CHAPTER 12

Cell Cycle Control by Ubiquitin-
Dependent Proteolysis

Jan-Michael Peters, Randall W. King,
and Raymond J. Deshaies

1. INTRODUCTION

The prime directive of the dividing cell is to pass on two identical copies of its
genetic blueprint. This requires accurate replication of DNA and accurate segrega-
tion of replicated chromosomes. The cell cycle control machinery regulates
progression from one phase of the chromosome cycle to the next, ensuring that
DNA replication (S phase) alternates with chromosome segregation (mitosis) to
maintain a constant ploidy. In most cells, growth is coordinated with division to
maintain a constant average cell size; the length of the gap phases that occur
before (G1) and after (G2) S phase must therefore be regulated. In contrast, early
embryonic division occurs in the absence of cell growth, so that the cell cycle
consists solely of rapidly alternating S and M phases. Despite these distinct
physiologies, a common biochemical machinery regulates cell division in all
eukaryotic cells.
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Transitions from one stage of the cell cycle to the next are often associated
with the activation or inactivation of protein kinases known as the cyclin-
dependent kinases (CDKs; reviewed in Morgan, 1995; King et al., 1994; Nasmyth,
1993). Although the cell cycle of fungi is controlled by only a single CDK (called
Cdc28p in budding yeast and Cdc2p in fission yeast), a family of divergent
cyclins, which are essential activators of the kinase, affords functional diversifica-
tion. In budding yeast, the cyclins Clnlp, Cln2p, and Cin3p are expressed early in
the cell cycle and promote events that are unique to G1 phase. Clb5p and Clb6p are
expressed later and promote S phase, whereas the mitotic cyclins Clblp through
Clbdp drive entry into mitosis. Although the family of CDKs has expanded in
higher eukaryotes, they appear to regulate the same events as their fungal rela-
tives. The CDKs of higher eukaryotes form complexes with functional homolo-
gues of the budding yeast cyclins, with cyclins D and E functioning during G1,
cyclins E and A during S phase, and cyclins A and B during mitosis.

This chapter reviews the important role that ubiquitin-mediated proteolysis
plays in regulating cellular division (for related reviews see King et al., 1996a;
Deshaies, 1995a). The proteolysis of cell cycle regulators is intimately coupled to
protein phosphorylation catalyzed by CDKs: Phosphorylation plays an important
role in regulating ubiquitin-mediated proteolysis during the cell cycle; conversely,
degradation of cyclins and CDK inhibitors is essential for the proper regulation of
CDKs. Although many of the components involved in regulating cell cycle
progression have been identified, we have only begun to catch a glimpse of how
the complex interplay of protein phosphorylation and protein degradation pro-
duces orderly progression through the cell cycle.

In the first half of this chapter, we discuss a ubiquitin-dependent proteolytic
pathway, the CDC34 pathway, that regulates the transition from G1 to S phase. In
the second half of the review, we describe a second ubiquitin-dependent proteo-
Iytic system, the APC pathway, that triggers anaphase and the exit from mitosis by
initiating the destruction of proteins that regulate sister chromatid cohesion and
mitotic cyclins, respectively (Fig. D).

2. THE ROLE OF UBIQUITIN-DEPENDENT PROTEOLYSIS
IN THE G1/S TRANSITION

In most eukaryotic cells, division is made contingent on cell growth that
occurs during G1. Cells become commiitted to a round of cell division only after
they have reached a point in Gl called START in budding yeast or the Restriction
Point in animal cells. A yeast or animal cell that is deprived of essential nutrients
or growth factors while it is in early G1 phase will not divide and instead will enter
a period of quiescence (G0). However, once the cell has passed START, it will
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Figure1. Schematic representation of the classic phases of the cell division cycle (G1, S, G2, and M)
and the chromosome cycle (bottom panel), indicating when the Cdc34p- and APC-dependent ubiqui-
tination pathways control important transitions during the cell cycle. The relative stability of Siclp, a
key substrate of the Cdc34p pathway, and of mitotic cyclins, the most prominent substrates of the APC
pathway, are also indicated. Siclp is a protein that has so far only been found in budding yeast, but
functionally related proteins are thought to play a similar role in the G1/S transition in other eukaryotes.
Although the stability of Siclp and mitotic cyclins appears complementary, their proteolysis seems to
be regulated by principally different mechanisms (for details see text and Figs. 2 and 5). It is also
important to note that the restabilization of mitotic cyclins at the G1-S transition does not depend on
the CDC34 pathway and can occur, although reversibly, in cdc4's cells (Schwob ez al., 1996; Amon et
al., 1994). Note that the metaphase—anaphase transition, the “point of no return” in the process of
chromosome segregation, does not coincide with any of the classical transitions from one cell cycle
phase to the next but instead divides mitosis into two separate phases.

divide regardless of the concentration of nutrients and growth factors in the
growth medium.

Whereas both passage through START and the subsequent transition from
G1 to S phase require the activity of CDKs complexed with Gl-specific cyclins,
these two events are temporally separable and are regulated distinctly. In budding
yeast, different genes are required for START (e.g., CDC28, G1 cyclins, CDC37)
and the G1/S transition (CDC4, CDC34, CDCS53 and SKPI). At START, budding
yeast cells assemble active G1 cyclin/CDK complexes, accumulate DNA replica-
tion proteins, and inactive S phase-inducing cyclin/CDK complexes, and extin-
guish pathways characteristic of the pre-START G1 phase (e.g., cyclin B pro-
teolysis). Later, at the G1/S transition, a further series of changes occurs: Latent S
phase-inducing cyclin/CDK complexes are activated, a Gl-specific pattern of
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gene expression yields to a pattern characteristic of S phase, and pathways
restricted to post-START GI phase, such as the initiation of bud growth, are shut
off. Recent evidence indicates that the conversion from a post-START Gl state to
an S phase state at the G1/S transition is regulated by the phosphorylation of the
CDK inhibitor Siclp, which renders it susceptible to ubiquitination by the CDC34
pathway and subsequent destruction.

2.1. Physiology and Biochemistry of the CDC34 Pathway
2.1.1. Background

An important role for ubiquitin-mediated proteolysis in cell cycle control
was suggested by the observation that the CDC34 gene of Saccharomyces cere-
visiae encodes a ubiquitin-conjugating enzyme (Goebl ez al., 1988). On incubation
at the restrictive temperature, strains harboring cdc34 mutations accumulate high
levels of G1 cyclins (Deshaies et al., 1995; Yaglom et al., 1995), produce new
daughter buds, and complete spindle pole body duplication. Nevertheless, cde341¢
cells fail to initiate DNA replication and remain arrested in a Gl-like state (Goebl
et al., 1988). This constellation of phenotypes indicates that CDC34 function is
dispensible for the execution of START, but is required for cells to transit from G1
to S phase. Besides CDC34, genetic analyses have revealed that CDC4, CDC53
(Mathias et al., 1996), SKPI (Bai et al., 1996), and Gl cyclins (CLNI-3) (Schnei-
der et al., 1996) are also required for cells to pass from Gl into S phase (Table 1).
Genetic and biochemical studies summarized below indicate that the products of

Table |
Genes Implicated in the CDC34 Pathway
Implicated in Implicated in
proteolysis ubiquitination Gene
Gene in vivo (protein) in vitro (protein)  essential? References

CDC4 Yes (Siclp, Cdcbp) Yes (Siclp) Yes Piatti et al. (1996), Schwob et
al. (1994)

CDC34 Yes (Cln3p) Yes (Siclp) Yes Deshaies et al. (1995),
Yaglom et al. (1995),
Schwob et al. (1994)

CDC53 Yes (Cln2p, Siclp) Yes (Siclp) Yes Willems et al. (1996),
Mathias er al. (1996)

SKPI Yes (ClIn2p, Siclp) Yes (Siclp) Yes Bai et al. (1996)

GRRI Yes (Cln2p) Not tested No Barral ef al. (1995)

SCM4 Not tested Not tested No Smith et al. (1992)

UBSI Not tested Not tested No Prendergast er al. (1996)

CLNI-3  Yes (Siclp) Yes (Siclp) Yes Schneider et al. (1996)
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these genes act in the same pathway and that Cdc34p, Cdcdp, Cdc53p, and Skplp
are part of a multisubunit ubiquitin-conjugating complex. Thus, for simplicity, we
will hereafter refer to CDC34, CDC4, CDC53, SKPI, and their products collec-
tively as the CDC34 pathway.

2.1.2. Physiological Role of the CDC34 Pathway in G1 Cells

How do CDC4, CDC34, CDC53, and SKPI promote the transition from G1 to
S phase? An elegant study by Schwob et al. (1994) indicated that the CDC34
pathway is required for the activation of a set of cyclin B/Cdc28p complexes that
trigger the initiation of DNA synthesis. A budding yeast strain deleted for all six
known cyclin B genes (CLBI—-CLB6) and sustained by expression of CLB5 from
the regulatable GALI promoter arrests cell division at the same point as CDC34
pathway s mutants when expression of CLB5 is extinguished. This observation
suggested that the CDC34 pathway might be required for the generation of active
Clb/Cdc28p complexes. Indeed, CDC34 pathway s mutants accumulate inactive
Clb5p/Cdc28p complexes, and extracts from these mutants contain high levels of
a Clb5p/Cdc28p inhibitor. A candidate for this inhibitor was Siclp/Sdb25p (for
simplicity, we will use “Siclp” throughout the remainder of this review), which
was previously identified as both a tightly bound inhibitor of the Cdc28p protein
kinase (Nugroho and Mendenhall, 1994; Mendenhall, 1993), and a multicopy
suppressor of the lethal anaphase arrest of dbf2* mutants (Donovan ef al., 1994).
Remarkably, cdc345 sicIA, cdcd® siclA, cde53" siclA, and skpl™ siclA double
mutants do not accumulate Clb5p/Cdc28p inhibitory activity, and are able to
replicate DNA at the nonpermissive temperature (Bai ef al., 1996; Schwob et al.,
1994). Furthermore, whereas Siclp disappears as wild-type cells transit from G1 to
S phase, Siclp stably accumulates in CDC34 pathway s mutants. These observa-
tions led to the hypothesis that the CDC34 pathway specifies the ubiquitin-
dependent destruction of Siclp, which otherwise restrains Clb5p/Cdc28p com-
plexes from triggering the initiation of DNA synthesis (Schwob et al., 1994). This
hypothesis has recently been confirmed by the observation that expression of a
nondegradable form of Siclp blocks cell cycle progression at the G1/S boundary
(Verma et al., 1997a).

