
RESEARCH ARTICLE

Adding phosphorylation events to the core

oscillator driving the cell cycle of fission yeast

Dania HumaidanID
1¤*, Frank Breinig2, Volkhard Helms1

1 Center for Bioinformatics, Saarland University, Saarbruecken, Germany, 2 Molecular and Cell Biology and

Center of Human and Molecular Biology, Saarland University, Saarbruecken, Germany

¤ Current address: Chair of Cognitive Modeling, Department of Computer Science, Tübingen University,
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Abstract

Much is known about the regulatory elements controlling the cell cycle in fission yeast (Schi-

zosaccharomyces pombe). This regulation is mainly done by the (cyclin-dependent kinase/

cyclin) complex (Cdc2/Cdc13) that activates specific target genes and proteins via phos-

phorylation events during the cell cycle in a time-dependent manner. However, more work is

still needed to complement the existing gaps in the current fission yeast gene regulatory net-

work to be able to overcome abnormalities in its growth, repair and development, i.e. explain

many phenomena including mitotic catastrophe. In this work we complement the previously

presented core oscillator of the cell cycle of fission yeast by selected phosphorylation events

and study their effects on the temporal evolution of the core oscillator based Boolean net-

work. Thereby, we attempt to establish a regulatory link between the autonomous cell cycle

oscillator and the remainder of the cell. We suggest the unclear yet regulatory effect of phos-

phorylation on the added components, and discuss many unreported points regarding the

temporal evolution of the cell cycle and its components. To better visualize the results

regardless of the programming background we developed an Android application that can

be used to run the core and extended model of the fission yeast cell cycle step by step.

Introduction

The fission yeast is an intensely-studied model organism [1]. Although no fully connected

gene regulatory network of the fission yeast has been presented to date, many aspects of its life

cycle have been revealed [2]. Basically, the fission yeast goes through two types of differentia-

tion: 1) Cellular proliferation that is a very essential function of the cell that drives the cell

growth and development. Starting from one cell, this process ends with two identical cells. The

four phases of the cell division cycle are as usual: G1—S—G2—M. 2) Sexual differentiation

when there is lack of nutrients. This results in ascospores that can give cells if the nutrients are

resupplied [3] and the cells go through the cellular proliferation. In this work, we will focus on

the cell cycle of fission yeast, although we will discuss some points that are relevant to sexual

differentiation as well.
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To maintain cell development and avoid mistakes that may result in cell death or lead to

abnormal cells such as tumors in the case of human, the eukaryotic cell division cycle is well

controlled by two sorts of components termed cyclins, and cyclin dependent kinases (CDKs)

[4]. CDKs form protein complexes with different cyclins and the changes in their activities

result from the fact that the expression levels of the respective genes oscillate during the cell

cycle. In the fission yeast, one CDK (Cdc2) is essential so that a minimal network with only

this CDK and its cyclin (Cdc13) can drive the cell cycle in the same manner as the wild type

[5] [6].

Phosphorylation has very important roles in biological processes such as signal transduc-

tion, gene expression and cell differentiation [7] as phosphorylation of protein residues may

activate or deactivate enzymes and transcription factors. During the cell division cycle, many

proteins are phosphorylated or dephosphorylated [8] and this is important to switch correctly

between cycle phases. Phosphorylation events are also important control mechanism by which

the core oscillator affects the remaining genes of the cell and thus drives the cell cycle. An

important role of phosphorylation not only in fission yeast but in all eukaryotes is phosphory-

lation of the C-terminal domain of RNA polymerase II that has central roles in the integrated

events of gene expression [9].

For fission yeast, Nurse and colleagues studied the phosphorylation events happening dur-

ing the cell division cycle of the CDK-cyclin construct mentioned above. They found that this

protein complex phosphorylates 275 substrates during the cell cycle, involving a total number

of 149 distinct proteins. The phosphorylation phase varied between early (G1/S), mid (G2/M)

or late (M) [8].

To describe and characterize the regulation of the cell cycle in mathematical terms, an ordi-

nary differential equations model was presented [10] describing how the transitions are regu-

lated. It consists of the main complex of cdc2/cdc13 and further proteins that either positively

or negatively regulate it.

