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REGULATING THE 
EU KARYOTIC CELL 
CYCLE 

T
he cell cycle entails an ordered series of macromolecu
lar events that lead to cell division and the production 
of two daughter cells each containing chromosomes 

identical to those of the parental cell. Duplication of the 
parental chromosomes occurs during the S phase of the cycle, 
and one of the resulting daughter chromosomes is distributed 
to each daughter cell during mitosis (see Figure 9-3 ). Precise 
temporal control of the events of the cell cycle ensures that 
the replication of chromosomes and their segregation to 
daughter cells occur in the proper order and with extraordi
narily high fidelity. Regulation of the cell cycle is critical for 
the normal development of multicellular organisms, and loss 
of control ultimately leads to cancer, an all-too-familiar dis
ease that kills one in every six people in the developed world 
(Chapter 23). 

In the late 1980s, it became clear that the molecular 
processes regulating the two key events in the cell cycle
chromosome replication and segregation-are fundamen
tally similar in all eukaryotic cells. Because of this similarity, 
research with diverse organisms, each with its own particu
lar experimental advantages, has contributed to a growing 
understanding of how these events are coordinated and con
trolled. Biochemical and genetic techniques, as well as re
combinant DNA technology, have been employed in 
studying various aspects of the eukaryotic cell cycle. These 
studies have revealed that cell replication is primarily con
trolled by regulating the timing of nuclear DNA replication 

This cultured rat kidney cell in metaphase shows condensed 
chromosomes (blue), microtubules of the spindle apparatus 
(red), and the inner nuclear envelope protein POM121 (green). 
The POM121 staining demonstrates that the inner nuclear 
envelope proteins retract into the ER during mitosis. 
[Brian Burke and Jan Ellenberger, 2002. Nature Rev. Mo/. Cell Biol. 3:487.J 

and mitosis. The master controllers of these events are a 
small number of heterodimeric protein kinases that contain a 
regulatory subunit (cyclin) and catalytic subunit (cyclin
dependent kinase). These kinases regulate the activities of 
multiple proteins involved in DNA replication and mitosis by 
phosphorylating them at specific regulatory sites, activating 
some and inhibiting others to coordinate their activities. In 
this chapter we focus on how the cell cycle is regulated and 
the experimental systems that have led to our current under
standing of these crucial regulatory mechanisms. 

OUTLINE 

21 .1 Overview of the Cell Cycle and Its Control 

21.2 Biochemical Studies with Oocytes, Eggs, 
and Early Embryos 

21 .3 Genetic Studies with S. pombe 

21.4 Molecular Mechanisms for Regulating 
Mitotic Events 
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854 CHAPTER 21 • Regulating the Eukaryotic Cell Cycle 

fil l Overview of the Cell Cycle 
and Its Control 
We begin our discussion by reviewing the stages of the eu
karyotic cell cycle, presenting a summary of the current 
model of how the cycle is regulated, and briefly describing 
key experimental systems that have provided revealing in
formation about cell-cycle regulation. 

The Cell Cycle Is an Ordered Series of Events 
Leading to Cell Replication 
As illustrated in Figure 21-1, the cell cycle is divided into 
four major phases. In cycling (replicating) somatic cells, cells 
synthesize RNAs and proteins during the G1 phase, prepar
ing for DNA synthesis and chromosome replication during 
the S (synthesis) phase. After progressing through the G2 

phase, cells begin the complicated process of mitosis, also 
called the M {mitotic) phase, which is divided into several 
stages (see Figure 20-29). 

In discussing mitosis, we commonly use the term chro
mosome for the replicated structures that condense and be
come visible in the light microscope during the prophase 
period of mitosis. Thus each chromosome is composed of the 
two daughter DNA molecules resulting from DNA replica
tion plus the histones and other chromosomal proteins 
associated with them (see Figure 10-27). The identical daugh
ter DNA molecules and associated chromosomal proteins 
that form one chromosome are referred to as sister chro
matids. Sister chromatids are attached to each other by 
protein cross-links along their lengths. In vertebrates, these 
become confined to a single region of association called the 
centromere as chromosome condensation progresses. 

During interphase, the portion of the cell cycle between 
the end of one M phase and the beginning of the next, the 
outer nuclear membrane is continuous with the endoplasmic 
reticulum (see Figure 5 -19). With the onset of mitosis in 
prophase, the nuclear envelope retracts into the endoplas
mic reticulum in most cells from higher eukaryotes, and 
Golgi membranes break down into vesicles. As described in 
Chapter 20, cellular microtubules disassemble and reassem
ble into the mitotic apparatus consisting of a football-shaped 
bundle of microtubules {the spindle) with a star-shaped clus
ter of microtubules radiating from each end, or spindle pole. 
During the metaphase period of mitosis, a multi protein com
plex, the kinetochore, assembles at each centromere. The 
kinetochores of sister chromatids then associate with micro
tubules coming from opposite spindle poles (see Figure 
20-31). During the anaphase period of mitosis, sister chro
matids separate. They initially are pulled by motor proteins 
along the spindle microtubules toward the opposite poles 
and then are further separated _as the mitotic spindle elon
gates (see Figure 20-40). 

Once chromosome separation is complete, the mitotic spin
dle disassembles and chromosomes decondense during 
telophase. The nuclear envelope re-forms around the segregated 

\ 

Chromosome 
decondensation, 
re-formation of 

Chromosome nucle~r e~velope, 
condensation, cytokonesis 
nuclear envelope 
breakdown, 
chromosome 
segregation 

A FIGURE 21-1 Summary of major events in the eukaryotic 
cell cycle and the fate of a single parental chromosome. 
In proliferating cells, G1 is the period between " birth" of a cell 
following mitosis and the initiation of DNA synthesis, which 
marks the beginning of the S phase. At the end of the S phase, 
a replicated chromosome consists of two daughter DNA 
molecules and associated chromosomal proteins. Each of the 
individual daughter DNA molecules and their associated 
chromosomal proteins (not shown) is called a sister chromatid. 
The end of G2 is marked by the onset of mitosis, during which 
the mitotic spindle (red lines) forms and pulls apart sister 
chromatids, followed by division of the cytoplasm (cytokinesis) 
to yield two daughter cells. The G1, S, and G2 phases are 
collectively referred to as interphase, the period between one 
mitosis and the next. Most nonproliferating cells in vertebrates 
leave the cell cycle in G,, entering the G0 state. 

chromosomes as they decondense. The physical division of the 
cytoplasm, called cytokinesis, then yields two daughter cells a 
the Golgi complex re-forms in each daughter cell. Following mi 
tosis, cycling cells enter the G1 phase, embarking on anorhe 
turn of the cycle. In yeasts and other fungi, the nuclear enve 
lope does not break down during mitosis. In these organism 
the mitotic spindle forms within the nuclear envelope, whi 
then pinches off, forming two nuclei at the time of cytokinesis. 

In vertebrates and diploid yeasts, cells in GI have 
diploid number of chromosomes (2n), one inherited fro 
each parent. In haploid yeasts, cells in G1 have one of eac 
chromosome (l n), the haploid number. Rapidly replicarin 
human cells progress through the full cell cycle in about 2 

hours: mitosis takes =30 minutes; G1 , 9 hours; the S phas 
10 hours; and G2, 4.5 hours. In contrast, the full cycle tak 
only =90 minutes in rapidly growing yeast cells. 

1 In multicellular organisms, most differentiated ce 
"exit" the cell cycle and survive for days, weeks, or in so 
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cases (e.g., nerve cells and cells of the eye lens) even the life
riJUe of the organism without dividing again. Such post
mitotic cells generally exit the cell cycle in G1, en tering a 
phase called G0 (see Figure 21-1). Some G0 cells can return to 
the cell cycle and resume replicating; this reentry is regulated, 
thereby providing control of cell proliferation. 

Regulated Protein Phosphorylation 
and Degradation Control Passage Through 
the Cell Cycle 
The concentrations of the cyclins, the regulatory subunits of 
the heterodimeric protein kinases that control cell-cycle 

21.l • Overview of t he Cel l Cycle and Its Control 855 

events, increase and decrease as cells progress through the 
cell cycle. The catalytic subunits of these kinases, called 
cyclin-dependent kinases (CDKs), have no kinase activity un
less they are associated with a cyclin. Each CDK can associ
ate with different cyclins, and the associated cyclin 
determines which proteins are phosphorylated by a particu
lar cyclin-CDK complex. 

Figure 21-2 outlines the role of the three major classes of 
cyclin-CDK complexes that control passage through the cell 
cycle: the G1, S-phase, and mitotic cyclin-CDK complexes. 
When cells are stimulated to replicate, G1 cyclin-CDK com
plexes are expressed first. These prepare the cell for the 
S phase by activating transcription factors that promote 

APC-Cdh1/proteasome ~ 
degrades m;tic cyclins ~ 

APC-Cdc20/ 
:f}i~,c~ e~ .. H:P., 
1

~ ;:~ '' Telophase and cytokinesis 

Metaphase 

Anaphase 

II Mitotic 
cyclin-CDK 

Mitotic 
cyclin-CDK 
activates 
early mitotic 
events 

G2 

Restriction 
point 

s 

n S-phase 
S-phase cyclin-CDK U cyclin-CDK 
activates pre-replication 
complexes 

D DNA pre-replication 
complexes assemble 
at origins 

G, 
cyclin-CDK 

( Inhibitor) 

$-phase 
~clin-CDK 

El G1 cyclin-CDK inactivates Cdh1 

EJ G1 cyclin-CDK activat es 
expression of S-phase cycli n 
CDK components 

IJ G1 cyclin-CDK phosphorylates 
S-phase inhibitor 

~ 
~CF/protea some 

degrades phosphorylated 
S-phase cyclin-CDK 
inhibitor 

DNA replication 

A FIGURE 21-2 Overview of current model for regulation of 
the eukaryotic cell cycle. Passage through the cycle is 
controlled by G1 , S-phase, and mitotic cyclin-dependent kinase 
complexes (green}. These are composed of a regulatory cyclin 
subunit and a catalytic cyclin-dependent kinase (CDK) subunit. 
Two ubiquitin ligase complexes (orange), SCF and APC, 
polyubiquitinate specific substrates including S-phase inhibitors 
(step ffl). securin (step CJ ), and mitotic cyclins (step I!)), marking 
these substrates for degradation by proteasomes. Proteolysis of 
the S-phase inhibitor activates S-phase cyclin-CDK complexes, 

leading to chromosome replication. Proteolysis of securin 
results in degradation of protein complexes that connect 
sister chromatids at metaphase, thereby initiating anaphase, 
the mitot ic period in which sister chromatids are separated 
and moved to the opposite spindle poles. Reduction in 
the activity of mitotic cyclin-CDK complexes caused by 
proteolysis of mitotic cyclins permits late mitotic events and 
cytokinesis to occur. These proteolytic cleavages drive the 
cycle in one direction because of the irreversibility of protein 
degradation. See text for further discussion. 
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transcription of genes encoding enzymes required for DNA 
synthesis and the genes encoding S-phase cyclins and CDKs. 
The activity of S-phase cyclin-CDK complexes is initially held 
in check by inhibitors. Late in G1, the G1 cyclin-CDK com
plexes induce degradation of the S-phase inhibitors by phos
phorylating them and consequently stimulating their 
polyubiquitination by the multiprotein SCF ubiquitin ligase 
(step 13'.]) . Subsequent degradation of the polyubiquitinated 
S-phase inhibitor by proteasomes releases active S-phase 
cyclin-CDK complexes. 

Once activated, the S-phase cyclin-CDK complexes 
phosphorylate regulatory sites in the proteins that form 
DNA pre-replication complexes, which are assembled on 
replication origins during G1 (Chapter 4 ). Phosphorylation 
of these proteins not only activates initiation of DNA repli
cation but also prevents reassembly of new pre-replication 
complexes. Because of this inhibition, each chromosome is 
replicated just once during passage through the cell cycle, en
suring that the proper chromosome number is maintained 
in the daughter cells. 

Mitotic cyclin-CDK complexes are synthesized during 
the S phase and G2, but their activities are held in check by 
phosphorylation at inhibitory sites until DNA synthesis is 
completed. Once activated by dephosphorylation of the in
hibitory sites, mitotic cyclin-CDK complexes phosphorylate 
multiple proteins that promote chromosome condensation, 
retraction of the nuclear envelope, assembly of the mitotic 
spindle apparatus, and alignment of condensed chromo
somes at the metaphase plate. During mitosis, the anaphase
promoting complex (APC), a multisubunit ubiquitin ligase, 
polyubiquitinates key regulatory proteins marking them for 
proteasomal degradation. One important substrate of the 
APC is securin, a protein that inhibits degradation of the 
cross-linking proteins between sister cbromatids. The poly
ubiquitination of securin by the APC is inhibited until the 
kinetochores assembled at the centromeres of all chromo
somes have become attached to spindle microtubules, caus
ing chromosomes to a lign at the metaphase plate. Once all 
the chromosomes are aligned, the APC polyubiquitinates se
curin, leading to its proteasomal degradation and the subse
quent degradation of the cross-linking proteins connecting 
sister chromatids (see Figure 21-2, step IID). This sequence 
of events initiates anaphase by freeing sister cbrornatids to 
segregate to opposite spindle poles. 

Late in anaphase, the APC also directs polyubiquitina
tion and subsequent proteasomal degradation of the mitotic 
cyclins. Polyubiquitination of the mitotic cyclins by APC is 
inhibited until the segregating chromosomes have reached 
the proper location in the dividing cell (see Figure 21-2, step 
12]). Degradation of the mitotic cyclins leads to inactivation 
of the protein kinase activity of the mitotic CDKs. The re
sulting decrease in mitotic CDK activity permits constitu
tively active protein phosphatases to remove the phosphates 
that were added to specific proteins by the mitotic cyclin
CDK complexes. As a result, the now separated chromo
somes decondense, the nuclear envelope re-forms around 

daughter-cell nuclei, and the Golgi apparatus reassernb[ 
during telophase; finally, the cytoplasm divides at cytok· es 
sis, yielding the two daughter cells. Lne-

During early G1 of t~e next cell cycle, phosphatases de
phosphorylate the proteins that form pre-replication c om. 
plexes. These proteins had been phosphorylated by S-ph 
cyclin-CDK complexes during the previous S phase, and rte 
phosphorylation was maintained during mitosis by rnito;~r 
cyclin-CDK complexes. As a result of their dephosphoryl

1
~ 

tion in G1, new pre-replication complexes are able to r:. 
assemble at replication origins in preparation for the next S 
phase (see Figure 21-2, step [)). Phosphorylation of CdhJ 
by G1 cyclin-CDK comp!exes in late G1 inactivates it, allow
ing accumulation of S-phase and mitotic cyclins during the 
ensuing cycle. 

Passage through three critical cell-cycle transitions
G1 ➔ S phase, metaphase ➔ anaphase, and anaphase ➔ 
telophase and cytokinesis-is irreversible because these tran
sitions are triggered by the regulated degradation of proteins 
an irreversible process. As a consequence, cells are forced r~ 
traverse the cell cycle in one direction ·only. 

In higher organisms, control of the cell cycle is achieved 
primarily by regulating the synthesis and activity of 
G1 cyclin-CDK complexes. Extracellular growth factors 
function as mitogens by inducing synthesis of G1 cyclin
CDK complexes. The activity of these and other cyclin
CDK complexes is regulated by phosphorylation at specific 
inhibitory and activating sites in the catalytic subunit. Once 
mitogens have acted for a sufficient period, the cell cycle 
continues through mitosis even when they are removed. 
The point in late G1 where passage through the cell cycle 
becomes independent of mitogens is called the restriction 
point (see Figure 21-2). 

Diverse Experimental Systems Have Been Used 
to Identify and Isolate Cell-Cycle Control Proteins 

The first evidence that diffusible factors regulate the cell 
cycle came from cell-fusion experiments with cultured mam· 
malian cells. When interphase cells in the G1, S, or G2 phase 
of the cell cycle were fused to cells in mitosis, their nuclear 
envelopes retracted and t heir chromosomes condensed (Fig· 
ure 21-3) . This finding indicates that some diffusible com· 
ponent or components in the cytoplasm of the mitotic cells 
forced interphase nuclei to undergo many of the processes as· 
sociated with early mitosis. We now know that these factors 
are the mitotic cyclin-CDK complexes. 

Similarly, when cells in G1 were fused to cells in S phase 
and the fused cells exposed to radiolabeled thymidine, the 
la bel was incorporated into the DNA of the G1 nucleus as 
well as the S-phase nucleus, indicating that DNA synthesis 
began in the G1 nucleus shortly after fusion. However, when 
cells in G2 were fused to S-phase cells, no incorporation of la· 
beled thymidine occurred in the G2 nuclei. Thus diffusible 
factors in an S-phase cell can enter the nucleus of a G, ceU 
and stimulate DNA synthesis, but these factors cannot in· 
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A EXPERIMENTAL FIGURE 21-3 A diffusable factor in 
mitotic cells can induce mitosis in an interphase cell . In 
unfused interphase cells, the nuclear envelope is intact and the 
chromosomes are not condensed, so individual chromosomes 
cannot be dist inguished (see Figures 1-2b and 5-25). In mitotic 
cells, the nuclear envelope is absent and the individual replicated 
chromosomes are highly condensed. This micrograph shows a 
~ybrid cell resulting from fusion of a mitotic cell (left side) w ith 
an interphase cell in G1 (right side). A factor from the mitot ic cell 
cytoplasm has caused the nuclear envelope of the G, cell to 
retract into the endoplasmic reticulum, so that it is not visible. 
The factor has also caused the G, cell chromosomes to partially 
condense. The mitotic chromosomes can be distinguished 
because the two sister chromatids are joined at the centromere . 
From R. T. Johnson and P. N. Rao, 1970, Biol. Rev. 46:97.) 

duce DNA synthesis in a G2 nucleus. We now know that 
rhese factors are S-phase cyclin-CDK complexes, which can 
activate the pre-replication complexes assembled on DNA 
replication origins in early G1 nuclei. Although these cell
fusion experiments demonstrated that diffusible factors con
rrol entry into the S and M phases of the cell cycle, genetic 
and biochemical experiments were needed to identify these 
factors. 

The budding yeast Saccharomyces cerevisiae and the dis
tantly related fission yeast Schizosaccharomyces pom be have 
been especially useful for isolation of mutants that are 
blocked at specific steps in the cell cycle or that exhibit altered 
regulation of the cycle. In both of these yeasts, temperature
seasitive mutants with defects in specific proteins required to 
progress through the cell cycle are readily recognized micro
scopically and therefore easily isolated (see Figure 9-6) . Such 
cells are called cdc (cell-division cycle) mutants. The wild-type 
alleles of recessive temperature-sensitive cdc mutant alleles 
c~n be isolated readily by transforming haploid mutant cells 
Wtth a plasmid library prepared from wild-type cells and then 
platmg the transformed cells at the nonpermissive tempera
ture (Figure 21 -4). When plated out, the haploid mutant cells 
cannot form colonies at the nonpermissive temperature. 
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However, complementation of the recessive mutation by the 
wild-type allele carried by one of the plasmid clones in the li
brary allows a transformed mutant cell to grow into a colony; 
the plasmids bearing the w ild-type allele can then be recov
ered from those cells. Because many of the proteins that reg
ulate the cell cycle are highly conserved, human cDNAs 
cloned into yeast expression vectors often can complement 
yeast cell-cycle mutants, leading to the rapid isolation of 
human genes encoding cell-cycle control proteins. 

Biochemical studies require the preparation of cell ex
tracts from many cells. For biochemical studies of the cell 
cycle, the eggs and early embryos of amphibians and marine 
invertebrates are particularly sµitable. In these organisms, 
multiple synchronous cell cycles follow fertilization of a large 
egg. By isolating large numbers of eggs from females and 

Transform with 
plasmid library 

cdc2B1
" 

of wild-type 
S. cerevisiae DNA 

cells Transformed 
grown GeneX cdc281

" cells 
at 25 °C 0 grown at 35 °C 

@ ©} Gene Y No colony 

@ 0 @ formation 

CDC28 

@ 0 @@ Isolate CDC28 @ plasmid 0 ~c@ 
Cells in colony at 
various cell-cycle 

stages 

! EXPERIMENTAL FIGURE 21-4 Wild-type cell-division 
cycle {CDC) genes can be isolated from a S. cerevisiae 
genomic library by functional complementation of cdc 
mutants. Mutant cel ls with a temperature-sensitive mutation in 
a CDC gene are transformed with a genomic library prepared 
from wild-type cells and plated on nutrient agar at the 
nonpermissive temperature (35 °C). Each transformed cell takes 
up a single plasmid containing one genomic DNA fragment. 
Most such fragments include genes (e.g ., X and Y) that do not 
encode the defective Cdc protein; transformed cells that take up 
such fragments do not form colonies at the nonpermissive 
temperature. The rare cel l that takes up a plasmid containing t he 
wild-type version of the mutant gene (in this case CDC28) is 
complemented, allowing the cell to replicate and form a colony at 
the nonpermissive temperature. Plasmid DNA isolated from this 
colony carries the w ild-type CDC gene corresponding to the gene 
that is defective in the mutant cells. The same procedure is used 
to isolate w ild-type CDC genes in 5. pombe. See Figures 9-19 
and 9-20 for more detai led illustrations of the construction and 
screening of a yeast genomic library. 
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•4:Hf J§■ S~lected Cyclins,.~nd Cyclin-Dependent 
Kmases (CDKs) 

Organism/Protein 

S. POMBE 

CDK (one only) 

Mitotic cyclin (one only) 

S. CEREVISIAE 

CDK (one only) 

Mid G1 cyclin 

Late G1 cyclins 

Early $-phase cyclins 

Late S-phase and early mitotic cyclins 

Late mitotic cyclins 

VERTEBRATES 

Mid G1 CDKs 

Late G1 and S-phase CDK 

Mitotic CDK 

Mid G1 cyclins 

Late G1 and $-phase cyclin 

S-phase and mitotic cyclin 

Mitotic cyclin 

Name 

Cdc2 

Cdc13 

Cdc28 

Cln3 

Clnl, Cln2 

Clb5 , Clb6 

Clb3, Clb4 

Clbl, Clb2 

CDK4, CDK6 

CDK2 

CDKl 

D-type cyclins 

Cyclin E 

Cyclin A 

Cyclin B 

• Those cyclins and CDKs discussed in this chapter are listed and 
classified by the period in the cell cycle in which they function. A het
erodimer composed of a mitotic cyclin and CDK is commonly re
ferred to as a mitosis-promoting factor (MPF). 

fertilizing them simultaneously by addition of sperm ( or 
treating them in ways that mimic fertilization), researchers 
can obtain extracts from cells at specific points in the cell 
cycle for analysis of proteins and enzymatic activities. 

In the following sections we describe critical experiments 
that led to the current model of eukaryotic cell-cycle regula
tion summarized in Figure 21-2 and present further details of 
the various regulatory events. As we will see, results obtained 
with different experimental systems and approaches have 
provided insights about each of the key transition points in 
the cell cycle. For historical reasons, the names of various cy
clins and cyclin-dependent kinases from yeasts and verte
brates differ. Table 21-1 lists the names of those that we 
discuss in this chapter and indicates when in the cell cycle 
they are active. 

KEY CONCEPTS OF SECTION 2 1.1 

Overview of the Cell Cycle and Its Control 

■ The eukaryotic cell cycle is divided into four phases: M 
(mitosis), G1 (the period between mitosis and the initiatio 
of nuclear DNA replication), S (the period of nuclear DN; 
replication), and G2 (the period between the completion of 
nuclear DNA replication and mitosis) (see Figure 21-1). 

■ . Cyclin-~DK complexes,_ comp_osed of a regulatory cy
clm subunit and a catalync cyclm-dependent kinase sub
unit, regulate progress of a cell through the cell cycle (see 
Figure 21-2). Large multisubunit ubiquitin ligases also 
polyubiquitinate key cell::cycle regulators, marking them 
for degradation by proteasomes. 

