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A. Themodd: differential equations and parameter sets

In Table SI we present the differentid and agebraic equations that define our generic

modd of the cell cycle. In Table SII we ligt the particular parameter vaues that we propose
for the organisms modeled in this paper. The ‘G2 modul€' refersto the parameter values
used to modd Weel and Cdc25 activity in the extended budding-yeast and mammdian-cell

modeds.

In the mode s for specific organiams, some modules are missing, in which case their
associate rate constants are set to 0 (except for those that would give adivision by zero;
these rate constants we set to an artificia number). The *.set files' on our web Site provide
convenient eectronic versons of these parameter, with the artificia numbersincluded. To
cregte the bifurcation diagram for APC-A mutants we deleted the equation of APCP and

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

B. Fr 0g egg

From the equationsin Table S| and the ‘ Xenopus embryo’ parameter set in Table SII, we
computed a one-parameter bifurcation diagram (Fig. S1), which is quditatively amilar to
the corresponding diagram in Borisuk & Tyson (1).  Rate congtant for cyclin synthess in

their diagram is equivaent to Kspp* mass in our mode!.



C. Fission yeast mutants

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

Fig. S2B: cig2D. Cig2 = CycA (modules 11-12-13). The cig2-deletion mutant is viable and
roughly the same size as wild-type cdls (2). Comparing this mutant to wild-type cells

(panel A), the G1 steady dtate persststo larger cell mass, i.e, cells must grow to alarger
gze before they leave G1 phase. The criticd sSzefor leaving G2 (the SNIPER hifurcation
point) remains the same, so the mutant cdlls are about the same size as wild type.

Fig. S2C: cig2D rum1D. Ruml = CKI (modules 6, 8, 9, 12). This double-deetion mutant
isaso viable and amilar to wild type (3). The G1 steady state moves back to smaler cell
sze. Although the double-deletion mutant is predicted to be smilar in size to wild-type
cdls, the amplitude of the limit cycleis reduced. As a consequence, actCycB does not drop
aslow asinwild-type cdls and G1 phaseis even shorter.

Fig. S2D: weel cdc25D. When both the G2 inhibitor and activator are missing, cdlls are
viable but exhibit an unusud, trimodd ditribution of cycetimes (4,5). In the bifurcation
diagram, the SNIPER is missing and mitotic oscillations are initiated from a supercritica
Hopf bifurcation on the M-branch of steady states. Consequently, after passing the G2
checkpoint, the control system is aitracted to a stable mitotic state. At adightly larger sSize,
the stable mitotic state gives way to oscillations whose amplitudes are too amdl (&t first) to
cary the cdl successtully out of M phase. Findly, when the cell grows large enough, a
large amplitude oscillation in actCycB induces cdl divison. The digtribution of cycle times
in apopulation of celsis quantized (bimodd in this deterministic model) because the

number of smal amplitude oscillations experienced by a cell depends on its birth sze.



Fig. S2E: weel rumlD. Inthe angle ddetion mutant, ruml1D (6), the G1 steady Sateis
moved to smdl size (not shown), but the mutant cdlls cycle just like wild type. In the
double mutant, weel'™ rumiD, both G1 and G2 steady States are moved to very small size.
As aresult, when weel® rumi1D cells are transferred from 25°C (Weel active, cells viable
and wild-type size) to 35°C (Weel inactive), the cells become smadller and smaler each
divison cyde and eventualy die because they aretoo smdl to hold a dividing nucleus (6).
In smulations, the mutant Sabilizes & one-fourth wild-type size, which is probably too
smdl to beviable.

Fig. S2F: cdc13™. Assuming that heterozygous diploid cells for the cdc13 dldewill have
Y the wild-type amount of Cdc13 protein, we find in the one- parameter bifurcation diagram
aregion of endoreplication cycles at smal cdl mass (~1 au, about hdf the sze of wild-type
cdls), aswell as mitotic cycles at about twice the Sze of wild type cells. To our knowledge,
no one has ever looked for sgns of endoreplication in these cdlls a very smdl size (eg.,

after spore germination).