A simpler Boolean network representation of the core oscillator of the cell cycle of fission

yeast was presented by Davidich and Bornholdt [11] [12]. This model contains the main com-

plex Cdc2/Cdc13, its positive regulators including the phosphatase Cdc25 and several protein

complexes formed between Cdc2 and the remaining cyclins Cig1, Cig2 and Puc1 of fission

yeast, and several transcription factors that may repress the expression of Cdc2 including

Slp1, Rum1, Ste9 and the phosphatase PP. Cdc2 can also be regulated by phosphorylation of

Tyr_15, which reduces its activity [11] [12]. Fig 1 shows the schema of this Boolean network

and Table 1 shows its temporal evolution.

Although this network includes the core oscillator of the fission yeast cell cycle, it misses

many phosphorylation events that happen during the cell cycle. Understanding these events

and bridging them to the core oscillator is an important step towards the formation of a full

gene regulatory network.

In this work, we present an extended model how the core oscillator of the cell cycle of fis-

sion yeast drives phosphorylation events in the cell and how these may couple back on the core

oscillator. We discuss and suggest the possible scenarios and effects they might have on the

behavior of cell cycle events. To do this, we start from the cell cycle core oscillator and add

phosphorylation events detected by [8] that are driven by the main complex (Cdc2/Cdc13). In

this manner, we derived a core network of phosphorylation events with genes that feed back

onto the core oscillator genes. Then, we combine our network with the core oscillator and con-

struct a Boolean network to run the final model. To enable understanding the results and the

temporal evolution of the cell cycle regardless of the programming background, an Android

application was developed that shows the steps of the cell cycle with the added phosphorylation
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Fig 1. Boolean network model of fission yeast core oscillator by Davidich and Bornholdt (2008). It consists of the Cdc2/

Cdc13 complex and its regulators. Solid arrows represent activating interactions, dashed arrows mark repressive interactions,

and yellow arrows represent self-degradation loops, respectively. Figure adapted from [12].

https://doi.org/10.1371/journal.pone.0208515.g001
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events. Finally, we raise many open points that are still unclear and need more investigation

regarding the genes related to the fission yeast cell cycle.

1 Methods

1.1 The fission yeast cell cycle control network

The fission yeast cell cycle is tightly regulated by a set of transcription factors and their

target genes. Many genes have been identified to have specific roles during the cell cycle. We

retrieved the roles of the considered genes from the online database for fission yeast PomBase

[13] and complemented this by further information retrieved from the literature.

1.2 Phosphorylation events during the cell cycle

In order to study the effects of phosphorylation events on the core oscillator during the cell

cycle, we checked which of the 275 phosphorylation substrates [8] of Cdc2 (representing 149

unique proteins) are themselves transcription factors. This gave 7 transcription factors accord-

ing to PomBase [13], and 2 additional ones according to DBD [14]. Table 2 lists the transcrip-

tion factors found among the phosphorylation substrates.

The next step was to find the target genes of these transcription factors. Table 3 lists the

known target genes of the 7 transcription factors according to PomBase [13] and Bushel et al.

Table 1. The temporal evolution of the cell cycle core oscillator according to Davidich and Bornholdt Boolean network model (2013).

Time Phase Start Cig1/Cdc2 Cig2/Cdc2 Puc1/Cdc Cdc2/Cdc13 Ste9 Rum1 Slp1 Cdc2_Tyr15 Wee1/Mik1 Cdc25 PP

1 Start 1 0 0 0 0 1 1 0 0 1 0 0

2 G1 0 1 1 1 0 1 1 0 0 1 0 0

3 G1/S 0 0 0 0 0 0 0 0 0 1 0 0

4 G2 0 0 0 0 1 0 0 0 0 1 0 0

5 G2 0 0 0 0 1 0 0 0 0 0 1 0

6 G2/M 0 0 0 0 1 0 0 0 1 0 1 0

7 G2/M 0 0 0 0 1 0 0 1 1 0 1 0

8 M 0 0 0 0 0 0 0 1 1 0 1 1

9 M 0 0 0 0 0 1 1 0 1 1 0 1

10 G1 0 0 0 0 0 1 1 0 0 1 0 0

The table shows the binary states of genes representing the active (1) or inactive (0) state. Shown is also the phase of the cell cycle.

https://doi.org/10.1371/journal.pone.0208515.t001

Table 2. Phosphorylation substrates of Cdc2 that are transcription factors themselves.

