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« Overview of cell cycle



Overview of Cell Cycle ()

A. Cell cycle details
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Cell cycle must be tightly
regulated.

Basic mechanisms of cell
cycle regulation are well
conserved in eukaryotes.

(A) FISSION YEAST (Schizosaccharomyces pombe)
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Overview of Cell Cycle (ll)

Cell cycle is controlled by a series of biochemical switches (checkpoints).

Multiple layers of regulation ensures fidelity of cell division by responding to
internal and external signals.

In addition to replicating their genome, most cells replicate their other
organelles and macromolecules.

Growth in cell mass must be regulated too.

cytokinesis
mitosis i

metaphase-to-anaphase tra

interphase prophase prometaphase metaphase anaphase telophase
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« Different phases of cell cycle



Phases of Cell Cycle (I)

mitosis cytokinesis

G, phase ,  —

- Grow in cell mass interphase ,.,,...,.,.,m...,.m,,,,, e

- Genes required to Q O G@ Q) Q

activate cell cycle are g
turned off .

- Can be delayed DNA replication
- Can exit to GO

G, and growth control

- Cells no longer divide
- Can exit from G,
- Cells are active in G,




Phases of Cell Cycle (ll)

S phase

- Centrosome replication

- DNA replication " otz o — by ~ i hour
- Sister chromatids are Crocer T cnacrior (58
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connected by cohesin
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accumulation of enzymes)

10



Phases of Cell Cycle (llI)

. S— cytokinesis
~ mitosis r

® — ot 0010 (@
« M phase

— prophase: | on e
condensation of chromosomes; formation of two poles

— prometaphase

nuclear envelope breakdown; bipolar attachment at kinetochores
— metaphase

chromosomes aligned in the midzone

— anaphase

sister chromatids separated; moving to the two poles
— telophase
reformation of nuclear envelopes

— cytokinesis
formation of contractile ring; separation of two daughter cells
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* Checkpoints; Cyclin and cyclin-dependent kinases
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Check points are biochemically
implemented switches that control
transition between cell-cycle stages C

Restriction point in G1 phase

DNA damage checkpoint in G1, S,
G2 phase

DNA replication checkpoint

Spindle assembly checkpoint

Checkpoints (I)
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Checkpoints (lI)

DNA damage check point
Sensing of DNA damage: ATM & ATR

ATM & ATR activate Chk1& Chk2 and
stabilizes p53.

Cell-cycle progression is halted if DNA
damage is detected.

Cells can enter into several states ATM: ataxia-telangiectasia mutated

Problems at
DNA breaks} replication forks
A
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ATM — ATM ATR + cofactors
dimer monomer bind ssDNA
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kinase transcription kinase
factor

Cell cycle proteins
DNA repair proteins

\

Apoptosis Cellcycle  DNA repair
arrest

Genotoxic
stress

Sensors

Transducers

Effectors

Responses

- Cell death ATR: ataxia-telangiectasia and Rad9

- Cell cycle arrest
- Successful DNA repair;
Resume cell cycle

related
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Cyclin and Cyclin-Dependent Kinase (I)

Transition between different stages of the cell cycle are
controlled by a network of kinases and phosphatases.

Cyclin-dependent kinases play critical roles in regulating cell
cycle.

G,/S- cyclm S- cyclm M- cyclln
y start\. Gle metaphase anaphase

“ ‘\rcyclm “ APC/C

G,/s-Cdk  S-Cdk M-Cdk
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Cyclin and Cyclin-Dependent Kinase (lI)

Table 17-1 The Major Cyclins and Cdks of Vertebrates and Budding Yeast

G,-Cdk cyclin D¥* Cdk4, Cdké Cin3 Cdk1**
G,/s-Cdk cyclin E Cdk2 Cin1,2 Cdk1
S-Cdk cyclin A Cdk2, Cdk1** Clbs, 6 Cdk1
M-Cdk cyclinB Cdk1 Clb1,2,3,4  Cdkil

*There are three D cyclins in mammals (cyclins D1, D2, and D3).

**The original name of Cdk1 was Cdc2 in both vertebrates and fission yeast, and Cdc28

in budding yeast.

CDK activity
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Cyclin and Cyclin-Dependent Kinase (lll)

« CAK (cdk-activating kinase)

actives Cyclin-CDK Complexes_ cyclin _ [caactivaiong iwse (CAK]
cyclin
» Activated cyclin-CDK complexes ga L —
can be inhibited by Cdk inhibitor
proteins (CKI) or inhibitory \ W oo L
p h OS p h (0] ryl at| on. Cdk active site activating phosphate
(A) INACTIVE (B) PARTLY ACTIVE (C) FULLY ACTIVE
« Redundant mechanisms used to
ensure robustness and fidelity of
cell-cycle control.
cy?Iin inhibitory phosphate cyclm
, Weel ‘
kinase ‘
&P” pho(;‘:::?astase - t I
Cd'k activating active inactive
phosphate cyclin-Cdk p27-cyclin-Cdk
ACTIVE INACTIVE complex complex
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Protein Degradation in Cell Cycle (I)

Protein degradation is a critical cell cycle regulatory
mechanism.

