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Abstract

During ordered mitotic progression, various proteins are quantitatively regulated by an identical ubiquitin lig-
ase, the anaphase-promoting complex or cyclosome (APC/C)-dependent ubiquitination and subsequent protea-
somal degradation with the respective appropriate timings. To date, it has been revealed that in order to deal
with the orchestrated proteolysis APC/C sequentially alters its substrate specificity during mitosis, and one of
the regulatory mechanisms for it is the spindle assembly checkpoint (SAC). The SAC targets Cdc20, an APC/C
coactivator required for substrate recognition, to incorporate it into mitotic checkpoint complex (MCC) and
form APC/C bound to MCC (APC/CMCC), and inhibits ubiquitination catalyzed by APC/C bound to Cdc20
(APC/CCdc20). Intriguingly, current studies have implied that the activity of APC/C also contributes to the
disassembly of APC/CMCC in the process of silencing the SAC.

In the present research, I first describe a fission yeast temperature-sensitive ubc11-P93L mutant in which
cell cycle progression is arrested at mitosis. The ubc11+ gene encodes one of the two E2 enzymes required for
progression through mitosis in fission yeast. The temperature-sensitivity could be suppressed in the absence
of the functional SAC, suggesting that the arrest is not due to abnormal spindle assembly, but rather due to
prolonged activation of this checkpoint. Supporting this notion, MCCs remain bound to APC/C even when the
SAC is satisfied. It is remarkable that Slp1 (a fission yeast homolog of Cdc20), which is degraded in an APC/C-
dependent manner, stays stable throughout the cell cycle in the ubc11-P93L mutant lacking the functional SAC.
Other APC/C substrates, in contrast, were degraded on schedule. I have also found that a defect of Ubc4, the
other E2 required for progression through mitosis, does not affect the stability of Slp1. I further attempted
to analyze the cut23-Y395H mutant. The cut23+ gene encodes one of the fission yeast APC/C subunits, and
the mutant also exhibited the SAC-dependent temperature-sensitivity and abnormal mitotic phenotypes at the
restrictive temperature. In these cells, as is the case in ubc11-P93L mutants, Slp1 became stable independently
of the SAC.

I propose that each of the two E2 enzymes is responsible for collaborating with APC/C for a specific set
of substrates, and that in addition, some kind of subunits can be utilized as a determinant of a specific set of
substrates. Besides, I propose that Ubc11 is responsible for regulating Slp1 with APC/C for silencing the SAC.
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Introduction

The cell cycle progression and ubiquitin-dependent proteolysis

The cell theory

As well as the theory of evolution or the double-helix structure of DNA encoding genetic information (Avery

et al., 1944; HERSHEY and CHASE, 1952; WATSON and CRICK, 1953), the cell theory is a well-known

scientific theory that is one of the foundations of biology. According to this, all living organisms are composed

of one or more cells, cells are the most basic unit for function and structure of all organisms, and “Omnis cellula

e cellula”: the concept that all cells come from cells that already exist. A cell reproduces by performing an

orderly sequence of events in which it duplicates its contents and then divides in two. This cycle of duplication

and division is known as the cell cycle, and its most fundamental task is to pass on of the genetic information

to the next generation of cells.

Four phases of the cell cycle

The eucaryotic cell cycle is traditionally divided into four sequential phases and each of them is generally

defined as G1 phase, S phase, G2 phase and M phase, respectively (Figure 1). During S phase (S for synthesis),

the DNA in each chromosome, the structure composed of a DNA molecule and associated proteins, is faithfully

replicated to produce two complete copies. After DNA replication the duplicated chromosomes are distributed

to the two daughter cells so that each receives a copy of the entire genome. This period is termed M phase

(M for mitosis). Since it takes much more time for most cells to grow and double their mass of proteins and

organelles other than DNA replication and cell division, extra gap phases are inserted in most cell cycles: a G1

phase between M phase and S phase, and a G2 phase between S phase and M phase. In addition, G1, S and G2

together are called interphase.
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G1 phase

(Gap 1)

S phase

(DNA synthesis)

(Gap 2)

G2 phase
M phase

(mitosis)

Spindle Assembly

Checkpoint

Cyclin E-CDK2

Cyclin A-CDK1, 2

Cyclin B1-CDK1

Cyclin A-CDK1, 2

A

B

prophase prometaphase metaphase anaphase telophase cytokinesis→interphase

Figure 1 The cell cycle and mitosis.
(A) The eukaryotic cell cycle is traditionally divided into four sequential phases. Each of the phases is regulated
by the indicated cyclin-dependent kinases respectively. (B) M phase is further divided into six stages. Each
component is stained as follows; chromosomes are blue, centrosomes are black, nuclear envelope is orange and
microtubules are green. See text for details.
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The cell cycle and checkpoint mechanisms

For orderly progression through the cell cycle, the initiation of many cycle-specific events requires the suc-

cessful execution of some previous events. Preparing to the case of incompletion of previous events, cells are

equipped with surveillance-feed-back mechanisms, called “checkpoints”, and the cycle can be arrested at ap-

propriate phases (Hartwell and Weinert, 1989). Well-known examples are the DNA damage checkpoint and

DNA replication checkpoint. The former monitors DNA damage as implied by the name and in the presence

of the damaged DNA, delays the cycle to provide time for the DNA to be repaired. Likewise, the latter also

surveys the completion of DNA replication and treatments that block the event cause arrest at the S phase owing

to the activation of this checkpoint. Including other checkpoints that aren’t mentioned above, all of them are

the essential mechanisms that ensure the fidelity of “the blueprint of life”.

The ubiquitin-dependent proteasomal degradation

Proper cell cycle progression is a collective phenomenon, which can be brought about by an orderly sequence of

intricate reactions among various regulators. It is remarkable that most of the individual enzymatic activities are

strictly limited to only when required. The quantitative control by ubiquitin-dependent proteasomal degradation

is an essential one of such regulatory mechanisms. For a drastic example, the programmed destruction of B-

type cyclin results in the irreversible inactivation of cyclin-dependent kinase (Cdk) in late mitosis (Glotzer

et al., 1991; Hershko et al., 1991). Together with the existence of inhibitors or regulation of gene expression,

this proteolytic system contributes to oscillation of the activity of this “cell cycle engine”.

Ubiquitination is nowadays commonly-recognized as one of the most biologically significant posttransla-

tional modifications. This modification is carried out in a series of reactions: ubiquitin activation, conjuga-

tion and ligation (Figure 2). These processes are mediated by ubiquitin-activating enzymes (E1s), ubiquitin-

conjugating enzymes (E2s) and ubiquitin ligases (E3s). In the first reaction, ubiquitin activation, the carboxyl

terminus of ubiquitin is activated through its high-energy thioester linkage to the sulfhydryl group of a cys-

teine in the active site of the E1 molecule (Ciechanover et al., 1981, 1982; Haas and Rose, 1982; Haas et al.,

1983). This reaction requires ATP hydrolysis, and it proceeds via a covalent AMP-ubiquitin intermediate. The

E1-ubiquitin conjugate subsequently interacts with one of a family of E2s and the activated ubiquitin on E1 is

transferred to an active-site cysteine in the E2 molecule (Hershko et al., 1983; Pickart and Rose, 1985). The

E2 and substrate are brought together by a target-specific E3, which then catalyzes the formation of a pep-

tide bond between the activated carboxy-terminal glycine of ubiquitin from the E2-ubiquitin conjugate and the
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Figure 2 Steps in protein ubiquitination.
Schematic overview of monoubiquitination (A) and polyubiquitination or multi-monoubiquitination (B). See
text for details.
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amino group of a lysine side chain in the target protein (Goldknopf and Busch, 1977; Hershko et al., 1980,

1983, 1984, 1986). In principle, proteasomal proteolysis requires long polyubiquitin chains on the substrate as

a degradation signal, and they are formed by transferring additional ubiquitins to lysine residues within ubiq-

uitins themselves (Hough and Rechsteiner, 1984; Hershko et al., 1984; Hough et al., 1986; Deveraux et al.,

1994; Thrower et al., 2000). On the other hand, however, by recent discoveries there has been an increase in

the number of the exceptions (Hershko et al., 1984; Shaeffer, 1994; De Domenico et al., 2006; Boutet et al.,

2007; Kravtsova-Ivantsiv et al., 2009; Yin et al., 2010; Carvallo et al., 2010; Dimova et al., 2012).

The mitotic progression and the Anaphase Promoting Complex/Cyclosome

The six stages of mitosis

Mitosis is further divided into six stages traditionally: prophase, prometaphase, metaphase, anaphase, telophase

and cytokinesis, respectively (Figure 1B). At prophase, chromosome condensation occurs and subsequently

nuclear envelope breaks down at prometaphase. The duplicated chromosomes simultaneously become attached

to the microtubules of the mitotic spindle. At metaphase, the chromosomes are aligned at the equator of the

mitotic spindle. The abrupt segregation of sister chromatids marks the beginning of anaphase, and during this

phase the chromosomes move to opposite poles of the spindle. Undergoing the decondensation of chromosomes

and rearrangement of nuclei, the cell is pinched in two by cytokinesis, and cell division is completed.

The Anaphase Promoting Complex/Cyclosome

Architectural map of the APC/C

The quantitative regulation of proteins can be also observed during the orderd mitotic progression. The central

component of the ubiquitin-proteasome pathway in mitosis is the anaphase-promoting complex or cyclosome

(APC/C) (Hershko et al., 1994; Sudakin et al., 1995). The APC/C is a high-molecular mass of over 1-MDa

complex composed of more than a dozen different subunits, most of which are well conserved in evolution

(Table 1 and Figure 3). Each of them can be roughly classified into four groups: a component of the catalytic

subcomplex, tetratricopeptiderepeat (TPR) subunit, scaffolding protein or the others (Thornton et al., 2006).

The catalytic subcomplex is comprised of APC2, a cullin subunit, and APC11, a RING-finger protein

(Zachariae et al., 1998b; Yu et al., 1998; Yoon et al., 2002). This subcomplex has an ability to cooperate with

E2 enzymes and support ubiquitination reaction (Leverson et al., 2000; Gmachl et al., 2000; Tang et al., 2001).
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Table 1 Subunits and regulators of the mitotic APC/C
Vertebrate S.cerevisiae S.pombe Structural motifs Function and properties

Subunits
APC1/Tsg24 Apc1 cut4 PC repeats Scaffolding
APC2 Apc2 apc2 Cullin homology Catalytic
APC3/CDC27∗ Cdc27∗ nuc2∗ TPR motifs Binds APC10 and Coactivators
APC4 Apc4 cut20/lid1 Unclear Scaffolding
APC5 Apc5 apc5 TPR motifs Scaffolding
APC6/CDC16∗ Cdc16∗ cut9∗ TPR motifs Scaffolding?
APC7 TPR motifs Unclear
APC8/CDC23∗ Cdc23∗ cut23∗ TPR motifs Binds CDC20

Apc9 Unclear Unclear
APC10 Doc1 apc10 DOC domain Part of degron receptor
APC11 Apc11 apc11 RING finger Binds E2 enzyme
APC12/CDC26∗ Cdc26∗ hcn1∗ Unclear Unclear
APC13 Swm1 apc13 Unclear Unclear

apc14 Unclear Unclear
APC15 Mnd2 apc15 Unclear Releases MCCs from the APC/C
APC16 Unclear Unclear

E2 enzymes
UBE2C/UbcH10 ubc11 UBC Initiates ubiquitin chains
UBE2D1/UbcH5 Ubc4, Ubc5 ubc4 UBC Initiates ubiquitin chains∗∗

UBE2S Ubc1 UBC Elongates ubiquitin chains
Coactivators

CDC20 Cdc20 slp1 WD40 and IR Mitotic regulator
CDH1 Cdh1/Hct1 ste9/srw1 WD40 and IR G1 phase and endoreplication

Inhibitors
MAD2/MAD2L1 Mad2 mad2 HORMA domain Inhibits APC/CCDC20

BUBR1 Mad3 mad3 TPR KEN box Inhibits APC/CCDC20

CDK1 Cdc28 cdc2 Inhibits APC/CCDH1

EMI1 F box and zinc binding Inhibits APC/CCDC20, APC/CCDH1

∗Present in two copies. ∗∗Fission yeast Ubc4 elongates ubiquitin chains.

The APC/C uses at least two or three kinds of E2s, UBE2C/UbcH10 (fission yeast Ubc11), UBE2D1/UbcH5

(fission yeast Ubc4) and UBE2S (Seufert and Jentsch, 1990; Damagnez et al., 1995; Yu et al., 1996; Aristarkhov

et al., 1996; Osaka et al., 1997; Seino et al., 2003; Garnett et al., 2009; Williamson et al., 2009; Wu et al., 2010).

Recent studies have proposed that each of these three E2s has a different function; the first two initiate ubiquitin

chains and the rest elongates (Garnett et al., 2009; Williamson et al., 2009; Wu et al., 2010). Additionally, there

is a report that UBE2C/UbcH10 binds to APC2 whereas UBE2D1/UbcH5 interacts directly with APC11 (Tang

et al., 2001).

APC3/Cdc27 (fission yeast Nuc2), APC6/Cdc16 (fission yeast Cut9), APC7 and APC8/Cdc23 (fission yeast

Cut23) contain protein-protein interaction domains of the TPR family (Hirano et al., 1988; Lamb et al., 1994;

Samejima and Yanagida, 1994; Tugendreich et al., 1995; Irniger et al., 1995; King et al., 1995; Peters et al.,

1996; Yamada et al., 1997; Yu et al., 1998; Yamashita et al., 1999). These TPR subunits comprise the other

subcomplex, which provides sites for the recruitments of substrates and coactivators (Vodermaier et al., 2003;
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E2

APC4

APC3

APC10

APC1
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Figure 3 An architectural map of the APC/C.
Each component is stained as follows; scaffolding proteins are cyan, components of the catalytic subcomplex
(and E2 enzyme) are magenta, the TPR subunits are yellow and the others are black. The dotted lines indicates
the suggested physical interaction of APC10 with both APC2 and APC3. See text for details.
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Thornton et al., 2006; Matyskiela and Morgan, 2009; Izawa and Pines, 2011).