■ Diffusible mitotic cyclin-CDK complexes cause chro
mosome condensation and disassembly of the nuclear en
velope in G1 and G2 cells when they are fused to mitotic 
cells. Similarly, S-phase cyclin-CDK complexes stimulate 
DNA replication in the nuclei of G1 cells when they are 
fused to S-phase cells. 

■ The isolation of yeast cell-division cycle (cdc) mutants 
led to the identification of genes that regulate the cell cycle 
(see Figure 21-4). 

■ Amphibian and invertebrate eggs and early embryos 
from synchronously fertilized eggs provide sources of ex
tracts for biochemical studies of cell-cycle events. 

fJf• Biochemical Studies with 
Oocytes, Eggs, and Early Embryos 
A breakthrough in identification of the factor that induces 
mitosis came from studies of oocyte maturation in the frog 
Xenopus laevis. To understand these experiments, we must 
first lay out the events of oocyte maturation , which can be 
duplicated in vitro. As oocytes develop in the frog ovary, 
they replicate their DNA and become arrested in G2 for 8 
months during which time they grow in size to a diameter of 
1 mm, stockpiling all the materials needed for the multiple 
cell divisions required to generate a swimming, feeding tad
pole. When stimulated by a male, an adult female's ovarian 
cells secrete the steroid hormone progesterone, which in
duces the Gi-arrested oocytes to enter meiosis I and 
progress through meiosis to the second meiotic metaphase 
(Figure 21-5). At this stage the cells are called eggs. Wh~n 
fertilized by sperm, the egg nucleus is released from. ,rs 
metaphase II arrest and completes meiosis. The resulting 
haploid egg pronucleus then fuses with the haploid sper~1 

pronucleus, producing a diploid zygote nucleus. DNA reph
ca tion follows and the first mitotic division of early em
bryogenesis begins. The resulting embryonic cells then 
proceed through 11 more rapid, synchronous cell cycles 
generating a hollow sphere, the blastula. Cell division then 
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First polar body Second polar body 
Progesterone 

l ____. ____. ____. 
D fJ II 

Oocyte 
arrested in G2 

Meiosis I Egg arrested 
in meiosis II 

Male Female 
pronucleus pronucleus 

First 
cleavage 

;, EXPERIMENTAL FIGURE 21-5 Progesterone stimulates 
meiotic maturation of Xenopus oocytes in vitro. Step D: 
Treatment of G2-arrested Xenopus oocytes surgically removed 
from the ovary of an adult female with progesterone causes the 
oocytes to enter meiosis I. Two pairs of synapsed homologous 
chromosomes (blue) connected to mitotic spindle microtubules 
(red) are shown schematically to represent cells in metaphase of 
meiosis I. Step H: Segregation of homologous chromosomes 
and a highly asymmetrical cell division expels half the 
chromosomes into a small cell called the first polar body. 
The oocyte immediately commences meiosis II and arrests 

slows, and subsequent divisions are nonsynchronous with 
cells at different positions in the blastula dividing at differ
ent times. 

Maturation-Promoting Factor (MPF) Stimulates 
Meiotic Maturation of Oocytes and Mitosis 
in Somatic Cells 

When G2-arrested Xenopus oocytes are removed from the 
ovary of an adult female frog and treated with progesterone, 
rhey undergo meiotic maturation, the process of oocyte mat
uration from a G2-arrested oocyte to the egg arrested in 
metaphase of meiosis II (see Figure 21-5). Microinjection of 
cytoplasm from eggs arrested in metaphase of meiosis II into 
Ci-arrested oocytes stimulates the oocytes to mature into 

Egg arrested 
in metaphase II 

Transfer 
cytoplasm 

Ill 

m 
Inject MPF Oocyte 

arrested in G2 

4 EXPERIMENTAL FIGURE 21-6 A diffusible factor in 
arrested Xenopus eggs promotes meiotic maturation. When 
~5 Percent of the cytoplasm from an unfertilized Xenopus egg 
arrested in metaphase of meiosis II is microinjected into a Gr 
arrested oocyte (step iEI), the oocyte enters meiosis I (step 6) 
and Proceeds to metaphase of meiosis II (step 8)), generating a 
ITiature egg in the absence of progesterone. This process can be 

in metaphase to yield an egg. Two chromosomes connected to 
spindle microtubules are shown schematically to represent egg 
cells arrested in metaphase of meiosis II. Step 8J: Fertilization by 
sperm releases eggs from thei r metaphase arrest, allowing them 
to proceed through anaphase of meiosis II and undergo a second 
highly asymmetrical cell division that eliminates one chromatid of 
each chromosome in a second polar body. Step 19: The resulting 
haploid female pronucleus fuses with the haploid sperm 
pronucleus to produce a diploid zygote, which undergoes DNA 
replication and the first mitosis of 12 synchronous ea~ly 
embryonic cleavages. 

eggs in the absence of progesterone (Figure 21-6). This sys
tem not only led to the initial identification of a factor in egg 
cytoplasm that stimulates maturation of oocytes in vitro but 
also provided an assay for this factor, called maturation
promoting factor (MPF). As we will see shortly, MPF turned 
out to be the key factor that regulates the initiation of mito
sis in all eukaryotic cells. 

Using the rnicroinjection system to assay MPF activity at 
different times during oocyte maturation in vitro, researchers 
found that untreated G2-arrested oocytes have low levels of 
MPF activity; treatment with progesterone induces MPF ac
tivity as the cells enter meiosis I (Figure 21-7). MPF activity 
falls as the cells enter the interphase between meiosis I and II, 
but then rises again as the cells enter meiosis II and remains 
high in the egg cells arrested in metaphase II. Following 

____. 
fJ 

Meiosis I 

---+ 
II 

Egg arrested 
in meiosis II 

repeated multiple times without further addition of progesterone, 
show ing that egg cytoplasm contains an oocyte maturation
promoting factor (MPF). Microinjection of Grarrested oocytes 
provided the first assay for MPF activity (step Wl) at different 
stages of the cell cycle and in different organisms. [See Y Masui 
and C. L. Markert, 1971, J. Exp. Zoo/. 177:129.] 
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Progesterone 

l 

G2 arrest Meiosis I 

Fertilization 

Meiosis II 
metaphase arrest 

Time------+ 

First 
embryonic 

mitosis 

fertilization, MPF activity falls again until the zygote (fertil
ized egg) enters the first mitosis of embryonic development. 
Throughout the following 11 synchronous cycles of mitosis 
in the early embryo, MPF activity is low in the interphase pe
riods between mitoses and then rises as the cells enter mitosis. 

Although initially discovered in frogs, MPF activity has 
been found in mitotic cells from all species assayed. For 
example, cultured mammalian cells can be arrested in mito
sis by treatment with compounds (e.g., colchicine) that in
hibit assembly of microtubules. When cytoplasm from such 
mitotically arrested mammalian cells was injected into 
Grarrested Xenopus oocytes, the oocytes matured into eggs; 
that is, the mammalian somatic mitotic cells contained a cy
tosolic factor that exhibited frog MPF activity. This finding 
suggested that MPF controls the entry of mammalian so
matic cells into mitosis as well as the entry of frog oocytes 
into meiosis. When cytoplasm from mitotically arrested 
mammalian somatic cells was injected into interphase cells, 
the interphase cells entered mitosis; that is, their nuclear 
membranes disassembled and their chromosomes condensed. 
Thus MPF is the diffusible factor, first revealed in ce!J-fusion 
experiments (see Figure 21-3 ), that promotes entry of cells 
into mitosis. Conveniently, the acronym MPF also can stand 
for mitosis-promoting factor, a name that denotes the more 
general activity of this factor. 

Because the oocyte injection assay initially used to meas
ure MPF activity is cumbersome, several years passed before 
MPF was purified by column chromatography and charac
terized. MPF is in fact one of the heterodimeric complexes 
composed of a cyclin and CDK now known to regulate the 
cell cycle. Each MPF subunit initially was recognized 
through different experimental approaches. First we discuss 
how the regulatory cyclin subunit was identified and then de
scribe how yeast genetic experiments led to discovery of the 
catalytic CDK subunit. 

Mitotic Cyclin Was First Identified in Early Sea 
Urchin Embryos 
Experiments with inhibitors showed that new protein syn
thesis is required for the increase in MPF during the mitotic 
phase of each cell cycle in early frog embryos. As in early 
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◄ EXPERIMENTAL FIGURE 21-7 MPF 
activity in Xenopus oocytes, eggs, and earty 
embryos peaks as cells enter meiosis and 
mitosis. Diagrams of the cell structures 
corresponding to each stage are shown in 
Figure_ 21~5: MPF activity was determined by 
the mIcroIn1ectIon assay shown in Figure 21-S 
and quantitated by making dilutions of cell 
extracts. See text for discussion. [See J. Gerhart 
et al., 1984, J. Cell Biol. 98:1247; adapted from A. 

Murray and M. W. Kirschner, 1989, Nature 339:275.J 

Min (postfertilization) 

<.O <.O 
in <.O 

<.O 
r--

<.O 
<.O <.O 0 
oo en 

<.O 

60 120 

Min (postfertilization) 

<.O (0 
N M ........ 

A EXPERIMENTAL FIGURE 21-8 Experimental detection of 
cyclical synthesis and destruction of mitotic cyclin in sea 
urchin embryos. A suspension of sea urchin eggs was 
synchronously fertil ized by the addition of sea urchin sperm, and 
35S-methionine was added. At 10-minute intervals beginning 16 
minutes after fertilization, samples were taken for protein 
analysis on an SDS polyacrylamide gel and for detection of cell 
cleavage by microscopy. (a) Autoradiograms of the SDS gels at 
each sampling time. Most proteins, such as X and Y, continuously 
increased in intensity. In contrast, cyclin suddenly decreased in 

intensity at 76 minutes after ferti lization and then began 
increasing again at 86 minutes. The cyclin band peaked again at 
106 min and decreased again at 126 min. (b) Plot of the intensity 

of the cyclin band (red line) and the fraction of cells that had 
undergone cleavage during the previous 10-minute interval (cyan 
line). Note that the amount of cyclin fe ll precipitously just before 

cell cleavage. [From T. Evans et al., 1983, Ce// 33:389; courtesy of 
R. Timothy Hunt, Imperial Cancer Research Fund.] 
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frog embryos, the initial cell cycles in the early sea urchin em
bryo occur synchronously, with all the embryonic cells en
tering mitosis simultaneously. Biochemical studies with sea 
urchin eggs and embryos led to identification of the cyclin 
component of MPF. These studies with synchronously fertil
ized sea urchin eggs revealed that the concentration of one 
protein peaked early in mitosis, fell abruptly just before cell 
cleavage, and then accumulated during the following inter
phase to peak early in the next mitosis and fall abruptly just 
before the second cleavage (Figure 21-8). Careful analysis 
showed that this protein, named cyclin B, is synthesized con
rinuously during the embryonic cell cycles but is abruptly de
stroyed following anaphase. Since its concentration peaks in 
mitosis, cyclin B functions as a mitotic cyclin. 

In subsequent experiments, a cDNA clone encoding sea 
urchin cyclin B was used as a probe to isolate a homologous 
cyclin B cDNA from Xenopus laevis. Pure Xenopus cyclin 
B, obtained by expression of the cDNA in E. coli, was used 
to produce antibody specific for cyclin B. Using this anti
body, a polypeptide was detected in Western blots that co
purified with MPF activity from Xenopus eggs, demon
strating that one subunit of MPF is indeed cyclin B. 

Cyclin B Levels and Kinase Activity of Mitosis
Promoting Factor (MPF) Change Together 
in Cycling Xenopus Egg Extracts 
Some unusual aspects of the synchronous cell cycles in early 
Xenopus embryos provided a way to study the role of mitotic 
cyclin in controlling MPF activity. First, following fertilization 
of Xenopus eggs, the G1 and G2 periods are minimized during 
the initial 12 synchronous cell cycles. That is, once mitosis is 
complete, the early embryonic cells proceed immediately into 
the next S phase, and once DNA replication is complete, the 
cells progress almost immediately into the next mitosis. Sec
ond, the oscillation in MPF activity that occurs as early frog 
embryos enter and exit mitosis is observed in the cytoplasm of 
a fertilized frog egg even when the nucleus is removed and 
no transcription can occur. This finding indicates that all the 
cellular components required for progress through the trun
cated cell cycles in early Xenopus embryos are stored in the 
unfertilized egg. In somatic cells generated later in develop
ment and in yeasts considered in later sections, specific 
mRNAs must be produced at particular points in the cell 
cycle for progress through the cycle to proceed. But in early 
Xenopus embryos, all the mRNAs necessary for the early cell 
divisions are present in the unfertilized egg. 

Extracts prepared from unfertilized Xenopus eggs thus 
contain all the materials required for multiple cell cycles, in
cluding the enzymes and precursors needed for DNA repli
cation, the histones and other chromatin proteins involved in 
assembling the replicated DNA into chromosomes, and the 
proteins and phospholipids required in formation of the nu
clear envelope. These egg extracts also synthesize proteins 
encoded by mRNAs in the extract, including cyclin B. 

When nuclei prepared from Xenopus sperm are added to 
such a Xenopus egg extract, the highly condensed sperm 
chromatin decondenses, and the sperm DNA replicates one 
time. The replicated sperm chromosomes then condense and 
the nuclear envelope disassembles, just as it does in intact 
cells entering mitosis. About 10 minutes after the nuclear en
velope disassembles, all the cyclin B in the extract suddenly is 
degraded, as it is in intact cells following anaphase. Follow
ing cyclin B degradation, the sperm chromosomes decon
dense and a nuclear envelope re-forms around them, as in 
an intact cell at the end of mitosis. After about 20 minutes, 
the cycle begins again. DNA within the nuclei formed after 
the first mitotic period (now ·2.n) replicates, forming 4n nu
clei. Cyclin B, synthesized from the cyclin B mRNA present 
in the extract, accumulates. As cyclin B approaches peak lev
els, the chromosomes condense once again, the nuclear en
velopes break down, and about 10 minutes later cyclin Bis 
once again suddenly destroyed. These remarkable Xenopus 
egg extracts can mediate several of these cycles, which mimic 
the rapid synchronous cycles of an early frog embryo. 

Studies with this egg extract experime'utal system were 
aided by development of a new assay for MPF activity. Using 
MPF purified with the help of the oocyte injection assay (see 
Figure 21-6 ), researchers had found that MPF phosphory
lates histone Hl. This Hl kinase activity provided a much 
simpler and more easily quantitated assay for MPF activity 
than the oocyte injection assay. Armed with a convenient 
assay, researchers tracked the MPF activity and concentra
tion of cyclin Bin cycling X enopus egg extracts. These stud
ies showed that MPF activity rises and falls in synchrony 
with the concentration of cyclin B (Figure 21-9a). The early 
events of mitosis-chromosome condensation and nuclear 
envelope disassembly-occurred when MPF activity reached 
its highest levels in parallel with the rise in cyclin B concen
tration. Addition of cycloheximide, an inhibitor of protein 
synthesis, prevented cyclin B synthesis and also prevented the 
rise in MPF activity, chromosome condensation, and nuclear 
envelope disassembly. 

To test the functions of cyclin B in these cell-cycle events, 
all mRNAs in the egg extract were degraded by digestion with 
a low concentration of RNase, which then was inactivated by 
addition of a specific inliibitor. This treatment destroys mRNAs 
without affecting the tRNAs and rRNAs required for protein 
synthesis, since their degradation requires much higher con
centrations of RNase. When sperm nuclei were added to the 
RNase-treated extracts, the ln nuclei replicated their DNA, but 
the increase in MPF activity and the early mitotic events (chro
mosome condensation and nuclear envelope disassembly), 
which the untreated extract supports, did not occur (Figure 
21-96). Addition of cyclin B mRNA, produced in vitro from 
cloned cyclin B cDNA, to the RNase-treated egg extract and 
sperm nuclei restored the parallel oscillations in the cyclin B 
concentration and MPF activity and the characteristic early and 
late mitotic events as observed with the untreated egg extract 
(Figure 21-9c). Since cyclin Bis the only protein synthesized 
under these conditions, these results demonstrate that it is the 
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A EXPERIMENTAL FIGURE 21·9 Cycling of MPF activity 
and mitotic events in Xenopus egg extracts depend on 
synthesis and degradation of cyclin B. In all cases, MPF 
activity and cyclin B concentration were determined at various 
times after addition of sperm nuclei to a Xenopus egg extract 
treated as indicated in each panel. Microscopic observations 
determined the occurrence of early mitotic events (blue shading). 

crucial protein whose synthesis is required to regulate MPF 
activity and the cycles of chromosome condensation and 
nuclear envelope breakdown mediated by cycling Xenopus 
egg extracts. 

In these experiments, chromosome decondensation and 
nuclear envelope assembly {late mitotic events) coincided with 
decreases in the cyclin B level and MPF activity. To determine 
whether degradation of cyclin B is required for exit from mi
tosis, researchers added a mutant mRNA encoding a non
degradable cyclin B to a mixture of RNase-treated Xenopus 
egg extract and sperm nuclei. As shown in Figure 21-9d, MPF 
activity increased in parallel with the level of the mutant cy
clin B, triggering condensation of the sperm chromatin and 
nuclear envelope disassembly (early mitotic events). However, 
the mutant cyclin B produced in this reaction never was de
graded. As a consequence, MPF activity remained elevated, 
and the late mitotic events of chromosome decondensation 
and nuclear envelope formation were both blocked. This ex
periment demonstrates that the fall in MPF activity and exit 
from mitosis depend on degradation of cyclin B. 

The results of the two experiments with RNase-treated 
extracts show that entry into mitosis requires the accumula-

(bl RNase-treated extract 

Addition of 
sperm nuclei 

i -i 

Time ~ 

(d) RNase-treated extract+ nondegradable eye/in B mRNA 

Addition of 
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t -i 

IE----- Mitotic arrest-----~ 

Time ~ 

including chromosome condensation and nuclear envelope 
disassembly, and of late events (orange shading), including 
chromosome decondensation and nuclear envelope reassembly. 
See text for discussion. (See A. W. Murray et al., 1989, Nature 

339:275; adapted from A. Murray and T. Hunt. 1993, The Cell Cycle: 

An Introduction, W. H. Freeman and Company.) 

rion of cyclin B, the Xenopus mitotic cyclin, to high levels, 
and that exit from mitosis requires the degradation of this 
mitotic cyclin. Since MPF kinase activity varied in parallel 
with the concentration of the mitotic cyclin, the results im
plied that high MPF kinase activity results in entry into mi
tosis and that a fall in MPF kinase activity is required to exit 
mitosis. 

Anaphase-Promoting Complex (APC) Controls 
Degradation of Mitotic Cydins and Exit 
from Mitosis 

Further studies revealed that vertebrate cells contain three 
proteins that can function like cyclin B to stimulate Xeno· 
pus oocyte maturation: two closely related cyclin Bs and C)'

clin A. Collectively called B-type eye/ins, these prote!ns 
exhibit regions of high sequence homology. (B-type cychns 
are distinguished from G1 cyclins described in Section 21._5.) 
In intact cells, degradation of all the B-type cyclins begi~s 
after the onset of anaphase, the period of mitosis when sis
ter chromatids are separated and pulled toward opposne 
spindle poles. 
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Synthesis of 
mitotic cyclin 

lnterphase 

Metaphase 

High mitotic cyclin 
High MPF activity 

Low mitotic cyclin 
Low MPF activity 

Telophase 

Biochemical studies with Xenopus egg extracts showed 
that at the time of their degradation, wild-type B-type cyclins 
are modified by covalent addition of multiple ubiquitin mol
ecules. This process of polyubiquitination marks proteins for 
rapid degradation in eukaryotic cells by proteasomes, multi
protein cylindrical structures containing numerous proteases. 
Addition of a ubiquitin chain to a B-type cyclin or other tar
get protein requires three types of enzymes (see Figure 3-13). 
Ubiquitin is first activated at its carboxyl-terminus by forma
tion of a thioester bond with a cysteine residue of ubiquitin
activating enzyme, El. Ubiquitin is subsequently transferred 
from El to a cysteine of one of a class of related enzymes 
called ubiquitin-conjugating enzymes, E2. The specific E2 de
termines, along with a third protein, ubiquitin ligase (E3 ), the 
substrate protein to which a ubiquitin chain will be covalently 
linked. Many ubiquitin ligases are multisubunit proteins. 

Sequencing of cDNAs encoding several B-type cyclins from 
various eukaryotes showed that all contain a homologous 
nine-residue sequence near the N-terminus called the destruc
tion box. Deletion of this destruction box, as in the mutant 
mRNA used in the experiment depicted in Figure 21-8, pre
vents the polyubiquitination of B-type cyclins and thus makes 
them nondegradable. The ubiquitin ligase that recognizes the 
mitotic cyclin destruction box is a multisubunit protein called 
the anaphase-promoting complex {APC), which we introduced 
earlier in the chapter (see Figure 21-2, steps [BJ and [2]). 

Figure 21 -10 depicts the current model that best ex
plains the changes in mitotic cyclin levels seen in cycling 
Xenopus early embryonic cells. Cyclin B, the primary mi-

◄ FIGURE 21-10 Regulation of mitotic 
cyclin levels in cycling Xenopus early 
embryonic cells. In late anaphase, the 
anaphase-promoting complex (APC) 
polyubiquitinates mitotic cyclins. As the cyclins 
are degraded by proteasomes, MPF kinase 
activity declines precipitously, triggering the 
onset of telophase. APC activity is directed 
toward mitotic cyclins by a specificity factor, 
cal led Cdh1, that is phosphorylated and 
thereby inactivated by G1 cyclin-CDK 
complexes. A specific phosphatase called 
Cdc14 removes the regulatory phosphate from 
the specificity factor late in anaphase. Once 
the specificity factor 'is inh ibited in G1 , the 
concentration of mitotic cyclin increases, 
eventually reaching a high enough level to 
stimulate entry into the subsequent mitosis . 

totic cyclin in multicellular animals (metazoans), is synthe
sized throughout the cell cycle from a stable mRNA. The 
observed fall in its concentration in late anaphase results 
from its APC-stimulated degradation at this point in the 
cell cycle. As we discuss in Section 21.5, genetic studies 
with yeast led to identification of an A PC specificity fac
tor, called Cdh 1, that binds to APC and directs it to polyu
biquitinate mitotic cyclins . This specificity factor is active 
only in late anaphase when the segregating chromosomes 
have moved far enough apart in the dividing cell to assure 
that both daughter cells will contain one complete set of 
chromosomes. Phosphorylation of Cdhl by other cyclin
CDK complexes during G1 inhibits its association with 
the APC and thus degradation of mitotic cyclin (see Figure 
21-2, step ~) . This inhibition permits the gradual rise in 
mitotic cyclin levels observed throughout interphase of the 
next cell cycle. 

KEV CONCEPTS OF SECTION 21.2 

Biochemical Studies with Oocytes, Eggs, 
and Early Embryos 

■ MPF is a protein kinase that requires a mitotic cyclin 
for activity. The protein kinase activity of MPF stimulates 
the onset of mitosis by phosphorylating multiple specific 
protein substrates, most of which remain to be identified. 

■ In the synchronously dividing cells of early Xenopus and 
sea urchin embryos, the concentration of mitotic cyclins 
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(e.g., cyclin B) and MPF activity increase as cells enter 
mitosis and then fall as cells exit mitosis ( see Figures 21-7 
and 21-8). 

■ T he rise and fall in MPF activity during the cell cycle re
sult from concomitant synthesis and degradation of mitotic 
cyclin (see Figure 21-9). 

■ The multisubunit anaphase-promoting complex (APC) 
is a ubiquitin ligase that recognizes a conserved destruc
tion box sequence in mitotic cyclins and promotes their 
polyubiquitination, marking the proteins for rapid degra
dation by proteasomes. The resulting decrease in MPF ac
tivity leads to completion of mitosis. 

