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Supplementary Figure 1. The molecular architecture of the cell division cycle. Poster sized version of the network map

displayed in Fig 2a. Also available at https://github.com/rxncon/models/ as CDC_S cerevisiae_poster.pdf
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Supplementary Table 2

List of mutants examined in this study. This table lists the 85 mutants used to test
the model and indicates the phenotype (viable/lethal) as well as point of arrest
and the DNA copy number and number of nuclei at arrest.

Mutant Prediction  Arrest point (Fig 4B) DNA  Nuclei Reference
bub2 viable N/A [79]
cdc28Y19F viable N/A [153]
CDC5 viable N/A [79]
cdc55 viable N/A [79]
clbl viable N/A [156]
clb2 viable N/A [156]
clb6 viable N/A [146]
clnl viable N/A [128]
clnlcln2 viable N/A [79]
cln2 viable N/A [128]
cIn3bck2whib viable N/A [79]
cln3whis viable N/A [79]
Itel viable N/A [79]
spcl1102AMps1 viable N/A [86]
ssal viable N/A [79]
whib viable N/A [79]
whi512A viable N/A [168]
whi512Acin3 viable N/A [168]
ydj1 viable N/A [79]
cdc28 inviable la 1 1 [51]
cdc28T169A inviable la 1 1 [85]
cinlcin2¢In3 inviable 1la 1 1 [79]
clnlcin2cln3cdhl inviable la 1 1 [79]
cinlcin2cin3sicl inviable la 1 1 [79]
cInlcin2cIn3whib inviable la 1 1 [79]
cln3 inviable la 1 1 [79]
cln3bck2 inviable 1la 1 1 [79]
cIn3bck2sicl inviable la 1 1 [79]
cln3mbp1 inviable la 1 1 [79]
cIn3swi4 inviable la 1 1 [79]
cln3swi6 inviable la 1 1 [79]
bck2swibsicl inviable 1b 1 1 [79]
cdc20pdsicdh1SICI inviable 1b 1 1 [79]
cdc20pdsiclb5 inviable 1b 1 1 [79]
cdc20pdsiclbbcdhl inviable 1b 1 1 [79]
cdc20pdsiclb5cdh1SIC1 inviable 1b 1 1 [79]
cdc34 inviable 1b 1 1 [165]
cdc4 inviable 1b 1 1 [48]

Continued on next page
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Supplementary Table 2 — Continued from previous page

Mutant Prediction  Arrest point (Fig 4B) DNA  Nuclei Reference
cdch3 inviable 1b 1 1 [165]
cdc7 inviable 1b 1 1 [51]
clb5 inviable 1b 1 1 [146]

clbbclb6 inviable 1b 1 1 [80]

clnlcln2swi4 inviable 1b 1 1 [79]
mbpl inviable 1b 1 1 [79]

Sicl7A inviable 1b 1 1 [104]
SId2A inviable 1b 1 1 [157]

Sld32A inviable 1b 1 1 [158]

SId35622A inviable 1b 1 1 [158]
SId3T600A inviable 1b 1 1 [158]
spcl102ACDK inviable 1b 1 1 [86]
swi4 inviable 1b 1 1 [79]
swidmbpl inviable 1b 1 1 [79]
swidmbplBCK2 inviable 1b 1 1 [79]
swidswib inviable 1b 1 1 [79]
swidswibsicl inviable 1b 1 1 [79]
swib inviable 1b 1 1 [79]
swi64A inviable 1b 1 1 [168]
whi54Aswi654A inviable 1b 1 1 [168]
whi512Aswi6S4A inviable 1b 1 1 [168]
cdhl inviable lc 1 1 [167]
cInlcin2cdhl inviable 1c 1 1 [79]
HU_CDC5 inviable 2 1 1 [79]
clblclb2 inviable 3a 1 1 [156]
NOC CDC5 inviable 3a 1 1 [79]
cdc31 inviable 3c 1 1 [51]
spcl104A inviable 3d 1 1 [86]
cdc10 inviable 3e 1 1 [51]
cdcll inviable 3e 1 1 [51]
cdci2 inviable 3e 1 1 [51]
cdc24 inviable 3e 1 1 [51]
cdc3 inviable 3e 1 1 [51]
cdc42 inviable 3e 1 1 [68]
cdc14 inviable 4 1 1 [79]
cdc14SIC1 inviable 4 1 1 [79]
cdc20 inviable 4 1 1 [79]
cdch inviable 4 1 1 [79]

espl inviable 4 [79]
cdc20pdsl inviable 5 1 1 [79]
pdsl inviable 5 2 2 [79]
cdcé inviable 6 1 1 [51]
netlcdclbedhl inviable 6 2 2 [79]
cdel5 inviable 7 * * [79]
cdclbnetl inviable 7 * * [79]
teml inviable 7 * * [79]
temlnetl inviable 7 * * [79]
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Supplementary Methods

Model description. Detailed description of the biology and implementation of
the cell division cycle network.

4.1 Model architecture

The presented model describes the cell division cycle (CDC) of Saccharomyces
cerevisiae, and is formulated in rxncon language. The rxncon model base
consists of two parts, the molecular reaction network (MRN), and the coarse-
grained model (CGM). Together, these parts form a hybrid model. The two
models are connected to each other, and hence, control each other, by sharing
inputs and outputs. The rxncon model base encompasses 802 reactions and 972
lines of contingencies which were translated into a bipartite Boolean network
and analysed.

4.1.1 The molecular reaction network (MRN)

The MRN describes the molecular events considered in the model and is
based on published empirical findings. In total, the MRN includes 357 unique
components, comprising 229 proteins, and genes and mRNA of 44 proteins.
The MRN consists of 790 elemental reactions producing and consuming 1235
elemental states. The elemental states are regulated by 598 contingencies. In
addition, 8oo lines of contingencies are used to encode time delays that are
necessary for time scale separation in the bBM (Figure 2a and Supplementary
Figure 1).

4.1.2 The coarse-grained model (CGM)

The CGM accounts for macroscopic characteristics of a yeast cell during a cell
cycle. These macroscopic characteristics describe DNA replication, spindle
pole body (SPB) duplication and nuclear division, and morphological changes
of the cell (bud emergence and growth). These processes and cell states cannot
be described in a feasible way on the level of molecular elemental reactions.
The CGM consists of 12 macroscopic reactions and 12 macroscopic states
(Figures 2b, c).
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General assumptions

The presented model is based on the following general assumptions.

1. Time scale separation. The bipartite Boolean network does not take dif-
ferent reaction rates into account. Hence, all reaction events are executed
at equal rates. This does, however, not correspond to physiological ob-
servations. Furthermore, the order of reaction execution in the Boolean
network depends on the length of a path, leading to faster execution of
shorter paths, even when they operate on a slower time scale in vivo, and
delays of other processes due to longer path lengths. To compensate, we
assume that transcriptional processes are slower compared to modifica-
tion reactions, and force these processes to integrate over 20 times steps.
We implement this through a series of intermediate steps where each
depends on both the initial trigger and the previous step.

2. Dephosphorylation reactions. The model includes phosphorylation re-
actions which act as toggle switches. Hence, these phosphorylations
must be anatagonised in order for these switches to be reset. However,
such dephosphorylation reactions are sparsely described in the litera-
ture. We assume that all phosphorylated residues are dephosphorylated,
and introduce hypothetical phosphatases for proteins with unknown
phosphatases.

3. Degradation. We only consider turnover for a few components, where
transcription, translation and/or degradation are known to be cell cycle
regulated. However, for all these components, we include both synthesis
and degradation. The exceptions are highly stable complexes that are
subject to periodic expression. For these, we do not include (unregulated)
degradation, as this would lead to their disappearance between expres-
sion peaks. Similarly, the model accounts for regulated transcription
and hence, the model should reflect transcriptional deactivation. This is
assumed to happen by a hypothesised decay reaction of mRNA.

4. Model rules. Boolean modelling can only account for absolute effects.
Hence, we need to decide if quantitative modifiers (K+/K-) are ignored or
included as absolute requirements. Here, we apply the default bipartite
Boolean model (bBM) assumption and ignore these modifiers (details see

[134]).

5. Spatial resolution. The current incarnation of rxncon cannot describe spa-
tial localisation at the level of complexes. Instead, we encode the effect of
localisation by directly linking the states controlling localisation to those
which are regulated by localisation. Hence, we preserve the regulatory
logic without explicitly including localisation. We also assume that there
are no spatial effects arising from the mother-daughter asymmetry.

4.1.3 Modules

In Figure 2 of the main manuscript, we present the seven parts of the com-
plete cell cycle network: Gene expression (Section 4.2), regulated degradation
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(Section 4.3), cyclin dependent kinase (CDK) assembly and activation (Sec-
tion 4.4), DNA replication (Section 4.5), SPB duplication and nuclear division
(Section 4.6), cell division (Section 4.7), and additional modules with unknown
regulatory connection and a test module for validation (Section 4.8). Below,
we divide these network parts into 30 distinct modules, which additionally
includes a module describing the implemented error functions. This modular
separation is for convenience of presentation, as there are no module bound-
aries inside the MRIN. Each module contains a functional molecular unit. Each
module is presented in a figure, which also includes its neighbours (inputs,
outputs) in the model.

4.2 Gene expression

The gene expression modules account for seven groups of genes/proteins that
are dynamically regulated throughout the cell division cycle. The six first
groups are strongly cell cycle regulated at the transcriptional level, and many
of the targets are also subject to regulated degradation. The members of the
seventh group are all regulated at the level of protein degradation, but we
found no conclusive evidence for cell cycle regulation at the transcriptional
level. We should note that their degradation has no effect on their expression
during the bBM simulation, as constant expression overrules degradation, but
we consider the information relevant for our knowledge base.

The model accounts for a subset of the complete number of genes with
periodic expression during the CDC [154], which were selected based on their
role in cell cycle control and execution (Supplementary Table 3). We only
included genes encoding proteins with a known mechanistic function in cell
cycle control, and where the dynamic regulation is thought to be important
for this role. Most components are considered constant in the model, which
would be functionally equivalent to constitutive expression.

The gene expression module accounts for synthesis of mRNA and trans-
lation into the corresponding proteins, as well as for degradation of mRNA
and proteins. Transcription is realised by RNA polymerase II, abbreviated
with Polll. Translation reactions are realised by ribosomes, abbreviated with
Ribo. mRNA turnover is attributed to a placeholder entity Decay and protein
degradation to the Proteasome.
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Supplementary Table 3 Transcriptional clusters. The seven groups of the gene expression mod-
ules are: The early cell cycle box (ECB), Ace2/Swi5, SBF, MBF, Hcm1 and Fkh2 targets, and a
group of six genes that are posttranslationally regulated. SBF: Swi4, Swi6. MBF: Swi6, Mbpl.
Fkh2: Fkh2, Mcm1, Ndd1. *repressors; **regulated by SBF or MBF.

ECB Ace2Swib SBF MBF Hcml Fkh2 Unregulated
CDC6 PCL9 CLN1 ACM1 CINS ACE2 ASEI
CLN3 SIC1 CLN2 CLB5 FKH1 CcDC20 CLB4
MCM2 HCM1** CLB6 FKH2 CDC5 DBF4
MCM3 PCLI HCM1**  NDD1 CLB1 FARI1
MCMA4 PCL2 NRM1*  YHP1*  CLB2 KIP1
MCM5 SWEI PDS1 CLB3 MPS1
MCM6 YOX1* RADS53 SWis

MCM7 SCC1

Swi4 SPC42
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4.2.1 The ECB module

Biology

The Early Cell-cycle Box (ECB) genes are regulated by the Mcm1 transcription
factor and the co-repressors Yox1 and Yhp1 [121]. Bck2 has a positive influence
on Mcmz1 transcription [10] by binding to Mcmi. The ECB target genes
include MCM2-7 and CDC6 [121], later used in the DNA replication process
(Section 4.5), SWI4 [121], a transcription factor regulating the SBF cluster, and
CLNj3 [121], the most upstream of the cyclins that triggers the START transition
in response to favourable nutrient conditions [9].

These genes are transcribed from early Gy, to support DNA licensing during
a time of low CDK activity, and to integrate environmental information and to
assess whether or not to commit to cell cycle progression.

The proteins Mcm2—7 and Swig are considered to be stable throughout the
cell cycle.

Implementation

The ECB module (Supplementary Figure 2) accounts for the transcription
and translation of the above mentioned nine components. Transcription by
Polll requires prior binding of Mcmz1 to the ECB element of the target gene,
and is blocked if either of the co-repressors Yoxi or Yhpi is bound to the
Mcm1 protein. Translation is unregulated and only requires the presence of
the mRNA, with the exception of CIn3 that additionally requires the input
[Nutrients] to account for the role of Cln3 translation in nutrient sensing [9].

Furthermore, we consider regulated degradation of Cdc6 and CIn3, both of
which are phosphorylated and ubiquitylated by the Skp, Cullin, F-box (SCF)
complex [117, 81] , targeting them for degradation by the proteasome. As
Mcmz2-7 and Swig are present throughout the CDC, we do not consider their
turnover.

The activating effect of Bck2 is implemented as a stimulation through
binding to Mcm1.

Interfaces

The ECB module is regulated by the expression of Yox1 and Yhpi, by the
ubiquitylation of Cdc6 and Cln3, and by the model input [Nutrients].

The ECB effects DNA licensing through expression of Cdc6 and Mcmz2-
Mcmy, SBF transcription through the expression of Swig, and Cdc28 activation
through expression of CIn3.
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4.2.2 The Ace2/Swis module

Biology

Ace2 and Swis redundantly induce the transcription of PCLg [160] and SICz
[36]. Both transcription factors are positively regulated by Fkh2-Ndd1-Mcm1
[50]. Ace2 and Swis are downregulated by Cdc28-mediated phosphorylation,
which results in nuclear exclusion, rendering Ace2 and Swis unable to bind
their target promoters [141]. In addition to its nucleo-cytoplasmic regulation,
Ace2 localises to the daughter nucleus, where it induces daughter-specific
transcriptional programs [27]. Sic1 degradation requires both, phosphorylation
at six residues [104] by Cdc28-CIn1/ClIn2 [36] or Pho85 activated by Pcl1 [109],
and ubiquitylation by SCF-Cdcy [104]. Pclg is likely to be degraded in a similar
manner to its homolog Pcl1 by ubiquitylation by Dmaz1 [54], which primes it
for degradation by the proteasome.