Although its role in promoting the destruction of Siclp accounts for the cell
cycle arrest of CDC34 pathway mutants, the CDC34 pathway may also contribute
to the regulation of G1/S by limiting the accumulation of G1 cyclins. The Gl
cyclins Cln2p and Cln3p are substrates of the CD(C34 pathway (Willems et al.,
1996; Deshaies et al., 1995; Yaglom et al., 1995), and cis-acting mutations that
stabilize Cln2p and ClIn3p shorten Gl and perturb the regulation of START
(Lanker et al., 1996; Yaglom et al., 1995; Cross and Blake, 1993; Tyers et al.,
1992).
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2.1.3." Biochemical Functions of CDC34 Pathway Components

How does the CDC34 pathway promote the destruction of Siclp at the G1/S
transition? Because CDC34 encodes a ubiquitin-conjugating enzyme, the most
parsimonious model is that Cdc34p ubiquitinates Siclp, thereby targeting it for
degradation by the 26 S proteasome. Although the molecular function of Cdc34p
can be inferred from its sequence, the sequences of Cdc4p, Cdc53p, and Skplp are
less informative. CDC4 encodes an 86-kDa protein that contains a recently
described Skplp interaction motif named the “F box,” 7—-8 copies of the WD-40
repeat, and unique N- and C-terminal domains (Bai et al., 1996; Peterson et al.,
1984). Characterization of cdc4 mutant alleles suggests that all four domains of
CDCH4 are essential (Bai ef al., 1996; Mathias et al., 1996; Johnson, 1991). CDC53
encodes a 94-kDa protein that is related to at least five genes of unknown function
in a variety of organisms including humans and nematodes (Kipreos et al., 1996;
Mathias et al., 1996). SKPI encodes a 23-kDa protein (Bai ef al., 1996) that is 48%
identical to a human protein that was originally identified via its association with
SKP2/cyclin A/CDK2 complexes (Zhang et al., 1995). Human SKP/ can comple-
ment a yeast skp/* mutant (Bai et al., 1996).

Although the functions of Cdcdp, Cdc53p, and Skplp are unclear, genetic
and biochemical data suggest that they collaborate with Cdc34p to effect multiubi-
quitination of unstable proteins. All double combinations of cdc4’, cdc34%, and
cdc53% mutations are inviable at the normally permissive temperature, and over-
expression of CDC53 or SKPI suppresses cdc4®, and overexpression of CDC4
suppresses skpl® and cdc53* mutants (Bai et al., 1996; Mathias ez al., 1996). As is
often the case, such genetic interactions are indicative of physical interactions be-
tween these polypeptides: Cdc4p and CdeS53p are associated with Cdc34p in yeast
lysates (Mathias et al., 1996), and Cdc53p—Cdc34p, Cdc53p—Skplp, and Skplp-
Cdc4p binary interactions can be demonstrated with recombinant proteins (Feldman
et al., 1997; Skowyra et al., 1997; Bai et al., 1996; Willems et al., 1996).

Besides interacting with Cde4p and Cdc34p, Cde53p has also been identified
as a component of affinity-purified Cln2p/Cdc28p complexes (Willems et al., 1996).
CDC53 is required for rapid Cln2p destruction, and Cde53p associates with phos-
phorylated, but not unphosphorylated Cln2p complexed with Cdc28p, suggesting
that Cdc53p targets phosphorylated Cln2p for Cdc34p-dependent ubiquitination and
destruction. No direct reconstitution of Cde53p interaction with phosphorylated
CIn2p was reported, however, leaving open the possibility that Cdc53p and
phospho-Cln2p interact through the agency of an unidentified protein.

Recently, reconstitution of Siclp ubiquitination in vitro has provided direct
evidence that Cdc34p, Cdcdp, Cdc53p, and Skplp define a novel ubiquitination
pathway. Siclp is extensively multiubiquitinated on incubation in wild-type, but not
cde4” or Cde34p-depleted extracts, and addition of recombinant Cdc34p or Cdcdp
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rescues the defect of the corresponding mutant extract (Verma et al., 1997b).
Furthermore, efficient ubiquitination of Siclp can be reconstituted by mixing to-
gether purified El enzyme, ubiquitin, Cln2p/Cdc28p (see Note Added in Proof),
Cdc34p, Cdedp, Cde53p, and Skplp. These data indicate that the genetically identi-
fied members of the Cdc34p pathway define a set of components that is both
necessary and sufficient to catalyze Siclp ubiquitination. This in vitro system should
now permit a systematic dissection of the functions of the enigmatic Cdedp,
Cdc53p, and Skplp proteins.

Because Cdedp, Cde53p, and Skplp assist Cde34p in the ubiquitination of
substrates, these proteins appear to fulfill the operational definition of an E3 enzyme,
a component that is required for substrate ubiquitination in the presence of a
ubiquitin-charged E2 (Hershko er al., 1983). Intriguingly, there is no apparent
homology between Cdedp/Cde53p/Skplp and Ubrlp (see Chapter 8) or the E6-AP
family (see Chapters 3 and 11) of E3s. Thus, Siclp ubiquitination may proceed by a
mechanism different from that described for the E6-AP-mediated ubiquitination of
p53, and Cdcdp, Cdc53p, Skplp may be charter members of a novel class of E3
enzymes.

At least five lines of evidence suggest that Cdedp, CdeS53p, and Skplp do not
always function in lockstep to mediate the ubiquitination of Cdc34p pathway
substrates. First, besides its role in Siclp destruction, Skplp also serves as an
essential subunit of the centromere-binding CBF3 complex (Connelly and Hieter,
1996; Stemmann and Lechner, 1996). Second, whereas CDC4, CDC53, and CDC34
function are required for the destruction of Siclp, CDC4 is not required for the
CDC34- and CDC53-dependent destruction of Cln2p (R. J. Deshaies, unpublished
data). Third, although Cln2p proteolysis is severely reduced in grriA cells (Barral et
al., 1995), Grrlp is unlikely to be directly involved in Siclp proteolysis because
grrlA cells are viable and exhibit a shortened G1 phase. Fourth, Cdc4p apparently
does not associate with the pool of Cdc33p that binds to phosphorylated Cln2p
(Willems ez al., 1996). Fifth, mutant alleles of SKP/ have reciprocal effects on
proteolysis; skpl-1I* stabilizes Siclp but not Cln2p, whereas skpl-12' stabilizes
CIn2p but not Siclp (Bai et al., 1996). These observations can be reconciled by
assuming that the individual subunits of the putative Cdc4p/Cdc53p/Skplp complex
are in dynamic equilibrium in living cells. For example, by substituting Grrlp for
Cdcdp, the substrate specificity of the complex could readily be changed from Siclp
to Cln2p. Such rearrangements could be mediated by the Skplp-binding F box
domains of Cdcdp and Grrlp (Bai er al., 1996). Likewise, Skplp might tether
Cdc33p and its partners to the kinetochore, thereby accounting for the Cdc34p-
dependent ubiquitination of the kinetochore protein Ndcl0p (Yoon and Carbon,
1995). The shorthand used so far in this review, “CDC34 pathway,” is thus probably
an oversimplification of the boundaries of Cdc34p, Cdcdp, Cdc53p, and Skplp
function.
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2.2. Regulation of CDC34-Dependent Ubiquitination

2.2.1. CDK-Dependent Phosphorylation Triggers Destruction of
Sic1p and G1 Cyclins

Accumulating evidence indicates that substrate phosphorylation triggers
Cdc34p-dependent ubiquitination (Fig. 2). A causal link between substrate phos-
phorylation and ubiquitin-dependent destruction via the Cdc34p pathway was
originally suggested by the observations that (1) CIn2p and Cln3p are partially
stabilized by cdc28* mutations; (2) destruction of B-galactosidase-Cln3p chimeras
requires Cdc28p-dependent phosphorylation of a CDK consensus site in the
destabilization domain of CIn3p; and (3) Cdc34p-dependent ubiquitination of
ClIn2p in vitro requires Cdc28p activity (Deshaies et al., 1995; Yaglom et al.,
1995). Lanker et al. (1996) strengthened this hypothesis by demonstrating that a
mutated version of CIn2p lacking seven consensus Cdc28p phosphorylation sites
(Cln2p-4T3S) is dramatically stabilized in vivo. Surprisingly, Cln2p-4T3S is

Figure 2. A model of the G1/S transition in budding yeast. This figure summarizes data presented in
this review on the mechanism and regulation of Siclp destruction: In G1 cells Siclp binds to and
inhibits Cdc28p-Clb kinase complexes and thus prevents the initiation of DNA replication. This
inhibition is released once Siclp becomes phosphorylated by Cdc28p-Cln2p kinase, which allows the
ubiquitination and subsequent destruction of Siclp by the CDC34 pathway. It is unknown if Cdcdp,
Cdc53p, Skplp, and Cdc34p exist as a stable particle. Although the putative Cdc4p/Cdc53p/Skplp
complex is shown to be interacting directly with phosphate groups on Siclp, it is not yet known how
phosphorylation targets SicIp for ubiquitination (see Section 2.3.2 and Fig. 3).
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substantially more stable than either a deletion mutant of Cln2p (Cln2p-Axs) that
is unable to bind Cdc28p or wild-type Cln2p expressed in cdc28* cells (Lanker et
al., 1996; Deshaies ef al., 1995). In a double mutant analysis, the Axs mutation is
epistatic to the 4T3S allele, implying that there exist two pathways for Cln2p
destruction: The first targets Cln2p that is bound to and phosphorylated by
Cdc28p, whereas the second preferentially degrades free Cln2p, and does not
depend on Cdc28p activity. It is important to note that proteolysis of phosphory-
lated ClIn2p persists in cde34% cells (albeit at a rate about fourfold slower than that
observed in wild type) (Willems ez al., 1996; Deshaies et al., 1995). This residual
destruction of Cln2p may be related to either the leakiness of the cdc34" mutant,
the activity of the phosphorylation-independent Cln2p destruction pathway men-
tioned above, or the presence of yet a third pathway for Cln2p proteolysis.
Regardless of the underlying cause, the complex interplay of destruction pathways
may confound analyses of ubiquitin-dependent proteolysis (Salama et al., 1994).

Recently, Blondel and Mann (1996) published a study of Clnlp and Cln2p
degradation in various mutant strains. The major findings in this paper are as
follows. Both Clb-deficient and ubc9 mutants accumulate stable Clnl/2p. Further-
more, the stabilization of Cln2p in cdc34 mutants (Bai et al., 1996; Willems et al.,
1996, Deshaies et al., 1995) is suggested to be an artifact of cell cycle arrest at the
GU/S boundary, as CInl/2p are unstable in cdc34 sicIA mutants. These data
suggest that Clbs antagonize Cln accumulation both by inhibiting CLN transcrip-
tion (Amon er al., 1993) and by stimulating Cln proteolysis, although it is unclear
if Clb-dependent proteolysis of Clnl/2p is important for proper cell cycle regula-
tion. Whereas the data in this paper appear to be at odds with the suggestion that
Cln2p is a Cdc34p substrate (Bai et al., 1996; Willems et al., 1996; Deshaies et al.,
1995), several points deserve comment. First, it is unclear if the polyclonal
antibody used in this report detects primarily Clnlp or Cln2p; little has been
published regarding the degradation of Clnlp, and it is unclear if it behaves as a
Cdc34p substrate. Second, it is difficult to exclude the possibility that deletion of
SICI derepresses a normally cryptic Clnl/2p degradation pathway. Third, it will be
interesting to see if stabilization of Cln2p in cdc53 and skpl mutants is SICI-
dependent, as these genes have been reported to be required for Cln2p proteolysis
at cell cycle positions other than the G1/S boundary (Bai et al., 1996; Willems et
al., 1996).

