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Ciclo Celular

Hoy veremos:
Etapas del Ciclo Celular
Mecanismos de Control del Ciclo
Division Celular.

*OBJETIVO: Replicar la célula

* La unica forma de hacer una célula es
reproducir una pre-existente: omnis cellula ex
cellula (Rudolph Virchow)
e Las células se reproducen siguiendo una
secuencia ordenada de eventos que culminan en
la division.

Se debe controlar que una etapa ha terminado

satisfactoriamente y que las condiciones de inicio
de la siguiente son adecuadas.

* La division celular es indispensable para los
organismos multicelulares:
stop = muerte (por ejemplo, radiacién de rayos X)
exceso = Tumor (cancer)

2 CHROMOSOME

CHROMOSOME
REPLICATION AND
CELL GROWTH

CELL

SEGREGATION

Eventos minimos del Ciclo Celular:
Division de una célula eucariota de dos
cromosomas




Los Eventos que suceden en una Division celular Eucariota vistos en
el microscopio:

mitosis cytokinesis
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DNA replication
Ciclo Celular -> Serie ordenada de sucesos.

Interfase:
G1
S (sintesis ADN)
G2 (crecimiento)
Fase M: Division nuclear o Mitosis
Divisién celular o Citoquinesis

Los Eventos que suceden en una Division celular Eucariota vistos en
el microscopio:

mitosis cytokinesis
r 1 1
metapha to ] 3 ransi
interphase proph. p P ph telophase
ST P TN /’ R,
TR / N D N
(@) — (@)-R) -1 (e)-(e=2)-(@ ) (&)
\ y ' n: If\ bz \\/ 7,\ /\\ \n\ / \/\ /\,
~_ \\ e N \ ~
> M PHASE |
INTERPHASE
DNA replication

Ciclo Celular -> Serie ordenada de sucesos.

Interfase:

;\@
Gl
S (sintesis ADN) G O

G2 (crecimiento)
Fase M: Division nuclear o Mitosis Pero: ;que no vemos en
Division celular o Citoquinesis el Microscopio?




OBJETIVO del Ciclo celular: Replicar la célula

Interfase = 23 hrs.
(solo S: 12 hrs)

En célula human

Fase M =1 hora

Fases del Ciclo Celular:
En Interfase:

G1 y G2: crecimiento celular, monitoreo del ambiente externo e

interno.

En G1 si el ambiente es desfavorable, o hay instrucciones de no

mantener la proliferacién -> GO
S: sintesis de ADN

M PHASE

! mitosis
v (nuclear N
\ division) cytokinesis
G, PHASE Y (cytoplasmic
’ i M division) .-
G e

S PHASE G, PHASE

(DNA replication)

Sistema de Control del Ciclo Celular:

Objetivo: Asegurar que la division
celular solo ocurre en condiciones
de:

*Sintesis del ADN sin errores
*Problemas en los pasos de la
Mitosis:
¢ Condensacion de los
cromosomas incompleta.
eAlineamiento de los cromosomas
eFormacion del Huso Mitético
¢ Ruptura de la membrana nuclear
incompleta.

“Checkpoints”

1. Start (en G1 tardio)
2. G2/IM
3. Transicion Metafase/Anafase

Si se detectan problemas se bloquea en estos puntos.

Are all chromosomes

Is all DNA replicated? attached to the spindle?

METAPHASE-TO-ANAPHASE
TRANSITION

TRIGGER ANAPHASE AND
PROCEED TO CYTOKINESIS

Is environment favorable?

G,/M CHECKPOINT

\_/

ENTER CELL CYCLE AND PROCEED TO S PHASE
START CHECKPOINT

Is environment favorable?




¢ Como se regula el ciclo? ;Qué determina el paso de una fase a otra?

Proteinas Clave del Control del Ciclo Celular: Complejo Ciclina-Cdk.

*Cdks fosforilan proteinas que participan en los
eventos claves de la mitosis, regulando su
actividad. Pero...

cyclin

\

e[ a actividad de CDKs depende necesaria la
asociacion con Ciclinas, por lo que...

