dephosphorylation reactions carried out by kinases and protein 
phosphatases, respectively (Mochida & Hunt, 2012). The major 
enzymes that control M-phase entry are Cyclin-Dependent Kinase 1 
(CDK1) and protein phosphatase 2A (PP2A), which phosphorylate 
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(CDK1) and dephosphorylate (PP2A) specific target substrates 
(Hunt, 2013). The activities of CDK1 and PP2A are also regulated by 
interlaced feedback loops of phosphorylation and dephosphorylation 
(Fisher et al., 2012). Most proteins phosphorylated by CDK1 upon 
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M-phase entry are dephosphorylated by PP2A. Phosphorylation of 
CDK1 substrates is a key process for M-phase initiation. To allow 
accumulation of phosphorylated CDK1 substrates and subsequent 
onset of mitosis, the PP2A phosphatase is inhibited by a CDK1-
dependent mechanism involving Greatwall kinase (Lorca and 
Castro, 2013). Thus, when CDK1 is progressively activated, PP2A 
becomes progressively repressed (Fig. 1). However, little is known 
about the dynamics of these processes and how the equilibrium 
between these two enzymes regulates the timing of M-phase entry. 

Cell cycle regulation is extremely robust. For instance, in the 
strain of fission yeast Schizosaccharomyces pombe, in which 
cyclin B is fused with CDK1, individual cells contain significantly 
different levels of cyclin B (Coudreuse & Nurse, 2010). Despite 
this, the temporal control of mitosis is respected and all cells enter 
M-phase while very similar in size, which suggests that the timing of 
mitosis is similar in cells with different levels of cyclin B (Coudreuse 
& Nurse, 2010). This robustness in mitotic timing control shows 
that cells have mechanisms that accelerate M-phase entry when 
cyclin B levels are relatively low and delay it when cyclin B levels 
are high, which allows equilibration of the timing between different 
cells. This is achieved through the function of a complex regulatory 
network that controls cell cycle events. For instance, CDK1 requires 
the activity of the CDC25 phosphatase to be activated (Kumagai 
& Dunphy, 1991). CDC25-dependent activation of CDK1 is coun-
terbalanced by Myt1/Wee1 kinases (Fattaey & Booher, 1997). The 
process of CDK1 activation is also slowed down, independently 
of the CDC25/Myt1/Wee1 loop, by a CDC6-dependent inhibi-
tory mechanism inhibiting CDK1 (El Dika et al., 2014a). Finally, 
the levels of CDK1-phosphorylated substrates, which effectively 
induce M-phase entry, can be counterbalanced to different extent 
by the PP2A phosphatase (El Dika et al., 2014b). Any alteration of 
these elements of the controlling network immediately provokes 
a compensatory response from another element(s) restoring the 

equilibrium. Therefore, cells with high levels of cyclin B may not 
activate CDK1 sooner than those with low levels of cyclin B because 
the initial CDK1 activity may be balanced by higher Myt1/Wee1, 
CDC6 or PP2A, as well as by another, unknown component of the 
controlling network.

Similar to the situation described above for S. pombe (Coudreuse 
& Nurse, 2010), embryonic cell divisions are generally stereotyped 
in time (Hartley et al., 1996). However, in Xenopus laevis embryo 
cell-free extracts, moderate modifications of CDK1 and PP2A 
activities change the timing of M-phase entry. This indicates that 
Xenopus early embryo contains a specific mechanism allowing 
for fine control of cleavages (El Dika et al., 2014b), which may be 
important for temporal adjustment of cell divisions in the overall 
developmental program.

The process that we are describing is multifaceted and very 
complex. Therefore it is important to formulate a suitable math-
ematical model that may capture the most important features of 
this process. While this model certainly must be a simplification 
of the biological reality, it may deliver detailed information that is 
often unattainable experimentally (Bellomo & Carbonaro, 2011).