Implementation

In the Ace2/Swis module (Supplementary Figure 3), transcription of PCLg
and SIC1 requires that Ace2 or Swis are bound to the promoter, which in
turn requires that the CDK site in the nuclear localisation signal (NLS) is
unphosphorylated (indicative of nuclear localisation). mRNA turnover and
translation are constitutive, requiring only the presence of the mRNA, but
protein degradation is regulated by ubiquitylation. Degradation for both
proteins is implemented according to empirical findings: Sic1 is primed for
degradation by phosphorylation by Cdc28 or Pho85, and ubiquitylation by
SCF-Cdc4. Pclg is primed for degradation by ubiquitylation by Dmaz.

Interfaces

The Ace2/Swis module is regulated by the expression and phosphorylation
status (and hence localisation) of Ace2 and Swis, which is controlled by Cdc28-
Clb1/2 and Cdc14, as well as the ubiquitylation of Pclg and Sic1.

The Ace2/5Swis module affects Pho85 activity through Pclg expression and
Cdc28 activity through expression of the cyclin dependent kinase inhibitor
(CDKI) Sic1.
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4.2.3 The SBF module
Biology

SBF is a Swig—Swi6 dimer, which activates the transcription from Swig/Swi6
cell cycle box (SCB) promoter elements. SBF dependent transcription is inhib-
ited by Whis and the histone deacetylases (HDACs) Hos3 and Rpd3 [168]. SBF
is activated through Whis phosphorylation by the CDK Cdc28 in complex with
either of the G; cyclins: Cln1,CIn2, or CIn3. Hyperphosphorylated Whis dis-
sociates from SCB promoters [168], and certain intermediate phosphorylation
states appear to disrupt HDAC association and permit transcription [168, 62].
The SBF cluster is deactivated by Cdc28—Clb1/2-mediated phosphorylation of
Swig, which inhibits Swig promoter association [75].

CDK Pho85 has a partially redundant role in the activation of SBE. This
phosphorylation is mediated by Pho85 interacting with either Pcl1 or Pclg [62].
However, the exact mechanism has not been demonstrated. It is tempting to
speculate that Pho85 and Cdc28 share the same target residues in Whis, as a
Whis mutant with 12 CDK-site alanine substitutions in a Swi6-54A background
is not viable [168].

The SBF target genes include SWE1, CLN1, CLN2, YOX1, PCL1 and PCL:2
[105, 25, 149, 50]. CLN1, CLN2, and PCL1 are activated by SBF and contribute
to Whis phosphorylation, constituting a positive feedback loop.

Implementation

In the SBF module (Supplementary Figure 4), SBF-mediated transcription re-
quires the SBF heterodimer bound to the promoter, and is inhibited when the
Whis repressor recruits the HDACs to the promoter, and through phospho-
rylation of Swig by Cdc28-Clb1/2. Hence, SBF only supports transcription if
one of the Whis bonds to SBF and HDAC are broken. We implemented three
possible mechanisms for this to happen: First, through phosphorylation of the
critical sites identified by Wagner ef al. [168] (Whi5sP1 or Whi5P2, combined
in WhisP12), which is considered to disrupt the HDAC recruitment. Sec-
ond, through hyperphosphorylation of Whis (WhisPx10), which disrupts the
Swi6—-Whis bond and excludes Whis from the nucleus. Third, through phos-
phorylation of Swi6 (Swi6P), which also leads to disruption of the Swi6—Whis
bond, combined in the Whisrelease node.

Since less is known about Pho85 regulation, the effect of its phosphorylation
of Whis on Whis interactions with the HDACs was implemented as a negative
influence instead of a strict inhibition.
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Supplementary Figure 4 The SBF module. SBF regulates the activation of SWE1, CLN1, CLN2, YOX1, PCL1 and PCL2. SBF activity is repressed by Whi5
and activated by Cdc28-ClIn1/2/3 and Pho85—Pcl1/9. Subsequent activation of Cdc28—Clbl/2 contributes to the deactivation of the module.
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Interfaces

The SBF module is regulated by the expression of Swig and its phosphorylation
by Cdc28-Clb1/2, the phosphorylation of Swi6 and Whis by G; CDK-cyclins
Cdc28-CIn1/2/3 or Pho85-Pcl1/2/9, the dephosphorylation of Swi4, Swi6 and
Whis by Cdc14, and the ubiquitylation status of Clni, Cln2, Pcl1, Pcl2, Swe1
and Yoxi.

The SBF module effects the activity of Cdc28 through expression of Cln1
and CIn2, Pho85 through expression of Pclt and Pcl2, ECB-mediated gene
expression through the expression of the Yox1 repressor, Hcmi-mediated gene
expression through expression of Hemi, and to the morphogenesis/bud size
checkpoint through expression of Swei.
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4.2.4 The MBF module
Biology

The MBEF cluster is regulated by the heterodimeric MBF transcription factor,
which consists of Mbp1 and Swi6. The exact mechanism of MBF activation
is disputed [36], but activation of MBF regulated genes occurs slightly after
SBF activation and requires binding of the Mbp1-Swi6 (MBF) dimer to Mlu1
cell cycle box (MCB) promoter elements [74]. The Stb1 protein is thought to
enhance MBF transcription through binding to Swi6 [31].

MBF is regulated by a negative feedback loop through expression of the
Nrmz1 repressor. Nrm1 inhibition is counteracted by the Rads3 kinase, which
phosphorylates Nrm1 and inhibits association of Nrm1 to Swi6 [162, 161].
Rads3 activity depends on ongoing DNA replication as described in Section 4.5.
Only after DNA replication is finished, Rads3 is inactivated, resulting in the
dephosphorylation of Nrm1, which can then bind to Swi6 and inhibit MBF
activity [30].

Among the MBF regulated genes are ACM1, SPC42, CLB5, CLB6, RAD53,
NRMz1, SCC1 and PDS1 [111, 36, 91, 186].

Implementation

In the MBF module (Supplementary Figure 5), MBF-mediated transcription
requires that MBF (Mbp1-5wi6) interacts with the MCB elements in the target
promoters, as well as Cdc28-Cln1/2/3 mediated phosphorylation of Swi6
(Swi6P). Nrm1 inhibits MBF dependent transcription by binding to Swi6 [30].
Additionally, the model accounts for the binding of Stb1 to Swib6 as a positive
effector on MBF transcription, and Stb1 phosphorylation by Cdc28 as a negative
effector through decreased affinity for Swi6 [28].

The (unregulated) binding of MBF to MCB is not sufficient to explain
the dynamic expression observed in vivo. However, literature research did
not provide a fully conclusive mechanism of MBF regulation. Instead, we
implemented a hypothetical requirement for Swi6 phosphorylation by Cdc28-
Cln1/2/3 based on the study by Pic-Taylor et al. [114]. This hypothesis solves
a technical problem, as the corresponding bipartite Boolean model requires
absolute statements to convey signals. This link, however, cannot be a strict
requirement in vivo as a Swi6b mutant with four alanine-substituted Cdc28
residues is viable [168]. Thus, the mechanistic regulation of MBF activation
requires more experimental attention.

The influence of MBF on RAD53 transcription is only activating (K+) instead
of a requirement (!), to account for the constant presence of Rads3 throughout
the CDC.
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Supplementary Figure 5 The MBF module. MBF activates the transcription of ACM1, SPC42, CLB5, CLB6, RAD53, NRMI1, SCC1 and PDS1. MBF activation is
positively regulated via Swi6, based on a model hypothesis. MBF activity is maintained while DNA replication is ongoing through Rad53 dependent phosphorylation of
the repressor Nrm1l. Rad53 is deactivated after DNA replication has finished, rendering Nrm1 unphosphorylated, enabling it to bind Swi6, resulting in the deactivation
of the MBF cluster.
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Interfaces

The MBF module is regulated by phosphorylation and dephosphorylation of
Swi6 by Cdc28-ClIn1/2/3 and Cdci4, respectively , and by the ubiquitylation
status of Acmzi, Clbs, Clb6, Nrm1, Scc1 and Pds1 , and by phosphorylation of
Nrm1 by Rads3.

The cyclins Clbs and Clb6 are required for initiation of DNA replication,
while Rads53 monitors ongoing DNA replication (Section 4.5). Scc1 and Pds1
are involved in cohesin loading [94] during the chromosome cycle (Section 4.5).
Acmui is a pseudosubstrate inhibitor of the APC/C [32] and responsible for the
inhibition of premature APC activation (Section 4.3.3). The protein Spc42 is an
integral part of the SPB and used in the SPB replication cycle (Section 4.6).

4.2.5 The Hcm1 module

Biology

Hemz1 activates the transcription of YHP1, CINS, NDD1, FKH1 and FKH2 [122].
Fkhi, Fkh2 and Ndd1 are themselves transcription factors that are necessary
for the Gy /M transition. CINS encodes a kinesin motor protein [56] that is
required for proper SPB separation (Section 4.6.4). Yhp1 is a transcriptional
repressor of the upstream Mcmz1 regulated cluster and thus, Yhp1 contributes
indirectly to the deactivation of the Hcm1 cluster. Hemu is itself regulated by
the transcription factors SBF and MBF [58, 11].

Implementation

In the Mcm1 module (Supplementary Figure 6), transcription of the target
genes depends on Hema1 binding, which in turn depends on the expression
(existence) of Hcm1. All five targets genes included in the model are target of
ubiquitylation, which is required for their degradation. Translation and mRNA
decay are considered unregulated.

Interfaces

The Hemi module receives inputs from the SBF/MBF modules (HCM1 expres-
sion) and the APC/C module (ubiquitylation). The module outputs are Yhpz,
and inhibitor of Mcm1 transcription, Cin8, a kinesin motor protein, and the
transcription factors NDD1, FKH1 and FKH2 that regulate the G, /M transition.
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Supplementary Figure 6 The Hcml module. Hcml activates the transcription of YHPI, CINS, NDDI, FKH1 and FKH?2.
HCM1 is regulated via SBF or MBF. The Hcml module is indirectly negatively regulated by transcription of the repressor
Yhpl, which targets the upstream Mcm1 module.
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4.2.6 The Fkh2 module
Biology

The Fkh2 gene cluster gates the transition to mitosis. The key target is CLB2,
encoding the major cyclin driving mitotic entry. The target genes are activated
by promoter recruitment of Fkh2 and Mcmz1, and the recruitment of Ndd1 to
Fkh2 [50]. The formation of the protein trimer Ndd1-Fkh2-Mcma1, represented
by the Fkh2Ndd1Mcmi node, is regulated by Cdc28-mediated phosphorylation
of Fkh2 and Ndd1 [120, 29]. The genes regulated by Fkh2, Ndd1, and Mcm1
(Supplementary Figure 7) considered in this study are the cyclins CLB1,2,3,
the kinase CDCjs, the APC/C regulatory subunit CDC20, and the transcription
factors ACE2 and SWI5 [150, 50].

Similar to MBF regulation, Fkh2 cluster activation depends on the status of
DNA replication. The phosphorylation of Ndd1 by Rad53 inhibits the associ-
ation between Fkh2 and Ndd1 [180]. Upon termination of DNA replication,
Rads3 is deactivated, Ndd1 becomes dephosphorylated at the Rad53 modified
residue(s) and can bind Fkhz2, which ultimately results in transcriptional acti-
vation of Fkh2Ndd1iMcmz1 regulated genes. Activation of the FkhaNddiMcm1
cluster thus occurs after S phase.

Deactivation of the Fkh2 cluster is triggered by downregulation of Fkh2
and Ndd1, as well as the dephosphorylation of Fkh2 and Ndd1 towards the
end of the cell cycle when Cdci4 is active.

Implementation

In the Fkh2 module (Supplementary Figure 7), phosphorylation of Fkh2 by
Cdc28 at residues S683 and T697 is implemented as a strict requirement for the
interaction between Fkh2 and Ndd1, and it requires either of the Clb1,2,5 or
ClIb6 cyclins [120]. Phosphorylation of Ndd1 by Cdc28—Clb1,2 [127] or Cdcs
[29] has a positive influence on Fkh2 transcriptional regulation. Thus, the
transcriptional output of the Fkh2 cluster has a positive feedback loop via
Clb1,2 [127].

The proteins activated by the Fkhz cluster, except Acez and Swis, are turned
over in a regulated manner as described in Section 4.3.3.

Interfaces

The Fkh2 module depends on the expression levels (Section 4.2.5) and Cdc28
dependent phosphorylation (Sections 4.4.2 and 4.4.3) of Ndd1 and Fkh2, Rads3
dependent phosphorylation of Ndd1 (Section 4.5.5), Cdcs dependent phos-
phorylation of Ndd1 (Cdc14 module), and APC/C-mediated ubiquitylation
of Clb1, Clb2, Clb3, Cdcs and Cdc2o. The module output is the expression of
Clb1, Clb2, Clb3, Cdcs, Cdc20, Ace2 and Swis . Clb1-3 are B-type cyclins that
are essential for mitotic entry. Cdcs is the Polo-like kinase with a critical role
in mitosis. Cdcz2o is a regulatory subunit of the APC/C. Swis and Acez are
themselves transcription factors and described in Section 4.3.3.
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Supplementary Figure 7 The Fkh2 module. The model accounts for the transcription of CLB1, CLB2, CLB3, CDC5, SWI5, CDC20 and ACE2, which are
upregulated by the transcription factors Fkh2, Ndd1 and Mcml. The Fkh2 cluster is positively influenced by the Hcml dependent transcription of NDD1
and FKHI, and involvement of the kinases Cdc28 and Cdch. The Radb53 kinase inhibits Fkh2Ndd1Mcm1 mediated transcription until DNA replication has
finished.
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4.2.7 Unregulated genes module

In addition to the above modules, we include five genes with constant tran-
scription but whose gene products are targets of regulated degradation: ASE1,
CLB4, DBF4, FAR1, KIP1 and MPS1 (Supplementary Figure 8). With the ex-
ception of Far1, no conclusive support could be found which demonstrates
how these genes are regulated. However, these genes are involved in several
cell cycle processes and expression must be included for all components that
are turned over. Hence, this module has no real effect on the bBM simulation
outcome (proteins will be constitutively expressed and hence present), but
contains knowledge from literature.
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Supplementary Figure 8 Unregulated genes module. ASE1, CLB4, DBF4, FARI1, KIP1 and MPS1 are genes
involved in cell cycle progression, but, except for FARI, currently lack conclusively reported regulation.
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4.3 Regulated degradation

This part describes regulated degradation by three proteasomal machineries
and their regulation: The SCF machinery (Section 4.3.1), Dma1-mediated
degradation (Section 4.3.2), and the APC/C machinery (Section 4.3.3).