Gene name Gene product

Sep1 forkhead transcription factor Sep1

Bqt4 bouquet formation protein Bqt4

Atf1 transcription factor, Atf-CREB family Atf1

Snt1 Set3 complex subunit Snt1

Fkh2 forkhead transcription factor Fkh2

Rst2 transcription factor Rst2

Hsr1 transcription factor Hsr1

Scr1 transcription factor Scr1

Cdc10 MBF transcription factor complex subunit Cdc10

https://doi.org/10.1371/journal.pone.0208515.t002
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(2009) [2]. Note that some of the target genes have not been assigned a Gene Standard Name

yet.

1.3 Gene expression data

According to [2] [15], around 2000 genes out of the ca. 5000 genes of wild-type fission yeast

show oscillating expression levels during the cell cycle.

1.4 GO terms

We used the online tool DAVID [16] [17] for functional annotation (GO terms) of the oscillat-

ing target genes.

1.5 Boolean network and Android implementation

The Boolean network implemented in this work was first implemented as a simple Python

code. To make the model more accessible to biologists, we then also implemented a version

using the Android Studio IDE that can be run on a smart phone under the Android operating

system. The application implements the original Davidich & Bornholdt model as well as the

extended Boolean network presented in this work and also enables the user to change some

options to check other possibilities that are discussed in this work.

The application was made up from five screens called (activities) with a total of around

1000 lines of code. The activities are the following:

• Main activity: provides an introduction to the cell cycle and its different phases.

• Introduction activity: shows the current cell cycle core oscillator network. Two buttons allow

the user to process to the temporal evolution activities of the current and extended models.

• Temporal evolution activity: contains an interactive network of the current cell cycle core

oscillator. If started with the run button there is visual information on which genes are

turned on or off at the current phase of the cell cycle that is shown above the network and. A

pause option can be activated at any phase.

• Extended temporal activity: this is similar to the previous activity but contains an edit option

to go to the edit activity.

• Edit activity: allows the use to edit the phosphorylation effects of the three phosphorylation

events added to the current model.

Table 3. Target genes of the phosphorylated transcription factors.

Gene

name

Target genes

Sep1 Plo1, Fin1, Mid1, Spo12, Sig2, Ppb1, Cdc15, Mcm2, Myp2, Klp5, Rum1, Ark1

Atf1 Ntp1, Ecl1, Ctt1, Ish1, Cdc13, Gpx1, Agl1, Fbp1

Fkh2 Myp2, Plo1, Klp5, Rum1, Ark1, Ste11

Rst2 Fnp1, Ste11

Hsr1 SPAC26H5.07C, SPCC594.01, Bud32, Vtc4, SPBC725.03, SPCC613.03, SPBC83.16C, Urg1, Dsc5,

Crs103

Scr1 Gld1

Cdc10 Ctp1, Cig2, Cdc18, Nrm1, Mik1, Cdt1

https://doi.org/10.1371/journal.pone.0208515.t003
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The application provides four functionalities (Use cases) as shown in the use case diagram

in S1 Fig.

2 Results

2.1 Target genes whose expression oscillates during the cell cycle

Due to enzymatic activity of (Cdc2/Cdc13), the phosphorylation levels of Cdc2 substrates

oscillate during the cell cycle. First, we analyzed whether the annotated target genes of the

reported phosphorylation substrates [8] that are themselves transcription factors show peri-

odic changes of expression during cell cycle. Among the 40 distinct target genes we extracted

from Pombase [12] and [2], 28 genes oscillate during the cell cycle (70% of the genes). This

reflects a 1.75-fold enrichment over the overall fraction of oscillating genes. S1 Table lists the

target genes with their PomBase IDs and their oscillation ranks according to [2] and [15].

2.2 GO terms enrichment

We expected that the target genes with oscillating expression levels during the cell cycle may

show GO term enrichment regarding functions related to the cell cycle. Using DAVID [16]

[17], and providing the 40 target genes in Table 3 as input, we found that most oscillating

target genes indeed have GO terms directly related to the cell cycle such as cell cycle

(GO:0007049), cell division (GO:0051301) and cytoskeleton (GO:0005856). In contrast,

the 12 non-oscillating target genes tend not to be involved in the cell cycle. Results are shown

in Table 4.

