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Tous les êtres vivants sont composés de cellules
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https://www.youtube.com/watch?v=4OpBylwH9DU


La théorie cellulaire
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1. Tous les êtres vivants sont composés d’une ou plusieurs cellules


2. La cellule est l’unité de base du vivant


3. Toute cellule provient d’une cellule pré-existante, par division
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1. Tous les êtres vivants sont composés d’une ou plusieurs cellules


2. La cellule est l’unité de structurelle et fonctionnelle du vivant


3. Toute cellule provient d’une cellule pré-existante, par division


4. Toute cellule contient l’information héréditaire (génétique) nécessaire à son fonctionnement sous forme d’ADN


5. Toutes les cellules ont la même composition chimique de base


6. La transformation d’énergie ou métabolisme se passe à l’intérieur de la cellule
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 Les globules rouges  Les virus



La théorie cellulaire (updated)

6

1. Tous les êtres vivants sont composés d’une ou plusieurs cellules


2. La cellule est l’unité de structurelle et fonctionnelle du vivant


3. Toute cellule provient d’une cellule pré-existante, par division


4. Toute cellule contient l’information héréditaire (génétique) nécessaire à son fonctionnement sous forme d’ADN


5. Toutes les cellules possèdent la même composition chimique de base


6. La transformation d’énergie ou métabolisme se passe à l’intérieur de la cellule
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• Le seul moyen de produire une cellule est de dupliquer une cellule qui existe déjà


• Tous les organismes (uni- et pluri- cellulaires) sont le produit de multiples répétitions de croissance et 
division cellulaires


• La cellule doit dupliquer son contenu et se diviser en deux = cycle cellulaire


• Pour les prokaryotes, chaque division produit un nouvel organisme


• Pour les eukaryotes, il y a une séquence longue et complexe de divisions pour obtenir un organisme


• Certaines caractéristiques du cycle cellulaire sont universelles: au minimum, la cellule doit passer son 
information génétique à la génération suivante
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• Pour produire deux cellules identiques: 


• l’ADN de chaque chromosome doit être 
rigoureusement recopié


• les chromosomes doivent être distribués dans les 
cellules filles


• les cellules produisent aussi des organelles et 
macromolécules

964 Chapter 17:  The Cell Cycle

which the copied chromosomes are distributed into a pair of daughter nuclei; 
and cytoplasmic division, or cytokinesis, when the cell itself divides in two (Figure 
17–2).

At the end of S phase, the DNA molecules in each pair of duplicated chromo-
somes are intertwined and held tightly together by specialized protein linkages. 
Early in mitosis at a stage called prophase, the two DNA molecules are gradu-
ally disentangled and condensed into pairs of rigid, compact rods called sister 
chromatids, which remain linked by sister-chromatid cohesion. When the nuclear 
envelope disassembles later in mitosis, the sister-chromatid pairs become 
attached to the mitotic spindle, a giant bipolar array of microtubules (discussed 
in Chapter 16). Sister chromatids are attached to opposite poles of the spindle 
and, eventually, align at the spindle equator in a stage called metaphase. !e 
destruction of sister-chromatid cohesion at the start of anaphase separates the 
sister chromatids, which are pulled to opposite poles of the spindle. !e spindle is 
then disassembled, and the segregated chromosomes are packaged into separate 
nuclei at telophase. Cytokinesis then cleaves the cell in two, so that each daughter 
cell inherits one of the two nuclei (Figure 17–3).

The Eukaryotic Cell Cycle Usually Consists of Four Phases
Most cells require much more time to grow and double their mass of proteins and 
organelles than they require to duplicate their chromosomes and divide. Partly to 
allow time for growth, most cell cycles have gap phases—a G1 phase between M 
phase and S phase and a G2 phase between S phase and mitosis. !us, the eukary-
otic cell cycle is traditionally divided into four sequential phases: G1, S, G2, and M. 
G1, S, and G2 together are called interphase (Figure 17–4, and see Figure 17–3). In 
a typical human cell proliferating in culture, interphase might occupy 23 hours of 
a 24-hour cycle, with 1 hour for M phase. Cell growth occurs throughout the cell 
cycle, except during mitosis.

!e two gap phases are more than simple time delays to allow cell growth. !ey 
also provide time for the cell to monitor the internal and external environment 
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Figure 17–1 The cell cycle. The division 
of a hypothetical eukaryotic cell with two 
chromosomes (one red, and one black) 
is shown to illustrate how two genetically 
identical daughter cells are produced in 
each cycle. Each of the daughter cells will 
often continue to divide by going through 
additional cell cycles.

Figure 17–2 The major events of the cell cycle. The major chromosomal 
events of the cell cycle occur in S phase, when the chromosomes are 
duplicated, and M phase, when the duplicated chromosomes are segregated 
into a pair of daughter nuclei (in mitosis), after which the cell itself divides into 
two (cytokinesis).
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• Pour produire deux cellules identiques: 


• l’ADN de chaque chromosome doit être rigoureusement recopié 


➡ S phase, 10-12h dans les cellules de mammifères


• les chromosomes doivent être distribués dans les cellules filles


➡ M phase, ~1h dans les cellules de mammifères


964 Chapter 17:  The Cell Cycle

which the copied chromosomes are distributed into a pair of daughter nuclei; 
and cytoplasmic division, or cytokinesis, when the cell itself divides in two (Figure 
17–2).

At the end of S phase, the DNA molecules in each pair of duplicated chromo-
somes are intertwined and held tightly together by specialized protein linkages. 
Early in mitosis at a stage called prophase, the two DNA molecules are gradu-
ally disentangled and condensed into pairs of rigid, compact rods called sister 
chromatids, which remain linked by sister-chromatid cohesion. When the nuclear 
envelope disassembles later in mitosis, the sister-chromatid pairs become 
attached to the mitotic spindle, a giant bipolar array of microtubules (discussed 
in Chapter 16). Sister chromatids are attached to opposite poles of the spindle 
and, eventually, align at the spindle equator in a stage called metaphase. !e 
destruction of sister-chromatid cohesion at the start of anaphase separates the 
sister chromatids, which are pulled to opposite poles of the spindle. !e spindle is 
then disassembled, and the segregated chromosomes are packaged into separate 
nuclei at telophase. Cytokinesis then cleaves the cell in two, so that each daughter 
cell inherits one of the two nuclei (Figure 17–3).

The Eukaryotic Cell Cycle Usually Consists of Four Phases
Most cells require much more time to grow and double their mass of proteins and 
organelles than they require to duplicate their chromosomes and divide. Partly to 
allow time for growth, most cell cycles have gap phases—a G1 phase between M 
phase and S phase and a G2 phase between S phase and mitosis. !us, the eukary-
otic cell cycle is traditionally divided into four sequential phases: G1, S, G2, and M. 
G1, S, and G2 together are called interphase (Figure 17–4, and see Figure 17–3). In 
a typical human cell proliferating in culture, interphase might occupy 23 hours of 
a 24-hour cycle, with 1 hour for M phase. Cell growth occurs throughout the cell 
cycle, except during mitosis.

!e two gap phases are more than simple time delays to allow cell growth. !ey 
also provide time for the cell to monitor the internal and external environment 
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Figure 17–1 The cell cycle. The division 
of a hypothetical eukaryotic cell with two 
chromosomes (one red, and one black) 
is shown to illustrate how two genetically 
identical daughter cells are produced in 
each cycle. Each of the daughter cells will 
often continue to divide by going through 
additional cell cycles.

Figure 17–2 The major events of the cell cycle. The major chromosomal 
events of the cell cycle occur in S phase, when the chromosomes are 
duplicated, and M phase, when the duplicated chromosomes are segregated 
into a pair of daughter nuclei (in mitosis), after which the cell itself divides into 
two (cytokinesis).
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to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 

OVERVIEW OF THE CELL CYCLE
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 
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to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 

• La plupart des cellules ont besoin de plus de temps 
pour doubler leurs protéines et organelles que pour 
dupliquer leurs chromosomes et se diviser


• Dans la plupart des cas, les cellules ont des “gap 
phases”: 


•G1 entre la phase M et S; 


•G2 entre la phase S et M 


• G1, S et G2 forment l’interphase (au total ~ 23h sur 
les 24 du cycle cellulaire chez les mammifères)
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to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 

• Les “gap phases” (particulièrement la G1) permettent à 
la cellule de contrôler l’environnement interne et 
externe avant de se lancer dans la division


• Si les conditions externes en G1 sont très 
défavorables, la cellule peut entrer dans un état de 
non-division, G0


• Si les conditions externes en G1 sont favorables et 
les signaux de croissance et division présents, la 
cellule passe un checkpoint (start chez les levures ou 
restriction point chez les mammifères) et enclenche la 
réplication de l’ADN
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to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 

Interphase


• G1 (gap 1): 


• la plupart des cellules sont actives


• chez les organismes diploïdes, la 
quantité d’ADN = 2N


• S: Réplication de l’ADN (pour en avoir 2 
copies identiques)


• G2 (gap 2):


• chez les organismes diploïdes, la 
quantité d’ADN = 4N


Mitose = division cellulaire
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to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 

Pour rappel: un organisme est diploïde 


• lorsque les chromosomes contenus dans 
ses cellules sont présents par paire (2N)


• chaque gène est présent en 2 exemplaires 
(un paternel et un maternel)
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to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 

Le cycle cellulaire est de durée variable:


• dépend du type cellulaire, de 
l’environnement, du tissu


• environ 24h pour les cellules humaines 
actives (23h d’interphase + 1h de mitose)


• environ 1h30 pour les levures


• entre 20 min et >24h pour les bactéries 
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• Les systèmes de contrôle du cycle cellulaire 
fonctionnent comme une “série connectée 
d’interrupteurs biochimiques”


• Ces interrupteurs sont en général binaires (on/off) et 
enclenchent la suite d’évènements de manière 
irréversible


• Les systèmes de contrôle du cycle cellulaire sont 
robustes et fiables


• Ils répondent à des signaux intracellulaires ou 
extracellulaires
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In most eukaryotic cells, the cell-cycle control system governs cell-cycle pro-
gression at three major regulatory transitions (see Figure 17–9). !e "rst is Start 
(or the restriction point) in late G1, where the cell commits to cell-cycle entry and 
chromosome duplication. !e second is the G2/M transition, where the control 
system triggers the early mitotic events that lead to chromosome alignment on 
the mitotic spindle in metaphase. !e third is the metaphase-to-anaphase tran-
sition, where the control system stimulates sister-chromatid separation, leading 
to the completion of mitosis and cytokinesis. !e control system blocks progres-
sion through each of these transitions if it detects problems inside or outside the 
cell. If the control system senses problems in the completion of DNA replication, 
for example, it will hold the cell at the G2/M transition until those problems are 
solved. Similarly, if extracellular conditions are not appropriate for cell prolifera-
tion, the control system blocks progression through Start, thereby preventing cell 
division until conditions become favorable.