Several lines of evidence suggest that Cdc34p-dependent destruction of
Siclp is triggered by the Cdc28p-dependent phosphorylation of Siclp at the G1/S
transition. In vivo analyses have revealed that Siclp destruction is prevented in
cells arrested at the cdc28 block (Schwob et al., 1994), is substantially delayed
in a clnlAcln2A mutant (E. Schwob, personal communication), and requires
continuous expression of Gl cyclins on reversal of the cdc34* block (Schneider et
al., 1996). In fact, switching on Siclp destruction probably is, along with the
polarization of membrane assembly, a key function of GI cyclins since deletion of
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SICI advances the timing of S phase entry in a clniAcIn2A mutant (Dirick er al.,
1995) and suppresses the lethal cell division arrest of a clnlAcin2AcIn3A mutant
(Schneider et al., 1996; Tyers, 1996). What exactly are the G1 cyclins doing to
activate Siclp destruction? By analogy to Cln2p, one might imagine that Gl
cyclin/CDK complexes phosphorylate Siclp, rendering it competent for ubiqui-
tination by the CDC34 pathway. Alternatively (or in addition), Cln2p/Cdc28p
might activate components of the CDC34 pathway or quench inhibitors that
oppose the CDC34 pathway. Evaluation of Siclp ubiquitination reactions recon-
stituted in vitro revealed that G1 cyclin activity is required for the assembly of
multiubiquitin chains on Siclp, and Siclp is an excellent substrate for Cln2p/
Cdc28p protein kinase complexes (Verma et al., 1997b). Moreover, purified
phospho-Siclp is ubiquitinated by the CDC34 pathway in the absence of Cln2p/
Cdc28p activity, indicating that direct phosphorylation of Siclp by CIn2p/Cdc28p
is both necessary and sufficient to trigger its ubiquitination (Verma et al., 1997a).
The hypothesis that phosphorylation triggers Siclp destruction is further sup-
ported by the analysis of nonphosphorylatable mutants of Siclp (Verma et al.,
1997a). Mutation of CDK phosphorylation sites in Siclp both reduces Siclp
ubiquitination in vitro and stabilizes Siclp in vivo. Furthermore, expression of
nonphosphorylatable Siclp in vivo inhibits progression into S phase, strongly
suggesting that phosphorylation-dependent destruction of Siclp is a prerequisite
for the initiation of DNA replication.

2.2.2. Are Cdc34p, Cdc4p, Cdc53p, and Skp1p Regulated?

Little is known about the regulation of the activity, abundance, localization,
or posttranslational modification state of CDC34 pathway components in vivo.
Cdc34p is phosphorylated by an unknown kinase on serine residues, but the role of
this modification and its cell cycle timing have not been reported (Goebl er al.,
1994). Although the phosphorylation status of Cde4p, Cdc53p, and Skplp have not
been directly evaluated, Cdc53p does not serve as a substrate for the tightly bound
Cln2p/Cdc28p protein kinase (Willems er al., 1996). Both Cdc34p and Cdc53p
form thiol-insensitive conjugates with ubiquitin in vivo, but the significance of
these modifications is unclear (Willems et al., 1996; Goebl er al., 1994).

The experiments summarized in the previous section are consistent with the
notion that destruction of CDC34 pathway substrates is controlled not by regulat-
ing the activity of the CDC34 pathway enzymes, but by modulating the phospho-
rylation of the substrate. According to this view, substrates submit themselves, on
their phosphorylation by regulated protein kinases, to be disposed of via the action
of a constitutively active CDC34 pathway. The CDC34 pathway is active at least
throughout the period of CDK activity in vivo: CDC34 pathway (and CDK)
substrates Cln2p (Willems et al., 1996), Siclp (Bai ez al., 1996), and Cdc6p (Piatti
et al., 1996) are unstable in cells arrested during S phase or mitosis. An important
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caveat is that it is not yet clear whether phosphorylation of CDC34 pathway
substrates by CDK complexes is sufficient to trigger their ubiquitination in vivo;
certain forms of regulation (i.e., compartmental localization) may not be pre-
served in the in vitro ubiquitination system.

2.3. Recognition of Substrates by the CDC34 Pathway
2.3.1. Other Substrates of Cdc34p

Besides Siclp, Cln2p, and Cln3p, several other candidate substrates of the
Cdc34p pathway have been identified (Table II). The transcription factor Gendp
(Kornitzer et al., 1994) and the GI cyclin/Cdc28p inhibitor Farlp (Henchoz et al.,
1997; McKinney et al., 1993) accumulate in cdc34* cells, and the multiubiquitina-
tion of both proteins in yeast extract is stimulated by Cdc4p and Cdc34p (Y. Chi
and R. J. Deshaies, unpublished data). Likewise, the normally unstable Cdc6p is
dramatically stabilized in nocodazole-arrested cdc4® cells (Piatti et al., 1996), and
serves as a substrate for Cdc4p/Cdc34p-stimulated ubiquitination in vitro (Y. Chi
and R. J. Deshaies, unpublished data). The Cbf2p subunit of the CBF3
kinetochore-binding complex may also be a Cdc34p substrate; ubiquitinated
forms of Cbf2p are detected in wild-type but not cdc34* cells at the nonpermissive
temperature. Cbf2p is not extensively multiubiquitinated, and the formation of
short ubiquitin chains on Cbf2p does not require CDC4 (Yoon and Carbon, 1995).
Perhaps ubiquitination of Cbf2p influences some aspect of its function other than

Table li
Known and Suspected Substrates of the CDC34 Ubiquitination Pathway

CDC(C34-dependent

instability in Cdc34p-dependent

Protein vivo? ubiquitination iz vitro? References

Siclp Yes Yes Schwob ef al. (1994)

Clnlp Not tested Yes Y. Chi and R. J. Deshaies
(unpublished data)

Cln2p Yes Yes Deshaies et al. (1995)

Cln3p Yes Not tested Yaglom et al. (1995)

Farlp Not tested Yes McKinney and Cross (1995), Y. Chi
and R. J. Deshaies (unpublished
data)

Gendp Yes Yes Kornitzer et al. (1994), Y. Chi and
R. J. Deshaies (unpublished data)

Cdc6p Yes Yes Piatti et al. (1996), Y. Chi and R. J.

Deshaies (unpublished data)
Cbf2p No Yes Yoon and Carbon (1993)
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its stability. It will be interesting to determine if Cbf2p is targeted for ubiquitina-
tion by its CBF3 partner Skplp (Connelly and Hieter, 1996; Stemmann and
Lechner, 1996). Lastly, whereas cdc34% siclA double mutants fail to arrest at the
G1/S transition, they remain temperature-sensitive for growth and arrest in G2/M
phase, suggesting that the accumulation of a Cdc34p substrate other than Siclp
can block cell division (Schwob ef al., 1994).

2.3.2. Signals Involved in Substrate Recognition

Sequence comparisons have failed to identify conserved destruction signals
in known CDC34 pathway substrates, but most Cdc34p substrates contain mul-
tiple segments rich in proline, glutamate/aspartate, serine, and threonine (PEST
sequences), which are commonly found in unstable proteins (Rogers et al., 1986).
It is important to note that PEST elements are related by composition, not by
primary sequence similarity. Mutational analyses have shown that PEST segments
of CIn2p, Cln3p, and Gendp can be important for maximal rates of proteolysis, but
individual elements are neither essential nor sufficient for degradation (Yaglom et
al., 1995; Kornitzer et al., 1994; Salama ef al., 1994). Surprisingly, ~ 40% of the
proteins predicted from the yeast genome sequence contain high-scoring PEST
regions (D. Mathog and R. J. Deshaies, unpublished data). Taken together with the
mutational data, this observation suggests that the PEST algorithm is an imperfect
prognosticator of a bona fide destruction-targeting sequence. An accurate descrip-
tion of the true destruction signal embedded within Cdc34p substrates that contain
active PEST regions will probably require detailed analyses of the interaction
between these substrates and components of the CDC34 pathway. It is interesting
to speculate that the CDC34 pathway may be the physiological route of destruc-
tion for rapidly degraded proteins that contain destabilizing PEST domains.

Besides PEST sequences, a second feature shared by all CDC34 pathway
substrates is that phosphorylation appears to play an important role in their
ubiquitin-mediated destruction. All candidate Cdc34p substrates except for Gendp
are phosphorylated in a CDC28-dependent manner prior to either their ubiquitina-
tion or degradation, and mutation of Cdc28p consensus phosphorylation sites or
inactivation of Cdc28p itself stabilizes Cln2p (Lanker et al., 1996; Deshaies et al.,
1995), Cln3p (Yaglom et al., 1995), Siclp (see Section 2.2.1), and Farlp (Henchoz
et al., 1997). In this instance, Gendp may be the exception that proves the rule: in
vitro studies suggest that Cdc34p/Cdcdp-dependent ubiquitination of Gendp re-
quires a Gendp kinase that is distinct from Cde28p (Y. Chi and R. J. Deshaies,
unpublished data). An important question is how phosphorylation serves to target
substrates to the CDC34 pathway. Two possible mechanisms are presented in Fig.
3. Phosphorylation may create an epitope that is directly recognized by the
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I. Phosphoepitope Model ii. Conformation Model

Figure3. Two models showing how phosphorylation renders Siclp a target for ubiquitination by the
Cdc34p pathway (for details see text).

ubiquitination machinery, much like tyrosine phosphorylation creates an epitope
recognized by SH2 domains. Alternatively, phosphorylation may perturb the
conformation of protosubstrates, revealing a cryptic peptide-based ubiquitination
signal.

As PEST elements are often enriched in the S/T P dipeptide that serves as a
minimal Cdc28p phosphorylation site, the essence of PEST-mediated instability
may be the propensity of PEST sequences to serve as a prominent target for
phosphorylation (Yaglom et al., 1995). The actual destruction signal encrypted
within PEST elements is probably more complex, however, because many pro-
teins are phosphorylated in eukaryotic cells, and it is improbable that all CDK
substrates are rendered unstable by phosphorylation. Rather, it seems likely that
either a protein must be phosphorylated on multiple residues, or a phosphorylated
residue must be juxtaposed with a specific peptide “cosignal’’ to allow for
effective substrate recognition by the CDC34 pathway. Similar context effects
have been observed for the recognition of phosphorylated tyrosine residues by
SH2 domains.

2.4. Conservation of CDC34 Pathway Function
2.4.1. Vertebrate CDC34

A vertebrate CDC34 homologue was isolated in a screen for human genes
that can rescue a budding yeast checkpoint mutant that fails to arrest cell division
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in the presence of unreplicated DNA (Plon et al., 1993). Human CDC34 sup-
presses the thermosensitive growth of cdc34 strains, implying that yeast and
human Cdc34p perform similar functions. One of the targets of human Cdc34p
may be the CDK inhibitor p27, which participates in the regulation of the Restric-
tion Point (Coats et al., 1996). p27 is stable in quiescent cells but is unstable in
proliferating cells (Pagano et al., 1995). Furthermore, the destruction of p27 in
both reticulocyte and fibroblast cell extracts is inhibited by dominant-negative
human Cde34p (Pagano et al., 1995). Like p27, the myogenic regulator MyoD is
also stabilized by dominant-negative Cdc34p (Song er al., 1996). A Cdc34p-like
protein has also been identified in Xenopus eggs, and Xenopus egg extracts
immunodepleted of Cde34p and affiliated polypeptides fail to sustain cyclin
E/Cdk2-dependent replication of double-stranded sperm DNA (Yew and
Kirschner, 1997). The picture emerging so far is consistent with the notion that
vertebrate Cdc34p, like budding yeast Cdc34p, counteracts the activity of an
inhibitor(s) of DNA replication by targeting it for ubiquitin-mediated destruction.

