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Mitotic Exit in Saccharomyces cerevisiae:

The Roles of CdcS and Cdc14

Julia F. Charles

Abstract

After chromosome segregation in anaphase, cells must inactivate mitotic cyclin

dependent protein kinase (CDK) activity in order to progress into G1. Ubiquitin-mediated

proteolysis of the B-type cyclin subunit irreversibly eliminates mitotic CDK activity leading

to mitotic exit. In S. cerevisiae, an increase in levels of the Clb-specific CDK inhibitor,

Sicl, at the end of mitosis also contributes to mitotic CDK inactivation. Cyclin proteolysis

is regulated by the cyclin-ubiquitin ligase activity of the anaphase promoting complex

(APC) and requires association of the substoichiometric activating subunit Hot1 with the

APC.

In S. cerevisiae, members of a large class of late mitotic mutants, including cacj,

caclº, cacl5, dbf2 and tem], arrest in anaphase with a phenotype similar to that of cells

expressing the non-degradable mitotic cyclin, Clb2. We have investigated the roles of the

Polo-related kinase Cdc5 and the phosphatase Cdc14 in mitotic exit. In order to do so, we

developed an in vitro reconstituted assay to measure the cyclin-ubiquitin ligase activity of

the APC in yeast extracts.

We observed that cacS-1 mutant cells are defective in the destruction of cyclins and

have reduced cyclin-ubiquitin ligase activity of the APC. CDC5 overexpression resulted in

increased APC activity and mitotic cyclin destruction at multiple cell cycle stages. This

effect required the function of HCT1 and the related APC activator CDC20. Degradation of

Pds1, an APC substrate degraded at the metaphase to anaphase transition, was not affected

by CDC5 overexpression or loss of Cdc5 function. In G1, Cdc5 is itself a substrate for
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APC- and HCt1- dependent proteolysis. We conclude that Cdc5 is a positive regulator of

cyclin-specific APC activity in late mitosis.

Cells mutant in CDC14 arrest with low levels of cyclin-ubiquitin ligase activity and

APC isolated from these cells is more responsive to activation by recombinant Hetl than

cells arrested due to mutations in CDC5 or CDC15. Phosphorylation of purified Hetl by

recombinant Cdc28-cyclin complexes abolished the ability of HCt1 to activate APC in vitro.

This sets up a mutally antagostic relationship between Cdc28 and APC activity. Cdc14 tips

the balance of this relationship toward APC activity by dephosphorylating and activating

Hct1. We find that Cdc14 opposes the effect of Cdc28 on Hetl phosphorylation, APC

activation and cyclin degradation in vitro and in vivo. We conclude that Cdc14 may initiate

Cdc28 inactivation in late mitosis by dephosphorylating HCtl, thus activating cyclin

degradation and further shifting the balance toward active Hct1, Clb degradation and

{}.-º-
ultimately mitotic exit.
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Chapter 1

Introduction



The cell cycle is the process by which one cell grows and divides to become two

cells. This essential process involves the duplication of cellular contents, followed by their

division between the two daughter cells. The eukaryotic cell cycle is commonly modelled

as a sequential progression between discrete phases that correspond to tasks the cell must

complete: growth, DNA replication, segregation of cellular contents, and division. In a

highly simplified description, the cell cycles from G1 to S phase, in which the

chromosomes are duplicated, through G2 and into M phase, during which a microtubule

spindle is formed and duplicated chromosomes segregate along it. Cytokinesis occurs after

M phase, and two daughter G1 cells are born.

Two central problems must be solved for the cell to correctly duplicate itself each

cell cycle event must occur once and only once, and these events must be coordinated so

that they occur in the proper order. For example, cytokinesis must follow chromosome

segregation if the daughter cells generated are to have the correct ploidy. The transition

between different cell cycle stages is highly regulated; mechanisms controlling these

transitions include oscillations in protein kinase activity, regulated proteolysis and the

controlled localization of key components. This thesis deals with the specific regulatory

mechanisms controlling the M to G1 transition, or mitotic exit, in the budding yeast

Saccharomyces cerevisiae. I will first discuss some general themes in cell cycle regulation

and then describe the regulation of mitotic exit in more detail.

The cell cycle is driven by the activity of the cyclin-dependent kinases or CDKs.

The major CDK implicated in cell cycle control in S. cerevisiae is Cdc28. CDK activity

requires the association of an activating cyclin partner, and during the various phases of the

cell cycle Cdc28 associates with different cyclins to form active complexes (Figure 1).

These complexes phosphorylate and regulate numerous downstream targets important for

carrying out the mechanics of the cell cycle needed for each stage. Mitotic events, for

example, are driven by Cdc28 in association with the B-type cyclins, or Clbs. The

oscillations in CDK activity are often referred to as the cell cycle "clock" (for example, see



(Morgan, 1997), implying that the timing of the rise and fall of CDK activity determines the

-

timing of cell cycle phases. While the timing and order of cell cycle events could be

determined solely by the sequential activation of distinct CDK complexes, experimental

perturbation of the cell cycle shows that initiation of one phase is dependent on the

successful completion of the previous phase. This dependence is ensured by checkpoint

controls or surveillance mechanisms that monitor cell cycle events and prevent cell cycle

progression when these events are not successfully completed (Hartwell and Weinert,

1989). Checkpoints monitoring spindle function and chromosome attachment to the

kinetochores (the spindle assembly checkpoint), DNA replication and DNA damage are

well characterized, although additional checkpoint mechanisms may exist.

Over the past decade it has become increasingly apparent that the biochemical

characteristics that determine cell cycle phases are defined not just by oscillations in CDK

activity but also by oscillations in proteolytic activity (reviewed in King et al., 1996 and

Hoyt, 1997). The M to G1 transition, as well as the G1-S and metaphase to anaphase

transitions are negatively regulated by specific inhibitors; the ubiquitin-mediated proteolysis

of these inhibitors allows cell cycle progression (Figure 2). Two pathways of

ubiquitination are involved in cell cycle regulated proteolysis and require the activity of

distinct E3 enzymes for the ubiquitination cascade: one utilizes the E3 ubiquitin-ligase

known as the SCF (for Skp1/Cdc53 (or cullin)/F-box protein) and the other requires the

activity of an E3 known as the anaphase promoting complex or cycloSome, hereafter

referred to as the APC.

The G1-S transition requires the degradation of the Clb specific CDK inhibitor

Sicl, which prevents S phase by inhibiting the S-phase promoting Cdc28-Clb5,6

complexes (Schwob et al., 1994). Sic] phosphorylation by Cdc28-Cln complexes in G1

targets it for ubiquitination by the SCF pathway (Feldman et al., 1997; Schneider et al.,

1996; Skowyra et al., 1997; Tyers, 1996; Verma et al., 1997); thus, regulation of this

proteolytic pathway is at the level of substrate modification.



Chromosome separation at the metaphase to anaphase transition is inhibited by

Pds 1 in S. cerevisiae and Cut2 in S. pombe (Cohen-Fix et al., 1996; Funabiki et al., 1996;

Yamamoto et al., 1996). Pds 1 and Cut2 belong to an emerging class of anaphase

inhibitors whose function, though not sequence, appears to be highly conserved (Zou et

al., 1999); these inhibitors bind to and prevent the function of the “separins”. Esp1 and

Cutl (Ciosk et al., 1998; Kumada et al., 1998).

The exit from mitosis, as will be discussed in detail in later sections, is inhibited by

mitotic cyclin-dependent kinase activity. The ubiquitination and subsequent proteolysis of

both Pds 1 and mitotic cyclins is directed by the APC pathway. Pds 1 and mitotic cyclin

proteolysis are controlled by oscillations in APC activity, although it is possible that

substrate modification may also play a role, at least for Pds 1 (Cohen-Fix and Koshland,

1997). In the remainder of this chapter, I will describe the contribution of proteolysis,

checkpoint mechanisms and regulated localization to mitotic exit and discuss the role that

the mitotic exit network, in particular CdcS and Cdc14, plays in controlling mitotic exit.

Mitotic exit

For successful propagation of a cell, it is essential that mitotic exit not occur prior to

completion of the events of mitosis. For example, if chromosome decondensation or

nuclear envelope reformation were to occur prior to the completion of chromosome

segregation, the equal division of the DNA content between nuclei of the mother and

daughter cell would be jeopardized. Similarly, the generation of euploid daughters requires

that cytokinesis commence only after chromosomes have separated to the poles. An

inverse correlation between the persistence of cyclins and nuclear envelope reformation was

observed at the time of cyclin identification (Evans et al., 1983), and the later observation

that stabilized cyclin B can prevent the events that occur as the cell leaves mitosis suggested

that cyclin destruction was required for the transition from mitosis into interphase, but not

the metaphase-anaphase transition (Holloway et al., 1993; Murray et al., 1989). Since



then, experiments in a number of systems have led to the general principle that the mitotic

cyclin-CDK complexes that promote entry into mitosis also act to inhibit exit from mitosis.

Cdk inactivation by cyclin degradation is a highly conserved mechanism for

controlling the exit from mitosis; overexpression of non-degradable mutant cyclin proteins

results in a late anaphase arrest in a wide range of eukaryotes (Gallant and Nigg, 1992;

Holloway et al., 1993; Murray et al., 1989; Rimmington et al., 1994; Sigrist et al., 1995;

Surana et al, 1993; Yamano et al., 1996). In S. cerevisiae, overexpression of the B-type

cyclins Clb1, Clb2, or Clb3 delays spindle disassembly and cytokinesis following

anaphase, and expression of non-degradable forms of these cyclins blocks these events

altogether (Ghiara et al., 1991; Stueland et al., 1993; Surana et al., 1993). This arrest is

due to maintenance of elevated Cdc28-Clb activity, as inactivation of Cdc28 (through

temperature shift of a cdc28% mutant) results in cytokinesis (Ghiara et al., 1991; Lew and

Reed, 1993). Mitotic CDK inactivation in S. cerevisiae occurs via two mechanisms: APC

dependent, ubiquitin-mediated proteolysis of the Clbs, and accumulation of the Clb-specific

inhibitor Sicl.

How does the cell know when to initiate mitotic exit? It could be that CDK

inactivation, mitotic exit and cytokinesis invariably follow chromosome separation, but

recent observations in budding yeast indicate that a checkpoint specific for controlling Clb2

degradation exists (Alexandru et al., 1999; Fesquet et al., 1999; Li, 1999). What signal

might this checkpoint sense? One possibility is suggested by careful studies of the dynein

mutant, dhcl, performed by Yeh and colleagues (Yeh et al., 1995). In the dhcl cells,

spindle elongation often occurs in the mother; cell cycle progression in these cells is

delayed until the nucleus translocates into the bud. Once the nucleus has entered the bud,

the time to cytokinesis is relatively constant. This delay can be abolished by mutations in

several genes (Muhua et al., 1998), indicating that a checkpoint exists to ensure that the

spindle has successfully elongated into the bud prior to cytokinesis. It will be interesting to



See whether the regulatory mechanisms controlling Clb degradation and mitotic exit

contribute to this delay.

Mechanisms of Mitotic CDK inactivation

Cyclin proteolysis

Cyclin degradation leads to irreversible inactivation of mitotic CDK activity,
pushing the cell inexorably out of mitosis. The discovery that mitotic cyclin degradation is

ubiquitin dependent (Glotzer et al., 1991) placed cyclin proteolysis in the ubiquitin

proteasome pathway for protein breakdown (reviewed in Cheichanover, 1994 and

Varshavsky, 1997) (Figure 3). The covalent attachment of multiple molecules of ubiquitin,

a 76 residue, highly conserved protein, targets proteins for ATP-dependent degradation by

the 26S proteasome. The 26S proteasome is composed of the proteolytic 20S core and a

. 19S cap containing a ubiquitin binding activity, an isopeptidase activity which removes

ubiquitin for recycling, and multiple ATPases the function of which may be to unfold

proteins and transport them into the proteolytic core (see Lupas, 1997; Peters, 1994 and

references therein).

The conjugation of ubiquitin to proteins occurs in a three-step reaction. First,

ubiquitin is activated in an ATP driven reaction in which a high energy thiol-ester bond is

formed between the C-terminal glycine of ubiquitin and a specific cysteine on the ubiquitin

activating enzyme, E1. Activated ubiquitin is then transferred to the ubiquitin conjugating

enzyme (E2), which in turn transfers ubiquitin to the substrate protein in a reaction which

in some cases requires the activity of a third enzyme known as E3. This reaction results in

an isopeptide bond between the activated C-terminal glycine of ubiquitin and a lysine

residue of the substrate; further ubiquitin moieties are added to a lysine of the already

conjugated ubiquitin to form a polyubiquitin chain (Bartel et al., 1990; Hershko et al.,

1983; Hershko et al., 1986). Some E3s may have a catalytic function, forming a thioester

bond with ubiquitin (Scheffner et al., 1995), others bind directly to substrates (Bartel et al.,



1990; Hershko et al., 1986) or to an E2 enzyme (Feldman et al., 1997; Skowyra et al.,

1997) and may facilitate E2-substrate interactions. Although the mechanism of E3 action is

unclear, all E3 enzymes appear to provide substrate specificity to the ubiquitination

reaction.

Cyclin ubiquitination requires the activity of an E3 known as the anaphase

promoting complex or APC (Hershko et al., 1994; Irniger et al., 1995; King et al., 1995),

and a short, amino-terminal sequence motif termed the destruction box which targets the

cyclins for ubiquitination (Amon et al., 1994; Glotzer et al., 1991; Kobayashi et al., 1992;

Zachariae and Nasmyth, 1996). Of the enzymes involved in cyclin ubiquitination, the APC

is apparently the only one with cell cycle regulated activity. Initial biochemical analysis in

oocyte extracts showed that the E3 cyclin-ubiquitin ligase activity of the APC is active in

mitosis and inactive in interphase (Hershko et al., 1994; King et al., 1995; Sudakin et al.,

1995). Cyclin proteolysis in somatic cells persists from the end of mitosis until S phase

(Amon et al., 1994; Brandeis and Hunt, 1996), and this is reflected in measurements of

APC activity in synchronized populations of cycling cells (Charles et al., 1998; Kotani et

al., 1998). The function of the persistence of APC activity and cyclin degradation in Gl

may be to ensure that entry into S phase does not occur prematurely (Irniger and Nasmyth,

1997). Regulatory mechanisms ensure that the APC is activated towards mitotic cyclins in

late mitosis and inactivated in S phase; these mechanisms and related aspects of the work in

this thesis are discussed in subsequent sections.

The Clb-specific CDK inhibitor Sic]

Complete cyclin destruction is not absolutely required for mitotic exit, however,

suggesting that additional Cdk inactivation mechanisms may contribute to mitotic exit under

some conditions (Jin et al., 1998b; Minshull et al., 1996; Schwab et al., 1997; Toyn et al.,

1996; Visintin et al., 1997). The importance of Sicl accumulation in late mitosis in S.

cerevisiae, for example, can be appreciated in the context of het1A cells, which fail to



degrade Clb2 (Schwab et al., 1997). Cells lacking Het1 are viable, whereas het1A sic/A

are inviable, suggesting that inhibition of mitotic CDKs by Sic] is sufficient for mitotic exit

in the absence of HCt1.

Sic] was originally identified as a 40 kD Cdc28-associated protein (Mendenhall et

al., 1987). Sic! specifically inhibits Cdc28-Clb complexes by direct binding, changing

both Km and Vmax of Cdc28 for a peptide substrate (Mendenhall, 1993; Schwob et al.,

1994). Cells lacking Sicl produce many dead cells in some strain backgrounds and have a

variety of defects including increased rates of chromosome loss and breakage (Nugroho

and Mendenhall, 1994). This pleiotropic phenotype may reflect the diverse processes Sic]

is known to be involved in, or may be due to defects in DNA replication. Sicl inhibition of

s phase CDK complexes is critical in blocking the G1 to S transition (Schwob et al., 1994)

and Sic] inhibition of mitotic CDK complexes promotes mitotic exit (Donovan et al., 1994;

Toyn et al., 1996; Visintin et al., 1997).

Sici levels are highly regulated by both transcriptional and post-translational

mechanisms. SIC1 transcription rises at the end of mitosis and remains high throughout

G1, controlled by the transcription factor Swis (Knapp et al., 1996; Toyn et al., 1996).

The nuclear localization, and thus function, of Swiš is in turn regulated by Cdc28-Clb

kinase complexes, as phosphorylated Swis cannot enter the nucleus (Moll et al., 1991).

The Sic] protein is also regulated by Cdc28-dependent phosphorylation. Sicl

phosphorylation by Cdc28-Cln or -Clb complexes targets Sic] for SCFCdc4-mediated

ubiquitination and dºwn As SCFCdc4 is active throughout the cell cycle, the

phosphorylation state of Sic] determines its stability (Bai et al., 1996; Feldman et al.,

1997; Mathias et al., 1996; Skowyra et al., 1997; Verma et al., 1997; Willems et al.,

1996).

In mitosis, where Cdc28-Clb activity is high, SIC1 is neither transcribed nor stable.

Sic! accumulation at the end of mitosis contributes to mitotic exit and a state of high Sic]

and inactivated Cdc28. The transition between these states appears to be triggered by



Cdc14 activity, which drives Sic] accumulation by dephosphorylating Swis and Sicl,

leading to an increase in both SICI transcription and stability (Visintin et al., 1998).

The anaphase promoting complex
The APC is a multimeric, 20S complex composed of at least twelve stoichiometric

subunits in S. cerevisiae (Hwang and Murray, 1997; Irniger et al., 1995; Kramer et al.,

1998b; Zachariae et al., 1998b; Zachariae et al., 1996), many of which have homologues in

vertebrates (King et al., 1995; Peters et al., 1996; Yu et al., 1998). The mechanism by

which the APC facilitates substrate ubiquitination remains quite mysterious as, except for

Cdc16, Cdc23 and Cdc27 which contain tetratricopeptide (TPR) repeats, thought to

mediate protein-protein association (Goebl and Yanagida, 1991), few subunits have

identifiable motifs. The only clue regarding APC mechanism comes from studies of SCF

function. In a parallel to CdcS3-Hrtl of the scF. the cullin-related APC2 (Kramer et al.,

1998b; Yu et al., 1998) and the Hrt1 homologue APC11 may act together to stimulate E2

autoubiquitination (Seol et al., 1999). For the core APC to be activated requires the

additional association of either of two factors, the WD-40 repeat proteins Cdc20 and

Hctl/Cdh1 (hereafter referred to as HCt1) (Fang et al., 1998b; Kramer et al., 1998a;

Zachariae et al., 1998a).

Sub-stoichiometric activators

Cdc20 and HCtl are the S. cerevisiae representatives of two highly related families

of proteins containing seven WD-40 repeats, which are thought to mediate protein-protein

interactions (reviewed in Neer et al., 1994). Members of these families are found in

humans, Drosphophila, Xenopus and S. pombe, and are known variously as

Cdc20/Fizzy(FZY)/Slp1 and HCt1/Cdh1/Fizzy-related (FZR)/Srwl (Dawson et al., 1995;

Fang et al., 1998b; Kim et al., 1998; Lorca et al., 1998; Schwab et al., 1997; Sigrist et al.,

1995; Sigrist and Lehner, 1997; visintin et al., 1997). Neither Cdc20 nor HCtl were



found in purified preparations of APC (King et al., 1995; Zachariae et al., 1998b) and

active APC preparations can be super-activated by additional Hot1 or Cdc20 (Fang et al.,

1998b; Jaspersen et al., 1999; Kramer et al., 1998a), making it likely that they are sub

stoichiometric. The mechanism by which they activate the APC is mysterious, although it

has been suggested that they may allow efficient substrate recognition as is the case for the

WD-40 containing F box proteins of the SCF (Kramer et al., 1998a).

In human cells, the association of Cdc20 and Hetl with the APC is temporally

regulated: Cdc20 binds in G2 and early mitosis, whereas HCt1 binds maximally in G1

(Kramer et al., 1998a). It is possible that the difference in function of these proteins is that

they are required for activation at different cell cycle stages, Cdc20 for mitosis and HCt1 for

G1, which fits well with the finding that FZR expression is restricted to G1 containing cell

cycles (Lorca et al., 1998; Sigrist and Lehner, 1997).

Hctl levels are constant throughout the cell cycle (Kramer et al., 1998a; Prinz et al.,

1998; Zachariae et al., 1998a), but HCt1-APC activity is confined to late mitosis and G1 by

the regulated association of HCtl with the APC (Kramer et al., 1998a; Zachariae et al.,

1998a). CDK phosphorylation inhibits Hetl activity, preventing its association with and

activation of the APC (Jaspersen et al., 1999; Zachariae et al., 1998a), a mechanism that

explains the observation that Cdc28-Clb2 inhibits its own inactivation (Amon, 1997).

Non-phosphorylatable Hctl mutants cause premature cyclin degradation, indicating that

this mechanism is important for controlling the timing of cyclin degradation in vivo

(Jaspersen et al., 1999; Zachariae et al., 1998a). Removal of inhibitory CDK-dependent

phosphorylations by the phosphatase Cdc14 activates HCtl-APC and Clb2 degradation in

late mitosis (Jaspersen et al., 1999). Hot1-APC remains active until G1-S, where it is

incºmed possibly by Cdc28-Clb5,6 or even Cdc28-Cln complexes, allowing the mitotic

Cyclins to accumulate.

In budding yeast and higher eukaryotes, Cdc20 peaks in G2 and early M phase and

is barely detectable in G1 (Kramer et al., 1998a; Prinz et al., 1998; Shirayama et al., 1998;
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Weinstein, 1997), correlating well with Cdc20-APC association. In contrast to HCtl,

mitotic CDK activity appears to stimulate Cdc20-APC activity (discussed in the subsequent

section), allowing APC activation and degradation of anaphase inhibitors in the presence of

high mitotic CDK activity. Cdc20 is itself a substrate for APC-mediated ubiquitination and

degradation in late mitosis and G1 (Prinz et al., 1998; Shirayama et al., 1998), thus

removing non-CDK inhibitable APC activity and promoting APC inactivation in late G1 of

the subsequent cell cycle.

In an unperturbed cell cycle, Pds 1 ubiquitination at metaphase depends primarily on

Cdc20-APC whereas Clb2 ubiquitination in mitosis depends primarily on Het1-APC,

suggesting that degradation of APC substrates is differentially controlled. It has been

suggested that Cdc20 and HCtl activate the APC in a substrate specific manner, and this

idea is supported by the observation that CDC20 overexpression in S phase drives Pds1

degradation but not Clb2 and Asel degradation while HCT1 overexpression has the

opposite effect (Schwab et al., 1997; Visintin et al., 1997). This specificity breaks down

in mitosis, however, and studies of vertebrate APC found that either recombinant Cdc20 or

Hctl were able to activate cyclin ubiquitination in vitro (Fang et al., 1998b). In embryonic
systems FZY/Cdc20 appears to be necessary and sufficient for cyclin degradation in vivo
(Dawson et al., 1995; Lorca et al., 1998; Sigrist et al., 1995). In addition, recent evidence

suggests that Pdsl degradation in G1 is actually HCt1-dependent (A. Rudner and A.

Murray, personal communication), and it may be that the apparent substrate specificity of

Cöc20 and HCt1 in yeast is a byproduct of their differential regulation. It is clear, however,

that substrate specificity is controlled in both yeast and vertebrates. Cdc20 and HCtl likely

contribute to substrate specificity, although their contribution is almost certainly more

complex than a strict correlation between activator and substrate.