L a actividad de Cdks varia a lo largo del ciclo
celular dependiendo de la presencia de cada
ciclina en particular.

. *La actividad Cdk se detiene al degradarse la
cyclin-dependent ciclina que tenia asociada.

kinase (Cdk) _
- _ *Por ejemplo: en el control de G2/M:

Se fosforilan proteinas que controlan la

condensacion de cromosomas, la ruptura de la

membrana nuclear (eventos del inicio de la

Mitosis).

NIVELES de CICLINA: modulan la actividad del complejo Ciclina-Cdk y
el Control del Ciclo Celular
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start\i X metaphase anaphase
6 5 e i G,
‘ S _cyclin ‘ APC/C
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Figure 17-16 Molecular Biology of the Cell 5/e (© Garland Science 2008)

*El sistema basico requiere de la actividad de 3 grupos de ciclinas: G1/S; Sy M.
*Existen las ciclinas-G1 que regulan las actividades de G1/S
*El complejo APCIC (Anaphase promoting complex/cyclosoma) ubiquitina (marca para

destruccion) la ciclina-M y a las proteinas que mantienen unidas las cromatidas
(complejo de cohesinas).




G,/S-cyclin

S-cyclin
\

M-cyclin

Gy

“ ‘ _.cyclin

G,/s-Cdk  S-Cdk

Figure 17-16 Molecular Biology of the Cell 5/e (© Garland Science 2008)

Complejo G1/S-Cdk:
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Table 17-1 The Major Cyclins and Cdks of Vertebrates and Budding Yeast

entradaa S (prog resion a CYCLIN-CDK VERTEBRATES BUDDING YEAST
través de Start) (ayudada COMPLEX CYCLIN CDK PARTNER CYCLIN CDK PARTNER
por complejo G1-Cdk G,-Cdk cyclin D* Cdk4, Cdk6 CIn3 Cdk1**

i G,/s-Cdk cyclin E Cdk2 Cin1,2 Cdk1
Complejo S-Cdk: s-Cdk cyclinA  Cdk2, Cdk1** Clbs, 6 cdk1
duplicacion cromosomica M-Cdk cyclinB Cdk1 Clb1,2,3,4  Cdk1

Complejo M-Cdk:
estimula la entrada a

. . in budding yeast.
Mitosis

*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

Table 17-1 Molecular Biology of the Cell 5/e (© Garland Science 2008)

C_‘Cémo se activa cyclin ; Cdk-activating kinase (CAK)
cyclin
., \
CDK por la uniéon { §
de ciclinas? — o § —— (s
/ T-loop
cdk active site activating phosphate
(A) INACTIVE (B) PARTLY ACTIVE (C) FULLY ACTIVE




Otras formas de regular CDK: CKI, proteina inhibitoria de la Cdk que se
une al complejo ciclina-Cdk.

cyclm
P
active inactive
cyclin-Cdk p27 p27-cyclin-Cdk
complex complex

control of proteolysis by SCF

active
SCF
complex

F-box polyubiquitin
protein  /7p;1\\ w chain
P
DEGRADATION
k
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PROTEASOME

Cdk inhibitor protein ublqumn (')
(CKI)
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enzymes

Figure 17-20b Molecular Biology of the Cell (© Garland Science 2008)
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La Actividad Cdk se regula por Degradacion de la Ciclinas.
Pero, APC cumple otras funciones, que y veremos....

Figure 17-20a Molecular Biology of the Cell (© Garland Science 2008)




Are all chromosomes

Is all DNA replicated? attached to the spindle?
Is environment favorable? METAPHASE-TO-ANAPHASE
TRANSITION
G,/M CHECKPOINT
TRIGGER ANAPHASE AND
PROCEED TO CYTOKINESIS
o 4
CONTROLLER

ENTER CELL CYCLE AND PROCEED TO S PHASE
START CHECKPOINT

Is environment favorable?

