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Abstract

Mitotic cyclin-dependent kinases (CDKs) are best known for their essential functions in triggering
entry into M-phase, where they have established roles in nuclear envelope breakdown, chromosome
condensation, and Golgi fragmentation. Whether mitotic CDKs have essential functions within
mitosis is unclear. The work presented in this thesis indicates that mitotic CDKs, Clbl/2-CDKs or
Clb2/3-CDKs, have two essential roles in mitotic progression. First, mitotic CDK activity was found
to be required for the timely degradation of Securin/Pds1 at the metaphase-anaphase transition,
demonstrating a requirement for mitotic CDKs in APC/C-Cdc20 activation in vivo. Second, mitotic
CDK activity was necessary for the elongation of the mitotic spindle in anaphase. This requirement
for mitotic CDKs is independent of cohesin removal and thus constitutes a novel role for CDK
activity in mitotic progression. The dual roles of CDK in initiating loss of sister-chromatid cohesion
and spindle elongation suggest a mechanism by which cells can couple and coordinate these events
during mitosis. In addition, these results support a model in which different CDK activity threshold
requirements help establish the order of events within in M phase, thereby ensuring cells initiate
chromosome segregation only after they accumulate enough CDK activity to condense their
chromosomes and to build a mitotic spindle.
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Chapter I:
Introduction



Cell division is a fundamental biological process by which a single cell transforms into two identical

cells. Biologists have long been fascinated by the inherent complexity of cell division and mystified

by its high fidelity. How is it that a cell, a collection of water, protein, lipid, and sugar can make as

complex a decision as whether or not to divide? Upon deciding to divide, how does a cell ensure that

the processes required for cell division - growth, genome duplication, genome segregation, and

daughter cell separation occur in the appropriate order? It is specifically the ordering of events in the

cellular milieu that is the most intriguing part of cell division. Finally, how does the cell complete

these tasks so well? Cell division is seemingly effortless - just watch any budding yeast do it. Yet,

exquisite controls must be present to ensure that errors are not made during genome duplication and

its subsequent partitioning. For yeast and human cells, errors in chromosome segregation are

deleterious.

The Cell Cycle

Work over the last 100 years has revealed that the eukaryotic cell division program has a nearly

universal architecture consisting of four phases: Gap 1 (G1), Synthesis (S), Gap 2 (G2), and Mitosis

(M) (Figure 1). Growth and the commitment to cell division occur in G 1, DNA synthesis and the

tethering of duplicated sister-chromatids occur in S phase, further growth and preparation for

division occur in G2, and sister-chromatid separation and cell division occur in M phase .

Importantly, cells return to a G 1 state after completing M phase, hence the division program is

cyclical.



Gap2:
Prepare to divide chromosomes

Mitosis:
Divide chromosomes

Synthesis:
Copy chromosomes

0

Centrosome

Kinetochore

Linkages between
sister-chromatids

Mitotic spindle

Gapl:
Prepare to copy chromosomes

Figure 1: The Cell Division Cycle
The cell cycle is divided into four phases. During GI phase, the cell coordinates its
growth with entry into the cell cycle. In many systems, centrosome duplication is
initiated near the G1/S transition. During S phase, the genome is duplicated and sister-
chromatids are bound together by protein linkages. During G2, cells continue their
preparation for M phase and the division of their cytoplasm. During M, centrosomes
separate and organize a microtubule spindle. The mitotic spindle attaches to sister-
chromatids via their kinetochores and drives their separation in anaphase.
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The progression of cells through the cell cycle is controlled by the activity of cyclin-dependent

kinases (CDK) and their activating cyclin partners1,2. Cyclin-CDK complexes are the principal

regulators of all known eukaryotic cell cycles, helping to control both progression through each cell

cycle phase and the transition from one phase to the next. Phase-specific cyclins allow CDKs to

have distinct functions during G1, S, G2, and M phase. In addition, the orderly fluctuations in cyclin

abundance during the cell cycle help establish its directionality (S phase before G2). Cyclin levels

oscillate due to waves of synthesis and rapid proteolysis .

Our current understanding of the cell cycle is a synthesis, based on the work of numerous

investigators who studied the cell cycle in flies, frog eggs extracts, clam embryos, human cancer

cells, and yeast cells. Studies on budding yeast cell division, in particular, have contributed

significantly to our understanding of genes that control cell cycle progression. Budding yeast's

genetic tractability and our ability to synchronize its divisions have been instrumental in making this

organism an essential contributor to cell cycle research.

My thesis work focused on how chromosome segregation is regulated in budding yeast and the roles

mitotic CDKs played in this process. The majority of this thesis will therefore describe cell cycle

events as they occur in budding yeast. However, the regulatory circuits controlling cell division are

highly conserved, and in many cases, function identically in yeast and vertebrate cells. For my

introduction, I will briefly review our understanding of how yeast cyclin-CDK complexes control

progression from GI to M phase and then discuss in detail our current understanding of the

chromosome segregation machinery.



The Saccharomyces cerevisiae Cell Division Cycle

The cell division cycle of budding yeast is driven by a single CDK, CDC28, and 9 cyclin genes,

CLN1-3 and CLBI-6 3. CLNI-3 encode GI cyclins that coordinate growth and the commitment to

cell division, while CLB1-6 encode B-type cyclins that have overlapping functions in S phase and

mitosis (Figure 2). Clb5/Clb6-CDK activity is important for the timely initiation of S phase4'5, while

Clb(1,2,3,4)-CDK activity is important for spindle morphogenesis and progression through mitosis 6-

8. A great deal of functional redundancy is present among the cyclins since no single gene is

essential. For example, all single and pair-wise deletions of the G1 cyclins are viable, but only that

triple mutant is inviable 9.

G1 phase

The progression of yeast cells through GI is regulated by multiple inputs, including nutrient

availability and the presence of a mating partner 3,10. The G1 phase is also where the coordination of

cell growth and cell division occurs ". Although this process remains poorly understood, it is known

to control the translation of Cln3, which form the earliest acting cyclin-CDK complex 12,13. Cln3-

CDK complexes promote the transcription of Clnl and Cln2 by phosphorylating and triggering the

nuclear export of Whi5, a transcriptional repressor bound to the promoters of Clni and Cln2 14,15. The

accumulation of Clnl/2 cyclins is important for a number of GI phase events, including bud

formation, polarity establishment, the duplication of spindle pole bodies (yeast centrosomes), and,

most importantly, for the activation of the S phase cyclins, Clb5 and Clb6 3.
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Figure 2: Cyclin-CDK activity during the budding yeast cell cycle

(A) Budding yeast cyclins are restricted to distinct phases ofthe cell cycle. Cln(l-3)-CDK
activity accumulates in GI while Clb5/6-CDK activity accumulates in S phase. Budding
yeast lack a canonical G2 phase. During late S and early M phase, Clb3/4-CDKs are the first
to accumulate and are quickly fllowed by Clbl/2-CDKs.

(B) Oscillations in cyclin-CDK activity promote cell cycle progression. Cln(l-3)-CDK activity
accumulates in GI, triggering the degradation of the Clb5/6-CDK inhibitor Sicl. The rise in
Clb5/6-CDK activity triggers entry into S phase and DNA synthesis. Clb3/4-CDKs
accumulate in late S/early M and trigger the separation ofyeast SPBs (mitotic entry). Clbl/2-
CDK activity accumulates shortly afer Clb3/4-CDK activity and contributes to SPB
separation. Collectively, Clb(1-4)-CDKs preserve the mitotic state by repressing the
transcription ofGl cyclins and preventing origin re-firing. At the metaphase-anaphase
transition, the entire pool ofS phase Clbs and halfthe pool ofmitotic Clbs are degraded.
Exit from mitosis occurs when mitotic Clb-CDK activity (red) is completely eliminated,
permitting Cln cyclin accumulation and a return to the GI state.





G1/S

Clb5 and Clb6 are present in G1, but Clb5/6-CDK complexes are inactivate because they are bound

by Sicl, a potent CDK inhibitor that is specific to B-type cyclin-CDK complexes 16. Clnl/2-CDK

dependent phosphorylation of Sicl generates a "phospho-degron" that is recognized by an E3

ubiquitin ligase complex, SCF, in association with the specificity factor Cdc4 16-21. SCF-Cdc4

mediated ubiquitylation of Sicl 1 triggers its destruction by the 26S proteosome. The essential function

of the G 1 cyclins appears to be the activation of Clb5/6-CDKs since SIC1 deletion or CLB5 over-

expression can rescue the lethality of cinlA cln2A cln3A cells 4,19,22

S phase

Sic Il degradation at GI/S liberates active Clb5/6-CDKs, which along with other S phase kinases,

promote replication origin firing by phosphorylating pre-replicative complexes (pre-RC) and other

replication factors23 . Although Clb5 and Clb6 are the canonical S phase cyclins, DNA replication

can still occur in clb5A clb6A cells due the remaining 4 B-type cyclins, Clbl-4'6 . Collectively, Clb-

CDKs not only trigger DNA synthesis, they also ensure that it only occurs once per cell cycle by

limiting origin firing during M phase 23.24

During S phase, protein based linkages are established between the duplicated sister chromatids to

ensure they are properly segregated in anaphase. These linkages are mediated by the ring-shaped

cohesin complex, which in budding yeast is composed of four subunits: Sccl/Mcdl, Scc3, Smcl,

Smc3 25.26. The loading of cohesin complexes onto sister chromatids is thought to occur

concomitantly with their replication during S phase, although this process remains poorly understood

27. It is unclear how the cohesin complex promotes sister chromatid cohesion, but its ring like

structure is large enough to embrace both sister chromatids 26



G2

In most organisms, cells are unable to enter mitosis immediately after S phase because of inhibitory

tyrosine phosphorylation of CDK, which is catalyzed by the Wee 1 family of kinases and opposed by

the Cdc25 family of phosphatases 28,29. In G2, Tyr phosphorylation of CDK prevents the

accumulation of mitotic CDK activity, delaying mitotic entry, and allows cells time to continue their

growth and preparation for cell division 1,28. Tyr phosphorylation of CDK also blocks mitotic entry

in response to DNA damage to permit repair 30-32. Expression of a mutant CDK that can no longer be

tyrosine phosphorylated causes premature mitotic entry in S. pombe33 or human cells 34,35, but not in

budding yeast36-39. Tyrosine phosphorylation of CDK does occur in budding yeast, but its primary

function is to delay the cell cycle under specific conditions, such as those that trigger the

morphogenesis checkpoint (which responds to perturbations of the actin cytoskeleton) 40. Therefore,

budding yeast lack a canonical G2 phase and do not undergo a typical G2/M transition.

Mitosis

In animal and plant cells, mitosis has distinct sub-phases that have defined cytological and molecular

markers. Prophase is characterized by chromosome condensation and spindle assembly;

prometaphase by nuclear envelope breakdown and kinetochore capture by microtubules; metaphase

by the congression of oriented sister-chromatids to the cell equator; anaphase by the separation of

sister-chromatids; and telophase by chromosomes de-condensation and nuclear envelope

reformation'. Budding yeast lack all these hallmarks due to their small chromosomes, the

constitutive attachment of kinetochores to microtubules, and the lack of nuclear envelope breakdown

during fungal mitoses. In the absence of clear cytological markers for early M phase, entry into

mitosis and entry into metaphase are indistinguishable events in budding yeast. Mitotic entry is best

defined in this organism by the separation of the duplicated spindle pole bodies (yeast centrosomes)

16



because this event requires mitotic Clb-CDK activity ',7'4 1. Therefore, I will begin my review of M

phase by starting in metaphase and describing how sister-chromatids are properly aligned prior to the

separation.

Metaphase

Faithful chromosome segregation during mitosis requires sister-chromatids to be properly aligned on

the mitotic spindle prior to cohesion loss. Sister-chromatids are aligned in metaphase by the

microtubule based mitotic spindle, which attaches to individual chromatids via the kinetochore.

Microtubule attachment to kinetochores proceeds through a random "search and capture"

mechanism, which does not guarantee proper sister-chromatid orientations42-44. Sister-chromatids are

"co-oriented" when their kinetochores are attached to microtubules emanating from the same spindle

pole body, but "bi-oriented" when attached to microtubules emanating from opposite spindle pole

bodies 43. Every pair of sister-chromatids must be bi-oriented prior to anaphase onset. During early

mitosis, dedicated surveillance mechanisms exist to monitor and correct improper sister-chromatid

orientations.

Cells determine if sister-chromatids are properly oriented on the spindle by monitoring the status of

tension at sister-kinetochores. Tension is generated across bi-oriented sister-kinetochores when

cohesin complexes linking sister-chromatids resist pulling forces exerted by the microtubules

emanating from opposite spindle poles 43,45-47. Co-oriented sister-chromatids, or those pairs in which

only one sister is attached to a microtubule, are unable to generate tension. Kinetochore-microtubule

attachments that fail to create tension are severed by the Aurora family kinase Ipll 45,47-49 The

recursive destabilization of improper kinetochore-microtubule attachments by Ipll ensures all sister-

chromatids establish tension-generating microtubule attachments. What targets Ipll to tension-less



kinetochores and the mechanism(s) of tension sensing are not well understood. In budding yeast,

tension sensing requires that Shugoshin family member Sgo 150

The Metaphase-Anaphase Transition

Cells initiate chromosome segregation at the metaphase-anaphase transition by removing the cohesin

complexes holding sister chromatids together. At the onset of anaphase, the Scc l/Mcdl subunit of

the cohesin complex is cleaved by the protease Separase (Espl 1 in budding yeast), which unlinks the

sister-chromatids and allows them to be pulled to opposite poles of the cell (Figure3) 51-54. Prior to

anaphase, Separase is inactivated by the binding of Securin (Pdsl in budding yeast) 51,55-57

Securin/Pdsl has two opposing functions in Separase/Espl regulation: an activating one by

promoting the nuclear import of Separase/Espl 58,59 and an inhibitory one by binding to

Separase/Espl 51. At the metaphase-anaphase transition, Securin/Pds 1 is targeted for proteosomal

degradation by an E3 ubiquitin ligase complex, the Anaphase Promoting Complex/Cyclosome

(APC/C), and its specificity factor Cdc20 51,57,60,61 (Figure 3).
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Figure 3: The metaphase - anaphase transition.
(A) Diagram of the chromosome segregation machinery during the metaphase-anaphase transition. Activation of APC/C-Cdc20 triggers

Securin/Pdsl degradation, activating Separase/Esp 1. Separase/Esp 1 is a protease that cleaves the Sccl/Mcdl subunit of the cohesin
complexes tethering sister-chromatids together. The dissolution of sister-chromatid cohesion in metaphase is required for proper anaphaseentry.

(B) Genetic architecture of the pathway that leads to loss of sister-chromatid cohesion.
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The Anaphase Promoting Complex/Cyclosome (APC/C)

My thesis work uncovered a role for mitotic CDKs in APC/C-Cdc20 activation at the metaphase-

anaphase transition. As a result, I will first introduce what we know about the structure and function

of the APC/C complex and then review the regulatory pathways that control its activation during the

metaphase-anaphase transition.

Architecture of the APC/C

The APC/C is a large ~1.5 mDa E3 ubiquitin ligase complex that is composed of at least 13 subunits

in budding yeast, eight of which are essential '1,62-,66. APC/C's catalytic core is composed of Apcl 1,

a RING-finger protein, and Apc2, a cullin protein, though Apcl I alone is sufficient for ubiquitin

ligase activity in vitro 67-69. In vivo, APC/C activity is restricted to distinct cell cycle phases by its

association with two specificity factors, Cdc20 and Cdh 1 60

Cdc20 and Cdhi

Cdc20 and Cdhl are highly conserved WD40-domain containing proteins that enable APC/C to

recognize distinct substrates during each cell cycle phase 6-.70 Budding yeast Cdc20 is essential and

directs APC/C ubiquitylation during early mitosis, while Cdhl is not essential and directs APC/C

ubiquitylation during mitotic exit/G161,70-73. At the metaphase-anaphase transition, APC/C-Cdc20

targets Securin/Pdsl, an inhibitor of anaphase entry, and Clb5, a potent-antagonist of APC/C-Cdh 1,

for degradation (other Clbs are also targeted) 5 " . Securin/Pdsl and Clb5 are considered the

essential substrates for APC/C-Cdc20 since deletion of PDS1 and CLB5 rescues the inviability of

cdc20A cells 74. APC/C-Cdhl ubiquitylates several mitotic determinants, including Clb

cyclins6',70, 7'.73. Cdhl is not essential in budding yeast because CDK activity can be antagonized

during mitotic exit/GI by the Clb-CDK inhibitor Sic 16170



IHlow APC/C-Cdc20 and APC/C-Cdhl recognize their targets is not completely clear, though this

often requires short sequence elements in the substrate called destruction-boxes (D-boxes) and KEN-

boxes' 5. The D-box consensus sequence, RxxLxxxN (x is any amino acid) 7", is found in many

APC/C-Cdc20 substrates and some APC/C-CdhI1 substrates75 . The KEN box consensus sequence,

KEN77 , is primarily found in APC/C-Cdhl substrates75.

The Toczyski lab has been able to demonstrate that Securin/Pds1 destruction and mitotic-CDK

inactivation is indeed the essential function of the yeast APC/C by rendering it non-essential 78

Remarkably, over-expression of the CDK inhibitor Sic 1 and deletion of two APC/C-Cdc20

substrates, Securin/Pdsl and Clb5, allows yeast to tolerate loss of every essential APC/C subunit78 .

The Toczyski lab then used this strain to build an "architectural map" of the APC/C by determining

the inter- dependencies among the subunits for complex formation. This analysis revealed that the

APC/C is composed of two sub-complexes that are bridged by the Apcl subunit (Figure 4). The

"catalytic core" sub-complex contains Apc2, Apc 11, and a small protein involved in substrate

recruitment, Doc 179. The other sub-complex contains three essential, highly conserved,

tetratricopeptide repeat (TPR) subunits, Cdc23, Cdc27, and Cdcl6, and requires Apc4 and Apc5 to

bind to Apc 179. The non-essential subunits, Cdc26, Swml, and Apc9 associate with the Cdc23-

Cdc27-Cdc16 sub-complex79.



Figure 4: Architecture of APC/C
The APC/C is composed of two sub-complexes: one containing
Apcl 1, Apc2, and Docl (green) and another containing Cdcl6, Cdc23,
Cdc27, Apc4, and Apc5 (yellow). The two sub-complexes are bridged
by Apcl (orange). The three non-essential APC/C subunits (dashed
lines), Cdc26, Apc9, and Swml, are associated with the Cdcl6-Cdc23-
Cdc27 sub-complex. The position of Cdc20 or Cdhl in the complex is
not known.





Cryo-EM analysis indicates that the stoichiometry of individual subunits in the APC/C is variable,

with most proteins, except Apcl, having multiple copies8 o. Cryo-EM analysis has also revealed that

the structure of the APC/C is nearly identical in budding yeast, fission yeast, Xenopus, and humans

80-83 _ in all cases the APC/C forms an asymmetric, roughly triangular shaped structure with a rigid

outer shell and a large internal cavity 60

Mitotic regulation of APC/C-Cdc20

The activation of the APC/C-Cdc20 at the metaphase-anaphase transition is an irreversible event that

commits cells to genome segregation and is therefore tightly regulated. Although multiple

mechanisms contribute to APC/C-Cdc20 regulation, all primarily affect the interaction between

Cdc20 and the APC/C. Surveillance mechanisms, such as the DNA damage checkpoint and the

spindle assembly checkpoint, inhibit APC/C-Cdc20 activation. In addition, a number of mitotic

kinases and phosphatases are able to regulate the APC/C-Cdc20 complex in vitro. All three forms of

regulation prevent the untimely onset of anaphase by protecting Securin/Pds from proteolysis,

thereby preventing Separase/Espl activation and sister-chromatid separation. Below, I will briefly

review how these mechanisms collaborate to control the APC/C-Cdc20 complex and anaphase entry.

It is important to note, however, that our current knowledge of these regulatory circuits cannot

explain how the activation of the APC/C-Cdc20 complex is restricted to the metaphase-anaphase

transition.

The DNA damage checkpoint

The DNA damage checkpoint in budding yeast halts cell cycle progression by overlapping

mechanisms that affect both the metaphase-anaphase transition and the mitosis-G1 transition (mitotic

exit) 84 . The most upstream kinases in the DNA damage response are Mec 1 and Tell, which are

considered orthologues of mammalian ATR and ATM, respectively85 . Signaling through the Mec 1

25



branch of the pathway will be discussed here because it is known to target the metaphase-anaphase

transition.

In response to double stranded breaks, Mecl activates checkpoint signaling through two effector

kinases that function in parallel: Chkl and Rad53 (similar to mammalian Chk2) 85. Chkl blocks the

metaphase-anaphase transition by phosphorylating Securin/Pdsl, which is thought to protect it from

ubiquitylation by APC/C-Cdc20 84,86. Consistent with this finding, mutation of Chkl

phosphorylation sites in Securin/Pds1 prevents its checkpoint-induced stabilization and increases the

sensitivity of cells to DNA damage 86

The Rad53 branch of the DNA damage checkpoint is not known to directly target the metaphase-

anaphase transition. Its primary function is to preserve the mitotic state by antagonize pathways that

promote mitotic exit 84,87. However, it has been reported that Rad53 can interfere with the

metaphase-anaphase transition by blocking the interaction between Cdc20 and Securin/Pdsl1 88

Cdc20 and Securin/Pds 1 can be co-immunoprecipited from cycling cells, but not irradiated cells88 .

This inhibition of the Cdc20-Securin/Pdsl interaction requires Mecl and Rad53, but not Chkl 88

How Rad53 regulates Cdc20-Securin/Pdsl binding is not understood.

Finally, it has also been reported that Mec 1 can activate cAMP-dependent protein kinase (PKA)

signaling to inhibit APC/C-Cdc20 activity 89. In response to DNA damage, PKA, in a Mecl

dependent manner, phosphorylates Cdc20 on two consensus PKA phosphorylation sites. Cdc20

phosphorylation by PKA is thought to inhibit Cdc20 function and may block its interaction with

substrates 89. Consistent with this hypothesis, expression of a mutant Cdc20 that can no longer be

phosphorylated by PKA enhances the checkpoint defect of chkl mutants 89



The spindle assembly checkpoint

The spindle assembly checkpoint is a highly conserved surveillance mechanism that monitors the

attachment of kinetochores to microtubules of the mitotic spindle43'90. Early in mitosis, the Aurora

kinase Ipll triggers the checkpoint by severing kinetochore-microtubule attachments that fail to

generate tension 45,48,49. The resulting unattached kinetochores recruits spindle assembly checkpoint

factors and triggers checkpoint activation. The spindle assembly checkpoint can also be triggered by

spindle poisons that disrupt microtubule polymerization 90-92. Under these conditions, the checkpoint

prevents precocious anaphase entry and is essential for cell viability91-94

Activation of the spindle assembly checkpoint in budding yeast requires two kinases, Mpsl and

Bubl, and the checkpoint proteins Madl, Mad2, Mad3, and Bub3 90. Checkpoint signaling is initiated

at unattached kinetochores, which recruit several checkpoint factors, including Madl and Mad2 43,90

Unattached kinetochores allow Mad2 to undergo a conformational change that allows is it to bind

and sequester Cdc20 90,95. Although the mechanisms of checkpoint activation and amplification are

not completely understood, it is clear that the checkpoint halts cell cycle progression by interfering

with APC/C-Cdc20 activation 96,97. Furthermore, the essential function of the spindle checkpoint is to

stabilize the APC/C-Cdc20 substrate Securin/Pds since pdslA cells fail to arrest in metaphase upon

checkpoint activation 55,57,94

Phosphorylation of APC/C-Cdc20O by mitotic kinases

APC/C-Cdc20 activity must be carefully controlled during the cell cycle since unrestrained APC/C-

Cdc20 activity is lethal 98,99. However, the simultaneous disruption of both the DNA damage

checkpoint and the spindle assembly checkpoint, which negatively regulate APC/C-Cdc20 function,

does not affect cell cycle progression nor does it allow precocious anaphase entry 100. Therefore,



other mechanisms must exist to restrict APC/C-Cdc20 activity to a narrow window of the cell cycle.

Timely activation of APC/C-Cdc20 is not due to the regulated accumulation of its subunits since

their levels do not fluctuate and because Cdc20 accumulation precedes APC/C-Cdc20 activation

72,101. Among the remaining (known) mechanisms of regulation, mitotic phosphorylation of core

APC/C subunits and Cdc20 is considered to be most important 60,101

Mitotic phosphorylation of APC/C-Cdc20 has been speculated to activate the complex at the

metaphase-anaphase transition because in humans' 0 2, frogs' 0 3, clams'0 4 , and budding yeast'05,

APC/C-Cdc20 phosphorylation correlates with its activation 60. Numerous mitotic kinases,

especially mitotic CDKs, are able to regulate APC/C-Cdc20 activity in vitro 89,102,105-118. However, it

has been difficult to determine the functional significance of APC/C-Cdc20 phosphorylation because

the large number of phosphorylation sites, 51 in human cells, has precluded mutational analysis 102

A requirement for mitotic CDK activity at the metaphase-anaphase transition is also difficult to

demonstrate because mitotic CDK activity is required for mitotic entry and its elimination during

mitosis triggers mitotic exit.

The only in vivo evidence for CDK regulation of APC/C-Cdc20 comes from studies on the budding

yeast APC/C-Cdc20 complex 10 5 . Rudner and Murray (2000) demonstrated that Clb2-Cdc28

complexes phosphorylate multiple sites in the APC/C subunits Cdcl6, Cdc23, and Cdc27 in vitro. In

total, 12 CDK phosphorylation sites were found in these 3 proteins: 6 sites in Cdcl6, 1 site in Cdc23,

and 5 sites in Cdc27. Importantly, mutation of these 12 phosphorylation sites to alanine abolished

the in vivo phosphorylation of Cdc23, Cdc27, and Cdcl6105.

Rudner and Murray also examined cell cycle progression in strains carrying these APC/C phospho-

mutants, which I will refer to as apc/c-12A mutants. Surprisingly, apc/c-12A mutant cells exhibited
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only a 10-15 minute delay in metaphase and were completely viable 10 5. The subtlety of this

phenotype suggests that either mitotic CDKs are not required for APC/C-Cdc20 activation in vivo or

that there are additional CDK phosphorylation sites in other APC/C-Cdc20 components.

My thesis work examined the role of mitotic cyclins in triggering the metaphase-anaphase transition.

I simultaneously eliminated Clbl-CDK and Clb2-CDK activities by deleting CLBI and using a

temperature-sensitive allele of CLB2, clb2-VI. Elimination of Clb 1/2-CDK activity led to defects in

the degradation of the APC/C-Cdc20 substrate Securin/Pds 1, suggesting the APC/C-Cdc20 complex

is not fully activated in these cells. I also found that Clbl/2-CDK activity was required during the

metaphase-anaphase transition, since Clb1/2-CDK inactivation in metaphase was sufficient to block

anaphase entry. Consistent with these findings, over-expression of Cdc20 was able to partially

rescue the Securin/Pds 1 degradation defect of clblA clb2- VI mutants. Furthermore, I found that

mutation of the CDK consensus sites in Cdc20 does not affect its function in a wild-type background,

but is lethal in apc/c-12A mutants (though I have not been able to determine if these sites are

phosphorylated in vivo). Therefore, mitotic CDKs seem to activate the APC/C-Cdc20 complex

through overlapping mechanisms that target the core APC/C complex as well as Cdc20. Either

mechanism appears to be sufficient for the metaphase-anaphase transition.

Loss ofsister-chromatid cohesion and chromosome segregation

As previously mentioned, destruction of Securin/Pdsl at the metaphase-anaphase transition is

required for Separase/Espl activation and subsequent loss of sister-chromatid cohesion. Cleavage of

the cohesin subunit Sccl/Mcdl by Separase/Espl is necessary for loss of sister-chromatid cohesion

since mutation of the cleavage sites blocks sister-separation 53. In addition, cohesin inactivation is



sufficient for loss of sister-chromatid cohesion since temperature-sensitive alleles of Sccl/Mcdl can

bypass the metaphase arrest induced by APC/C-Cdc20 or Separse/Espl inactivation 52,53,119,120

In an elegant series of experiments, Uhlmann et al. were able to show that Sccl/Mcdl cleavage is

indeed sufficient for loss of sister chromatid cohesion by using TEV protease to trigger loss of sister

chromatid cohesion 54. They incorporated a TEV protease cleavage site within Sccl/Mcdl and then

expressed TEV protease during a metaphase arrest induced by inactivation of APC/C-Cdc20.

Remarkably, induction of TEV protease was sufficient to not only abolished sister chromatid

chromatid cohesion, but also sufficient for nuclear division and spindle elongation5 4. This work thus

suggested the spindle elongation in anaphase was a secondary consequence of loss of sister

chromatid cohesion and that the essential function of the metaphase-anaphase transition machinery

(APC/C-Cdc20, Separase, Clb-CDKs) is to dissolve the linkages holding sister chromatids together.

Under this model, the spindle is poised to elongate in metaphase, but it is held back only by the

cohesins on chromosomes.

My thesis work on the function of Clb-CDKs, however, argues for a requirement for Clbl/2-CDK

activity beyond APC/C-Cdc20 activation. I found that Clb-CDK activity is essential to trigger

spindle elongation following cohesion loss. In addition, the precocious spindle elongation of cohesin

mutants is suppressed by inactivation of Clbl/2-CDKs. How Clb-CDKs promote spindle elongation

is not understood.

Anaphase/Telophase

As cells enter anaphase, they have nearly completed the cell division cycle and must now trigger a

return to G1. During this period, cells must finalize the division of their genomes, prepare to exit
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mitosis, and then complete the cytokinesis program. Importantly, cells must couple and coordinate

these events to ensure that both mother and daughter cells receive a full genome complement prior to

their separation (cytokinesis). Budding yeast cells have an additional hurdle to face since they must

thread the mitotic spindle and its associated chromosomes through the bud neck before mitotic exit.

Below I will briefly review what is known about spindle elongation and then discuss how the mitotic

exit program eliminates mitotic-CDK activity and returns cells to the G 1 state.

Spindle elongation in Anaphase

In budding yeast, several genes have been implicated in promoting spindle assembly and elongation,

including four kinesin related proteins. How these motor proteins and microtubule associated

proteins cooperate to regulate anaphase A, when chromosomes are pulled to spindle poles, and

anaphase B, when spindle poles separate, is not well understood. Below, I will discuss regulators of

anaphase B since this phase is better understood.

Bipolar spindle assembly in yeast is known to require two motors of the BimC family: CIN8 and

KIP1121. Although neither gene is essential, cin8A kiplA cells fail to establish a proper bipolar

spindle following spindle pole body duplication' 22,123 . During anaphase, Cin8 and Kipl are thought

to crosslink microtubule plus ends at the spindle midzone and to promote microtubule sliding 121,124

These functions of Cin8 and Kipl may be important for spindle elongation in anaphase. 121,124 The

roles of Cin8 and Kip 1 in spindle assembly are antagonized by Kar3, a minus-end directed motor,

since the spindle defects of cin8A kiplA cells can be partially rescued by deletion of KAR3 125.126

However, the antagonism of Cin8 and Kip 1 function by Kar3 is not absolute, since these motors

seem to have some common roles in spindle organization 126



Stu2 is an essential microtubule plus end tracking protein of the XMAP215/DIS 1 family that

promotes the dynamicity of microtubules' 2 7 130 . Inhibition of Stu2 disrupts kinetochore microtubule

turnover and causes kinetochore microtubule pausing28' 130. In addition, Stu2 is the only protein

known to be specifically required for anaphase spindle elongation' 29. The functions of Stu2 seem to

be antagonized by Kip3, a plus end directed motor and microtubule depolymerase, because the

deletion of KIP3 suppresses the spindle elongation defect of temperature sensitive stu2-10

mutants' 29. In anaphase, Stu2 likely cooperates with Cin8 to promote spindle elongation because the

simultaneous overexpression of these two proteins is sufficient to trigger spindle elongation in S

phase •'

Exit from Mitosis

During the metaphase-anaphase transition, a wave of Clb destruction is initiated by APC/C-Cdc20

that targets the entire pool of Clb5 and approximately half of the pool of Clb2 for degradation 132

However, to exit from mitosis, cells must eliminate all mitotic CDK activity and reverse many of the

phosphorylation events carried out by mitotic-CDKs. In budding yeast, the protein phosphatase

Cdcl4 triggers exit from mitosis by dephosphorylating CDK substrates, by triggering cyclin

destruction, and by stabilizing mitotic-CDK inhibitors'33 . Cdcl4 triggers cyclin destruction by

dephosphorylating Cdhl, allowing it to complex with APC/C and target B-type cyclins for

proteolysisl 34,135. In addition, Cdcl 14 dephosphorylates the Clb-CDK inhibitor Sicl, protecting it

from ubiquitylation, and it dephosphorylates a transcription factor for Sic 1, Swi5, permitting its

nuclear entry 136

Cdcl4 has important functions in chromosome segregation and spindle organization that are

independent of CDK inactivation. These include initiating the segregation of late-segregating DNA



sequences, such as the rDNA locus'3 7'38, and modulating spindle midzone assembly 139,140. Cdcl4

also contributes to spindle stabilization in anaphase by decreasing microtubule dynamicity 41 .

Cdcl4's multiples roles in chromosome segregation, spindle organization, and Clb-CDK inactivation

require it to be finely controlled during the cell cycle. The activity of Cdc 14 is regulated at the level

of its association with an inhibitor, Cfil/Netl, which sequesters Cdc 14 in the nucleolus during G 1, S,

G2, and early M phase 142-145. In anaphase, two networks, the Cdc Fourteen Early Anaphase Release

(FEAR) network and the Mitotic Exit Network (MEN), coordinately act to release Cdcl4 from the

nucleolus, thereby enabling Cdcl4 access to its targets (Figure 5)133 . The FEAR network functions

in early anaphase and is important for efficient cell cycle exit, while the MEN acts in late anaphase

and is essential for exit from mitosis 33

The CdcFourteen Early Anaphase Release (FEAR) Network

The FEAR network is not well understood, but is known to include Separase/Espl, the Polo-like

kinase Cdc5, the kinetochore protein Slkl9, two proteins of unknown function, Spol2 and Bnsl, and

the replication fork blocking protein Fobl 1 46,147. Recently, Clb 1l/2-CDKs and protein phosphatase

2A (PP2A) have been implicated in activation of the FEAR network 148-151. Epistasis analysis

suggests that the FEAR network consists of at least two parallel branches (Figure 5)152 . Spol2, Bnsl,

and Fobl function in one branch of the pathway, while Separase/Espl and Slk19 act in another 152

The Polo-like kinase Cdc5 acts downstream of, or in parallel to, the Espl-Slkl9 branch"52. The

position of Cdc5 in the FEAR network has been difficult to determine due to its parallel role in MEN

activation.

The FEAR network induced release of Cdc 14 requires phosphorylation of Cfi 1/Net 1, which is

considered to be Clbl/2-CDK dependent 148. The current model posits that Clbl/2-CDKs are
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unable to trigger Cdcl4 release during early mitosis due PP2A dependent dephosphorylation of

Cfil/Netl' 50. In anaphase, Cdcl4 release is triggered by the destruction of Securin/Pdsl, which

liberates Separase/Espl and allows it to sequester PP2A away from Cfil/Net115 0. Clbl/2-CDKs

then, in a Spol2 and Cdc5-dependent manner, phosphorylate Cfil/Netl and allow transient Cdcl4

disassociation 148"1 50 . Why the release of Cdcl4 is non-sustainable in the absence of MEN activity is

unknown.

The Mitotic Exit Network (MEN)

The MEN is a well-characterized Ras-like signaling pathway with the GTPase Teml acting at or near

the top of the network (Figure 5) 133,153,154 . The GTPase activity of Teml is thought to be regulated by

a putative guanine nucleotide exchange factor (GEF), Lte1' 55,15 6 157,158, and a two-component GTPase

activating complex (GAP) complex, Bub2-Bfal 93,94,157,159-168. Activation of Teml during anaphase

leads to the activation of two downstream kinases: Cdcl 5 and Dbf2 169-173. Although it is not clear

how Teml activates Cdcl5, Cdcl5 is known to phosphorylate and activate Dbf2 in vitro 174. The

activation of Dbf2 in vitro and in vivo requires the Dbf2-associated factor, Mob1174-176. Lastly, the

Polo-like kinase, Cdc5, is a positive regulator of Cdcl4 release, functioning to inhibit the Bub2-Bfal

complex 161,177,178. How the MEN triggers dissociation of Cdcl4 from Cfil/Netl is not known.

The activation of Tem I in anaphase is not well understood, but it appears to be coupled to the entry

of the daughter-bound SPB into the bud 153 ls5 7,165 . All MEN components that function downstream of

TemlI are localized to the cytoplasmic face of the SPB destined to enter the bud' 57, 16 5, 72,173,1 79-183

Ltel, however, is restricted to the cortex of the bud 157,158,65. MEN signaling is thought to become

activated when the elongating mitotic spindle threads the SPB and associated chromosomes through

the bud neck, bringing Teml 1 in proximity to its putative exchange factor, Lte 1.
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Budding yeast, unlike fission yeast or vertebrate cells, determine the site of cell separation prior to

assembly of the mitotic spindle. As a result, they must actively position and pull the mitotic spindle

through the bud neck to guarantee that a full genome complement is delivered into the bud receives.

Cytokinesis is coordinated with mitotic exit in budding yeast by the spindle position checkpoint,

which ensures that the mitotic exit network (MEN) is activated only after the spindle enters the

daughter bud 184. When spindles are mis-positioned in anaphase, the kinase Kin4 inactivates MEN

signaling in a Bub2-Bfal-dependent manner, preventing Cdcl4 release 185,186. By delaying mitotic

exit, this checkpoint ensures cells have sufficient cells time to correctly align their mis-positioned

spindles prior to mother-bud separation.

Cytokinesis

Cytokinesis is the last event in the cell cycle and its regulation in budding yeast remains poorly

understood. The physical separation of the mother and daughter cells requires the coordinated action

of two pathways that function at the bud neck: 1) constriction of an acto-myosin ring and 2)

formation of a primary septum' 87. Acto-myosin ring assembly begins early in the cell cycle by the

hierarchical recruitment of many factors, including septins, myosins, and formins and is completed in

late anaphase by the formation of an F-actin ring 187. In animal cells, type II myosin controls the

constriction of the acto-myosin ring, but in budding yeast this may not be the case 1'T. Paradoxically,

mutations in the motor domain of yeast type II Myosin, Myol, cause cytokinesis defects, but deletion

of the entire Myol motor domain has no effect 87,•88. Therefore, the mechanisms driving acto-

myosin ring contraction in budding yeast remain to be elucidated.

The primary septum of budding yeast is a chitin rich disk the separates the mother and daughter cells

following acto-myosin ring constriction. Septum formation is controlled both spatially and

temporally during the cell cycle and requires the delivery of secretory vesicles to the bud neck'" 9.
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Here, the coordinated secretion of chitin synthases, hydrolytic enzymes, and other cell wall re-

modeling enzymes helps to properly divide mother and daughter cell walls' 89.

Chromosome segregation in higher eukaryotes

The machinery controlling chromosome segregation is remarkably well conserved across eukaryotes.

In fact, every essential regulator of chromosome segregation in budding yeast has orthologues, with

the same function, in flies, frogs, mice, and humans. The APC/C-Cdc20 complex, the cohesin

complex, Separase, Securin, and mitotic cyclin-CDK activity have nearly identical functions in

human cells as they do in yeast. The primary differences between the chromosome segregation

machinery in yeast and human cells lies in the way it is regulated. Below I will highlight five

modifications that differentiate the control of chromosomes segregation in vertebrate cells and

budding yeast.

1. Regulation of APC/C-Cdc20 activation by mitotic inhibitors

In vertebrate cells, the protein Emil (Early Mitotic Inhibitor 1) functions as a negative regulator of

APC/C during S phase, G2, and possibly mitosis 190. The precise function of Emil in APC/C

regulation is unclear at this time because different groups have ascribed different functions to this

regulator. Emil was originally reported to function as an inhibitor of APC/C-Cdc20 during early

mitosis 190. Emi's accumulation is cell cycle regulated in Xenopus and human cells, accumulating

during S phase and G2 and disappearing during mitotic entry 190,191. In cycling frog egg extracts,

addition of Emil stabilizes APC/C-Cdc20 substrates and inhibits cyclin B ubiquitylationl 90

Conversely, Emil depletion accelerates cyclin B degradation and blocks mitotic entry 190. These

results (and others) were interpreted to suggest that Emil is a potent inhibitor of APC/C-Cdc20 that

functioned during early mitosis, before spindle checkpoint activation, to protect early mitotic cyclins

from degradation190-192



Recently, however, two groups have re-examined Emil's role in cell cycle progression and both

conclude that Emil functions primarily in S phase and G2 to limit APC/C-Cdhl activity 193'"9 4

Treatment of cells with Emil-siRNAs prevents mitotic entry and triggers genome re-replication' 93"' 94

These effects were due Emi 1 's antagonism of APC/C-Cdhl, since co-depletion of Cdhl, but not

Cdc20, stabilized the vertebrate replication licensing factor geminin and allowed mitotic cyclin

accumulation' 93 ,194

Intriguingly, Emil regulates APC/C activity as a "pseudosubstrate inhibitor. 95'" Although Emil is

not a substrate of the APC/C, it contains a degron motif present in many APC/C substrates, a

destruction box (D box), that enables it to bind independently to either APC/C or Cdh 1195. Emil also

contains another region that is able to block APC/C's ubiquitin ligase activity, independently of D-

box binding' 95.