2.3 Adding phosphorylation events

In order to study the effect of phosphorylation events on the cell cycle core oscillator, we

aimed at extending the core network, that is centered on the Cdc2/Cdc13 complex by those

transcription factors whose target genes feed back onto either Cdc2 or Cdc13 or both. We

added the following regulatory links:

• Cdc2/Cdc13: phosphorylates Cdc10, Atf1 during G2/M, Sep1 during G2/M and Fkh2 during

G1/S [9]. Cdc2/Cdc13 peaks at M and is inhibited by Rum1 [18].

• Sep1: activates Rum1 during M phase [13].

• Fkh2: activates Rum1 during M phase [13].

• Atf1: activates the expression of Cdc13 promoting the G2/M transition [19].

• Rum1: Binds to Cdc2/Cdc13 complex and promotes Cdc13 proteolysis [18]. Cdc2-cyclin

complexes target Rum1 for degradation [20].

• Cig2: depends on Cdc10 [21].

• Mik1: is regulated by Cdc10 [13], is active during G1/S [22].

• Cdc10: part of the MBF (Mlu1 cell cycle box Binding Factor complex), has a constant level

through cell cycle [23].

The given citations point to the original experimental papers where this regulatory effect

was reported.

Fig 2 illustrates these additional processes together with the phase of the cell cycle when

they were reported to occur.
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Table 4. GO term statistics of the target genes.

GO term of 40 Target Genes of TGs of 4 TFs of 28 oscillating TGs of 12 non oscillating TGs p-value FDR

Cell cycle 14 14 12 2 1.12E-07 1.19E-04

Cytoskeleton 9 9 8 1 3.39E-05 0.0359912

Cell division 12 12 11 1 3.78E-07 4.01E-04

Mitotic spindle pole body 6 6 6 0 0.0197135 18.521663

Mitotic spindle midzone 4 4 4 0 6.14E-04 0.6293664

Mitosis 12 12 11 1 7.73E-09 8.20E-06

Kinase 6 5 5 1 0.0102281 10.32913

https://doi.org/10.1371/journal.pone.0208515.t004

Fig 2. The core network of events involving Cdc2/Cdc13, the selected substrates and their target genes. Shown are phosphorylation and regulation events

involving the Cdc2/Cdc13 complex and the four selected substrates (transcription factors—yellow triangles) with their target genes that feed back onto Cdc2/Cdc13.

https://doi.org/10.1371/journal.pone.0208515.g002
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2.4 The extended BN model

Next, we extended the original Boolean Network model by Davidich and Bornholdt of the fis-

sion yeast cell cycle [11] [12] by the events described in Fig 2. Fig 3 shows the extended model.

The four phosphorylation substrates seem to have a positive regulatory effect on the compo-

nents of the core oscillator of the cell cycle.

We implemented the Boolean network of the core oscillator and then added the new nodes

to the network structure. In order to run the network, we added some rules that ensure that

the added nodes are only effective during the specific phase of the cell cycle as reported in the

literature.

Concerning the two components of the Cdc2/Cdc13 complex, it is known that Cdc13 is

always synthesized. However, at the same time many regulators lead to its degradation so that

its level oscillates during the cell cycle [12]. On the other hand, the level of Cdc2 is quite con-

stant during the cell cycle [24].

Atf1 activates the expression of Cdc13 [19] during G2/M which is when Cdc2/Cdc13

reaches high activity and the cell enters mitosis. Therefore, so we added a positive effect from

Atf1 on Cdc2/Cdc13 during G2/M phase.

Fkh2 and Sep1 both activate Rum1 during M phase [13], though it has been suggested that

Fkh2 has a negative effect on the Sep1 dependent genes [25]. In the model, Rum1 should be

inhibited during G1/S which is done by the Start Kinases (Cig1/Cdc2, Cig2/Cdc2 and Puc1/

Cdc2). Therefore, we added the activation effect by Fkh2 and Sep1 during M phase.

Cdc10 remains phosphorylated throughout the cell cycle with no changes in its level [24].