C. Budding yeast mutants
C.1. Mutants of G1 phase regulation

Fig. S3A and B: variable expression of CDH1 and Sl C1. Aslevels of expresson of
CDH1 and SIC1 decrease, ostillations move to smaller cell mass, and oscillation periods
get longer. Baanced growth and division is achieved in the * oscillator’ domain, see Figs.
5C and D in the main text. On Fig. S3A, as Cdnhl activity decreases, the oscillations move

from a SNIPER hifurcation (red line) to large amplitude oscillations derived from a CF



(cydicfold) bifurcation (blueline). (This ‘move’ is accomplished by a complicated
sequence of bifurcations not indicated in the diagram at this scale.) For decreasing levels of
Scl (Fig. S2B), the wild-type SNIPER bifurcation (upper red line) switches over to a
SNIPER on adifferent SN branch (lower red ling), 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. Aslevesof expresson of
CDC20 and CDC14 decrease, oscillations disgppear a a CF bifurcation (blue line). These
bifurcation diagrams are quite Smilar, confirming that the mutations cause quite Smilar
phenotypes (mitotic arrest). The mgjor difference between the mutants, namely the different
levels of CycB in the arrested state (Fig. 5E and F), cannot be visudized on these two-

parameter diagrams.

C.3. Morphogenetic checkpoint mutants

Fig. S4A: cdc24". The morphogenetic checkpoint (7) isturned onin cdc24™ cdls a the
restrictive temperature, because they cannot form buds (8). Activation of the checkpoint
causes activation of Swel, which introduces a G2 delay by phosphorylating Cdk1.
Following Ciliberto et d. (9) we introduced Swel and Mihl (aka Weel and Cdc25) into
our modd, using Ciliberto’s parameter values for the cdc24™ mutation. Our bifurcation
diagram (Fig. S4A) shows that a stable G2 steady state appears, but it is mostly hidden by

the stable G1 steady dtate; just a smal stable branch of the G2 attractor is visible for



growing cells. Nonethel ess, the G2 module extends the periods of oscillations, and aswe

see on the smulation curve, the cdls enter mitoaswith along delay. Cels grow very large
because the MDT cannot be balanced by the cell-cycle oscillation period.

Fig. $4B: hsl1D mih1D. Cdlsthat are deleted for both Hd 1, the inhibitor of Swel, and
Mih1, the phosphatase that opposes Swel, have avery stable G2 attractor (Fig. 4B)

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

D. Mammalian cell cycle results

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

Fig. S5B: Wild-type cellswith the G2 module. A moreredistic modd than (11), because
mammélian cdls have afunctiond G2 checkpoint mechaniam.

Fig. S5C: cycED. Cdlsare viable and only dightly larger than wild type. By comparison,

cycDD cdlsin our mode (Fig. 8C in main text) are consderably larger than wild type.



Supplementary figure legends

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

Fig. S2. One-parameter bifurcation diagrams of fisson yeast mutants. (A) WT (Wild
Type) parameter values. (Same as Fig. 2A of maintext.) (B) ksapp = 0, (C) Ksapp = ksp = O,

=0, (F) kep = 0.01 min* (50% of WT value).

Fig. S3. Two-parameter bifurcation diagrams of budding yeast mutants. Varying
levels of G1 antagonists (A: Kanip and Kanipp; B: Ksp and Ksipp Changed together), and mitotic-
exit regulators (C: Ksoop @nd Ksoopp; D: Kan1pp, Kafi @nd Kiaqi changed together). Ordinates are
normaized to have wild-type cdlls at level 10° 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 scae.