2. Regulation of APC/C-Cdc20 activation by mitotic timers

Analysis of mammalian cells depleted of spindle assembly checkpoint factors and kinetochore

proteins has suggested the existence of a mitotic "timer" that functions independently of the spindle

assembly checkpoint' 96. Meraldi, et al, observed that siRNA-mediated knockdown of the spindle

assembly checkpoint proteins Madl and Mad2 had differential effects on the overall timing of

mitosis, although each treatment abolished the spindle assembly checkpoint' 96. Knockdown of Madl

had little effect on the time in took cells to initiate Anaphase A after chromosome congression,

whereas knockdown of Mad2 reduced the Anaphase A onset to time to half that of control cells.

Similar effects were observed upon depletion of BubRI, but not Mad3 or Bub1'96. The effects of

BubRl and Mad2 co-depletion were not additive, suggesting these factors control mitotic timing

through a common mechanism' 96. Interestingly, the "timer" function of Mad2 and BubRl did not
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depend on functional kinetochores, unlike their checkpoint roles' 96. It is unclear how Mad2 and

BubRI control of the duration of mitosis, but it likely occurs via APC/C-Cdc20 regulation.

3. Regulation of APC/C-Cdc20 activity by ubiquitylation and de-ubiquitylation

Spindle checkpoint activation arrests cells at the metaphase-anaphase transition by Mad2-dependent

sequestration of Cdc20 43,90 . However, upon bi-orientation of all sister-chromatids, it is unclear how

checkpoint signaling is rapidly relieved to allow a switch-like transition into anaphase. Previous

models have suggested that the Cdc20-Mad2 interaction might be short-lived, making checkpoint

silencing a passive consequence of its satisfaction' 97. However, recent evidence suggests that

disruption of the Cdc20-Mad2 interaction is an active process that, intriguingly, requires APC/C-

dependent ubiquitylation of Cdc20 198,199

In an siRNA-screen for mammalian regulators of the spindle assembly checkpoint, Stegmeier, et al.

found that the de-ubiquitylating enzyme USP44 was required to prevent precocious anaphase onset

during unperturbed cell cycles, as well as upon spindle checkpoint activation' 98. Simultaneously,

Reddy et al. found that addition of UbcH10, an APC/C E2, to an extract from checkpoint-arrested

cells triggered Cdc20 ubiquitylation, dissociation of Cdc20 from Mad2, and degradation of APC/C-

Cdc20 substrates 199. Furthermore, USP44 was found to antagonize UbcH 10 dependent dissociation

of Cdc20 and Mad2 in vitro199

Together these results propose a model for how cells control APC/C-Cdc20 activity during early

mitosis. During pro-metaphase, unattached kinetochores catalyze conformational changes in Mad2

that allow it to tightly associated with Cdc20. Mitotically activated APC/C can inhibit this process

by ubiquitylating Cdc20 and triggering its dissociation from Mad2. However, APC/C activity is

restrained by USP44, which reinforces the checkpoint by de-ubiquitylation of Cdc20 and, potentially,
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the APC/C-Cdc20 substrates Securin and Cyclin B. Upon bi-orientation of all sister-chromatid

pairs, a reduction in spindle checkpoint signaling allows APC/C-dependent ubiquitylation of Cdc20

to drive its dissociation from Mad2.

3. Separase auto-cleavage

Examination of Separase levels in human cells revealed that Separase undergoes auto-catalyzed

cleavage in anaphase 200 -20 2. Three Separase cleavage sites were identified that were conserved in

human, mouse, and Xenopus Separase200' 202 . Cleavage of Separase generates two fragments that

remain stably associated and, surprisingly, does not affect Separase activity 200 '20 2. However,

expression of a non-cleavable Separase by targeted mutagenesis of the Separase locus in human cells

revealed a role for Separase cleavage in the G2/M transition 2 0 3. The mitotic entry defects of non-

cleavable Separase appear to be due stabilization of Weel and subsequent inhibition of mitotic CDK-

activity 203. Recently, Separase auto-cleavage has also been reported to regulate complex formation

between Separase and PP2A, although the functional significance of this regulation remains

elusive 204. At present, it is unclear how Separase cleavage leads to Weel destabilization nor how

Separase auto-cleavage can occur early in the cell cycle, when the expression of its competitive

inhibitor Securin is highest.

4. Mitotic CDKs act like Securins and Separases act like CDK inhibitors

Examination of Separase regulation in vertebrate cells has revealed it has a dually antagonistic

relationship with mitotic cyclin B-CDK complexes 20 5' 20 6. In Xenopus egg extracts, stabilized cyclin

B 1 fragments are able to block anaphase entry without affecting the degradation of the APC/C-

Cdc20 substrate Securin 20 5. Cyclin B l-Cdkl phosphorylation of Separase was found to be necessary

for cyclin-B I1 dependent inhibition of anaphase entry20 5. Interestingly, however, Cdkl

phosphorylation of Separase is not sufficient for inhibition, as this also required subsequent cyclin
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B1-Cdkl binding20 6. Cyclin B1-Cdk phosphorylation of Separase creates a docking site for cyclin

B 1, recruiting Cdkl to the complex2 06 . Complex formation with Separase also inhibits Cdkl's kinase

activity, suggesting Separase can function as a CDK inhibitor206. In addition, cyclin B-Cdkl binding

to Separase is mutually exclusive to Securin binding and is independent of Separase's proteolytic

activity206. Therefore, vertebrate Separase is dually antagonized in metaphase by canonical Securin

and by mitotic CDKs, which by virtue of their binding and inhibition of Separase, function like

Securins20 7. In support of this model, Securin null cells that also express non-phosphorylatable

Separase preciously entered anaphase during spindle checkpoint activation208. These cells did not

exhibit premature anaphase entry during an unperturbed mitosis, suggesting that additional

mechanisms exist to restrain Separase activation 20 8.

5. Step-wise loss of arm and centromere cohesion in mitosis

Loss of sister chromatid cohesion in vertebrate cells, unlike budding yeast, is thought to occur in a

"step-wise" manner with arm cohesion removal occurring in prophase/pro-metaphase and

centromeric cohesion removal occurring only during the metaphase-anaphase transition 209 . The

removal of arm cohesion requires phosphorylation of the cohesin subunit SA2, Polo-like kinasel

(Plkl), Aurora B kinase, condensin I, and the conserved protein Wap1209-220. However, it does not

require cleavage of Sccl by Separase since expression of non-cleavable Sccl does not block loss of

arm cohesion (non-cleavable Scc 1 does block loss of centromeric cohesion)209,210. Centromeric

cohesion appears to be protected from this "prophase pathway" by Sgo, a member of the Shugoshin

family of cohesion protectors221224 . It is important to note that arm cohesin removal is only apparent

after spindle poison induced metaphase arrest and it is presently unclear how the removal of arm and

centromeric cohesion are coordinated during unperturbed mitoses 225. Furthermore, the functional

significance of cohesin removal by the prophase pathway is at present unclear.



Thesis Summary

How cells couple and coordinate events during chromosome segregation in M-phase is not well

understood. The work presented in this thesis suggests that cells couple loss of sister-chromatid

cohesion with spindle elongation by placing both events under the control of mitotic CDKs. Clbl/2-

CDK or Clb2/3-CDK activity was found to be required for the in vivo activation of the APC/C-

Cdc20 complex, an E3 ubiquitin ligase that triggers the metaphase-anaphase transition. In a second

step, mitotic CDK activity was found to be required for spindle elongation. This second role of

mitotic CDK activity is independent of cohesion loss and therefore constitutes a novel function for

CDK in mitosis. Finally, a model is proposed in which different CDK threshold requirements help

establish the order of consecutive mitotic events.
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Summary

Mitotic cyclin-dependent kinases (CDKs) control entry into mitosis, but their role during

mitotic progression is less well understood. Here we characterize the functions of CDK

activity associated with the mitotic cyclins Clbl, Clb2 and Clb3. We show that Clb-

CDKs are important for the activation of the ubiquitin-ligase APC/C-Cdc20 that triggers

the metaphase - anaphase transition. Furthermore, we define an essential role for Clb-

CDK activity in anaphase spindle elongation. Thus, mitotic CDKs serve not only to

initiate M phase, but are also continuously needed throughout mitosis to trigger key

mitotic events such as APC/C activation and anaphase spindle elongation.



Introduction

The purpose of mitosis is the faithful partitioning of the duplicated genome between two

daughter cells. Chromosome segregation occurs during anaphase and is triggered by the

dissolution of the linkages that hold sister chromatids together 1. These linkages are

mediated by cohesin complexes, which in budding yeast are composed of Scc 1/Mcd l,

Scc3, Smc 1, and Smc3 '. At the onset of anaphase, the cohesin subunit Sccl/Mcdl is

cleaved by the protease Separase (Esp 1 in budding yeast) leading to the loss of cohesion

between sister chromatids and subsequent chromosome segregation'. Prior to anaphase,

Separase/Espl is held inactive by the binding of Securin (Pdsl in budding yeast)'. At the

metaphase - anaphase transition, Securin/Pds is targeted for proteosomal degradation by

an ubiquitin ligase known as the Anaphase Promoting Complex/Cyclosome (APC/C) and

its specificity factor Cdc20 (APC/C-Cdc20) 2.

APC/C-Cdc20 is regulated at multiple levels. Surveillance mechanisms such as the DNA

damage and spindle assembly checkpoints negatively regulate APC/C-Cdc20 activity. In

budding yeast, the DNA damage checkpoint arrests the cell cycle in metaphase by

stabilizing Securin/Pds 13-8. In response to unattached kinetochores, the spindle assembly

checkpoint prevents the metaphase - anaphase transition by inhibiting the interaction

between Cdc20 and APC/C9. However, these two checkpoints are not the only

mechanisms that restrict APC/C-Cdc20 activity to the metaphase - anaphase transition

because their combined inactivation does not cause precocious anaphase entrylo. APC/C-

Cdc20 phosphorylation by cyclin-dependent kinases (CDKs) (and other kinases) is

believed to activate the ubiquitin ligase at the metaphase - anaphase transition. However,



the data supporting this conclusion are largely derived from in vitro studies 2. The only in

vivo evidence implicating CDKs in the regulation of the APC/C comes from studies in

the budding yeast. Compromising mitotic CDK activity led to defects in Securin/Pds 1

degradation and mutation of the CDK phosphorylation sites within the budding yeast

APC/C subunits Cdc 16, Cdc23 and Cdc27 to alanines causes a 15 minute delay in

metaphase 11 Whether the subtlety of this phenotype is due to additional CDK

phosphorylation sites on other APC/C components or whether CDK's contribution to

APC/C-Cdc20 activation is minor, is unclear.

Mitotic CDKs are best known for their role in triggering entry into mitosis'2 . They are

composed of a catalytic CDK subunit and a regulatory B-type cyclin subunit. Mitotic

CDKs promote nuclear envelope breakdown, spindle assembly and organization,

chromosome condensation, Golgi fragmentation, and contribute to APC/C regulationl2' 13

Budding yeast contains a single CDK subunit, CDC28, and six B-type cyclins, CLBJ-6,

that have overlapping functions in S phase and mitosis' 4. Clb , Clb2, Clb3 and Clb4

together are required for entry into mitosis 5- 7, which in yeast is defined by the severing

of a bridge connecting the two duplicated spindle pole bodies (yeast centrosomes) and the

formation of a bipolar spindle. Clb 1 and Clb2 are also required for progression through

mitosis subsequent to entry into mitosis' 5' 16, 18. The combined inactivation of CLB1 and

CLB2 arrests cells with a single undivided nucleus and a short bipolar spindle' 5' 16, 18. The

molecular basis for this arrest, however, was unknown.



Here we characterize the consequences of losing Clb1/2 CDK or Clb2/3 CDK activity on

progression through mitosis. We find that Clbl/2-CDK activity is required for the timely

degradation of Securin/Pds 1 at the metaphase - anaphase transition, providing evidence

for a requirement for CDK activity in APC/C-Cdc20 activation in vivo. In addition, our

studies reveal a new role for Clbl/2-CDK activity in promoting the metaphase - anaphase

transition after cohesin cleavage. The observation that cleavage of cohesin is sufficient to

trigger anaphase spindle elongation' 9 led to the notion that anaphase spindle elongation

was merely a consequence of loss of sister chromatid cohesion. We find that this is not

the case, but that Clbl/2-CDK activity is required for anaphase spindle elongation to

occur. Finally, we show that the combined inactivation of Clb2 and Clb3-CDK activity

also leads to defects in Securin/Pds 1 degradation and spindle elongation, suggesting that

overall levels of Clb-CDK activity are important for these two mitotic events to occur.

Our work indicates that mitotic CDKs not only initiate entry into M phase, they are

needed at multiple steps throughout mitosis for successful completion of the key events

in this cell cycle stage.



Results

Nuclear division is impaired in cells lacking Clbl/2-CDK activity.

To investigate the role of Clb 1-CDK and Clb2-CDK complexes in mitotic progression,

we examined the phenotype of cells devoid of these cyclins by combining a temperature-

sensitive allele of CLB2, clb2- V17, with a deletion of CLB1, henceforth clblA clb2- VI.

This allele combination is recessive (Supplemental Figure 1A) and, at the permissive

temperature (25 0 C), clblA clb2- VI cells are viable and progress through the cell cycle

with wild-type kinetics (Figure lA, Supplemental Figure IB, C). At temperatures

between 36.5 0 C-37.5'C, however, the viability of clblA clb2- VI cells is greatly reduced

(Figure 1A). The clb2-VI allele, which contains 4 amino acid substitutions (D232G,

L286S, K353R and D485G) is not a protein null at the restrictive temperature

(Supplemental Figure 1D), indicating that Clb2-CDK kinase complexes are inactive in

these cells.

To identify the essential function(s) of Clb 1/2-CDKs, we examined the phenotype of

clblA clb2- VI cells undergoing a synchronous cell cycle at 370 C. Wild-type and clblA

clb2- VI cells were arrested in G 1 with cc-factor pheromone (at room temperature) and

then released into the cell cycle at 370 C. Wild-type cells progressed through metaphase

90 minutes after release, proceeded into anaphase by 105 minutes, and exited mitosis 120

minutes after release from the GI block (Figure IB). Consistent with previous studies' 5'

16, 18, we find that cells in clblA clb2- VI cultures accumulated with short bipolar spindles

and undivided nuclei (Figure IB, C). Live-cell microscopy confirmed this result. During

live-cell imaging, we defined anaphase onset as the time point after which elongation of



metaphase spindles (at least 2Rm long) was observed in at least four consecutive time

points. Using this criterion, wild-type cells entered anaphase 24.3 minutes after spindle

pole body (SPB) separation (SD= 14.1; n=8; an example is shown in Figure ID and

Supplemental Movie 1). In clblA clb2- VI cells, anaphase entry did not occur until 47.4

minutes after SPB separation (SD=16.4; n=8; an example is shown in Figure ID and

Supplemental Movie 2). This difference was highly significant (p=0.009 two-sided

Student's t-test).

Analysis of fixed cells using indirect in situ immunofluorescence indicated that only few

clblA clb2- VI cells entered anaphase (Figure 1B). Instead, spindle disassembly occurred

at later time points indicating that complete CDK inactivation and hence exit from

mitosis eventually occurs in clblA clb2- VI cells. It is however important to note that exit

from mitosis is substantially delayed in clblA clb2-VI cells because they undergo spindle

disassembly at least 45 minutes after wild-type cells (Figure 1B). In the live-cell analysis

clblA clb2- VI cells behaved slightly differently. After a delay, most cells elongated their

spindles and completed anaphase (Figure 1D; Supplemental Movie 2). The basis for this

difference in behavior is at present unknown. It is nevertheless clear that, under both

analysis conditions, the onset of anaphase spindle elongation was impaired in clblA clb2-

VI cells.

Ultra-structural analysis of the short bi-polar spindles observed in clblA clb2- VI cells

revealed that they resembled those of wild-type cells (Figure 1 E, see Winey et al. 1995,

for a picture of a short wild-type bi-polar spindle in which both SPBs are visible). We



Supplemental Figure 1: clblA clb2-VI cells do not exhibit cell cycle defects at room
temperature.
(A) 10-fold serial dilution of diploid wild-type cells (A 19221), homozygous diploid
clbiA clb2-VI cells (A 19682), and heterozygous diploid clblA/CLB1 clb2- VI/CLB2 cells
(A19680) each carrying a Cdcl4-3HA fusion on YEPD plates. Plates were incubated at
room temperature (RT) or 370C for 3 days.

(B, C) Wild-type (A1951) and clblA clb2-VI (A15111) cells each carrying Pdsl-HA and
Scc l-18Myc were grown at 250C in YEPD and arrested for 2.5 hours with alpha factor
(5gg/ml). Cells were washed with 10 volumes YEP and released into pheromone-free
YEPD at room temperature. The percentage of cells with metaphase and anaphase
spindles (B) and the amount of full length Sccl-18Myc (Sccl -18Myc*), a C-terminal
cleavage fragment of Scc 1-1 8Myc (cleaved Scc 1), and Pds 1-HA proteins was determined
at the indicated times. Equal protein loading was confirmed by Ponceau staining of the
nitrocellulose membrane.

(D) Western blot for Clb2 and clb2-VI protein at the restrictive temperature. Lysates
from wild-type (A1951) and clblA clb2-VI (Al5111) cells from the experiment shown in
Figure 7 probed with a rabbit anti-Clb2 polyclonal serum (1:2000). The graphs show the
percentage of cells with metaphase and anaphase spindles at the indicated times and are
the same as those shown in Figure 7B.
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conclude that the bipolar spindles formed by clblA clb2- VI cells are normal in

appearance, at least at the electron microscopic level and that CLBI and CLB2 are

required for nuclear division.

The mitotic progression defect of clblA clb2-VI cells is independent of inhibitory

Tyrl9 phosphorylation on Cdc28.

In budding yeast, spindle formation occurs during S phase. It is thus not possible to know

whether a cell cycle arrest/delay characterized by short bipolar spindles reflects a G2 or

metaphase defect. G2 delays can be caused by phosphorylation of Cdc28 on tyrosine 19,

which is catalyzed by the S. cerevisiae orthologue of the Wee I kinase, Swe 120. Swel has

been shown to block cells in G2 in response to activation of the morphogenesis

checkpoint 21. We inactivated SWE1 or utilized a CDC28 allele resistant to Tyrl9

phosphorylation, cdc28Y19F, to test whether phosphorylation of Tyrl 9 could account for

the cell cycle delay of clblA clb2-VI cells. Inactivation of SWEI did not affect cell cycle

progression of clblA clb2- VI cells (Figure 2A). Identical results were obtained with the

cdc28Y19F allele (Supplemental Figure 2). Therefore, the accumulation of cells with

short bipolar spindles in clblA clb2- VI cultures cannot be attributed to persistent Y 19

phosphorylation.

Clbl/2-CDK activity is required during metaphase to promote anaphase.

Our experiments suggest that Clb 1/2-CDK activity is needed at a point between the G I/S

transition and metaphase for anaphase spindle elongation. To determine if Clb I/2-CDK

complexes were required during metaphase to bring about anaphase entry, we examined



Figure 1: CLB1 and CLB2 are required for progression through mitosis.

(A) 10-fold serial dilution of wild-type (A141 1) and clblA clb2- VI cells (A3000) each
carrying a Cdcl4-3HA fusion on YEPD plates. Plates were incubated at room
temperature (RT) or 370 C for 3 days.

(B) Wild-type cells carrying a Cdcl4-3HA fusion (A1411) and clblA clb2-VI cells
carrying Pdsl-13Myc and Cdcl4-3HA fusions (A12159) were arrested in Gl in YEPD
with alpha factor (5tg/ml) for 2.5 hours at room temperature. Cells were washed with 10
volumes YEP and released into pheromone-free YEPD media pre-warmed to 370C. The
percentage of cells in metaphase and anaphase was determined at the indicated
timepoints. At least 100 cells were counted at each timepoint.

(C) Spindle morphology of wild-type (A 1411) and clblA clb2- VI (A3000) cells each
carrying a Cdc 14-3HA fusion 120 min after release from a pheromone induced G1 arrest.
Microtubules are shown in green, DNA in blue.

(D) Time-lapse series of wild-type (A16772) and clblA clb2-VI (A17122) cells carrying a
Tub 1-GFP fusion. Cells were prepared as described in Materials and Methods. For
time-lapse series, 8 0.5pim z-stacks were collected every minute and the z stacks were
then projected in the xy plane for spindle length measurements. Spindle length
measurements were performed using softWoRx software. (Time*) corresponds to time
after SPB separation, with the 0 timepoint defined as the first timepoint at which 2
separated SPBs are clearly resolved.
Top panel: A time-lapse series of a wild-type cell undergoing anaphase (shown in
Supplemental Movie 1). This cell was chosen because it initiated anaphase at a time
similar to the WT population's mean anaphase onset time.
Lower panel: A time-lapse series of a clblA clb2- VI cell undergoing anaphase (shown in
Supplemental Movie 2). This cell was chosen because it initiated anaphase at a time
similar to the clbl A clb2- VI population's mean anaphase onset time.
Graph: The distance between the two separated SPBs in each cell was measured at every
time point in which the spindle was in focus.

(E) Electron micrographs of a section of yeast cells prepared by high pressure freezing
and freeze substitution (see Material and Methods). The spindle pole bodies (SPB) are
marked by * and microtubules by arrows. The scale bar in each image represents 500
nm.
Left panel: Section from a wild-type cell undergoing nuclear division at 370C. Only one
SPB was visible in this section and one-half spindle was clearly resolved.
Middle panel: Spindle from a clblA clb2- VI cell at 370 C. The top SPB was clearly
captured in this section whereas segments of the lower SPB are just visible. The
microtubules nucleated by both SPB are clearly visible and a bipolar spindle is evident.
Right panel: A second representative spindle from a clblA clb2- VI cell at 370 C. The
bipolar spindle emanating from two separated SPBs is clearly visible (although only one
SPB was contained in this section).
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the effect of inactivating these CDK-complexes during metaphase. Cells can be

reversibly arrested in metaphase by placing CDC20 under the control of the methionine

repressible MET3 promoter1 9. We arrested pMET3-CDC20 and pMET3-CDC20 clblA

clb2- VI cells in metaphase by the addition of methionine and then inactivated Clb2-VI-

CDKs by shifting cells to 370 C. When more than 80% of cells were arrested in

metaphase, they were released into methionine-free medium at 370 C to maintain Clb2-VI

inactivation. Upon methionine removal, CDC20 expression was rapidly restored and

pMET3-CDC20 cells progressed into anaphase (Figure 2B). In contrast, entry into

anaphase did not occur in pMET3-CDC20 clblA clb2-VI cells (Figure 2B). Thus, Clbl/2-

CDK activity is needed during metaphase to bring about anaphase entry.



Figure 2: Clbl/2-CDK activity is required at the metaphase - anaphase transition to
bring about anaphase entry.
(A)Wild-type (A141 1), swelA (A7507), clblA clb2-VI (A3000), and swelA clblA clb2-
VI (A15936) cells each carrying Cdcl4-3HA were grown and analyzed as described in
Figure IB. Top panel: Percentage of cells with metaphase spindles. Lower panel:
Percentage of cells with anaphase spindles.

(B) pMET3-CDC20 (A7334) and pMET3-CDC20 clblA clb2-VI Pdsl-13Myc (A15112)
cells were grown in methionine-free complete synthetic media (CSM) and arrested in GI
with alpha factor (5ýtg/ml) for 2.5 hours at room temperature. The cells were washed
with 10 volumes CSM and released at room temperature into alpha factor-free CSM
containing 4mM methionine to arrest cells in metaphase. After 2.5 hours in methionine,
cells were shifted to 370 C for one hour to inactivate Clb2-VI-CDK activity in metaphase.
Cells were then released into methionine-free CSM at 370 C to restore CDC20 expression
while maintaining the inactivation of Clb2-VI-CDK. 15% of cells enter anaphase in the
presence of methionine upon temperature shift to 370 C. We believe this is due to a
temperature- induced transient de-repression of the MET3 promoter.
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Supplemental Figure 2: Mutation of Y19 to phenylalanine does not suppress the mitotic
delay of clblA clb2-VI cells.
Wild-type (A141 1), cdc28Y19F (A1999), clblA clb2-VI (A3000), cdc28Y19F clblA clb2-VI
(A 15938) each carrying a Cdcl4-3HA fusion were grown and analyzed as described in
Figure lB. The percentage of cells in metaphase (left panel) and anaphase (right panel) was
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Clbl/2-CDK activity is needed for Securin degradation.

Securin/Pds 1 degradation marks anaphase entry. To determine whether Clb 1/2-CDK

activity was required for Securin/Pds degradation, we examined the levels of

Securin/Pdsl in clblA clb2-VI cells. Following the release from a GI block at 370 C,

wild-type cells initiated Securin/Pds1 degradation and anaphase entry 105 minutes after

release from the arrest (Figure 3A). clblA clb2-VI cells, however, were substantially

delayed in Securin/Pdsl degradation (Figure 3A), indicating that Clbl/2-CDK activity is

required for Securin/Pds I degradation.

Two surveillance mechanisms, the DNA damage and spindle assembly checkpoints, are

known to prevent the APC/C-Cdc20 mediated degradation of Securin/Pds 1. To examine

whether the stabilization of Securin/Pds 1 in clblA clb2- VI cells was caused by the

activation of either checkpoint, we examined the effects of deleting components of both

surveillance mechanisms on Securin/Pdsl degradation and cell cycle progression in

clblA clb2- VI cells. RAD9 and MADI were deleted in order to inactivate the DNA

damage and spindle assembly checkpoint, respectively. In madlA rad9A cells, the

degradation of Securin/Pds 1 at 90 minutes coincided with the formation of the cleavage

product of Scc 1/Mcdl and the appearance of anaphase spindles (Figure 3B). In clbl]A

clb2- VI strains, Securin/Pds 1 degradation, the formation of the Scc 1/Mcdl cleavage

product, and the appearance of anaphase spindles were severely delayed (Figure 3B).

Securin/Pds 1 degradation was similarly delayed in madlA rad9A clblA clb2- VI (Figure

3B). Importantly, the delay in anaphase spindle elongation paralleled that of Scc 1/Mcdl



Figure 3: clblA clb2-VI cells are defective in Securin degradation.
(A)Wild-type cells carrying Pdsl-HA (A1015) and clblA clb2-VI cells carrying Pdsl-HA
and Sccl-18Myc (A15111) were grown and treated as in Figure IB. The percentage of
cells with metaphase and anaphase spindles (graph) was determined and Pds 1-HA protein
levels were examined by Western blot analysis. Pgkl was used as a loading control in
Western blots.

(B) madlA rad9A (A15999), clblA clb2-VI (A 15111), and madlA rad9A clblA clb2-VI
(A 16000) cells each carrying Pds 1-HA and Scc -18Myc were grown and treated as in
Figure IB. The percentage of cells with metaphase (left graph) and anaphase spindles
(right graph) and the amounts of full length Sccl-18Myc (Sccl*), the C-terminal
cleavage fragment of Sccl-18Myc (cleaved Sccl), and Pdsl-HA were examined. Pgkl
was used as a loading control in Western blots.
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cleavage, demonstrating that spindle morphology accurately reflects cell cycle

progression of clblA clb2- VI cells.

Our data indicates that cells lacking Clbl/2-CDK activity are defective in targeting

Securin/Pds 1 for degradation and thus are unable to fully activate Separase. This defect

appears to be independent of the checkpoints known to control this event and thus may

reflect a direct role for Clbl/2-CDK activity in activating APC/C-Cdc20. To test this

idea, we examined the effects of high levels of Cdc20 on Securin/Pds I degradation and

cohesin cleavage in clblA clb2-VI cells. Over-expression of CDC20 from the GALI-IO

promoter partially rescued the delay in Securin/Pds1 degradation and cohesin cleavage in

clblA clb2-VI cells. Under conditions when the GAL -10 promoter is inactive

(Raffinose), pGAL-CDC20 cells initiated cohesin cleavage at least 60 minutes prior to

pGAL-CDC20 clblA clb2-VI cells (Figure 4A). In contrast, when Cdc20 was

overproduced (Raffinose + Galactose), the delay in Securin/Pdsl degradation and cohesin

cleavage was less pronounced (Figure 4A). This observation provides further evidence

that the APC/C is hypo-active in the absence of Clb 1/2-CDK activity.



Figure 4: Clbl/2-CDK activity governs anaphase entry in multiple ways.
(A) Wild-type (A16651) and clblA clb2-VI (A16580) strains each carrying Pdsl-HA,
Sec 1-18Myc and three copies of pGAL-CDC20 at the URA3 locus were arrested with
alpha factor (5ýtg/ml) in YEP medium containing 2% Raffinose (YEPR) for 2.5 hours at
room temperature. Subsequently, cells were washed with 10 volumes YEP and released
into pre-warmed YEPR at 370C. The cultures were immediately split in two and
galactose (2%) was added to one of the two cultures. Protein levels of Sccl-18Myc and
Pds I-HA were monitored during the cell cycle. Pgkl was used as a loading control. The
blot for Pds 1-HA in raffinose media is from a 2.5 minute exposed film, while the Pdsl-
HA blot in galactose media is from an over-night exposure. The overnight exposure was
required because Pdsl-HA levels are very low in strains that over-express CDC20. All
Scc I-18Myc blots are from over-night exposures. All Pgkl blots are from 2.5 minute
exposures.

(B) A schematic diagram of the pathway regulating the metaphase - anaphase transition.

(C-F) Wild-type (A3160), pdslA (A2015), clblA clb2-VI Pdsl-HA (A15111), and clblA
clb2-VIpdslA (A15840) each carrying a Sccl-18Myc fusion were arrested in Gi as
described in Figure IB. Cells were then released into YEPD containing 10mg/ml
hydroxyurea (HU) to arrest cells in S phase at room temperature (RT). This step is
necessary because pdslA cells have a temperature sensitive defect at the GI/S transition
that is likely due to impaired Separase/Espl accumulation in the nucleus at 37C 2 2 -2 4 .

After 75 min in HU, cells were washed extensively and resuspended in HU-free YEPD at
room temperature. The flasks were then placed in a 300 C water-bath and the water-bath
was then set to 370 C. We found that this stepwise temperature shift produced the most
synchronous release from the HU block into 370C YEPD. The 0 min time point was taken
before cells were released from the HU block.
(D) Percentage of cells with metaphase-like spindles. Spindles were classified as
metaphase-like because metaphase, as defined by 2N cells with a bipolar spindle
containing Securin/Pdsl and non-cleaved cohesin, does not occur in pdslA cells.
(E) Percentage of cells with anaphase spindles.
(F) Cohesin cleavage was monitored by examining the amount of full length Sccl-18Myc
(Sccl* 1) and the C-terminal cleavage fragment of Scc I -I 8Myc (cleaved Scc 1). Scc l-
18Myc blots from pdslA strains released from HU consistently show a 90 kDa protein
that cross reacts with the Myc antibody, the identity of which is unknown. Pgkl was
used as a loading control in Western blots
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clblA clb2-VI cells are defective in spindle elongation in the absence of PDSL.

Our data shows that clblA clb2- VI cells are defective in Securin/Pds I degradation. If this

defect was solely responsible for the metaphase delay of clblA clb2- VI cells, deletion of

PDSI should eliminate the anaphase entry defect of clblA clb2- VI cells (Figure 4B). We

used cohesin (Sccl/Mcdl) cleavage to follow anaphase entry in pdslA cells. Wild-type,

pdslA, clblA clb2- VI, and pdslA clblA clb2- VI cells were arrested in early S phase with

hydroxyurea at 250 C (Figure 4C) to permit sufficient accumulation of Separase/Esp 1 in

the nucleus ofpdslA cells 22-24. Upon release from the S phase block at 370C, cohesin

cleavage was delayed in clblA clb2- VI cells (Figure 4F). In contrast, cohesin cleavage

occurred prematurely in cells lacking PDS1 (Figure 4F). clblA clb2- VI cells lacking

PDS1 exhibited the same premature cohesin cleavage as the pdslA single mutant (Figure

4F), indicating that the failure to degrade Pdsl was likely to be the sole reason why

cohesin cleavage was delayed in clblA clb2- VI cells.

We also examined the effects of deleting PDS1 on cell cycle progression. Wild-type and

pdslA cells progressed from metaphase into anaphase with similar kinetics (Figure 4D,

E). In contrast, clblA clb2- VI cells were delayed in entering anaphase (Figure 4D, E).

Surprisingly, deletion of PDSI did not accelerate spindle elongation in clblA clb2- VI

cells (Figure 4D, E). Therefore, clblA clb2- VI cells have a defect in anaphase entry that is

independent of Securin/Pds 1 stabilization and cohesin cleavage. Consistent with this idea

is the finding that overproduction of CDC20, despite rescuing the cohesin cleavage defect

in this strain, failed to fully rescue the spindle elongation defect of clblA clb2- VI cells

(Supplemental Figure 12).



Inactivation of cohesin does not suppress the spindle elongation defect of clblA clb2-

VI cells.

In budding yeast, cleavage of the Sccl/Mcdl subunit of the cohesin complex has been

shown to be necessary and sufficient for anaphase spindle elongation1 9. In cells carrying a

mutant form of cohesin that contains a target site for the TEV protease, expression of

TEV protease is sufficient to induce chromosome segregation, thus bypassing the

requirement for APC/C-Cdc20 or Separase/Espl in triggering spindle elongation 9.

Similarly, temperature-sensitive alleles of SCC1/MCD1 (mcdl-] or sccl-73) allow

spindle elongation and sister chromatid separation in the absence of Separase/Espi

activation25,' 26 (Figure 4B). If the inability of clblA clb2- VI cells to form anaphase

spindles was due to a failure to trigger Sccl/Mcdl cleavage, inactivation of cohesins

should cause spindle elongation (Figure 4B). To test this hypothesis, we employed the

temperature sensitive mcdl-I allele, which has previously been shown to bypass the

metaphase arrest of cells lacking APC/C-Cdc20 activity 25

Inactivation of sister chromatid cohesion causes activation of the spindle assembly

checkpoint because kinetochore - microtubule attachments that are not under tension are

swiftly severed 27-29. TO avoid indirect effects of spindle checkpoint activation on the

kinetics of spindle elongation, we deleted the spindle checkpoint component MAD1.

Upon release from a GI block at 370C, all strains entered mitosis with similar kinetics as

judged by bipolar spindle formation (Figure 5B). Surprisingly, mcdl-1 clblA clb2-VI

cells failed to elongate spindles to the extent seen in mcdl-] cells, as judged by spindle

length measurements (Figure 5B; Supplemental Figure 3A). At 105 minutes after release
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Supplemental Figure 12: Over-expression of CDC20 does not fully suppress the spindle elongation
defect of clblA clb2-VI mutants
Wild-type (A16651) and clbl A clb2-VI (A16580) strains each carrying Pdsl-HA, Sccl-18Myc and three
copies ofpGAL-CDC20 at the URA3 locus were arrested with alpha factor (5 pg/ml) in YEP medium
containing 2% Raffinose (YEPR) for 2.5 hours at room temperature. Subsequently, cells were washed
with 10 volumes YEP and released into pre-warmed YEPR at 370 C. The cultures were immediately
split in two and galactose (2%) was added to one of the two cultures. Microtubule and DNA
morphologies are shown 150 min after release from GI. Microtubules are shown in green and DNA is
shown in blue.





from GI, mcdl-1 cells exhibited a broad distribution of spindle lengths, with a mode at 8-

10j m. clblA clb2- VI cells exhibited a mode at 2-4[tm (Figure 5C; Supplemental Figure

3A). The distribution of spindle lengths in mcdl-1 clblA clb2-VI cells was slightly

broader than that of clblA clb2- VI cells and centered at 4-6jtm (Figure 5C; Supplemental

Figure 3A).

Live-cell analysis also showed that clblA clb2- VI mcdl-] cells failed to elongate their

spindles. mcdl-1 cells reached a spindle length of 4 tm, on average 29.9 minutes

(SD=14.2; n=14) after spindle pole body separation (Figure 5D, E; Supplemental Movie

3) and only 5 out of 28 cells failed to elongate their spindles (data not shown). In

contrast, in mcdl-1 clblA clb2-VI cells, spindle elongation either did not occur at all (6

out of 16 cells; i.e. cell D in Figure 5D, and Supplemental movie 5) or occurred with a

delay (48.6 minutes after SPB separation; SD=14.3; n=9; Figure 5D, E; Supplemental

Movie 4, 5; note that cells that failed to elongate their spindles were not included in this

calculation). The delay in anaphase onset was more variable in clblA clb2- VI cells

lacking sister chromatid cohesion than in clblA clb2- VI cells, but the difference between

mcdl-] and mcdl-1 clblA clb2- VI cells was nevertheless highly significant (p=0.006;

two sided Student's t-test). The spindle behavior of clblA clb2- VI cells lacking cohesion

was also more complex than that of clblA clb2- VI cells with sister chromatid linkages.

The mitotic spindles went through continuous cycles of stretching to a length between 3

and 4 ~tm, collapse and reformation (Supplemental movies 4 and 5). We conclude that

loss of cohesins did not fully restore spindle elongation to clblA clb2- VI cells, indicating

that Clb I/2-CDK activity is required for anaphase spindle elongation independently of



Figure 5: Clbl/2-CDK activity is required after cohesin cleavage to bring about
anaphase spindle elongation.
(A-C) mcdl-1 madlA (A2784), clblA clb2-VI madlA Pdsl-13Myc (A14770), and mcdl-
1 madlA clblA clb2-VI Pdsl-13Myc (A14771) cells each carrying a Cdcl4-3HA fusion
were arrested in G at room temperature and released into 370 C YEPD as described in
Figure 1B. MAD] was deleted in each strain because cohesin mutants trigger the spindle
assembly checkpoint 26

(A) Microtubule and DNA morphologies are shown 105 min after release from G 1.
Microtubules are shown in green, DNA in blue. Spindles appeared fragile in mcdl-1
madlA and mcdl-1 madlA clblA clb2- VI cells. This is due to premature separation of
sister chromatids, which results in extremely short kinetochore microtubules.
(B) The percentage of cells with bipolar spindles (left graph) and the median spindle
length of each strain (right graph) was determined at the indicated times (n= 100 spindles
at 75 min and 90 min, n=80 spindles at 105 min, and n=70 spindles at 120 min). * MAD]
was deleted in each strain to prevent activation of the spindle assembly checkpoint.
These time points were chosen because they had the highest percentage of cells with
bipolar spindles. Box and whisker plots of spindle lengths from this experiment are
shown in Supplemental Figure 3A.
(C) Spindle length distributions of mcdl-1 madlA, clblA clb2- VI madlA, and mcdl-I
clblA clb2- VI madlA cells 105 minutes after release from GI (n=80 spindles). The 105
min time point was chosen because it had the highest percentage of cells with bipolar
spindles.
(D, E) Time-lapse series of spindle elongation in mcdl-1 madlA (A17974) and mcdl-1
clb A clb2-VI madlA (A17977) cells each carrying Tubl-GFP and Cdcl4-3HA fusions.
Cells were prepared for imaging as described in Figure ID and in Materials and Methods.
Time* refers to time after SPB separation with 0 defined as the first time point at which
SPB separation is visible.
(D) The distance between the two separated SPBs in each cell was measured at every
time point in which the spindle was in focus. The mcdl-1 clblA clb2- VI madA cells A
(Supplemental movie 4) and B, C, D (Supplemental movie 5) are shown because they
represent the range of spindle elongation phenotypes observed in mcdl-1 clblA clb2-VI
madl A cells.
(E) Top panel: A time-lapse series of a mcdl-I madlA cell undergoing anaphase (shown
in Supplemental movie 3). This cell was chosen because it initiated anaphase at a time
similar to the mcdl-1 madlA population's mean anaphase onset time.
(E) Bottom panel: A time-lapse series of a mcdl-1 clblA clb2- VI madlA cell undergoing
anaphase (shown in Supplemental Video 4). This cell was chosen because it initiated
anaphase at a time similar to the mcdl-I clblA clb2-VI madlA population's mean
anaphase onset time.
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Supplemental Figure 3: Box and whisker plots of spindle length measurements
Box and whisker plots of spindle lengths at the times measured in the experiments shown
in Figures 5, 6, and 7. q is the lower quartile (box bottom), while q3 is the upper
quartile (box top). Min refers to the minimum value (lower whisker), while max refers to
the maximum value (upper whisker). The position of the median is shown in the box as a
black bar.
(A) Spindle lengths measured in Figure 5.
(B) Spindle lengths measured in Figure 6(A-C)
(C) Spindle lengths measured in Figure 6(D-F)
(D) Spindle lengths measured in Figure 7(C-E)
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cohesin removal. Furthermore, the defect in Securin/Pds degradation in clblA clb2- VI

cells contributes to their short spindle phenotype, because a shift to higher spindle lengths

is observed upon inactivation of cohesion with the mcdl-1 allele.

