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Inthis article, we will discuss the biochemistry of mitosis in eukaryotic cells. We will focus on
conserved principlesthat, importantly, are adapted to the biology of the organism. It is vital to
bear in mind that the structural requirements for division in a rapidly dividing syncytial
Drosophila embryo, for example, are markedly different from those in a unicellular yeast
cell. Nevertheless, division in both systems is driven by conserved modules of antagonistic
protein kinases and phosphatases, underpinned by ubiquitin-mediated proteolysis, which
create molecular switches to drive each stage of division forward. These conserved control
modules combine with the self-organizing properties of the subcellular architecture to meet
the specific needs of the cell. Our discussion will draw on discoveries in several model
systems that have been important in the long history of research on mitosis, and we will try
to point out those principles that appear to apply to all cells, compared with those in which

the biochemistry has been specifically adapted in a particular organism.

he aim of mitosis is to separate the genome
Tand ensure that the two daughter cells inher-
it an equal and identical complement of chro-
mosomes (Yanagida 2014). To achieve this,
eukaryotic cells completely reorganize their mi-
crotubules to build a mitotic spindle that pulls
apart the sister chromatids after the cohesin
complexes are cut (see Cheeseman 2014; Hi-
rano 2015; Reber and Hyman 2015; Westhorpe
and Straight 2015) and, subsequently, use the
actin cytoskeleton to divide the cell into two
(cytokinesis) (see D’Avino et al. 2015). In
some cells, such as in budding and fission yeasts,
the spindle is built within the nucleus (closed
mitosis), whereas in others, the nuclear enve-
lope breaks down and the condensed chromo-
somes are captured by microtubules in the cy-
toplasm (open mitosis). This difference in the

spatial organization of the mitotic cell has ram-
ifications for the machinery controlling mitosis.
In particular, the breakdown of the nuclear
compartment disrupts the guanosine triphos-
phate (GTP)-guanosine diphosphate (GDP)
gradient of the small GTPase called Ran. Ran
usually controls nuclear-cytoplasmic transport
through the importin chaperones; Ran-GDP in
the cytoplasm promotes binding to nuclear
transport substrates, whereas Ran-GTP in the
nucleus promotes their dissociation (Giittler
and Gorlich 2011). As a result of nuclear enve-
lope breakdown (NEBD), another Ran-GTP
gradient is generated around the chromosomes,
to which the RCC1 GTP-exchange factor binds
(Clarke 2008). This Ran-GTP gradient is impor-
tant for the interaction between microtubules
and chromosomes because the high Ran-GTP
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levels around chromosomes promote the disso-
ciation between the importin B chaperone and
its binding partners, several of which help to
stabilize or nucleate microtubules (Carazo-Salas
et al. 1999; Kalab et al. 1999; Gruss et al. 2001;
Wilde et al. 2001; Yokoyama et al. 2008).

The dramatic reorganization of the cell at
mitosis must be coordinated in both time and
space. There are several key temporal events: en-
try to mitosis, sister chromatid separation, and
mitotic exit, and these are effectively made uni-
directional by the biochemical machinery. We
will discuss the biochemistry behind each of
these temporal events, in turn, but it is impor-
tant to emphasize that the control mechanisms
are also spatially organized. Our understanding
of this spatial organization has improved dra-
matically with advances in the technology to
detect gradients of activity in cells, and this
has revealed the importance of local gradients
of antagonistic protein kinases and phospha-
tases, GTP-binding protein regulators, and
ubiquitin ligases and deubiquitylases, to name
only a few of the more prominent examples (re-
viewed in Pines and Hagan 2011).

ENTRY TO MITOSIS

Cyclin B-Cyclin-Dependent Kinase (CDK):
The Main Switch

Entry to mitosis appears to have switch-like
properties in most organisms studied; once a
cell is committed to mitosis, there is no going
back (see Fig. 1). But how the machinery is
made switch-like does differ between systems.
Nevertheless, the core of the switch seems to be
the same in all cells: the activation of the cyclin
B-Cdk1 mitotic protein kinase (Nurse 1990). A
combination of genetics, cell biology, and bio-
chemistry led to the identification of this pro-
tein kinase as the key regulator of mitosis, which
is conserved from yeast to man (Doree 2002).
The kinase is a heterodimer composed of a Cdk
subunit and an activating cyclin subunit. Both
are members of multigene families, and, usual-
ly, the B-type cyclins are essential to trigger mi-
tosis. (One exception is Drosophila, in which the
A-type cyclin is most important [Knoblich and

Lehner 1993; Jacobs et al. 1998].) The mitotic
cyclin—Cdk also binds a small protein cyclin-
kinase subunit (Cks). Cks has a conserved an-
ion-binding site (Bourne et al. 1995), which
allows it to bind phosphoserine/phosphothreo-
nine, and thereby retain interactions with sub-
strates phosphorylated by the cyclin—Cdk. This
allows the cyclin—Cdk to hyperphosphorylate
its substrate by phosphorylating even low affin-
ity sites, and this has been shown to be impor-
tant in the activation of substrates, such as
Xenopus Cdc25 and the anaphase-promoting
complex or cyclosome (APC/C) (see below)
(Patra et al. 1999) and in the degradation of
cyclin A (Wolthuis et al. 2008; Di Fiore and
Pines 2010).

