Supporting Text 1: Mathematical model
The mathematical model considers the major molecular events leading to the assembly of the replicative complexes at 190 early origins of replication (see Figure 1A of
the main text for a scheme of the network). Specifically, we modeled the formation
of two replication complexes at each origin promoting the synthesis of the DNA
strand in two opposing directions. We assumed that both replisomes are assembled
quasi simultaneously (as two consecutively formed replication complexes) and start
DNA synthesis synchronously as soon as the second replication complex at an origin is completed. The model consists of a system of ordinary differential equations,
describing the time evolution of all the core variables constituting the replicationinitiation network. A Mathematica file with the model equations is available on
request.
Symbols used for the model variables in the differential equations are shown in the
following table.
Variable
States of replication origins
Orc
Orc/Cdc6
Orc/Cdc6/Cdt1/Mcm2-7
Orc/Mcm2-7
Orc/Mcm2-7/S-Cdk
Orc/Mcm2-7p
Orc/Mcm2-7p/Ddk
Orc/Mcm2-7pp
Orc/Mcm2-7pp/Cdc45
Orc/Mcm2-7pp/Cdc45/11-3-2
Orc/Mcm2-7pp/Cdc45/11-3-2/GINS/DNA polymerase
Orc/Mcm2-7pp/Cdc45/GINS/DNA polymerase
Orc-S-Cdk/... for i=0,1,3,4,5,6,7,8,9
Orcp/... for i=0,1,3,4,5,6,7,8,9
Binding factors
Cdc6
Cdt1
Mcm2-7
Mcm2-7p
Cdt1-Mcm2-7
Cdt1-Mcm2-7p
Cdc45
GINS/DNA polymerase
Sic1 degradation, Cdks and phosphatase
Free Sic1 with i phosphorylations
S-Cdk bound Sic1 with i phosphorylations
G1-Cdk bound S-Cdk/Sic1 with i phosphorylations
Cdc14 bound S-Cdk/Sic1 with i phosphorylations
Clb5,6-Cdc28 (S-Cdk)
Cdc7-Dbf4 (Ddk)
Cdc14
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Symbol
S0
S1
S2
S3
SCdk
S4
SDdk
S5
S6
S7
S8
S9
Sci
Spi
F1
F2a
F2b
F2bp
F2
F2p
F4
F5
Sici
Zi
Zai
Zbi
Cdk
Ddk
P ase

Variable
Multisite phosphorylation of Sld2 and Sld3
Free Sld2 with i phosphorylations
S-Cdk bound Sld2 with i phosphorylations
Cdc14 bound Sld2 with i phosphorylations
Free Sld3 with i phosphorylations
S-Cdk bound Sld3 with i phosphorylations
Cdc14 bound Sld3 with i phosphorylations
Formation of 11-3-2 activator complex
Dpb11
Dpb11-Sld2p
Sld3p-Dpb11
Sld3p-Dpb11-Sld2p

Symbol
Xi
Xai
Xbi
Yi
Y ai
Y bi
C0
C1
C2
C3

The model parameters and their reference values as well as the reference protein
concentrations are listed in Supporting Table S1 and S2.

