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FOUR (FIVE) PHASES OF THE CELL CYCLE

G1: PRIMARY GROWTH PHASE
S: DNA REPLICATION
G2: SECONDARY GROWTH

PHASE
« collectively these 3 stages are ——— N
called interphase e ~
. division) cytokinesis
M CELL DIVISION G, PHASE ! (q(/;lti(\)/Fin?)Snr;“c b
« Mitosis -

» Cytokinesis

G, PHASE (5™ PHASE)

* Resting cells
« Terminally differentiated cells
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S PHASE G, PHASE

(DNA replication)



OVERVIEW OF THE CELL CYCLE

* The eukaryotic cell cycle usually consists of four phases
« G1 and G2 phases are “gap” phases
 G1+S+G2 = interphase cytoplasm

nucleus
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OVERVIEW OF THE CELL CYCLE

* GO = resting phase
« E.g. bone and nerve cells permanently in GO

« Can also be temporary, e.g. in liver or lymphocytes :
cytoplasm 1
nucleus@ -

chromosome
duplication

M PHASE m
' mitosis | |
v (nuclear T
' division) cytokinesis

(cytoplasmic
division) aT
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OVERVIEW OF THE CELL CYCLE
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THE CELL-CYCLE CONTROL SYSTEM

* The cell-cycle control system triggers the major events of the

cell CyC|e Are all chromosomes
Is all DNA replicated? attached to the spindle?
Is environment favorable? METAPHASE-TO-ANAPHASE
TRANSITION
G2/M TRANSITION
TRIGGER ANAPHASE AND
« Cell-cycle control system ENTER MITOSIS PROCEED TO CYTOKINESIS
triggers the essential processes - V
of the cycle:
* DNA replication CONTROLLER
* mitosis

|

« cytokinesis
» Information about the completion
of cell-cycle events, as well as
signals from the environment,
can cause the control system to

arrest the cycle at the transition ENTER CELL CYCLE AND PROCEED TO S PHASE
points START TRANSITION

Gy

Is environment favorable?



THE CELL-CYCLE CONTROL SYSTEM

* The cell-cycle control system triggers the major events of the

cell cycle
Is all DNA replicated?

Is environment favorable?

G>/M TRANSITION

Are all chromosomes
attached to the spindle?

METAPHASE-TO-ANAPHASE
TRANSITION

TRIGGER ANAPHASE AND
PROCEED TO CYTOKINESIS

Control system is based on ENTER MITOSIS
molecular switches
Typically, on/off +
irreversible

Robust + adaptive

3 major transitions

/

CONTROLLER

Gy

ENTER CELL CYCLE AND PROCEED TO S PHASE

START TRANSITION

Is environment favorable?



THE CELL-CYCLE CONTROL SYSTEM

» The cell-cycle control system depends on cyclically activated
cyclin-dependent protein kinases cyclin

\

« Cyclin forms a complex with Cdk
— the protein kinase is activated
to trigger specific cell-cycle events.

« Without cyclin, Cdk is inactive.

H/(
(

cyclin-dependent

* Cdk: kinase (Cdk)
 Constant levels

« Phosphorylate proteins that mediate cell cycle
« Cyclin:
« Regulate Cdk activity + direct to correct target
« Cycles of synthesis and degradation in each cell cycle



CYCLIN-CDK COMPLEXES OF THE
CELL-CYCLE CONTROL SYSTEM

The concentrations of the three major cyclin types The concentrations of
oscillate during the cell cycle Cdks do not change.