The crystal structures of a number of differ-
ent cyclins, Cdks, and cyclin—Cdk complexes
have been solved (Brown et al. 1995, 1999; Jef-
frey et al. 1995; Russo et al. 1996; Pavletich 1999).
These show that the Cdk subunit is completely
inactive as a monomer for two reasons. First,
the structure of the ATP-binding pocket in the
amino-terminal lobe coordinates ATP in the
wrong conformation for 3-y bond hydrolysis;
second, the “T-loop,” which contains an activa-
tory phosphorylation site, obscures the sub-
strate binding cleft. Cyclin binding rectifies
both defects by altering the structure of the
Cdk amino-terminal lobe to remodel the ATP-
binding site and draw the T-loop down and
away from the substrate-binding cleft. When
the T-loop is phosphorylated by Cdk-activating
kinase (CAK), it interacts more strongly with a
basic patch on the carboxy-terminal lobe of the
Cdk, and this, then, is the fully active state.

Cyclin binding and CAK phosphorylation
can be used to control entry to mitosis directly
if a threshold of cyclin—Cdk activity must be
reached to push cells into mitosis. The validity
of this “threshold” hypothesis has been elegantly
shown in genetically engineered fission yeast
(Coudreuse and Nurse 2010), and the regulation
of Cdk activity by local cyclin levels alone ap-
pears to be used to control mitosis in systems,
such as rapidly dividing early Drosophila embry-
os (Su et al. 1998; McCleland et al. 2009). In
other systems, however, the mitotic cyclin—
Cdk complex accumulates in an inactive form
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Figure 1. Mitotic entry network. The core regulatory module is indicated as a green rectangle. Dark gray lines
indicate the interactions during a nonperturbed mitotic cell cycle. Yellow lines indicate interaction on DNA
damage or stress-activated G, checkpoint signaling. Question marks in red circles indicate interactions that are
contentious or not proven. Green and red colored text indicates processes that are stimulated and inhibited by
cyclin B/Cdk1 during mitosis, respectively. Question marks indicate processes in which the direct involvement
of cyclin B/Cdk1 is not clear or not proven. APC, Anaphase-promoting complex; CDK, cyclin-dependent
kinase; ER, endoplasmic reticulum; SAC, spindle assembly checkpoint.

through phosphorylation on a conserved tyro-
sine residue and, in some systems, the adjacent
threonine residue, both in the ATP-binding site
of the Cdk. Phosphorylation on these sites pre-
vents the transfer of phosphate to a substrate
(Atherton-Fessler et al. 1993). Subsequently,
this complex can be rapidly activated by dephos-
phorylating the inhibitory sites to drive cells into
mitosis. The Weel family of protein kinases,
which inhibit the cyclin—Cdks and the antago-
nistic Cdc25 phosphatase family, are both con-
served through yeast and animal evolution (al-
though, perhaps, not in plants [Francis 2011]).
The ability to control the key regulator of mitotic
entry by phosphorylation/dephosphorylation
allows the integration of signals from different

pathways to control the timing of mitosis. Which
pathways converge on the Weel and Cdc25 reg-
ulators depends on the biology of the organism.
For example, in budding yeast, instead of entry
to mitosis (Amon et al. 1992), it is used earlier in
the cell cycle to arrest cells should synthesis of the
bud be perturbed (the morphogenesis check-
point) (Lew and Reed 1995). In many systems,
unreplicated or damaged DNA activates “check-
point” pathways that tip the balance in favor of
Weel and against Cdc25 to prevent mitosis (re-
viewed in Langerak 2011). This can be achieved
by stabilizing Weel-like kinases and destabiliz-
ing or inhibiting Cdc25 phosphatases. Fission
yeast cells control the size at which they divide;
therefore, the Weel-Cdc25 axis can be regulated
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by the target of rapamycin (TOR) pathway that
responds to the nutritional state of the cell (Pe-
tersen and Nurse 2007; Atkin et al. 2014). The
controls on the timing of mitosis in other sys-
tems are much less clear. Aside from the negative
regulation by DNA damage, a number of factors
have been implicated, including negative regu-
lation by stress and, in animal cells, positive reg-
ulation by the other important mitotic cyclin,
cyclin A. Cyclin A—Cdk can promote mitosis
both through activating the transcription of
other mitotic regulators (Laoukili et al. 2005)
and, posttranscriptionally, in a much less well-
defined manner (Furuno et al. 1999).