Activation of cell-cycle regulated kinases
In budding yeast, binding of DNA polymerases and initiation of DNA replication
are controlled through phosphorylations by the cyclin-dependent kinases G1-Cdk
(Cln1,2-Cdc28), S-Cdk (Clb5,6-Cdc28), and a third kinase Ddk (Dbf4-Cdc7).
The cell cycle begins with the synthesis of the initiator G1-cyclin Cln3, which
binds to Cdc28 forming active Cln3-Cdk. Early in the cell cycle, the cyclin-dependent
kinase inhibitor, Far1, blocks the activity of Cln3-Cdc28, that is continuously synthesized during growth (Alberghina et al, 2004). When the amount of Cln3-Cdk
overcomes that of Far1, active Cln3-Cdk becomes free and, in turn, can phosphorylate the transcription factors SBF and MBF that become active. The transcriptional
repressor of SBF, Whi5, is also phosphorylated by Cln3-Cdk and becomes translocated from the nucleus and thereby inactivated (Bloom & Cross, 2007). Among the
targets of SBF/MBF are the genes that encode the G1-cyclins Cln1,2. Recent experiments suggest that G1-Cdk (Cln1,2-Cdc28) complexes can activate SBF/MBF and
inhibit Whi5, creating a positive feedback loop (Skotheim et al, 2008). S-Cdk is activated by G1-Cdk that triggers the degradation of the S-Cdk inhibitor Sic1 (Verma
et al, 1997; Nash et al, 2001). S-Cdk then acts at multiple targets including the
proteins Sld2, Sld3, Mcm2-7 and ORCs to control the assembly of the pre-initiation
complex and replication initiation (Nguyen et al, 2001; Tanaka et al, 2007; Zegerman
& Diffley, 2007). A third kinase, Ddk, that also controls Mcm2-7 phosphorylation,
is active before S-Cdk and appears to be less tightly regulated (Nougarede et al,
2000).
In the model we do not consider the mechanism of G1-Cdk activation explicitly. Instead we use the following sigmoid input-function to account for the positive
feedback in G1-Cdk activation:
1
fCln (t) = (tanh[0.0075 (t − 1500 s)] + 1)
2
2

We assumed that G1-Cdk becomes active 20 min after beginning of origin licensing, and Ddk activity is constant during G1 and S phase. The release of active
S-Cdk following the multi-site phosphorylation and degradation of Sic1 is explained
below.
Multisite phosphorylation of Sic1 and release of active S-Cdk
The S-Cdk inhibitor Sic1 is phosphorylated by G1-Cdk at at least six of nine Ser/Thr
residues to bind to the SCFCdc4 ubiquitin ligase (Nash et al, 2001; Deshaies & Ferrell, 2001; Orlicky et al, 2003), leading to the ubiquitination of Sic1, its degradation
by the proteasome, and the release of active S-Cdk from inhibition. Mutation experiments suggest that it is the number of phosphorylated sites and not the identity
of the individual sites that governs Sic1’s ability to bind SCFCdc4 (Nash et al, 2001).
Thus, we consider in the model random phosphorylation of nine phosphorylation sites in Sic1 by G1-Cdk. Phosphorylation reactions are counteracted by a
phosphatase (likely to be Cdc14, as reported by Bloom & Cross, 2007; Visintin et
al, 1998), which is assumed to dephosphorylate Sic1 randomly. Phosphorylation of
any combination of at least six residues in Sic1 then leads to Sic1 degradation and
the release of active S-Cdk. Details of the multi-step processes of ubiquitination and
degradation of Sic1 are not considered in the model.
For i = 0, ..., 5 : Sici ′ (t) = −k26 Cdk(t)Sici (t) + k−26 Zi (t)
For i = 6, ..., 9 : Sici ′ (t) = −k26 Cdk(t)Sici (t) + k−26 Zi (t) − δ27 Sici (t)