4.3.1 SCF-mediated degradation module
Biology

SCF is a multimeric ubiquitin ligase that consists of the four core subunits
Cdc34, Cdcs3, Hrt1 and Skp1 [147], and which requires binding to an F-box
protein to provide substrate specificity. Here, we account for the F-box proteins
Cdcg, Grr1 and Met3o [151, 96, 69]. SCF recognises phosphorylated substrates,
as e.g. in Sic1 [104, 109], priming them for degradation via the proteasome.
However, in other cases, phosphorylation stabilises the target and inhibits its
degradation. This applies to Mec1 phosphorylation of Swe1 at 5385, which
stabilises Swe1 during DNA replication [113].

Implementation

In the SCF-mediated degradation module (Supplementary Figure 9), ubiqui-
tylation by SCF (SCF node) requires the core ligase, its binding to a targeting
subunit (nodes SCFCdcg, SCFGrr1, SCFMet30) and the appropriate phospho-
rylation of the target substrate to generate the phospho-degron recognition
sequences. Upon SCF-mediated ubiquitylation, the proteins are degraded by
the proteasome. The module accounts for Sic1 stabilisation by phosphorylation
at 5385, preventing ubiquitylation and hence degradation.

Interfaces

The module depends on the expression of the target proteins and their phos-
phorylation by Cdc28, Pho85 and, in the case of Swe1, Mec1. The outputs of
the model are the degradation of the target proteins.
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Supplementary Figure 9 SCF-mediated degradation module. The model accounts for the SCF and the three F-box proteins Cdc4, Grrl and Met30, which provide substrate specificity. The SCF
substrates considered here require phosphorylation for SCF recognition and subsequent degradation.



4.3.2 Dmai-mediated degradation module
Biology

Dma1 has been shown to ubiquitylate Pcl1 depending on prior phosphorylation
by Pho85 [54], targeting Pcl1 for degradation. We hypothesise that this is also
the mechanism for degradation of Pcl2 and Pclog.

Implementation

In the Dma1-mediated degradation module (Supplementary Figure 10), Pclz,
Pcl2 and Pclg are continuously phosphorylated by Pho85-Pcl1/2/9, and conse-
quently ubiquitylated by Dmai. Ubiquitylation by Dam1 primes Pcl1, Pcl2 and
Pclg for degradation by the proteasome.

Interfaces

The module depends on Pho85-Pcl1/2/9. The output is the ubiquitylated
states of the Pho85 cyclins and their subsequent degradation.
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Supplementary Figure 10 Dmal-mediated degradation module. Pcll, Pcl2 and Pcl9 are
primed for degradation by ubiquitylation by Dam1. Dmal recognition requires substrate
phosphorylation by active Pho85.
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4.3.3 APC/C-mediated degradation module
Biology

The APC/C is a multimeric ubiquitin ligase [144] that requires binding to a
regulatory subunit, Cdc2o or Cdhi, for activity and substrate specificity. The
APC/C has a third regulatory subunit, Ama1, which we do not consider as its
function is thought to be limited to meiosis [41].

APC/C promotes progression through anaphase and its activity is tightly
regulated, which is required to prevent premature cell cycle progression. Its
activity is inhibited via pseudosubstrate binding of either of the two dimers
Acmi-Bmhi1 or Acm1-Bmhz2 to Cdhi, blocking the substrate binding domain
of Cdhz1 [55, 32]. Acmz1 is activated by MBF and phosphorylation by Cdc28-
Cln1,2,3 during G; phase, but the contribution of each Acm1 phosphorylation
has not been entirely determined [111]. Additionally, APC/C-Cdhz1 activity
is regulated by Cdc28-Clbs,6, which phosphorylates Cdh1 [36] and inhibits
APC/C-Cdh1 activity [36, 172]. This inhibition is lifted by Cdc14-mediated
dephosphorylation of Cdhi, allowing association between APC/C and Cdhz.
APC/C-Cdc2o0 is kept inactive as long as Cdc20 is bound to Mad2, and Mad2
in complex with Mad1 and another Mad2 molecule [16], inhibiting Cdc20
interaction with the APC/C [16]. This interaction is regulated via a mecha-
nism monitoring correct spindle alignment. Cdc2o itself is regulated by the
Fkh2 module [50]. All ubiquitinated APC/C substrates are degraded by the
proteasome.

In contrast to SCF targets, the APC/C targets seem to be stabilised by
phosphorylation: The securin Pds1 is phosphorylated by Cdc28-Cln1,2,3 [2, 77],
inhibiting its APC/C recognition [57]. Only after Cdc14 activation towards
the end of the cell cycle, Pds1 is dephosphorylated and becomes susceptible
for APC/C degradation. Mps1 phosphorylation has a negative influence on
APC/C recognition [36], accounted for in the model.

Implementation

The APC/C-mediated degradation module (Supplementary Figure 11) ac-
counts for regulation of the APC/C and priming of its targets for subsequent
degradation. Although structural insights into APC/C topology have been re-
ported [144], the information is insufficient to define it at the level of elemental
states. Thus, the model accounts for the complex as a single component, APC,
symbolising the complete multimeric APC/C without the regulatory subunit.

APC/C-Cdc2o is regulated by the recruitment of Cdc2o to APC/C. This in
turn is inhibited by the bond between Cdc2o and Mad2, which tethers Cdc2o to
the SPB. This bond in turn is released when the spindle is under stable tension.
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phosphorylation. The phosphorylation is antagonised by Cdc14 towards the end of the cell cycle. APC/C-Cdc20 activity depends on the spindle assembly checkpoint (SAC).



APC/C-Cdh1 requires the recruitment of the regulatory subunit Cdhi to
APC, which is inhibited by phosphorylation by Cdc28-Clb5/6. In addition,
the APC/C-Cdh1 complex can be inhibited by binding of Acm1 in complex
with Bmh1 or Bmh2, implemented as CAB. This bond in turn is dependent on
Acmz1 availability only, and Acmz1 is target for degradation by Cdc2o dependent
on the phosphorylation status of Acm1. Cdc28-Cln1/2/3 phosphorylation
stabilises Acm1 until the release of Cdc14 [35]. APC/C substrates accounted for
here have transcriptional regulation and their degradation via the proteasome.

Interfaces

The APC/C module responds to phosphorylation of Acm1, Cdh1 and Mpsi,
and hence, depends on Cdc28-Cln1/2/3, Cdc28-Clb5/6 and Cdci4. Cdc2o
recruitment depends on the Cdc2o-Madz bond. Finally, the substrates must be
present to be ubiquitylated.

The output of the module is the the ubiquitylation and subsequent degra-
dation of the target proteins.

4.4 CDK assembly and activation

The two CDKs Pho85 and Cdc28 tightly regulate CDC progression. In turn,
their activation is precisely timed and their substrates are dephosphorylated
upon Cdc14 activation at mitotic entry. Section 4.4.1 describes the regulation
of Pho85 and targets. Similarly, Section 4.4.2 describes activation of Cdc28 and
its targets. Section 4.4.3 describes the regulation of Cdci4.

4.4.1 The Pho85 module

Biology

Pho85 is one of two CDKs that drive the cell division cycle. Pho85 requires
cyclin binding in order to acquire kinase activity [95]. In contrast to the main
CDK, Cdc28, Pho85 is dispensable for cell cycle progression. However, three of
its cyclins show CDC dependent regulation expressed (Pcl1, Pclz, Pclg) and
share redundant functions with the G;-cyclins CIn1, Cln2 and Cln3. During
G1, Pho85 has a redundant role with Cdc28 in antagonising Whis and Sic1
[61]. Though it appears likely that Pho85 has a similar upstream regulation to
Cdc28, empirical evidence is missing [110, 61].

Implementation

The Pho85 module (Supplementary Figure 12) accounts for Pho85 and its three
cyclins Pcl1, Pcl2 and Pclg. Pho85 is activated by binding to one of its cyclins
Pcl1, Pcl2 or Pclg. The Pho85-Pcl1,2,9 complexes have partially overlapping
target specificities, which is accounted for in the model (nodes Pho85Pcl1Pclg
and Pho85Cyclin).
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Interfaces

The module responds to expression of the Pcl1, Pcl2 and Pclg cyclins. The
output of the module is phosphorylation of target proteins.

Pcl9 Pcl1 Pcl2

Pcl9_[pho85]_ppi+_Pho85_[cyclin] Pcl1_[pho85]_ppi+_Pho85_[cyclin] Pcl2_[pho85] ppi+_Pho85_[cyclin]

PcI9Jph085]_ppi-lPhoBS_[cyclin] Pcl1_[pho85]|ppi-_Pho85_[cyclin]

Y {

Pcl9_[pho85]--Pho85_[cyclin] Pcl1_[pho85]--Pho85_[cyclin] Pcl2_[pho85]--Ph

Pcl2 |[pho85]_ppi-_Pho85_[cyclin]

[cyclin]

Pho85Cyclin

Pho85_p+_Whi5_[(pho85)] hag5_p+_Ssal_[(T36)]

Pho85_p+_Sic1_[(T45)] Pho85_p+_CIb6_[(deg)]
Pho85_p+_Sic1_[(T2)] Pho85_p+_Pcl2_[(deg)]
o \
Pho85_p+_Sic1_[(S80)] Pho85_p+_Pcl9_[(deg)]
Pho85_p+_Sic1_[(S76)] Pho85_p+_Pcl1_[(deg)]
Pho85_p+_Sic1_[(T5)]
Pho85_p+_Sic1_[(S69)]

Pho85_p+_Sic1_[(T33)]

Supplementary Figure 12 Pho85 module. Pho85 binds to one of its activating cyclins Pcll, Pcl2 or
Pcl9, and phosphorylates Whi5, Sicl, Clb6, Pcl9, Ssal, Pcll and Pcl2.
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4.4.2 The Cdc28 module
Biology

The CDK Cdc28 is essential for cell cycle progression. Cdc28 activity depends
on phosphorylation by Cak1 on residue T169, serving as a prerequisite for
cyclin binding [137]. Cyclin binding to Cdc28 ensures substrate specificity. The
different Cdc28-cyclin pairs promote different processes during the cell cycle
and are differentially regulated, ensuring their temporally restricted activation.
Nine cyclins activate Cdc28: Three G;-cyclins, Clni1-3, and six B-type cyclins,
Clb1-6.

There is functional redundancy between the cyclins [96]. In general, the
cyclins can compensate for each other pairwise. These functional redundancies
are supported by observations of single and multiple mutant phenotypes. The
G cyclins Cln1, CIn2 and Cln3 have redundant functions, and a triple deletion
is lethal [128]. Similarly, the cyclin pair Clb1 and Clb2 has redundant functions,
as the single mutants are viable, whereas a double mutant is lethal [156]. The
cyclins Clbs and Clb6 can also compensate for each other, as the single mutants
are viable [80]. The double mutant is also viable, but the phenotype shows
differences compared to the wild-type [80]. A mutational study indicates that
the cyclin pair Clb3,4 can compensate for Clbs,6 functions [146].

The primary mechanism of regulation is cyclin expression. In addition,
the Cdc28-CIn1/2/3 (Gi—cyclin) complexes require Cks1 binding to Cdc28 for
activity [126]. Furthermore, CIn3 is regulated by the chaperone Ydj1 [177]. Ydj1
itself requires activation via Ssa1 or Ssaz, and Ssa1 is also a Cdc28 substrate
[163], but the physiological relevance of this phosphorylation remains unclear.
Furthermore, Cdc28 is regulated by Whi3, which binds to and restricts Cdc28
to the cytoplasm [170]. The interaction between Cln3 and Ydj1 and Cdc28
together relieves the interaction between Cdc28 and Whis [177].

The B-type cyclin complexes (Cdc28—Clb1/2/3/4/5/6) are also regulated
by the CDKI Sic1, which binds to and inhibits the kinase activity of these
complexes [96]. Sic1 in turn is antagonised by phosphorylation by the Cdc28-
Cln1/2/3 and Pho85-Pcl1 [104] complexes, which primes it for degradation.
Cdc28-Clb1,2 is additionally inhibited by phosphorylation of Cdc28 on residue
Y19 by Swe1, which monitors bud emergence to prevent premature cell cycle
progression.

In the presence of pheromone, Far1 binds the Cdc28-Clni,2,3 complexes,
thereby inhibiting Cdc28 kinase activity [118]. Thus, the cell cycle only reacts
to pheromone treatment during G; phase when Cdc28 acts in collaboration
with Cln1-3.

Implementation

The Cdc28 module (Supplementary Figure 13) accounts for Cdc28 regulation,
as well as differential activation and target specificity by its cyclins. The module
accounts for cyclin redundancy by assuming that cyclin pairs (Cln1/2; Clb1/2;
Clb3/4 and Clbs/6) have the same targets, unless this has been explicitly shown
not to be the case. The CDK-cyclin pairs and combinations are collected in
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the nodes Cdc28Cini2, Cdc28Clni23, Cdc28Clbi2, Cdc28Clbs56 and Cdc28Clb1256.
The model accounts for Cdc28 activation by Cak1 phosphorylation at T169 as
a prerequisite for cyclin binding. The model accounts for the regulation of
Cln3 binding via a mechanism involving Ydj1 (node Ydj1Active), relieving the
inhibitory bond between Cdc28 and Whi3 (effect of node ERRelease on Cdc28
and Whi3 dimerisation).