Although APC5 also contains TPR motifs, this subunit can be categorized into the scaffolding proteins.

Together with APC4 (fission yeast Cut20/Lid1), it forms the link between the subcomplex composed of TPR

subunits and the largest subunit, APC1 (fission yeast Cut4), which holds two subcomplexes together (Peters

et al., 1996; Zachariae et al., 1996; Yamashita et al., 1996; Zachariae et al., 1998b; Yu et al., 1998; Yamashita

et al., 1999; Berry et al., 1999; Yoon et al., 2002; Vodermaier et al., 2003; Thornton et al., 2006).

Although there are not enough studies on the other subunits (Zachariae et al., 1996; Yamada et al., 1997;

Zachariae et al., 1998b; Gmachl et al., 2000; Yoon et al., 2002; Passmore et al., 2003; Hall et al., 2003; Dube

et al., 2005; Kops et al., 2010; Mansfeld et al., 2011), APC10 is the only exception (Hwang and Murray, 1997;

Zachariae et al., 1998b; Kominami et al., 1998; Grossberger et al., 1999). This small subunit has been implicated

in substrate recognition and APC/C processivity (Carroll and Morgan, 2002; Passmore et al., 2003; Carroll et al.,

2005; Passmore and Barford, 2005; Matyskiela and Morgan, 2009; Buschhorn et al., 2011; da Fonseca et al.,

2011). Besides, it seems to interact with both two subcomplex via binding to APC2 and APC3 (Vodermaier

et al., 2003; Thornton et al., 2006).

Quite a few key mitotic regulators are targeted by an identical ubiquitin ligase, this APC/C, and it is notable

that the individual timing of destruction is strictly contolled (Table 2). To date, a number of studies have been

revealed that in order to deal with the orchestrated proteolysis APC/C sequentially alters its substrate specificity

during mitosis, and suggested that at least two factors contribute to this algorithm: multiple coactivators and

inhibitors.

APC/C coactivators

Previous studies have indicated that APC/C-mediated ubiquitination requires a member of the WD40 family as

a coactivator (as an example, human Cdc20 is taken in Figure 4). These proteins contain a C-terminal WD40

domain, which adopts a propeller-like structure and plays a key role in substrate recognition: direct interacting

with specific amino acid sequences in targets (Sørensen et al., 2001; Hilioti et al., 2001; Kraft et al., 2005). The

most common sequence is the destruction box (D box), RxxLxxxxN (R is arginine, x is any amino acid, L is

leucine and N is asparagine) (Glotzer et al., 1991). Another well-known motif is the KEN box, KENxxxN (K is

lysine and E is glutamate) (Pfleger and Kirschner, 2000). In addition, coactivators have a conserved isoleucine-

arginine (IR) dipeptide motif at their C-terminus and the C-box. These sequence elements mediate their binding

to TPR subunits of the APC/C (Schwab et al., 2001; Vodermaier et al., 2003; Passmore et al., 2003; Thornton

9



Table 2 Mitosis-related APC/C substrates

coactivator substrate Timing of destruction Function References
Cdc20 A-type Cyclin Prometaphase Regulatory subunit of protein kinase (den Elzen and Pines, 2001)

(Geley et al., 2001)
Nek2A Prometaphase Centrosome regulator/Protein kinase (Hames et al., 2001)

B-type Cyclin Metaphase Regulatory subunit of protein kinase (Clute and Pines, 1999)
(Yamano et al., 1996)/SpCdc13

Securin Metaphase Separase inhibitor (Zou et al., 1999)
(Funabiki et al., 1997)/Cut2
(Cohen-Fix et al., 1996)/Pds1

Cdh1 Plk1 Anaphase Mitotic regulator/Protein kinase (Lindon and Pines, 2004)
(Shirayama et al., 1998)/ScCdc5

Aurora A Anaphase Mitotic regulator/Protein kinase (Honda et al., 2000)

Aurora B Anaphase/Telophase Mitotic regulator/Protein kinase (Stewart and Fang, 2005)

∗,∗∗ Cdc20 Prometaphase APC/C coactivator (Nilsson et al., 2008)
(Pan and Chen, 2004)/ScCdc20∗

Anaphase (Pfleger and Kirschner, 2000)∗∗

(Prinz et al., 1998)/ScCdc20∗∗

Unclear UBE2C/UbcH10 Anaphase/Telophase APC/C cognate E2 (Rape and Kirschner, 2004)

∗Coactivator-independnet manner (Foe et al., 2011). ∗∗APC/CCdh1-dependent manner.

et al., 2006).

Among all coactivators, Cdc20 (fission yeast Slp1) and Cdh1 (fission yeast Ste9) are responsible for de-

struction of mitotic regulators (Schwab et al., 1997; Visintin et al., 1997). In general, the difference between

the two is the timing of interaction with APC/C: the former is assigned to activate from early mitosis to

metaphase/anaphase transition, whereas the latter after that (Fang et al., 1998b; Kramer et al., 1998). Be-

sides, there is a difference in the ability to recognize degrons. APC/C bound to Cdc20 (APC/CCdc20) seems

to be able to recognize substrates only with D box, while APC/C bound to Cdh1 (APC/CCdh1) with both D

box and KEN box (Burton and Solomon, 2001; Hilioti et al., 2001; Burton et al., 2005; Kraft et al., 2005).

This coactivator switching produces diversity of the substrate specificity (Pfleger and Kirschner, 2000), and

accordingly main targets of APC/CCdc20 are anaphase inhibitor securin (fission yeast Cut2) and B-type cyclin

(fission yeast Cdc13).

APC/C inhibitors

As noted above, the active APC/CCdh1 forms only after metaphase/anaphase transition. This regulation is

achieved by phosphorylation of Cdh1 by Cdk, and the modification prevents efficient interaction of Cdh1 with

10



A
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WD2 WD4 WD7WD1 WD3 WD5 WD6

IRC box

Figure 4 Domains and motifs of human Cdc20.
(A) Domain structure of human Cdc20 with its seven WD40 repeats, C box and IR motif. (B) A structure model
of the WD40 domain of human Cdc20, PDB ID code 4GGA (Tian et al., 2012). Each of the seven blades of
the WD40 β propeller is stained in the respective colors indicated in (A). All structure figures in this thesis are
generated with PyMOL (www.pymol.org).
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APC/C (Zachariae et al., 1998a; Jaspersen et al., 1999; Kramer et al., 2000; Blanco et al., 2000; Yamaguchi

et al., 2000). In vertebrates, Emi1 is also identified as an APC/C inhibitor (Reimann et al., 2001a,b; Hsu et al.,

2002; Miller et al., 2006). And more than anything else, the mitotic checkpoint complex (MCC) is the key

regulator of APC/C (Figure 5).

APC/CCdc20 can catalyze the ubiquitination of securin, which result in its proteasomal degradation (Fun-

abiki et al., 1996b; Cohen-Fix et al., 1996; Funabiki et al., 1997). Throughout most of the cell cycle this protein

functions as the separase (fission yeast Cut1) inhibitor via tight binding to block its active site (Funabiki et al.,

1996a; Ciosk et al., 1998; Zou et al., 1999). The protease activity of separase is required for the cleavage of

Scc1 (fission yeast Rad21), a component of the cohesin complexes that maintains the link between the sister

chromatids (Guacci et al., 1997; Michaelis et al., 1997; Uhlmann et al., 1999, 2000). This therefore means

that the activation of APC/CCdc20 triggers sister-chromatid separation, and in order to complete it accurately

eukaryotic cells are equipped with an APC/CCdc20 inhibitory mechanism, termed the spindle assembly check-

point (SAC). When there exists even one kinetochore unattached to spindle microtubules, the SAC senses it to

block disruption of substrates and the following premature sister chromatid separation and mitotic exit (Rieder

et al., 1994, 1995; Clute and Pines, 1999; Hagting et al., 2002). This preventation is fulfilled by APC/CMCC

formation, direct binding of checkpoint components Mad2, BubR1 (fission yeast Mad3) and Bub3 to Cdc20

and subsequent interaction with APC/C (Hardwick et al., 2000; Sudakin et al., 2001; Burton and Solomon,

2007; Herzog et al., 2009; Chao et al., 2012).

Silencing the Spindle Assembly Checkpoint

Compared with its activation, the silencing mechanism of this checkpoint has been far less understood. Recent

studies, however, have soundly unveiled details about this issue. Among the most important is the discovery

that Cdc20, but not the other components of MCCs, is continuously synthesized and degraded in SAC-active

cells (Pan and Chen, 2004; Nilsson et al., 2008; Ge et al., 2009; Foster and Morgan, 2012; Uzunova et al., 2012).

These results indicate that the disassembly of MCCs per se can occur independently of the kinetochore-spindle

attachment, and enable to consider this event, silencing the SAC, as a consequence of two separate processes:

the SAC satisfaction and MCCs disassembly (Figure 6).
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Figure 5 Mitotic progression and the spindle assembly checkpoint.
(A) During prometaphase, unattached kinetochores activate the spindle assembly checkpoint (SAC) and mitotic
checkpoint complexex (MCCs), which inhibit the APC/C-dependent ubiquitination of securin, are formed. In
metaphase, when all kinetochores are attached to spindle, the SAC is silenced and APC/CCdc20 ubiquitinates
securin. Separase then cleaves cohesin complexes and thereby initiates sister-chromatid separation. (B) The
crystal structure of fission yeast MCC, PDB ID code 4AEZ (Chao et al., 2012). Slp1 is indicated in cyan, Mad2
is indicated in magenta and Mad3 is indicated in yellow.
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SAC satisfaction

The “wait-anaphase” SAC signal is generated at unattached kinetochores, and there target the core components

of the SAC including Mad2, BubR1 and Bub3 (Chen et al., 1996; Li and Benezra, 1996; Taylor and McKeon,

1997; Fang et al., 1998a; Taylor et al., 1998; Jablonski et al., 1998; Chen et al., 1998; Abrieu et al., 2001).

Consistent with these observations, several lines of evidence suggests that they provide a catalytic platform

for the continuous assembly of Mad2-Cdc20 complexes and the following MCCs production, and therefore,

conversely it has been proposed that by the depletion of checkpoint proteins from kinetochores can be halted

this cycle (Luo et al., 2000; Howell et al., 2000; Luo et al., 2002; Sironi et al., 2002; Kallio et al., 2002; Luo

et al., 2004; Shah et al., 2004; Howell et al., 2004; De Antoni et al., 2005; Vink et al., 2006; Mapelli et al.,

2007).

The SAC signals at kinecothores are hardly observed after the microtubule end-on attachment. At present

it has been thought that this extinction is achieved through two behaviors: the transporting existing proteins

from kinetochores to spindle poles and the prevention of further recruitment of SAC components. And the

state “SAC is satisfied” is indicated by the completion of both these events. A previous report has shown

that the former can be mediated by the dynein/dynactin complex, a minus-end-directed microtubule moter

(Howell et al., 2001). On the other hand, recent studies have provided evidence that the latter is dependent

on the recruitment of protein phosphatase 1, PP1, to kinetochores (Vanoosthuyse and Hardwick, 2009; Pinsky

et al., 2009; Rosenberg et al., 2011; Meadows et al., 2011; Espeut et al., 2012). Considering that the protein

phosphorylation catalyzed by several kinases is required for the SAC activation, it is reasonable that in contrast

dephosphorylation contributes to the SAC silencing (Lampson et al., 2004; Tang et al., 2004; Pinsky et al.,

2006; King et al., 2007; Kang et al., 2008; Liu et al., 2009; Kawashima et al., 2010; Liu et al., 2010; Welburn

et al., 2010; Posch et al., 2010; Salimian et al., 2011; Zich et al., 2012; Shepperd et al., 2012; London et al.,

2012; Yamagishi et al., 2012; Suijkerbuijk et al., 2012).

MCCs disassembly

Despite its robustness — resistant to washing with a high salt concentration of 0.4 M KCl, around the transition

from metaphase to anaphase MCCs are indeed disassembled and only Cdc20 is degraded (Fang et al., 1998a;

Wassmann and Benezra, 1998; Pan and Chen, 2004; Nilsson et al., 2008; Ge et al., 2009; Foster and Morgan,

2012; Uzunova et al., 2012). Here arises a serious question; how Cdc20 can be released from MCCs and

activate APC/C?
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Figure 6 Silencing the Spindle Assembly Checkpoint.
(A) The SAC satisfaction. During the SAC activation, SAC components are recruited to unattached kineto-
chores and it induces the MCCs assembly (top panel). After kinetochore-spindle attachment, existing SAC
components are transported from the kinetochore and their further recruitments are prevented (bottom panel).
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15



This most critical issue still remains controversial. One group has proposed that a cognate E2 of APC/C,

UBE2C/UbcH10-dependent Cdc20 ubiquitylation and the subsequent conformational change causes its disso-

ciation from MCCs (Reddy et al., 2007). By contrast, later researches have reported that MCCs containing

Cdc20 lacking ubiquitination sites can be also disassembled, suggesting that this posttranslational modification

is just a degradation signal (Nilsson et al., 2008; Mansfeld et al., 2011; Jia et al., 2011). Current studies further

have indicated that the APC/C subunit APC15 mediates Cdc20 autoubiquitination by APC/CMCC , release of

MCCs from APC/C and is required for MCCs disassembly (Mansfeld et al., 2011; Foster and Morgan, 2012;

Uzunova et al., 2012). The conflict of opinion about the proposition can be also seen among them. How-

ever, all of them reached an agreement that APC/C-mediated ubiquitylation reactions are involved in MCCs

disassembly.