The balance between Weel and Cdc25 ac-
tivities has been shown to impose switch-like
behavior on the entry to mitosis in a number
of systems. This is most clearly illustrated in the
early Xenopus embryo, in which both Weel and
Cdc25 are ultrasensitive substrates of cyclin B—
Cdk itself (Kim and Ferrell 2007; Trunnell et al.
2011). Taking Weel first, cyclin B—Cdk1 phos-
phorylates Weel on two different sets of phos-
phorylation sites. The first set of sites that are
phosphorylated do not affect Weel kinase ac-
tivity, but serve to buffer the system such that
cyclin B—Cdk1 activity must reach a critical
threshold before it can phosphorylate the sec-
ond set of sites. These inhibit Weel kinase ac-
tivity, thereby setting up a double-negative feed-
back loop because the reduction in Weel
activity allows more cyclin B—Cdk1 to be acti-
vated (Kim and Ferrell 2007). A similar, positive
feedback loop is also set up by cyclin B—Cdkl,
which phosphorylates and activates Cdc25 (Ku-
magai and Dunphy 1992; Trunnell et al. 2011).
Together, these feedback loops ensure that once
cyclin B1-Cdk1 activity passes a threshold,
activation rapidly goes to completion. This
mechanism of rapid cyclin B—Cdkl activa-
tion has recently been shown to be particularly
important to coordinate entry to mitosis in
the very large (1 mm diameter) Xenopus egg,
in which an initial, local activation of cyclin
B—Cdk1 rapidly self-propagates to activate the
kinase throughout the cell within a few minutes
(Chang 2013).

Whether this rapid, self-propagating switch
applies in the much smaller cells of other or-

ganisms is unclear. For example, in human
cells, Weel does not appear to be inhibited
through phosphorylation by cyclin—Cdks; in-
stead, phosphorylation targets Weel for pro-
teolysis through generating a phosphodegron
(Watanabe et al. 1995). Similarly, although one
Cdc25 isoform is activated by phosphorylation
in mammalian cells, this particular isoform
(Cdc25C) is not essential in the mouse (Chen
etal. 2001; Ferguson et al. 2005). In contrast, the
essential Cdc25A isoform (Lee et al. 2009) is not
activated, but made more stable after phosphor-
ylation by cyclin B—Cdk1 (Mailand et al. 2002);
this generates a much slower positive feedback
loop because it is limited by the rate of transla-
tion of Cdc25A. Moreover, in mammalian cells,
two different measures of cyclin B1-Cdkl acti-
vation, immunofluorescence staining of fixed
cells (Lindqvist et al. 2007) and a Forster reso-
nance energy transfer (FRET)—based sensor in
living cells (Gavet and Pines 2010b), indicate
that cyclin B1-Cdkl is activated on a time scale
of ~30 min. This slower increase in cyclin B—
Cdk1 levels seems to be important in coordinat-
ing mitotic entry because it triggers different
events at dissimilar thresholds; cell rounding
and the nuclear import of cyclin B—Cdk are
the first events to be initiated, and APC/C acti-
vation and NEBD are the last (Gavet and Pines
2010a,b).

Nevertheless, there is evidence for the local
activation of cyclin B—Cdkl1 in other systems.
The strongest evidence is in fission yeast, in
which cyclin B—Cdk is first activated on the
spindle pole bodies (SPBs), the organelles that
nucleate microtubules to form the mitotic spin-
dle. Locally activated cyclin B—Cdk recruits an-
other mitotic regulator, Plol (a member of the
conserved Polo-like kinase family, which plays
key roles in mitosis in all systems), to the SPB.
Once recruited to the SPB, Plol triggers the
growth of the cell and sets the timing for mitotic
commitment (Grallert et al. 2013). Elements of
this control appear to be conserved; there is
evidence that human cyclin B—Cdk1 is first ac-
tivated on centrosomes (Jackman et al. 2003),
the equivalent organelles to SPBs. Moreover,
mitotic timing is strongly influenced by Plkl,
an essential member of the Polo-like kinase
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family in mammalian cells, because inhibiting
Plkl in human cells delays mitosis by several
hours (Lenart et al. 2007). It is not yet clear
exactly how human Plkl regulates the timing
of mitosis. Acting together with cyclin B-
Cdkl, it generates a phosphodegron on Weel,
which is recognized by the b-TrCP Skp1-Cull-
F-box protein (SCF) ubiquitin ligase (Watanabe
et al. 1995), but whether this is sufficient to
explain its requirement is not clear.

PIk1 has also been proposed to help trigger
mitosis by promoting the rapid movement
of cyclin Bl into the nucleus before NEBD
(Toyoshima-Morimoto et al. 2001). This is a
conserved feature of mitosis in animal cells in
which the B-type cyclins have a nuclear export
sequence in their amino terminus (Hagting
et al. 1998; Toyoshima et al. 1998; Yang et al.
1998) and an ill-defined nuclear import (Yang
et al. 1998; Takizawa et al. 1999; Jackman et al.
2002); as a result, the cyclin B—Cdk complex
constantly shuttles between the nucleus and
the cytoplasm in interphase, but the bulk of
the protein is cytoplasmic. Coincident with its
activation ~20 min before NEBD (Lindqvist
etal. 2007; Gavet and Pines 2010b), a large frac-
tion of cyclin B—Cdkl moves quickly into the
nucleus (Pines and Hunter 1991; Ookata et al.
1992; Hagting et al. 1998), and it was reported
that Plkl is required for this by inhibiting
the nuclear export of human cyclin B1-Cdkl
(Toyoshima-Morimoto et al. 2002). More re-
cent studies, however, showed that cyclin B1-
Cdk1 activation is sufficient to promote its own
rapid movement into the nucleus in the absence
of PIk1 activity (Gavet and Pines 2010a).