The mechanism of CLB4 regulation has not yet been conclusively established.
For this reason, the model does not account for Cdc28—Clb3,4 substrates, as this
would render its targets constitutively phosphorylated, which is not observed.

The SCF substrate Swe1 inhibits Cdc28—Clb1,2 activity to prevent premature
mitotic entry, and is itself regulated through degradation. The model takes
two regulatory mechanisms for Swe1 degradation into account. First, Swe1
monitors bud morphology. Only after formation of a bud, Swe1 is phospho-
rylated and primed for degradation. Second, Swez is stabilised during DNA
replication through Mec1 phosphorylation.

Sic1, another SCF substrate, inhibits Cdc28—Clb1,2,5,6 and requires phos-
phorylation by Cdc28-Cln1,2,3 or Pho85-Pcl1 for SCF recognition [104, 109].
Sic1 is phosphorylated at multiple residues as reported by Nash et al. [104].
These Sic1 phosphorylations at Cdc28 sites are hypothesised to be equivalent
to Pho85 phosphorylation [109], with the same degradational consequences for
Sic1. In the model, Sic1 is only a substrate of Cdc28-Cln1/2, as CIn3 activity is
insufficient to target Sic1 for degradation.

The ubiquitylation of Sic1 and Swe1 are encoded as inhibitory for the
binding to and phosphorylation of Cdc28, respectively. This is necessary for
a dominant effect of ubiquitylation in the Boolean model, but may not be a
necessary constraint in a quantitative model or in vivo.

The model also accounts for pheromone treatment by the input node
[Pheromone]. The effect of pheromones is implemented as a dissociation block
for Far1—Cdc28, depleting the Far1 free and (potentially) active form of Cdc28-
Cln1,2,3.

Interfaces

The primary input to the Cdc28 module is the expression of the cyclins, the
CDKIs Far1 and Sic1, and Swe1. In addition, it responds to pheromones and to
the ubiquitylation status of Sic1 and Swe1, which are considered to be inhibited
when ubiquitylated.

The module output is the phosphorylated states of the Cdc28 substrates.
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Supplementary Figure 13 Cdc28 module. Cdc28 activity is controlled by T169 phosphorylation by Cakl, dimerisation with one of nine different cyclins (CIn1-3; Clb1-6), two distinct CDKls, Swel and Sicl, and
Y19 phosphorylation by Swel. The module accounts for Cdc28 target specificity by differential phosphorylation of Cdc28 targets dependent on the activating cyclin.



4.4.3 The Cdcig module

Biology

The phosphatase Cdc14 antagonises Cdc28 and Pho85-mediated phosphory-
lations. The dephosphorylation of Cdc14 targets is temporally regulated and
only occurs towards the end of the cell cycle. Cdci14 is kept inactive through
sequestration by Net1, which retains Cdc14 at the nucleolus [148]. This inter-
action is relieved by phosphorylation of Net1 by Cdc28-Clb1,2 and Cdcs, as
well as phosphorylation of Cdc14 by the kinase Dbf2 [98]. Dbf2 is activated
upon correct SPB positioning, involving Cdc1is and Nud1 [172, 132, 92], as
described in Section 4.7.4. The activational order of phosphorylation of Cdc14
by Cdc28 and Cdcs is controversial, as the studies by [125] and [8] show. Net1
is dephosphorylated by PP2A [125].

Implementation

The Cdc14 module (Supplementary Figure 14) accounts for Cdci4 and Cdcs
regulation. Cdc14 bound to Net1 implies Cdc14 retention at the nucleolus
[148] and hence, inhibits Cdci4 substrate access. Relief of the interaction
between Cdc14 and Net1 requires phosphorylation of Net1 by Cdc28 and Cdcs,
where Cdc28-Clb1,2 phosphorylates Net1 at six unspecified sites, priming it
for phosphorylation by Cdcs, as based on [125]. These phosphorylations are
combined in the node NetzPP. Cdcs is activated by Cdc28-Clb1/2-mediated
phosphorylation on residue T242 [133]. The model also takes Dbf2-mediated
phosphorylation of Cdci4 into account. Dbf2 activation is regulated by Cdc1s
as described in Section 4.7.4.

Interfaces

The Cdc14 module responds to Cdcs expression, Cdc28-Clb1/2 kinase activity,
Dbf2 activity and the phosphatase PP2A. The module output is phosphoryla-
tion of Cdcs substrates and dephosphorylation of Cdc14, and hence, Cdc28
and Pho8s, targets.
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Supplementary Figure 14 Cdc14 module. Cdcl4 is retained and kept inactive at the nucleolus, through its interaction with Netl. Release
from the nucleolus requires Netl phosphorylation by Cdc28-Clbl,2 and Cdc5, and Cdcl4 phosphorylation by Dbf2 in response to the
spindle position checkpoint (SPOC, Supplementary Figure 27). Cdcl4 activation leads to the dephosphorylation of Cdc28 and Pho85

substrates.
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4.5 DNA replication

DNA replication is the first of three macroscopic duplication processes that
are covered by the CGM. We break this process down into four distinct steps:
DNA licensing (Section 4.5.1), DNA replication initiation (Section 4.5.2), DNA
replication (Section 4.5.5), and sister chromatid separation (Section 4.5.6).

4.5.1 DNA licensing
Biology

DNA licensing requires the recruitment of two complexes, the Origin recogni-
tion complex (ORC), and the Mcm2-7 helicase complex. ORC consists of six
subunits, Orc1-6, and binds to origin DNA via Orc1 [102]. ORC in turn recruits
the helicase Mcm2—7 to the origins via interaction between Orc1 and Cdc6, as
well as Cdt1 and Cdcé [12].

Recruitment of ORC is restricted to a time window before Cdc28-Clbs,6
becomes active, as the phosphorylation of Orc2 and Orc6 by Cdc28-Clbs/6
inhibits ORC recruitment to the origins [108]. Relicensing is additionally inhib-
ited by Cdc28-Clb1/2 phosphorylation of Mcms3, inhibiting nuclear localisation
of the Mcm2—7 complex [84]. Binding between Cdt1 and Orc6 is the crucial
step to link the Mcm2—7 complex to the ORC complex, resulting in helicase
loading at the origins.

Implementation

The DNA replication cycle starts with the macroscopic DNA licensing reaction
Cell_LIC_Cell_[(DNA)] (Supplementary Figure 15). The model accounts for reg-
ulation of helicase recruitment, but not explicitly for helicase dimerisation [40].
Instead, it is assumed that dimerisation occurs upon recruitment of the Mcma2-
7 complex. Successful loading of the helicase to the origins is implemented as
output [HelicaseLoading], which is a requirement for the Cell_LIC_Cell_[(DNA)]
reaction to execute. This reaction produces the Cell_[(DNA)]-{lic} state, repre-
senting licensed DNA.

Interfaces

CDC6 and MCM2-7 are regulated by the Mcm1 module, although only Cdc6
turn-over is considered in the model as Mcm2-7 are constantly present and
regulated through nuclear exclusion.

In addition to Cdcé expression, the module is regulated by the phosphory-
lation of Orc2, Orc6 and Mcms.

The output of the module is [HelicaseLoading], which changes the DNA
status to licensed DNA.
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Supplementary Figure 15 DNA licensing module. DNA licensing requires recruitment of the ORC complex and the Mcm2-7 complex.
Licensing is restricted to a time window between deactivation of Cdc28-Clb1/2 and the activation of Cdc28-CIb5/6, as phosphorylation
of Orc2, Orc6 and Mcm3 prevents licensing.
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4.5.2 DNA Replication initiation
4.5.3 Biology

DNA replication can only be initiated upon formation of licensed DNA. In
this step, several factors are recruited to the licensed origins: Cdcgs5 and
Sld3 are recruited to the MCM helicase via Mcm4 and Mcm6, resulting in
assembly of the MCM-Cdc45-Sld3 complex. This recruitment strictly depends
on phosphorylation of Mcmyg and Mcmé6 by the Dbfg—dependent kinase (DDK)
Cdcy [12].

The MCM-Cdc45-51d3 complex constitutes the platform for the recruitment
of Dpb11, Pol2, Psfi and Sld2 to form the Cdcg5/Mcm2—7/GINS (CMG)
complex [12]. CMG assembly is further regulated by Cdc28-Clbs,6-mediated
phosphorylation of Sld2 and Sld3 [89, 36], allowing their binding to Dpb11
[179, 12]. Origin firing also requires Mcmzio [140, 90].

4.5.4 Implementation

The DNA replication initiation module (Supplementary Figure 16) accounts for
the recruitment of additional factors to the licensed origins in order to prepare
DNA replication. This step is implemented with the macroscopic Replication
initiation reaction Cell_RepInit_Cell_[(DNA)]. The model accounts for the role
of the DDK Cdc7 in helicase assembly. DDK activity has no regulation in the
model and is permanently present, as it is the output of the unregulated DBF4
gene. A possible cell cycle regulated transcription pattern of DBF4, which may
contribute to DDK regulation, is disputed [154]. DDK substrates, however, may
require priming by other kinases [12]. The timely regulation by DDK is ensured
in the model by the dependence of licensed DNA, i.e. the phosphorylation of
Mcmyg and Mcmé only occurs in the context of the loaded double hexamer.

Mcmzio stimulates helicase activity, which the model accounts for by making
its recruitment via Mcmz2 a requirement for origin firing.

Upon recruitment of all necessary factors and formation of the CMG com-
plex (node CMG), origin firing starts, implemented as the output node [Orig-
inFiring] as a requirement for the reaction Replication initiation. This reaction
produces the Cell_[(DNA)I-{replicating} state, which represents ongoing DNA
replication.

Interfaces

The module is regulated by (de)phosphorylation of Mcm4, Mcm6, Sld2 and
Sld3, which depends on DDK, and Cdc28-Clbs/6.
The output of the model is [OriginFiring] and DNA replication initiation.
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Supplementary Figure 16 DNA replication initiation module. Cdc7-Dbf4 and Cdc28-Clb5/6 initiate the re-
cruitment of Cdc45, Sld2, SId3, Dpbll, Pol2 and Psfl to licensed origins. The recruitment of these and
additional factors leads to the establishment of the CMG complex, which together with Mcm10 initiates origin

firing.
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4.5.5 DNA replication module
Biology

DNA replication starts upon replication initiation. Ongoing DNA replication
creates replication forks, which are characterised by single-stranded/double-
stranded (ss/ds) DNA junctions. The proteins Rfa1-3 form the RPA complex
[63], which is recruited to ssDNA via Rfa1 and Rfaz [63]. RPA is recruited to
ssDNA together with the DNA replication checkpoint proteins Lcd1 and Mec1
[169, 139].

The replication forks recruit several additional replication factors, including
the replication factor C (RFC), Ctf18 and Mrc1 [24, 46]. The RFC complex binds
to ssDNA at the ssDNA/dsDNA junctions. RFC in turn recruits Ctf18 and
binds to Pol2, the catalytic subunit of DNA polymerase II. The assembly of
this complex together with Lcd1-Mec1 recruitment to ssDNA has the potential
to bring Mec1 and Mrc1 together and is hypothesised to be the key regulatory
step in Mec1/Rads3 signalling based on [46] and [53].

Mec1/Rads3 signalling proceeds through a phosphorylation cascade. First,
Mec1 phosphorylates Mrc1 [115, 23]. Phosphorylated Mrc1 binds to Rads3 [23],
a prerequisite for Mec1 phosphorylation of Rads3 [23]. This phosphorylation
by Mec1 activates Rads3 [22], which in turn signals ongoing DNA replication
by phosphorylating its substrates. Thus, Rads3 is activated and remains active
during DNA replication.

Active Rads3 phosphorylates and inhibits the MBF repressor Nrm1 [162],
maintaining MBF regulated transcription until DNA replication has finished.
Simultaneously, Rad53 phosphorylates Ndd1 [22], inhibiting activation of the
genes regulated by Ndd1, Fkh2 and Mcm1. These phosphorylations occur in
the context of activated Rads3 [22]. Furthermore, activated Rads53 phosphory-
lates Dun1 [22], which in turn phosphorylates Sml1 [23, 115]. Phosphorylated
Smli1 dissociates from the ribonucleotide reductase (RNR) Rnr1, thereby allow-
ing RNR activity, which is required for synthesis of deoxynucleoside triphos-
phate (ANTP). dANTP synthesis requires the activation of the DNA replication
checkpoint through Mec1/Rads3 dependent signalling from single stranded
DNA.

In parallel, Mec1 phosphorylation stabilises Swe1 [113], providing an addi-
tional mechanism for inhibition of mitotic entry. DNA replication also requires
histone synthesis to package the replicated genome.

Implementation

The DNA replication module (Supplementary Figure 17) accounts for the com-
pletion of DNA replication as well as activation of the signalling cascade moni-
toring ongoing DNA replication via Mec1/Rads3. This module regulates the
macroscopic DNA replication termination reaction Cell_RepFinish_Cell_[(DNA)].
The state Cell_[(DNA)]-{replicating} from the previous module is a prerequisite
to create replication forks leading both to exposed ssDNA and ssDNA/dsDNA
junctions, which are implemented as the nodes [ssDNA] and [ssdsDNAjunc-
tions]. To express the dependence on RPA recruitment to ssDNA, the interaction
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between Rfa1,2 and ssDNA additionally requires the [ssDNA] node.

The existence of ss/ds DNA junctions induces the recruitment RFC which
associates with additional factors, including the polymerase II catalytic subunit
Polz. The different complexes are represented by the nodes RPA, RPAssDNA,
RPAssDNALcdiMec1, and DNARFCCtfi8Pol2Mrc1. Activation of the Meci-
Mrc1-Rads3 pathway requires the assembly of both the RFC-Crf18-Pol2-Mrc1
complex at replication forks, and the assembly of the RPA-Lcd1-Mec1 complex
on ssDNA. The simultaneous recruitment of these complexes triggers Mec1-
Mrc1 interaction and pathway activation. This phosphorylation of Mrc1 triggers
recruitment of Rads3 and a phosphorylation cascade over Rads3 and Dun1
to Sml1. Phosphorylation of Sml1 disrupts its binding to Rnri, relieving its
inhibition of the RNR complex, and allowing the ANTP ([dNTP] node) synthesis
required for DNA replication. This cascade also leads to Swe1 phosphorylation
at 5385 by Rads3, thereby inhibiting Swe1 ubiquitylation and preventing its
degradation.