Results

Interplay between CDK1 and PP2A modifies timing of M-phase 
entry: previous experimental data for the mathematical model

Our previous studies described a potential mechanism by which 
Xenopus laevis embryos could adjust the timing of their cell divi-
sions to the developmental program. Briefly, moderate inhibition 
of CDK1 with RO3306 (Vassilev et al., 2006) at low concentrations 
(1 or 2 mM), applied to an embryonic cell-free extract right before 
entry into the first mitotic M-phase, provokes a dose-dependent 
delay in M-phase entry as suggested by the state of phosphoryla-

Fig. 1. Equilibrium between CDK1 and PP2A. We show here only the 
general tendencies between the two antagonistic activities: phosphoryla-
tion and dephosphorylation of the same substrate. We do not take into 
account the complex regulation via Greatwall kinase and PP1.

Fig 2 (left). Inhibitory action of OA and RO3306 on PP2A and CDK1.

Fig. 3 (right). How OA and RO3306 modify the timing of M-phase 
entry. CDK1 is labeled in red when active. (1) control;  (2) RO3306; (3) 
OA; (4)  RO3306+OA.
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tion of its substrates CDC27 and MCM4 (El Dika et al., 2014b). 
Conversely, inhibition of PP2A phosphatase by okadaic acid (OA; 
at 1 or 2.5 mM concentration, but not at 200 nM or lower) acceler-
ates the onset of mitosis also in a dose-dependent manner (Fig. 
2; Felix et al., 1989; El Dika et al., 2014b).

However, the fact that the lower doses of OA (50-200 nM) do 
not change the timing of M-phase suggests the relative robustness 
of the system, which is able to “buffer” the effects of a moderate 
inhibition of PP2A. Interestingly, when the two inhibitors, at very 
low doses (1 or 2 mM of RO3306 and 50-200 nM OA), were added 
together, an intermediate timing of M-phase entry was observed, 
again in a dose dependent manner (Fig. 3). This indicates the 
importance of the fine balance between CDK1 and PP2A activity 
in regulating the timing of mitosis.

Simple mathematical model of the effect of balance between 
CDK1 and PP2A on M–phase entry
We consider the following variables

• the concentration of active CDK1 is described by the vari-
able ; whereas inactive CDK1 by ,

• the concentration of PP2A is described by the variable 
,

• the concentration of OA is assumed to be constant ,
• the concentration of RO3306 is assumed to be constant  .

We assume 
					   

 
We propose a simple model describing the interactions between 

active CDK1 and PP2A in the presence of constant sources of OA 
and RO3306 that may influence the kinetics of CDK1 and PP2A 
activities.

The corresponding simple equation reads

  (1)

where   are given positive constant coefficients and 
  is a function that takes into account the effects of 

OA and RO3306 on PP2A. We assume that

 

 

 

 

For simplicity we also assume that initially (i.e. for  )

 

We finally define the time   of entering in mitosis by the condition:

 

Model Eq. (1) describes the increase in concentration of active 
CDK1 resulting from the indirect interaction between CDK1 and 
PP2A and the inhibition of this inhibition by RO3306. The decrease 
in concentration of active PP2A is due to the indirect interaction 
of PP2A with CDK1, which is inhibited by both OA and R03306. 
This, in turn, influences the dynamics of CDK1 activity increase. 
The interaction terms are simplified and described in bilinear terms 
as the result of concentration of these inhibitors. The function 

Fig. 4. Simulations showing alterations in M-phase entry. This accelerates when a0 increases, i.e. the more OA in the extract, the faster the M-
phase entry (A). In  contrast, it is delayed when a3 increases, i.e. the more RO3306 in the extract, the greater the delay in M-phase entry (B). Blue line, 
PP2A activity; green line, CDK1 activity; red point, crossing of PP2A and CDK1 activities arbitrarily considered as the time of M-phase entry; dotted 
line, time of M-phase entry in control. 

BA
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Fig. 5. Simulations showing modifications of the timing of M-phase when the control extract (A) is supplemented with RO3306 (B), OA (C) or 
RO3306+OA (D). When we increase a0 to value much higher than 0 (e.g. 0.01), we observe acceleration in M-phase entry independently of parameter 
a3 and the delay when parameter a3 increases. 

