Text S1: A consensus picture of mitotic exit in budding yeast

Eukaryotic cells replicate and partition their DNA molecules in two distinct, coordinated phases.
During S phase, each double-stranded DNA molecule is replicated to form two identical sister
chromatids that are held together by cohesins (tethering proteins). During M phase, the cell
builds a bipolar mitotic spindle, condenses its replicated chromosomes and aligns them on the
metaphase plate with one chromatid attached to one pole of the spindle and its sister attached to
the other pole, with the cohesin proteins maintaining tension between the two. When the
replicated chromosomes are all properly aligned on the mitotic spindle (metaphase), the cell
activates a protease (separase) that cleaves the cohesins, thereby allowing the sister chromatids to
be pulled to opposite poles of the spindle (anaphase). Subsequently, in telophase, the cell divides
into two daughter cells, each one containing a complete set of chromosomes. In a typical
eukaryotic cell cycle, S and M phases are separated by two gaps, G1 and G2 phases,

characterized (respectively) by unreplicated and replicated chromosomes.

Cyclin-dependent kinases (Cdks) are the master regulators of the eukaryotic cell cycle. When
associated with the appropriate cyclins, Cdks phosphorylate specific target proteins and trigger
crucial events of the cell cycle, including DNA replication, nuclear envelope breakdown,
chromosome condensation, and spindle assembly. Entry into mitosis in the budding yeast cell is
promoted by Cdk in complex with mitotic cyclins (Clbl, Clb2, CIb3, and Clb4) [1].

Cdk subunits are present in excess during the cell cycle. The activity of Cdk-cyclin complexes is
regulated in three different ways [2]. First, the availability of cyclin subunits is controlled by
transcription factors and by ubiquitin-dependent proteolysis systems. The anaphase-promoting
complex (APC) [3], a multisubunit ubiquitin ligase, degrades cyclin proteins in anaphase.
Second, Cdk/cyclin activity can be regulated by phosphorylation of the kinase subunit, and third,
Cdk-cyclin dimers can be inactivated by binding to Cdk inhibitors (CKIs) [4-6]. The availability
of a CKI depends on its production rate, which is governed by transcription factors, and its

destruction rate, which is governed by a ubiquitin-ligase pathway [7].



Polo kinases (Plks) are also pivotal regulators of the M phase and are conserved from yeasts to
humans. Plks play key roles during entry into mitosis, bipolar spindle formation, chromosome
segregation, and cytokinesis [8]. In budding yeast, polo kinase (Cdc5) promotes anaphase by
phosphorylating the cohesin subunit, Sccl, which enhances the cleavage of Sccl by separase
(Espl) [9]. Cdc5is required for proper spindle microtubule dynamics [10]. Cdc5 also influences
Cdk activity by antagonizing Swel, an inhibitory kinase for Cdk [11].

Cdc5 activity is regulated by transcriptional control, phosphorylation, and proteolysis. Cdk is
important in maintaining Cdc5 activity in vivo and can stimulate Cdc5 activity through
phosphorylation within a short region of the catalytic domain (T-loop) [12]. Cdc5 degradation
involves the Cdh1/APC complex and depends on an amino-terminal destruction signal [13]. If
Polo activity is compromised, as in cdc5-1 mutant cells, the division-promoting proteins Cdc15,
Dbf2, and Mob1 fail to be recruited to the spindle pole.

During prometaphase, when Cdk and Polo activities are high and replicated chromosomes are
being aligned on the mitotic spindle, the spindle assembly checkpoint (SAC) holds Cdc20/APC
in an inactive complex with Mad2, an essential SAC protein. When the chromosomes are all
properly aligned, Mad2 disengages and Cdc20/APC initiates proteolysis of Pdsl (securin) [14],
thereby liberating the protease Espl (separase), allowing it to cleave cohesins that hold sister
chromatids together. In anaphase, sister chromatids are pulled apart by the elongating spindle

[15]. Cdc20/APC also initiates partial degradation of mitotic cyclins.