The model does not explicitly account for histones due to limited mech-
anistic knowledge on the regulation of histone synthesis and assembly, and
uses instead [Histones] as input to the macroscopic DNA replication reaction.
This placeholder needs to be true in any Boolean simulation of the network
model. The model accounts for the effects of hydroxyurea (HU) by inhibiting
dNTP synthesis, and thereby preventing DNA replication, leading to cell cycle
arrest in the S-phase. A time-scale adjustment was introduced to the replication
module to make DNA replication slower than Mec1/Rads3 signalling.

The Cell_RepFinish_Cell_[(DNA)] reaction produces the state Cell_[(DNA)]-
{replicated}, which represents completed DNA replication. Simultaneously, the
Cell_[(DNA)]-{replicating} state disappears and along with it, the indicators of
ongoing DNA replication (ssDNA, ssDNA /dsDNA junctions). This deactivates
the DNA replication pathway and leads to the inactivation of MBF regulated
transcription, and to the relief of Ndd1 inhibition which makes the transcription
of the genes regulated by the Fkh2 module possible.

Interfaces

The DNA replication module depends on ongoing replication, and the ssDNA
and ssDNA /dsDNA junctions that trigger the Mec1/Rads3 signalling cascade.

The output is a completely replicated genome, represented by the state
Cell_[(DNA)I-{replicated}.
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4.5.6 DNA separation module
Biology

The two sister chromatids created through DNA replication are held together
by cohesin rings. In anaphase, these cohesin rings must be destroyed to
allow separation of the sister chromatids and ultimately nuclear division
(ND). Correct chromosome separation and segregation is a prerequisite for
chromosome stability. Hence, DNA separation must be performed in the
correct cell cycle phase to ensure survival of the cell.

Disintegration of the cohesin ring requires proteolytic cleavage of the Scc1
subunit. Scci is cleaved by the separase Esp1 [164]. Scc1 cleavage is regu-
lated both by Scc1 phosphorylation and Esp1 availability in order to accom-
plish timely cohesin ring destruction. Esp1 is inhibited by binding to Pds1
[26, 164]. This inhibition is relieved by APC/C-mediated degradation of Pds1
(Section 4.3.3). PDS1 is MBF regulated and the protein Pds1 becomes phospho-
rylated by Cdc28—Cln1/2/3 in G; phase, which protects it from degradation.
Upon activation of Cdc14, Pds1 is dephosphorylated and can be degraded. Scc1
must furthermore be phosphorylated by active Cdcs [4, 133]. These processes
are restricted to a time window with Cdc14 activity, during which it is assured
that DNA replication has finished and the bipolar spindle is correctly aligned
and under tension (Section 4.6).

Implementation

The DNA separation module (Supplementary Figure 18) accounts for assembly
and disintegration of the cohesin rings, allowing for sister chromatid separation
and ND. The model does not explicitly account for chromatids. Instead, the
model describes the regulation of the cohesin rings and their impact on the
two macroscopic reactions Cell_SEP_Cell [(DNA)], the DNA separation reaction,
and Cell_ND_Cell_[(SPB)], the Nuclear division reaction. The model accounts for
cohesin ring assembly with two steps. First, in an initial cohesin loading step,
combined in the CohesinLoading node, the cohesin ring subunits Scc1, Sccz,
Scc4 are recruited. These associate with each other and bind to centromeric
regions of the DNA via Scc4 [94]. Second, the subunits Irr1, Smc1 and Smc3
are recruited, forming the complete ring, combined in the node [CohesinRing].

The model accounts for the regulation of cohesin ring destruction with
two prerequisites: phosphorylation of Scc1 by active Cdcs, and activation of
the separase Esp1, by degradation of its inhibitor Pds1. Esp1 truncates Scci,
thereby destroying the [CohesinRing]. This allows the DNA segregation and
Nuclear division reactions to execute, resetting the macroscopic states of the
DNA and SPB cycles to their neutral values.

Interfaces

The DNA separation module depends on the expression of Scc1 and Pds1 and
the activity of Cdcs. The output of the model is destruction of the [CohesinRing],
which is required for both DNA separation and ND.

55



Cdc5_[(T242)]-{p} Pds1 Scel

Scc2_[N]_ppi+_Scca_[tpr] .
Scc1_[sce2]_ppi+_Scc2_[scel] Scc4_[DBD]_i+_Centromere_[CLD]
Scc2_[N]y ppi-_Scc4d_[tpr]
pi-_Scec2_[scc] Scc4_[DBD]|i-_Centromere_[CLD]

Sccl_[scc2]

Cdc5_p+_Sccl_[(cdc5)] Esp1_[pds1]_ppi+_Pds1_[esp1]
Scel_[sce2]-Sce2_[scc1fec2_[N]--Sced_[tpr] Centromere_[CLD]--Scc4_[DBD]

Esp1_[pds1]_ppi-| Pds1_[esp1] \*

Sccl_[(cde5)]-{p} Esp1_[pds1]-Pds1_[esp1] CohesinLoading

Scc1_[scc3]_ppi+_St /

[sccl] Scel_[sme3]_ppi+_Smc3_[NBD]
Esp1_CUT_Scc1_[(esp1)] Scc1_[smc1]_ppi+_Smc1_[NBD] Smc1_[smec3]_ppi+_Smc3_[smci]

Scc1_[sce3]y ppi-_Sce3_[scc1] Scc1_[snjc3]_ppi-_Smc3_[NBD]|
Scc1_[spnc1]_ppi-_Smc1_[NBD]| Smc1] [smc3]_ppi-_Smc3_[smc1]

Scel_[sce3]--Sce3_[sccl Sce1_[sme3]--Sme3_[NBD]
Sect_[lespt)Htruncatea) S°°'-156EHSCRIGEY o) gmer_neD] Smec1_[sme3J-Sme3_[smet]

NotSce1Truncated //

CohesinRing

Proteasome_deg_Scc1 Cell_SEP_Cell_[(DNA)] Cell_ND_Cell_[(SPB)] [Tei

Cell_[(DNA)]-{replicated}

Supplementary Figure 18 DNA separation module. DNA separation requires the disassembly of the cohesin
ring. This is regulated by activation of Espl, which truncates the cohesin ring subunit Sccl, leading to the
disintegration of the cohesin ring. Upon DNA separation, the sister chromatids can be separated, which is a
prerequisite for nuclear division (ND).
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4.6 SPB duplication and nuclear division

The spindle pole bodies (SPBs) are the microtubule organising centres in
baker’s yeast. As yeast has a closed mitosis, the SPBs must be embedded in
the nuclear envelope. During Gy, a single SPB with short cytoplasmic and
nuclear microtubule MTs holds the centrosomes of the unreplicated genome
and positions the nucleus. The SPB is duplicated during S-phase and the
two SPBs separate as the cells enter mitosis to form a bipolar spindle. Bipolar
attachments of sister chromatids stabilise the MTs, and once the spindle is prop-
erly formed (as determined by tension at all kinetochores) and positioned (one
SPB in the mother, one in the bud), the cell rapidly separates the chromosomes
and undergoes nuclear division. We divide these processes into five modules:
SPB satellite formation (Section 4.6.1), SPB duplication plaque formation (Sec-
tion 4.6.2), SPB duplication (Section 4.6.3), SPB separation (Section 4.6.4), and
SPB tension establishment (Section 4.6.5).

4.6.1 SPB satellite formation module

Biology

In this first step, the half-bridge at the inherited SPB, formed by Sfit molecules
with free C-termini, transforms into a full bridge by recruiting a second set
of Sfi1 molecules. The Sfi1 molecules bind C-terminal to C-terminal, thereby
forming the bridge [140]. The Sfi1 dimerisation is controlled by Cdcs and
Cdc28-Clb1/2 phosphorylation of Sfi1, so that SPB duplication only occurs
once per cell cycle [34].

There are six Cdc28 sites in Sfit which are thought to contribute to the
inhibition of Sfi1 dimerisation [34]. The kinase Mps1 also appears to be
involved in regulation of Sfi1 dimerisation [34]. However, its role in bridge
formation and its regulation on a mechanistic level is not yet established. Along
with Sfi1 recruitment, the additional components Cdc31 and Kar1 associate
with the bridge [140].

Implementation

The SPB satellite formation module accounts for the transformation of the half-
bridge at the inherited SPB into a bridge, priming it for satellite formation (Sup-
plementary Figure 19). The SPB satellite initiation reaction Cell_SAT_Cell [(SPB)]
refers to this bridge formation, priming it for satellite formation by producing
the Cell_[(SPB)]-{sat} state. The Sfi1 dimer, together with Cdc31 and Kari,
constitutes the bridge, combined in the node [Bridge], forming the prerequisite
for the Cell_SAT Cell_[(SPB)] reaction to execute.

Interfaces

The SPB satellite formation module depends on the (de)phosphorylation of
Sfi1 by Cdcs, Cdc14 and Cdc28-Clb1/2. The output of the model is the bridge,
which is a prerequisite for the formation of the SPB satellite.
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Supplementary Figure 19 SPB satellite formation module.

formed by Sfil, Cdc31, and Karl molecules, where the C-termini of the Sfils are phosphorylated by Cdcb and
Cdc28-CIbl,2. Dephosphorylation of these exposed ends by Cdcl4 at cytokinesis initiates a new round of SPB
duplication. The bridge formation involves binding of a second set of Sfil/Karl/Cdc31 molecules. The bridge

assembly primes the SPB to initiate satellite formation.
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4.6.2 SPB duplication plaque formation module

Biology

Assembly of the second SPB continues with the formation of a satellite and
duplication plaque on the initial Sfi1/Kar1/Cdc31 bridge. The satellite forms
at the bridge by polymerisation of Spc42 on the free N—terminal of Sfi1 [140],
which is regulated by Cdc28-Cln1/2/3 or Mpsi-mediated phosphorylation
of Spcq2 [67]. Spcgz forms a crystalline structure that constitutes the central
plaque in the SPB [17].

Furthermore, Spcg2 recruits Cnméy and Nudi, thereby expanding the
satellite into the duplication plaque [45].

Implementation

The SPB duplication plaque formation module accounts for the regulation of the
SPB duplication plaque formation reaction Cell_DUP_Cell_[(SPB)] (Supplementary
Figure 20), which describes the formation of the duplication plaque, resulting
in the production of the Cell_[(SPB)]-{dup} state. The transition from satellite to
duplication plaque has no empirically identified regulatory mechanism. Hence,
these processes are captured in a single step. Duplication plaque formation is
represented by a series of protein-protein interactions. First, phosphorylated
Spc42 binds the SPB bridge, where Spc42-Spc42 bonds leads to crystallisation
of the central plaque, to which Cnm67 and Nud1 molecules are recruited.

The model accounts for transcriptional regulation of SPC42 by MBF and
turnover of Spc42 by degradation. However, there is no evidence for turnover
of the Spcq2 embedded in the central plaque. Hence, the model excludes
degradation of molecules in the Spcgq2 crystal Spcg2Crystal, and hence only
turns over free Spc42.

The recruitment of duplication plaque components are the prerequisite for
the DuplicationPlaqueForm node, which is required for the Cell_DUP_Cell_[(SPB)]
reaction to execute, producing the state Cell_[(SPB)]-{dup]. This state represents
the SPB with a duplication plaque, ready to mature into a complete SPB. Both
SPBs are still connected to each other via the bridge.

Interfaces

The module depends on the expression and (de)phosphorylation of Spcg2
by Cdc28-Cln1/2/3, Mps1 and Cdc14. However, the mechanisms of Mps1
regulation are unknown, leading to constant phosphorylation of Spcq2. Hence,
in practice, the module responds to the Spc42 expression and the existence of
the bridge.

The output of the module is duplication plaque formation, represented by
the state Cell_[(SPB)]-{dup}.
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CIn1/2/3 and Mpsl mediated phosphorylation.

N-termini of two Spc42 molecules. The dimerisation of Spc42 represents the crystallisation process leading to the formation
of a duplication plaque which requires the recruitment of Cnm67 and Nudl. Satellite formation is regulated via Cdc28-



4.6.3 SPB duplication module
Biology

The duplication plaque serves as a platform for the recruitment of the proteins
forming the inner and outer plaques of the SPB. Spcyz2 is recruited to the outer
plaque via Nud1 [174, 45]. Similarly, Spc29, Cmd1 and Spci1o are recruited to
the inner plaque via Spcg2 [174, 45].

Additionally, both the inner and outer plaques serve as a docking platform
for the recruitment of the y—tubulin complex, consisting of Spcg7, Spcg8 and
Tubg [174]. The y—tubulin complex binds to the receptor proteins Spcy2 at the
outer plaque and Spc110 at the inner plaque [37, 174]. This complex serves as
the platform for microtubule polymerisation.

Recruitment of the y—tubulin complex to Spc110 is regulated by phosphory-
lation. It was demonstrated that Cdc28-Clb1/2/5/6 phosphorylation of Spci1o
is important for its ability to recruit and activate the y—tubulin complex [86].

Implementation

The SPB duplication module (Supplementary Figure 21) accounts for regula-
tion of the SPB duplication reaction Cell_SPB_Cell_[(SPB)]. The [DuplPlaque]
established in the previous step represents the duplication plaque, which is the
prerequisite for the inner and outer plaque proteins to assemble into mature
plaques. Plaque formation occurs via unregulated assembly of the y—tubulin
complex, which is accounted for with the subunits Spcgy, Spcg8 and Tuby4,
combined in the node yTubSmallComp. The y—tubulin complex serves as a
prerequisite for the formation of the inner and outer plaques.

The model accounts for recruitment of the inner plaque subunits Spci11o0,
Spc29, and Cmd1, combined in the node [InnerPlaque]. The model also accounts
for the positive influence of Spcioo phosphorylation by Cdc28-Clb1/2/5/6,
combined in the node Spc110Phos, on Spcg8 and Spc110 association.

The model accounts for recruitment of the outer plaque subunits Nud1 and
Spcya.