■ The ubiquitin ligase activity of APC is controlled so that 
mitotic cyclins are polyubiquitinated only during late 
anaphase (see Figure 21-10). Deactivation of APC in G1 

permits accumulation of mitotic cyclins during the next cell 
cycle. This results in the cyclical increases and decreases in 
MPF activity that cause the entry into and exit from mitosis. 

fil l Genetic Studies with S. pombe 
The studies with Xenopus egg extracts described in the pre
vious section showed that continuous synthesis of a mitotic 

(a) (b) 

cyclin followed by its periodic degradation at lat 
is required for the rapid cycles of mitosis observ::~aphase 
Xenopus embryos. Identification of the catalytic 

10 
.earh 

nase subunit of MPF and further insight into its Proteltn _ki-
f · • regu at10 

came rom genetic analysis of the cell cycle in th f' . n 
S b Th. e 1ss1on 

yeast . pom e. 1s yeast grows as a rod-shaped cell h . 
. 1 h . d h . . t at tn-creases m engt as lt grows an t en d1v1des in th •d 

d . . . d d h e m1 die unng m1tos1s to pro uce two aug ter cells of eq 
1 

• , ua size (Figure 21-11 ). 
In wild-type S. pombe, entry into mitosis is careful[ 

1 d . d I d' y reg-u ate m or er to proper y coor mate cell division with II 
h --r .. ce 

growt . 1emperature-sens1t1ve mutants of S. pombe • h 
conditional defects in the ability to progress through th;"\ 
cycle are easily recognized ·because they cause character_ce 

. . · IStlC 
changes m cell length at the nonperm1ssive temperature. The 
many such mutants that have been isolated fall into mo 
groups. In the first group are cdc mutants, which fail ro 
progress through one of the phases of the cell cycle at the 
nonpermissive temperature; they form extremely long cells 
because they continue to grow in length, but fail to divide. In 
contrast, wee mutants form smaller-than-normal cells be
cause they are defective in the proteins that normally prevem 
cells from dividing when they are too small. 

In S. pombe wild-type genes are indicated in italics with 
a superscript plus sign (e.g., cdc2 +); genes with a recessive 

Cytokinesis 

~ 
Nuclear division 

Chromosome 
segregation 

Spindle 
formation 

Chromosome 
condensation 

Spindle pole ~ 
body duplication ~ 

DNA 
replication 

• FIGURE 21-11 The fission yeast S. pombe. (a) Scanning 
electron micrograph of S. pombe cells at various stages of the 
cell cycle. Long cells are about to enter mitosis; short cells 
have just passed through cytokinesis. (b) Main events in the 

S. pombe cell cycle. Note that the nuclear envelope does not 
disassemble during mitosis in S. pombe and other yeasts. 
[Part (a) courtesy of N. Hajibagheri.J 
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uration, in italics with a superscript minus sign (e.g., 
~er). The protein encoded by a particular gene is desig
~ared by the gene symbol in Roman type with an initial cap
iral letter (e.g., Cdc2). 

A Highly Conserved MPF-like Complex Controls 
Entry into Mitosis in S. pombe 
Temperature-sensitive mutations in cdc2, one of several dif
ferent cdc genes in S. pombe, produce opposite phenotypes 
depending on whether the mutation is recessive or dominant 
(figure 21-12). Recessive mutations (cdc2-) give rise to ab
normally long cells, whereas dominant mutations (cdc2°) 
give rise to abnormally small cells, the wee phenotype. As dis
cussed in Chapter 9, recessive mutations generally cause a loss 
of the wild-type protein function; in diploid cells, both alle
les must be mutant in order for the mutant phenotype to be 
observed. In contrast, dominant mutations generally result 

10 a gain in protein function, either because of overproduction 
or lack of regulation; in this case, the presence of only one 
mutant allele confers the mutant phenotype in diploid cells. 
The finding that a loss of Cdc2 activity (cdcr mutants) pre
vents entry into mitosis and a gain of Cdc2 activity (cdc2° 
mutants} brings on mitosis earlier than normal identified 
Cdc2 as a key regulator of entry into mitosis in S. pombe. 

The wild-type cdc2 + gene contained in a S. pombe plas
mid library was identified and isolated by its ability to com
plement cdc2- mutants (see Figure 21-4). Sequencing 
showed that cdc2+ encodes a 34-kDa protein with homology 
to eukaryotic protein kinases. In subsequent studies, re
searchers identified cDNA clones from other organisms that 
could complement S. pombe cdc2- mutants. Remarkably, 
they isolated a human cDNA encoding a protein identical to 
S. pombe Cdc2 in 63 percent of its residues. 

cdc2+ 

~ (wild type) 

cdc2- c 
(recessive) 0 ) 
cdc0 @ (dominant) 

A EXPERIMENTAL FIGURE 21-12 Recessive and dominant 
S. Pombe cdc2 mutants have opposite phenotypes. Wild-type 
cell /cdc2+) is schematically depicted just before cytokinesis with 
two normal-size daughter cells. A recessive cdc2- mutant cannot 
enter mitosis at the nonpermissive temperature and appears as 
an elongated cell with a single nucleus, which contains 
duplicated chromosomes. A dominant cdc2° mutant enters 
mitosis prematurely before reaching normal size in G2 ; thus, the 
two daughter cel ls resulting from cytokinesis are smaller than 
normal, that is, they have the wee phenotype. 
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Isolation and sequencing of another S. pombe cdc gene 
(cdc13+ ), which also is required for entry into mitosis, re
vealed that it encodes a protein with homology to sea urchin 
and Xenopus cyclin B. Further studies showed that a het
erodimer of Cdc13 and Cdc2 forms the S. pombe MPF; like 
Xenopus MPF, this heterodimer has protein kinase activity 
that will phosphorylate histone Hl. Moreover, the Hl pro
tein kinase activity rises as S. pombe cells enter mitosis and 
falls as they exit mitosis in parallel with the rise and fall in 
the Cdc13 level. These findings, which are completely anal
ogous to the results obtained with Xenopus egg extracts (see 
Figure 21-9a), identified Cdc13 as the mitotic cyclin in 
S. pombe. Further studies showed that the isolated Cdc2 pro
tein and its homologs in other etikaryotes have little protein 
kinase activity until they are bound by a cyclin. Hence, this 
family of protein kinases became known as cyclin-dependent 
kinases, or CDKs. 

Researchers soon found that antibodies raised against 
a highly conserved region of Cdc2 recognize a polypeptide 
that co-purifies with MPF purified from Xenopus eggs. 
Thus Xenopus MPF is also composed of a mitotic cyclin 
(cyclin B) and a CDK (called CDKl). This convergence of 
findings from biochemical studies in an invertebrate (sea 
urchin) and a vertebrate (Xenopus) and from genetic stud
ies in a yeast indicated that entry into mitosis is controlled 
by analogous mitotic cyclin-CDK complexes in all eukary
otes (see Figure 21-2, step [21). Moreover, most of the par
ticipating proteins have been found to be highly conserved 
during evolution. 

Phosphorylation of the CDK Subunit Regulates 
the Kinase Activity of M PF 

Analysis of additional S. pombe cdc mutants revealed that 
proteins encoded by other genes regulate the protein kinase 
activity of the mitotic cyclin-CDK complex (MPF) in fission 
yeast. For example, temperature-sensitive cdc25- mutants 
are delayed in entering mitosis at the nonpermissive temper
ature, producing elongated cells. On the other hand, over
expression of Cdc25 from a plasmid present in multiple 
copies per cell decreases the length of G2 causing premature 
entry into mitosis and small (wee) cells (Figure 21-13a). Con
versely, loss-of-function mutations in the weel + gene causes 
premature entry into mitosis resulting in small cells, whereas 
overproduction of Weel protein increases the length of G2 

resulting in elongated cells. A logical interpretation of these 
findings is that Cdc25 protein stimulates the kinase activity 
of S. pombe MPF, whereas Weel protein inhibits MPF ac
tivity (Figure 21-136). 

In subsequent studies, the wild-type cdc25+ and weel + 

genes were isolated, sequenced, and used to produce the en
coded proteins with suitable expression vectors. The deduced 
sequences of Cdc25 and Weel and biochemical studies of the 
proteins demonstrated that they regulate the kinase activity of 
S. pombe MPF by phosphorylating and dephosphorylating 
specific regulatory sites in Cdc2, the CDK subunit of MPF. 
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(a) 

Deficit of Cdc25 
or 

Excess of Wee1 

Deficit of Wee1 
or 

Excess of Cdc25 

(b) 

( ___ o _~) 
Elongated cells 
(increased G2) 

Small cells 
(decreased G2) 

\ 
Wee1 Cdc25 

A EXPERIMENTAL FIGURE 21-13 Cdc25 and Wee1 have 
opposing effects on S. pombe MPF activity. (a) Cells that lack 

Cdc25 or Wee1 act ivity, as a result of recessive temperature
sensit ive mutations in the corresponding genes, have the 

opposite phenotype. Likewise, cells w ith multiple copies of 
plasmids containing wild-type cdc2~ or wee1+, and which thus 

produce an excess of the encoded proteins, have opposite 
phenotypes. (b) These phenotypes imply that the m itotic cyclin
CDK complex is activated (➔) by Cdc25 and inhibited (- 1) by 

Weel See text for further discussion. 

Figure 21-14 illustrates the functions of four proteins that 
regulate the protein kinase activity of the S. pombe CDK. 
First is Cdcl3, the mitotic cyclin of S. pombe (equivalent to 
cyclin B in metazoans), which associates with the CDK to 
form MPF with extremely low activity. Second is the Weel 
protein-tyrosine kinase, which phosphorylates an inhibitory 
tyrosine residue (Y15) in the CDK subunit. Third is another 
kinase, designated CDK-activating kinase (CAK), which 
phosphorylates an activating threonine residue (T161 ). When 

Mitotic 

both residues are phosphorylated MPF 1·5 ·1 • ' nact1ve F 
t~e ~dc25_ phosphatase removes the phosphate fr · mall_. 
yielding highly active MPF. Site-specific rnuc om \ I '. 

. agenes1 h 
changed the Y15 m S. pombe CDK to a phenyl I . ' 1 11 a anme , h 
cannot be phosphorylated, produced mutants · 1 ' 

1 1' 
l . ·1 h f wn 1 the \\ p 1enotype, sum ar to t at o weel - mutants. Bot! ' 

I • h.b. h h 1 muranu prevent t 1e m 1 1tory p osp orylation at Yl5 
1 

h . 6·1· I , resu tini: t e ma 1 1ty to proper y regulate MPF activin, d 
I 

. . . ·,, an con, 
quent y, premature entry mto m1tos1s. ' t 

Conformational Changes Induced by Cyclin 
Binding and Phosphorylation Increase 
M PF Activity 

Unlik_e both fission and budding yeasts, each of whiLh rr, 
duce iust one CDK, vertebrates produce several CDJ.-, ,, 
Table 21-1 ). The three-dimensional structure of one h . . um1 
cyclm-dependent kmase (CDK2 ) has been determined ,1 

provides insight into how cyclin binding and pho phnn ~ 
non of CDKs regulate their protein kinase acri,ic,. \ 
though the three-dimensional structures of rhe S. /l()m 
CDK and most other cyclin-dependent kinases ha1L 11 

been determined, their extensive sequence homoloin 11 11 
human CDK2 suggests that all these CDKs have a ,11rn l 
structure and are regulated by a similar mechanism. 

Unphosphorylated, inactive CDK2 contains a flex1hlt r 
gion, called the T-loop, that blocks access of protein sulNr.11, 

to the active site where ATP is bound (Figure 2 J - l 5a), 511 r , 
blocking by the T-loop largely explains why free CDK2, 111 
bound to cyclin, has no protein kinase activity. Unpho,rh11 
rylated CDK2 bound to one of its cyclin partners, cyclin A, h 
minimal but detectable protein kinase activity in vitro. 1 

though it may be essentially inactive in vivo. Extensive 11111 r 
actions between cyclin A and the T-loop cause a dramanL ,h1tt 
in the position of the T-loop, thereby exposing the CDK2 J, 

tive site (Figure 21-156). Binding of cyclin A also shift; tht I" 
sition of the al helix in CDK2, modifying its substrare-b1ndu 
surface. Phosphorylation of the activating threonine, lo.-.m-d 

Inactive 
MPF 

Inactive 
MPF 

Inactive 
MPF 

Active 
MPF 

g Wee1 
----+ g ~g Cdc25 

----+ 

Y15 T161 
p 

Y15 T161 Y15 T161 Y15 T161 

~ ® ® ® 
Substrate-binding 
surface Y15 T161 

A FIGURE 21-14 Regulation of the kinase activity of 
5 . pombe mitosis-promoting factor (MPF). Interaction of 

m itotic cyclin (Cdc13) w ith cyclin-dependent kinase (Cdc2) forms 

MPF. The CDK subunit can be phosphorylated at two regulatory 

sites: by Wee1 at tyrosine-15 (Y15) and by CDK-activating kinase 
(CAK) at threon ine-161 (T161). Remova l of the phosphate on Y15 

by Cdc25 phosphatase yields active MPF in which the CDK 
subunit is monophosphorylated at T161. The mitotic cychn sue. 

contributes to the specificity of substrate binding by MPF. 
5 

b. d. urface 1cros • 
probably by forming part of the substrate- in 1ng s 
hatch), which also includes the inhibitory Y15 residue. 
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tal Free cDK2 
(b) Low-activity cyclin A-CDK2 (c) High-activity cyclin A- CDK2 

AflGURE 21-15 Structural models of human CDK2, which 

11 
homologous to the S. pombe cyclin-dependent kinase 

CDK), (a) Free, inactive CDK2 unbound to cyclin A. In free 
:DK2, the T-loop blocks access of protein substrates to the 
-ohosphate of the bound ATP, shown as a ball-and-stick model. 
ne conformations of the regions highlighted in yel low are 
iered when CDK is bound to cyclin A. (b) Unphosphorylated, 
iw-activity cyclin A- CDK2 complex. Conformational changes 
duced by binding of a domain of cycl in A (green) cause the 

·aoop to pull away from the active site of CDK2, so that 
ubstrate proteins can bind. The cx1 helix in CDK2, which 

n rhe T-loop, causes additional conformational changes in the 
,l'clin A- CDK2 complex that greatly increase its affinity for 
p·rorein substrates (Figure 21-15c). As a result, the kinase ac
nvity of the phosphorylated complex is a hundredfold greater 
rhan that of the unphosphorylated complex. 

The inhibitory tyrosine residue (Y15) in the S. pombe 
CDK is in the region of the protein that binds the ATP phos
phates. Vertebrate CDK2 proteins contain a second inhibitory 
residue, threonine-14 (Tl4), that is located in the same region 
of rhe protein. Phosphorylation of Y15 and Tl 4 in these pro
mns prevents binding of ATP because of electrostatic repul-
11on between the phosphates linked to the protein and the 
Phosphates of ATP. Thus these phosphorylations inhibit pro
tein kinase activity even when the CDK protein is bound by 
acyclin and the activating residue is phosphorylated. 

Other Mechanisms Also Control Entry 
into Mitosis by Regulating M PF Activity 

So far we have discussed two mechanisms for controlling entry 
'nto mitosis: (a) regulation of the concentration of mitotic cyclins 
as outlined in Figure 21-10 and (6) regulation of the kinase ac
nvity of MPF as ·outlined in Figure 21-14. Further studies of 
S. Pombe mutants with altered ceU cycles have revealed additional 
genes whose encoded proteins directly or indirectly influence 
\!PF activity. At present it is clear that MPF activity in S. pombe 
,iregulated in a complex fashion in order to control precisely 
the timing of mitosis and therefore the size of daughter cells. 

Enzymes with activities equivalent to S. pombe Weel and 
Cdc25 have been found in cycling Xenopus egg extracts. The 

interacts extensively with cyclin A, moves several angstroms into 
the catalytic cleft, repositioning key catalytic side chains required 
for the phosphorotransfer reaction to substrate specif icity. The 
red ball marks the position equivalent to thr\3onine 161 in 
S. pombe Cdc2. (c) Phosphorylated, high-activity cyclin A-CDK2 
complex. The conformational changes induced by phosphorylation 
of the activating threonine (red ball) alter the shape ot the 
substrate-binding surface, greatly increasing the affinity for 
protein substrates. [Courtesy of P D. Jeffrey. See A. A. Russo et al., 
1996, Nature Struct. Biol. 3:696.] 

Xenopus Weel tyrosine kinase activity is high and Cdc25 
phosphatase activity is low during interphase. As a result, 
MPF assembled from Xenop~s CD Kl and newly synthesized 
mitotic cyclin is inactive. As the extract initiates the events of 
mitosis, Weel activity diminishes and Cdc25 activity in
creases so that MPF is converted into its active form. Al
though cyclin B is the only protein whose synthesis is 
required for the cycling of early X enopus embryos, the ac
tivities of other proteins, including Xenopus Weel and 
Cdc25, must be properly regulated for cycling to occur. In its 
active form, Cdc25 is phosphorylated. Its activity is also con
trolled by additional protein kinases and phosphatases. 

MPF activity also can be regulated by controlling tran
scription of the genes encoding the proteins that regulate 
MPF activity. For example, after the init ial rapid synchro
nous cell divisions of the early D rosophila embryo, all the 
mRNAs are degraded, and the cells become arrested in G2. 

This arrest occurs because the Drosophila homolog of 
Cdc25, called String, is unstable. The resulting decrease in 
String phosphatase activity maintains MPF in its inhibited 
state, preventing entry into mitosis. The subsequent regu
lated entry into mitosis by specific groups of cells is then trig
gered by the regulated transcription of the string gene. 

KEY CONCEPTS OF SECTION 21.3 

Genetic Studies with S. pombe 
■ In the fission yeast S. pombe, the cdc2 + gene encodes a 
cyclin-dependent protein kinase (CDK) that associates with 
a mitotic cyclin encoded by the cdc13+ gene. The resulting 
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mitotic cyclin-CDK heterodimer is equivalent to Xenopus 
MPF. Mutants that lack either the mitotic cyclin or the 
CDK fail to enter mitosis and form elongated cells. 

■ The protein kinase activity of the mitotic cyclin-CDK com
plex (MPF) depends on the phosphorylation state of two 
residues in the catalytic CDK subunit (see Figure 21-14). The 
activity is greatest when threonine-161 is phosphorylated and 
is inhibited by Weel-catalyzed phosphorylation of tyrosine-15, 
which interferes with correct binding of ATP. This inhibitory 
phosphate is removed by the Cdc25 protein phosphatase. 

■ A decrease in Weel activity and increase in Cdc25 ac
tivity, resulting in activation of the mitotic cyclin-CDK 
complex, results in the onset of mitosis. 

■ The human cyclin A-CDK2 complex is similar to MPF 
from Xenopus and S. pombe. Structural studies with the 
human proteins reveal that cyclin binding to CDK2 and 
phosphorylation of the activating threonine (equivalent to 
threonine-161 in the S. pombe CDK) cause conformational 
changes that expose the active site and modify the substrate
binding surface so that it has high activity and affinity for 
protein substrates (see Figure 21-15). 

f JI■ Molecular Mechanisms 
for Regulating Mitotic Events 
In the previous sections, we have seen that a regulated in
crease in MPF activity induces entry into mitosis. Presumably, 
the entry into mitosis is a consequence of the phosphorylation 
of specific proteins by the protein kinase activity of MPF. Al
though many of the critical substrates of MPF remain to be 
identified, we now know of examples that show how regula
tion by MPF phosphorylation mediates many of the early 
events of mitosis leading to metaphase: chromosome conden
sation, formation of the mitotic spindle, and disassembly of 
the nuclear envelope (see Figure 20-29). 

Recall that a decrease in mitotic cyclins and the associ
ated inactivation of MPF coincides with the later stages of 
mitosis (see Figure 21-9a). Just before this, in early anaphase, 
sister chromatids separate and move to opposite spindle 
poles. During telophase, microtubule dynamics return to in
terphase conditions, the chromosomes decondense, the nu
clear envelope re-forms, the Golgi complex is remodeled, and 
cytokinesis occurs. Some of these processes are triggered by 
dephosphorylation; others, by protein degradation. 

In this section, we discuss the molecular mechanisms and 
specific proteins associated with some of the events that char
acterize early and late mitosis. These mechanisms illustrate 
how cydin-CDK complexes together with ubiquitin ligases 
control passage through the mitotic phase of the cell cycle. 

Phosphorylation of Nuclear lamins and Other 
Proteins Promotes Early Mitotic Events 

The nuclear envelope is a double-membrane extension of the 
rough endoplasmic reticulum containing many nuclear pore 

(a} 

1 µ m 

(bl ~ 
Lamin 

fila~~ 

~~ 
Lamin tetramer 

Phosphorylated 
lamin dimers 

• FIGURE 21-16 The nuclear lamina and its 
depolymerization. (a) Electron micrograph of the nuclear lamina 
from a Xenopus oocyte. Note the regular meshlike network of 
lamin intermediate filaments. This structure lies adjacent to the 
inner nuclear membrane (see Figure 19-31). (b) Schematic 
diagrams of the structure of the nuclear lamina. Two orthogonal 
sets of 10-nm-diameter filaments built of lamins A, B, and C form 
the nuclear lamina (top). Individual lamin filaments are formed by 
end-to-end polymerization of lamin tetramers, which consist of 
two lamin dimers (middle). The red circles represent the globular 
N-terminal domains. Phosphorylation of specific serine residues 
near the ends of the coiled-coil rodlike central section of lamin 
dimers causes the tet ramers to depolymerize (bottom). As a result. 

the nuclear lamina disintegrates. [Part (a) from U. Aebi et al., 1986, 

Nature 323:560; courtesy of U. Aebi. Part (b) adapted from A. Murray a
nd 

1 
T. Hunt, 1993, The Cell Cycle: An Introduction, W. H. Freeman and Companv 
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roplexes (see Figure 5-19) . The lipid bilayer of the inner nu
~fear membrane is supported by the nuclear lamina, a mesh
, ork of Jamin filaments located adjacent to the inside face 
wf the nuclear envelope (Figure 21-16a). The three nuclear 
~aJ])lllS (A, B, and C) present in vertebrate cells belong to the 
class 0 £ cytoskeletal proteins, the intermediate fi laments, that 
are criti~al in supporting ~ellular membranes (Chapter 19). 

Lamms A and C, which are encoded by the same tran
scription unit and produced by alternative splicing of a sin
gle pre-mRNA, are identical except for a 133-residue region 
at rhe C-terminus of lamin A, which is absent in lamin C. 
Lamin B, encoded by a different transcription unit, is mod
ified post-transcriptionally by the addition of a hydrophobic 
isoprenyl group near its carboxyl-terminus. This fatty acid 
becomes embedded in the inner nuclear membrane, thereby 
anchoring the nuclear lamina to the membrane (see Figure 
5-15). All three nuclear lamins form dimers containing a 
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rodlike a -helical coiled-coil central section and globular 
head and tail domains; polymerization of these dimers 
through head-to-head and tail-to-tail associations generates 
the intermediate filaments that compose the nuclear lamina 
(see Figure 19-33 ). 

Early in mitosis, MPF phosphorylates specific serine 
residues in all three nuclear lamins, causing depolymeriza
tion of the la min intermediate filaments (Figure 21-166 ). The 
phosphorylated Jamin A and C dimers are released into so
lution, whereas the phosphorylated Jamin B dimers remain 
associated with the nuclear membrane via their isoprenyl an
chor. Depolymerization of the nuclear lamins leads to disin
tegration of the nuclear lamina meshwork and contributes to 
disassembly of the nuclear envelope. The experiment sum
marized in Figure 21-17 shows that disassembly of the nu
clear envelope, which normally occurs early in mitosis, 
depends on phosphorylation of Jamin A. 