Clbl/2-CDK activity is required for anaphase spindle elongation.

The inability of the mcdl-1 allele to restore spindle elongation to clblA clb2- VI cells

indicates that Clb I/2-CDK complexes have additional functions in promoting

chromosome segregation that are distinct from their role in promoting APC/C-Cdc20

complex activation. What are these additional functions? Clbl/2-CDK activity could

either be required to resolve cohesin-independent linkages between sister chromatids or

to promote anaphase spindle elongation.

To test the possibility that the absence of Clb I/2-CDK activity triggers aberrant forms of

sister chromatid entanglement that are cohesin independent or to resolve commonly

occurring forms of sister chromatid linkages, such as catenations, we examined how the

complete lack of a sister chromatid affects spindle elongation in clblA clb2- VI cells.

Cdc6 is an essential component of pre-replicative complexes (pre-RCs) 30. Strains

carrying CDC6 under the control of the glucose-repressible GALI-10 promoter fail to

replicate their DNA in the presence of glucose27 28,31,' 32. To avoid indirect effects of

spindle checkpoint activation on the kinetics of spindle elongation when CDC6 is

depleted, we deleted the spindle checkpoint component MAD1 32. Upon release from a

pheromone-induced GI arrest at 370 C, DNA replication was largely blocked in pGAL-

CDC6 and pGAL-CDC6 clblA clb2- VI, but not clblA clb2- VI cells (Supplemental Figure
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4). pGAL-CDC6 cells progressively elongated their spindles, while those of clblA clb2-

VI cells remained short (Figure 6B, Supplemental Figure 3B). pGAL-CDC6 clblA clb2-

VI cells failed to elongate their spindles to lengths seen in pGAL-CDC6 cells and spindles

had the characteristic fragile appearance of spindles with short kinetochore microtubules

(Figure 6A, B, Supplemental Figure 3B). Spindle length measurements at 90 minutes

following the release from G 1 showed that 43% of cells in the pGAL-CDC6 cultures

contained spindles longer than 6pim, while only 2% of clblA clb2- VI cells and 10% of

pGAL-CDC6 clblA clb2- VI cells contained spindles of this length (Figure 6C,

Supplemental Figure 3B). We conclude that unresolved sister-chromatid linkages cannot

account for the spindle elongation defect of clblA clb2- VI cells.

Our data thus far show that Clbl/2-CDK activity is required for anaphase spindle

formation independently of sister chromatid cohesion and suggests that Clbl/2-CDK

activity is required for spindle elongation. To test this hypothesis more directly, we

asked if Clbl/2-CDK activity was required for the precocious spindle elongation that

occurs in some kinetochore mutants. Kinetochore mutants were examined because

spindle attachment to kinetochores normally restrains spindle elongation prior to

anaphase (due to sister chromatid cohesion). In cells carrying a temperature sensitive

allele of the NDC10 gene (ndclO-1), which encodes an integral kinetochore component,

spindle elongation is uncoupled from cell cycle progression33 . At the restrictive

temperature, ndc10-1 cells prematurely elongate their spindles without chromosome

segregation (since chromosomes are not attached to microtubules of the mitotic

spindle) 3336 (Figure 6D). Upon release from a G1 arrest at 370C, ndcl0-1,
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Figure 6: clblA clb2-VI cells are defective in anaphase spindle elongation.
(A-C) madlA cdc6A pGAL-Ubi-R-CDC6 Pdsl-18Myc (A15078), madlA clblA clb2-VI
Pdsl-13Myc Cdcl4-3HA (A14770), and madlA cdc6A pGAL-Ubi-R-CDC6 clblA clb2-
VI Pdsl-18Myc (A15334) cells were grown in YEP Raffinose + Galactose (YEPRG) at
room temperature and arrested in GI with alpha factor (5gg/ml) for 3 hours. Cells were
released into alpha factor-free YEPRG at room temperature, and after 20 minutes,
glucose was added to repress pGAL-CDC6. Glucose was added after 20 minutes to allow
cells enough time to accumulate sufficient Cdc6 for one cell cycle. Alpha factor was re-
added 75 min after release to arrest cells in G 1 of the next cell cycle while pGAL-CDC6
was repressed. 225 minutes after alpha factor addition (3 hours total), cells were released
from their second G arrest into YEPD at 370C.
(A) Microtubule and DNA morphologies are shown 90 min after release from G1.
Microtubules are shown in green, DNA in blue.
(B) The percentage of cells with bipolar spindles (top graph) and the median spindle
length of each strain (bottom graph) was determined at the indicated times (at least 100
cells were examined per time point). These timepoints were chosen because they had the
highest percentage of cells with bipolar spindles. Box and whisker plots of spindle
lengths from this experiment are shown in Supplemental Figure 3B.
(C) The distribution of spindle lengths 90 min after release from G 1 is shown (at least
100 spindles were measured). The 90 min time point was chosen because it had the
highest percentage of cells with bipolar spindles.
(D-F) ndc 0-1 (A2733), clblA clb2-VI (A3000), and ncdl0-1 clblA clb2-VI (A 15260)
each carrying a Cdcl4-3HA fusion were grown in YEPD at room temperature and treated
as described in Figure IB.
(D) Microtubule and DNA morphologies are shown 120 min after release from the G 1
arrest. Microtubules are shown in green, DNA in blue.
(E) The percentage of cells with bipolar spindles (top graph) and the median spindle
length of each strain (bottom graph) was determined at the indicated times (at least 100
cells were examined per time point). These time points were chosen because they had the
highest percentage of cells with bipolar spindles. Box and whisker plots of spindle
lengths from this experiment are shown in Supplemental Figure 3C.
(F) The distribution of spindle lengths 120 min after release from G 1 is shown (n = 100
spindles). The 120 min time point was chosen because it had the highest percentage of
cells with bipolar spindles.
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clblA clb2-VI, and ndclO-1 clblA clb2-VI cells assembled bipolar spindles with similar

kinetics (Figure 6E). The ndclO-l mutant cells elongated their spindles in the absence of

nuclear division as judged by DAPI staining, indicating that the ndclO-l allele was

inactivated (Figure 6D). Surprisingly, the median spindle length of ndclO-1 clblA clb2-

VI cells was substantially shorter than that of ndclO-l cells at all time points examined

(Figure 6E, Supplemental Figure 3C). 120 minutes after release from the G1 block,

spindle lengths were broadly distributed between 3-12gm in ndc10-1 mutants (Figure 6F,

Supplemental Figure 3C). In contrast, spindle lengths were between 0-6gm in clblA

clb2-VI and ndcl0-1 clblA clb2-VI cells (Figure 6F, Supplemental Figure 3C). We

conclude that Clbl/2-CDK activity is required for anaphase spindle elongation. As

ndcl0-1 mutants lack microtubules linking kinetochores to the mitotic spindle, we

speculate that Clb 1/2-CDK activity is required for anaphase B, that is the elongation of

pole - pole microtubules.

Clb2/3-CDK activity is required for Securin/Pdsl degradation and anaphase spindle

elongation.

Is the anaphase entry defect observed in clblA clb2-VI cells specific to this particular

CLB cyclin mutant combination or does the combined inactivation of other CLB cyclins

also cause defects in anaphase entry? To address this question, we first examined the

consequences of inactivating all CDKs on mitotic progression by using an ATP analog

sensitive allele of CDC28 (cdc28-asl), 37. Cells carrying the cdc28-asl allele as the sole

source of CDC28 were released from a pheromone-induced G I arrest and inhibitor was

added prior to mitosis (65 minutes after release), when cells entered metaphase (95
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Supplemental Figure 5: Chemical inhibition of cdc28-asl induces spindle collapse.
cdc28-asl cells were grown in YEPD and arrested in alpha factor as described in Figure
lB. After 2.5 hours, cells were released into 100ml YEPD prewarmed to 370C. After 65
minutes, when cells just initiated budding, 25 ml was transferred into another flask and
INM-PPI (inhibitor #9) was added to a final concentration of 5pM. 1NP-PPI was added
to a second 25 ml of culture removed at 95 minutes and a third removed at 120 minutes.
The remaining 25 ml of cells served as a non-treatment control.
(A) Budding index after release from alpha factor arrest. Arrowheads denote times of
inhibitor addition: green 65 min, orange 95 min, red 120 min.
(B) The percentage of cells with metaphase spindles, anaphase spindles, and collapsing
spindles was determined in the untreated and the culture treated with INM-PPI at 95 min.
At least 100 cells were examined at each time point.
(C) Microtubule and DNA morphologies are shown at 105 min after release from GI for
untreated (top) and cells treated with INM-PPI at 95 min (bottom). This time point
corresponds to 10 minutes after INM-PPI was added. Microtubules are shown in green,
DNA in blue. * indicates a spindle classified as "collapsing."
(D) The percentage of cells with metaphase spindles, anaphase spindles, and collapsing
spindles was determined in the untreated and the culture treated with 1NM-PPI at 120
min. At least 100 cells were examined at each time point.
(E) Microtubule and DNA morphologies are shown at 135 min after release from GI for
untreated and cells treated with 1NM-PPI at 120 min. This time point corresponds to 15
minutes after 1NM-PPI was added. Microtubules are shown in green, DNA in blue. *
indicates a spindle classified as "collapsing."

106



0 15 30 45 60 75 90 105 120 135
Time (min) C

0 15 30 45 60 75 90 105120135150165180

Time (min) E
untreated 15min 1NM-PPI

0 15 30 45 60 75 90 105120135150165180

Time (min)

A Supp Figure 5

B
50

D

.04

z1

0UU





minutes after release) and when cells were in anaphase (120 minutes after release).

Consistent with previous data showing that Clb-CDK activity was required for the

maintenance of a mitotic spindle 15-17, 37, spindle collapse occurred shortly after inhibitor

addition, irrespective of which cell cycle stage cells were in (Supplemental Figure 5).

Thus, a minimal amount of Clb-CDK activity is necessary for maintenance of a mitotic

spindle.

To determine whether the combined inactivation of other CLB cyclins causes anaphase

entry defects, we combined a deletion of CLB3 with the temperature sensitive clb2- VI

allele. Inactivation of CLB2 and CLB3, like deletion of CLB1 and CLB2, is lethal 15, 16

indicating an essential requirement for this cyclin pair in cell cycle progression. In

addition we examined the consequences of inactivating CLBI, CLB2 and CLB3 using a

clblA clb2-VI clb3A triple mutant. Upon release of cells from a pheromone-induced Gi

arrest at 370 C, clb2- VI clb3A and clblA clb2- VI clb3A cells, but not clblA clb2- VI cells,

exhibited a 30 and 40 minute delay in bipolar spindle formation, respectively (Figure

7B). This observation is consistent with the previous finding that Clb-CDK activity is

required for bipolar spindle formation 15.16

We followed cell cycle progression in these strains and found that the combined function

of CLB2 and CLB3 is also needed for anaphase entry. Like clblA clb2- VI cells, clb2- VI

clb3A and clblA clb2- VI clb3A cells exhibited a delay in Securin/Pds 1 degradation,

cohesin cleavage and anaphase spindle elongation. Taking into account the 30 minute

delay in spindle formation in clb2- VI clb3A cells, the delay in Securin/Pds 1 degradation,
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Figure 7: clb2-VI clb3A cells are defective in Securin degradation and anaphase
spindle elongation

(A-B) Wild-type (A195 1), clblA clb2-VI (A1511 1), clb2-VI clb3A (A19136), and clblA
clb2- VI clb3A (A1938) cells each carrying Pds 1-HA and Sccl-18Myc were grown and
treated as described in Figure IB. The percentage of cells with metaphase (B, left graph)
and anaphase (B, right graph) spindles was determined at the indicated times. The
amounts of full length Scc 1-18Myc (Scc 1-18Myc*), the C-terminal cleavage fragment of
Sccl-18Myc (cleaved Sccl), and Pdsl-HA were also examined (A). Pgkl was used as a
loading control in Western blots.

(C-E) ndclO-1 (A2733), clb2- VI clb3A (A2887), ncdlO-1 clb2- VI clb3A (A19288) and
ncdl0-1 clblA clb2-VI (A17126) each carrying a Cdcl4-3HA fusion were grown and
treated as described in Figure IB. The percentage of cells with bipolar spindles is shown
in (C, n=200). In the graph shown in (D) the time points were adjusted so that onset of
bipolar spindle formation occurred concomitantly. The timepoints chosen for analysis
were marked with a black circle. For the ndcl0-1 strain, the 0 timepoint in (D)
corresponds to the 45 minute timepoint in (C); for the ncdl0-1 clblA clb2- VI strain, the 0
timepoint corresponds to the 75 minute timepoint in (C); for strains clb2- VI clb3A and
ncdl0-1 clb2- VI clb3A the 0 min timepoints correspond to the 90 minute time point in
(C). The delay in bipolar spindle assembly in the ncdl0-1 clblA clb2- VI strain relative to
ndcl0-1 strain is not reproducible and not characteristic of this mutant.
(E) shows the median spindle length of each strain. The time points correspond to the
timepoints in (D) marked with a black circle. At least 140 cells were examined per time
point. Box and whisker plots of spindle lengths from this experiment are shown in
Supplemental Figure 3D.
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cohesin cleavage and anaphase entry appeared similar between clblA clb2- VI and clb2- VI

clb3A cells (Figure 7A, B). The delay in the triple mutant was more pronounced (Figure

7A, B).

To determine whether Clb2/3-CDK activity was also required for anaphase spindle

elongation independently of Securin/Pds I degradation and cohesin cleavage, we

examined the kinetics of spindle elongation in clb2- VI clb3A cells lacking NDCI O. As in

clblA clb2- VI cells, spindle elongation was greatly hampered in clb2- VI clb3A cells

(Figure 7C-E; Supplemental Figure 3D). Compared to the ndcl0-i single mutant, clblA

clb2- VI ndcl0-1 exhibited a 30 minute delay in entry into mitosis, while both clb2- VI

clb3A and clb2- VI clb3A ndc 0-1 cells exhibited a 45 minute delay in entry into mitosis

(Figure 7C). To compare the kinetics of mitotic spindle elongation between the strains,

we therefore adjusted the graphs so that the onset of bipolar spindle formation coincided

(Figure 7D). Spindle length measurements at matched time points revealed that whereas

ndcl0-i cells reached a median spindle length of 7.4 Rm, spindles in ndcl0-1 clb2-VI

clb3A and ndcl0-1 clblA clb2- VI cells reached median lengths of only 5.3 and 4.9 Rm,

respectively (Figure 7E; Supplemental Figure 3D). clb2- VI clb3A cells reached a median

spindle length of 3.2 gm. Our results indicate that inactivation of CLB2 and CLB3 elicits

similar metaphase defects as inactivation of CLBI and CLB2. Furthermore, they suggest

that the overall level of Clb-CDK activity is important for entry into anaphase.
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Discussion

Mitotic CDKs are best known for their essential function in initiating mitosis, where they

promote mitotic spindle formation, chromosome condensation and the breakdown of the

nuclear envelope 2' 13. The functions of these kinases in later stages of mitosis are less

well understood. Here we show that Clb-CDK activity triggers two key aspects of

chromosome segregation: 1) activation of APC/C-Cdc20 to facilitate Securin degradation

and 2) anaphase spindle elongation to facilitate the partitioning of the genome between

the future daughter nuclei. Thus, it appears that mitotic CDK activity not only initiates

mitosis, it is also a key regulator of chromosome segregation.

Clb-CDK activity is required for APC/C-Cdc20 activation in vivo.

The APC/C is a large -1.5 MDa E3 ubiquitin ligase complex that is composed of at least

12 subunits in humans (13 in budding yeast)2 . Many kinases including CDK, Polo-like

kinases, and PKA phosphorylate APC/C-Cdc20 in vitro and most of these

phosphorylations, except for those catalyzed by PKA, are thought to activate APC/C-

Cdc202, 3, 11, 38-46. In vivo, there are at least 51 phosphorylation sites in the human

APC/C 43. This large number of sites has precluded mutational analysis and therefore the

functional significance of these phosphorylation events remains unknown.

In our study, we observed that Clb-CDK activity is required for the timely destruction of

the APC/C-Cdc20 substrate Securin/Pds 1. Since the failure of clblA clb2- VI cells to

degrade Securin/Pds 1 was independent of the checkpoints known to inhibit the APC/C-

Cdc20, we conclude that a yet to be identified Clbl/2-CDK dependent process regulates
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APC/C-Cdc20 function or that Clbl/2-CDK activity directly controls APC/C-Cdc20

activation in vivo. We favor the latter possibility because Rudner et al. (2000) observed

that strains carrying a version of the APC/C in which all CDK phosphorylation sites

within the APC/C subunits Cdc 16, Cdc23 and Cdc27 were mutated to alanine ("apc/c-

12A ") exhibit a 15 minute delay in metaphase and required CLB2 for viability"1. Given

that the cell cycle delay of the apc/c-12A mutant was modest compared to that exhibited

by the clblA clb2- VI or clb2- VI clb3A strains, this result suggests that additional Clb-

CDK targets exist among the APC/C-Cdc20 subunits. Cdc20 is a likely candidate

because human Cdc20 is phosphorylated in vivo 43. More importantly, mutation of the 4

serines within the 4 CDK consensus sequences in budding yeast Cdc20 to alanines

(cdc20-4A) does not interfere with CDC20 function in an otherwise wild-type strain, but

causes lethality when combined with the apc/c-12A mutant and cell cycle arrest in

metaphase (Supplemental Figure 8- 11 ). This observation is consistent with the idea that

phosphorylation of both Cdc20 and the APC/C is essential for the activation of the

ubiquitin ligase at metaphase. However, because we have thus far not been able to

demonstrate that the 4 CDK consensus sites within Cdc20 are phosphorylated in vivo, we

cannot exclude the possibility that the cdc20-4A allele is hypomorphic due to structural

rather than regulatory defects.

Mitotic CDK activity is required for spindle elongation during anaphase.

Deletion of PDSI in clblA clb2-VI cells revealed a second essential function for Clb 1/2-

CDKs in the initiation of anaphase. Several lines of evidence indicate that Clbl/2-CDK

activity does not mediate this function through resolving linkages between sister-
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chromatids. mcdl-1 strains fail to maintain sister chromatid cohesion and the mcdl-1

allele suppresses the anaphase entry defect of APC/C-Cdc20 and Separase mutants25' 26

In clblA clb2- VI strains, however, the suppression of the anaphase entry defect by

cohesin inactivation was only partial. We interpret this partial rescue to result from the

fact that the mcdl-1 mutation bypasses the Securin/Pdsl degradation defect of clblA

clb2- VI strains allowing some spindle elongation to occur (due to the lack of sister

chromatid cohesion that normally resists microtubule pulling forces). Nevertheless, the

spindles of mcdl-1 clblA clb2-VI cells never fully elongated to lengths seen in mcdl-1

cells, indicating that Clb 1/2-CDK activity was needed for more than cohesion removal to

bring about chromosome movement. Eliminating DNA replication did not permit spindle

elongation in clblA clb2- VI strains either, further excluding the possibility that cohesin-

independent linkages are responsible for the anaphase spindle elongation defect of cells

lacking Clbl/2-CDK activity.

These findings leave us with the conclusion that the process of spindle elongation itself

requires Clbl/2-CDK activity. This idea is supported by the observation that eliminating

kinetochore function failed to promote anaphase B spindle elongation in clblA clb2- VI

strains. The same result was obtained in cells lacking Clb2/3-CDK activity indicating that

this requirement was not specific to the late mitotic cyclin pair Clb 1 and Clb2. At first

glance, the idea that Clb-CDK activity is required for spindle elongation may sound

paradoxical because mitotic CDK activity starts to decline as cells enter anaphase. It is

however important to note that, at least in yeast, a decrease in mitotic CDK activity is not

required for anaphase spindle elongation. Overexpression of a non-degradable version of
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Cycling cultures of wild-type cells carrying a Tubl-GFP fusion (A16772), madlA cells (A2853),
madlA slkl9A spol2A bnslA cells (A5515), pMET-CDC20 madlA cells carrying a WT CDC20-
3HA fusion on a plasmid (A17333), and pMET-CDC20 madlA cells carrying a cdc20-4A-3HA
fusion on a plasmid (A17335) were grown overnight in methionine-free complete synthetic media (-
MET CSM). A2853, A5515, A17333, and A17335 also carried a Cdcl4-3HA fusion. Cells were
arrested in GI in -MET CSM by addition of alpha factor (5gig/ml). After 2.5 hours, cells were
washed in YEP and released into 8mM methionine YEPD containing 15p g/ml nocodozole to repress
expression from pMET-CDC20 and to trigger spindle depolymerization. The percentage of budded
cells and rebudded cells was determined at the indicated times.
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Supplemental Figure 10: apc/c-12A cdc20-4A mutants accumulate in metaphase

Exponentially growing cultures of pMET-CDC20 apc/c-12A strains carrying WT CDC20 (black)
(A18009) or cdc20-4A (red) (A18011) on a CEN plasmid were grown overnight in methionine-free
complete synthetic media. At time 0, methionine was added to a final concentration of 8mM to repress
expression from pMET-CDC20. The percentage of cells in metaphase (closed circles) and anaphase
(open squares) was determined at the indicated times.
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Supplemental Figure 11: cdc20-4A cannot complement the essential functions of CDC20 in an
apc/c-12A background.

All strains (except the WT (A2587) strain) have the endogenous copy of CDC20 under a methionine-
repressible (pMET) promoter and carry either CDC20 (green) or cdc20-4A (red) on a CEN plasmid.
Cells of the indicated genotype were grown overnight in methione-free media and plated on
methionine-free (Endogenous Cdc20 "ON") or 8mM methionine (Endogenous Cdc20 "OFF") complete
synthetic media-agarose plates. The plates were incubated at room temperature for 3 days. The
following strains were used (from top to bottom): A2587, A17328, A6640, A17241, A17303, A17889,
A18009, and A18011.
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Clb2 does not interfere with spindle elongation47. It is also worth pointing out that our

data do not call into question that the decline in mitotic CDK activity commences with

the activation of APC/C-Cdc20. They merely indicate that a certain amount of Clb-CDK

activity is required for anaphase spindle elongation that is not met in cells lacking either

Clbl/2-CDK or Clb2/3-CDK activity.

How does Clb-CDK activity promote spindle elongation during anaphase?

Our electron microscopy analysis revealed that the bipolar spindles formed by

clblA clb2- VI cells appear normal in overall structure, indicating that a general structural

defect is not responsible for the inability of cells lacking Clb 1/2-CDK activity to elongate

their spindles. The protein phosphatase Cdcl4 has previously been shown to be required

for timely anaphase spindle elongation and the switch from metaphase microtubule

dynamics to an anaphase one48. The defect in anaphase spindle elongation in cdcl4

mutants is, however, subtle compared to that of clblA clb2- VI or clb2- VI clb3A cells.

This finding indicates that Clb-CDK's role in anaphase spindle elongation cannot be

explained by its function in Cdc 14 activation at the metaphase - anaphase transition 49. It

is also unlikely that Clb-CDKs promote spindle elongation through their role in APC-

Cdc20 activation because high levels of Cdc20 suppress the Securin/Pds 1 degradation

defect of clblA clb2- VI cells, but not the spindle elongation defect of the strain

(Supplemental Figure 12).

Anaphase spindle elongation occurs in two steps. An initial rapid phase in which the

spindle elongates to about 3-4 pm. This phase is followed by a second phase in which the
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spindle slowly elongates to a final length of about 7-8 pm 50-53. Live cell microscopy

showed that spindles in mcdl-1 clblA clb2- VI cells went through cycles of rapid spindle

elongation to a length between 3-4 pm, which was followed by spindle collapse and

reformation. This finding raises the interesting possibility that the second, slow

elongation phase is impaired in mcdl-1 clblA clb2- V1 cells. This slow elongation step

could require Clb-CDK mediated changes in microtubule motor function. We attempted

to test this hypothesis in several ways, but neither overexpression of spindle elongation

promoting factors such as CIN8 54 or STU2 55, 56 nor deletion of spindle elongation

inhibitors such as KIP3 54 57, 58 rescued the spindle elongation defect of clblA clb2- VI

cells and madlA mcdl-1 clblA clb2- VI cells (Supplemental Figure 6, data not shown).

We favor the hypothesis that Clb-CDK activity triggers spindle elongation by regulating

the activity of multiple motors and/or microtubule-associated proteins, especially those at

the spindle midzone. In this regard it is interesting to note that mutation of the 9 CDK

consensus sequences in the chromosomal passenger protein Birl to amino acids that can

no longer be phosphorylated reduces the extent of spindle elongation and prevents the

localization of proteins such as Ndc 10 to the spindle midzone during anaphase 59. The

Clb-CDK-dependent recruitment of proteins to the spindle midzone, we speculate, could

be important for full anaphase spindle elongation.

Is the amount of Clb-CDK activity or Clb-CDK specificity (or both) important?

One key question arising from our data is whether differences in substrate specificity

among the six Clb cyclins or changes in overall levels of Clb-CDK activity are needed to

bring about the various mitotic transitions. Cells lacking Clb2/3-CDK activity exhibit a
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Supplemental Figure 6: Deletion of KIP3 does not promote anaphase spindle elongation
in clblA clb2-VI cells.
Wild-type (A1411), kip3A (A16350), clblA clb2-VI (A3000), and kip3A clblA clb2-VI
(A16352) each carrying a Cdcl4-3HA fusion were grown as described in Figure IB. The
percentage of cells with metaphase spindles and anaphase spindles was determined at the
indicated times.
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delay in bipolar spindle formation, a phenotype that was not shared by cells lacking

Clbl/Clb2-CDK activity, raising the possibility that different Clb-CDKs execute different

mitotic events. However, several other observations argue for increasing amounts of Clb-

CDK activity triggering consecutive mitotic events. First, inactivation of not only CLBI

and CLB2, but also CLB2 and CLB3 causes a delay in Securin/Pds degradation and a

defect in anaphase spindle elongation. Second, deletion of CLB2 and CLB4 also leads to

a delay in mitosis 5' 16, whereas deletion of CLB1, CLB3 and CLB4 has no discernable

phenotype 1'5, 16. Given that nearly 70% of mitotic CDK activity is associated with Clb2M 8,

it appears that the severity of the metaphase delay correlates with the amount of CDK

activity associated with a particular cyclin. Furthermore, we found that expression of

CLB3-HA from the CLB2 promoter rescued the anaphase entry defect of clblA clb2- VI

cells to a similar degree as expression of CLB2-HA from the CLB2 promoter

(Supplemental Figure 7). Provided that the effects of the HA epitope tag on Clb2 and

Clb3 are the same (both tagged versions of the proteins are not fully functional,

Supplemental Figure 7; data not shown), this result indicates that Clb2 and Clb3 are

similar in their ability to promote progression through mitosis. In this "Clb quantity

model", the defect in bipolar spindle formation that appears unique to cells lacking

Clb2/3-CDK activity could be explained by the fact that CLB3 is expressed earlier during

the cell cycle and thus provides the amount of Clb-CDK activity (with Clb2) necessary

for the timely formation of a bipolar spindle. We suggest that changes in overall CIb-

CDK levels bring about consecutive mitotic events, but will not exclude the possibility

that minor differences in substrate preference exist among the different mitotic Clb-

CDKs.
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Supplemental Figure 7: Clb2-CDK and Clb3-CDK have similar mitotic functions
Approximately Ikb of the CLB2 promoter were fused to three HA epitope tags to generate pCLB2-3HA.
Full length CLB2 or CLB3 were put under the control of this promoter in a YIPlac128 vector. Both
constructs were sequenced and verified to have no mutations. YIPlac128 carrying pCLB2-3HA-CLB2 or
pCLB2-3HA-CLB3 was targeted to the leu2 locus by a digest with BstEII. Both tagged versions were not
completely functional. Clb2-3HA levels comparable to endogenous Clb2 did not completely rescue the
metaphase delay of clblA clb2- VI cells (A, B). The Clb3-3HA fusion was also not capable of fully
rescuing the bipolar spindle assembly defect of clblA clb2- VI clb3A cells (data not shown).
(A) Wild-type (A1411), clblA (A15947), clblA clb2-VI (A3000), clblA clb2-VILEU2::pCLB2-3HA-
CLB2 (A20172), and clblA clb2- VI LEU2::pCLB2-3HA-CLB3 (A20173) were grown as described in
Figure IB. All strains except clblA carried a Cdcl4-3HA fusion. The percentage of cells with
metaphase spindles and anaphase spindles was determined at the indicated times.
(B) The amounts of untagged Clb2, Clb2-3HA, Clb3-3HA, and Cdc14-3HA were determined in wild-
type (A1411), clblA clb2-VI leu2::pCLB2-3HA-CLB2 (A20172), and clblA clb2-VI leu2:.pCLB2-3HA-
CLB3 (A20173) each carrying a Cdcl4-3HA fusion. The samples were run on the same gel and
developed at the same time and either probed with an anti-HA antibody (left panels) or an anti-Clb2
antibody (right panel).
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A model for how the rise in CDK activity during early mitosis establishes order to

mitotic progression.

It was previously suggested that increasing amounts of CDKs establish consecutive cell

cycle events, with low CDK levels promoting S phase and high levels of CDKs triggering

M phase 60. Our data indicates that increasing amounts of Clb-CDKs are also responsible

for triggering consecutive mitotic events. Inactivation of CLB1 and CLB2 causes no delay

in cell cycle progression prior to metaphase, whereas inactivation of CLB2 and CLB3

causes a modest 30 minute delay. In contrast, inactivation of CLB1, CLB2, CLB3 and

CLB4 causes cell cycle arrest in G2, with replicated DNA and un-separated spindle pole

bodies' 518 . Furthermore, Clb-CDK activity rises as cells progress through mitosis 15, 16, 18,

47. Based on these observations, we propose that higher amounts of mitotic CDK activity

are needed for entry into anaphase than for entry into mitosis (Figure 8). This steady rise

in mitotic CDK activity helps establish the order of events during early mitosis, with a

lower threshold of Clb-CDK activity triggering entry into mitosis and a second, higher

one, triggering entry into anaphase. Finally, once anaphase entry has been initiated, Clb

proteolysis causes a decline in Clb-CDK activity, triggering exit from mitosis (during

which thresholds may also play a role 61). Interestingly, increasing amounts of mitotic

CDK activity may also govern progression through early stages of mitosis in mammalian

cells. Mitotic CDK activity rises as cells progress from G2 into metaphase 62-67

Furthermore, complete inactivation of Cdkl by RNAi-based methods prevents entry into
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mitosis, whereas partial Cdkl inactivation delays entry into anaphase62. Therefore,

requiring a steady rise in mitotic CDK activity for mitotic progression may be a general

mechanism by which all eukaryotic cells ensure that chromosome segregation occurs

only after chromosomes have condensed and a mitotic spindle has formed.

130



Metaphase-Anaphase: -
APC/C-Cdc20O activation
Spindle elongation

4- Mitotic Exit:

+r 
Spindle

Mitotic Entry: disassembly
Bipolar spindle assembly
Chromosome condensatic

Mitotic Progression

Figure 8: A model for how increasing levels of CDK
activity help establish the order of early mitotic events.
See text for details

20
0

.j





Materials and Methods

All strains were derivatives of strain W303 (K699) and are listed in Supplementary Table

1. Growth conditions for each experiment are described in the figure legends. Western

blot analysis of Pds 1-HA, Scc 1-18Myc, and Pgkl was performed as described in Cohen-

Fix, et al. (1996), Uhlmann, et al. (1999), and Monje-Casas, et al. (2007), respectively.

Indirect immuno-fluorescence for tubulin was performed as described in Monje-Casas, et

al. (2007). Spindle length measurements were carried out using Openlab 3.0.2 imaging

program. Cdc6-depletion experiments were performed as described in Biggins and

Murray (2001). Electron microscopy analysis of cells was performed as described in

Winey, et al. (2005). Briefly, cycling cultures of wild-type (A1411) and clblA clb2-VI

cells (A3000) each carrying a Cdcl4-3HA fusion were grown overnight and then shifted

to a 370C water-bath for 3 hours. Cell cultures were filtered into a paste and immediately

high pressure frozen using a Leica EM PACT 2 freezer. The cells were freeze substituted

in 2% Osmium tetroxide and 0.1% Uranyl acetate at -800C then slowly warmed to room

temperature and embedded in TAAB Epon. Sections were picked up on copper grids and

stained with 2% uranyl acetate in acetone and lead citrate. The sections were

approximately 80nm thick. Imaging was performed using a Tecnai G_ Spirit BioTWIN

microscope (FEICompany) and a 2k CCD camera (AMT).

For live cell imaging, cells were arrested in G1 in YEPD with alpha factor (5jtg/ml) for 2

hours at room temperature and then placed in a 370C waterbath for 30 min while in alpha

factor. Cells were then released as described in Figure IB. 30 minutes after release, cells

were briefly sonicated and 5p1 of cells were placed in an imaging chamber (Lab-Tek
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chambered coverglass) beneath a thick 4% agar-CSM (complete synthetic media) pad to

limit their movement. 300•l of CSM prewarmed to 370C was then added to the imaging

chamber. Imaging was performed at 370C on a DeltaVision RT (Applied Precision)

microscope with a plan Apo 100x-NA 1.4 oil objective (Olympus), with FITC (488 nm

excitation/528 nm emission) filters, a Photometrics CoolSNAP HQ camera (Roper

Scientific), and softWoRx software (Applied Precision). The exposure time was 200ms

and images were binned 2x2. Different strains were imaged on separate days because

only one group of cells could be followed during each imaging time course.
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Supplemental Movie 1:

Wild-type cell undergoing anaphase. Images were acquired every minute until spindle

disassembly. This movie begins 19 min after SPB separation.

Supplemental Movie 2:

clblA clb2- VI cell undergoing anaphase. Images were acquired every minute until spindle

disassembly. This movie begins 19 min after SPB separation.

Supplemental Movie 3:

mcdl-1 madlA cell undergoing anaphase. Images were acquired every minute until

spindle disassembly. This movie begins at the first time point at which separated SPBs

are clearly resolved.

Supplemental Movie 4:

mcdl-1 clblA clb2- VI madlA cell undergoing anaphase. Images were acquired every

minute until spindle disassembly. This movie begins at the first time point at which

separated SPBs are clearly resolved. This is the movie of cell A in Figure 7D.

Supplemental Movie 5:

Time-lapse series of 3 mcdl-1 clblA clb2- VI madlA cells. This movie beings at the first

time point at which separated SPBs are observed in cell B. Cell B of Figure 7D is the left

most cell, cell C of Figure 7D is adjacent to cell B (to the right) and cell D of Figure 7D

lies above both.
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Supplemental Table 1: Strains used in this study

Strain Relevant Genotype
Number
A1015 MATa PDS1-3HA:.LEU2
A1411 MATa CDC14-3HA
A1951 MATa PDSI-3HA ..LEU2 SCCI-18MYC.:.:TRP1
A1999 MATa cdc28Y19F.:.:TRP1 CDC14-3HA
A2015 MATa SCCI-18MYC.:. TRP1 pdsl:.:URA3
A2733 MATa ndclO-1 CDC14-3HA
A2784 MATa madl::URA3 mcdl-1 CDC14-3HA
A2887 MA Ta clb2- VI clb3.: TRP1 CDC14-3HA
A3000 MATa clbl.':URA3 clb2-VI CDC14-3HA
A3160 MA Ta SCCI -I 8MYC.: TRP1
A7334 MATa pMET3-CDC20:..URA3
A7507 MATa swel::KANMX6 CDC14-3HA
A12159 MATa clbl::.URA3 clb2-VI PDSI -I 3MYC.::HIS3 CDCl4-3HA
A 14770 MATa madl..URA3 clbl::URA3 clb2-VI PDSI-13MYC.::HIS3 CDC14-3HA
A14771 MATa madl::URA3 mcdl-1 clbl:.:URA3 clb2-VI PDSI-13MYC.::HIS3 CDC14-3HA
A15078 MATa madl::]..HIS3 cdc6.::hisG GAL-UBI-R-CDC6:. URA3 PDSI-18MYC:.:LEU2

barl-]
Al15111 MATa clbl: .URA3 clb2-VI PDS1-3HA.:.:LEU2 SCCI-18MYC.:.:TRP1
A15112 MATa pMET3-CDC20::URA3 clbl::URA3 clb2-VIPDSI-13MYC.'.'HIS3
A15260 MATa clbl.: URA3 clb2-VI ndcl 0-1 CDCI4-3HA
A15334 MATa clbl::URA3 clb2-VI madl.::HIS3 cdc6:.hisG GAL-UBI-R-CDC6::URA3

PDSI-18MYC:.:LEU2
A15840 MATa clbl .:URA3 clb2-VI SCCI-18MYC.: TRPl pds l:.URA3
A15936 MATa clbl:. URA3 clb2-Vl swel::..KANMX6 CDCI4-3HA
A15938 MATa clbl:.:URA3 clb2-VI cdc28Y]9F.:.:TRPI CDC14-3HA
A15947 MATa clbl:. URA3
Al 15999 MATa rad9::HIS3MX6 madl].:KANMX6 PDS1-3HA.:.:LEU2 SCCI-18MYC::TRP1
A 16000 MATa clbl::URA3 clb2-VI rad9.:.:HIS3MX6 madl::KANMX6 PDS1-3HA.':LEU2

SCCI- 18MYC:: TRP
A16350 MATa kip3.:.:HIS3MX6 CDC14-3HA
A16352 MATa clbl:.:URA3 clb2-VI kip3::HIS3MX6 CDC14-3HA
A16580 MATa clbl:. URA3 clb2-VI GAL-CDC20::URA3 (3 copies) PDS-3HA.::LEU2 SCC1-

18MYC:: TRP
A16651 MATa GAL-CDC20.:.URA3 (3 copies) PDSI-3HA.:LEU2 SCCI-18MYC::TRPI
A16772 MATa ura3::pAFS125-pTUB -GFPTUB .l::URA3
A17122 MATa ura3.::pAFS125-pTUB1-GFPTUB.-:: clblA clb2-VI
A17126 MATa clbl:.. URA3 clb2-VI ndcO-1 CDC14-3HA
A17974 MATa madl::URA3 mcdl-1 ura3:.:pAFS125-pTUB]-GFPTUB.'::URA3 CDC14-3HA
A17977 MATa madl.:URA3 mcdl-1 clbl::URA3 clb2-VI ura3..pAFS125-pTUB1-

GFPTUB..:: URA3 CDC14-3HA
A18376 MATa cdc28.:.cdc28-asl
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A19136 MATa clb2-VI clb3.::TRP1 PDSI-3HA::LEU2 SCCI-18MYC::TRPI
A19138 MATa clbl:.:URA3 clb2-VI clb3::TRPI PDS1-3HA::LEU2 SCCI-18MYC.::TRPI
A19221 MATa/alpha CDC14-3HA/CDC14-3HA
A19288 MATa clb2-VI clb3:.:'TRP1 ndcl0-1 CDC14-3HA
A 19680 MATa/alpha clbl.: URA3/CLB1 clb2-VI/CLB2 CDC14-3HA/CDC14-3HA
A19683 MA Ta/alpha clbl:: URA3/ clbl:: URA3 clb2-VI/ clb2-VI CDC14-3HA/CDCI4-3HA
A20172 MATa clbl::URA3 clb2-VI leu2.::pCLB2-3HA-CLB2.::LEU2 CDC14-3HA
A20173 MATa clbI::URA3 clb2-VI leu2::pCLB2-3HA-CLB3::.LEU2 CDCI4-3HA
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Chapter III:

Components of the Cdcl4Fourteen Early

Anaphase Release (FEAR) Network physically

interact



Summary

Exit from mitosis in Saccharomyces cerevisiae is triggered by activation of the

phosphatase Cdcl4 in anaphase. Throughout interphase and early mitosis, Cdcl4 is

sequestered in the nucleolus by its inhibitor Cfil/Netl. In anaphase, the Cdc Fourteen

Early Anaphase Release (FEAR) network and the mitotic exit network (MEN)

coordinately trigger the release of Cdcl4 from the nucleolus. The FEAR network is

poorly understood, while the MEN resembles a Ras-like GTPase signaling cascade. To

help elucidate signaling in the FEAR network, the physical associations of the FEAR

network components Cdc5, Slkl9, Espl, and Cdcl4 were examined. We find that Cdc5

can interact with Slkl9, Espl, and Cdc 14; that Cdcl4 can associate with Slkl9 and Espl;

and that Slkl9 can associate with Espl. We also present evidence that indicates that the

Polo-box domain of Cdc5 can directly bind to Cdcl4.
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Introduction

Cyclin-Dependent Kinases (CDKs) drive cell cycle progression by phosphorylating

distinct targets during each stage of the cell cycle and are critical regulators of each cell

cycle transition. To exit from the cell cycle, however, cells must attenuate mitotic CDK

activity and reverse many of the phosphorylation events carried out by CDKs '. In the

budding yeast, Saccharomyces cerevisiae, the protein phosphatase Cdcl4 triggers exit

from the cell cycle by dephosphorylating mitotic CDK targets, by triggering cyclin

degradation, and by promoting CDK inactivation [-5. Control of Cdcl4 activity is

therefore the primary mechanism by which cells regulate mitotic exit.

