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A. The model: differential equations and parameter sets  

In Table SI we present the differential and algebraic equations that define our generic 

model of the cell cycle. In Table SII we list the particular parameter values that we propose 

for the organisms modeled in this paper. The ‘G2 module’ refers to the parameter values 

used to model Wee1 and Cdc25 activity in the extended budding-yeast and mammalian-cell 

models. 

 

In the models for specific organisms, some modules are missing, in which case their 

associate rate constants are set to 0 (except for those that would give a division by zero; 

these rate constants we set to an artificial number). The ‘.set files’ on our web site provide 

convenient electronic versions of these parameter, with the artificial numbers included. To 

create the bifurcation diagram for APC-A mutants we deleted the equation of APCP and 

used APCP = 0.1 (10% of total activity) as a parameter.  

 

B. Frog egg  

From the equations in Table SI and the ‘Xenopus embryo’ parameter set in Table SII, we 

computed a one-parameter bifurcation diagram (Fig. S1), which is qualitatively similar to 

the corresponding diagram in Borisuk & Tyson (1). ‘Rate constant for cyclin synthesis’ in 

their diagram is equivalent to ksbp*mass in our model.  
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C. Fission yeast mutants  

Fig. S2A: Wild-type fission yeast cell. For comparison.  

Fig. S2B: cig2∆ . Cig2 = CycA  (modules 11-12-13). The cig2-deletion mutant is viable and 

roughly the same size as wild-type cells (2). Comparing this mutant to wild-type cells 

(panel A), the G1 steady state persists to larger cell mass, i.e., cells must grow to a larger 

size before they leave G1 phase. The critical size for leaving G2 (the SNIPER bifurcation 

point) remains the same, so the mutant cells are about the same size as wild type.  

Fig. S2C: cig2∆ rum1∆ . Rum1 = CKI  (modules 6, 8, 9, 12). This double-deletion mutant 

is also viable and similar to wild type (3). The G1 steady state moves back to smaller cell 

size. Although the double-deletion mutant is predicted to be similar in size to wild-type 

cells, the amplitude of the limit cycle is reduced. As a consequence, actCycB does not drop 

as low as in wild-type cells and G1 phase is even shorter.  

Fig. S2D: wee1- cdc25∆ . When both the G2 inhibitor and activator are missing, cells are 

viable but exhibit an unusual, trimodal distribution of cycle times (4,5). In the bifurcation 

diagram, the SNIPER is missing and mitotic oscillations are initiated from a supercritical 

Hopf bifurcation on the M-branch of steady states. Consequently, after passing the G2 

checkpoint, the control system is attracted to a stable mitotic state. At a slightly larger size, 

the stable mitotic state gives way to oscillations whose amplitudes are too small (at first) to 

carry the cell successfully out of M phase. Finally, when the cell grows large enough, a 

large amplitude oscillation in actCycB induces cell division. The distribution of cycle times 

in a population of cells is quantized (bimodal in this deterministic model) because the 

number of small amplitude oscillations experienced by a cell depends on its birth size.  
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Fig. S2E: wee1- rum1∆ . In the single deletion mutant,  rum1∆ (6), the G1 steady state is 

moved to small size (not shown), but the mutant cells cycle just like wild type. In the 

double mutant, wee1ts rum1∆, both G1 and G2 steady states are moved to very small size. 

As a result, when wee1ts rum1∆ cells are transferred from 25oC (Wee1 active, cells viable 

and wild-type size) to 35oC (Wee1 inactive), the cells become smaller and smaller each 

division cycle and eventually die because they are too small to hold a dividing nucleus (6). 

In simulations, the mutant stabilizes at one-fourth wild-type size, which is probably too 

small to be viable. 

Fig. S2F: cdc13+/-. Assuming that heterozygous diploid cells for the cdc13- allele will have 

½ the wild-type amount of Cdc13 protein, we find in the one-parameter bifurcation diagram 

a region of endoreplication cycles at small cell mass (~1 au, about half the size of wild-type 

cells), as well as mitotic cycles at about twice the size of wild type cells. To our knowledge, 

no one has ever looked for signs of endoreplication in these cells at very small size (e.g., 

after spore germination). 

 

C. Budding yeast mutants 

C.1. Mutants of G1 phase regulation 

Fig. S3A and B: variable expression of CDH1 and SIC1. As levels of expression of 

CDH1 and SIC1 decrease, oscillations move to smaller cell mass, and oscillation periods 

get longer. Balanced growth and division is achieved in the ‘oscillator’ domain, see Figs. 