G,/S-cyclin S-cyclin M-cyclin
ZA\
Vision del Control del Ciclo Celular . o 1 —
start (! LGy i metaphase-anaphase|
Gl s I m g
‘ )\’,cyclin ‘ APC/C
favorable
extracellular
environment
v
G1-Cdk
A /

Figure 17-21 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Figure 17-21 Molecular Biology of the Cell 5/e (© Garland Science 2008)
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Figure 17-62 (part 1 of 3) Molecular Biology of the Cell (© Garland Science 2008)
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Figure 17-62 (part 2 of 3) Molecular Biology of the Cell (© Garland Science 2008)
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ATM/ATR kinase activation

Chk1/Chk2 kinase activation
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IN PROTEASOMES

WS active p53
l ACTIVE p53 BINDS TO

REGULATORY REGION
OF p21 GENE

P S22
h‘..\: p21 gene

Figure 17-63 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 17-21 Molecular Biology of the Cell 5/e (© Garland Science 2008)

P \I[,’
b..\:pﬂ gene

TRANSCRIPTION 1
mssssssss p21 mRNA
TRANSLATION }

p21 (Cdk
inhibitor protein)

L
t‘

ACTIVE INACTIVE
G1/5-Cdk G1/S-Cdk and S-Cdk
and S-Cdk complexed with p21
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Figure 17-21 Molecular Biology of the Cell 5/e (© Garland Science 2008)

Entrada en Fase S *La Fase S (Sintesis del ADN)

requiere dos procesos:
* Iniciacion de la Replicacion
e Terminacion

eLa copia del ADN debe ser una sola
favorable

extracellular DNA y debe ser fiel
environment damage _
*No solo se debe copiar el ADN, se
debe replicar el empacamiento de
las hebras.
\
G;-Cdk G,/S Cdk — S-Cdk — *La doble-copia se evita debido a
que el sistema esta dividido en
3 dos fases (temprana y tardia)
G./S- cyclm synthe5|s
S-cyclin synthe5|s

Gy

Figure 17-21 Molecular Biology of the Cell 5/e (© Garland Science 2008)




prereplicative complexes at replication origins

/

= = Fase Temprana

L formation of
S-Cdk activation | preinitiation complex
and initiation

Depende de complejos de pre-replicacion
formados durante G1.

Solo se pueden formar en esa fase del ciclo

Figure 17-22 Molecular Biology of the Cell (© Garland Science 2008)

prereplicative complexes at replication origins

formation of
S-Cdk activation | preinitiation complex
and initiation
‘ ‘ Ve
: 5 - ; Fase Tardia

replication
elongation  forks

Los complejos de pre-replicacion se han
desarmado. Solo queda replicar en los
lugares donde ya se insert6 la maquinaria de
replicacion.

Figure 17-22 Molecular Biology of the Cell (© Garland Science 2008)




prereplicative complexes at replication origins
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DNA REPLICATION

¢ Visto?

Three postulated methods of DNA Replication

Semi-Conservative

Wmﬂw(ﬁ}@ﬂ}@ﬂm@w

Conservative™

Dispersive*
Newly, synthesized strand
. Original template strand * not found to be

biologically significant

Figure 5-2 Molecular Biology of the Cell (© Garland Science 2008)




Horquilla de REPLICACION

template S strand

new S’ strand

1000 nt/ sec!

new S strand

S’ strand
parent DNA double helix

template S’ strand

5’ 3

Primero:
heli

Desenrrollar y separar las S

hebras complementarias:

Helicasa de ADN

Figure 5-14 Molecular Biology of the Cell (© Garland Science 2008)




Segundo:
Mantener la estructura lineal (proteinas de union a
hebra simple)

DNA polymerase

zﬁ single-stranded region
~._ of DNA template
with short regions
of base-paired “hairpins”

smgle-strand

binding protein
monomers ‘ “

cooperative protein binding straightens region of chain

Figure 5-16 Molecular Biology of the Cell (© Garland Science 2008)

Tercero:
iResolver que hacemos con la sintesis
UNIDIRECCIONAL!

La ADN polimerasa sintetiza en direccion 5> 3’

replication direction

Hebra Lider
(sin problema) 9’
33 5

Hebra retrazada
(donde comen:z;,amos?)