The Cell-Cycle Control System Depends on Cyclically Activated 
Cyclin-Dependent Protein Kinases (Cdks) 
Central components of the cell-cycle control system are members of a family of 
protein kinases known as cyclin-dependent kinases (Cdks). !e activities of these 
kinases rise and fall as the cell progresses through the cycle, leading to cyclical 
changes in the phosphorylation of intracellular proteins that initiate or regulate 
the major events of the cell cycle. An increase in Cdk activity at the G2/M transi-
tion, for example, increases the phosphorylation of proteins that control chromo-
some condensation, nuclear-envelope breakdown, spindle assembly, and other 
events that occur in early mitosis. 

Cyclical changes in Cdk activity are controlled by a complex array of enzymes 
and other proteins. !e most important of these Cdk regulators are proteins 
known as cyclins. Cdks, as their name implies, are dependent on cyclins for their 
activity: unless they are bound tightly to a cyclin, they have no protein kinase 
activity (Figure 17–10). Cyclins were originally named because they undergo a 
cycle of synthesis and degradation in each cell cycle. !e levels of the Cdk pro-
teins, by contrast, are constant. Cyclical changes in cyclin protein levels result in 
the cyclic assembly and activation of cyclin–Cdk complexes at speci"c stages of 
the cell cycle. 

Figure 17–9 The control of the cell cycle. 
A cell-cycle control system triggers the 
essential processes of the cycle—such as 
DNA replication, mitosis, and cytokinesis. 
The control system is represented here as 
a central arm—the controller—that rotates 
clockwise, triggering essential processes 
when it reaches specific transitions on the 
outer dial (yellow boxes). 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 
these transitions. 
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Figure 17–10 Two key components of 
the cell-cycle control system. When 
cyclin forms a complex with Cdk, the 
protein kinase is activated to trigger specific 
cell-cycle events. Without cyclin, Cdk is 
inactive.
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Il y a 3 niveaux de contrôle:


• Fin de G1 (restriction point) - Duplication des chromosomes


• G2/M - Alignement des chromosomes


• Metaphase-to-anaphase - Séparation des chromatides-
soeurs
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In most eukaryotic cells, the cell-cycle control system governs cell-cycle pro-
gression at three major regulatory transitions (see Figure 17–9). !e "rst is Start 
(or the restriction point) in late G1, where the cell commits to cell-cycle entry and 
chromosome duplication. !e second is the G2/M transition, where the control 
system triggers the early mitotic events that lead to chromosome alignment on 
the mitotic spindle in metaphase. !e third is the metaphase-to-anaphase tran-
sition, where the control system stimulates sister-chromatid separation, leading 
to the completion of mitosis and cytokinesis. !e control system blocks progres-
sion through each of these transitions if it detects problems inside or outside the 
cell. If the control system senses problems in the completion of DNA replication, 
for example, it will hold the cell at the G2/M transition until those problems are 
solved. Similarly, if extracellular conditions are not appropriate for cell prolifera-
tion, the control system blocks progression through Start, thereby preventing cell 
division until conditions become favorable.

The Cell-Cycle Control System Depends on Cyclically Activated 
Cyclin-Dependent Protein Kinases (Cdks) 
Central components of the cell-cycle control system are members of a family of 
protein kinases known as cyclin-dependent kinases (Cdks). !e activities of these 
kinases rise and fall as the cell progresses through the cycle, leading to cyclical 
changes in the phosphorylation of intracellular proteins that initiate or regulate 
the major events of the cell cycle. An increase in Cdk activity at the G2/M transi-
tion, for example, increases the phosphorylation of proteins that control chromo-
some condensation, nuclear-envelope breakdown, spindle assembly, and other 
events that occur in early mitosis. 

Cyclical changes in Cdk activity are controlled by a complex array of enzymes 
and other proteins. !e most important of these Cdk regulators are proteins 
known as cyclins. Cdks, as their name implies, are dependent on cyclins for their 
activity: unless they are bound tightly to a cyclin, they have no protein kinase 
activity (Figure 17–10). Cyclins were originally named because they undergo a 
cycle of synthesis and degradation in each cell cycle. !e levels of the Cdk pro-
teins, by contrast, are constant. Cyclical changes in cyclin protein levels result in 
the cyclic assembly and activation of cyclin–Cdk complexes at speci"c stages of 
the cell cycle. 

Figure 17–9 The control of the cell cycle. 
A cell-cycle control system triggers the 
essential processes of the cycle—such as 
DNA replication, mitosis, and cytokinesis. 
The control system is represented here as 
a central arm—the controller—that rotates 
clockwise, triggering essential processes 
when it reaches specific transitions on the 
outer dial (yellow boxes). 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 
these transitions. 
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Figure 17–10 Two key components of 
the cell-cycle control system. When 
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protein kinase is activated to trigger specific 
cell-cycle events. Without cyclin, Cdk is 
inactive.

G2

M

S
G1

CONTROLLER

ENTER MITOSIS
TRIGGER ANAPHASE AND
PROCEED TO CYTOKINESIS

ENTER CELL CYCLE AND PROCEED TO S PHASE

START TRANSITION 

Is environment favorable?

METAPHASE-TO-ANAPHASE
TRANSITION

Are all chromosomes
attached to the spindle?

G2/M TRANSITION

Is environment favorable?

Is all DNA replicated?

MBoC6 m17.14/17.09



Comment est régulé le cycle cellulaire?

18



Cyclines et Cyclin-dependent protein kinases (Cdks)

19

• Protéines centrales du contrôle du cycle cellulaire


• Leurs activités augmentent et diminuent au cours du cycle, ce qui 
entraine des changements de phosphorylation de protéines 
intracellulaires qui régulent les évènements majeurs du cycle


• Les Cdks sont dépendantes de cyclines (protéines dont le niveau varie 
au cours du cycle)


• Les Cdks ont un niveau constant au cours du cycle

968 Chapter 17:  The Cell Cycle

In most eukaryotic cells, the cell-cycle control system governs cell-cycle pro-
gression at three major regulatory transitions (see Figure 17–9). !e "rst is Start 
(or the restriction point) in late G1, where the cell commits to cell-cycle entry and 
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cell. If the control system senses problems in the completion of DNA replication, 
for example, it will hold the cell at the G2/M transition until those problems are 
solved. Similarly, if extracellular conditions are not appropriate for cell prolifera-
tion, the control system blocks progression through Start, thereby preventing cell 
division until conditions become favorable.

The Cell-Cycle Control System Depends on Cyclically Activated 
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the major events of the cell cycle. An increase in Cdk activity at the G2/M transi-
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events that occur in early mitosis. 
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known as cyclins. Cdks, as their name implies, are dependent on cyclins for their 
activity: unless they are bound tightly to a cyclin, they have no protein kinase 
activity (Figure 17–10). Cyclins were originally named because they undergo a 
cycle of synthesis and degradation in each cell cycle. !e levels of the Cdk pro-
teins, by contrast, are constant. Cyclical changes in cyclin protein levels result in 
the cyclic assembly and activation of cyclin–Cdk complexes at speci"c stages of 
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a central arm—the controller—that rotates 
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when it reaches specific transitions on the 
outer dial (yellow boxes). Information about 
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as signals from the environment, can cause 
the control system to arrest the cycle at 
these transitions. 

cyclin-dependent
kinase (Cdk)

cyclin

MBoC6 m17.15/17.10

Figure 17–10 Two key components of 
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protein kinase is activated to trigger specific 
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inactive.
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Qu’est-ce qu’une kinase?


Une kinase est une enzyme (protéine) qui peut transférer un groupe phosphate de l’ATP à un substrat 
protéique. Ce transfert s’appelle phosphorylation et peut se faire sur des sérines, thréonine ou tyrosines. 


L’ajout du phosphate entraine des changements de conformation du substrat qui vont modifier sa fonction 
(interactions, activité, etc.)
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Il y a 4 familles de cyclines, définies par l’étape du cycle cellulaire à laquelle elles lient les Cdks et fonctionnent

  969

!ere are four classes of cyclins, each de"ned by the stage of the cell cycle at 
which they bind Cdks and function. All eukaryotic cells require three of these 
classes (Figure 17–11): 

1. G1/S-cyclins activate Cdks in late G1 and thereby help trigger progression 
through Start, resulting in a commitment to cell-cycle entry. !eir levels 
fall in S phase.

2. S-cyclins bind Cdks soon after progression through Start and help stimu-
late chromosome duplication. S-cyclin levels remain elevated until mito-
sis, and these cyclins also contribute to the control of some early mitotic 
events.

3. M-cyclins activate Cdks that stimulate entry into mitosis at the G2/M tran-
sition. M-cyclin levels fall in mid-mitosis.

In most cells, a fourth class of cyclins, the G1-cyclins, helps govern the activi-
ties of the G1/S-cyclins, which control progression through Start in late G1.

In yeast cells, a single Cdk protein binds all classes of cyclins and triggers dif-
ferent cell-cycle events by changing cyclin partners at di#erent stages of the cycle. 
In vertebrate cells, by contrast, there are four Cdks. Two interact with G1-cyclins, 
one with G1/S- and S-cyclins, and one with S- and M-cyclins. In this chapter, we 
simply refer to the di#erent cyclin–Cdk complexes as G1-Cdk, G1/S-Cdk, S-Cdk, 
and M-Cdk. Table 17–1 lists the names of the individual Cdks and cyclins.

How do di#erent cyclin–Cdk complexes trigger di#erent cell-cycle events? 
!e answer, at least in part, seems to be that the cyclin protein does not simply 
activate its Cdk partner but also directs it to speci"c target proteins. As a result, 
each cyclin–Cdk complex phosphorylates a di#erent set of substrate proteins. 
!e same cyclin–Cdk complex can also induce di#erent e#ects at di#erent times 
in the cycle, probably because the accessibility of some Cdk substrates changes 
during the cell cycle. Certain proteins that function in mitosis, for example, may 
become available for phosphorylation only in G2.

