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The cell cycle in budding yeast serves as

a model system for quantitative biology
The Cell Cycle

Cell with chroi

/)
p

» Cyclins, TF, inhibitors
»> DNA replication checkpoint and spindle checkpoint



Budding yeast cell-cycle

800 Genes involved in Budding Yeast Cell Cycle
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Spindle Checkpoints
Current Biology, Vol. 13, R31-R38,

Spellman, et al. (1998)
» A vital process that is highly conserved in eukaryotes



The START point and
DNA replication checkpoint
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G2/M transition and Mitosis
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Cell Cycle Modeling and Experiments
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The Cell Cycle: Principles of Control
D. O. Morgan 2007
The cell-cycle control system generates robust, switch-like
and adaptable changes in Cdk activity

Robust, noise, switch, bistablility, bifurcations, positive
or negative feedbacks...

From The Cell Cycle: Principles of Control
by David O Morgan
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Fluctuations and noise inside and outside of CELL



The network of yeast cell cycle




A Simple Boolean Model

0, inactive

Protein state: Siz{ 1 active

1, Za” (t)>0
S.(t+1) =1 0, Za” (<0

S(t) Za., (=0

\“/ Clbs 211=2048 “cell states”
0

Cdhl Ss—0 & a;; (green) =1, a;(red) =-1
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Trajectory of Yeast Cell Cycle Sequence

Signal: CIn3 from 0 to 1.

ggf)ei” cin3 | MBF | sBF | cin2 | cdn1 | swis | CP2% | cibs | sict | cib2 | McmusFF Phase
1 1 0 0 0 1 0 0 0 1 0 0 START
2 0 1 1 0 1 0 0 0 1 0 0
3 0 1 1 1 1 0 0 0 1 0 0 G,
4 0 1 1 1 0 0 0 0 0 0 0
5 0 1 1 1 0 0 0 1 0 0 0 s
6 0 1 1 1 0 0 0 1 0 1 1 G,
7 0 0 0 1 0 0 1 1 0 1 1
8 0 0 0 0 0 1 1 0 0 1 1
9 0 0 0 0 0 1 1 0 1 1 1 M
10 0 0 0 0 0 1 1 0 1 0 1
11 0 0 0 0 1 1 1 0 1 0 0
12 0 0 0 0 1 1 0 0 1 0 0 G,
13 0 0 0 0 1 0 0 0 1 0 0 Stationary G,

J.l_l




Fixed point of the dynamics

2048 initial states

Question: the distribution of attractor size of the network.
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1764 of 2048 initial states (86%) evolve to G1 states. Making the

G1 state the only global attractor.




The yeast cell-cycle network is robustly designed
PNAS 2004 101: 4781-4786

Dynamical Robustness

v Global attractor SR
v’ Globally attracting trajectory By .

e WHY?

e The relationship
between the topological
and dynamical
properties of network




The network of yeast cell cycle
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Our ODE model...22 independent variables, 88 parameters

The 1% part, the equations governing cyclin-dependent kinases:

dCls] _ g, .[Cm3].
dr
d[i]n] —% ,+k [SBF]-k, [Cin2].
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[Sicl_P]” =[Sicl_P]+[CIb3/Sicl_P]+[CIb2/Sicl_P].

The 2™ part, the equations governing the inhibitors of cyclin-dependent kinases:
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Observing a yeast cell

Automatic scanning microscope system with microfluidic device

the microfluidic device

» Construct the fluorescent protein reporter for the key
regulators in cell cycle

» Observing the key regulator level in each yeast cell
» Comparing with the theoretical model



eThe kinetics of G1/S transition (with an GFP tagged CIn3p as the signal and S phase
markers.) ----- MAT a cIn3::LEU2 bck2::NAT pGAL1-2GFP-CLN3 pADH1-MCM-mCherry S288c background

&' Glucose shut-off

pGAL1-2GFP-CIn3p Glucose Shut-off

3500 o

2GFP-CIn3p
3000 - == MCM-mCherry /3

-3
2500

2000

1500

-2

1000 -

500

(Green channel-2GFP-CIn3p) A.U.