During GI, S, G2, and early M phase, Cdcl4 is sequestered in the nucleolus by its

inhibitor Cfil/Netl 2,6-8. Upon entry into anaphase, two signaling pathways, the Cdc

Fourteen Early Anaphase Release (FEAR) network and the Mitotic Exit Network

(MEN) network coordinately trigger the release of Cdc 14 from the nucleolus, thereby

enabling the phosphatase access to its targets 2,8-1. The FEAR network-dependent

release of Cdc 14 is important, but not essential for mitotic exit, whereas the MEN-

dependent release is essential for mitotic exit '. Cdcl4 released by the FEAR network has

multiple functions, including the activation of the MEN 10,12, the segregation of the rDNA

locus 13,14, the translocation of chromosomal passenger proteins to the mitotic spindle 5,

and the positioning of the nucleus 16. These non-essential functions of Cdc 14 are required

for proper M-phase exit, since 20% of cells in FEAR network mutants lose viability

during anaphase (they are also 30 minutes delayed in exiting mitosis) 10,13. The MEN-

induced release of Cdc 14 is essential for CDK inactivation and exit from mitosis17-20 In
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the absence of a functional MEN, Cdc 14 released by the FEAR network returns to the

nucleolus, causing cells to arrest in late anaphase with high mitotic CDK activity 10,11,21

Why the FEAR network cannot sustain the release of Cdc 14 from the nucleolus in the

absence of MEN activity is unclear.

Genetic and biochemical evidence suggests that the MEN functions as a Ras-like

signaling pathway, with the GTPase Tem 1 functioning near the top of the network and

the kinase Dbf2 functioning at the end of the network 1,5. The kinase Cdcl5 functions

downstream of Tem 1, but upstream of Dbf222-26. Activation of Dbf2 by Cdc 15 requires

the Dbf2-associated factor Mob 127-29. At the top of the network, Tem I is positively

regulated by a putative GEF, Lte 119,30 31,32, and negatively regulated by a two-

components GAP complex Bub2-Bfal 9'3 1' 33 43 . The Bub2-Bfal complex is antagonized

by the Polo-like kinase Cdc536 ,44 ,45

MEN signaling is partially controlled by the spatial segregation of Tem l and Lte 15,9,31

Early in the cell cycle, Lte 1 is restricted to the daughter bud cortex, whereas Tem 1 and

other MEN components are anchored to the cytoplasmic face of the daughter-bound

spindle pole body (SPB) by the scaffold protein Nud19,25' 26' 31' 32,46-50. The mitotic exit

network is activated in anaphase when the daughter-bound SPB enters the bud, bringing

Tem 1 in proximity to its putative GEF, Lte1 5,9,31 . How the MEN triggers the release of

Cdcl4 from Cfil/Netl remains unknown.
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The architecture of the FEAR network, unlike the MEN, is poorly understood because

any gene required for the early anaphase release of Cdc 14 is considered a FEAR network

factor. The identified components include Espl, the protease that triggers sister

chromatid separation; Cdc5, a Polo-like kinase; Slkl9, a kinetochore protein; Spo 12,

Bnsl, and Fob 1l, nucleolar proteins'0 s5 1 ; Clbl/2-CDKs (mitotic-CDKs) 52; and protein

phosphatase type 2A (PP2A) 53-55. Epistasis analyses suggest that the FEAR network

consists of at least two parallel branches: Spo 12, Bnsl, and Fob1 act in one branch, while

Espl and Slk19 act in another56. Cdc5 is thought to function downstream of, or in

parallel to, the Espl-Slkl9 branch 56. The positions of Clbl/2-CDKs and PP2A in the

network are not well understood.

The activation of the FEAR network is thought to be triggered by the ubiquitin-mediated

proteolysis of the Esp I inhibitor, Pdsl, at the metaphase-anaphase (M-A) transition. The

ubiquitylation of Pds I is catalyzed by an E3 ubiquitin ligase complex, the Anaphase

Promoting Complex/Cyclosome, in association with a specificity factor, Cdc20 57 -60 . How

the FEAR network promotes the release of Cdc 14 from Cfi I/Netl is at present unclear,

but phosphorylation of Cfil/Net appears important 52 . Prior to anaphase, Cfil/Netl is

thought to be continuously phosphorylated by Clbl/2-CDKs and dephosphorylated by

PP2A 52,54 . At the M-A transition, the FEAR network becomes activated and

downregulates PP2A activity, leading to stabilization of Cfi I/Netl phosphorylation and

the subsequent release of Cdc 1454
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Although Cfil/Netl phosphorylation is proposed to be the final output of the FEAR

network, how Espl, Slkl9, Spol2, and Cdc5 contribute to FEAR network signaling is

poorly understood. The work presented in this chapter was initiated 5 years ago, when the

roles of Clbl/2-CDKs and PP2A had not yet been discovered. The primary FEAR

network components at that time were Espl, Slkl9, Spol2, and Cdc5 and it was unclear

how these proteins cooperated to regulate Cdcl4 release. To further clarify the roles of

these FEAR network factors, we examined whether they physically associated and if

these interactions could explain the activation of the network. We find that several

components of the FEAR network (Cdc5, Espl, Slkl9, Cdcl4) associate, but that these

interactions do not correlate with activation of the network. We provide evidence that

the Cdc5-Cdc 14 association is direct and propose that the detailed characterization of this

interaction will help elucidate FEAR network signaling.
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Results

The FEAR network components Slkl9, Espl, Cdc5 and Cdcl4 physically interact

To elucidate how signaling through the FEAR network occurs, we determined whether

any of its known components physically associate. We first tested the interaction

between Slkl9 and Espl because Slkl9 is an Espl substrate. For these experiments,

Slkl9 and Espl were C-terminally fused to Protein A (ProA) and 18MYC, respectively.

The tagged constructs were fully functional and did not cause any discernable cell cycle

or growth defects when present as the sole source of the protein (data not shown). We

found that Slkl9-ProA coimmunoprecipitated Esp I-18MYC (Figure IA), consistent with

previous studies 61. Multiple fragments of Slkl9-ProA can be detected because the C-

terminal cleavage product of Slkl9, Slkl9 (78-821), undergoes phosphorylation

dependent mobility shifts 61,62

Genetic epistasis analysis places Cdc5 downstream of, or in parallel to, Slkl9 and Espl in

the FEAR network 56. We therefore determined whether Cdc5 could physically associate

with either Slkl9 or Espl. For these experiments, Cdc5 and Slkl9 were tagged at their

C-termini with Protein A (ProA) and 6HA, respectively, and Esp was tagged with

18MYC. The Cdc5-ProA and the Slkl9-6HA fusions were fully functional (data not

shown). Immunoprecipitation of Cdc5-ProA resulted in the coimmunoprecipitation of

Espl-18MYC (Figure IA). Similarly, Slk19-6HA coimmunoprecipitated with Cdc5-

ProA (Figure IB). Interestingly, all three primary fragments of Slkl -6HA

coimmunoprecipitated with Cdc5-ProA (Figure IB). The three primary fragments of

Slkl 9 are the full-length form (the slowest migrating form), the hyper-phosphorylated C-
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terminal cleavage product (the second fastest migrating form), and the hypo-

phosphorylated C-terminal cleavage product (the fastest migrating form).

Cdc5 is capable of disassembling Cdcl4-Cfil/Netl complexes in vitro and is required to

maintain Cdcl4 out of the nucleolus in vivo 63,64. We therefore tested whether Cdc5-ProA

can stably associate with Cdcl4. For these experiments, we used a fully functional

Cdc 14-3 HA fusion that has been described previously 2. Immunoprecipitation of Cdc 15-

ProA coimmunoprecipitated Cdc 14-3HA (Figure 1C), consistent with previous studies

suggesting that Cdc5 can phosphorylate Cdcl4 in vivo 56

Having determined that Cdc5 can interact with Slkl9, Espl, and Cdcl4, we asked if

Cdcl4 could interact with Slkl9 and Espl. A goat polyclonal antibody directed against

the C-terminus of Cdc 14 (goat anti-Cdc 14) was used to immunoprecipitate Cdc 14 from a

strain that also carried Esp 1-18MYC and Slkl 9-6HA fusions. Immunoprecipitation of

Cdcl 14 resulted in coimmunoprecipitation of Espl-18MYC and Slkl9-6HA, indicating

that these proteins associate in cell extracts (Figure ID). We could not detect a

reproducible association between Cdc5 and Spol2 or Spo 12 and Cdcl4 (data not shown).

Nevertheless, our results suggest that components of the Slkl 9-Esp 1 branch of FEAR

network can form stable complexes in cycling cells.
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Figure 1: FEAR network components physically interact
(A) Western blots showing that Espl-18MYC coimmunoprecipitates with Slkl 9-ProA or
Cdc5-ProA from whole cell extracts. The top panel (Input) shows the amount of Esp I -
18MYC in whole cell extracts. The bottom panel (ProA-IP) shows the amount of Esp 1-
18MYC coimmunoprecipitated with Slkl9-ProA (lane 4) or Cdc5-ProA (lane 5). ProA-
tagged proteins were detected in anti-MYC immunoblots because ProA can bind non-
specifically to primary and secondary antibodies. The following strains were used (from
left to right): A5366, A8196, A3072, A8444, A8450.

(B) Western blots showing that Slkl9-6HA coimmunoprecipitates with Cdc5-ProA from
whole cell extracts. The top panel (Input) shows the amount of Slkl 9-6HA in whole cell
extracts. The bottom panel (ProA-IP) shows the amount of Slkl 9-6HA
coimmunoprecipitated with Cdc5-ProA (lane 3). The slowest migrating form of Slkl 9-
6HA is the full-length protein, while the fastest migrating form is the C-terminal cleavage
product, Slkl9 (78-821)-6HA. The C-terminal cleavage product migrates as a double due
to phosphorylation-dependent mobility shift (middle band). * A protein that cross-reacts
with the anti-HA. 11 primary antibody. The following strains were used (from left to
right): A5366, A5070, A8661.

(C) Western blots showing that Cdc 14-3HA coimmunoprecipitates with Cdc5-ProA from
whole cell extracts. The top panel (Input) shows the amount of Cdcl4-3HA in whole cell
extracts. The bottom (ProA-IP) panel shows the amount of Cdcl4-3HA
coimmunoprecipitated with Cdc5-ProA (lane 2). The following strains were used (from
left to right): A1411, A7216.

(D) Western blots showing that Esp 1-18MYC and Slkl 9-6HA coimmunoprecipitate with
Cdcl4-3HA from whole cell extracts (strain A5015 was used). The top left panel (Input)
shows the amount of Esp 1-18MYC, Slkl9-6HA, and Cdc 14-3HA in whole cell extracts.
The top right panel (Cdc 14-IP) shows the amount of Esp 1-18MYC and Slkl9-6HA
coimmunoprecipitated with Cdcl4-3HA. The bottom panel shows the amount of Cdcl4-
3HA that was immunoprecipitated.
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The physical interactions of FEAR network components are not cell cycle regulated

To determine if there was a correlation between the association of FEAR network

components and the early anaphase release of Cdc 14 from the nucleolus, we determined

if the observed interactions were cell cycle regulated. Cells were released from a

pheromone induced GI arrest and samples were collected every 10 minutes after the first

50 minutes for coimmunoprecipitation experiments. The first association we assayed for

cell cycle regulation was that between Slkl9-ProA with Espl-18MYC. Consistent with

previous reports, we found that Esp I levels increased upon release from a G I arrest and

that full-length Slkl9 was absent in GI (Figure 2A). The Slkl9 C-terminal cleavage

product was present in G1 due to its persistence from the previous cell cycle. Full length

Slkl 9-ProA accumulated within 50 min of the release from G 1, when cells were entering

metaphase, and was fully cleaved by 70 minutes, when cells entered anaphase (Figure

2A, right panel). The timing of Slkl9 cleavage by Esp correlated with the time of

anaphase onset (i.e. Espl activation at the metaphase-anaphase transition). The

interaction between Slkl9-ProA and Esp-18MYC was maximal from 60-80 minutes after

release from G 1, when the majority of cells were in M-phase. However, we did not

observe a reproducible change in the Slkl9-Esp 1 interaction between 60 minutes, when

most cells were in metaphase, and 80 minutes, when most cells were in anaphase. The

70-80min period corresponds to the time in early anaphase when the FEAR network

activity is active. Interestingly, there was a reproducible decrease in the ability of Slk 19-

ProA to coimmunoprecipitate Esp 1 during exit from mitosis (80 - 100 min). We

confirmed this observation by examining the Slkl 9-Esp 1 interaction as cells were

released from an anaphase arrest (a cdc15-2 arrest) (Figure 3A). Therefore, the Slkl9-
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Figure 2: Association of FEAR network components during a synchronized cell

cycle

(A) Cells carrying Slkl9-ProA and Espl-18MYC fusions (A8444) were arrested in G1 in
YEPD with alpha factor (5gtg/ml) at room temperature. After 2.5 hours, cells were
washed with 10 volumes YEP and released into pheromone-free YEPD media at room
temperature. After 100 minutes, alpha factor (10 p.g/ml) was re-added to prevent cells
from entering a new cell cycle.
(Left) Western blots showing the amount of Esp 1-18MYC in whole cell extracts (Input,
top panel), the amount of Esp l-18MYC coimmunoprecipitated with Slkl 9-ProA (ProA-
IP, middle panel), and the amount of Slkl9-ProA immunoprecipitated (ProA-IP, bottom
panel) at the indicated times after release from the G1 arrest. (Right) The percentage of
cells in metaphase (open circles) and anaphase (closed squares) was determined at the
indicated time points. At least 100 cells were counted at each time point.

(B) Cells carrying Cdc5-ProA, Espl-18MYC, and Cdc 14-3HA fusions (A8450) were
grown and analyzed as described in (A).
(Left) Western blots showing the amount of Esp 1-18MYC in whole cell extracts (Input,
top panel), the amount of Esp 1-1 8MYC coimmunoprecipitated with Cdc5-ProA (ProA-
IP, middle panel), and the amount of Cdc5-ProA immunoprecipitated (ProA-IP, bottom
panel) at the indicated times after release from the G arrest. (Right) The percentage of
cells in metaphase (open circles) and anaphase (closed squares) was determined at the
indicated time points. At least 100 cells were counted at each time point.

(C) Cells carrying Cdc5-ProA and Slkl9-6HA fusions (A8662) were grown and analyzed
as described in (A).
(Left) Western blots showing the amount of Slkl9-6HA in whole cell extracts (Input, top
panel), the amount of Slkl9-6HA coimmunoprecipitated with Cdc5-ProA (ProA-IP,
middle panel), and the amount of Cdc5-ProA immunoprecipitated (ProA-IP, bottom
panel) at the indicated times after release from the G 1 arrest. * A protein that cross-
reacts with the anti-HA. 11 primary antibody. (Right) The percentage of cells in
metaphase (open circles) and anaphase (closed squares) was determined at the indicated
time points. At least 100 cells were counted at each time point.

(D) Immunoprecipitates of Cdc5-ProA from the experiment shown in (B) were probed
for Cdcl4-3HA.
(Left) Western blots showing the amount of Cdcl4-3HA in whole cell extracts (Input, top
panel), the amount of Cdcl4-3HA coimmunoprecipitated with Cdc5-ProA (ProA-IP,
middle panel), and the amount of Cdc5-ProA immunoprecipitated (ProA-IP, bottom
panel) at the indicated times after release from the G 1 arrest. The bottom panel is a
lighter exposure of the panel shown in (B). *** IgG heavy chain. (Right) The
percentage of cells in metaphase (open circles) and anaphase (closed squares) was
determined at the indicated time points. At least 100 cells were counted at each time
point. The same graph is shown in (B).
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Esp I interaction is cell cycle regulated, but appears not to correlate with the time of

FEAR network activation. We do know the reason for the decreased association between

Slkl9 and Espl during mitotic exit, but we do note that it correlates with Slkl9

dephosphorylation.

We next tested if the interaction between Cdc5-ProA and Esp 1-1 8MYC was cell cycle

regulated. Cdc5 is an APC/C-Cdh 1 substrate that is continuously degraded throughout

late M phase and early G 117,56,63,65-67. Cdc5-ProA was absent from GI arrested cells and

began to accumulate when cells entered metaphase (Figure 2B, 50-60 minutes). The

ability of Cdc5-ProA to coimmunoprecipitate Esp I-1 8MYC correlated with the

abundance of Cdc5-ProA throughout the cell cycle. Therefore, the Cdc5-Espl

interaction, as detected by these methods, is solely determined by Cdc5 abundance and

does not correlate with anaphase entry.

Having established that Cdc5's interaction with Esp 1 does not change during early

anaphase, we wanted to determine if this was also true for Cdc5 and Slkl9. Cdc5-ProA

and full-length Slkl9-6HA both began to accumulate when cells entered metaphase

(Figure 2C, 50-70 minutes). Throughout most of the cell cycle, the ability of Cdc5-ProA

to coimmunoprecipitate Slkl 9-6HA largely correlated with the abundance of Cdc5-ProA

(Figure 2C, 70-90 minutes). However, at 80 minutes, Cdc5-ProA preferentially

coimmunoprecipitated the C-terminal cleavage product of Slkl9-ProA. This time point

was interesting because it corresponded to the time when cells were just entering

anaphase (Figure 2C, right panel). To determine if Slkl9 cleavage affected its ability to
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interact with Cdc5 we repeated these experiments using strains that expressed a non-

cleavable version of SLKI9, SLK19(R77E), or strains that expressed the C-terminal

cleavage product of Slkl9, SLK19(78-821) as their sole copy of SLK19. However, we

failed to observe a reproducible change in the ability of Cdc5-ProA to associate with

either fragment (Figure 3B,C).

The final interaction we assayed for cell cycle regulation was Cdc5-ProA with Cdcl4-

3HA. However, like the Cdc5-Espl and the Cdc5-Slkl9 interactions, we did not observe

a change in the ability of Cdc5-ProA to coimmunoprecipitate Cdc 14 during the cell cycle

(Figure 2D). We did not examine if the interaction between Cdcl4 and Slkl9 or Espl

was cell cycle regulated.

The physical interactions of FEAR network components are not interdependent

We examined whether any of the observed interactions between Slk 19, Esp 1, and Cdc5

were interdependent by deleting SLK19 or by using temperature sensitive alleles of the

essential genes ESPI and CDC5, espl-1 and cdc5-1 respectively. At the restrictive

temperature of 370C, the espl-i allele prevents anaphase onset but does not block mitotic

exit58,63,68, whereas the cdc5-1 allele does not affect anaphase onset but blocks mitotic

exit' 0,17,56,63 . To control for the different cell cycle arrest points of the espl-I and cdc5-1

mutations, we evaluated each interaction under 3 conditions: in cycling cultures at room

temperature, in nocodazole arrested cultures shifted to 370C, and in cycling cultures

shifted to 37oC. As shown in Figure 4A, the deletion of SLK19 did not prevent the

association of Cdc5-ProA with Esp 1-18MYC under all conditions tested. Similarly,
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Figure 3: The association of Slkl9 and Espl is cell cycle regulated and the
association of Cdc5 and Slkl9 is not affected by Slkl9 cleavage
(A) cdclS5-2 cells carrying Slkl9-ProA and Espl-18MYC (Al 1605) fusions were arrested
in Gi in YEPD with alpha factor (5 tg/ml) for 2.5 hours at room temperature. Cells were
washed with 10 volumes YEP and released into pheromone-free YEPD media at 370C for
2.5 hours to arrest cells in anaphase. Cells were then released into YEPD media at room
temperature in the presence of alpha factor (5p g/ml) to arrest cells in G 1.
(Left) Western blots showing the amount of Esp 1-1 8MYC in whole cell extracts (Input,
top panel), the amount of Esp 1-1 8MYC coimmunoprecipitated with Slk 19-ProA (ProA-
IP, middle panel), and the amount of Slkl 9-ProA immunoprecipitated (ProA-IP, bottom
panel) at the indicated times after release from the late anaphase arrest.
(Right) The percentage of cells in anaphase (closed squares) and GI (open triangles) was
determined at the indicated time points. At least 100 cells were counted at each time
point.

(B) Cells carrying Cdc5-ProA and Slkl9(R77E)-6HA fusions (A12827) were grown and
analyzed as described in Figure 2A.
(Left) Western blots showing the amount of Slk 19(R77E)-6HA in whole cell extracts
(Input, top panel), the amount of Slkl9(R77E)-6HA coimmunoprecipitated with Cdc5-
ProA (ProA-IP, middle panel), and the amount of Cdc5-ProA immunoprecipitated (ProA-
IP, bottom panel) at the indicated times after release from the G 1I arrest. * A protein that
cross-reacts with the anti-HA. 11 primary antibody.
(Right) The percentage of cells in metaphase (open circles) and anaphase (closed
squares) was determined at the indicated time points. At least 100 cells were counted at
each time point.

(C) Cells carrying Cdc5-ProA and Slkl9(78-821)-6HA fusions (A12831) were grown
and analyzed as described in Figure 2A.
(Left) Western blots showing the amount of Slkl9(78-821)-6HA in whole cell extracts
(Input, top panel), the amount of Slkl9(78-821)-6HA coimmunoprecipitated with Cdc5-
ProA (ProA-IP, middle panel), and the amount of Cdc5-ProA immunoprecipitated (ProA-
IP, bottom panel) at the indicated times after release from the G 1 arrest. * A protein that
cross-reacts with the anti-HA. 11 primary antibody.
(Right) The percentage of cells in metaphase (open circles) and anaphase (closed
squares) was determined at the indicated time points. At least 100 cells were counted at
each time point.
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Slkl 9-ProA associated with Espl-1 8Myc when cdc5-1 was inactivated in a nocodazole

induced metaphase arrest as well during the late anaphase arrest induced by the cdc5-1

mutation. Finally, Cdc5-ProA associated with Slkl9-6HA when espl-lwas inactivated

during a nocodazole arrest and when cycling espl-1 cultures were shifted to 370 C (Figure

4A right panel). These findings suggest the SLK19 is dispensable for the Cdc5-Espl

interaction and that the activities of Esp I and Cdc5 are not required for the Cdc5-Slk 19

and Slkl9-Espl intereactions, respectively. We cannot exclude the possibility that the

inactivated Cdc5-1 and Esp 1-1 proteins nonetheless contribute to the observed

associations because we do not know if these alleles are protein-null.

Cdc5 inactivation reduces the early anaphase release of Cdc 14 to a much greater extent

than elimination of either SLKJ9 or SP01256 and its overexpression can induce Cdcl4

release independently of SLK19 or SP012 56,63. We therefore tested whether Cdc5-ProA

could interact with Cdcl4 in a slkl9A spol2A background. As shown in Figure 4B,

immunoprecipitation of Cdc5-ProA led to the coimmunoprecipitation of Cdc 14-3HA,

both in the presence and absence of SP012 and SLK19, indicating that Cdc5 can

associate with Cdcl4 independently of FEAR network signaling.
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Figure 4: The interactions of FEAR network components are not inter-dependent
(A) Cycling cells of the indicated genotype were split into 3 cultures: one culture was left
untreated (Cycling RT), a second culture was treated with nocodazole (15 ig/ml) for 2
hours at room temperature and then shifted to 370 C for I hour (Nocodazole), and a third
culture was shifted to 370 C for 2 hours. The following strains were used (from left to
right): A10823, A10846, and A10848.
(Left) Western blots showing that Espl-18MYC coimmunoprecipitates with Cdc5-ProA
in the absence of SLK19 (lanes 1-3) and that Slkl9-ProA coimmunoprecipitates with
Esp I-18MYC in the absence of Cdc5 activity (lanes 4-6). The Western blots show the
amount of Esp I -18MYC in whole cell extracts (Input, top panel), the amount of Esp l-
18MYC coimmunoprecipitated with Cdc5-ProA or Slkl9-ProA (ProA-IP, middle panel),
and the amount of Cdc5-ProA or Slkl9-ProA immunoprecipitated (ProA-IP, bottom
panel) under each condition.
(Right) Western blots showing that Slkl9-6HA coimmunoprecipitates with Cdc5-ProA
in the absence of Esp I activity. The top panel (Input) shows the amount of Slkl9-6HA in
whole cell extracts. * A protein that cross-reacts with the anti-HA. 11 primary antibody.
The bottom panel (ProA-IP) shows the amount of Slkl9-6HA coimmunoprecipitated with
Cdc5-ProA.

(B) Western blots showing that Cdcl4-3HA coimmunoprecipitates with Cdc5-ProA in
the absence of SLK19 and SPO12. The top panel (Input) shows the amount of Cdc 14-
3HA in whole cell extracts. The bottom panel (ProA-IP) shows the amount of Cdc 14-
3HA coimmunoprecipitated with Cdc5-ProA. The following strains were used (from left
to right): A1411, A7216, A12424.

166



Cdc5-ProA SIkl 9-ProA
Espl-18Myc Espl-18Myc

slkl 9A

Cdc5-ProA Figure 4
Slkl 9-6HA

espl-1cdc5-1

Cycling RT

Nocodazole

- + + + + 370C

Cycling RT

- + - Nocodazole

+ + 370C

- Espl-18MYC

- Espl-18MYC

Slkl9-ProA

Input
Slkl 9-6HA

SIkl 9-6HA

- Cdc5-ProA

ProA-IP

- Cdc5-ProA

Input C -Cdc14-3HA

-Cdc14-3HA

ProA-IP

-Cdc5-ProA

A

Input

ProA-IP

B





The Polo-box Domain of Cdc5 is sufficient to bind Cdcl4

We decided to investigate the interaction between Cdc5-Cdc 14 further because Cdc5 is

thought to be the most downstream components of the FEAR network. The C-termini of

Polo-like kinases (Plks), including Cdc5, contain a phospho-serine/phospho-threonine

binding domain called the Polo-box Domain (PBD) that is essential for their in vivo

functions 69 7 . The PBD is thought to target Plks to different substrates after the

substrates undergo "priming" phosphorylation by an upstream kinase71'72. Phospho-

specific binding of the PBD in human Plkl requires two highly conserved residues, His-

538 and Lys-540, that function as molecular pincers, making direct contact with the

phosphate group on the substrate72. A "pincer" mutant Plkl PBD containing the His-

538-Ala/Lys-540-Met substitutions is severely reduced in its ability to bind

phosphorylated ligands72. To characterize the Cdc5-Cdcl 14 interaction further, we tested

if the PBD of Cdc5 was sufficient to bind Cdc 14 and if this binding was dependent on the

His/Lys phosphate pincer. Recombinant wild-type PBD-GST or pincer mutant PBD-

GST fusions were purified from E. coli using Sepharose beads coupled to glutathione

(GSH beads). The pincer mutant PBD-GST fusion (pincer PBD) appeared less stable

than the wild-type PBD-GST fusion (WT PBD) since we routinely recovered less of this

construct after purification (Figure 5A). As shown in Figure 5B, the WT PBD was more

efficient at pulling down Cdc 4-3HA from a yeast extract than the pincer PBD, even

when we corrected for the decreased yield of pincer PBD on the GSH beads (Figure 5B).

Our results show that the Polo-box domain of Cdc5 is sufficient to associate with Cdc 14.

In addition, the interaction between the PBD and Cdc 14 may be phospho-dependent since

it is reduced by mutation of the PBD His/Lys phosphate pincer.
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Figure 5: The Polo-box domain (PBD) of Cdc5 binds to Cdcl4
(A) Coomassie blue-stained gel showing purified wild-type PBD-GST (WT) and pincer
mutant PBD-GST (PIN) fusions. The fusion proteins were affinity purified using
glutathione-sepharose beads (GSH beads) as described in Materials and methods. The
PIN fusion contains two substitutions, His-641-Ala and Lys-643-Met, that eliminate the
PBD phosphate pincer.
Input: 50 pl of bacterial lysate from strains expressing WT or PIN PBD-GST fusions.
Eluted PBD-GST: -0.7% of total eluate after an overnight incubation of PBD-loaded
GSH beads with 0.1 M glutathione.
GSH Beads PBD-GST: Increasing amounts of PBD-loaded GSH beads were boiled in
SDS buffer to elute the GST fusions.

(B) PBD-GST can pull-down Cdcl4-3HA. Whole cell extracts from cells carrying a
Cdcl4-3HA fusion (A1411) were incubated with WT or PIN PBD-GST fusions
immobilized on GSH beads. Western blots show the amount of Cdcl4-3HA in whole
cell extracts (Input, top left panel), the amount of Cdcl 14-3HA pulled-down with WT or
PIN PBD-loaded GSH beads (top right panel), and the amount of WT or PIN PBD-GST
fusion immobilized on GSH beads.

(C) PBD-GST can pull-down Cdcl4-3HA from a "denatured" cell extract. Lysates from
cells carrying a Cdc14-3HA fusion (A1411) were prepared under denaturing conditions
as described in Materials and methods. Increasing amounts of WT or PIN PBD-GST
fusions immobilized on GSH beads were incubated with denatured extract. Western
blots show the amount of Cdcl4-3HA in "denatured" extracts (Input, top left panel), the
amount of Cdcl4-3HA pulled-down with WT or PIN PBD-loaded GSH beads (top right
panel), and the amount of WT or PIN PBD-GST fusion immobilized on the GSH beads.
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The ability of Cdc5 to coimmunoprecipitate Cdcl4 in the absence of SLK19 and SP012

and the ability of the Cdc5 PBD-GST fusion to pull-down Cdc 14 from yeast extracts

suggest that the Cdc5-Cdcl4 interaction might be direct. To substantiate this hypothesis,

we asked if recombinant PBD-GST could pull down Cdc 14 from a yeast extract that had

been prepared under denaturing conditions. We did not assay recombinant Cdcl4 for

binding to Cdc5 because PBD binding requires priming phosphorylation that we presume

is absent from bacterially expressed Cdcl4. Briefly, we boiled yeast pellets in 2% SDS

for 10 minutes to denature proteins and then diluted the extracts 25-fold to reduce the

SDS content. We added increasing amounts of WT PBD or pincer PBD and tested their

abilities to pull down Cdcl4-3HA. Interestingly, the wild-type PBD-GST fusion was

able to pull down Cdcl4-3HA from these "denatured" extracts in a manner that depended

on the His/Lys pincer (Figure 5C). These experiments strongly suggest that the Cdc5-

PBD directly binds to Cdcl4 in a phospho-dependent manner. However, we cannot

exclude the possibility that the Cdc 14-PBD interaction is indirect because we have thus

far not been successful at using Far Western analysis to recapitulate this association.

The N-terminus of Cdcl4 is sufficient to bind to Cdc5's PBD

To establish whether Cdc 14 can directly bind to the Polo-box domain, we searched for

the presence of a PBD phosphopeptide motif in Cdc 14. The optimal phosphopeptide

motif for the PBD of Cdc5 is [Ala-Ala/Thr-Ser-pSer/pThr-Pro] ("p" denotes

phosphorylated residues), while the minimal phosphopeptide motif is [Ser-pSer/pThr] 72.

The optimal PBD motif is absent in Cdc 14, but at least 8 instances of the minimal motif
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are present (Figure 6A). Interestingly, a Cdcl4 truncation eliminating 5 of these sites,

cdcl4(1-3 74), had previously been shown to complement the lethality of cdc14-3

temperature-sensitive mutants7 . We therefore constructed yeast strains that expressed

cdcl4(1-3 74)-3HA as their sole copy of CDC14. These cells were viable, but grew more

slowly than wild-type cells (data not shown). Before testing whether this construct could

bind the PBD, we first determined if the cdc14(1-374)-3HA allele retained CDC14's

functions and regulation. Wild-type and cdcl4(1-374)-3HA strains were arrested in GI

with mating pheromone and synchronously released into the cell cycle. cdc14(1-374)-

3HA cells entered metaphase and anaphase at the same time as wild-type cells. However,

cdc14(1-374)-3HA cells were delayed in anaphase because spindle disassembly was

delayed in these mutants by 20 minutes compared to wild-type cells (Figure 6B). These

results suggest that the cdc14(1-374)-3HA allele is hypomorphic for CDC14's functions

in anaphase.

Given the cell cycle progression defect of cdc14(1-374)-3HA mutants, we examined if

Cdcl4 was properly localized in these cells. In cycling cultures, the Cdc14(1-374)-3HA

truncation was correctly localized to the nucleolus in G and metaphase cells and was

fully released in anaphase cells (Figure 6C). Therefore, the overall localization of Cdcl4

cannot account for the anaphase delay of cdc14(1-374)-3HA cells. However, because we

have not yet examined the kinetics of Cdc 14 release in synchronized cell populations, we

cannot exclude the possibility that Cdc 14 release is delayed this mutant.
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Having established that the Cdcl4(1-374)-3HA truncation fulfills the essential functions

of CDC14 and that it is localized correctly throughout the cell cycle, we examined if it

could still bind the PBD of Cdc 14. We tested if WT PBD or pincer PBD could pull down

Cdcl4(1-374)-3HA from denatured lysates. As shown in Figure 6D, the PBD could still

pull down Cdcl4(1-374)-3HA and this interaction retained its dependence on the His/Lys

phosphate pincer. These results suggest that the PBD binding determinants reside in the

N-terminus of Cdcl 4-3HA. In the future, mutational analysis should be performed on the

remaining PBD sites to identify the Cdc5 binding determinants in Cdcl4. A detailed

characterization of the Cdc5-Cdcl4 interaction may shed light on how the FEAR network

triggers Cdcl4 release in early anaphase.
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Figure 6: Cdcl4's C-terminus is dispensable for Cdc5-PBD binding
(A) Amino acid sequence of Cdc 14. Potential PBD binding sites (Ser-pSer/pThr) are
highlighted in yellow; the catalytic cysteine is shown in red, and the C-terminal 171
amino acids are shown in orange.

(B) Cells carrying Cdcl4-3HA (A1411) or cdcl4(1-374)-3HA fusions (A19448) were
arrested in Gl in YEPD with alpha factor (5 tg/ml) for 2.5 hours at room temperature.
Cells were washed with 10 volumes YEP and released into pheromone-free YEPD
media. The percentage of cells in metaphase (open circles) and anaphase (closed
squares) was determined at the indicated time points. At least 100 cells were counted at
each time point.

(C) Subcellular localization of Cdcl4-3HA and cdcl4(1-374)-3HA fusions in
exponentially growing cells. Cdcl4 is shown in red, microtubules are shown in green,
and DNA is shown in blue. Strains were that same as those in (B).

(D) PBD-GST can pull-down Cdcl4(1-374)-3HA from a "denatured" cell extract. WT or
PIN PBD-GST fusions immobilized on GSH beads were incubated with "denatured"
extract from cells carrying a (1-374)Cdcl4-3HA fusion (A19448). Western blots show
the amount of (1-374)Cdcl4-3HA in "denatured" extracts (Input, top left panel), the
amount of (1-374)Cdcl4-3HA pulled-down with WT or PIN PBD-loaded GSH beads
(top right panel), and the amount of WT or PIN PBD-GST fusion immobilized on the
GSH beads.
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Discussion

The FEAR network has been characterized genetically, but signaling through this cascade

remains poorly understood. To elucidate how this network is controlled, we determined

whether the known FEAR network components physically interacted and if these

associations could explain the activation of the network. We found that the Polo-like

kinase Cdc5 robustly interacted with Espl, Slk 19, and Cdcl4; that Cdc 14 associates with

Slkl9 and Espl; and that Slkl9 could associate Espl (this is the only interaction that was

previously known). We did not observe any inter-dependence among the interactions

between Cdc5, Slkl9, Espl, or Cdcl4 (Figure 2).

We investigated whether the regulated association of these proteins could explain the

activation of the FEAR network by examining these interactions at 10-minute intervals

during a synchronized cell cycle. However, we did not observe any changes in the

interactions between Slkl9 and Espl; Cdc5 and Espl; Cdc5 and Slkl9; or Cdc5 and

Cdc 14 that could help explain how the network is activated. We do not think that this is

because the FEAR network components constitutively associate, but rather, that the

regulated association of these proteins is lost upon cell lysis. Recent experiments support

this hypothesis: mixing extracts made from two strains with differentially tagged proteins

can produce interactions between these tagged molecules, which could not have

originated from the same cell (i.e. Cdc5-ProA from one lysate can pull down Espl-

18MYC from another lysate) (my unpublished observations). This finding suggests that

coimmunoprecipitation experiments will not reveal how the timing of FEAR network

activation is restricted to early anaphase.
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Are the observed physical interactions among FEAR network components relevant to

FEAR network activation?

Several FEAR network components have common functions earlier in the cell cycle that

are independent of their roles in Cdcl4 release. It is therefore unclear whether the

associations we have observed reflect the FEAR network-dependent or FEAR network-

independent functions of these proteins. For example, Cdc5 is thought to phosphorylate

the cohesin complex subunit Scc l/Mcd to promote its proper cleavage by Esp173

Therefore, the Cdc5 - Esp 1 interaction may be independent of these proteins' role in the

FEAR network and could simply be due to the fact that these enzymes have a common

substrate. At present, we cannot exclude this possibility because we do not know the

effect of disrupting the Cdc5-Espl interaction in vivo. To properly evaluate the

relevance of the observed interactions, it will be necessary to: 1) determine if these

proteins associate directly, 2) map the binding determinants, and 3) show that disrupting

these interactions in vivo affects the FEAR network-dependent release of Cdc 14.

Does Cdc5 bind directly to Cdcl4?

We have attempted to evaluate the relevance of the Cdc5-Cdc 14 interaction by the

methods outlined above because this is the only interaction that appears specific to FEAR

network signaling (i.e. these two proteins do not share a common function earlier in the

cell cycle). We also believe that the Cdc5- Cdcl4 association may be the most relevant

for FEAR network signaling because several lines of evidence suggest that Cdc5 is the

most powerful regulator of Cdc 14 release. First, Cdc5 inactivation reduces the early

anaphase release of Cdcl4 to a much greater extent than inactivation of Spo 12, Slkl9, or
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Clbl/2-CDKs 52,56. Second, overexpression of Cdc5, but not other FEAR network

components, can force Cdc 14 out of the nucleolus in S phase, even when the MEN is

simultaneously inactivated 63. Third, the depletion of Cdc5 in anaphase is sufficient to

return Cdc 14 back into the nucleolus 63. Together, these lines of evidence argue that Cdc5

is the most downstream component of the FEAR network. Our observation that the PBD

of Cdc5 can bind to Cdcl4 is consistent with this hypothesis. Furthermore, the ability of

the PBD to pull down Cdc 14 from a "denatured" extract in a manner that depends on the

His/Lys phosphate pincer strongly suggests that the Cdc5-Cdcl4 interaction is both direct

and phospho-dependent.

To test the relevance of the Cdc5-Cdcl4 interaction, it is necessary to specifically block

Cdc5's binding to Cdcl4 without affecting Cdc5's role in the MEN. We therefore

attempted to find the sites in Cdc 14 that recruit the PBD of Cdc5. Although we have not

yet identified these sites, we have determined that the last 171 amino acids of Cdc 14,

which contain 5 minimal PBD consensus sites, are not essential for PBD binding. This

finding suggests that the PBD binding determinants are in the N-terminal 374 amino

acids of Cdc 14. There are three putative PBD binding sites in this region: Ser-85, Thr-

88, and Ser-205. In the future, it will important to mutate these sites to alanine to

determine if they are required for Cdc5 binding. These sites should be mutated in full-

length Cdcl4 as well as in the (1-374)-Cdcl4 truncation in case Cdc5 can independently

bind to multiple sites. Once the Cdc5 binding determinants are identified, it will be

important to test whether Cdc 14 carrying substitutions at these sites is properly released
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during anaphase. Only then, can the relevance of the Cdc5-Cdcl4 interaction be properly

evaluated.

Understanding how the FEAR network operates is necessary to understand how the cell

employs this important pathway to orchestrate late steps in mitosis. The future

challenges will be to determine whether there are any additional components in this

network and to establish the order-of-function of the known components. We believe

that elucidating the molecular basis of the Cdc5-Cdcl4 interaction will help explain how

the FEAR network regulates Cdcl4 release and may help reveal the architecture of this

complex network
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Materials and methods

Strains

All strains are derivatives of W303 (K699). Espl-18MYC was described in 68, Cdcl4-

3HA was described in 2, Cdc5-ProA, Slkl9-ProA, Slkl9-6HA were generated by a PCR-

based method 74

Coimmunoprecipitation Analysis

(Cycling cultures) Cells were grown overnight in YEPD to an OD of 0.8. 50 mL of cells

were harvested, washed with 10 mM Tris (pH 7.5), frozen in liquid nitrogen, and stored

at -80'C (for 1-3 days). Cell pellets were thawed on ice and resuspended in 200tl of

NP40 lysis buffer (l%NP40, 150mM NaCl, 50mM TRIS (pH7.5), ImM dithiothreitol

(DTT), 60mM P3-glycerophosphate, 1mM NaVO3, 2ýtM Microcystin-LR (EMD

Biosciences), and complete EDTA-free protease inhibitor cocktail (Roche)). Cells were

disrupted with -100 pl glass beads in a FastPrep FP120 (Savant) homogenizer for 3

cycles of 45 sec (6.5 m/s). One - five mg of extract in 120ýd of NP40 buffer was used

for immunoprecipitations. 24ld of rabbit-IgG coupled dynabeads (Dynal Biotech) was

added to each sample and incubated with rotation for 2hrs at 40 C. Samples were washed

five times with NP40 buffer, boiled in SDS-based sample buffer, and run on SDS-PAGE

gels for subsequent Western blot analysis.

