
Supplementary Fig. 1 | Comparison of APC targets during Cdh(m11)-induced mitotic exit.
a, Samples from the Cdh1(m11)-induced reversible mitotic exit experiment in Figure 1 were analy-
sed by Western blotting using antibodies against Clb5, Clb2 and Cdc5. Tub1 served as a loading 
control. b, Reversible Cdh1(m11)-induced Clb2 downregulation in the absence of Clb5. An experi-
ment as in a was performed with a strain lacking Clb5.
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Supplementary Fig. 2 | Ask1 dephosphorylation after Cdh1(m11) expression depends on 
Cdc14. Cultures of wild type and cdc14-1 cells were arrested in metaphase by Cdc20 depletion and 
shifted to 37ºC, a restrictive temperature for the cdc14-1 allele, 1 hour before induction of 
Cdh1(m11). After 60 minutes of induction, glucose was added to the culture to terminate Cdh1(m11) 
expression. Unlike in previous experiments, the APC was not conditionally inactivated during this 
time course. While Clb2 proteolysis occured similarly in both cultures, Ask1 dephosphorylation was 
observed in the CDC14, but not cdc14-1, strain. While the CDC14 culture completed mitotic exit and 
entered the next cell cycle (as seen by FACS analysis of DNA content, not shown), cdc14-1 cells 
remained arrested in late mitosis.
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Supplementary Fig. 3 | Quantification of spindle breakdown and re-assembly during revers-
ible and irreversible mitotic exit. Metaphase arrested cells treated a, as in Figure 1b (reversible 
mitotic exit), or b, Figure 2a (irreversible mitotic exit), were processed for indirect immunofluores-
cence to visualise spindles, spindle pole bodies (SPBs) and nuclear DNA, as described in Figure 1c. 
30 to 60 cells were scored at every time point and classified according to the presence of an intact 
metaphase spindle (showing continuous tubulin staining between two separated SPBs), broken 
spindle (lacking continuous tubulin staining, or collapsed with two adjacent SPBs), or G1 cells con-
taining a single SPB. Whereas spindle disassembly proceeded similarly under both reversible and 
irreversible conditions, most spindles reassembled when APCcdc16-123 activity was terminated after 50 
minutes and Clb2 levels recovered. After 60 minutes, Clb2 no longer recovered, spindles failed to 
reassemble, and most cells eventually completed mitotic exit and cytokinesis.   
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Supplementary Fig. 4 | Inefficient progression of APCCdc20-dependent anaphase events after 
Cdh1(m11) expression. a, Destruction of the anaphase inhibitor securin is only inefficiently 
promoted by Cdh1(m11). Securin levels were analysed by Western blotting during a time course 
experiment of Cdh1(m11) induction and subsequent cdc16-123 inactivation, as in Figure 1. While 
securin was degraded only slowly, we noticed an increase in the  faster migrating securin isoform, 
suggestive of reduced Cdk phosphorylation. Dephosphorylation, in addition to degradation, might 
weaken separase inhibition by securin1. b, Slow sister chromatid separation after Cdh1(m11) 
expression. The status of sister chromatid cohesion was assessed at the GFP-marked URA3 locus 
during an experiment similar to the one in a. c, Cdc14 maintains inhibitory sequestration in the 
nucleolus after Cdh1(m11) expression. Cells from the experiment in Figure 1 were stained with an 
affinity-purified α-Cdc14 antibody. Scale bars, 5 μm.
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Supplementary Fig. 5 | Sic1 is required for irreversible mitotic exit even after longer periods 
of Clb2 destruction. Cultures of SIC1 and sic1Δ cells were arrested in metaphase, and Cdh1(m11) 
was induced as in Figure 2a, but glucose was added to terminate Cdh1(m11) expression and the 
cultures were shifted to 37ºC to inactivate APCcdc16-123 after 90 min. α-factor (5 μg/ml) was added to 
prevent progression through the next cell cycle. While Clb2 decreased to almost undetectable levels 
in both SIC1 and sic1Δ strains, as analysed by Western blotting, APC inactivation resulted in reaccu-
mulation of Clb2 in sic1Δ, but not SIC1, cells. Tub1 served as a loading control.
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Supplementary Fig. 6 | Mathematical analysis of the irreversibility of mitotic exit in 
budding yeast. A wiring diagram for regulation of Clb2 kinase and Sic1 in budding yeast is 
shown2, used to analyse the relative contributions of proteolysis and feedback loops to the 
irreversibility of mitotic exit. The wiring diagram from Fig. 4a is redrawn to show details of 
positive and double-negative feedback loops. Clb2 and Clb5 represent the respective 
complexes with the Cdk subunit that is neglected from the diagram because it is not rate-
limiting. MCM1 represents the Fkh2/Ndd1/Mcm1 transcription factor complex. 
 