THE CELL-CYCLE CONTROL SYSTEM

Figure 17–11 Cyclin–Cdk complexes 
of the cell-cycle control system. The 
concentrations of the three major cyclin 
types oscillate during the cell cycle, while 
the concentrations of Cdks (not shown) do 
not change and exceed cyclin amounts. 
In late G1, rising G1/S-cyclin levels lead 
to the formation of G1/S-Cdk complexes 
that trigger progression through the 
Start transition. S-Cdk complexes form 
at the start of S phase and trigger DNA 
replication, as well as some early mitotic 
events. M-Cdk complexes form during 
G2 but are held in an inactive state; they 
are activated at the end of G2 and trigger 
entry into mitosis at the G2/M transition. 
A separate regulatory protein complex, 
the APC/C, initiates the metaphase-to-
anaphase transition, as we discuss later.

TABLE 17–1 The Major Cyclins and Cdks of Vertebrates and Budding Yeast

Vertebrates Budding yeast

Cyclin–Cdk 
complex

Cyclin Cdk partner Cyclin Cdk partner

G1-Cdk Cyclin D* Cdk4, Cdk6 Cln3 Cdk1**

G1/S-Cdk Cyclin E Cdk2 Cln1, 2 Cdk1

S-Cdk Cyclin A Cdk2, Cdk1** Clb5, 6 Cdk1

M-Cdk Cyclin B Cdk1 Clb1, 2, 3, 4 Cdk1

* 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.
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* une famille additionnelle de cyclines (G1-cyclines) contrôle les G1/S-cyclines
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• Chez les levures, la même Cdk lie les différentes cyclines


• Chez les vertébrés, il y a 4 Cdks

Pour information
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through Start, resulting in a commitment to cell-cycle entry. !eir levels 
fall in S phase.

2. S-cyclins bind Cdks soon after progression through Start and help stimu-
late chromosome duplication. S-cyclin levels remain elevated until mito-
sis, and these cyclins also contribute to the control of some early mitotic 
events.

3. M-cyclins activate Cdks that stimulate entry into mitosis at the G2/M tran-
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simply refer to the di#erent cyclin–Cdk complexes as G1-Cdk, G1/S-Cdk, S-Cdk, 
and M-Cdk. Table 17–1 lists the names of the individual Cdks and cyclins.

How do di#erent cyclin–Cdk complexes trigger di#erent cell-cycle events? 
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activate its Cdk partner but also directs it to speci"c target proteins. As a result, 
each cyclin–Cdk complex phosphorylates a di#erent set of substrate proteins. 
!e same cyclin–Cdk complex can also induce di#erent e#ects at di#erent times 
in the cycle, probably because the accessibility of some Cdk substrates changes 
during the cell cycle. Certain proteins that function in mitosis, for example, may 
become available for phosphorylation only in G2.
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not change and exceed cyclin amounts. 
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at the start of S phase and trigger DNA 
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G2 but are held in an inactive state; they 
are activated at the end of G2 and trigger 
entry into mitosis at the G2/M transition. 
A separate regulatory protein complex, 
the APC/C, initiates the metaphase-to-
anaphase transition, as we discuss later.
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Comment les cyclines activent les Cdks?


• en dévoilant en partie leur site catalytique


• une deuxième enzyme, la Cdk-activating kinase (CAK) peut être nécessaire pour l’activation totale de 
Cdk 970 Chapter 17:  The Cell Cycle

Studies of the three-dimensional structures of Cdk and cyclin proteins have 
revealed that, in the absence of cyclin, the active site in the Cdk protein is partly 
obscured by a protein loop, like a stone blocking the entrance to a cave (Figure 
17–12A). Cyclin binding causes the loop to move away from the active site, result-
ing in partial activation of the Cdk enzyme (Figure 17–12B). Full activation of 
the cyclin–Cdk complex then occurs when a separate kinase, the Cdk-activating 
kinase (CAK), phosphorylates an amino acid near the entrance of the Cdk active 
site. !is causes a small conformational change that further increases the activity 
of the Cdk, allowing the kinase to phosphorylate its target proteins e"ectively and 
thereby induce speci#c cell-cycle events (Figure 17–12C).

Cdk Activity Can Be Suppressed By Inhibitory Phosphorylation 
and Cdk Inhibitor Proteins (CKIs)
!e rise and fall of cyclin levels is the primary determinant of Cdk activity during 
the cell cycle. Several additional mechanisms, however, help control Cdk activity 
at speci#c stages of the cycle. 

Phosphorylation at a pair of amino acids in the roof of the kinase active site 
inhibits the activity of a cyclin–Cdk complex. Phosphorylation of these sites by 
a protein kinase known as Wee1 inhibits Cdk activity, while dephosphorylation 
of these sites by a phosphatase known as Cdc25 increases Cdk activity (Figure 
17–13). We will see later that this regulatory mechanism is particularly important 
in the control of M-Cdk activity at the onset of mitosis.

Binding of Cdk inhibitor proteins (CKIs) inactivates cyclin–Cdk complexes. 
!e three-dimensional structure of a cyclin–Cdk–CKI complex reveals that CKI 
binding stimulates a large rearrangement in the structure of the Cdk active site, 
rendering it inactive (Figure 17–14). Cells use CKIs primarily to help govern the 
activities of G1/S- and S-Cdks early in the cell cycle. 

Regulated Proteolysis Triggers the Metaphase-to-Anaphase 
Transition
Whereas activation of speci#c cyclin–Cdk complexes drives progression through 
the Start and G2/M transitions (see Figure 17–11), progression through the meta-
phase-to-anaphase transition is triggered not by protein phosphorylation but by 
protein destruction, leading to the #nal stages of cell division. 

!e key regulator of the metaphase-to-anaphase transition is the anaphase-
promoting complex, or cyclosome (APC/C), a member of the ubiquitin ligase 
family of enzymes. As discussed in Chapter 3, these enzymes are used in numer-
ous cell processes to stimulate the proteolytic destruction of speci#c regulatory 
proteins. !ey polyubiquitylate speci#c target proteins, resulting in their destruc-
tion in proteasomes. Other ubiquitin ligases mark proteins for purposes other 
than destruction (discussed in Chapter 3).
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Figure 17–12 The structural basis of 
Cdk activation. These drawings are 
based on three-dimensional structures of 
human Cdk2 and cyclin A, as determined 
by x-ray crystallography. The location of 
the bound ATP is indicated. The enzyme 
is shown in three states. (A) In the inactive 
state, without cyclin bound, the active 
site is blocked by a region of the protein 
called the T-loop (red). (B) The binding of 
cyclin causes the T-loop to move out of the 
active site, resulting in partial activation of 
the Cdk2. (C) 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, improving the 
ability of the enzyme to bind its protein 
substrates (Movie 17.1). 

Figure 17–13 The regulation of Cdk 
activity by phosphorylation. The active 
cyclin–Cdk complex is turned off when 
the kinase Wee1 phosphorylates two 
closely spaced sites above the active 
site. Removal of these phosphates by the 
phosphatase Cdc25 activates the cyclin–
Cdk complex. For simplicity, only one 
inhibitory phosphate is shown. CAK adds 
the activating phosphate, as shown  
in Figure 17–12.
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• l’activité des Cdk peut être bloquée par un phosphate inhibiteur or par des Cdk inhibitor Proteins (CKIs)


• les complexes Cdk-cyclines contrôlent le cycle cellulaire en phosphorylent différents sets de substrats 
(protéines)

970 Chapter 17:  The Cell Cycle

Studies of the three-dimensional structures of Cdk and cyclin proteins have 
revealed that, in the absence of cyclin, the active site in the Cdk protein is partly 
obscured by a protein loop, like a stone blocking the entrance to a cave (Figure 
17–12A). Cyclin binding causes the loop to move away from the active site, result-
ing in partial activation of the Cdk enzyme (Figure 17–12B). Full activation of 
the cyclin–Cdk complex then occurs when a separate kinase, the Cdk-activating 
kinase (CAK), phosphorylates an amino acid near the entrance of the Cdk active 
site. !is causes a small conformational change that further increases the activity 
of the Cdk, allowing the kinase to phosphorylate its target proteins e"ectively and 
thereby induce speci#c cell-cycle events (Figure 17–12C).

Cdk Activity Can Be Suppressed By Inhibitory Phosphorylation 
and Cdk Inhibitor Proteins (CKIs)
!e rise and fall of cyclin levels is the primary determinant of Cdk activity during 
the cell cycle. Several additional mechanisms, however, help control Cdk activity 
at speci#c stages of the cycle. 

Phosphorylation at a pair of amino acids in the roof of the kinase active site 
inhibits the activity of a cyclin–Cdk complex. Phosphorylation of these sites by 
a protein kinase known as Wee1 inhibits Cdk activity, while dephosphorylation 
of these sites by a phosphatase known as Cdc25 increases Cdk activity (Figure 
17–13). We will see later that this regulatory mechanism is particularly important 
in the control of M-Cdk activity at the onset of mitosis.

Binding of Cdk inhibitor proteins (CKIs) inactivates cyclin–Cdk complexes. 
!e three-dimensional structure of a cyclin–Cdk–CKI complex reveals that CKI 
binding stimulates a large rearrangement in the structure of the Cdk active site, 
rendering it inactive (Figure 17–14). Cells use CKIs primarily to help govern the 
activities of G1/S- and S-Cdks early in the cell cycle. 

Regulated Proteolysis Triggers the Metaphase-to-Anaphase 
Transition
Whereas activation of speci#c cyclin–Cdk complexes drives progression through 
the Start and G2/M transitions (see Figure 17–11), progression through the meta-
phase-to-anaphase transition is triggered not by protein phosphorylation but by 
protein destruction, leading to the #nal stages of cell division. 