How is the sequential nature of APC activation by Cdc20 and HCtl ensured? It is

clear that Cdc20 is required for Het1-APC activation and cyclin destruction, as cdc20A

Pds/21 mutants arrest in anaphase with stable Clb2 (Lim et al., 1998; Yamamoto et al.,
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1996). This requirement for Cdc20 function reflects the Cdc20-APC dependent

degradation of the S phase cyclin Clb5 as cdc20Apds 1A clb5A cells are able to degrade

Clb2 and exit mitosis (Shirayama et al., 1999). Clb5's role may be to phosphorylate and

inhibit Hetl or it may have some as yet unidentified target. In addition, there is evidence
that the Cdc20-APC substrate Pds 1 inhibits Het1-APC, although it is unclear if this is

direct or if Pds 1 acts by preventing Esp1 from carrying out some function necessary for

Hct1-APC activation (Alexandru et al., 1999; Tinker-Kulberg and Morgan, 1999).

Phosphorylation of APC "core"

In addition to the regulated association of Cdc20 and Hot1, there is evidence that

APC activity is regulated by phosphorylation of core APC subunits. Many APC subunits

are phosphorylated in active, mitotic APC preparations, including APC1/BIME,

APC3/CDC27, APC6/CDC16 and APC8 (King e al., 1995; Peters et al., 1996), and

phosphatase treatment reduces APC activity to interphase levels, suggesting that

phosphorylation is essential for activity (Lahav-Baratz et al., 1995; Peters et al., 1996).

Cdc2-cyclin B activates APC in crude clam egg extracts, and so is a favorite suspect for

providing at least some of these activating phosphorylations (Felix et al., 1990; Sudakin et

al., 1995). Cdc2-cyclin B treatment can reactivate inactive, purified APC, although only

after a lag, leaving the possibility that phosphorylation is not direct or that additional

activating events are required (Lahav-Baratz et al., 1995). In Xenopus, Cdc2-cyclin B in

association with the Sucl/Cks 1 homologue Xe-p9 can directly phosphorylate the APC

subunit Cdc27, although whether this phosphorylation is activating was not determined

(Patra and Dunphy, 1998). How does phosphorylation increase APC activity? There are

many possibilities, but at least one mechanism may involve Cdc2-cyclin B phosphorylation

increasing association of the activator Cdc20 (Shteinberg et al., 1999).

This positive regulatory role for mitotic CDK activity contrasts with the negative

effect observed in yeast (Amon, 1997), a difference which is likely attributable to the
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difference in the systems. In the yeast studies, increasing Cdc28-Clb2 activity in G1 will

inactivate Hetl and thus the APC, as no Cdc20 is present. In egg extracts, only Cdc20 is

present, and thus any positive effect Cdc2-cyclin B may have on either core APC subunits

or Cdc20 is revealed. It is possible that these regulatory loops are conserved, as there is

initial evidence that Cdc28-Clb2 has a positive role in regulating yeast Cdc20-APC (A.

Rudner and A. Murray, personal communication).

Other suspects in the game of APC regulation and phosphorylation include the

polo-like kinases and protein kinase A (PKA). There is evidence that PKA phosphorylates

mouse APC1/Tsg24 and Cdc27 (Kotani et al., 1998), but reports of PKA's effect are

contradictory. Although PKA treatment of purified mouse APC inhibits activity (Kotani et

al., 1998), and there is genetic evidence that the cAMP/PKA pathway inhibits APC

complex formation in S. pombe (Yamashita et al., 1996) and decreased cAMP levels

promote mitotic exit in S. cerevisiae (Anghileri et al., 1999; Spevak et al., 1993), others

have found that cAMP/PKA levels are important in promoting the M to G1 transition

(Grieco et al., 1996).

Polo-like kinases such as Cdc5, PIX1 and Plkl activate cyclin-ubiquitin ligase

activity, and in the mouse system this activation correlates with increased phosphorylation

of APC core subunits. It is unclear, however, whether this phosphorylation is direct.

Although Kotani and colleagues found that Plkl "activated" by Cdc2-cyclin B treatment

phoshorylates Cdc16, Cdc23 and Cdc27, Patra and Dunphy show that Cdc2-cyclin B-p9

complexes are capable of phosphorylating Cdc27 directly, and that this activity is

stimulated in the presence of active Plx1 (Kotani et al., 1998; Patra and Dunphy, 1998).

As there is no evidence to support the idea that Cdc2-cyclin B activates Plk1, an alternative

explanation for the results of Kotani and colleagues is that the "activated" Plk1 preparation

contained trace amounts of Cdc2-cyclin B and that, in the absence of p9, Cdc2-cyclin B can

only phosphorylate APC subunits in collaboration with Plk1. Clearly, polo-like kinases
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are involved in APC core phosphorylation, but the exact nature of this reaction and its

relation to Cdc2-cyclin B is an important puzzle to solve.

The spindle assembly checkpoint

The spindle assembly checkpoint monitors the integrity of the mitotic spindle and

the correct attachment of sister chromosomes to the spindles from opposite poles and

prevents the metaphase to anaphase transition in the presence of spindle damage or

unattached kinetochores (reviewed in Rudner and Murray, 1996, Wells, 1996). Genetic

screens for checkpoint defective yeast led to the identification of the MAD and BUB genes,

as well as CDC55 and MPS1, as components of the spindle assembly checkpoint (Hoyt et

al., 1991; Li and Murray, 1991; Minshull et al., 1996; Weiss and Winey, 1996).

Homologues of checkpoint components have been identified in other eukaryotes (Chen et

al., 1996; Jin et al., 1998a; Kim et al., 1998; Li and Benezra, 1996; Taylor and McKeon,

1997), and the spindle assembly checkpoint appears to be a conserved mechanism for

ensuring the fidelity of chromosomal inheritance.

When the spindle assembly checkpoint is activated, the APC is inactivated and Pds.
degradation and Clb2 degradation are blocked. Mad2 binds directly to Cdc20 and inhibits

Cdc20-APC (Fang et al., 1998a; Hwang et al., 1998; Kallio et al., 1998; Kim et al., 1998;

Li et al., 1997b); this interaction is essential for checkpoint activation as certain mutants in

Cdc20 can bypass the spindle assembly checkpoint (Hwang et al., 1998; Kim et al., 1998).

Recent evidence suggests that the spindle assembly checkpoint bifurcates, with the

Mad1,2,3/Bubl branch acting to inhibit Cdc20-APC and anaphase and one to inhibit Het1

APC and Clb2 degradation. Cells lacking only MAD2 are significantly delayed in Clb

degradation and do not re-replicate their DNA in the presence of the microtubule

depolymerizing agent nocodazole. The futher deletion of BUB2 allows cell to cycle with

normal timing. Thus, it appears that a Bub2-dependent checkpoint controlling mitotic exit
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and cytokinesis does exist (Alexandru et al., 1999; Fesquet et al., 1999; Fraschini et al.,

1999; Li, 1999).

The mitotic exit network

Whether or not a checkpoint coordinating mitotic exit with successful completion of

mitotic events exists, it is clear that initiation of cyclin proteolysis in S. cerevisiae is

regulated by a class of proteins known variously as the late mitotic family or mitotic exit

network. These factors were identified initially in a variety of genetic screens, and grouped

together on the basis of the similar late mitotic arrest phenotype of mutants in these genes.

These mutants are blocked in mitotic exit, arresting after the metaphase to anaphase

transition, but before spindle disassembly and cytokinesis have occurred. The group

includes the protein kinases CdcS, Cdc15, Dbf2, Dbf20, the protein phosphatase Cdc14,

the small GTPase Teml, the guanine-nucleotide exchange factor Lte 1, and a protein of

unknown function, Mobl (Johnston et al., 1990; Kitada et al., 1993; Luca and Winey,

1998; Schweitzer and Philippsen, 1991; Shirayama et al., 1994a; Shirayama et al., 1994b;

Taylor et al., 1997; Wan et al., 1992). Loss of function of any one of these genes causes

cells to arrest with high Clb2 levels, low levels of Pds 1 and low levels of cyclin-ubiquitin

ligase activity (Charles et al., 1998; Jaspersen et al., 1998; Shirayama et al., 1998; Surana

et al., 1993). Overexpression of the CDK inhibitor SIC1 can suppress the temperature

sensitivity of most of these mutants, suggesting that their primary defect is an inability to

inactivate mitotic CDKs (Charles et al., 1998; Donovan et al., 1994; Jaspersen et al., 1998;

Toyn et al., 1996). Multiple genetic interactions between members of the late mitotic

genes, as well as the potentially regulatory nature of the proteins they encode, suggest that

they form a regulatory network controlling CDK inactivation and mitotic exit.

The members of the late mitotic network most clearly implicated in the regulation of

cyclin proteolysis and mitotic exit are CdcS and Cdc14, as described in chapters 2 and 3 of

this thesis. Overexpression of CDC5 or CDC14 activates the APC and Clb2 proteolysis;
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Cdc14 directly controls both HCtl-APC activation and Sicl accumulation, while the

mechanism of CdcS function remains unclear (Charles et al., 1998; Jaspersen et al., 1999;

Shirayama et al., 1998; Visintin et al., 1998).

Cdc5 and the polo-like kinases

Cdc5 belongs to the conserved polo-like kinase family, members of which have

been implicated in diverse mitotic processes (reviewed in Glover et al., 1998; Glover et al.,

1996; Golsteyn et al., 1996; Nigg, 1998). Polo-like kinases share sequence homology in

their N-terminal kinase domain, in particular a replacement of the canonical GxGxxGXV

motif with GxGGFAxC (Clay et al., 1993; Hanks and Quinn, 1991). In addition, polo

like kinases are characterized by three conserved regions in the C-terminus known as the

polo-domains (Clay et al., 1993; Glover et al., 1996), which may be involved in

localization (Lee et al., 1998). The localization of polo-like kinases changes throughout the

cell cycle: centrosomal staining is observed in early mitosis followed by staining of the

spindle midzone, midbody and post-mitotic bridge (Golsteyn et al., 1995, Hamanaka,

1995; Lee et al., 1995); CdcS also appears to localize to the spindle pole bodies in mitosis

(Cheng et al, 1998; Shirayama et al, 1998). Localization depends on the kinesin-like

protein pavarotti in Drosophila (Adams et al., 1998), and it will be interesting to see if the

related MKLP1, which associates with Plk1, acts similiarly (Lee et al., 1995).

The activity and abundance of polo-like kinases peak in mitosis in mammals,

Xenopus, Drosophila and budding yeast (Charles et al., 1998; Fenton and Glover, 1993;

Golsteynm et al., 1995; Hamanaka et al., 1995; Shirayama et al., 1998). Preliminary

reports suggest that the fission yeast homologue, in contrast, may have two discrete peaks

of activity, correlating with distinct functions in early and late mitosis (Glover et al., 1998).

Cdc5 is inactivated by dephosphorylation (Cheng et al., 1998) and activation of polo-like.

kinase in a variety of species has been linked to phosphorylation (review in Nigg, 1998).

A polo-like kinase kinase activity, which is itself activated by phosphorylation, was
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purified recently from Xenopus extracts, suggesting that polo-like kinases may be regulated

by a protein kinase cascade (Qian et al., 1998b).

In S. cerevisiae, cdc5-1 mutants have defects in APC-mediated Clb2 proteolysis

while increasing CdcS levels activates APC-mediated Clb2 proteolysis, suggesting that

Cdc5 is a limiting positive activator of the APC's cyclin-ubiquitin ligase activity (Charles et

al., 1998; Shirayama et al., 1998). Evidence in Xenopus and mammals indicates that

activation of APC is an important, conserved function of polo-like kinases. Plx1, the polo

like kinase in Xenopus, is required to activate cyclin degradation in extracts (Descombes.

and Nigg, 1998) and recombinant Plk1 can activate purified, inactive mouse APC under

some conditions (Kotani et al., 1998). Once activated, the APC also drives the ubiquitin

mediated proteolysis of Cdc5 (Charles et al., 1998; Shirayama et al., 1998); degradation of

Cdc5 in G1 might provide a feedback mechanism by which the APC destroys its activator

in preparation for its inactivation in S-phase. Plk1 may also be subject to APC-dependent

degradation (Fang et al., 1998b; Ferris et al., 1998), despite the absence of an identifiable

destruction box motif, and the general relevance of this mechanism to polo-like kinases is

uncertain.

What is the mechanism of polo-like kinase activation of the APC? Kinase-deficient

CdcS or Plx1 mutants do not activate the APC (Charles et al., 1998; Descombes and Nigg,

1998), but the identity of the key substrates is still in question. Plk1 may be involved in

phosphorylation of APC subunits as discussed in detail later, suggesting that these could be

the relevant phosphorylation-activated substrates (Kotani et al., 1998; Patra and Dunphy,

1998). Other possibilities exist, however, including the possibility that Cdc5 regulates the

phosphatase Cdc14, as discussed in chapter 4.

Whatever the mechanism of APC activation by polo-like kinases, a comparison of

the effects of CdcS and Plz 1 brings the issue of substrate specificity in APC regulation to

the fore. The APC acts as the E3 in the regulated proteolysis of many substrates including

the anaphase inhibitor Pds1/Cutz and B-type cyclins. Overexpression of CDC5 promotes
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Clb2 proteolysis, but does not affect degradation of Pds 1 and cacS mutants remain capable

of degrading Pds 1 (Charles et al., 1998; Shirayama et al., 1998). In contrast, dominant

negative forms of Plz 1 (N172A) stabilize the S. pombe anaphase inhibitor Cut2 as well as

cyclin B (Descombes and Nigg, 1998). It is possible that the Plx1 function is normally

confined to cyclin proteolysis, and Plx1(N172A) stabilization of Cut? represents again of

function; for example, if Plx1(N172A) sequesters factors common to proteolysis of both

substrates, it would appear that Plx1 is important for both pathways. Alternatively, this

difference may reflect a difference between APC regulation in somatic and embryonic cells,

or that CdcS's function in Pds 1 degradation is somehow obscured. Clarification of this

issue will greatly improve understanding of both polo-like kinase function and APC

regulation, and is discussed in detail in chapter 5.

In addition to APC regulation, polo-like kinases are also involved in activating the

phosphatase Cdc25 and thus Cdc2-cyclin B (Abrieu et al., 1998; Kumagai and Dunphy,

1996; Qian et al., 1998a), in centrosome maturation/bipolar spindle formation (Gonzalez et

al., 1998; Lane and Nigg, 1996; Ohkura et al., 1995; Sunkel and Glover, 1988), in

cytokinesis (Bähler et al., 1988; Carmena et al., 1998; Lee and Erikson, 1997; Mundt et

al., 1997; Ohkura et al., 1995) and in adaptation to the DNA damage checkpoint (Toczyski

et al., 1997). They have also been reported to associate with and/or phosphorylate tubulins

and spindle associated proteins, including kinesin-like proteins (Adams et al., 1998;

Gonzalez et al., 1998, Feng, 1999 #1152; Lee et al., 1995; Tavares et al., 1996), in

addition to the mitotic peptidyl-prolyl isomerase Pin1 (Shen et al., 1998), although the

significance of these interactions is as yet unclear. The phenotype of the cdc.5-1 mutant

suggests that the crucial function of CdcS occurs after anaphase, consistent with regulation

of cyclin proteolysis as the major role of S. cerevisiae polo-like kinase.
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The phosphatase Cdc14

CDC14 encodes an essential phosphatase that exhibits activity against both

phospho-serine/threonine and phosphotyrosine residues in vitro (Taylor et al., 1997; Wan

et al., 1992). Cdc14 is a component of the RENT (regulator of nucleolar silencing and

telophase) complex, and associates with the proteins Net1 (also known as Cfil or EscS),

Nani and Sir2 in vivo (Shou et al., 1999; Straight et al., 1999; Visintin et al., 1999).

Cdc14 localization to the nucleolus, and its preferential association with rDNA, is

dependent on Net1 (Shou et al., 1999; Straight et al., 1999; Visintin et al., 1999).

Nucleolar segregation during mitosis is abnormal in cdc14-1 arrested cells and may reflect a

function for Cdc14 in nucleolar segregation (Granot and Snyder, 1991). Cdc14 may also

play a role in triggering the formation of the pre-replicative complex at origins of

replication, a speculation based on genetic interactions between Cdc14 and Orc2; this

function is also imputed for the late mitotic family member Cdc5 (Hardy, 1996; Hardy and

Pautz, 1996). The most clearly understood function of Cdc14, however, is its role in

mitotic exit as reflected in the "T" in RENT. CDC14 homologues have only been identified

in humans to date (Li et al., 1997a), and it will be interesting to see if this function is

conserved in other eukaryotes.

Of the members of the mitotic exit network, Cdc14 is the only one for which there

is a direct connection between enzymatic function and control of mitotic exit. Cdc14

dephosphorylates and activates HCt1, thus increasing HCtl-APC activity (Jaspersen et al.,

1999). By dephosphorylating Sicl and Swis, Cdc14 both stabilizes Sicl and causes an

increase in Sicl transcription (Visintin et al., 1998). Both of these actions result in

decreased Cdc28-Clb activity, which further shifts the balance toward active Hct1-APC,

Clb proteolysis, and mitotic exit. It has been proposed that the mutual antagonism between

Cdc28-Clb complexes and their inhibitors HCtl and Sic] creates a "bistable biochemical
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Switch" whereby a drop in Cdc28 activity below some threshold level leads to a sudden and

complete activation of Het1-APC (Morgan, 1999). Cdc14 function suggests that it is the

trigger that flips this switch (Figure 5), but leaves open the question: what triggers Cdc14?

Cdc14 activity is inhibited by its association with Net1 and nucleolar localization

throughout most of the cell cycle; Cdc14 delocalization in late mitosis frees it to promote

mitotic exit. Cdc14 delocalization and activation require the function of CdcS, Cdc15,

Dbf2 and Teml (Shou et al., 1999; Visintin et al., 1999), and it has been suggested by

bypass studies that the essential function of Cdc15 and Teml is to activate Cdc14 (Shou et

al., 1999). Thus, it may be that the mitotic exit network is a regulatory cascade the end

result of which is to activate Cdc14 function.

The mitotic exit network revisited

Network interactions

It is clear that the mitotic exit network is an important regulatory pathway

controlling CDK inactivation and mitotic exit. The details of this pathway are just

beginning to be worked out, with only one member of the network, Cdc14, directly

implicated in control of CDK inactivation. It may be that Cdc14 is the final common

effector of the pathway (Figure 7), and this idea is supported by the genetic evidence.

CDC14 overexpression can suppress almost all mutants in this pathway, while cdc14-1

mutants are not reciprocally suppressed (Jaspersen et al., 1998); moreover, CDC14

overexpression can drive Clb proteolysis in cells defective in many components of the

mitotic exit network (Visintin et al., 1998). The attribution of mitotic exit network function

to regulation of Clb proteolysis has always stumbled over the fact that members of this

pathway are essential, whereas Clb proteolysis is not; if Cdc14 is the final common

effector, controlling both Clb proteolyisis and Sicl accumulation, then the explanation for

the essential function of the late mitotic genes is evident. It is unclear, however, if there is

a linear relationship between the remaining members of the pathway, or even if their only
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function is upstream of Cdc14. A better understanding of the pathway should come from

identification of the substrates of individual kinases in the pathway.

One speculative substrate for kinases in the pathway, as discussed in chapter 4, is

the Cdc14 nucleolar binding protein Net1. CdcS may regulate Cdc14 localization and

activity through Netl phosphorylation, which fits the finding that the effect of CDC5

overexpression is attenuated in sic! A cells (unpublished data). CdcS and Cdc15 may also

have targets in the core APC, as suggested by experiments showing that APC isolated from

calc-S-1 and cacl5-2 mutants is less responsive to HCtl than APC isolated from caclº-1

(Jaspersen et al., 1999). A role for CdcS in APC regulation independent of Cdc14 is also

Suggested by the requirement for polo-like kinases for cyclin degradation in Xenopus

extracts (Descombes and Nigg, 1998), which are unlikely to utilize a Cdc14-like

mechanism as they lack FZR/Hct1.

The Bub2-dependent checkpoint and the mitotic exit network

A convergence of genetic and biochemical data in budding and fission yeast

implicates the proteins of the mitotic exit network in a Bub2-dependent checkpoint that is

activated in the presence of spindle damage (Figure 5). In budding yeast, the effect of

deleting BUB2 in mad2A cells can be phenocopied by TEMI overexpression, suggesting

that TEMI is downstream in the Bub2-dependent checkpoint (Alexandru et al., 1999). An

*alogous pathway exists in S. pombe, where the Bub2 homologue, Cdc16, in association

with Byré, forms a two-component GTPase-activating protein (GAP) for Spg|1, the Teml

homologue (Furge et al., 1998), suggesting that Bub2 may act with Bfal/Byré (the Byrá

homologue in budding yeast) to control the nucleotide state of Teml (Alexandru et al.,

l 999; Li, 1999). Although the components of these pathways are analogous, there is no

SºYidence that the S. pombe pathway is involved in mitotic exit. By analogy to the S.

Pombe genetic pathway, Cdc15 is likely to be downstream of Teml (Schmidt et al., 1997;

Sohrman et al., 1998), although there is no evidence supporting this ordering in S.
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cerevisiae. A third member of the mitotic exit network is also implicated in this checkpoint

pathway: Dbf2 kinase activity is repressed by by spindle assembly checkpoint activation in

a Bub2-dependent manner (Fesquet et al., 1999). Thus, it appears this checkpoint acts on

the mitotic exit network to control CDK inactivation and mitotic exit.

What signal is detected by this checkpoint? The checkpoint may respond to

completion of physical events, such as spindle elongation or positioning (Li, 1999; Yeh et

al., 1995), rather than to spindle damage, as a large percentage of cells are able to rebud in

calc2O-1 arrest (where the spindle is intact) in the absence of Bub2 (Tavormina and Burke,

1998). Interestingly, BYR4 overexpression causes an arrest phenotype very similar to that

Of rnutants in the mitotic exit network (Li, 1999), further supporting the idea that the

Bub?/Byr4 GAP prevents cell cycle progression by inhibiting CDK inactivation.

The end result of this checkpoint may be to restrain Cdc14 activity, perhaps through

modulation of Net1 function. In that light, it is of note that net1A cells are defective in

arrest in response to nocodazole (Visintin et al., 1999); it will be interesting to see if the

MAD2- dependent checkpoint is still intact and sister chromatids remain joined in this

mutant, as expected for a bifurcated response pathway. In bub2A cells, MAD2-dependent

Colc2O-APC inhibiton prevents cyclin degradation by a Pds 1 dependent mechanism. This

begs the question of why net1A cells continue to cycle in nocodazole, despite the

Presumptive inhibition of Cdc20-APC. If Net1-dependent Cdc14 localization is the target

of Pois1, as suggested by the observation that cac20A pds 1A cells arrest in late mitosis with

delocalized Cdc14 (Shirayama et al., 1999), then in nocodazole net1A may behave like

bubzA pds 1A, which are delayed in Clb2 degradation and rereplication compared to

**b2AmadzA. Alternatively, net1A may behave like bub2A mad2A, displaying no delay

in Clb2 degradation in the presence of spindle damage, which might suggest that the

inhibitory effects of both Pds 1 and Clb5 on Clb2 proteolysis are mediated through Net1. A

Sareful examination of the netIA phenotype is likely to be informative, both regarding the
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interaction between the Madz- and Bub2-dependent checkpoint pathways and regarding

Caic 14 regulation by Clb5.