2.4.2. The cullin Family

CDC53 is also conserved among eukaryotes. The lin-19 gene of C. elegans
(renamed cul-1, for cullin) encodes a protein 30% identical to CDC53 (Kipreos et
al., 1996). Comparison of cul-I and CDC53 sequences with those present in
expressed sequence tag databases revealed that there are at least six cullins in
humans, five in C. elegans, three in budding yeast, and one in fission yeast
(Kipreos er al., 1996). All five of the C. elegans cul genes encode proteins of
similar length (~ 740—-800 amino acids), and all pairwise combinations with CULL1
exhibit 24-28% sequence identity. Cdc53p and CULI probably possess similar
biochemical activities, as human CULI complements the thermosensitive pheno-
type of a cdc53 mutant (S. Lyapina and R. J. Deshaies, unpublished data). In
contrast to the cell division arrest of cdc53" mutants in yeast, cul-1 mutants exhibit
hyperplasia of all larval tissues, suggesting that wild-type CULL normally re-
strains cell division (Kipreos er al., 1996). A possible explanation for this discrep-
ancy is that CUL-1 may be responsible only for the degradation of positive cell
cycle regulators, such as G1 cyclins, whereas other cullin family members may be
important for the degradation of a Siclp-like protein. It will be interesting to
see whether any members of the cullin family behave as tumor suppressor genes in
humans. Cullins may also play a role in mitotic degradation events, as a subunit
of the anaphase-promoting complex has recently been found to be a novel member
of this protein family (see Section 3.1.2b; J.-M. Peters, H. Yu, R. W. King, and
M. Kirschner, unpublished data; W. Zachariae and K. Nasmyth, personal commu-
nication).
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2.5. Links between Ubiquitin-Dependent Proteolysis and the
Control of G1 Phase in Vertebrate Cells

The classical experiments of Pardee and co-workers led to the hypothesis that
the accumulation of an unstable polypeptide(s) positively regulated the commit-
ment to cell division during Gl phase (Pardee, 1987). Subsequent molecular
analyses have revealed that both positive (cyclins D and E, c-Myc, E2F) and
negative (p27, p53) regulators of Gls progression are unstable (Clurman et al.,
1996; Hateboer et al., 1996; Hofmann et al., 1996; Won and Reed, 1996; Pagano et
al., 1995; Matsushime et al., 1991; Ramsay ef al., 1984; Reich and Levine, 1984).
With the exceptions of p27 and the virally targeted destruction of p53 in cells
infected by human papillomavirus (for reviews, see chapter 11 and Deshaies,
1995b), the identity of the pathways by which these proteins are degraded in
normal cells remains unknown. Nevertheless, cyclin E (Clurman et al., 1996; Won
and Reed, 1996) shares an important characteristic of Cdc34p substrates inasmuch
as it is stabilized by mutation of a CDK consensus phosphorylation site. The same
may be true for p53 (Lin and Desiderio, 1993).

Progression through G1 phase may also be influenced by proteins that disas-
semble multiubiquitin chains, because two genes that encode deubiquitinating
enzymes—tre-2 and DUBI—have been linked to cell proliferation (Matoskova
et al., 1996a,b; Zhu et al., 1996; Papa and Hochstrasser, 1993; Nakamura et al.,
1992; see also Chapter 4). However, detailed insight into the substrates and
physiological roles of both DUB-I and tre-2 awaits future investigations.

3. UBIQUITIN-DEPENDENT PROTEOLYSIS IN MITOSIS

Mitosis is the process by which the cell divides its duplicated DNA and other
cellular contents. Whereas the early events of mitosis such as chromosome
condensation and spindle assembly are thought to be initiated by the activation of
CDC2 and other mitotis-specific protein kinases, later events such as the separa-
tion of sister chromatids require the activation of a ubiquitin-dependent proteo-
Iytic system. The first substrates of this system that were identified are the mitotic
cyclins, whose destruction inactivates CDC2 and allows exit from mitosis. Recent
studies have revealed that the degradation of other substrates regulates the
metaphase—anaphase transition and the disassembly of the mitotic spindle (Fig.
4). An important question is how the CDK-dependent entry into mitosis is
coordinated with the exit from mitosis, which is driven by proteolysis. The cell
cycle machinery must allow sufficient time for the chromosomes to condense and
align on the spindle before the proteolytic system that initiates sister chromatid
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Figure 4. Mitotic functions of the APC pathway. Schematic representation of the morphological
phase of mitosis, indicating how APC-mediated ubiquitination regulates progression through mitosis.
Degradation of anaphase inhibitors such as budding yeast Pdslp and fission yeast Cut2 is required for
the initiation of chromosome segregation, whereas the proteolysis of mitotic cyclins such as cyclin B is
essential for exit from mitosis (for references see text).

separation is activated. Although the central players of the mitosis-specific proteo-
lytic pathway have recently been identified, little is known about how these
components are switched on and off during the cell cycle.

3.1. Mitotic Cyclin Degradation

In rapidly dividing marine embryos, mitotic cyclins accumulate steadily
throughout interphase and are rapidly degraded at anaphase (Evans ef al., 1983).
This intriguing observation provided an early clue that proteolysis may regulate
cell division. This hypothesis was confirmed by two important findings: first, that
maturation-promoting factor (MPF), a kinase activity capable of inducing entry
into mitosis, is composed of a heterodimer of cyclin B and a homologue of fission
yeast Cdc2p (Labbé et al., 1989; Arion et al., 1988: Dunphy et al., 1988); and
second, that degradation of cyclin B is necessary for inactivation of MPF and exit
from mitosis (Murray et al., 1989). The latter finding has subsequently been
confirmed in many organisms, emphasizing the universal importance of cyclin
degradation in regulating exit from mitosis (Yamano et al., 1996; Luo et al., 1994;
Rimmington et al., 1994; Surana et al., 1993; Gallant and Nigg, 1992; Ghiara et al.,
1991).
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Higher eukaryotes contain two subclasses of mitotic cyclins, called A and B,
which share the capacity to activate CDC2; cyclin A is also able to activate the
related kinase CDK2, and plays a role in regulating S phase. Although the mitotic
destruction of cyclins A and B in clam embryos appears to be mediated by the
same pathway (Sudakin ez al., 1995), their proteolysis has been reported to differ
in two respects: First, cyclin A is degraded in advance of cyclin B; second, B-type
cyclins are preferentially stabilized by an arrest mechanism, called the spindle
assembly checkpoint, that prevents the separation of sister chromatids if they are
not properly attached to the mitotic spindle (Edgar ez al., 1994; Minshull et al.,
1994; Hunt et al., 1992; Whitfield et al., 1990). Why the destruction of cyclins A
and B differs in these respects and whether these differences are important for the
orderly progression through mitosis are presently unknown.

Although degradation of mitotic cyclins can be observed in most dividing
somatic cells and early embryos, the syncytial nuclear divisions of the early
Drosophila embryo provide an interesting exception. In this system, bulk fluctua-
tions in cyclin levels are only observed once cellularization occurs (Edgar et al.,
1994). A similar situation has been reported for the syncytial slime mold Phy-
sarum polycephalum (Cho and Sauer, 1994). This suggests that widespread cyclin
degradation and kinase inactivation may be necessary only for cell cycles that
involve cytokinesis. In syncytial cycles, however, local degradation of cyclin may
suffice to allow nuclear division.

Several features of cyclin proteolysis are worth noting. First, cyclin degrada-
tion appears relatively specific, as the majority of labeled proteins in marine
embryos remains stable through mitosis (Evans et al., 1983). Second, in early clam
embryos, cyclin was found to be unstable during only a brief period at the end of
mitosis (Hunt et al., 1992), suggesting that the activity of the cyclin degradation
system is regulated during the cell cycle. Subsequent studies have indicated that
the cyclin degradation system remains active from late mitosis through G1 in cells
whose cell cycle contains G1 and G2 phases such as budding yeast (Amon et al.,
1994) and somatic mammalian cells (Brandeis and Hunt, 1996).

The identification of nondegradable mutants of cyclin B was crucial to the
biochemical analysis of the cyclin degradation system, whose fleeting activity
made it difficult to study. Deletion of the N-terminal 90 amino acids of cyclin B
results in a protein (cyclin B A90) that is stable in mitosis, but retains the capacity
to activate CDC2 (Murray et al., 1989). Xenopus egg extracts containing cyclin B
A90 remain arrested in a mitotic state with a constitutively activated cyclin
degradation system. Using these mitotically arrested extracts, Glotzer et al. (1991)
found that the N-terminus of sea urchin cyclin B is sufficient to target a hetero-
logous protein (protein A) for mitosis-specific degradation. Labeling of cyclin B—-
protein A chimeras to high specific radioactivity revealed the presence of ubiquiti-
nated intermediates during the course of degradation, providing the first evidence
that cyclin B is degraded by the ubiquitin pathway. Ubiquitinated intermediates
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are 10-fold more abundant in mitotic extracts than in interphase extracts, where
cyclins are stable, suggesting that regulated ubiquitination can account for the cell
cycle dependence of cyclin proteolysis. Subsequent experiments in clam extracts
demonstrated that methylated ubiquitin, an inhibitor of polyubiquitin chain forma-
tion, inhibits cyclin degradation, confirming that mitotic cyclin proteolysis is
ubiquitin-dependent (Hershko et al., 1991).

3.1.1. Signals that Target Mitotic Cyclins for Destruction

The N-termini of mitotic cyclins share little overall sequence similarity, with
the exception of a 9-amino-acid motif that has been called the destruction box (D
box; Glotzer et al., 1991; Table II1). Mutation of conserved positions of the D box
is sufficient to prevent both ubiquitination and proteolysis of cyclins A and B,
suggesting that it serves as a ubiquitination signal (King et al., 1996b; Sudakin er
al., 1995; Kobayashi er al., 1992; Lorca et al., 1992a; Glotzer et al., 1991).
Although a cyclin B N-terminal fragment as short as 27 amino acids can target a
heterologous protein for degradation, physiological rates of degradation (half-life
less than 5 min) appear to require the entire N-terminus (King et al., 1996b). This
may indicate that the N-terminus is necessary for the proper presentation and
recognition of the D box, which is presumed to be recognized by a component of
the anaphase-promoting complex (see below). There does not appear to be a strict
requirement for a particular lysine residue to serve as a ubiquitin acceptor site, as
cyclin B can be ubiquitinated at multiple lysine residues in a manner sufficient to
support degradation at physiological rates (King et al., 1996b).

Although the N-terminal fragments of Arbacia cyclin B and Xenopus cyclin
Bl are rapidly degraded in mitotic Xenopus extracts, the N-terminal fragments of
other cyclins, such as Xenopus cyclin Al or cyclin B2, are not (Stewart et al., 1994
van der Velden and Lohka, 1993). This may reflect the fact that these cyclins need
to be bound to CDC?2 to be degraded (Stewart et al., 1994; van der Velden and
Lohka, 1994). Surprisingly, the D box of cyclin A is not sufficient to substitute
for that of cyclin B (King et al., 1996b; Klotzbiicher et al., 1996), although the
cyclin B D box can target A-type cyclins for destruction (Klotzbiicher er al., 1996).
Although A- and B-type cyclins are thought to be ubiquitinated by the same
components (Sudakin ez al., 1995), structural differences between A- and B-type
D boxes may contribute to the distinct physiological properties of cyclin A and
cyclin B degradation discussed earlier.