Based on these considerations, we implemented a Boolean network. The results showed

that almost the same oscillation takes place. The only difference from the original DB model is

that Rum1 stays active for one more time step (marked in red) during M phase, as it is being

activated by Sep1 and Fkh2. The results of the core oscillator are shown in Table 5 and the

results of the final model are shown in Table 6.

2.5 Android application

The android application starts with a simple introductory page about the cell cycle, showing

the phases with an illustration of the cell in each phase.

On the next page, one can check the current core oscillator of the cell cycle of fission yeast

according to Davidich and Bornholdt [12] represented as a network of genes and the interac-

tions between them. From there, two options are available: either to run the current Boolean

Network model, or to check the extended model, including the phosphorylation events added

in this work.

If the user chooses to check the current model of the fission yeast cell cycle, then the net-

work is shown with a state indicator that is turned green when the gene is active and turned off

otherwise. Using the “Run” button, the Boolean Network simulation of the cell cycle is started

and the genes’ states start to change as the state of each gene is calculated at each time step. If

the user wished to pause the running for a while to check the genes’ states during a specific

phase, this can be done using the “Pause” switch. After turning the “Pause” switch off, the cell

cycle continues.

The other option is to select the extended model that is the DB model with the phosphoryla-

tion events added in this work. In addition to the run and pause options, the user can also edit

the phosphorylation effect of the Cdc2/Cdc13 complex on the three substrates Sep1, Atf1 and

Fkh2 between (Activation) or (Inhibition). Using the “Edit” button the user can switch the

phosphorylation effects and the edits will then be applied to the model including the network

reactions and the rules used to calculate the states after each time step.
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Fig 3. The extended model of the core oscillator with added phosphorylation events.

https://doi.org/10.1371/journal.pone.0208515.g003

Driving the cell cycle of fission yeast by phosphorylation

PLOS ONE | https://doi.org/10.1371/journal.pone.0208515 December 4, 2018 9 / 16

https://doi.org/10.1371/journal.pone.0208515.g003
https://doi.org/10.1371/journal.pone.0208515


Table 5. Running the core oscillator Boolean network.

Time Start Cig1/Cdc2 Cig2/Cdc2 Puc1/Cdc2 Cdc2/Cdc13 Ste9 Rum1 Slp1 Cdc2_Tyr15 Wee1/Mik1 Cdc25 PP

1 1 0 0 0 0 1 1 0 0 1 0 0

2 0 1 1 1 0 1 1 0 0 1 0 0

3 0 0 0 0 0 0 0 0 0 1 0 0

4 0 0 0 0 1 0 0 0 0 1 0 0

5 0 0 0 0 1 0 0 0 0 0 1 0

6 0 0 0 0 1 0 0 0 1 0 1 0

7 0 0 0 0 1 0 0 1 1 0 1 0

8 0 0 0 0 0 0 0 1 1 0 1 1

9 0 0 0 0 0 1 1 0 1 1 0 1

10 0 0 0 0 0 1 1 0 0 1 0 0

11 0 0 0 0 0 1 1 0 0 1 0 0

12 0 0 0 0 0 1 1 0 0 1 0 0

13 0 0 0 0 0 1 1 0 0 1 0 0

14 0 0 0 0 0 1 1 0 0 1 0 0

15 0 0 0 0 0 1 1 0 0 1 0 0

16 0 0 0 0 0 1 1 0 0 1 0 0

17 0 0 0 0 0 1 1 0 0 1 0 0

18 0 0 0 0 0 1 1 0 0 1 0 0

19 0 0 0 0 0 1 1 0 0 1 0 0

https://doi.org/10.1371/journal.pone.0208515.t005

Table 6. Running the final model Boolean network.

Time Start Cig1/Cdc2 Cig2/Cdc2 Puc1/Cdc2 Cdc2/Cdc13 Ste9 Rum1 Slp1 Cdc2_Tyr15 Wee1/Mik1 Cdc25 PP