(a) lnterphase 

• • 
(b) Prophase 

(c) Metaphase 

• (t 
Lamin A stain DNA stain 

Cells with wild-type human lamin A 

i EXPERIMENTAL FIGURE 21-17 Transfection experiments 
demonstrate that phosphorylation of human lamin A is 
required for lamin depolymerization. Site-directed mutagenesis 
was used to prepare a mutant human Jamin A gene encoding a 
Protein in which alanines replace t he serines that normally are 
Phosphorylated in wild-type lamin A (see Figure 21-16b). As a 
result, the mutant lamin A cannot be phosphorylated. Expression 
vectors carrying the wi ld-type or mutant human gene were 
separately transfected into cultured hamster cells. Because the 
transfected Jamin genes are expressed at much higher levels than 
the endogenous hamster Jamin gene, most of the lamin A 
Produced in transfected cells is human lamin A. Transfected cells 
at various stages in the cell cycle then were stained with a 

Lamin A stain DNA stain 

Cells with mutant human lamin A 

fluorescent-labeled monoclonal antibody specif ic for human 
lamin A and with a fluorescent dye that binds to DNA. The bright 
band of fluorescence around the perimeter of the nucleus 
in interphase cells stained for human lamin A represents 
polymerized (unphosphorylated) lamin A (a). In cells expressing 
the wild-type human lamin A. the diffuse lamin staining 
throughout the cytoplasm in prophase and metaphase (b and c) 
and the absence of the bright peripheral band in metaphase 
(c) indicate depolymerization of lamin A. In contrast, no lamin 
depolymerization occurred in cells expressing the mutant lamin 
A. DNA staining showed that the chromosomes were ful ly 
condensed by metaphase in cells expressing either wild-type or 
mutant lamin A. !From R. Heald and F. McKeon. 1990, Ce// 61 :579.] 
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In addition, MPF-catalyzed phosphorylation of specific 
nucleoporins (see Chapter 12) causes nuclear pore complexes 
to dissociate into subcomplexes during prophase. Similarly, 
phosphorylation of integral membrane proteins of the inner 
nuclear membrane is thought to decrease their affinity for 
chromatin and contribute to disassembly of the nuclear en
velope. The weakening of the associations between the inner 
nuclear membrane and the nuclear lamina and chromatin 
may a llow sheets of inner nuclear membrane to retract into 
the endoplasmic reticulum, which is continuous with the 
outer nuclear membrane. 

Several lines of evidence indicate that MPF-catalyzed 
phosphorylation also plays a role in chromosome condensa
tion and formation of the mitotic spindle apparatus. For in
stance, genetic experiments in the budding yeast S. cerevisiae 
identified a family of SMC (structural maintenance of chro
mosomes) proteins that are required for normal chromosome 
segregation. These large proteins ("'1200 amino acids) con
tain characteristic ATPase domains at their C-terminus and 
long regions predicted to participate in coiled-coil structures. 

Immunoprecipitation studies with antibodies specific for 
Xenopus SMC proteins revealed that in cycling egg extracts 
some SMC proteins are part of a multiprotein complex called 
condensin, which becomes phosphorylated as cells enter mi
tosis. When the anti-SMC antibodies were used to deplete 
condensin from an egg extract, the extract lost its ability 
to condense added sperm chromatin. Other in vitro experi
ments showed that phosphorylated purified condensin 
binds to DNA and winds it into supercoils (see Figure 4-7), 
whereas unphosphorylated condensin does not. These results 
have lead to the model that individ ual condensin complexes 

► EXPERIMENTAL FIGURE 21-18 Onset of anaphase 
depends on polyubiquitination of proteins other than cyclin B 
in cycling Xenopus egg extracts. The reaction mixtures contained 
an untreated or RNase-treated Xenopus egg extract and isolated 
Xenopus sperm nuclei, plus other components indicated below. 
Chromosomes were visualized with a fluorescent DNA-binding dye. 
Fluorescent rhodamine-labeled tubulin in the reactions was 
incorporated into microtubules, permitting observation of the mitotic 
spindle apparatus. (a, b) After the egg extract was treated with 
RNase to destroy endogenous mRNAs, an RNase inhibitor was 
added. Then mRNA encoding either wild-type cyclin B or a mutant 
nondegradable cyclin B was added. The time at which the 
condensed chromosomes and assembled spindle apparatus 
became visible after addition of sperm nuclei is designated 0 
minutes. In the presence of wild-type cyclin B (a), condensed 
chromosomes attached to the spindle microtubules and segregated 
toward the poles of the spindle. By 40 minutes, the spindle had 
depolymerized (thus is not visible), and the chromosomes had 
decondensed (diffuse DNA staining) as cyclin B was degraded. 

are activated by phosphorylation catalyzed by MPF or 
other protein kinase regulated by MPF. Once activated can-

' On
densin complexes bind to DNA at intervals along th 
chromosome scaffold. Self-association of the bound co ~ 
plexes v ia their coiled-coil domains and supercoiling oft~ 
DNA segments between them is proposed to cause chroma~ 
some condensation. 

Phosphorylation of microtubule-associated proteins b, 
MPF probably is required for the dramatic changes in micrj. 
tubule dynamics that result in the formation of the mitotic 
spindle and asters (Chapter 20) . In addition, phosphoryla
tion of proteins associated with the endoplasmic reticulum 
(ER) and Golgi complex, by MPF o r other protein kinases 
activated by MPF-catalyzed phosphorylation, is thought to 
a lter the trafficking of vesicles between the ER and Golgi to 
favor trafficking in the direction of the ER during prophase. 
As a result, vesicular traffic from the ER through the Golgi to 
the cell surface (Chapter 17), _seen in interphase cells, does 
not occur during mitosis. 

Unlinking of Sister Chromatids · ' 
Initiates Anaphase 
We saw earlier that in late anaphase, polyubiquitination of 
mitotic cycl in by the anaphase-promoting complex (AJ>C) 
leads to the proteasomal destruction of this cyclin (see Figure 
21-10). Additional experiments with Xenopus egg extracts 
provided evidence that degradation of cyclin B, the Xeno
pus mitotic cyclin, and the resulting decrease in MPF actil'
ity are required for chromosome decondensation but not for 
chromosome segregation (Figure 21-18a, b), 

In the presence of nondegradable cyclin B (b), chromosomes 
segregated to the spindle poles by 15 minutes, as in (a), but the 
spindle microtubules did not depolymerize and the chromosomes 
did not decondense even after 80 minutes. These observations 
indicate that degradation of cyclin B is not required for chromosome 
segregation during anaphase, although it is required for 
depolymerization of spindle microtubules and chromosome 
decondensation during telophase. (c) Various concentrations of a 
cyclin B peptide containing the destruction box were added to 
extracts that had not been treated with RNase; the samples were 
stained for DNA at 15 or 35 minutes after formation of the spindle 
apparatus. The two lowest peptide concentrations delayed 
chromosome segregation, and the higher concentrations completely 
inhibited chromosome segregation. In this experiment, the added 
cyclin B peptide is thought to competitively inhibit APC-mediated 
polyubiquitination of cyclin B as well as another target protein 
whose degradation is required for chromosome segregation. 
[From S. L. Holloway et al., 1993, Ce// 73:1393; courtesy of A. W. Murray.I 
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To determine if ubiquitin-dependent degradation of 
another protein is required for chromosome segregation, re
searchers prepared a peptide containing the cyclin destruc
tion-box sequence and the site of polyubiquitination. When 
this peptide was added to a reaction mixture containing un
treated egg extract and sperm nuclei, decondensation of the 
chromosomes and, more interestingly, movement of chro
mosomes toward the spindle poles were greatly delayed at 
peptide concentrations of 20-40 µ,g/ml and blocked alto
gether at higher concentrations (Figure 21-18c). The added 
excess destruction-box peptide is thought to act as a sub
strate for the APC-directed polyubiquitination system, com
peting with the normal endogenous target proteins and 
thereby delaying or preventing their degradation by protea
somes. Competition for cyclin B accounts for the observed 
inhibition of chromosome decondensation. The observation 
that chromosome segregation also was inhibited in this ex
periment but not in the experiment with mutant nondegrad
able cyclin B (see Figure 21-186) indicated that segregation 
depends on proteasomal degradation of a different target 
protein. 

As mentioned earlier, each sister chromatid of a 
metaphase chromosome is attached to microtubules via its 
kinetochore, a complex of proteins assembled at the cen
tromere. The opposite ends of these kinetochore micro
tubules associate with one of the spindle poles (see Figure 
20-31). At meta phase, the spindle is in a state of tension with 
forces pulling the two kinetochores toward the opposite 
spindle poles balanced by forces pushing the spindle poles 
apart. Sister chromatids do not separate because they are 

.l FIGURE 21-19 Model for control of entry into anaphase 
by APC-regulated degradation of the cohesin link between 
sister chromatids. (Left) The multiprotein cohesin complex 
contains SMC1 and SMC3 (purple), dimeric proteins that bind DNA 
of each sister chromatid through globular domains at one end. 
Scc1 (orange) and two other cohesin subunits (not shown) bind 
to the SMC proteins associated with each chromatid, thus cross
linking the chromatids. (Center) Once all chromosome 

held together at their centromeres and multiple p . . 
. 0s1r1ons 

along the chromosome arms by mult1protein com 1 
called cohesins. Among the proteins composing the cphex~s 

l f 
0 esin comp exes are members o the SMC protein family dis 

. h . . Wh X cussed m t e previous section. en enopus egg extracts we d 
pieced of cohesin by treatment with antibodies speci.f~e fe-

. . K ~ 
the cohesm SMC protems, the depleted extracts were bl 
to replicate the DNA in added sperm nuclei, but the resut- e 
sister ch_ro~atids did not associate properly with each 0; :~ 

These fmdmgs demonstrate that cohesm is necessary f 
cross-linking sister chromatids. or 

Recent genetic studies in the budding yeast S. cerevisia~ 
have led to the model de~icted i~ Figure 21-19 for how the 
APC regulates sister chromaud separation to initiat 
anaphase. Cohesin SMC proteins bind to each sister chro~ 
matid; other subunits of cohesin, including Seel, then link 
the SMC proteins, firmly associating the two chrornatids. 
The cross-linking activity of cohesin depends on securin 
which is found in all eukaryotes. Prior to anaphase, securi~ 
binds to and inhibits separase, a ubiquitous protease related 
to the caspase proteases that regulate programmed cell death 
(Chapter 22). Once all chromosome kinetochores have at
tached to spindle microtubules, the APC is directed by a 
specificity factor called Cdc20 to polyubiquitinate securin, 
leading to the onset of anaphase. (This specifici ty factor 15 

distinct from Cdhl, which directs the APC to polyubiquin
nate B-type cyclins.) Polyubiquitinated securin is rapidly de
graded by proteasomes, thereby releasing separase. Fm 
from its inhibitor, separase cleaves Seel, breaking the protein 
cross-link between sister chromatids. Once this link is bro-

Anaphase 

kinetochores have bound to spindle microtubules, the APC 
specif icity factor Cdc20 targets APC to polyubiquitinate securin 
which is then degraded by the proteasome (not shown). (Righ_tl 
The released separase then cleaves Scc1, severing the cross-link 
between sister chromatids. See text for discussion. [Adapted from 
F. Uhlmann, 2001 , Curr. Opin. Cell Biol. 13:754; and A. Tomans, Nature 

Milestones, http://www.nature.com/celldivision/milestones/ 
full/milestone23.html.] 
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the poleward force exerted on kinetochores can move 
k_en,r chromatids toward the opposite spindle poles. 
>

1st
~ecause Cdc20-the specificity factor that directs APC 
ecurin-is activated before Cdhl-the specificity factor :~:t directs APC to mitotic cyclins-MPF activity does not 

J crease until after the chromosomes have segregated (see 
/ ure 21-2, steps [BJ and 12]). As a result of this temporal 
1
~er in the activation of the two APC specificity factors 

0
~dc20 and Cdhl), the chromosomes remain in the con

densed state and reassembly of the nuclear envelope does 
or occur until chromosomes are moved to the proper po

~irion. We consider how the timing of Cdhl activation is 
regulated in a later section. 

Reassembly of the Nuclear Envelope 
and Cytokinesis Depend on Unopposed 
constitutive Phosphatase Activity 
Earlier we discussed how MPF-mediated phosphorylation 
of nuclear lamins, nucleoporins, and proteins in the inner nu
clear membrane contributes to the dissociation of nuclear 
pore complexes and retraction of the nuclear membrane into 
the reticular ER. Once MPF is inactivated in late anaphase 
by the degradation of mitotic cyclins, the unopposed action 
of phosphatases reverses the action of MPF. The dephosphor
ylated inner nuclear membrane proteins are thought to bind 
ro chromatin once again. As a result, multiple projections of 
regions of the ER membrane containing these proteins are 
thought to associate with the surface of the decondensing 
chromosomes and then fuse with each other to form a 
continuous double membrane around each chromosome 
(Figure 21-20). Dephosphorylation of nuclear pore subcom
plexes is thought to allow them to reassemble nuclear pore 
complexes traversing the inner and outer membranes soon 
after fusion of the ER projections (see Figure 12-20). 

The fusion of ER projections depicted in Figure 21-20 oc
curs by a mechanism similar to that described for the fusion 
of vesicles and target membranes in the secretory pathway 
(see Figure 17-11). Proteins with activities similar to those of 
NSF and a-SNAP in the secretory pathway have been shown 
to function in the fusion of experimentally produced nuclear 
envelope vesicles in vitro and are thought to mediate the fu
sion of ER projections around chromosomes during telophase 
m the intact cell. These same proteins also function in the fu
sion events that reassemble the Golgi apparatus. The mem
brane-associated SNARE proteins that direct the fusion of 
nuclear envelope extensions from the ER have not been iden
tified, but syntaxin 5 has been shown to function as both the 
V-SNARE and T-SNARE during reassembly of the Golgi. 
During fusion of nuclear envelope vesicles in vitro, the same 
Ran GTPase that functions in transport through nuclear pore 
complexes (Chapter 12) functions similarly to Rab GTPases in 
vesicle fusion in the secretory pathway. Because the Ran
~pecific guanosine nucleotide-exchange factor (Ran-GEF) 
18 associated with chromatin, a high local concentration of 
Ran· GTP is produced around the chromosomes, directing 
rnembrane fusions at the chromosome surface. 
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The reassembly of nuclear envelopes containing nuclear 
pore complexes around each chromosome forms individual 
mininuclei called karyomeres (see Figure 21-20). Subsequent 
fusion of the karyomeres associated with each spindle pole gen
erates the two daughter-cell nuclei, each containing a full set 
of chromosomes. Dephosphorylated lamins A and C appear 
to be imported through the reassembled nuclear pore com
plexes during this period and reassemble into a new nuclear 
lamina. Reassembly of the nuclear lamina in the daughter nu
clei probably is initiated on lamin B molecules, which remain 
associated with the ER membrane via their isoprenyl anchors 
throughout mitosis and become localized to the inner mem
brane of the reassembled nuclear envelopes of karyomeres. 

During cytokinesis, the final step in cell division, the actin 
and myosin filaments composing the contractile ring slide past 
each other to form a cleavage furrow of steadily decreasing 

ER 

Membrane l 
recruitment 

Membrane fusion, 1 
NPC assembly 

Chromatin 

rr----, 

• FIGURE 21-20 Model for reassembly of the nuclear 
envelope during telophase. Extensions of the endoplasmic 
reticulum (ER) associate with each decondensing chromosome 
and then fuse with each other, forming a double membrane 
around the chromosome. Nuclear pore subcomplexes 
reassemble into nuclear pores, forming individual mininuclei 
called karyomeres. The enclosed chromosome further 
decondenses, and subsequent fusion of the nuclear envelopes 
of all the karyomeres at each spindle pole forms a single 
nucleus containing a fu ll set of chromosomes. Reassembly of 
the nuclear lamina is not shown. [Adapted from B. Burke and 
J. Ellenberg, 2002, Nature Rev. Mo/. Cell Biol. 3:487.] 
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diameter (see Figure 19-20). As MPF activity rises early in 
mitosis, it phosphorylates the regulatory myosin light chain, 
thereby inhibiting the ability of myosin to associate with 
actin filaments. The inactivation of MPF at the end of 
anaphase permits protein phosphatases to dephosphorylate 
myosin light chain (see Figure 20-42). As a result, the con
tractile machinery is activated, the cleavage furrow can form, 
and cytokinesis proceeds. This regulatory mechanism assures 
that cytokinesis does not occur until the daughter chromo
somes have segregated sufficiently toward the opposite poles 
to assure that each daughter cell receives the proper number 
of chromosomes. 

KEY CONCEPTS OF SECTION 21.4 

Molecular Mechanisms for Regulating Mitotic Events 

■ Early in mitosis, MPF-catalyzed phosphorylation of 
lamins A, B, and C and of nucleoporins and inner nuclear 
envelope proteins causes depolymerization of Jamin fila
ments (see Figure 21-16) and dissociation of nuclear pores 
into pore subcomplexes, leading to disassembly of the nu
clear envelope and its retraction into the ER. 

■ Phosphorylation of condensin complexes by MPF or a 
kinase regulated by MPF promotes chromosome conden
sation early in mitosis. 

■ Sister chromatids formed by DNA replication in the S 
phase are linked at the centromere by cohesin complexes 
that contain DNA-binding SMC proteins and other proteins. 

■ At the onset of anaphase, the APC is directed by Cdc20 
to polyubiquitinate securin, which subsequently is de
graded by proteasomes. This activates separase, which 
cleaves a subunit of cohesin, thereby unlinking sister chro
matids (see Figure 21-19). 

■ After sister chromatids have moved to the spindle poles, 
the APC is directed by Cdhl to polyubiquitinate mitotic 
cyclins, leading to their destruction and causing the de
crease in MPF activity that marks the onset of telophase. 

■ The fall in MPF activity in telophase allows constitutive 
protein phospharases to remove the regulatory phosphates 
from condensin, lamins, nucleoporins, and other nuclear 
membrane proteins, permitting the decondensation of 
chromosomes and the reassembly of the nuclear mem
brane, nuclear lamina, and nuclear pore complexes. 

■ The association of Ran-GEF with chromatin results in 
a high local concentration of Ran · GTP near the decon
densing chromosomes, promoting the fusion of nuclear en
velope extensions from the ER around each chromosome. 
This forms karyomeres that then fuse to form daughter cell 
nuclei (see Figure 21-20). 

■ The fall in MPF activity also removes its inhibition of 
myosin light chain, allowing the cleavage furrow to form 
and cytokinesis to proceed. 

f Jil W Genetic Studies with s cer • . · ev,s,ae 
In most vertebrate cells the key decision determi · 
or not a cell will divide is the decision to enter t~~g '~heihtr 
most cases, once a vertebrate cell has become c p . ase. In 
entering the S phase, it does so a few hours laot rnmitted i,, 

. erand p 
gresses through the remamder of the cell cycle .1 • ro. 

I . . S . . u nr1 It corn 
p etes IT11tos1s. . cerevmae cells regulate their p. 1·f • 
. ·1 I d h f ro I erauori s1m1 ar y, an muc o our current understanding f h 

1 ul h . 11· o t emu ec ar mec arnsms contro mg entry irito the S ph d 
1 f 

. . . ase an ihe 
contro o DNA replication comes from genetic st d 
S. cerevisiae. u ie, 01 

S. cerevisiae cells replicate by budding (Figure 21.21 
Both mother and daughter cells remairi in the G pe d 

. . 1 no 01 
the cell cycle while growmg, _a lthough it takes the ininall 
la~ger mot~~r_cells a shorter um~ to reach a size companhl, 
with cell d1v1s1on. When S. cerevzsiae cells in G I have gro 

ff. . 1 h b . '" su 1c1ent y, t ey egm a program of gene expression th 
I . th h ·11 
eads to entry mto e S p ase. If G1 cells are shifted from 

rich medium to a medium low in nutrients before they rea,~ 
a critical size, they remain in G1 and grow slowly until the, 
are large enough to enter the S phase. However, once G1 cell, 
reach the critical size, they become committed ro complct 
ing the cell cycle, entering the 5 phase and proceeding 
through G2 and mitosis, even if they are shifted to a medi um 
low in nutrients. The point iri late G1 of growing S. cere111s1Jr 

cells when they become irrevocably committed to entennc 
the S phase and traversing the cell cycle is called START . . \, 
we shall see in Section 21.6, a comparable phenomenon o, 
curs in replicating mammalian cells. 

A Cyclin-Dependent Kinase (CDK) Is Critical 
for $-Phase Entry in 5. cerevisiae 

All S. cerevisiae cells carrying a mutation in a particular cd, 
gene arrest with the same size bud at the nonpermissive rrm 
perature (see Figure 9-66). Each type of mutant has a tcrm1 
nal phenotype with a particular bud size: no bud (cdc2S. 
intermediate-sized buds, or large buds (cdc7). Note that 111 

S. cerevisiae wild-type genes are indicated in italic capital lei 
ters (e.g., CDC28) and recessive mutant genes in italic 1011 • 

ercase letters (e .g., cdc28); the corresponding wild-t)pt 

► FIGURE 21-21 The budding yeast S. cerevisiae. 
(a) Scanning electron micrograph of S. cerevisiae cells at vanous 
stages of the cel l cycle. The larger the bud, which emerges at 
the end of the G, phase, the further along in the cycle the cell 
is. (b) Main events in S. cerevisiae cell cycle. Daughter cells are 
born smaller than mother cells and must grow to a greater 
extent in G, before they are large enough to enter the S phase 
As in S. pombe, the nuclear envelope does not break down 
during mitosis. Unlike S. pombe chromosomes, the small 
S. cerevisiae chromosomes do not condense sufficiently to be 
visible by light microscopy. [Part (a) courtesy of E. Schachtbach and 

I. Herskowitz.] 
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Cdc28), surnlar to S. pombe protems. 
e.gThe phenotypic behavior of temperature-sensitive cdc28 

nts indicates that Cdc28 function is critical for entry 
mu~ . 

rhe S phase. When these mutants are shifted to the non-
nromissive temperature, they behave like wild-type cells sud
rr Jy deprived of nutrients. That is, cdc28 mutant cells that 
h::e grown large enough to pass START at the time of the 

Perarure shift continue through the cell cycle normally 
rem 

d undergo mitosis, whereas those that are too small to ~\e passed START when shifted to the nonpermissive tem
:rarure do not enter the S phase even though nutrients are 

rlenriful. Even though cdc28 cells blocked in G1 continue to 
P l . . I ~row in size at t1e nonperm1ss1ve temperature, t1ey cannot 
pass START and enter the S phase. Thus they appear as large 
,ells with no bud. 

The wild-type CDC28 gene was isolated by its ability to 
,omplement mutant cdc28 cells at the nonpermissive tem
perature (see Figure 21-4). Sequencing of CDC28 showed 
rhat the encoded protein is homologous to known protein 
kinases, and when Cdc28 protein was expressed in E. coli, 

1r exhibited protein kinase activity. Actually, Cdc28 from 
s. cerevisiae was the first cell-cycle protein shown to be a 
rrorein kinase. Subsequently, the wild-type S. pombe cdc2+ 
~ene was found to be highly homologous to the S. cerevisiae 
CDC28 gene, and the two encoded proteins-Cdc2 and 
Cdc28-are functionally analogous. Each type of yeast con
rains a single cyclin-dependent protein kinase (CDK) , which 
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can substitute for each other: Cdc2 in S. pombe and Cdc28 
in S. cerevisiae (see Table 21-1). 