The exact function of the striking change in
cyclin B—Cdk localization in prophase is not yet
clear. Altering the nuclear:cytoplasmic ratio
could contribute to a spatially regulated positive
feedback loop (Santos et al. 2012), but it also
appears to be required to synchronize events in
the nucleus and cytoplasm (Gavet and Pines
2010a). Indeed, Erich Nigg has called cyclin
B—Cdk the “workhorse” of mitosis because it
phosphorylates a very large number of sub-
strates, including structural proteins as well as
other mitotic regulators (Nigg 1993; Errico et al.
2010; Pagliuca etal. 2011). Thus, this kinase has
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an important role in restructuring the mitotic
cell. This large number of substrates has made
defining the myriad roles of cyclin B—Cdk in
mitosis very challenging; it has been implicated
in reshaping the microtubule cytoskeleton, in-
termediate filament and actin cytoskeletons,
chromosome architecture, and the membrane
compartments, promoting NEBD, and regulat-
ing the timing of anaphase and cytokinesis (re-
viewed in Nigg 1991, 1993; Errico et al. 2010). In
many of these roles, cyclin B—Cdk activity is
coordinated with other key mitotic kinases, no-
tably the Plk and Aurora kinases.

The relation between cyclin B—Cdk and
members of the Plk family is particularly in-
timate. The mitotic Plk (Plkl in human cells)
has a conserved phosphoserine/phosphothreo-
nine-binding domain in its carboxyl terminus
that is called the Polo box (Yaffe et al. 1997).
This domain particularly favors Ser-phospho-
Ser or Ser-phospho-Thr motifs, and an exami-
nation of Plk1-binding partners reveals enrich-
ment for proteins, in which this dipeptide is
followed by a proline (Lowery et al. 2007). Ser-
Pro and Thr-Pro are the minimal motifs recog-
nized by the Cdks; thus, for many substrates, the
actions of the cyclin B—Cdk and Plk1 kinases
are coordinated through cyclin B—Cdk phos-
phorylation creating a Plkl-binding site. Note
that this, again, emphasizes the importance of
the spatial relationship between the kinases and
their substrates. This coordination is impor-
tant in cells with an open mitosis where cyclin
B-Cdk1 and Pk kinases are both required for
complete disassembly of the pore (Muhlhausser
and Kutay 2007).

Spatial control is also evident in the regula-
tion of Aurora kinase activity. Like the Polo fam-
ily, this conserved family of kinases was first
identified in Drosophila. In animal cells, the Au-
rora A kinase is particularly important in form-
ing the mitotic spindle through regulating mi-
crotubule nucleation from the centrosomes (see
Reber and Hyman 2015). In vertebrates, the
TPX2 protein also plays an important role by
activating Aurora A through suppressing its de-
phosphorylation by the PP1 phosphatase (Bay-
liss et al. 2003) and recruiting Aurora A to mi-
crotubules (Wittmann et al. 2000; Kufer et al.
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2002). The TPX2—Aurora A complex is then
regulated by the PP6 phosphatase, which de-
phosphorylates the activatory T-loop phos-
phorylation on Aurora A (Zeng et al. 2010).
The Aurora kinases, subsequently, have a crucial
role in correcting erroneous microtubule at-
tachments to the kinetochores, which depends
on a spatial gradient set up at the centromere
between Aurora (specifically, Aurora B in ani-
mal cells) and its antagonistic phosphatase, PP1
(see Cheeseman 2014). Once cells begin ana-
phase, Aurora B moves from the centromeres
to the microtubules to coordinate cytokinesis
(see D’Avino et al. 2015), and this change in
localization depends on the decline in cyclin
B-Cdk kinase and ubiquitin modification by
Cul3-containing ubiquitin ligases, which make
centromere-bound Aurora B a substrate for the
P97 AAA ATPase (Sumara et al. 2007).

Inhibiting Protein Phosphatases

Most of the effort in mitosis research has fo-
cused on these essential protein kinases (cyclin
B—Cdk, Plk, and Aurora), but, recently, the im-
portance of controlling the antagonistic phos-
phatases has returned to view (reviewed in Bol-
len et al. 2009). Genetic screens in fission yeast
(Kinoshita et al. 1990) and small interfering
RNA (siRNA) screens in Drosophila cells (Chen
et al. 2007) had identified the PP1 and PP2A
families of phosphatases as playing important
roles in mitosis, particularly in anaphase and
mitotic exit. In addition, budding yeast depends
on Cdcl4 to dephosphorylate Cdk substrates
(Ser-Pro and Thr-Pro motifs) to promote mi-
totic exit (reviewed in D’Amours and Amon
2004), a role that does not appear to be con-
served in fission yeast or animal cells (Mocciaro
et al. 2010; reviewed in Mocciaro and Schiebel
2010). It was a biochemical study using Xenopus
extracts that underlined the importance of con-
trolling phosphatases for mitotic entry. Mo-
chida et al. showed that activating cyclin B—
Cdk kinase was not sufficient to drive cells into
mitosis; a member of the PP2A phosphatase
family that antagonized cyclin B—Cdkl had
to be inactivated too (Mochida et al. 2009). A
flurry of papers followed, which rapidly re-