Candidates of the Checkpoint Silencer in higher eukaryotes

As a candidate responsible for silencing the SAC, p31comet was initially identified through a screen of a HeLa

cell cDNA library by the yeast two-hybrid system with Mad2 as bait (Habu et al., 2002). It has been reported

that this protein binds to Mad2 in vivo and formation of the complex coincides with dissociation of Mad2 from

the target, Cdc20 (Habu et al., 2002; Xia et al., 2004; Mapelli et al., 2006; Yang et al., 2007). Although its

mechanism of action is debatable, several studies have demonstrated that the disassembly of MCCs can be

indeed accelerated by p31comet (Reddy et al., 2007; Teichner et al., 2011; Westhorpe et al., 2011; Mansfeld

et al., 2011; Jia et al., 2011; Miniowitz-Shemtov et al., 2012). Other than p31comet, Rod (Rough deal)/ZW10

(Zeste White-10)/Zwilch complex (RZZ complex) and Spindly have been suggested as candidates of the SAC

silencer, which are involved in stripping SAC proteins from kinetochores (Williams et al., 1992; Starr et al.,

1998; Scaërou et al., 2001; Griffis et al., 2007; Gassmann et al., 2008; Yamamoto et al., 2008; Chan et al., 2009;

Gassmann et al., 2010; Barisic et al., 2010).

Homologs mentioned above, however, have been identified only in higher eukaryotes. Besides, even dynein

is not essential for spindle checkpoint inactivation in fission yeast (Courtheoux et al., 2007). These facts imply

that such silencing mechanisms are unlikely to be conserved in evolution.

16



Analyses of mitotic progression in Schizosaccharomyces pombe

In this study I used the fission yeast Schizosaccharomyces pombe, which is one of the single-celled organisms.

Together with the budding yeast Saccharomyces cerevisiae, this fungi has been generally used in studies of the

cell cycle for the reason that the basic mechanisms are remarkably similar from yeast to human, except for the

“closed mitosis”: mitotic progression without break down of nuclear envelope (Figure 7). In the case of the

fission yeast, the microtubules of the mitotic spindle form inside the nucleus and are attached to spindle pole

bodies (SPB) at its periphery. The cell divides by the forming of a septum, or partition known as the cell plate

and splitting in two at the middle of the cell (Funabiki et al., 1993).

For genetic analysis, the employment of yeasts has an obvious advantage over using mammalian cells; their

ability to proliferate in a haploid state, in which only a single copy, or homolog, of each chromosome is present

in the cell. This means that when cells are haploid we can readily isolate and analyze recessive mutations that

inactivate a gene without considering the influence of a second copy of the gene. Additionally, it is relatively

easy to delete specific genes, replace with defined mutant versions or express under the inducible promoters

that are responsive to chmicals added to the medium. In particular the yeast SAC genes are non-essential,

unlike metazoan, and this character has contributed to quite a few significant findings about the mechanism of

SAC (Hardwick and Murray, 1995; He et al., 1997; Bernard et al., 1998; Chen et al., 1999; Hardwick et al.,

2000; Dobles et al., 2000; Millband and Hardwick, 2002; Ikui et al., 2002). On the other hand, when it came

to biochemical analyses of APC/C, researchers using the fission yeast are imposed to have relatively more

technical difficulties.



M phase
(mitosis)

G1 phase (Gap 1)

S phase (DNA synthesis)

(Gap 2)

G2 phase

Closed mitosis of the fission yeast

Figure 7 Closed mitosis of the fission yeast.
Each component is stained as follows; chromosomes are blue, spindle pole bodies are black, nuclear envelope
is orange and microtubules are green. See text for details.
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Materials and Methods

Strains, media and transformation

The strains used in this study are derivatives of Schizosaccaharomyces pombe h− 972 and h+ 975 (Beach

et al., 1985) and listed in Table 3. The ∆mad2, slp1-mr63 (Kim et al., 1998), ∆mad3, ∆bub3 (Millband and

Hardwick, 2002), mts3-1 (Gordon et al., 1996), GFP-cnp1 (Takayama et al., 2008), slp1-362 (Matsumoto,

1997), nda3-KM311 (Hiraoka et al., 1984), cdc25-22 (Fantes, 1979), cut4-533 (Yamashita et al., 1996), cut9-

665 (Hirano et al., 1986), his5-303 and lys1-131 (Cottarel, 1995), all of which were previously reported, are

our laboratory stock. The mutant ubc4-P61S (h− ade6-M216 leu1-32 ura4-D18 ubc4-P61S::ura4+) was a

generous gift from Dr. Hiroaki Seino (Seino et al., 2003). EMM1 was used as a minimal medium, and YEA2

(Beach et al., 1985) as a rich medium except for nda3-KM311 mutant strains, which were grown in YPAD3

medium. Unless mentioned below, strains were constructed by crossing and tetrad dissection. Crosses were

performed on SPAS4 media or MEA5 media. All yeast transformations were carried out by lithium acetate

methods (Okazaki et al., 1990; Gietz et al., 1992). Total RNAs were prepared from fission yeast culture as

previously described (Jensen et al., 1983).

13 g/l potassium hydrogen phthallate, 5.5 g/l Na2HPO4・12H2O, 5 g/l NH4Cl, 20 g/l glucose, 1.05 g/l MgCl2・6H20, 14.7 mg/l
CaCl2・2H20, 1 g/l KCl, 40 mg/l Na2SO4, 1 mg/l pantothenic acid, 10 mg/l nicotinic acid, 10 mg/l inositol, 10 µg/l biotin, 0.5 mg/l
boric acid, 0.4 mg/l MnSO4, 0.4 mg/l ZnSO4・7H2O, 0.2 mg/l FeCl2・6H2O, 40 µg/l molybdic acid, 0.1 mg/l KI, 40 µg/l CuSO4・
5H2O and 1 mg/l citric acid (plus 225 mg/l supplements — adenine, histidine, leucine, uracil and/or lysine hydrochloride — when
needed)

230 g/l glucose, 5 g/l yeast extract, 75 mg/l adenine
35 g/l yeast extract, 10 g/l glucose, 10 g/l polypeptone and 40 mg/l adenine
410 g/l glucose, 1 g/l KH2PO4, 1 mg/l pantothenic acid, 10 mg/l nicotinic acid, 10 mg/l inositol, 10 µg/l biotin and 45 mg/l

supplements
530 g/l Bacto-malt extract, 225 mg/l adenine, histidine, leucine and uracil, adjusted to pH 5.5 with NaOH
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Table 3 Strains used in this study
Strains Genotype Source/Reference
AE147 h− leu1-32 ura4-D18 mad2::ura4+ Laboratory stock
AE202 h− leu1-32 slp1-362 Laboratory stock
AE204 h− leu1-32 mts3-1 Laboratory stock
AE243 h− leu1-32 slp1-mr63 Laboratory stock
RBC115 h− leu1-32 mad2::ura4::nmt1-mad2 Laboratory stock
RBC116 h+ leu1-32 mad2::ura4::nmt1-mad2 Laboratory stock
SP6 h− leu1-32 Laboratory stock
SP628 h− leu1-32 cdc25-22 Laboratory stock
SP858 h+ leu1-32 nda3-KM311 Laboratory stock
SP1047 h− leu1-32 cut4-533 Laboratory stock
SP1049 h− leu1-32 cut9-665 Laboratory stock
cut23-Y395H h− leu1-32 cut23-Y395H This work
cut23-Y395H-5FLAG h− leu1-32 his5-303 cut23-Y395H-5FLAG-HIS3MX6 This work
cut23-Y395H GFP-Cnp1 h− leu1-32 cut23-Y395H GFP-Cnp1-hph This work
cut23-Y395H ∆mad2 h− leu1-32 ura4-D18 cut23-Y395H mad2::ura4+ This work
cut23-Y395H-5FLAG ∆mad2 h− leu1-32 ura4-D18 his5-303 cut23-Y395H-5FLAG-HIS3MX6 mad2::ura4+ This work
cut23-Y395H ∆mad2 GFP-Cnp1 h− leu1-32 ura4-D18 cut23-Y395H mad2::ura4+ GFP-Cnp1-hph This work
cut23-Y395H slp1-mr63 h− leu1-32 cut23-Y395H slp1-mr63 This work
cut9-665 mts3-1 Ptif51-6His-Ub h− leu1-32 cut9-665 mts3-1 lys1-131::lys1+-Ptif51-6His-Ub This work
mts3-1 ∆mad2 h? leu1-32 ura4-D18 mts3-1 mad2::ura4+ This work
mts3-1 Ptif51-6His-Ub h− leu1-32 mts3-1 lys1-131::lys1+-Ptif51-6His-Ub This work
mts3-1 Ptif51-HA-Ub h− leu1-32 mts3-1 lys1-131::lys1+-Ptif51-HA-Ub This work
nda3-KM311 Cut23-5FLAG h− leu1-32 his5-303 nda3-KM311 cut23-5FLAG-HIS3MX6 This work
nda3-KM311 Ptif51-6His-Ub h− leu1-32 nda3-KM311 lys1-131::lys1+-Ptif51-6His-Ub This work
nda3-KM311 ubc4-P61S h− leu1-32 ura4-D18 nda3-KM311 ubc4-P61S::ura4+ This work
nda3-KM311 ubc11-P93L h− leu1-32 nda3-KM311 ubc11-P93L This work
nda3-KM311 ubc4-P61S ubc11-P93L h? leu1-32 ura4-D18 nda3-KM311 ubc4-P61S::ura4+ ubc11-P93L This work
slp1-362 ∆mad2 h− leu1-32 ura4-D18 slp1-362 mad2::ura4+ This work
ubc11-P93L h− leu1-32 ubc11-P93L This work
ubc11-P93L Cut23-5FLAG h− leu1-32 his5-303 ubc11-P93L cut23-5FLAG-HIS3MX6 This work
ubc11-P93L ∆bub3 h− leu1-32 ura4-D18 ubc11-P93L bub3::ura4+ This work
ubc11-P93L ∆mad2 h− leu1-32 ura4-D18 ubc11-P93L mad2::ura4+ This work
ubc11-P93L ∆mad2 Cut23-5FLAG h− leu1-32 ura4-D18 his5-303 ubc11-P93L mad2::ura4+ cut23-5FLAG-HIS3MX6 This work
ubc11-P93L ∆mad3 h− leu1-32 ura4-D18 ubc11-P93L mad3::ura4+ This work
ubc11-P93L GFP-Cnp1 h− leu1-32 ubc11-P93L GFP-Cnp1-hph This work
ubc11-P93L mts3-1 h− leu1-32 ubc11-P93L mts3-1 This work
ubc11-P93L mts3-1 Ptif51-6His-Ub h− leu1-32 ubc11-P93L mts3-1 lys1-131::lys1+-Ptif51-6His-Ub This work
ubc11-P93L Ptif51-6His-Ub h− leu1-32 ubc11-P93L lys1-131::lys1+-Ptif51-6His-Ub This work
ubc11-P93L slp1-mr63 h− leu1-32 ubc11-P93L slp1-mr63 This work
mad2+/∆mad2 h+/h− ade6-210/ade6-216 ura4-d18/ura4-d18 leu1-32/leu1-32 This work

mad2+/mad2::ura4+

mad2+/∆mad2 ubc11+/∆ubc11 h+/h− ade6-210/ade6-216 ura4-d18/ura4-d18 leu1-32/leu1-32 This work
mad2+/mad2::ura4+ ubc11+/ubc11::LEU2

Strain construction

Deletion of ubc11+ gene

A plasmid to delete the ubc11+ gene, pBS ∆ubc11::LEU2, was constructed by PCR amplification of about

500-bp DNA fragment upstream of the start codon of the ubc11+ gene and about 700-bp DNA fragment down-

stream of the stop codon. The primers used in the PCR were as follows: for amplification of the upstream

sequence, the forward primer was XhoI-ubc11us6 and the reverse primer was ubc11us-HindIII7; for the down-

6[5′-GGGGCTCGAG(XhoI)CACTAGCCATCCTTC-3′]
7[5′-GGGGAAGCTT(HindIII)TCCTCAAGTTGTTAC-3′]
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stream sequence, the forward primer was HindIII-ubc11ds8 and the reverse primer was ubc11ds-XbaI9. The

resulting DNA fragments were digested with combinations of appropriate restriction enzymes and then ligated

into pBS plasmid to create pBS ∆ubc11. This plasmid was digested with (HindIII) and ligated with a DNA

fragment that contained LEU2 sequence isolated from pREP1 (Maundrell, 1990, 1993). Digestion of the result-

ing plasmid, pBS ∆ubc11::LEU2, with SpeI generated about 3.4-kbp DNA fragment containing the LEU2 gene

flanked by the 500-bp upstream and the 700-bp downstream sequences of the ubc11 gene, which was used for

transformation to delete the ubc11 gene in the h+/h− ade6-210/ade6-216 ura4-d18/ura4-d18 leu1-32/leu1-32

mad2+/mad2::ura4+ diploid strain.

5FLAG tagging of C-terminus region of Cut23

An about 0.4-kbp DNA fragment of C-terminus region of cut23+ was amplified by PCR using the forward

primer PvuII-cut23C10 and the reverse primer cut23C-BglII11. The resulting DNA fragment was digested with

combinations of appropriate restriction enzymes and then inserted into PvuII-BamHI site of pFA6a-5FLAG-

kanMX6 (generously provided by Dr. Jun-ichi Nakayama). The sequence was verified by sequencing.

On the other hand, an about 1.2-kbp DNA fragment downstream of the stop codon of cut23+ was also

amplified by PCR using the forward primer SacI-cut23ds12 and the reverse primer cut23ds-SpeI 13. The result-

ing DNA fragment was digested with combinations of appropriate restriction enzymes and then inserted into

SacI-SpeI site of pFA6a-3HA-His3MX6 (Longtine et al., 1998). The sequence was verified by sequencing.

Both of resultant plasmids were digested with PvuII and BglII. An about 0.8-kbp DNA fragment derived

from the former and an about 4.9-kbp DNA fragment derived from the latter were ligated. The resulting

plasmid, pFA6a-Cut23-5FLAG-His3MX6, was digested with BamHI and introduced into wild-type his5-303

or cut23-Y395H his5-303 strains. His+ transformants were isolated. The gene replacement was confirmed by

PCR and immunoblotting.