Upon successful formation of the inner and outer plaques, combined in the
node [PlaqueForm], the SPB duplication reaction can execute, producing the state
Cell_[(SPB)]-{spb}. This state represents the two SPBs, which are still connected
to each other via the bridge.

Interfaces

The module requires the prior formation of the duplication plaque and re-
sponds to Cdc28-Clb1/2/5/6 and Cdci4-mediated (de)phosphorylation of
Spci1o.

The output of the model is the formation is the completion of SPB duplica-
tion (but not separation), represented by the state Cell_[(SPB)]-{spb/.
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forming the outer and inner plaques. Simultaneously, the growing second SPB is inserted into the nuclear pore and matures. The two



4.6.4 SPB separation module

In the next step, the two SPBs must be separated and pushed away from
each other for spindle elongation. The separation of the two mature SPBs
requires disruption of the connecting bridge through phosphorylation of Sfi1
by Cdc28-Clb1,2 and/or Cdcs [67, 174]. Additionally, pulling forces exerted
by microtubules seem to contribute to SPB separation. However, according to
[174], the two SPBs can separate without the involvement of microtubules.

The microtubules are formed by tubulin dimers. These dimers consisting
of either Tub1i-Tub2 or Tub2-Tub3 polymerise from Tub4 in the y—tubulin
complexes attached to the inner and outer plaques. This polymerisation is a
highly dynamic process with polymerisation and depolymerisation occurring
frequently.

Nuclear microtubules consist of spindle microtubules, which connect SPBs
with centromeres, and of interpolar microtubules. The latter form an antipar-
allel bundle that overlaps in the so called midzone [143]. The protein Ase1
crosslinks these interpolar microtubules [145]. Cdc28-Clb1/2 phosphorylates
Tubg [72]. This phosphorylation has a negative influence on the formation of
interpolar microtubules [106]. The formation of interpolar microtubules and
their continuing polarisation is one force pushing the two SPBs away from
each other. In addition to this mechanism, the kinesin motor proteins Cin8 and
Kip1 bind to the midzone [44, 56, 143] where they can actively push the two
SPBs away from each other. The relative contribution of these mechanisms is
not clear [143].

The two SPBs continue their separation and spindle elongation with one
SPB being pushed or pulled towards the daughter. In addition to nuclear
microtubules, the astral microtubules contribute to this process. The astral
microtubules attach to the cell cortex via Bim1 and Karg, where Bim1 binds
to the plus ends of the microtubules [93], and also recruits Karg [36]. This
interaction requires phosphorylation of Karg by Cdc28-Clbs/6 [99] or Cdc28-
Clb1/2 (hypothesised in the gap-filling process). Karg in turn binds to Myoz,
which is connected to actin cables via Act1 [181, 87]. Astral microtubules
connected to Bim1 and the actin cables connect the SPBs to the cell cortex and
help position the spindle and nucleus. The Cin8 tetramer interacts with tubulin
[56, 135].

Spindle formation can be disrupted by nocodazole treatment. Nocodazole
inhibits the polymerisation of microtubules.

Implementation

The SPB separation module (Supplementary Figure 22) accounts for SPB sepa-
ration, represented by the SPB bipolar initiation reaction Cell_BIP_Cell_[(SPB)],
producing the Cell_[(SPB)]-{bipolar} state. The model distinguishes between
microtubules emanating from the outer plaques of the SPBs, forming astral
microtubules (node AstralMTPol), and microtubules emanating from the in-
ner plaques of the SPBs, the nuclear microtubules (node NucMTPol). This
distinction allows to discriminate between the functions which the different
microtubules are involved in.
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The nuclear microtubules form, together with the microtubule crosslinking
machinery (Ase1, Tub1 and Tub4, node CosslinkedInterpolarMT), and the kinesin
motors (Kip1, and Cin8 tetramer (Cin8HD), node KinesinMotors), the nuclear
pushing forces (node NuclearForce).

The astral microtubules form, together with the actin motor proteins Karg
and Myoz2 (node ActinMotor), the cytoplasmic forces (node CytoplasmicForce).

The nuclear and cytoplasmic forces together form the microtubular forces
which push and pull the two SPBs apart, combined in the node [MTForces],
leading to the executing of the SPB bipolar initiation reaction.

The model represents microtubule polymerisation as the simultaneous ex-
istence of Tub1-Tub2 or Tub2-Tub3 bonds with the Tubi-Tub4 or Tub3-Tub4
bonds, indicating polymerisation from the y—tubulin complexes (node Tubu-
linDimer). The rxncon language cannot meaningfully describe the dynamics of
(de)polymerisation and hence, the model does not account for these dynamics.

The model accounts for nocodazole inhibition by interrupting the dimerisa-
tion between Tub1 and Tubz, and Tubz and Tub3, respectively.

Interfaces

The module depends on the duplication of the SPB (existence of a [Daughter-
SPB]), phosphorylation of Tub4 (by Cdc28_Clb1/2) and Karg (Cdc28—Clb1/2/5/6)
to stabilise the spindle, and actin cables to generate cytoplasmic forces together
with the astral microtubules. The separation of the SPBs and hence, the gener-
ation of the bipolar spindle requires that the bridge between the two SPBs is
disintegrated.

The output of the module is the microtubule forces ([MTForces]) needed
to create a bipolar spindle with tension (node [Tensionlnitiation]), and the
cytoplasmic force needed to position the spindle with one pole in each of the
mother and daughter cells (node [SpindlePositioning]).
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4.6.5 SPB spindle tension module
Biology

The bipolar spindle is the prerequisite for separation of the chromosomes.
Bipolar attachment of nuclear microtubules attached to sister kinetochores
triggers chromosome segregation and partitioning. The kinetochore is a pro-
tein structure consisting of several complexes attaching to the centromeric
region of the DNA. The outer part of the kinetochore allows attachment to
microtubules. Correct microtubule-kinetochore attachment requires that mi-
crotubules emanating from the two opposite SPBs attach to the same sister
chromatid pair. This type of interaction is referred to as biorientation or
amphitelic attachment [16]. This mechanism is tension sensitive. Tension
sensing acts on the balance between phosphorylation and dephosphorylation
of substrates involved in stabilisation of microtubule-kinetochore attachments.
Unless amphitelic attachment is accomplished, tension-sensitive aurora kinase
Ipl1 phosphorylates several subunits of the kinetochore, thereby destabilising
microtubule-kinetochore attachment. Upon amphitelic attachment, the inter-
action between the microtubules and kinetochores exerts tension at the sister
chromatids, leading to the deactivation of Ipl1, followed by dephosphorylation
of its substrates. Ipl1 is part of the chromosomal passenger complex (CPC),
which contains the subunits Nbli, Sli1s, Ipl1, Bir1 [103]. Tension establishment
furthermore requires the condensin and cohesin protein complexes [16, 94]

The CPC substrate Dam1 is phosphorylated at several residues by Ipli:
S20, S64, S257 and S292 [21]. These Dam1 phosphorylations, together with
Spc34 phosphorylation at T199 indicate low tension, thereby destabilising the
interaction between Dam1 and the microtubule subunits Tub1 and Tub2z [21].
Furthermore, the C-terminal phosphorylation of Damz1 inhibits the interaction
between Dam1 and Ndc8o [73].

The microtubule-kinetochore attachments and bioriented chromosomes
are stabilised when the spindle is correctly assembled. At this stage, the cell
can commit to segregate the chromosomes and partition them between the
mother and daughter cell. In other words, the cell passes the spindle assembly
checkpoint (SAC). SAC then initiates the release of Cdcz2o0, a prerequisite for
APC/C-Cdc20 activation.

Before passing SAC, Cdc2o is part of a kinetochore complex including
Bub1, Bub3, Mad1, Mad2 and Ndc8o. This complex allows Mad2 dimerisation
[187], which is a prerequisite for the interaction between Cdc2o and Madz2o,
which traps Cdc2o at the kinetochores and to inhibit its interaction with the
APC/C [16]. This complex assembles in the absence of stable kinetochore-
microtubule attachment. Complex assembly is initiated by Mps1 interaction
with Ndc8o, allowing Mps1 to phosphorylate Spc1os [16]. Phosphorylated
Spcios recruits Bub1, Bub3, Mad1 and Madz2 [16]. This complex disassembles
upon biorientation, initiated by the dissociation between Mps1 and Ndc8o,
which leads to the deactivation of Spcios and its ability to interact with the
remaining subunits. Cdc2o release allows it to interact with the APC/C [16],
initiating a wave of degradation and eventually anaphase (Supplementary
Figure 11).
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Implementation

The SPB spindle tension module (Supplementary Figure 23) accounts for
the integration of the molecular events required to stabilise tension at the
chromosomes, representing correct kinetochore-microtubule attachment. The
model also accounts for the Dam1, Ndc8o and CPC complexes, which are
involved in tension stabilisation.

The model accounts for the two kinetochore complexes Ndc8o and Dam1.
The model includes the Ndc8o complex subunits Spc24, Spcz2s, Nuf2 and
Ndc8o [16], combined in the Ndc§oComp node. The Dam1 complex consists of
the subunits Ask1, Dad4, Dam1, Duo1 and Spc34 [83], as accounted for and
combined in the Dami1Comp node. Both complexes interact with each other via
Dam1-Ndc8o, Ask1-Ndc8o, and Ndc8o-Spc34 [73]. These protein complex in-
teractions are accounted for and combined in the node Ndc§oDamz1Recruitment.

The model accounts for the CPC. The CPC must be located in proximity
to its substrates at the centromeres, accounted for by the requirement of Bir1
being bound to the kinetochore protein Cbfz [182], which in turn is attached
to centromeric regions of the DNA [16]. These conditions together with CPC
(subunits Bir1, Nblz, Ipl1, Sli15 forming the node CDC) resemble the active
Ipl1 kinase complex which can reach its substrates, combined in the node
AuroraBActive. Ipl1 phosphorylates Ndc8o, subunit of the Ndc8o complex, and
the Dam1 complex subunits Spc34 and Damzi [21].

The model accounts for stable kinetochore-microtubule attachment in two
steps: First, tension is initiated (node [Tensionlnitiation]). This requires the input
from several modules: a bipolar spindle and microtubule forces (nodes [Bipo-
larSpindle] and MTForces from Section 4.6.4), replicated DNA (node [DNARepli-
cated] from Section 4.5.5), an intact cohesin ring (node [CohesinRing] from
Section 4.5.6), and condensin bound to the centromeres (node CondensinAtCEN
from Section 4.8.1). The node [TensionInitiation] represents correct kinetochore-
microtubule attachment, accounting for tension at the centromeres. The initially
generated tension is inhibitory towards Ipl1 activity [88]. Now, the activity of
Glcy, the Ipl1 antagonist, dominates, resulting in the dephosphorylation of Ipl1
substrates [43]. The activity of Glcy is positively influenced by its interaction
with Spci1os [136]. Ipl1 deactivation leads to a shift in phosphorylation of its
substrates, of which Spc34, Dam1 and Ndc8o are accounted for.

Second, the wave of dephosphorylation allows the stabilisation of Dam1
complex interaction with microtubules, thereby strengthening kinetochore-
microtubule attachment. Dephosphorylation of Dam1 allows its interaction
with the tubulins Tub1 and Tub3 [21], combined in the node Dam1MT. Duo1
as Dam1 complex subunit is allowed to bind to tubulins Tub1, Tub2 and Tub3
[97], combined in the node Duo1MT. It is hypothesised that Duoi-microtubule
attachment also requires kinetochore interaction via Ndc8o [83]. Ndc8o as part
of the Ndc8o complex binds to Tub2. This interaction represents amphitelic
attachment and requires that Ndc8o is unphosphorylated on residue S1oo

[178].
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Supplementary Figure 23 SPB spindle tension module. In this step, the microtubules emanating from the SPB attach to the kinetochores which have formed around the sister
chromatids. For each kinetochore, the microtubules attaching must be from opposite poles, and only upon correct attachment, tension is exerted, leading to the deactivation
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of Ipll and stabilising the bond between Ndc80 and Tub2, thereby reinforcing stable tension



DamiMT indicates the stabilisation of the interaction between the Dam1
complex and microtubules and, together with interaction between the Dam1
and Ndc8o complexes, hence, the formation of stable tension. Lastly, [Sta-
bleTension] also requires the tension generating factors and hence, the node
[TensionInitiation].

Cdc20 release by SAC as implemented in the model is accomplished by a
signalling cascade starting with the inhibition of the interaction between Mps1
and Ndc8o requiring [StableTension].

Interfaces

The spindle tension module requires a correctly formed spindle, i.e. Bipo-
lar spindle, microtubule force generation, and replicated DNA, that is held
together by condensin and cohesin rings.

The output of the module is a stabilised spindle with tension that leads to
a signal releasing Cdc20 and triggering the activation of APC/C.

69



4.7 Cell division

This part describes the morphological changes of the yeast cell during the CDC.
This process is divided into three steps: First, the establishment of a bud site
and bud emergence (Section 4.7.1), second, bud growth (Section 4.7.2), and
third, the signalling of correct bud morphology to other parts of the network
(Section 4.7.3). Lastly, this part also describes how these morphological changes
allow for the separation of mother and daughter cell, resulting in cytokinesis
(Section 4.7.4).

4.7.1 Bud emergence module

Biology

Bud emergence starts with membrane polarisation and assembly of the bud
neck. Membrane polarisation requires local accumulation and activation of
the GTPase Cdc42 [15]. Several hypotheses have been proposed to explain
polarised Cdc42 accumulation and activation, as the exact mechanism is not
entirely clear [15, 59]. In brief, the two major hypotheses rely on positive
feedback mechanisms and explain membrane polarisation with either Cdcg2
accumulation via landmark proteins, or an actin-cable based transport system,
which sequesters Cdc42 to a spontaneously formed cluster.

Here, we focus on polarised accumulation and activation of Cdcg2 via
landmark proteins. This is thought to be accomplished by bringing Cdc42 in
proximity with its GEF Cdc24, and the GAPs Bemz, Bem3, Rga1 and Rgaz. In
this view, it is assumed that Cdc24 becomes locally active, whereas the deac-
tivating GTPase activating proteins (GAPs) Bem2, Bem3, Rga1 and Rga2 are
equally distributed. This enables localised guanosine diphosphate/guanosine
triphosphate (GDP/GTP) cycling of Cdcg2, and hence, enables membrane
polarisation.