vealed that another feedback loop was at work
(Gharbi-Ayachi et al. 2010; Mochida et al. 2010;
Rangone et al. 2011; Blake-Hodek et al. 2012;
Williams et al. 2014); more importantly, they
revealed how a specific PP2A complex could be
inhibited without affecting other complexes.
Briefly, the Scant/Greatwall kinase is activated
by cyclin—Cdk as cells enter mitosis (Blake-
Hodek et al. 2012), and this phosphorylates a
small, abundant protein called ENSA/ARPP19
(Gharbi-Ayachi etal. 2010; Mochida et al. 2010).
Phospho-ENSA binds specifically to one type of
PP2A complex (B55) as a competitive substrate
inhibitor (Gharbi-Ayachi et al. 2010; Mochida
et al. 2010; Williams et al. 2014). Phospho-
ENSA is then slowly dephosphorylated by
PP2A, which allows PP2A to reactivate once cy-
clin—Cdk and Greatwall kinase activity decline
later in mitosis (Williams et al. 2014).

This was a particularly important mecha-
nism to decipher because there are only a few
protein phosphatase catalytic subunits in the
cell, and these have very broad substrate speci-
ficity. Their exquisite substrate selection is con-
ferred by incorporating the catalytic subunit
into one of many different complexes, each con-
taining a specific targeting subunit (reviewed in
Virshup and Shenolikar 2009). This subunit re-
cruits the phosphatase complex to a particular
place, often at a specific time in the cell cycle, and
also influences substrate binding. An inhibitor
that only recognized the catalytic subunit would
inhibit multiple different complexes all at the
same time, which would not allow for regulation
at the spatial and temporal levels that we are
beginning to discover in cells. By generating a
small molecule inhibitor that targets a specific
subcomplex, the cell is able to inhibit only a
subpopulation of the PP2A complexes, in both
a spatially and temporally controlled manner.

Greatwall and ENSA, and their kinase sub-
strate relationship, are conserved from yeast
through to man, but they are adapted to the par-
ticular needs of the organism. Thus, itis required
for Xenopus extracts to enter mitosis, whereas
mammalian cells are able to enter mitosis in
the absence of Greatwall, but cannot maintain
the mitotic state (Manchado et al. 2010). This
may be because ENSA can be phosphorylated
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directly by cyclin—Cdk complexes (Okumura
et al. 2014), and this is sufficient to allow cells
to enter mitosis. By contrast, in budding yeast,
the Greatwall-ENSA homologs (Riml5 and
Igol and -2) help to localize and maintain
PP2A activity, which itself promotes mitotic en-
try by antagonizing the inhibitory effect of the
Weel homolog, Swel (Juanes et al. 2013).

PP1 is the other highly abundant phospha-
tase in cells. As discussed above, in large part,
the catalytic subunit of PP1 is regulated by re-
cruiting it to specific proteins at precise times.
These proteins have docking sites for PP1 with a
core consensus motif of (R/K-V-X-F), (F-x-x-
R/K-x-R/K), or (RRVTW) (Bollen et al. 2010;
Heroes et al. 2013). In addition, there is a global
inhibition of PP1 activity as cells enter mitosis
because cyclin B—Cdk phosphorylates the cata-
lytic subunit of PP1 at an inhibitory site on its
carboxyl terminus (Wu et al. 2009).

SISTER CHROMATID SEPARATION

Once cells have entered mitosis, their progress
through division is largely regulated by ubiqui-
tin-mediated proteolysis, which works by both
altering the local balance of protein kinases and
phosphatases, and through activating separase,
an essential protease that cleaves the cohesin
rings holding sister chromatids (Siomos et al.
2001) and centrioles (Schockel et al. 2011) to-
gether. Crucially, the ubiquitin ligase that con-
trols mitosis is itself controlled by a checkpoint
mechanism that detects whether kinetochores
are properly attached to the mitotic spindle.
This is essential to the proper segregation of
sister chromatids and, thus, genomic stability.
Ubiquitin-mediated proteolysis is facilitat-
ed by E2 enzymes that carry the ubiquitin and
an E3 enzyme, or ubiquitin ligase, which binds
the E2 and the substrate to bring them in close
proximity to each other (reviewed in Hershko
and Ciechanover 1998). The E2 then transfers
the ubiquitin to the nearest available lysine,
which can be on the substrate or an ubiquitin
moiety already conjugated to the substrate.
Thus, chains of ubiquitin are built up on the
substrate, and specific types of chains are recog-
nized by receptors on the 26S proteasome

The Biochemistry of Mitosis

(Pickart 2001). Once a polyubiquitylated sub-
strate binds to the proteasome, it is unfolded by
ATPases in the cap of the proteasome and fed
into the catalytic cylinder of the proteasome in
which the peptide chain is cleaved by multiple
proteases (Ciechanover 1994).