Strains expressing tagged ubiquitins

For construction of strain expressing His-tagged ubiquitin, two plasmids, Ptif51(HA-Ubi)-LEU2 and pREP1

(6His-Ubi) (generously provided by Dr. Kenji Kitamura), were digested with PstI and BglII. An about 8.5-
8[5′-GGGGAAGCTT(HindIII)TTAGGCCGGTCTATT-3′]
9[5′-GGGGTCTAGAA(XbaI)CTAGTCATTCGCAG-3′]

10[5′-GGGGCAGCTG(PvuII)TCAACGAGCTACTGC-3′]
11[5′-GGGGAGATCT(BglII)GATCATATGAATGCT-3′]
12[5′-GGGGGAGCTC(SacI)TATAAATTTTATGAC-3′]
13[5′-GGGGACTAGT(SpeI)TGTGACGTGGTTAGC-3′]
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kbp DNA fragment derived from the former and an about 1.3-kbp DNA fragment derived from the latter were

ligated. This plasmid was digested with PstI and BamHI, and the resulting DNA fragment was cloned into

PstI-BamHI site of pBS SK+ (Agilent). The resultant plasmid and pREP1 were digested with BamHI and

SacI. An about 4.5-kbp DNA fragment derived from the former and an about 1-kbp DNA fragment derived

from the latter were ligated. This plasmid and Ptif51(HA-Ubi)-LEU2 were digested with PstI and NdeI. An

about 4.3-kbp DNA fragment derived from the former and an about 0.8-kbp DNA fragment erived from the

latter were ligated. The resulting plasmid, pBS-Ptif51-His-Ub, was digested with KpnI and SacI. An about

2.5-kbp DNA fragment was inserted into KpnI-SacI site of pYAT1, an integration vector containing a part of C-

terminus region of lys1+ gene as a selection marker (Laboratory stock). The resultant plasmid was introduced

into wild-type lys1-131 strain and Lys+ transformants were isolated. The gene replacement was confirmed by

immunoblotting.

For construction of strain expressing HA-tagged ubiquitin, two plasmids, Ptif51(HA-Ubi)-LEU2 and the

above-mentioned pBS-Ptif51-His-Ub, were digested with PstI and BamHI. An about 1-kbp DNA fragment

derived from the former and an about 4-kbp DNA fragment derived from the latter were ligated. The resulting

plasmid was digested with KpnI and SacI. An about 2.1-kbp DNA fragment was inserted into KpnI-SacI site

of pYAT1. The resultant plasmid was introduced into wild-type lys1-131 strain and Lys+ transformants were

isolated. The gene replacement was confirmed by immunoblotting.

Temperature-sensitive mutants and their derivatives

Cells were first cultured at the permissive temperature of 26◦C and then shifted to the restrictive temperature of

36◦C.

nda3-KM311 strains

For synchronization, nda3-KM311 mutant cells were first cultured at permissive temperature (26 or 32◦C)

before being shifted down to the restriction temperature (20◦C) for 6 hours.

Spot assay

Exponentially growing cultures were washed twice with distilled water and then 5-fold diluted serially. Each

dilution was spotted onto agar plates.
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Immunofluorescence microscopy

Fluorescence from GFP, mCherry or Alexa Fluor 594 was visualized with a laser-scanning microscope (Leica).

At least 200 cells in each sample were examined for nuclear morphology. Images were processed with IP lab

(BD) and Photoshop version 12.0.4 (Adobe).

Methanol fixation

PEM buffer14 was added to the fixed cells at 30% (v/v) of the final methanol concentration. Cells were fixed

with methanol as described above and were treated with 1 mg/ml zymolyase 100T in PEMS buffer15 at 37◦C

for 30 minutes. The cells were then washed with PEMS containing 1% TritonX-100 for 2 minutes and washed

with PEM three times. For blocking, PEMBAL buffer16 was used. After 30 minutes of blocking, cells were

stained with the primary antibody (TAT1; generously provided by Dr. Andrea Baines) and incubated over night.

Cells were washed with PEMBAL three times, followed by incubation with Alexa Fluor 594 Goat Anti-mouse

(1:1000; Molecular Probes) for hours. Finally cells were washed with PEMBAL three times and stained with

0.2 µg/ml of 4′,6′-diamidino-2-phenyl-indole (DAPI). All steps were performed at room temperature. The GFP-

Cnp1 signal was observed under the microscope using the same cells as was used for tubulin immunostaining.

Formaldehyde fixation

Cells were first fixed by formaldehyde alone at the final concentration of 3% for 1 hour. After performing three

wash steps with PEM, the cells were treated with 1 mg/ml zymolyase 100T in PEMS buffer at 37◦C for 70

minutes. The cells were then washed with PEMS containing 1% TritonX-100 for 2 minutes and washed with

PEM three times. For blocking, PEMBAL buffer was used. After 30 minutes of blocking, cells were stained

with the primary antibody (TAT1) and incubated over night. Cells were washed with PEMBAL three times,

followed by incubation with Alexa Fluor 594 Goat Anti-mouse (1:1000; Molecular Probes) over night. Finally

cells were washed with PEMBAL three times and stained with 0.2 µg/ml of DAPI. All steps were performed at

room temperature. The GFP-Cnp1 signal was observed under the microscope using the same cells as was used

for tubulin immunostaining.

14100 mM PIPES, 1 mM EGTA, 1 mM MgCl2, pH 6.9
15PEM, 1.2 M sorbitol
16PEM, 0.1% bovine serum albumin
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Protein analyses

Ubiquitin transfer assay

Plasmids and construction

Ptr3, fission yeast ubiquitin activating enzyme E1, mRNA was reverse-transcribed by use of ReverTra Ace

(TOYOBO) and then the resultant cDNA was amplified by PCR. The primer sequences used in the PCR

were as follows; the forward primer was BamHI-ptr3 17 and the reverse primer was ptr3-NotI 18. The re-

sulting DNA fragment was digested with combinations of appropriate restriction enzymes and then inserted

into BamHI-NotI site of PinPointXa-1 vector (Promega) in-frame with biotinylated purification protein tag se-

quence. The biotinylated purification tagged Ptr3 or biotylated purification tagged protein were expressed in

E.coli BL21(DE3) strain at 20◦C. The fusion protein was directly purified with SoftLink soft release avidin

resin according to the manufacturers protocol.

Ubc11 mRNAs were also reverse-transcribed by use of ReverTra Ace and then the resultant cDNA was

amplified by PCR. The primer sequences used in the PCR were as follows; the forward primer was EcoRI-ubc11

19 and the reverse primer was ubc11-XhoI 20. The resulting DNA fragment was digested with combinations

of appropriate restriction enzymes and then inserted into EcoRI-XhoI site of pET30a vector (Promega) in-

frame with Histidine tag sequence. The His-tagged Ubc11 was expressed in E.coli BL21(DE3) strain by IPTG

induction and directly purified with TALON Metal Affinity Resin according to the manufacturers protocol.

To obtain 32P-labeled ubiquitin protein, Protein kinase A phosphorylation site (Arg-Arg-Ala-Ser-Val) was

introduced into pET30a in-frame with 6xHistidine tag sequence (pET30a KT). Yeast ubiquitin was amplified

by PCR using the plasmid Ptif51(HA-Ubi)-LEU2 as a template. The primer sequences used in the PCR were

as follows; the forward primer was EcoRV-Ub 21 and the reverse primer was Ub-SacI 22. The resulting DNA

fragment was digested with combinations of appropriate restriction enzymes, and then cloned into pET30a KT

in-frame with 6xHistidine and PKA phosphorylation site. The His-PKA site tagged ubiquitin was expressed in

E.coli BL21(DE3) strain by IPTG induction and directly purified with TALON Metal Affinity Resin according

to the manufacturers protocol.

17[5′-GGGGGGATCC(BamHI)GGATGAGTAATAACATGAAC-3′]
18[5′-GGGGGCGGCCGC(NotI)TTACAACTTGATACAAAT-3′]
19[5′-GGGGGAATTC(EcoRI)ATGGATTCTGATATG-3′]
20[5′-GGGGCTCGAG(XhoI)CTAAATTTCATCGAT-3′]
21[5′-GGGGGATATC(EcoRV)ATGCAGATCTTCGTC-3′]
22[5′-GGGGGAGCTC(SacI)TCAACCACCTCTTAG-3′]
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in vitro phosphorylation reaction

in vitro phosphorylation reaction was performed by cAMP-dependent kinase-catalytic subunit (20 mM Tris-

HCl, 100 mM NaCl, 12 mM MgCl2, 1 mM DTT, 25%(v/v) glycerol, pH7.4, 2.4 units/µl cAMP-dependent

kinase-catalytic subunit (Promega), 1.5µCi/µl (γ-32P)ATP, 0.5 µg/µl His-Ubc11 purified protein) at 25◦C for

30 min. The labeling mixture was directly loaded onto BioSpin-P6 column (Bio-Rad) pre-equilibrated with

incubation buffer (20 mM Tris-HCl, 100 mM NaCl, 12 mM MgCl2, 1 mM DTT, 25%(v/v) glycerol, pH7.4),

and the flow-through fraction was collected and calibrated with autoradiography. Two hundred cpm/protein µg

were used for thioester formation reaction.

Thioester formation reaction

Thioester formation reactions contained 0.5 µg of 32P-labeled His ubiquitin, 0.1 µg of Pinpoint-Ptr3 or PinPoint

tag protein and 0.5 µg of His Ubc11WT or Ubc11P93L in 4 mM Tris-HCl, 0.5 mM MgCl, 0.2 mM ATP, pH7.6)

at 25◦C, for 30 min. Reactions were terminated by incubating the mixtures for 10 min at 25◦C in 50 mM

Tris-HCl pH6.8, 2% SDS, 10% glycerol, and 0.5% BPB or boiling the mixtures for 3 min in 50 mM Tris-HCl

pH6.8, 2% SDS, 10% glycerol, 1 mM DTT, and 0.5% BPB. The duplicated gels were stained by Silver-staining

protocol or take the autoradiogram on X-ray film.

Yeast cell extracts

Cells were collected, washed once with PBS, rapidly frozen by liquid nitrogen, and kept at -80◦C. Cells were

thawed, washed once with below-mentioned buffers and thereafter suspended in such buffers including pro-

tease/proteasome inhibitors23. Cells were lysed by glass beads and centrifuged at 13,000 rpm for 15 min.

Supernatants were used for analyses.

Western blot analysis

Cells were thawed and suspended in modified HB buffer24 containing Laemmli sample buffer and boiled for 5

min before cell disruption.

231 mM PMSF, 10 µM MG132 and 1% (v/v) of the final concentration of protease inhibitor cocktail (nacalai tesque) containing 100
mM 4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride, 80 µM Aprotinin, 1.5 mM E-64, 2 mM Leupeptin, 5 mM bestatin and 1
mM pepstatin A

2425 mM Tris-HCl, [pH7.5], 15 mM EGTA, 15 mM MgCl2, 60 mM β-glycerophosphate, 15 mM ρ-nitrophenylphosphate, 0.5 mM
Na3VO4, 10 mM N-ethylmaleimide (NEM, Sigma), 0.1% NP-40, 0.1 mM NaF
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Immunoprecipitation

Cells were thawed and suspended in modified HB buffer, disrupted by glass beads and centrifuged. Super-

natants were used for SDS-PAGE followed by immunoblotting. Anti-FLAG M2 Affinity Gel (Sigma) or Slp1

antibodies mixed with protein A-sepharose beads (Pharmacia) were shaking for 2 hr at 4◦C, followed by wash-

ing. Supernatants of extracts were added and incubated at 4◦C for 2 hr with shaking, followed by three cycles

of washing and SDS-PAGE after boiling for 3 min.

Detection of Slp1 ubiquitylation

Ubiquitylation analysis was performed as described (Takayama et al., 2010). Cells expressing 6His-tagged

(6His-Ub) or HA-tagged ubiquitin (HA-Ub) under the tif51 promoter (Matsuyama et al., 2008) integrated at the

lys1 locus were grown to log phase at the permissive temperature and then shifted to the restrictive temperature.

For preparation of cell lysates, the cells were washed with buffer I25 and broken by vortexing with glass beads,

and the lysates were cleared by centrifugation. Six milligrams of cell lysates were incubated for 4 hr at room

temperature with the TALON beads (BD bioscience Clontech, Palo Alto, CA), and washed twice with buffer I

and four times with buffer II26. Slp1 protein pulled down with the beads was diluted in 5x sample buffer and

boiled for 3 min, and ubiquitinated forms were detected by immunoblotting with Slp1 antibody.

Antibodies

As primary antibodies, anti-Slp1 (1:500), anti-Mad2 (1:50), anti-FLAG M2 (1:1000; Sigma), anti-Cdc13

(1:200; Santa Cruz Biotechnology), anti-Cut2 (1:3000; generously provided by Dr. Mitsuhiro Yanagida), anti-

Ubc11 (1:200; generously provided by Dr. Fumiaki Yamao) and anti-β-actin (1:8000; Abcam) were employed,

respectively. As secondary antibodies, goat HRP-conjugated anti-mouse (1:10000; GE Healthcare), anti-rabbit

(1:10000; GE Healthcare) or anti-rat (1:50000; Invitrogen) antibody were employed, respectively.

2510 mM Tris-HCl [pH 7.5], 100 mM Na phosphate, 0.1% NP-40, 10 mM Imidazole, 6 M Guanidine-HCl
2610 mM Tris-HCl [pH 7.5], 100 mM Na phosphate, 0.1% NP-40, 10 mM Imidazole, 1 mM PMSF



Results

Isolation of the ubc11-P93L mutant

As previous studies have shown, constitutive activation of the SAC leads to mitotic arrest, yet the SAC com-

ponents are non-essential in fission yeast (He et al., 1997; Bernard et al., 1998; Millband and Hardwick, 2002;

Ikui et al., 2002). Taking this fact as advantage, we designed a genetic screen for mutants defective in silenc-

ing the SAC with an assumption that perturbation of mitotic progression by a defect in silencing SAC can be

suppressed by loss of the functional SAC. A strain conditionally expressing Mad2 was mutagenized, and the

survivors were screened for mutants whose temperature sensitivity was dependent on expression of Mad2.