(Time courses) A 600 mL culture (OD600 0.2) in a 4 L flask was arrested in G1 with

alpha factor (5jig/ml) for 2.5 hours at room temperature. Cells were washed with 4 L
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YEP and released into 410 mL of pheromone-free YEPD media. 70 mL of cells were

collected for the 0 time point (prior to release); 70 mL of cells were collected for the 50 -

70 min time points; and 40 mL of cells were collected for the 80 - 120 min time points.

Alpha factor (10g/ml) was re-added at 100 minutes to arrest cells in the next G phase.

Coimmunoprecipitation experiments were performed as described above for cycling

cultures.

GST-PBD Purification

Wild-type PBD (Cdc5 residues 357-705)-GST and pincer (His-641 I-Ala/Lys-643-MET)

PBD-GST fusion vectors (pGEX4T1) in an E. coli Rosetta cell line (Novagen) were

kindly provided by Drew Lowry and Mike Yaffe. 500 mL of bacterial culture was grown

to an OD 600 of 0.7 and protein expression was induced by addition of IPTG to a final

concentration of 0.4gm for 3 hours. Bacteria were centrifuged, frozen at -80'C for 30

min, and resuspended in 15 ml TPI buffer (25 mM Tris pH 7.4, 2 mM EDTA, 1 mM

DTT, 137 mM NaCI, 2.6 mM KCI, 1% v/v Triton X-100, and Roche protease inhibitor

cocktail). Cells were disrupted by three passages through a French pressure cell (Sim-

Aminco). Cleared lysates were incubated with 2 ml glutathione-Sepharose 4B beads

(GSH beads) (Pharmacia-Biotech) and rotated for lhr at 40C. GSH beads were washed 4

times with: 25 ml TPI for 10 min; 25 ml TPI for 5 min, 15 ml TPI lacking Triton X-100

for 5 min; and 15 ml TPI lacking Triton X-100 for 5min. The beads were split into two

pools: one pool was left in TPI and the other was incubated with 0.1M reduced

glutathione (pH 7.5) overnight at 4°C to elute the PBD-GST fusions.
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GST Pull-Downs

Yeast whole cell extracts were prepared as described under Coimmunoprecipitation

Analysis. WT or PIN PBD-GST fusions immobilized on GSH beads were incubated with

yeast extract for I hour at 40C. Samples were washed three times with NP40 buffer,

boiled in SDS-based sample buffer, and run on SDS-PAGE gels for subsequent Western

blot analysis.

"Denaturing" extracts were prepared according to a protocol developed by the Tansey lab

(tanseylab.cshl.edu/pdf/Denat_IPYeast.pdf). Briefly, 10 OD600 units worth of cells were

resuspended in 50Il SHD buffer (2% SDS, 90mM HEPES pH 7.5, 30mM DTT, Roche

protease inhibitor cocktail) and incubated at 950 C for 10 minutes. The cell lysate was

cleared and diluted with 1200 piL TNN (50 mM Tris pH 7.5, 250 mM NaCI, 5mM

EDTA, 0.5% NP40) buffer. WT or PIN PBD-GST fusions immobilized on GSH beads

were incubated with "denatured" extract for 4 hour at room temperature. Samples were

washed three times with TNN buffer, boiled in SDS-based sample buffer, and run on

SDS-PAGE gels for subsequent Western blot analysis.

Antibody Dilutions Used for Western Blots

Esp 1-18Myc was detected using mouse anti-Myc 9E10 antibody (Covance) at a 1:500

dilution. Cdc14-3HA and Slkl9-6HA was detected using mouse anti-HA. 11 antibody

(Covance) at a 1:500 dilution. Sheep anti-mouse antibody conjugated to horseradish

peroxidase (HRP) was used at a 1:2000 dilution.
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Fluorescence Microscopy

Indirect immuno-fluorescence for tubulin and Cdcl4-3HA was performed as described in

2. Cells were imaged on a Zeiss Axioplan 2 microscope using a Hamamatsu camera

controller. Openlab 3.02 software was used for processing immunofluorescence images.
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Key Conclusions

Mitotic CDKs are best known for their essential role in triggering entry into mitosis, but

their role(s) in mitotic progression are poorly understood. In this thesis, I present

evidence that mitotic CDKs are required within mitosis to coordinate two discrete events

required for chromosome segregation. First, mitotic CDKs are required to activate the

APC/C-Cdc20 complex, an essential ubiquitin ligase that functions at the metaphase-

anaphase transition to target Securin/Pds for proteolysis (Securin/Pds is an inhibitor of

chromosome segregation). To my knowledge, this is the first evidence that mitotic CDK

activity is required in vivo for the metaphase-anaphase transition. In a second step,

mitotic CDKs are required for full elongation of the microtubule based mitotic spindle.

This second function of mitotic CDKs acts after cohesin cleavage and thus constitutes a

novel role for mitotic CDK activity in chromosome segregation. These dual roles of

mitotic-CDKs in regulating mitotic entry and anaphase entry support a model in which

incremental changes in mitotic CDK activity trigger consecutive mitotic events.

During my thesis work, I also investigated how cells prepare to exit from mitosis by

studying the FEAR network. The FEAR network is a poorly understood signaling

cascade that controls the activation of Cdc 14 in early anaphase (by triggering its release

from the nucleolus). As a preliminary step in elucidating how the FEAR network

operates, I characterized the physical interactions among its known components. I found

that several FEAR network proteins can be coimmunoprecipitated, supporting the genetic

architecture of the network. In particular, I have data that suggest that the budding yeast

Polo-like kinase, Cdc5, directly binds to Cdcl4. This observation is intriguing because
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several lines of genetic evidence indicate that Cdc5 is the most powerful regulator of

Cdc 14 release.

Discussion Overview

One of the primary conclusions of this thesis is that mitotic CDK activity is required in

vivo to activate the APC/C-Cdc20 complex. In order to place this finding in the

appropriate context, I will begin my discussion by highlighting our poor understanding of

this complex's in vivo regulation. I will then propose experiments that can help elucidate

its regulation and highlight some unanswered questions. I will then briefly discuss the

novel requirement for mitotic-CDK activity in spindle elongation and describe a model

for how CDK activity thresholds may regulate mitotic progression. Finally, I will

evaluate my findings concerning the FEAR network and propose experiments that can

help elucidate the signaling in this network.

Mitotic Regulation of APC/C-Cdc20

Despite extensive research on the mitotic regulation of the APC/C-Cdc20 complex, we

know surprisingly little about how this complex is precisely activated at the metaphase-

anaphase transition. The activation of APC/C-Cdc20 is not simply due to the regulated

accumulation of core APC/C subunits because their levels do not oscillate during the cell

cycle. It also cannot simply be due to the regulated accumulation of Cdc20 because a)

Cdc20 accumulation precedes APC/C activationl12 and b) during some embryonic cell

cycles, such as those of Xenopus, Cdc20 levels do not fluctuate (though APC/C-Cdc20

activity does) 3 . The spindle assembly checkpoint is not solely responsible for the
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regulation APC/C-Cdc20 either because this checkpoint only protects a subset of APC/C-

Cdc20 substrates from ubiquitylation 4-7. In addition, the spindle assembly checkpoint is

not required for viability in Drosophila or S. cerevisiae 8,9. Other mechanisms must

therefore exist to restrict the mitotic activation of the APC/C-Cdc20 complex.

The only form of regulation that is common to all the systems in which the APC/C has

been studied is the mitosis-specific phosphorylation of APC/C-Cdc20. In fact, the

APC/C has been known to be mitotically phosphorylated since its discovery 13 years ago

10,1'. A number of studies since then have demonstrated that several kinases can regulate

the activity of APC/C in vitro 12. There is considerable disagreement, however, over the

relative importance of each kinase, the identity of their substrates, and whether the effects

observed in vitro are relevant in vivo. For example, Polo-like kinase-1 (Plkl) has been

implicated in APC/C-Cdc20 activation in vitro, but its depletion by RNAi does not affect

the in vivo degradation of the APC/C-Cdc20 substrate cyclin A'3. Similarly, Cdc5, the

budding yeast Plkl orthologue, phosphorylates the APC/C in vitro, but is not required for

APC/C-Cdc20 activation in vivo 14. Furthermore, mutations that abolish APC/C-Cdc20

phosphorylation in vivo, do not affect its phosphorylation in vitro by Cdc514. For these in

vitro studies to be properly interpreted, the in vivo APC/C-Cdc20 kinases and the in vivo

APC/C-Cdc20 phosphorylation sites must be determined.

Jan-Michael Peter's group performed an extensive analysis of the in vivo phosphorylation

of human APC/C during mitosis'3 . Kraft et al. purified APC/C-Cdc20 complexes from

HeLa cells arrested in metaphase by the spindle poison nocodazole and then mapped
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phosphorylation sites by mass spectrometry. Remarkably, they identified 51 different

sites in APC/C, 34 of which were mitosis-specific. Of these 34 sites, 30 were

concentrated in 4 subunits: Cdcl6, Cdc23, Cdc27, and Apc 1. The large number of sites

in the human APC/C made mutational analysis unpractical and precluded an examination

of their physiological relevance. However, the Peters' group did raise phospho-specific

antibodies to several mapped sites and demonstrated they were phosphorylated in vivo

during an unperturbed mitosis. They could therefore exclude the possibilities that these

sites were induced by the spindle assembly checkpoint, which is active in nocodazole

treated cells, or that they were generated during the purification procedure.

Budding yeast is the only organism in which mutational analysis was used to determine

the physiological relevance of APC/C phosphorylation' 4. Rudner and Murray found that

incubation of Clb2-Cdc28 complexes with immuno-precipitated APC/C lead to the

phosphorylation of four distinct proteins: Cdc 16, Cdc23, Cdc27, and Apc9. Because the

authors did not know the identity of the phosphorylated sites, they mutated all the

minimal CDK consensus sites in Cdcl6, Cdc23, and Cdc27 to alanine (1 site in Cdc23, 5

sites in Cdc27, and 6 sites in Cdcl 16). Mutating these 12 sites largely abolished the in

vitro phosphorylation of APC/C by Clb2-Cdc28 and eliminated its phosphorylation in

vivo. Apc9 was not analyzed by this group, presumably because it is a non-essential

APC/C subunit.

Rudner and Murray also examined the cell cycle progression of yeast strains carrying the

phospho-mutant alleles CDC16-6A, CDC23-A, CDC27-5A, which I will refer to as apc/c-
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12A. Surprisingly, cells carrying apc/c-12A were completely viable and had only minor

cell cycle defects, exhibiting a 10-15 minute delay in metaphasel4. If phosphorylation by

mitotic CDKs is important for APC/C-Cdc20 activation, mutations that abolish APC/C

phosphorylation in vivo should cause severe delays in anaphase onset. The subtle

phenotype of the apc/c-12A mutant therefore suggested that CDKs play a minor role in

triggering APC/C activation at the metaphase-anaphase transition. However, to properly

evaluate the role of mitotic CDKs in the metaphase-anaphase transition, one must

modulate their activity during mitosis. In higher eukaryotes, it is difficult to modulate

mitotic CDK activity (by chemical inhibition or RNAi) without affecting mitosis itself.

The genetic tractability of budding yeast and its reliance on 4 cyclins to drive mitosis

allowed me to eliminate a specific subset of mitotic CDK activity and examine its effect

on mitotic progression.

For my thesis, I examined the cell cycle progression of cells lacking Clbl/2-CDK

activity. Clb 1 and Clb2 are the primary mitotic cyclins in budding yeast with Clb2

accounting for nearly 70% of the CDK activity in a nocodazole (metaphase) arrest.

Clbl/2-CDK activity was not required for cells to enter mitosis since clblA clb2-VI

mutants assembled bipolar spindles, hallmarks of mitotic entry, with wild-type kinetics.

However, Clbl/2-CDK activity was required for mitotic progression since clblA clb2- VI

mutants were severely delayed in triggering the degradation of Securin/Pds 1, an APC/C-

Cdc20 substrate. This requirement for Clb 1/2-CDK activity was independent of the

checkpoints that inhibit APC/C-Cdc20, as it could not be bypassed by the simultaneous

inactivation of the DNA damage and spindle assembly checkpoints. These results
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therefore suggest that Clbl/2-CDK activity is required for a yet-to-be identified process

essential for Securin/Pds 1 destruction or that Clb 1/2-CDKs directly activates the APC/C-

Cdc20 complex. I believe the latter hypothesis to be more likely given Rudner and

Murray's characterization of Clb2-Cdc28 dependent phosphorylation of the APC/C.

If Clb 1/2-CDK activity is important for APC/C-Cdc20 activation, why did the apc/c-12A

mutant constructed by Rudner and Murray have such a subtle phenotype? One possible

answer is that there are additional CDK-dependent phosphorylation sites in the apc/c-12A

mutant which contribute to APC/C-Cdc20 activation. In the human APC/C-Cdc20

complex, both Apcl and Cdc20 are mitotically phosphorylated 13,5. When I mutated 4

minimal CDK consensus sites in yeast Cdc20 to alanine (cdc20-4A), it did not affect

Cdc20 function in a wild-type background, but was lethal in the apc/c-12A background.

Importantly, the apc/cl2A cdc20-4A double mutant, like the clblA clb2- VI mutant,

accumulated in metaphase. These results suggest that Clb 1l/2-CDKs may phosphorylate

both APC/C and Cdc20 to trigger the metaphase anaphase transition. However, I have

not been able to demonstrate that Cdc20 is phosphorylated on CDK sites in vivo.

Therefore, it is a possibility that the cdc20-4A allele is hypomorphic due to structural

rather than regulatory defects. In collaboration with Adam Rudner, now at the University

of Ottawa, I am trying to identify the in vivo phosphorylation sites in Cdc20.

Why does the APC/C-Cdc20 have so many phosphorylation sites?

As previously mentioned, the human core APC/C complex has at least 34 sites that are

phosphorylated during mitosis. If phosphorylation is required for activation of the
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APC/C-Cdc20 complex, it is not clear why this complex should be so heavily

phosphorylated. One interesting possibility is that the APC/C-Cdc20 complex functions

as a sensor for mitotic CDK activity. If there was a requirement for multi-site

phosphorylation of APC/C-Cdc20 for its activation, it could allow a threshold of mitotic

CDK activity to be set for anaphase entry. In fact, an analogous regulatory system

functions during the G1/S transition of budding yeast. During G , the B-type cyclin

inhibitor Sic 1 must be phosphorylated by G 1 cyclin-CDKs on 6 out of 9 sites to trigger

its degradationl6. No single site is essential, but a minimum of 6 sites must be

phosphorylated to destabilize Sicl. This multi-site phosphorylation requirement for Sic 1l

degradation sets a threshold for GI cyclin-CDK activity that must be passed for S phase

entry and allows incremental increases in CDK activity to trigger a switch-like G 1/S

transition' 6 . Similarly, during the metaphase-anaphase transition, multi-site

phosphorylation of several APC/C core subunits in addition to phosphorylation of Cdc20

could establish a mitotic CDK activity threshold requirement. Setting such a threshold

for CDK activity for entry into anaphase could ensure that the metaphase-anaphase

transition is switch-like and could provide another layer of control of APC/C activity (in

addition to the spindle assembly and DNA damage checkpoints). Furthermore, it would

ensure that cells only enter anaphase after they accumulate enough mitotic CDK activity

to condense chromosomes and build a mitotic spindle.
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Future Experiments

The work presented in this thesis showed that mitotic CDK activity is required in vivo for

the activation of the APC/C-Cdc20 complex. However, I cannot exclude the possibility

that the requirement for Clbl/2-CDKs is indirect because I do not know if APC/C-

CDC20 phosphorylation is Clbl/2-CDK dependent in vivo or how APC/C-Cdc20

phosphorylation controls its activity. Below I propose experiments that will help

elucidate the control of APC/C-Cdc20 by regulated phosphorylation and

dephosphorylation.

1) Mass spectrometry of in vivo APC/C-Cdc20 phosphorylation sites

Our current knowledge of the in vivo phosphorylation of the budding yeast APC/C is

limited to Rudner and Murray's analysis of 12 sites in Cdcl6, Cdc23, and Cdc27. These

authors found that simultaneously mutating all 6 CDK sites in Cdc16 and all 5 CDK sites

in Cdc27 blocked the in vivo phosphorylation of these proteins. However, they did not

identify which sites within these subsets were actually phosphorylated. In addition,

Rudner and Murray found at least 1 other component of the APC/C was phosphorylated

in vivo. To elucidate the regulation of APC/C-Cdc20 by mitotic CDKs and other kinases

at the metaphase-anaphase transition, a comprehensive analysis of APC/C-Cdc20

phosphorylation in vivo is required. For example, it would be interesting to determine if

Clbl/2-CDKs can phosphorylate APC/C in the absence of Cdc20 in vivo or if they

phosphorylate different sites in the presence vs. the absence of Cdc20.
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To map the in vivo APC/C-Cdc20 phosphorylation sites, the APC/C-Cdc20 complex

should be isolated from a physiological mitotic state since this would preclude any

artifactual phosphorylation triggered by checkpoint induced metaphase arrests. This is a

real problem because the Kirschner laboratory recently discovered that the pattern of

APC/C phosphorylation was different in cells arrested in mitosis with spindle poisons

compared to cells undergoing a synchronized mitosis' 5 . To prevent spindle assembly

checkpoint-induced phosphorylation, one can used genetic tools to synchronize cells in

metaphase. Over-expression of a destruction-box mutant of Securin/Pds 1 (Pds 1-db)

leads to an accumulation of cells in metaphase since Separase/Esp 1 cannot be activated.

During this metaphase "arrest," APC/C-Cdc20 is active, but unable to ubiquitylate Pds 1-

db. Over-expression of Pds 1-db in a wild-type strain and a clblA clb2-VI mutant will

enable one to determine the metaphase-specific, Clbl/2-CDK- dependent

phosphorylation sites in APC/C-Cdc20. Similarly, over-expression of Pdsl-db in a wild-

type strain and a strain lacking Cdc20 will enable one to determine the effect of Cdc20 on

APC/C phosphorylation (because CDC20 is essential, one would need to place it under a

repressible promoter, such as pMET3).

Once the phosphorylation sites are mapped, mutational analysis can be used to determine

their in vivo relevance. These studies can be complemented by in vitro studies that

examine the ubiquitin ligase activity of different APC/C-Cdc20 phospho-mutant

combinations. For instance, it will be interesting to determine if Clb 1/2-CDK

phosphorylation regulates substrate recognition, multimerization of the APC/C, and/or

the processivity of the APC/C-Cdc20 complex.
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2) Is Clbl/2-CDK activity limiting for APC/C-Cdc20 activation

Budding yeast cells lacking both the spindle assembly checkpoint and the DNA damage

checkpoint are viable and do not exhibit precocious anaphase entry". Under these

circumstances, the regulated accumulation of Clbl/2-CDK activity may help to control

the timing of APC/C-Cdc20 activation. One can test whether over-expression of Clb2

causes premature anaphase entry in checkpoint deficient cells to determine if CDK

activity is limiting for APC/C-Cdc20 activation. This experiment should be done in a

checkpoint deficient background because over-expression of Clb2 does not causes

premature anaphase entry in a wild-type background.

3) Does PP2A antagonize APC/C-Cdc20 phosphorylation or activity in vivo?

Regulated phosphorylation and dephosphorylation have been implicated in APC/C-

Cdc20 activation, yet we know little about how mitotic phosphatases control APC/C-

Cdc20. For example, the Hershko lab found that incubation of the clam APC/C with a

partially purified okadaic acid-sensitive activity inhibited the ubiquitin ligase 18. They

speculated that a PP2A family phosphatase might antagonize APC/C-Cdc20 activation in

vivo. Budding yeast CDC55 encodes a regulatory subunit of PP2A that has been

implicated in APC/C-Cdc20 dephosphorylation (Adam Rudner, personal

communication). Given that Clbl/2-CDK activity is required for APC/C-Cdc20

activation, it will be interesting to determine if deletion of CDC55 ameliorates the

Securin/Pds 1 degradation defect of clblA clb2- VI mutants. If it does, one can use mass

spectrometry to examine APC/C-Cdc20 phosphorylation in cdc55A and clblA clb2- VI

203



cdc55A (using the mitotic arrest procedures described earlier). For all these experiments,

it will be important to separate Cdc55's role(s) in APC/C-Cdc20 dephosphorylation from

its role in regulating the early anaphase release of Cdc 14 (Cdc 14 is itself an activator of

APC/C-Cdhl because it can dephosphorylates Cdhl and promote its binding to APC/C).

One may be able to block the premature release of Cdc 14 in cdc55A by introducing the

netl-6Cdk allele of CFIJ/NET1. netl-6Cdk is a phospho-mutant allele that is expected to

suppress the premature release of Cdc 14 in cdc55A.

4) Purification of APC/C-Cdc20 from clb lA clb2- VI mutants

Currently, there is no paradigm for how phosphorylation leads to APC/C-Cdc20

activation. Purification of APC/C-Cdc20 from wild-type and clblA clb2-VI mutants

could allow one to compare the complexes from these two sources and determine

whether they differ in their structure and or stability. In addition, one can use in vitro

ubiquitylation assays to test if substrate binding, ubiquitin ligation, and/or the

processivity of the APC/C complex is affected by phosphorylation.

Some unanswered questions about the APC/C-Cdc20 complex

Why is the APC/C so complex?

Both the APC/C and SCF complexes belong to the same family of ubiquitin ligases

(cullin-RING-fingers) and both have essential cell cycle functions, yet these two enzymes

vary tremendously in their size and complexity. The SCF ubiquitin ligases are modular

enzymes composed of 4 subunits: a Skp l-family protein, a Cullin-homology domain
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protein, a RING-H2 protein, and an F-box protein (a specificity factor) 19. The APC/C, on

the other hand, is composed of at least a dozen different subunits, many of which have

poorly defined functions. The yeast APC/C is especially intriguing because it can

dimerize into a gargantuan 3.4MDa complex that has twice the specific activity and seven

times the processivity of the monomer20 . Although it is unclear why the APC/C needs to

be so complex, it may be due to the small set of specificity factors used by the APC/C:

SCF ubiquitin ligases use a diverse repertoire of F-box proteins to recognize substrates

(there are -70 F-box proteins in humans) 21, whereas APC/C ubiquitin ligases primarily

use Cdc20 and Cdh 1 2. Perhaps the increased complexity of the APC/C allows it to use a

few specificity factors to recognize many different substrates.

How does the APC/C actually catalyze ubiquitin transfer?

The APC/C, like other RING finger multi-subunit E3s, does not seem to be directly

involved in catalyzing ubiquitin transfer from the E2 to the substrate. Rather, it is

thought to primarily function as a scaffold, bringing the E2 and substrate together,

thereby increasing the effective concentrations of lysines near the E2 active site22 . The

cryo-EM structure of the APC/C indicates that it has a triangular shape with a large

internal cavity that has been speculated to hold ubiquitin charged E2s 23. However, the

dimensions of this cavity are not large enough to support the presence of an E2, ubiquitin,

and a substrate 24. Therefore, it is unclear how the E2 and substrate are properly

positioned by the APC/C.
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Elucidating the catalytic mechanism of the APC/C is especially challenging since all

attempts to reconstitute active complexes from purified components have failed25. It is

unclear if this is because specific chaperones are required to assemble functional

complexes or whether essential components have yet to be discovered.

What are the non-cell cycle functions of the APC/C?

Research over the last 5 years has uncovered novel roles for the APC/C in post-mitotic

cells, such as neurons. Cdc20 does not appear to be expressed in the central nervous

system, but core APC/C components and Cdhl are expressed. RNAi mediated

knockdown of Cdhl or overexpression of the APC/C-Cdhl inhibitor Emil has been

found to increase axon lengths in neuronal cultures 26. APC/C-Cdhl may affect axonal

growth through its regulation of SnoN 27,28, a transcriptional co-repressor, and Id229, a

transcriptional regulator. In addition to these studies, several others have implicated

APC/C-Cdh 1 in regulating neuronal survival and synaptic function, although these roles

remain poorly defined29. These findings raise the interesting possibility that other core

cell cycle regulators may have non-cell cycle functions. Uncovering these new functions

will be an exciting avenue of research in the years to come.
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Mitotic CDK activity is required for spindle elongation

The second and more novel finding of this thesis is that mitotic CDK activity is required

for spindle elongation. Previous studies in budding yeast had suggested that spindle

elongation is merely a passive consequence of the loss of sister chromatid cohesion. The

metaphase spindle was proposed to be "spring-like" - poised to elongate in metaphase but

prevented from doing so by cohesin complexes holding sister-chromatids together. In

contrast, I found the Clbl/2-CDK activity is absolutely required for the complete

elongation of the spindle - even when cohesion is eliminated with the mcdl-1 allele or

when kinetochores are disrupted with the ndcl O- allele. This requirement for Clbl/2-

CDK activity is very interesting because it suggests a mechanism by which cells can

couple events during chromosome segregation: the loss of sister-chromatid cohesion is

coupled to spindle elongation by placing them both under the control of Clb 1/2-CDKs.

It is important to note, however, that the work I have presented only shows that there is a

requirement for Clbl/2-CDKs in spindle elongation - a direct role for these complexes

has yet to be demonstrated. It is necessary to identify the in vivo Clbl/2-CDK substrates

involved in spindle elongation in order to establish a direct role for these kinases.

Interestingly, a few of the in vitro substrates of Clb2-Cdc28 complexes have established

roles in spindle elongation. For example, the microtubule motor Cin8 and the

microtubule plus end tracking protein Stu2 are both phosphorylated by Clb2-Cdc28 in

vitro 30. These two proteins are especially interesting because their simultaneous over-

expression during S phase is sufficient to trigger spindle elongation3 . It will be

important to determine if the in vivo phosphorylation of these proteins is Clb I/2-CDK
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dependent and to test if their phosphorylation is required for spindle elongation (i.e.

mutational analysis should be performed on the Clbl/2-CDK dependent phosphorylation

sites in Cin8 and Stu2).

To search for other Clb 1/2-CDK substrates, spindle associated factors should be screened

for Clbl/2-CDK dependent phosphorylation shifts in vivo. The clblA clb2- VI mutant can

therefore be used as a tool to help identify the microtubule associated proteins

phosphorylated in vivo by CDK. In these experiments, it will be important to bypass the

requirement for Clbl/2-CDKs in APC/C-Cdc20 activation by using a cohesin mutant

background.

How does spindle elongation actually work?

Elucidating the role of Clb 1/2-CDKs in spindle elongation is complicated by our poor

understanding of this process. The elongation of the mitotic spindle in anaphase requires

the coordinated action of microtubule motors, microtubule dynamicity factors, and

microtubule bundling factors. However, how these proteins functionally collaborate to

control the growth and stabilization of microtubules is unclear. The roles of microtubule

motors are especially difficult to determine because they are required for both spindle

assembly and spindle elongation and there is some redundancy in their functions (none of

the motor proteins are essential)32. The spindle midzone is also important because the

laser ablation of this structure, or the genetic ablation of spindle midzone factors,

prevents spindle elongation 33,34. However, aside from providing a platform for

microtubule motors and microtubule bundling proteins to interact, little is known about
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how this complex structure contributes to spindle elongation35. Finally, the requirement

for Clb 1/2-CDKs in spindle elongation is complicated by the established role of protein

dephosphorylation in regulating the mitotic spindle3640. In the last 5 years, the protein

phosphatase Cdc 14 has emerged as an important regulator of spindle behaviour. Cdc 14

triggers the translocation of several SPB and kinetochores associated proteins to the

mitotic spindle in anaphase, thereby lowering microtubule turnover and increasing

spindle stability36,38. Intriguingly, several of these factors are themselves CDK

substrates, implying that Cdc 14 and CDKs antagonize each other's activities during

spindle elongation30' 36'38'41. However, it is more likely that the complexity of spindle

elongation requires the coordinated phosphorylation and dephosphorylation of many

different regulators and the both CDK-dependent phosphorylation and Cdc 14-dependent

dephosphorylation are required. Spindle elongation is thus likely controlled by a

complex interplay between these two enzymes, with CDKs and Cdc 14 potentially acting

at distinct places along the spindle, at different times in anaphase, and/or on different

substrates.

Is the requirement for Clbl/2-CDKs in spindle elongation due to their role in the

FEAR network?

Clb 1/2-CDKs have been implicated in triggering the nucleolar release of Cdc 14 in early

anaphase as part of the FEAR network42. This raises the possibility that the spindle

defects of the clblA clb2- VI mutants might be a secondary consequence of impaired

Cdcl4 release. However, I do not think this is likely because the spindle defects of

Cdcl4 mutants are very subtle and may be attributable to Cdcl4's role in regulating
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sister-chromatid resolution (Cdc 14 is required to resolve the rDNA locus in

anaphase) 43' 44. In addition, mcdl-I clbl A clb2- VI mutants exhibit much more severe

spindle elongation defects than mcdl-] cdcl4-3 mutants43. Nonetheless, it is possible

that a part of the clblA clb2-VI spindle phenotype is due to impaired Cdcl4 release. To

test this hypothesis, one could introduce the TAB6-1 45allele of Cdc 14 in the clblA clb2-

VI background. TAB6-1 is a dominant allele that bypasses the requirement for the FEAR

network and should alleviate any requirement for Clbl/2-CDKs in triggering Cdcl4

release.

CDK activity threshold requirements help establish order during mitotic

progression

Twelve years ago, Stem and Nurse proposed a quantitative model for CDK control of cell

division which suggested that consecutive cell cycle events are triggered by different

CDK activity levels: low CDK activity allowed pre-RC assembly (G1 phase); moderate

CDK activity allowed origin firing while simultaneously inhibiting new pre-RCs (S/G2

phases); and high CDK activity allowed mitotic entry46. This prescient model explained

the cell cycle progression of S. pombe strains that were able to maintain the correct order

of"S phase before M phase", despite carrying a single cyclin-CDK complex (Cdcl3-

Cdc2). Examination of the clb(1-4) mutant phenotypes of budding yeast suggests a

similar model might explain the ordering of events within mitosis. In general, the

severity of the mitotic defect of different clb mutants (i.e. clb2A clb3A vs. clb3 clb4A)

correlates with the reduction in overall Clb-CDK activity. There are nearly 2-fold more

Clb2 and Clb3 molecules present per cell than Clbl or Clb4 molecules 47'48. Clb2
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contributes the most to mitotic CDK activity, while Clb4 contributes the least 49,50. The

clblA clb2- VI mutant and the clb2- VI clb3A mutant both have defects in APC/C-Cdc20

activation and spindle elongation, while clb3A clb4A and clblA clb3A clb4A mutants

have no discernable phenotype 49-51. Together, these results suggest a lower threshold of

mitotic CDK activity is required for M-phase entry compared to anaphase entry. Recent

work in human cells supports this hypothesis 52. Lindqvist et al. took advantage of the

fact that 20% of human cells can enter mitosis when Cdk I is depleted by RNAi to study

the role of Cdkl in mitotic progression. Interestingly, cells that entered mitosis with

lower Cdkl levels were further delayed in anaphase initiation52. These observations

suggest that a rise in mitotic CDK is required for mitotic progression, not just in budding

yeast, but also in human cells. An attractive feature of this model is that it suggests that

cells can use this requirement for a rise in mitotic CDK activity to ensure they initiate

chromosome segregation only after they accumulate enough CDK activity to condense

their chromosomes and to build a mitotic spindle.

The "Clb quantity" model proposed here makes several assumptions that must be tested.

The most important of these is that there is little to no specificity among the mitotic

cyclins. The clb2-VI clb3A mutant, but not the clblA clb2- VI mutant, was delayed in

mitotic entry. It was proposed that this delay is not due to a specific requirement for

Clb2/3-CDK in mitotic entry, but rather, due to the earlier expression of Clb3 compared

to Clbl and Clb2 (i.e. there is an early non-specific requirement for Clb-CDK activity in

mitotic entry that is absent in clb2- VI clb3A mutants, but not clblA clb2- VI mutants). A

prediction of this hypothesis is that a single copy of CLBI under the CLB3 promoter can
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rescue the mitotic entry defect of clb2- VI clb3A cells. Furthermore, this model predicts

that a single extra copy of CLB3 under the CLB2 promoter (pCLB2) will rescue the

metaphase delay of clblA clb2- VI mutants. I attempted to test this hypothesis by placing

CLB3 or CLB2 under the pCLB2-3HA promoter. A promoter-tag fusion was used to

ensure both constructs are expressed at identical levels. I found that when these fusions

were expressed at comparable levels, they equally suppressed the metaphase delay of

clblA clb2-VI mutants. However, the presence of the epitope tag made each cyclin

hypomorphic, making it impossible to exclude the possibility of cyclin specificity. In the

future, it will be important to repeat these experiments with alternative tags on CLB2 and

CLB3 that do not render them hypomorphic.

Future Experiments

It is unlikely that mitotic cyclins are completely redundant, yet there is little evidence to

argue against this. The most cited example for the existence of Clb cyclin specificity is

the difference in substrate specificities between Clb2-Cdc28 and Clb5-Cdc28

complexes 53,54. However, Clb2 and Clb5 are divergent cyclins that function in different

cell cycle phases (Clb5 in S phase and Clb2 in M phase). Furthermore, there is a unique

structural element in Clb5, "the hydrophobic patch," that promotes its binding to specific

substrates 54 . Very few differences exist among the mitotic cyclins (Clbl-4) and there are

no documented cases of substrate specificity 54 . To reveal whether there are functional

differences in the mitotic cyclins, yeast strains should be engineered to express a single

type of mitotic cyclin-CDK complex. For example, the coding regions of Clb 1, Clb3 and

Clb4 can be all replaced by the Clb2 coding region. By leaving promoter elements intact,
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the temporal regulation of cyclin expression is maintained and mitotic CDK activity

should accumulate on schedule. The only difference between these strains and wild-type

yeast would be the type of mitotic-CDK complexes. These experiments should help

reveal whether different mitotic CDK complexes can execute different cell cycle

functions.

Signaling in the CdcFourteen Early Anaphase Release (FEAR) Network

When the FEAR network was first discovered 6 years ago, it was difficult to appreciate

the utility of this pathway because mitotic exit was delayed, but not eliminated, in its

absence and because FEAR network signaling was not required for viability. Since that

time, however, the FEAR network has emerged as a powerful regulator of late M-phase

events that has been shown to directly affect the stability of anaphase spindles, the

organization of the midzone, and the resolution of the rDNA locus 55. The importance of

these "non-essential" functions of this pathway is underscored by the dramatic loss in

viability that FEAR network mutants experience as they exit mitosis 43. In addition, the

FEAR network appears to be the critical target of the spindle assembly checkpoint

because elimination of FEAR network signaling suppresses the precocious cell cycle exit

of madlA mutants when they are exposed to spindle poisons (my unpublished

observations).

Currently, there are 8 known components in the FEAR network: Slk19, Esp , Cdc5,

Spol2, Bnsl, Fobl, Clbl/2-CDKs, and PP2A 42,56-60. How these proteins regulate the

release of Cdc 14 is unclear, but recent studies suggest that Clbl/2-CDKs and PP2A are
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the most downstream components of this network42.59 . PP2A is thought to antagonize

Clb 1/2-CDK dependent Cfi I/Netl phosphorylation, which appears critical for Cdcl4

release in early anaphase. Below, I will evaluate the evidence implicating Clbl/2-CDKs

and PP2A in FEAR network activation and highlight some unanswered questions

regarding this complex signaling pathway.

Are Clbl/2-CDKs the most downstream components of the FEAR network?

The Deshaies lab was the first group to suggest a link between Clbl/2-CDKs and the

FEAR network4 2. They identified 6 in vivo phosphorylated sites in Cfili/Netl that were

required for the early anaphase release of Cdcl 14. Interestingly, these sites conformed to

the minimal CDK consensus sequence of (pSer/pThr-Pro). An allele of CFII/NET1

carrying alanine substitutions at these sites, netl-6Cdk, abrogated the early anaphase

release of Cdc 14 and recapitulated the mitotic and meiotic defects of FEAR network

mutants. Using phospho-specific antibodies, Azzam et al. showed that Clb2-CDK could,

not only phosphorylate Cfil/Netl on these sites, it could also disassemble Cdcl4-

Cfi 1/Netl complexes in vitro. In addition, these authors showed that overproduction of a

stabilized version of Clb2 could ectopically release Cdc 14 during a nocodazole-induced

metaphase arrest. Based on these results (and other indirect evidence), these authors

suggested that Clbl/2-CDK-dependent phosphorylation of Cfil/Netl was required for the

early anaphase release of Cdcl4. However, several lines of evidence argue against a

direct role for these kinases in Cfil/Netl phosphorylation in vivo. First, when Clb2-CDK

(and Clbl-CDK) activity is depleted, the in vivo phosphorylation of Cfil/Netl was only

delayed and not eliminated 42. If Clb 1/2-CDKs were the physiological Cfi /Netl kinase,
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the in vivo phosphorylation of Cfil/Netl should depend on Clbl/2-CDK activity.

Second, the ability of Clbl/2-CDKs to disassemble Cdcl4-Cfil/Netl complexes is not

specific to these kinases because the Deshaies group has previously shown that Cdc5 is

also able to dissociate these proteins in vitro61. Third, the ectopic release of Cdcl14 is not

solely triggered by Clb2 overproduction, because it can also be induced by

overexpression of Cdc5 or Esp 139,59,62,63. Together, these observations argue against a

direct role for Clbl/2-CDKs in Cfil/Netl phosphorylation.

It was reported that deletion of CLB2 in a MEN mutant background, like deletion of the

bona-fide FEAR components SLK19 and SP012, largely abolished the early anaphase

release of Cdc14 42. This observation argues that Clb I/2-CDKs are bona-fide FEAR

network components (i.e. they are required for the MEN-independent release of Cdcl4 in

anaphase). However, this finding is not, in itself, sufficient to place Clbl/2-CDKs within

the FEAR network because Clbl/2-CDKs are required earlier in the cell cycle for Espl

activation. As shown in Chapter 2, Clbl/2-CDKs are required for activation of the

APC/C-Cdc20 complex at the metaphase-anaphase transition and the subsequent

degradation of Pds l. Given that Pds 1 can antagonize Esp 1 's function in the FEAR

network, these results suggest that Clb 1/2-CDKs may control Cfil/Netl phosphorylation

by indirectly regulating Esp activation (via the APC/C-Cdc20 complex). In agreement

with this hypothesis, clb2A cdc15-2 mutants are defective in triggering Pdsl degradation

during anaphase 64 . The Cdc 14 early anaphase release defect of clb2A cdc15-2 mutants

might therefore be attributable to reduced Esp 1 activation in this background. To test this
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possibility, it will be important to examine Cdcl4 release in pdslA clb2A cdcl5-2

mutants.

The position of Clbl/2-CDKs in the FEAR network

The experiments that have been conducted thus far suggest a role for Clb/2-CDKs in

FEAR network signaling, but they do not establish where in the network these kinases are

required. Because Clb 1/2-CDKs and Cdc5 are both implicated in being the most

downstream components of the FEAR network, epistasis analysis should be performed to

position these regulators with respect to one another. Examining the phenotype of a

double loss-of-function mutant (i.e. clb2A cdc5-1) may not be informative because the

inactivation of Cdc5 alone severely reduces the early anaphase release of Cdc 1456,62 '63

Rather, one can test whether the ectopic Cdcl4 release triggered by overexpression of

one of these kinases requires the activity of the other. Because of Cdc5's parallel role in

MEN activation, it is important to disrupt MEN signaling in these experiments (e.g. by

using a cdcl5-2 mutant). It should be also be determined if SLKI9 or SPO12 are

required for the ectopic Cdcl4 release triggered by overproduction of Clb2. Examining

the epistatic relationships among Clbl/2-CDKs and Cdc5 should help clarify the role of

Clbl/2-CDK in the FEAR pathway and may help establish the identity of the Cfil/Netl

kinase.

The role of PP2A in the FEAR network

Several groups have demonstrated a role for PP2A in regulating the release of Cdc 14

during anaphase 58 6 0. PP2A holoenzymes are composed of 3 subunits: an A subunit that
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serves as a scaffold, a B subunit that controls substrate specificity, and a C subunit

involved in catalysis 65. In budding yeast, the B-type regulatory subunit Cdc55 has been

shown to direct PP2A-dependent inhibition of Cdc 14 release 58 60 Deletion of Cdc55

causes premature release of Cdc14 in a nocodazole arrest and induces premature

phosphorylation of Cfi l/Netl on sites that are essential for the FEAR network induced

release of Cdc 145860 . It has been suggested that the role of upstream regulators (i.e.