Recently, D boxes have also been found to be important for the mitosis-
specific ubiquitination and degradation of several noncyclin proteins (see below).
A comparison of D boxes in cyclins and noncyclins shows that only residues 1
(arginine), 4 (isoleucine, leucine, or phenylalanine), and 9 (usually asparagine) are
conserved.
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Table 11l
Destruction Box Sequences?
Protein Position Sequence

B-type cyclins

S. pombe Cdc13p 59 RHALDDVSN

S. cerevisiae Clb2p 25 RLALNNVTN

A. nidulans NIME 52 RAALGDVSN

A. thaliana Cycl 38 RQVLGDIGN

D. melanogaster Cyc B 37 RAALGDLQN

A. punctulata Cyc B 42 RAALGNISN

S. solidissima Cyc B 40 RNTLGDIGN

X. laevis Cyc Bl 36 RTALGDIGN

X. laevis Cyc B2 30 RAALGEIGN

G. gallus Cyc B2 32 RAVLEEIGN

G. gallus Cyc B3 51 RSAFGDITN

H. sapiens Cyc Bl 42 RTALGDIGN
A-type cyclins

D. melanogaster Cyc A 160 RSILGVIQS

S. solidissima Cyc A 33 RAALGVITN

X. laevis Cyc Al 41 RTVLGVIGDN

X. laevis Cyc A2 26 RTVLGVLQEN

G. gallus Cyc A 93 RAALGTVGE

M. musculus Cyc Al 37 RTVLGVLTEN

H. sapiens Cyc A 47 RAALAVLKSGN
Other APC substrates

S. cerevisiae Pdslp 85 RLPLAAKDN

S. cerevisiae Aselp 760 RQLFPIPLN

X. laevis Geminin 33 RRTLKVIQP

“Amino acid sequences are given in one-letter code. The position of the
first shown amino acid residue is indicated. For a detailed discussion

see King et al. (1996b).

3.1.2. Components Involved in Mitotic Cyclin Degradation

363

Both biochemical and genetic approaches have played an important role in
the identification of components involved in mitotic cyclin degradation. The clam
system was the first to be successfully fractionated into several distinct activities
required for ubiquitination of cyclin B N-terminal fusion proteins in vitro (Hershko
et al., 1994). Cyclin ubiquitination in clam extracts requires two fractions in
addition to ubiquitin and El: an E2 activity, called E2-C, and a putative E3 activity
that associates with particulate material and is active only when derived from
mitotic extracts. On solubilization, this E3-containing component, called the cyclo-
some, sediments as a large particle on glycerol gradients (Sudakin et al., 1995).
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Fractionation of Xenopus extracts yielded similar, although not identical re-
sults (King et al., 1995). In this system, all components are soluble, and two
distinct E2 activities can sustain D box-dependent cyclin ubiquitination in vitro.
As in the clam system, both E2 activities are constitutively active through the cell
cycle, and a large protein complex, containing the putative E3 activity, is active
only when purified from mitotic extracts. The purified complex contains eight
distinct proteins (Peters et al., 1996; King et al., 1995), several of which are
homologous to proteins required for cyclin proteolysis in budding yeast (Zacha-
riae ef al., 1996; Irniger et al., 1995). Earlier genetic studies in different fungi had
shown that these conserved proteins are essential for the transition from meta-
phase to anaphase (see below). The E3 complex purified from Xenopus and
characterized in yeast was therefore called the anaphase-promoting complex
(APC).

3.1.2a. Ubiquitin-Conjugating Enzymes. One of the E2s involved in
cyclin ubiquitination in Xenopus extracts is a homologue of the budding yeast
Ubcd/5p subfamily of E2 enzymes, which has been implicated in the ubiquitina-
tion of many different proteins (King et al., 1995). Mutation of Ubc4p family
members in yeast has not been reported to cause a cell cycle arrest (Seufert and
Jentsch, 1990), but deletion of UBC4 is synthetically lethal in yeast strains
carrying a mutated form of the APC subunit Cdc23p (Irniger et al., 1995),
suggesting that Ubcdp and APC function in the same biochemical pathway.

Purification and cloning of the second E2 activity from Xenopus and clam
extracts (called UBCx and E2-C, respectively) has revealed that they are ortho-
logues (Aristarkhov ez al., 1996; Yu et al., 1996). Dominant-negative versions of
the human relative, designated UBC-HI10, arrest cells at metaphase, consistent
with a role of this E2 in the APC pathway (Townsley et al., 1997). This E2 appears
to be a novel enzyme, most closely related to human UBC2. In Xenopus, either
UBC4 or UBCx is sufficient to support D box-dependent cyclin ubiquitination in
the presence of E1 and purified APC. UBCx is active at slightly lower concentra-
tions than UBC4, and at saturating concentration can convert twice as much
substrate into ubiquitin conjugates. However, the conjugates formed are of lower
average molecular mass than those formed in the presence of UBC4, suggesting
that the reaction may be less processive (Yu et al., 1996).

UBCx and E2-C appear to have homologues in budding and fission yeast,
although the role of the yeast enzymes in cyclin degradation has not been directly
tested. Mutation of the S. pombe gene UbcP4 leads to a metaphase arrest that can
be rescued by overexpression of the APC subunit Cut9p, suggesting that this
enzyme functions in the APC pathway (Osaka ez al., 1997).

In budding yeast, mutation of yet another E2-related enzyme, Ubc9p, stabi-
lizes the B-type cyclins Clb2p and Clb35p (Seufert et al., 1995). However, unlike
Clb2p, whose ubiquitination and degradation is APC-dependent (see below),
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Clb5p stability is not cell cycle regulated (Seufert ez al., 1995), does not require a
D box, and is not affected in cdcl6 and cdc23 mutants (Irniger et al., 1995),
suggesting that its degradation is not mediated by APC. In Xenopus extracts a
homologue of Ubc9p is not required for APC-dependent cyclin B ubiquitination
(King et al., 1995). and mutation of UBC9 does not interfere with Clb2p ubiqui-
tination in yeast extracts in vitro (Zachariaec and Nasmyth, 1996). Recently,
vertebrate UBC9 has been to found to assemble with two other proteins, RanGAP1
and RanBP2, into a complex that is involved in regulating nuclear transport of
karyophilic proteins (Mahajan et al., 1997; Saitoh ez al., 1997). The stabilization of
Clb2p in ubc9 mutants could therefore be related to a defect in the nuclear
transport machinery, which would prevent the nuclear uptake of proteins that are
required for progression into mitosis or for mitotic cyclin proteolysis in the yeast
nucleus. Interestingly, the targeting of the UBC9-RanGAP1-RanBP2 complex to
the nuclear pore complex requires modification with SUMO-1, a ubiquitin related
protein (Mahajan ez al., 1997; see Chapter 2 for more details). UBC9 can form a
thioester with SUMO-1 (M. Scheffner, personal communication), explaining the
previous observation that Xenopus UBC9 is unable to form thioesters with con-
ventional ubiquitin (R. W. King, J.-M. Peters, and M. W. Kirschner, unpublished
results).

3.1.2b. The APC/Cyclosome. Several genes have been identified in
yeasts and filamentous fungi that are required for progression through the
metaphase—anaphase transition. A subset of these proteins contain the tetratri-
copeptide repeat (TPR) motif, a repeated 34-amino-acid sequence that is thought
to mediate protein—protein interactions (Hirano et al., 1990). Consistent with this
hypothesis, the TPR-containing proteins Cdc27p, Cdcl6p, and Cdc23p are part of
a macromolecular complex in budding yeast (Lamb er al., 1994). Mutations in
homologous proteins in fission yeast (Cut9 and Nuc2; Samejima and Yanagida,
1994; Hirano et al., 1988) and Aspergillus (BIMA; O’Donnell et al., 1991) also
cause defects in anaphase, emphasizing the universal role of these proteins in
regulating progression through mitosis. Furthermore, injection of antibodies
raised against a human homologue of CDC27 into mammalian tissue culture cells
results in a metaphase arrest (Tugendreich et al., 1995).

A genetic screen in budding yeast identified three genes required for mitotic
cyclin proteolysis: CDCI6, CDC23, and CSEI (Irniger et al., 1995). However, it
was unclear whether the corresponding proteins regulate or directly catalyze
mitotic cyclin proteolysis. Utilizing antibodies raised against human CDC27 and
CDC16, it was found that the large E3 complex in Xenopus extracts cofractionates
with both proteins, and that immunopurified CDC27 complexes are sufficient to
support cyclin B ubiquitination in the presence of recombinant UBC4 and El
(King et al., 1995). Purification and peptide sequencing of the components of the
E3 complex has revealed that it consists of at least eight tightly associated subunits
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(Table 1V), including Xenopus homologues of budding yeast Cdc27p, Cdcl6p, and
Cdc23p (Peters et al., 1996). Four of the remaining proteins have previously not
been identified, whereas the final subunit is a homologue of the Aspergillus protein
BIME (Peters et al., 1996), which is required for anaphase progression (Osmani et
al., 1988). BIME was originally proposed to be a transmembrane protein (Engle et
al., 1990), but in Xenopus extracts BIME is only detectable in association with
APC, which is soluble (Peters et al., 1996). Extension of the screen for genes
required for cyclin proteolysis in S. cerevisiae has demonstrated that CDC26, and
a yeast homologue of BIME, called APCI, are also required for Clb2p ubiquitina-
tion (Zachariae et al., 1996). A BIME-related protein in fission yeast is also
required for mitotic cyclin ubiquitination and is a component of APC in that
organism (Yamashita ef al., 1996). The budding yeast APC has also been affinity-
purified and shown to contain several subunits in addition to Cdcl6p, Cdc23p,
Cdc27p, and the homologue of BIME. Three of these are homologous to Xenopus
APC2, APC4, and APC5 (W. Zachariae, M. Mann, and K. Nasmyth, personal
communication).

Neither Cselp, a protein required for accurate chromosome segregation in
budding yeast (Xiao et al., 1993), nor its vertebrate relative CAS (Scherf et al.,
1996; Brinkmann et al., 1995) are tightly associated with APC in yeast or Xenopus
(Zachariae et al., 1996; Peters et al., 1996), and the role of this protein in cyclin
degradation is presently unclear: Whereas yeast extracts from cse/ mutants are
deficient in Clb2p ubiquitination (Zachariae and Nasmyth, 1996), cyclin B ubiqui-
tination can be reconstituted from purified Xenopus enzymes in the absence of
Xenopus CAS (Peters et al., 1996). Another protein that may play a role in mitotic
cyclin ubiquitination is Sucl, a small CDK-binding protein in fission yeast that has
homologues in budding yeast (Ckslp), mammals (CKS), and Xenopus (p9). In the
absence of Sucl, fission yeast cells arrest in mitosis with high levels of Cdc2
kinase activity (Basi and Draetta, 1995; Moreno er al., 1989) and Xenopus extracts
immunodepleted with p9 antibodies are unable to degrade cyclin B (Patra and
Dunphy, 1996). The observation that Xenopus p9 is required for cyclin B degrada-
tion in calcium-treated cytostatic factor (CSF) extracts, in which APC has already
been activated (see Section 3.4.2), suggests that p9 may play a direct role in cyclin
ubiquitination, perhaps by facilitating recognition of cyclin B-CDC2 complexes
by APC. This view is supported by the recent observation that the mitotic form of
the clam cyclosome can bind to fission yeast Sucl in vitro (Sudakin et al., 1997).