B

C D

A

describing the inhibition of the decrease of PP2A activity has a 
discontinuous nature due to its biological interpretation: we apply 
the value 0 when both OA and R03306 are absent; the value of the 
concentration of OA when RO3306 is absent; the value 0 when OA 
is absent and the nonzero value when both OA and RO3306 are 
present. In this last case we use the exponent function that, with 
respect to the first variable, is an increasing and convex function 
and has a stronger than linear growth close to 0. In the presence 
of RO3306 (the second variable higher than 0) the function itself 
is independent of the concentration of RO3306. We are convinced 
that such a function reflects biological reality. Fig. 4 and 5 show 
the simulations issued from the model Eq. (1). 

As mentioned in the first section of the Results, low doses of 
OA did not change the timing of M-phase entry. However, when 
both inhibitors were added to the extract, an intermediate timing 
of M-phase entry was observed. We applied our model also to this 
situation (Fig. 6 A, B, C, D). 

This simulation accurately reflects experimental results. 

Mathematical model of the balance between CDK1 and PP2A 
in controlling M–phase entry with integration of CDC25 activity

In our second model we additionally consider the influence of 
CDC25, which was not addressed in the model (1). 

Let the concentration of active CDC25 be described by the 
variable  ; whereas inactive CDC25 by  .

The more complex model reads

  (2)

where  ,  ,  ,  ,   are given positive constants coefficients. 
For simplicity we may assume that initially (i.e. for  ) we have 
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We assume that the time of entering in mitosis T is defined by 
the condition:

 

The model (2), in addition to the parameters incorporated in 
the model Eq. (1), includes the process of activation of CDC25 
(the third equation of (2)) and the effect of active CDC25 on the 
increase of CDK1 activity.

Simulations of this model (Eq. (2)) gave very similar to those 
obtained with the simpler model (Eq. (1)) without CDC25 parameter. 
For simplicity, we show here only one example of these results: 
Fig. 7 shows the simulation for the interaction between PP2A and 
CDK1 activities in control and in OA + RO3306 in two variants: 
without and with CDC25 activity.

Analysis of these simulations shows that the time points of M-
phase entry do not differ significantly, and the curve in the variant 
of the model with CDC25 parameter runs closer to the control curve 
(without inhibitors) than the one without CDC25. Thus, the model 

including CDC25 shows, as expected, that addition of this parameter 
increases CDK1 activity and slightly accelerates M-phase entry.

Dynamics of CDC25 during M-phase entry in experimental vari-
ants in the presence of RO3306 and OA in the cell-free extract

To verify whether our assumptions concerning the dynamics of 
CDC25 activation in different experimental conditions was correct, 
we analyzed the pattern of CDC25 activation in cell-free extracts 
in control and in the presence of 2 mM RO3306 and 200 nM OA, 
or both. We followed the pattern of CDC25 phosphorylation by 
Western blot, which reflects its activity. 

As shown in Fig. 8B, the dynamics of CDC25 phosphorylation/
activation are very similar in the control and in the presence of 
2 mM RO3306 and 200 nM OA separately. However, when the 
two inhibitors were present simultaneously, a slight initial delay in 
CDC25 activation was observed. In this case the levels of CDC25 
phosphorylation became equal for all variants within 16 - 20 min 
of incubation.

These results prompted us to modify the dynamics of CDC25 

Fig. 6. Simulations showing modifications of the timing of M-phase when the control extract (A) is supplemented with RO3306 alone (B), 
low dose of OA alone (C) or RO3306 in conjunction with low dose of OA (D). When we increase parameter a0 to certain low value e.g. 0.01, there 
is no change in the timing of entry into M-phase for a3=0 and the acceleration for parameter a3>0.
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activation in our model for the variant of OA and RO3306.

Mathematical model of balance between CDK1 and PP2A on 
M–phase entry taking in the account the delayed activation 
of CDC25 

In the case where we consider the delay in CDC25 activation we 
implemented   where   is a switch-like function from value   
to a positive value  .We consider two cases,when   is continu-
ous   and discontinuous (impulsive,  ).