5!




ADEMAS!! " e«

iLa ADN polimerasa no 5 3/
puede iniciar una nueva
hebra! 1
Solo puede continuar una que
ya esté empezada
3'HO

(PerO laSpOlimersane PRI RRR il TRl

5' 3
ARN si pueden comenzar
hebras partiendo solo desde 1
la hebra molde, por lo que . .
. . . RNA primer DNA primase
pueden sintetizar partidores v
para la ADN-Pol) — A,

[HEERNERN FRLLLLR R iinnnll
5' 3’

Figure 5-11 Molecular Biology of the Cell (© Garland Science 2008)

Tercero:
Se sintetizan partidores que le permitan a la ADN-Pol
acoplarse a la hebra retrazada.

La ADN polimerasa sintetiza en direccion 5> 3’

replication direction

Hebra Lider
(sin problema) 9’

Hebra retrazada 3’ 3 5
Sintesis de partidores!!! o 5 5 3
(fragmentos de Okazaki)

3!

5!




Tercero:
Se sintetizan partidores que le permitan a la ADN-Pol
acoplarse a la hebra retrazada.

La ADN polimerasa sintetiza en direccién 5> 3’

replication direction

Hebra Lider
(sin problema) 9’

Hebra retrazada 3 3 5

Elongacion / 5 g 3
34

5,

Tercero:
Se sintetizan partidores que le permitan a la ADN-Pol
acoplarse a la hebra retrazada.

La ADN polimerasa sintetiza en direccion 5> 3’

replication direction

Hebra Lider
(sin problema) 9’

Hebra retrazada 3 3 5
Elimina el partidor antiguo 5 5 3’
‘/
34

5!




new RNA primer

RNA synthesis by DNA
primer primase

3/ 5 3'<4mms’

5’ 3’

DNA polymerase adds to new

lagging- :

strand RNA primer to start new
template Okazaki fragment

3/ 53— 5

5’ 3’

DNA polymerase finishes
DNA fragment

3 N 5’
5' 3

old RNA primer erased © 5" triphosphate

and replaced by DNA polymerase |

Figure 5-7. Molecular Biology of the Cell, 4th Edition.

3 T DEEEEENEEE 0 5
5’ 3’

nick sealing by DNA ligase
joins new Okazaki fragment
to the growing chain

3/ T 57
5’ 3’

Figure 5-12 Molecular Biology of the Cell (© Garland Science 2008)
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newl\(/j synthesiz;c\j.’\"\,\
stran ,\
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DNA helix
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will start here
\u'

RNA primer DNA heIicaseJ :
: rimosome
new Okazaki fragment / DNA primase |
single-strand DNA-

| S .
lagging-strand template binding protein

ad clamp loader

DNA polymerase on lagging strand
(just finishing an Okazaki fragment)

Figure 5-21. Molecular Biology of the Cell, 4th Edition.




leading- newly
strand synthesized

template  strand DNA polymerase on

N\ \_,( leading strand

DNA primase

. 3 tal
sliding clamp parental
and clamp Ioader DNA helix
single-strand DNA-
binding protein /”‘ = DNA helicase
=\ lagging-strand
/\,’q \_ /\/ template
DNA polymerase
primer . onlagging strand newly
new Okazaki (just finishing an synthesized
fragment Okazaki fragment) strand
Figure 5-19a Molecular Biology of the Cell (© Garland Science 2008)
newly synthesized

leading strand

newly parental
synthesized DNA
strand

(B) (€)

Figure 5-19b,c Molecular Biology of the Cell (© Garland Science 2008)




Replicaciéon de ADN de una bacteria: 1 sitio de origen

replication

— forks
——

—_

Figure 5-6 Molecular Biology of the Cell (© Garland Science 2008)
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Replicacion de ADN en Eucariontes: muchos sitios de origen

telomere - T e : .
origin of _* -H ligll | |
replication \ \‘ Y/,
nuclear — - -n: - ‘ﬁ’]‘ il Il
membrane \§/ |
> | H
|'\II|| |‘ | .'| '||
centromere——| ' " X * _’ |
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' mitotic | 1'5
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DNA replication mitosis




Is all DNA replicated?
Is environment favorable?