7/z e mitotic exit network in cytokinesis

Although most of the mitotic exit network proteins have counterparts in fission

yeast, and genetic and biochemical interactions suggest a similar network of proteins with

overlapping functions, the apparent role of this network as revealed by mutant phenotypes,

is quite different. In S. pombe, Spg|1, Cdc?, Plol and Sid2 (the Teml, Cdc15, Cdc5 and

Dbf 2 homologues, respectively) are positive regulators of cytokinesis (reviewed in Gould

and Simanis, 1997), while the analog to the Bub2/Byré complex negatively regulates

cytokinesis. Has this pathway truly been co-opted to control different events in different

organisms, or does the apparent phenotype difference merely reflect differences in cell

cycle organization between the yeasts? In fact, me late mitotic pathway in S. cerevisiae is

likely to be involved in controlling cytokinesis as well as mitotic exit. This function is

revealed in temIA net 1A cells, which although competent to inactivate mitotic CDK are still

defective in cytokinesis (Shou et al., 1999). Tem! also physically interacts with Cykl, a

Protein implicated in formation of the actomyosin ring and cytokinesis (Shannon and Li,

1998), although the functional significance of this interaction is unknown. It is currently

unclear if cytokinesis and mitotic exit are separable functions of the mitotic exit network;

Similarly, the importantance of the mitotic exit network in the control of cytokinesis is

unknown.
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Chapter 2

The Polo-related kinase Colc5 activates and is

destroyed by the mitotic cyclin destruction
machinery in Saccharomyces cerevisiae
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Abstract

Background: Following chromosome segregation in anaphase, ubiquitin-dependent

degradation of mitotic cyclins contributes to the exit from mitosis. A key step in this

process is catalyzed by a ubiquitin-protein ligase known as the anaphase-promoting

complex or APC, whose regulation is poorly understood. The Polo-related protein kinase

CdcS in Saccharomyces cerevisiae may encode a regulator of the APC, as cdc.5 mutant cells

arrest with a late mitotic phenotype similar to that observed in cells with defective cyclin

destruction.

Results: We investigated the role of CdcS in the regulation of mitotic cyclin degradation.

In cacj-1 mutant cells, we observed a defect in the destruction of cyclins and a reduction in

the cyclin-ubiquitin ligase activity of the APC. Overexpression of CDC5 resulted in

increased APC activity and mitotic cyclin destruction in asynchronous cells or in cells

arrested in metaphase. CDC5 mutation or overexpression did not affect the degradation of

the metaphase APC substrate Pds1. Cyclin-specific APC activity in cells overexpressing
-

CDC5 was reduced in the absence of the APC regulatory proteins Hot1 and Cdc20. In G1,

Cdc5 itself was degraded by an APC- and HCt1-dependent mechanism.

Conclusions: We conclude that CdcS is a limiting positive regulator of cyclin-specific

APC activity in late mitosis. Degradation of CdcS in G1 provides a feedback mechanism by

which the APC destroys its activator at the onset of the next cell cycle.
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Introduction

The events of mitosis are governed by oscillations in the activity of cyclin

dependent protein kinases (Cdks), whose activity requires association with mitotic cyclins

(Dunphy, 1994; King et al., 1994; Morgan, 1997; Nurse, 1990). Activation of mitotic s

Cdk-cyclin complexes, such as the Cdc2-cyclin B complex of vertebrates or the Cdc28-Clb

complex of Saccharomyces cerevisiae, triggers the sequence of events leading to

chromosome segregation. Inactivation of mitotic Cdks is then required to allow progression

from anaphase to G1. The major mechanism of Cdk inactivation in late mitosis is ubiquitin

dependent cyclin proteolysis by the 26S proteasome (reviewed in (Hoyt, 1997; King et al.,

1996a; Murray, 1995)). Overexpression of non-degradable mutant cyclin proteins results in
s

a late anaphase arrest in a wide range of eukaryotes, suggesting that Cdk inactivation by

cyclin dºnation is a highly conserved mechanism controlling the exit from mitosis

(Gallant and Nigg, 1992; Holloway et al., 1993; Murray et al., 1989; Rimmington et al.,

1994; Sigrist et al., 1995; Surana et al., 1993; Yamano et al., 1996). Complete cyclin

destruction is not absolutely required for mitotic exit, however: additional Cdk inactivation

mechanisms may contribute to mitotic exit under some conditions (Jin et al., 1998b;

Minshull et al., 1996; Schwab et al., 1997; Toyn et al., 1996; Visintin et al., 1997).

The ubiquitination of mitotic cyclins is a key regulatory step in their destruction.

Cyclin ubiquitination, like that of other proteins, begins with the transfer of ubiquitin from

the ubiquitin-activating enzyme (E1) to one of a family of ubiquitin-conjugating enzymes

(E2) (Hershko et al., 1994; Hochstrasser, 1996; King et al., 1995). Ubiquitin is then

transferred from E2 to the substrate by a ubiquitin-protein ligase (E3). For mitotic cyclins,

the E3 is a large, multimeric enzyme known as the cycloSome or anaphase-promoting

complex (APC) (Hwang and Murray, 1997; Irniger et al., 1995; King et al., 1995; Peters

et al., 1996; Sudakin et al., 1995; Zachariae et al., 1996), whose activity is low during

interphase and high in late mitosis and G1 (Amon et al., 1994; Brandeis and Hunt, 1996;
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King et al., 1995; Lahav-Baratz et al., 1995; Sudakin e al., 1995; Zachariae and Nasmyth,

1996). The mechanisms governing APC activity during the cell cycle are not well

understood. In extracts of clam and frog cells, the mitotic Cdc2-cyclin B complex itself

promotes activation of the APC (Felix et al., 1990; Lahav-Baratz et al., 1995; Sudakin et

al., 1995). On the other hand, in S. cerevisiae there is genetic evidence that APC-dependent

cyclin destruction is inhibited by Cdc28-cyclin activity (Amon, 1997). The cAMP

dependent protein kinase may also contribute to APC regulation (Grieco et al., 1996;

Yamashita et al., 1996).

The APC is required not only for cyclin destruction but for the destruction of

additional proteins, such as Pds 1 and Cut?, that inhibit chromosome separation (Cohen-Fix

et al., 1996; Funabiki et al., 1996). As a result, general defects in APC activity cause a

metaphase arrest with unseparated chromosomes (Holloway et al., 1993; Irniger et al.,

1995), not the late anaphase arrest that results when non-degradable cyclins are

overexpressed. Recent genetic evidence suggests that the targeting of different substrates to

the APC may be controlled by members of the Cdc20 protein family (Schwab et al., 1997;

Sigrist and Lehner, 1997; Visintin et al., 1997). In S. cerevisiae, Cdc20 is required
-

primarily for APC-mediated destruction of Pds1, while the related protein HCtl/Cdh1 is

required for destruction of mitotic cyclins (eg. Clb2) and Asel (Schwab et al., 1997;

Visintin et al., 1997). Cdc20 may serve as a target of regulation in cells blocked in

*etaphase by defects in spindle assembly. These cells arrest with high levels of Clb2, and

***ent evidence suggests that this checkpoint arrest is dependent on an inhibitory interaction

between checkpoint signaling proteins and Cdc20 (Hwang et al., 1998; Kim et al., 1998).

Whereas defects in APC subunits or Cdc20 cause a metaphase arrest before

*romosome segregation, mutations in a distinct group of genes cause a late anaphase

**est similar to that seen in cells overexpressing non-degradable mutant cyclin (Hartwell et

al., 1 973). These genes encode potential regulatory proteins related to protein kinases

CScies, Cdc15, Dbf2), phosphatases (Cdc14), and GTPases (Teml) (Johnston et al., 1990;

2M
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Kitada et al., 1993; Schweitzer and Philippsen, 1991; Shirayama et al., 1994b; Wan et al.,

1992), and an intriguing possibility is that these proteins are components of regulatory

networks that promote Cdc28 inactivation by cyclin-specific APC activity or other

inhibitory mechanisms.

Among the genes with late mitotic functions, CDC5 is of particular interest because

it encodes a member of the highly conserved family of Polo-related protein kinases (Kitada

er al., 1993), whose members have been implicated in the control of mitosis in a wide

range of eukaryotes (Glover et al., 1996). In Drosophila and human cells, the related

kinases Polo and Plk1, respectively, are required for normal maturation of the centrosomes

and mitotic spindle (Lane and Nigg, 1996; Sunkel and Glover, 1988). The Polo-related

kinases Plx1 in Xenopus (Kumagai and Dunphy, 1996) and Prkl in human cells (Ouyang

et al., 1997) may promote mitotic entry by activating the phosphatase Cdc25C, a key

activator of Cdc2-cyclin B1. The Plol protein of Schizosaccharomyces pombe is required

for both mitotic entry and exit: mutations in plo 1* result in spindle defects as well as a

failure to undergo septum formation and cytokinesis (Ohkura et al., 1995). Unlike Polo
related kinases of other eukaryotes, the Cdc5 protein of S. cerevisiae does not appear to be

required for mitotic entry: the late mitotic arrest of cdc.5 mutants suggests that mitosis and

chromosome separation occur normally in the absence of CDC5 function, but that

Progression beyond anaphase is blocked.

We tested the hypothesis that the late mitotic arrest of cdc.5 mutants reflects a

***Muirement for Cdc5 in the inactivation of Cdc28 following chromosome segregation. We

found that the cyclin-specific ubiquitination activity of the APC is reduced in the cdc.5-1

*tant and increased in cells overexpressing CDC5, suggesting that CdcS is a rate-limiting

*eterminant of APC activity and cyclin destruction. Moreover, CdcS itself is degraded in

Gl by an APC- and Hct1-dependent pathway. By destroying its activator at the end of

*itosis, the APC may set the stage for its own inactivation at the end of the next G1.

S
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Results

Mutants in CDC5 are defective in destruction of Clb2

The arrest phenotype of cdc5-1 is reminiscent of cells overexpressing non

degradable Clb2, raising the possibility that this mutant is defective in cyclin destruction.

Consistent with this possibility, we found that Clb2 levels were elevated in the cdc.5-1

mutant at the permissive temperature and remained high at the restrictive temperature

(Figure 1a). We also analyzed levels of Pds1, an APC substrate normally degraded at the

metaphase-to-anaphase transition. Pds1 levels were reduced in the cdc.5-1 mutant at the

restrictive temperature, consistent with the anaphase arrest of cdc5-1 (Figure 1a).

We also examined the effect of CLB2 overexpression on growth of the cdc.5-1

mutant (Figure 1b). While the growth of a wild type strain was not affected by CLB2

overexpression excess Clb2 was lethal in the cdc5-1 mutant at the permissive temperature,

suggesting that cacS-1 mutant cells are compromised in their ability to destroy mitotic

cyclins. Furthermore, overproduction of Sicl, an inhibitor of Cdc28-Clb complexes

(Mendenhall, 1993; Schwob et al., 1994), allowed growth of cdc.5-1 cells at 37°C (Figure

1c), as shown previously (Toyn et al., 1996). Thus, the primary defect in cdc5-1 is an

inability to inactivate mitotic Cdc28 activity.

APC activity is compromised in cdc5-1 mutants

To test the possibility that impaired Clb2 degradation in the cdc.5-1 mutant is due to

* defect in APC-mediated ubiquitination, we developed an assay to measure the cyclin

*biquitin ligase activity of the APC in vitro. We isolated the APC from yeast extracts by

*munoprecipitation with antibodies against APC subunits, including epitope-tagged

Colc 1 6, Cdc27, or endogenous Cdc26. Immunoprecipitates were incubated with excess
-

*ified yeast E1 (Ubai) and E2 (Ubc4), bovine ubiquitin, ATP, and 125I-labeled sea
*rchin cyclin B N-terminus (Glotzer et al., 1991; Holloway et al., 1993). Analysis of

º
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reaction products by polyacrylamide gel electrophoresis revealed the formation of a series

of ubiquitin-conjugated substrate molecules. Unlike previously described yeast APC assays

in which activity is measured in crude cell lysates, activity measured by our method reflects

the activity tightly associated with only the E3 component. Formation of ubiquitin-cyclin

conjugates required ATP and all three ubiquitination enzymes, and activity increased

linearly with increasing amounts of APC (data not shown). Activity was absent in the APC

subunit mutants calcló-1 and cdc23-1 (see Figure 5 below, and data not shown).

We compared the APC activity in cdc5-1 mutants to that in wild-type strains (Figure

2). APC from cdc.5-1 cells arrested at 37°C possessed negligible activity, suggesting that

high Clb2 levels and the late anaphase arrest in this mutant may be due to loss of APC

activity. We also examined cacS-1 cells that were arrested in G1 with mating pheromone

(a-factor) and then shifted to the non-permissive temperature (Figure 2). APC activity from

G1-arrested cacj-1 mutants at the permissive temperature was significantly lower than that

in wild-type cells. Shift to the restrictive temperature caused a slight additional decrease in

APC activity that was also seen in wild type cells, suggesting that Cdc5 is not required to

maintain APC activity in G1.

Peak CdcS kinase activity precedes activation of the APC in mitosis

Cdc5 mRNA is known to peak at G2/M (Kitada et al., 1993), and CdcS protein

levels are low in G1, rise to a peak at G2/M, and decrease as cells enter the next G1 (Hardy

and Pautz, 1996) (Figure 3c). However, the timing of Cdc5 activity in the yeast cell cycle,

and Particularly its relationship to APC activity, is not known. We therefore compared APC

* CacS activities in cells after release from a G1 arrest. APC activity was high in Gl

QFigure 3a), dropped dramatically as cells passed Start, and remained low while Clb2 levels

*d associated kinase activity increased. Shortly after the peak in Clb2-associated activity,

APC activity increased abruptly, remained high as Clb2 levels declined, and then decreased

** sells entered the next cell cycle (Figure 3). CdcS-associated kinase activity and protein

s
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levels (Figure 3b, c) were undetectable in G1 cells, consistent with our observation that

Cdc5 is not required for maintenance of APC activity. CdcS activity rose to a peak just

prior to the increase in APC activity, consistent with the possibility that Cdc5 is a positive

regulator of the APC.

CDC5 overexpression decreases Clb2 levels but does not significantly affect Pds1

If CdcS is a limiting regulator of cyclin proteolysis, then increasing CdcS levels

may decrease cyclin levels. We addressed this issue by testing the effects of Cdc5

overexpression. We constructed a strain containing three integrated copies of (myc+)-

CDC5 (which complements the cdc.5-1 defect) under the control of the GAL promoter. In

an asynchronous population, induction of CDC5 expression resulted in a dramatic drop in

CIb2 levels (Figure 4). In four separate experiments, Pds1 levels did not change

significantly after CDC5 induction. In cells treated with hydroxyurea or nocodazole, which

are arrested in S phase or mitosis with high Clb2 levels, CdcS overproduction also

triggered extensive Clb2 destruction. Once again, Pds 1 levels were not reproducibly

affected. Overexpression of CDC5 in asynchronous cells did not significantly affect the cell

Cycle profile during the three hour time course of these experiments, but continued

Overexpression of CDC5 resulted in growth arrest with a non-uniform terminal phenotype

(data not shown). As CDC5 overexpression results in decreased Clb2 in cells arrested in S

Phase and mitosis, CDC5 cannot be acting merely by causing a cell cycle block at a stage

Yhere the APC is active. Instead, these results clearly show that Cdc5 can regulate Clb2

levels.

+cropic expression of CDC5 leads to increased APC activity

We tested the hypothesis that Cdc5 is an activator of the APC by measuring the

*stivity of the APC isolated from cells overexpressing CDC5. In asynchronous cells or in

**ls arrested in mitosis with nocodazole, overproduction of CdcS resulted in a dramatic

S
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increase in the cyclin-ubiquitin ligase activity of the APC (Figure 5a). Similar results were

obtained in cacl:3-1 mutant cells, which arrest in mitosis due to activation of the DNA

damage checkpoint. Increases in APC activity in vitro were accompanied by reduced Clb2

levels in vivo (Figure 5c), consistent with the possibility that the APC activity measured in

our assay is a key determinant of cyclin levels in the cell. Furthermore, the decrease in Clb2

that accompanied CDC5 overexpression was not observed in an APC mutant (cdc23-1),
-

indicating that the effects of CdcS on Clb2 levels are mediated by the APC.

There is evidence that Cdc28-Clb activity inhibits Clb2 proteolysis (Amon, 1997), and

therefore CDC5 overexpression could indirectly activate the APC by inhibiting Clb

associated kinase activity. We eliminated this possibility by showing that CDC5 induction

did not inhibit Clb2-associated kinase activity in cdc23-arrested cells, where Clb2 is stable

(Figure 5d).

CDC5 overexpression does not cause rebudding in nocodazole-arrested cells (data not

shown), suggesting that the mitotic arrest is maintained. To further pursue this possibility,

we examined sister chromatid separation in these cells by the method of Straight et al.

(Straight et al., 1996), in which a locus on chromosome IV is marked with a lac operator

array that can be visualized by the binding of a Green-Fluorescent Protein (GFP)-LacI

fusion protein. CDC5 overexpression had no significant effect on sister chromatid

S*Paration or budding index (Figure 5e). As sister chromatid separation is known to require

Pcis I degradation (Cohen-Fix et al., 1996), these results are consistent with our

°bservation that Pds1 levels are not affected by CDC5 overexpression (Figure 4b). Thus,

While CDC5 overexpression is able to activate APC-mediated Clb2 proteolysis in

*eckpoint-arrested cells, it does not allow cells to escape from this arrest.

*Osirive regulation of APC activity by CdcS requires kinase activity

We investigated whether APC regulation by Cdc5 is dependent on Cdc5 kinase

*stivity. Kinase-defective mutants in Cdc5 were constructed by mutating lysine 110 to

S
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alanine or asparagine 209 to alanine (Hardy and Pautz, 1996). These mutants failed to

complement the cdc5-1 mutant (data not shown). In asynchronous populations,

overproduction of kinase-defective mutants resulted in protein levels comparable to that of

wild type Cdc5, but had no significant effect on APC activity or Clb2 levels (Figure 6).

In nocodazole-arrested cells, kinase-defective CdcS mutants displayed low levels of

kinase activity and induced minor increases in APC activity (Figure 6a, d), resulting in

similarly moderate decreases in Clb2. Interestingly, the kinase activity of wild type Cdcs

was also higher in nocodazole-arrested cells, despite similar levels of CDC5 expression .

from the GAL promoter (Figure 6d). The correlation between kinase activity, APC activity,

and Clb2 levels strongly suggests that the kinase activity of CdcS is required for the

positive regulation of APC activity and Clb2 proteolysis.

We also tested the effects of a Cdc5 mutant that is defective in the control of mitotic

exit after DNA damage. Cells arrested in mitosis by DNA damage eventually adapt to the

checkpoint arrest and exit mitosis in the presence of damage, and mutation of leucine 251 in

Colcs to tryptophan (cdc5-ad) causes defects in this adaptation process, although normal

cell cycle progression is unaffected (Toczyski et al., 1997). Overproduction of Cdc5

L251 W in asynchronous cells resulted in an increase in APC activity and a decrease in Clb2

levels comparable to those caused by wild-type CDC5 (Figure 6). However, in

nocodazole-arrested (Figure 6d) and cdc.13 mutant cells (data not shown), the Cdc5

L251 W mutant was significantly less effective in the stimulation of APC activity than wild

type CdcS, even though it exhibited several-fold higher levels of kinase activity (Figure

GdD. Our results suggest that cacS-ad cells are unable to adapt to DNA damage due to a

defect in their ability to activate Clb2 proteolysis. As suggested previously (Toczyski et al.,

1997), it is possible that the Cdc5-L251W mutant possesses normal catalytic activity but is

*efective in the recognition of certain substrates.

s
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The effect of CDC5 overexpression is attenuated in het1-A1 and cac20-1 mutants

Like CdcS, Hctl is thought to be a specific activator of APC-mediated Clb2

proteolysis (Schwab et al., 1997; Visintin et al., 1997). It is therefore possible that Cdc5

regulates the APC by a mechanism that requires HCt1. On the other hand, the Hct1-related

protein Cdc20 does not appear to be required for Clb2 proteolysis in G1 (Visintin et al.,

1997; Zachariae and Nasmyth, 1996), and therefore might not be expected to play a role in

the actions of Cdc5.

We addressed this issue by assessing the effects of Cdc5 overproduction in het1-D1

and cdc20-1 mutants (Figure 7). Cyclin ubiquitination by the APC in vitro was negligible

in het1-D1 cells (Figure 7a), and the stimulatory effects of CDC5 expression on APC

activity and Clb2 destruction were greatly attenuated in the hctl-D 1 mutant, both in

asynchronous and nocodazole-arrested cultures (Figure 7a, c). In multiple experiments,

asynchronous calc20-1 cells growing at the permissive temperature in the absence of CDC5

overexpression displayed only slightly decreased cyclin ubiquitination in our APC assay

(Figure 7a). However, the cdc20-1 mutation did reduce the stimulatory effects of CdcS

overproduction on APC activity and Clb2 proteolysis (Figure 7). We could not examine the

ability of CDC5 to activate Clb2 proteolysis in cdc20-1 cells arrested in mitosis at the

restrictive temperature, as we were unable to induce CDC5 expression under these

COnclitions.

Our results suggest that Hot1 and Cdc20 both contribute to the effect of CdcS on the

Cyclin ubiquitination activity of the APC in vitro, despite previous indications that Cdc20 is

dispensable for Clb2 proteolysis. The relative contributions of Hot1 and Cdc20 to Cdc5

function may not be equivalent, however, as we found that the cdc5-1 het1-A1 double

*****tant is viable, while the cdc5-1 cac20-1 double mutant is not (data not shown).

S
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CdcS degradation in G1 is dependent on the APC and HCT1 º,

CdcS protein levels closely parallel those of Clb2 throughout the cell cycle, and I -

decrease immediately after APC activation (Figure 3). We have also observed that CDC5 //

induction from the GAL promoter in a-factor-arrested cells, in which the APC is fully º

active, results in less accumulation of CdcS than that seen in asynchronous cells (data not

shown). Thus we investigated the possibility that Cdc5 stability in G1, like that of Clb2, is
-

regulated by the APC. We analyzed the stability of Cdc5 in a-factor-arrested cells after

transient induction of (HA3)-CDC5 from the GAL promoter. CdcS was quickly destroyed

in wild-type cells, with the bulk of protein disappearing within 10 minutes of repression of

transcription and translation by dextrose and cycloheximide, respectively. In contrast,

Cdc5 was stable in cdc23-1 cells, confirming that Cdc5 degradation in G1 is APC

dependent.

All APC substrates identified thus far contain sequences known as destruction

boxes, which were first identified in B-type vertebrate cyclins (Glotzer et al., 1991; King et

al., 1996b). Mutation of a conserved arginine and leucine in the destruction box sequence

prevents APC-mediated destruction (Cohen-Fix et al., 1996; Juang et al., 1997; King et

al., 1996b). To confirm that Cdc5 is an APC substrate, we also tested the effects of

mutations in putative destruction box sequences in CdcS. As the C-terminal half of Cdc5 is

completely stable in G1 (data not shown), we focused on destruction box sequences in the

annino terminal half of the protein. Only two of these sequences lie outside conserved

regions of the kinase domain (Figure 8b). Mutation of conserved residues in either of these

two sequences had no effect on CdcS stability in G1, but mutation of both sequences

Gresulting in the Cdcs-db1,2 mutant) caused partial CdcS stabilization (Figure 8b),

***ggesting that Cdc5 is a direct APC substrate in G1. The residual degradation of the

Colcs-db1,2 mutant is not observed in a cdc23-1 mutant (data not shown), raising the

Pºssibility that the APC recognizes additional destruction box sequences in Cdc5.
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We also investigated whether CdcS degradation in G1 is dependent on HCt1 or º,
Cdc20. Like that of Clb2, the stability of Cdc5 in G1 was unaffected in the cdc20-1 mutant I

at the restrictive temperature (Figure 8a). We also tested the requirement for HCTI in Cdc5

degradation. Because hctl-D1 mutants treated with a-factor re-replicate their DNA and thus y

do not exhibit a normal G1 arrest (Schwab et al., 1997), we instead arrested cells in G1 º

with the cdc28-13 mutation (APC activity in this mutant is comparable to that in a-factor

arrested cells; S.L.J., unpublished data). As in a-factor-arrested cells, CdcS was quickly

destroyed in cdc28-13-arrested cells (Figure 8c). In cdc28-1 het1-D1 double mutants,

however, Cdc5 was greatly stabilized. We conclude that CdcS degradation in G1 is

dependent on both the APC and HCt1.