The model has the following form 

  (3)

for  

where   is the form of continuous case for the function   
defined as

 

and   is the form of discontinuous case for the function   
defined as 

 

for positive constants  

In Fig. 9A, B, C, D we show the simulations of these three 
situations: 9A) when the activity of CDC25 rises similarly in all 
four experimental variants, 9B) when it is slightly delayed in OA 
and RO3306 variant and is represented by continuous function, 
9C) when it is slightly delayed in OA and RO3306 variant and is 
represented by impulsive function, and 9D) all three variants and 
the control are superposed for direct comparison. 

In comparison with the model Eq. (2) – the model (3) allows 
the time varying (e.g. impulsive) coefficient defining the influence 
of CDC25 on the increase in CDK1 activity.

Simulations of our third model with CDC25 activity (Eq. (3)) are 
very similar to the simulations of the second model (Eq. (2)) in all 
variants. For simplicity, we compare only CDK1, PP2A activities 
and the resulting times of M-phase entry in OA+RO3306 contain-
ing variants with non-delayed and delayed CDC25 activation 
represented by continuous and impulsive function (Fig. 10). Thus, 
we conclude that the delay in CDC25 activation slightly delays the 
timing of M-phase entry. 

Dynamics of CDK1 dephosphorylation on tyrosine 15 during 
M-phase entry in experimental variants in the presence of 
RO3306 and OA in cell-free extract

CDK1 activation correlates with its dephosphorylation on threo-
nine 14 and tyrosine 15 (Tyr15) by the CDC25 phosphatase (Gould 
& Nurse, 1989; Gautier et al., 1991). Thus, the Western blot with 
anti-Tyr15-phosphorylated CDK1 antibody showing the decrease 
of its intensity should mirror CDC25 activation. However, as shown 
in fig. 11, the dynamics of CDK1 Tyr15 dephopshorylation did not 

Fig. 7. Simulations showing the time of M-phase entry as a result of 
interactions between PP2A and CDK1 in control and in OA+ RO3306 with 
and without CDC25 function.

Fig. 8. Dynamics of CDC25 
phosphorylation. (A) West-
ern blot of CDC25 in four 
experimental variants show-
ing the dynamics of CDC25 
phosphorylation. The dynam-
ics are very similar in the 
control and in the presence 
of OA and RO separately, but 
CDC25 phosphorylation was 
slightly delayed when the 
two inhibitors were present 
simultaneously. Note that the 
timing of M-phase entry in the 
OA+RO variant is accelerated 

in comparison to the presence of RO alone in the extract, despite the initial delay in CDC25 activation. The asterisks show the time points when the 
majority of CDC25 becomes phosphorylated (the most up-shifted band). The loading control was Ponceau S red staining of the membrane (not shown). 
(B) Graph showing the dynamics of the increase in the hyperphosphorylated form of CDC25 (fully active CDC25). Note that in the variant with OA+RO, 
the curve is initially delayed and joins other curves between 16 and 20 min.
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show significant difference between the control, RO3360 and OA 
variants in comparison to OA+ RO3360 variant, in which CDC25 
activation was slightly delayed. Fig. 11 shows such a Western blot. 

Thus, the delay in CDC25 activation in the presence of 
RO3360+0A seems to be balanced probably by increased Myt1/
Wee1 kinase(s) activity. The timing of M-phase entry in all four 
variants seems to correlate with the initial dynamics of CDK1 
Tyr15 dephosphorylation: both are the fastest in the presence of 
OA, lower in control, even lower in the presence of OA+RO and 
the lowest in the presence of RO alone. 

Discussion

The goal of our mathematical model of the interplay between 
CDK1 and PP2A activities in determining the timing of M-phase entry 
was to verify whether the experimental data obtained previously (El 

Dika et al., 2014b) can be described in mathematical terms, and 
whether the analysis of simulations can predict how the regula-
tory networks determine the dynamics of these activities and the 
control of cell cycle events. These two goals were fully achieved.