Z0 ′ (t) = k26 Cdk(t)Sic0 (t) − k−26 Z0 (t) − k24 Cln(t)fCln (t)Z0 (t)
+k−24 Za0 (t) + β25 Zb1 (t)
For i = 1, ..., 8 :
Zi ′ (t) = k26 Cdk(t)Sici (t) − k−26 Zi (t) + (9 − (i − 1))α24 Zai−1 (t)
−k25 Zi (t)P ase(t) + k−25 Zbi (t) − k24 Cln(t)fCln (t)Zi (t)
+k−24 Zai (t) + (i + 1)β25 Zbi+1 (t)
′
Z9 (t) = k26 Cdk(t)Sic9 (t) − k−26 Z9 (t) + α24 Za8 (t)
−k25 Z9 (t)P ase(t) + k−25 Zb9 (t)
For i = 0, ..., 8 :
Zai ′ (t) = k24 Cln(t)fCln (t)Zi (t) − k−24 Zai (t) − (9 − i)α24 Zai (t)
For i = 1, ..., 9 :
Zbi ′ (t) = k25 Zi (t)P ase(t) − k−25 Zbi (t) − iβ25 Zbi (t)
In the kinetic equations, i denotes the number of phosphorylated sites.
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States of replication origins
The assembly of a replicative complex at each replication origin is a multi-step
process. The model describes the sequence of origin modifications (transitions from
S0 to S9 ) that eventually lead to origin firing and DNA replication. Several factors
(F1 , F2a , F2b , F4 , F5 ) bind at each transition step. Some of these factors Cdc6 (F1 )
and Cdt1 (F2a ) are only transiently recruited (steps 1, 3 and 9) (Randell et al, 2006),
while Mcm2-7 (F2b ), Cdc45 (F4 ) and GINS (F5 ) are part of the replication machinery
and travel with the replication fork (Gambus et al, 2006; Moyer et al, 2006; Pacek
et al, 2006). The transition from the licensing to the firing phase (from state S3
to S4 in the model) depends on Mcm2-7 phosphorylations by two kinases, S-Cdk
and Ddk (Nougarede et al, 2006; Sheu & Stillman, 2006). These phosphorylations
allow Cdc45, that was so far only loosely associated with Mcm2-7, to become stably
bound to Mcm molecules at the origins. We assumed that S-Cdk acts as a priming
kinase (step 10) for the Mcm2-7 phosphorylation by Ddk (step 11) (Nougarede et
al, 2000). The loading of GINS and DNA polymerase to the origins (transition
from S7 to S8 ) are facilitated by the transiently recruited 11-3-2 activator (Sld3Dpb11-Sld2, C3 ) at the replication origins (Kanemaki & Labib, 2006). The exact
sequence of protein recruitment at the origin is not clear. Alternative possibilities
are discussed suggesting that Sld3 forms a complex with Cdc45 in the nucleoplasm,
which can associate to the origins. Consequently, the complete 11-3-2 activator
complex is formed on the DNA after phosphorylations of Sld3 and Sld2 by S-Cdk.
This alternative mechanism would not interfere with the results of our mathematical
model.
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S0 ′ (t) = −k1 S0 (t)F1 (t) + k−1 S1 (t) − k23 S0 (t)Cdk(t) + k−23 Sc0 (t)
+k16 S9 (t)
′
S1 (t) = k1 S0 (t)F1 (t) − k−1 S1 (t) − k3 S1 (t)F2 (t) + k−3 S2 (t)
−k23 S1 (t)Cdk(t) + k−23 Sc1 (t)
S2 ′ (t) = k3 S1 (t)F2 (t) − k−3 S2 (t) − k9 S2 (t)
S3 ′ (t) = k9 S2 (t) − S3 (t)k10 Cdk(t) + k−10 SCdk (t) − k23 S3 (t)Cdk(t)
+k−23 Sc3 (t)
SCdk ′ (t) = S3 (t)k10 Cdk(t) − k−10 SCdk (t) − α10 SCdk (t)
S4 ′ (t) = α10 SCdk (t) − S4 (t)k11 Ddk(t) + k−11 SDdk (t)
−k23 S4 (t)Cdk(t) + k−23 Sc4 (t)
′
SDdk (t) = k11 S4 (t)Ddk(t) − k−11 SDdk (t) − α11 SDdk (t)
S5 ′ (t) = α11 SDdk (t) − k12 S5 (t)F4 (t) + k−12 S6 (t) − k23 S5 (t)Cdk(t)
+k−23 Sc5 (t)
′
S6 (t) = k12 S5 (t)F4 (t) − k−12 S6 (t) − k13 S6 (t)C3 (t) + k−13 S7 (t)
−k23 S6 (t)Cdk(t) + k−23 Sc6 (t)
′
S7 (t) = k13 S6 (t)C3 (t) − k−13 S7 (t) − k14 S7 (t)F5 (t) + k−14 S8 (t)
−k23 S7 (t)Cdk(t) + k−23 Sc7 (t)
′
S8 (t) = k14 S7 (t)F5 (t) − k−14 S8 (t) − k23 S8 (t)Cdk(t) + k−23 Sc8 (t)
−k15 S8 (t)
′
S9 (t) = k15 S8 (t) − k23 S9 (t)Cdk(t) + k−23 Sc9 (t) − k16 S9 (t)