Given the large number of components involved in cyclin ubiquitination, it is
perhaps not surprising that the reaction mechanism remains obscure. Two possible
models of how APC may ubiquitinate substrates are shown in Fig. 5. Although
APC meets the functional criteria for a ubiquitin-protein ligase or E3, as it is
sufficient for ubiquitination in the presence of El and E2, none of the APC
subunits identified to date bear sequence resemblance to either one of the two
well-defined E3 enzymes Ubrlp and E6-AP (see Chapters 8 and 11). However,
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Table IV
Subunits of Xenopus APC Purified from Interphase (i)
and Mitotic (m) Extract and Their Fungal Homologues

M, Homologues
x 103
¢ ) S. S. A.
Subunit i m  cerevisine pombe nidulans References

APC1 210 220 Apclp Cutd BIME Peters et al. (1996), Yamashita et al.
(1996), Zachariae et al. (1996),
Starborg et al. (1994), Engle et al.
(1990)

APC2 112 112 Apc2p — — Peters et al. (1996), H. Yu,
J.-M. Peters, R. W. King, and M.
Kirschper (unpublished data), W.
Zachariae, M. Mann, and K. Nasmyth
(personal communication)

APC3 100 130 Cdc27p Nuc2 BIMA Peters et al. (1996), Zachariae et al.
(1996), King et al. (1995), Lamb er
al. (1994), O’Donnell et al. (1991),
Hirano ef al. (1988)

APC4 100 100 Apcdp — — Peters et al. (1996), H. Yu,
J.-M. Peters, R. W. King, and M.
Kirschner (unpublished data), W.
Zachariae, M. Mann, K. Nasmyth
(personal communication)

APCS 82 82 Apc5Sp — — Peters er al. (1996), H. Yu,
J.-M. Peters, R. W. King, and M.
Kirschner (unpublished data), W.
Zachariae, M. Mann, and K. Nasmyth
(personal communication)

APC6 75 78 Cdcel6p Cut9 — Peters et al. (1996), Zachariae et al.
(1996), Irniger ef al. (1995), King et
al. (1995), Lamb er al. (1994),
Samejima and Yanagida (1994)

APC7 69 69  Cdc23p — — Peters et al. (1996), H. Yu,
J.-M. Peters, R. W. King, and M.
Kirschner (unpublished data)

APC8 66 69 — — — Peters et al. (1996), Zachariae et al.
(1996), Imiger et al. (1995), Lamb er
al. (1994), Sikorski et al. (1990)

— Cdc26p — — Zachariae et al. (1996)
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1. Ubiguitin Transfer from APC o Cyclin

oychin

1L Ublguitin Transter from E2 to Cyclin

Figure 5. Two models of how APC could mediate cyclin ubiquitination. For a detailed discussion
see Yu et al. (1996).

both human APC?2 and its budding yeast homologue show limited but significant
sequence similarity with members of the cullin family which includes Cdc53p, a
component of the CDC34 pathway (J.-M. Peters, H. Yu, R. W. King and M. W.
Kirschner, unpublished data; W. Zachariae and K. Nasmyth, personal communica-
tion). It is therefore conceivable that the APC and the CDC34 pathways utilize
similar substrate recognition or ubiquitination mechanisms.

The formation of ubiquitin thioester intermediates, characteristic for mem-
bers of the E6-AP family of E3s and also observed with Ubrlp (see Chapters 3 and
8), has not been detected with APC (King et al., 1995). This suggests that APC
may not serve as the final ubiquitin donor for the reaction, but rather that APC may
serve to bind both the E2 and the substrate. Substrate specificity is presumed to be
mediated by a component of the APC rather than by the E2, although it has not yet
been determined whether the substrate binds the APC or the E2 directly.

3.1.2c. The 26 S Proteasome. Several genetic experiments have sug-
gested that the 26 S proteasome plays an important role in mitotic cyclin pro-
teolysis and exit from mitosis. Mutation of proteasome subunits in both budding
and fission yeast results in a G2/M arrest that is similar to the arrest point of APC
mutants (Gordon et al., 1996, 1993; Ghislain et al., 1993), and budding yeast
proteasome mutants accumulate Clb2p (Ghislain ez al., 1993). It has also been
reporied that budding yeast proteasome mutants can be rescued by deletion of the
CLB?2 gene (Friedman and Snyder, 1994) and are growth-arrested by overexpres-
sion of CIb2p (Richter-Ruoff and Wolf, 1993) or Clb5p (Seufert ef al., 1995).
Although there is no direct biochemical experiment demonstrating that ubiquiti-
nated mitotic cyclins are degraded by the 26 S proteasome, cyclin B proteolysis is
inhibited in cells (Sherwood ef al., 1993) or extracts (J.-M. Peters and M. W.
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Kirschner, unpublished data) treated with proteasome inhibitors. The 26 S protea-
some itself does not appear to be regulated during mitosis, because model sub-
strates such as ubiquitinated lysozyme (Mahaffey et al., 1993) and purified cyclin—
ubiquitin conjugates (J.-M. Peters, M. Glotzer and M. W. Kirschner, unpublished
results) are rapidly degraded in both interphase and mitotic Xenopus extracts.

3.2. Chromosome Segregation

In most cell types, cyclin B is degraded at about the time that sister chroma-
tids separate, suggesting that its proteolysis might be functionally related to
anaphase. Furthermore, cyclin B is stabilized in two physiological circumstances
in which sister chromatid segregation is also prevented: the spindle assembly
checkpoint, and the natural arrest of vertebrate eggs at metaphase of the second
meiotic division (see below). The finding that nondegradable mutants of cyclin B
block exit from mitosis in Xenopus extracts (Murray et al., 1989) and budding
yeast (Ghiara et al., 1991) suggested that inactivation of CDC2-cyclin B kinase
might trigger chromosome segregation. However, it was found that both frog egg
extracts and yeast cells containing nondegradable cyclin B arrest in telophase
rather than metaphase (Holloway er al., 1993; Surana et al., 1993). The reconstitu-
tion of sister chromatid segregation in Xenopus egg extracts (Shamu and Murray,
1992) revealed that even though nondegradable cyclin B does not interefere with
anaphase, chromosome segregation is inhibited by high concentrations of a D box-
containing fragment of cyclin B, which presumably acts as a competitive inhibitor
of APC-mediated ubiquitination reactions (Holloway et al., 1993). The same
result was obtained in extracts supplemented with methylated ubiquitin and in
extracts lacking endogenous full-length cyclins, suggesting that D box-containing
proteins other than cyclin B must be degraded by the APC pathway to initiate
anaphase. The recent finding that components necessary for cyclin degradation are
also required for anaphase in yeast and mammalian cells further suggests that the
two processes are mediated by the same APC-dependent proteolytic pathway
(Irniger et al., 1995; Tugendreich et al., 1995).

The work of Holloway et al. (1993) predicted the existence of an anaphase
inhibitor that would be degraded through D box-dependent, and hence APC-
mediated, proteolysis. Recently, two such candidates have been identified in
budding and fission yeast. In budding yeast, the PDSI gene was identified in a
screen for mutants that undergo precocious dissociation of sister chromatids in the
presence of microtubule inhibitors (Yamamoto et al., 1996a,b). Although the null
mutant is viable, pds I mutants have a high rate of chromosome loss, suggesting
that Pdslp is important for anaphase fidelity. Although it is not clear how Pdslp
regulates anaphase, the protein has all of the hallmarks of a substrate of the APC
pathway: Pdslp is degraded during anaphase, and is unstable when expressed
during G1, as is the case for mitotic cyclins; Pdslp contains a sequence element
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similar to the cyclin D box that is essential for its degradation in vivo, and Pdslp is
stabilized in either cdcl6 or cdc23 mutants (Cohen-Fix et al., 1996). Biochemical
studies support the contention that Pdslp is a substrate of APC: yeast Pdslp is
rapidly degraded in a mitosis-specific and D box-dependent fashion in Xenopus
egg extracts, and Pdslp is ubiquitinated in vitro by purified Xenopus APC (Cohen-
Fix et al., 1996). Intriguingly, whereas ¢dc23 or cdcl6 mutants arrest prior to
anaphase, about 50% of pdsl cdc23 or pdsl cdcl6 double mutants progress
through anaphase, suggesting that failure to degrade Pdslp partially accounts for
the metaphase arrest of cdc23 and cdcl6 mutants (Yamamoto ef al., 1996b). This
hypothesis is strongly supported by the observation that transient expression of a
Pdslp mutant lacking the D box results in a metaphase arrest (Cohen-Fix et al.,
1996).

Another putative anaphase inhibitor has been identified in fission yeast
(Funabiki er al., 1996). Degradation of Cut2, which contains two D box-related
sequences, appears essential for anaphase, as overexpression of a nondegradable
deletion mutant of Cut2 blocks sister chromatid separation (this does not demon-
strate, however, that destruction of physiological levels of Cut2 is required for
anaphase). The levels of wild-type Cut2 drop only about twofold during anaphase,
suggesting that only a subpopulation of Cut2 may have to be degraded for the
initiation of sister chromatiol separation. Like other cut (cells untimely rorn)
mutants, cut2 mutants initiate septum formation despite being unable to separate
chromosomes. Cut2 accumulates in cells containing a mutated version of Cut9, a
homologue of budding yeast Cdcl6p, suggesting that Cut2 is a substrate of APC.

How Pdslp and Cut2 regulate anaphase is unknown. Holloway et al. (1993)
proposed that a chromosomal protein might shield sister chromatids from the
activity of topoisomerase II until the proteolytic machinery is activated at the
metaphase—anaphase transition. Alternatively, the key substrate could be a sol-
uble protein that regulates sister chromatid segregation. Pdslp and Cut2 may have
distinct functions, as they share little sequence similarity except for the presence
of an N-terminal D box. Moreover, their intracellular distribution differs, with
Cut2 localized on the mitotic spindle, and Pdslp distributed diffusely throughout
the nucleus. Lastly, whereas Cut2 is essential, cells deleted for PDS! are viable but
sick. Nuil mutants of cut2 arrest at metaphase, indicating that Cut2 may indepen-
dently promote and inhibit anaphase.

Additional proteins that may regulate the metaphase—anaphase transition
have been identified through the analysis of the Drosophila mutants pimples (pim;
Stratmann and Lehner, 1996) and three rows (thr; D’ Andrea et al., 1993; Philp et
al., 1993). Homozygous pim and thr mutants fail to separate sister chromatids
once the maternal store of wild-type protein has been exhausted after embryonic
cell cycle 14. As DNA replication continues in these embryos, chromosomes
accumulate with up to four pairs of unseparated sister chromatids held together at
the centromeric region. PIM and THR cannot be detected by immunofluorescence
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microscopy in cells that have undergone anaphase, suggesting that both proteins
are either redistributed or degraded at the metaphase—anaphase transition. This
resembles the loss of cyclin staining observed during anaphase of Drosophila
embryos and therefore suggests that PIM and THR may be targets of APC. It has
been proposed that PIM and THR function as activators of anaphase and that their
mitotic degradation may be required to prevent premature chromosome segrega-
tion in the subsequent cell cycle (Stratmann and Lehner, 1996). The phenotype of
null cut2 mutants suggests, however, that proteins required for anaphase may also
function as anaphase inhibitors (Funabiki et al., 1996).

3.3. Other Proteins Degraded in Mitosis

We presently know of two APC functions in mitosis: the initiation of an-
aphase, regulated by the ubiquitination of proteins such as Pdslp, and the exit from
mitosis, mediated by the ubiquitination of mitotic cyclins (Fig. 4). However, there
are several other proteins that are degraded specifically in mitosis, and at least
some of these may be substrates of APC (see Table V). This raises the interesting
possibility that the execution of other mitotic events may depend on the pro-
teolysis of specific proteins. For example, the budding yeast protein kinase Cdc5p,
a homologue of polo in Drosophila and PIk-1 in vertebrate cells, is degraded in an
APC-dependent manner (M. Shirayama and K. Nasmyth, personal communica-
tion). Several microtubule-binding proteins (MAPs) are degraded at the end of
mitosis, including CENP-E in mammalian cells (Brown et al., 1994) and Aselp in
budding yeast (Pellman et al., 1995). Degradation of Aselp requires both CDC23
function and a sequence element in the Aselp C-terminus that resembles the cyclin
B3 D box, indicating that it is a substrate of the APC pathway (Juang et al., 1997).
Overexpression of a nondegradable Aselp mutant in telophase delays exit from
mitosis, whereas overexpression in G1 arrests cells at G2/M. This arrest is depen-
dent on MAD?2, a gene essential for the spindle assembly checkpoint, suggesting
that expression of Aselp in G1 leads to formation of an abnormal mitotic spindle.
Degradation of Aselp and perhaps other MAPs may therefore prevent premature
binding of MAPs to microtubules during G1 and also facilitate spindle disassem-
bly at the end of mitosis.