The following reactions and interactions were incorporated into this model, based on 
experimental results in the published literature: 
 
Clb2: 
1. Clb2 phosphorylates and activates its own transcription factor Fkh2/Ndd1/Mcm1 by 
phosphorylation of the Fkh2 and Ndd1 subunits, which creates a positive feedback loop of 
Clb2 activation3-5. 
2. Unphosphorylated Cdh1 in complex with APC promotes Clb2 ubiquitination and 
degradation. Clb2 inhibits APCCdh1 activity by phosphorylating Cdh1. This creates a double-
negative feedback loop in which reduced Clb2 leads to its increased degradation6,7. For 
simplicity, we have not included endogenous Cdh1 in our model, and it is replaced by 
constitutively active Cdh1(m11) under inducible control. Inclusion of endogenous Cdh1, 
which in our experiments is only activated when APCcdc16-123 is already inactive, does not 
qualitatively influence model behaviour (data not shown). 
3. Clb2 kinase activity is further regulated by its stoichiometric inhibitor, Sic1. Clb2 down-
regulates Sic1 levels by two mechanisms (see below), creating a pair of double-negative 
feedback loops that regulate Clb2 activity8,9. 
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Swi5/Sic1: 
1. Clb2 phosphorylates Swi5, the transcription factor for Sic1. Because phosphorylated Swi5 
cannot enter the nucleus, Clb2 inhibits Sic1 synthesis10. Swi5 phosphorylation is counteracted 
by the Cdc14 phosphatase9. 
2. Ubiquitin-mediated Sic1 degradation by the constitutively active SCF ubiquitin ligase 
depends on Sic1 phosphorylation by Clb2 or Clb5 (ref. 11). 
 
Cdh1: 
Clb2 and Clb5 phosphorylate Cdh1, which prevents it from associating with and activating 
the APC. Reduction of Clb2 and/or Clb5 levels allows the Cdc14 phosphatase to 
dephosphorylate Cdh1, thereby activating APCCdh1, creating a double-negative feedback loop 
that regulates Clb2. A variant of Cdh1 in which 11 Cdk phosphorylation sites have been 
mutated, Cdh1(m11), activates the APC irrespective of Cdk activity6,7,9. 
 
Clb5: 
Clb5 in this model represents cyclins that activate Cdk in mitosis but that are inefficiently 
targeted for degradation by Cdh1 (Clb5, Clb6)12. However, Clb5 phosphorylates Cdh1 and 
inhibits APCCdh1 activity13. Clb5 is inhibited by Sic1, creating an antagonism between Sic1 
and Clb5 (ref. 14). During normal mitotic exit, Clb5 is targeted for degradation by APCCdc20 
(ref. 15). As Cdc20 is depleted in our experimental setting, we have to include Clb5 to 
accurately describe the process. Note, that while removal of Clb5 changes the Sic1 threshold 
that leads to irreversible mitotic exit, it does not affect the key features of this network. Clb5 
was omitted from the analysis of mitotic exit in response to chemical Cdk inhibition. 
 
Cdc14: 
Under the experimental conditions used, there was little release of Cdc14 from its inhibition 
in the nucleolus, which depends on APCCdc20-dependent securin destruction16. We therefore 
assume a constant, low Cdc14 activity, representing the free form of the phosphatase which is 
not bound to its inhibitor, Net1 (refs 17,18). 
 