Discussion

Calc5 is an activator of cyclin-specific APC activity

Our observations argue that Cdc5 is a key regulator of APC activity and cyclin

destruction. Decreased CdcS activity, as in the cdc5-1 mutant, results in decreased cyclin

ubiquitination by the APC in vitro, decreased cyclin destruction in vivo, and increased

Sensitivity to cyclin overexpression. Increased Cdc5 activity results in greater APC activity

and cyclin destruction.

CGics does not appear to stimulate APC activity toward all substrates. cdc5-1 mutant cells

are defective in the destruction of cyclins but not that of Pds1; similarly, CDC5

©verexpression promotes cyclin destruction but has relatively modest effects on the levels

ºf Pds1. These effects of Cdc5 are similar to those of Het1: het1-A1 cells display a specific

defect in cyclin destruction, and HCT1 overexpression in asynchronous cells triggers the

destruction of cyclins but not Pds1. These findings, combined with our observation that

CZX C-5 overexpression has little effect on APC activity in het1-A1 cells, suggest that the

*tions of Cdcs overlap with those of Hctl. Cdc5 may act upstream of HCtl in the specific
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control of cyclin destruction, or HCt1 may simply be an essential APC subunit required for º,
cyclin-ubiquitin ligase activity. I -

*)

Although the functions of Cdc5 and HCtl may overlap, there are significant //

differences in the phenotypes of CDC5 and HCT1 overexpression. Whereas HCT1 y

overexpression causes accumulation of G2 cells with elongated buds (Schwab et al.,

1997), CDC5 overexpression is toxic but causes no clearcut cell division cycle arrest.

Moreover, the toxicity of CDC5 overexpression is not completely alleviated by mutation of

APC subunits (J.F.C., unpublished data), while mutation of CDC23 allows growth of

cells overproducing HCTI (Schwab et al., 1997).

Despite previous evidence that Cdc20 is required primarily for the destruction of

Pds 1 and not that of Clb2 (Visintin et al., 1997), we found that calc20-1 mutants were

defective in CDC5-stimulated cyclin destruction. Thus, the substrate specificity of Cdc20

may overlap with that of Hetl under these conditions, as suggested by previous

observations that the overexpression of either HCT1 or CDC20 can induce the destruction

of both PdS1 and Clb2 in nocodazole arrested cells (Visintin et al., 1997).

CDC5 overexpression in nocodazole-arrested cells does not trigger separation of

Sister chromatids, presumably due to its inability to induce Pds 1 destruction. This seems

inconsistent with previous work showing that chromosome separation can be achieved in

nocodazole-arrested cells when Sic] is overproduced (Amon, 1997), suggesting that

decreased Cdc28-Clb activity can trigger Pds1 destruction. Unlike our experiments, these

Studies of Sicl overproduction were performed in the presence of a-factor, which was

included to prevent the increase in G1 cyclin levels that occurs when mitotic Clb levels

decrease. Perhaps an increase in G1 cyclin levels in our experiments prevented the

activation of APC activity toward Pds 1, despite the striking increase in APC activity toward

*YClins. Alternatively, CDC5 overexpression may not trigger the destruction of all mitotic

$xclins, such that some Cdc28 activity remains to suppress Pds1 destruction.
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Does CacS have functions in addition to promoting cyclin destruction?

Our observation that Sicl overexpression allows the cdc5-1 mutant to exit mitosis

suggests that the key defect in this mutant is an inability to inactivate Cdc28 in late mitosis.

Although our results suggest that this defect is due at least in part to a reduction in cyclin

specific APC activity, it remains possible that cacS-1 cells are also defective in other Cdc28

inactivation mechanisms, such as the production of Sicl. Sicl has been implicated in the

inactivation of Cdc28 in het1-A1 cells, which exit mitosis despite a specific defect in cyclin

destruction (Schwab et al., 1997; Visintin et al., 1997).

Previous work has shown that the cdc5-1 mutant exhibits a plasmid maintenance defect and

synthetic interactions with orc2-1, a mutant in a subunit of the origin recognition complex;

in addition, there is evidence that Cdc5 interacts with Dbf4, a protein implicated in the

control of replication initiation (Hardy and Pautz, 1996). Although these results could

indicate a direct role for CdcS in DNA replication, our results provide an alternative

explanation. The kinase activity of mitotic Cdk-cyclin complexes is thought to prevent the

establishment of pre-replicative complexes (pre-RCs), which are required for the initiation

Of replication (Correa-Bordes and Nurse, 1995; Dahmann et al., 1995; Hayles et al.,

1994). The high Clb2 levels in cdc5-1 mutant cells may interfere with the normal timing of

pre–RC formation.

Aregulating the regulator: CacS degradation

APC activity in cdc.5-1 mutant cells is very low even at the permissive temperature,

Tesulting in an increased sensitivity to cyclin overexpression. Low APC activity is also seen

in cacS-1 cells arrested in Gl by pheromone treatment, presumably because full activation

is not achieved in the preceding mitosis. However, a shift of G1-arrested cacS-1 cells to the

**strictive temperature does not cause a further significant decrease in APC activity. This

**ggests that CdcS is required for the initiation of APC activation in late mitosis, but not for

the naintenance of APC activity in G1. This possibility is consistent with the low levels of



Cdc5 protein and activity in G1 cells, and with our observation that CdcS is subject to

APC-dependent degradation in G1. These mechanisms may ensure that when the APC is

eventually inactivated at the end of G1, a key activator is no longer present to initiate

premature APC activation.
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Material and methods

Plasmid and Strain Construction

All strains (Table 1) are derivatives of W303 MAT a ade2-1, can 1-100, his 3-11, 15,

leu2-3, trp 1-1, ura■ -1, ssdl-d, or backcrossed to W303 at least four times. JC94 and

JC95 are congenic strains derived by crossing JC34 to W303 MAT a ura■ ::GAL-CLB2

URA3 (gift of A. Rudner, UCSF). The 2m CDC5 construct contained the CDC5 open

reading frame plus 300 bp 5' sequence and 500 bp 3' sequence in pRS426. High-copy

SICI expression was achieved with pKS426 containing SIC1. In strains JC243 and 247,

PDS1 of AFS92 was tagged at the C-terminus with a triple hemagglutinin (HA3) tag by the

PCR epitope-tagging method of Schneider et al. (Schneider et al., 1995). In strain JC35,

CDC5 was replaced with N-terminally HA3 epitope-tagged CDC5, and CDC27 was

replaced with maltose binding protein (MBP)-tagged CDC27 by a pop-in, pop-out strategy

(Guthrie and Fink, 1991). Strain JC251 was constructed by three copy integration of

pl C59, containing a triple myc epitope tag fused to the N-terminus of CDC5 under the

control of the GAL 1, 10 promoter in p[)K20 (kindly provided by D. Kellogg), at the ura■

locus of JC243. Southern blot analysis with a 450 bp Sall-HpaI internal fragment of

C/DC5 was used to identify a three-copy integration event. Similarly, strain JC256 contains

three copies of p■ C57, which is identical to pjQ59 except that a triple HA epitope tag

replaces the myc tag. Overexpression of CDC5 in this strain results in CdcS protein levels

a PProximately 20-50-fold higher than the endogenous level observed in asynchronous

Cells. Oligonucleotide-directed mutagenesis was used to introduce the point mutations

KI 1 OA, N209A, and L251W into pjQ57. Strains JC257, 278, and 279 contain three

*QPies of CDC5-K110A, -N209A, or -L251W, respectively, integrated at ura■ and

identified by Southern analysis. Strains JC260, 272,276, 282, and 291 were derived

from JC256 by crossing into the desired background. W320 MAT a het1-D1 was a gift of

VV. Seufert (Schwab et al., 1997); SB213 MAT a his3::CUP-GFP LacI-HIS3 trp 1::LacO
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was a gift of S. Biggins (UCSF). Strain JC309 contains pjC88, containing CDC5-db1,2

in which the mutations R17A, L20A, R60A, and L63A were introduced by

oligonucleotide-directed mutagenesis, integrated at the ura■ locus. Strains JC310 and

JC311 were derived by crossing JC276 to MAT a cdc28-13.

Yeast Methods

Standard protocols for transformation, mating, sporulation, tetrad dissection, a

factor and hydroxyurea (HU) arrests were used (Guthrie and Fink, 1991). For galactose

induction of epitope-tagged CDC5, cultures were grown to early log phase in YEP/2%

raffinose. Asynchronous cultures were induced or repressed by the addition of 2% (final

concentration) galactose or dextrose, respectively, for three hours. For galactose induction

in nocodazole-arrested cells, cultures were pre-arrested in 10 mg/ml HU for 3 hours,

released into 10 mg/ml nocodazole for 2.5 hours, after which galactose was added (2%) in

the continued presence of nocodazole (10 mg/ml). For cell-cycle arrests plus induction,

cultures were pre-arrested at the non-permissive temperature for three hours, followed by

induction/repression with 2% (33°C cultures) or 4% (37°C cultures) galactoseraffinose.
For sister chromatid separation experiments, GFP-tagged sister chromatids were examined

for 100 cells at each time point following the method of Straight et al. (Straight et al.,

1996).

A’rotein Analysis

Cell lysates were prepared by lysis with a BioSpec Beadbeater 8 in LLB (50 mM

Hepes-NaOH, pH 7.4, 75 mM KCl, 0.1% NP40, 5 mM NaF, 5 mM b-glycerophosphate,

* nNM MgCl2, 1mM dithiothreitol (DTTI) plus 1 mM phenylmethylsulfonylfluoride

CPNTSF) and 1 mg/ml each of leupeptin, aprotinin and pepstatin. Clb2 western blots and

°lb2-associated kinase assays were performed as described (Gerber et al., 1995). HA

epi tope tagged Cdcs and HA-epitope tagged Pds1 were detected on western blots with
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mouse monoclonal antibodies 12CA5 or 16B12, respectively. HA3-Cdc5 kinase activity

was measured in 12CA5 immunoprecipitates washed sequentially in LLB, high-salt QA (20

mM Tris-HCl, pH 7.6, 250 mM KCl, 1 mM MgCl2, 1 mM DTT), and 5KB (50 mM

Hepes-NaOH, pH 7.4, 200 mM KAc, 10 mM MgCl2, 5 mM MnCl2, 1 mM DTT).

Kinase assays (30 pul) were performed in 50 mM Hepes-NaOH, pH 7.4, 60 mM KAc, 10

mM MgCl2, 5 mM MnCl2, 50 mM ATP, plus 5 mg casein and 2.5 mCi 32 P-g-ATP.

In Vitro Ubiquitination Assay

The APC was immunoprecipitated with either polyclonal antibodies to Cdc26

(Hwang and Murray, 1997), the monoclonal antibody 12CA5 for strains containing a

plasmid bearing CDC16HA under its own promoter (Lamb et al., 1994) or polyclonal

antibodies to MBP (New England Bio Labs) for strains containing CDC27-MBP replacing

endogenous CDC27. Similar results were obtained with all antibodies. After washing

immunoprecipitates in LLB, high salt QA, and QA (20 mM Tris-HCl, pH 7.6, 100 mM

KC1, 1 mM MgCl2, 1 mM DTT), ligase activity was measured by adding 15 ml of reaction

mix containing 3.5 pmol Ubal, 47 pmol Ubc4, 1 nmol bovine ubiquitin (Sigma), 1 mM

ATP, and 0.25 ml of 125I- labeled sea urchin (13-91) cyclin B (Glotzer et al., 1991;

Holloway et al., 1993). After 15 min at 25°C, ubiquitin conjugates were resolved by

electrophoresis on a 7.5-15% gradient gel and visualized by autoradiography with the

BioNMaxMS system (Kodak). Ubal-6His was purified by metal affinity chromatography

from a yeast strain expressing Ubal under the control of the CUP1 promoter, kindly

Provided by J. Dohmen. Ubc4 was purified from a bacterial expression vector (Cook et

al., 1993) following the protocol of H.-F. Elin (personal communication).
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Table 1: Yeast Strains

Name Relevant Genotype

JC34 MATa barl calcS-1

JC94 MATa calcS-1 uraj::GAL-CLB2-URA3

JC95 MATa uras::GAL-CLB2-URA3
JC35 MATabar] cacS:CDC5HA3 cac27::CDC27MBP
AFS92 MATabar I

JC256 MATabarl ura■ ::3X(GAL-CDC5HA3-URA3)
JC291 MATacdc13-1 ura■ :3X(GAL-CDC5HA3-URA3)
JC282 MATacdc23-1 barl ura■ :3X(GAL-CDC5HA3-URA3)
JC3O5 MATa calc23-1

JC272 MATa cac20-1 barl ura■ :3X(GAL-CDC5HA3-URA3)
JC276 MATahctl-A1::LEU2 uras::3X(GAL-CDC5HA3-URA3)
JC257 MATaura■ :3X(GAL-CDC5-K110AHA3-URA3)
JC278 MATabarl ura■ :3X(GAL-CDC5-N209AHA3-URA3)
JC279 MATaura■ ::3X(GAL-CDC5-L251WHA3-URA3)
JC26O MATa his3::CUP1-GFP-LacI-HIS3 trp1::LacO-TRPI ura■ ::3X(GAL

CDC5HA3-URA3)
JC243 MATapds 1::PDSIHA3
JC251 MATapds 1::PDSIHA3 ura■ :3X(GAL-CDC5MYC3-URA3)
JC247 MATa cacS-1 pasl::PDS1HA3
JC3O9 MATabarl ura■ ::GAL-CDC5-db1,2HA3-URA3
JC31 O MATacdc28-13 ura■ :3X(GAL-CDC5HA3-URA3)
JC3 11 MATa cac28-13 het1-A1::LEU2 ura■ :3X(GAL-CDC5HA3-URA3)
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Figure Legends

Figure 1. The cd.c5-1 mutant is specifically defective in Clb2 proteolysis.

(a) Wild-type (JC243) and cdc5-1 (JC247) strains were shifted to 37°C for 3 h.

Endogenous Clb2 and HA epitope-tagged Pds1 were analyzed by western blotting with

affinity-purified anti-Clb2 antibody and the anti-HA antibody 16B12, respectively. Pds1

normally migrates as a doublet. (b) Cultures of wild-type (JC95) and cdc.5-1 (JC94)

strains containing a GAL-driven CLB2 construct, as well as control strains lacking the

CLB2 construct, were serially diluted and spotted to a plate containing 2% galactose at

23°C. (c) A cacS-1 strain (JC34) was transformed with a multi-copy vector (pRS246)

containing SIC1, CDC5, or no insert; overnight cultures were serially diluted and spotted

to YPD plates at 23°C and 37°C.

Figure 2. Cyclin-ubiquitin ligase activity of the APC is defective in cdc.5-1

Imutants.

Wild-type (AFS92) and cdc.5-1 (JC34) strains were transformed with a CEN/ARS plasmid

Carrying CDC16HA under the control of its own promoter. Asynchronous cultures were

grown to mid-log phase at 25°C (lanes 1,3) or shifted to 37°C for 2 h (lanes 2, 4). In lanes

5-8, cells were treated with 1 pg/ml a-factor until over 90% of cells displayed G1

morphology, then grown at either 25°C (lanes 5, 7) or shifted to 37°C for 1 h (lanes 6, 8).

Cell lysates (500 pig) were prepared, and the APC was immunoprecipitated with the anti

HA antibody 12CA5. APC activity in immunoprecipitates was measured by the conjugation

ºf ubiquitin to 125I-labeled cyclin N-terminus as described in Materials and methods. A

ladder of ubiquitin-conjugated substrate is apparent above the non-ubiquitinated substrate at

*he bottom of the figure. The asterisk indicates a background band present in the non

*biquitinated substrate. The level of Cdc16 protein is not affected by the cacS-1 mutation

Gciata not shown).
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Figure 3. Cell cycle regulation of APC and Cdc5-dependent kinase

activities.

A câcS::CDC5HA3 cac27::CDC27MBP strain (JC35) was synchronized in G1 by

treatment with 1 pg/ml a-factor (over 96% of cells were in G1). Cells were released into

YPD at 25°C and cell lysates were prepared from samples taken every 15 min. Lane A is a

sample from asynchronous cells. (a) APC was immunoprecipitated from cell extracts (200

pig) with anti-MBP, and cyclin-ubiquitin ligase activity was measured in vitro as described

in NMaterials and methods. (b) CdcS was immunoprecipitated from 750 pig of cell extract

with 12CA5, and CdcS-dependent casein kinase activity was measured as described in

Materials and methods. (c) Cdc5 was detected by western blotting with the 12CA5

antibody. (d) Clb2 was detected by western blotting with affinity-purified anti-Clb2

antibody. (e) Clb2-associated histone HI kinase activity was measured in anti-Clb2

immunoprecipitates from 100 pig cell extracts.

Figure 4. Cdc5 overproduction results in decreased Clb2 levels.

A strain containing three integrated copies of GAL-(myc+)-CDC5 (JC251) and a control

Strain lacking inducible CDC5 (JC 243) were grown in YEP/raffinose to early log phase.

Cultures were either arrested in S phase with 10 mg/ml hydroxyurea (HU), in mitosis with

1O Lig/ml nocodazole, or left as asynchronous cultures. Cultures were divided, and

galactose or dextrose was added to 2% final concentration for 3 h. Clb2 and HA epitope

tagged Pds1 were detected by western blotting of cell extracts with anti-Clb2 and 16B12

*ntibodies, respectively. In four separate experiments, no reproducible changes in Pds1

"evels were observed in cells overexpressing CDC5.
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Figure s. Overproduction of Cdc5 results in increased APC-mediated Clb2

proteolysis.

(a) A strain containing three copies of GAL-(HA3)-CDC5 (JC256), or a control strain

lacking inducible CDC5 (AFS92), was grown to early log phase in YEP/raffinose (lanes 1

4), or was arrested in mitosis by treatment with 10 pg/ml nocodazole after release from an

S phase arrest as described in Materials in methods (lanes 5, 6). Equivalent strains (JC291,

JC282) carrying the cdc13-1 (lanes 7, 8) or cdc23-1 (lanes 9, 10) mutations were arrested

by shifting to the non-permissive temperatures of 33°C or 37°C, respectively, for 3 h.

Galactose (+) or dextrose (-) was then added for 3 h, and cell lysates were prepared. APC

was immunoprecipitated from 200 pig of cell extract with anti-Cdc26 antibodies, and

cyclin-ubiquitin ligase activity in vitro was measured. The asterisk indicates a background

band present in the non-ubiquitinated substrate. (b) Cdc5 and (c) Clb2 protein levels were

analyzed as in Fig. 3. (d) Cultures of cdc23-1 cells, with and without inducible CDC5,

were grown in YEP/raffinose to early log phase and then arrested in mitosis by growth at

37 for 3 h. Galactose (+) or dextrose (-) was added to 4% final concentration. Clb2

associated histone HI kinase activity was measured in anti-Clb2 immunoprecipitates from

100 Hug of cell extract. (e) Cultures of strain JC260 (see Table 1 in Materials and methods)

in YEP/raffinose were arrested in 10 mg/ml HU for 3 h and released into 10 pg/ml

nocodazole. After 2.5 h, CuSO4 was added to 0.25 mM to induce expression of the GFP

LacI fusion protein. After a further 0.5 h, galactose (filled symbols) or dextrose (open

Symbols) was added to 2% final concentration. Sister chromatid separation (triangles) was

then assessed by microscopic analysis of fluorescence-labeled lac operator arrays on

Shromosome IV in 100 cells at the indicated times after CDC5 induction or repression.

Pudding index (circles) was also measured in 100 cells.
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Figure 6. The effect of CDC5 overexpression on APC activity requires

Cdc5-dependent kinase activity.
-

Cells containing three integrated copies of CDC5 (JC256), CDC5-K110A (JC257), CDC5

N209A (JC278), or CDC5-L251W (JC279) under the control of the GAL promoter, or a

control strain lacking inducible CDC5, were grown in YEP/raffinose as asynchronous

cultures or were arrested in mitosis by treatment with 10 pg/ml nocodazole. Galactose (+)

or dextrose (-) was then added to 2% final concentration for 3 h. (a) APC activity was

measured in anti-Cdc26 immunoprecipitates from 200 pg of cell extract. (b) Cdc5 and (c)

Clb2 protein levels were analyzed as in Fig. 3. (d) CdcS-dependent casein kinase activity

was measured in 12CA5 immunoprecipitates of 400 pig cell extract.

Figure 7. The effects of CDC5 overexpression on APC activity require

HC ZTI and CDC20.

Wild-type, cdc20-1 or het1-A1 strains containing three integrated copies of GAL-(HA3)-

CDC5 (JC256, 272,276) were grown in YEPraffinose at 25°C as asynchronous cultures

or were arrested in mitosis by treatment with 10 pg/ml nocodazole. Galactose (+) or

dextrose (-) was then added for 3 h, and cell lysates were prepared. (a) APC activity was

measured in anti-Cdc26 immunoprecipitates from 200 pig of cell extract. The asterisk

indicates a background band present in the non-ubiquitinated substrate. (b) Cdc5 and (c)

Clb2 protein levels were analyzed as in Fig. 3.

Figure 8. Cdcs degradation in G1 is dependent on the APC and Hot1.

Ga). The stability of Cdc5 in G1-arrested cells was examined by promoter turn-off. Wild

type, cacº- , and cdc20-1 cells were grown in YEP/raffinose at 25°C, arrested with 1

*&^rnl a-factor until over 90% of cells were in G1, and then shifted to 37°C for 1 h. CDC5

Yas induced with 4% galactose for 40 min, followed by addition of dextrose (4%) and

SYSloheximide (10 pg/ml) to repress transcription and translation, respectively. Samples
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were taken at various times after repression, and extracts were prepared in denaturing

sample buffer. HA epitope-tagged Cdc5 was analyzed by western blotting with 12CA5. As

a loading control, Cdc28 was detected on western blots with anti-Cdc28 antibody. Cells

remained arrested in G1 for the duration of the experiment. (b) Sequences of destruction

boxes from known APC substrates are aligned with the two putative destruction boxes at

arginines 17 and 60 of Cdcs. Mutation of the indicated arginines and leucines in these two

sequences resulted in the CDC5-db1,2 mutant. Cdc5 stability in cells containing inducible

wild type CDC5 (JC256) or CDC5-db1,2 (JC309) was examined by promoter turn-off as

in panel (a), except that the experiment was performed at 25°C, and sugar concentrations

were 2%. (c) Mutant calc28-13 HCTI (JC310) and calc28-13 het1-A1 (JC311) cells were

arrested in G1 by growth at 37°C for 3.5 h. Wild type cells (JC256) were arrested in G1

with 1 pg/ml a-factor and shifted to 37°C for 1 h. In all cases, over 90% of cells displayed

G1 morphology throughout the experiment. Cdc5 stability was measured by promoter turn

off as in panel (a).
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Figure 2
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Figure 3
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Figure 6
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Figure 7
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Figure 8
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Chapter 3

Inhibitory phosphorylation of the APC regulator
Hct1 is controlled by the kinase Cdc28 and the

phosphatase Cdc14

65



Inhibitory phosphorylation of the APC regulator Hot1 is

controlled by the kinase Cdc28 and the phosphatase Cdc14

Sue L. Jaspersen, Julia F. Charles, and David O. Morgan
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Abstract

Background: Exit from mitosis requires inactivation of mitotic cyclin-dependent kinases

(CDKs). A key mechanism of CDK inactivation is ubiquitin-dependent cyclin proteolysis,

which is triggered by the late mitotic activation of a ubiquitin ligase known as the anaphase

promoting complex (APC). APC activation requires association with substoichiometric

activating subunits known as Cdc20 and HCt1/Cdh1.

