A simple model for the eukaryotic
cell cycle

Andrea Ciliberto

| C
OOOOOOOOOOOOOOOOOOOOO



The cell division cycle
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How did we get to this mess??



Dominoes and Clocks: The Union of
Two Views of the Cell Cycle

ANDREW W. MURRAY AND MARC W. KIRSCHNER

We review the tecent advances in understanding transi-
tions within the cell cycle. These have come from both

enetic and biochemical approaches. We discuss the phy-
tf’ogenetic conservation of the mechanisms that induce
mitasis and their implications for other transitions in the
cell cycle.

HE CELL CYCLE 1S THE SET OF EVENTS THAT IS RESPONSIBLE

for the duplication of the cell. The recent advances in our

understanding of the cell cycle have come from twe zp
proaches, Genedessts attempred to understand the eell cyele by
analyzing murtacons thar arrested the cell cycle of somatic cells ar
specific points, wheteas embeyclogists and physiologists examined
nacural points of cell cycle agest and rthe agents that induced the
embryonic eell cycle 0 proceed.

The genetic approach o the somatic cell cycle evolved from
prokaryaric gencetics i the 1950s and 1960s. With genetics, re
searchers successfully explained complicated processes, such as
phage morphogenesis, as a linear sequence of events. The mast
exteeme models of these processes suggested that they would
resemble miceabolic pathways: the initiarion of each step in the
pathway would be dependent on the completion of the preceding
step, because the product of the earlicr step was the substrace for the
Jatzer one; specific genes were assumed ro execute ¢ach step. When
this zpproach was applied to yeast, first in the budding yeast by

A. W Murray is in the Departrments of Phystology and Biachenustey and Biophysics
and M. W Kitschace is in the Depacoment of Biachenisery and Biophysics, Schoel of
Medicing, University of Califorauz 2t San Franaisco, Saa Frandisco, CA $4142-0448.
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Hartwell and his colleagues (1) and later in the fission yeast by
Nurse and his colleagues {2, the result was a descriprion of che cell
cycle as a set of dependent reactions. The basis of this dependency is
discussed in the accompanying review by Harowell and Wemert (3).
The physiclogical and embryological approach was championed by
researchers who favared marine and amphibian eggs. They argued
that epps and oacytes were the simplest systems for studying the
basic processes of the cell cycle, because they were speciahized for
rapid cell division. The resulc of their investigations was a descrip-
tion of the cell cycle as a biochemical machine that oscillated
between two states, nuosis and interphasc, and whose oscillations
were independent of the completion of many of the cell cycle events.
Initially the two views of the cell cycle, one as 2 ser of dependent
reactions (the domino theary) and the other as a hiochemical
oscillator {the dock theory), scemed incompatible.

The cell fusion experiments of Rao and Johnson (4) supported
both points of view. The fusion of cells in mitasis wich cells in any
other state induced some form of mitatic responsc in the interphasc
nucleus and supported the embryological modzl of disunce mitoune
and interphase cyroplasmic states, with the mitotic state dominant
aver all interphase states (4). Fusion experiments, however, also
supported the idea of a dependent cell cyele, sinee in any fusion
between two interphase cells ac different scages of the cell cyde, the
advanced nucleus waits for the complerion of events in the rerarded
nucleus before progressing in the cell cycle (4}

In this review we discuss recent evidence from bath teaditions char
has led to a unified view of the eukaryotic cell cycle. Thus synchesis
suggesrs thar a single biochemical mechanism undetlies the cell cycle
in all cukaryotic organisms. We have concentrated on the reactions
that regulate progress through the cell eyele and do not discuss the
mechanism of individual cell cycle events such as DNA synchesis or
nuclear envelope breakdown and reformacion.

SCIENCE, YOL. 246

Murray and Kirschner, Science, 1989



Xenopus and the clock paradigm
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dividing (months) ZATION (hours)
(A‘ {!ﬁagk'* o
00 @(®)-@@-(P- - &2
—) "ﬂ

1 mm sperm tadpole feeds, grows,

and becomes an adult frog

Cell mass decreases during early divisions

Alberts et a., Molecular Biology of the Cell.2002



In Xenopus oscillations progress independently
of DNA presence and cell cycle events

Autonomous oscillations!