!e key regulator of the metaphase-to-anaphase transition is the anaphase-
promoting complex, or cyclosome (APC/C), a member of the ubiquitin ligase 
family of enzymes. As discussed in Chapter 3, these enzymes are used in numer-
ous cell processes to stimulate the proteolytic destruction of speci#c regulatory 
proteins. !ey polyubiquitylate speci#c target proteins, resulting in their destruc-
tion in proteasomes. Other ubiquitin ligases mark proteins for purposes other 
than destruction (discussed in Chapter 3).
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!e APC/C catalyzes the ubiquitylation and destruction of two major types 
of proteins. !e "rst is securin, which protects the protein linkages that hold 
sister-chromatid pairs together in early mitosis. Destruction of securin in meta-
phase activates a protease that separates the sisters and unleashes anaphase, as 
described later. !e S- and M-cyclins are the second major targets of the APC/C. 
Destroying these cyclins inactivates most Cdks in the cell (see Figure 17–11). As 
a result, the many proteins phosphorylated by Cdks from S phase to early mitosis 
are dephosphorylated by various phosphatases in the anaphase cell. !is dephos-
phorylation of Cdk targets is required for the completion of M phase, including the 
"nal steps in mitosis and then cytokinesis. Following its activation in mid-mitosis, 
the APC/C remains active in G1 to provide a stable period of Cdk inactivity. When 
G1/S-Cdk is activated in late G1, the APC/C is turned o#, thereby allowing cyclin 
accumulation in the next cell cycle. 

!e cell-cycle control system also uses another ubiquitin ligase called SCF (see 
Figure 3–71). It has many functions in the cell, but its major role in the cell cycle is 
to ubiquitylate certain CKI proteins in late G1, thereby helping to control the acti-
vation of S-Cdks and DNA replication. SCF is also responsible for the destruction 
of G1/S-cyclins in early S phase.

!e APC/C and SCF are both large, multisubunit complexes with some related 
components (see Figure 3–71), but they are regulated di#erently. APC/C activity 
changes during the cell cycle, primarily as a result of changes in its association 
with an activating subunit—either Cdc20 in mid-mitosis or Cdh1 from late mito-
sis through early G1. !ese subunits help the APC/C recognize its target proteins 
(Figure 17–15A). SCF activity depends on substrate-binding subunits called F-box 
proteins. Unlike APC/C activity, however, SCF activity is constant during the cell 
cycle. Ubiquitylation by SCF is controlled instead by changes in the phosphor-
ylation state of its target proteins, as F-box subunits recognize only speci"cally 
phosphorylated proteins (Figure 17–15B).

Cell-Cycle Control Also Depends on Transcriptional Regulation
In the simple cell cycles of early animal embryos, gene transcription does not 
occur. Cell-cycle control depends exclusively on post-transcriptional mechanisms 
that involve the regulation of Cdks and ubiquitin ligases and their target proteins. 
In the more complex cell cycles of most cell types, however, transcriptional con-
trol provides an important additional level of regulation. Changes in cyclin gene 
transcription, for example, help control cyclin levels in most cells. 

A variety of methods discussed in Chapter 8 have been used to analyze changes 
in the expression of all genes in the genome as the cell progresses through the cell 
cycle. !e results of these studies are surprising. In budding yeast, for example, 
about 10% of the genes encode mRNAs whose levels oscillate during the cell cycle. 
Some of these genes encode proteins with known cell-cycle functions, but the 
functions of many others are unknown.

THE CELL-CYCLE CONTROL SYSTEM

Figure 17–14 The inhibition of a cyclin–Cdk complex by a CKI. This drawing is based on 
the three-dimensional structure of the human cyclin A–Cdk2 complex bound to the CKI p27, as 
determined by x-ray crystallography. The p27 binds to both the cyclin and Cdk in the complex, 
distorting the active site of the Cdk. It also inserts into the ATP-binding site, further inhibiting the 
enzyme activity.
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Il y a 3 niveaux de contrôle:


• Fin de G1 (restriction point) - Duplication des chromosomes


• G2/M - Alignement des chromosomes


• Metaphase-to-anaphase - Séparation des chromatides-
soeurs

968 Chapter 17:  The Cell Cycle

In most eukaryotic cells, the cell-cycle control system governs cell-cycle pro-
gression at three major regulatory transitions (see Figure 17–9). !e "rst is Start 
(or the restriction point) in late G1, where the cell commits to cell-cycle entry and 
chromosome duplication. !e second is the G2/M transition, where the control 
system triggers the early mitotic events that lead to chromosome alignment on 
the mitotic spindle in metaphase. !e third is the metaphase-to-anaphase tran-
sition, where the control system stimulates sister-chromatid separation, leading 
to the completion of mitosis and cytokinesis. !e control system blocks progres-
sion through each of these transitions if it detects problems inside or outside the 
cell. If the control system senses problems in the completion of DNA replication, 
for example, it will hold the cell at the G2/M transition until those problems are 
solved. Similarly, if extracellular conditions are not appropriate for cell prolifera-
tion, the control system blocks progression through Start, thereby preventing cell 
division until conditions become favorable.

The Cell-Cycle Control System Depends on Cyclically Activated 
Cyclin-Dependent Protein Kinases (Cdks) 
Central components of the cell-cycle control system are members of a family of 
protein kinases known as cyclin-dependent kinases (Cdks). !e activities of these 
kinases rise and fall as the cell progresses through the cycle, leading to cyclical 
changes in the phosphorylation of intracellular proteins that initiate or regulate 
the major events of the cell cycle. An increase in Cdk activity at the G2/M transi-
tion, for example, increases the phosphorylation of proteins that control chromo-
some condensation, nuclear-envelope breakdown, spindle assembly, and other 
events that occur in early mitosis. 

Cyclical changes in Cdk activity are controlled by a complex array of enzymes 
and other proteins. !e most important of these Cdk regulators are proteins 
known as cyclins. Cdks, as their name implies, are dependent on cyclins for their 
activity: unless they are bound tightly to a cyclin, they have no protein kinase 
activity (Figure 17–10). Cyclins were originally named because they undergo a 
cycle of synthesis and degradation in each cell cycle. !e levels of the Cdk pro-
teins, by contrast, are constant. Cyclical changes in cyclin protein levels result in 
the cyclic assembly and activation of cyclin–Cdk complexes at speci"c stages of 
the cell cycle. 

Figure 17–9 The control of the cell cycle. 
A cell-cycle control system triggers the 
essential processes of the cycle—such as 
DNA replication, mitosis, and cytokinesis. 
The control system is represented here as 
a central arm—the controller—that rotates 
clockwise, triggering essential processes 
when it reaches specific transitions on the 
outer dial (yellow boxes). 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 
these transitions. 
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Figure 17–10 Two key components of 
the cell-cycle control system. When 
cyclin forms a complex with Cdk, the 
protein kinase is activated to trigger specific 
cell-cycle events. Without cyclin, Cdk is 
inactive.
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• Le régulateur clé est l’anaphase-promoting complex ou cyclosome (APC/C)


• C’est un membre de la famille des ubiquitin ligases

Les ubiquitin ligases transfèrent un groupement ubiquitine à un substrat protéique en vue de leur 
destruction par le protéasome. 
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• APC/C catalyse l’ubiquitinylation et la destruction de 2 groupes de protéines:


1. La securin, qui protège liens protéiques qui tiennent les pairs de chromatides-soeurs ensemble au début 
de la mitose


2. Les S- et M-cyclines. Leur destruction entraine l’inactivation de la plupart des Cdk dans la cellule 
(jusqu’à la prochaine activation de G1/S-Cdk). 


• Son activité change au cours du cycle en fonction d’une sub-unité activatrice (Cdc20 ou Cdh1)


• Un autre régulateur est le SCF qui a de nombreux roles dans la cellule. 


• Il participe au cycle cellulaire en ubiquitinylant certains CKIs et en induisant la destruction de G1/S-cyclins 
en début de phase S. 
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The Cell-Cycle Control System Functions as a Network of 
Biochemical Switches
Table 17–2 summarizes some of the major components of the cell-cycle control 
system. !ese proteins are functionally linked to form a robust network, which 
operates essentially autonomously to activate a series of biochemical switches, 
each of which triggers a speci"c cell-cycle event.

When conditions for cell proliferation are right, various external and internal 
signals stimulate the activation of G1-Cdk, which in turn stimulates the expression 
of genes encoding G1/S- and S-cyclins (Figure 17–16). !e resulting activation of 
G1/S-Cdk then drives progression through the Start transition. By mechanisms 
we discuss later, G1/S-Cdks unleash a wave of S-Cdk activity, which initiates 
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Figure 17–15 The control of proteolysis by APC/C and SCF during the cell cycle. (A) The 
APC/C is activated in mitosis by association with Cdc20, which recognizes specific amino acid 
sequences on M-cyclin and other target proteins. With the help of two additional proteins called 
E1 and E2, the APC/C assembles polyubiquitin chains on the target protein. The polyubiquitylated 
target is then recognized and degraded in a proteasome. (B) The activity of the ubiquitin ligase SCF 
depends on substrate-binding subunits called F-box proteins, of which there are many different 
types. The phosphorylation of a target protein, such as the CKI shown, allows the target to be 
recognized by a specific F-box subunit.
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The Cell-Cycle Control System Functions as a Network of 
Biochemical Switches
Table 17–2 summarizes some of the major components of the cell-cycle control 
system. !ese proteins are functionally linked to form a robust network, which 
operates essentially autonomously to activate a series of biochemical switches, 
each of which triggers a speci"c cell-cycle event.

When conditions for cell proliferation are right, various external and internal 
signals stimulate the activation of G1-Cdk, which in turn stimulates the expression 
of genes encoding G1/S- and S-cyclins (Figure 17–16). !e resulting activation of 
G1/S-Cdk then drives progression through the Start transition. By mechanisms 
we discuss later, G1/S-Cdks unleash a wave of S-Cdk activity, which initiates 
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Figure 17–15 The control of proteolysis by APC/C and SCF during the cell cycle. (A) The 
APC/C is activated in mitosis by association with Cdc20, which recognizes specific amino acid 
sequences on M-cyclin and other target proteins. With the help of two additional proteins called 
E1 and E2, the APC/C assembles polyubiquitin chains on the target protein. The polyubiquitylated 
target is then recognized and degraded in a proteasome. (B) The activity of the ubiquitin ligase SCF 
depends on substrate-binding subunits called F-box proteins, of which there are many different 
types. The phosphorylation of a target protein, such as the CKI shown, allows the target to be 
recognized by a specific F-box subunit.
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chromosome duplication in S phase and also contributes to some early events of 
mitosis. M-Cdk activation then triggers progression through the G2/M transition 
and the events of early mitosis, leading to the alignment of sister-chromatid pairs 
at the equator of the mitotic spindle. Finally, the APC/C, together with its acti-
vator Cdc20, triggers the destruction of securin and cyclins, thereby unleashing 
sister-chromatid separation and segregation and the completion of mitosis. When 
mitosis is complete, multiple mechanisms collaborate to suppress Cdk activity, 
resulting in a stable G1 period. We are now ready to discuss these cell-cycle stages 
in more detail, starting with S phase.