Results: We explored the molecular function and regulation of the APC regulatory

subunit HCtl in the budding yeast Saccharomyces cerevisiae. Recombinant HCtl activated

the cyclin-ubiquitin ligase activity of APC isolated from multiple cell cycle stages. The APC

from cells arrested in G1, or in late mitosis by a cdc14-1 mutation, was more responsive to

Hct1 than the APC from other stages. We found that Hot1 is phosphorylated in vivo at

multiple CDK consensus sites during cell cycle stages when Cdc28/Cdk1 activity is high

and APC activity is low. Purified HCt1 was phosphorylated in vitro at these sites by

purified Cdc28-cyclin complexes, and phosphorylation abolished the ability of HCtl to
-

activate the APC in vitro. The phosphatase Cdc14, which is known to be required for APC

activation in vivo, was able to reverse the effects of Cdc28 by catalyzing HCtl

dephosphorylation and activation.

Conclusion: We conclude that Hetl phosphorylation is a key regulatory mechanism in the

control of cyclin destruction. Phosphorylation of HCtl provides a mechanism by which

Cac28 blocks its own inactivation during S phase and early mitosis. Following anaphase,

dephosphorylation of Het1 by Cdc14 may help initiate cyclin destruction.
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Introduction
-

Exit from mitosis in Saccharomyces cerevisiae requires the ubiquitin-dependent

proteolysis of multiple proteins, including the anaphase inhibitor Pds 1 and the mitotic

cyclins (Clbs) (Cohen-Fix et al., 1996; Surana et al., 1993). A key step in the

ubiquitination of these proteins is catalyzed by a multi-subunit ubiquitin ligase known as

the anaphase-promoting complex (APC) (reviewed in (King et al., 1996a; Townsley and

Ruderman, 1998)), whose activity increases in late mitosis and remains high throughout

G1 (Amon et al., 1994; Charles et al., 1998; Zachariae and Nasmyth, 1996). Mechanisms

governing APC activation in late mitosis are poorly understood. In higher eukaryotes,

phosphorylation of APC subunits is thought to promote APC activity (Felix et al., 1990;

Kotani et al., 1998, Lahav-Baratz et al., 1995; Patra and Dunphy, 1998, Peters et al., 1996;
Sudakin et al., 1995). In budding yeast, phosphorylation of the APC has not been

reported, but there is evidence that the protein kinase Cdc28/Cdk1 inhibits APC-dependent

cyclin proteolysis in vivo (Amon, 1997).

The function of the APC is regulated by the WD40-repeat proteins Cdc20 and

Hct1/Cdh1. Based on genetic evidence in budding yeast, it is thought that Pds 1 degradation

at the metaphase-to-anaphase transition is promoted by Cdc20, after which Hetl stimulates

proteolysis of the cyclin Clb2 (Lim et al., 1998; Schwab et al., 1997; Shirayama et al.,

1998; Visintin et al., 1997). Recent biochemical evidence from vertebrates suggests that

Colc20 and HCtl act as substoichiometric APC subunits that stimulate ubiquitin ligase

activity and may also contribute to substrate recognition (Fang et al., 1998a; Fang et al.,

1998b; Kallio et al., 1998; Kramer et al., 1998a).

As key regulators of APC function, Cdc20 and Hetl are likely to be critical targets

for many mitotic regulatory pathways. Cdc20 appears to be regulated at multiple levels. It

is an unstable protein whose concentration peaks in mitosis, after which APC-dependent

proteolysis leads to decreased levels in G1 (Fang et al., 1998a; Fang et al., 1998b; Kramer
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et al., 1998a; Prinz e al., 1998; Shirayama et al., 1998). In cells arrested in metaphase by

spindle damage, Cdc20 function is inhibited by association with checkpoint signaling

proteins (Fang et al., 1998a; Hwang et al., 1998; Kallio et al., 1998; Kim et al., 1998).

The regulation of Hetl activity is poorly understood. Hot1 levels do not change during the

cell cycle, although in human cells the amount of HCt1 associated with the APC increases in

G1 (Fang et al., 1998a; Kramer et al., 1998a; Prinz et al., 1998). Thus, post-translational

mechanisms probably regulate Hct1-dependent stimulation of APC activity.

Activation of the cyclin-ubiquitin ligase activity of the APC in late mitosis also

requires the function of a large family of regulatory proteins, including the protein kinase

Cdc15 (Jaspersen et al., 1998; Schweitzer and Philippsen, 1991), the Polo-like kinase

Cdc5 (Charles et al., 1998; Kitada et al., 1993; Shirayama et al., 1998), and the protein

phosphatase Cdc14 (Taylor et al., 1997; Wan et al., 1992). Cells lacking the function of

these proteins arrest in late mitosis with high cyclin levels and profound defects in HCtl

dependent APC activity (Charles et al., 1998; Jaspersen et al., 1998). The mechanism by

which the late mitotic regulatory proteins promote cyclin-specific APC activation is not

clear.

We analyzed Hetl phosphorylation and its effects on the ability of HCt1 to act as an

activator of the cyclin-ubiquitin ligase activity of the APC. We found that Cdc28-dependent

phosphorylation occurs at multiple sites on HCt1 in vivo. Phosphorylation of HCt1 by

Cdc28 completely inhibited Hetl activity in vitro, providing a mechanism by which Cdc28

blocks its own inactivation. Inhibitory phosphorylation of HCtl was removed by the

phosphatase Cdc14, suggesting that the requirement for Cdc14 in late mitosis is due, at

least in part, to its ability to activate Hct1.
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Results

Activation of the APC by Hot1 in vitro

We first set out to explore mechanisms of APC regulation by analyzing the ability

of purified Het1 to activate purified APC in vitro. Our initial step was to develop a

conventional purification strategy to purify active APC from G1-arrested cells and inactive

APC from cells arrested in late mitosis by the cdc15-2 mutation (Figure 1). In both

preparations, we observed approximately 12 co-purifying subunits that correspond to the

12 subunits observed in previous reports (Figure 1a; (Zachariae et al., 1998b; Zachariae et

al., 1996)). During the purification, the G1 APC maintained activity while the anaphase

APC remained inactive (Figure 1b), suggesting that differences in activity were due to

intrinsic subunits or modifications. However, in comparisons of several preparations from

G1 and anaphase cells, we did not detect any differences in APC subunit composition or

the electrophoretic mobility of any subunit on polyacrylamide gels (Figure 1a). Thus,

activity in these experiments must be influenced by substoichiometric subunits or by

modifications that do not affect gel mobility under these conditions.

Cyclin-ubiquitin ligase activity of the purified APC from cdc15-2 cells was potently

stimulated by hexahistidine-tagged Hetl (Hct1-6His) purified from baculovirus-infected

insect cells (Figure 2a). Thus, Hct1 alone is sufficient to activate the cyclin-ubiquitin ligase

activity of the APC.

Hct1 was also able to activate the APC isolated by immunoprecipitation from

several other late mitotic mutants (cdc5-1, calcla-1, dbf2-2, and tem/-3) (Figure 2b). HCtl

also activated the APC from cells arrested at the DNA replication checkpoint (hydroxyurea,

HU) and the spindle assembly checkpoint (nocodazole), indicating that the APC inhibitory

mechanisms acting in these checkpoint arrests do not completely block APC

responsiveness to Hetl (Figure 2b). Similarly, Hct1 activated the APC from a cdc20-1

mutant, indicating that no previous function of Cdc20 is required for HCtl responsiveness

70



in vitro (Figure 2b). Finally, we observed that Hetl was able to hyperactivate the active

APC isolated from cells arrested in G1 with the mating pheromone o-factor (Figure 2b).

Thus, a major fraction of the APC from multiple cell cycle stages can be activated by HCt1.

Hct1 responsiveness of APC increases in late mitosis

Analysis of APC activation over a range of HCtl concentrations in vitro revealed

that differences in HCtl responsiveness exist at different cell cycle stages (Figure 2c, d).

We analyzed activation of the APC from cells arrested in metaphase (nocodazole), anaphase

(cdc15-2), or G1 (O-factor), and in four independent experiments we found that the Hctl

concentration required for half-maximal activation of the G1 APC (5 nM) was consistently

4-fold lower than that required for half-maximal activation of the APC from cells arrested

by nocodazole or the cdc.15-1 mutation (20 nM) (Figure 2c).

Interestingly, analysis of the APC from three late mitotic mutants (cdc15-2, cacS-1

and caclé-1) revealed that all late mitotic mutants do not arrest with equally responsive

APC (Figure 2d). Whereas the APC from cdc5-arrested cells behaved similarly to that of
cdc.15- and nocodazole-arrested cells (half-maximal activation at 20-25 nM HCt1), the APC

from the cdc14-1 mutant exhibited a higher HCtl sensitivity similar to that seen in G1

arrested cells (half-maximal activation at 5 nM HCtl).

The simplest interpretation of these experiments is that increasing Hetl

concentration leads to increased occupancy of the APC, which is then reflected in

stimulation of APC activity. As these experiments were performed at very low APC

concentrations (roughly nanomolar), the Hctl concentration at which half-maximal

stimulation occurs probably provides an estimate of HCt1-APC affinity, although more

direct binding analyses will be required to rigorously assess this possibility. Nevertheless,

these results suggest that APCs from calcla- and G1-arrested cells have a relatively high

affinity for HCt1.
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HCt] is phosphorylated by Cdc28

Our results indicate that the APC from multiple cell cycle stages is responsive to

Hctl in vitro, raising the question of why HCt1 does not activate these APCs in vivo. Hetl

levels are constant during the normal cell cycle (Prinz et al., 1998), indicating that Hetl

activity in vivo may be regulated by post-translational modification. To explore potential

Hctl modifications, we constructed a strain containing an integrated copy of hemagglutinin

(HA) epitope-tagged HCTI under the control of the GAL promoter. At least 3

electrophoretic mobility forms of HCt1HA were apparent in lysates from these cells: a

closely spaced doublet at approximately 65 kDa and a heterogeneous series of bands

migrating slightly slower than the doublet (Figure 3a, lane 2). The diffuse upper band, as

well as the top band in the doublet, disappeared upon treatment of HCt1 immunoprecipitates

with A-phosphatase (Figure 3a), demonstrating that Hot1 is phosphorylated in vivo. The

diffuse upper form of HCtl was most prominent in cells arrested in S phase and mitosis,

and was not detectable in cells arrested in G1 (Figure 3b). Thus, the presence of this form

is inversely correlated with APC activity, suggesting that it may represent an inhibitory

modification.

Hctl phosphorylation increased during cell cycle stages (S and M) when Cdc28

activity is known to be high, and examination of the predicted amino acid sequence of Hetl

revealed the presence of six consensus Cdc28 phosphorylation sites (S/T*-P-X-K/R). We

constructed a version of HCt 1HA in which these sites (serines 16, 42, 227, 239, and 436

and threonine 176) were mutated to alanine (the Hct1-28A mutant). When this mutant was

expressed in asynchronous yeast cells, only the lower two mobility forms of HCt1 were

observed (Figure 3a). Similarly, in cells arrested in S or M phases, the diffuse upper Hetl

band was absent in the Hct1-28A mutant (Figure 3b). We conclude that Het1 is

phosphorylated in vivo at Cdc28 consensus sites when Cdc28 activity is high.

To further document a role for Cdc28 in HCtl phosphorylation, we showed that

purified, baculovirus-derived Hot1-6His was efficiently phosphorylated in vitro by purified
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Cdc28 Clb2 complexes (Figure 4a), and that Cdc28 phosphorylation led to a

heterogeneous electrophoretic mobility shift similar to the Hct1 mobility shifts observed in

vivo (Figure 4a, b). Quantitation of phosphate incorporation in these experiments indicated

that approximately 3-5 phosphates were transferred to the Hct1-6His by Cdc28-Clb2.

We also analyzed phosphorylation of the mutant HCt1-28A protein by Cdc28-Clb2

in vitro (Figure 4a). Because the Hctl-28A protein was poorly expressed in insect cells and

therefore less homogeneous upon purification, phosphorylation of the protein by a

contaminating kinase was more pronounced; nevertheless, mutation of the six Cdc28 sites

abolished over 80% of the Cdc28-dependent HCtl phosphorylation at high Cdc28-Clb2

concentrations. Based on this result, as well as our evidence from intact cells above, we

conclude that HCtl is phosphorylated by Cdc28 in vivo during S and M phases, and that

phosphorylation occurs at several CDK consensus sites in the protein.

Five of the six CDK consensus sites in HCtl are found in the amino-terminal half of

the protein, while one site (Ser 436) is located within the WD40 repeats of the carboxy

terminal half. We therefore constructed another HCt1 mutant in which only the five amino

terminal sites were changed to alanine. Mutation of these sites also abolished the diffuse

upper forms of HCt1, suggesting that these five sites are the major sites of Cdc28

dependent phosphorylation in vivo (data not shown).

Cac28-dependent phosphorylation inactivates HCt!

To assess the effects of Cdc28-Clb2-dependent phosphorylation on Hot1 activity,

we developed methods that allowed us to treat HCtl-6His with Cdc28-Clb2 and then re

purify it (Figure 4b). Phosphorylation of HCt1-6His dramatically inhibited its ability to

stimulate the cyclin-ubiquitin ligase activity of the purified APC from cdc15 cells (Figure

4c, center lanes). Treatment of the HCt1-28A mutant with Cdc28-Clb2 kinase had no effect

on its ability to stimulate APC activity (Figure 4d). We conclude that phosphorylation by

Cdc28-Clb2 severely impairs stimulation of cyclin-ubiquitin ligase activity by HCtl.

73



To assess the role of Cdc28-dependent phosphorylation in HCt1 function in vivo,

we analyzed the effects of moderate HCt1-28A expression on cell proliferation and cyclin

levels. Expression of Het1-28A, but not that of wild type Hct1, inhibited cell proliferation

(Figure 5a) and caused a decrease in Clb2 levels in cells arrested in mitosis with nocodazole

(Figure 5b). Expression of HCt1-28A was also able to partially suppress the growth defect

of the late mitotic mutant cacI4-1 (Figure 5c), which is defective in activation of cyclin

specific ubiquitin ligase activity (Jaspersen et al., 1998). These results are consistent with

the possibility that the Cdc28 phosphorylation sites in Hetl are involved in negative

regulation of APC activity.

The phosphatase Caclº dephosphorylates and activates HCtl

Our results raise the possibility that activation of cyclin destruction in late mitosis is

triggered by dephosphorylation of inhibitory sites on HCt1. The phosphatase Cdc14 is an

excellent candidate for the Hctl phosphatase, as it is required for late mitotic APC

activation and cyclin destruction (Jaspersen et al., 1998), and is upregulated during mitosis

(Wan et al., 1992). That the growth defect in cdc14-1 cells is rescued by HCt1-28A

expression (Figure 5c) also supports the possibility that HCt1 is a key target of Cdc14.

We tested the ability of Cdc14 to dephosphorylate Hct1 by adding purified GST

Cdc14 to preparations of HCtl that had been radioactively phosphorylated by purified

Cdc28-Clb2 (Figure 6a). In these experiments, Hct1 was labeled by Cdc28 at

approximately one site per molecule, resulting in only a partial shift in mobility on the gel.

Under these conditions, small amounts of GST-Cdc14 rapidly catalyzed the removal of

50% of the Cdc28-dependent phosphorylation on Hot1, resulting in the collapse of the

labeled band into the high mobility form (Figure 6a). We also assessed the Hctl

phosphatase activity of Cdc14 by measuring the radioactive phosphate released from Hetl

into solution. Here again, Cdc14 catalyzed the release of phosphate from HCtl in a dose

dependent fashion (Figure 6b).
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Most importantly, treatment of Cdc28-phosphorylated Hetl with Cdc14 partially

restored the ability of HCt1 to activate the APC in vitro (Figure 6c). There was no effect

when we added GST-Cdc14 proteins bearing point mutations in the active site (C283S or

C283S/R289A), which are known to abolish phosphatase activity (Taylor et al., 1997).

Thus, Cdc14 is able to dephosphorylate key Cdc28-dependent inhibitory sites on Hetl.

Addition of purified GST-Cdc14 alone did not stimulate the inactive APC from

calcI5-2 cells. and pre-incubation of inactive APC with GST-Cdc14 did not affect

subsequent activation by purified HCtl (data not shown). Thus, Cdc14 does not have a

direct action on the APC itself in our experiments.

A fraction of phosphorylated HCtl in these experiments appeared resistant to

dephosphorylation by Cdc14 (Figure 6a). Similarly, the activity of phosphorylated HCtl

was not fully restored by Cdc14 treatment (Figure 6c). It therefore appears that all Cdc28

dependent phosphorylation sites on HCtl are not equally effective substrates for Cdc14

under these conditions.

To further explore the function of Cdc14, we added GST-Cdc14 to crude lysates

prepared from cdc.14-arrested cells expressing HCt1HA from the GAL promoter (Figure

7a). Cdc14 treatment abolished the Cdc28-dependent low mobility forms of HCtl, resulting

in a collapse of the diffuse Hct1 band to the doublet seen in G1 cells (Figure 7a, top). APC

activity in the lysate increased (Figure 7a, bottom). Addition of large quantities of A

phosphatase had only slight effects on HCtl mobility and no effect on APC activity,

Suggesting that Cdc14 is a more specific HCtl phosphatase under these conditions. APC

activation was also seen when GST-Cdc14 was added to lysates of cdc.14-arrested cells

lacking overexpressed HCtlHA (Figure 7b), showing that APC re-activation by Cdc14 in

these experiments is not dependent on high levels of exogenous HCt1.

We next confirmed the role of Cdc14 in HCtl dephosphorylation in vivo.

Overexpression of CDC14 in mitotically-arrested cells abolished Hetl phosphorylation and
triggered APC activation and Clb2 destruction (Figure 7c). Similar results were obtained in
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cells lacking the CDK inhibitor Sicl (Figure 7c), whose levels are known to increase in

cells overexpressing CDC14 (Visintin et al., 1998). Thus, Cdc14 does not trigger HCtl

dephosphorylation indirectly by decreasing Cdc28 activity.

Discussion

We conclude that inhibitory phosphorylation of HCtl is an important mechanism of

APC regulation. Several lines of evidence suggest that Cdc28-cyclin complexes are

responsible for catalyzing this phosphorylation. First, Hctl undergoes phosphate

dependent mobility shifts during cell cycle stages when Cdc28 is known to be active, and

these shifts are abolished when Cdc28 consensus phosphorylation sites in HCtl are

changed to alanine. Second, purified Cdc28-Clb2 complexes catalyze phosphorylation at a

large subset of these sites in vitro. Third, Cdc28-dependent phosphorylation inhibits HCtl

function in vitro, explaining previous observations that the activities of Cdc28 and APC are

inversely correlated during the cell cycle (Amon et al., 1994), that inhibition of Cdc28

activity is sufficient to allow nocodazole-arrested cells to exit mitosis, and that artificial

induction of Cdc28-Clb2 kinase activity in G1 cells leads to Clb2 stabilization (Amon,

1997).

While this manuscript was in preparation, Zachariae et al (Zachariae et al., 1998a)

published evidence also suggesting that Hetl phosphorylation by Cdc28 inhibits APC

activity in vivo. They also observed phosphate-dependent Hetl mobility shifts during cell

cycle stages when Cdc28 activity is high, and found that Hetl phosphorylation was

inversely correlated with cyclin destruction in vivo. Overexpression of an Hot1 mutant

lacking CDK consensus sites blocked cyclin accumulation in vivo. The mutant HCt1 protein

associated with the APC in vivo at cell cycle stages when Cdc28 activity is high,

suggesting that Cdc28-dependent Hetl phosphorylation blocks APC activation by

inhibiting the Hct1-APC interaction.
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We found that Cdc28-dependent Hetl phosphorylation was prevented by mutation

of five residues in Hot1, while Zachariae et al (Zachariae et al., 1998a) observed a complete

loss of phosphorylation only when nine sites were mutated. This apparent discrepancy is

readily explained. Whereas Zachariae et al mutated all serines or threonines followed by a

proline, we focused on the subset of sites that also have a basic residue two positions after

the proline (as is often the case in CDK substrates). Zachariae et al observed a reduction in

Hctl phosphorylation only when their mutations included one or more of the basic sites we

mutated.

Inhibitory HCtl phosphorylation thus provides a mechanism by which Cdc28

suppresses cyclin-specific APC activity during S phase and early mitosis. However, it

seems unlikely that this is the only mechanism governing APC activity. Additional

regulatory modifications may govern HCtl function, since some Hctl phosphorylation is

observed in the Hct1-28A mutant and in G1 cells (Figure 3). In addition, cyclin destruction

is probably controlled in part by modification of the APC core itself, as suggested by our

observation (Figure 2c, d) that the APC from cdc14- and G1-arrested cells is more

responsive to Hetl than the APC from other late mitotic mutants. These results are

reminiscent of recent evidence in vertebrates that the affinity of the APC for Cdc20 varies in

the cell cycle (Fang et al., 1998b), and are also consistent with previous evidence that APC

activity in vertebrates is regulated by phosphorylation of core APC subunits (Felix et al.,

1990; Kotani et al., 1998; Lahav-Baratz et al., 1995; Patra and Dunphy, 1998; Peters et al.,

1996; Sudakin et al., 1995).

Based on these considerations, we speculate that some modification of the APC in

late mitosis results in enhanced affinity for HCt1 (Figure 8). Cdc14 is not required for this

modification since the APC from calcla cells, unlike that from calcS or cdc15 cells,

displays the increased HCt1 sensitivity that is seen in G1 cells. In addition, the APC from

cacI4-arrested cells has low but reproducibly higher activity than the completely inactive

APC from cacS and cdc15 cells (Jaspersen et al., 1998). Finally, expression of the Het1
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28A mutant is able to partially suppress the late mitotic arrest of the cdc14-1 mutant (Figure

5c), but has no effect on the growth defects in cdc15-2 and cdc5-1 cells (data not shown).

These lines of evidence all point to the possibility that the major restraint on APC activity in

cdc.14-arrested cells is the presence of inhibitory HCtl phosphorylation, whereas additional

APC defects prevent cyclin destruction in the cdc5 and cdc.15 mutants (Figure 8).

The ability of Cdc28 and the APC to antagonize each other's activity leads to the

potential for a regulatory loop that could enhance the abrupt, all-or-none kinetics of Cdc28

inactivation in late mitosis. The switch-like features of Cdc28 inactivation may also be

enhanced by a similar antagonistic relationship between Cdc28 and its inhibitor Sicl,

whose synthesis and stability are inhibited by Cdc28 activity (Moll et al., 1991; Toyn et al.,

1996; Verma et al., 1997) (Figure 8). A key issue remains unresolved, however: what

initiating event is responsible for reducing Cdc28 activity (or increasing APC or Sicl

activity) to some threshold where these regulatory relationships bring on rapid and

complete Cdc28 inactivation? Our studies suggest that Cdc14 could help initiate this

process by catalyzing HCtl dephosphorylation. In addition, Visintin et al (Visintin et al.,

1998) recently found that Cdc14 dephosphorylates Sicl (leading to its stabilization) and the

transcription factor Swis, leading to an increase in SICI expression. We suspect that

additional mechanisms, probably involving Cdc5 and Cdc15, also contribute to the late

mitotic decline in Cdc28 activity.
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Materials and Methods

Yeast strains and protein methods

All strains were derivatives of W303. To construct strains for APC purification,

CDC23HA from pRS239 (gift from P. Hieter) was integrated at the CDC23 locus of

LH131 (Mato cdc23-1; a gift of L. Hwang) by one-step gene replacement. A 6His-tag

was inserted immediately before the stop codon of CDC16, and this construct was used to

replace endogenous CDC16 of SLJ128 (MATa barl pep4A::URA3) with CDC16-6His.