Yet another APC substrate, called geminin, has been identified in Xenopus
based on its instability in mitotic egg extracts (T. McGarry and M. Kirschner,
personal communication). Geminin contains a D box that is required for its
mitosis-specific ubiquitination and degradation. Xenopus embryos microinjected
with a D box mutant develop into cellularized embryos that lack nuclei, suggest-
ing that the degradation of geminin may be involved in some aspect of nuclear
division, such as DNA replication or chromosome segregation.

To date, all known substrates of APC contain a D box and are degraded in
mitosis and G1. However, given the multisubunit nature of APC, it is conceivable
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Table V
Substrates of the APC Ubiquitination Pathway
APC-dependent APC-dependent
Protein degradation in vivo?  ubiquitination in vitro? References
B-type cyclins

X. laevis B1 and B2 —a Yes Yu et al. (1996)

A. punctulata B —a Yes Peters et al. (1996),
King et al. (1995),
Sudakin et al.
(1995)

S. cerevisiae Clb2p Yes Yes Zachariae and
Nasmyth (1996),
Irniger et al.
(1995)

S. cerevisiae Clb3p Yes Not tested S. Irniger and K.
Nasmyth (personal
communication)

S. cerevisiae ClbSp Yes Not tested S. Irniger and K.
Nasmyth (personal
communication)

A-type cyclins
S. solidissima A — Yes Sudakin et al. (1995)
Other APC substrates

X. laevis Geminin Not tested Yes T. McGarry, J.-M.
Peters, and M.
Kirschner
(unpublished
results)

S. cerevisiae Pdslp Yes Yes Cohen-Fix et al.
(1996)

S. pombe Cut2 Yes Not tested Funabiki et al. (1996)

S. cerevisiae Aselp Yes Yes Juang et al. (1997),
J.-M. Peters and D.
Pellman
(unpublished
results)

S. cerevisiae Cdc5p Yes Not tested M. Shirayama and K.
Nasmyth (personal
communication)

“Degradation of A- and B-type cyclins in vivo has been observed in higher eukaryotes (e.g., Evans er al., 1983; Hunt
et al., 1992), but APC dependence in vivo has not been demonstrated.
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that the complex has additional substrates that could be recognized through
different substrate binding sites, perhaps allowing ubiquitination at other points in
the cell cycle. This speculation arises from three reports in the literature that
cannot be easily explained by the known mitotic function of APC. First, cdcl6 and
cdc27 mutants of budding yeast have been reported to overreplicate their DNA,
suggesting that APC function may be required to restrict DNA replication to once
per cell cycle (Heichman and Roberts, 1996). In another study it has been reported,
however, that most of the DNA synthesis that occurs in APC mutants is the result
of replication of mitochondrial DNA (Pichler ez al., 1997). Second, Aspergillus
bimE mutants can override the interphase arrest induced by certain drugs and
mutations (Ye et al., 1996; James et al., 1995; Osmani ef al., 1991), suggesting that
in these cells APC may normally restrain entry into mitosis. Third, fission yeast
cells that contain a mutated version of the APC subunit Cut4 are hypersensitive to
heavy metals (Yamashita et al., 1996). This suggests that APC may be required for
the ubiquitin-dependent degradation of misfolded proteins that are induced by
heavy metal treatment. However, this phenotype is not shared by other fission
yeast APC mutants such as cut9 or nuc2. It is important to note that in all three
cases it remains unclear whether the observed phenotypes can be attributed to
novel interphase functions of APC, or whether they result indirectly from inter-
ference with the mitotic ubiquitination activity of the complex.

3.4. Regulation of APC-Dependent Ubiquitination
3.4.1. Mitotic Regulation of the APC Pathway

Mitotic cyclin stability could in principle be regulated at the substrate level,
as is the case for substrates of the CDC34 pathway, or through the periodic
activation of components of the APC pathway. Unlike the Gl cyclins or Siclp,
there is no evidence that phosphorylation of mitotic cyclins targets these proteins
for degradation during mitosis (Li et al., 1995; Izumi and Maller, 1991). Instead,
the activity of the mitotic cyclin ubiquitination system is regulated. Regulation of
this pathway is apparently achieved by modulating the intrinsic activity of
cyclosome/APC. Whereas UBC4 and UBCx/E2-C are equally active during inter-
phase and mitosis, the cyclosome/APC is at least fivefold more active during
mitosis (King et al., 1995; Sudakin er al., 1995). Curiously, purified interphase
APC consistently exhibits a low level of cyclin ubiquitination activity, whereas
little or no mitotic cyclin ubiquitination occurs in crude interphase extracts (Peters
et al., 1996). Suppression of this basal activity to the low levels seen in crude
interphase extracts is related to the presence of inhibitors that are removed during
purification of APC (J.-M. Peters and M. W. Kirschner, unpublished results).
Posttranslational modification of APC during mitosis could render the complex
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insensitive to such an inhibitor, enabling the complex to be fully active in mitotic
extracts.

Biochemical experiments in clam and Xenopus suggest that phosphorylation
of the cyclosome/APC plays an important role in its activation during mitosis. At
least four subunits of Xenopus APC become phosphorylated in mitosis (Peters et
al., 1996), and partially purified clam cyclosome and affinity-purified APC are
inhibited by incubation with protein phosphatases (Peters er al., 1996; Lahav-
Baratz et al., 1995). Although the kinase(s) that phosphorylate APC in mitosis are
unknown, purified CDC2-cyclin B kinase, which can activate cyclin degradation
when added to crude interphase extracts (FElix ez al., 1990), can partially activate
interphase (Sudakin et al., 1995) or phosphatase-treated forms of the clam cyclo-
some (Lahav-Baratz et al., 1995) and interphase Xenopus APC (J.-M. Peters, P. T.
Stukenberg, and M. W. Kirschner, unpublished data). However, CDC?2 kinase is
activated early in mitosis, well before B-type cyclins become unstable. In vitro
experiments indicate that CDC2 kinase activates cyclosome fractions with a lag
period that may account for the delayed activation of cyclin B destruction ob-
served in vivo (Sudakin et al., 1995). Alternatively, additional kinases that regulate
APC activity may become activated later in mitosis. One candidate is protein
kinase A, which is activated following CDC2 kinase, and whose activity is
essential for cyclin degradation in Xenopus extracts (Grieco et al., 1996). Mitotic
APC is recognized by the MPM-2 monoclonal antibody (King er al., 1995), which
reacts with a subset of mitotic phosphoproteins (Davis er al., 1983), indicating that
APC may be phosphorylated by the recently identified MPM-2 epitope kinase
PLX-1 (Kumagai and Dunphy, 1996; Kuang and Ashorn, 1993).

Although CDC2-cyclin B kinase is a well-established activator of the cyclin
degradation system, the ability of cyclin A to activate the degradation machinery
is somewhat controversial. Initial reports demonstrated that cyclin A is incapable
of activating the degradation machinery, despite the fact that it could activate
histone-H1 kinase activity when added to interphase extracts (Grieco et al., 1996;
Lorca et al., 1992b; Luca et al., 1991). However, a recent study demonstrated that
cyclin A, when added at higher concentrations sufficient to activate nuclear
envelope breakdown, could also initiate both cyclin A and cyclin B degradation
(Jones and Smythe, 1996). Whether cyclin A plays a physiological role in activat-
ing the destruction system remains to be determined.

Dephosphorylation has also been discussed as a possible mechanism for
activating mitotic cyclin proteolysis (Ishii er al., 1996). Protein phosphatase-1
(PP1) activity is essential for the metaphase—anaphase transition in fungi (Hisa-
moto ef al., 1994; Doonan and Morris, 1989; Ohkura er al., 1989), Drosophila
(Axton ef al., 1990), and mammalian cells (Ghosh and Paweletz, 1992). A multi-
copy suppressor of fission yeast PP1 mutants, sds22+, is also required for sister
chromatid segregation (Ohkura and Yanagida, 1991), whereas another suppressor,
sds23+, can also suppress mutations in APC subunits (Ishii ez al., 1996). How-
ever, it is not known whether PP1 directly regulates APC, or whether mutation of
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PP1 stabilizes mitotic cyclins and inhibits anaphase indirectly through activa-
tion of the spindle assembly checkpoint.

Another potential regulator of cyclin proteolysis is the budding yeast gene
CDC20 (Hartwell et al., 1973). Although Cdc20p activity is not essential for
cyclin ubiquitination in extracts of Gl-arrested cells (Zachariae and Nasmyth,
1996), cdc20 mutants arrest prior to anaphase (Sethi ef al., 1991). Mutation of a
related gene in Drosophila, fizzy, produces a similar arrest and stabilizes both A-
and B-type cyclins (Dawson et al., 1995, 1993; Sigrist et al., 1995). Recent data
suggest that CDC20/fizzy are substrate specific activators of the APC pathway (see
Note Added in Proof).

Genetic studies in budding yeast suggest that additional mechanisms may
regulate mitotic cyclin stability. In this organism the proteins CdcSp, CdclSp,
Cdcldp, Ltelp, Dbf2p/Dbf20p, Raslp/Ras2p/Rsrlp, Spol2p, and Temlp are re-
quired for exit from mitosis and the complete degradation of mitotic cyclins but
not for the initiation of anaphase (Shirayama et al., 1996, 1994a,b; Morishita et al.,
1995; Toyn and Johnston et al., 1994, 1993; Kitada et al., 1993; Surana et al., 1993;
Johnston et al., 1990). The molecular functions of these proteins can be inferred
from their sequences that show similarities with either protein kinases (Cdc5p,
Cdcl5p, Dbf2p/Dbf20p), protein phosphatases (Cdcl4p), GTPases (Raslp/Ras2p/
Rsrlp, Temlp), or guanine nucleotide release factors (Ltelp), suggesting that these
proteins may be components of a signaling pathway that somehow regulates
Clb2p stability.

The findings that these proteins are required for Clb2p proteolysis but not for
chromosome segregation suggest that the degradation of various APC substrates
may be differentially regulated, perhaps at the level of substrate recognition.
Further support for this hypothesis comes from studies of the CDK inhibitor Siclp
(Mendenhall, 1993), which, when overexpressed, is sufficient to induce Clb2p
proteolysis in cdclS mutants or in cells arrested in nocodazole (Amon, 1997).
Siclp is expressed late in mitosis, when B-type cyclins become unstable, and its
expression is dependent on Dbf2p and Cdcl4p (Donovan ef al., 1994). Siclp may
serve as a targeting factor to direct cyclin B for ubiquitination by APC; alter-
natively, it has been proposed that CDC2-cyclin B activity negatively regulates
APC in metaphase, and that Siclp induces cyclin proteolysis by inactivating the
kinase (Amon, 1997). However, if this is a universal mechanism for regulating
cyclin stability, it would not explain why the cyclin B degradation system remains
activated in Xenopus extracts containing nondegradable cyclin B and conse-
quently high levels of CDC2 kinase activity (Glotzer et al., 1991). Furthermore,
although cells deleted for SIC! show a delay in exiting mitosis, they are neverthe-
less viable (Donovan et al., 1994), suggesting that Siclp-independent mechanisms
for turning on cyclin proteolysis must exist.