S-Cdk also inhibits the formation of the pre-replicative complex (S3 ) by phosphorylating the ORC subunits Orc2 and Orc6 (Nguyen et al, 2001). ORC lacking Orc6
fails to interact with the licensing factor Cdt1 and to load the Mcm2-7 helicase onto
the replication origin (Chen et al, 2007), raising the possibility that Orc6 phosphorylation inhibits Cdt1 binding (eventually for steric reasons). Thus, origins that are
phosphorylated at ORC by S-Cdk before being licensed (in S0 or S1 states) cannot
be licensed and, consequently, fired. However, origins that are phosphorylated at
ORC after being licensed become protected against rereplication.
For i = 0, 1, 3, 4, ... , 9 :
Sci ′ (t) = k23 Si (t)Cdk(t) − k−23 Sci (t) − α23 Sci(t)
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Sp0
Sp1
Sp3
SpCdk
Sp4

′

(t)
(t)
′
(t)
′
(t)
′
(t)
′

=
=
=
=
=

SpDdk ′ (t) =
Sp5 ′ (t) =
Sp6 ′ (t) =
Sp7 ′ (t) =
Sp8 ′ (t) =
Sp9 ′ (t) =

−k1 Sp0 (t)F1 (t) + k−1 Sp1 (t) + α23 Sc0 (t) + k16 Sp9 (t)
k1 Sp0 (t)F1 (t) − k−1 Sp1 (t) + α23 Sc1 (t)
α23 Sc3 (t) − Sp3 (t)k10 Cdk(t) + k−10 SpCdk (t)
Sp3 (t)k10 Cdk(t) − k−10 SpCdk (t) − α10 SpCdk (t)
α23 Sc4 (t) + α10 SpCdk (t) − Sp4 (t)k11 Ddk(t)
+k−11 SpDdk (t)
k11 Sp4 (t)Ddk(t) − k−11 SpDdk (t) − α11 SpDdk (t)
α23 Sc5 (t) + α11 SpDdk (t) − k12 Sp5 (t)F4 (t) + k−12 Sp6 (t)
α23 Sc6 (t) + k12 Sp5 (t)F4 (t) − k−12 Sp6 (t) − k13 Sp6 (t)C3 (t)
+k−13 Sp7 (t)
α23 Sc7 (t) + k13 Sp6 (t)C3 (t) − k−13 Sp7 (t) − k14 Sp7 (t)F5 (t)
+k−14 Sp8 (t)
α23 Sc8 (t) + k14 Sp7 (t)F5 (t) − k−14 Sp8 (t) − k15 Sp8 (t)
α23 Sc9 (t) + k15 Sp8 (t) − k16 Sp9 (t)

In the model, we allow origins, that have already fired, to re-enter the initiation
network (step 16) after a delay of ∼ 8 minutes used for the ligation of DNA strands.
These origins can then be licensed again (as long as the licensing molecules Cdc6
and Cdt1 are available and the inhibitory ORC phosphorylations by S-Cdk have not
occurred), and finally progress to a second round of firing.
The number of rereplicating origins ρ is determined by subtracting the number of
origins, that would fire when the re-entering of fired origins would not be allowed in
the mathematical model (k16 = 0), from the calculated number of firing origins N,
which also included the rereplicating origins.