THE CELL-CYCLE CONTROL SYSTEM

TABLE 17–2 Summary of the Major Cell Cycle Regulatory Proteins

General name Functions and comments

Protein kinases and protein phosphatases that modify Cdks

Cdk-activating kinase (CAK) Phosphorylates an activating site in Cdks

Wee1 kinase Phosphorylates inhibitory sites in Cdks; primarily involved in suppressing Cdk1 activity before 
mitosis

Cdc25 phosphatase Removes inhibitory phosphates from Cdks; three family members (Cdc25A, B, C) in mammals; 
primarily involved in controlling Cdk1 activation at the onset of mitosis

Cdk inhibitor proteins (CKIs)

Sic1 (budding yeast) Suppresses Cdk1 activity in G1; phosphorylation by Cdk1 at the end of G1 triggers its destruction

p27 (mammals) Suppresses G1/S-Cdk and S-Cdk activities in G1; helps cells withdraw from cell cycle when they 
terminally differentiate; phosphorylation by Cdk2 triggers its ubiquitylation by SCF

p21 (mammals) Suppresses G1/S-Cdk and S-Cdk activities following DNA damage

p16 (mammals) Suppresses G1-Cdk activity in G1; frequently inactivated in cancer

Ubiquitin ligases and their activators

APC/C Catalyzes ubiquitylation of regulatory proteins involved primarily in exit from mitosis, including 
securin and S- and M-cyclins; regulated by association with activating subunits Cdc20 or Cdh1

Cdc20 APC/C-activating subunit in all cells; triggers initial activation of APC/C at metaphase-to-anaphase 
transition; stimulated by M-Cdk activity

Cdh1 APC/C-activating subunit that maintains APC/C activity after anaphase and throughout G1; 
inhibited by Cdk activity

SCF Catalyzes ubiquitylation of regulatory proteins involved in G1 control, including some CKIs (Sic1 in 
budding yeast, p27 in mammals); phosphorylation of target protein usually required for this activity
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Figure 17–16 An overview of the cell-
cycle control system. The core of the cell-
cycle control system consists of a series 
of cyclin–Cdk complexes (yellow). The 
activity of each complex is also influenced 
by various inhibitory mechanisms, which 
provide information about the extracellular 
environment, cell damage, and incomplete 
cell-cycle events (top). These inhibitory 
mechanisms are not present in all cell 
types; many are missing in early embryonic 
cell cycles, for example.
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chromosome duplication in S phase and also contributes to some early events of 
mitosis. M-Cdk activation then triggers progression through the G2/M transition 
and the events of early mitosis, leading to the alignment of sister-chromatid pairs 
at the equator of the mitotic spindle. Finally, the APC/C, together with its acti-
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sister-chromatid separation and segregation and the completion of mitosis. When 
mitosis is complete, multiple mechanisms collaborate to suppress Cdk activity, 
resulting in a stable G1 period. We are now ready to discuss these cell-cycle stages 
in more detail, starting with S phase.
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Cdc25 phosphatase Removes inhibitory phosphates from Cdks; three family members (Cdc25A, B, C) in mammals; 
primarily involved in controlling Cdk1 activation at the onset of mitosis

Cdk inhibitor proteins (CKIs)

Sic1 (budding yeast) Suppresses Cdk1 activity in G1; phosphorylation by Cdk1 at the end of G1 triggers its destruction

p27 (mammals) Suppresses G1/S-Cdk and S-Cdk activities in G1; helps cells withdraw from cell cycle when they 
terminally differentiate; phosphorylation by Cdk2 triggers its ubiquitylation by SCF

p21 (mammals) Suppresses G1/S-Cdk and S-Cdk activities following DNA damage

p16 (mammals) Suppresses G1-Cdk activity in G1; frequently inactivated in cancer

Ubiquitin ligases and their activators

APC/C Catalyzes ubiquitylation of regulatory proteins involved primarily in exit from mitosis, including 
securin and S- and M-cyclins; regulated by association with activating subunits Cdc20 or Cdh1

Cdc20 APC/C-activating subunit in all cells; triggers initial activation of APC/C at metaphase-to-anaphase 
transition; stimulated by M-Cdk activity

Cdh1 APC/C-activating subunit that maintains APC/C activity after anaphase and throughout G1; 
inhibited by Cdk activity

SCF Catalyzes ubiquitylation of regulatory proteins involved in G1 control, including some CKIs (Sic1 in 
budding yeast, p27 in mammals); phosphorylation of target protein usually required for this activity
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Figure 17–16 An overview of the cell-
cycle control system. The core of the cell-
cycle control system consists of a series 
of cyclin–Cdk complexes (yellow). The 
activity of each complex is also influenced 
by various inhibitory mechanisms, which 
provide information about the extracellular 
environment, cell damage, and incomplete 
cell-cycle events (top). These inhibitory 
mechanisms are not present in all cell 
types; many are missing in early embryonic 
cell cycles, for example.

Activation Inhibition



Les phases du cycle cellulaire en détail

32



La phase S = réplication de l’ADN

33

= moment de l’interphase où le génome est dupliqué


• chaque molécule d’ADN (chromosome) est copiée


• la quantité d’ADN double dans la cellule durant cette phase


• le nombre de chromosomes reste le même: à la fin de cette phase, 
chaque chromosome est formé de deux molécules identiques 
appelées chromatides soeurs

964 Chapter 17:  The Cell Cycle

which the copied chromosomes are distributed into a pair of daughter nuclei; 
and cytoplasmic division, or cytokinesis, when the cell itself divides in two (Figure 
17–2).

At the end of S phase, the DNA molecules in each pair of duplicated chromo-
somes are intertwined and held tightly together by specialized protein linkages. 
Early in mitosis at a stage called prophase, the two DNA molecules are gradu-
ally disentangled and condensed into pairs of rigid, compact rods called sister 
chromatids, which remain linked by sister-chromatid cohesion. When the nuclear 
envelope disassembles later in mitosis, the sister-chromatid pairs become 
attached to the mitotic spindle, a giant bipolar array of microtubules (discussed 
in Chapter 16). Sister chromatids are attached to opposite poles of the spindle 
and, eventually, align at the spindle equator in a stage called metaphase. !e 
destruction of sister-chromatid cohesion at the start of anaphase separates the 
sister chromatids, which are pulled to opposite poles of the spindle. !e spindle is 
then disassembled, and the segregated chromosomes are packaged into separate 
nuclei at telophase. Cytokinesis then cleaves the cell in two, so that each daughter 
cell inherits one of the two nuclei (Figure 17–3).

The Eukaryotic Cell Cycle Usually Consists of Four Phases
Most cells require much more time to grow and double their mass of proteins and 
organelles than they require to duplicate their chromosomes and divide. Partly to 
allow time for growth, most cell cycles have gap phases—a G1 phase between M 
phase and S phase and a G2 phase between S phase and mitosis. !us, the eukary-
otic cell cycle is traditionally divided into four sequential phases: G1, S, G2, and M. 
G1, S, and G2 together are called interphase (Figure 17–4, and see Figure 17–3). In 
a typical human cell proliferating in culture, interphase might occupy 23 hours of 
a 24-hour cycle, with 1 hour for M phase. Cell growth occurs throughout the cell 
cycle, except during mitosis.

!e two gap phases are more than simple time delays to allow cell growth. !ey 
also provide time for the cell to monitor the internal and external environment 
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Figure 17–1 The cell cycle. The division 
of a hypothetical eukaryotic cell with two 
chromosomes (one red, and one black) 
is shown to illustrate how two genetically 
identical daughter cells are produced in 
each cycle. Each of the daughter cells will 
often continue to divide by going through 
additional cell cycles.

Figure 17–2 The major events of the cell cycle. The major chromosomal 
events of the cell cycle occur in S phase, when the chromosomes are 
duplicated, and M phase, when the duplicated chromosomes are segregated 
into a pair of daughter nuclei (in mitosis), after which the cell itself divides into 
two (cytokinesis).
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• les chromatides soeurs sont attachées par un complexe de protéines au niveau du centromère (pas toujours au 
centre)


• la région du centromère est peu active transcriptionellement
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• les chromosomes sont hautement condensés 
(métaphase) et contiennent deux chromatides 
soeurs


• les chromosomes sont classés par paires de 
chromosomes homologues


• Il y a 23 paires de chromosomes, dont 22 
paires d’autosomes et une paire de 
chromosomes sexuels X et Y


• Cellule somatique diploïde d’un humain mâle

Karyotype

Chromosomes métaphasiques 
d’une cellule somatique diploïde 
d’un humain 
mâle

Chaque chromosome 
est hautement  
condensé (donc visible 
individuellement) et 
contient deux 
chromatides soeurs

On voit des paires de 
chromosomes 
homologues

Il y a 23 paires de 
chromosomes dont 22 
paires d’autosomes 
et une paire de 
chromosomes sexuels 
X et Y

Les humains ne sont pas les seuls avec 46 chromosomes

(*)
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• Chromosome: molécules d’ADN double brin associée à des protéines structurales 


• Chromatides: molécules d’ADN double brin issues de la réplication de l’ADN. En phase G2, chaque 
chromosome est constitué de deux chromatides soeurs essentiellement identiques. 


• Chromatine: matière des chromosomes, constituée d’ADN et de proteins structurales. Un 
chromosome est fait de chromatine. 


• Haploïde: qui ne contient qu’un exemplaire de chaque chromosome. (correspond à une quantité 
d’ADN égal à 1N) 


• Diploïde: qui contient deux exemplaires de chaque chromosome, dits chromosomes homologues 
(correspond à une quantité d’ADN égal à 2N) 
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Challenges pour la cellule:


1. La réplication doit être très précise pour minimiser le nombre de mutations (voir mutations de l’ADN et 
réparation)


2. Chaque nucléotide ne doit être copié qu’une seule fois - contrôle du cycle cellulaire
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• 1 fois par cycle


• La réplication de l’ADN commence aux origines de réplication (présentes à différents endroits du génome)


• Pour s’assurer que la réplication n’ait lieu qu’une seule fois au cours d’un cycle, il y a deux étapes 
importantes:


1. Fin de mitose/début G1: hélicases inactives lient les origines de réplication pour former le 
prereplicative complex (preRC)


2. En phase S: activation des hélicases et ouverture de l’ADN - les hélicases sont ensuite enlevées
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replication origins throughout the cell cycle. In late mitosis and early G1, the pro-
teins Cdc6 and Cdt1 collaborate with the ORC to load the inactive DNA helicases 
around the DNA next to the origin. !e resulting large complex is the preRC, and 
the origin is now licensed for replication.