© L1

0

Average Fluorescent Intensity in Nuclear

LM B A N N N NN BN L RN LA N N B R
S5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

(Auaysw-WoW-l2uueys pay)
|0s03A0/dea[aNN Ul AJIsUsiu] Jussaion|d ebelaay

Time(mins)

pGAL1-2GFP-CIn3p Glucose Shut-off

T T T T T T T T T T T T
S5 0 5 10 15 20 25 30 35 40 45 50 55 60

9000 4~ T T T T » pGAL1-2GFP-CIn3p Glucose Shut-off
8500 = 3500 """ 1117776 »
= 8000 2GFP-CIn3p s 3
@ - _
35 ::gg —o=MCM-mCherry S S 3000 4 2GFP-Cin3p o 2
. y = 1 Ty - —j— - =
Z < 6500 o 3 A g ) o—MCM-mCherry 5 _ e
= 2 5000 o Z _ a =
S® =3 Z < 2500 a5
£ £ 5500 ] So £ S
[ls] » ] o
5 7 5000 - 5 3 F = 2000 L4 3-3
£ & as0] 23 §E b §,=_1
=0 T -
= § 40004 , =2 55 e 3
g g 35004 -2 22 =89 1500 , =8
p £ 3000 = < 5 0 a
£ 3 250 235 o £ =z
5 G 2000 ] zz $ 8 1000 - ‘3_) =
L5 1500 4 3s SS L2 3 Z
& & 1000 =3 L S 500 5
[N O] 3 Lt
£ = 500 L1 3 g o <3
> 0] < 0 3
<< LS IPL AN N A N NN A N A N N A N A b @ 0 L1 2]
5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 @ z L <
-_— o
w
Q

Time(mins)

Timalminel

Yang et. al. PLoS Biol. (2012) 11: 1001673



o Quantitative biology in yeast cell cycle

The cell-cycle in budding yeast , modeling
and guantitative experiment

» 3-node yeast cell cycle model

Feedbacks, checkpoints, a globally attractive
trajectory...

 How to ensure the stability of a multi-task
process?



Abstract architecture and functions
coarse-graining view of cell cycle
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3-node yeast cell cycle network

g eeagae s * The multi-task
(\/ @\ 'g'gﬁ,ﬁg‘;‘ G1/sphase  Process:
% ; SIS modle DNA replication and
e\ - S ( ) mitosis, X (S phase)
- 9‘;,;5,\:1"““;". o eary mphase 2 Y (M phase)
s :> * Robustness, stability,

= .
Rt AR 9 atempnase | AN modularity

@D Actvator node @D Inhibitor node

- Activation sy Fepression

1. Genetic switches controlled saddle-node bifurcations
2. Sensitive parameters are related to feedbacks loops



3-node yeast cell cycle model
- assumptions, variables, parameters

e Assumptions and equations

2
dX: K; XZ—X—K3-X-Y,
dt J +X (
) ﬁ
d—Y:|<4.x K;Y ~K, Y -K,.Y-Z,
dt JZ4Y? <
dz K 27 ﬁ)

——KY Kyg-Z - KlOXZ+

2 ]

modules G1/S G2/early M late M

Key proteins CIn2, Clb5, Clb2, Sicl, Cdh1,
SBF/MBF Mcm1 Cdc20



3-node yeast cell cycle model

dx  x°
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How to select the ‘prefect’ parameters for
the yeast cell-cycle?

e Events order (DNA

replication, mitosis);
e Duration for x wave 3l
(DNATreplicationinS =
phase) = y wave 1-
(mitosis in M phase) o}




The duration of G1/S and early M phases is
controlled the activation rates ka1 and kaz.
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How does the activated x wave triggers
the y wave?