Binding factors
Several proteins are required for the replication complex. The free concentration
of these factors is reduced by binding to replication origins at particular states, by
degradation and by export from the nucleus.
We assume that Cdt1 and Mcm2-7 form a stable complex (F2 ) in the nucleus
(step 4) and are recruited together to the replication origins (step 3). Mcm2-7, alone
or in association with Cdt1, can be phosphorylated by G1-Cdk or S-Cdk (step 6)
triggering its export from the nucleus (step 8) (Labib et al, 1999; Nguyen et al,
2000; Tanaka & Diffley, 2002). Free Cdt1 proteins also become excluded from the
nucleus (step 7). After recruitment of Cdt1-Mcm2-7 to the origins, Cdc6 dissociates
from the origins. G1-Cdk phosphorylates Cdc6, targeting it for degradation (step
2) (Drury et al, 2000).
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F1 ′ (t) = −k1 F 1(t)(S0 (t) + Sp0 (t)) + k−1 (S1 (t) + Sp1 (t)) + k9 S2 (t)
−δ2 F1 (t)fCln (t)
′
F2a (t) = −k4 F2a (t)F2b (t) + k−4 F2 (t) − k5 F2a (t)F2bp (t) + k−5 F2p (t)
+k9 S2 (t) − k7 F2a (t)
F2b ′ (t) = −k4 F2a (t)F2b (t) + k−4 F2 (t)
−α6 F2b (t)(fCln (t) + Cdk(t)/Clb56) + k16 (S9 (t) + Sp9 (t))
′
F2bp (t) = α6 F2bp (t)(fCln (t) + Cdk(t)/Clb56) − k5 F2a (t)F2bp (t)
+k−5 F2p (t) − k8 F2bp (t)
′
F2 (t) = k4 F2a (t)F2b (t) − k−4 F2 (t) − k3 S1 (t)F2 (t) + k−3 S2 (t)
−α6 F2 (t)(fCln (t) + Cdk(t)/Clb56)
′
F2p (t) = α6 F2 (t)(fCln (t) + Cdk(t)/Clb56) + k5 F2a (t)F2bp (t)
−k−5 F2p (t) − k8 F2p (t)
′
F4 (t) = −k12 F4 (t)(S5 (t) + Sp5 (t)) + k−12 (S6 (t) + Sp6 (t))
+k16 (S9 (t) + Sp9 (t))
′
F5 (t) = −k14 F5 (t)(S7 (t) + Sp7 (t)) + k−14 (S8 (t) + Sp8 (t))
+k16 (S9 (t) + Sp9 (t))

Multisite phosphorylation of Sld2 and Sld3
The S-Cdk target proteins Sld2 and Sld3 serve as key regulators that transiently associate with the replication origins and become dispensable after origin firing (Kanemaki & Labib, 2006). Phosphorylation of multiple serine and threonine residues in
Sld2 and Sld3 is required for the binding to Dpb11 and the formation of an 11-3-2 activator complex that transiently associates with the replication origins and is critical
for the recruitment of GINS, DNA polymerases and other factors to the replication
origins (Tanaka et al, 2007; Zegerman & Diffley, 2007). The activation mechanism
of Sld2 by S-Cdk is complex, requiring the phosphorylation of multiple Ser/Thr before the critical Thr84 site, the docking site for Dpb11, can be phosphorylated (Tak
et al, 2006). Thr600 and Ser622 phosphorylations are required for Sld3 activation
and binding to Dpb11 (Zegerman & Diffley, 2007). Sld2/Sld3 phosphorylation can
be reversed by the phosphatase Cdc14, which exhibits, however, low activity levels
during the S phase (Bloom & Cross, 2007).
According to in vitro measurements by Tak et al (2006), we considered in the
model a random phosphorylation of six Ser/Thr residues (Xi , i = 1, .., 6) in Sld2
followed by the Thr84 phosphorylation (X7 ). For Sld3, random phosphorylation of
two serines residues is assumed (Yi , i = 1, 2). Multisite phosphorylation of Sld2 and
Sld3 is modeled as a distributive mechanism, in which the enzyme dissociates from
the substrate after each modification and rebinds for the next step.
Although a random mechanism is generally more complicated due the large
number of intermediate phosphorylation states (see Figure 6A of the main text),
the system of differential equations can be reduced if we assume that the kinetic
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parameters (k17 , k−17 , α17 , k18 , k−18 , β18 ) do not depend on the targets phosphorylation state (Salazar & Höfer, 2007). All i-times phosphorylated molecules can be
then lumped into a single variable regardless of the position of the phosphorylated
residues. In this way, the random mechanism is mapped to a chain of sequential
reactions (see scheme below for Sld2), in which the phosphorylation rate decreases
with increasing serine phosphorylation of the target with (N −i+ 1)α17 , where N ist
the total number of phosphorylation sites of the molecule. The dephosphorylation
rate increases with (iβ18 ).