45 minutes 80 minutes 116 minutes

time postfedilization —

O

cytoplasm from
activated frog
€ggs
L J

- -

cell-free cell cycle: 40-60 min

e

Alberts et a., Molecular Biology of the Cell.2002



MPF, the mitosis promoting factor
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MPF is a heterodimer

CDK cyclin dependent kinase
(Cyc) cyclin (regulatory subunit)

Only cyclin synthesis and degradation are required for Xenopus early cycles.
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CDK is activated by cyclin binding and once
activated it induces cyclin degradation
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But something else must be at work...
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Cyclin threshold

1 2 3 4 5 8 7 B 2 10

nM CYCLIN: 1500 480 150 46 15 48 15

' ”-- =i =
- - T

H1 KINASE: 40¢ 17 16 325 240 130 188 20 16 14
MPF: 440 <30 <30 230 580 520 360<30 <30 <30

Solomon et al, Cell, 1990



Yeast and the domino paradigm
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Cell division cycle (cdc) mutants are temperature sensitive
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Figure 6. A pathway of gene controlled events in the S. cerevisiae cell cycle. Numbers refer to cde ge-
nes. Abbreviations are: 1DS, initiation of DNA synthesis, DS, DNA synthesis, mND, medial nuclear
division: IND, late nuclear division; BE, bud emergence; NM, nuclear migration: CK, cytokinesis:

CS cell separation; MF mating factor. Reprinted from ref 7 with permission.

Hartwell, Genetics, 1991

Figure 5. Normal cells and adc mutant cells several hours after incubation at the restrictive tem-
perature. (A) wild type. (B) ac8 (C) cdc24 (D) cdcl0.
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Wee1 controls a rate limiting step in the cell cycle

Cell division and cell growth are coupled

wild type wee1 cdc25

DNA Replication)

unreplicated DNA

!

weel PK. cdc25
—-I- 1'.'4-'1

—»M

cdc2 PK,

G2

Nurse, Noble lecture, 2000



Basic cell cycle properties

- Cell physiology-
- Coupling of mass growth and cell division.
- Once the cell enters the cycle,it is commited to finish it: irreversibility.

- The cell halts during cell cycle progression if something has gone wrongly.

-Molecular network-
-Oscillations of MPF drive cells into and out of mitosis.

- Cdc28 activity is controlled by Wee1 (negative) and Cdc25 (positive).



Dominoes and clocks: Cdc28 is the
budding yeast homologous of MPF’s
catalytic subunit

Figure 6. A pathway of gene controlled events in the S. cerevisiae cell cycle. Numbers refer to cde ge-
nes. Abbreviations are: iDS, initiation of DNA synthesis, DS, DNA synthesis, mND, medial nuclear
division; IND, late nuclear division: BE, bud emergence; NM, nuclear migration: CK, cytokinesis:

CS cell separation; MF mating factor. Reprinted from ref 7 with permission.
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Phosphorylation as well as cyclin binding controls MPF activity
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Phosphorylation as well as cyclin binding controls MPF activity
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Isolation and analysis of a positive feedback: the network...
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Notice, here no cyclin synthesis, no cyclin degradation!!



...and the physiology

1 bl 3 4 5 6 7 B 2 10
nM CYCLIN: 1500 480 150 46 15 46 15

H1 KINASE: 108 17 16 325 242 130 188 20 16 14
’ MPF: 440 <30 <30 830 3830 520 360<30 <30 <30

Solomon et al, Cell, 1990



Part Il
Standard laws of biochemical kinetics
applied to molecular networks



Law of Mass Action: forward reaction

k
oMPF  ——» MPF

Steady State solution (MPFSS)

aMPE . pMPF
dt dMPF _ |
pMPF = MPF, - MPF T
ss
dl\ng =k (MPF, - MPF) MPE™ = MPF,

Notice: no dimer, only MPF. Cdk is supposed to be present in excess throughout
the cycle. Increasing MPF total mimics an increase in cyclin total.