Here we present a simple model accurately emulating the inter-
play between CDK1 and PP2A activities in determining the timing 
of the M-phase entry. We add further complexity to this model by 
integrating the dynamics of the CDC25 phosphatase, which is 
the major activator of CDK1 at mitosis. For simplicity, we arbitrary 
designated the intersection of CDK1 and PP2A curves as the M-
phase onset time point. In reality, this time point is determined by 
the minimal level of CDK1 activation that is sufficient to trigger sig-
nificant phosphorylation of its critical substrates. The accumulation 
of substrates phosphorylated by CDK1 and dephosphorylated by 
PP2A is escalating and dynamic; thus, even in biological experi-
ments, we have to arbitrarily choose the time point of the M-phase 

Fig. 9. Simulations of CDC25 activity dynamics. (A) CDC25 activity rises similarly in all four experimental variants. (B) It is slightly delayed in the OA 
and RO3306 variant and represented by a continuous function. (C) CDC25 activity is slightly delayed in the OA and RO3306 variant and is represented 
by an impulsive function. (D) All three variants and the control are superposed for direct comparison.
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entry (El Dika et al., 2014b). 
The simulations presented in this paper show how inhibitors 

of CDK1 and PP2A (RO3306 and OA respectively) modify the 
curves and in consequence the timing of M-phase entry in all 
experimental variants, i.e. in extracts with OA, RO and RO+OA 
(Fig. 4 and 5). We also managed to emulate in our simulations 
the experimental data showing that minimal doses of OA do not 
provoke significant changes in the time of M-phase entry, while it 
is amplified when OA is combined with RO (Fig. 6). These results 
confirm the accuracy of our mathematical model.

The addition of the CDC25 parameter in our model slightly 
accelerated M-phase entry, but did not change significantly the 
dynamics of curves of CDK1 activation and PP2A inactivation (for 
OA+RO see Fig. 7). Moreover, the addition to our model of a de-
layed dynamics of CDC25 activation, which we found by Western 

blotting in the variant of cell-free extract incubated with OA+RO, 
slightly delays the M-phase entry. This is not surprising because 
any delay in CDC25 must slow down the dynamics of CDK1 acti-
vation. However, impulsive vs. continuous mode of CDC25 delay 
in the OA+RO group does not change the timing significantly (see 
fig. 10). Thus, the simple model seems to emulate correctly the 
whole process in which the interplay between CDK1 activation and 
PP2A inactivation determines the timing of M-phase entry. The 
more complex models that include the CDC25 parameter probably 
show more accurately the dynamics of the analyzed processes, 
but do not change significantly their mathematical description.

Surprisingly, the dynamics of phosphorylation of CDC25 do 
not mirror the dynamics of CDC25-induced dephosphorylation of 
CDK1 on tyrosine 15. Our experimental OA+RO variant showed 
that the delay in CDC25 phosphorylation did not translate into a 

Fig. 10. Simulations showing the time of M-phase entry. Simulations showing the time of M-phase entry as a result of interactions between PP2A 
and CDK1 in OA + RO with non-delayed and delayed activation of CDC25 represented by continuous and impulsive function (A), and the summary of 
all variants for OA+RO (B).

Fig. 11. Dynamics of CDK1 Tyr15 dephopshorylation. (A) Western blot of P-Tyr15 CDK1 from four experimental variants shows that the dynamics of 
CDK1 dephosphorylation on tyrosine 15 are very similar in the control and in the presence of OA, but are slightly delayed in the presence of RO alone 
and when the two inhibitors are present simultaneously. The asterisks show the time points when the CDK1 phospho-Tyr15 is visibly reduced. The 
loading control was Ponceau S red staining of the membrane (not shown). (B) Dynamics of the decrease of P-Tyr15 CDK1. Note that in the presence 
of RO (RO alone and RO+OA), the curves of P-Tyr15 CDK1 initially increase and fall down to the same level as in the control and OA at the 12 and 16 
min time points.
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delay in overall dephosphorylation of CDK1 tyrosine 15 (see Fig. 
11), and hence in activation of CDK1. The slightly delayed activation 
of CDC25 in the presence of OA + RO is probably compensated 
by Wee1/Myt1 pathway, which positively controls CDK1 tyrosine 
15 phosphorylation (Fattaey & Booher, 1997).