The difference in the mutant phenotypes of cdc2-
S. pombe cells and cdc28 S. cerevisiae cells can be explained 
in terms of the physiology of the two yeasts. In S. pombe cells 
growing in rich media, cell-cycle control is exerted prima
rily at the G2 ~ M transition (i.e., entry to mitosis). In many 
cdc2- mutants, including those isolated first, enough Cdc2 
activity is maintained at the nonpermissive temperature to 
permit cells to enter the S phase, but not enough to permit 
entry into mitosis. Such mutant cells are observed to be elon
gated cells arrested in G2• At the nonpermissive temperature, 
cultures of completely defective cdc2- mutants include some 
cells arrested in G1 and some arrested in G2, depending on 
their location in the cell cycle at the time of the temperature 
shift. Conversely, cell-cycle regulation in S. cerevisiae is ex
erted primarily at the G1 ➔ S transition (i.e., entry to the S 
phase). Therefore, partially defective cdc28 cells are arrested 
in G1 , but completely defective cdc28 cells are arrested in ei
ther G1 or G2 . These observations demonstrate that both the 
S. pombe and the S. cerevisiae CDKs are requi,red for entry 
into both the S phase and mitosis. 

Three G1 Cyclins Associate with S. cerevisiae CDK 
to form S Phase-Promoting Factors 
By the late 1980s, it was clear that mitosis-promoting factor 
(MPF) is composed of two subunits: a CDK and a mitotic 
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B-type cyclin required to activate the catalytic subunit. By 
analogy, it seemed likely that S. eerevisiae contains an 
S phase-promoting factor (SPF) that phosphorylates and reg
ulates proteins required for DNA synthesis. Similar to MPF, 
SPF was proposed to be a heterodimer composed of the 
S. eerevisiae CDK and a cyclin, in this case one that acts in 
G1 (see Figure 21-2, steps IZ]-11]). 

To identify this putative G1 cyclin, researchers looked for 
genes that, when expressed at high concentration, could sup
press certain temperature-sensitive mutations in the S. eere
visiae CDK. The rationale of this approach is illustrated in 
Figure 21-22. Researchers isolated two such genes desig
nated CLNl and CLN2. Using a different approach, re
searchers identified a dominant mutation in a third gene 
called CLN3. Sequencing of the three CLN genes showed 
that they encoded related proteins each of which includes an 
=ol00-residue region exhibiting significant homology with 
B-type cyclins from sea urchin, Xenopus, human, and 
S. pombe. This region encodes the cyclin domain that inter
acts with CD Ks and is included in the domain of human cy
clin A shown in Figure 21-15b,c. The finding that the three 
Cln proteins contain this region of homology with mitotic 
cyclins suggested that they were the sought-after S. eerevisiae 
G1 cyclins. (Note that the homologous CDK-binding domain 
found in various cyclins differs from the destruction box 
mentioned earlier, which is found only in B-type cyclins.) 

Gene knockout experiments showed that S. eerevisiae 
cells can grow in rich medium if they carry any one of the 
three G1 cyclin genes. As the data presented in Figure 21-23 
indicate, overproduction of one G1 cyclin decreases the frac
tion of cells in G1, demonstrating that high levels of the 
G1 cyclin-CDK complex drive cells through START prema
turely. Moreover, in the absence of any of the G1 cyclins, cells 
become arrested in G1, indicating that a G1 cyclin-CDK het
erodimer, or SPF, is required for S. eerevisiae cells to enter the 
S phase. These findings are reminiscent of the results for the 
S. pombe mitotic cyclin (Cdc13) with regard to passage 
through G2 and entry into mitosis. Overproduction of the 
mitotic cyclin caused a shortened G2 and premature entry 
into mitosis, whereas inhibition of the mitotic cyclin by mu
tation resulted in a lengthened G2 (see Figure 21-12). Thus 
these results confirmed that the S. eerevisiae Cln proteins are 
G 1 eye/ins that regulate passage through the G1 phase of the 
cell cycle. 

In wild-type yeast cells, CLN3 mRNA is produced at a 
nearly constant level throughout the cell cycle, but its trans
lation is regulated in response to nutrient levels. The CLN3 
mRNA contains a short upstream open-reading frame that 
inhibits initiation of translation of this mRNA. This inhibi
tion is diminished when nutrients and hence translation ini
tiation factors are in abundance. Since Cln3 is a highly 
unstable protein, its concentration fluctuates with the trans
lation rate of CLN3 mRNA. Consequently, the amount and 
activity of Cln3-CDK complexes, which depends on the con
centration of Cln3 protein, is largely regulated by the nutri
ent level. 

(a) 

Wild-type cells 

(b) 

cdc2818 cells 

(c) 

cdc2818 cells 
transformed 
with high-copy 
G1 cyclin 
plasmid 

25 °C 36 °C ~~:,:'.~;~~},,, 
i' CDK i' 

Colonies form Colonies form 
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- ~ ,. Mutant, t low-affinity ~ 
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1 
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~o~":;::fii; 
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g},.,{g 
t t 
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A EXPERIMENTAL FIGURE 21-22 Genes encoding two 
S. cerevisiae G1 cyclins were identified by their ability to 
supress a temperature-sensitive mutant CDK. This genetic 
screen is based on differences in the interactions between G1 
cyclins and w ild-type and temperature-sensitive 
(ts) S. cerevisiae CDKs. (a) Wild-type cells produce a normal 
CDK that associates w ith G1 cyclins, forming the active 
S phase-promoting factor (SPF), at both the permissive and 
nonpermissive temperature (i.e., 25 ° and 36 °C). (b) Some 
cdc2815 mutants express a mutant CDK with low affinity for G1 
cyclin at 36 °C. These mutants produce enough G, cyclin-CDK 
(SPF) to support growth and colony development at 25 °C, but 
not at 36 °C. (c) When cdc2818 cells were transformed with a 
S. cerevisiae genomic library cloned in a high-copy plasmid, 
three types of colonies formed at 36 °C: one conta ined a 
plasmid carrying the wild-type CDC28 gene; the other two 
contained plasmids carrying either the CLNJ or CLN2 gene. In 
transformed cells carrying the CLN1 or CLN2 gene, the 
concentration of the encoded G1 cyclin is high enough to offset 
the low affinity of the mutant CDK for a G, cyclin at 36 °C, so 
that enough SPF forms to support entry into the S phase and 
subsequent mitosis. Untransformed cdc2815 cells and cells 
transformed with plasmids carrying other genes are arrested 
in G1 and do not form colonies. !See J. A. Hadwiger et al .. 1989, 
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! EXPERIMENTAL FIGURE 21-23 Overexpression of G, 
cyclin prematurely drives S. cerevisiae cells into the S phase. 
The yeast expression vector used in these experiments (top) 
carried one of the three S. cerevisiae G, cyclin genes linked to 
the strong GAL 1 promoter, which is turned off when glucose is 
present in the medium. To determine the proportion of cells in G1 

and G2, cells were exposed to a fluorescent dye that binds to 
DNA and then were passed through a fluorescence-activated cell 
sorter (see Figure 5-34). Since the DNA content of G2 ce lls is 
twice that of G, cells, this procedure can distinguish cells in the 
two cell-cycle phases. la) Wild-type cells transformed with an 
empty expression vector displayed the normal distribution of 
cells in G, and G2 in the absence of glucose (Glc) and after 
addition of glucose. (b) In the absence of glucose, wild-type cells 

Once sufficient Cln3 is synthesized from its mRNA, the 
Cln3-CDK complex phosphorylates and activates two re
lated transcription factors, SBF and MBF. These induce tran
scription of the CLNl and CLN2 genes whose encoded 
proteins accelerate entry into the S phase. Thus regulation 
of CLN3 mRNA translation in response to the concentration 
of nutrients in the medium is thought to be primarily re
sponsible for controlling the length of G1 in S. cerevisiae. SBF 
and MBF also stimulate transcription of several other genes 
required for DNA replication, including genes encoding 
DNA polymerase subunits, RPA subunits (the eukaryotic 
ssDNA-binding protein), DNA ligase, and enzymes required 
for deoxyribonucleotide synthesis. 

transformed with the G1 cyclin expression vector displayed a 
higher-than-normal percentage of cells in the S phase and G2 

because overexpression of the G1 cyclin decreased the G, period 
(top curve). When expression of the G, cyclin from the vector 
was shut off by addition of glucose, the cell distribution returned 
to normal (bottom curve). (cl Cells with mutations in all three G, 
cyclin genes and transformed with the G1 cyclin expression 
vector also showed a high percentage of cells in S and G2 in the 
absence of glucose (top curve). Moreover, when expression of 
G1 cyclin from the vector was shut off by addition of glucose, the 
cells completed the cell cycle and arrested in G1 (bottom curve), 
indicating that a G1 cyclin is required for entry into the S phase. 
[Adapted from H. E. Richardson et al., 1989, Ce// 59: 1127.) 

One of the important substrates of the late G1 cyclin
CDK complexes (Clnl-CDK and Cln2-CDK in S. cerevisiae) 
is Cdhl. Recall that this specificity factor directs the APC to 
polyubiquitinate B-type cyclins during late anaphase of the 
previous mitosis, marking these cyclins for proteolysis by 
proteasomes (see Figure 21-10). The MBF transcription fac
tor activated by the Cln3-CDK complex also stimulates tran
scription of CLB5 and CLB6, which encode cyclins of the 
B-type, hence their name. Because the complexes formed be
tween these B-type cyclins and the S. cerevisiae CDK are re
quired for initiation of DNA synthesis, the Clb5 and Clb6 
proteins are called S-phase eye/ins. Inactivation of the APC 
earlier in G1 allows the S-phase cyclin-CDK complexes to 
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accumulate in la te G1 . The specificity factor Cdhl is phos
phorylated and inactivated by both late G1 and B-type 
cyclin-CDK complexes, and thus remains inhibited through
out S, G2, and M phase until late anaphase. 

Degradation of the S-Phase Inhibitor Triggers 
DNA Replication 
As the 5-phase cyclin-CDK heterodimers accumulate in late 
G1 , they are immediately inactivated by binding of an in
hibitor, cal.led Sicl , chat is expressed late in mitosis and in 
early G1. Because Sicl specifically inhibits B-type cyclin
CDK complexes, but has no effect on the G 1 cyclin-CDK 
complexes, it functions as an S-phase inhibitor. 

Entry into the S phase is defined by the initiation of DNA 
replication. In S. cerevisiae cells this occurs when the Sicl 
inhibitor is precipitously degraded following its polyubigui
tination by a distinct ubiquitin ligase called SCF (Figure 
21-24; see also Figure 21-2, step 13]). Once Sicl is degraded, the 
5-phase cyclin-CDK complexes induce DNA replication by 
phosphorylating multiple proteins bound to replication origins. 
This mechanism for activating the 5-phase cyclin-CDK com
plexes-that is, inhibiting them as the cyclins are synthesized 
and then precipitously degrading the inhibitor- permits the sud
den activation of large numbers of complexes, as opposed to the 
gradual increase in kinase activity that would result if no in
hibitor were present during synthesis of the 5-phase cyclins. 

We can now see that regulated proteasomal degradation 
directed by two ubiquitin ligase complexes, SCF and APC, 
controls three major transitions in the cell cycle: onset of the 
S phase through degradation of Sicl, the beginning of 
anaphase through degradation of securin, and exit from mi
tosis through degradation of B-type cyclins. The APC is di
rected to polyubiquitinate securin, which functions as an 
anaphase inhibitor, by the Cdc20 specificity factor (see Fig
ure 21-19). Another specificity factor, Cdhl, targets APC to 
B-type cyclins (see Figure 21-10). The SCF is directed to 

polyubiquitinate Sicl by a different mechanism, nam 
1
, 

phosphorylation of Sicl by a G1 cyclin-CDK (see Fige ), 
21-24). This difference in strategy probably occurs bee Ure 

. . ause 
the APC has several substrates, mcludmg securiu and B-cy 
cyclins, which must be degraded at different times in r 
cycle. 1n contrast, entry into the S phase requires the degr ~ 
dation of only a single protein, the Sicl inhibitor. An obvio a 
advant~g_e of p~ote?lysis for controlling passage throu; 
these cnt1cal pomts m the cell cycle 1s that protein degrada
tion is an irreversible process, ensuring that cells proceed ir
reversibly in one direction through the cycle. 

Multiple Cyclins Direc,t the Kinase Activity of s. 
cerevisiae CDK During Different Cell-Cycle Phases 
As budding yeast cells progress through the S phase, they 
begin transcribing genes encoding two additional B-type cy
clins, Clb3 and Clb4. These forrn heterodimeric cyclin-CDK 
complexes that, together with complexes including Clb5 and 
Clb6, activate DNA replication origins throughout the re
mainder of the S phase. The Clb3-CDK and Clb4-CDK com
plexes also initiate formation of the mitotic spindle at the 
beginning of mitosis. When S. cerevisiae cells complete chro
mosome replication and enter G2 , they begin expressing rwo 
more B-type cyclins, Clbl and Clb2. These function as 
mitotic cyclins, associating with the CDK to form complexes 
that are required for mediating the events of mitosis. 

Each group of cyclins thus directs the S. cerevisiae CDK ro 
specific functions associated with various cell-cycle phases, as 
outlined in Figure 21-25. Cln3-CDK induces expression of 
Clnl, Cln2, and other proteins in mid-late G1 by phosphorr
lating and activating the SBF and MBF transcription factors. 
Clnl-CDK and Cln2-CDK inhibit the APC, allowing B-cype 
cyclins to accumulate; these G1 cyclin-CDKs also activate 
degradation of the 5-phase inhibitor Sicl . The 5-phase CDK 
complexes containing Clb5, Clb6, Clb3, and Clb4 then trig
ger DNA synthesis. Clb3 and Clb4 also function as micotic 

Polyubiquitination; 
proteasomal 
degradation lDNA 

fJ 
Mid-late G1 

A FIGURE 21-24 Control of the G, ~ S phase transition in 
S. cerevisiae by regulated proteolysis of the S-phase inhibitor 
Sic1. The S-phase cyclin-CDK complexes (Clb5-CDK and Clb6-
CDK) begin to accumulate in G1 , but are inhibited by Sic 1. This 
inhibition prevents initiation of DNA replication until the cell is 
fully prepared. G1 cyclin-CDK complexes assembled in late G1 

CDK El 
replication 

S phase 

~ 
(Cln1-CDK and Cln2-CDK) phosphorylate Sic1 (step 0), marking 11 

for polyubiquitination by the SCF ubiquit in ligase, and subsequent 
proteasomal degradation (step 6 ). The active S-phase cyclin-CDK 
complexes then trigger init iation of DNA synthesis (step ii) by 
phosphorylating substrates that remain to be identified. !Adapted 

from R. W. King et al. , 1996. Science 274:1652.] 
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A FIGURE 21-25 Activity of S. cerevisiae cyclin-CDK 
complexes through the course of the cell cycle. The width of 
the colored bands is approximately proportional to the 
demonstrated or proposed protein kinase act ivity of the indicated 
cyclin-CDK complexes. S. cerevisiae produces a single cyclin
dependent kinase {CDK) whose activity is control led by the 
various cyclins, which are expressed during different portions of 
the cell cycle. 

cyclins in that the complexes they form with CDK trigger for
mation of mitotic spindles. The remaining two S. cerevisiae 
cyclins, Clbl and Clb2, whose concentrations peak midway 
through mitosis, function exclusively as mitotic cyclins, form
ing complexes with CDK that trigger chromosome segrega
tion and nuclear division (see Table 21-1). 

Cdcl4 Phosphatase Promotes Exit from Mitosis 

Genetic studies with S. cerevisiae have provided insight into 
how B-type cyclin-CDK complexes are inactivated in late 
anaphase, permitting the various events constituting 
telophase and then cytokinesis to occur. These complexes are 
the S. cerevisiae equivalent of the mitosis-promoting factor 
(MPF) first identified in Xenopus oocytes and early embryos. 
As mentioned previously, the specificity factor Cdhl , which 
targets the APC to polyubiquitinate B-type cyclins, is phos
phorylated by both late G1 and B-type cyclin-CDK com
plexes, thereby inhibiting Cdhl activity during late Gi, S, G2, 

and mitosis before late anaphase. 
When daughter chromosomes have segregated properly 

in late an a phase, the Cdcl 4 phosphatase is activated and de
phosphorylates Cdhl , allowing it to bind to the APC. This 
interaction quickly leads to APC-mediated polyubiquitina
tion and proteasomal degradation of B-type cyclins, and 
hence MPF inactivation (see Figure 21-10). Since MPF is still 
active when Cdcl 4 is first activated in late anaphase, it po-
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tentially could compete with Cdc14 by re-phosphorylating 
Cdhl. However, Cdc14 also induces expression of Sicl by 
removing an inhibitory phosphate on a transcription factor 
that activates transcription of the SI Cl gene. Sicl can bind to 
and inhibit the activity of all B-type cyclin-CDK complexes. 
Thus, starting late in mitosis, the inhibition of MPF by Sicl 
allows the Cdc14 phosphatase to get the upper hand; the B
type cyclin APC specificity factor Cdhl is dephosphorylated 
and directs the precipitous degradation of a ll the S. cerevisiae 
B-type cyclins. In Section 21.7, we will see how the activity 
of Cdcl 4 itself is controlled to assure that a cell exits mito
sis only when its chromosomes have segregated properly. 

As discussed already, Sicl also inhibits the S-phase cyclin
CDKs as they are formed in mid-G1 (see Figure 21-24). This 
inhibitor of B-type cyclins thus serves a dual function in the 
cell cycle, contributing to the exit from mitosis and delaying 
entry into the S phase until the cell is ready. 

Replication at Each Origin Is Initiated Only 
Once During the Cell Cycle 

As discussed in Chapter 4, eukaryotic chromosomes are 
replicated from multiple origins. Some of these initiate DNA 
replication early in the S phase, some later, and still others to
ward the end. However, no eukaryotic origin initiates more 
than once per S phase. Moreover, the S phase continues until 
replication from all origins along the length of each chromo
some results in replication of the chromosomal DNA in its 
entirety. These two factors ensure that the correct gene copy 
number is maintained as cells proliferate. 

Yeast replication origins contain an 11-bp conserved core 
sequence to which is bound a hexameric protein , the origin
recognition complex (ORC), required for initiation of DNA 
synthesis. DNase I footprinting analysis (Figure 11-15) and 
immunoprecipitation of chromatin proteins cross-linked to 
specific DNA sequences (Figure 11-40) during the various 
phases of the cell cycle indicate that the ORC remains asso
ciated with origins during all phases of the cycle. Several 
replication initiation factors required for the initiation of 
DNA synthesis were initially identified in genetic studies in 
S. cerevisiae. These include Cdc6, Cdtl, Mcml0, and the 
MCM hexamer, a complex of six additional, closely related 
Mcm proteins; these proteins associate with origins during 
Gi, but not during G2 or M. During G1 the various initiation 
factors assemble with the ORC into a pre-replication com
plex at each origin. The MCM hexamer is thought to act 
analogously to SV40 T-antigen hexamers, which function as 
a helicase to unwind the parental DNA strands at replication 
forks (see Figure 4-36) . Cdc6, Cdtl , and Mcml0 are re
quired to load opposing MCM hexamers on the origin. 

The restriction of origin "firing" to once and only once 
per cell cycle in S. cerevisiae is enforced by the alternating 
cycle of B-type cyclin-CDK activities throughout the cell 
cycle: low in telophase through G1 and high in S, G2 , and M 
through anaphase (see Figure 2 1-25) . As we just discussed, 
S-phase cyclin-CDK complexes become active at the 

Exhibit 1043 
Select Sires, et al. v. ABS Global



880 CHAPTER 27 • Regulating the Eukaryotic Cell Cycle 

beginning of the S phase when their specific inhibitor, Sicl, is 
degraded. In the current model for S. cerevisiae replication, 
pre-replication complexes assemble early in G1 when B-type 
cyclin activity is low (Figure 21-26, step [1]). Initiation of 
DNA replication requires an active S-phase cyclin-CDK com
plex and a second heterodimeric protein kinase, Dbf4-Cdc7, 
which is expressed in G1 (step IZ]). By analogy with cyclin
dependent kinases (CDKs), which must be bound by a parmer 
cyclin to activate their protein kinase activity, the Dbf4-
dependent kinase Cdc7 is often called DDK. Although the 
complete set of proteins that must be phosphorylated to ac
tivate initiation of DNA synthesis has not yet been deter
mined, there is evidence that phosphorylation of at least one 
subunit of the hexameric MCM helicase and of Cdc6 is 
required. Another consequence of S-phase cyclin-CDK acti-

~2•[ I """''"" co, ~•-.. --1,f ~ e },··· Mcm(2_7) not,at,on e factors 

vation is binding of the initiation factor Cdc45 to th 
replication complex. Cdc45 is required for the subs e pre. 
b. d" £ RPA th h · · · equenr m mg o , e eterotnmenc protein that binds · 

1 
stranded DNA generated when the MCM helicase uns:~~J
the parental DNA duplex. s 

By stabilizing the unwound DNA, RPA promotes b. d 
ing of the complex between primase and DNA polymt · 
a (Pol a) that initiates the synthesis of daughter strands ~ase 
Figure 21-26, step I]). Like the MCM helicase, Cdc45 se~ 
~ains associa_ted with the rep_li~ation forks as they exre~ed 
m both d1rect10ns from the ongm. Presumably, it functio 
in the further cycles of RPA and primase-Pol a binding rn~ 
quired to prime synthesis of the lagging daughter stran~ 
Subsequent binding of DN~ polymerase 8 and its accessor): 
cofactors Rfc and PCNA 1s thought to occur as it does in 

◄ FIGURE 21-26 Model for assembly of the pre
replication complex and its regulation by S-phase cyclin
COK complexes in S. cerevisiae. Step D: During early G,, 
unphosphorylated replication initiation factors assemble on 
an origin-recognition complex (ORC) bound to a replication 
origin to generate a pre-replication complex. Step 6 : In 

G, l ~ Pre-replication 
complex 

the S phase, S-phase cyclin-CDK complexes and DOK 
phosphorylate components of the pre-replication complex. 
Step iJ: This leads to binding of Cdc45, activation of the 
Mcm helicases, which unwind the parental DNA strands, and 
release of the phosphorylated Cdc6 and Ctd1 initiation 
factors. RPA binds to the resulting single-stranded DNA. 
Step ID: A complex of DNA polymerase ex (Pol ex) and 
primase initiates the synthesis of daugther strands. Step II: 

s 

fJ l S-phase cyclin-CDK 
DDK 

p 

p 

~ 11,t--- 0 G, Rpa 

~ ~r Cdc45 

I/ e) Pol o.-primase 

ID ! + dNTPs, NTPs 

Rfc Q ~ Pena Q) El 
Pol6 Q 
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DNA polymerase 6 plus its accessory factors PCNA and Rte 
elongate daughter strands initiated by Pol a.-primase. ORC 
binds to the origin sequence in the daughter double-stranded 
DNA, but the phosphorylated initiation factors cannot 
assemble a pre-replication complex on it. B-type cyclin-CDK 
complexes maintain the initiation factors in a phosporylated 
state throughout the remainder of S, G2, and early anaphase 
(top). These factors cannot assemble into new pre-replication 
complexes until the B-type cyclins are degraded following 
their polyubiquitinylation by the APC in late anaphase. Recent 
results indicate that additional proteins not shown function at 
step iJ. While the phosphorylation of several pre-replication 
complex components is represented, all the critical 
components whose phosphorylation by an S phase cyclin
CDK or by DOK is required for initiation have not been 
determined. 
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che synthesis of SV40 DNA (see Figure 4-34); these proteins 
are required for continued synthesis of the leading strand 
and for synthesis of most of the lagging strand. An addi
tional DNA polymerase, Pol £, is also required for chro
mosomal DNA synthesis, but its function is not yet 
understood. 