Strains in which Mad2 is expressed under control

Initially, we constructed a strain whose native mad2 promoter is displaced by the inducible nmt41 promoter

(Figure 8A). In such cells, expression of Mad2 depends on the absence of thiamine, and this was confirmed

by western blot analysis (Figure 8B). Although the level of Mad2 expression was higher in this strain than the

wild-type strain, it was found that the expression didn’t cause a growth defect and could be regulated when they

were cultured in thiamine-free EMM media.

Temperature-sensitive mutants only in the presence of Mad2

We subsequently screened a large number of colonies arising from chemically mutagenized RBC115 (h− leu1-

32 mad2::ura4::nmt1-mad2) cells. At this stage, we selected candidates that exhibited a temperature-sensitivity

in the absence of thiamine, which means that these cells displayed a growth defect at the restrictive temperature

(36◦C) only when Mad2 was expressed. Mad2 is known as a crucial activator of the SAC, and accordingly

it is commonly assumed that a lack of this protein causes inactivation of the checkpoint. It has been reported

that mad2+ isn’t an essential gene in S.pombe and its genetic deletion doesn’t cause noticeable defects under
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Strategy of this screening. (D) Temperature-sensitive mutants only in the presence of Mad2.
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normal growth conditions (Kim et al., 1998), and intriguingly, our mutants could also grow adequately in the

absence of Mad2 even at the restrictive temperature (Figure 8D). Thus this temperature-sensitivity is possibly

due to the failure to silence the checkpoint signal. Consequently, we obtained twenty-eight candidates that met

the above criteria.

Delay in chromosome segregation

Although the twenty-eight mutants exhibited the temperature-sensitivity, it was necessary to examine if they

were appropriate candidates for involvement in silencing the SAC; it was likely that some of them might be

simply thiamine auxotroph at a high temperature, for instance. Hence, further analyses were made to rule out

those false-positives.

As a first step to this approach, each mutant was incubated at the restrictive temperature for 4 hours, which

was thought of as one cell cycle period under this condition, and stained with DAPI to observe the nuclear

morphology. In general, condensed chromosomes, aberrant segregation of chromosomes or cut (cell untimely

torn; undivided nucleus is intersected by the septum and torn into two parts by the subsequent cytokinesis)

phenotype (Figure 9A) are known as the typical instances involved in mitotic defects.

Consequently, nineteen out of the twenty-eight strains were selected as the appropriate candidates. These

cells had one or more of the above features (Figure 9B), whereas the rest mostly showed a normal nuclear

morphology and at most merely small cells.

Intracellular accumulation of Slp1

Moreover, it was required to obtain evidence that selected mutants were precisely arrested in mitosis. To

confirm this, the level of Slp1 was examined. Slp1 is strictly regulated in a cell cycle-dependent manner; it

begins to accumulate intracellularly as cells enter M phase and is proteolytically degraded after mitosis (Yamada

et al., 2000). This fact leads to the suggestion that mitotic-arrested mutants could accumulate Slp1. Sixteen

out of the nineteen candidates, in which cellular accumulation of Slp1 could be observed at the restrictive

temperature, were chosen for further study.

Intracellular accumulation of Slp1-Mad2 complexes

The intracellular accumulation of Slp1 per se actually was also not an sufficient condition for the activation of

the SAC, and therefore the state of the Slp1-Mad2 complex was examined (Ikui et al., 2002).
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Figure 9 Screening for Mad2-dependent temperature sensitive mutants.
(A) Typical phenotypes of mitotic defect mutants. (B) Nuclear morphology. (C) Intracellular accumulation of
Slp1 and immunoprecipitation of the Slp1-Mad2 complex.
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Immunoprecipitation with the antibody to Slp1 with cell extracts prepared from mutants was performed.

Extracts from the folloing mutant strains were also used as controls: the nda3-KM311, which is unable to

form a spindle because of a mutation in the β-tubulin gene at the restrictive temperature of 20◦C, as a positive

control, the cdc25-22, which arrests at the boundary of G2/mitosis at the restrictive temperature of 36◦C, as

a negative control, and the cut4-533, cut9-665 and mts3-1 as controls of mutation involved in events after the

checkpoint silencing. In six out of the sixteen candidates, respective bands of Mad2 from each extracts were

the same or stronger than that from nda3-KM311 mutant strain (Figure 9D), and thus they were selected for

genetic analysis.

Back-cross

The six strains were backcrossed with the parental strains h− RBC115 or h+ RBC116 (h+ leu1-32 mad2::ura4::nmt1-

mad2) twice and the segregation pattern of the ts marker was examined for each cross by tetrad analysis. When

ts+:ts− was 2:2 in > 10 tetrads, the ts phenotype was judged to be due to a mutation at a single locus.

Five strains showed 2+:2− segregation for temperature sensitivity, indicating that each of their temperature-

sensitive phenotypes was caused by a single genetic defect. These five strains were selected as candidates for

further analysis.

Linkage analysis

10 pairwise crosses were carried out among the five candidates, and the results indicated that the five mutants

fall into three linkage groups. A group containing KW88 strain has three members, and KW87 strain and KW89

strain each have one. These three mutants were selected as the final candidates.

Gene cloning

In this study, one of the mutants, which was identified as the KW89 strain through the screen, was further

analyzed. By using the temperature-sensitivity in the presence of the functional SAC as a selection marker, a

genomic DNA fragment complementing the temperature sensitivity was isolated from a fission yeast genomic

DNA library (Tanaka et al., 2000; Nakamura et al., 2001). The integration mapping proved that this fragment

originated from the ubc11 locus encoding a cognate ubiquitin-conjugating enzyme of APC/C.

To determine the mutation sites, genomic DNA of the above-mentioned ubc11 mutant strain was isolated

and used to amplify the ubc11 mutant gene by the PCR, and then its nucleotide sequence was determined. Only
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one nucleotide substitution was found in the whole coding region: the 521st cytosine was altered to thymine.

This mutation led one amino acid substitution, the 93rd prorine to leucine, and hence this mutant allele was

designated as ubc11-P93L (Figure 10).
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H.sapiens 1 MAS--QNRDPAATSVAA---ARKGAEPSGGAARGPVGKRLQQELMTLMMSGDKGISAFPE
M.musculus 1 MAS--QNRDPAAASVAA---VRKGAEPCGGAARGPVGKRLQQELMILMTSGDKGISAFPE
X.laevis 1 MAS--QNVDPAAASSVA---SRKGQESGTSAARGSVGKRLQQELMTLMMSGDKGISAFPE
S.solidissima 1 MSG--QNIDPAANQVRQ---KERPRDMTTSKERHSVSKRLQQELRTLLMSGDPGITAFPD
D.melanogaster 1 -MA--QNISPEQSGGAGGGGSKHSDDSMPVKDNHAVSKRLHKELMNLMMANERGISAFPD
S.pombe 1 MDSDMQNQNPHTN-------SKNSSSAGMAVDGHSVTKRLRSELMSLMMSNTPGISAFPD

H.sapiens 56 SD-NLFKWVGTIHGAAGTVYEDLRYKLSLEFPSGYPYNAPTVKFLTPCYHPNVDTQGNIC
M.musculus 56 SD-NLFKWVGTIHGAAGTVYEDLRYKLSLEFPSGYPYNAPTVKFLTPCYHPNVDTQGNIC
X.laevis 56 SD-NLFKWIGTIDGAVGTVYEDLRYKLSLEFPSGYPYNAPTVKFVTPCFHPNVDSHGNIC
S.solidissima 56 GD-NLFKWVATLDGPKDTVYESLKYKLTLEFPSDYPYKPPVVKFTTPCWHPNVDQSGNIC
D.melanogaster 58 GE-NIFKWVGTIAGPRNTVYSGQTYRLSLDFPNSYPYAAPVVKFLTSCFHPNVDLQGAIC
S.pombe 54 SDSNLLHWAGTITGPSDTYYEGLKFKISMSFPANYPYSPPTIIFTSPMWHPNVDMSGNIC

H.sapiens 115 LDILKEKWSALYDVRTILLSIQSLLGEPNIDSPLNTHAAELWK-NPTAFKKYLQETYSKQ
M.musculus 115 LDILKDKWSALYDVRTILLSIQSLLGEPNIDSPLNTHAAELWK-NPTAFKKYLQETYSKQ
X.laevis 115 LDILKDKWSALYDVRTILLSLQSLLGEPNNESPLNPYAAELWQ-NQTAYKKHLHEQYQKQ
S.solidissima 115 LDILKENWTASYDVRTILLSLQSLLGEPNNASPLNAQAADMWS-NQTEYKKVLHEKYKTA
D.melanogaster 117 LDILKDKWSALYDVRTILLSIQSLLGEPNNESPLNAQAAMMWN-DQKEYKKYLDAFYEKH
S.pombe 114 LDILKDKWSAVYNVQTILLSLQSLLGEPNNASPLNAQAAELWSKDPIEYKRLLMQRYKEI

H.sapiens 174 VTSQEP
M.musculus 174 VSSQDP
X.laevis 174 VREKEI
S.solidissima 174 QSDK--
D.melanogaster 176 KDT---
S.pombe 174 DEI---

∗

Helix 1

Loop L1

Loop L2

A

B

Figure 10 Multiple alignment of the amino acid sequences of SpUbc11 and its homologues.
(A) Multiple alignment of amino acid sequences of human UbcH10/UBE2C, mouse Ube2C, frog UBCx, clam
E2-C, fruitfly Vihar and fission yeast Ubc11. A closed circle indicates the mutation site of Ubc11P93L, where
Pro is mutated to Leu. A cysteine residue in UBC domain for thiolester formation with ubiquitin is marked
by an asterisk. (B) The crystal structure of human UbcH10C114S , PDB ID code 1I7K (Lin et al., 2002). The
E1-interacting Helix 1 is shown in cyan, and the two E3-interacting loops are shown in magenta (Loop L1) and
yellow (Loop L2).
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Analyses of the ubc11-P93L mutant

Inadequate Ubc11-mediated ubiquitination in ubc11-P93L mutant cells

Suppression of the temperature-sensitivity in the absence of the functional SAC

As above noted, the temperature-sensitivity of the ubc11-P93L mutant was dependent on expression of Mad2

(Figure 11A). In order to confirm that the immediate cause was the functional SAC, further genetic analyses

were performed. As indicated in Figure 11B, the temperature sensitivity could be also suppressed by deletion

of the mad3 gene as well as by introduction of slp1-mr63, an allele defective in binding to Mad2, suggesting

that physical interaction between Slp1 and Mad2, not additional unknown functions of Mad2, might cause the

growth defect in the ubc11-P93L mutant (Kim et al., 1998).

Meanwhile the ubc11-P93L ∆bub3 strain remained temperature-sensitive (Figure 11B). It has been pre-

sumed that SpBub3, as well as its homologs, is a component of MCCs, and indeed indicated that it can be

co-immunoprecipitated with Mad3 in fission yeast cells (Millband and Hardwick, 2002). Recent studies, how-

ever, have proposed that SpBub3 is more likely to be dispensable for the SAC activation (Tange and Niwa,

2008; Vanoosthuyse et al., 2009; Windecker et al., 2009; Heinrich et al., 2012).

Biochemical analysis of Ubc11P93L in vitro

In ubiquitination, E2s are well known to play two key roles; primarily receive an activated forms of ubiquitin

from E1 ubiquitin-activating enzyme and subsequently catalyze ubiquitination of the substrates through inter-

action with E3 ubiquitin-protein ligases (Hershko et al., 1983). To examine whether Ubc11P93L mutant protein

maintained the general functions, an in vitro ubiquitin transfer assay, by which we could investigate whether the

Ubc11P93L had the ability to receive an activated forms of ubiquitin from E1, was performed. Each component

was prepared from E.coli as a recombinant protein (Figure 12). In the positive control reaction using wild-type

Ubc11 (Ubc11WT ), band at approximately 45 kDa corresponding to the sum of His-tagged Ubc11WT and His-

tagged ubiquitin, and slower migrated band could be detected (Figure 12, lane 12). Because these bands were

sensitive to boiling in the presence of DTT (data not shown), they were protein complexes consisting of Ubc11

and ubiquitins linked via the thiolester bond. In the case of Ubc11P93L, by contrast, band at approximately 45

kDa and slower migrated band could not be detected, suggesting that the mutant was defective in transfer of

activated ubiquitins from E1 (Figure 12, lane 13).
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Figure 11 Suppression of the temperature-sensitivity in the absence of the functional SAC.
(A) A wild-type strain, a strain deleted for mad2+ gene, ∆mad2, a strain expressing the mutant form of Slp1
incapable of binding to Mad2, slp1-mr63, ubc11-P93L, ubc11-P93L ∆mad2, ubc11-P93L slp1-mr63 for their
temperature-sensitivity by spot test. They were grown in liquid YEA and spotted on YEA media. The plates
were incubated at 26◦C or 36◦C for 3 days. (B) The ubc11-P93L, ubc11-P93L ∆mad2, ubc11-P93L ∆mad3,
ubc11-P93L ∆bub3 and ubc11-P93L slp1-mr63 strains were examined for their temperature-sensitivity by spot
test. They were grown in liquid YEA and spotted on YEA media. The plates were incubated at 26◦C or 36◦C
for 3 days.
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Figure 12 in vitro ubiquitin transfer assay of Ubc11P93L.
The reaction mixtures for the in vitro ubiquitin transfer assay were run on SDS-PAGE and silver-stained (left
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Biochemical analysis of Ubc11P93L in vivo

We noticed that the His-tagged Ubc11P93L mutant proteins prepared from E.coli run on SDS-PAGE slower

when incubated without DTT. The position on the gel, shown with the open triangle in Figure 12, suggested

that they may form a dimer. Western blot analysis of cell extracts, however, revealed that the Ubc11P93L mutant

protein existed as a monomer (Figure 13A). We speculated that the mutant protein would be protected by a cellar

factor from dimerization. In addition, western blot analysis revealed that Ubc11P93L became extremely unsta-

ble in yeast cells (Figure 13B). Taken together, these results indicated that the level of the Ubc11-dependnet

ubiquitination would be extremely low in the ubc11-P93L mutant cells.