Slkl9, Espl, Cdc5, Spol2, Bnsl) of the FEAR network is to antagonize PP2A activity

during early anaphase, thereby stabilizing Cfil/Netl phosphorylation59 . In particular,

Esp 1 has been proposed to directly bind and inhibit PP2A after Esp 1's inhibitor, Pds 1, is

destroyed at the metaphase-anaphase transition. This simple model makes several

predictions that can be tested. First, CDC55 deletion should suppress the FEAR defects

of espl-1 cdcl5-2 mutants, as well as, spol2A slkl9A cdc15-2 mutants. These

experiments should be done in a cdc15-2 (MEN mutant) background to ensure that

Cdc 14 release is solely dependent on the FEAR network and to exclude any possible

effects of CDC55 deletion on MEN signaling. Second, if Cdc5 functioned solely

upstream of Cdc55, deletion of CDC55 should suppress the FEAR network release

defects of cdc5-1 cdc15-2 double mutants. Most importantly, if the role of Slkl9, Esp 1,

Spol2, and Cdc5 is to downregulate PP2A activity and thereby promote Cfil/Netl

phosphorylation, the phospho-mutant netl-6Cdk allele should suppress the premature

release of Cdcl4 in cdc55A cells and in cells overproducing Spol2 or Cdc5

(overproduction of Cdc5 should be performed in a MEN mutant background to exclude

Cdc5's role in this pathway). Inactivation of mitotic CDKs is also expected to suppress

the premature release of Cdcl4 in cdc55A mutants. Together, these experiments should
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help position Cdc55 within the FEAR network and may help substantiate its role in

Cfi 1l/Netl dephosphorylation.

Some unanswered questions about the FEAR network

How is signaling transduced through the FEAR network?

The complexity of the FEAR network has made it difficult to propose a model for how

signals are propagated in this pathway. Only 3 of the 8 components in the FEAR network

(Cdc5, Clbl/2-CDKs, PP2A) have a known catalytic activity, whereas every major

component in the MEN has an activity or is associated with one. The protease activity of

Esp 1 is not required for its FEAR network function and Slk19, Spol2, Bnsl, and Fob 1

are not known to possess any catalytic activity. The FEAR network proteins, unlike the

MEN components, do not share a common localization pattern. In addition, the FEAR

pathway consists of at least two parallel branches, whereas the MEN has a linear

organization.

I attempted to test whether the physical association of FEAR network proteins could

explain how this pathway is activated, but I did not find a correlation between these two

events. Among the interactions I characterized, the Cdc5-Cdcl4 interaction is likely to

be the most informative for FEAR network signaling. The observations that Cdc5

overproduction is sufficient to trigger Cdc 14 release and that Cdc5 depletion is sufficient

to trigger Cdc 14's return to the nucleolus suggest that Cdc5 is the most downstream

component of the FEAR network. Interfering with the Cdc5-Cdcl4 interaction may be a

starting point from which one can test the relevance of the observed interactions of the
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FEAR network components and it may provide insight into how this pathway is

controlled. If a direct link between Cdc5 and Cdc14 is established, one could try to

elucidate the roles of other FEAR network components by determining how they affect

the Cdc5-Cdcl4 association.

An alternative to studying how components of the FEAR network activate one another is

to investigate how the FEAR pathway regulates Cdc 14's association with Cfil/Netl (see

below). Elucidating the most downstream step in this signaling cascade may allow one

to work up the network and it may enable one to better determine if the two branches of

this pathway communicate with one another.

How does FEAR network signaling trigger Cdcl 4 release?

Given that the FEAR network contains at least two kinases (Cdc5 and mitotic CDKs) and

a phosphatase (Cdc55), regulated phosphorylation and dephosphorylation are likely to

play a role in the FEAR network induced dissociation of Cdcl4 and Cfil/Netl. Mass

spectrometry has been successfully used to map the in vivo phosphorylated sites in

Cfil/Netl and has identified 6 sites that may underlie the FEAR network induced release

of Cdc 1442. Cdc 14, however, has not been thoroughly analyzed by mass spectrometry

even though it is just as likely to be regulated by phosphorylation. Consistent with this

hypothesis, previous work from our lab has shown that overproduction of Cdc5 can

trigger Cdcl4 phosphorylation in vivo (as well as Cdcl4 release from the nucleolus) 63.

To determine how this protein is modified by FEAR network signaling, one can map the

in vivo phosphorylated sites in Cdcl4, at different cell cycle arrest points, to determine
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the cell cycle dependent modification of this protein. For example, one can compare the

pattern of Cdc 14 phosphorylation in cdc15-2 mutants (FEAR functional, MEN off) to

cdc5-1 cdc15-2 mutants (FEAR off, MEN off) to identify FEAR network-dependent

phosphorylation of Cdc 14. It is also possible to use genetic tools to create a cell

population in which Cdc 14 is perpetually released, but unable to initiate mitotic exit, in

order to identify Cdc 14 phosphorylation sites that appear only when Cdc 14 is released.

In the absence of PDS1, cells depleted of the APC/C activator CDC20 are able to enter

anaphase and to trigger Cdcl4 release, but cannot exit mitosis. Persistent Clb5-CDK

activity in these cells antagonizes the released pool of Cdc 14 and prevents APC/C-Cdhl

activation (which is responsible for cyclin destruction in late M phase and G1). The

Visintin group has demonstrated that the Cdc 14 released under these circumstances

requires continuous Cdc5 activity to be maintained out of the nucleolus 62. One can

therefore compare Cdc 14 phosphorylation in this strain, in the presence and absence of

Cdc5 activity, to determine if Cdc 14 relocalization correlates with an altered

phosphorylation pattern.

Is Cdcl 4 activity solely regulated by nucleolar sequestration?

According to the current models of the FEAR and mitotic exit networks, once Cdc 14 is

released from the nucleolus, it is fully active and able to completely antagonize mitotic

CDK activity. In its simplest form, the model predicts that the nucleolar sequestration of

Cdcl4 during G , S, and early M is essential for the accumulation of mitotic CDK

activity. Given that CFIJ/NET1 is essential for Cdcl4's nucleolar sequestration, this

model predicts that CFII/NETJ should be essential for the accumulation of mitotic CDK
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activity. However, cfil/netlA mutants are viable and are capable of accumulating mitotic

CDK activity, albeit with a delay66 . This observation raises the interesting possibility that

Cdc 14 release from the nucleolus is not sufficient for Cdcl4 activation and that there is a

post-release step that is required for complete activation of this phosphatase. In this

regard, it is tempting to speculate that the Cdc5-Cdcl4 interaction may have additional

functions besides promoting Cdcl4 release. For example, Cdc5 (or any other positive

regulator of the FEAR and mitotic exit networks) could associate with Cdc 14 after it is

released from the nucleolus and further activate its phosphatase activity. To test this

hypothesis, one can determine if any of the known FEAR network or MEN components

can elevate the phosphatase activity of Cdc 14 in vitro.

Concluding remarks on the FEAR network

The FEAR network is an important signaling cascade that helps to ensure cells are

adequately prepared to exit M-phase and return to a G state. While the list of FEAR

network components has increased in the last 6 years, our understanding of how this

pathway operates has not. The future challenges will be to determine how the FEAR

network proteins functionally collaborate to release Cdc 14 from the nucleolus and to

determine if there is any significance to the architecture of the network. For example,

why does the FEAR network have two parallel branches? Do these branches respond to

the same upstream signal(s)? Can the architecture of this pathway explain why the FEAR

network is insufficient to maintain Cdcl4 release without the MEN? Addressing these

questions will aid our understanding of this network and may help reveal novel roles for

this important pathway in the orchestration of late mitotic events.
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Concluding Remarks

Work over the last 40 years has shown that the regulatory circuits controlling cell cycle

progression are highly conserved. The identification of cohesins, separase, securin, and

the APC/C complex in the last 13 years has great expanded our understanding of how

cells control the division of their genome. What we do not yet understand, however, is

how the chromosome segregation machinery is regulated, in space and time, to ensure the

accurate partitioning of the duplicated genome. For example, even in the simple budding

yeast, we still cannot explain what controls the timing of the metaphase-anaphase

transition or the elongation of the mitotic spindle. The future challenge will be to move

from our current "parts list" of the chromosome segregation machinery to a wiring

diagram that can fully explain the precise occurrence of events in M phase.
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Appendix I:

The Replication Fork Block Protein Fobl Functions as a
Negative Regulator of the FEAR Network

This article was originally published in Current Biology. I contributed to the experiments
shown in Figure 8.
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Summary

Background: The protein phosphatase Cdcl4 is a key
regulator of exit from mitosis in budding yeast. Its activa-
tion during anaphase is characterized by dissociation
from its inhibitor Cfil/Netl in the nucleolus and is con-
trolled by two regulatory networks. The Cdc14 early
anaphase release (FEAR) network promotes activation
of the phosphatase during early anaphase, whereas the
mitotic exit network (MEN) activates Cdcl 4 during late
stages of anaphase.
Results: Here we investigate how the FEAR network com-
ponent Spol2 regulates Cdcl 4 activation. We identify the
replication fork block protein Fob1 as a Spol2-interacting
factor. Inactivation of FOB1 leads to premature release of
Cdc14 from the nucleolus in metaphase-arrested cells.
Conversely, high levels of FOB1 delay the release of
Cdc14 from the nucleolus. Fob1 associates with Cfil/
Net1, and consistent with this observation, we find that
the bulk of Cdc14 localizes to the Fob1 binding region
within the rDNA repeats. Finally, we show that Spol2
phosphorylation is cell cycle regulated and affects its
binding to Fobl.
Conclusions: Fob1 functions as a negative regulator of
the FEAR network. We propose that Fob1 helps to pre-
vent the dissociation of Cdc14 from Cfil/Netl prior to
anaphase and that Spol 2 activation during early ana-
phase promotes the release of Cdcl4 from its inhibitor
by antagonizing Fob1 function.

Introduction

Cell cycle progression must be carefully regulated to
preserve genomic integrity. The successful completion
of each cell cycle phase requires the orchestration of
multiple cellular events. During exit from mitosis, for
example, cells need to coordinate the completion of
chromosome segregation with mitotic spindle disas-
sembly and cytokinesis. Exit from mitosis is the transi-
tion from the mitotic state, characterized by high mitotic
cyclin-dependent kinase (CDK) activity, to the G1 state,

*Correspondence: angelika@mit.edu

when mitotic CDK activity is low. This downregulation
of mitotic CDK activity is accomplished by the ubiquitin-
dependent degradation of the regulatory mitotic cyclin
subunit and the upregulation of the mitotic CDK inhibitor
Sic1 (reviewed in [1-3]). The protein phosphatase Cdcl 4
plays an essential role in promoting these events. Cdcl 4
reverses CDK phosphorylation and thereby triggers mi-
totic cyclin degradation and Sic1 accumulation [4, 5].
Consistent with Cdcl 4's essential role in exit from mito-
sis, its activity is tightly regulated throughout the cell
cycle [6-8]. During G1, S, G2, and early M phase, Cdcl 4
is held inactive within the nucleolus by its competitive
inhibitor Cfil/Netl but is released from its inhibitor dur-
ing anaphase, thereby allowing it to dephosphorylate
its substrates.

In addition to its mitotic exit function, Cfil /Netl also
regulates rDNA silencing as part of a nucleolar complex
termed RENT (regulator of nucleolar silencing and telo-
phase exit) [9]. The RENT complex harbors Sir2, the only
SIR protein required for rDNA silencing, in addition to
Cdcl 4 and Cfil/Netl [6, 9]. Furthermore, a recent study
identified a role for the replication fork block protein
Fob1 in rDNA silencing [10]. Whether Sir2 and Fob1, like
Cfil/Netl, control both rDNA silencing and exit from
mitosis is not known.

Two regulatory networks control the association of
Cdc14 with its inhibitor. The FEAR (Cdc fourteen early
anaphase release) network is activated at the metaphase-
anaphase transition and initiates the release of Cdc14
from the nucleolus [11-13]. The MEN (mitotic exit network),
a GTPase signaling cascade, further promotes the release
of Cdcl 4 and maintains the phosphatase in its released
state during later stages of anaphase and telophase [6,
7]. Cdc14 activation mediated by the MEN is required
for mitotic exit; temperature-sensitive mutants defective
in MEN components arrest in late anaphase. In contrast,
FEAR network-induced Cdcl 4 activation is not essential
for mitotic exit; mutations in FEAR network components
cause a delay but do not preclude exit from mitosis.
Although not essential for mitotic exit, FEAR network-
induced activation of Cdc14 during early anaphase is
required for full activation of the MEN [11, 12].

To date, five components of the FEAR network have
been identified. These are the separase Espl, the polo-
like kinase Cdc5, the kinetochore protein SIk19, and
the small nuclear/nucleolar protein Spol 2 and its yeast
homolog Bnsl [11, 14]. Espl encodes a protease that
is best known for its role in triggering sister chromatid
separation at the onset of anaphase (reviewed in [15,
16]). SIk19 belongs to the family of passenger proteins
that localize to kinetochores during metaphase and to
the spindle midzone during anaphase [17]. Furthermore,
SIkl 9 is a substrate of Espl [18]. Surprisingly, however,
neither cleavage of SIk19 [11] nor Espl's proteolytic
activity [19] is required for FEAR network function. The
small protein Spol 2 and its yeast homolog Bnsl localize
to the nucleus and nucleolus and contain a highly con-
served 20 amino acid motif [20, 21], but their molecular
function remains unknown. Recent genetic epistasis
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analyses have revealed that the FEAR network consists
of two branches. One branch encompasses ESP1 and
SLK19 [14, 19]. SP012 and BNS1 function in parallel
to ESP1 and SLK19 [14]. CDC5 could not be placed
unequivocally within the FEAR network in this genetic
analysis because CDC5 is not only a component of the
FEAR network but also a regulator of the MEN [14].

The molecular mechanisms whereby the FEAR net-
work promotes the release of Cdc14 from its inhibitor
are poorly understood. Cdc5 is, however, likely to be
the ultimate effector in the FEAR network [14, 19]. The
protein kinase induces the phosphorylation of both
Cdc14 and Cfil/Netl, which is thought to promote the
dissociation of the complex [14, 22, 23]. How the other
FEAR network components contribute to the release of
Cdc14 from the nucleolus during early anaphase re-
mains unknown. They could function to promote Cdc5
activation or contribute in parallel to the dismantling of
the Cdcl 4-Cfil/Netl complex. To begin to address how
Spol 2 promotes Cdc14 activation, we identified the re-
gions that regulate the interaction between Cdcl4 and
its inhibitor within Spol 2 and Spol 2-associated factors.
We show that Spol2's C-terminal domain and post-
translational modifications within this region are essen-
tial for Spol 2 function. Furthermore, we identify the rep-
lication fork block protein Fob1 as a Spol 2-interacting
factor and show that phosphorylation of Spol 2 influ-
ences its binding to Fobl. Finally, we show that FOB1
is an inhibitor of the FEAR network and forms a complex
with Cfil /Netl. We propose that Fob1 antagonizes
Cdc14-Cfi1/Net1 complex dissociation prior to ana-
phase and that activation of Spol2 during early ana-
phase promotes the release of Cdcl 4 from its inhibitor
by counteracting Fob1 function.

Results

The Highly Conserved DSP-Box Is Essential
For Spo12's Mitotic-Exit Function
To identify the regions that are important within SP012
for its mitotic-exit function, we constructed truncations
of SP012 under the control of the galactose-inducible
GAL 1-10 promoter. To examine the functionality of these
truncations, we exploited the facts that (1) deletion of
SP012 lowers the restrictive temperature of cells car-
rying a temperature-sensitive allele of the MEN kinase
CDC15 (Figure 1 B, cdcl5-2spol2A) and that (2) overex-
pression of SP012 suppresses the growth defect of
cdc15-2spo 12A cells (Figure 1 B, fifth row, [5]). Individual
SP012 truncations were introduced into cdc15-2
spo12A mutants, and their ability to restore growth at
340C and 370C was assessed. SPO 12 truncations lacking
the N-terminal 84 amino acids, which constitute about
half of the coding region of SPO12, were still able to
suppress cdc15-2 spol2A mutants (Figure 1 B, trunca-
tions II and III). Removal of the N-terminal 110 amino
acids significantly reduced SPO12's ability to suppress
cdc15-2 spo12A mutants at 340C and completely elimi-
nated the suppression at 370C (Figure 1 B, truncation IV).
Consistent with a previous study by Chaves et al. [24],
who identified a nuclear localization sequence (NLS)

& ve r e vnsi s ie S px 12 1 1
S areviyiae~nsl ,i

S. pvmse Wis 4
N. cravsaSrxI 12

C. regan % Spo 12 &

B

I 91 95 117 137 173
.. I I , I

mmmims ZV=1 SLMN S 37
R eRM BL8

VE a IMM SAPRSj "ii~v~uu~rl~rC~sar~9 ~ 83

340 C
wild t:

edcl

spol

cdc15-2 s•olI
1-1731 R 1

52-1731 U
85-173]

I111-173r-

NLS+ 111-173 1r
130-1731

NLS+ 130-173

1-1101 I1-1301
1-1471 l I

370C

Figure 1. Spo12's C-Terminal Domain Is Required for Its Mitotic-
Exit Function
(A) Schematic representation of Spol 2's functional domains, includ-
ing the nuclear localization sequence (NLS, spanning amino acids
91-95) and the highly conserved DSP-Box (amino acids 117-137).
Below is a sequence alignment of the DSP-Box sequences of
eukaryotic Spo12 homologs. Identical amino acids are shaded in
black, whereas amino acids with similar properties are shaded in
gray. Numbers correspond to the amino acid positions in each
protein.
(B) Various Spo12 truncation constructs under the control of the
GALI-10 promoter were tested for the ability to suppress cdc15-2
spol2A mutants at the restrictive temperature. Cells were spotted
in 10-fold serial dilutions on 2% galactose-containing medium and
grown for 3 days at either 340C or 370C. An exogenous NLS sequence
(dark-gray box) was added to the N termini of constructs V and VII.
The following strains were used (from top to bottom): A2587, A2596,
A4874, A10010, A6895, A6897, A6899, A6900, A6901, A6903, A7416,
A7090, A7088, and A7086.

spanning amino acids 91-95, we found that removal of
amino acids 85-110 caused Spol 2 to be predominantly
localized in the cytosol ([24], Figure S1 in the Supple-
mental Data available with this article online, truncation
IV). Addition of an exogenous NLS to GAL-SPO12(111-
173) mostly restored its nuclear localization (Figure S1,
truncation V) and significantly enhanced its ability to
suppress cdc15-2 spo12A mutants at 340C (Figure 1 B,
compare truncations IV and V). This finding indicates
that optimal SP012 function requires the protein to be
present in the nucleus.

Spol 2 contains an evolutionarily conserved 20 amino
acid motif, spanning amino acids 117-137, whose func-
tion is unknown (Figure 1A, [20, 21]). We termed this
highly conserved motif DSP-Box (for reasons, see be-
low). N-terminal truncations that removed the DSP-Box
completely abolished SPO12's ability to rescue cdc15-
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2 spo12A mutants at 34"C (Figure 1 B, truncations VI and
VII). We excluded the possibility that this loss of SP012
function was due to the truncated protein being unstable
(Figure SI) or due to the inability of the protein to enter
the nucleus; truncation VII canying an exogenous NLS
still failed to suppress the growth defect of cdc15-2
spo12A mutants (Figures 1B and Sl, truncation VII). Our
results show that the C-terminal domain of Spol 2 (hence
referred to as Spol2-CTD), which encompasses the
highly conserved DSP-Box, is necessary and sufficient
for SPO12's mitotic-exit function not only when overpro-
duced but also when present at endogenous levels (Fig-
ure S2).

Spol2 Physically Interacts with Fobi
The C-terminal domain of Spol2 (Spol2-CTD) consists
of merely 88 amino acids and lacks any homology to
domains with known enzymatic activities. We therefore
speculated that this region of Spol2 might function as a
protein-protein interaction domain. To identify potential
binding partners of Spol 2, we conducted a two-hybrid
screen by using either full-length Spo12 or Spol 2-CTD
as a bait. Both screens recovered a single interacting
protein fragment, an N-terminal fragment of Fob1 en-
compassing amino acids 5-410. This Fobl-Spol2 two-
hybrid interaction was also observed by Shah et al. [21].
Full-length Fob1 strongly interacted with both full-length
Spol2 and Spol2-CTD in the two-hybrid assay (Figure
2A), suggesting that Fob1 binds to the C-terminal do-
main of Spo12. The two-hybrid interaction was con-
firmed by coimmunoprecipitation experiments using
tagged versions of Spo12 and Fobl. Immunoprecipita-
tion of Spo12-ProA resulted in coprecipitation of Fobl-
13MYC (Figure 2B) or Fobl-3HA (data not shown). Our
results show that Spol 2 and Fob1 form a complex that
is mediated by Spol2's C-terminal domain, the region
that is also essential for its mitotic-exit function.

Fobl Localizes to the Nucleolus
throughout the Cell Cycle
Fob1 localizes to the nucleolus [25] and is known to
regulate many processes within this organelle. Fob1 is
required for replication fork arrest in the rDNA array [26],
regulates mitotic recombination within the rDNA [27, 28],
rDNA silencing [10], and yeast life span [25]. To examine
whether Fob1 resided in the nucleolus throughout the
cell cycle, we analyzed Fob1 protein levels and localiza-
tion in cells progressing through the cell cycle in a syn-
chronous manner. Fob1 protein levels were constant
throughout the cell cycle (Figure 20), and Fob1 localized
to the nucleolus during all cell cycle stages, as judged
from costaining with the nucleolar marker Nopl (Figure
2D). We conclude that Fob1 is present in the nucleolus
throughout the cell cycle.

Deletion of FOBf Allows for Partial Cdc14 Release
in Metaphase-Arrested Cells
The physical interaction between Fob1 and Spol2 raised
the possibility that FOB1 functions within the SPOf2
branch of the FEAR network. To test this possibility,
we examined the consequences of deleting FOBI on

Cdc14's subcellular localization. We postulated that if
FOB1 were a positive regulator of the FEAR network,
then deletion of FOB1 should cause defects in Cdc14
release from the nucleolus and a delay in mitotic exit.
Conversely, if FOB1 were to function in an Inhibitory
manner, Cdcl4 release from the nucleolus might occur
prematurely in the absence of FOB1. Deletion of FOBf,
however, did not affect the kinetics of Cdc14 release
from the nucleolus in cells progressing through the cell
cycle in a synchronous manner (Figure 3A).

Although this finding indicates that FOBI is dispens-
able for Cdcl 4 regulation during an unperturbed cell cycle,
FOB1 may regulate Cdcl4 release from the nucleolus un-
der conditions when cell cycle progression is blocked and
Cdcl4 inhibition in the nucleolus needs to be maintained
to ensure cell cycle arrest. For example, maintenance
of a spindle checkpoint-induced metaphase arrest re-
quires the continuous inhibition of both the FEAR net-
work and the MEN (reviewed in [29]). Inhibition of the
FEAR network is mediated by the MAD1-MAD2 branch
of the spindle checkpoint, whereas inhibition of the MEN
requires the spindle checkpoint component, BUB2 ([11,
13], reviewed in [29]). The MEN inhibitor BUB2 is an
example of a gene that is dispensable for Cdcl4 regula-
tion during an unperturbed cell cycle but that is required
to prevent Cdcl4 release from the nucleolus during
checkpoint arrest (reviewed in [29]). To test whether
FOB1 plays a similar role, we deleted FOB1 and moni-
tored release of Cdcl4 In cells treated with nocodazole,
a microtubule-depolymerizing drug that induces spindle
checkpoint arrest. In addition to FOB1, we deleted the
S phase cyclin CLB5, which counteracts the activity of
released Cdc14 [30]. Cells were arrested in G1 with a
factor and released into nocodazole-containing me-
dium. When Cdcl4 localization was examined, afraction
of db5A foblA mutant cells, but not clb5A cells, tran-
siently released Cdcl4 from the nucleolus as cells en-
tered the metaphase arrest (Figure 38). This finding sug-
gests that FOB1 is necessary for preventing Cdc14
release from the nucleolus in nocodazole-arrested cells.

FOBf Functions within the FEAR Network
Activation of the FEAR network in nocodazole-arrested
cells leads to a pattern of Cdcl 4 release from the nucleo-
lus that is distinct from that caused by activation of the
MEN [11,1 3]. Activation of the FEAR network by deletion
of MAD1 leads to a transient release of Cdcl4 from the
nucleolus shortly after cells enter the metaphase arrest.
In contrast, activation of the MEN by deletion of BUB2
causes release of Cdcl4 from the nucleolus only during
later stages of the arrest ([11, 13], Figures 3C and 3D).
The kinetics of the release of Cdcl4 from the nucleolus
that resulted from deletion of FOB1 were similar to,
though not as pronounced as, those of cells lacking
MAD1 (compare Figures 3B and 3C), suggesting that
FOB1 functions as an inhibitor of the FEAR network. To
conclusively distinguish between FOB1 functioning as
an inhibitor of the FEAR network versus an inhibitor of
the MEN, we examined the effect of deleting FOB1 in
madlA and bub2A mutants. Deletion of FOBI in clb5A
madlA mutants led to neither an increase in Cdc14
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Figure 2. Fob1 Physically Associates with Spol2

(A) Fob1 and Spol2 interact in the yeast two-hybrid system. Both Spol2(1-173)-DB (DNA binding domain) and Spol2(85-173)-DB fusions
interact with the Fobl(1-666)-AD (activation domain) fusion. An equal number of cells were spotted on medium lacking adenine.
(B) Westem blots showing that Fobl-13MYC coimmunoprecipitates with Spol2-ProA from whole cell extracts. The following strains were
used (from left to right): A2587, A8556, A5360, and A9181. The Western blots show the amount of Fobl-13MYC in whole cell extract (Input,
top panel), the amount of Fobl-13MYC coprecipitated with Spol2-ProA (middle panel), and the amount of Spol2-ProA immunoprecipitated
(bottom panel).
(C) Wild-type (A8556) cells carrying a FOB1-13MYC fusion were arrested in G1 in YEPD (YEP plus 2% glucose) medium with a factor (5 jtg/
mi) and subsequently released into YEPD medium lacking pheromone. The graph on the left shows the percentages of cells with metaphase
(open circles) and anaphase spindles (closed squares) at the indicated time points. The panel on the right shows Western blots of Fobi-
13MYC at the indicated times. Kar2 was used as a loading control.
(D) Fobi localizes to the nucleolus throughout the cell cycle. Fobl-13MYC localization was determined by indirect immunofluorescence at
different cell cycle stages (A8556). Fobi is shown in red, Nopl in green, and DNA in blue.

release from the nucleolus (Figure 3C) nor an increase
in exit from mitosis as judged by rebudding (Figure 3F;
rebudding is characterized by the formation of a new
bud and requires exit from mitosis), suggesting that
MADI and FOB1 function within the same pathway. In
contrast, deletion of FOB1 in clb5A bub2A mutants in-
creased the proportion of cells releasing Cdc14 from
the nucleolus (Figure 3D) and exiting mitosis (Figure 3G).
Our results indicate that FOB1 functions as an inhibitor
of the FEAR network.

Overexpression of FOBI Impairs FEAR
Network Function
If FOB1 were indeed an inhibitor of the FEAR network,
overexpression of FOB1 would prevent Cdc14 release
from the nucleolus during early anaphase. Overexpres-
sion of FOB1 from the galactose-inducible GAL 1-10 pro-
moter delayed mitotic exit by about 20 min, as indicated
by the persistence of cells with anaphase spindles (Fig-
ure 4A, open squares). Consistent with the idea that
FOB1 antagonizes Cdcl 4 activation, we found that the
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Figure 3. Deletion of FOB1 Allows a Transient Cdcl4 Release in Nooodazole-Arrested Cells
(A) Wild-type (A1411) and foblA (A8263) cells carrying a CDC14-4HA fusion were arrested in G1 in YEPD medium with a factor (5 1pghnl) and
subsequently released Into YEPD medium lacking pheromone. The percentages of cells with metaphase (open circles) and anaphase spindles
(open squares), as well as the percentage of cells with Cdc14-HA released from the nucleolus (closed circles), were determined at the indicated
times.
(B-G) cNb5A (A1784), cbA fblA (AA0), cb5 (A804), cb5A madlMoblA(A9229), cbA bub2A(A860), and db5A bub2A-
fob1A(A8582) cells all carrying a CDC14-3/A fusion were arrested with a factor (5 pcLgml) and released into medium containing 15 ipgml
nooodazole to determine the percentage of cells with Cdc14 released from the nucleolus (closed circles) and the percentage of budded cells
(open squares) (B-D). Adding back 7.5 pg~ml nocodazole 120 min after release from the G1 arrest prevented escape from the arrest. Graphs
(EHG) show the amount of "rebudding" for the Indicated strains. Rebudding indicates that nocodazole-treated cells have exited mitosis and
entered a new cell cycle. Cells with two buds or unbudded cells without nuclear DNA were counted as rebudded.

mitotic-exit delay of GAL-FOB1 cells was eliminated by
the introduction of TAB6-1, an allele of CDC14 that sup-
presses the mitotic-exit defect of MEN mutants, into
foblA mutants (Figure S3, [31]). Furthermore, overex-
pression of FOB1 led to a delay in the release of Cdc14
from the nucleolus, particularly during early anaphase
(Figure 4A).

We also examined the effect of overexpressing FOB1
on Cdcl4 release in the absence of MEN function. In
MEN mutants, such as cdc15-2 mutants, Cdcl4 is tran-
siently released from the nucleolus during early ana-
phase [11-13]. This release depends on FEAR network
function and becomes evident when the status of Cdcl 4
localization is correlated with the length of the mitotic
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Figure 4. Fobi Overproduction Delays Mitotic Exit
(A) mad1A (A2853) and madlA GAL-FOB1 (A9355) cells carrying a
CDC14-3HA fusion were grown in YEPR medium and arrested in
G1 with a factor (5 pg/ml). Expression of Fob1 was induced 2 hr
prior to release by the addition of 2% galactose, and cells were
released into galactose-containing medium. The percentages of
cells with metaphase (open circles) and anaphase spindles (open
squares), as well as the percentage of cells with Cdcl4-HA released
from the nucleolus (closed circles), were determined at the indicated
times. We conducted this analysis in cells deleted for the spindle
checkpoint component MAD1 to circumvent any indirect effects
due to spindle checkpoint activation.
(B and C) madlA cdc15-2 (A4300) and madlA cdc15-2 GAL-FOB1

(A9356) cells carrying a CDC14-3HA fusion were grown in YEPR
medium and arrested in G1 with a factor (5 lg/ml) at 25*C. Expres-
sion of Fobi was induced 2 hr prior to release by the addition of
2% galactose, and cells were released into galactose-containing
medium at 37°C. The percentages of cells with metaphase (open
circles) and anaphase spindles (open squares), as well as the per-
centage of cells with Cdc14-HA released from the nucleolus (closed
circles), were determined at the indicated times. The graphs on the
right show the percentage of cells with Cdc14 released from the
nucleolus in relation to length of the mitotic spindle. Cells were
analyzed 75-120 min after pheromone release. We consistently ob-
served that madlA cdc15-2 cells, when grown in raffinose and ga-
lactose instead of glucose, show mostly partial release of Cdcl4
from the nucleolus. More than 400 cells were analyzed for each
strain.
(D) madlA cdc15-2 (A991 7) and mad A cdc15-2 GAL-FOB1 (A9918)
cells carrying a SLI15-13MYC fusion were grown and treated as
described in (B). The graphs show the percentage of anaphase cells
with Slil5 localized to the mitotic spindle at the indicated times after
release from the G1 arrest.
(E) Examples of Sli5 localization in madlA cdc15-2 (A9917) and
mad1A cdc15-2 GAL-FOBI (A9918) cells 105 min after release from
the G1 arrest (from experiment in [D]).

spindle [11]. In madlA cdc15-2 mutants, the majority of
early anaphase cells (mitotic spindle length of 2-7 pým)
have Cdc14 released from the nucleolus, whereas most
late-anaphase cells (mitotic spindle length greater than
8 p.m) have Cdc14 sequestered in the nucleolus (Figure
4B, [11]). Overexpression of FOB1 in madlA cdc15-2
cells largely abolished the transient release of Cdc14
from the nucleolus at intermediate spindle lengths (Fig-
ure 4C).

Pereira and Schiebel recently showed that the translo-
cation of the chromosomal passenger protein Slil5/
INCEN-P from kinetochores to the mitotic spindle and
spindle midzone during early anaphase is caused by
FEAR network-mediated Cdcl4 activation [32]. Thus,
Slil 5 localization to the anaphase spindle serves as an
additional marker for FEAR network function. Slil 5-
13MYC localization to anaphase spindles occurred
readily in cdc15-2 madlA mutants (Figures 4D and 4E)
but was significantly impaired when FOB1 was overex-
pressed (Figures 4D and 4E). We conclude that high
levels of Fob1 inhibit FEAR network-dependent release
of Cdcl4 from the nucleolus.

Deletion of FOB1 Partially Bypasses the Mitotic-Exit
and Cdc14 Release Defects
of spol2A bnslA Mutants
Our finding that Fob1 acts as a negative regulator within
the FEAR network and that Spol 2 physically interacts
with Fob1 suggested that FOB1 functions within the
SPO 12 branch of the FEAR network. To test this possibil-
ity, we examined the epistatic relationship between
SP012 and FOB1. Deletion of FOB1 partially rescued
the anaphase spindle disassembly defect (Figure 5A)
and Cdcl4 release defect of spol2A bnslA double mu-
tants, particularly during early stages of anaphase (Fig-
ure 5B; 70 and 80 min time points in the lower panels).
Furthermore, overproduction of Spol2 no longer res-
cued the temperature-sensitive growth defect of cdc15-
2 mutants in the presence of high levels of Fob1 (Figure
5C). Our results suggest that FOB1 functions down-
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Figure 5. Deletion of FOB1 Partially Rescues the Mitotic-Exit Defect of spol2A bnslA Mutants
(A and B) madlA (A2853), madlA foblA (A8675), madlA spo12A bnslA (A5408), and mad1Aspo12Abns1AfoblA (A8603) cells all carrying a
CDC14-3HA fusion were arrested in G1 with a factor (5 pg/ml) and released into medium lacking pheromone. The percentages of cells with
metaphase and anaphase spindles (A) were determined at the indicated times. The percentage of anaphase cells that have Cdc14 released
from the nucleolus was determined at the indicated times (B). To circumvent any indirect effects due to spindle checkpoint activation, we
conducted this analysis in cells in which the essential spindle checkpoint component MAD1 was deleted.
(C) Ten-fold serial dilutions of strains with the indicated genotypes were spotted on YEPR plates containing 2% galactose and incubated for
2 days at 37rC. The following strains were used (from top to bottom): A1411, A1674, A9134, A6178, and A10160.

stream of or in parallel to SP012. The fact that deletion
of FOB1 only partially rescued the Cdcl 4 release defect
of spo 12A bns 1A double mutants, however, also shows
that SP012 regulates mitotic exit through mechanisms
other than FOB, or that FOB1, in addition to its negative
regulatory function within the FEAR network, also func-
tions in a positive manner to promote Cdc14 release
from the nucleolus. We favor the former possibility be-
cause foblA mutants do not exhibit a delay in release
of Cdcl 4 from the nucleolus or mitotic exit (Figure 3A).

Fob1 Physically Interacts with Cfil/Netl
To further investigate how Spol 2 and Fob1 regulate
the interaction of Cdcl 4 with its inhibitor, we examined
whether the proteins interacted physically. We did not
detect an association between Spol 2 and Cfil/Netl or
Cdc14 (data not shown). However, Cfil/Netl but not
Cdc14 coimmunoprecipitated with Fob1 (Figure 6A;
data not shown). An interaction between Fob1 and Cfil/
Net1 was also reported recently by Huang et al. [10].
This interaction was not mediated by DNA; addition of
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Figure 6. Fob1 Physically Associates with Cfil/Netl
(A) Western blots showing that Fobi -3HA coimmunoprecipitates with Cfil-ProA from whole cell extracts. Where indicated, ethidium bromide
(EtBr) was added (final concentration of 0.25 mg/ml) to the extract for 30 min prior to the immunoprecipitation reaction. The Western blots
show the amount of Fobl-3HA in whole cell extract (input, top panel), the amount of Fobl-3HA coprecipitated with Cfil -ProA (middle panel),
and the amount of Cfil-ProA immunoprecipitated (bottom panel). The following strains were used (from left to right): A2587, A8558, A8193,
and A8656 (last two lanes).
(B) Western blots showing that coprecipitation of Fobi-3HA with Cfil-ProA is not DNA mediated. The following strains and conditions were
used (from left to right): (1) A8558, (2) A8656, (3) A8656 + 0.5 mM CaCI2, (4) A8656 + 0.5 mM CaCI,+ 75 units MNase, (5) A8656 + 0.25 mM
CaCI2 + 0.5 mM MgCI 2, and (6) A8656 + 0.25 mM CaCI 2 + 0.5mM MgCI 2 + 25 Kunitz units DNase. Extracts were treated with MNase or DNase
for 30 min on ice prior to the immunoprecipitation reaction.
(C) MET-CDC20 (A9359) cells carrying FOB1-3HA and CFI1-PROA fusions were arrested in metaphase by depletion of CDC20 for 2.5 hr by
addition of 2 mM methionine. Cells were released from the metaphase arrest into medium lacking methionine. The graph shows the percentages
of cells with metaphase (open circles) and anaphase (closed squares) spindles at the indicated times. The Western blots above show the
amount of Fobl-3HA in whole cell extract (input, top panel), the amount of Fobl-3HA coprecipitated with Cfil-ProA (middle panel), and the
amount of Cfil-ProA immunoprecipitated (bottom panel) at the indicated times after release from the metaphase arrest.

the DNA-intercalating agent ethidium bromide, which is
commonly used to disrupt protein-DNA interactions [33],
or treatment of extracts with micrococcal nuclease or
DNase prior to immunoprecipitation did not affect the
interaction between Fob1 and Cfil/Netl (Figures 6A and
6B). Furthermore, the amount of Fob1 associated with
Cfil/Netl did not significantly change as cells pro-
gressed through metaphase and anaphase (Figure 60C).
Our results suggest an interaction hierarchy that is con-
sistent with our genetic epistasis analyses: Spol 2 binds
to Fob1, which in turn binds to Cfil/Netl.

Fob1 and Cdcl4 Bind to Overlapping Sites
within the rDNA Repeats
Fob1 and Cfil /Netl have recently been shown to associ-
ate with the NTS1 and NTS1/NTS2 regions (NTS stands
for nontranscribed spacers) within the rDNA repeat, re-
spectively, as shown by chromatin immunopreciptiation
analysis (CHIP; Figure 7A; [10]). Furthermore, the binding
of Cfil/Netl to the NTS1 region depends on FOB1 [10].
Because Fob1 regulates the release of Cdc14 from its
inhibitor, we examined whether Cdcl 4 also binds to the

Fob1 binding region (NTS1) within the rDNA repeats. We
found that Cdc14, like Cfil/Netl, associated with both
NTS1 and NTS2 (Figures 7B and 7C). However, in con-
trast to Cfil/Netl, which shows about 3-fold higher as-
sociation with NTS2 compared to the NTS1 region [10],
Cdc14 appeared to be predominantly associated with
the NTS1 region (Figures 7B and 7C). Our data show that
Fob1 and the majority of Cdc14-Cfil/Netl complexes
localize to the same region within the rDNA repeats.

Spol2 Phosphorylation Is Cell Cycle Regulated
To begin to address how Spol 2 and Fob1 control Cdcl 4
release from the nucleolus and how the proteins them-
selves are regulated, we analyzed the phosphorylation
status of Spol 2. This analysis was prompted by the
observation that Spol 2 contains two conserved serine-
proline dipeptides in the C terminus of the protein and
that these dipeptides are essential for Spol 2 function
[21]. Indeed, Spol 2 is a phosphoprotein; the C-terminal
domain of Spol 2 [Spol 2(85-173)-13MYC], which is suf-
ficient for SP012 function (Figure 1B and Figure S2),
readily incorporated 32P-orthophosphate (Figures 8C
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Figure 7. Fob1 and Cdcl4 Bind to Overlapping Sites within the rDNA
Repeats
(A) The physical structure of the tandemly repeating rDNA of S.
cerevisiae is shown above, and a single 9.1 Kb rDNA unit is shown
expanded below. Each repeat yields a Pol I-transcribed 35S precur-
sor rRNA (shown as a divided thick arrow), which is processed into
the 25S, 18S, and 5.8S rRNAs, and a Pol Ill-transcribed 5S rRNA
(arrowhead). The 35S coding regions are separated by a nontran-
scribed spacer (NTS), which is divided by the 5S gene (arrowhead)
into NTS1 and NTS2. PCR products analyzed in CHIP assays are
indicated below the rDNA unit.
(B) Representative graph showing the association of Fobl-13MYC
(A8556) and Cdcl4-13MYC (A3298) within the rDNA repeat. Relative
fold enrichment refers to the relative ratio of PCR products amplified
from immunoprecipitated DNA to products from whole-cell extract
DNA as described previously [10].
(C) Examples of CHIP data used to calculate enrichment at the 25S
and NTS1 regions of the rDNA repeat. The numbers below the panels
refer to the PCR products shown in (A). CUP1 primers were used
as a control. WCE and IP refer to products amplified from whole-
cell extracts and immunoprecipitated DNA, respectively.

and 8D). Phospho-amino-acid analysis showed the tar-
get amino acid to be predominantly serine (Figure 8A).
Much longer exposure, however, revealed very low lev-
els of phospho-threonine and phospho-tyrosine (data
not shown). Whether this reflects genuine low-level
phosphorylation of the conserved Thr-120, phosphory-
lation of other less well-conserved threonine and tyro-
sine residues within Spol2's CTD, or contamination is
at present unclear.