As the replication forks progress away from each origin, 
presumably phosphorylated forms of Cdc6, Cdtl, and 
Mcml0 are displaced from the chromatin. However, ORC 
complexes immediately bind to the origin sequence in the 
replicated daughter duplex DNAs and remain bound through
out the cell cycle (see Figure 21-26, step 11]). Origins can fire 
only once during the S phase because the phosphorylated ini
tiation factors cannot reassemble into a pre-replication com
plex. Consequently, phosphorylation of components of the 
pre-replication complex by S-phase cyclin-CDK complexes 
and the DDK complex simultaneously activates initiation of 
DNA replication at an origin and inhibits re-initiation of repli
cation at that origin. As we have noted, B-type cyclin-CDK 
complexes remain active throughout the S phase, G2, and early 
anaphase, maintaining the phosphorylated state of the repli
cation initiation factors that prevents the assembly of new pre
replication complexes (step [2]). 

Only when the APC triggers degradation of all B-type 
cyclins in late anaphase and telophase does the then unop
posed action of phosphatases remove the phosphates on the 
initiation factors (Cdc6, Cdtl, and Mcml0), allowing the re
assembly of pre-replication complexes during G1 . As dis
cussed previously, the inhibition of APC activity throughout 
G1 sets the stage for accumulation of the S-phase cyclins 
needed for onset of the S phase. This regulatory mechanism 
has two consequences: (1) pre-replication complexes are as
sembled only during Gi, when the activity of B-type cyclin
CDK complexes is low, and (2) each origin initiates 
replication one time only during the S phase, when S phase 
cyclin-CDK complex activity is high. As a resuJt, chromoso
mal DNA is replicated only one time each cell cycle. 

KEY CONCEPTS OF SECTION 21.5 

Genetic Studies with S. cerevisiae 

■ S. cerevisiae expresses a single cyclin-dependent protein 
kinase (CDK), encoded by CDC28, which interacts with 
several different cyclins during different phases of the cell 
cycle (see Figure 21-25). 

• Three G1 cyclins are active in G1 : Clnl, Cln2, and Cln3. 
The concentration of CLN3 mRNA does not vary signif
icantly through the cell cycle, but its translation is regu
lated by the availability of nutrients. 

■ Once active Cln3-CDK complexes accumulate in mid
late G1, they phosphorylate and activate two transcription 
factors that stimulate expression of Clnl and Cln2, of en
zymes and other proteins required for DNA replication, 
and of the S-phase B-type cyclins Clb5 and Clb6. 

21.6 • Cell-Cycle Control in Mammalian Cells 881 

■ The late G1 cyclin-CDK complexes (Clnl-CDK and 
Cln2-CDK) phosphorylate and inhibit Cdhl, the specificity 
factor that directs the anaphase-promoting complex (APC) 
to B-type cyclins, thus permitting accumulation of S-phase 
B-type cyclins. 

■ S-phase cyclin-CDK complexes initially are inhibited by 
Sicl. Polyubiquitination of Sicl by the SCF ubiquitin lig
ase marks Sicl for proteasomal degradation, releasing 
activated S-phase cyclin-CDK complexes that trigger onset 
of the S phase (see Figure 21-24). 

■ B-type cyclins Clb3 and Clb4, expressed later in the 
S phase, form heterodimers with the CDK that also pro
mote DNA replication and in~tiate spindle formation early 
in mitosis. 

■ B-type cyclins Clbl and Clb2, expressed in G2 , form het
erodimers with the CDK that stimulate mitotic events. 

■ In late anaphase, the specificity factor Cdhl is activated 
by dephosphorylation and then directs APC to polyubi
quitinate all of the B-type cyclins (Clbs). Their subsequent 
proteasomal degradation inactivates MPF activity, permit
ting exit from mitosis (see Figure 21-10). 

■ DNA replication is initiated from pre-replication com
plexes assembled at origins during early G1. S-phase 
cyclin-CDK complexes simultaneously trigger initiation 
from pre-replication complexes and inhibit assembly of 
new pre-replication complexes by phosphorylating com
ponents of the pre-replication complex (see Figure 21-26). 

■ Initiation of DNA replication occurs at each origin, but 
only once, until a cell proceeds through anaphase when ac
tivation of APC leads to the degradation of B-type cyclins. 
The block on reinitiation of DNA replication until repli
cated chromosomes have segregated assures that daughter 
cells contain the proper number of chromosomes per cell. 

fjH Cell-Cycle Control 
in Mammalian Cells 
In multicellular organisms, precise control of the cell cycle 
during development and growth is critical for determining 
the size and shape of each tissue. Cell replication is con
trolled by a complex network of signaling pathways that in
tegrate extracellular signals about the identity and numbers 
of neigh_boring cells and intracellular cues about cell size and 
developmental program (Chapter 15). Most differentiated 
cells withdraw from the cell cycle during G1 , entering the 
G0 state (see Figure 21 -1). Some differentiated cells (e.g., 
fibroblasts and lymphocytes) can be stimulated to reenter the 
cycle and replicate. Many postmitotic differentiated cells, 
however, never reenter the cell cycle to replicate again. As we 
discuss in tnis section, the cell-cycle regulatory mechanisms 
uncovered in yeasts and Xenopus eggs and early embryos 
also operate in the somatic cells of higher eukaryotes includ
ing humans and other mammals. 
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Mammalian Restriction Point Is Analogous 
to START in Yeast Cells 

M ost studies of mammalian cell-cycle control have been 
done with cultured cells that require certain polypeptide 
growth factors (mitogens) to stim ulate cell proliferation. 
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.& EXPERIMENTAL FIGURE 21-27 Microinjection 
experiments with anti-cyclin D antibody demonstrate that 
cyclin D is required for passage through the restriction point. 
The G0-arrested mammalian cells used in these experiments 
pass the rest riction point 14- 16 hours after addit ion of growth 
factors and enter the S phase 6-8 hours later. (a) Outline of 
experimental protocol. At various times 10-16 hours after 
addition of growth factors (D), some cells were m icroinjected 
with rabbit ant ibodies against cyclin D (H ). Bromodeoxyuridine 
(BrdU), a thymidine analog, was t hen added to the medium (81 ). 

and the uninjected cont rol cells (left) and microinjected 
experimental cells (right) were incubated for an additional 16 
hours. Each sample then was analyzed to determine the 
percentage of cells that had incorporated BrdU (fl), indicating 
that they had entered the S phase. (b) Analysis of control cel ls 
and experimental cells 8 hours after addit ion of growth factors. 
The three micrographs show the same field of cells stained 16 
hours after addition of BrdU to the medium. Cells were stained 

Binding of these growth factors to specific receptor pro . 
I h I b 

. . . teins 
t1at span t e p asma mem rane m1t1a tes a cascade of s· I 

d . h 1 . I . fl igna trans uct1on t at u tlmate y m uences transcription andcell-
cycle control (Chapters 13-15). 

Mammalian cells cultured in the absence of growth f _ 
tors are arrested with a diploid complement of chromoso;~s 

(bl 

DNA stain 

BrdU stain 

Anti-cyclin D 
stain 

w ith different fluorescent agents to visualize DNA (top), BrdU 
(middle), and anti-cycl in D antibody (bottom). Note that the two 
cells in this field injected with anti-cyclin D antibody (the red cells 
in the bottom micrograph) did not incorporate BrdU into nuclear 

DNA, as indicated by their lack of staining in the middle 
micrograph. (c) Percentage of control cells (blue bars) and 
experimental cells (red bars) that incorporated BrdU. Most cells 
injected with anti-cyclin D antibodies 10 or 12 hours after addition 
of growth factors failed to enter the S phase, indicated by the 
low level of BrdU incorporation. In contrast, ant i-cyclin D 
antibodies had little effect on ent ry into the S phase and DNA 
synthesis when injected at 14 or 16 hours, that is, after cells had 
passed the restriction point. These results indicate that cyclin D 
is required to pass the restriction point, but once cells have 
passed the restriction point, they do not require cyclin D to enter 
the S phase 6-8 hours later. [Parts (b) and (cl adapted from V. Baldin 

et al. , 1993, Genes & Devel. 7:812.) 
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in the G0 period of the cell cycle. If growth factors are added 
to the culture medium, these quiescent cells pass through the 
restriction point 14-16 hours later, enter the S phase 6-8 
hours after that, and traverse the remainder of the cell cycle 
(see Figure 21-2). Like START in yeast cells, the restriction 
point is the point in the cell cycle at which mammalian cells 
become committed to entering the S phase and completing 
the cell cycle. If mammalian cells are moved from a medium 
containing growth factors to one lacking growth factors be
fore they have passed the restriction point, the cells do not 
enter the S phase. But once cells have passed the restriction 
point, they are committed to entering the S phase and pro
gressing through the entire cell cycle, which takes about 24 
hours for most cultured mammalian cells. 

Multiple CDKs and Cyclins Regulate Passage 
of Mammalian Cells Through the Cell Cycle 
Unlike S. pombe and S. cerevisiae, which each produce a sin
gle cyclin-dependent kinase (CDK) to regulate the cell cycle, 
mammalian cells use a small family of related CDKs to reg
ulate progression through the cell cycle. Four CDKs are ex
pressed at significant levels in most mammalian cells and 
play a role in regulating the cell cycle. Named CDKl, 2, 4, 
and 6, these proteins were identified by the ability of their 
cDNA clones to complement certain cdc yeast mutants or 
by their homology to other CDKs. 

Like S. cerevisiae, mammalian cells express multiple cy
clins. Cyclin A and cyclin B, which function in the S phase, 
G2, and early mitosis, initially were detected as proteins 
whose concentration oscillates in experiments with synchro
nously cycling early sea urchin and clam embryos (see Fig
ure 21-8). Homologous cyclin A and cyclin B proteins have 
been found in all multicellular animals examined. cDNAs en
coding three related human D-type cyclins and cyclin E were 
isolated based on their ability to complement S. cerevisiae 
cells mutant in all three CLN genes encoding G1 cyclins. The 
relative amounts of the three D-type cyclins expressed in var
ious cell types (e.g., fibroblasts, hematopoietic cells) differ. 
Here we refer to them collectively as cyclin D. Cyclin D and 
E are the mammalian G1 cyclins. Experiments in which cul
tured mammalian cells were microinjected with anti-cyclin D 
antibody at various times after addition of growth factors 
demonstrated that cyclin D is essential for passage through 
the restriction point (Figure 21-2 7). 

Figure 21-28 presents a current model for the periods of 
the cell cycle in which different cyclin-CDK complexes act 
in G0-arrested mammalian cells stimulated to divide by the 
addition of growth factors. In the absence of growth factors, 
cultured G0 cells express neither cyclins nor CDKs; the ab
sence of these critical proteins explains why G0 cells do not 
progress through the cell cycle and replicate. 

Table 21-1, presented early in this chapter, summarizes 
the various cyclins and CDKs that we have mentioned and 
the portions of the cell cycle in which they are active. The cy
clins fall into two major groups, G1 cyclins and B-type cy-
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Cyclin A-CDK1 
Cyclin B-CDK1 

Cyclin A- CDK2 

Cyclin D-CDK4 
Cyclin D- CDK6 

I 

• FIGURE 21-28 Activity of mammalian cyclin-CDK 
complexes through the course of the cell cycJe in cultured G0 

cells induced to divide by treatment with growth factors. The 
width of the colored bands is approximately proportional to the 
protein kinase activity of the indicated complexes. Cyclin D refers 
to all three D-type cyclins. 

d ins, which function in S, G2, and M . Although it is not 
possible to draw a simple one-to-one correspondence be
tween the functions of the several cyclins and CDKs in 
S. pombe, S. cerevisiae, and vertebrates, the various cyclin
CDK complexes they form can be broadly considered in 
terms of their functions in mid G1, late G1, S, and M phases. 
All B-type cyclins contain a conserved destruction box se
quence that is recognized by the APC ubiquitin ligase, 
whereas G1 cyclins lack this sequence. Thus the APC regu
lates the activity only of cyclin-CDK complexes that include 
B-type cyclins. 

Regulated Expression of Two Classes of Genes 
Returns G0 Mammalian Cells to the Cell Cycle 
Addition of growth factors to G0-arrested mammalian cells 
induces transcription of multiple genes, most of which fall 
into one of two classes-early-response or delayed-response 
genes-depending on how soon their encoded mRNAs ap
pear (Figure 21-29a). Transcription of early-response genes 
is induced within a few minutes after addition of growth fac
tors by signal-transduction cascades that activate preexisting 
transcription factors in the cytosol or nucleus. Induction of 
early-response genes is not blocked by inhibitors of protein 
synthesis (Figure 21-296) because the required transcription 
factors are present in G0 cells and are activated by phosphor
ylation or removal of an inhibitor in response to stimulation 
of cells by growth factors (Chapter 14). Many of the early
response genes encode transcription factors, such as c-Fos 
and c-Jun, that stimulate transcription of the delayed-
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• FIGURE 21-29 General time course of expression of 
early- and delayed-response genes in G0 -arrested mammalian 
cells after addition of serum. (a) In the absence of inhibitors of 
protein synthesis, expression of early-response genes peaks 
about 1 hour after addition of serum, which contains several 
mitogens, and then falls as expression of late-response genes 
begins. (b) Inhibitors of protein synthesis prevent the drop in 
expression of early-response genes and completely block 
expression of late-response genes. See text for discussion. 
[Adapted from A. Murray and 1 Hunt, 1993, The Cell Cycle: An 

Introduction, W. H. Freeman and Company.] 

response genes. Mutant, unregulated forms of both c-Fos 
and c-Jun are expressed by oncogenic retroviruses (Chapter 
23 ); the discovery that the viral forms of these proteins 
(v-Fos and v-Jun) can transform normal cells into cancer cells 
led to identification of the regulated cellular forms of these 
transcription factors. 

After peaking at about 30 minutes following addition of 
growth factors, the concentrations of the early-response 
mRNAs fall to a lower level that is maintained as long as 
growth factors are present in the medium. Most of the im
mediate early mRNAs are unstable; consequently, their con
centrations fall as their rate of synthesis decreases. This drop 
in transcription is blocked by inhibitors of protein synthesis 
(see Figure 21-296), indicating that it depends on production 
of one or more of the early-response proteins. 

Because expression of delayed-response genes depends on 
proteins encoded by early-response genes, delayed-response 
genes are not transcribed when mitogens are added to G0 -

arrested cells in the presence of an inhibitor of protein syn
thesis. Some delayed-response genes encode additional 
transcription factors (see below); others encode the D-type 

c~clins, cyclin E, CDK2, CDK4, and CDK6. The D-type cy
clms, CDK4, and CDK6, are expressed first, follow d 
by cyclin E and CDK.2 (see Figure 21-28). If growth fact e 
are withdrawn before passage through the restriction potrs 
expression of these G1 cyclins and CD Ks ceases. Since th~t; 
proteins and the mRNAs encoding them are unstable, the· 
concentrations fall p~e~ipitously. As a consequence, the eel;: 
do not pass the restncuon pomt and do not replicate. 

In addition to transcriptional control of the gene encod
ing cyclin D, the concentration of this mid-G1 cyclin also is 
regulated by controlling translation of cyclin D mRNA. ln 
this regard, cyclin Dis similar to S. cerevisiae Cln3. Addition 
of growth factors to culture~ mammalian cells triggers signal 
transduction via the PI-3 kinase pathway discussed in Chap
ter 14, leading to activation of the translation-initiation fac
tor eIF4 (Chapter 4 ). As a result, translation of cyclin D 
mRNA and other mRNAs is stimulated. Agents that inhibit 
eIF4 activation, such as TGF-13, inhibit translation of cyclin 
D mRNA and thus inhibit cell proliferation. 

Passage Through the Restriction Point Depends 
on Phosphorylation of the Tumor-Suppressor 
Rb Protein 

Some members of a small family of related transcription fac
tors, referred to collectively as E2F factors, are encoded by 
delayed-response genes. These transcription factors activate 
genes encoding many of the proteins involved in DNA and de
oxyribonucleotide synthesis. They also stimulate transcription 
of genes encoding the late-G1 cyclin (cyclin E), the S-phase cy
clin (cyclin A), and the S-phase CDK (CDK.2). Thus the E2Fs 
function in late G1 similarly to the S. cerevisiae transcription 
factors SBF and MBF. In addition, E2Fs autostimulate tran
scription of their own genes. E2Fs function as transcriptional 
repressors when bound to Rb protein, which in turn binds hi
stone deacetylase complexes. As discussed in Chapter 11, tran
scription of a gene is highest when the associated histones are 
highly acetylated; histone deacetylation causes chromatin to 

assume a more condensed, transcriptionally inactive form. 

a Rb protein was initially identified as the product of 
h the prototype tumor-suppressor gene, RB. T e 

products of tumor-suppressor genes function in 
various ways to inhibit progression through the cell cycle 
(Chapter 23 ). Loss-of-function mutations in RB are associ
ated with the disease hereditary retinoblastoma. A child with 
this disease inherits one normal RB+ allele from one parent 
and one mutant RB- allele from the other. If the RB+ allele 
in any of the trillions of cells that make up the human body 
becomes mutated to a RB- allele, then no functional pro
tein is expressed and the cell or one of its descendants is 
likely to become cancerous. For reasons that are not under
stood, this generally happens in a retinal cell leading to the 
retinal tumors that characterize this disease. Also, in moSt 

human cancer cells Rb function is inactivated, eitlier by muf 
cations in both alleles of RB, or by abnormal regulat10n ° 
Rb phosphorylation. I 
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! FIGURE 21-30 Regulation of Rb and E2F activities in 
mid-late G,. Stimulation of G0 cells with mitogens induces 
expression of CDK4, CDK6, D-type cyclins, and the E2F 
transcription factors, all encoded by delayed-response genes. Rb 
protein initially inhibits E2F activity. When signaling from 
mitogens is sustained, the resulting cyclin D-CDK4/6 complexes 
begin phosphorylating Rb, releasing some E2F. which stimulates 
transcription of the genes encoding cycl in E, CDK2, and E2F 
1autostimulation). The cyclin E-CDK4 complexes further 
phosphorylate Rb, resulting in positive feedback loops !blue 
arrows) that lead to a rapid rise in the expression and activity of 
both E2F and cyclin E-CDK2 as the cell approaches the G, ➔ S 
transition. 

Rb protein is one of the most significant substrates of 
mammalian G1 cyclin-CDK complexes. Phosphorylation of 
Rb protein at multiple sites prevents its association with 
E2Fs, thereby permitting E2Fs to activate transcription of 
genes required for entry into S phase. As shown in Figure 
21-30, phosphorylation of Rb protein is initiated by cyclin 
D-CDK4 and cyclin D-CDK6 in mid G1 . Once cyclin E and 
CDK2 are induced by phosphorylation of some Rb, the re
sulting cyclin E-CDK2 further phosphorylates Rb in late G1 . 

When cyclin E-CDK2 accumulates to a critical threshold 
level, further phosphorylation of Rb by cyclin E-CDK2 con
tinues even when cyclin D-CDK4/6 activity is removed. This 
is one of the principle biochemical events responsible for pas
sage through the restriction point. At this point, further 
phosphorylation of Rb by cyclin E-CDK2 occurs even when 
mitogens are withdrawn and cyclin D and CDK4/6 levels 
fall. Since E2F stimulates its own expression and that of cy
clin E and CDK2, positive cross-regulation of E2F and cyclin 
E-CDK2 produces a rapid rise of both activities in late G 1 • 

As they accumulate, S-phase cyclin-CDK and mitotic 
cyclin-CDK complexes maintain Rb protein in the phospho
rylated state throughout the S, G2, and early M phases. After 
cells complete anaphase and enter early G1 or G0 , the fall in 
cyclin-CDK levels leads to dephosphorylation of Rb by un
opposed phosphatases. As a consequence, hypophosphory
lated Rb is available to inhibit E2F activity during early G1 of 
the next cycle and in G0 -arrested cells. 

Cyclin A Is Required for DNA Synthesis 
and CDKl for Entry into Mitosis 

High levels of E2Fs activate transcription of the cyclin A 
gene as mammalian cells approach the G1 ➔ S transition. 
(Despite its name, cyclin A is a B-type cyclin, not a G1 cyclin; 
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see Table 21-1.) Disruption of cyclin A function inhibits 
DNA synthesis in mammalian cells, suggesting that cyclin 
A-CDK2 complexes may function like S. cerevisiae S-phase 
cyclin-CDK complexes to trigger initiation of DNA synthe
sis. There is also evidence that cyclin E-CDK2 may con
tribute to activation of pre-replication complexes. 

Three related CDK inhibitory proteins, or CIPs (p27KlP1, 
p57KIP2, and p21 cir), appear to share the function of the 
S. cerevisiae S-phase inhibitor Sicl (see Figure 21-24 ). Phos
phorylation of p27KIPl by cyclin E-CDK2 targets it for poly
ubiquitination by the mammalian SCF complex (see Figure 
21-2, step 13]). The SCF subunit that targets p27KIPl is syn
thesized as cells approach the G1 ➔ S transition. The mecha
nism for degrading p21 cw ari'd p57KIP2 is less well under
stood. The activity of mammalian cyclin-CDK2 complexes is 
also regulated by phosphorylation and dephosphorylation 
mechanisms similarly to those controlling the S. pombe 
mitosis-promoting factor, MPF (see Figure 21-14). The 
Cdc25A phosphatase, which removes the inhibitory phos
phate from CDK2, is a mammalian equivalent of S. pombe 
Cdc25 except that it functions at the G1 ➔ S transition rather 
than the G2 ➔ M transition. The mammalian phosphatase 
normally is activated late in G1, but is degraded in the re
sponse of mammalian cells to DNA damage to prevent the 
cells from entering S phase (see Section 21.7). 

Once cyclin A-CDK2 is activated by Cdc25A and the 
S-phase inhibitors have been degraded, DNA replication 
is initiated at pre-replication complexes. The general mech
anism is thought to parallel that in S. cerevisiae (see Figure 
21-26), although small differences are found in vertebrates. 
As in yeast, phosphorylation of certain initiation factors by 
cyclin A-CDK2 most likely promotes initiation of DNA 
replication and prevents reassembly of pre-replication com
plexes until the cell passes through mitosis, thereby assuring 
that replication from each origin occurs only once during 
each cell cycle. In metazoans, a second small protein, gemi
nin, contr ibutes to the inhibition of re-initiation at origins 
until cells complete a full cell cycle. 

The principle mammalian CDK in G2 and mitosis is 
CDKl (see Figure 21-28). This CDK, which is highly ho
mologous with S. pombe Cdc2, associates with cyclins A and 
B. The mRNAs encoding either of these mammalian cyclins 
can promote meiotic maturation when injected into Xenopus 
oocytes arrested in G2 (see Figure 21-6), demonstrating that 
they function as mitotic cyclins. Thus mammalian cyclin 
A-CDKl and cyclin B-CDKl are functionally equivalent to 
the S. pombe MPF (mitotic cyclin-CDK). The kinase activ
ity of these mammalian complexes also appears to be regu
lated by proteins analogous to those that control the activity 
of the S. pombe MPF (see Figure 21-14). The inhibitory 
phosphate on CDKl is removed by Cdc25C phosphatase, 
which is analogous to S. pombe Cdc25 phosphatase. 

In cycling mammalian cells, cyclin B is first synthesized 
late in the S phase and increases in concentration as cells pro
ceed through G2 , peaking during metaphase and dropping 
after late anaphase. This parallels the time course of cyclin B 
expression in Xenopus cycling egg extracts (see Figure 21-9). 
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In human cells, cyclin B first accumulates in the cytosol and 
then enters the nucleus just before the nuclear envelope 
breaks down early in mitosis. Thus MPF activity is con
trolled not only by phosphorylation and dephosphorylation 
but a lso by regulation of the nuclear transport of cyclin B. 
In fact, cyclin B shuttles between the nucleus and cytosol, 
and the change in its localization during the cell cycle results 
from a change in the relative rates of import and export. As 
in Xenopus eggs and S. cerevisiae, cyclins A and B are poly
ubiq uitinated by the anaphase-promoting complex (APC) 
during late anaphase and then are degraded by proteasomes 
(see Figure 21-2, step [2]). 