To exit from mitosis and divide, a cell must reverse the phosphorylations that were carried out by
Cdk as the cell entered mitosis [16]. In budding yeast, this reversal is normally accomplished in
two stages: first, Cdk activity is reduced by partial degradation of Clb’s by Cdc20/APC [17], and
second, the activation of a Cdk-opposing phosphatase, Cdc14, removes the phosphate groups
from Cdk-target proteins. One of these target proteins is Cdhl, a homolog of Cdc20, which
combines with the APC to promote complete degradation of Clb subunits [18,19]. Cdc14 also
dephosphorylates and stabilizes Sic1 [20], which binds to any remaining Cdk/Clb dimers to form
inactive trimeric complexes. Notice that the timing of events during mitotic exit (ME) is

determined by the sequence of activation of these exit proteins. First, Cdc20 is activated, leading



to activation of separase and separation of sister chromatids (anaphase) and transient activation
of Cdc14. Only after the sister chromatids have been separated does Cdc14 activate Cdhl and
Sicl, leading to the complete elimination of Cdk activity in telophase, accompanied by cell
division and the return of mother and daughter cells to G1 phase.

The transient activation of Cdc14 during ME is a complex process. Prior to the metaphase-
anaphase transition, Cdc14 is confined to the nucleolus in association with Net1, forming a
complex called the regulator of nucleolar silencing and telophase exit (RENT) [21,22]. In
anaphase and telophase, Cdc14 is released from the nucleolus into the nucleoplasm and
cytoplasm, a process driven by the phosphorylation of Netl by Cdk, Cdc5, and other mitotic-exit
kinases [23-25]. Phosphorylated Net1 has a much lower affinity for Cdc14 and cannot sequester
it in the nucleolus [23-25]. Net1 phosphorylation and Cdc14 release, in budding yeast, occur by
two distinct regulatory pathways. At the onset of anaphase, Cdc14 dissociates from Netl by the
action of the Cdc14 early anaphase release (FEAR) pathway [26]. As anaphase proceeds, FEAR-
induced Cdc14 activates a second pathway, the mitotic exit network (MEN), which sustains the
release of Cdc14 and allows budding yeast cells to complete the transition to G1 phase [27-30].
If the MEN is blocked, the FEAR-released Cdc14 returns to the nucleolus before ME can be
completed [26].

Components of the FEAR network include Espl, SIk19, Spo12, Fobl, Cdk/Clb1,2, Cdc5,
protein phosphatase 2A (PP2A) and its regulatory subunit, Cdc55 [26,30]. In prometaphase and
metaphase, when Cdk and Cdc5 activities are high, PP2A/Cdc55 prevents premature Cdc14
release by rapidly dephosphorylating Netl. At anaphase onset, FEAR promotes the first wave of
Netl phosphorylation by downregulating the activity of PP2A/Cdc55 [31]. FEAR-released
Cdc14 induces anaphase events, in particular nuclear movement into the bud compartment
[23,32-36]. Full activation of Cdc14 by MEN is required to complete the process of ME [30].

MEN is an integral part of the spindle position checkpoint, a signal transduction system that
monitors the spatial orientation of the anaphase spindle relative to the polarity axis of the cell at
the bud neck [37]. If the spindle is properly positioned, then in late anaphase the daughter cell

nucleus will be pushed into the bud compartment where its spindle pole body (SPB) will interact



with components of the bud cortex to activate MEN, to sustain the release of Cdc14, and to
complete the events of telophase [37]. If the spindle is improperly positioned, the MEN will not
be activated, Cdc14 will return prematurely to the nucleolus, and the cell will not divide,

allowing time to reposition the spindle if possible [38].

The MEN pathway is a G-protein signaling cascade, composed of a GTPase (Teml), a GTPase-
activating protein (GAP; Bub2/Bfal complex), which converts active Tem1®'™ into inactive
Tem1®PP, and a putative guanine nucleotide exchange factor (GEF; Ltel), which converts
Tem1®P” into Tem1®™. Tem1®™, in combination with Cdc15, activates the Dbf2/Mob1
complex, a protein kinase that is responsible for the phosphorylation of Netl. Cdc5 also plays
essential roles in MEN, including phosphorylation and inactivation of Bub2-Bfal.

ME should occur only after successful segregation of the anaphase nuclei into the mother and
daughter cell compartments. To enforce this requirement, Tem1 is kept inactive by the
Bub2/Bfal complex. It appears that Tem1 is activated following the spindle elongation and
successful segregation of the SPB into the daughter cell, where Tem1 encounters its putative
exchange factor Ltel, which is concentrated in the bud cortex [39-41]. Ltel and Bfal are also
phosphorylated in a CDC5-dependent manner [29,42], suggesting that Cdc5 promotes Teml
signaling by activating Ltel and inhibiting Bub2/Bfal. The dual pathways (FEAR and MEN)
controlling ME in budding yeast have been called ‘double clutch’ control by [43].
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