The key E3 or ubiquitin ligase that controls
mitosis is called the APC/C (reviewed in Bar-
ford 2011; Pines 2011), and this works with two
E2 enzymes that work in tandem. One E2, Ubc4
in budding yeast, UbcH10, or UbcH5 in ani-
mal cells adds the first ubiquitins to the sub-
strate, and a second E2, Ubcl (budding yeast),
or Ube2S (animal) extends the ubiquitin chain
(Rodrigo-Brenni and Morgan 2007; Garnett et
al. 2009; Williamson et al. 2011). The E2 binds
to one of the subunits of the APC/C, APC11.
The APC/C has ~15 subunits, the exact num-
ber depends on the organism, and is able to
recognize a large number of different proteins,
but each at a specific phase of mitosis or the
subsequent G; phase (see Fig. 2) (reviewed in
Pines 2006, 2011).

The APC/C recognizes its substrates
through several different degrons, and recent
structural data have begun to reveal how these
degrons are recognized. The destruction box
(D-box) was the first APC/C degron identified
(Glotzer et al. 1991), and this ~10-amino-acid
motif binds to a bipartite receptor composed of
the APC10 subunit and a second coactivator
protein, Cdc20 (Passmore et al. 2003; Passmore
and Barford 2005; Matyskiela and Morgan 2009;
Buschhorn et al. 2011; da Fonseca et al. 2011;
Izawa and Pines 2011; He et al. 2013). Cdc20 is
replaced by Cdh1 later in mitosis in somatic cell
cycles. Cdc20 and Cdhl bind reversibly to the
APC/C and, in doing so, activate it by changing
its conformation to reposition APC11 to recruit
the E2 enzyme in closer proximity to the bound
substrate (Chang et al. 2014). Cdc20 and Cdhl
are WD40 family members and the amino-
terminal residues of the D-box bind between
blades 1 and 7 of the WD40 domain; the car-
boxy-terminal residues bind to APC10 (He et al.
2013). A second degron, Lys-Glu-Asn, called the
KEN-box, binds to the top surface of the WD40
domain (Kraft et al. 2005; Buschhorn etal. 2011;
Chao et al. 2012).
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Figure 2. APC/C-mediated proteolysis in mitosis. Time line of progress through mitosis with the times at which
some important APC/C substrates are degraded indicated below the line. The spindle checkpoint prevents the
degradation of all the indicated APC/C substrates, except cyclin A and Nek2A. The exchange of Cdc20 for Cdh1
in anaphase is required for the degradation of Aurora A, but not for some other substrates, including PIk1 and

Cdc20. NEBD, nuclear envelope breakdown.

The APC/C is activated in mitosis, coinci-
dent with NEBD in metazoan cells (den Elzen
and Pines 2001; Geley et al. 2001; Wolthuis et al.
2008) and this depends on cyclin B—Cdk activ-
ity, but exactly how this works is not clear. Cy-
clin B-Cdk phosphorylates the APC/C and this
enhances the binding of Cdc20, but may not
be essential for APC/C activity (Rudner and
Murray 2000). Cyclin B—Cdk also phosphory-
lates Cdc20, but here the effect is more com-
plicated. Some Cdk sites may activate Cdc20,
whereas others may inhibit Cdc20 (Listovsky
et al. 2000; Kraft et al. 2003; Labit et al. 2012);
therefore, it is likely that there is an important
interplay between cyclin B—Cdk phosphoryla-
tion and Cdc20 or APC/C-associated phospha-
tase(s), which control APC/C activation.

That cyclin B—Cdk activates the APC/C
poses a problem for the cell because cells require
cyclin B—Cdk activity to remain in mitosis, yet
cyclin B is an APC/C substrate and its degrada-
tion inactivates its partner Cdk. This would se-
verely limit the time that a cell could remain in
mitosis to build a spindle and then correctly
attach all its chromosomes. The solution to
this problem is the spindle assembly checkpoint
(SAC), which detects any kinetochores that are
not correctly attached to microtubules (Hoyt

et al. 1991; Li and Murray 1991; Li and Nicklas
1995; Rieder et al. 1995), and prevents the APC/
C from recognizing cyclin B and another key
substrate, securin (reviewed in Lara-Gonzalez
et al. 2012). Although the mechanism of the
SAC has not been completely elucidated, the
key principles are known. Unattached kineto-
chores recruit a set of checkpoint proteins that
were first identified by genetic screens in yeast
(Hoytetal. 1991; Liand Murray 1991). These are
the MAD and BUB proteins, plus the MPSI
kinase. Our current understanding is that the
recruitment of (at least) MAD1, MAD2, and
BUBI to unattached kinetochores catalyzes the
assembly of an APC/C inhibitor (De Antoni
et al. 2005) called the mitotic checkpoint com-
plex (MCC) (Sudakin et al. 2001) through facil-
itating the binding between MAD2 and CDC20
(see Fig.3) (De Antoni et al. 2005; Kulukian et al.
2009). The MCC is composed of the MAD2,
BUBRI1, and BUB3 proteins that are tightly
bound to CDC20 (Sudakin et al. 2001; Chao
et al. 2012). This complex inactivates CDC20
and prevents it from activating the APC/C be-
cause MAD?2 binds to a motif on CDC20 that is
required to bind the APC/C (Chao et al. 2012;
Izawa and Pines2012). AKEN box in the BUBR1
protein further inactivates CDC20 by binding