1 1 0 0 0 0 1 1 0 0 1 0 0

2 0 1 1 1 0 1 1 0 0 1 0 0

3 0 0 0 0 0 0 0 0 0 1 0 0

4 0 0 0 0 1 0 0 0 0 1 0 0

5 0 0 0 0 1 0 0 0 0 0 1 0

6 0 0 0 0 1 0 0 0 1 0 1 0

7 0 0 0 0 1 0 0 1 1 0 1 0

8 0 0 0 0 0 0 1 1 1 0 1 1

9 0 0 0 0 0 1 1 0 1 1 0 1

10 0 0 0 0 0 1 1 0 0 1 0 0

11 0 0 0 0 0 1 1 0 0 1 0 0

12 0 0 0 0 0 1 1 0 0 1 0 0

13 0 0 0 0 0 1 1 0 0 1 0 0

14 0 0 0 0 0 1 1 0 0 1 0 0

15 0 0 0 0 0 1 1 0 0 1 0 0

16 0 0 0 0 0 1 1 0 0 1 0 0

17 0 0 0 0 0 1 1 0 0 1 0 0

18 0 0 0 0 0 1 1 0 0 1 0 0

19 0 0 0 0 0 1 1 0 0 1 0 0

The entry marked in bold and italic denotes the only difference between this final model and the current model in Table 5.

https://doi.org/10.1371/journal.pone.0208515.t006
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The final application can be downloaded from the public repository: https://github.com/

Dashbioinfo/FissionYeastCellCycle. A short video tutorial on how to use it can be found in

S1 File.

3 Discussion

We have extended the current cell cycle core oscillator of fission yeast by several phosphoryla-

tion events based on recently reported experimental evidence. We presented a model for the

regulatory logic of some genes, whose products are being phosphorylated during the cell cycle

of fission yeast, on the remaining genes of the core oscillator of the cell cycle. Although the

available knowledge could be integrated in a consistent manner, this work also revealed critical

gaps in existing knowledge of the genes related to the cell cycle of fission yeast. Most impor-

tantly, it is unknown how the activation levels are positively or negatively regulated by phos-

phorylation. On the other hand, since no full gene regulatory network of fission yeast has been

presented so far, not all target genes and regulatory roles are known. An example are the genes

Fkh2 and Sep1 that both activate Rum1 during M phase [13]. However, it has been reported

that Fkh2 has a negative effect on Sep1 targets [25], so further information about how they

function together is needed. Another example is the gene Cdc10. Its protein product is phos-

phorylated during the cell cycle and this is required for its function in starting the cell cycle of

fission yeast. However, Cdc10 shows no steady-state changes in level, so its job is not regulated

at the transcription level [23], and since it is phosphorylated throughout the entire cell cycle,

this raises the demand for more details on how it starts the cell cycle.

To identify the genes whose expression levels oscillate during the cell cycle of fission yeast,

we used the gene expression data from wild-type, as this information was not available for

the specific strain of single cyclin-CDK used by Nurse and his colleagues on phosphorylation

events during the cell cycle of fission yeast [8] and Gérard and his colleagues on cell cycle con-

trol by a minimal Cdk network [5], and because this minimal network can control DNA syn-

thesis and mitosis in the same manner as the wild-type [5]. We limited our analysis to the

transcription factors among the Cdc2 phosphorylation substrates to follow the further effects

that then feed back onto Cdc2. We have also checked for kinases among the substrates to

check whether they later on phosphorylate transcription factors of the cell cycle core oscillator

but did not find information that is worth mentioning.

Besides activating transcription factors via phosphorylation, also their translocation to the

nucleus, ligand binding or endoproteolytic activation may play a role. Furthermore, activation

of transcription factors via phosphorylation may not be a on/off event, but may require that

certain functional thresholds are exceeded.

Then we implemented the extended model as a Boolean network to check the temporal

evolution of the model All of these effects could, in principle, be incorporated into Boolean

Networks and ODE models, but their parametrization necessitates additional experimental

evidence.

We then suggested possible effects of phosphorylation events on relevant genes products

as well as a possible mechanism to restart a new cell cycle. Note that these effects have not yet

been experimentally shown:

1. Sep1 is phosphorylated during G2/M [8] and it should be active during M phase so that it

is able to activate Rum1 [13]. If nothing else is activating Sep1 during M phase, then one

may speculate that its phosphorylation might lead to its activation.