We also observed that the addition of RO alone or in combi-
nation with OA induces a very rapid but moderate increases in 
phosphorylation of CDK1 tyrosine 15 in the extract (see Fig. 11). It 
seems that RO, if applied right before the M-phase entry, somehow 
enhances the Wee1/Myt1 pathway. It Is possible that the addition 
of RO inhibits traces of activity of CDK1 present in the extract at 
this particular time point preceding M-phase entry, and this in turn 
transiently stimulates the Wee1/Myt1 pathway. In consequence, 
CDK1 tyrosine 15 dephosphorylation preceding M-phase entry 
begins from a slightly higher level in the presence of RO than 
in its absence. However, this effect ceases very rapidly and the 
dynamics of CDK1 tyrosine 15 dephosphorylation becomes similar 
in all experimental groups. The slightly increased phosphorylation 
of CDK1 tyrosine 15 (triggering presumed inactivation of traces of 
CDK1 activity and up regulation of Wee1/Myt1 pathway) results 
in the delay of CDC25 phosphorylation in the OA + RO variant 
through a feedback mechanism in which CDK1 stimulates CDC25 
activation (Fattaey & Booher, 1997). This explanation seems 
plausible because also in the variant with the RO alone, CDC25 
phosphorylation is slightly delayed (see the green curve in Fig. 
8B and compare positions of asterisks in Fig. 8A), but less than 
in the OA + RO variant (compare with the mauve curve in Fig. 
8B). Nevertheless, the timing of M-phase entry seems to corre-
late well with the timing of the initial CDK1 dephosphorylation on 
tyrosine 15. This suggests that the delay in M-phase entry in the 
presence of RO (RO alone and OA+RO) results from the initial 
increase of CDK1 Tyr15 phosporylation preceding M-phase entry. 
As confirmed by our mathematical model, the further increase in 
CDK1 activity can be partially balanced by PP2A. For example: a 
relatively lower CDK1 activity in the presence of RO in comparison 
to the control can be balanced by slower inactivation of PP2A 
resulting in the delay in CDK1 substrates dephosphorylation and 
effectively determining the time of M-phase entry. Thus, our data 
suggest that the regulation of the whole system strives, through 
the feedbacks regulating cell cycle enzymes, to achieve a state 
similar to the conditions in the control extract.

In conclusion, the data presented in this paper confirm that 
our simple mathematical model accurately emulates experimen-
tal results showing that the interplay between CDK1 activation 
and PP2A inactivation determines the timing of M-phase entry 
in Xenopus laevis embryo cell-free extract. The incorporation of 
CDC25 activity dynamics as a parameter in our model emulates 
more precisely the experimental data, but does not significantly 
change the simulations. The incorporation into our model of the 
experimentally demonstrated delay in the dynamics of CDC25 
activation in the case of simultaneous presence of OA and RO 
confirmed a slight delay in the M-phase entry. These results 
strengthen our hypothesis that Xenopus laevis embryos possess 
certain flexibility in their cell cycle regulation despite the tendency 
to robustly control the timing of cell cycle events. The balance 
between CDK1 and PP2A activities seems to play a crucial role 
in this regulation, but the timing of M-phase entry is certainly 
determined by the whole complex regulatory network, for which 
a number of components are still unknown.

Materials and Methods 

Mathematical analysis
We propose two mathematical models: one includes the interaction 

between CDK1 and PP2A taking into account the presence of OA and 
RO3306 and the second includes the activity of CDC25. The models 
are systems of two equations with two unknown functions describing the 
temporal behavior of the concentrations of CDK1 and PP2A. The coef-
ficients may depend on time and therefore the behavior of the solutions 
may be complex. As usual in the case of any mathematical modeling, the 
mathematical structure may capture only some aspects of the biological 
process, but on the other hand may give a more precise picture of the 
biological process. This apparent paradox is because the mathematical 
model, while omitting aspects of the biology, provides a better quantitative 
and dynamic understanding of the studied phenomenon. The methods 
are based on the study of corresponding dynamical systems, both on 
analytical and numerical levels. Although the system is quite compact 
and its mathematical analysis is complex, the biological importance is in 
numerical solutions that indicate their possible behavior. In particular we 
are interested in estimation of the time that is needed to enter in mitosis. 
The problem may be seen as a problem of controlling that time. Simulations 
were performed using Matlab (version 2015a) software. Table 1 summarizes 
the parameters used in the simulations. 