5C and D in the main text. On Fig. S3A, as Cdh1 activity decreases, the oscillations move 

from a SNIPER bifurcation (red line) to large amplitude oscillations derived from a CF 
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(cyclic fold) bifurcation (blue line). (This ‘move’ is accomplished by a complicated 

sequence of bifurcations not indicated in the diagram at this scale.) For decreasing levels of 

Sic1 (Fig. S2B), the wild-type SNIPER bifurcation (upper red line) switches over to a 

SNIPER on a different SN branch (lower red line), again by a complicated sequence of 

bifurcations not indicated on the diagram.  

 

C.2. Mutants of mitotic exit regulation 

Fig. S3C and D: variable expression of CDC20 and CDC14. As levels of expression of 

CDC20 and CDC14 decrease, oscillations disappear at a CF bifurcation (blue line). These 

bifurcation diagrams are quite similar, confirming that the mutations cause quite similar 

phenotypes (mitotic arrest). The major difference between the mutants, namely the different 

levels of CycB in the arrested state (Fig. 5E and F), cannot be visualized on these two-

parameter diagrams.  

 

C.3. Morphogenetic checkpoint mutants 

Fig. S4A: cdc24ts. The morphogenetic checkpoint (7) is turned on in cdc24ts cells at the 

restrictive temperature, because they cannot form buds (8). Activation of the checkpoint 

causes activation of Swe1, which introduces a G2 delay by phosphorylating Cdk1. 

Following Ciliberto et al. (9) we introduced Swe1 and Mih1 (aka: Wee1 and Cdc25) into 

our model, using Ciliberto’s parameter values for the cdc24ts mutation. Our bifurcation 

diagram (Fig. S4A) shows that a stable G2 steady state appears, but it is mostly hidden by 

the stable G1 steady state; just a small stable branch of the G2 attractor is visible for 
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growing cells. Nonetheless, the G2 module extends the periods of oscillations, and as we 

see on the simulation curve, the cells enter mitosis with a long delay. Cells grow very large 

because the MDT cannot be balanced by the cell-cycle oscillation period.  

Fig. S4B: hsl1∆  mih1∆ . Cells that are deleted for both Hsl1, the inhibitor of Swe1, and 

Mih1, the phosphatase that opposes Swe1, have a very stable G2 attractor (Fig. S4B) 

extending to very large cell mass. These cells are inviable (10).  

 

D. Mammalian cell cycle results  

Fig. S5A: Wild-type cells without the G2 module. For comparison with (11).  

Fig. S5B: Wild-type cells with the G2 module. A more realistic model than (11), because 

mammalian cells have a functional G2 checkpoint mechanism.  

Fig. S5C: cycE∆ . Cells are viable and only slightly larger than wild type. By comparison, 

cycD∆ cells in our model (Fig. 8C in main text) are considerably larger than wild type. 
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Supplementary figure legends 

 

Fig. S1. One-parameter bifurcation diagram for the ‘Xenopus embryo’ parameter set. 

 

Fig. S2. One-parameter bifurcation diagrams of fission yeast mutants. (A) WT (Wild 

Type) parameter values. (Same as Fig. 2A of main text.) (B) ksapp = 0, (C) ksapp = ksip = 0, 

(D) kweepp = 0.05 min-1, k25pp = 0.001 min-1 (10% of WT values), (E) kweepp = 0.05 min-1, ksip 

= 0, (F) ksbp = 0.01 min-1 (50% of WT value). 

 

Fig. S3. Two-parameter bifurcation diagrams of budding yeast mutants. Varying 

levels of G1 antagonists (A: kah1p and kah1pp; B: ksip and ksipp changed together), and mitotic-

exit regulators (C: ks20p and ks20pp; D: kah1pp, kafi and k14di changed together). Ordinates are 

normalized to have wild-type cells at level 100 on each plot. Black lines (solid or dashed) 

denote pairs of SN loci that meet at a CUSP point; red line = SNIPER locus; blue line = CF 

locus; purple line = Hopf bifurcation locus. In the oscillatory domains, period (T) is 

indicated by the color scale. 

 

Fig. S4. Morphogenesis checkpoint mutants of budding yeast. One-parameter 

bifurcation diagrams of the generic model with budding-yeast parameter values + the 

morphogenetic checkpoint module (#5). (A) cdc24ts. Simulation curve (MDT = 120 min) is 

initiated from wild-type cell mass at birth. The cdc24ts mutant is unable to make a bud; 

consequently, Wee1 activity is activated and Cdc25 activity is inhibited. Cells are delayed 
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in G2 phase for about 2 h, but they eventually divide at a large size, giving rise to one 

binucleate cell and one anucleate cell (10). (B) hsl1∆ mih1∆. Same as A, except k25p = k25pp 

= 0. This mutant is inviable (12). In our model, it is stuck in G2 phase and grows very large 

(and presumably dies). On the far right, for comparison purposes, are the corresponding 

diagrams in Ciliberto et al. (9). 