G,/S-cyclin S-cyclin M-cyclin

N

Sta rt \:

: b
1

G,/M | _metaphase-anaphase

1
& L

G1
“ ‘ \_cyclin ‘ APC/C

G,/s-Cdk S-Cdk M-Cdk

« Each Cdk-cyclin complex acts on specific target proteins
« Cdk-cyclin complex activity and levels regulated by:

* Phosphorylation & dephosphorylation

« Degradation of cyclins by proteasome



CYCLIN-CDK COMPLEXES OF THE
CELL-CYCLE CONTROL SYSTEM

The concentrations of the three major cyclin types The concentrations of
oscillate during the cell cycle Cdks do not change.
G,/S-cyclin S-cyclin

G,/M | _metaphase-anaphase

Sta rt\: :/ .
-l T 3
“ S cyclin ‘ APC/C

G,/s-Cdk S-Cdk M-Cdk

« G,/S-cyclin: levels rise in late G, — G,/S-Cdk complexes — Start transition
: S-Cdk complexes in G, after start— trigger +

* M-cyclins: M-Cdk complexes form during G, but are held in an inactive state —
activated at the end of G, — trigger entry into mitosis at the G,/M transition
« (APC/C, initiates the metaphase-to-anaphase transition)



CDK ACTIVATION AND SPESIFICITY

cyclin Cdk-activating kinase (CAK)
cyclin
\
Y
ATP | ATP y
(> =
/ T-loop
Cdk active site activating phosphate
(A) INACTIVE (B) PARTLY ACTIVE (C) FULLY ACTIVE

1. Active site is blocked 2. The binding of

by a region of the protein  causes the T-loop to move

called the T-loop out of the active site,
resulting in partial activation
of Cdk2

3. Phosphorylation of
Cdk2 (by CAK) at a
threonine residue in the
T-loop further activates
the enzyme by changing
the shape of the T-loop

» Activity of cyclin/Cdk complexes targeted by cyclins and by availability of substrates

(different at different states of cell cycle)



The regulation of Cdk activity by inhibitory
phosphorylation and Cdk inhibitor proteins

p27 binds to both the cyclin and Cdk in the
complex, distorting the active site of the
Cdk

Wee1 kinase
inactivates

cyclin inhibitory phosphate _
cyclin

Wee1 Cdk

kinase
—

A

Cdc25
phosphatase

Cdk activating
phosphate

inactive
p27—cyclin—Cdk
complex

active
cyclin—Cdk
ACTIVE INACTIVE complex

p27

Cdc25 phosphatase

activates It also inserts into the ATP-binding site,

further inhibiting the enzyme activity



CYCLIN-CDK COMPLEXES OF THE
CELL-CYCLE CONTROL SYSTEM

G,/S-cyclin S-cyclin

M : metaphase—anaphase

G,/ ,
s “
_cyclin

G,/s-Cdk S-Cdk M- Cdk

« G,/S-cyclin: levels rise in late G, — G,/S-Cdk complexes — Start transition
: S-Cdk complexes in G, after start— trigger +

* M-cyclins: M-Cdk complexes form during G, but are held in an inactive state —
activated at the end of G, — trigger entry into mitosis at the G,/M transition

 APC/C, initiates the metaphase-to-anaphase transition



THE CONTROL OF PROTEOLYSIS BY THE

APC/C

« The anaphase-promoting complex/cyclosome (APC/C) triggers
the metaphase-to-anaphase transition

1. The APC/C is activated in metaphase by association with Cdc20, which recognizes
specific amino acid sequences on M-cyclin, S-cyclin, and other target proteins.

Anaphase-
Promoting
Complex (APC/C)
is an E3 ubiquitin

. inactive APC/C
ligase

M-cyclin

\

activating
& subunit
(Cdc20)

%

IS
N

active APC/C

.

3. The
polyubiquitylated
target is then
recognized and
degraded in a
proteasome.

polyubiquitin
chain

“q

DEGRADATION

Cdk

2. With the help of two additional proteins
called E1 and E2, the APC/C assembles
polyubiquitin chains on the target
protein.

ubiquitin (?)