2. Fkh2 is phosphorylated during G1/S phase [8] and this phosphorylation is important to

suppress the expression of Ste11 and proceed to mitotic cell cycle [26]. Since Fkh2 activates
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Ste11 transcriptionally [13], then its phosphorylation might lead to its deactivation and

then inhibition of Ste11 expression so that the cell can proceed with the cell cycle. Addition-

ally, Fkh2 should also be active during M phase so that it is able to activate Rum1 [13]. Fur-

ther information is needed to determine if it stays active by dephosphorylation until its turn

during M phase or if another factor is responsible for its activity.

3. Atf1 is phosphorylated during G2/M phase [8] and it activates the expression of Cdc13 pro-

moting G2/M transition [19]. Thus, the phosphorylation might have a causal activation role

in this case. One more thing to mention about Atf1 is that it is dephosphorylated twice [8].

On the one hand, Atf1 has a role in switching to sexual differentiation, by being phosphory-

lated by Spc1 [27]. On the other hand, it is phosphorylated during G2/M phase [8]. We can

speculate that the first phosphorylation happens during G1 if the cell decides to switch to

sexual differentiation, and then the dephosphorylation happens during G1/S [8], and that

the second phosphorylation happens during G2/M if the cells decides to go through the

mitotic cell cycle, then it is dephosphorylated at mitotic exit.

These effects were implemented and the temporal evolution is shown in Table 7.

It has been proposed that the main components of the cell cycle core oscillator including

Rum1, Ste9, Cdc25, Wee1 and Mik1 are dephosphorylated at the end of the cycle [28]. On the

other hand, all the substrates that are phosphorylated by Cdc2/Cdc13 -including early, middle

and late substrates- are dephosphorylated at mitotic exit [8]. Additionally, according to [8],

Fkh2 is being dephosphorylated during S phase.

We added these effects to three of the substrates we added: Sep1, Fhk2 and Atf1. The tem-

poral evolution is shown in Table 8.

In addition, the following case can be discussed: The cell cycle starts when the START, Ste9,

Wee1 and Rum1 components are on, but goes back to this start state with the START element

turned off. This questions the idea of having a way to start a new run of the cell cycle again. It

Table 7. Running the extended model Boolean network with phosphorylation effects.

Time Start Cig1/Cdc2 Cig2/Cdc2 Puc1/Cdc Cdc2/Cdc13 Ste9 Rum1 Slp1 Cdc2_Tyr15 Wee1/Mik1 Cdc25 PP Sep1 Fkh2 Atf1 Cdc10

1 1 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

2 0 1 1 1 0 1 1 0 0 1 0 0 0 1 0 1

3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1

4 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1

5 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1

6 0 0 0 0 1 0 0 0 1 0 1 0 1 0 1 1

7 0 0 0 0 1 0 0 1 1 0 1 0 1 0 1 1

8 0 0 0 0 0 0 1 1 1 0 1 1 1 0 1 1

9 0 0 0 0 0 1 1 0 1 1 0 1 1 0 1 1

10 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

11 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

12 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

13 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

14 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

15 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

16 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

17 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

18 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

19 0 0 0 0 0 1 1 0 0 1 0 0 1 0 1 1

https://doi.org/10.1371/journal.pone.0208515.t007
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has been reported that the cell cycle is started by the Res1p-Cdc10p complex that is promoted

by many ways including the phosphorylation of Cdc10 by Cdc2 [29], and among the added

phosphorylation substrates, the Cig2 appearance was reported to depend on Cdc10 [21]. One

possible scenario we can suggest is that the Cdc10 activates Cig2 indirectly by activating the

START component, thus starting a new run of the cell cycle. Temporal evolution is shown in

Table 9.

The core oscillator and the extended model were implemented in a simple Android applica-

tion that enables running the core oscillator of the cell cycle to see the activation/deactivation

of the genes over time, and also the extended model with the phosphorylation events and

watch how this is coordinated with the original model. Back to our suggestions, the user has

the ability to apply different suggested effects and watch their impression on the model.

Finally, this work shed light on the existing gaps in our knowledge about the fission yeast,

and pointed out the need for a comprehensive resource combining the information about reg-

ulatory effects of the genes whose expression levels oscillate during the cell cycle, and regulate

or are regulated by the genes in the core oscillator.