Egg collection and activation
Xenopus laevis females were purchased from NASCO (Fort Atkinson, 

WI, USA). Females were injected subcutaneously with Human Chorionic 
Gonadotropin HCG (500 IU per female) and kept overnight at 21°C in 110 
mM NaCl. Cell-free extracts were prepared as previously described by 
Murray (1991) using modifications described by Chesnel and colleagues 
(2005). Metaphase-arrested Xenopus eggs, collected from overnight spawn-
ing after HCG injection, were dejellied with 2% L-cysteine pH 7.81 in XB 
buffer (100 mM KCl, 1 mM MgCl2, 50 mM CaCl2, 10 mM HEPES, and 50 
mM sucrose pH 7.6). Dejellied eggs were washed in XB buffer, activated 
with 0.5mg/ml of calcium ionophore A23187 until cortical contraction was 
observed, and then extensively washed in XB.

Cell free extracts
Cytoplasmic extracts from calcium ionophore-activated embryos before 

the first embryonic mitosis were prepared according to Murray (1991). Em-
bryos were cultured at 21ºC in XB Buffer for 60-70 minutes postactivation, 
i.e. until the late first interphase as described previously (Chesnel et al., 
2005). They were then transferred into 5 mL ultraclear™ centrifuge tubes 
(Beckman Coulter, Roissy, France) and incubated at 4°C in 0.5 mL of XB 
buffer containing protease inhibitors (10 mg/ml of each aprotinin, leupeptin, 
pepstatin, chymostatin, and 0.1 mM AEBSF) and 25mg/ml of cytochalasin 
D. Subsequently, embryos were subjected to three consecutive centrifuga-
tions: first short spin to remove XB excess and pack the embryos in the 
tube, second 10,000g spin at 4°C for 10 minutes to separate the embryo 
fractions, and final 10,000g clarification spin of the supernatant at 4°C for 
10 minutes. The supernatant was then incubated at 21°C. Every 4 minutes, 

Parameter Value 

  

  

  

  

  

  

  

  

TABLE 1

A SUMMARY OF THE PARAMETERS USED IN THE SIMULATIONS
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aliquots were taken out and directly mixed with Laemmli buffer for Western 
blot analyses (Laemmli et al., 1970). All aliquots were stored at -80°C.

Inhibitors
RO 3360 (RO), a selective CDK1 inhibitor (Vassilev et al., 2006) was 

purchased from Merck Millipore. It was used in 1, 2, 4 and 10 mM concen-
trations. The stock solution was dissolved in ethanol. Okadaic acid (OA), 
from Molecular Probes, known to inhibit both PP2A (in low concentrations 
of 50-200 nM) and PP1 phosphatase (in high concentrations of 1-2.5 mM) 
(Felix et al., 1990) was purchased from Sigma. The stock solution was 
dissolved in DMSO. We used the low doses of OA (200, 100 and 50 nM) 
in the majority of our experiments because these doses do not change 
the timing of M-phase entry and partially inhibit PP2A (Felix et al., 1990). 

Western blot and antibodies
Protein extracts were subjected to 8% sodium dodecyl sulfate polyacryl-

amide gel electrophoresis (SDS-PAGE) (Laemmli et al., 1970). Separated 
proteins were transferred to nitrocellulose membranes (Hybond C, Amer-
sham Biosciences). Membranes were blocked with PBS containing 5% 
non-fat dry milk and 0.1 % Tween 20 and probed with primary antibodies 
against Xenopus laevis CDC25 (gift from T. Lorca and A. Castro) and 
Phospho-Tyr15 CDK1 (Cell Signaling). Antigen-antibody complexes were 
visualized using alkaline phosphatase-conjugated antirabbit antibodies. 
The chemifluorescence was detected with the ECF Reagent (Amersham 
Biosciences). Signal quantification was performed using ImageQuant 5.2 
software (Amersham Biosciences).
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