Spol 2's DSP-Box contains three highly conserved
serine residues (Ser-118, Ser-125, and Ser-128) that are

potential phosphorylation sites. To test their importance
for Spol 2 function, we individually mutated these resi-
dues, in addition to adjacent conserved residues, to
alanines (Figure 8B). These mutations did not affect pro-
tein levels or the localization pattern of Spol 2 (data not
shown). Furthermore, Thr-120, Cys-127, and Ser-128
were dispensable for Spol 2's mitotic-exit function, as
indicated by the ability of the mutant protein, when over-
produced, to rescue the temperature-sensitive growth
defect of cdc15-2 spo 12A mutants (Figure8B, open cir-
cles, and data not shown). In contrast, substitution of
Asp-121 to alanine led to loss of SPO12 function (Figure
8B; closed circles; data not shown). In agreement with
a study by Shah et al. [21], we found that the highly
conserved serine proline sites (Ser-1 18 Pro-119 and Ser-
125 Pro-1i 26) within the DSP-Box are essential for SPO 12
function (Figure 8B, closed circles). Because of the es-
sential nature of the two SP sites, we termed this domain
of unknown molecular function DSP-Box (double SP
sites).

To determine whether serines Ser- 18 and Ser-1 25 were
phosphorylated in vivo, we mutated both sites to alanine
(SS-AA). 32P incorporation in Spol2(SS-AA) was signifi-
cantly reduced, albeit not completely eliminated (Figure
8C). This finding suggests that Ser-118 and Ser-125
comprise the major phosphorylation sites within Spol 2-
CTD. To determine whether phosphorylation of Spol 2-
CTD was cell cycle regulated, we compared the levels
of 32P-orthophosphate incorporation into Spol 2(85-173)
in S phase (HU, hydroxyurea), metaphase (NOC, noco-
dazole)-arrested, and exponentially growing cells (cyc).
Interestingly, specific 32P incorporation was drastically
reduced in S phase-arrested cells as compared to expo-
nentially growing cells (Figure 8D). Furthermore, Spol 2
phosphorylation was slightly higher in cycling than in
metaphase-arrested cells (Figure 8D). Our results indi-
cate that phosphorylation of Ser-1 18 and Ser-1 25 is cell
cycle regulated; it is low during S phase and high in
metaphase. The finding that phosphorylation in expo-
nentially growing cells is even higher than in metaphase-
arrested cells further suggests that phosphorylation
must be highest in a cell cycle stage other than meta-
phase. Given that Spol2 levels are low in G1-arrested
cells because of the protein's instability during G1 [21],
we speculate that this cell cycle stage is anaphase.

Spo12 Phosphorylation Influences Fob1 Binding
Next, we examined whether phosphorylation of Spol 2
affects its binding to Fobl. The interaction of Fob1 with
a nonphosphorylatable form of Spol 2 [Spol 2(SS-AA)]
was approximately 2.5-fold higher than with wild-type
Spol 2, as indicated by a quantitative two-hybrid assay
(Figure 8E) and coimmunoprecipitation (Figure 8F). This
result suggests that Spol 2 phosphorylation decreases
Fob1 binding.

Because phosphorylation of Spol 2 is cell cycle regu-
lated, we tested whether the association of Spol2 and
Fob1 changes during the cell cycle. The interaction be-
tween Spol 2 and Fob1 occurred throughout metaphase
and anaphase, but the levels of coprecipitated Fobl-
3HA appeared to be slightly reduced as cells entered
anaphase (Figure 8G; compare 10-20 min with 30-40
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Figure 8. Spol2 Phosphorylation Is Cell-Cycle Regulated and Affects Its Binding to Fobi
(A) 10 ml of A9805 cells were grown in phosphate-depleted YEPR (YEP containing 2% raffinose) medium to an optical density at 600 nm of
0.6, and SPO12(85-173)-13MYC expression was induced for 45 min by addition of 2% galactose. Cells were labeled for 20 min with 0.02 mCi/
ml j3P-orthophosphate. Phospho-amino-acid composition was analyzed with a phosphorimager. The positions of sample loading (Origin)
and the location of free phosphate (P,) are marked. Circles indicate the migration of the phospho-amino acid standards phosphoserine,
phosphothreonine, and phosphotyrosine.
(B) Alignment of the N-terminal part of DSP-Box (for complete alignment, see Figure 1). The residues marked by circles were changed to
alanine in the S. cerevisiae Spol2 sequence by site-directed mutagenesis. Solid circles indicate substitutions that led to a loss of Spo12
function, whereas open circles indicate substitutions that did not impair Spol 2 function.
(C) Amino acids Ser-118 and Ser-125 in Spol 2(85-173)-13MYC were mutated to alanines for construction of Spol 2[SS-AAJ-1 3MYC. Strains
(10 ml) carrying either wild-type Spol2[WTJ (A9805) or Spo12[SS-AA] (A9807) under the control of the GALI-10 promoter were grown in
phosphate-depleted YEPR medium to an optical density at 600 nm of 0.6, and expression of the constructs was induced for 45 min by addition
of 2% galactose. Cells were labeled for 20 min with 0.02 mCi/ml 32P-orthophosphate. The upper panel shows the amount of uP incorporation
into Spo12, and the lower panel shows the amount of immunoprecipitated protein. Specific 12P incorporation (uP/protein) is quantitated in
the graph below.
(D) A9805 cells (10 ml) were grown in phosphate-depleted YEPR medium. Cultures were diluted to an optical density at 600 nm of 0.4 and
either left untreated (cyc) or arrested in S-phase with 10 mg/ml hydroxyurea (HU) or in metaphase with 15 ±Lg/ml nocodazole (NOC). After a
2 hr arrest, addition of 2% galactose induced expression of Spol2(85-173)-13MYC for 40 min, and labeling for 20 min with 0.02 mCi/mI of32P-orthophosphate followed. The upper panel shows the amount of 12P incorporation into Spol 2, and the lower panel shows the amount of
immunoprecipitated protein. Specific "P incorporation ("P/protein) is quantitated in the graph below.
(E) Two-hybrid interactions between Fobi -AD and Spol 2(WT)-DB (Al 0277) or Spol 2(SS-AA)-DB (Al 0281) were estimated from 1-galactosidase
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min). We note that such a reduced affinity of Fob1 for
Spol 2 as cells enter anaphase would be consistent with
the idea that Spol 2 phosphorylation is maximal during
anaphase.

Discussion

Recent studies revealed that the regulation of Cdcl 4 by
the FEAR network is critical for orchestrating mitotic
and meiotic events ([11,25, 34, 35]). However, the mech-
anism(s) whereby the FEAR network controls Cdcl 4 ac-
tivity remain poorly understood. Here we define the re-
gion within the FEAR network component Spol 2 that is
important for its mitotic-exit function. We identify the
replication fork block protein Fob1 as a negative regula-
tor of the FEAR network. Fob1 resides within the nucleo-
lus throughout the cell cycle and physically interacts
with both Spol 2 and Cfil/Netl. We show that two ser-
ines within the conserved DSP-Box of Spol2 are phos-
phorylated during mitosis but not S phase. Phosphoryla-
tion of these sites appears to decrease Spol 2's binding
to Fobl. We propose a model in which Spol2 promotes
Cdcl 4 release from its inhibitor during early anaphase
in part by antagonizing Fobl.

Fob1 Is a Negative Regulator of the FEAR Network
Our data show that Fob1 functions as an inhibitor of
Cdc14 release from the nucleolus. Deletion of FOB1
leads to the inappropriate release of Cdc14 from the
nucleolus in cells arrested in metaphase as a result of
activation of the spindle checkpoint. Conversely, over-
expression of FOB1 delays the release of the phospha-
tase from its inhibitor. Several lines of evidence further
support the conclusion that FOB1 is a negative regulator
of the FEAR network. First, deletion of FOB1 enhanced
the spindle checkpoint defect of cells lacking BUB2,
which led to activation of the MEN, but it did not enhance
this defect in cells lacking MAD1, which allows for the
activation of the FEAR network. Secondly, FOB1 overex-
pression delays the release of Cdcl 4 from the nucleolus
specifically during early anaphase, which is characteris-
tic of a FEAR network defect [11].

What is the role of Fob1 within the FEAR network?
Fob1 localizes to the nucleolus throughout the cell cycle
and can be coimmunoprecipitated with both Spol 2 and
Cfil/Netl. These physical interactions raise the possibil-
ity that Fob1 functions either together with or down-
stream of Spol 2 to control the association of Cfil/Netl
and Cdcl4. This idea is substantiated by the following
observations: (1) deletion of FOB1 partially alleviates the

mitotic-exit defects of cells lacking SPO12 and BNS1;
and (2) overexpression of FOB1 prevents GAL-SP012
from suppressing cdc15-2 mutants at the restrictive
temperature. However, if Fob1 functions downstream
of Spol2, Spol 2 must regulate the association of Cdcl4
with its inhibitor through at least one other mechanism
because deletion of FOB1 only partially rescues the mi-
totic-exit defect of spol2A bnslA mutants. Furthermore,
deletion of FOB1 does not rescue the synthetic lethality
of spol2A ItelA mutants, and cells overexpressing
FOB1 exhibit a slightly weaker mitotic-exit delay than
cells lacking both SPO12 and BNS1 (F.S., unpublished
data).

The Spindle Checkpoint Inhibits both the ESP1-SLK19
and SP012 Branches of the FEAR Network
The ESP1 branch of the FEAR network is activated by
the destruction of the Espl inhibitor Pdsl (also known
as securin) at the metaphase-anaphase transition [11,
19]. Activation of the MAD 1 branch of the spindle check-
point leads to the stabilization of Pdsl (reviewed in [29])
and hence inhibition of the ESP1-SLK19 branch of the
FEAR network. But how is the SPO12-FOB1 branch of
the FEAR network inhibited in response to checkpoint
activation? Our data suggest that MADI also inhibits
the SPO12-FOB1 branch. Deletion of FOB1 does not
enhance the spindle checkpoint defect of madlA cells.
Furthermore, madlA mutants exhibit a stronger spindle
checkpoint defect than fob 1A mutants. The observation
that cells lacking PDS1 exhibit a spindle checkpoint
defect similar to that of cells lacking MAD1 [13] suggests
that MAD1 inhibits both FEAR network branches by sta-
bilizing Pdsl. The possibility that Pdsl inhibits both
FEAR network branches could also explain the observa-
tion that cells overexpressing a nondegradable version
of PDS1 display a Cdcl 4 release and mitotic-exit defect
more similar to that of espl-1 spol2& bnslA mutants
than of espl-1 mutants [14, 36, 37].

Is Spo12 Regulated by Phosphorylation?
SPO12's ability to promote Cdc14 release from the nu-
cleolus appears to be restricted to anaphase. During this
cell cycle stage, Spol 2 is very effective in accomplishing
this task because high levels of SP012 render the essen-
tial MEN dispensable for mitotic exit ([5]; Figure 1B).
However, overproduction of SPO12 fails to promote
Cdcl 4 release in S phase or nocodazole-arrested cells
([14]; F.S., unpublished data), raising the question of
how Spol 2's mitotic exit-promoting activity is restricted
to anaphase. Because Spol 2 localizes to the nucleus

activity. Assays were done in triplicate. The control strains lack the Fobl-AD fusion (A7569 and A10273).
(F) Western blots showing the coimmunoprecipitation of Fobl -13MYC with Spol 2(WT)-ProA and Spol2(SS-AA)-ProA from whole cell extracts.
The Western blots show the amount of Fobl-13MYC in whole cell extract (input, top panel), the amount of Fobl-13MYC coprecipitated with
Spol 2-ProA (middle panel), and the amount of Spol 2-ProA immunoprecipitated (bottom panel). The following strains were used (from left to
right): A2587, A8556, A10695, and A10701
(G) MET-CDC20 (A9792) cells carrying a FOB1-3HA and SPO12-PROA fusion were arrested in metaphase by depletion of CDC20 for 2.5 hr
by the addition of 2 mM methionine. Cells were released from the metaphase arrest into medium lacking methionine. The graph on the left
shows the percentages of cells with metaphase (open circles) and anaphase (closed squares) spindles at the indicated times. The Western
blots on the right show the amount of Fobl-3HA in whole cell extract (input, top panel), the amount of Fobl -3HA coprecipitated with Spol 2-
ProA (middle panel), and the amount of Spol 2-ProA immunoprecipitated (bottom panel) at the indicated times after release from the metaphase
arrest.
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and nucleolus throughout the cell cycle ([21]; F.S., un-
published data), it is unlikely that regulation of Spol2's
subcellular localization is responsible for limiting its ac-
tivity to anaphase. It is possible that Spol 2 requires an
anaphase-specific cofactor or anaphase-specific post-
translational modification. Several observations support
the latter hypothesis. First, two highly conserved serine
residues in Spol 2 are phosphorylated in vivo. Second,
phosphorylation of these two residues is required for
Spol2's mitotic-exit function (Figure 8B, [21]). Finally,
phosphorylation of Spol2-CTD is cell cycle regulated.
The protein's phosphorylation is significantly lower dur-
ing S phase than in metaphase-arrested cells and even
higher in exponentially growing cells. Given the fact that
cycling cells contain a large fraction of G1 and S phase
cells that harbor minimally phosphorylated Spol 2, we
speculate that phosphorylation of Spol 2-CTD is maxi-
mal during anaphase. Ser-118 and Ser-125 are part of
sequences that fit the minimal consensus site for both
CDKs and MAPKs. A recent study aimed at identifying
CDK substrates found that Spol 2 is not phosphorylated
by CDKs in vitro [38]. Identifying the protein kinase(s)
that phosphorylates Ser11 and Ser"'2 will be an important
future endeavor.

A Model for How the Spol2-Fob1 Branch
of the FEAR Network Promotes Cdc14
Release from the Nucleolus
The Cdc14 and Fob1 binding regions in Cfil/Netl ap-
pear to be in close proximity. The N-terminal half of Cfil /
Net1 is sufficient for both Cdcl 4 and Fob1 binding (F.S.,
unpublished data; [8]). We propose that Fob1 binds to
Cfil/Netl throughout the cell cycle and that this interac-
tion helps to prevent Cdc14's dissociation from Cfil/
Net1 during cell cycle stages other than anaphase (Fig-
ure S4). During anaphase, Spol2 might alleviate the
inhibitory function of Fobl. We speculate that allosteric
changes within the Spol2-Fob1 complex could lead to
loss of Fobl 's inhibitory function. Spol 2 phosphoryla-
tion, for example, could trigger a conformational change
within Spol 2 and thereby alter the binding surface avail-
able for Fobl. Consistent with this idea, we find that
mutating Ser-1 18 and Ser-1 25 to alanines increases the
stability of the Spol 2-Fob1 complex.

Cdcl4 release from the nucleolus during early ana-
phase depends on SPO12, CDC5, and the ESP1-SLK19
branch of the FEAR network. Our results suggest that
Spol 2 exerts its Cdcl4-activating function in part by
eliminating Fobl's inhibitory function. Espl and SIk19
may cause Cdc5 activation [19], which in turn would
induce Cdc14 phosphorylation [14]. Together, these
events may lead to the transient release of Cdcl 4 from
its inhibitor during anaphase (Figure S4). Finally, we note
that Ser-1 18 and Ser-1 25 in Spol 2 are part of sequences
that could be targeted for dephosphorylation by Cdcl 4.
This raises the intriguing possibility that Cdcl 4 released
by the FEAR network during early anaphase leads to
the dephosphorylation and hence inactivation of Spol 2
by late anaphase. Thus, Spol2 might plant the seeds
for its own inactivation, providing a potential means for
restricting FEAR network activity to early anaphase.

Fobl--Another Link between Silencing
and Cell Cycle Control
Fob1 plays a key role in regulating DNA replication in
the nucleolus. It blocks movement of replication forks
[26, 39], which may lead to double-strand DNA breaks
that promote mitotic recombination and regulate the
contraction and expansion of the rDNA array [26, 27,
39]. Furthermore, Fob1 is required for Sir2-dependent
rDNA silencing [10], which down-regulates recombina-
tion [40]. Our studies show that Fob1 is also an inhibitor
of exit from mitosis, at least under conditions when cell
cycle progression is blocked. This dual role of Fob1 in
controlling exit from mitosis and rDNA silencing is not
shared by Spol 2 (J.H., unpublished data). Fob1, how-
ever, is not the only protein important for regulating exit
from mitosis and rDNA silencing. The first protein shown
to have such a dual role was Cfil/Netl [9]. It is possible
that both proteins evolved to perform two independent
functions-one in cell cycle regulation and one in the
maintenance of rDNA integrity. A more attractive hy-
pothesis would be that a connection between these two
events exists and that Cfil/Netl and Fob1 function to
link them. We speculate that Fob1 and perhaps Cfil/
Net1 regulate rDNA recombination and at the same time
inhibit exit from mitosis and that they thereby ensure
that rDNA recombination events are completed prior to
entry into G1.

Experimental Procedures

Growth Conditions and Yeast Strains
All strains are derivatives of W303 (A2587) and are listed in Table
Si. For construction of N-terminal SPO12 truncations, the GAL1-10
promoter was inserted at an internal position within the endogenous
SPO12 coding region via a PCR-based method [41]. For creation
of C-terminal truncations, the C-terminal residues of endogenous
SPO12 were replaced with the DNA sequence encoding the 13MYC
epitope tag by the same PCR-based method [41]. The Cdci4-3HA
and Cfil-3MYC fusions were described previously [7]. The Fobl-
13MYC, Fobl-3HA, Spo12-ProA, Cfil-ProA, Cdc14-13MYC, and
Sli15-13MYC fusions were constructed via a PCR-based method
[41]. Mutations in SPO12 were introduced by site-directed mutagen-
esis and confirmed by DNA sequencing. The GAL-FLAG-FOB1 strain
was constructed by inserting a plasmid, which contained FOB1
carrying a N-terminal FLAG epitope tag fusion under the control of
the GAL 1-10 promoter, into the URA3 locus. Further details of strains
and strain construction are available upon request. Growth condi-
tions for individual experiments are described within the Figure leg-
ends. Where growth conditions are unspecified, cells were grown
in yeast extract peptone (YEP) plus 2% glucose at 250C.

32P-Labeling and Phospho-Amino-Acid Analysis
Cells were grown and labeled with 32P-orthophosphate as described
in the Figure legends. For isolation of Spol 2(85-173)-13MYC, dena-
turing immunoprecipitation was used as described [42], with a 1:50
dilution of the anti-MYC 9E10 antibody (Covance). The samples
were then boiled in sample buffer and run on sodium dodecyl sulfate
polyacrylamide (SDS-PAGE) gels. After transfer to a polyvinylidene
difluoride (PVDF) membrane, samples were hydrolyzed with 6N HCI
and separated by two-dimensional thin-layer electrophoresis as
previously described [43].

Two-Hybrid Screen
A yeast two-hybrid screen was performed with the Gal4-based sys-
tem [44]. For construction of Spol 2(1-173)-DB and Spol 2(85-173)-
DB bait fusions, the DNA sequence coding for Spol2(1-173) or
Spol2(85-173) was PCR amplified and inserted into Sail and Bglll
restriction sites of the vector pGBDU-C1. For construction of the
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Fobl(1-566)-AD fusion, the FOB1 coding region was PCR amplified
and inserted into Sail and Bglll restriction sites of the vector pGAD-
C1. Mutations in SPO12 were introduced by site-directed mutagene-
sis and confirmed by DNA sequencing. The 1-galactosidase assay
was conducted as described in [45].

CHIP Assays
CHIP assays were carried out as described [10].

Coimmunoprecipitation Analysis
For Fobl-Cfil coimmunoprecipitations, cells were harvested,
washed with 10 mM Tris (pH 7.5), and resuspended in 200 I1 of
NP40 lysis buffer (1% NP40, 150 mM NaCI, 50 mM TRIS [pH 7.5],
1 mM dithiothreitol [DTT], 60 mM 3-glycerophosphate, 1 mM NaVO3,
2 tM Microcystin-LR [EMD Biosciences], and complete EDTA-free
protease inhibitor cocktail [Roche]). One milligram of extract in 150
I• of NP40 buffer was used for immunoprecipitations. Rabbit-IgG
coupled dynabeads (30 pl1; Dynal Biotech) were added to each sam-
ple and incubated with rotation for 2 hr at 4°C. Samples were washed
five times with NP40 buffer, boiled in sample buffer, and run on
SDS-PAGE gels for subsequent Westem blot analysis. Fobl-Spol 2
coimmunoprecipitation reactions were carried out in the same way,
except for the substitution of NP40 lysis buffer with CHAPS lysis
buffer (0.5% CHAPS, 150 mM NaCI, 50 mM HEPES [pH 7.5], 1 mM
dithiothreitol, 60 mM P-glycerophosphate, 1 mM NaVO3, 2 RM Micro-
cystin-LR [EMD Biosciences], and complete EDTA-free protease
inhibitor cocktail [Roche]).

Immunoblot Analysis
For preparation of protein extracts for Western blot analysis, cells
were incubated for 10 min in 5% trichlor acetic acid (TCA) at 4*C,
pelleted, and then washed with acetone. Cells were broken in 100
pIL lysis buffer (50 mM TRIS [pH 7.5], 1 mM EDTA, 1 mM NaVO3,
50 mM DTT, and complete EDTA-free protease inhibitor cocktail
[Roche]) with glass beads for 40 min and boiled in sample buffer.
Samples were run on a 6% SDS-PAGE gel for subsequent Westem
blot analysis.

Fluorescence Microscopy
Indirect in situ immunofluorescence methods and antibody concen-
trations for Cdc14-3HA and Cfil-3MYC were as described pre-
viously [7]. Primary anti-MYC 9E10 antibody (Covance) was used at
1:1000 for both Fobl-13MYC and Sli15-13 MYC. Secondary anti-
mouse antibodies (Jackson Laboratories) were used at a concentra-
tion of 1:250 and 1:500 for Fobl-13MYC and Slil5-13 MYC, respec-
tively. Cells were analyzed on a Zeiss Axioplan 2 microscope, and
images were captured with a Hamamatsu camera controller. Open-
lab 3.0.2 software was used for processing immunofluorescence
images. At least 100 cells were analyzed per time point.

Supplemental Data
Supplemental Data including four figures and a table are available
at http://www.current-biology.com/cgi/content/full/14/6/467/
DC1/.
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In the budding yeast Saccharomyces cerevisiae, the protein phosphatase Cdcl4 triggers exit from mitosis by
promoting the inactivation of cyclin-dependent kinases (CDKs). Cdcl4's activity is controlled by Cfil/Netl,
which holds and inhibits the phosphatase in the nucleolus from G1 until metaphase. During anaphase, two
regulatory networks, the Cdcl4 Early Anaphase Release (FEAR) network and the Mitotic Exit Network (MEN),
promote the dissociation of Cdcl4 from its inhibitor, allowing the phosphatase to reach its targets throughout
the cell. The molecular circuits that trigger the return of Cdcl4 into the nucleolus after the completion
of exit from mitosis are not known. Here we show that activation of a ubiquitin ligase known as the
Anaphase-Promoting Complex or Cyclosome (APC/C) bound to the specificity factor CdhI triggers the
degradation of the Polo kinase Cdc5, a key factor in releasing Cdcl4 from. its inhibitor in the nucleolus.
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Progression through mitosis is governed by ubiquitin-
dependent protein degradation (for review, see Harper et
al. 2002). Chromosome segregation at the metaphase-
anaphase transition is initiated by the targeting of Se-
curin iPdsl in budding yeast) for degradation by a ubiq-
uitin ligase termed the .A.naphase-IPronmoting Complex or
Cyclosome (APC/C) associated with its specificity factor
Cdc20. This process liberates Separase (Espl in budding
yeast), a protease that severs the linkages that hold sister
chromatids together (for review, see Nasmyth 2001). The
anaphase-GI transition, also known as exit from mito-
sis, requires APC/C activity as well. In this cell cycle
stage, APC/C-Cdc20 and APC/C-Cdhi trigger the degra-
dation of mitotic cyclins (Clb cyclins in yeast) (Peters
2002), thereby promoting cyclin-dependent kinase
(CDK) in.activation, which in turn triggers exit from mi-
tosis.

Clb-CDK inactivation is not only brought about by
cyclin degradation but also by binding of the CDK in-
hibitor Sicl to the CIb--CDK complex (for review, see
Stegmeier and Amon 2004). Both events, cyclin degrada-
tion and Sicl accumulation, are triggered by the protein

4Corresponding author.
E-MAIL roseila.visintin@ifoni-ieo-canzpus.it; FAX 39-02-943.75-990.
Article is online ;t http:!!www.gcensdlev.org/ic.iidoi 10. 101/gad. 1601.308.

phosphatase Cdcl4 dephosphorylating CDK substrates
(Jaspersen et al. 1998; Visintin et al. 1998; Zachariae et
al. 1998). Cdcl4's activity is controlled by Cfil/Netl,
which sequesters and inhibits the protein phosphatase in
the nucleo.lus from G1 until metaphase. At the onset of
anaphase, Cdcl4 dissociates from its inhibitor through
the action of the Cdcl 4 Early Anaphase Release (FEAR)
network (for review, see Stegmeier and Amon 2004).
During later stages of anaphase, another signaling net-
work, the Mitotic Exit Network (MEN), turther pro-
motes Cdcl 4 dissociation from its inhibitor (for review,
see Stegmeier and Amon 2004).

The FEAR network initiates the release of Cdcl 4 from
the nucleolus at the metaphase--anaphase transition.
The network includes the protease Espl (for review, see
Nasmyth et al. 2001), the Espl substrate and binding
protein Slkl.9, and the nucleolar proteins Spol2 and
Fobl, as well as the Polo kinase Cdc5 (Stegmeier et al.
2002, 2004). The FEAR network promotes the phos-
phorylation of Cfil/Netl by Clb--CDKs (Azzam et al.
2004) and appears to bring about this anaphase-specific
phosphorylation by down-regulating the protein phos-
phatase 2A (PP2A) (Queralt et al. 2006).

The MEN is essential for exit from mitosis. In the
absence of MEN function, Cdc14 is transiently released
from the nucleolus during early anaphase by the FEAR
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network but returns into the nucleolus during late stages
of anaphase, and cells fail to exit from mitosis (for re-
view, see Stegmeier and Amon 2004). The signaling
pathway resembles a Ras-like signaling cascade and is
composed of a CTPase Teml, a GTPase-activating pro-
tein complex Bub2-Bfal, a putative Guanine Nucleotide
Exchange Factor (GEF) Ltel, and two protein kinases
Cdcl5 and Dbf2, as well as the Dbf2-associated factor
Mobl (for review, see Bardin and Amon 2001). The scaf-
fold protein Nudl anchors the GTPase and its down-
stream protein kinases to the outer plaque of the spin-
dle pole body destined to move into the daughter cell
(Gruneberg et al. 2000). There, the pathway is thought to
be activated when the SPB moves into the bud during
anaphase.

The Polo kinase Cdc5 is a component of the FEAR
network and a key regulator of the MEN (Hu et al. 2001;
Hu and Elledge 2002; Pereira et al. 2002; Stegmeier et al.
2002; Geymonat et al. 2003). In cells lacking the protein
kinase, Cdcl4 is not released from the nucleolus at all.
Because Cdc5 is required for the release of Cdcl4 from
the nucleolus during early anaphase, the protein kinase
has been classified as a FEAR network component. Cdc5
also contributes to Cdcl4 release from the nucleolus by
phosphorylating the Bub2-Bfal complex, thereby inhib-
iting the GAP. Owing to Cdc5's role in both the FEAR
network and the MEN, it is not surprising that overpro-
duction of the protein kinase can promote Cdcl4 release
from the nucleolus in cell cycle stages other than ana-
phase (Visintin et al. 2003).

The mechanisms that bring about the release of Cdcl4
from the nucleolus have been largely elucidated. Cdcl14
released by the FEAR network stimulates MEN activity,
and Cdcl4 released by the MEN further activates the
MEN. This feed-forward mechanism coupled to a posi-
tive feedback loop results in the rapid release of Cdcl4
from the nucleolus. How this activation loop is dis-
rupted once exit from mitosis has been completed to
cause Cdcl4 to return into the nucleolus is not under-
stood. Here we show that Cdcl4 itself is responsible for
its inactivation. By activating the APC/C-Cdhl, Cdcl4
induces the degradation of CdcS, thereby silencing both
the FEAR and the MEN.

Results
Protein synthesis is not required for the return
of Cdcl4 into the nucleolus

To determine how Cdcl4 returns into the nucleolus
once it has promoted mitotic exit, we first determined
whether this process requires protein synthesis. Cells
carrying a temperature-sensitive allele in the MEN com-
ponent CDC15 arrest in anaphase with Cdcl4 seques-
tered in the nucleolus (Shou et al. 1999; Visintin et al.
1999). Upon return to the permissive temperature,
cdc15-2 mutants rapidly release Cdcl4 from the nucleo-
lus (Fig. IA; Supplemental Fig. 1 provides examples of
Cdcl4 localization). This release coincides with mitotic
CDK inactivation and hence exit from mitosis as judged
by the degradation of the mitotic cyclin Clb2, the accu-
mulation of the CDK inhibitor Sic 1, and the disassembly
of anaphase spindles (Fig. IA). Concomitant with ana-
phase spindle disassembly, Cdcl4 reaccumulates in the
nucleolus. The presence of the protein synthesis inhibi-
tor cycloheximide did not significantly alter the kinetics
of Cdcl4 release or resequestration into the nucleolus.
Clb2 degradation and mitotic spindle disassembly also
occurred without a delay (Fig. 1B). However, Sicl did not
accumulate as cells entered G1, indicating that cyclo-
heximide treatment did efficiently inhibit protein syn-
thesis. Our results show that following release from a
cdc15-2 block, neither the release nor the return of
Cdcl4 into the nucleolus requires protein synthesis.
Rather, post-translational events control the localization
of the phosphatase. Our findings further exclude the pos-
sibility that the targeting of Cdcl4 into the nucleolus
after the completion of exit from mitosis is brought
about by the degradation of released Cdcl4 and simulta-
neous accumulation of de novo synthesized protein in
the nucleolus.

APC/C-Cdh I and Bub2-Bfal are required
for the return of Cdcl4 into the nucleolus after exit
from mitosis

APC/C-Cdhl -dependent protein degradation could be a
post-translational event important for the return of
Cdcl4 into the nucleolus because several factors impli-

A cdc15-2 (-) Cycloheximide

Figure 1. De novo protein synthesis is not required for
Cdcl4 return into the nucleolus. cdc15-2 cells carrying
a CDC14-3HA fusion (A1674) were arrested in YEPD at
the restrictive temperature (370 C) for 2.5 h. Cells were
then released at the permissive temperature (250C) into
YEPD in the absence (A) or presence (B) of 1 mg/mL
cyclohexymide. Samples were taken at the indicated
times to determine the percentage of cells with ana-
phase spindles (closed circles) and of cells with Cdcl14
released from the nucleolus (open circles). Mitotic CDK
inactivation was assayed by analyzing Clb2 protein lev-
els and accumulation of Sicl. Note that the absence of
Sic I in the cycloheximide-treated culture indicates that
translation was effectively inhibited. Kar2 was used as
an internal loading control in Western blots.
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cated in promoting the release of Cdc 14 from the nucleo-
lus (SpolI2, Clb-CDKs, and Cdc5) are targets of the APC/
C-Cdhl (for review, see Peters 2002). To test this hypoth-
esis, we analyzed the localization of Cdcl4 in wild-type
and cdh1A cells. Upon release from an ac-factor phero-
mone-induced CG arrest, Cdcl4 was released from the
nucleolus during anaphase in wild-type cells (Fig. 2A).
Although cells lacking CDH1 are somewhat resistant to
a-factor (Schwab et al. 1997), they can nevertheless be
arrested using high concentrations of pheromone and
prolonged incubation times (Fig. 2C, percent budded
cells). In cells lacking CDHI, Cdcl4 release from the
nucleolus occurred prematurely during metaphase, and
the protein was slow to return into the nucleolus after
exit from mitosis occurred (Fig. 2C).

APC/C-Cdhl -dependent protein degradation plays an
important role in promoting the timely return of Cdcl4
into the nucleolus, but it is not essential, as Cdcl4 does
return into the nucleolus after a delay (Fig. 2C). Thus,
other mechanisms must contribute to this process. Si-
lencing of the MEN by the GTPase-interacting protein
Amnl (Wang et al. 2003) and by the GAP complex Bub2-
Bfal has been implicated in the return of Cdcl4 into the
nucleolus after mitotic exit is complete (IHu et al. 2001;
Visintin and Amon 2001; Pereira et al. 2002; Visintin et
al. 2003; Wang et al. 2003). Indeed, deletion of BUB2
slightly delayed the return of Cdcl4 into the nucleolus
after exit from mitosis as judged by a delay in Cdcl4
reaccumulation in the nucleolus (Fig. 2B; Visintin and
Amon 2001; Visintin et al. 2003). To determine whether
the roles of APC/C-Cdhl and BUB2 in bringing about
the return of Cdcl4 into the nucleolus were additive, we
examined the effects of deleting both CDHI1 and BUB2
on exit from mitosis. Cdcl4 was released from the
nucleolus prematurely, and nucleolar reaccumulation
was delayed in the double mutant (Fig. 2D).

To further demonstrate that cells lacking APC/C-
Cdhl or APC/C-Cdhl and Bub2 are defective in the
timely return of Cdcl4 into the nucleolus, we examined
Cdcl4 localization in cells that had just completed exit
from mitosis. Such cells were identified as cells with an
interphase microtubule array in time points collected
110 and 130 min after release from the GC block. Cdcl4
was found released from the nucleolus in a significant
fraction of such cells (Fig. 2E). Our results indicate that
APC/C-CdhlI and the MEN GAP complex Bub2-Bfal
both contribute to the timely return of Cdcl4 into the
nucleolus. The fact that after prolonged arrest in CG1 with
pheromone, Cdcl4 is found in the nucleolus of cdhl 1
bub2A cells (Fig. 2D, 0 time point) also indicates that
mechanisms in addition to silencing of the MEN and
APC/C-Cdhl-mediated protein degradation exist that
promote the sequestration of Cdcl4 in the nucleolus
once exit from mitosis has been completed.

CDK inactivation does not promote the return
of Cdcl4 into the nucleolus

The APC/C-Cdhl substrates Cdc5, Spol2, and Clb-C-
DKs have been implicated in promoting the release of
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Figure 2. APC/C-Cdhl -dependent proteolysis is required for
the return of Cdc 14 in the nucleolus. (A-D) Wild-type (A27471,
buhb2 (A5954), cdh 1i (A.952), and bub2_ cdh 1. I(A5950) cells
carrying a CDC14-3HA fusion were arrested in G1 in YEPD
medium with nc-factor pheromone (5 pg/mL). When the arrest
was complete (after 3 h), cells were released into medium lack-
ing pheromone. The percentage of budded cells (open dia-
monds), cells with metaphase spindles (closed squares), and ana-
phase spindles (closed circles), as well as the percentage of cells
with Cdcl4-HA released from the nucleolus (open circles), was
determined at the indicated times. In E, cells with interphase
microtubules were selected at the indicated time points to de-
termnnine the percentage of cells with Cdcl4 released from the
nucleolus (n = 100).

Cdcl4 from the nucleolus (for review, see Stegmeier and
Amon 2004). First, we tested whether Clb cyclin degra-
dation by the APC/C-Cdh 1 was important for the return
of Cdc14 into the nucleolus. If Clb2 degradation by the
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APC/C-Cdhl was important for the resequestration of
Cdcl4 into the nucleolus after exit from mitosis, dele-
tion of the major mitotic cyclin CLR2 should ameliorate
the Cdcl4 localization defect of cdhlA bub25 double
mutants. Deletion of CLB2 did not allow Cdcl4 to re-
turn into the nucleolus in cdh1A bub2A mutants
(Supplemental Fig. 2), suggesting that Clb2 degradation
was not important for the return of Cdc14 into the
nucleolus.

In the absence of CLB2, the other Clb cyclins could
maintain Cdcl4 in its released state. We therefore also
examined the consequences of inactivating all Clb cy-
clins on Cdcl4 localization. To this end, we first arrested
cells in a stage of the cell cycle when Cdcl4 was released
from the nucleolus and then inactivated Clb-CDKs.
Cells lacking PDS1 and depleted for Cdc20 (by repressing
transcription of CDC20 from the methionine-repressible
MET3 promoter; MET-CDC20 pdslA) arrest in late ana-
phase with Cdcl4 released from the nucleolus due to a
failure to degrade Clb5 (Shirayama et al. 1999). To inac-
tivate all Clb-CDKs, we overexpressed the CIb-CDK in-
hibitor SIC1 from the galactose-inducible GAL1-10 pro-
moter. MET-CDC20 pdslA cdh lA cells were arrested in

anaphase by growing cells in the presence of methionine
(Fig. 3A). Clb2-CDK activity was efficiently inhibited
upon overexpression of SIC (Fig. 3C), but Cdcl4 did not
return into the nucleolus (Fig. 3B). Our results indicate
that APC/C-Cdhl does not promote the return of Cdc 14
into the nucleolus by inactivating Clb-CDKs.

Inactivation of SPO12 does not promote the return
of Cdcl4 into the nucleolus

Spol2 is degraded during exit from mitosis by the APC/
C-Cdhl (Shah et al. 2001). To determine whether it is
Spol2 degradation that facilitates the return of Cdcl4
into the nucleolus after thei completion of exit from mi-
tosis, we depleted Spol2 in Cdc20-depleted pdslA cells,
when Cdc14 is released from the nucleolus. To deplete
cells of Spol2, we fused the ORF of SP012 to a ubiqui-
tin-arginine-lacZ fusion (L(RL-SPO12) that causes the
protein to be degraded by the N-end rule pathway (Bach-
mair et al. 1986). When the fusion was placed under the
control of the GAL1-10 promoter, Spol2 was efficiently
depleted from cells in the presence of glucose (Fig. 3F).
However, depletion of Spol2 did not promote the return

Figure 3. Clb.-CDK or Spol2 inactivation is not re-
quired for the return of Cdel4 into the nucleolus. (A-C)
pMfE'T3-CIC20 pdsl% cdhIA pG.AL-SICI (A13767)
cells were grown in medium lacking methionine
supplemented with 2% raffinose (--MetR). Cells were
transferred in YEP supplemented with 2% raffinose
(YEPR) medium containing 8 mM methionine to arrest
pMET3-CDC20 pdslA cdhlA cells in anaphase. Six
hours after the transfer, when >70% of cells were bud-
ded and had segregated DNA masses (binucleate cells),
the culture was split in two. One-half was maintained
in the same medium, whereas 2% galactose was added
to the other half to induce SIC1 expression. Samples
were taken at the indicated times to analyze the per-
centage of binucleate cells (A) and Clb2 and Sicl pro-
tein levels and Clb2-CDK kinase activity (C). In B, ana-
phase cells were selected at the indicated time points
to determine the percentage of cells that had Cdcl4
released from the nucleolus (n = 100 per time point).
(D.-F) pMET3-CDC20 pdslA pGAL-URL-3HA-SPO012
(A 13041 cells were grown in medium lacking methio-
nine supplemented with 2% raffinose and 0.5% galac-
tose (. MetRO.5%G). Cells were arrested in early S
phase with hydroxyurea (HU; 10 mg/mL) for 3 h fol-
lowed by release into -MetR0.5%G medium containing
8 mM methionine to arrest pMET3-CI)C20 pdslA cells
in anaphase. Three-and-a-half hours after the release,
when -90% of cells were budded and had segregated
DNA masses (binucleate cells), the culture was split in
two. One-half was maintained in the same medium,
whereas 2% glucose was added to the other half to de-
plete Spol2. Samples were taken at the indicated times
to analyze the percentage of binucleate cells (D) and
Spol2 and Clb2 protein levels (F). In E, anaphase cells
were selected at the indicated time points to determine
the percentage of cells that had Cdc 14 released from the
nucleolus (n = 100 per time point).