Near the bifurcation:
Ghost effects and Bottlenecks

x=r+x°

where r is proportional to the distance from the bifurcation, and 0O < r<<1. The
graph of x 1% shown in Figure 4.3.7,

o

Figure 4.3.7

To estimate the time spent in the bottleneck, we calculate the time taken for x 1o

o from —ee (all the way on one side of the T
: : 8 botibereck
other side). The result is - --_/
- = dx T /
Ihrml.*mnln. . J 3T . —
w F4X A ' —

Steven H. Strogatz. 1994. Nonlinear dynamics and chaos. p99



Duration of G1/S is controlled by strength of
activation from x wave to y wave

During the late S phase and early M phase, x is almost fully activated and has
repressed z to zero,

d.T 112 | ‘
N —kiz —xy =Gz, j1, k1) — zy,
dt  ji+a?
dy —k, yg = E - c = |H(y ] /23

Furthermore, if 0 < (k,

i — k¢,) < 1, then just after the bifurcation we have z ~ z®), y ~ y* ~ ¢y(1),
and z ~ 0, so

dy
E—Aalwﬂ(u o, ko) = (ka1 — kS1)2® + c(y — y™M)? < 1.

We have

T /O“ ny m
"o (ka —k5)a® ey —y D)2 T ek — key)a®



The “perfect” yeast cell-cycle trajectory
A |

5 ' 1:"
4
3
5 j1=0.5, j2=0.5,
k1=0.2,
" k2=0.2, j3=0.5,
048 —— /) k3=0.2, ki=5.0,
0 25 50 75 100 125 ks=1-
B ctsmy ™ '

e _[.5 Ka1= kaZ=0.001




Dynamical analysis of the trajectories
1. Initial normal plane ball

r: distance
o Different initial states lead to r

different trajectories.

» Using the bio-pathway as a
standard, one direct way to
examine the variation
between trajectories is to
measure the distanceon 400 e
each normal plane of bio-
pathway.

e Small perturbations are
added near excited G1 as a
Iinitial ball.

biopath




Dynamical analysis of the trajectories
2. Local manifolds

\Y

Same perturbation is added on each point
of bio-pathway.

Bio-pathway

Normalize n and v

sin@

vV, =V -N =C0S&
A =\\7—(\7-ﬁ)ﬁ\:sin6’

We record 3 variables:

[v|, cos@,



Dynamical analysis of the trajectories
3. Jacobian matrix

(X, y(t). 2(t) =220 = (%,9,2)

of, of, o If, 4 <0

OX 5)/ 0L Then the point is stable
|J| = 8f2 5f2 6](2 — /”1_1 . /”1/2 , ﬂg in the direction of fl

ox oy O U Vice versa.

o, & | e

ox oy oz




Local Jacobian matrix

_

N, N, are a pair of normed unit vectors in
normal plane.

ﬁ1
P=In,
0]
of, of, )
gfy gfz (jy . O
(9; 822 (ﬁ1’ ﬁé O): j21 j22 0
of, of, 0 0 0

8y 82/




The “perfect” yeast cell-cycle trajectory
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The ‘perfect’ yeast cell-cycle trajectory
containing ghost effects

441 X Y P 4

- e>lcited G1 :
24 -3 N

| ;2
O__. 9

A
1 | -
-

» The durations of x and y waves
» The expansive and convergent
| manifold
. » Modularity of state/parameter
space
» Checkpoints at the vertices

Time



The manifolds diverge and converge,
wave after wave, cycle in cycle out...

A dynamical view of yeast cell cycle process:

Suppose that the states (activities of the key
regulators) of yeast cells can be dynamically
observed, if a group of yeast cells start from
different excited G1 states with fluctuations of
biochemical parameters that tend to vary
from cell to cell, how do the yeast cells evolve
during the whole cell cycle process?