8 Cite this article as Cold Spring Harb Perspect Biol 2015;7:a015776



m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voo’

www.cshperspectives.org

The Biochemistry of Mitosis

MCC

Figure 3. Simplified model for how the mitotic checkpoint complex (MCC) may be generated at the kinteochore.
The Bubl, Bub3, BubR1, Madl, and Mad2 SAC proteins bind to unattached kinetochore, depending on Mpsl
activity. Bub3/Bubl and Bub3 /BubR1 bind Knl1 after phosphorylation by Mps1. Mad1 binds too tightly to one
moleculeof Mad2 inits closed conformation (Mad2c). The Mad1 —Mad2c complex recruitsamolecule of Mad2 in
its open conformation (Mad20), and catalyzes a conformational change to Mad2c to enable it to bind Cdc20.
Question marks indicate protein—protein interactions and other aspects of MCC assembly that are still incom-

pletely understood.

to the top surface of CDC20, thereby acting as a
pseudosubstrate inhibitor (Burton and Solo-
mon 2007; Chao et al. 2012). There must be
further mechanisms by which the MCC inhibits
the APC/C, however, because the MCC subse-
quently binds to the APC/C.

Despite inhibiting CDC20, the MCC is un-
able to prevent the destruction of at least two
APC/C substrates: cyclin A and Nek2A (den
Elzen and Pines 2001; Geley et al. 2001; Hames
et al. 2001). How Nek2A escapes inhibition is
not yet clear, but depends on its ability to bind
directly to the APC/C through its carboxy-ter-
minal dipeptide Ile-Arg motif (Hayes et al.
2006). How cyclin A escapes is now a little clear-
er; it also depends on the ability of cyclin—Cdk
to bind to the APC/C, which it does through

the anion-binding Cks subunit that binds phos-
phorylated APC/C (Wolthuis et al. 2008; Di
Fiore and Pines 2010). The second requirement
is a direct interaction with CDC20 mediated
by the amino terminus of cyclin A (Wolthuis
et al. 2008; Di Fiore and Pines 2010). Moreover,
cyclin A is able to compete with one of the MCC
components, BUBRI, for binding to CDC20
(Di Fiore and Pines 2010). Thus, even while
the SAC is generating the MCC to inhibit ana-
phase, cyclin A can bind sufficient CDC20 to
target itself for ubiquitylation by the APC/C.
Whether cyclin A has to be degraded in pro-
metaphase is not clear, but a recent study found
that persistent cyclin A—Cdk activity in pro-
metaphase could perturb proper sister chroma-
tid separation by altering kinetochore—micro-
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tubule interactions (Kabeche and Compton
2013).

The SAC continues to inhibit the APC/C
until the last kinetochore attaches to the mitotic
apparatus (Rieder et al. 1995). At this point, the
SAC is turned off (metaphase), and very quickly
after this, the APC/C begins to target cyclin B
and securin for degradation (Clute and Pines
1999; Hagting et al. 2002; Collin et al. 2013;
Dick and Gerlich 2013). It is still not understood
how inactivation of the SAC and activation of
the APC/C are so closely coupled; in particular,
this implies that the MCC must have a very
short half-life, which is difficult to reconcile
with the potency of the SAC that can inhibit
the APC/C when only a few kinetochores are
unattached (Rieder et al. 1995; Collin et al. 2013;
Dick and Gerlich 2013). But recent attention
has focused on mutual inhibition between the
MCC and the APC/C (Reddy et al. 2007), which
requires a particular APC/C subunit, APC15
(Mansfeld et al. 2011; Foster and Morgan
2012; Uzunova et al. 2012). In animal cells, a
second important player for MCC disassembly
is the p31°°™ protein (Habu et al. 2002; Teich-
neretal. 2011; Westhorpe etal. 2011), which has
recently been implicated in targeting an AAA
ATPase to the MCC to initiate its disassembly
(Eytan et al. 2014; Wang et al. 2014).

The cell separates its sister chromatids (ana-
phase) a few minutes after the APC/C begins to
degrade cyclin B and securin. This is because
both cyclin B—Cdk and securin inhibit the sep-
arase protease (Stemmann et al. 2001; Holland
and Taylor 2006; Huang et al. 2008) that, once
active, cleaves the Sccl subunit of the cohesin
complex, which holds the two sister chromatids
together (see Hirano 2015). In animal cells, most
of the cohesin complex on chromosome arms is
removed by the Plkl kinase (Hauf et al. 2005),
but cohesin complexes remain at the centromere
protected by the Shugoshin protein, which re-
cruits an antagonistic PP2A phosphatase (Kita-
jima et al. 2006; Riedel et al. 2006; Tang et al.
2006). This illustrates the importance of spatial
control of phosphatase activity because, clearly,
this complex must not be inactivated as cells en-
ter mitosis, but remain active until all the chro-
mosomes have attached to the mitotic spindle.