The ubc11+ gene is essential even in the absence of the functional SAC

The instability of Ubc11P93L could be observed even in ubc11-P93L ∆mad2 cells, and the fact allowed a

postulation that the essential ubc11+ gene could be knocked out in the absence of the functional SAC (Osaka

et al., 1997). To address this hypothesis, the mad2+/mad2::ura4+ ubc11+/ubc11::LEU2 heterozygous diploid

strain was constructed and then tetrad analysis was performed (Figure 14A and B). All 10 tetrads dissected gave

rise to two viable and two inviable spores (Figure 14C). These survivors were all leucine auxotrophic mutants

and the segregation patterns were independent on uracil auxotrophy, suggesting that activities of Ubc11 are

required for cell proliferation regardless of the SAC.

Taken together, these results suggested that the level of the Ubc11-mediated ubiquitination would be ex-

tremely low, but not completely-lost, in the ubc11-P93L mutant cells.

37



A

B

0 4 0 4 0 4 0 4 0 4 0 4 [hours]

wild-type Δmad2 ubc11-P93L
ubc11-P93L

Δmad2
mts3-1

mts3-1

ubc11-P93L

α-Mad2

α-Ubc11

α-β-actin

130

95

72

55

43

36

28

17

IB : α-Ubc11

[kDa] 0 0 0 04 4 4 4

wild-type wild-typeubc11-P93L ubc11-P93L

- DTT + DTT

[hours]

Figure 13 Biochemical analysis of Ubc11P93L in vivo.
(A and B) Western blot was performed with extracts prepared from cells incubated at 26◦C or 36◦C for 4 hours.
The genotype of each strain is indicated on the top.
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ubc11+/ubc11::LEU2 heterozygous diploids were induced to sporulate and the resulting tetrad were dissected.
The four spores from a single tetrad are contained within each vertical column.
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Ubc11 is required for APC/CMCC disassembly

Mitotic arrest in the ubc11-P93L mutant

Considering the prerequisites for its growth defect, ubc11-P93L cells were most likely to have difficulty in

mitotic progression. In order to determine at which stage of the cell cycle the ubc11-P93L mutant was arrested,

first the nuclear morphology were examined. Two hours after the shift to the restrictive temperature, the mutant

cells exhibited condensed chromosomes (Figure 15) and short spindle (Figure 16), indicating that they were

arrested around metaphase. The arrest was not tight as the mutant cells thereafter exhibited cut phenotype or

aberrant septation (Figure 15).

SAC can be Satisfied in the ubc11-P93L mutant

To further analyze which events the defect of Ubc11 could influence, and first whether kinetochore-spindle

attachment was established properly was investigated. GFP-Cnp1 signals, an indicator of the position of cen-

tromere/kinetochore, were found as multiple foci no more than six, which overlapped with microtubules in 45%

of the ubc11-P93L mutants shifted to the restrictive temperature for 2 hours (Figure 16), suggesting that SAC

was satisfied with establishment of kinetochore-spindle attachment in these cells.

Stable APC/CMCC in the ubc11-P93L mutant

Finally, whether APC/CMCC was disassembled was examined. Co-immunoprecipitation was performed with

cell extracts prepared from a strain expressing a component of APC/C, Cut23, tagged with FLAG epitope to

precipitate APC/C. As shown in Figure 17, both Slp1 and Mad2 were bound to APC/C in cells shifted to

the restrictive temperature for 2 to 3 hours. The level of Slp1 both in cell extracts and immunoprecipitates

with APC/C thereafter decreased. This reduction was partly due to its residual activity of the Ubc11P93L, not

complete loss-of-function mutant (Figure 13 B), or alternatively, due to decreased expression of Slp1 by cell

cycle progression.

Considering together with these observations, it was concluded that the activity of Ubc11 was required for

SAC silencing through MCCs disassembly, but not for its satisfaction.
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Figure 15 Mitotic arrest in the ubc11-P93L mutant.
The frequency of respective phenotypes of nuclear morphology; inter-phase like normal phenotype, condensed
chromosomes, the cut phenotype and aberrant septation are shown at each time point after the shift to the
restrictive temperature.
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Figure 16 SAC can be Satisfied in the ubc11-P93L mutant.
The ubc11-P93L mutant cells were incubated for up to 5 hours at the restrictive temperature. The sample taken
at 2 hour after the shift was processed for indirect immunofluorescent staining with the aniti-tubulin antibody
(magenta). DNA was visualized by staining with DAPI. The position of the centromere (Cnp1-GFP, green) was
also examined. The scale bar indicates 5 µm. The frequency of the cells with Cnp1-GFP on the spindle was
also shown at each time point after the shift to the restrictive temperature.
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Figure 17 Stable APC/CMCC in the ubc11-P93L mutant.
Immunoprecipitation with the anti-FLAG antibody was performed with extracts prepared from the ubc11-P93L
cells incubated at 26◦C or 36◦C for up to 5 hours.
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Specific requirement of Ubc11 for Slp1 destruction

APC/C substrate stabilities in ubc11-P93L and ubc11-P93L ∆mad2 cells

It has been previously reported that the B-type cyclin/SpCdc13 and securin/Cut2 cause a mitotic arrest if not

properly degraded in the APC/C-dependent manner (Glotzer et al., 1991; Yamano et al., 1996; Funabiki et al.,

1996a, 1997). Now here arises a question: Regardless of harboring the defect of Ubc11, why and how can the

SAC-defective ubc11-P93L strains overcome the temperature-sensitivity and promote cell cycle progression?

Therefore how the Ubc11P93L mutation affected the stability of proteins normally degraded in the APC/C-

dependent manner was examined, and first the cellular levels of Slp1, Cdc13 and Cut2 in the ubc11-P93L

mutants were monitored. As shown in Figure 18A, the level of Slp1 began to increase and reached a peak 2

hours after the shift to the restrictive temperature. The other two proteins, Cdc13 and Cut2, transiently accu-

mulated after the shift, but were degraded much more rapidly than Slp1. Remarkably, Slp1 also accumulated

in the ubc11-P93L ∆mad2 double mutant, which could grow at the restrictive temperature.

APC/C substrate stabilities in slp1-362 and mts3-1 cells

The above-descrived finding remained, however, equivocal and the result could be also interpreted that the

degradations of Cdc13 and Cut2 observed in the ubc11-P93L cells were caused by an APC/C- or even proteasome-

independent proteolytic system, which could be triggerd by prolonged mitotic arrest. Indeed, in the ubc11-P93L

∆mad2 cells an association of Slp1 with APC/C could not be detected by coimmunoprecipitation, raising the

possibility that in these cells APC/CSlp1 could not be assembled and therefore was dispensable for the ubiq-

uitination of Cdc13 and Cut2 (Figure 18B). To address this, two temperature-sensitive mutants were further

analyzed: mts3-1 strain defective in 26 S proteasome function and slp1-362 strain defective in the formation

of APC/CSlp1 due to a 113 amino acid truncation of the C-terminus including IR-motif, which is required for

binding of Slp1 to APC/C (Gordon et al., 1996; Matsumoto, 1997; Yamada et al., 2000; Ohi et al., 2007).

First, genetic analysis revealed that their temperature-sensitivity could not be suppressed in the absence of

the functional SAC (Figure 19A). This was a cleary distinguishable characteristic from the ubc11-P93L strain,

and next the cellular levels of Cdc13 and Cut2 in these mutants were monitored. In the mts3-1 cells, the level

of Cdc13 increased immediately after the shift to the restrictive temperature and subsequently, 3 hours after

the shift, Cut2 began to accumulate (Figure 19B). A similar tendency was also observed in the case of the

mts3-1 ∆mad2 mutant, except that the individual signal intensities were slightly lower. On the other hand,
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Figure 18 APC/C substrate stabilities in ubc11-P93L and ubc11-P93L ∆mad2 cells.
(A) Western blot was performed with extracts prepared from cells incubated at 26◦C or 36◦C for up to 5 hours.
The genotype of each strain is indicated on the top. (B) Immunoprecipitation with the anti-FLAG antibody was
performed with extracts incubated at 26◦C or 36◦C for up to 5 hours. The genotype of each strain is indicated.
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in the slp1-362 cells the respective levels of Cdc13 and Cut2 gradually and almost simultaneously began to

increase after the shift. In the absence of the functional SAC, each of them accumulated more rapidly. Albeit

more or less differences in signal intensities, both Cdc13 and Cut2 remained stable in these four mutant cells,

suggesting that the two substrates could be ubiquitinated by APC/CSlp1 and thereafter degraded by proteasome

in the ubc11-P93L mutants whereas Slp1 could not.

Comparison of APC/C substrate stabilities in ubc4-P61S and ubc11-P93L cells

A previous study proposed that fission yeast APC/C cooperated with at least two E2s, Ubc11 and Ubc4, each

of which had an essential and incompatible role in polyubiquitin-chain formation (Seino et al., 2003). The

above-mentioned findings, however, provided a novel hypothesis that APC/CSlp1-dependent ubiquitination of

Cdc13 and Cut2 could take place in the absence of Ubc11. To address this, here analyses using strains with a

point mutation in Ubc4, ubc4-P61S mutant (Seino et al., 2003), were performed. The temperature-sensitivity

caused by this mutation could not be suppressed by mad2+ deletion (Figure 20A), suggesting that the function

of Ubc4 could be different from that of Ubc11.

To test the above noted hypothesis more rigorously, the cellular levels of the three proteins at the transition

from prophase to anaphase were compared. The cold-sensitive nda3-KM311 mutation defective in the spindle

formation (Hiraoka et al., 1984) was introduced into the ubc11-P93L, ubc4-P61S and ubc4-P61S ubc11-P93L

double mutants, respectively.

In the nda3-KM311 single mutant after incubation at its restrictive temperature of 20◦C, the three proteins

accumulated. Upon the shift to 36◦C, they were mostly degraded within 9 minutes (Figure 20B). The level of

Cdc13, which gradually declined in each of the ubc4-P61S nda3-KM311 and ubc11-P93L nda3-KM311 double

mutants, was stably maintained in the ubc4-P61S ubc11-P93L nda3-KM311 triple mutant. While decreased

in the ubc4-P61S nda3-KM311 double mutant, the level of Slp1 rather continued to increase in ubc11-P93L

mutants. In the nda3-KM311 single mutant at time point 0, the band representing Cut2, which was observed

as a ladder, rapidly disappeared after the shift up. In the ubc4-P61S nda3-KM311 double mutant, Cut2 was

stable largely as a single band, indicated with a white arrow in Figure 20B. The Cut2-ladder persisted in the

ubc11-P93L nda3-KM311 double mutant, though it was degraded to some extent at later time points. In the

triple mutant, both of the two forms, the ladder and the single band, of Cut2 remained stable.

These results would suggest the substrate specific roles of the two E2s. First, only either one of these two

E2s can induce degradation of Cdc13. This reaction, however, can be synergistically enhanced. On the other
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Figure 19 APC/C substrate stabilities in slp1-362 and mts3-1 cells.
(A) A wild-type, ∆mad2, slp1-362, slp1-362 ∆mad2, mts3-1 and mts3-1 ∆mad2 strains were examined for
their temperature-sensitivity by spot test. They were grown in liquid YEA and spotted on YEA media. The
plates were incubated at 26◦C or 36◦C for 4 days. (B) Western blot was performed with extracts prepared from
cells incubated at 26◦C or 36◦C for up to 5 hours. The genotype of each strain is indicated on the top.
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Figure 20 Comparison of APC/C substrate stabilities in ubc4-P61S and ubc11-P93L cells.
(A) A wild-type, ∆mad2, ubc4-P61S, ubc4-P61S ∆mad2 strains were examined for their temperature-
sensitivity by spot test. They were grown in liquid YEA and spotted on YEA media. The plates were incubated
at 26◦C or 36◦C for 4 days. (B) Each strain was arrested by the shift to the restrictive temperature for the nda3-
KM311 mutation, 20◦C, for 6 hours and released to 36◦C at time 0. Cell extracts were prepared at indicated
time points and processed for western blotting with each antibody. The genotype of each strain is indicated on
the top. Extracts prepared from an asynchronous culture (As) were also examined in the same way.
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hand, each of them seems to take a separate responsibility for destruction of Cut2. Besides, these data would

depict the specific requirement of Ubc11 for degradation of Slp1; this E2 is almost exclusively responsible for

the stability of Slp1.
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Ubc11-dependent ubiquitination of Slp1

Ubc11- and APC/C-dependent Slp1 ubiquitylation

Although previous studies showed that Cdc13 and Cut2 could be ubiquitinated dependently on APC/C (Ya-

mashita et al., 1996; Berry et al., 1999; Yoon et al., 2002), no evidence was presented for ubiquitination of

Slp1, unlike its homologs. Therefore whether Slp1 was ubiquitinated was tested by following an assay pre-

viously reported (Takayama et al., 2010). His6-tagged ubiquitin (His-Ub) was ectopically expressed in the

following three strains, the wild-type, mts3-1 mutant and cut9-665 mts3-1 double mutant defective in APC/C

and 26 S proteasome function (Hirano et al., 1986).