X0 ′ (t) = −k17 X0 (t)Cdk(t) + k−17 Xa0 (t) + β18 Xb1 (t)
For i = 1, ..., 5 :
Xi ′ (t) = (6 − (i − 1))α17 Xa0 (t) − k17 X1 (t)Cdk(t) + k−17 Xa1 (t)
+(i + 1)β18 Xb2 (t) − k18 X1 (t)P ase(t) + k−18 Xb1 (t)
X6 ′ (t) = α17 Xa5 (t) − k17 X6 (t)Cdk(t) + k−17 Xa6 (t) + β20 Xb7 (t)
−k18 X6 (t)P ase(t) + k−18 Xb6 (t)
′
X7 (t) = α19 Xa6 (t) − k18 X7 (t)P ase(t) + k−18 Xb7 (t)
−k21 X7 (t)(C0 (t) + C2 (t)) + k−21 (C1 (t) + C3 (t))
For i = 0, 1, ..., 5 :
Xai ′ (t) = k17 Xi (t)Cdk(t) − k−17 Xai (t) − (6 − i)α17 Xai (t)
Xa6 ′ (t) = k17 X6 (t)Cdk(t) − k−17 Xa6 (t) − α19 Xa6 (t)
For i = 1, ..., 6 :
Xbi ′ (t) = k18 Xi (t)P ase(t) − k−18 Xbi (t) − iβ18 Xbi (t)
Xb7 ′ (t) = k18 X7 (t)P ase(t) − k−18 Xb7 (t) − β20 Xb7 (t)
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Y0 ′ (t) = −k17 Y0 (t)Cdk(t) + k−17 Y a0 (t) + β18 Y b1 (t)
Y1 ′ (t) = 2α17 Y a0 (t) − k17 Y1 (t)Cdk(t) + k−17 Y a1 (t) + 2β18 Y b2 (t)
−k18 Y1 (t)P ase(t) + k−18 Y b1 (t)
Y2 ′ (t) = α17 Y a1 (t) − k18 Y2 (t)P ase(t) + k−18 Y b2 (t)
−k22 Y2 (t)(C0 (t) + C1 (t)) + k−22 (C2 (t) + C3 (t))
For i = 0, 1 :
Y ai ′ (t) = k17 Yi (t)Cdk(t) − k−17 Y ai (t) − (i + 1)α17 Y ai (t)
For i = 1, 2 :
Y bi ′ (t) = k18 Yi (t)P ase(t) − k−18 Y bi (t) − β18 Y bi (t)

Formation of the 11-3-2 catalytic complex
Multiple Thr/Ser phosphorylations in Sld2 and Sld3 are required for the formation of
the 11-3-2 activator complex together with Dpb11. However, the sequence of the 113-2 activator assembly is presently not clear. Non-competitive protein interactions
of phosphorylated Sld2 and Sld3 with Dpb11 may allow the pre-assembly of the 113-2 activator before binding to the replication origins (Tanaka et al, 2007; Zegerman
& Difley, 2007). On the other hand, Yabuuchi et al (2006) have suggested, from
experiments in fission yeast, the cooperative binding of Cdc45 and Sld3 to origins
prior to recruitment of Sld2-Dpb11. It has been observed that 11-3-2 activator
is no longer required after the replisome has started DNA synthesis. Specifically,
Kanemaki & Labib (2006) suggested that the 11-3-2 activator is displaced form
replication origins when the GINS complex binds.
In the model, we assume that fully phosphorylated Sld2 (X7 ) and Sld3 (Y2 )
can bind to Dpb11 (C0 ) in a random order, allowing the pre-assembly of the 11-3-2
activator complex (C3 ) before binding to the replication origins. The 11-3-2 complex
binds to the replication origins in step 13 and dissociates from it in step 15 after the
recruitment of the GINS complex and DNA polymerases.
C0
C1
C2
C3