4 Conclusion

Constructing and interpreting partial or full gene regulatory networks that describe the work-

ings of cells is a very important aim of cell biology. Evidence for regulatory links may come

from experiments carried out under different conditions, and these links may or may not be

fully compatible to each other. Still, every step that expands and extends the current network

may inspire other scientists to carry out subsequent experiments that may serve to either vali-

date or falsify these hypothetical regulatory links. Eventually, if validated independently by sev-

eral groups, the newly introduced regulatory links may become generally accepted.

In this work we extended the current cell cycle core oscillator of fission yeast by adding four

genes whose products are being phosphorylated during the cell cycle. Since phosphorylation

Table 8. Running the extended model Boolean network with phosphorylation effects and dephosphorylation at mitotic exit.

Time Start Cig1/Cdc2 Cig2/Cdc2 Puc1/Cdc Cdc2/Cdc13 Ste9 Rum1 Slp1 Cdc2_Tyr15 Wee1/Mik1 Cdc25 PP Sep1 Fkh2 Atf1 Cdc10

1 1 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

2 0 1 1 1 0 1 1 0 0 1 0 0 0 1 0 1

3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1

4 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1

5 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1

6 0 0 0 0 1 0 0 0 1 0 1 0 1 1 1 1

7 0 0 0 0 1 0 0 1 1 0 1 0 1 1 1 1

8 0 0 0 0 0 0 1 1 1 0 1 1 1 1 1 1

9 0 0 0 0 0 1 1 0 1 1 0 1 1 1 1 1

10 0 0 0 0 0 1 1 0 0 1 0 0 1 1 1 1

11 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

12 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

13 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

14 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

15 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

16 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

17 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

18 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

19 0 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

https://doi.org/10.1371/journal.pone.0208515.t008
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might lead to activation or deactivation of the substrate, our results suggest possible phosphor-

ylation effects on the added gene products that can be validated or disproven in future experi-

ments. Based on the Boolean network model presented by Davidich and Bornholdt, our

results also suggest a possible mechanism to restart the cell cycle. Furthermore, we identified

and discussed several unclear points regarding the mutual regulatory effects of the genes

involved in the cell cycle.

We consider this work as a first step toward deriving an extended gene regulatory model of

how the cell cycle oscillator of yeast couples to the rest of the cell. We argue that this may have

important biotechnological implications. For example, there is significant current interest [30]

in unraveling connections between the yeast cell cycle oscillator and metabolic oscillations.

The cell cycle oscillator also appears to be important for “rerouting carbon fluxes [31] and to

coordinate carbohydrate metabolism [32].
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S1 Fig. The Android application use cases.
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S1 Table. Target genes and their ranks according to [2] [15] among the oscillating genes

during cell cycle. The genes that do not oscillate are marked with # with their rank if their

transcription levels slightly oscillate.
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application accompaying this work.
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Table 9. Running the extended model Boolean network with phosphorylation effects, dephosphorylation at mitotic exit and cycle restart by cdc10.

Time Start Cig1/Cdc2 Cig2/Cdc2 Puc1/Cdc Cdc2/Cdc13 Ste9 Rum1 Slp1 Cdc2_Tyr15 Wee1/Mik1 Cdc25 PP Sep1 Fkh2 Atf1 Cdc10

1 1 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

2 0 1 1 1 0 1 1 0 0 1 0 0 0 1 0 1

3 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1

4 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1

5 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1

6 0 0 0 0 1 0 0 0 1 0 1 0 1 1 1 1

7 0 0 0 0 1 0 0 1 1 0 1 0 1 1 1 1

8 0 0 0 0 0 0 1 1 1 0 1 1 1 1 1 1

9 0 0 0 0 0 1 1 0 1 1 0 1 1 1 1 1

10 1 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

11 0 1 1 1 0 1 1 0 0 1 0 0 0 1 0 1

12 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1

13 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1

14 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 1

15 0 0 0 0 1 0 0 0 1 0 1 0 1 1 1 1

16 0 0 0 0 1 0 0 1 1 0 1 0 1 1 1 1

17 0 0 0 0 0 0 1 1 1 0 1 1 1 1 1 1

18 0 0 0 0 0 1 1 0 1 1 0 1 1 1 1 1

19 1 0 0 0 0 1 1 0 0 1 0 0 0 1 0 1

20 0 1 1 1 0 1 1 0 0 1 0 0 0 1 0 1

https://doi.org/10.1371/journal.pone.0208515.t009
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