G2/M CHECKPOINT

m
Gz/ CONTROLLER

\\_/

ENTER CELL CYCLE AND PROCEED TO S PHASE
START CHECKPOINT

Is environment favorable?

number of cells ——»

cellsin G,
phase

(i

cellsin G,and
M phases

relative amount of DNA per cell

(arbitrary units)




Mitosis

La entrada a esta etapa es regulada por M-Cdk

Son 5 etapas: Profase, Prometafase, Metafase, Anafase y Telofase.

(Centrosomas duplicados en Fase S)

mitosis cytokinesis
r 1 1
interphase proph. P h telophase

N TN / / 7% \ / '/Q\‘\
?‘ SRS ul/ (u‘&\\u \d/ \b, _ \lV \(0 — \ul L@ Y o @,\
/'\ /nJ "N}ﬁ,x) ’lr\ \}u \/e\ 1Y kr\ '/l' \ /1’

S— S— ~ ) S~ NS N

> M PHASE |
INTERPHASE

DNA replication

Profase:
* Condensacion de los cromosomas (cromatidas hermanas)
* Formacién de Uso Mitético

Centrosomas duplicados en Fase S
centrosome At prophase, the replicated
chromosomes, each
. consisting of two closely
forming . . .
mitotic  @ssociated sister chromatids,
spindle  condense. Outside the
nucleus, the mitotic spindle
assembles between the two
centrosomes, which have
replicated and moved apart.
For simplicity, only three
chromosomes are shown. In
diploid cells, there would be
two copies of each chromo-
some present. In the photo-

condensing replicated chromosome, consisting of micrograph, chromosomes
two sister chromatids held together along their length are stained orange and

microtubules are green.

1 PROPHASE

intact
nuclear
envelope

kinetochore




Prometafase:
* Ruptura de la Membrana Nuclear.
¢ Unidn de las cromatidas hermanas al Uso Mitético

2 PROMETAPHASE

Prometaphase starts
abruptly with the
breakdown of the nuclear
envelope. Chromosomes
can now attach to spindle
microtubules via their
kinetochores and undergo
active movement.

fragments of
centrosome nuclear envelope
at spindle g 1

pole

kinetochore chromosome in active motion

microtubule

Metafase:
¢ Alineamiento de las cromatidas hermanas.

3 METAPHASE

centrosome at

spindle pole
p p At metaphase, the

chromosomes are aligned
at the equator of the
spindle, midway between
the spindle poles. The
kinetochore microtubules
attach sister chromatids to
opposite poles of the
spindle.

kinetochore — N
microtubule




Anafase:

¢ Inicia la separacion de las cromatidas hermanas, se forman los
cromosomas hijos.

¢ Inician su movimiento a los polos opuestos de la célula.

4 ANAPHASE

daughter chromosomes a4 anaphase, the sister

chromatids synchronously
separate to form two
daughter chromosomes,
and each is pulled slowly
toward the spindle pole it
faces. The kinetochore
microtubules get shorter,
and the spindle poles also
move apart; both
processes contribute to
chromosome segregation.

shortening
kinetochore spindle pole
microtubule moving outward
ATPase domain
Smc2
Smc r\nole(ule Smc3 Scc3
e -\ N .-L\' S
) . ~ X
-t C N hinge
hinge —
ATPase _
domain Secl
(A) (B) Smcl

sister chromatids

|
© 20 nm

Figure 17-24 Molecular Biology of the Cell (© Garland Science 2008)
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active APC /C <4a &
M-Cdk active

cohesin separase cleaved and

complex ik dissociated cohesins
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Figure 17-44 Molecular Biology of the Cell (© Garland Science 2008)

Mitosis en Células Animales

Tres Clases de Microtubulos forman el Huso Mitético.