′

(t)
(t)
′
(t)
′
(t)
′

=
=
=
=

−C0 (t)(k21 X7 (t) + k22 Y2 (t)) + k−21 C1 (t) + k−22 C2 (t)
k21 X7 (t)C0 (t) − k22 Y2 (t)C1 (t) − k−21 C1 (t) + k−22 C3 (t)
k22 Y2 (t)C0 (t) − k21 X7 (t)C2 (t) − k−22 C2 (t) + k−21 C3 (t)
k22 Y2 (t)C1 (t) + k21 X7 (t)C2 (t) − k−22 C3 (t) − k−21 C3 (t)
−k13 C3 (t)(S6 (t) + Sp6 (t)) + k−13 (S7 (t) + Sp7 (t))
+k15 (S8 (t) + Sp8 (t))

Cell-cycle dependent kinases and phosphatase
The free concentration of kinases S-Cdk and Ddk as well as of phosphatase Cdc14
(Pase) is given by the following kinetic equations:
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Cln ′ (t) = −k24 Cln(t)fCln (t)

8
X

Zi (t) + k−24

i=0

+α24 (

8
X

8
X

Zai (t)

i=0

(9 − i)Zai (t))

i=0

Cdk ′ (t) = −k26 Cdk(t)

9
X

Sici (t) + k−26

i=0
6
X

−k17 Cdk(t)(
+α17 (

Xi (t) +

(6 − i)Xai (t) +

−k23 Cdk(t)(

Si (t) +

i=0

+α23 (

1
X

Yi (t)) + k−17 (

i=0
1
X

i=0
1
X

Zi (t)

i=0
1
X

i=0
5
X

9
X

Sci (t) +

i=0

9
X

6
X

Xai (t) +

1
X

Y ai (t))

i=0

i=0

(2 − i)Y ai (t)) + α19 Xa6 (t)

i=0
9
X

1
X

i=3

i=0

Si (t)) + k−23 (

Sci(t) +

9
X

Sci (t))

i=3

Sci (t)) − k10 Cdk(t)(S3 (t) + Sp3 (t))

i=3

+k−10 (SCdk (t) + SpCdk (t)) + α10 (SCdk (t) + SpCdk (t))
P ase ′ (t) = −k25 P ase(t)

9
X

Zi (t) + k−25

i=1
7
X

−k18 P ase(t)(
+β18 (

i=1

Zbi (t) + β25 (

9
X

i=1

Xi (t) +

i=1
6
X

9
X

iXbi (t) +

2
X
i=1

2
X

Yi (t)) + k−18 (

iZbi (t))

i=1
7
X

Xbi (t) +

i=1

iY bi (t)) + β20 Xb7 (t)

i=1

Ddk ′ (t) = −k11 Ddk(t)(S4 (t) + Sp4 (t)) + k−11 (SDdk (t) + SpDdk (t))
+α11 (SDdk (t) + SpDdk (t))
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2
X
i=1

Y bi (t))

Initial conditions
We assume the following initial conditions: all origins are initially found at state
S0 ; Sld2 and Sld3 are completely dephosphorylated; all binding factors Cdc6, Cdt1,
Mcm27, Cdc45, Sld2, Sld3, Dpb11 and GINS are free in the nucleus and not bound
to other proteins. An initial concentration of zero is assumed for all other variables
not listed below explicitly.
Cln(0)
Sic0 (0)
Cdk(0)
P ase(0)
Ddk(0)
S0 (0)
F1 (0)
F2a (0)
F2b (0)
F4 (0)
F5 (0)
X0 (0)
Y0 (0)
C0 (0)

=
=
=
=
=
=
=
=
=
=
=
=
=
=
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Cln12
Sic1
Clb56
Cdc14
Cdc7
ORC
Cdc6
Cdt1
Mcm2-7
Cdc45
Gins
Sld2
Sld3
Dpb11
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