At the onset of S phase, S-Cdk triggers origin activation by phosphorylating 
speci"c initiator proteins, which then nucleate the assembly of a large protein 
complex that activates the DNA helicase and recruits the DNA synthesis machin-
ery. Another protein kinase called DDK is also activated in S phase and helps 
drive origin activation by phosphorylating speci"c subunits of the DNA helicase. 

At the same time as S-Cdk initiates DNA replication, several mechanisms 
prevent assembly of new preRCs. S-Cdk phosphorylates and thereby inhibits the 
ORC and Cdc6 proteins. Inactivation of the APC/C in late G1 also helps turn o# 
preRC assembly. In late mitosis and early G1, the APC/C triggers the destruction 
of a Cdt1 inhibitor called geminin, thereby allowing Cdt1 to be active. When the 
APC/C is turned o# in late G1, geminin accumulates and inhibits the Cdt1 that 
is not associated with DNA. Also, the association of Cdt1 with a protein at active 
replication forks stimulates Cdt1 destruction. In these various ways, preRC for-
mation is prevented from S phase to mitosis, thereby ensuring that each origin 
is "red only once per cell cycle. How, then, is the cell-cycle control system reset 
to allow replication in the next cell cycle? At the end of mitosis, APC/C activation 
leads to the inactivation of Cdks and the destruction of geminin. ORC and Cdc6 
are dephosphorylated and Cdt1 is activated, allowing preRC assembly to prepare 
the cell for the next S phase.

Chromosome Duplication Requires Duplication of Chromatin 
Structure
!e DNA of the chromosomes is extensively packaged in a variety of protein com-
ponents, including histones and various regulatory proteins involved in the control 
of gene expression (discussed in Chapter 4). !us, duplication of a chromosome is 
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Figure 17–17 Control of chromosome 
duplication. Preparations for DNA 
replication begin in late mitosis and G1, 
when the DNA helicases are loaded by 
multiple proteins at the replication origin, 
forming the prereplicative complex (preRC). 
S-Cdk activation leads to activation of the 
DNA helicases, which unwind the DNA 
at origins to initiate DNA replication. Two 
replication forks move out from each origin 
until the entire chromosome is duplicated. 
Duplicated chromosomes are then 
segregated in M phase. S-Cdk activation 
in S phase also prevents assembly of new 
preRCs at any origin until the following 
G1—thereby ensuring that each origin is 
activated only once in each cell cycle.
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• Chez les eukaryotes, l’ADN forme un complexe avec des protéines (histones et autres) et est condensé 
sous forme de chromatine et chromosomes (en détail l’année prochaine)


• Lors de la réplication, il faut aussi doubler ce matériel


• S-Cdk stimule la production des histones qui sont directement incorporés au niveau de la fourchette de 
réplication
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• A la fin de la phase S, chaque chromosome est constitué d’une paire de chromatides soeurs (identiques!) 
attachées ensemble


• Ceci est très important pour leur positionnement sur le réseau mitotique (voir plus loin) et pour que la 
ségrégation des chromosomes se passe bien


• Ce phénomène dépend d’un large complexe protéique, la cohésine, qui forme des structures circulaires 
autour des chromatides soeurs  977

it is crucial that chromatin structure, like the DNA within, is reproduced accu-
rately during S phase. How chromatin structure is reproduced is not well under-
stood, however. During DNA synthesis, histone-modifying enzymes and various 
non-histone proteins are probably deposited onto the two new DNA strands as 
they emerge from the replication fork, and these proteins are thought to repro-
duce the local chromatin structure of the parent chromosome (see Figure 4–45). 

Cohesins Hold Sister Chromatids Together
At the end of S phase, each replicated chromosome consists of a pair of identical 
sister chromatids glued together along their length. !is sister-chromatid cohe-
sion sets the stage for a successful mitosis because it greatly facilitates the attach-
ment of the two sister chromatids to opposite poles of the mitotic spindle. Imagine 
how di"cult it would be to achieve this bipolar attachment if sister chromatids 
were allowed to drift apart after S phase. Indeed, defects in sister-chromatid cohe-
sion—in yeast mutants, for example—lead inevitably to major errors in chromo-
some segregation. 

Sister-chromatid cohesion depends on a large protein complex called cohesin, 
which is deposited at many locations along the length of each sister chromatid as 
the DNA is replicated in S phase. Two of the subunits of cohesin are members of a 
large family of proteins called SMC proteins (for Structural Maintenance of Chro-
mosomes). Cohesin forms giant ringlike structures, and it has been proposed that 
these surround the two sister chromatids (Figure 17–19).

Sister-chromatid cohesion also results, at least in part, from DNA catenation, 
the intertwining of sister DNA molecules that occurs when two replication forks 
meet during DNA synthesis. !e enzyme topoisomerase II gradually disentangles 
the catenated sister DNAs between S phase and early mitosis by cutting one DNA 
molecule, passing the other through the break, and then resealing the cut DNA 
(see Figure 5–22). Once the catenation has been removed, sister-chromatid cohe-
sion depends primarily on cohesin complexes. !e sudden and synchronous loss 
of sister cohesion at the metaphase-to-anaphase transition therefore depends 
primarily on disruption of these complexes, as we describe later. 

Summary
Duplication of the chromosomes in S phase involves the accurate replication of the 
entire DNA molecule in each chromosome, as well as the duplication of the chro-
matin proteins that associate with the DNA and govern various aspects of chromo-
some function. Chromosome duplication is triggered by the activation of S-Cdk, 
which activates proteins that unwind the DNA and initiate its replication at repli-
cation origins. Once a replication origin is activated, S-Cdk also inhibits proteins 
that are required to allow that origin to initiate DNA replication again. !us, each 
origin is "red once and only once in each S phase and cannot be reused until the 
next cell cycle.
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Figure 17–19 Cohesin. Cohesin is a 
protein complex with four subunits. (A) Two 
subunits, Smc1 and Smc3, are coiled-coil 
proteins with an ATPase domain at one 
end; (B) two additional subunits, Scc1 and 
Scc3, connect the ATPase head domains, 
forming a ring structure that may encircle 
the sister chromatids as shown in (C). The 
ATPase domains are required for cohesin 
loading on the DNA. 
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• Aspects moléculaires de la réplication ont été 
vus


• Le nombre de chromosomes ne change pas, 
une cellule diploïde reste diploïde


• Les chromatides soeurs vont être séparées 
dans les cellules filles lors de la mitose
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which the copied chromosomes are distributed into a pair of daughter nuclei; 
and cytoplasmic division, or cytokinesis, when the cell itself divides in two (Figure 
17–2).

At the end of S phase, the DNA molecules in each pair of duplicated chromo-
somes are intertwined and held tightly together by specialized protein linkages. 
Early in mitosis at a stage called prophase, the two DNA molecules are gradu-
ally disentangled and condensed into pairs of rigid, compact rods called sister 
chromatids, which remain linked by sister-chromatid cohesion. When the nuclear 
envelope disassembles later in mitosis, the sister-chromatid pairs become 
attached to the mitotic spindle, a giant bipolar array of microtubules (discussed 
in Chapter 16). Sister chromatids are attached to opposite poles of the spindle 
and, eventually, align at the spindle equator in a stage called metaphase. !e 
destruction of sister-chromatid cohesion at the start of anaphase separates the 
sister chromatids, which are pulled to opposite poles of the spindle. !e spindle is 
then disassembled, and the segregated chromosomes are packaged into separate 
nuclei at telophase. Cytokinesis then cleaves the cell in two, so that each daughter 
cell inherits one of the two nuclei (Figure 17–3).

The Eukaryotic Cell Cycle Usually Consists of Four Phases
Most cells require much more time to grow and double their mass of proteins and 
organelles than they require to duplicate their chromosomes and divide. Partly to 
allow time for growth, most cell cycles have gap phases—a G1 phase between M 
phase and S phase and a G2 phase between S phase and mitosis. !us, the eukary-
otic cell cycle is traditionally divided into four sequential phases: G1, S, G2, and M. 
G1, S, and G2 together are called interphase (Figure 17–4, and see Figure 17–3). In 
a typical human cell proliferating in culture, interphase might occupy 23 hours of 
a 24-hour cycle, with 1 hour for M phase. Cell growth occurs throughout the cell 
cycle, except during mitosis.

!e two gap phases are more than simple time delays to allow cell growth. !ey 
also provide time for the cell to monitor the internal and external environment 
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Figure 17–1 The cell cycle. The division 
of a hypothetical eukaryotic cell with two 
chromosomes (one red, and one black) 
is shown to illustrate how two genetically 
identical daughter cells are produced in 
each cycle. Each of the daughter cells will 
often continue to divide by going through 
additional cell cycles.

Figure 17–2 The major events of the cell cycle. The major chromosomal 
events of the cell cycle occur in S phase, when the chromosomes are 
duplicated, and M phase, when the duplicated chromosomes are segregated 
into a pair of daughter nuclei (in mitosis), after which the cell itself divides into 
two (cytokinesis).
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• Séparation physique de la cellule mère en deux cellules filles


• But: accroître le nombre de cellules (croissance, diversification des 
fonctions, …)


• But: maintenir et amplifier l’information génétique (reproduction, …)
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and, eventually, align at the spindle equator in a stage called metaphase. !e 
destruction of sister-chromatid cohesion at the start of anaphase separates the 
sister chromatids, which are pulled to opposite poles of the spindle. !e spindle is 
then disassembled, and the segregated chromosomes are packaged into separate 
nuclei at telophase. Cytokinesis then cleaves the cell in two, so that each daughter 
cell inherits one of the two nuclei (Figure 17–3).

The Eukaryotic Cell Cycle Usually Consists of Four Phases
Most cells require much more time to grow and double their mass of proteins and 
organelles than they require to duplicate their chromosomes and divide. Partly to 
allow time for growth, most cell cycles have gap phases—a G1 phase between M 
phase and S phase and a G2 phase between S phase and mitosis. !us, the eukary-
otic cell cycle is traditionally divided into four sequential phases: G1, S, G2, and M. 
G1, S, and G2 together are called interphase (Figure 17–4, and see Figure 17–3). In 
a typical human cell proliferating in culture, interphase might occupy 23 hours of 
a 24-hour cycle, with 1 hour for M phase. Cell growth occurs throughout the cell 
cycle, except during mitosis.