spindle pole replicated
chromosome kinetochore
centrosome (sister chromatids)

astral microtubules kinetochore microtubules interpolar microtubules

Figure 17-28 Molecular Biology of the Cell 5/e (© Garland Science 2008)

Anafase A: participan microtubulos del cinetocoro
Anafase B: participan microtibulos astrales e interpolares
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(1) asliding force is generated between
interpolar microtubules from opposite
poles to push the poles apart; the
interpolar microtubules also elongate;
(2) a pulling force acts directly on the
poles to move them apart

shortening of kinetochore
microtubules; movement
of daughter chromosomes
to poles; forces generated
mainly at kinetochores

microtubule growth
at plus end of polar
microtubules

Figure 17-46 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 17-30 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 17-36a,b Molecular Biology of the Cell (© Garland Science 2008)
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Figure 17-37 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 17-40 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 17-43 Molecular Biology of the Cell (© Garland Science 2008)

Telofase:

* Los cromosomas llegan a los extremos de la célula (polos).
¢ Inician su descondenzacion

¢ Comienza a reformarse la membrana nuclear

5 TELOPHASE

During telophase, the two
sets of daughter chromo-
somes arrive at the poles of
the spindle and decondense.
A new nuclear envelope
reassembles around each
set, completing the formation
of two nuclei and marking
the end of mitosis. The
division of the cytoplasm
begins with contraction of
the contractile ring.

set of daughter chromosomes
at spindle pole

contractile ring
—— starting to
contract

centrosome

overlap
microtubules

nuclear envelope reassembling
around individual chromosomes




Citoquinesis:
* Se forma el anillo contractil en la zona ecuatorial
¢ Se divide el citoplasma.

6 CYTOKINESIS

During cytokinesis, the
cytoplasm is divided in two
by a contractile ring of
actin and myosin
filaments, which pinches
the cell in two to create
two daughters, each with
one nucleus.

completed nuclear envelope
surrounds decondensing
chromosomes

contr.actlle ring re-formation of interphase
creating cleavage array of microtubules nucleated
furrow by the centrosome

(Micrographs courtesy of Julie Canman and Ted Salmon.)

Citodiéresis o
Citocinesis

actin and myosin filaments of the
contractilering

Figure 17-49a Molecular Biology of the Cell 5/e (© Garland Science 2008)

Figure 17-49b




Mitosis en Células Animales

e —
PROGRESSION
THROUGH
M PHASE
microtubules of the actin and myosin filaments of the
mitotic spindle contractile ring

10 pm

Proteinas de Citoesqueleto que actian en
Fase M.

Huso Mitotico=microtubulos
Anillo Contractil=Actina y Miosina tipo Il

Citocinesis en una Célula Vegetal

(1)

preprophase band of microtubules remains of interpolar cortical array of
and actin filaments spindle microtubules interphase microtubules

vesicles

telophase cytokinesis
(2) phragmoplast
microtubules
Figure 17-57 Molecular Biology of the Cell 5/e (© Garland Science 2008) ( 3)

(2) Inicio de la formacién de la Pared Celular
(3) Se forma el fragmoplasto (microtibulos y actina)




Mitosis en una Célula Animal.

interphase late prophase

early prophase

late anaphase

prometaphase

late telophase

Célula: Ciclo Celular versus Apoptosis.
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Figure 17-69 Molecular Biology of the Cell (© Garland Science 2008)

I CAN'T HELP IT FELIAS —
SUDDENLY I'M FEEUNG ALL
BLOATED AND DEPRESSED.
AND I SEEM TO BE

SLOWLY TRIFTING AWAY...

HELP! WHATS HAFPENING
TO ME?! WHERE'D ALL
THESE  UNSIGHTLY BUMPS
COME FROM..77 AM I
BOILING OR SOMETHING..”]

~ / ~
Y - X

AND WHAT'S UP WITH MY
CHROMATIN? I DONY LIKE
THE LOOK OF ALL THIS

DNA CONGREGATING IN A
CONDENSED BLOR! DNA
1S A BOSSY ENOUGH

MOLECULE AT THE BEST

THE TRAGIC
EVERYDAY STORY