These relationships have been converted into a set of ordinary nonlinear differential 
equations, which describe the time-rate of change of components on the diagram. All 
variables are dimensionless and represent relative protein concentrations.  
 
 
dClb2T

dt  = k’s,clb2 + ks,clb2  Mcm1P – Vd,clb2  Clb2T 
 
dClb5

dt  =  k’s,clb5 – Vd,clb5  Clb5T 

 
dSic1T

dt   = k’s,sic1 + ks,sic1  Swi5 – Vd,sic1  Sic1T  

 
dTrim2

dt  = ka,s2  (Clb2T – Trim2)  (Sic1T – Trim2 – Trim5) – kd,s2  Trim2 – (Vd,clb2 + Vd,sic1)  

Trim2 
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dTrim5
dt  = ka,s5  (Clb5T – Trim5)  (Sic1T – Trim2 – Trim5) – kd,s5  Trim5 – (Vd,clb5 + Vd,sic1)  

Trim5 
 

dt

dCdh1(m11) = ks,cdh1 – kd,cdh1  Cdh1(m11) 

 
dMcm1P

dt  = (k’a,mcm1 + ka,mcm1  Clb2)  (1 – Mcm1P) – ki,mcm1  Mcm1P 

 
dSwi5

dt  = (ka,swi5 + k’a,swi5  Cdc14)  
1 – Swi5

 Jswi5 + 1 – Swi5  – (ki,swi5+ k’i,swi5  Clb2)  
Swi5

 Jswi5 + Swi5  

  

dt

dInh = kInh . (Inho - Inh) 

Clb2 = 
Inh1

Trim2TClb2

+

!
 

 

Clb5 = 
Inh1

Trim5TClb5

+

!
 

 
Vd,clb2 = k’d,clb2 + kd,clb2  Cdh1(m11)  APC  
 
Vd,clb5 = k’d,clb5 + kd,clb5  Cdh1(m11)  APC 
 
Vd,sic1 = k’d,sic1 + k”d,sic1  Clb5 + kd,sic1  Clb2 
 
 
Explanations: 
Clb2T and Clb5T represent the total concentration of Clb2/Cdk and Clb5/Cdk complexes 
respectively. Both Clb2/Cdk and Clb5/Cdk can bind reversibly (with dissociation constants of 
kd/ka) to Sic1, forming trimeric complexes (Trim2 and Trim5). We assume that Clb2 and Clb5 
kinases are fully inactive in the trimer complexes with Sic1. The level of the active kinases 
(Clb2 and Clb5) are calculated as difference between the total and the inactive forms (Clb = 
ClbT – Trim). This is only true, if 1NM-PP1 (Inh) is not present (Inh=0). If 1NM-PP1 is 
added, it binds rapidly and reversibly to both Cyclin/Cdk dimers and Cyclin/Cdk/Sic1 trimers 
and the concentration of active complexes is obtained by dividing the concentration of 
Cyclin/Cdk dimers with (1 + Inh). Inh refers to the intracellular concentration of the inhibitor 
relative to its IC50 value. The inhibitor transport is reversible across the cell membrane with 
an extracellular concentration of Inho. The IC50 value for 1NM-PP1 in vitro is in the 
nanomolar range19, for 5 µM 1NM-PP1 added to the culture medium we estimate Inho = 100. 
 
The degradation of cyclins (Clb2 and Clb5) and Sic1 was assumed not to be influenced by 
their complex formation, therefore the same rate constants and rate functions are used to 
describe the degradation of the different forms. 
 
The total concentration of Swi5 and MCM1 is assumed to be constant (one unit). The 
differential equations are written on the active forms, which is dephosphorylated in case of 
Swi5, and the phosphorylated Fkh2/Ndd1/Mcm1 complex (Mcm1P). The level of the inactive 
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forms is the difference between total and active forms. The interconversions between active 
and inactive forms of MCM1 are described by mass action, while Michaelis-Menten kinetics 
is used for Swi5. 
 
APC is assumed to be present in excess and not limiting for complex formation with 
Cdh1(m11). Therefore APC represents the APC activity rather than its concentration. Its 
value is one, which is reduced to 0.02 after inactivation of the cdc16-123 mutant at the 
restrictive temperature. Cdh1(m11) is synthesized and degraded but not inactivated by Cdk1-
dependent phosphorylation. APC binds to Cdh1(m11) and the level of the active complex is 
the product of Cdh1(m11)APC. 
 
Only slow synthesis was assumed for Clb5 because its transcription factor (MBF) is inactive 
during this phase of the cell cycle. Its degradation by APCCdh1 is estimated to be 10-fold 
slower than Clb2 degradation. 
 