Mitotic Exit

Anaphase is, effectively, the point of no return
in mitosis. After the sister chromatids have sep-
arated, the cell is committed to exit mitosis be-
cause cyclin B—Cdk levels drop below the level
required to keep cells in mitosis, and the cell has
to coordinate the reshaping of its subcellular
architecture to execute cytokinesis and return
to the interphase state. Here, APC/C-mediated
proteolysis plays some role, notably in degrad-
ing Plkl and the Aurora kinases (Lindon and
Pines 2004; Floyd et al. 2008), but the major part
is played by phosphatases. In budding yeast,
Cdcl14 is important and is activated when the
cyclin—Cdkl levels drop below a threshold that
allows Cdc14 to be released from a nuclear in-
hibitor by a pathway that also requires separase
(reviewed in Stegmeier and Amon 2004; Rock
and Amon 2009). In most other systems, the
PP1 and PP2A complexes are most clearly im-
plicated in controlling anaphase and mitotic
exit (Kinoshita et al. 1990; Vagnarelli et al.
2011; Wurzenberger et al. 2012).

Global PP1 activity begins to increase in
anaphase as cyclin B—Cdk activity drops be-
cause PP1 can autoactivate by removing the in-
hibitory phosphatase on its carboxyl terminus
(Wu et al. 2009). PP1 is targeted to a number
of structures in anaphase to help to reshape the
subcellular architecture during mitotic exit. For
example, Repo-Man protein targets PP1 to
chromosomes in anaphase to coordinate chro-
mosome decondensation (Vagnarelli et al.
2011), and the AKAP149 protein targets PP1
to the nuclear envelope to allow nuclear lamin
reassembly (Steen et al. 2000). The drop in cy-
clin—Cdk activity levels in anaphase indirectly
reactivates PP2A complexes because Greatwall
kinase depends on cyclin—Cdk for its activity.
As Greatwall activity declines, so does the rate at
which phospho-ENSA is generated, thereby
shifting the balance toward PP2A dephosphor-
ylating and inactivating ENSA (Cundell et al.
2013; Williams et al. 2014). Reactivation of
PP1,PP2A, and other phosphatases in a spatially
and temporally coordinated fashion reshapes
the cell to its interphase architecture and resets
it to begin the next cycle of DNA replication, or
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to choose the alternative fates of quiescence or
differentiation.

CONCLUDING REMARKS

Many years of research in a variety of powerful
model systems has revealed the conserved core
of the biochemistry of mitosis, but a number of
important questions still remain. We still do not
know what finally triggers mitosis in a normally
dividing cell. Clearly, there are a number of sig-
naling pathways that are integrated at this deci-
sion, but whether cells finally enter mitosis sim-
ply when all the negative inputs are turned off,
or whether there is a key positive signal(s) that
gives the final push, or whether mitosis is initi-
ated once the balance tips between positive and
negative feedback loops is unclear. Moreover, it
is likely that different signaling pathways can
inform the decision in different organisms
and, indeed, cell types; when and where an ep-
ithelial cell divides differs from a fibroblast or a
hepatocyte, for example.

Once the decision has been made (or the
balance toward mitosis shifted), the cell un-
dergoes a remarkably quick reorganization of
most of its subcellular architecture, on the me-
chanics of which we have very little understand-
ing. Mass spectrometry screens have identified
a myriad of phosphorylation sites in mitosis,
but how these cause interphase structures to
disassemble and mitotic structures to assemble
is a highly complex problem. In silico modeling
of the behavior of mitotic spindle components
derived from studies with purified proteins have
indicated that the mitotic spindle can self-orga-
nize from just a few key proteins (see Reber and
Hyman 2015), but we have a long way to go to
understand the mitotic cell as a whole.

Progress through mitosis depends critically
on ubiquitin-mediated proteolysis directed by
the APC/C, subject to control by the SAC. Our
knowledge of how the APC/C works is advanc-
ing at a rapid rate, but it is not yet clear how it
can recognize the right protein at the right time,
especially in anaphase and after, nor how unat-
tached kinetochores generate the MCC and
negatively couple this to microtubule attach-
ment. Similarly, the close temporal coupling

The Biochemistry of Mitosis

between the APC/C and the SAC depends on
the biochemistry of MCC assembly and dis-
assembly, which has not yet been clarified.
What is needed here are more quantitative
data on molecule numbers, and association
and dissociation constants, to inform models
of how a few unattached kinetochores can gen-
erate sufficient MCC to keep the APC/C in
check, but still allow rapid APC/C activation
once the SAC is turned off.

Finally, understanding the coordination of
events during mitotic exit is clearly as great a
challenge as understanding mitotic entry, but
our knowledge lags behind the wealth of data
generated on mitotic kinases and entry. The re-
cent focus on protein phosphatases and their
global and local control is already beginning
to illuminate this crucial but relatively neglected
aspect of cell division.
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