!e two gap phases are more than simple time delays to allow cell growth. !ey 
also provide time for the cell to monitor the internal and external environment 

cytoplasm

nucleus

chromosome
duplication

MITOSIS

CYTOKINESIS

MBoC6 m17.02/17.02

M
 phase

S phase

Figure 17–1 The cell cycle. The division 
of a hypothetical eukaryotic cell with two 
chromosomes (one red, and one black) 
is shown to illustrate how two genetically 
identical daughter cells are produced in 
each cycle. Each of the daughter cells will 
often continue to divide by going through 
additional cell cycles.

Figure 17–2 The major events of the cell cycle. The major chromosomal 
events of the cell cycle occur in S phase, when the chromosomes are 
duplicated, and M phase, when the duplicated chromosomes are segregated 
into a pair of daughter nuclei (in mitosis), after which the cell itself divides into 
two (cytokinesis).

CELL GROWTH
AND CHROMOSOME
REPLICATION

1

CELL
DIVISION

3

CHROMOSOME 
SEGREGATION

2

daughter cells

MBoC6 e18.01/17.01

CELL
CYCLE



La mitose = division cellulaire

44

  965

to ensure that conditions are suitable and preparations are complete before the 
cell commits itself to the major upheavals of S phase and mitosis. !e G1 phase 
is especially important in this respect. Its length can vary greatly depending on 
external conditions and extracellular signals from other cells. If extracellular con-
ditions are unfavorable, for example, cells delay progress through G1 and may even 
enter a specialized resting state known as G0 (G zero), in which they can remain 
for days, weeks, or even years before resuming proliferation. Indeed, many cells 
remain permanently in G0 until they or the organism dies. If extracellular condi-
tions are favorable and signals to grow and divide are present, cells in early G1 or 
G0 progress through a commitment point near the end of G1 known as Start (in 
yeasts) or the restriction point (in mammalian cells). We will use the term Start 
for both yeast and animal cells. After passing this point, cells are committed to 
DNA replication, even if the extracellular signals that stimulate cell growth and 
division are removed.

Cell-Cycle Control Is Similar in All Eukaryotes
Some features of the cell cycle, including the time required to complete certain 
events, vary greatly from one cell type to another, even in the same organism. !e 
basic organization of the cycle, however, is essentially the same in all eukaryotic 
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Figure 17–3 The events of eukaryotic cell division as seen under a microscope. The easily visible processes of nuclear 
division (mitosis) and cell division (cytokinesis), collectively called M phase, typically occupy only a small fraction of the cell cycle. 
The other, much longer, part of the cycle is known as interphase, which includes S phase and the gap phases (discussed in 
text). The five stages of mitosis are shown: an abrupt change in the biochemical state of the cell occurs at the transition from 
metaphase to anaphase. A cell can pause in metaphase before this transition point, but once it passes this point, the cell carries 
on to the end of mitosis and through cytokinesis into interphase. 

Figure 17–4 The four phases of the cell 
cycle. In most cells, gap phases separate 
the major events of S phase and M phase. 
G1 is the gap between M phase and  
S phase, while G2 is the gap between  
S phase and M phase. 

• Mitose au sens strict est la séparation des 
génomes 


• Cytokinèse est la séparation des cellules


• ! la réplication de l’ADN n’a pas lieu 
pendant la mitose
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• A la transition G2/M, augmentation abrupte de M-Cdk active


• M-Cdk (et autres) phosphorylent de nombreuses protéines, ce qui induit la formation du réseau mitotique, et 
l’attachement des paires de chromatides-soeurs


• A la transition metaphase-anaphase, APC/C induit la destruction de la securin, qui libère une protéase, qui 
clive la cohésine. Ceci induit la séparation des chromatides-soeurs


• M-Cdk induit aussi la condensation des chromosomes
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• M-Cdk induit aussi la condensation des chromosomes


• Ceci dépend d’un complexe de 5 protéines appelée la condensine
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mitosis. Although the Cdk in these complexes is phosphorylated at an activating 
site by the Cdk-activating kinase (CAK), as discussed earlier, the protein kinase 
Wee1 holds it in an inactive state by inhibitory phosphorylation at two neighbor-
ing sites (see Figure 17–13). !us, by the time the cell reaches the end of G2, it 
contains an abundant stockpile of M-Cdk that is primed and ready to act but is 
suppressed by phosphates that block the active site of the kinase. 

What, then, triggers the activation of the M-Cdk stockpile? !e crucial event 
is the activation of the protein phosphatase Cdc25, which removes the inhibitory 
phosphates that restrain M-Cdk (Figure 17–20). At the same time, the inhibitory 
activity of the kinase Wee1 is suppressed, further ensuring that M-Cdk activity 
increases. !e mechanisms that unleash Cdc25 activity in early mitosis are not 
well understood. One possibility is that the S-Cdks that are active in G2 and early 
prophase stimulate Cdc25.

Interestingly, Cdc25 can also be activated, at least in part, by its target, M-Cdk. 
M-Cdk may also inhibit the inhibitory kinase Wee1. !e ability of M-Cdk to acti-
vate its own activator (Cdc25) and inhibit its own inhibitor (Wee1) suggests that 
M-Cdk activation in mitosis involves positive feedback loops (see Figure 17–20). 
According to this attractive model, the partial activation of Cdc25 (perhaps by 
S-Cdk) leads to the partial activation of a subpopulation of M-Cdk complexes, 
which then phosphorylate Cdc25 and Wee1 molecules. !is leads to more M-Cdk 
activation, and so on. Such a mechanism would quickly promote the activation of 
all M-Cdk complexes in the cell. As mentioned earlier, similar molecular switches 
operate at various points in the cell cycle to promote the abrupt and complete 
transition from one cell-cycle state to the next. 

Condensin Helps Configure Duplicated Chromosomes for 
Separation
At the end of S phase, the immensely long DNA molecules of the sister chroma-
tids are tangled in a mass of partially catenated DNA and proteins. Any attempt to 
pull the sisters apart in this state would undoubtedly lead to breaks in the chro-
mosomes. To avoid this disaster, the cell devotes a great deal of energy in early 
mitosis to gradually reorganizing the sister chromatids into relatively short, dis-
tinct structures that can be pulled apart more easily in anaphase. !ese chromo-
somal changes involve two processes: chromosome condensation, in which the 
chromatids are dramatically compacted; and sister-chromatid resolution, whereby 
the two sisters are resolved into distinct, separable units (Figure 17–21). Resolu-
tion results from the decatenation of the sister DNAs, accompanied by the partial 
removal of cohesin molecules along the chromosome arms. As a result, when the 
cell reaches metaphase, the sister chromatids appear in the microscope as com-
pact, rodlike structures that are joined tightly at their centromeric regions and 
only loosely along their arms. 
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Figure 17–20 The activation of M-Cdk. 
Cdk1 associates with M-cyclin as the levels 
of M-cyclin gradually rise. The resulting 
M-Cdk complex is phosphorylated on an 
activating site by the Cdk-activating kinase 
(CAK) and on a pair of inhibitory sites by 
the Wee1 kinase. The resulting inactive 
M-Cdk complex is then activated at the 
end of G2 by the phosphatase Cdc25. 
Cdc25 is further stimulated by active 
M-Cdk, resulting in positive feedback. 
This feedback is enhanced by the ability of 
M-Cdk to inhibit Wee1.
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Figure 17–21 The mitotic chromosome. 
Scanning electron micrograph of a 
human mitotic chromosome, consisting 
of two sister chromatids joined along their 
length. The constricted regions are the 
centromeres. (Courtesy of Terry D. Allen.)
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!e condensation and resolution of sister chromatids depend, at least in 
part, on a "ve-subunit protein complex called condensin. Condensin structure 
is related to that of the cohesin complex that holds sister chromatids together 
(see Figure 17–19). It contains two SMC subunits like those of cohesin, plus three 
non-SMC subunits (Figure 17–22). Condensin may form a ringlike structure that 
somehow uses the energy provided by ATP hydrolysis to promote the compaction 
and resolution of sister chromatids. Condensin is able to change the coiling of 
DNA molecules in a test tube, and this coiling activity is thought to be important 
for chromosome condensation during mitosis. Interestingly, phosphorylation 
of condensin subunits by M-Cdk stimulates this coiling activity, providing one 
mechanism by which M-Cdk may promote chromosome restructuring in early 
mitosis.

The Mitotic Spindle Is a Microtubule-Based Machine
!e central event of mitosis—chromosome segregation—depends in all eukary-
otes on a complex and beautiful machine called the mitotic spindle (see Panel 
17–1). !e spindle is a bipolar array of microtubules, which pulls sister chroma-
tids apart in anaphase, thereby segregating the two sets of chromosomes to oppo-
site ends of the cell, where they are packaged into daughter nuclei (Movie 17.6). 
M-Cdk triggers the assembly of the spindle early in mitosis, in parallel with the 
chromosome restructuring just described. Before we consider how the spindle 
assembles and how its microtubules attach to sister chromatids, we brie#y review 
the basic features of spindle structure. 

!e core of the mitotic spindle is a bipolar array of microtubules, the minus 
ends of which are focused at the two spindle poles, and the plus ends of which 
radiate outward from the poles (Figure 17–23). !e plus ends of some microtu-
bules—called the interpolar microtubules—overlap with the plus ends of micro-
tubules from the other pole, resulting in an antiparallel array in the spindle mid-
zone. !e plus ends of other microtubules—the kinetochore microtubules—are 
attached to sister-chromatid pairs at large protein structures called kinetochores, 
which are located at the centromere of each sister chromatid. Finally, many spin-
dles also contain astral microtubules that radiate outward from the poles and 
contact the cell cortex, helping to position the spindle in the cell.

In most somatic animal cells, each spindle pole is focused at a protein organ-
elle called the centrosome (see Figures 16–47 and 16–48). Each centrosome 
consists of a cloud of amorphous material (called the pericentriolar matrix) that 
surrounds a pair of centrioles (Figure 17–24). !e pericentriolar matrix nucleates 
a radial array of microtubules, with their fast-growing plus ends projecting out-
ward and their minus ends associated with the centrosome. !e matrix contains a 
variety of proteins, including microtubule-dependent motor proteins, coiled-coil 
proteins that link the motors to the centrosome, structural proteins, and compo-
nents of the cell-cycle control system. Most important, it contains γ-tubulin ring 
complexes, which are the components mainly responsible for nucleating microtu-
bules (see Figure 16–46).