+
{E2;

ubiquitylation
enzymes

=) OF M-CYCLIN IN
PROTEASOME

k
>

&

Keeps M- and S-cyclin levels
down during G1 phase



The marking of proteins with
ubiquitin
ubiquitin ‘SH

7LT @l @/ >
' . s—C=0
ubiquitin- b't':dmg to SH
activating ubiquitin- ubiquitin-conjugating
conjugating . .

enzyme enzyme primed with
@\_f?_‘ enzyme ubiquitin
(A) d

€-amino group

on lysine
side chain

NH,

; \_J

—_— —_ > = =
/// I \\\ v
degradation signal target protein first ubiquitin target protein with
on target protein bound to chain added polyubiquitin

- ubiquitin ligase to target protein chain

Figure 3-70 Molecular Biology of the Cell 6e (© Garland Science 2015)

E3: ubiquitin ligase



SEQUENTIAL ACTIVATION OF CDKS DURING THE
CELL CYCLE

 The cell-cycle control system functions as a linked series of
biochemical switches

favorable chromosome
extracellular DNA unreplicated DNA unattached to
environment damage DNA damage spindle
G- Cdk Gq/S-Cdk —» S- Cdk > M Cdk —_— APC/C—Cdc20 — APC/C-Cdh1

G1/S-cyclin synthesm/'
S-cyclin synthe5|s DNA re- repl|cat|on



CONTROL OF CELL DIVISION AND CELL
GROWTH

 Extracellular signal molecules regulate cell growth, division and
survival

» Signals are generally soluble secreted proteins

» Mitogens stimulate cell division via stimulating G1/S-Cdk
activity -> more cells

« Growth factors stimulate cell growth by promoting synthesis of
proteins, etc. -> bigger cells

 Survival factors promote cell survival by suppressing
apoptosis



CONTROL OF CELL DIVISION AND CELL
GROWTH

* Mitogens stimulate cell division
» Growth factors stimulate cell growth
 Survival factors suppress apoptosis

>50 mitogens in human, including Platelet-derived growth factor
(PDGF) and epidermal growth factor (EGF)



Mitogens release the brakes on Cdk
activity in G1 phase

— Cell-cycle entry

G,/S-cyclin S-cyclin M-cyclin
"y , \ o\

Mitogens

Sta rt\l

| | E/ G,/M :/metaphase—anaphase
D : S M (G
“ "cycnn ‘ o
G,/5-Cdk S-Cdk M-Cdk
favorable chromosome
M'togens =l extracellular DNA unreplicated DNA unattached to
environment damage DNA damage spindle

LN N

G;-Cdk G1/S Cdk —_— > S- Cdk _— M Cdk —_— APC/C—CchO — APC/C-Cdh1

v
G1/S- cyclln synthe5|s

S-cyclin synthes;s DNA re- repllcatlon




mitogen

MITOGEN STIMULATION
OF CELL-CYCLE ENTRY 65— mitogen receptor

* Mitogens Stimulate G,-Cdk
and G,/S-Cdk Activities

The Ras GAP increases hydrolysis of bound GTP
in Ras -> inactivates

“ inactive Ras active Ras
protein protein
K L
3 GDP .
(P P GDP i ( - Y
Yy 2 € £
AL )
’// \Q/ \C GTP
;P p SI;|2 1
DOWNSTREAM
’P p \ Ras GEF domain SIGNALS
SH3
/ PH domain
activated . .
e / orolinerich region 1 he Ras GEF domain of Sos stimulates the
Grb2 inactive Ras protein to replace its bound GDP
by GTP, which activates Ras to relay the signal

downstream.



MITOGEN STIMULATION
OF CELL-CYCLE ENTRY

* Mitogens Stimulate G,-Cdk
and G,/S-Cdk Activities

plasma membrane
\

\\ l//
~
GTP N

m
ny
active Ras <
protein
- . transcription transcription
(P~ proteinX (P proteinY (P regulatory ®- regulatory

protein A protein B
| | 1 |

changes in protein activity changes in gene expression

mitogen

x mitogen receptor
w

J, Ras

'