Four hours after the shift to the restrictive temperature of 36◦C for the mts3-1 and cut9-665 mutations,

His-Ub and its conjugates were purified from the respective cell extracts with the metal beads, and the pres-

ence/status of Slp1 was examined by immunoblot with the anti-Slp1 antibody. The mts3-1 mutant expressing

HA-tagged ubiquitin (HA-Ub) was also examined as a negative control. As shown in Figure 21A lane 3, in the

extracts of the mts3-1 mutant expressing His-Ub, a smearing band above 95 kDa could be detected. This band

could not be detected in the cut9-665 mts3-1 double mutant expressing His-Ub, suggesting it was produced de-

pendently on the functional APC/C (Figure 21A lane 5). In order to examine the identity of the band appeared at

the position slightly above 55 kDa, indicated by the asterisk in Figure 21, cell extracts from the slp1-362 mutant

were prepared, and the metal beads-bound fraction was analyzed by immunoblot with the anti-Slp1 antibody.

As shown in Figure 21 lane 2, in this mutant cell extracts, a band at the position of 43 kDa, but not around 55

kDa in the metal beads-bound fraction, could be detected, indicating that the asterisk in Figure 21 represented

the wild-type Slp1. Furthermore, the smearing band above 95 kDa was not detectable in the metal beads-bound

fraction of extracts prepared from the slp1-362 mutant. It was also found that in the extracts of the ubc11-P93L

mts3-1 double mutant signal intensity of the smearing band above 95 kDa was weakened (Figure 21 lane 6). On

the other hand, two bands specific to this condition could be observed in the molecular weight range from 72 to

95 kDa. These modifications were probably due to a residual activity of Ubc11P93L or other E2 enzymes with

a low activity/specificity, rather highlighting a crucial role of Ubc11 for efficient polyubiquitination of Slp1.

Taken together, these results would suggest that Slp1 can be ubiquitinated by APC/C- and primarily Ubc11-

dependent manner and subsequently degraded by the 26 S proteasome.
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Figure 21 Ubc11- and APC/C-dependent Slp1 ubiquitylation.
Cell extracts were prepared from cultures first incubated at 26◦C and then shifted up to 36◦C for 4 hours.
Ubiquitinated proteins were purified and analyzed by immunoblotting with the Slp1 antibody. Note that the
band likely representing nonubiquitinated Slp1, indicated by asterisk, can also be detected in the pull-down
samples, likely due to a His-residue cluster within the Slp1 protein.
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Kinetochore-spindle attachment-independent Slp1 ubiquitination

Previous studies provided evidence that APC/C-mediated ubiqutination and the following proteasomal degra-

dation of Cdc20 occurred even during the SAC activation (Pan and Chen, 2004; Nilsson et al., 2008). To test

whether this was also the case for fission yeast Slp1, its stability was examined in the nda3-KM311 mutant cells

arrested at the restrictive temperature due to SAC. In the presence of 100 µg/ml cycloheximide, an inhibitor of

protein synthesis, the cellular level of Slp1 rapidly decreased, while other proteins, including Cdc13 and Cut2,

were more stable (Figure 22A). Besides, in the extracts of the arrested nda3-KM311 mutant cells expressing

His-Ub, a smearing band above 95 kDa could be also detected (Figure 22B). These results indicate that as well

as its homologs, Slp1 could be quantitatively regulated via the ubiquitin-dependent proteasomal proteolysis

during the SAC activation.
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Figure 22 Kinetochore-spindle attachment-independent Slp1 ubiquitination.
(A) The nda3-KM311 mutant cells were first incubated at 20◦C for 6 hours. Cycloheximide was added to the
media at time 0, and continuously incubated for up to 60 minutes. Cell extracts were processed for immunoblot
at each time point. (B) The nda3-KM311 mutant cell extracts were prepared from cultures first incubated at
32◦C and then shifted down to 20◦C for 6 hours. Other cell extracts were prepared and processed as in Figure
21.
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Analyses of the cut23-Y395H mutant

Isolation of the cut23-Y395H mutant

In this study, another mutant strain isolated by the same procedures was also analyzed. Genetic analysis indi-

cated that the mutation was on the cut23+ gene, encoding the fission yeast homolog of Apc8/Cdc23, a subunit of

APC/C. Sequencing of the mutated gene identified an amino acid residue substitution, the 395th tyrosine by his-

tidine, and thereby this allele was designated cut23-Y395H (Figure 23 A). As was the case for the ubc11-P93L

strains, the temperature-sensitivity could be suppressed by deletion of the mad2 gene as well as by introduction

of slp1-mr63, suggesting that physical interaction between Slp1 and Mad2 might cause the growth defect in the

cut23 mutant (Figure 23 B).

MCCs disassembly requires its binding to APC/C through Cut23

Preceding analyses in budding yeast and mammal indicated that a point mutation in one TPR motif of this

subunit, ScCdc23N405A or HsAPC8N338A, reduced binding to the coactivators (Matyskiela and Morgan, 2009;

Izawa and Pines, 2011). The 395th tyrosine of Cut23 was not identical to this amino acid residue and contained

in the neighboring TPR motif, but was located relatively close (Figure 21 A), leading to the presumption that

the similar defect would be seen in this mutant. To examine, co-immunoprecipitation was performed with cell

extracts prepared from a strain expressing FLAG-tagged wild-type Cut23 or Cut23Y 395H mutant protein. As

shown in Figure 24, in the cut23-Y395H-5FLAG cells Slp1 coimmunoprecipitated with anti-FLAG antibody

was obviously less than the positive control, the extract prepared from the arrested nda3-KM311 mutant cells

expressing FLAG-tagged Cut23. The signal intensity of the coimmunoprecipitated Mad2 was correspondingly

weaker, suggesting that Cut23Y 395H mutant form also reduced affinity for MCCs. On the other hand, as was

the case for the ubc11-P93L ∆mad2 mutant (Figure 18B), an association of Slp1 with APC/C in the cut23-

Y395H-5FLAG ∆mad2 cells could not be detected by coimmunoprecipitation.

It was noticeable that there remained Slp1 incorporated into MCCs in the cut23-Y395H-5FLAG cells. As

mentioned below, the SAC could be satisfied in this mutant cells (Figure 25B), suggesting that the disassembly

of MCCs required its binding to Cut23 — APC/C. This observation supports the prevailing hypothesis that

APC/C-mediated ubiquitylation reactions are involved in MCCs disassembly.
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Figure 23 Isolation of the cut23-Y395H mutant.
(A) Multiple alignment of partial amino acid sequences of human APC8/CDC23, mouse Cdc23, fruitfly Cdc23,
budding yeast Cdc23 and fission yeast Cut23. An open triangle indicates the mutation site of Cut23Y 395H ,
where Tyr is mutated to His. Previously known mutation site, ScCdc23N405A or HsAPC8N338A, is marked
by a closed triangle. (B) A wild-type, ∆mad2, slp1-mr63, cut23-Y395H, cut23-Y395H ∆mad2, cut23-Y395H
slp1-mr63 for their temperature-sensitivity by spot test. They were grown in liquid YEA and spotted on YEA
media. The plates were incubated at 26◦C or 36◦C for 3 days.
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Figure 24 MCCs disassembly requires its binding to APC/C through Cut23.
Immunoprecipitation with the anti-FLAG antibody or anti-Slp1 antibody were performed with extracts prepared
from the cells, each of whose genotypes is indicated on the top. The nda3-KM311 cells were first cultured at
32◦C and then incubated at 20◦C for 6 hours. The cut23-Y395H cells were initially cultured at 26◦C and
thereafter shifted up to 36◦C for 4 hours.
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Specific requirement of Cut23 for Slp1 destruction

Further the cellular levels of the three proteins, Cdc13, Cut2 and Slp1 in the cut23-Y395H or cut23-Y395H-

5FLAG ∆mad2 cells were investigated.

As shown in Figure 25A, the level of Slp1 in the cut23-Y395H cells began to increase and reached a peak

4 hours after the shift to the restrictive temperature of 36◦C. The signal intensity of Cdc13 after the shift up

was almost constant and a drastic drop seen in the case of the ubc11-P93L mutants (Figure 18A) could not be

detected. Cut2 remained stable and was observed as a ladder 3 or more hours after the shift. The increase of

GFP-Cnp1 signals on the spindle coincided with this, suggesting that they undergo tight mitotic arrest after the

SAC satisfaction compared with the ubc11-P93L mutant (Figure 24 and Figure 25B).

On the other hand, also in the cut23-Y395H ∆mad2 cells, after the shift the obvious decrease of Cdc13

could not be observed. Compared with wild-type or ∆mad2 cells, there seemed not to be striking difference in

the cellular level/state of Cut2 — at most slightly increase of non-phosphorylated form. Considering the results

in Figure 19, it was conceivable that APC/CSlp1 containing Cut23Y 395H had the potential ability to ubiquitinate

these substrates and promote cell cycle progression. By contrast, Slp1 accumulated in this mutant cells. The

peak value was, however, less than the case in the mad2+ cells probably due to cell cycle-related oscillation of

expression of Slp1.

These results imply the specific requirement of Cut23, in addition to Ubc11, for degradation of Slp1.
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Figure 25 Specific requirement of Cut23 for Slp1 destruction.
(A) Western blot was performed with extracts prepared from cells incubated at 26◦C or 36◦C for up to 5 hours.
The genotype of each strain is indicated on the top. (B) The cut23-Y395H mutant cells were incubated for up
to 5 hours at the restrictive temperature. The sample taken at 4 hour after the shift was processed for indirect
immunofluorescent staining with the aniti-tubulin antibody (magenta). DNA was visualized by staining with
DAPI. The position of the centromere (Cnp1-GFP, green) was also examined. The scale bar indicates 5 µm.
The frequency of the cells with Cnp1-GFP on the spindle was also shown at each time point after the shift to
the restrictive temperature.
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Discussion

Multiple E2s and binding modes of Slp1 to APC/C

The present work suggested the specific requirement of Ubc11 and Cut23 for ubiquitination of Slp1. This leads

to the conclusion that a kind of cognate E2 or subunit have an additional feature: a selection of substrates for

APC/C. As discussed below, in any case, it is probable that the competition and/or collaboration between the

two E2s and multiple binding modes of coactivator can result in producing diversity of ubiquitination kinetics

and apparent substrate specificity (Figure 26).

APC/C structure

To date it has been proposed that APC/C cooperates with at least two ubiquitin-conjugating enzymes, Ubc11

and Ubc4 in fission yeast, both of which are individually required for polyubiquitin-chain formation at different

steps; the former for initiation, while the latter for elongation (Seino et al., 2003). Based on this prevailing

model, a defect of either of the two E2s can be sufficient for stabilization of APC/C substrates including B-type

cyclin/SpCdc13, securin/Cut2 and Cdc20/Slp1. However, this thesis showed that a loss of Ubc11 could inhibit

the degradation of Slp1 among the three substrates. Here arises a simple but significant question; What makes

the difference between Ubc11- and Ubc4-dependent ubiquitination? One hypothesis follows structural and/or

biochemical analyses of APC/C.

To begin with, a previous study reported that UBE2C/UbcH10 binds to APC2 whereas UBE2D1/UbcH5

interacts directly with APC11 (Tang et al., 2001). This divergence is likely to produce the differeince in spatial

arrangements, which restricts the respective interaction surfaces, and as a consequence limit the scope for

substrate ubiquitinations. Intriguingly, it has been shown that Slp1 can be recruited closer to SpApc2 than

SpApc11 (Ohi et al., 2007). This can be interpreted that Slp1 is located at the distance that only Ubc11 can

interact with and catalyze at least the initiation of ubiquitination. Although the first finding was obtained
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Figure 26 Graphical summary of the present research.
From early mitosis to anaphase, Slp1 is continuously ubiquitinated by Ubc11- and APC/CMCC-dependent
manner and then degraded. Ubiquitination of Slp1 by APC/CSlp1 can also occur after the SAC is satisfied.
Cut23 is essential for these two ubiquitination. Ubiquitination of Cdc13 in metaphase can be catalyzed by
either Ubc4 or Ubc11. Ubiquitination of non-phosphorylated Cut2 seems to be preferentially mediated by
Ubc4, while that of phosphorylated Cut2 by Ubc11.
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through in vitro binding assay by use of human homologs, if this is also true of the fission yeast APC/C, the

presumption could turn to be a persuasive argument.

On the other hand, B-type cyclin and securin are loaded to APC/C via binding with a coactivator (Schwab

et al., 1997; Visintin et al., 1997; Fang et al., 1998b; Kramer et al., 1998; Burton and Solomon, 2001; Hilioti

et al., 2001; Burton et al., 2005; Kraft et al., 2005; Pfleger and Kirschner, 2000). In these cases, the coactivator

might function as a scaffold and localize substrates at accessible space for both E2s. This idea is particularly

suppored by the stability of Cdc13 observed in Figure 21B. The separate responsibility for ubiquitination of

Cut2 seen in the same experiment might be also attributed to the difference in spatial arrangements. Previous

studies reported that ladder bands of Cut2 represent their phosphorylated forms and can be observed upon entry

into mitosis (Funabiki et al., 1996b; Aoki et al., 2006). Based on these findings, the results observed in this

thesis might suggest that Cut2 can be ubiquitinated in a number of ways and which way is selected from them

would be probably determined by the form of Cut2, whether phosphorylated or not, or alternatively whether

free or bound to Cut1; There exists a report suggesting that phosphorylation of Pds1 (a homolog of securin in

the budding yeast) is required for its efficient binding to Esp1 (a homolog of separase in the budding yeast)

(Agarwal and Cohen-Fix, 2002).

Besides, the preceding study has proposed that the SAC causes Cdc20 to bind to different sites on the

APC/C and this alters APC/C substrate specificity (Izawa and Pines, 2011). The authors showed that Cdc20

incorporated into MCCs primarily required APC8 to bind to the APC/C, whereas Cdc20 bound to its sub-

strate required APC3 and APC8. The observations, Figure 24 and 25, can be consistently explained by their

model and could further revice it. Interacting with its substrate, the Cdc20 binds APC/C by APC3- and APC8-

dependent manner. In this case, it is recognized as just a coactivator and only the substrate can be ubiquitinated.

Meanwhile, when Cdc20 is free or incorporated into MCC, it interacts with APC/C only through the binding

sites on the APC8 subunit. In this case, the Cdc20 can be recognized as a target for ubiquitination.