A “Imperfect” yeast cell-cycle process

Time Length(s)

j1=0.5, j2=0.5, k1=0.2, k2=0.2,j3=0.5, k3=0.2,
kal=0.04, ka2=0.04, ki=5.0, ks=1;



A ‘perfect’ and ‘imperfect’ cell-cycle trajectory
manifold, duration, checkpoints

j1=0.5, j2=0.5, k1=0.2, k2=0.2,j3=0.5, k3=0.2, ki=5.0, ks=1;
Kal= ka2=0.001, (A & B) vs. kal= ka2=0.04 (C & D)



The “perfect” yeast cell-cycle with inhibitor

We have the following equations:

At j? + 22 . X
dy v d b
= =(ko + - —k -
¥ (ko P ugl Ko 21 Case 1 T L
dy y? d .
—Z =k 1+ — koy. Case 2
ey 0 ﬁ_ug K1 2l ﬂ n’l’)
df -
— =—bel +a(li: — 1),
dt
= .11' 32
—:Lﬂ- —|— ° _;J'E_Jil.'-i';z
dt 2 E z? ; '
N e A — d __ d
Casel T.= Bk —F) where A = K+I = K+lioi o555
2
H(y) = ;Tf‘fq_kﬁyu
Case 2 ~ . *Y . : -
T, =~ MfB(kﬂ—ﬁdﬁ}' H(y") is the minimum of H(y). B = ﬂﬁi-{zy”y*-



Energy Landscape Reveals That the Budding
Yeast Cell Cycle Is a Robust and Adaptive

Multi-stage Process

ChengLv', Xiaoguang Li% Fangting Li""**, Tiejun Li**

S(x) x —1In P(x)

B =03

P
v 0 z

Fig. 2. Global quasi-potential energy landscape of the three-variable yeast cell-cycle network. (A) The x-z plane where y = 0, corresponds to the G1/S transition and G2
stages. (B), (C) The %y plane where z = (0.3 and 0.05, respectively, correspond to the late G2 stage. (D) The x-y plane where = = (), corresponds to the G2 and early M

stage. (E) The y-z plane where & = ({, corresponds to the late M stage. PLOS Computationa| B|O|Ogy 2015




The landscape of perfect cell cycle  #




The landscape of imperfect cell cycle




The pseudo energy landscape on the x-y plane
with z=0 (C) and z=0:3 (D).

Difference from Langivan method: local pseudo energy
Irreversibility, sliding board (V& 64 )




The energy landscape in response to external
signals

DNA checkpoint ON (ka1=0)
a, =0.01

g 0.04

~' min

]

: . 2
A excitable system under 0 ¥y

insufficient nutrients

Limit cycle under rich nutrient
(2a0=0.01)



The schematic quasi-potential energy landscape
for the yeast cell cycle network
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Experimental testing?

c . . . . D . . . .
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Figure 2. Timing and dynamics of APC/C™™ sybstrate degradation. |A) Time from SPB separation to spindle elongation in individual cells with GFP tags
on APC/C substrates. Bach dot represents a single cell. Starting from the left, sample sizes are: n = 49, 20, 121, 82, and 77 cells. For each strain, the
middle bar indicates the median valve and error bars indicate the 25th and 7 5th percentiles. (B) GFP intensity of representative individual cells with togged
APC/C™20 sybsirates (from the call populations analyzed in A). Underlying black lines show the original data, and the colored lines are smoothed fraces.
The timing of 5PB separation and spindle elongation are marked with broken and solid lines, respectively. [C and D) Comparison of different GFP4onged

Dan Lu et. al. JCB 2014



Temporal self-organization of the cyclin/Cdk
network driving the mammalian cell cycle

B Growth factor (GF)
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A globally attractive cycle
in a 3-node yeast cell-cycle model

» A globally attractive cycle is driven by sequential
saddle-node bifurcations containing ghost effects

» The vertices with convergent manifold correspond to
the cell cycle checkpoints

» Modularity of state/parameter space

» The “ideal” yeast cell cycle trajectory and the cell
cycle checkpoints



A possible synthetic network design for
executing orderly multi-task processes

» Each event is controlled by the different key
regulators, and the duration of each event
regulated by the activation rates between
successive waves

» Introducing an inhibitor with multi-
phosphorylation into the activation of successive
waves largely reduces duration sensitivity to
relative changes in kinetic parameters
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