Ny

activation of transcription regulatory protein



MITOGEN STIMULATION
OF CELL-CYCLE ENTRY

* Mitogens Stimulate G,-Cdk
and G,/S-Cdk Activities

G,-Cdk activity (cyclin D—Cdk4),
triggers the phosphorylation of
members of the Rb family of
proteins — inactivates the Rb
proteins, freeing the gene
regulatory protein E2F

mitogen
‘ — mitogen receptor
>~ s = \
5 A
{ Ras

}

MAP kinase

/

activation of transcription regulatory protein

CYTOSOL
immediate early
/ gene expression

1 transcription

NUCLEUS
Mye¢ regulatory
protein

//”\\

RSNV

Myc increases the
expression of many
delayed-response
genes, including some
that lead to increased
G,-Cdk activity (cyclin
D—Cdk4)

'

delayed-response gene expression

e

active

Gi-Cdk  positive feedback

active Rb
protein active E2F
N\ iy, protein

active

G1/5-Cdk ™ W W
G1/S-cyclin

S-phase gene (cyclin E) active DNA
/ AL ISR transcription g S-cyclin S-Cdk SYNTHESIS
inactivated (cyclin A)
E2F protein
® (P} positive
feedback

inactivated Rb
protein

G



MITOGEN STIMULATION OF CELL-CYCLE ENTRY

@ S- cyclln M- cyclln

N\

Start G,/M I/metaphase—anaphase
To 6 o ‘o
“ “/cyclin “ APC/C

G,/S-Cdk  S-Cdk M-Cdk
&? <—J

active

G-Cdk positive feedback

tive Rb active
a;rgl'fein active E2F B ‘ )
Wi/, protein G1/5-cyclin
. T - S-phase gene (cyclin E) active DNA
« EZ2F activates the transcription of @ I < transeription — Sayelin — S.Cdk — SYNTHESIS
G,/S genes, including the genes inactivated (cyclin A)
. . E2F protein
for a G,/S-cyclin (cyclin E) and S- ELga® positive
eedbac

cyclin (cyclin A)

inactivated Rb

protein l l




MITOGEN STIMULATION
OF CELL-CYCLE ENTRY

* Mitogens Stimulate G,-Cdk
and G,/S-Cdk Activities

* The resulting G,/S-Cdk and
S-Cdk activities further
enhance Rb protein
phosphorylation, forming a
positive feedback loop.

« EZ2F proteins also stimulate
the transcription of their own
genes, forming another
positive feedback loop

— complete and irreversible
cell cycle

mitogen

‘ — mitogen receptor

’ > . \\\5 \

N

{ Ras
‘ 2
MAP kinase -
activation of transcription regulatory protein
CYTOSOL \
NUCLEUS immediate early

WY, gene expression
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I J—
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Mye¢ regulatory

. protein

delayed-response gene expression ‘

e—

active
Gi-Cdk  positive feedback )
active Rb active
protein active E2F Gi/5-Cdk \
YLkl protein ] G1/S-cyc|in
S-phase gene __ (cyclin E) active
/ AL transcription S-cyclin > s-Cdk
inactivated (cyclin A)
E2F protein

(P positive
feedback

®

inactivated Rb
protein

G

DNA
SYNTHESIS



CONTROL OF CELL DIVISION AND CELL
GROWTH

» Mitogens stimulate cell division
* Growth factors stimulate cell growth
 Survival factors suppress apoptosis



CELL PROLIFERATION IS ACCOMPANIED BY
CELL GROWTH

Cell division must be accompanied by cell growth

Extracellular growth factor activate cells stimulating rate of
synthesis and decreasing rate of degradation of cellular
macromolecules

Protein kinase TOR is at heart of all growth regulatory pathways
In eukaryotes



STIMULATION OF CELL GROWTH BY
EXTRACELLULAR GROWTH FACTORS AND

NUTRIENTS
growth factor amino acids < ..
D Plasr, Growth factors bind to cell surface
#. $ receptors — activation of P/ 3-kinase,
DN G i NCa . which promotes protein synthesis
E & o RlEZAEs oo’ through a complex signaling pathway
e, | ed : “ that leads to the activation of the
factor receptor b protein kinase TOR.
TOR
N Extracellular nutrients such as amino

acids also help activate TOR.