These strains were crossed and sporulated to produce SLJ290 (MATa barl

CDC23::CDC23HA CDC16::CDC16-6His-LEU2 pep4A::URA3). Additional strains used

for APC purification were derived from crosses to SLJ290. Wild-type and mutant HCTI

genes were cloned into a pKS304-based plasmid containing the GALI/10 promoter and a

single C-terminal HA tag (Jaspersen et al., 1998); these constructs were integrated at the

TRP1 locus of a wild type, an het1A::LEU2 (gift of W. Seufert), a cdc14-1, or a

sic! A::LEU2 (gift of A. Rudner) strain. For Cdc14 overproduction experiments, the

CDC14 gene was cloned into pIDK20 (Tjandra et al., 1998) under control of the GALI/10
-

promoter; this construct was integrated at the URA3 locus of wild type and sic! A strains

containing GAL-HCTIHA integrated at the TRP1 locus.

Yeast lysate preparation, immunoblotting, immunoprecipitation, and phosphatase

treatment were as described (Espinoza et al., 1998; Jaspersen et al., 1998). Cyclin

ubiquitin ligase activity of the APC from yeast extracts was measured as described (Charles

et al., 1998). Ubiquitination activity was quantitated on a Phosphorimager using the

ImageOuant program (Molecular Dynamics).

APC Purification

A pellet from 5 x 1010 log phase cells was resuspended in 50 ml APC lysis buffer

(50 mM Hepes-NaOH pH 7.4, 75 mM KCl, 50 mM NaF, 1 mM MgCl2, 1 mM EGTA,
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0.1% NP-40, 10% glycerol, 2 mM phenylmethylsulfonylfluoride, 2 pg/ml leupeptin, 2

ug/ml aprotinin, 4 ug/ml pepstatin) and cells were lysed by bead beating in a Mega Beater

(Biospec) at 4°C. Lysates were clarified by centrifugation for 10 min at 9,000 x g at 4°C

followed by ultracentrifugation (1 h, 80,000 x g, 4°C). Lysate was loaded onto a 5 ml

HiTrap Chelating column (Pharmacia) charged with cobalt and equilibrated in APC-Buffer

A (50 mM Hepes-NaOH pH 7.4, 200 mM KCl, 50 mM NaF, 0.1% NP-40, 10%

glycerol). Following a wash with APC-Buffer A containing 10 mM imidazole, bound

proteins were then eluted with a linear gradient (10-200 mM) of imidazole in APC-Buffer

A. Fractions containing the APC were pooled, diluted to 50 mM KCl in APC-Buffer B (20

mM Tris-HCl, pH 7.6, 1 mM MgCl2, 10% glycerol, 1 mM dithiothreitol (DTT)), and

loaded onto a 1 ml HiTrap SP column equilibrated in APC-Buffer B containing 50 mM

KCl. Proteins were eluted with a 50-350 mM KCl gradient in APC-Buffer B. The APC

fractions were pooled, diluted to 100 mM KCl with APC-Buffer C (APC-Buffer B with

0.1% Tween-20), and loaded onto a 1 ml HiTrap Q column. Following a wash in APC

Buffer C plus 250 mM KCl, the APC was eluted from the column with a 250–750 mM KCl

gradient in APC-Buffer C. Fractions containing the APC were pooled, diluted with an

equal volume of APC-Buffer A, and repurified on a 1 ml HiTrap Chelating column charged

with cobalt. APC containing fractions were pooled and insulin (Sigma) was added to 0.1

mg/ml. The concentration of the purified APC was approximated based on the silver

staining intensity of the Cdc16 band.

Hct1 purification

HCTI was amplified from genomic DNA by PCR and cloned into pHB-6His at the

NcoI site w create pHB-Hct1H6. The Cdc28 phosphorylation site mutant, pFB-Hct1H6

28A, was generated by oligonucleotide-mediated mutagenesis of pHB-Hct1H6 (Kunkel,

1985) to change serines 16,42, 227, 239, and 436 and threonine 176 to alanines.

Baculoviruses encoding wild-type or mutant HCtl-6His were generated using the Bac-to
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Bac expression system (Gibco BRL). Wild-type and mutant Hot1-6His were purified from

baculovirus-infected Sf9 cells by metal affinity chromatography as described (Fisher et al.,

1995). Tween-20 (0.1%) and insulin (0.1 mg/ml) were added prior to storage.

Cac28-Clb2 purification

To produce an active Cdc28-Clb2 kinase, lysate was prepared from insect cells co

infected with baculoviruses encoding Cdc28HA and Cak1HA3 (a gift of A. Farrell), and

combined with a lysate of bacteria expressing a Clb2MBP fusion protein (a gift of R.

Deshaies). The Cdc28-Clb2MBP complex was then purified on an amylose column

(NEB), followed by cation exchange chromatography (Pharmacia SP Sepharose Fast

Flow). Approximately equimolar amounts of Cdc28 and Clb2 were present in the purified

complex.

Cacl4 purification

CDC14 was amplified from genomic DNA by PCR and cloned into the BamhI site

of pCEX-3X (Pharmacia). Bacteria transformed with this construct were grown to an
-

OD600 of 0.6, and expression of GST-Cdc14 was induced with IPTG (0.1 mM) for 16

hours at 23°C. The recombinant protein was purified on a glutathione-sepharose 4B

column (Pharmacia), followed by anion exchange chromatography (Pharmacia HiTrap Q).

Point mutants in the Cdc14 active site were generated by subcloning CDC14 into

pBSSKII+ (Stratagene) for oligonucleotide-directed mutagenesis.

Phosphorylation of Hot1 by Cdc28-Clb2

Purified Cdc28-Clb2MBP was incubated for 20 min at 23°C in a 20 pil reaction

mixture containing 100 um ATP, 150 ng Hot1-6His, and 2.5 uCi ■ y-32P)ATP (3000
mCi/mmol) in kinase buffer (50 mM Hepes-NaOH pH 7.4, 10 mM MgCl2, and 1 mM

DTT). Reaction products were analyzed on 8% SDS-PAGE gels followed by
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autoradiography. To determine the effect of Cdc28-Clb2 phosphorylation on HCt-6His, the

Cdc28-Clb2 complex was immobilized on protein A-sepharose beads (Sigma) by

immunoprecipitation with o-Clb2 (Gerber et al., 1995) and o-MBP (NEB) polyclonal

antibodies. Immobilized Cdc28-Clb2 complexes were used to phosphorylate Hot1-6His in
reactions containing 1 mM ATP. Following a 30 min incubation at 25°C, Hct1-6His was

separated from the Cdc28-Clb2 by removal of the beads.

Hct 1 phosphate release assay

2.7 pig Het 1-6His was radiolabeled by 20 min incubation at 25°C with 1.1 pig

Cdc28-Clb2 and 100mciº-P-Y-ATP (3000 Cimmol) in a 560 ul reaction. Free ATP was
removed by gel filtration on a 4 ml Sephadex G25 column equilibrated in HBS (25 mM

Hepes-NaOH pH 7.4, 150 mM NaCl, 1 mM DTT), followed by addition of glycerol

(10%) and insulin (0.1 mg/ml). Aliquots of labeled Hctl (90 ng; 200,000 cpm) were

incubated 5 min at 25°C in 20 pul reactions with GST or GST-Cdc14, followed by addition

of 10 pil BSA (10 mg/ml) and 180 pil ice-cold 20% Trichloroacetic acid. Following

incubation on ice for 30 min, the mixture was centrifuged (16,000xg, 10 min, 4°C), and

100 pil of the supernatant was removed for quantitation by scintillation counting.

82



Acknowledgements

We thank Alison Farrell, Lena Hwang, Ray Deshaies, Phil Hieter, and Wolfgang Seufert

for strains, plasmids, and antibodies, Justin Blethrow for construction of the Hct1-6His

baculovirus, Sue Biggins for purified GST, and Andrew Murray, David Toczyski, Rachel

Tinker-Kulberg, Sue Biggins, Jamison Nourse, Catherine Takizawa, Jeff Ubersax, Adam

Rudner, Alex Szidon, and Hironori Funabiki for valuable discussions and comments on

the manuscript. This work was supported by funding from the National Institute of

General Medical Sciences (to D.O.M.), a University of California Dean's Fellowship (to

J.F.C.), and a Howard Hughes Medical Institute Predoctoral Fellowship (to S.L.J.).

83



Figure Legends

Figure 1. Purification of APC from G1 and anaphase cells.

The APC was purified from cells arrested in anaphase using a cacl5-2 mutation or in Gl

using a cdc28-13 mutation. (a) Peak fractions from the final purification step were pooled

and analyzed by electrophoresis on a 8.5% polyacrylamide gel, followed by silver staining.

In multiple preparations, we observed twelve subunits similar in mobility to those seen in

previous reports (Zachariae et al., 1998b; Zachariae et al., 1996). Nine subunits are marked

at left; the three smallest subunits are apparent only on higher percentage gels. Proteins

migrating at about 50 kDa (asterisk) are contaminants that do not co-purify with the APC.

(b) Activities of purified anaphase and G1 APCs were measured by immunoprecipitating

equivalent amounts of APC with 12CA5 (which recognizes the HA-tagged Cdc23 subunit

in these preparations) and measuring ubiquitination of a 125I-labeled cyclin fragment. The

asterisk indicates a non-specific background band.

Figure 2. Activation of APC by recombinant Hot1.

(a) Increasing amounts of purified HCt 1-6His were added to approximately 6 nM purified

APC from cacI5-2 cells, and cyclin-ubiquitin ligase activity was measured. The asterisk

indicates a non-specific background band. (b) Cells were arrested at various cell cycle

stages with the indicated temperature-sensitive mutations or by treatment with O-factor

(of), hydroxyurea (HU), or nocodazole (Noc). The hctl A strain was grown

asynchronously at 23°C. APC was immunoprecipitated from 250 pg yeast lysate with anti

Cdc26 antibodies (a gift of L. Hwang), and incubated either with 15 nM Het1-6His (+) or

buffer (-), followed by measurement of cyclin-ubiquitin ligase activity. Control

experiments were performed without added yeast lysate (-APC). (c) APC was

immunoprecipitated from lysates (70 pg) of wild type cells treated with O-factor or

nocodazole, or from calcl5-2 cells arrested at 37°C. Recombinant HCt1-6His was added in
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increasing amounts, and APC activity was measured. In the top panel, the average APC

activity in four independent experiments is expressed as a percentage of maximum activity

for that APC. In the bottom panel, the data has been linearized with a double-reciprocal

plot. Standard errors are indicated, although in most cases they were smaller than the

diameters of the symbols. We estimate that APC concentrations in all four experiments

were in the nanomolar range. (d) APC was immunoprecipitated from lysates (70 pg) of

cdc5-1, cacI5-2, and cdc14-1 cells arrested at 37°C. Following incubation with increasing

amounts of HCt1, APC activity in a representative experiment was analyzed as in (c).

Similar results were obtained in three independent experiments.

Figure 3. Het 1 phosphorylation in vivo at Cdc28 consensus sites.

(a) Wild type strains containing GAL-HCT1-HA or GAL-HCT1-28A-HA (a mutant in

which the six Cdc28 consensus sites are changed to alanine) were grown in galactose for

2.5 h. Wild-type or mutant HCtl HA proteins were immunoprecipitated from cell lysates

(500 ug) and treated with phosphatase buffer plus phosphatase inhibitors (lanes 2,5), 100
U A-phosphatase (lanes 3, 6), or both A-phosphatase and phosphatase inhibitors (lanes

4,7). Lane 1 is an immunoprecipitate from a lysate of cells lacking the tagged HCtl.

Immunoprecipitates were immunoblotted with the anti-HA antibody 16B12. (b) The same

strains as in (a) were arrested in O-factor (O.f), hydroxyurea (HU), or nocodazole (Noc), or

left untreated as asynchronous cultures (A). Galactose was then added to 2%, except in the

uninduced control (U). Anti-HA immunoprecipitates of cell lysates were then probed by

immunoblotting with anti-HA antibody 16B12. Partial HCtl degradation in this experiment

resulted in the appearance of anti-HA-reactive bands below the main HCt1 bands.
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Figure 4. Phosphorylation of Hot1 by Cdc28-Clb2 abolishes its ability to

activate the APC.

(a) Increasing amounts of Cdc28-Clb2 were tested for their ability to phosphorylate 150

ng purified HCt1-6His or the Hct1-28A-6His mutant. Quantitation of phosphate

incorporation in these experiments indicated that approx. 4.4 mol phosphate was

incorporated per mol wild type Hct1-6His at the highest Cdc28-Clb2 concentrations; in

other experiments, phosphate incorporation varied from 3 to 5 mol/mol. (b) 3 pig purified

Hct1-6His was incubated with ATP and 10 pig Cdc28-Clb2 complex immobilized by

immunoprecipitation on beads (center lane). To control for contaminating kinases, Hct

6His was incubated in a reaction with ATP and beads alone (left lane); to verify that the

effects of Cdc28-Clb2 on Hot1-6His were dependent on Cdc28-Clb2 kinase activity, ATP

was omitted from the kinase reaction (right lane). Following removal of the Cdc28-Clb2,

25% of the reaction was analyzed by gel electrophoresis and Coomassie Blue staining. (c)

The three Hct1-6His preparations shown in panel (b) were incubated in solution with 6 nM

APC purified from cdc15-2 arrested cells, and cyclin-ubiquitin ligase activity in the reaction

WaS measured. (d) Wild-type Hctl-6His and mutant HCt1-28A-6His (3 pig) were treated

with Cdc28-Clb2 (10 pig), and activation of a purified cacl5-2 APC was tested as in panel

(c). Because the mutant Het1-6His purified from insect cells appears unstable and is not as

effective in APC activation as the wild type protein, wild-type Hct1-6His was diluted 1:30

after treatment with kinase and prior to incubation with the APC. Average APC activity in

four independent experiments is shown as percent of maximal activity achieved with

untreated HCt1-6His.

Figure 5. Effects of Het1-28A in vivo.

(a) Log-phase het1A strains containing vector, GAL-HCT1HA or the mutant GAL-HCT1

28A-HA were serially diluted 2-fold and spotted onto YPD and YP/galactose-raffinose

plates. Plates were incubated for 2.5 days at 23°C. (b) The same strains used in panel (a)
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Were grown to mid-log phase, arrested with hydroxyurea, washed and treated 2 h with

nocodazole. Galactose was added, and samples were harvested at the indicated times for

immunoblotting with the indicated antibodies. In all samples, greater than 90% of cells

remained large-budded throughout the experiment. Note that wild type HCTI expression

had little effect in these experiments, in contrast to results in previous studies (Schwab et

al., 1997; Visintin et al., 1997). This may be due to differences in the expression level

achieved in our work, and may also indicate that the single carboxy-terminal HA tag on

Hctl reduces HCtl function. (c) Log-phase cacla-1 strains containing vector, GAL

HCTIHA or the mutant GAL-HCT1-28A-HA were serially diluted 2-fold and spotted onto

YP/galactose-raffinose plates. Plates were incubated for 3 days at 23° or 4 days at 37°C.

No growth was observed on control plates containing dextrose at 37°C (data not shown).

Figure 6. Cdc14 promotes Hot1 dephosphorylation and APC activation.

(a) Hot1-6His (50 ng) was incubated with 32P-Y-ATP and 20 ng Cdc28-Clb2 complexes

immobilized on beads, or incubated with ATP in the presence of beads alone. The soluble

Hct1 was incubated 30 min at 30°C with purified GST or with the indicated amounts of

purified GST-Cdc14. Cdc28-dependent phosphate remaining on Hetl is indicated below

the figure. (b) 32P-phospholabeled Het1-6His (final concentration 3 nM) was incubated

for 5 min at 25°C with the indicated amounts of GST or GST-Cdc14. Proteins in the

reaction were precipitated with acid, and radioactivity in the resulting supernatant was

measured. Background phosphate release (in presence of GST alone) has been subtracted.

Because phosphorylated HCtl is not readily prepared in large quantities, we could not use

Saturating substrate concentrations, and the rate of phosphate release in these experiments

(0.1-0.3 nmol mg' min−1) is probably far below maximum. (c) Hot1-6His (100 ng) was

incubated with 20 ng Cdc28-Clb2, either in the presence (+) or absence (-) of 1 mM ATP.

We then added the indicated amounts of GST (lane G), GST-Cdc14 (lanes marked 14), or

phosphatase-deficient mutant forms of GST-Cdc14 (C283S, lane C, C283S/R289A, lane
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C/R). After 30 min incubation at 30°C, treated Het1 was tested for its ability to activate the 2

cyclin-ubiquitin ligase activity of the APC in anti-Cdc26 immunoprecipitates from 400 pig

lysates of cdc.15-2 cells arrested at 37°C.

Figure 7. Cdc14 promotes APC activation in crude cell extracts and in

vivo.

(a) The indicated amounts of GST, GST-Cdc14, or A-phosphatase were added to cell

lysates (1 mg) prepared from calcla-1 cells arrested at 37°C and expressing HCt1HA from

the GAL promoter. Anti-HA immunoprecipitates were immunoblotted with anti-HA

antibody 16B12 (top), or cyclin-ubiquitin ligase activity was measured in anti-Cdc26

immunoprecipitates (bottom). (b) The indicated amounts of GST (lane G), GST-Cdc14

(lanes marked 14), phosphatase-deficient GST-Cdc14 point mutants (lanes C and C/R), or

A-phosphatase were added to cell lysates (1 mg) prepared from cdc14-1 cells arrested at

37°C. Cyclin-ubiquitin ligase activity was then measured in anti-Cdc26

immunoprecipitates. (c) Wild type or sic! A cells containing GAL-HCTIHA alone or in

combination with GAL-CDC14 were arrested in mitosis by treatment with 15 pg/ml

nocodazole, followed by addition of galactose (4%) for 3 h. APC activity was measured in

anti-Cdc26 immunoprecipitates from 600 pig of cell extract (top panel). Clb2 protein was

detected by western blotting with anti-Clb2 antibody (middle). Hot1HA protein was

immunoprecipitated from 1 mg of cell extract and analyzed by western blotting (bottom).

Figure 8. Model of the regulatory system governing Cdc28 inactivation in

late mitosis.

This scheme accounts for our evidence that the APC core undergoes a CdcS- and Cdc15

dependent increase in HCtl sensitivity in late mitosis (indicated by an asterisk). Cdc14 is

not required for this process but is required for the activation of APC by HCt1

dephosphorylation. It remains possible that Cdc5 and Cdc15 are also required for HCtl
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Chapter 4

Cdc14 Regulation
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Introduction

In Saccharomyces cerevisiae, mitotic CDK inactivation via Clb proteolysis and/or

accumulation of the Clb-specific inhibitor Sicl is essential for mitotic exit and entry into G1

of the next cell cycle. For successful propagation of a cell, it is essential that mitotic exit

not occur prior to completion of the events of mitosis; the large number of proteins

implicated in regulating mitotic CDK inactivation indicates that the timing of this

inactivation must be highly regulated (reviewed in Morgan, 1999 and Hoyt, 1997).
Cyclin proteolysis appears to be regulated primarily by controlling the activity of the

E3 ubiquitin-ligase complex known as the anaphase promoting complex (APC) The WD

40 repeat protein HCt1, which is required for Clb2 ubiquitination and degradation (Schwab

et al., 1997; Visintin et al., 1997), binds to the APC core and activates it by an unknown

mechanism (Zachariae et al., 1998a). HCtl activity is in turn regulated by phosphorylation:

Cdc28-Clb complexes phosphorylate HCt1, preventing its association with and activation of

the APC (Jaspersen et al., 1999; zºne et al., 1998a). Thus, Cdc28-Clb activity

-

opposes its own HCt1-dependent inactivation, explaining the early observation that Clb2

inhibits its own proteolysis (Amon, 1997). It is now clear that Cdc20 is also required to

activate cyclin proteolysis independently of its role in degrading the anaphase inhibitor,

Pds 1 (Lim et al., 1998; Yamamoto et al., 1996). This is likely due to a requirement for

Cdc20 in Clb5 degradation (Shirayama et al., 1999), although the mechanism by which

Clb5 inhibits Clb2 proteolysis is murky.

Although mitotic cyclin proteolysis has long been thought to be essential for mitotic

exit in a variety of organisms (Gallant and Nigg, 1992; Holloway et al., 1993; Murray et

al., 1989; Rimmington et al., 1994; Sigrist et al., 1995; Surana et al., 1993; Yamano et al.,

1996), het1 Acells, which fail to degrade Clb2, are viable (Schwab et al., 1997). Cells

lacking both Het1 and Sic] are inviable, suggesting that inhibition of mitotic CDKs by Sicl

is sufficient for mitotic exit in the absence of Het1.

S
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As with HCt1, Sicl and Cdc28 activity are mutually antagonistic. Sicl is targeted

for SCFCdc4-dependent ubiqutination and degradation after phosphorylation by Cln- and

Clb-Cdc28 complexes (Feldman et al., 1997; Verma et al., 1997). The transcription

factor Swis regulates Sic] transcription (Knapp et al., 1996; Toyn et al., 1996);

phosphorylation of Swiš by Cdc28-Clb complexes inhibits Sic] transcription by

preventing Swis entry into the nucleus (Moll et al., 1991). Thus, Sicl levels are negatively

regulated by Cdc28 activity both transcriptionally and post-translationally.

The phosphatase Cdc14 appears to be a key regulator of both mitotic cyclin

destruction and Sicl accumulation. Cdc14 dephosphorylates and activates HCtl, thus

increasing HCtl-APC activity (Jaspersen et al., 1999). By dephosphorylating Sic] and

Swis, Cdc14 both stabilizes Sicl and causes an increase in Sic] transcription (Visintin et

al., 1998). Both of these actions result in decreased Cdc28-Clb activity, which further

shifts the balance toward active Hct1-APC, Clb proteolysis, and mitotic exit. It has been

proposed that the mutual antagonism between Cdc28-Clb complexes and their inhibitors

Hctl and Sicl creates a "bistable biochemical switch" whereby a drop in Cdc28 activity

below some threshold level leads to a sudden and complete activation of Het1-APC

(Morgan, 1999). In this parlance, Cdc14 trips the switch for mitotic exit.

Cdc14 protein levels are constant across the cell cycle (Visintin et al., 1999), yet

Cdc14 activity is limiting for activation of Clb2 proteolysis and Sicl accumulation as

shown by overexpression studies (Jaspersen et al., 1999; Visintin et al., 1998). Thus,

Cdc14 activity must be regulated such that its phosphatase activity toward key substrates is

only unleashed after the completion of mitotic events. Recent work indicates that the

subcellular localization of Cdc14 changes dramatically as cells proceed through anaphase,

coincident with the expected timing of Cdc14 activation. Immunolocalization studies in

synchronized cultures revealed that Cdc14 is nucleolar from G1 through mitotis and is then

abruptly delocalized, becoming diffusely nuclear as cells undergo anaphase, as judged by
the appearance of long spindles (Shou et al., 1999; Visintin et al., 1999).