The model was implemented and numerical simulations were performed with the computer 
programmes WINPP and XPP, using the stiff algorithm. The programmes are freely available 
from G. Bard Ermentrout (Dept. of Mathematics, Univ. of Pittsburgh, PA, USA, 
http://www.math.pitt.edu/~bard/xpp/xpponw95.html) 
 
 
Numerical values of kinetic parameters: 
Rate constants (k’s) have a dimension of min-1, while Michaelis constants are dimensionless. 
 
Clb2 synthesis, degradation and association/dissociation with Sic1: 

k’s,clb2 = 0.004, ks,clb2 = 0.01, k’d,clb2 = 0.0125, kd,clb2 = 0.5, ka,s2 = 10, kd,s2 = 0.01 

Mcm1 activation/inactivation: 

k’a,mcm1 = 0.01, ka,mcm1 = 2, ki,mcm1 = 0.2 

Clb5 degradation and association/dissociation with Sic1: 

ks,clb5 =  0.01 or 0, k’
d,clb5 = 0.02, kd,clb5 = 0.05, ka,s5 = 10, kd,s5 = 0.01 

Sic1 synthesis and degradation: 

k’s,sic1 = 0.02, ks,sic1 = 1, kd,sic1 = 2, k’d,sic1 = 0.3, k”d,sic1 = 2 

Swi5 activation/inactivation:  

ka,swi5 = 0.01, k’a,swi5 = 1, ki,swi5 = 0.01, k’i,swi5 = 1, Jswi5 = 0.1 

Cdh1(m11) synthesis and degradation: 

ks,cdh1 = 0.02 or 0, kd,cdh1 = 0.02 

Cdc14 and APC: 

Cdc14 = 0.02, APC =1 or 0.02 

1NM-PP1: 

kInh = 0.4, Inho = 100 or 0 

 

 



 10 

Initial conditions for numerical simulations: 
All the simulations were started from a stable steady state representing metaphase arrested 
cells with high Clb2 and Clb5 kinase activity, low Sic1 levels and inactive Swi5. The initial 
value of Clb2 is twice that of Clb5, an estimate based on their abundance in asynchronous 
cultures, and their pattern of accumulation. Clb5 was not included in simulations of mitotic 
exit in response to 1NM-PP1 addition and APC = 0.02 was used to reflect inactivation of 
APCcdc16-123. The simulations start with a constant rate of Cdh1(m11) synthesis, or by setting 
Inho from 0 to 100. 
 
Clb2T = 1.0, Trim2 = 0, Mcm1P = 0.9, Clb5T = 0.5, Trim5 = 0, Cdh1(m11) = 0, Sic1T = 0,  
Swi5 = 0 
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Supplementary Table 1: Yeast strains used in this study 

(all strains are derivatives of W303) 

Figure 1 

Y3486  MATα cdc16-123 MET3-HA-CDC20 GALLp-HA3-CDH1(m11) 

Y3538  as Y3486, SLI15-Pk6 

Y3508  as Y3486, ASE1-Pk6 

Y3515  as Y3486, ASK1-Pk6 

Y3516  as Y3486, SWI5-myc9 

Figure 2 

Y3596  MATa cdc16-123 MET3-HA-CDC20 GALLp-HA3-CDH1(m11) 

Y3608  as Y3596, sic1Δ 

Y3516  as above 

Y3588  as Y3486, SIC1-PK3 

Figure 3 

Y3596  as above 

Y3676  as Y3596, GAL1-CDC14-myc9 

Y3624  as Y3596, GAL1-SIC1(m3)-HA 

Y3844  MATa cdc16-123 MET3-HA-CDC20 GALLp-HA3-CDH1(m11) cdc28-as1 

SLI15-Pk6 

Y3852  as 3844, sic1Δ 

Supplementary Figure 1 

Y3508  as above 

Y3609  as Y3596, clb5Δ 

Supplementary Figure 2 

Y3636  MATa MET3-HA-CDC20 GALLp-HA3-CDH1(m11) ASK1-myc9 

Y3635  MATa cdc14-1 MET3-HA-CDC20 GALLp-HA3-CDH1(m11) ASK1-myc9 

Supplementary Figure 3 

Y3596  as above 
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Supplementary Figure 4 

Y3587  as Y3486, PDS1-myc9 

Y3688  as Y3486, PDS1-myc9 tetOs::URA3 tetR-GFP 

Y3516  as above 

Supplementary Figure 5 

Y3596  as above 

Y3608  as above 