Fig. $4. M or phogenesis checkpoint mutants of budding yeast. One-parameter
bifurcation diagrams of the generic mode with budding-yeast parameter values + the
morphogenetic checkpoint module (#5). (A) cdc24". Simulation curve (MDT = 120 min) is
initiated from wild-type cell mass at birth. The cdc24™ mutant is unable to make a bud;

consequently, Weel activity is activated and Cdc25 activity isinhibited. Cells are delayed



in G2 phase for about 2 h, but they eventudly divide a alarge sze, giving rise to one
binucleate cell and one anucleste cell (10). (B) hd1D mihlD. Sameas A, except Kosp = Kaspp
= 0. Thismutant isinviable (12). In our modd, it is stuck in G2 phase and grows very large
(and presumably dies). On the far right, for comparison purposes, are the corresponding

diagramsin Ciliberto et d. (9).

Fig. S5. One-parameter bifurcation diagrams and smulations of mammalian cell
cycles. Wild-type cdllswithout G2 modue (A), and with G2 module (B). Red curves.

smulaionsfor MDT = 14 h. (C) cycED mutant: Ksep = Ksepp = 0.



Table SI. Equations

Cdk/cyclin complexes:

daCtdﬂ: (Kegp + Keapp XTFe ) Xmass+ (Vy + kg, ) i, - (Vg + ko, XfreeCKI ) xactCycA
t
dactCycB
d—ty: Vg Xmass+ V,s X(CycB - Trig - actCycB )+ (kg + Vg ) X(CycB - preMPF - actCycB) - (Vgp + Viyeo + Kasp XfreeCKl ) xactCycB
dactCycE .
— (kSep * Ksepp XTFE )><mass+ (Vg + Kge ) XTrig - (Ve + Kage xfreeCKI ) xactCycE
dCycA
T (Kaap * Keapp XTFe ) Xmass - V,, xCycA
dCycB
%: Vg, Xmass - V,, XCycB
dCycE
dyt = (Keep + Kagpp XTFe ) mass -V, XCycE
Cdk regulators:

dCdht _ (Kansp + KanappC0C14) 1 - Cohl)  (Kygp + KipypBCLCYCA Ky BCECYCB Ky, 8COYCE + Ky, CyeD ) XCalhL

dt ‘]ah1+ 1' thl thl+th1
acKI _ V, -V, XCKI
dt
dTrig . :
dt = kasb >(CyCB = TI'IB) XfreeCK| = (kdib + de + Vdi ) XTI'IB
PF
dpr% =V, {CycB- preMPF )- (V,+V,, ) XpreMPF
dAPCP _ koppe 8CtCycB {1- APCP) k., XAPCP
dt Jopec +1- APCP J e +APCP
XAPCP X Cdc20, - Cdc20 : s
dCdCZOA - kaZO >( OT A) _ & k|20 + kd20 2>CdC20A
dt J.p0+Cdc20; - Cdc20, & J.,0 +Cdc20, p

dCdc20; _ Keny * Koy *BCCYCB”
t n n
d J,, +actCycB

- Ky *CdC20;



where:
CycD=CycD° xmass

Var = Kap T Ky XCtCYCAT+K o dCtCYCE+ Ko ) XCycD

atfp atfpp

TRe=G (Vatf Kitip T Kitipp XBCTCYCB+ kK, XaCtCYCA, Iy , Iy )
Ve = Kiep * Kgepp XaCtCYCE+K *actCycB
Via = Kigy + K 2CAC20, +
Cdc14=Cdc20,

TF, = G(ky XCdc14k, + ko XactCycB,J g Jy; )

Vg = Kap + Kapp XTF,

actCycA+k
xCdc20;

deppp depppp

dappp

v, = Kaip + Keipp XACtCYCA+ Ky, XACtCYCB+ Ky, XaCtCYCE+ Ky 00, XCycD
1+ (Cdc14/d,,,)

[Cdk1:CycB:CKI]=CycB- actCycB- preMPF

[Cdk1P:CycB]=CycB- actCycB - Trig

Tri, =CycA- actCycA

Trip = CycE - actCycE

freeCKIl = CKI - Trig - Tri, - Trig

TR, =G ( Kb, BCtCYCB,Kig, oy » iy )

Vg = Kgp * Keppp XTFg

Vip = Kapp + Kippp *CAN1+K

- >Cdc20,

Weel= G (Kayeep + Keyeepp *CAC14, K0 XACICYCB, I 00 e )