100

80so

60

40

20
2 Ramnaose

0 G0 (3eoae

0 30 60 90 120 150 180
Time (min)

Raffinose

oR 8 8 P'PC

0-

-210 -150 -90 -30 30 90 150

Time (min)

Galactose
cg g g

120ý- r
U 0omk

IN)J3 0idm

01 30 60 90 120 150 180
Time (min)

Galactose

o 8 8•• - Time(min)
-Kar2

Clb2

Histone HI1

E
120

N oGm
100.o Q

0i 30 60 90 120 150 180
Time (min)

Glucose

o : S : Time(man)
-Kar2

y 1 4 so No- - Clb2

- spo12

82 GENES & DEVELOPMENT



Downloaded from www.genesdev.org on May 21, 2008 - Published by Cold Spring Harbor Laboratory Press

Regulation of Cdcl4 localization

of Cdcl4 into the nucleolus (Fig. 3D,E), indicating that
factors other than Spol2 are the essential targets of the
APC/C-Cdhl in bringing about the return. of Cdcl4 intto
the nucleolus.

Cdc5 functions after metaphase onset to bring
about the release of Cdc14 rorn the nucleolus
in a MEN-dependent and -independent manrner

The Polo kinase Cdc5 is an excellent candidate for being
the APC/C-Cdhl substrate whose degradation is neces-
sary for the reaccumulation of Cdcl4 in the nucleolus.
Cdc5 affects Cdcl4 localization in multiple ways. Cdc5
partially inactivates the MEN GAP Bub2-Bfal during
anaphase, thereby activating the MEN (Hu et al. 2001).
Cdc5 was also proposed to be a component of the FEAR
network because Cdc5 was required for the release of
Cdcl 4 from the nucleolus during early anaphase (Pereira
et al. 2002; Stegmeier et al. 2002; Yoshida and Toh-e
2002). This conclusion was, however, called into ques-
tion (Queralt et al. 2006). Instead it was proposed that
the defect of cdc5 mutants in. releasing Cdcl4 from the
nucleolus during early anaphase was due to a yet-to-be-
defined premetaphase function of Cdc5, because the dis-
sociation of Cdcl4 from the nucleolus during early ana-
phase was not affected in cdc5-4 cells released from a
metaphase block (Queralt et al. 2006). Re-examination of
all CDC5 alleles revealed that the cdc5-4 allele is a par-
tial-loss-of-function allele. cdc5-4 cells do not arrest in
anaphase but are only delayed in this cell cycle stage
(Supplemental Fig. 3A-D)) and, in fact, form colonies at
37':C (Supplemental Fig. 3E,F).

To determine whether C)DC5 was required prior to
metaphase to bring about the release of Cdcl4 from the
nucleolus, we used an. allele of CDC5 that can be inhib-
ited using an ATP analog (cdc5-asl) (Zhang et al. 2005).
cdc5-asl cells were arrested in G1 using a-factor and
were released from the block into nocodazole-containing
medium, which causes cells to arrest in metaphase. The
release medium also contained the cdc5-asl inhibitor
CMK to inactivate the protein kinase during these early
stages of the cell cycle. When cells had arrested in meta-
phase, they were released from the block in the absence
of inhibitor, and cell cycle progression was monitored.
cdc5-as I cells released Cdcl4 from the nucleolus and
exited from mitosis with similar kinetics as wild-type
cells (Fig. 4A,B). In contrast, inhibition of the cdc5-asl
allele either at the time of release from the pheromone-
induced G. arrest (Supplemental Fig. 4) or at the time
when cells entered metaphase (Fig. 4C) effectively inhib-
ited the release of Cdcl4 from the nucleolus and exit
from mitosis. Our execution point studies show that
CDC5 is not required prior to metaphase to bring about
the release of Cdcl4 from the nucleolus and exit from
mitosis. The essential function of CDC5 in promoting
these events is confined to anaphase and perhaps meta-
phase.

Does CdcS promote the release of Cdc14 from the
nucleolus solely through the MEN, or does it function in
additional ways to activate the phosphatase? To address

this question, we examined whether the ectopic release
of Cdcl4 from the nucleolus brought about by high lev-
els of Cdc5 required MEN function. If Cdc5 functioned
solely through the MEN to bring about the release of
Cdcl4 from the nucleolus, the Cdcl4 release caused by
overproduced Cdc5 should require MEN activity. This
was not the case. Overexpression of CDC5 in S-phase-
arrested cells caused the release of Cdcl4 from the
nucleolus (Fig. 4D; Visintin et al. 2003). Cells carrying
an ATP-analog-sensitive allele of CDC15 (cdc15-as1)
(Bishop et al. 2001) arrest within one cell cycle in ana-
phase, indicating that treatment of cells with the cdcl 5..
as l inhibitor (PPI analog 9) effectively inhibits Cdcl5-
asl function (Supplemental Fig. 5). Inactivation of the
cdc15-asi allele in S-phase-arrested cells did not inter-
fere with the release of Cdcl4 induced by overproduced
CdcS (Fig. 4D), This observation, together with the find-
ing that Cdc5 does not regulate the MEN downstream
from CL)C15 (a hyperactive allele of Cdcl5 can promote
the release of Cdcl4 from the nucleolus in cells depleted
for Cdc5 function [Visintin et al. 2003]), demonstrates
that Cdc5 promotes the release of Cdcl4 from the
nucleolus also in a MEN-independent manner that, ac-
cording to our execution point studies, occurs during
anaphase and perhaps metaphase.

CD)C5 functions downstream from or in parallel
to ESPI to promote Cdcl4 release from the nucleolus

Hlaving established that Cdc5 brings about the release of
C(cl14 from the nucleolus also in a MEN-independent
manner, we re-examined the relationship between Cdc5
and the FEAR network. Previous studies came to the
conclusion that Cdc5 functions downstream from or in
parallel to all other FEAR network components because
overproduced Cdc5 was able to suppress the Cdcl4 re-
lease defect of slk19A, spol2A bnslA, and espl-I mu-
tants (Visintin et al. 2003). espl-I mutants, like dele-
tions of FEAR network components, only cause a delay
in exit from mitosis. However, it was recently reported
that ESP1 is essential for exit from mitosis (Queralt et al.
2006), raising the possibility that the epistasis analysis
using the espl-.1 allele was misleading due to the hypo-
morphic nature of the mutation.

During our attempt to re-examine the relationship be-
tween ES1PI and Cl)C5, we found, to our surprise, that
none of the ESPI alleles, not even the espl-2 allele made
unstable by fusing it to the degron fusion (espl-2"')
(Queralt et al. 20061, arrested in anaphase. Upon release
from a pheromone-induced G1 arrest, cells carrying the
espl-2"' allele reproducibly (n = 5) entered mitosis with a
delay, as judged by the delay in bud formation and meta-
phase spindle assembly (Supplemental Fig. 6A,B). To
compare the kinetics of exit from mitosis between the
espl-1 and the espl-2 '' allele, we therefore adjusted the
graphs so that the onset of budding overlapped (Supple-
mental Fig. 6C). After accounting for the differences in
timing of cell cycle entry, it was evident that Cdcl4
release from the nucleolus and exit from mitosis oc-
curred with similar kinetics in espil-1 mad .1A, esp 1-2`' ,
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Figure 4. L..ac:.s role 11 promerotlmotg L..tci4 release is tA
restricted to metaphase and anaphase. (A,B) Wild-
type (A 1411; A and cdc5 -a.s I (cdcL 158G; Ry 1l2 6 0;
B) cells carrying a CDC 14-3HA fusion were arrested
in GC in YEPD with x-factor pheromone (5 pg/mL).
After 3 h, cells were released into medium lacking E
pheromone but containing nocodazole (15 pg/mL).,
and the CMK inhibitor (5 pM). When the arrest was
complete, cells were released into YEPD supple-
mented with 1% DMSO. The percentage of cells
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mone. Seventy-five minutes after the release, when
--80% of cells had formed a bud and were about to Add Inhibitor

enter metaphase, CMK inhibitor (5 pM) was added.
'The percentage of budded cells (open diamonds),
cells with metaphase spindles (closed squares) and
anaphase spindles (closed circles), and the percent-
age of cells with Cdel4-HA released from the
nucleolus (open circles) was determined at the indi-
cated times. (D)) Wild-type (A1411.; closed circles),
Ldcl.5-asl (A11617; open diamonds), GAL-CDC5
(A3317; open circles), and cdcrl5-asl GAL-CDC5
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inhibitor (5 pM). After 2.5 h, when cells had arrested in S phase, 2% galactose was added to induce the expression of CDCS from the
inducible GAL -10 promoter. The percentage of cells with Cdcl4-HA released from the nucleolus was determined at the indicated
times. (E) GAL-ESP1 (A4150) and cdc5-as I GAL-ESPI (Ry1287) cells carrying a CDCI4-3HA fusion were treated as described in Figure

6C, except that cells were released into YEPR + G lacking pheromone but supplemented with 15 pg/mmL nocodazole. (F) cdc15-asl

(R.y l3 86; open circles), cdcl5-asl GAL.-PDS)SdB.A (Ry 1385; closed diamonds), cdc15-asl GAL.-C.D)C5 (Ryl384; closed circles), and

cdc 15-as1 GAL-PDS1dBA GAL-CDC5 (Ryl383; open diamonds) cells were arrested with hydroxyurea (10 mg/mL). When the arrest

was conplete, the cdc15-asl inhibitor (5 pM) was added. One hour after the inhibitor addition, 2% galactose was added to induce the
expression of C'IDC5 and PI)S1"dI A from the inducible GA. 1- 10 promoter. The percentage of cells with Cdcl 4-HA released from the

nucleolus was determined at the indicated times.

and espl-2"' mad 1A cells as judged by the ability of Thus, none of the methods aimed at inactivating Espl
dumbbell cells to form a bud (rebudding) (Supplemental function developed to date prevent exit from mitosis.

Fig. 6D,E). Rebudding occurs because cytokinesis is in- Why the espl..2"' allele causes an anaphase arrest in the

complete in cells lacking ESPI1 (Stcgmeier et al.. 2002). study published by Queralt et al. (2006) but not in our

Mother and daughter cells therefore remain connected, hands is at present unclear. Irrespective of the reason(s),
and the daughter cell, which receives the nucleus (Ross our results suggest that the epistasis results obtained

and Cohen-Fix 2004), forms a bud upon entry into the with the esp l-1 allele likely reflect the behavior of a null

subsequient cell cycle. Cells overexpressing a nondegrad- or close-to-null mutation of ESP1 with respect to the

able form of the Espl inhibitor Pdsl (CAL-PI)SldbA) protein's mitotic exit function.
also released Cdcl4 from the nucleolus and exited mito- Next we reinvestigated the relationship between

sis (as judged by rebuddfing) with. similar kinetics as cells C.)C5 and ESPI by extending our epistasis analysis be-

carrying the espl- I allele (Supplemental Fig. 6F--H). Exit tween gain- and loss-of-function alleles of the two genes.

from mitosis occurred even in cells, which, in addition Overexpression of ESP1 induces the release of CIdcl4

to carrying an espl-1 allele, expressed a nondegradable from the nucleolus in cells arrested in metaphase using
form of the Espl inhibitor Pdsl (Supplemental Fig. 7). the microtubule-depolymerizing drug nocodazole (Fig.
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4E; Sullivan and Uhlmann 2003; Visintin et al. 2003;
Queralt et al. 2006). Inhibition of the analog-sensitive
cdc5-asl allele greatly reduced the ability of GAL-ESP1
cells to induce the release of Cdcl4 from the nucleolus
(Fig. 4E). Furthermore, we found that high levels of Cdc,5
were able to induce Cdcl4 release from the nucleolus
even in the absence of both MEN and FEAR network
function. Upon overexpression of CDC5, Cdcl4 release
from the nucleolus occurred in cells in which the MEN
was inactivated using the cdcl5-asI allele and in which
the FEAR network component Espl was inactivated by
overexpression of a stabilized version of its inhibitor
Pdsl (GAL-PDSldbA) (Fig. 4F). Together with previous
findings (Visintin et al. 2003), our data indicate that
CDC5 functions downstream from or in parallel to ESPI.

The depletion of Cdc5 is sufficient to promote
the return of Cdcl4 into the nucleolus

Having demonstrated that Cdc5 functions during ana-
phase in a MEN-dependent and FEAR network-depen-
dent manner to release Cdc14 from the nucleolus, we
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next wished to determine whether Cdc5 was continu-
ously required during 4naphase to maintain Cdcl4 in its
released state. Because' the cdc5-asl allele causes lethal-
ity in cells lacking CdU20 and Pdsl (data not shown), we
depleted Cdc5 by fusing the ORF of CDC5 to a ubiqui-
tin-arginine-lacZ fusion (URL-CDCS) (Bachmair et al.
1986) and placed the fusion under the control of the
GAL1-10 promoter. Depletion of an unstable form of
Cdc5 (pGAL-URL-3H,1-CDC5) by the addition of glu-
.cose in Cdc20-depleted pdslA cells caused Cdcl4 to re-
turn into the nucleilus (Fig. 5A-C), indicating that
CDC5 was continuously required for maintaining C'dc 14
in the released state during anaphase.

To determine whether Cdc5 was the critical target of
the APC/C-Cdh 1 that needed to be degraded for Cdc 14 to
return to the nucleohls, we depleted Cdc5 in anaphase
arrested MET-CDC20 pdsl A cdhlI, cells. Upon deple-
tion of Cdc5, Cdcl4 returned into the nucleolus in this
strain (Fig. 5D-F). Depletion of Spol2 did not signifi-
cantly accelerate the kinetics with which Cdcl4 was re-
sequestered into the nucleolus in Cdc5-depleted cells
(Fig. 5G-I). Our results indicate that the APC/C-Cdhl
promotes the return of Cdcl4 into the nucleolus by de-
grading Cdc5.

Expression of a proteolysis-resistant CDC5 ahllele
delays the return of Cdc14 into the nu.cleohus

APC!C substrates carry recognition motifs known as de-
strunction boxes and KEN-boxes (for review, see Harper ct

Figure 5. CDC5 is required for maintaining Cdcl4 in its re-
lease state in cdhli cells during anaphase. (A-C) pMET3-
CD)C20 pdslA pGAL-QLRL-3HA-CL)C5 (Al2396) cells were
grown in medium lackilrg methionine supplemented with 2%
raffinose and 0.5% galactose (-MetR0.5%G). Cells were ar-
rested in early S phase with hydroxyurea (HU; 10 mg/mL) for 3
h followed by release into -MetRO.5%G medium containing 8
mM methionine to arrest pMET3-CDC20 pdslA cells in ana-
phase. Three hours after the release, when -70% of cells were
budded and had segregated IDNA masses (binucleate cells), the
culture was split in two. One-half was maintained in the same
medium, whereas 2% g)ucose was added to the other half to
deplete Cdc5. Samples were taken at the indicated times to
analyze the percentage of binucleate cells (A) and Cdc5 and Clb2
protein levels (C). In B, anaphase cells were selected at the in-
dicated time points to determine the percentage of cells that
had Cdcl4 released fron• the nucleolus (n = 100 per time point).
(I)-F) pMET3-CI.C20 pdslA pGAL-URL-3HA-CI)C5 cdhIA
(A12595) cells were treated as described in A-C with the excep-
tion that it took 3.5 h td arrest cells in the cdc20A pdsIA block
instead of 3 h. Samplesi were taken at the indicated times to
analyze the percentage of binucleate cells (D) and Cdc5 and
Clb2 protein levels (F). 1ip E, anaphase cells were selected at the
indicated time points to determine the percentage of cells that
had Cdcl4 released froni the nucleolus (n = 100 per time point).
(G-I) pMET3-CDC20 -dsla pGAL-URL-3HA-CDC5 pGAL-
URL-3HA-SP012 (A13804) cells were treated as described in
A-C. Samples were taken at the indicated times to analyze the
percentage of binucleate cells (G) and CdcS, Spol2 and Clb2
protein levels (I). In H, anaphase cells were selected at the in-
dicated time points to determine the percentage of cells that had
Cdc14 released from the nucleolus (n - 100 per time point).
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al. 2002). Cdc5 contains two destruction boxes in its N
terminus, which have been shown to be essential for the
protein's degradation during exit from mitosis (Charles
et al. 1998; Shirayama et al. 1998). To determine whether
Cdc5 degradation was indeed important for the timely
return of Cdcl4 into the nucleolus, we examined the
consequences of expressing a Cdc5 mutant lacking the
first 70 amino acids of the protein and hence both of
Cdc5's destruction boxes (CDC5AN70) (Shirayama et al.
1998). Even three copies of CDC5AN70 did not produce
as much Cdc5 as seen in cdhlA mutants (Fig. 6A). This
is likely due to the CDC5AN70 not being completely
stabilized and being expressed at lower levels than wild-
type Cdc5 caused by the expression from a truncated
promoter. However, although the Cdc5AN70 mutant
protein was expressed to only -50% of the Cdc5 levels
seen in cdhlA bub2A cells (Fig. 6A), cells carrying the
construct exhibited dramatic defects in Cdcl4 localiza-
tion (Fig. 6C; Supplemental Fig. 8). Cdcl4 was released
from the nucleolus prematurely and returned into the
nucleolus with a delay (Fig. 6C). Deletion of BUB2
slightly enhanced the effects of expressing a stabilized
version of Cdc5, with respect to Cdcl4 localization (Fig.
6D,E). This is not surprising as Cdc5 only partially inac-
tivates Bub2-Bfal (Hu et al. 2001). Expression of
CDCSAN70 as the sole source of CDC5 also affected cell
cycle progression. Consistent with a delay in Cdcl4's
return into the nucleolus, CDC5AN70 and CDC5AN70
bub2A cells exited mitosis prematurely, as judged by the
kinetics with which anaphase spindle disassembly oc-
curred. (Note that cells expressing CDCSAN70 enter
metaphase with a 20-min delay, yet anaphase spindle
disassembly occurred virtually at the same time as in
wild-type cells.) Our results indicate that the degrada-
tion of Cdc5 by the APC/C-Cdhl plays an important role
in promoting the return of Cdcl4 into the nucleolus.

Discussion

Here we investigate how the protein phosphatase Cdcl4
returns into the nucleolus after having promoted exit
from mitosis. Our data indicate that the phosphatase it-
self initiates this event. Cdc 14 activates the MEN inhibi-
tor Bub2-Bfal (Pereira et al. 2002). In addition, we find
that Cdcl4 activates the ubiquitin ligase APC/C-Cdhl.
Among the Cdcl4 activators degraded by the APC/C-
Cdhl, we identified the Polo kinase Cdc5 as the critical
target. Cdc5, which we confirmed to function during
anaphase as a FEAR network component and a MEN
activator, is continuously required during anaphase to
maintain Cdcl4 in the released state. Furthermore, tar-
geted degradation of Cdc5 is sufficient to promote the
return of Cdcl4 into the nucleolus in cdhlA cells. Fi-
nally, we show that cells expressing a version of Cdc5
that is resistant to APIC/-Cdhl-mediated degradation
are delayed in resequestering Cdcl4 after exit from mi-
tosis has been completed. Together these data indicate
that Cdcl4 initiates its return into the nucleolus.
Through this negative feedback mechanism, cells ensure
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Figure 6. Cdc5 degradation is important for the timely return
of Cdcl4 into the nucleolus. (A) Wild-type (A2587), CDC5-
13MYC (A2976), cdhlA (A5952), cdhlA bub2A (A5950),
AxCDC5AN70 (A r0203), 1xeDC5AN70 bub2A (A10202),

2xCDC5AN770 (A10206), 2xCDC5iN70 bub2A (A10,356),
3xCDC5AN70 (Al0853), and 3xCDC5ArN70 bub2A (A10856)
were either arrested in G1 in YEPD) medium with a-factor (5
pg/mL) or grown to exponential phase. Cdc5 protein levels were
assessed by Western blot. Asterisk (*I marks a cross-reacting
hand on Western blots. The number of (CDC5AN70 intedgrants
was assessed by Southern blot analysis. 11-E) Wild-type cells
(A2747; B), cells carrying three copies of CD)C5ANO70 construct
(3xCDCSAN7; A10853; C), buob2A cells (A5954; D) and bub2A
3xCDC5f N70 cells (A 10856; ) carrying a CDC14-3HA fusion
were arrested with a-factor (i pg/mL). After 3 h, cells were
released into medium lacking pheromone, and the percentage of
cells with metaphase spindles (closed squares), anaphase
spindles (closed circles), and with Cdcl4 released from the
nucleolus (open circles) was de ermined at the indicated times.

that this potent antagonist of CDKs is active for only a
short period of time during exit from mitosis.

Cdcl4 can promote exit frorn mitosis in the absence
of CDK inactivation

The final step in CDK in activation that triggers exit
from mitosis is brought about by two redundant mecha-
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nisms: degradation of Clb cyclins by the APC/C-Cdhl
and binding of the Clb-CDK inhibitor Sicl to the kinase
complex. Our finding that the return of Cdcl4 into the
nucleolus was delayed in cdhla cells provides an expla-
nation for the previously puzzling observation that cells
lacking CDH1 and SIC1, despite failing to inactivate
Clb2-CDK kinase activity at the end of mitosis, do not
arrest in anaphase but only exhibit a delay of 45 min in
mitotic exit (Supplemental Fig. 9; Wasch and Cross
2002). In cells lacking CDHI, the period during which
Cdc 14 is active is prolonged. This is sufficient to antago-
nize the effects of CDKs and to allow for the dephos-
phorylation of CDK substrates to bring about mitotic
spindle disassembly, cytokinesis, and origin licensing.
However, it is important to note that Cdcl4 is not ca-
pable of bringing about exit from mitosis in the complete
absence of Clb-CDK inactivation. When degradation of
Clb cyclins by APC/C-Cdc20 is prevented, Cdcl4 de-
spite becoming eventually fully released from the
nucleolus cannot promote exit from mitosis (Shirayama
et al. 1999). Thus, whereas prior to the metaphase-ana-
phase transition Clb-CDK inactivation is absolutely es-
sential for exit from mitosis to occur, thereafter cells
enter a state in which either CDK inactivation or acti-
vation of the Cdcl4 phosphatase can bring about exit
from mitosis.

Re-evaluating Cdc5's role in exit from mitosis

Cdc5 promotes mitotic exit in multiple ways. Best un-
derstood is the mechanism whereby the protein kinase
stimulates the MEN. Cdc5 partially inactivates the
MEN GAP Bub2-Bfal during anaphase (Hu et al. 2001). It
is possible that Cdc5 regulates the MEN in additional
ways, but it is clear that the protein kinase is not essen-
tial for MEN activity once the MEN kinase Cdcl5 is
active. In cells expressing a truncated, hyperactive ver-
sion of CDC15 (amino acids 1-750), Cdcl4 release from
the nucleolus occurred even when Cdc5 function was
eliminated by depleting the protein (Visintin et al. 2003).

In addition to a MEN-dependent role in mitotic exit,
our data support a MEN-independent role for Cdc5 in
promoting the release of Cdcl4 from the nucleolus dur-
ing anaphase. (1) The cdc5-4 allele, which was used to
show that CDC5 was dispensable for Cdcl4 release from
the nucleolus during early anaphase, was only a partial
loss-of-function allele, indicating that Cdc5 was not
completely inactive in this experiment. (2) Execution
point studies using the cdc5-asl allele show that C.DC5
is not required prior to metaphase to bring about exit
from mitosis, but that it is needed during anaphase (and
perhaps metaphase) to perform its essential mitotic exit-
promoting function. (3) In the experiment that impli-
cated CDC28 rather than CDC5 in promoting Cdcl4 re-
lease from the nucleolus during early anaphase (Queralt
et al. 2006), Cdc5 protein was rapidly lost from cells,
presumably due to activation of the APC/C-Cdhl
(Supplemental Fig. 10). (4) Overexpression of CDC5 can
promote the release of Cdcl4 from the nucleolus in the
absence of MEN and ESPI function (Fig. 4F). (5) The re-

lease of Cdcl4 brought about by high levels of ESP1 re-
quires CDC5 function. Together these results show that
CDC5 functions during anaphase downstream from or in
parallel to ESP1 to bring about the release of Cdcl4 from
the nucleolus. We favor the idea that CDC5 functions
downstream from ESP1 rather than in parallel to it be-
cause Cdc5 is still capable of promoting the release of
Cdcl4 from the nucleolus even in the complete absence
of all the known pathways that regulate this event.

The silencing of the mitotic exit machinery

Our data and that of others show that silencing of the
MEN through inhibition of the GTPase Tem I by Amnl
and Bub2-Bfal helps to return Cdcl4 into the nucleolus
(Pereira et al. 2001; Visintin and Amon 2001; Wang et al.
2003). However, the contribution of GAP activation ap-
pears minor compared with that of the APC/C-Cdhl.
Our data further indicate that deletion of CDH1 not only
delays the return of Cdcl4 into the nucleolus after the
completion of exit from mitosis, but it also causes the
phosphatase to be released from the nucleolus prema-
turely (as does expression of a stabilized version of Cdc5).
We propose that this premature release is due to high
levels of Cdc5 during metaphase caused by a failure to
degrade Cdc5 protein during the preceding exit from mi-
tosis and onset of de novo synthesized during entry into
mitosis.

While degradation of Spol2 could contribute to the
inactivation of the pathways that promote Cdcl4 release
from the nucleolus, Cdc5 degradation is primarily re-
sponsible. Elimination of Cdc5 by means other than
APC/C-Cdhl-mediated degradation is sufficient to pro-
mote the return of Cdcl4 into the nucleolus in cells
lacking CDH1. Furthermore, expression of a stabilized
version of Cdc5 leads to a delay in the resequestration of
the phosphatase. The fact that cells expressing a stabi-
lized version of Cdc5 exhibit a less severe Cdcl4 local-
ization defect than cells lacking CD)H1 is likely to be due
in part to Cdc5AN70 protein levels being lower than
Cdc5 levels in cdhlA bub2A cells. However, it is also
possible that yet-to-be-identified proteins promoting the
release of Cdcl4 from the nucleolus during anaphase are
APC/C-Cdhl substrates. What is also clear is that Bub2-
Bfal and APC/C-Cdhl activity are not the only mecha-
nisms that bring about the return of Cdcl4 into the
nucleolus. After prolonged arrest in G 1, cells lacking
BUB2 and CDH1 eventually resequester Cdcl4 into the
nucleolus. The factors that bring about this delayed re-
turn remain to be identified.

Based on previous work and our present study, we pro-
pose the following model for how Cdcl4 activity is re-
stricted to a small window during exit from mitosis (Fig.
7). At the end of mitosis, Cdcl4 released by the FEAR
network stimulates MEN activity. This feed-forward
mechanism is coupled to a positive feedback loop, where
Cdcl4 released by the MEN later in anaphase further
activates the MEN. Once the phosphatase is fully acti-
vated by the MEN, it dephosphorylates Cdhl to bring
about activation of APC/C-Cdhl. This not only rapidly
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Figure 7. A model for how APC/C-Cdhl
promotes the return of Cdc14 into the
nucleolus. See text for details.

inactivates Clb-CDKs and promotes exit from mitosis, it
also initiates the return of the phosphatase into the
nucleolus, where it binds its inhibitor. Among the APC/
C-Cdhl targets, Cdc5 appears to be critical. Because
Cdc5 is required for the release of Cdcl4 from the
nucleolus as a component of the FEAR network and an
activator of the MEN, the down-regulation of the protein
kinase effectively silences both pathways. By using a
negative feedback loop wherein Cdcl4 released by Cdc5
triggers the degradation of the protein kinase, cells en-
sure that the machinery promoting exit from mitosis is
restricted to a narrow window of the cell cycle.

Materials and methods

Yeast strains and growth conditions

All strains were derivatives of strain W303 (A2587). The pGAL-
URL-3HA-CDC5 and pGAL-URL-3HA-SPO12 fusions were
constructed by using the PCR-based method described in Long-
tine et al. (1998). The URL sequence (Johnson et al. 1992) was
cloned in front of the 3HA epitope in the pFA6a-kanMX6-
pGAL-3HA (Longtine et al. 1998). The resulting cassette was
used as template with primer F4 and R3 (Longtine et al. 1998).
CDC5AN70 was cloned under the control of its own promoter
using the following strategy. About 500 base pairs (bp) of the
promoter were amplified using the following primers: 5'-GGA
ATTCTCGAGGACCTGGGATGATCTTTG-3' (primes 450 bp
upstream of the CDC5 START cxodon, with the EcoRI site in
bold) together with 5'-GCGGGATCCCTTTATTCGACTTGA
TCTTACTCTGTTCTTTCTTCTCC-3' (primes just upstream
of the ATG; BamHI site in bold); CDC5 deleted from the first 70
amino acids (region containing CDC5 two destruction-box se-
quences) was amplified with 5'-GCGGGATCCATGCCACCT
TCATTAATCAAAACAAGAGG-3', which primes at the 71st
amino acid codon sequence (a BamHI site and the ATG [bold]
have been introduced in the sequence) together with 5'-GGA
ATTCGGTAAACCGCGGATGTACCAAG-3', which primes
420 bp downstream from the STOP codon (the EcoRI site is in
bold). The two PCR products were then cloned into Yiplac21 I

Late Anaphase

(Gietz and Sugino 1988). The plasmid obtained was used for
transforming a diploid CDC5/cdc5A yeast strain. The number
of integrants was assessed by Southern blot analysis. Growth
conditions for individual experiments are described in the figure
legends.

Immunoblot and kinase analysis

Cells were lysed in 50 mM Tris (pH 7.5), 1 mM EIDTA, I mM
PNP, 50 mM DTT, 1 mM PMSF, and 2 pg/mL pepstatin with
glass beads for 1 min and boiled in 1 x sample buffer. Immuno-
blot analysis of the total amount of Clb2, Sicl, and Kar2 was
performed as described in Cohen-Fix et al. (1996). Immunoblot
analysis of the total amount of endogenous Cdc5 was performed
using the Cdc5 (sc-6733) antibodies from Santa Cruz Biotech-
nology diluted 1:500. Clb2 kinase activity was assayed as de-
scribed in Amon et al. (1994).

Fluorescence microscopy

Indirect in situ immunofluorescence methods and antibody
concentrations were as described in Visintin et al. (1999). Cells
were analyzed on a Zeiss Axioplan 2 microscope, and images
were captured with a Hamamatsu camera controller. Openlab
3.0.2. software was used to process immunofluorescence im-
ages. In Figures 3 and 5, Cdc14 was detected using a goat anti-
Cdcl 4 antibody (Santa Cruz Biotechnology), which was used at
1:300 dilution; anti-goat antibodies were used at 1:500 (Santa
Cruz Biotechnology). The fraction of cells with Cdc14 partially
released from the nucleolus was <20% and was combined with
the fraction of cells with Cdc14 fully released from the nucleo-
lus.

Acknowledgments
We thank Chao Zhang and Kevan Shokat for the cdcl5-asl in-
hibitor and the cdc5-asl allele; Ly-sha Ee for help with strain
constructions; and Frank Uhlmann and Kyung Lee for strains.
We are grateful to members of the Amon laboratory for their
critical reading of the manuscript. J.P. is funded by an NSF
predoctoral fellowship. Work in the Amon laboratory was sup-

88 GENES & DEVELOPMENT

Dbf2-Mobl

0
Metaphase Early Anaphase

I



Downloaded from www.genesdev.org on May 21, 2008 - Published by Cold Spring Harbor Laboratory Press

Regulation of Cdcl4 localization

ported by a National Institute (of Health grant GM 56800. A.A.
is also an investigator of the Howard Hughes Medical Institute.
R.V. is supported by an Armenise-Harvard foundation career
development program grant and a grant from the Associazione
Italiana Ricerca sul Cancro (AIRC).

References

Amon, A., Irniger, S., and Nasmyth, K. 1994. Closing the cell
cycle circle in yeast: G2 cyclin proteolysis initiated at mi-
tosis persists until the activation of G1 cyclins in the next
cycle. Cell 77: 1037-1050.

Azzam, R., Chen, S.L., Shou, W., Mah, A.S., Alexandru, G.,
Nasmyth, K., Annan, R.S., Carr, S.A., and Deshaies, R.I.
2004. Phosphorylation by cyclin B-Cdk underlies release of
mitotic exit activator Cdcl4 from the nucleolus. Science
305: 516..519.

Bachmair, A., Finley, D., and Varshavsky, A. 1986. In vivo half-
life of a protein is a function of its amino-terminal residue.
Science 234: 179-186.

Bardin, A.J. and Amon, A. 2001. Men and sin: What's the dif-
ference? Nat. Rev. Mol. Cell Biol. 2: 815-826.

Bishop, A.C., Buzko, 0., and Shokat, K.M. 2001. Magic bullets
for protein kinases. Trends C'ell Hiol. 11: 167.172.

Charles, 1.F., laspersen, S.L., Tinker.Kulbcrg, R.L., Hwang, L.,
Szidon, A., and Morgan, D.O. 1998. 'The Polo-related kinase
Cdc5 activates and is destroyed by the mitotic cyclin de-
struction machinery in S. ccrevisiae. Curr. Biol. 8: 497 5(07.

Cohen..Fix, O., Peters, j.M., Kirschner, M.W., and Koshland, 1).
1996. Anaphase initiation in Saccharom'ycese cerevisiae is
controlled by the APC-dependent degradation of the ana-
phase inhibitor Pdslp. Genes & D.)ev. 10: 31)81 ...3093.

Geymonat, M., Spanos, A., Walker, P.A., Johnston, L.H., and
Sedgwick, S.G. 2003. In vitro regulation of budding yeast
Bfal/Bub2 GAP activity by Cdc5. I. Biol. Chem. 278: 14591.-
14594.

Gietz, R.D. and Sugino, A. 1988. New yeast-..Escherichia coli
shuttle vectors constructed with in vitro mutagenized yeast
genes lacking six-base pair restriction sites. Gene 74: 527
534.

Gruncherg, U., Campbell, K., Sinipson, C., Grindlay, J., and
Schicbel, E. 20(X). Nud Ip links astral microtuhule organi.za-
tion and the control of exit from mitosis. EMB(O) I. 19: 6475
6488.

Harper, I.W., Burton, J.L.. and Solomon, M.). 2002. The ana-
phlase-promotinig complex: It's not lust for mitosis any more.
Genes & Dev. 16: 2179 .2206.

Hu, F. and Elledge, S.I. 2002. Bub2 is a cell cycle regulated phos-
pho-protein controlled by multiple checkpoints. Cell Cycle
1: 351-355.

1Hu, F., Wang, Y., Liu, D., Li, Y., Qin, J., and Elledge, S.J. 2001.
Regulation of the Bub2/Bfa 1 GAP complex by Cdc5 and cell
cycle checkpoints. Cell 107: 655-665.

Jaspersen, S.L., Charles, J.F., Tinker-Kulberg, R.L., and Morgan,
D.O. 1998. A late mitotic regulatory network controlling
cyclin destruction in Saccharornyces cerevisiae. Mol. Biol.
(ell 9: 2803--2817.

Johnson, E.S., Bartel, B., Seutert, W., and Varshavsky. A. 1992.
Ub.iqutin as a degradation signal. EMIR() . 11: 497...-5()5.

Longtine, M.S., McKenzie III. A., Demarinm, I).., Shah, N.G.,
Wach, A., Brachat, A., Philippsen, P., and Pringl.l, J.R. 199s.
Additional modules for versatile and economical PICR-based
gene deletion and modification in Saccharamnyces cerevi-
siae. Yeast 14: 95.3-961.

Nasmyth, K. 2001. I)isseminating the genome: ioining, resolv-

ing, and separating sister chromatids during mitosis and
meiosis. Arii. A Re. Re. Gnet. 35: 673-745.

Nasmvth, K., Peters, 1.M., and Uhlmann, F. 2001. Splitting the
chromosome: Cutting the ties that hind sister chromatidcs.
Novartis Found. Symrp. 237: 113--133.

Pereira, C., Tanaka, T.U., Nasmyth, K., and Schiebel, E. 2001.
Modes of spindle pole body inheritance and segregation of
the Bfalp--Bub2p checkpoint protein complex. EMBO 1. 20:
6359-6370.

Pereira, G., Manson, C., Grindlay, J., and Schiebel, E. 2002.
Regulation of the Bfalp. -Bub2p complex at spindle pole bod-
ies by the cell cycle phosphatase Cdcl4p. I. Cell Biol. 157:
367-379.

Peters, J.M. 2002. The anaphase-promoting complex: Proteoly-
sis in mitosis and beyond. Mol. Cell 9: 931-.943.

Queralt, E., Lehane, C., Novak, B., and Uhlmann, F. 2006.
Downregulation of PP2A.(Cdc55) phosphatase by separase
initiates mitotic exit in budding yeast.. Cell 125: 719-7.32.

Ross, K.E. and Cohen-Fix, 0. 2004. A role for the FEAR pathway
in nuclear positioning during anaphase. Dev. Cell 6: 729-
735.

Schwab, M., Lutum, A.S., and Seufert. W. 1997. Yeast HIctl is a
regulator of Clb2 cyclin proteolysis. Cell 90: 683...693.

Shah, R., lensen, S., Frenz, L.M., Johnson, A.L., and Johnston,
L.H. 2001. 'The Spo 12 protein of Saccharrn yces cerevisiae:
A regulator ofi mitotic exit whose cell cvcle.dependent deg.
radation is mediated by the anaphase-promoting cornplex.
Genetics 159: 965-980.

Shirayama, M., Zachariae, W., Ciosk, R., and Nasmyth, K. 1998.
The Polo-like kinase CdcSp and the WD-.repeat protein
Cdc20p/fizzy are regulators and substrates of the anaphase
promoting complex in Saccharornyce.s cerevisiae. EMB() I.
17: 1336.1349.

Shirayama, M., Toth, A., Galova, M., and Nasmyth, K. 1999.
APC(Cdc20) promotes exit from mitosis by destroying the
anaphase inhibitor Pdsl and cyclin ClbS. Nature 402: 203-
207.

Shou, W., Seol, JI.I., Shevchenko, A., Baskerville, C., Moazed,
D.. Chen, Z.W., Jang, J., Shevchenko, A., Charhonneau, H.,
and D)eshaies, R.J. 1999. Exit from mitosis is triggered by
1Teml-dependent release of the protein phosphatase Cdcl4
from nucleolar RENT complex. (ell 97: 233-244.

Stegmicier, F. and Animon, A. 2004. Closing mitosis: l'he func-
tions of thet C:dc14 phosphatase and its regulation.. Annl.
Rev. Genet. 38: 203- 232.

Stegmeier, F., Visintin, R., and Animon, A. 2002. Separasc, polo
kinase, the kinetochore protein Slk19, and Spol 2 function in
a network that controls (Cdle 4 localization during early ana-
phase. Cell 108: 207 .220.

Stegmeier, F., Huang, I., Rahal, R., Znmolik, J., Moazed, D)., and
Amon, A. 2004. The replication fork block protein Fobl
functions as a negative regulator of the FEAR network. Curr.
Biol. 14: 467--480.

Sullivan, M. and Uhlmann, F. 2003. A non-proteolytic function
of separase links the onset of anaphase to mitotic exit. Nat.
Cell Biol. 5: 249..254.

Visintin, R. and Amon, A. 2001. Regulation of the mitotic exit
protein kinases Cdcls and IDhf2. Mol. Biol. Cell 12: 2961-
2974

Visintin, R.. Craig, K., l wang, E.S., Prinz, S., 'Ivcers. M., and
Amrnon, A. 1998. The phosphatase Cdc 14 triggers rnitotic exit
hv reversal of Cdk-dep6endent phosphorylation. Mo! Ccll 2:
7()9 .718.

Visintin, R., Flwang, E.S, and Amon, A. 1999. Cfil prevents
premature exit from mitosis by anchoring Cdc l4 phospha.
tase in the nucleolus. Nature 398: 818--823.

GENES & DEVELOPMENT 89



Downloaded from www.genesdev.org on May 21, 2008 -Published by Cold Spring Harbor Laboratory Press

Visintin et al.

Visintin, R., Stegmexer, F., and Amion, A. 2003. The role of the
polo kinase C..dc5 in controlling Cdcl4 localization. Mol.
Iio!. Cell 14: 4486 4498.

Wang, Y., Shirogane, T., Liu, 1)., 1larpcr, I.W., and Elledge, S.I.
2003. Exit from exit: Resetting the cell cycle through Amn I
inhihitoin of C protein signaling. Cell 112: 697-_709

Wa..-ch, R. and Cross, F.R. 2002. A'PC-dependcnt proteolvsis of
the miittic cyclin Clb2 is essential for mitotic exit. Nature
418: 556- -56 2.

Yoshida, S. and "olh-e, A. 2.002. Budding yeast CdcS phosphory.
lates Net l and assists Cdcl4 release from the nucleolus.
Bioche•n. Biophvs. Res. (ornmumun. 294: 687-691.

Zachariae, W., Schwab, M., Nasmyth, K., and Seufert, W. 1998.
Control of cyclin ubiquitination by CD)K-regulated binding
of 1.lctl to the anaphase promoting complex. Science 282:
1721-1724.

Zhang, C., Kenski, D.M., Paulson, J.L., Bonshtien, A., Sessa, C.,
(Cross, I.V., Templeton, D.J., and Shokat, K.M. 2005. A sec-
ond-site suppressor strategy for chemical genetic analysis of
diverse protein kinases. Nat. Methods 2: 435-44.1.

90 GENES & DEVELOPMENT