Two Types of Cyclin-CDK Inhibitors Contribute 
to Cell-Cycle Control in Mammals 

As noted above, three related CIPs-p21c1r, p27K1r 2 , and 
p57K1

P
2-inhibit cyclin A-CDK2 activity and must be de

graded before DNA replication can begin. These same CDK 
inhibitory proteins also can bind to and inhibit the other 
mammalian cyclin-CDK complexes involved in cell-cycle 
control. As we discuss later, p21 GIP plays a role in the re
sponse of mammalian cells to DNA damage. Experiments 
with knockout mice lacking p27KIPl have shown that this 
CIP is particularly important in controlling generalized cell 
proliferation soon after birth. Although p27KtPi knockouts 
are larger than normal, most develop normally otherwise. 
In contrast, p57KJP2 knockouts exhibit defects in cell differ
entiation and most die shortly after birth due to defective de
velopment of various organs. 

A second class of cyclin-CDK inhibitors called INK4s 
(inhibitors of kinase 4) includes several small, closely related 
proteins that interact only with CDK4 and CDK6 and thus 
function specifically in controlling the mid-G1 phase. Binding 
of INK4s to CDK4/6 blocks their interaction with cyclin D 
and hence their protein kinase activity. The resulting de
creased phosphorylation of Rb protein prevents transcrip
tional activation by E2Fs and entry into the 5 phase. One 
INK4 called p16 is a tumor suppressor, like Rb protein dis
cussed earlier. The presence of two mutant pl6 alleles in a 
large fraction of human cancers is evidence for the important 
role of p16 in controlling the cell cycle (Chapter 23). 

KEY CONCEPTS OF SECTION 21 .6 

Cell-Cycle Control in Mammalian Cells 

■ Various polypeptide growth factors called mitogens 
stimulate cultured mammalian cells to proliferate by in
ducing expression of early-response genes. Many of these 
encode transcription factors that stimulate expression of 
delayed-response genes encoding the G1 CDKs, G1 cyclins, 
and E2F transcription factors. 

■ Once cells pass the restriction point, they can enter the 
S phase and complete S, G2, and mitosis in the absence of 
growth factors. 

■ Mammalian cells use several CDKs and cycHns to regu
late passage through the cell cycle. Cyclin D-CDK4/6 fun _ 
tion in mid to late G1; cyclin E-CDK2 in late G1 and ear~ 
S; cyclin A-CDK2 in S; and cyclin A/B-CDKl in G

2 
an~ 

M through anaphase (see Figure 21-28 ). 

■ Unphosphorylated Rb protein binds to E2Fs, convertin 
them into transcriptional repressors. Phosphorylation 

0
~ 

Rb by cyclin D-CDK4/6 in mid G1 liberates E2Fs to acti
vate transcription of genes encoding cyclin E, CDK2, and 
other proteins required for the S phase. E2Fs also auto
stimulate transcription of their own genes. 

■ Cyclin E-CDK2 further phosphorylates Rb, further ac
tivating E2Fs. Once a critical level of cyclin E-CDK2 has 
been expressed, a positive feedback loop with E2F results 
in a rapid rise of both activities that drives passage through 
the restriction print (see Figure 21-30). 

■ The activity of cyclin A-CDK2, induced by high E2F ac
tivity, initially is held in check by CIPs, which function like 
an S-phase inhibitor, and by the presence of an inhibiton• 
phosphate on CDK2. Proteasomal degradation of the in·
hibitors and activation of the Cdc25A phosphatase, as cells 
approach the G1 ➔ S transition, generate active cyclin 
A-CDK2. This complex activates pre-replication com
plexes to initiate DNA synthesis by a mechanism similar 
to that in S. cerevisiae (see Figure 21-26). 

■ Cyclin A/B-CDK1 induce the events of mitosis through 
early anaphase. Cyclins A and B are polyubiquitinated by 
the anaphase-promoting complex (APC) during late 
anaphase and then are degraded by proteasomes. 

■ The activity of mammalian mitotic cyclin-CDK com
plexes also are regulated by phosphorylation and dephos
phorylation similar to the mechanism in S. pombe, with 
the Cdc25C phosphatase removing inhibitory phosphates 
(see Figure 21-14). 

■ The activities of mammalian cyclin-CDK complexes also 
are regulated by CDK inhibitors (CIPs), which bind to and 
inhibit each of the mammalian cyclin-CDK complexes, and 
INK4 proteins, which block passage through G 1 by specif
ically inhibiting CDK4 and CDK6. 

FJIJi Checkpoints in Cell-Cycle 
Regulation 
Catastrophic genetic damage can occur if cells progress ro 
the next phase of the cell cycle before the previous phase 
is properly completed. For example, when S-phase ce~ls 
are induced to enter mitosis by fusion to a cell in mito5is, 
the MPF present in the mitotic cell forces the chromo· 

· e the somes of the S-phase cell to condense. However, sine 
replicating chromosomes are fragmented by ~he _co_ndJi:: 
sation process, such premature entry into m1tos1s is 
astrous for a cell. 
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Another example concerns attachment of kineto
chores to microtubules of the mitotic spindle during 
meta phase. If anaphase is initiated before both kine

tochores of a replicated chromosome become attached to micro
tubules from opposite spindle poles, daughter cells are produced 
that have a missing or extra chromosome (Figure 21-31). When 
this process, called nondisjunction, occurs during the meiotic di
vision that generates a human egg, Down syndrome can occur 
from trisomy of chromosome 21, resulting in developmental ab
normalities and mental retardation. I 

To minimize the occurrence of such mistakes in cell-cycle 
events, a cell's progress through the cycle is monitored at sev
eral checkpoints (Figure 21 -32). Control mechanisms that 
operat e at these checkpoints ensure that chromosomes are 
intact and that each stage of the cell cycle is completed before 
rhe following stage is initiated. Our understanding of these 
control mechanisms at the molecular level has advanced con
siderably in recent years. 

B 
Spindle-assembly 

checkpoint 
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Abnormal 
· spindle 

J Anaphase 

Missing 
chromosome 

Extra 
chromosome 

APC-Cdh1 

El 
Chromosome-segregation 

checkpoint 

1 

◄ FIGURE 21-31 
Nondisjunction. This 
abnormality occurs when 
chromosomes segregate 
in anaphase before the 
kinetochore of each sister 
chromatid has attached 
to microtubules (red lines) 
from the opposite spindle 
poles. As a result, one 
daughter cell contains two 
copies of one chromosome, 
while the other daughter 
cell lacks that chromosome. 
[Adapted from A. Murray and 
1 Hunt, 1993, The Cell Cycle: 
An Introduction, W. H. Freeman 
and Company.I 
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! FIGURE 21-32 Overview of checkpoint controls in the 
cell cycle. The unreplicated-DNA checkpoint (D) prevents 
activation of cyclin A-CDK1 and cyclin B-CDK1 (i .e ., mitosis
promoting factor, MPF) by activation of an ATR-Chk1 protein 
kinase cascade that phosphorylates and inactivates Cdc25C, 
thereby inhibiting entry into mitosis. In the spindle-assembly 
checkpoint (l'J), Mad2 and other proteins inhibit activation of the 
APC specificity factor (Cdc20) required for polyubiquitination of 
securin, thereby preventing entry into anaphase. The 
chromosome-segregation checkpoint (~ ) prevents release of the 
Cdc14 phosphatase from nucleoli , thereby blocking activation of 
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the APC specificity factor (Cdh1) required for polyubiquitination of 
B-type cyclins as well as induction of Sicl As a result, the 
decrease in MPF activity requi red for the events of telophase 
does not occur. In the initial phase of the DNA-damage 
checkpoint (D ), the ATM or ATR protein kinase (ATM/R) is 
activated. The active kinases then trigger two pathways: the Chk
Cdc25A pathway (Em and Bil), blocking entry into or through the 
S phase, and the p53-p21CIP pathway, leading to arrest in G1 , S, 
and G2 (DJ-Em ). See text for further discussion. Red symbols 
indicate pathways that inhibit progression through the cell cycle. 
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The Presence of Unreplicated DNA Prevents 
Entry into Mitosis 

Cells that fail to replicate all their chromosomes do not enter 
mitosis. Operation of the unreplicated-DNA checkpoint con
trol involves the recognition of unreplicated DNA and inhi
bition of MPF activation (see Figure 21 -32, [] ). Recent 
genetic studies in S. pombe and biochemical studies with 
Xenopus egg extracts suggest that the ATR and Chkl protein 
kinases, which also function in the DNA-damage check
point, inhibit entry into mitosis by cells that have not com
pleted DNA synthesis. 

The association of ATR with replication forks is thought 
to activate its protein kinase activity, leading to the phos
phorylation and activation of the Chkl kinase. Active Chkl 
then phosphorylates and inactivates the Cdc25 phosphatase 
(Cdc25C in vertebrates), which normally removes the in
hibitory phosphate from CDKs that function during mito
sis. As a result, the cyclin A/B-CDKl complexes remain 
inhibited and cannot phosphorylate targets required to ini
tiate mitosis. ATR continues to initiate this protein kinase 
cascade until all replication forks complete DNA replication 
and disassemble. 

Improper Assembly of the Mitotic Spindle 
Prevents the Initiation of Anaphase 

The spindle-assembly checkpoint prevents entry into 
anaphase when just a single kinetochore of one chromatid 
fails to associate properly with spindle microtubules. Clues 
about how this checkpoint operates has come from isolation 
of yeast mutants in the presence of benomyl, a microtubule
depolymerizing drug. Low concentrations of benomyl 
increase the time required for yeast cells to assemble the 
mitotic spindle and attach kinetochores to microtubules. 
Wild-type cells exposed to benomyl do not begin anaphase 
until these processes are completed and then proceed on 
through mitosis, producing normal daughter cells. In con
trast, mutants defective in the spindle-assembly checkpoint 
proceed through anaphase before assembly of the spindle 
and attachment of kinetochores is complete; consequently, 
they mis-segregate their chromosomes, producing abnormal 
daughter cells that die. 

Analysis of these mutants identified a protein called Mad2 
and other proteins that regulate Cdc20, the specificity factor 
required to target the APC to securin (see Figure 21-32, IZ] ). 
Recall that APC-mediated polyubiquitination of securin and 
its subsequent degradation is required for entry into 
anaphase (see Figure 21-19). Mad2 has been shown to asso
ciate with kinetochores that are unattached to microtubules. 
Experiments with Mad2 fused to green fluorescent protein 
(GFP) indicate that kinetochore-bound Mad2 rapidly ex
changes with a soluble form of Mad2. Current models pro
pose that when Mad2 associates with a kinetochore complex 
that is not bound by a microtubule, it is converted to a short-

lived activated form that can interact with and · h'b• 
d . b I h in ' it C c20. Microtu u e attac ment prevents this activat· . ion of 

Mad2. Consequently, once all kmetochore complexes b' 
. b 1 . f h · ind a m1crotu u e, generation o t e activated form of M d 

ceas~s, the inhibition of Cdc~0 ~s. relieved, and Cdc20 is ~e! 
to direct the APC to polyub1qmtmate securin thereby· • . 
ating the onset of anaphase. 

, tn1n-

Proper Segregation of Daughter Chromosomes Is 
Monitored by the Mitotic Exit Network 

Once chromosomes have segregated properly, telophas 
com~ences. The v~rious eve~ts of telophase and subsequen~ 
cytokmes1s, collectively referred to as the exit from mitosis 
require inactivation of MPF. As discussed earlier, dephos'. 
phorylation of the APC specificity factor Cdhl by the Cdc14 
phosphatase leads to degradation of mitotic cyclins and loss 
?f MPF activity late in_anaphase (se~ Figure 21-10) . During 
mterphase and early m1tos1s, Cdcl 4 1s sequestered in the nu
cleolus and inactivated. The chromosome-segregation check
point, which monitors the location of the segregating 
daughter chromosomes at the end of anaphase, determines 
whether active Cdc14 is available to promote exit from mi
tosis (see Figure 21-32, [] ). 

Operation of this checkpoint in S. cerevisiae depends on a 
set of proteins referred to as the mitotic exit network. A key 
component is a small (monomeric) GTPase, called Teml. This 
member of the GTPase superfamily of switch proteins controls 
the activity of a protein kinase cascade similarly to the way 
Ras controls MAP kinase pathways (Chapter 14). Dming 
anaphase, Teml becomes associated with the spindle pole 
body (SPB) closest to the daughter cell bud. (The SPB, from 
which spindle microtubules originate, is equivalent to the cea
trosome in higher eukaryotes. ) At the SPB, Teml is maintained 
in the inactive GDP-bound state by a specific GAP (GTPase
accelerating protein). The GEF (guanosine nucleotide
exchange factor) that activates Teml is localized to the cortex 
of the bud and is absent from the mother cell. When spindle 
microtubule elongation at the end of anaphase has correctly 
positioned segregating daughter chromosomes into the bud, 
Teml comes into contact with its GEF and is converted into 
the active GTP-bound state. The terminal kinase in the cas
cade triggered by Teml • GTP then phosphorylates the nu
cleolar anchor that binds and inhibits Cdcl 4, releasing it inro 
the cytoplasm and nucleoplasm in both the bud and mother 
cell (Figure 21-33, []). Once active Cdc14 is available, a cell 
can proceed through telophase and cyrokinesis. If daughter 
chromosomes fail to segregate into the bud, Teml remains in 
its inactive state, Cdcl 4 is not released from the nucleolus, 
and mitotic exit is blocked (Figure 21-33, IZ] ). 

In the fission yeast S. pombe, formation of the septum 
that divides daughter cells is regulated by proteins hom0 1?
gous to those that constitute the mitotic exit network 10 

S. cerevisiae. Genes encoding similar proteins also have been 
found in higher organisms where the homologs probably 
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Tem1 · GDP 
(inactive) 

Tem1-GAP Linker protein 

Nucleus 
Nucleolus 

Spindle 
Cdc14 microtubule 

(inactive) 
SPB 

Proper chro~oso; ~ ~roper chromosome 
segregation ~ ~ segregation 

t 
Exit from mitosis 

Tem1 · GTP 
(active) 

Cdc14 
(active) 

Late mitotic arrest 

! FIGURE 2 1-33 Operation of the chromosome-segregation 
checkpoint. In 5. cerevisiae, Cdc14 phosphatase activity is 
required for the exit from mitosis. (Top) During interphase and 
early mitosis, Cdc14 is sequestered and inactivated in the 
nucleolus. Inactive Tem1 • GDP (purple) associates w ith the 
spindle pole body (SPB) nearest to the bud early in anaphase 
with the aid of a linker protein (green) and is maintained in the 
inactive state by a specific GAP (GTPase-accelerating protein). If 
chromosome segregation occurs properly (D), extension of the 
spindle microtubules inserts the daughter SPB into the bud, 
causing Tem1 to come in contact with a specific GEF (guanine 
nucleotide-exchange factor) local ized to the cortex of the bud 
(brown). This GEF converts inactive Tim1 • GDP to active 
Tem1 - GTP, which triggers a protein kinase cascade leading to 
release of active Cdc14 and exit from mitosis. If the spindle 
apparatus fails to place the daughter SPB in the bud (6), Tem1 
remains in the inactive GDP-bound state and Cdc14 remains 
associated with nucleoli. Arrest in late mitosis results. [Adapted 
from G. Pereira and E. Schiebel, 2001, Curr. Opin. Cell Biol. 13:762.I 

function in an analogous checkpoint that leads to arrest in 
late mitosis when daughter chromosomes do not segregate 
properly. 

Cell-Cycle Arrest of Cells with Damaged DNA 
Depends on Tumor Suppressors 

The DNA-damage checkpoint blocks progression 
through the cell cycle until the damage is repaired. 
Damage to DNA can result from chemical agents 

and from irradiation with ultraviolet (UV) light or -y-rays. 

21.7 • Checkpoints in Cell-Cycle Regulation 889 

Arrest in G1 and S prevents copying of damaged bases, which 
would fix mutations in the genome. Replication of damaged 
DNA also promotes chromosomal rearrangements that can 
contribute to the onset of cancer. Arrest in G2 allows DNA 
double-stranded breaks to be repaired before mitosis. If a 
double-stranded break is not repaired, the broken distal por
tion of the damaged chromosome is not properly segregated 
because it is not physically linked to a centromere, which is 
pulled toward a spindle pole during anaphase. 

As we discuss in detail in Chapter 23 , inactivation of 
tumor-suppressor genes contributes to the development of 
cancer. The proteins encoded by several tumor-suppressor 
genes, including ATM and Chk2, normally function in the 
DNA-damage checkpoint. Patients with mutations in both 
copies of ATM or Chk2 develop cancers far more frequently 
than normal. Both of these genes encode protein kinases. 

DNA damage due to UV light somehow activates the 
ATM kinase, which phosphorylates Chk2, thereby activating 
its kinase activity. Activated Chk2 then phosphorylates the 
Cdc25A phosphatase, marking it for polyubiquitination by 
an as-yet undetermined ubiquitin ligase and subsequent pro
teasomal degradation. Recall that removal of the inhibitory 
phosphate from mammalian CDK2 by Cdc25A is required 
for onset of and passage through the S phase mediated by cy
clin E-CDK2 and cyclin A-CDK2. Degradation of Cdc25A 
resulting from activation of the ATM-Chk2 pathway in G1 
or S-phase cells thus leads to G1 or S arrest (see Figure 21-32, 
11EJ and 119). A similar pathway consisting of the protein 
kinases ATR and Chkl leads to phosphorylation and poly
ubiquitination of Cdc25A in response to -y-radiation. As dis
cussed earlier for the unreplicated-DNA checkpoint, Chkl 
also inactivates Cdc25C, preventing the activation of CD Kl 
and entry into mitosis. 

Another tumor-suppressor protein, p53, contributes to 
arrest of cells with damaged DNA. Cells with functional p53 
arrest in G1 and G2 when exposed to -y-irradiation, whereas 
cells lacking functional p53 do not arrest in G1 . Although the 
p53 protein is a transcription factor, under normal condi
tions it is extremely unstable and generally does not accu
mulate to high enough levels to stimulate transcription. The 
instability of p53 results from its polyubiquitination by a 
ubiquitin ligase called Mdm2 and subsequent proteasomal 
degradation. The rapid degradation of p53 is inhibited by 
ATM and probably ATR, which phosphorylate p53 at a site 
that interferes with binding by Mdrn2. This and other mod
ifications of p53 in response to DNA damage greatly increase 
its ability to activate transcription of specific genes that help 
the cell cope with DNA damage. One of these genes encodes 
p21 err, a generalized CIP that binds and inhibits a ll mam
malian cyclin-CDK complexes. As a result, cells are arrested 
in G1 and G2 until the DNA damage is repaired and p53 and 
subsequently p21 CIP levels fall (see Figure 21-32, liii!-11al). 

Under some circumstances, such as when DNA damage 
is extensive, p53 also activates expression of genes that lead 
to apoptosis, the process of programmed cell death that 
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normally occurs in specific cells during the development of 
multicellular anima ls. In vertebrates, the p53 response 
evolved to induce apopcosis in the face of extensive DNA 
damage, preswnably to prevent the accumulation of multiple 
mutations that might convert a normal cell into a cancer cell. 
The dual role of p53 in bo th cell-cycle arrest and the induc
tion of apoptosis may account for the observation that nearly 
a ll cancer cells have mutations in both alleles of the p53 gene 
or in the pathways that stabilize p53 in response to DNA 
damage (Chapt er 23). The consequences of mutation s in 
p53, ATM, and Chk2 provide dramatic examples of the sig
nificance of cell-cycle checkpoints to the health of a multi
cellular organism. I 

KEV CONCEPTS OF SECTION 21. 7 

Checkpoints in Cell-Cycle Regulation 

■ Checkpoint controls function to ensure that chromo
somes are intact and that critical stages of the cell cycle 
are completed before the following stage is initia ted. 

■ The unreplicated-DNA checkpoint operates during Sand 
G2 to prevent the activation of MPF before DNA synthe
sis is complete by inhibiting the activation of CDKl by 
Cdc25C (see Figure 21-32, 11]). 

■ The spindle-assembly checkpoint, which prevents pre
mature initiation of anaphase, utilizes Mad2 and other pro
teins to regulate the APC specificity factor Cdc20 that tar 
gets securin for polyubiquitination (see Figures 21-32, ~' 
and 21-19). 

■ The chromosome-segregation checkpoint prevents telophase 
and cytokinesis until daughter chromosomes have been prop
erly segregated, so that the daughter cell has a full set of chro
mosomes (see Figure 21-32, I]). 

■ In the chromosome-segregation checkpoint, the small 
GTPase Teml controls the availability of Cdc14 phos
phatase, which in turn activates the APC specificity factor 
Cdhl that targets B-type cyclins for degradation, causing 
inactivation of MPF (see Figure 21-10). 

■ The DNA-damage checkpoint arrests the cell cycle in re
sponse to DNA damage until the damage is repaired. Three 
types of tumor-suppressor proteins (ATM/ATR, Chkl/2, 
and p53) are critical to this checkpoint. 

■ Activation of the ATM or ATR protein kinases in re
sponse to DNA damage due to UV light or -y-irradiation 
leads to arrest in G1 and the S phase via a pathway that 
leads to loss of Cdc25A phosphatase activity. A second 
pathway from activated ATM/R stabilizes p53, which stim
ulates expression of p21 e rr_ Subsequent inhibition of mul
tiple CDK-cyclin complexes by p21 err causes prolonged 
arrest in G1 and G2 (see Figure 21-32, @:ru- ~l-
• In response to extensive DNA damage, p53 also acti
vates genes that induce apoptosis. 

f JI:■ Meiosis: A Special Type 
of Cell Division 
In nearly all eukaryotes, meiosis generates haploid germ cells 
(eggs and sperm), which can then fuse to generate a diploid 
zygote (Figure 21-34 ). During meiosis, a single round of 
DNA replication is followed by two cycles of cell division 
termed meiosis I a nd meiosis II. Crossing over of chro~ 
matids, visible in the first meiotic metaphase, produces 
recombination between parental chromosomes. This in
creases the genetic diversity among the individuals of a 
species. During meiosis I, both chromatids of each homolo
gous chromosome segrega~e together to opposite spindle 
poles, so that each of the resulting da ughter cells contains 
one homologous chromosome consisting of two chromatids. 
During meiosis II, w hich resembles mitosis, the chromatids 
of one chromosome segregate to opposite spindle poles, gen
erating haploid germ cells. Meiosis generates four haploid 
germ cells from one diploid premeiotic cell. 

Repression of G1 Cyclins and Meiosis-Specific 
lme2 Prevents DNA Replication in Meiosis II 

In S. cerevisiae and S. pombe, depletion of nitrogen and car
bon sources induces diploid cells to undergo meiosis, yielding 
haploid spores (see Figure 1-5). This process is analogous to 

► FIGURE 21-34 Meiosis. Premeiotic cells have two copies 
of each chromosome (2n). one derived from the paternal parent 
and one from the maternal parent. For simplicity, the paternal 
and maternal homologs of only one chromosome are 
diagrammed. Step D : All chromosomes are replicated during the 
S phase before the first meiotic division, giving a 4n 
chromosomal complement. Cohesin complexes (not shown) link 
the sister chromatids composing each replicated chromosome 
along their fu ll lengths. Step 111J : As chromosomes condense 
during the first meiotic prophase, replicated homologs become 
paired as the result of at least one crossover event between a 
paternal and a maternal chromatid. This pairing of replicated 
homologous chromosomes is called synapsis. At metaphase, 
shown here, both chromatids of one chromosome associate with 
microtubules emanating from one spindle pole, but each member 
of a homologous chromosome pair associates with microtubules 
emanating from opposite poles. Step BJ : During anaphase of 
meiosis I. the homologous chromosomes, each consisting of two 
chromatids, are pulled to opposite spindle poles. Step B: 
Cytokinesis yields the two daughter cells (now 2n). which enter 
meiosis II without undergoing DNA replication. At metaphase of 
meiosis II, shown here, the chromatids composing each 
replicated chromosome associate with spindle microtubules from 
opposite spindle poles, as they do in mitosis. Steps m and 111 : 
Segregation of chromatids to opposite spindle poles during the 
second meiotic anaphase followed by cytokinesis generates 
haploid germ cells (1 n) containing one copy of each chromosome 
(referred to as chromatids earlier). 
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the formation of germ cells in higher eukaryotes. Multiple 
yeast mutants that cannot form spores have been isolated, 
and the wild-type proteins encoded by these genes have been 
analyzed. These studies have identified specialized cell-cycle 
proteins that are required for meiosis. 