*
º

2
*
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The Cdc14 interacting protein Net1 (nucleolar silencing establishing factor and 2.

telophase regulator) was identified both in a screen for mutants able to bypass the

cdc.15A telophase arrest (Shou et al., 1999) and a screen for Cdc14-interacting proteins */

(Visintin et al., 1999). Purification of Neti led to the identification of a multi-subunit

complex containing Net1, Cdc14, Sir2 and Nanl (Shou et al., 1999). The independent

biochemical identification of Net1 as a Sir2-interacting protein essential for nucleolar º

silencing functions (Straight et al., 1999) led to naming this complex RENT (regulator of

nucleolar silencing and telophase).

Net1 is always nucleolar, and several lines of evidence indicate that it is required for

the nucleolar localization of Cdc14: Cdc14 is constitutively delocalized in net 1A cells and

overexpressing Net1 leads to the mislocalization of both Net1 and Cdc14 (Visintin et al.,

1999). Net1 has two regions of homology to the protein phosphatase I regulatory subunit

Regl (Visintin et al., 1999), and there is some evidence that, in addition to tethering Cdc14

in the nucleolus, Net1 is likely to inhibit Cdc14. Cdc14 isolated from net1A cells is more

active than that from wild-type cells, and anti-Net1 immunoprecipitates can inhibit the

activity of recombinant Cdc14 (Shou et al., 1999). Consistent with this in vitro effect,

NET1 overexpression rescues the lethal phenotype caused by CDC14 overexpression,

indicating that Net1 can inhibit Cdc14 activity in vivo, despite the diffuse localization of

both proteins under these conditions (Visintin et al., 1999). Although Net1 appears to be

the key regulator of Cdc14 function, it cannot be ruled out that other proteins in the

complex, such as the essential Nan 1, are important for this inhibitory effect. Moreover, in

net 1A cells Clb2 kinase activity eventually accumulates, suggesting that there may be

additional mechanism(s) by which Cdc14 activity may be restrained.

CDC14 is only one of a large class of genes which have been implicated in

regulating mitotic exit. This group of genes, known variously as the late mitotic family or

mitotic exit network, includes the protein kinases CdcS, Cdc15, Dbf2 and the small

GTPase Teml (Johnston et al., 1990; Kitada et al., 1993; Schweitzer and Philippsen,
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1991; Shirayama et al., 1994b). Temperature-sensitive mutants defective in these gene

functions share a characteristic late mitotic arrest with low levels of Hot1-APC activity

(Jaspersen et al., 1998). Interestingly, multi-copy CDC14 can suppress the temperature

sensitivity of all of the mutants (Grandin et al., 1998; Jaspersen et al., 1998). The

mechanism by which these proteins regulate mitotic exit is not clear, but there is evidence

that one function, at least, may be to regulate the localization of Cdc14. Cdc14 remains

nucleolar at the arrest point of cdc5-1, cacI5-2, dbf2-2 and temI-3 mutants, a stage in the

cell cycle morphologically indistinguishable from that where Cdc14 is normally
-

delocalized, and deletion of NETI can rescue the temperature sensitivity of these mutants

(Visintin et al., 1999). Loss of Net1 function can bypass cacl5A and tem/A, suggesting

that their essential function may be to trigger Cdc14 delocalization (Shou et al., 1999).

Both Net1 and Cdc14 are phosphoproteins (Jaspersen, ; Shou et al., 1999), suggesting the

possibility that Cdc5, Cdc15 and/or Dbf2 may regulate Cdc14 localization via Net1 and/or

Cdc14 phosphorylation.

In this chapter, I show that Cdc14 activity peaks in late mitosis, consistent with the

hypothesis that delocalization correlates with activation. However, the activity of Cdc14

from extracts as measured in vitro does not precisely correlate with known Cdc14

localization under some conditions. Recombinant Net1 binds GST-Cdc14, but is an

unexpectedly poor inhibitor, suggesting that Net1 binding may not be sufficient for Cdc14

inhibition. I also show that Netl can be phosphorylated in vitro by CdcS, Cdc15, and

Cdc28-Clb complexes and that Cdc28 phosphorylation may affect Net1-GST-Cdc14

association. Moreover, Cdc15 can efficiently phosphorylate Cdc14 in vitro, further

expanding the possibilities for the regulation of Cdc14 by other members of the late mitotic

gene family.

*
S
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Results
º

Cell-cycle timing of Cdc14 peak activity coincides with delocalization º

To determine if the observed peak in Cdc14 delocalization during mitosis

corresponds to Cdc14 activation, we analyzed Cdc14 activity across the cell cycle. We

compared Cdc14 activity and Clb2 protein levels in cells released from a G1 arrest. Cdc14

phosphatase activity toward the substrate *P.GST.swis (496-709) peaked at

approximately 90 minutes, which correlates with the timing of Clb2 degradation (Figure 2).

This corresponds well with the timing of peak Cdc14 delocalization observed previously

(Shou et al., 1999), and supports the model that a burst in Cdc14 activity could trip the

switch for mitotic exit.

Preliminary results suggest a discrepancy between Net1 binding/nucleolar localization and

expected Cdc14 activity

To test the hypothesis that Cdc14 activity is negatively regulated by Net1 binding

and nucleolar sequestestration, we developed an in vitro assay to measure Cdc14 advºy
Phosphatase activity in this assay is Cdc14 dependent (Figure 1) and increases linearly

from 0.25 to 2.0 mg total protein from wild-type cells(data not shown). Cdc14 activity as

measured by this assay is high in net1A mutants and in cells overexpressing CDC14, as

expected (Figure 1). Note that activity measured in net 1A and gCDC14 extracts is under

represented, as the substrate is almost completely dephosphorylated during the course of

the assay. Under conditions where an excess of substrate is present, activity in net1A cells

is more than eight-fold higher than in wild-type cells (data not shown).

As Cdc14 is found in a complex with Net1 and its nucleolar localization is Net1

dependent (Shou et al., 1999; Visintin et al., 1999), we assume that nucleolar Cdc14 is

associated with Net1. If Net1 binding inhibits Cdc14 activity, Cdc14 isolated from cells in

which it is known to be nucleolar should have little activity. This was in fact true for cdc.5-
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1 and cdc15-2 cells arrested at the non-permissive temperature, where Cdc14 is known to º,

be nucleolar (Visintin et al., 1999) (Figure 1). In contrast, Cdc14 activity in cells arrested
*

in mitosis with nocodazole or in G1 by O-factor treatment was high compared to the mutant

arrests, although Cdc14 is also nucleolar under these conditions (Shou et al., 1999;
Visintin et al., 1999) and the amount of Cdc14 immunoprecipitated was similar (data not

shown).

There are multiple possible explanations for the variation in measured Cdc14

activity in cells arrested with nucleolar Cdc14. Despite the predominantly nucleolar signal

of Cdc14 in immunolocalization experiments on O-factor and nocodazole arrested cells, it is

possible that some Cdc14 remains free and active in wild-type cells; this activity would be
reduced in the mutant arrests if Cdc5 and Cdc15 functions were required for activation of

delocalized Cdc14. This is unlikely, however, as epistasis experiments with overexpressed s

CDC14 suggest that neither Cdc5 nor Cdc15 are required for Cdc14 function (Visintin et

al., 1998). Alternatively, if the stability of the Net1-Cdc14 complex is regulated by CdcS

and Cdc15, the results could be explained by variable degrees of Net1 dissociation during

lysis and immunoprecipitation. This hypothesis could be tested easily by quantitating Neti

associated with Cdc14 immunoprecipitates under these conditions.

Shirayama and colleagues recently observed that in a cdc20Apds 1A strain arrested

in late anaphase with a phenotype similar to that of the late mitotic mutants, Cdc14 is

delocalized (Shirayama et al., 1999). This finding was unexpected as these cells are

incapable of inactivating mitotic CDK and exiting mitosis (Lim et al., 1998; Yamamoto et

al., 1996), suggesting that Cdc14 is inactive and by extension should be nucleolar. To test

whether delocalized Cdc14 is inactive or is active but ineffectual (for example, if its actions

were opposed by high kinase activity), we compared Cdc14 activity in cdc20A cells

arrested in metaphase with nucleolar Cdc14 with cdc20Apds 1A cells arrested in telophase

with delocalized Cdc14 (Figure 1b). If delocalized Cdc14 were inactive, an additonal level

of Cdc14 regulation than current models predict would need to be invoked. Cdc14 activity
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from de20Apds 1A cells as measured in our assay is not significantly different from that

from calc20A cells (Figure 2b). Thus, the delocalization seen in cdc20Apds 1A cells is not

sufficient to cause a significant increase in Cdc14 activity as measured in vitro, suggesting /

that Cdc14 may be relatively inactive. It cannot be ruled out that the actual change in Cdc14

enzymatic activity accompanying delocalization is small and that the assay is not sensitive s
enough to detect it. In support of this, the peak in Cdc14 activity in mitosis is only 1.5-

fold higher than the basal activity measured in O-factor arrested cells. To reliably determine

if there is a difference between cac204 pas! A cells and cdc20A cells it may be necessary to

measure changes in Cdc14 activity in cells released from G1.

Recombinant Net1 is a poor inhibitor of Cdc14 in vitro

To directly test the hypothesis that Net1 binding inhibits Cdc14 phosphatase

activity, we constructed a baculovirus expressing hexahistadine tagged Net1. 6hisNetl

purified from Sf9 cells was precipitated by glutathione agarose beads in the presence of

GST-Cdc14 or GST-Cdc14-C283S/R289A, but not by GST alone (Figure 3a). The Net1

Cdc14 complex is stable in high salt, with only modest amounts of Net1 lost after 1M NaCl

Wash (data not shown and Figure 5).
Since recombinant Net1 was capable of binding GST-Cdc14, we next tested

whether bound Net1 could inhibit Cdc14 activity as measured against 3°P-GST-Swis

(496–709)(Figure 3b). The interpretation of this assay was initially confused by the fact

that preparations of the labelled substrate in BSA containing buffer were contaminated by a

Net1-inhibitable phosphatase activity (data not shown). Substrate preparations in insulin

containing buffer, which had much less of this confounding phosphatase activity, were

thus used for this assay. As shown in Figure 3b, when non-Cdc14 dependent phosphatase

activity is corrected for, Net1 binding had only a modest effect on Cdc14 activity. This is

in contrast to the findings of Shou et al. where a 50-fold inhibition of Cdc14 by Net1

immunoprecipitates was observed (Shou et al., 1999.
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Phosphorylation may regulate Net1 and/or Cdc14

Net1 is a phosphoprotein in vivo [Shou, 1999 #1073), suggesting that

phosphorylation may play a role in its regulation. CdcS and Cdc15 are candidate Net1

kinases based on localization data (Shou et al., 1999; Visintin et al., 1999) and the low

phosphatase activity in cdc.5-1 and cacl5-2 mutants. Sequence analysis also reveals six

Cdc28 phosphorylation consensus sites (Figure 4b). Thus, we tested the ability of

recombinant Cdc5, Cdc15 and Cdc28-Clb2 complexes to phosphorylate Net1 (Figure 4a).

Both Cdc5 and Cdc15 phosphorylate Net1 in vitro. Cdc28-Clb2 can also phosphorylate

Net1 and this activity is stimulated in the presence of Cks 1, a small, conserved CDK

interacting protein that may play a role in substrate binding (Hadwiger et al., 1989; Patra

and Dunphy, 1998; Tang and Reed, 1993).

Cdc14 is also a phosphoprotein in vivo as shown by in vivo labelling experiments

(S. Jaspersen, personal communication) and Cdc14 is phosphorylated in vitro by Cdc15

(Figure 5a). Cdc15 phosphorylates GST-Cdc14 but not GST, whereas the other kinases

tested either do not phosphorylate Cdc14 (PKA) or phosphorylate GST as well as GST

Cdc14 (Cdc5, Cdc28 complexes). Approximately 1-2 moles phosphates can be

incorporated per mole of GST-Cdc14, depending on kinase assay conditions (data not

shown).

Tryptic phosphopeptide analysis of Cdc14 phosphorylated by Cdc15 in vitro was

performed in collaboration with C. Turck. Trypsin digestion of Cdc14 resulted in a single,

major phosphopeptide, the migration of which indicated it to be very basic, and one minor

phosphopeptide. Edman degradation of trypsin-digested and LysC-digested Cdc14 was

used to identify the position of phosphorylated residues in labelled peptides purified by

HPLC (data not shown). This analysis could not definatively determine the major site of

phosphorylation as there are two peptides matching the characteristics determined by

s º

>

s
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phosphopeptide analysis (Figure 5b); these analyses suggest that either T530 or T536 are

the phosphorylated residue. It is not clear whether Cdc14 is phosphorylated by Cdc15 in

vivo and further investigation of Cdc14 phosphorylation should focus on mapping in vivo

phosphorylation sites.

We performed preliminary experiments to determine if Net1 phosphorylation by

Cdc28-Clb2-Cks 1 is relevant in regulating Net1-Cdc14 binding. We compared the amount

of Net1 bound to Cdc14 after high salt wash to the amount of phospho-Net1 bound under

similar conditions to get a qualitative sense for the effect of Netl phosphorylation (Figure

6). We found that the majority of Netl phosphorylated by Cdc28-Clb2-Cks 1 complexes

was lost after 0.5 or 1.0 M salt wash, in contrast to mock phosphorylated Net1. Even after

0.15 M salt wash, the amount of phospho-Net1 bound to Cdc14 was decreased compared

to mock phosphorylated Net1, suggesting that Cdc28 phosphorylation of Net1 could

negatively regulate Net1-Cdc14 complex stability and/or formation.

Discussion

Current models suggest that the sole regulation of the phosphatase Cdc14 is by

Net1 binding, inhibition and localization. Regulation of Cdc14 activity is likely to be

complex and data described here and elsewhere strongly suggests (Shou et al., 1999;

Visintin et al., 1999) that members of the late mitotic regulatory network are involved. We

also provide preliminary evidence suggesting a role for Cdc28 kinase in controlling the

stability and/or formation of the Cdc14-Net1 complex. Cdc14 regulation may be more

complex than previously suggested as we find that Net1 is not sufficient for Cdc14
inhibition in vitro.

Several lines of evidence implicate members of the late mitotic pathway in

regulating Net1-dependent Cdc14 localization and inhibition. It has been suggested that the
essential role of Cdc15 and Teml is to trigger Cdc14 release from the nucleolus, as net1A
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can bypass both cdc.15A and tem.1A (Shou et al., 1999). We show that Cdc15 can º,

phosphorylate both Net1 and Cdc14 in vitro (Figures 4, 5). Either or both of these

phosphorylations could regulate Cdc14 release from Net1 and the nucleolus, a hypothesis /*

that could be directly tested with recombinant proteins. Nucleolar localization of Cdc14 is y

also observed in temI-3, dbf2-2 and cacS-1 arrested cells (Visintin et al., 1999); Tem.1 may

act upstream of Cdc15, as is the case for the homologous S. pombe proteins Spg|1 and

Cdc? (Schmidt et al., 1997; Sohrman et al., 1998). Whether the Dbf2 kinase also fits into

this pathway is unclear.

Although delocalization of Cdc14 at the metaphase to anaphase transition appears to

be Teml and Cdc15 independent in net1-1 mutants, Cdc14 is still correctly localized in

other parts of the cell cycle, indicating that there may be other requirements for Y

delocalization (Shou et al., 1999). CdcS phosphorylation of Net1 is an excellent candidate s

for additional regulatory input, as the temperature sensitive growth defect in cdc5-1 mutants

is suppressed by net1A (Visintin et al., 1999) and CdcS does phosphorylate Net1 in vitro º

(Figure 4). Another candidate regulatory mechanism is Netl phosphorylation by Cdc28- |-

Clb activity (Figure 4), which in vitro evidence suggests could promote disassociation of º
the Net1-Cdc14 complex (Figure 6). At present it is unclear why Cdc28 activity should r

promote its own inactivation, and mutation of the putative Cóc28 phosphorylation sites in s

Net1 is necessary to determine if these phosphorylations occur in vivo, and if so, to assess

the relative importance of Cdc28 in this pathway.

The observations of Shirayama and colleagues (Shirayama et al., 1999) raise

further intriguing possibilities for Cdc14 regulation. The fact that cac20Apds/A cells

deleted for CLB5 are now able to exit mitosis suggests that Cdc28-Clb5 kinase counteracts

the activity of delocalized Cdc14. This observation could fit either of two models: (1)

Cdc28-Clb5 provides enough Cdc28 kinase activity to push Hetl towards the

phosphorylated, inactive state despite the presence of active Cdc14, or (2) Cdc28-Clb5 acts

on an unknown substrate to inhibit Cdc14 activity.
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Second. they suggest that Pds 1 may inhibit Cdc14 delocalization. This is especially

interesting in light of the observation that Clb2 degradation is delayed in esp1-1 mutants

and activated by ESP1 overexpression (Tinker-Kulberg and Morgan, 1999). Although it

has been reported that Cdc14 is delocalized in esp1-1 mutants (Visintin et al., 1999),

delocalization, like Clb2 degradation, may be slowed. As the function and targets of Espl

are elucidated, it will be interesting to see how Espl feeds into the late mitotic pathway

regulating Clb proteolysis.

Net1 binding is clearly important for Cdc14 regulation, and is thought to directly.

inhibit Cdc14 activity as anti-Netl immunoprecipitates inhibit the activity of recombinant

Cdc14 fifty-fold (Shou et al., 1999). In the work described here, however, we find that

recombinant Net1 is insufficient to completely inhibit Cdc14 activity in vitro. Although it

cannot be ruled out that recombinant Net1 is non-functional or lacks post-translational

modifications necessary for inhibition, it is possible that factors other than Net1 are

required for inhibition. Net1 immunoprecipitates likely contain the essential Net1

associated nucleolar protein Nanl (Shou et al., 1999), about which little is known, and

possibly other factors as well, any of which could contribute to the observed inhibtion of

Cdc14. Further development of a in vitro Cdc14 inhibition assay may clarify the

importance of Net1, Nan 1, and putative Cdc14 and Net1 modifications.
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Materials and Methods

Yeast methods and strains

Standard protocols for transformation, O-factor and nocodazole arrests were used

(Guthrie and Fink, 1991). For strain JC354, the CDC14 gene was cloned into pIDK20

(Tjandra et al., 1998) under control of the GALI/10 promoter and integrated at the URA3

locus of JC20.

Protein analysis

Yeast lysates were prepared by mechanical disruption in a Beadbeater8 (Biospec

Products) of cells resuspended in 2-3 pellet volumes of ice-cold HBST (50 mM Hepes, pH

7.4, 150 mM NaCl, 0.2% Triton-X-100), 1 mM DTT, 1 mM PMSF, 1 pg/ml aprotinin, 1

Hg/ml leupeptin, and 1 pg/ml pepstatin. Lysates were clarified by spinning at 14,000 x g

for 20 min at 4°C and protein concentration of extract was determined as described

(Jaspersen et al., 1998). Clb2 western blots were performed with a 1:2000 dilution of

affinity purified anti-Clb2 antibody in 5% BSA, 5% milk, and 10 pg/ml SDS-denatured

extract from a clb2A strain. Polyclonal antibodies raised against GST-Cdc14 were bound

to GST-Cdc14 immobilized on nitrocellulose (Applied Scientific) and eluted with 100mM

glycine, pH 2.5. Cdc14 western blots were performed with a 1:1000 dilution of this

affinity purified anti-Cdc14 antibody in 5% milk.

CdcS purification

The CDC5 coding sequence in pBS SKII(+) (Stratagene) was mutagenized by the

method of Kunkel to introduce an in frame EcoRI site at the ATG and a HindIII site at the

stop codon (Kunkel, 1985) and ligated into EcoR1-HindIII digested pPHE31 (gift of F.H.

Espinoza) to create pGAL-6hisha.Gdc5. A BamhI-Kpnl fragment containing 6hisHaCdc5
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was then introduced into pML 1393 and a baculovirus expressing tagged Cdc5 was isolated

by plaque purification as previously described (O'Reilly et al., 1993). Sf9 cells infected

with this baculovirus were treated with 100 mM okadaic acid (Sigma) for 3 hrs at 28°C

prior to harvesting. Cells were lysed in 25 mM Hepes-KOH, pH 7.4, 250 mM KCl, 1

mM EGTA, 50 mM NaF, 50 mM B-glycerol-phosphate, 1 mM NavO4, 0.5 mM DTT,

0.1% NP-40, 1mM PMSF, and 1 pg/ml each of leupeptin, aprotinin, and pepstatin and

6his HaCdc5 was purified by metal-affinity chromatography as described (Fisher et al.,

1995).

Phosphatase assay

GST-Swis (496-709) was purified from bacteria harboring an expression plasmid

(gift of Mike Tyers) containing GST fused to Swis residues 496-709 (which include all

sites of Cdc28 phosphorylation) by affinity chromatography on a glutathione -sepharose

4B column (Pharmacia) followed by dialysis into HBSG (50 mM Hepes-NaOH, pH 7.4,

150 mM NaCl, 10% glycerol, 1 mM DTT). Approximately 0.7 pg GST-Swis (496-709)

was radiolabelled by 20 mininubation at 25°C with 0.5 pig Cdc28-Clb2 immobilized on

beads and 60 pCi (Y-32PIATP (3000mCi/mmol) in kinase buffer in a 100 ul reaction. Free

ATP was removed by gel filtration on a 0.5 ml Sephadex G25 coarse column equilibrated

in HBSG (50 mM Hepes-NaOH, pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM DTT)

containing 0.1 mg/ml BSA (Figures 1, 2) or insulin (Figure 3b). Cdc14 was

immunoprecipitated from 0.5 mg/ml cell extract using 2 pil of crude anti-Cdc14 sera.

Immunoprecipitates were washed once with HBST, 1 mM DTT followed by HBS (50 mM

Hepes-NaOH, 150 mM NaCl), 1mM DTT, Labelled GST-Swis in a reaction volume of 30

pl HBS, 1 mM DTT (approximately 0.5 piM) was then added to either Cdc14

immunoprecipitates (Figures 1, 2) or to GST-Cdc14 (Figure 3b) on ice and the reaction

allowed to proceed for 30 min at 30°C. Reaction products were resolved by electropheresis
on a 10% gel.
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Net1 purification

A 1.3 kb HindIII fragment from a NET1 genomic clone (gift of R. Visintin)

containing the 3' end of NET1 plus 0.8 kb of the 3' UTR was cloned into pHB-HTa

(Gibco-BRL) to create pN1. PCR was used to amplify a 2.4 kb fragment of the NET1

gene from the ATG to the internal EcoRI site and to introduce an EcoRI site in frame with

the ATG. The resultant fragment was cloned into EcoRI digested ph1.to create péhis

Net1. A baculovirus expressing 6hisNet1 was generated using the Bac-to-Bac system

(Gibco BRL). 6hisNet1 was purified by metal-affinity chromatography from baculovirus

infected Sf9 cells lysed in 50 mM Hepes-NaOH, pH 7.4, 300 mM NaCl, 1 mM EGTA and

dialyzed into HBSG. Insulin (Sigma) was added to 0.1 mg/ml prior to storage.