dMPF

= k.. (MPF, -MPF)

dt

0.2

0.1}
dMPF
dt

-0.1




Law of Mass Action: reversible reaction

ka
pMPF ——> MPF

K;
dl\jtPF =Ka . pMPF - ki- MPF

Steady State solution




ka
pMPF > MPF

ki
dMPF
=ka- (MPF_, —MPF) - ki- MPF
dt

production elimination

+ -

dMPF _0
0.25 ¢ dt
dl\:l[fF 02 dMPF _ | dMPF _ |

dt dt

0.15

01 F

0.05 |




MPF




Law of Mass Action:
catalyzed reversible reaction

_,ka dMPF
pPMPF —* MPF m =ka- (MPF_, —MPF) -ki- MPF - Weel
k. A
A production elimination
I -—
Wee1 ¥
rate

0.25 ¢

0.2

0.15F

01 F

0.05 F




Nullclines

_.ka dMPF
pPMPF % MPF " =ka. (MPF,, —MPF) - ki- MPF - Weel
k. A
A production elimination
l -
Wee1 ¥

0.05




What happens if MPF total increases?

rate
0.25 &

0.2
0.15 F
0.1F

0.05




Michaelis-Menten: forward reaction

kw
Wee1 P—ab Wee1

dWeel kuwa. WeelP Steady State solution
dt  J+WeelP dWeel _
dWeel kwa-(Weel, - Weel) dt

dt T+ (Weel,, - Weel) Weel> = Weel



02 o

dWeel |
dt

0.1

-0.1




Michaelis-Menten: reversible reaction

Kk

wa
Wee1P _"k_ Wee1

Wi

Kk K,
WeelP——» Enzyme1:Wee1P T> Wee1
<—
Tkee

Enzyme1

Enzyme1

K K
Weel —T» Enzyme2:Wee1 T>4 Wee1P
bl k3r

Enzyme2 Enzyme2



Proc. Natl. Acad. Sci. USA
Vol. 78, No. 11, pp. 6840-6844, November 1981
Biochemistry

An amplified sensitivity arising from covalent modification in
biological systems

(protein modification/metabolic regulation/switch mechanism/enzyme cascades)

ALBERT GOLDBETERT AND DANIEL E. KOSHLAND, JR.
Department of Biochemistry, University of California, Berkeley, California 94720

Contributed by Daniel E. Koshland, Jr., August 11, 1981

if [enzym1,o:], [enzyme2;4;] << [Wee 1]

k .=[enzymel ., ]k,

k .=[enzyme2. .. ]k,

dWeel kwa (Weel  — Weel) kwi- Weel
dt J+ Weel -Weel J+ Weel

production elimination
+ -



Michaelis-Menten: reversible reaction

Kwa dWeel kwa (Weel_, — Weel) kwi- Weel
_> — -
WeelP — Weet dt J+Weel -Weel  J+Weel
production elimination
+ -
dWeel _0
rate dt
0.5 -
dWeel >0 dWeel <0
0a] dt dt
0.3
0.2 -
0.1 -
0.0 - —_— — . .
0.0 0.2 0.4 0.6 0.8 1.0

Wee1*



Nullclines

Kwa dWeel kwa (Weel_, — Weel) kwi- Weel
_> j— -
WeelP ¢— Weet dt T+ Weel_-Weel T+ Weel
Wi
production elimination
+ -
rate dt -
dWeel
05 1 dWeel dWeel =<0
>0 <0 dt
0a] dt dt v
03 0.5 | T
0.2 | dWeel -0
dt
0.1 {
] , : : : ' O 1 [ ]
00o.o :’0.2 0.4 <« 0.6 0.8 1.0 0 1 2 25 3 4 S

Wee1SS MPF



Phase plane analysis

WeelP T —* Weef

kwi :
1
v k,
MPF < pPMPF
ka
dl\gtPF =ka. (MPF,_, — MPF) - ki- MPF - Weel

dWeel kwa (Weel  — Weel) kwi- Weel
dt J+ Weel -Weel J+ Weel




MPFSS MPF

dMPF
1 <0 o
dWeel dWeel
>0 <
dt dt
o — -«

Wee1SS



LL
ol
= dWeel 50 dWeel <0
dt dt
o <
* \Wee1SS

MPF

0.5 F




How does MPF increases with Cyclin total?