Exit from mitosis requires CDK inactivation

This is achieved by degradation of cyclins and securin
(regulator of sister chromatid separation).

Destruction of cyclins inactivate CDKs.
Degradation of cyclin is performed in proteasome and

requires ubiquitin enzymes (E1, E2, E3).
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Protein Degradation in Cell Cycle (Il)

Example: a key regulator
of cyclin degradation is
APC/C (anaphase
promoting
complex/cyclosome).

Two forms of APC/C
- APC/CCdc20
- APC/CCdn1

APC/CCdc20 js responsible
for triggering metaphase-
anaphase transition.
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Summary of Cell Cycle Regulatory Proteins

Table 17-2 Summary of the Major Cell-Cycle Regulatory Proteins

Protein kinases and protein phosphatases that modify Cdks

Cdk-activating kinase (CAK)
Wee1 kinase

Cdc25 phosphatase
Cdk inhibitor proteins (CKls)
Sic1 (budding yeast)

p27 (mammals)

P21 (mammals)
p16 (mammals)

phosphorylates an activating site in Cdks

phosphorylates inhibitory sites in Cdks; primarily involved in suppressing Cdk1 activity before
mitosis

removes inhibitory phosphates from Cdks; three family members (Cdc25A, B, C) in mammals;
primarily involved in controlling Cdk1 activation at the onset of mitosis

suppresses Cdk1 activity in G,; phosphorylation by Cdk1 at the end of G, triggers its destruction

suppresses G,/S-Cdk and S-Cdk activities in G,; helps cells withdraw from cell cycle when they
terminally differentiate; phosphorylation by Cdk2 triggers its ubiquitylation by SCF

suppresses G,/S-Cdk and S-Cdk activities following DNA damage
suppresses G,-Cdk activity in G,; frequently inactivated in cancer

Ubiquitin ligases and their activators

APC/C

Cdc20

Cdh1

SCF

catalyzes ubiquitylation of regulatory proteins involved primarily in exit from mitosis, including
securin and S- and M-cyclins; regulated by association with activating subunits

APC/C-activating subunit in all cells; triggers initial activation of APC/C at metaphase-to-anaphase
transition; stimulated by M-Cdk activity

APC/C-activating subunit that maintains APC/C activity after anaphase and throughout G,;
inhibited by Cdk activity

catalyzes ubiquitylation of regulatory proteins involved in G, control, including some CKis (Sic1 in
budding yeast, p27 in mammals); phosphorylation of target protein usually required for this
activity
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* A detailed look at M phase
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Overview of M Phase (I)

In metaphase cells undergo
dramatic and complex
changes in its structure and
organization. Only apoptosis
IS comparable.

Mitosis is the most complex
process in the cell cycle.

cytokinesis

metaphase-to-anaphase transition

INTERPHASE

A. Interphase B. Prophase C. Prometaphase D. Metaphase

///NUC leus
- Centrosome
- Chramasames\
\\

e~

Microtubules~”

Centrosomes separate Nuclear envelope (NE) Chromoscmes align
Chromosomes condense breaks down on spindle equator
Chromosomes attach
to spindle

E. Anaphase A F. Anaphase B G.Telophase H. Cytokinesis

~—Midbody

\\cs remnant

Sister chromatids separate Organized central spindle (C8) Cleavage furrow {CF) constricts Chromosomes decondense
and move to poles assembles Muclear envelope (NE) Interphase microtubule
Cleavage furrow (CF) assembles| reassembles network reforms
Poles (arrows) separate Daughter cells separate
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Overview of M Phase (l)

Cell division is usually symmetric.

An important exception is the asymmetric division of
stem cells.

Key regulators of metaphase include Cdk2-cyclin A,
Cdk1-cyclin B and APC/CCde20,

4] e Do 3 -4 5 L o e e
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Prophase (I)
» Prophase is the transition phase of G, into mitosis.

« Chromosome condensation

— H1 and H3 are phosphorylated by Cdk1 and Aurora-B, respectively.
— Condensin enters nucleus.
— These activities are not essential for chromosome condensation.

« Disassembly of nucleolus

g @ ﬂ s Hirano T, Genes Dev. 1999;13:11-19

SMC2-SMC4 SMC1-SMC3

YN /
,,,,,,,,,,,,,,

SR
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Prophase (ll)

Microtubules
— Microtubules become more dynamic and much shorter.
— Increased nucleation at centrosomes. RIS Chromosome
— Microtubules become organized into two radial arrays. pro Ll ol -
L \ /7 ceriices v
begins i

SEAIN :
T AN Microtubule half-
Cell surface .- _a_’i‘:«*;j( lite decreases
AN

Intermediate filaments and actin disassemble. iMe:"nZE%‘:;s,/"-7* ~x and asters form

Intracellular membrane Cell begins to
networks disassembled round up

Transcription stops.