 

Fig. S5. One-parameter bifurcation diagrams and simulations of mammalian cell 

cycles. Wild-type cells without G2 module (A), and with G2 module (B). Red curves: 

simulations for MDT = 14 h. (C) cycE∆ mutant: ksep = ksepp = 0. 
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Table SI. Equations 
 
Cdk/cyclin complexes: 
 

( ) ( ) ( )

( ) ( ) ( ) ( )

( )

sap s a p p E di d ia A da a s a

sb 2 5 B d ib d i d b wee a s b

sep sepp
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= k + k T F m a s s + V + k Tri V + k freeCKI actCycA

dt
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d t
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Cdk regulators: 
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where: 

( )

0

atf atfp atfpp atfppp atfpppp

E atf itfp itfpp itfppp atf itf

de dep depp deppp depppp

da dap dapp A
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⋅

⋅
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G(…) is the Goldbeter-Koshland function: 
 

( )

( )
( ) ( ) ( )

1 2 3 4 2 1 3 2 4 1

4 1
1 2 3 4

1 2 3 4 1 2 3 4 2 1 4 1

B A , A , A , A = A A + A A + A A

2 A A
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− ⋅ ⋅

⋅ ⋅

⋅ ⋅ ⋅
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For simulations of periodic cell cycles: 

Growth:
dmass

= µ mass
dt

⋅ , where µ = ln2/MDT, MDT=mass-doubling time 

Division: mass →  mass/2, when actCycB decreases to 0.1 (fission yeast), 0.2 (budding 
yeast), 0.3 (mammalian cell)  
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Table SII. Parameter sets (dimension of k’s is min-1)  
parameter budding 

yeast 
mammalian 
cells 

fission 
yeast 

G2 
module 

Xenopus 
embryos 

J20 100 100 0.05 - - 
Ja20 10 0.005 0.001 - 0.1 

Ja25 - - 0.01 0.1 0.1 

JaAPC 0.1 0.01 0.001 - 0.01 

Jafb 0.1 0.1 - - - 
Jafi 10 - - - - 
Jah1 0.03 0.01 0.01 - - 
Jatf 0.01 0.01 0.01 - - 
Jawee - - 0.01 0.05 0.3 

Ji20 10 0.005 0.001 - 0.1 

Ji25 - - 0.01 0.1 0.1 

JiAPC 0.1 0.01 0.001 - 0.01 

Jifb 0.1 0.1 - - - 
Jifi 10 - - - - 
Jih1 0.03 0.01 0.01 - - 
Jitf 0.01 0.01 0.01 - - 
Jiwee - - 0.01 0.05 0.3 

J14di 0.0833 - - - - 
k25p - - 0.001 0.05 0.1 

k25pp - - 1 0.5 1.9 

ka20 1 0.0833 0.2 - 0.1 

ka25 - - 1 1 1 

kaAPC 0.1 0.0117 0.2 - 2 

kafb 1 0.167 - - - 
kafi 6 - - - - 
kah1p 0.01 0.175 5 - - 
kah1pp 0.8 2.33 50 - - 
kasa 50 16.7 500 - - 
kasb 65 - 1000 - - 
kase - 16.7 - - - 
katfp - - 1.5 - - 
katfpp 0.76 0.05 - - - 
katfppp 0.76 0.0833 - - - 
katfpppp 3.8 0.055 - - - 
kaweep - - 0.25 0.3 0.1 

kaweepp - - 0.25 - - 
kd20 0.05 0.025 0.1 - 1 

kdap 0.01 0.000333 0.01 - - 
kdapp 0.16 0.333 2 - - 
kdappp - - 0.02 - - 
kdbp 0.003 0.000833 0.02 - 0.015 

kdbpp 0.4 0.333 0.75 - - 
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parameter budding 
yeast 

mammalian 
cells 

fission 
yeast 

G2 
module 

Xenopus 
embryos 

kdbppp 0.15 0.0167 1.5 - 0.985 

kdep 0.12 0.00167 - - - 
kdepp - 0.0167 - - - 
kdeppp - 0.167 - - - 
kdepppp - 0.167 - - - 
kdia 0.06 0.167 1 - - 
kdib 0.05 - 1 - - 
kdie - 0.167 - - - 
kdip 0.02 0.167 0.1 - - 
kdipp 0.2 0.833 2 - - 
kdippp 0.9 1.67 100 - - 
kdipppp 0.12 0.833 - - - 
kdippppp 0.66 - 1 - - 
ki20 0.05 0.0417 0.05 - 0.095 