Some cells—notably the cells of higher plants and the oocytes of many ver-
tebrates—do not have centrosomes, and microtubule-dependent motor proteins 
and other proteins associate with microtubule minus ends to organize and focus 
the spindle poles. 
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Figure 17–22 Condensin. (A) Condensin is a 
five-subunit protein complex that resembles 
cohesin (see Figure 17–19). The ATPase head 
domains of its two major subunits, Smc2 and 
Smc4, are held together by three additional 
subunits. (B) It is not clear how condensin 
catalyzes the restructuring and compaction 
of chromosome DNA, but it may form a ring 
structure that encircles loops of DNA within each 
sister chromatid.
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elle called the centrosome (see Figures 16–47 and 16–48). Each centrosome 
consists of a cloud of amorphous material (called the pericentriolar matrix) that 
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ward and their minus ends associated with the centrosome. !e matrix contains a 
variety of proteins, including microtubule-dependent motor proteins, coiled-coil 
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complexes, which are the components mainly responsible for nucleating microtu-
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• Le réseau mitotique est composé d’un réseau 
bipolaire de microtubules


• les extrémités - se trouvent aux pôles


• les extrémités + irradient autour des pôles


• Son assemblage est induit par M-Cdk


• Les microtubules interpolaires se superposent 
entre les pôles


• Les microtubules kinetochores sont attachés aux 
chromatides-soeurs via les kinetochores (structure 
protéique) situés aux centromères des chromatides


• Les microtubules astraux positionnent le réseau 
dans la cellule


• Pour s’assembler et fonctionner, le réseau mitotique 
dépend de protéines motrices
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Microtubule-Dependent Motor Proteins Govern Spindle Assembly 
and Function
!e function of the mitotic spindle depends on numerous microtubule-depen-
dent motor proteins. As discussed in Chapter 16, these proteins belong to two 
families—the kinesin-related proteins, which usually move toward the plus end 
of microtubules, and dyneins, which move toward the minus end. In the mitotic 
spindle, these motor proteins generally operate at or near the ends of the micro-
tubules. Four major types of motor proteins—kinesin-5, kinesin-14, kinesins-4/10, 
and dynein—are particularly important in spindle assembly and function (Figure 
17–25). 

Kinesin-5 proteins contain two motor domains that interact with the plus 
ends of antiparallel microtubules in the spindle midzone. Because the two motor 
domains move toward the plus ends of the microtubules, they slide the two anti-
parallel microtubules past each other toward the spindle poles, pushing the 
poles apart. Kinesin-14 proteins, by contrast, are minus-end directed motors 
with a single motor domain and other domains that can interact with a neighbor-
ing microtubule. !ey can cross-link antiparallel interpolar microtubules at the 
spindle midzone and tend to pull the poles together. Kinesin-4 and kinesin-10 
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Figure 17–23 The metaphase mitotic 
spindle in an animal cell. The plus ends 
of the microtubules project away from the 
spindle pole, while the minus ends are 
anchored at the spindle poles, which in this 
example are organized by centrosomes. 
Kinetochore microtubules connect the 
spindle poles with the kinetochores of sister 
chromatids, while interpolar microtubules 
from the two poles interdigitate at the 
spindle equator. Astral microtubules radiate 
out from the poles into the cytoplasm. 
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Figure 17–24 The centrosome. (A) Electron micrograph of an S-phase mammalian cell in culture, showing a duplicated centrosome. Each 
centrosome contains a pair of centrioles; although the centrioles have duplicated, they remain together in a single complex, as shown in the drawing 
of the micrograph in (B). One centriole of each centriole pair has been cut in cross section, while the other is cut in longitudinal section, indicating 
that the two members of each pair are aligned at right angles to each other. The two halves of the replicated centrosome, each consisting of a 
centriole pair surrounded by pericentriolar matrix, will split and migrate apart to initiate the formation of the two poles of the mitotic spindle when the 
cell enters M phase. (A, from M. McGill, D.P. Highfield, T.M. Monahan, and B.R. Brinkley, J. Ultrastruct. Res. 57:43–53, 1976. With permission from 
Academic Press.)
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• Le réseau mitotique doit avoir 2 pôles 


• Les cellules animalent entament la mitose avec une 
paire de centrosomes


• Les 2 centrosomes sont des pôles “pré-fabriqués” 
qui facilitent l’assemblage du réseau mitotique


• La duplication du centrosome survient pendant la 
S-phase

  983

Microtubule-Dependent Motor Proteins Govern Spindle Assembly 
and Function
!e function of the mitotic spindle depends on numerous microtubule-depen-
dent motor proteins. As discussed in Chapter 16, these proteins belong to two 
families—the kinesin-related proteins, which usually move toward the plus end 
of microtubules, and dyneins, which move toward the minus end. In the mitotic 
spindle, these motor proteins generally operate at or near the ends of the micro-
tubules. Four major types of motor proteins—kinesin-5, kinesin-14, kinesins-4/10, 
and dynein—are particularly important in spindle assembly and function (Figure 
17–25). 

Kinesin-5 proteins contain two motor domains that interact with the plus 
ends of antiparallel microtubules in the spindle midzone. Because the two motor 
domains move toward the plus ends of the microtubules, they slide the two anti-
parallel microtubules past each other toward the spindle poles, pushing the 
poles apart. Kinesin-14 proteins, by contrast, are minus-end directed motors 
with a single motor domain and other domains that can interact with a neighbor-
ing microtubule. !ey can cross-link antiparallel interpolar microtubules at the 
spindle midzone and tend to pull the poles together. Kinesin-4 and kinesin-10 
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Figure 17–23 The metaphase mitotic 
spindle in an animal cell. The plus ends 
of the microtubules project away from the 
spindle pole, while the minus ends are 
anchored at the spindle poles, which in this 
example are organized by centrosomes. 
Kinetochore microtubules connect the 
spindle poles with the kinetochores of sister 
chromatids, while interpolar microtubules 
from the two poles interdigitate at the 
spindle equator. Astral microtubules radiate 
out from the poles into the cytoplasm. 

1 µm
(A) (B) microtubule pericentriolar matrix pair of centrioles
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Figure 17–24 The centrosome. (A) Electron micrograph of an S-phase mammalian cell in culture, showing a duplicated centrosome. Each 
centrosome contains a pair of centrioles; although the centrioles have duplicated, they remain together in a single complex, as shown in the drawing 
of the micrograph in (B). One centriole of each centriole pair has been cut in cross section, while the other is cut in longitudinal section, indicating 
that the two members of each pair are aligned at right angles to each other. The two halves of the replicated centrosome, each consisting of a 
centriole pair surrounded by pericentriolar matrix, will split and migrate apart to initiate the formation of the two poles of the mitotic spindle when the 
cell enters M phase. (A, from M. McGill, D.P. Highfield, T.M. Monahan, and B.R. Brinkley, J. Ultrastruct. Res. 57:43–53, 1976. With permission from 
Academic Press.)
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!e mechanisms that limit centrosome duplication to once per cell cycle are 
uncertain. In many cell types, experimental inhibition of DNA synthesis blocks 
centrosome duplication, providing one mechanism by which centrosome number 
is kept in check. Other cell types, however, including those in the early embryos 
of "ies, sea urchins, and frogs, do not have such a mechanism and centrosome 
duplication continues if chromosome duplication is blocked. It is not known how 
such cells limit centrosome duplication to once per cell cycle. 

M-Cdk Initiates Spindle Assembly in Prophase
Spindle assembly begins in early mitosis, when the two centrosomes move apart 
along the nuclear envelope, pulled by dynein motor proteins that link astral micro-
tubules to the cell cortex (see Figure 17–25). !e plus ends of the microtubules 
between the centrosomes interdigitate to form the interpolar microtubules, and 
kinesin-5 motor proteins associate with these microtubules and push the centro-
somes apart (see Figure 17–25). Also in early mitosis, the number of γ-tubulin ring 
complexes in each centrosome increases greatly, increasing the ability of the cen-
trosomes to nucleate new microtubules, a process called centrosome maturation. 

!e balance of opposing forces generated by di#erent types of motor proteins 
determines the $nal length of the spindle. Dynein and kinesin-5 motors generally 
promote centrosome separation and increase spindle length. Kinesin-14 proteins 
do the opposite: they tend to pull the poles together (see Figure 17–25). It is not 
clear how the cell regulates the balance of opposing forces to generate the appro-
priate spindle length.

M-Cdk and other mitotic protein kinases are required for centrosome separa-
tion and maturation. M-Cdk and Aurora-A phosphorylate kinesin-5 motors and 
stimulate them to drive centrosome separation. Aurora-A and Plk also phosphor-
ylate components of the centrosome and thereby promote its maturation. 

The Completion of Spindle Assembly in Animal Cells Requires 
Nuclear-Envelope Breakdown
!e centrosomes and microtubules of animal cells are located in the cytoplasm, 
separated from the chromosomes by the double-membrane barrier of the nuclear 
envelope (discussed in Chapter 12). Clearly, the attachment of sister-chromatid 
pairs to the spindle requires the removal of this barrier. In addition, many of the 
motor proteins and microtubule regulators that promote spindle assembly are 
associated with the chromosomes inside the nucleus, and they require nuclear-
envelope breakdown to carry out their functions.

Nuclear-envelope breakdown is a complex, multistep process, which is 
thought to begin when M-Cdk phosphorylates several subunits of the nuclear pore 
complexes in the nuclear envelope. !is phosphorylation initiates the disassem-
bly of nuclear pore complexes and their dissociation from the envelope. M-Cdk 
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Figure 17–26 Centriole replication. The 
centrosome consists of a centriole pair and 
associated pericentriolar matrix (green). At 
a certain point in G1, the two centrioles of 
the pair separate by a few micrometers. 
During S phase, a daughter centriole 
begins to grow near the base of each 
mother centriole and at a right angle to it. 
The elongation of the daughter centriole is 
usually completed in G2. The two centriole 
pairs remain close together in a single 
centrosomal complex until the beginning 
of M phase, when the complex splits in 
two and the two daughter centrosomes 
begin to separate. Each centrosome 
now nucleates its own radial array of 
microtubules (called an aster), mainly from 
the mother centriole.
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 1 centrosome = 1 paire de centrioles+ matrice péricentriolaire
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