Viee = Keep + Kneepp WEEL
Cdc25= G (ks XaCtCyCB, k5, + K

Vs = Kosy + Koy *CAC25

doppp

*CAC14,J 5 J55)

i25pp

G(...) isthe Goldbeter- K oshland function:

B(AL A ALA)= A - A+ AA+ A DA

(A A AL A)= Saalaa

B(A A A A) B (A A A, A,)2- 4XA - A)XA, XA
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For smulations of periodic cdl cydles
Growth: de pxmass, where p = In2/MDT, MDT=mass-doubling time

Divison: mass® mass/2, when actCycB decreasesto 0.1 (fisson yeast), 0.2 (budding
yeadt), 0.3 (mammdian cdl)
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Table SI|. Parameter sets (dimensonof k’sismin'™)

parameter | budding | mammalian | fission | G2 Xenopus
yeast cells yeast module | embryos
Joo 100 100 0.05 - -
Jazo 10 0.005 0.001 - 0.1
Jans - - 0.01 0.1 0.1
Jaapc 0.1 0.01 0.001 - 0.01
Jatb 0.1 0.1 - - _
Jafi 10 - - - -
Jan1 0.03 0.01 0.01 - -
Jatf 0.01 0.01 0.01 - -
Jawee - - 0.01 0.05 0.3
Jioo 10 0.005 0.001 - 0.1
Jios - - 0.01 0.1 0.1
Jiapc 0.1 0.01 0.001 - 0.01
Jito 0.1 0.1 - - N
Jifi 10 - - - -
Jin1 0.03 0.01 0.01 - -
Jits 0.01 0.01 0.01 -
Jivee - - 0.01 0.05 0.
J14di 0.0833 - _ N a
Kosp - - 0.001 0.05 0.1
K2spp - - 1 0.5 1.9
Ka20 1 0.0833 0.2 - 0.1
Kazs - - 1 1 1
Kappc 0.1 0.0117 0.2 - 2
Kah 1 0.167 - - -
Kati 6 - - - -
Kanio 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 - -
Katfoo 0.76 0.05 - - -
Katfopp 0.76 0.0833 - - -
Katfopo 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 - -
Kdapo 0.16 0.333 2 - -
Kdappp - - 0.02 _ -
Kdbp 0.003 0.000833 0.02 - 0.015
Kdbop 0.4 0.333 0.75 - -

12



parameter | budding | mammalian | fission | G2 Xenopus
yeast cells yeast module | embryos
Kdbppp 0.15 0.0167 1.5 - 0.985
Kdep 0.12 0.00167 - - -
Kdepo - 0.0167 - - -
Kdeppp - 0.167 - - -
kdeDDDD - 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 - -
Kdipoop 0.12 0.833 - - -
Kdippppp 0.66 N 1 N _
Ki2o 0.05 0.0417 0.05 - 0.095
Kizsp - - 0.25 0.3 0.125
Ki25pp - - 0.25 - -
Kiapc 0.15 0.03 0.08 - 0.15
Kift 0.15 0.0167 - - -
Kifip 0.008 - - - -
Kiipp 0.05 - - - -
Kinip 0.001 - 1 - -
Kin1op 0.64 0.2 40 - -
Kinioop 0.1 0.667 40 - -
Kin1pppp 0.032 - - - -
Kih1ppppp 0.01 - 40 - -
Kitto 0.6 0.0417 1 - -
Kittop 8 0.0167 - - -
Kitfopo - 0.0167 10 - -
kiwee - - 1 1 3
Ks20p 0.001 - 0.005 - 1
Ks20pp 10 2.5 0.1 - -
Ksap 0.0008 - _ _ a
Ksapo 0.005 0.00417 0.02 -
Ksbp 0.004 0.00167 0.02 - 0.1
Ksbop 0.04 0.005 - - -
Ksep - 0.00133 - - -
Ksepp 0.15 0.05 - - -
Ksio 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 - -
CycD’ 0.108 0.5 0.05 - -

13
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