By the way, a few papers showed that the catalytic subcomplex composed of APC2 and APC11 can solely

cooperate with an E2 enzyme to ubiquitinate substrates, securin and B-type cyclin, with very low activity

(Gmachl et al., 2000; Tang et al., 2001; Vodermaier et al., 2003). These data were, however, incompatible

with the results seen in Figure 19. The authors performed in vitro ubiquitination assays by use of recombinant

proteins, and therefore it was conclude that they could occur in vitro, but do not reflect reactions in vivo, at least

in the fission yeast cells.
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Ubiquitin topology

Valid speculations can be also led from researches about ubiquitin topology. According to them, frog and human

UBE2C/UbcH10 preferentially forms polyubiquitin-chain linked through the 11th lysine residue of ubiqutin

itself, K11, while there cannot be observed such bias in Ubc4/UbcH5-mediated ubiquitination (Kirkpatrick

et al., 2006; Jin et al., 2008; Garnett et al., 2009; Williamson et al., 2009; Wu et al., 2010). Interestingly, in

the budding yeast, which does not have a homolog of UbcH10, the APC/C predominantly generates Lys48-

linked ubiquitin chains (Rodrigo-Brenni et al., 2010). A number of structural analyses indeed revealed that the

K11-linked and other polyubiquitin-chains adopt distinct structures respectively (Cook et al., 1992; Varadan

et al., 2002, 2004; Tenno et al., 2004; Ryabov and Fushman, 2006; Eddins et al., 2007; Sims and Cohen, 2009;

Komander et al., 2009; Datta et al., 2009; Weeks et al., 2009; Bremm et al., 2010; Matsumoto et al., 2010;

Virdee et al., 2010). Given this, the experimental data can be interpreted that SpUbc4 also has the ability to

ubiquitinate Slp1, but the chain cannot become targeted for proteasomal proteolysis. Additionally, a recent

study has suggested that multiple monoubiquitination can also become a degradation signal, at least for Cyclin

B1 (Dimova et al., 2012).

A previous report intriguingly provided evidences that the N-terminal extension unique to UbcH10, a strik-

ing difference between the two E2s, restricts both polyubiquitination and multiubiquitination (Summers et al.,

2008). Ectopic expression of UbcH10 lacking the N-terminal extension overrode an arrest imposed by SAC,

suggesting that the N-terminal extension of UbcH10 might play a role in restricting ubiquitination activity when

SAC is activated.

Ubc11-catalyzed ubiquitination and MCCs disassembly

It was demonstrated that the defect of Ubc11 retained Slp1 bound to Mad2 even when the SAC was satisfied.

The findings would suggest that it is the Ubc11-mediated ubiquitination that can trigger MCCs disassembly.

And in fact, it have been generally accepted that APC/C-dependent ubiquitination reactions is required for

MCCs disassembly, even though the target has not been identified yet (Reddy et al., 2007; Nilsson et al., 2008;

Mansfeld et al., 2011; Jia et al., 2011; Foster and Morgan, 2012; Uzunova et al., 2012).

Now I would like to think about what the bona fide target, called “X” here for convenience, is. The critical

point is that the X can be ubiquitinated during the SAC activation. In principle, the APC/C-dependent ubiqui-

tination requires coactivators, by which each substrate can be recruited to APC/C and then ubiquitinated, and
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it has been proposed that MCCs prevent the physical interaction between Slp1/Cdc20 and substrates. There,

however, exist some exceptions, e.g., Nek2A, which binds directly to the APC/C and is subsequently ubiqui-

tinated (Hayes et al., 2006). This leads to the speculation that the X is also equipped with the ability to bind

to APC/C without coactivators. In this regard, paradoxically, the most convincing candidate is to be a com-

ponent of MCCs. Considering the genetic interaction seen in Figure 11B, it turns to be a choice between the

two: Mad2 or BubR1/Mad3. Alternatively, subunits of APC/C themselves are also significant candidates. In

particular it has already reported that Cut4 can be ubiquitinated by Ubc11-dependent manner and ubiquitinated

Cut4 is not incorporated into APC/C (Yamashita et al., 1996, 1999). Interestingly, the temperature-sensitivity

of the cut4-533 mutant can be also suppressed in the absence of the functional SAC (Kim et al., 1998). Other

than this, the character of APC15 is fit with the X; Albeit dispensable for the activity of APC/C, it is required

for MCCs disassembly (Mansfeld et al., 2011; Foster and Morgan, 2012; Uzunova et al., 2012).

On the other hand, how the ubiquitination contributes to MCCs disassembly also remains unclear. The sim-

plest model is that this posttranslational modification induces the conformational change of the X and thereby

promotes the release of Cdc20 from MCCs. An alternative possibility is that the protein Cdc48/p97/VCP is

involved in this reaction. This enzyme is a highly conserved AAA ATPase and acts as a ubiquitin-selective

chaperone that segregates ubiquitylated proteins from binding partners or immobile subcellular structures and

thereby facilitates their proteasomal degradation (Rape et al., 2001; Ye et al., 2001; Rouiller et al., 2002; Braun

et al., 2002; Shcherbik and Haines, 2007). Indeed, it has previously been suggested that SpCdc48 mediates the

release of Cut1 from polyubiquitinated Cut2, which ensures the proteasomal degradation of only Cut2 (Ikai and

Yanagida, 2006).

Why is the regulation of Cdc20/Slp1 a dynamic system?

Previous studies and this thesis have indicated that Cdc20/Slp1 is continuously synthesized and degraded during

the SAC activation (Pan and Chen, 2004; Nilsson et al., 2008; Ge et al., 2009; Foster and Morgan, 2012;

Uzunova et al., 2012). It has been reported that in the budding yeast cells an excess of this coactivator could

override the SAC to induce cell death and thus such regulation is important (Pan and Chen, 2004). The not-

so-tight mitotic arrest observed in the ubc11-P93L cells (Figure 15 and 16) might be also attributed to an

excess of Slp1 against the other components of MCCs and unprogrammed activation of APC/CSlp1. Both

translation and ubiquitination, however, requires ATP hydrolysis, which seems so wasteful. Nevertheless, why
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has this dynamic system been adopted evolutionarily? One group has proposed that it enables the immediate

destruction of substrates in response to the SAC satisfaction (Nilsson et al., 2008). In addtion to this, I raise an

alternative possibility below.

A preceding research has suggested that Cdc20 requires the CCT chaperonin for its proper folding, without

which it becomes dysfunctional (Camasses et al., 2003). This report prompts a strong suspicion that the ubiq-

uitination or even incorporation into MCC denatures Cdc20 irreversibly. If this assumption reflects the fact,

continuous synthesis and proteolysis of Cdc20 is conversely the unavoidable process. Besides, it enables not

only the maintenance of SAC activation but also quality control of protein coincidentally and promotes energy

savings.

Perspective

As an achievement in the present research, I would like to especially highlight the novel discovery that each

of the two E2 enzymes, SpUbc4 and SpUbc11, is responsible for collaborating with APC/C for a specific set

of substrates. The data are, however, not sufficient for even answering to the above-discussed questions, and

therefore further analyses must be performed. Notably, a series of in vitro ubiquitination assays can be highly

informative experiments and might shed new light on the epoch-making researches about ubiquitin topology,

termed “The ubiquitin code”. A combination of in vivo ubiquitination assay, performed in Figure 21, and mass

spectrometry analysis is most likely to yield a lot of beneficial information. It could raise candidates of the

bona fide target required for MCCs disassembly, and might reveal unexpected role of APC/C or its cofactors.

Indeed, it was found that 6 mM or higher concentrations of hydroxyurea, but not X-ray radiation, inhibits the

growth of ubc11-P93L ∆mad2 and ubc11-P93L slp1-mr63 at 36◦C, implying the involvement of Ubc11 in

DNA replication checkpoint (Figure S1).

I hope some or all of the analyses mentioned above will contribute to the elucidation of the underlying

biological significance of “The ubiquitin system”, ordinarily observed in every eukaryotes.
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Peters, J., King, R., Höög, C. and Kirschner, M.
(1996). Identification of BIME as a Subunit of
the AnaphasePpromoting Complex. Science 274,
1199–201.

Pfleger, C. and Kirschner, M. (2000). The KEN box:
an APC recognition signal distinct from the D box
targeted by Cdh1. Genes Dev 14, 655–65.

Pickart, C. and Rose, I. (1985). Functional Hetero-
geneity of Ubiquitin Carrier Proteins. J Biol Chem
260, 1573–81.

Pinsky, B., Kung, C., Shokat, K. and Biggins, S.
(2006). The Ipl1-Aurora protein kinase activates
the spindle checkpoint by creating unattached kine-
tochores. Nat Cell Biol 8, 78–83.

Pinsky, B., Nelson, C. and Biggins, S. (2009). Pro-
tein Phosphatase 1 Regulates Exit from the Spindle
Checkpoint in Budding Yeast. Curr Biol 19, 1182–
7.

Posch, M., Khoudoli, G., Swift, S., King, E., Deluca,
J. and Swedlow, J. (2010). Sds22 regulates aurora
B activity and microtubule-kinetochore interactions
at mitosis. J Cell Biol 191, 61–74.

Prinz, S., Hwang, E., Visintin, R. and Amon, A.
(1998). The regulation of Cdc20 proteolysis reveals
a role for APC components Cdc23 and Cdc27 dur-
ing S phase and early mitosis. Curr Biol 8, 750–60.

Rape, M., Hoppe, T., Gorr, I., Kalocay, M., Richly, H.
and Jentsch, S. (2001). Mobilization of Processed,
Membrane-Tethered SPT23 Transcription Factor by
CDC48UFD1/NPL4, a Ubiquitin-Selective Chaper-
one. Cell 107, 667–77.

Rape, M. and Kirschner, M. (2004). Autonomous reg-
ulation of the anaphase-promoting complex couples
mitosis to S-phase entry. Nature 432, 588–95.

74



Reddy, S., Rape, M., Margansky, W. and Kirschner, M.
(2007). Ubiquitination by the anaphase-promoting
complex drives spindle checkpoint inactivation. Na-
ture 446, 921–5.

Reimann, J., Freed, E., Hsu, J., Kramer, E., Peters, J.
and Jackson, P. (2001a). Emi1 Is a Mitotic Reg-
ulator that Interacts with Cdc20 and Inhibits the
Anaphase Promoting Complex. Cell 105, 645–55.

Reimann, J., Gardner, B., Margottin-Goguet, F. and
Jackson, P. (2001b). Emi1 regulates the anaphase-
promoting complex by a different mechanism than
Mad2 proteins. Genes Dev 15, 3278–85.

Rieder, C., Cole, R., Khodjakov, A. and Sluder,
G. (1995). The Checkpoint Delaying Anaphase
in Response to Chromosome Monoorientation Is
Mediated by an Inhibitory Signal Produced by
Unattached Kinetochores. J Cell Biol 130, 941–8.

Rieder, C., Schultz, A., Cole, R. and Sluder, G. (1994).
Anaphase Onset in Vertebrate Somatic Cells Is Con-
trolled by a Checkpoint That Monitors Sister Kine-
tochore Attachment to the Spindle. J Cell Biol 127,
1301–10.

Rodrigo-Brenni, M., Foster, S. and Morgan, D. (2010).
Catalysis of Lysine 48-Specific Ubiquitin Chain As-
sembly by Residues in E2 and Ubiquitin. Mol Cell
39, 548–559.

Rosenberg, J., Cross, F. and Funabiki, H. (2011).
KNL1/Spc105 Recruits PP1 to Silence the Spindle
Assembly Checkpoint. Curr Biol 21, 942–7.

Rouiller, I., DeLaBarre, B., May, A., Weis, W.,
Brunger, A., Milligan, R. and Wilson-Kubalek, E.
(2002). Conformational changes of the multifunc-
tion p97 AAA ATPase during its ATPase cycle. Nat
Struct Biol 9, 950–7.

Ryabov, Y. and Fushman, D. (2006). Interdomain Mo-
bility in Di-Ubiquitin Revealed by NMR. Proteins
63, 787–96.

Salimian, K., Ballister, E., Smoak, E., Wood, S.,
Panchenko, T., Lampson, M. and Black, B. (2011).
Feedback Control in Sensing Chromosome Biorien-
tation by the Aurora B Kinase. Curr Biol 21, 1158–
65.

Samejima, I. and Yanagida, M. (1994). Bypassing
Anaphase by Fission Yeast cut9 Mutation: Require-
ment of cut9+ to Initiate Anaphase. J Cell Biol 127,
1655–70.
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Supplemental Information

wild-type

Δmad2

slp1-mr63

ubc11-P93L

ubc11-P93L Δmad2

ubc11-P93L slp1-mr63

A

B

Control HU 6mM HU 10mM

wild-type

Δmad2

slp1-mr63

ubc11-P93L

ubc11-P93L Δmad2

ubc11-P93L slp1-mr63

Control X-ray 500 Gy X-ray 1,000 Gy

Control UV 100 J/m2

C

UV 150J/m2

wild-type

Δmad2

slp1-mr63

ubc11-P93L

ubc11-P93L Δmad2

ubc11-P93L slp1-mr63

Figure S 1 The sensitivity of ubc11-P93L mutants to DNA damage agents.
The wild-type strain, ∆mad2, slp1-mr63, ubc11-P93L, ubc11-P93L ∆mad2 and ubc11-P93L slp1-mr63 strains
were examined for their sensitivity to DNA damage agents. The plates were incubated at 36◦C for 4 days. (A)
The sensitivity to hydroxyurea (HU). They were grown in liquid YEA and spotted on YEA media containing
indicated concentration of HU. (B) The sensitivity to X-ray radiation. They were grown in liquid YEA, irra-
diated with indicated doses of X-ray and then spotted on YEA media. (C) The sensitivity to ultraviolet (UV)
radiation. They were grown in liquid YEA, spotted on YEA media and thereafter irradiated with indicated
doses of UV.
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