Intracellular organelles

— Golgi and ER fragment.
— Membrane-mediated events greatly decrease.

DNA
Cell surface Actin

— Endocytosis and exocytosis are suppressed.
— Surface receptors are internalized.

Centrosomes

mitosis

metaphase-to-anaphase transition

Cell shape becomes rounded.

p]



Overview of Prometaphase

* Major events

- Nuclear envelope breaks down.

- Capture of chromosomes by MTs.

- Chromosomes establish bipolar
attachment at kinetochores.

- Correction of attachment errors
under the control of spindle checkpoint
molecules.

mitosis

metaphase-to-anaphase transition

D

A. Early prometaphase

=

1w
2 |

fin2e)

1. Nuclear envelope disassembles

2. Microtubules grow and shrink in aster
3. Kinetochore captures microtubule

Centrosomes

C. Late prometaphase

- 4

(L T
& )6 \.-"ij

4. Chromosome slides rapidly poleward
along microtubule

5. Microtubule from opposite pole is
captured by sister kinetochore

6. Chomosome attached to both poles
congresses to middle of spindle
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Prometaphase: Nuclear Envelope Breakdown

* Nuclear membrane bilayers are removed.
* Nuclear pores disassemble.
* Nuclear lamina meshwork disassemble.

 Broken nuclear envelope components are organized
differently in different cells.

— : cytokinesis
metaphase-to-anaphase transition
l W ZEs R 7/
o S e B i 7 T v Chromosomes  Vesicles derived from Lamanlspers od |7/ "\ | BZZLAT ! ¥4
I'T)‘R-‘ mkﬁ%ﬁk& o | “‘M ___-‘@ il & the nuclear envelope thmx}ghm e fragm I\‘.ed & ]l sl |5 l‘ M,-".\ -
== i’ / *Kéﬁ(‘ % \ )=\ il plasmic reticulum i b ina| _ Monomers on \
3 N i S O S = o, Lamina Monomei rs Lamina membrane vesic




Prometaphase: Mitotic Spindle Organization (l)

spindle pole replicated
chromosome kinetochore

Th ree g ro u pS Of m iCrOtU b u IeS centrosome (sister chromatids)

- Kinetochore MTs

- Interpolar MTs
- Astral MTs

astral microtubules kinetochore microtubules interpolar microtubules

* Molecular motors play critical
. . . A. Metaphase—forces balanced, spindle length stable
roles in maintaining the wg
. . toward minus (=) end
dynamic architecture of the N
mitotic spindle. /= =

-

Inward force from minus-end-directed kinesin-14 and microtubule
disassembly at poles by kinesin-13 is balanced by outward force
from kinesin-S plus dynein stretching poles apart

Microtubule assembly at kinetochores and disassembly at poles cat
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Prometaphase: Mitotic Spindle Organization (ll)

« Constant addition of
tubulin at MT plus
ends Is balanced by
depolymerization at
MT minus ends. This
generates microtubule
flux.

mitotic spindle

Yang et al., J. Cell Biology, 182:631-639, 2008
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Spindle Assembly: MT Organization ()

® TWO pathwa yS Of m I Crotu b u I e aSS e m b Iy A. Metaphase—forces balanced, spindle Ienth stable

- Centrosome-mediated assembly
- Centrosome-independent assembly

Cytoplasmic dynein moves h

toward minus (-) end m
Microtubule !
\) : § !
*) Flux . I~
—~ 3 A .
P \ i

Inward force from minus-end-directed kinesin-r14 and microtubule
disassembly at poles by kinesin-13 is balanced by outward force
from kinesin-5 plus dynein stretching poles apart

Microtubule assembly at kinetochores and disassembly at poles cat

« Centrosome-independent spindle assembly depends
on a Ran-GTP gradient.

? gra idien; W

M’f

Stabilized
microtubules
accumulate on
\ chromosomes

';'."

,/ Unstable microtubule \/,

stabilized by
Ran-GTP
gradient

Motors sort
microtubules,

_which bind to
\ netochores

.......

o p— /
i

Other motors and
(—) end-binding proteins
.. organize spindle poles
{note absence of asters)
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Spindle Assembly: Bipolar Attachment (Il)

« Two mechanisms to
establish bipolar
attachment of microtubule
and chromosomes

- Search and capture

- Chromosome mediated MT
growth

Spindle poleyf
X —
icratubule i
)

- [=] - o [ &=
| ! i |

spindle pole (um)
|

Distance traveled toward
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Error Correction & Spindle Checkpoint

Tension between sister
chromatids is essential
to error detection and
correction.