Kinase Assays

GST-Cdc14 and GST-Cdc14-C283S/R289A were purified as described (Jaspersen et al.,

1999). 6hisCdc15 purified from baculovirus infected Sf9 cells was a gift of S. Jaspersen

(Jaspersen et al., 1998). Cdc28-Clb2 complexes were prepared as follows: purified,

baculovirus derived 6hisCdc28 and purified bacterial Clb2-MBP (gifts of J. Ubersax) were

combined in a 1:4 ratio in HBS, 1 mM DTT and incubated at 25°C for 10 min to allow

complex formation. Cdc28-Clb2-Cks 1 complexes were similarly prepared from

6hisCdc28, Clb2-MBP and bacterially derived, purified Cks 1 (gift of A. Rudner) in a 1:4:4

ratio. Cdc28 complexes were immobilized on protein A-sepharose beads (Pharmacia)with

anti-Clb2 and anti-MBP for GST-Swis (496-709) phosphorylation and for Figure 5.
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Table 1. List of strains used

JC20 W303 Mat a bar 1::his G

JC186 W303 Mat a calc 14-1

JC284 W303 Mat a calcS-1

JC284 W303 Mat a Calc 15-2

JC387 W303 Mat a net IA:: URA3

JC354 W303 Mat a uraj::GAL-CDC14HA3-URA3

W1/JC388 K699 Mat a

W2/JC389 K699 Mat O. cdc20::LEU2 (YCp GalD-CDC20-HIS3)

W3/JC390 K699 Mat a cdc20::LEU2 pds 1::TRP1 (YCP Gall

CDC20-HIS3)
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Figure 1. Cdc14-dependent phosphatase activity peaks in mitosis.

Wild-type cells were arrested in G1 using O-factor and samples were taken at 15 min.

intervals after release into fresh medium. At each time point Cdc14 was

immunoprecipitated with anti-Cdc14 antibodies from 0.5 mg cell extract and phosphatase

activity towards *P.GST.swis (496-709) was measured as described in Materials and

Methods. (a) Graph of phosphatase activity (counts lost compared to no extract). Values

were derived by quantitifying counts remaining (in arbitrary units) on *P.GST.swis
(496-709) (b) with the ImageOuant program and subtracting from the value measured for

no extract control; calcla-1 and net 1A samples are shown in (b) for comparision. (c)

Clb2 protein in 25 pg extract was detected by western blotting with anti-Clb2 antibody as
described in Materials and Methods.

Figure 2. Cdc14-dependent phosphatase activity and nucleolar localization

do not correlate perfectly

(a) Galactose was added to 2% for 3 hours to GAL-CDC14 cells grown in YP/Raffinose.

All other cells were grown in YP/Dextrose and arrested with 1 pg/ml O-factor, 10 pg/ml
-

nocodazole as indicated, or by growth at 37°C for 3 hours for temperature sensitive strains.

Cell lysates were prepared, and Cdc14 was immunoprecipitated from 0.5 mg extract with

anti-Cdc14 antibodies. Cdc14 associated phosphatase activity toward *P.GST.swis
(496–709) was measured as described in Materials and Methods. Reactions were

performed in triplicate for each sample and counts remaining were quantified using

ImageOuant. For each reaction, phosphatase activity (counts lost) was calculated compared

to no extract control, and a mean and standard error of the mean were calculated for each

sample. (b) strains were grown at 23°C to OD600=0.3 in YP/2% raffinose/2% galactose,

pelleted, and resuspended in YP/Dextrose at 23°C for 3 hrs, or at 37°C for 3 hrs for cdc14

1, at which time greater than 95% of cdc14-1.cdc20A and cac20Apds 1A cells were large
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budded. Cell lysates were prepared and phosphatase activity measured in duplicate

reactions as described in (a).

Figure 3: Recombinant Net1 binds to and inhibits GST-Cdc14

(a) 1.7 pig GST-Cdc14, GST, or the catalytically inactive mutant GST-Cdc14

C283S/R289A were incubated in 50 mM Hepes, pH 7.4, 150 mM NaCl, 0.2% Triton-X-

100 (HBST), 1mM DTT with 1.0, 3.0, or 9.0 pg recombinant 6hisNet1 in the presence of

glutathione agarose. Precipitated complexes were washed with HBST, 1mM DTT, run Out

on 7.5% SDS-PAGE and Coomassie stained. Data shown is representative of greater than

three experiments. (b) 10 ng GST-Cdc14 (4.0 nM) or buffer control was incubated with 0

or 0.9 pig (230 nM) of 6hisNet1 for 10 min at 25°C. Triplicate phosphatase assays were

then performed on *P.GST.swis in a buffer containing 10 pg/ml insulin, and counts

remaining quantified using ImageOuant. A comparison of buffer with buffer plus Netl

revealed a Net1-inhibitable, non-specific phosphatase activity in the substrate. Buffer alone

was used as the standard for calculating counts lost in the Cdc14, while buffer plus Net1

was used to calculate counts lost in the Cdc14+Net1 sample to control for the Net1

inhibitable non-specific phosphatase activity. The decrease in phosphatase activity in the

presence of Net1 thus reflects only changes due to the inhibition of Cdc14, as Net1's effect

on the non-specific phosphatase has already been accounted for. Mean phosphatase

activities (in arbitrary units) and standard errors are graphed.

Figure 4: Net1 is phosphorylated by multiple mitotic kinases

(a) Kinase reactions were performed with 0.4 pig Cdcs, Cdc15, Cdc28-Clb2 or Cdc28

Clb2-Cks 1 in 50 mM Hepes, pH 7.4, 10 mM MgCl2, 5 mM MnCl2, 1 mM DTT, 100 p.M

ATP and 5 pCi [Y-32P)ATP in the presence (+) or absence (-) of 0.5 pig 6hisNet1.

Reactions were incubated at 25°C for 30 min and resolved on a 7.5% SDS-PAGE gel. (b)

Cdc28 consensus phosphorylation sites in the Net1 sequence.

s

º

s

120



Figure 5: Cdc15 phosphorylates Cdc14 in vitro

(a) Kinase reactions containing 1.7 pig GST-Cdc14 (top) or GST (bottom) and 0.4 pg

Cdc5, Cdc15, PKA (Sigma), Cdc28-Clb2 or Cdc28-Clb2-Cks 1 in 50 mM Hepes, pH 7.4,

10 mM MgCl2, 5 mM MnCl2, 1 mM DTT, 100 HM ATP and 5 pCi [Y-32PIATP were

incubated at 25°C for 30 min. Reactions were resolved by electrophoresis on a 8% gel.

* indicates CdcS autophosphorylation. (b) Potential Cdc14 phosphotryptic peptides as

determined by tryptic phosphopeptide analysis. Stars indicate potentially phosphorylated

residues.

Figure 6: Net1 phosphorylation affects Cdc14 binding

10 pg 6hisNet1 was incubated in a 110 pil reaction containing 50 mM Hepes, pH 7.4, 10

mM MgCl2,1 mM ATP, 1 mM DTT in the presence of 10 pig Cdc28-Clb2-Cks 1 complex

immobilized on protein A-sepharose beads (P) or antibody bound beads alone (mock). The

resultant mock phosphorylated or phosphorylated 6hisNet1 was removed from the beads,

and aliquots of 4 or 10 pil were incubated with 0.5 pig GST-Cdc14 and glutathione agarose
beads in HBST. Precipitates were washed twice with a buffer containing 50 mM Hepes,

pH 7.4, 0.2% Triton-X-100, 1 mM DTT and 0.15, 0.5 or 1.0 M NaCl as indicated, once

with HBST, 1 mM DTT, and resolved by electrophoresis. 6hisNet1 (top) was detected by

western blotting with QIAexpress anti-Tetra-His antibody (Qiagen) exactly according to

manufacturer's protocol. GST-Cdc14 (bottom) was detected by western blotting with the

affinity-purified anti-Cdc14 antibody described in Materials and Methods.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Chapter 5

Discussion:
-

Speculations and Future Directions
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The transition from anaphase to G1 of the next cell cycle in S. cerevisiae is

regulated by a large number of proteins, including members of the mitotic exit network.

The mitotic exit network appears to be a signalling pathway controlling mitotic CDK

inactivation, mitotic exit, and possibly cytokinesis. A related network of potential .

signalling proteins is also present in S. pombe (Table 1), and members of these networks

in both species display complex genetic interactions and appear to have overlapping

functions. In contrast to S. cerevisiae, the phenotype of S. pombe mutants in the network

suggests a primary function in septum formation and cytokinesis. However, septum

formation in S. pombe may require mitotic CDK inactivation (see Gould and Simanis,

1997 and references therein) and, as discussed in chapter 1, Teml may play a role in

cytokinesis. Thus, the mitotic exit network may both regulate mitotic exit and coordinate it

with cytokinesis,with different aspects of this dual role emphasized by the particular

physiology of the different yeasts. Alternatively, the same circuitry may be utilized to

regulate different aspects of the cell cycle in different organisms.

Labelling this group of interrelated proteins the "mitotic exit network" implies that

these proteins fit into the particular biological construct of a "signalling pathway", which

generates questions such as: what is the signal? what are the effectors? who is upstream

and who is downstream? More specifically: how does the mitotic exit network promote

CDK inactivation and mitotic exit? What controls the activation/function of the network

such that the timing and coordination of mitotic exit/cytokinesis are correct? Are the

members of the network related in a linear pathway or do they converge on a common

function?
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Table 1: The Mitotic Exit Network

S. cerevisiae S. pombe Biochemical function

Cdc5 Plo 1 polo-like kinase
CCC15 Cdc? kinase
Dbf2 Sid2 kinase
Cdc14 :k:k phosphatase
Teml Spg| GTPase
Ltel >k:k GEF
Mob.1 :k:k unknown
Bub■ 2 Cdc16 GAP with Byrá
Byré/Bfal Byré GAP with Bub2

** no homologue identified yet

The late mitotic genes and mitotic exit

Loss of function of many of the late mitotic genes causes cells to arrest with no or

low levels of HCt 1-APC activity (Charles et al., 1998; Jaspersen et al., 1998; Shirayama et

al., 1998) and a corresponding defect in Cdc28-Clb2 inactivation and mitotic exit. The

temperature-sensitive lethality of these mutations is attributable to an inability to inactivate

mitotic CDKs, as SICI overexpression suppresses the temperature sensitivity of mutants in

all except CDC14 (Charles et al., 1998; Donovan et al., 1994; Jaspersen et al., 1998; Toyn

et al., 1996). This phenotype may reflect a function for these genes in activation of HCtl

dependent Clb2 proteolysis and/or Sicl-dependent kinase inhibition.

Cdc14 as common downstream effector

The central player of the mitotic exit network appears to be Cdc14. Cdc14 is the

only member of the network for which a direct function in both pathways of CDK

inactivation is established. Cdc14 is an ideal candidate for a downstream effector of the

mitotic exit network, as by dephosphorylating HCtl, Sicl and Swis it can drive the cell

from the high Cdc28-Clb2 activity state of mitoisis into G1, a state of low Cdc28 activity

(Jaspersen et al., 1999; Visintin et al., 1998). Cdc14 is downstream from many of the late
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mitotic genes and Cdc14 delocalization, and presumably activation, require the actions of

Cdcy, Cdc15, Tem 1, and Lte 1 (Shou et al., 1999; Visintin et al., 1999; Zachariae and

Nasmyth, 1999). Whatever signal ultimately tells the cell to exit mitosis may be transmitted

through a cascade of mitotic exit network proteins to trigger Cdc14 activation and thus

mitotic CDK inactivation. As discussed in chapter 1, Net1 may be the target for the late

mitotic kinases, and the effect of Netl phosphorylation on Net1-Cdc14 complexes and

Cdc14 activity should be pursued in future work.

Although CDK inactivation is important for mitotic exit in other eukaryotes,

whether this is triggered by Cdc14-activated mechanisms remains an open question. The

components of the pathway appear to be in place: a CDC14 homologue has been identified

in humans (Li et al., 1997a), Hctl is present in somatic cells of higher eukaryotes, and

human HCt1 is reported to be negatively regulated by Cdk phosphorylation (Zachariae and

Nasmyth, 1999). However, while Hctl can drive mitotic cyclin degradation in higher

eukaryotes, its function may be limited to G1 (Fang et al., 1998b; Kramer et al., 1998a;

Lorca et al., 1998; Sigrist and Lehner, 1997). Mitotic cyclin degradation in mitosis, and

thus mitotic exit, instead appears to be dependent on Cdc20-APC, as is illustrated by a

comparison of the phenotype of the Drosophila mutants fizzy and fizzy-related (Dawson et

al., 1995; Sigrist et al., 1995; Sigrist and Lehner, 1997). With the exception of Cdc5,

discussed below, there is no indication that the late mitotic genes impact Cdc20-APC

activity, and it may be that while the circuitry of the pathway is conserved its function is

not. It is possible, for example, that the pathway in most organisms, as in S. pombe,

regulates or induces cytokinesis and/or coordinates mitotic exit with cytokinesis; its role in

mitotic exit in S. cerevisiae may be a function of an expanded role for HCtl in this

organism. Other examples of conserved cell cycle regulatory pathways that subserve

different functions in budding yeast do exist. Inhibitory tyrosine phosphorylation on

Cdc28, for example, is employed in a morphogenesis checkpoint in budding yeast (Lew
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and Reed, 1995), but is not as important for G2 progression as it is in other organisms

(Amon et al., 1992; Sorger and Murray, 1992).

Cac5 and APC activation: a Clb2 specific or a more general role?

Like Cdc14, CdcS is a positive regulator of HCt1-APC mediated Clb2 degradation,

but the mechanism by which it activates Het1-APC is uncertain (Charles et al., 1998;

Shirayama et al., 1998). Cdc5 is implicated in controlling Cdc14 localization, possibly

through phosphorylation of Net1 (chapter 4 and R. Deshaies, personal communication),

and this mechanism of action would explain why manipulating CDC5 dosage specifically

affects the Hct1-APC pathway.

There is also evidence that polo-like kinases in vertebrates phosphorylate the core

APC and that this is required for APC activation (see chapter 1); similarly, CdcS may be

capable of phosphorylating yeast APC (A. Rudner and A. Murray, personal

communication). APC core phosphorylation by Cdc2-cyclin B may be necessary for

Cdc20 binding and activation (Shteinberg et al., 1999), and polo-like kinases may stimulate

this phosphorylation (Patra and Dunphy, 1998). In Xenopus extracts, which contain only

Cdc20-APC, Plx1 is essential for cyclin B degradation; moreover, dominant negative Plx1

can prevent Cut2 degradation (Descombes and Nigg, 1998). This fits a scenario where

polo-like kinases activate Cdc20-APC via activating phosphorylations on the core APC

subunits and thus function in the degradation of both cyclin B and anaphase inhibitors.

But how can this be reconciled with the Hct1-specific function of Cdc5?

Determining whether or not Plx1 is essential for degradation of Cut2, for example by

immunodepletion and add-back experiments, may help to delineate the true function of

polo-like kinases in APC regulation. It is possible that polo-like kinases specifically

activate the APC for mitotic cyclin ubiquitination, whether that be via HCt1-APC as in S.

cerevisiae, or by Cdc20-APC in higher eukaryotes. How this could be accomplished is a

black box, due in part to our lack of understanding of substrate specific targeting. For
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example, our current understanding of mechanisms of APC regulation cannot explain how

the spindle assembly checkpoint stabilizes cyclin B but not cyclin A when they are both

ubiquitinated by Cdc20-APC (Hun et al., 1992; Minshull et al., 1994; Whitfield et al.,

1990). Potential mechanisms for generating substrate specificity may become apparent

when the enzymatic or catalytic activity of the APC is understood.

It is also possible that polo-like kinases activate both Cdc20- and HCtl-APC

toward cyclins and anaphase inhibitors. In this scenario, the apparent spec■ icity of Cdc5

for HCt1-APC is an artifact of the systems used to study CdcS function. The evidence

against this general activating role in S. cerevisiae is that cacS-1 mutants degrade the

Cdc20-APC substrates Pds 1 and Clb5 and that CDC5 overexpression does not drive Pds1

degradation. The evidence for a more general role comes from studies of the cdc5-ad

mutant, which arrests permanently in metaphase after DNA damage (Toczyski et al., 1997);

adaptation to DNA damage is also compromised in the cdc5-1 mutant (D. Toczyski,

personal communication). This implies a role for Cdcs in the metaphase to anaphase

transition and suggests that Cdc5 may also activate Cdc20-APC dependent Pds1

degradation. This model is supported by the observation that the cacS-ad phenotype is

rescued by either CDC20 or CLB2 overexpression, which would activate Cdc20-APC.

If CdcS activates both Cdc20-APC and HCt1-APC, how can the apparent HCtl

APC specificity of the cdc5-1 and CDC5 overxpression phenotypes be explained? One

model would be that CdcS has two roles, one essential and one non-essential. The

essential role is to activate Cdc14 and thus HCt1-APC activity, a function reflected by the

cdc5-1 phenotype. The non-essential role involves collaboration with Cdc28-Clb2 to

phosphorylate and activate the APC; this role is only revealed under situations where

activation of Cdc20-APC is compromised, such as in DNA damage or loss of Clb2

activity. Alternatively, it may be that both roles are essential, but cacS-1 mutants are

defective predominantly in Cdc14/Hct1-APC activation. The mutation in cdc.5-1 is located

near the polo-box, a motif that has been implicated in proper localization of polo-like
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kinases (Lee et al., 1998), and it is possible that the mutant CdcS-1 protein could retain

activity but be sequestered from a subset of substrates due to mislocalization. The reported

CDC5 null phenotype does not reveal an essential function at metaphase (Kitada et al.,

1993; Shirayama et al., 1998), but it is unclear if Cdc5 protein was completely absent from

these cells.

The theory that Cdc5 has two roles in APC activation, exemplified by the different

phenotypes of cdc.5-1 and cdc5-ad, is supported by genetic interactions. Both cdc5-1 and

cdc5-ad are synthetically lethal with clb2A and cdc20-1, presumably because both mutants

are defective in their Cdc20-APC function. In contrast, only cacS-1 is synthetically lethal

with other members of the mitotic exit network, as cdc5-ad is not defective in HCtl-APC

activation (data not shown; D. Toczyski, personal communication). Why then does GAL

CDC5 not drive Pds 1 degradation? An easily tested possibility is that CDC5

overexpression causes spindle damage, activating the checkpoint that inhibits Cdc20-APC

and stabilizing Pds1. After six hours of high level CDC5 overexpression aberrant spindles

are observed in approximately half the population (data not shown), and it would be very
informative to examine Pds 1 stability in mad2A cells overexpressing CDC5.

Spindle checkpoint-dependent inhibition of Cdc20-APC will also stabilize Clb5, however,

and Clb5 degradation is thought to be essential for HCtl-APC activation (Shirayama et al.,

1999). Interestingly, deletion of CLB5 enhances the ability of low level CDC5 to drive

Clb2 degradation (Shirayama et al., 1998), and so it may be that high level CDC5

expression overwhelms the effect of Clb5 on Het 1-APC.

The evidence points to the possibility that Cdcs, like other polo-like kinases,

activates Cdc20-APC, but further work is necessary to tease out issues of substrate

specificity and the significance of this role in a normal cell cycle.
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Regulating the network from above and below

How does the mitotic exit network ensure the correct timing of mitotic exit and/or

cytokinesis? What signals the activation of the mitotic exit network and how is it activated

or inactivated? A growing body of evidence points to a Bub2/Byrá dependent checkpoint

mechanism restraining mitotic exit network function in the presence of defects in

microtubule dependen processes in S. cerevisiae, while a similiar pathway constitutively

restrains septation in S. pombe. What does this checkpoint respond to? Is this negative

signal generated by failure of some mitotic event or is it present in every mitosis? The

essential and constitutive nature of the Cdc16 signal in S. pombe suggests that this pathway

acts in every mitosis. In contrast, BUB2 is not essential, and the kinetics of mitotic exit are

not affected by bub2A (Fraschini et al., 1999), suggesting either that the pathway is not

utilized in unperturbed cell cycles or that additional restraining mechanisms exist.

Bub2/Byrá inhibition of the mitotic exit network is likely to be via its effect on the

nucleotide state of Tem 1, which in turn may affect Cdc15 function (Alexandru et al., 1999;

Furge et al., 1998; Schmidt et al., 1997; Sohrman et al., 1998). Dbf2 kinase activity is

also inhibited by the pathway, although it is unclear if this effect is downstream of the

effects on Tem.1 or in a separate pathway (Fesquet et al., 1999). If Bub2 acts constitutively

to restrain the mitotic exit network, this function might be revealed by a careful examination

of tem.1 bub2, cacl5 bub2, or dbf2 bub2 double mutants. Given its interactions with

Teml and Dbf2, it may be useful to consider Bub2 a component of the mitotic exit

network, hence its inclusion in Table 1. In this view, Bub2 would be at the top of a

pathway that converges to activate Cdc14 and control mitotic exit.

Two excellent candidates for restraining mitotic exit by inhibiting HCt1-APC

dependent Clb2 degradation are the Cdc20-APC substrates Pds 1 and Clb5. Non

degradable Pds1 inhibits Clb2 degradation (Tinker-Kulberg and Morgan, 1999) and Clb5
degradation is essential for HCtl-dependent Clb2 degradation in anaphase (Shirayama et
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al., 1999). Pas■ Clbs inhibition of Cdc28-Clb2 inactivation may help to ensure that

mitotic exit follows sister chromatid segregation, and could explain the non-essential nature

of BUB2-dependent inhibition. Deletion of PDS1 and CLB5 allows mitotic exit in the

absence of Cdc20 function (Shirayama et al., 1999), as does deletion of PDS1 and BUB2

(Alexandru et al., 1999), and all three may overlap in functioning to restrain mitotic exit in

a normal cell cycle. If this is true, then a pas■ A clb5A bub2A mutant should not be able to

regulate mitotic exit and should be inviable.

Pdsl may inhibit mitotic exit by preventing Cdc14 delocalization/activation until .

after Cdc20-APC activation, an effect that may be mediated by Net1. As discussed in

chapter 1, studying the phenotype of net 1A cells in nocodazole may provide insight into the

targets of Bub2, Pds 1 and Clb5. The effects of Pds 1 may be indirect through inhibition of

Espl function, as ESP1 overexpression can drive Clb2 degradation (Tinker-Kulberg and

Morgan, 1999); understanding the mechanism by which Pds 1 affects Cdc14 localization

may require better knowledge both of Esp1's substrates and of Cdc14/Net1 regulation.

It has been suggested that Cdc28-Clb5 activity counteracts Cdc14 activity by

effectively phosphorylating Cdc14 substrates, although it remains possible that it directly

inhibits Cdc14 activity, independent of Net1. Specific Clb5 mutants that affect either

kinase activity (CLB5-KA, EA) or biological activity but not kinase activity (CLB5-hpm)

could be used to try to address this question (Cross et al., 1999). Regardless of their

mechanism of action, Pds 1 and Clb5 appear to antagonize Clb2 degradation and mitotic exit

by converging on the most downstream component of the mitotic exit network.

In addition to regulation from the top by Bub2/Byrá, and regulation at the bottom

by Pds1/Clb5, the activity of individual members of the mitotic exit network is regulated

during the cell cycle. As described in chapters 1 and 2, CdcS-dependent kinase activity is

regulated both by the control of protein levels and by activating phosphorylation (Cheng et

al., 1998). Dbf2 is also regulated, with an activity peak following that of Cdc5, and is the

only member of the late mitotic group whose activity has been demonstrated to be inhibited
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by the Bub2-dependent checkpoint (Fesquet et al., 1999). In contrast, Cdc15 activity is

apparently constant across the cell cycle (Jaspersen et al., 1998), and nothing is known

about Teml activity. CdcS-dependent kinase activity does not require any of the other

members of the pathway (data not shown), and members of the pathway cannot be

definitively ordered based on current information, making it unclear how these disparate

activities are coordinated to control CDK inactivation. Many members of the pathway in S.

pombe and S. cerevisiae localize to the spindle pole body, including Cdc5 (Cheng et al.,

1998; Shirayama et al., 1998) and Bub2 (Fraschini et al., 1999), and it may be that

regulated spindle pole localization of the various components of the pathway is important

for coordinating the various activities of proteins in the pathway.
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