Cdc24 localisation is accomplished by landmark proteins and Rsr1. De-
pending on the cell type, different landmark proteins are involved, resulting in
different polarisation patterns. Haploid cells have an axial polarisation pattern,
whereas diploid cells have a bipolar one [15]. However, the mechanistic role of
the landmark proteins remains unknown [70]. Rsr1 is recruited to landmark
proteins via its GTPase Buds [59].

Buds interaction with the landmark proteins stimulates Rsr1 activation,
which in turn enhances Rsr1 interaction with Cdcg2 and Cdc24. However,
the cell is able to polarise Cdc42 in the absence of spatial markers, requiring
Bem1. The interaction between Bem1 and Cdc24 is thought to depend on
Cdc28-CIn1/2/3-mediated phosphorylation of Bem1 [15].

Localised Cdc4z2 activation enables assembly of a septin ring at the polari-
sation site. Recruitment and assembly of the septin ring subunits depends on
Clag and Cdc4z2. First, Clag is activated by autophosphorylation [166], which
is supposedly supported by its interaction with active Cdcg2. Active Clag can
now phosphorylate Cdc3 and Cdc1o [116, 166]. Clag is furthermore thought to
be recruited to the cell membrane via its interaction with phosphatidylinositol
(PI) 4-phosphate [173].
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Phosphorylation of Cdc3 and Cdc1o enables them to interact with each
other and with Cdci2. The Cdc3—Cdci2, Cdcio—Cdci2 and Cdci1-Cdci2
dimers are required to establish the septin ring [14]. The exact topology of
the septin ring, however, is not entirely resolved. Recruitment of septin ring
proteins to the site of polarisation was shown to require Gic1 and Gic2 [66].

Polarisation establishment is furthermore sensitive to pheromone treatment.
Pheromone exposure triggers the mating signalling pathway, stabilising the
Far1—Cdc24 interaction and Far1 dependent nuclear sequestration of Cdc24,
thereby inhibiting Cdc24 interaction with Bem1 [18] and Rsr1 [36]. This
ultimately inhibits the cell to establish a bud site.

Implementation

The bud emergence module (Supplementary Figure 25) accounts for local
activation of Cdc42 and the assembly of the bud neck. The model accounts for
local activation of Cdc42 by a mechanism involving landmark proteins. The
model only accounts for a generic landmark protein, LM, as their mechanistic
role in polarisation remains unknown [70]. The landmark protein interacts
with the GEF Buds, activating Rsr1 when in proximity to Buds. This in
turn is the prerequisite for Cdc24 and Cdc42 recruitment, forming a localised
complex (node Cdcg2Rsr1Loc). It is assumed that the landmark proteins are
localised to a single site in the cell membrane. Bemi, however, has no distinct
localisation pattern, and hence, the model cannot explain the establishment
of a single polarisation site in the absence of Rsr1. Additionally, Bem1 forms
two different complexes with Cdcg2 and Cdc24, one with Ste2o and one with
Clag. In the absence of Rsri, either of these two complexes is thought to
establish a site of polarisation [59]. Cdc24 and Cdc42 bound to Bem1 (node
Cdcgq2Bem1Loc), is thought to locally activate Cdcg2, combined in the node
Cdcgz2LocAct, which is a requirement for the GEF reaction of Cdcg2 by Cdc24.
This reaction is furthermore supported by Cdc24 and Cdcg2 in complex with
other proteins, such as Bem1 and Ste2o (node Bemi1Cdc24Ste20Cdcg2), as well
as Bem1 and Clag (node Bem1Cdc24ClagCdcg2). These two complexes are
implemented as the requirement for membrane polarisation, represented by
the node [SymmetryBreakingBud]. Symmetry breaking is the prerequisite for
apical growth, represented by the node [ApicalGrowth]. Active Cdc42 together
with symmetry breaking initiates the assembly of the septin ring. Here, the
septin ring components Cdc3, Cdc1o, Cdc11, Cdc12, as well as Gic1 and Gic2
are accounted for. The additional septin ring component Shs1 is omitted in the
model due to its redundant role. The assembly of the septin ring at the site of
polarisation is represented by the node [SeptinPol], which is the prerequisite
for the macroscopic Bud emergence reaction Cell_EM_Cell_[(bud)] to execute,
producing the state Cell_[(bud)]{small}.
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Supplementary Figure 24 Bud emergence module. Bud emergence requires the local accumulation and activation of Cdc42, leading to the symmetry breaking and polarisation
of the cell membrane. At the same time, septin ring proteins required for bud neck establishment are recruited to the site of polarisation.



Interfaces

The bud emergence module depends on Cdc28-CIn1/2/3 mediated phosphory-
lation of Bem1, expression of Far1 and its binding to (and nuclear sequestration
of) Cdc24, and the presence of PI4P.

The outputs of the module are symmetry breaking, septin polymerisation
and apical growth, as well as the activation of a number of Cdc42 targets
involved in polarity and secretion.

4.7.2 Bud growth module

Biology

Bud growth in S. cerevisiae is initially polarised, requiring that the material
and enzymes needed to enlarge the daughter cell are targeted to the tip of the
growing bud. The material is transported in vesicles to the plasma membrane,
where the vesicles dock and fuse with the plasma membrane, accomplished
by polarised exocytosis. Polarised exocytosis requires the localisation and
activation of the exocyst complex at the site of polarisation to stimulate vesicle
fusion [60]. Actin cables mediate polarised exocytosis. It was shown that Exozo
interacts with Cdc42-GTP [175], and the same study suggested that also Sec3
interacts with Cdcg2 and Rho1 [49].

In addition to localisation through Sec3, exocytosis requires both the estab-
lishment of the polarisome and polymerisation of actin cables, which requires
Cdcg2-GTP and/or Rho1-GTP. Polarised secretion leads to cell wall integrity
(CWI) signalling [185], which activates Rho1, stabilising the polarised secretion
until the apical to isotropic switch.

Rho1 is activated upon membrane targeting by bringing it together with
its GEF Romz2 [112, 138], which is localised to the membrane by interaction
with PI 4,5-bisphosphate PI(4,5)P; [7]. PI phosphorylation is regulated via
the kinase-phosphatase pairs Sst4/Mss4 and Sac1/Inp51 [184, 155, 42, 7]. Ei-
ther of two CWI pathway sensors, Slg1 or Midz2, additionally interact with
Romz2, thereby enhancing the activity of Rom2 [119]. Furthermore, Rho1 can
be activated by Tus1 [142], another Rho1 GEF. Tus1 activation requires phos-
phorylation by Cdcs or Cdc28-Cln1/2/3 [183, 78], and is likely the driving
force in the repolarisation of the secretory machinery towards the bud neck
during cytokinesis. Rho1 also activates the glucan synthesis complex at the
site of polarised growth by binding to the subunits Fks2 and Gscz. Either of
these Rho1-glucan synthase complexes is required for glucan synthesis activity
[124, 15].

Polarised bud growth requires actin cable mediated exocytosis. Actin cables
orient towards the site of polarisation in a manner dependent on the formins
Bni1 and Bnr1 [39]. The formins are required for actin cable orientation and
nucleation, where Bni1 nucleates actin cables in the daughter cell at the bud tip,
Bnr1 nucleates actin cables in the mother cell at the bud neck [15]. Bni1 was
shown to interact intramolecularly with its C-terminal diaphanous autoregu-
latory domain (DAD) and GTP binding domain [3, 33]. This intramolecular
interaction inhibits Bni1 activity. This autoinhibition is relieved by binding
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of Rho1 or Cdcg2 to Bni1 [76, 38], as discussed by [15]. Bni1 can then to
interact with the polarisome via Spaz. The polarisome contains two more
subunits, Bud6 and Pea2, both of which bind to the scaffold protein Spaz.
The polarisome interacts via Spaz with either Msb3 or Msb4, which are GAPs
of Secq.Together with the Secq GEF Sec2, the polarisome allows for vesicle
tethering via active Secg [64], which is the prerequisite for active exocytosis at
the site of polarisation.

Treatment with Latrunculin A (LatA) disrupts actin cable polymerisation.
Hence, LatA inhibits polarised growth of the bud.

Implementation

The bud growth module (Supplementary Figure 25) accounts for the molecular
mechanism of exocytosis at the polarised bud site. The model accounts for
polarised growth in the following way: First, the exocyst complex is localised
to the polarisation site through Sec3 interaction with Rho1-GTP or Cdcj2-
GTP. This requires Rho1 activation at the site of polarisation via active Cdcg2
combined in the node Rho1Activation. The model accounts for the exocyst
complex subunits Sec3 and Exoyo; the remaining subunits of the exocyst
are omitted. Second, the model accounts for exocyst membrane targeting via
interaction of the exocyst subunits Exo7o and Sec3 with the membrane localised
PI(4,5)P; [60, 52] (node Sec3PM). The model accounts for the polarisome
subunit Pea2, Spaz, Bud6, Bni1 (node Polarisome), which interacts with either
of Msb3 or Msby4 (nodes PolarisomeMsb3 and PolarisomeMsbg).

In the model, it is hypothesised that Bni1 and Bnr1 interactions with Cdcg42
or Rho1 require [SymmetryBreaking], as discussed in [59], allowing polarised
growth at the bud tip. We hypothesise that the Bni1 autoinhibitory mechanism
also applies to Bnr1 ([3, 33], and structural similarities between Bni1 and Bnr1
[33]. Similarly, we account for Bnr1 relief of autoinhibition by Cdc42 or Rho1
binding, a model hypothesis based on [76] and [38] due to similarity between
Bni1 and Bnri1. The actin cables (BudTipCables and BudNeckCables, combined in
the node ActinCables) can be polymerised from either Bni1 or Bnr1 [101], which
can compensate for each other [65].

The interactions between Cdc42 and Rho1 and the exocyst subunit Sec3, in
combination with its docking to the membrane and polarisome, and actin cable
polymerisation enables exocytosis [1, 138, 52] in the model (node [Exocytosis]).

The model implicitly describes the process of vesicle tethering. Exocytosis
is accomplished by the combination of Sec3 (exocyst) plasma membrane locali-
sation, Sec4-GDP, and actin cables. Actin cable polymerisation from the bud
tip requires the dimerisation of Bni1 at its formin homology 2 (FH) domain
[176], which allows it to nucleate actin cables [123].

Exocytosis is implemented as a prerequisite for [ApicalGrowth], which also
requires active Cdcg2. The model also accounts for the activation of glucan
synthesis, by the Rho1-mediated activation of Fks1 and Gsc1, combined in the
node [GlucanSynthesis]. Apical growth together with active glucan synthesis
enables the Bud growth reaction Cell_Growth_Cell_[(bud)] to trigger and activate
the state Cell_[(bud)]-{large}.
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Supplementary Figure 25 Bud growth module. Cell membrane polarisation and recruitment of bud neck proteins leads to the formation of a bud. Polarised
bud growth is enabled via actin cable mediated exocytosis.



Interfaces

The bud growth module depends on active Cdc42, Symmetry breaking and
Tus1 phosphorylation.

The outputs of the module are apical growth and glucan synthesis, which
are required for bud growth, and exocytosis, which is required for both apical
growth and cytokinesis.

4.7.3 The bud morphology checkpoint module
Biology

Growth of the bud is required to overcome the morphogenesis checkpoint and
to downregulate Swe1. Swe1 phosphorylates and inhibits Cdc28-Clb1/2 [71],
delaying mitotic entry until bud size and/or morphology supports cell division.
Swe1 phosphorylations are antagonised by the phosphatase Mih1 [59]. In the
unperturbed cell cycle, the role of Swe1 seems to be minor. However, its role
becomes more distinct and important when the cell is exposed to stresses (as
discussed by [59]).

Implementation

The bud morphology checkpoint module (Supplementary Figure 26) accounts
for Swe1 regulation in the following way: First, Hsl1 and Hsly are recruited to
the bud neck via Cdc3 [59]. This recruitment depends on the input node [Large-
Bud], capturing the currently unknown mechanism of size and/or morphology
sensing. This allows Swe1 recruitment to the bud neck via Hsly and subsequent
Cdc28-Clb1/2 mediated phosphorylation of Swe1 [82, 36, 59]. The Swe1 inter-
action with Hsly also primes Swe1 for Cdcs-mediated phosphorylation [6]. The
CDK-mediated phosphorylation of Swez1 is thought to have a positive influence
on Cdcs phosphorylation [59]. Phosphorylation of Swe1 by Cdcs or Cdc28
primes it for degradation [59], combined in the node SweidegP. Phosphorylated
Swe1 enables Met30-SCF mediated ubiquitylation and subsequent degradation
(Section 4.3.1).

Interfaces

The module depends on the presence of a bud, Cdc28-Clb1/2/5/6 activity and
Cdcs activity. The output of the model is Swe1 degradation, which removes
one of the checks on mitotic entry.
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Supplementary Figure 26 Bud morphology checkpoint module. The neck of a mature bud recruits the septins
Hsll and Hsl7, a prerequisite for Swel recruitment. Cdc28-Clbl/2 and Cdc5 phosphorylate bud neck localised
Swel and prime it for degradation.
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4.7.4 The cytokinesis module
Biology

The final step of the CDC is cytokinesis. Entry into cytokinesis requires the
deactivation of the spindle orientation checkpoint (SPOC), which remains
active until the daughter SPB enters the daughter cell. Upon passing SPOC, the
mitotic exit network (MEN) is initiated, leading to the activation of the kinase
Dbf2. Dbf2 activates Cdc14 (Supplementary Figure 14), and the chitinase Chsz.

MEN activation occurs via Tem1 and Cdcis5. Tem1 is a GTPase which
stimulates its own activity [47]. Tem1 in complex with Nud1 and Cdcis
activates Cdcis [172]. It was hypothesised that the GTP-bound form of Tem1
is additionally required for Cdc15 activity [172]. Tem1 activity is antagonised
by its GAP Bubz, which binds via Bfa1 to Tem1. It is hypothesised that Bfa1
must furthermore be phosphorylated by King to inhibit Tem1 activity [13].
Phosphorylation of King at T209 by Elm1 is crucial for King activity [19].