MAD1/2 & Aurora-B
Kinase play critical roles
In spindle checkpoint.

Prometaphase Lack b  Metaphase  Ana phase
nnnnnnn

Sonde . PN
Wait _E_,W H 4\: \O_Clw oooooooooooo ) \Q{(/\)O_(} |
uuuuu lic / V7\|

i ﬁ @'@ o (GRS

High /

& \_,_7 A \_/\\_/

Medium Anaphase

& :

Low :% e s —

( Bl v)els E'é |/ \ M I / ol -\.
£ Sl -/

High g

v @Sep&mse

Musacchio & Salmon, Nat. Rev. Mol. Cell Biol.
8:319, 2007.
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Metaphase

Chromosomes
become aligned at the
metaphase plate.

Fluorescent tubulin
speckles move

. toward poles
Microtubules undergo
constant poleward flux. ===
Chromosomes
oscillation during
metaphase.

APC/C promotes the
degradation of securin.
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Anaphase A

Movement of sister
chromatids to the poles
requires shortening of
kinetochore MTs.

Anaphase A follows activation
of APC/CCdc20,

After spindle checkpoint is
turned off, APC/CCde20 triggers
the degradation of securin.

Chro:'ggg: I!aw‘
‘l. 0
1 : 'w,‘ g iquitin ‘
Reduced securin level allows ‘ ] et

separase to cleave cohesin.
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Anaphase B

« Spindle elongation pushes spindle poles apart in
Anaphase B.

« Chromosome movement is driven by two factors

- microtubule shortening and growth
- microtubule flux

« Spindle elongation

- Antiparallel sliding of microtubules
- Microtubule growth
- Spindle pole motility

DNA
Actin

Centrosomes




* Nuclear envelope starts to
reassemble in late anaphase and

Is completed in telophase.

Telophase

Ran-GTP mediates nuclear

envelope assembly.

Nuclear lamina reassembles

through recycling of
disassembled lamin subunits.

Cleavage plane

A.Telophase
specified

Nuclear envelope Organized

reassembles around / central spindle

chromosomes
\ assembles
| . { o —

continue
to separate

DNA
Actin

Centrosomes
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* Two daughter cells become

Cytokinesis (I)

separated through cytokinesis.

Formation of the contractile ring

requires actin and myosin-Il.

A. Early cytokinesis
Acto-myosin
New membrane/ contractile
inserted 1 ring forms
\ Midbody

begins
to form

Separation of two daughter cells
IS accompanies by constriction
and disassembly of the
contractile ring.

B. Late cytokinesis
Chromatin decondenses
Nuclear substructures

reform
Interphase microtubule
array reassembles
Midbody -

E—

Vesicle fusion drives separatibr:n_ '
(abscission) of the two cells
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Cytokinesis (Il)

Cytokinesis requires membrane
addition and abscission.

Secretory vesicles from the Golgi
provides new membrane.

Midbody contains many proteins
involved in membrane trafficking.

Intracelluar bridges may remain
open to connect cells.

B. Late anaphase
s
‘."‘5“ .

tion
H. Contractile mechanism [¥ ion¥
o Ty - b
4 = 7 g 1
R - 3 .
s n/ $ ‘1f o ;ﬁ:\ ¢
Myosin I1 L

= R
+4.Grazing saggilai sectig R .
AL R S Y B
LR o et ey

A. Early cytokinesis

New membrane

inserted\ 1

7 izrii' e

Acto-myosin

contractile
ring forms

Midbody
begins
to form

B. Late cytokinesis
Chromatin decondenses

Nuclear substructures
reform
Interphase microtubule
array reassembles
Midbcdy_ 3
, " \ Y
> \_ ——k p——g L

Vesicle fusion drives separation
(abscission) of the two cells
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Exit From Mitosis

] bt 2 Bt J e {| - s

Cdk1-cyclin B

Cdk1 must be inactivated for exit
from mitosis. 2|

CDK activ

Much of what is known of exit from

mitosis comes from budding yeast.

APC activity

Exit from mitosis in yeasts is —
mediated by the MEN GTPase.

Lowered Cdk activities allow the
release of MEN GTPases.

Released MEN GTPases activate
Cdc14p, which inhibits Cdks.



* Quantitative system-level study of cell cycle
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 Qutlook

42



Outlook

Rigorous training in cellular and molecular biology is essential to
biomedical engineering education.
- Like just about any field, the most effective way to learn biology
is to actually do it.

A follow-up course: 03-741 Advanced Cell Biology

Other possible follow-up courses
- Biophysics
- Biochemistry
- Molecular biology
- Genetics
- Computational biology

Use many resources online
- http://www.ibioseminars.orq/
- http://www.ibiomagazine.org/

43



Questions ?
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