Under starvation conditions, expression of G1 cyclins 
(Clnl/2/3) in S. cerevisiae is repressed, blocking the normal 
progression of G1 in cells as they complete mitosis. Instead, a 
set of early meiotic proteins are induced. Among these is 
Ime2, a protein kinase that performs the essential G1 cyclin
CDK function of phosphorylating the S-phase inhibitor Sicl, 
leading to release of active S-phase cyclin-CDK complexes 
and the onset of DNA replication in meiosis I (see Figure 
21-34, step II] ). The absence oflme2 expression during meio
sis II and the continued repression of Cln expression account 
for the failure to replicate DNA during the second meiotic di
vision (steps Ill and ~). 

Crossing Over and Meiosis-Specific Rec8 
Are Necessary for Specialized Chromo,some 
Segregation in Meiosis I · 

Recall that in mitosis, sister chromatids replicated during 
the S phase are initially linked by cohesin complexes at mul
tiple positions along their full length (see Figure 21-19, left). 
As chromosomes condense, cohesin complexes become re
stricted to the region of the centromere, and at meta phase, 
the sister chromatids composing each (replicated) chromo
some associate with microtubules emanating from opposite 
spindle poles. Although motor proteins pull sister chro
matids toward opposite spindle poles, their movement 
initially is resisted by the cohesin complexes linking them 
at the centromere. The subsequent separase-catalyzed cleav
age of the Seel cohesin subunit permits movement of 
the chromatids toward the spindle poles to begin, herald
ing the onset of anaphase (Figure 21-35a; see also Figure 
21-19, right). 

In metaphase of meiosis I, both sister chromatids in one 
(replicated) chromosome associate with microtubules ema
nating from the same spindle pole, rather than from opposite 
poles as they do in mitosis. Two physical links between ho
mologous chromosomes are thought to resist the pulling 
force of the spindle until anaphase: (a) crossing over between 
chromatids, one from each pair of homologous chromo
somes, and (b) cohesin cross-links between chromatids distal 
to the crossover point. 

Evidence for the role of crossing over in meiosis in 
S. cerevisiae comes from the observation that when re
combination is blocked by mutations in proteins essential 
for the process, chromosomes segregate randomly during 
meiosis I; that is, homologous chromosomes do not nec
essarily segregate to opposite spindle poles. Such segrega
tion to opposite spindle poles normally occurs because 
both chroma rids of homologous chromosome pairs associ
ate with spindle fibers emanating from opposite spindle 
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(a) Mitosis 

Metaphase -/ - -
~l(d. - ~/ 
: , :.:::=..- -=::::: .,.,. _ 
-"""" ~ - --::::- \ 
/~ ;:;A\ 

'"'> _,,./ ~-=== __.,., 
Scc1 

(bl Meiosis 

Metaphase I 

Metaphase II 

GD OD 

_) . 
Separase 

OD GD 

•• 

00 :;®, 
Separase 

Anaphase --

Anaphase I 

Anaphase II 

£ FIGURE 21-35 Cohesin function during mitosis and 
meiosis. (a) During mitosis, sister chromatids generated by DNA 
replication in the S phase are initially associated by cohesin 
complexes along the full length of the chromatids. During 
chromosome condensation, cohesin complexes (yellow) become 
restricted to the region of the centromere at metaphase, as 
depicted here. Once separase cleaves the Scc1 cohesin subunit, 
sister chromatids can separate, marking the onset of anaphase 
(see Figure 21-19). (b) In metaphase of meiosis I, crossing over 
between maternal and paternal chromatids produces synapsis of 
homologous parental chromosomes. The chromatids of each 
replicated chromosome are cross-linked by cohesin complexes 
along their full length. Rec8, a meiosis-specific homolog of Scc1, 
is cleaved in chromosome arms but not in the centromere, 
allowing homologous chromosome pairs to segregate to 
daughter cells. Centromeric Rec8 is cleaved during meiosis II, 
allowing individual chromatids to segregate to daughter cells. 
[Modified from F. Uhlmann, 2001, Curr. Opin. Cell Biol. 13:754.) 

poles (see Figure 21-34, step []). This in t urn requires that 
homologous chromosomes pair during meiosis I, a process 
called synapsis that can be visualized microscopically in 
eukaryotes with large chromosomes . Consequently, the 
finding that mutations that block recombination a lso 
block proper segregation in meiosis I implies that recom
bination is required for synapsis in S. cerevisiae. In higher 
eukaryotes, processes in addition to recombination and 

chromatid linking through cohesin complexes contrib . . . . 
1 

Ute 
to synaps1s m me1os1s . 

During meiosis I, the cohesin cross-links between ch ro
mosome arms are cleaved by separase, allowing the homol-
ogous chromosomes to separate, but cohesin complexes 
the centromere remain linked (Figure 21-356, top). T:t 
maintenance of centromeric coh~sion during meiosis I i~ 
necessary for the proper segregation of chromatids during 
meiosis II. Recent studies w ith a S. pombe mutant have 
shown that a specialized cohesin subunit, Rec8, maintains 
ce~tromeric cohesion betwe~n sist~r ~hromatids during 
me1os1s I. Expressed only during m e10s1s, Rec8 is homolo
gous to Seel, the cohesin subunit that forms the actual 
bridge between sister chromatids in mitosis (see Figure 
21-19). Immunolocalization experim ents in S. pombe have 
revealed that during early anaphase of meiosis I, Rec8 is 
lost from chromosome arms but is retained at centromeres. 
However, during early anaphase of meiosis II, centromeric 
Rec8 is degraded by separase, so the chromatids can segre
gate, as they do in mitosis (Figure 21-356, bottom) . A spe
cific protein expressed during meiosis I, but not during 
m eiosis II, protects centromeric Rec8 from separase cleav
age in meiosis I. 

S. cerevisiae Rec8 has been shown to localize and function 
simjlarly to S. pombe Rec8. H omologs of Rec8 also have been 
identified in higher organisms, and RNA interference {RNAi) 
experiments in C. elegans (Chapter 9) indicate that the Rec8 
homolog in that organism has a similar function. Recent 
micromanipulation experiments during grasshopper sper
matogenesis support the hypothesis that kinetochore-bound 
proteins protect centromeric Rec8 from cleavage during 
meiosis I but not during meiosis Il and also direct kinerochore 
attachment to microtubules emanating from the correct spin
dle pole {Figure 21-36). Thus crossing over, Rec8, and spe
cial kinetochore-associated proteins appear to function in 
meiosis in all eukaryotes. 

Recent DNA rrucroarray analyses in S. cerevisiae have re
vealed o ther proteins that are required for meiosis. As dis
cussed in other chapters, researchers can monitor 
transcription of thousands of genes, indeed entire genomes, 
with DNA microarrays (see Figure 9-35). One of the multi
p le genes found to be expressed in S. cerevisiae cells during 
meiosis but not during mitosis is MAM1, which encodes a 
protein called monopolin. Subsequent gene-specific mutage
nesis studies revealed that deletion of MAM1 causes sister 
chromatids in meta phase of meiosis I to associate with the 
first meiotic spindle as though they were mitotic chromatids 
or chromatids in meiosis II. That is, kinetochores of the sis
ter chromatids composing a single (replicated) chromosome 
attached to m icrotubules emanating from opposite spindle 
poles rather than from the same spindle pole. This result in
dicates that monopolin is required for formation of a spe
cialized kinetochore in meiosis I responsible for the unique 
co-orientation of sister chromadds of synapsed homologous 
chromosomes in the first meiotic division. 
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! EXPERIMENTAL FIGURE 21-36 Anaphase movements 
and cohesion of meiotic chromosomes are determined by 
proteins associated with the chromosomes. Grasshopper 
spermatocytes in meiosis I and II were fused so that both types 
of spindles with their associated chromosomes were present in a 
single fused cell. Then a micromanipulation needle was used to 
move some meiosis I chromosomes (blue) and meiosis II 
chromosomes (red) from one spindle to another; other 
chromosomes were left attached to their normal spindles. After 
70 minutes, both spindles with their attached chromosomes had 
completed anaphase movements. The synapsed meiosis I 
chromosomes (blue) separated normally (i.e., one homologous 

KEY CONCEPTS OF SECTION 21.8 

Meiosis: A Special Type of Cell Division 

■ Meiosis involves one cycle of chromosome replication fol
lowed by two cycles of cell division to produce haploid germ 
cells from a diploid premeiotic cell (see Figure 21-34 ). 

■ During meiosis I, replicated homologous ch romosomes 
pair a long their lengths in a process called synapsis. At least 
one recombination between chromatids of homologous 
chromosomes almost invariably occurs. 

■ Most of the cell-cycle proteins that function in mitoti
cally dividing cells also function in cells undergoing meio
sis, but some proteins are unique to meiosis. 

■ In S. cerevisiae, expression of G1 cyclins (Clns) is re
pressed throughout meiosis. Meiosis-specific Ime2 per-
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Meiosis II spindle 
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pair toward one spindle pole and the other homologous pair 
toward the other) whether attached to the meiosis I spindle (left) 

or meiosis II spindle (right). Similarly, the meiosis II 
chromosomes (red) separated normally (i.e., one chromatid 
toward one spindle pole and the other chromatid toward the 
opposite pole) independent of which spindle they were attached 
to. These results indicate that the association of kinetochores 
with spindle microtubules and the stability of cohesins linking 
chromosomes are determined by factors that are associated with 
the chromosomes and not by the spindles or soluble 
components of cells in meiosis I and II. [See L. v. Paliulis and R. B. 
Nicklas, 2000, J. Cell Biol. 150:1223.J 

forms the function of G1 cyclin-CDK complexes in pro
moting initiation of DNA replication during m eiosis I. 
DNA replication does not occur during meiosis II because 
neither Ime2 nor G1 cyclins are expressed. 

■ In S. cerevisiae, recombination (crossing over ) between 
chromatids of homologous parental chromatids and cohesin 
cross-links between chromatids distal to the crossover are 
responsible for synapsis of homologous chromosomes dur
ing prophase and metaphase of meiosis I. A specialized 
cohesin subunit, Rec8, replaces the Seel cohesin subunit 
during meiosis. 

■ During early anaphase of meiosis I, Rec8 in the chro
mosome arms is cleaved, but a meiosis-specific protein as
sociated with the kinetochore protects Rec8 in the region 
of the centromere from cleavage. As a result, the chro
matids of homologous chromosomes remain associated 
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during segregation in meiosis I. Cleavage of centromeric 
Rec8 during anaphase of meiosis JI allows individual chro
matids co segregate inco germ cells (see Figure 21-356). 

■ Monopolin, another meiosis-specific protein, is required 
for both chromatids of homologous chromosomes to as
sociate wi th microtubules emanating from the same spin
dle poles during meiosis I. 

PERSPECTIVES FOR THE FUTURE 

The remarkable pace of cell-cycle research over the last 25 
years has led to the model of eukaryotic cell-cycle control 
outlined in Figure 21-2. A beautifu l logic underlies these mo
lecular controls. Each regulatory event has two important 
functions: to activate a step of the cell cycle and to p repare 
the cell for the next event of the cycle. This strategy ensures 
that the p hases of the cycle occur in the proper order. 

Although the general logic of cell-cycle regula tion now 
seems well established, many critical details remain to be dis
covered. For instance, although researchers have identified 
some components of the pre-replication complex that must 
be phosphorylated by S-phase CDK-cyclin complexes to ini
tiate DNA replication, other components remain to be de
termined. Also still largely unknown are the substrates 
phosphorylated by mitotic cyclin-CDK complexes, leading to 
chromosome condensation and the remarkable reorganiza
tion of microcubules that results in assembly of the bea uti
ful mitotic spindle. Much remains to be lea rned about how 
the activities of Weel k inase and Cdc25 phosphatase are 
controlled; t hese proteins in turn regulate the kinase activity 
of the CDK subunit in most cyclin-CDK complexes. 

Much has been discovered recently about operation of 
the cell-cycle checkpoints, but the mechanisms that activate 
ATM and ATR in the DNA-damage checkpoint are poorly 
understood. Likewise, much remains to be learned about the 
control and mecha nism of Mad2 in the spindle-assembly 
checkpoint and of Cdc14 in the chromosome-segregation 
checkpoint in higher cells. As we learn in the next chapter, 
asymmetric cell division plays a crit ical role in the normal de
velopment of multicellular organisms. Many questions re
main about how the plane of cyrokinesis and the localization 
of daughter chromosomes are determined in cells that divide 
asymmetrically. Simi la rly, the mechanisms that underlie the 
unique segregation of chromatids during meiosis I have not 
been elucidated yet. 

II Understanding these detailed aspects of cell-cycle 
control w ill have sign ificant consequences, partic
ularly for the treatment of can cers. Radiation and 

many forms of chemotherapy cause DNA damage and cell
cycle a rrest in the ta rget cells, leading to their apoptosis. But 
this induction of apoptosis depends on p53 function. For this 
reason, human cancers associated with mutations of both p53 
alleles, which is fairly common, are particularly resistant to 
these therapies. If more were understood about cell-cycle con-

trols and checkpoints, new strategies for treating p53-minu 
cancers might be possible. For instance, some chemothera~ 
peutic agents inhibit microcubule function, interfering with 
mitosis. Resistant cells selected during the course of treatment 
may be defective in the spindle-assembly checkpoint as the re
sult of mutations in the genes encoding the proteins involved. 
Perhaps the loss of this checkpoint could be turned to thera
peutic advantage. Only better understanding of the molecular 
processes involved will tell. I 

I KEY TERMS 

anaphase-promoting 
complex (APC) 863 

APC specificity 
factors 863 

Cdc25 phosphatase 866 

checkpoints 887 
CIPs 885 
cohesins 872 
condensin 870 

crossing over 890 
cyclin-dependent 

kinases (CDKs) 855 
destruction box 863 
DNA-damage 

checkpoint 889 
E2F p.roteins 834 

G1 cyclins 876 

incerphase 854 

meiosis 890 
mitogens 856 

mitosis-promoting 
factor (MPF) 860 

mitotic cyclin 861 

p53 protein 889 
quiescent cells 883 

Rb protein 884 
restriction point 883 

S-phase inhibitor 868 
S phase-phase promoting 

factor (SPF) 876 
securin 872 

synapsis 892 

Weel protein-tyrosine 
kinase 866 

REVIEW THE CONCEPTS 

1. What strategy ensures that passage through the cell cycle 
is unidirectional and irreversible? W hat is the molecular 
machinery that underlies this strategy? 

2. W hen fused with an S-phase cell, cells in w hich of the 
following phases of the cell cycle will initiate DNA replica· 
tion prematurely-Cl? G2 ? M? Predict the effect of fusing 
a cell in Gl and a cell in G2 w ith respect to the timing of 
S phase in each cell. 

3. In 2001, the Nobel Prize in Physiology or Medicine was 
awarded to three cell cycle scientists. Sir Paul Nurse was rec· 
ognized for his studies with the fission yeast S. pombe, in 
particular for the discovery and characterization of the weel 
gene. What is the wee phenotype? W hat did the characteri• 
zation of the weel gene tell us about cell cycle control? 

4. Tim Hunt shared the 2001 Nobel Prize for his work in the 
discovery and characterization of cyclin proteins in eggs and 
embryos. What experimental evidence indicates that cyclin B 
is required for a cell to enter mitosis? What evidence indicates 
that cyclin B must be destroyed for a cell to exit mitosis? 
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s. Leeland Hartwell, the third recipient of the 2001 Nobel 
Prize, was acknowledged for his characterization of cell cycle 
cbeckpoints in the budding yeast S. cerevisiae. What is a cell 
cycle checkpoint? Where do checkpoints occur in the cell 
cycle? How do cell cycle checkpoints help to preserve the 
fidelity of the genome? 

6. In Xenopus, orie of the substrates of MPF is the Cdc25 
phosphatase. When phosphorylated by MPF, Cdc25 is acti
vated. What is the substrate of Cdc25? How does this infor
mation explain the autocatalytic nature of MPF as described 
in Figure 21-6? 

7. Explain how CDK activity is modulated by the follow
ing proteins: (a) cyclin, (6) CAK, (c) Weel, (d) p21. 

8. Three known substrates of MPF or kinases regulated by 
MPF are the nuclear lamins, subunits of condensin, and myosin 
light chain. Describe how the phosphorylation of each of these 
proteins affects its function and progression through mitosis. 

9. Describe the series of events by which the APC promotes 
che separation of sister chromatids at anaphase. 

10. A common feature of cell cycle regulation is that the 
events of one phase ensure progression into a subsequent 
phase. In S. cerevisiae, Cdc28-Clns catalyze progression 
through Gl, and Cdc28-Clbs catalyze progression through 
S/G2/M. Name three ways in which the activity of Cdc28-
Clns promotes the activation of Cdc28-Clbs. 

11. For S phase to be completed in a timely manner, DNA 
replication initiates from multiple origins in eukaryotes. In 
S. cerevisiae, what role do 5-phase CDK-cyclin complexes 
play to ensure that the entire genome is replicated once and 
only once per cell cycle? 

Analyze the Data 895 

12. What is the functional definition of the restriction point? 
Cancer cells typically lose restriction point controls. Explain 
how the following mutations, which are found in some can
cer cells, lead to a bypass of restriction point controls: 
(a) overexpression of cyclin D, (b) loss of Rb function, 
(c) infection by retroviruses encoding v-Fos and v-Jun. 

13. Individuals with the hereditary disorder ataxia telan
giectasia suffer from neurodegeneration, immunodeficiency, 
and increased incidence of cancer. The genetic basis for 
ataxia telangiectasia is a loss-of-function mutation in the 
ATM gene (ATM = ataxia telangiectasia-mutated). Name 
two substrates of ATM. How does the phosphorylation of 
these substrates lead to inactivation of CDKs to enforce cell 
cycle arrest at a checkpoint? 

14. Meiosis and mitosis are overall analogous processes in
volving many of the same proteins. However, some proteins 
function uniquely in each of these cell division events. Ex
plain the meiosis-specific function of the following: (a) Ime2, 
(6) Rec8, (c) monopolin. 

ANALYZE THE DATA 

As genes encoding cyclin-dependent kinases were cloned 
from fission yeast, budding yeast, and animal cells, investi
gators working in plant systems designed experiments to de
termine whether plants also possessed CD Ks that functioned 
as the catalysts for cell cycle progression. To isolate a cDNA 
encoding a CDK in maize, investigators aligned the predicted 
amino acid sequences of human cdc2, S. pombe cdc2, and 
S. cerevisiae cdc28 genes (see the figure below). Degenerate 

S. pombe cdc2 
human cdc2 

S. cerevisiae cdc28 

----MENYQKVEKIGEGTYGVVYK RHKLSG-- - RIVAMKKIRLEDESEGVPSTAIRE I S 

S. pombe cdc2 
human cdc2 

S. cerevisiae cdc28 

S. pombe cdc2 
human cdc2 

S. cerevisiae cdc28 

S. pombe cdc2 
human cdc2 

S. cerevisiae cdc28 

S. pombe cdc2 
human cdc2 

S. cerevisiae cdc28 

S. pombe cdc2 
human cdc2 

S. cerevisiae cdc28 

-- - -MEDYTKIEKIG GTYGVVYKGRHKTTG-- - QVVAMKKIRLESEEEGVPSTAIREIS 
MSGEL AN YKRL E KVGEGT YGVVYKA LDLRP GQGQ RVVALK KI RLES ED EGVPS T AIRE I S 

: * : :**:****** *** * * : :**:* * ****.*.******* ** ** * 

LLKEVNDENNRSNCVRLLDILHAES-KLYLVFEFLDMDLKKYMDRIS ETGATSLDPRLVQ 
LLKELR -- --HPNIVSLQDVLMQDS-RLY L IFEFLS MDLKKYLDSIPPG - -QYMDSSLVK 
LL KE LK----D DN IVR LY DIVHSDAHKLYLVFEFL DLDLK RYM EGI PKD--Q PL GADIV K 
*** * :. * * * * ·· .. :*** : ****.:***:*:: * ... ·*· 

KFTYQLVNGVNFCHSRRIIHRDLKPQNLLIDKEGNLKLADFGLARSFGVPLRNYTHEIVT 
SYLYQILQGIV F CHSRRV L HRDLKPQNLLIDDKGTIKLADFGLARAFGIPIRVYTHEVVT 
KFM MQLCKGIAYCHS HRILHRDLK P ONLL I NKDGNL KLGD FG LARAF GVPLRAY T HEIVT 

* : :*: : *** :*: :** ** * *** * ** : .. * . : * * . ****** : ** : * : * **** : ** 

LWYRAPEVLLGSRHYSTGVDIWSVGCIFAEMIRRSPLFPGDSEIDEIFKIFQVLGTPNEE 
LWYRSPEVLLGSARYS T PVDIWSIGTIFA ELATK KP L FHGDSEIDQ LFRIFRALGTPNNE 
LWYRAPEVLLGGKQYSTGVDTWSIGCIFAEMCNRKPIFSGDSEIDQIFKIFRVLGTPNEA 
**** : * * **** : *** ** ** : * **** : *: * *** * * *: : * : ** : .* * ***· 

VW P GV T LLQDYKSTFPRWKRMDLHKVVP NGEEDAIELLSAMLVYDPAHRISAKRALQQNY 
VWPEV E S LQDYK NTFP KWK PGSLASHVKNLDENGLDL L SKMLI YDPA KR ISG KMAL NHP Y 
IWPDIVYLPDFKPSFPQWRRKDLSQVVPSLDPRGIDLLDKLLAYDP I NRISARRAAIHPY 
: ** * * :* : ** : * : * * . : : ** : * *** :*** * * 

LR DFH -----
FNDLDNQIKKM 
FQES - -- - -- -
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oligonucleotide PCR primers corresponding to the boxed 
amino acids were generated and a DNA fragment of the ex
pected size was synthesized by PCR using these primers and 
maize cDNA library as a template. Why were the boxed re
gions selected as the basis for primer design? 

The PCR product was then used as a probe to screen the 
maize cDNA library, and a full-length cDNA clone was iso
lated. The clone was sequenced, and the predicted amino 
acid sequence was 64% identical to human cdc2 and 63% 
identical to S. pombe cdc2 and to S. cerevisiae cdc28. What 
does the level of sequence similarity suggest about the evo
lution of cdc2 genes? 

A complementation experiment was performed with 
S. cerevisiae cells possessing a temperature-sensitive cdc28 
mutation. Wild-type cells, cdc28cs cells, and cdc28ts cells 
transformed with the maize cdc2 cDNA under the influence 
of a strong promoter were grown at the permissive (25 °C) or 
restrictive (37 °C) temperatures. Cell proliferation was mon
itored by the growth of colonies on the culture plates (shown 
in the figure below). 

25 °C 

Wild typ 

cdc 2815 + maize cdc2 

37 °C 

cdc 2815 + maize cdc2 

Why do the cdc28ts cells form colonies at 25 °C but not 
37 °C? What is the significance of colony formation of the 
cdc28ts + maize cdc2 cells at 37 °C? What does this experi
ment tell us about the functional homology of cyclin
dependent kinase genes among eukaryotic species? 
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