The molecular mechanism which regulates Elm1 activity remains unclear
[19]. However, Elm1 phosphorylation of King depends on SPOC [19], and is
inhibited by proper spindle positioning. In response to the correctly aligned
spindle, phosphorylation of King is reversed through PP2A [20], leading to
dephosphorylation of the King site(s) in Bfa1. Lack of King-phosphorylation in
Bfa1 allows Cdcs to phosphorylate Bfa1 [172]. Bfa1 phosphorylated by Cdcs
forms a dimer with Tem1, enabling Tem1 GTPase activity [130, 92]. Active
Tem1 can now stimulate Cdc15 kinase activity. Cdc1s is active in a complex
consisting of Tem1, Nud1 and Cdcz1s.

Active Cdc15 phosphorylates Nud1 [172, 132], enabling Nud1 to bind Mob1
[132]. This dimer forms a complex with Dbf2. Dbf2 as part of this complex is
phosphorylated by active Cdc15 [92, 172], enabling Dbf2 kinase activity. Dbf2
can now phosphorylate Cdc14 and contribute to Cdc14 activation (Supplemen-
tary Figure 14). Cdc14 activation initiates a wave of dephosphorylation of CDK
targets, thus, resetting the cell to a state in which it can commence a new cell
cycle.

One of these Cdc14 targets is the chitinase Chs2, which, upon Cdc28-Clb1/2-
mediated phosphorylation is retained and kept inactive at the endoplasmic
reticulum (ER) [159]. Chs2 dephosphorylation by Cdc14 releases Chs2, which
is a prerequisite for Chs2 activation. ER release primes Chs2 for Dbf2 phospho-
rylation, resulting in the activation of Chs2. This node represents the active
chitinase complex, which is required to separate the mother from the daughter
cell.

Implementation

The cytokinesis module (Supplementary Figure 27) accounts for the integration
of signals leading to cell division. First, cytokinesis (node [Cytokinesis] requires
ongoing exocytosis. Second, the activation of Rho1 involved in symmetry
breaking at the mother cell (node [SymmetryBreakingCyt], is implemented as a
requirement. Third, Chs2 must be released from the ER in order to activate
Dbf2. Dbf2 activation is implemented as a signalling cascade involving Cdcs
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phosphorylation of Bfa1, which activates Tem1. Active Tem1 forms a dimer
with Cdc1s, thus activating it (node Cdc15Active). Active Cdc1s phosphorylates
Nudji, thus, priming Nud1 to form a a complex with Mob1, which in turn is
bound to Dbfz (node Dbf2MobiNudz1). Active Cdcis can now phosphorylate
and activate Dbf2 (node Dbf2Active). Active Dbf2 phosphorylates and releases
Chsz2 from the ER, thus, removing the inhibitory node Chs2ERRetention. Symme-
try breaking in the mother cell, exocytosis and active Chs2 are implemented as
the three requirements to induce the Cytokinesis reaction Cell_CYT_Cell_[(bud)],
thereby resetting the status of the bud module to its neutral state.

Interfaces

The cytokinesis module responds to spindle positioning and Cdcs, Cdc28-
Cln1/2/3, Cdc28-Clb1/2 and Cdc14 activity. In addition, cytokinesis requires
exocytosis.

The output of the module is cytokinesis and phosphorylation and activation
of Cdcig.
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Supplementary Figure 27 Cytokinesis module. Correct spindle positioning inactivates the spindle position checkpoint (SPOC), and
hence allows the activation of the mitotic exit network (MEN) and hence the Dbf2 kinase. Active Dbf2 reinforces the activation of
Cdc14 and triggers release of Chs2, pushing the cell into cytokinesis.



4.8 Additional modules

The CDC model includes four additional modules. These modules have no
reported regulation or their output is not connected to the rest of the network.
However, the information was included and can serve as a seed for network
extensions when more empirical findings become available. Section 4.8.1 con-
tains the subunits of the condensin complex which forms at the centromeres.
Section 4.8.2 contains CDK substrates for which no clear role in CDC could
be found, yet. Section 4.8.3 contains reactions, which could not be embed-
ded into the overall CDC progression network. The fourth and last module
(Section 4.8.4) describes the part of the network which was used to identify
certain types of errors in the network, which was helpful in the gap-filling and
validation process of the network.

4.8.1 The condensin module

Biology

Condensin is a multimeric protein complex with a not yet well understood
role in chromosome segregation [94]. However, condensin which has lost its
integrity causes chromosome instability [94].

Implementation

The condensin module (Supplementary Figure 28) accounts for the assembly
of the condensin complex at the centromeres. The module accounts for the
subunits Brni1, Ycg1, Smc4, Smc2 and Ycsg4, combined in the node Condensin.
The module accounts for condensin binding to the centromere regions via Sgo1,
which first binds to the centromeres, thereby recruiting Rts1, and the condensin
subunit Smc2. Condensin recruited to the centromeres is then combined in
the node CondensinAtCEN, which is one prerequisite for tension initiation
(node [Tensionlnitiation], used in the spindle tension module (Supplementary
Figure 23).

Interfaces

The condensin complex bound to the centromeres is required for tension
initiation (Supplementary Figure 23).
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Supplementary Figure 28 Condensin module. The module accounts for the condensin subunits Brnl, Ycgl, Smc4,
Smc2 and Ycs2. The condensin complex then binds to the centromeres via its subunit Smc2, which in turn binds
to centromere bound Sgol.

4.8.2 Unconnected CDK targets module

Biology

Several CDK Cdc28 and Pho85 substrates have been reported for which the role
of CDK-mediated phosphorylation at these residues remains unclear. These
substrates and phosphorylations include Cdc24 [15], Ssa1 [163], Smc4 [131],
Dbf4 [36, 15], Tglsg [36], Fin1 [36, 89], Lte1 [5] and Cdcs [100].

Implementation

The unconnected CDK targets module accounts for the phosphorylation of the
above mentioned substrates. For each substrate, the corresponding active CDK
state is required.
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Interfaces

The outputs of this module are the phosphorylated CDK substrates. In ac-
cordance with the dephosphorylation assumption (Section 4.1.2), the CDK

substrates are dephosphorylated by Cdci4 upon Cdc14 activation.

Cdc28CIn123 Pcl2_[pho85]-Pho85_[cyclin]  Cdc28CIb56 Dbf4 Cdc14_nett]-Neti_[n] Cdc28CIb12 Cdcs
"
Cdc28_p+_Cdc24_[(cdc28)] Pheb5_p+ Ssal_[(T36)]Cdc28_p+_Ssal_[(T36)] _£dc28_p+_Dbfa_[(€dc2f)] d€28_p+_Tgla_[(c8€28)] g_p+_Fin1_[(cdc28)] Cdc28_p+_Ltel_[(cdc28)] Cdc28 p+_Cdc5_[(T238)]
”
Cdc14]p-_Cdc24_[(cdc28)] 4fp-_Tgla_[(cdc28)] Cdc14p-_Fin1_[(cdc28)] Cdc14_p-|Lte1_[(cdc28)] Cdc14_p-| Cdc5_[(T238)]
L/ A / ‘~/ ~/

Cdc24_[(cdc28)]-{p} Ssa1_[(T36)]-(p) Tgla_[(cdc28)]-{p Fing_[(cdc28)}-{p} Lte1_[(cdc28)]-{p}
Cdc28_p+_Smed_[(S4)] €dc28_p+_Smed_[(T43)] / Cdc28_p+_Smea_[(T60) Cdc28_p+_Smea_[(S1p9)] Cdc28_ps_Smed_[($113)] Cdc28_p+_Smed_[(S128)] Cdc28_p+_Smed_[(S117)]
>
cazfmmus«)l caia,;s.nca _[(T43)] cazfmmmso)] cazfsmca _[(S109)] caﬁsmm _[(S113)] cazrsmca _[(S128)] cazfsmca [(S117)]
Smed_[(S4)l-{p} Smc4_[(T43)]-{p} Smed_[(T60)]-{p} Smcd_[(S109)]-{p} Sme4_[(S113)]-{p} Smc4_[(S128)]-{p} Smed_[(S117)}-{p}

Cdcs_[(T238)]-{p}

Supplementary Figure 29 Unconnected CDK targets module. The model accounts for Cdc28 substrates with no reported function.

These substrates may later be functionally connected to the network.
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4.8.3 Unconnected states module

Biology

There are several interactions and modification reactions reported in the litera-
ture which involves components thought to be involved in the CDC, but for
for which neither regulatory constraints nor any effect of the output is known.
Such reactions were also collected and added to the CDC model. In total,
twelve protein-protein interactions were added: The dimerisation between
Cbk1 and Mobz2 [172], Cdc12 and Cdcs [152], Cdc2o and Mad3 [187], Kic1
and Tao3 [172], Hym1 and Kic1 [172], Cdc11 and Cdcs [152], Cbk1 and Tao3
[172], Hym1 and Sog2 [107], Axl1 and Bud3 [70], Bud3 and Bud4 [70], Cdcg2
and Rdi1 [129], and Bud3 and Buds [70]. Two phosphorylation reactions were
added: Ace2 phosphorylation by Cbki, which requires Cbk1 to be bound to
Mobz2 [172], and Pds1 phosphorylation by Chk1 [171].

Implementation

The unconnected states module (Supplementary Figure 30) accounts for the
reactions mentioned above which are thought to have a role in CDC progres-
sion, but whose mechanistic function remains to be explored. For the two
phosphorylation reactions, two hypothesised dephosphorylation were added.

Interfaces

This module requires the existence of the proteins involved and generates the
elemental states evolving from these reactions.

84



Ace2 Pds1 Cdc5 Cdc20

Cbk1_[mob2]_ppi+_Mob2_[cbk1] Chk1_p+_Pds1_[(chk1)] Cdc5_[PBD]_ppi+_Cdc12_[cdc5] Cdc20_[mad3]_ppi+_Mad3_[cdc20]
Cbk1_[mob2]_ppi-_Mob2_[cbk1] Pds1PPT)p-_Pds1_[(chk1)] Cdc5 JPBD]Jppi-icdc127[cdc5] Cdc20_[mad3] |ppi-_Mad3_[cdc20]
Cbk1_[mob2]--Mob2_[cbk1] Pds1_[(chk1)]-{p} Cdc12_[cdc5]-Cde5_[PBD] Cdc20_[mad3]--Mad3_[cdc20]

Cbk1_p+_Ace2 [(cbk1)] Kic1_p+_Cbk1_[(Kic1)] Kic1_[tao3] ppi+_Tao3_[kic1] Hym1_[kic1]_ppi+_Kic1_[hym1]

Kic1_[tao3]|ppi-_Tao3_[kic1] Hym?1_[kic1]{ppi-_Kic1_[hym1]

N4 <

Ace2_[(cbk1)]-{p} Cbk1_[(Kic1)}-{p} Kic1_[tao3]--Tao3_[kic1] Hym1_[Kic1]--Kic1_[hym1]

Cdc5_[PBD]_ppi+_Cdc11_[cdc5] Cbk1_[tao3]_ppi+_Tao3_[cbk1] Hym1_[sog2] ppi+_Sog2_[hym1] AxI1_[bud3]_ppi+_Bud3_[axI1]

Cdcs_[PBD]_lppi-_Cdc11_[cdc5] Cbk1_[tao3]|ppi-_Tao3_[cbk1] ~ Hym1_[sog2]|ppi- Sog2_[hym1]  AxI1_[bud3]|ppi-_Bud3_[axi1]

1Y d d d

Cdc11_[edc5]--Cde5_[PBD] Cbk1_[tao3]--Tao3_[cbk1] Hym1_[sog2]--Sog2_[hym1] AxI1_[bud3]--Bud3_[axI1]

Bud3_[budd4]_ppi+_Bud4_[bud3] Cdc42_[rdi1]_ppi+_Rdi1_[cdc42] Bud3_[bud5]_ppi+_Bud5_[bud3]

Bud3_[bud4]|ppi-_Bud4_[bud3] Cdc42_[rdi1]] ppi-_Rdi1_[cdc42] Bud3_[bud5]|_ppi-_Bud5_[bud3]

». d ¥

Bud3_[bud4]--Bud4_[bud3]  Cdc42_[rdi1]-Rdil_[cdc42] Bud3_[bud5}--Bud5_[bud3]

Supplementary Figure 30 Unconnected states module. This module takes several interaction and phosphorylation
events into account, which concern components involved in CDC control, but for which no mechanistic function
has been established.
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4.8.4 Test module

Implementation

The test module (Supplementary Figure 31) accounts for the monitoring of
several erroneous events during the CDC. These were implemented to monitor
the overall state of the CDC during the gap-filling and validation steps. The
model accounts for five types of error events. First, the loss of SPB error [SP-
Bloss] monitors premature SPB separation before membrane insertion, leading
to loss of the newly formed SPB. This refers to a state of the cell where the SPB
destined for the daughter cell has started to form but disconnects from the
mother SPB before maturing and hence, no tension can be established. Second,
the segregation error [SEGerror] monitors if the DNA has been separated prior
to cytokinesis, leading to chromosome instability. Third, the nuclear division
error/NDerror] monitors if nuclear division has triggered without chromosome
segregation, leading to loss of chromosomes in one nucleus and an increased
ploidy of the other. Fourth, the cell division error [CDerror] monitors if cytoki-
nesis has occurred before nuclear division or correct spindle alignment, leading
to a binuclear cell and a nucleus free cell. Fifth and finally, the [CriticalError]
monitors if any of these four errors occurs. All five error types have a positive
feedback loop on themselves so that once triggered, the error will stay true.

Interfaces

The test module uses outputs from several modules and integrates them to
monitor four different errors, and one combination these errors. The module
has no effect on the rest of the model and is implemented purely as an analysis
tool.
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Supplementary Figure 31 Test module. The test module monitors and integrates CDC progress and reports the following errors: Loss of SPB ([SPBloss]),
segregation error ([SEGerror]), nuclear division error ({NDerror]), cytokinesis error ([CDerror]), and finally, an error which monitors if any combination of

these four error events occurs ([CriticalError]).
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