ki25p - - 0.25 0.3 0.125 

ki25pp - - 0.25 - - 
kiAPC 0.15 0.03 0.08 - 0.15 

kifb 0.15 0.0167 - - - 
kifip 0.008 - - - - 
kifipp 0.05 - - - - 
kih1p 0.001 - 1 - - 
kih1pp 0.64 0.2 40 - - 
kih1ppp 0.1 0.667 40 - - 
kih1pppp 0.032 - - - - 
kih1ppppp 0.01 - 40 - - 
kitfp 0.6 0.0417 1 - - 
kitfpp 8 0.0167 - - - 
kitfppp - 0.0167 10 - - 
kiwee - - 1 1 3 

ks20p 0.001 - 0.005 - 1 

ks20pp 10 2.5 0.1 - - 
ksap 0.0008 - - - - 
ksapp 0.005 0.00417 0.02 - - 
ksbp 0.004 0.00167 0.02 - 0.1 

ksbpp 0.04 0.005 - - - 
ksep - 0.00133 - - - 
ksepp 0.15 0.05 - - - 
ksip 0.036 .333 0.3 - - 
ksipp 0.24 - - - - 
kweep - - 0.05 0.2 0.1 

kweepp - - 0.5 2 0.9 

n 1 1 4 - - 
CycD0 0.108 0.5 0.05 - - 
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Figure S2. One-parameter bifurcation diagrams of fission yeast mutants. (A) WT 

(Wild Type) parameter values. (Same as Fig. 2A of main text.) (B) ksapp = 0, (C) ksapp = 

ksip = 0, (D) kweepp = 0.05 min-1, k25pp = 0.001 min-1 (10% of WT values), (E) kweepp = 0.05 

min-1, ksip = 0, (F) ksbp = 0.01 min-1 (50% of WT value). 
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Figure S3. Two-parameter bifurcation diagrams of budding yeast mutants. Varying 

levels of G1 antagonists (A: kah1p and kah1pp; B: ksip and ksipp changed together), and 

mitotic-exit regulators (C: ks20p and ks20pp; D: kah1pp, kafi and k14di changed together). 

Ordinates are normalized to have wild-type cells at level 100 on each plot. Black lines 

(solid or dashed) denote pairs of SN loci that meet at a CUSP point; red line = SNIPER 

locus; blue line = CF locus; purple line = Hopf bifurcation locus. In the oscillatory 

domains, period (T) is indicated by the color scale. 



 18

 

0 1 2 3 4 5 10 15 20 25 30
10- 5

10- 4

10- 3

10- 2

10- 1

100

101

0 1 2 3 4 5 6
10 -5

10 -4

10 -3

10 -2

10 -1

100

101
cdc24 ts

hsl1∆ mih1∆

A

B

cell mass (au.)

ac
tC

yc
B

Ciliberto A., Novak B. & Tyson 
J.J. (2003) The Journal of Cell 
Biology 163,1243-54 (Figure S1)

cdc24 ts

hsl1∆ mih1∆

G1

S/G2

M

G1

S/G2

M

 
 
 
Figure S4. Morphogenesis checkpoint mutants of budding yeast. One-parameter 

bifurcation diagrams of the generic model with budding-yeast parameter values + the 

morphogenetic checkpoint module (#5). (A) cdc24ts. Simulation curve (MDT = 120 min) 

is initiated from wild-type cell mass at birth. The cdc24ts mutant is unable to make a bud; 

consequently, Wee1 activity is activated and Cdc25 activity is inhibited. Cells are 

delayed in G2 phase for about 2 h, but they eventually divide at a large size, giving rise to 

one binucleate cell and one anucleate cell (10). (B) hsl1∆ mih1∆. Same as A, except k25p 

= k25pp = 0. This mutant is inviable (12). In our model, it is stuck in G2 phase and grows 

very large (and presumably dies). On the far right, for comparison purposes, are the 

corresponding diagrams in Ciliberto et al. (9). 
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Figure S5. One-parameter bifurcation diagrams and simulations of mammalian cell 

cycles. Wild-type cells without G2 module (A), and with G2 module (B). Red curves: 

simulations for MDT = 14 h. (C) cycE∆ mutant: ksep = ksepp = 0. 

 
 