4E-BP: inhibitor of the translation initiation factor elF4E
S6: ribosomal subunit
S6K: S6 kinase



STIMULATION OF CELL GROWTH BY
EXTRACELLULAR GROWTH FACTORS AND

NUTRIENTS
growth factor amino acids < ..
¢. PI(4,5)P, ‘
5 P#P = "?" \
: g PI(3,4,5)P, Te%e

* TOR phosphorylates multiple proteins
/ to stimulate protein synthesis

activated l
activated growth

factor receptor PI3-Kkinase l /
Growth factors also stimulate increased

/ G \ production of the transcription regulatory
protein Myc, which activates the

transcription

4E-BP . . .
roteing, | O transcription of various genes that promote
¢4 J_ cell metabolism and growth
-
INCREASED PRODUCTION OF RIBOSOMES
l 4E-BP: inhibitor of the translation initiation factor elF4E

S6: ribosomal subunit
S6K: S6 kinase

PROTEIN SYNTHESIS AND CELL GROWTH
Figure 17-64 Molecular Biology of the Cell 6e (© Garland 5cience 2015)



STIMULATION OF CELL GROWTH BY
EXTRACELLULAR GROWTH FACTORS AND

1 transcription
Mye regulatory
l protein

delayed-response gene expression

e_J

active

0y,
2
G1-Cdk  positive feedback .
active Rb actlvzk
protein active E2F £ )
- protein G1/S-cyclin
S-phase gene (cyclin E) active
i’ 2R NS transcription S-cyclin s-Cdk
inactivated (cyclin A)
E2F protein

P) P, positive
feedback

inactivated Rb
protein

G

NUTRIENTS

Growth factors also stimulate increased
production of the transcription regulatory
protein Myc, which activates the
transcription of various genes that promote
cell metabolism and growth

DNA

SYNTHESIS

4E-BP: inhibitor of the translation initiation factor elF4E
S6: ribosomal subunit
S6K: S6 kinase



DNA DAMAGE BLOCKS CELL
DIVISION

« Damaged DNA must be
repaired prior to duplication

favorable chromosome
extracellular DNA unrepllcated DNA unattached to
environment damage DNA damage splndle

Y

X-rays

DNA f,/

}

G;-Cdk G1/S Cdk — S- Cdk —_— M Cdk — APC/C—CchO — APC/C-Cdh1

Y

G1/S- cyclln syntheS|s

S-cyclin synthe5|s DNA re- rephcatlon

DNA damage



X-rays

DNA DAMAGE BLOCKS /

CELL DIVISION ‘ DNA damage

ATM/ATR kinase activation

Chk1/Chk2 kinase activation

: 1 Mdm?2 l
[}
DNA damage leads to signaling e oL OSPHORYLATION
: : OF p53
cascade involving p53 that N .
. . <. stable,
activates synthesis of p21 - & active ps3
\
l p53 ACTIVE p53 BINDS TO
REGULATORY REGION
p53 UBIQUITYLATION my y OF p27 GENE
AND DEGRADATION o
IN PROTEASOMES W~ p21gene
[ESDas e | Jimzae]
favorable chromosome F—— —
extracellular DNA unreplicated DNA unattached to
environment damage DNA damage spindle

| N L

G;-Cdk G1/S Cdk — S-Cdk ——— M- Cdk — APC/C—CchO — APC/C-Cdh1

Y
G1/S-cyclin syntheS|s I \ / I
+

S-cyclin synthesis DNA re-replication




CONTROL OF CELL DIVISION AND CELL
GROWTH

TRANSCRIPTION l

* The p21 binds and inactivates e -
G,/S-Cdk and S-Cdk complexes,

p21 (Cdk
I I inhibitor protein
arresting the cell in G, L tor protein)

P

ACTIVE INACTIVE
P T g G4/S-Cdk G,/S-Cdk and S-Cdk
Gyl {yd'” 3 cy{"” h-cyglin and S-Cdk complexed with p21

G,/M . _metaphase—anaphase

, v e 4
@ e ' o =M
“ “/cycl in ‘ APC/C

G,/S-Cdk  S-Cdk M-Cdk
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