MPF> =

MPF

0.5 F

k.. MPFE, .

ki- Weel+ka

MPF

MPFtot



Not quite the same!

2 3 4 5 8 7 B &8 10

nM CYCLIN: 1500 480 150 46 15 46 15

H1 KINASE: 108 17 16 325 242 130 188 20 16 14
MPF: 240 =30 <30 280 S80 520 360<30 <30 <30

Solomon et al, Cell, 1990
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Michaelis-Menten:
catalyzed reversible reaction

Kk

wa
WeelP T —> Weef

K A
WI|

MPF

dWeel kwa (Weel  — Weel) kwi- Weel- MPF

dt J+ Weel  -Weel J+ Weel

production elimination
+ -



Wee1P ‘_’_ Wee1
kwi/;\
|
|

MPF

rate

Nullclines

dWeel kwa . (Weel  — Weel) kwi- Weel- MPF

dt J+ Weel  -Weel J+ Weel
production elimination
+ -

Weel1SS  dWeel

1

0.8

0.6

0.4

0.2

Wee1SS

<0




Phase plane analysis




Phase plane analysis




First solution, MPF wins, Wee1 loses

\ MPFtot=1.5

Wee1

1.6

MPF



Second solution, Wee1 wins, MPF loses

MPFtot=0.5

Wee1

MPF



Third solution, both can win: hysteresis

1 MPFtot=1

0.8 |

Wee1

1.6

MPF



How does MPF increases with Cyclin total?
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Hysteresis in the Xenopus early cycles: simulation
of an experimental result

. g a
a entry into Mitosis |
nM Acyclin B: ¢ 16 24 32 A 40 — }
o
2)
0 min 8 J
2 /
o /
90 . g '.\‘-~
min o, B
& | o Y o |
8 8 0-00°®

Ti Ta
[total cyclin]

From Sha et al, PNAS, 2003



b exit from Mitosisl
nM Acyclin B: 0 16 V 24

Q0

[active Cdc2]
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What happens if cyclin total increases with cell mass?
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NETWORK DYNAMICS AND CELL
PHYSIOLOGY

John J. Tyson*, Kathy Chen* and Bela Novak?

NATURE REVIEWS | MOLECULAR CELL BIOLOGY DECEMBER 2001 | VOLUME 2




Size

TimaA imind




cdc2 adtivity
2% % 3

=)
L

b [
= 1003
i M . /
100 ] o
3 ] |
1. 2 ] ‘
104 .
3 10_1—_
102 8/G2 E V1
E| i
| T IIIIIII| T IIIIIII] 10—3 IIIIII| T T ll|lll| T T IIIIIII| T Illllll[
0.01 0.1 0.01 0.1
Size
@y
164 S
7 °®
154 N %
054 J
i o)
2 04 % .................... M e i
® 0
g o3
(l)
(s} .
S
o
0.2 4
0.1
Gl @
0.0 T T 1
0 2

—— Stable steady state  ---=- Unstable steady state @ @@ Min/max of oscillation |




Conclusion

-Same wiring in different organisms, combination of positive and negative
feedbacks.

- In Xenopus early development, with large mass, the cell cycle is a limit
cycle oscillator, the negative feedback plays the key role.

- Artificially, an additional mechanism of control emerges, based on a
positive feedback loop.

- Both positive and negative feedbacks are at work in yeast. In these
organisms, mass growth drives the cell cycle.

- Positive feedbacks introduce checkpoints and irreversibility in the cycle.

The negative feedback the capability to start a new process.



Can a biologist fix a radio?—Or, what |
learned while studying apoptosis

CANCER CELL : SEPTEMBER 2002

Yuri Lazebnik

Cold Spring Harbor Laboratory
Cold Spring Harbor, New York 11724
E-mail: lazebnik@cshl.edu
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Figure 3. The toocls used by biclogists and engineers to describe processes
of interest

A:The biologist’s view of a radio. See Figure 2 and text for description of the
indicated components. B: The engineer's view of a radio. (Please note that
the circuit diagram presented is not that of the radio used in the study. The
diagram of the radio was lost, which, in part, explains why the radio
remains broken.)