Following exit from mitosis, the cyclin degradation machinery must be
inactivated to allow the accumulation of new cyclins for the next mitosis. In the
budding yeast cell cycle, the mitotic cyclin degradation system remains active
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through early GI until G1 cyclin/Cdc28p kinase activity appears (Amon et al.,
1994). This suggests a simple model for maintaining the orderly progression of
cell cycle phases in yeast: Mitotic cyclins cannot accumulate and thus mitosis
cannot occur until the GI-Cdc28p kinase switches off the mitotic cyclin degrada-
tion system. It has been observed that the ability of G1 kinases to inhibit mitotic
cyclin degradation remains reversible until the CDC4-dependent step (Schwob et
al., 1996, Amon et al., 1994), suggesting that inactivation of APC may occur in
two distinct steps. Recent experiments with extracts prepared from synchronized
mammalian cells indicate that mitotic cyclins are also degraded during the Gl
phase of higher eukaryotic somatic cells (Brandeis and Hunt, 1996). It will be
interesting to determine whether CDKs that are active at the end of Gl are required
for the inactivation of the cyclin degradation in metazoans. Experiments in
Drosophila suggest that this may be the case because expression of cyclin E is
necessary for the accumulation of mitotic cyclins (Knoblich et al., 1994). Al-
though Gl-cyclin-dependent kinases may play a universal role in extinguishing
cyclin proteolysis, the mechanisms through which these kinases inactivate cyclin
degradation remain obscure.

3.4.2. Additional Mechanisms that Regulate APC-Dependent
Ubiquitination

The spindle assembly checkpoint is a control mechanism that delays ana-
phase until every chromosome has become properly attached to the spindle, thus
ensuring accurate segregation of sister chromatids (for a review, see Rudner and
Murray, 1996). This mechanism is also activated by microtubule-depolymerizing
or stabilizing agents such as nocodazole and taxol. Elegant micromanipulation
experiments in grasshopper spermatocytes suggest that unequal tension across the
meiotic spindle can generate an anaphase-inhibiting signal (Li and Nicklas, 1995).
This signal may originate from the kinetochore of misattached sister chromatids
where phosphoepitopes have been observed that disappear as soon as chromo-
somes become properly linked to the spindle (Nicklas et al., 1995). Genetic studies
in budding yeast have identified several proteins that are required for the spindle
assembly checkpoint (Hoyt ef al., 1991; Li and Murray, 1991). Reconstitution of
spindle assembly checkpoint conditions in Xenopus extracts has shown that the
checkpoint-induced inhibition of mitotic cyclin proteolysis depends on the activa-
tion of MAP kinases (Minshull et al., 1994). The next crucial step 1s to learn how
the components of the spindle assembly checkpoint stabilize substrates of the
APC-dependent ubiquitination system, such as Cut2, Pdslp, and the mitotic
cyclins. Whether stabilization is achieved through inhibition of APC or through
protection of its substrates is unknown.

Anaphase is also inhibited physiologically during the meiotic maturation of
vertebrate eggs (for a review, see Sagata, 1996). Cell cycle arrest occurs at
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metaphase of meiosis II, and is overcome by the calcium influx into the ooplasm
induced by fertilization. Metaphase-arrested eggs contain high levels of CDC2
kinase activity and mitotic cyclins, but do not enter anaphase because of the
activity of cytostatic factor (CSF), a component of which is the protein kinase
c-mos (Sagata et al., 1989). CSF must somehow inhibit APC-dependent proteo-
lysis. The CSF-induced arrest may depend on mechanisms similar to those acti-
vated by the spindle assembly checkpoint because activated MAP kinase is
required in both systems (reviewed in Sagata, 1996). Interestingly, APC is active
when purified from metaphase-II arrested extracts (R. W. King, J.-M. Peters, and
M. W. Kirschner, unpublished data), suggesting that additional meiotic factors
either block active APC, or protect its substrates from ubiquitination.

4. PERSPECTIVES

The recent dissection of the CDC34 and APC pathways has changed our
understanding of how cell cycle progression is controlled. Although protein
phosphorylation was initially thought to be the major mechanism by which cell
division was regulated, it is now clear that proteolysis is an integral part of the cell
cycle control machinery (King et al., 1996a, 1994; Nasmyth, 1996a,b; Deshaies,
1995a).

Although the existence of the CDC34 and the APC pathways and their
physiological importance is becoming widely recognized, many questions remain
unanswered. For example, our present inventory of known CDC34 pathway
components may not be complete, and our understanding of how this pathway
functions in higher eukaryotes is rudimentary. There may also be yet unidentified
components in the APC pathway. Even though the minimal set of proteins that is
required for the reconstitution of APC-dependent ubiquitination reactions is
known, little is known about the factors that turn APC on and off during the cell
cycle. In both pathways, the mechanisms of substrate recognition and ubiquitina-
tion remain poorly understood and may be different from the mechanisms pro-
posed for other ubiquitination reactions, such as the E6-AP-dependent ubiquitina-
tion of p53.

For about a decade mitotic cyclins were the only cell cycle regulators that
were known to be controlled by proteolysis. Within only a few years this has
changed and we now know of several CDK inhibitors, kinases, anaphase inhibi-
tors, and MAPs that are subject to cell cycle-regulated proteolytic control. Pres-
ently there is no reason to believe that the list of APC and Cdc34p substrates is
near completion. Thus, an important goal for the future is to identify new physio-
logical substrates for these pathways, and to assess how their degradation contrib-
utes to cell cycle progression.
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Note Added in Proof

Since this article was written a number of discoveries have been made in the
field of cell cycle-regulated proteolysis. We apologize to those authors whose
recent papers we cannot mention in this added note due to space constraints.

Two recent papers (Feldman et al., 1997; Skowyra et al., 1997) have estab-
lished that Cdc53p, Cdcdp, and Skplp assemble into a ubiquitin ligase complex
(dubbed SCFd for Skplp—Cdc53p or Cullin—-F box receptor subunit) that
interacts with Cdc34p to catalyze ubiquitination of phosphorylated Siclp.
Phospho-Siclp binds selectively to Cdcdp/Skplp, which in turn bind to Cdc53p
and Cdc34p. Intriguingly, the Cdcdp subunit of SCFC44 can be replaced by the
F-box protein Grrlp. SCFC! complexes bind tightly to phospho-Cln2p, but not
phospho-Siclp, suggesting that the substrate specificity of SCF complexes is
dictated by the identity of the F-box subunit. Similar ubiquitin ligase complexes
appear to be present in human cells, since human SKP1, CULI, and SKP2 proteins
assemble into complexes in vivo and in vitro, and human CULI associates with
ubiquitin-conjugating activity in HeLa cell extracts (Lisztwan et al., 1998, EMBO
J. 17:368-383; Lyapina ef al., submitted).

The cloning of the human APC subunits APC2, APC4, APC5, APC7 and
APC8 (CDC23) has been completed (Yu et al., 1998, Science, in press). Homologs
of APC2, APC4 and APC5 and three additional subunits of low molecular mass
(Apc9p, ApclOp/Doclp, Apcllp) have been identified in budding yeast (Zachariae
et al., 1998, Science, in press; Kramer et al., 1998, EMBO J. 17:498-450; Hwang
and Murray, 1997, Mol. Biol. Cell 8:1877-1887).

Genetic experiments in budding yeast and flies have recently identified two
related WD40 repeat proteins as essential components of the APC pathway. In
yeast Cdc20p is required for the degradation of Pdslp and ClbSp, whereas Hetlp/
Cdhlp is essential for Clb2p and Aselp proteolysis (Schwab et al., 1997, Cell
90:683—-693; Visintin er al., Science 278:460-463, 1997). In flies fizzy and fizzy-
related may perform similar functions (Sigrist and Lehner, 1997, Cell 90:671—
681). Overexpression studies indicate that these WD40 proteins may be substrate
specific activators of APC.

5. REFERENCES

Amon, A., 1997, Regulation of B-type cyclin proteolysis by Cdc28-associated kinases in budding
yeast, EMBO J. 16:2693-2702.

Amon, A., Irniger, S., and Nasmyth, K., 1994, Closing the cell cycle circle in yeast: G2 cyclin
proteolysis initiated at mitosis persists until the activation of G1 cyclins in the next cycle, Cell
77:1037-1050.

Arion, D., Meijer, L., Brizuela, L., and Beach, D., 1988, cdc2 is a component of the M phase-specific
histone HI kinase: Evidence for identity with MPF, Cell 55: 371-378.




12. Celi Cycle Control L] 379

Aristarkhov, A,, Eytan, E., Moghe, A., Admon, A., Hershko, A., and Ruderman, J. V., 1996, E2-C, a
cyclin selective ubiquitin carrier protein required for the destruction of mitotic cyclins, Proc.
Natl. Acad. Sci. USA 93:4294-4299.

Axton, J. M., Dombradi, V., Cohen, P. T., and Glover, D. M., 1990, One of the protein phosphatase 1
isoenzymes in Drosophilu is essential for mitosis, Cell 63:33-46.

Bai, C., Sen, P, Hofmann, K., Ma, L., Goebl, M., Harper, J. W., and Elledge, S. 1., 1996, SKP1 connects
cell cycle regulators to the ubiquitin proteolysis machinery through a novel motif, the F-box, Cel!
86:263-274.

Barral, Y., Jentsch, S., Mann, C., Coats, S., Flanagan, W. M., Nourse, J., Roberts, J. M., Cross, F. R,
and Blake, C. M., 1995, G1 cyclin turnover and nutrient uptake are controlled by a common path-
way in yeast, Genes Dev. 9:399-409.

Basi, G., and Draetta, G., 1995, p13%¢! of Schizosaccharomyces pombe regulates two distinct forms
of the mitotic Cdc2 kinase, Mol. Cell. Biol. 15:2028-2036.

Blondel, M., and Mann, C., 1996, G2 cyclins are required for the degradation of G1 cyclins in yeast,
Nature 384:279-282.

Brandeis, M., and Hunt, T., 1996, The proteolysis of mitotic cyclins in mammalian cells persists from
the end of mitosis until the onset of S phase, EMBO J. 15:5280-5289.

Brinkmann, U., Brinkmann, E., Gallo, M., and Pastan, 1., 1995, Cloning and characterization of a
cellular apoptosis susceptibility gene, the human homologue to the yeast chromosome segrega-
tion gene CSEl, Proc. Natl. Acad. Sci. USA 92:10427-10431.

Brown, K. D., Coulson, R. M., Yen, T. J., and Cleveland, D. W., 1994, Cyclin-like accumulation and
loss of the putative kinetochore motor CENP-E results from coupling continuous synthesis with
specific degradation at the end of mitosis, J. Cell Biol. 125:1303-1312.

Cho, J. W., and Sauer, H. W., 1994, A non-cycling mitotic cyclin in the naturally synchronous cell cycle
of Physarum polycephalum Eur. J. Cell Biol. 65: 94—102.

Clurman, B., Sheaff, R. J., Thress, K., Groudine, M., and Roberts, J. M., 1996, Turnover of cyclin E by
the ubiquitin-proteasome pathway is regulated by cdk2 binding and cyclin phosphorylation,
Genes Dev. 10:1979-1990.

Coats, S., Flanagan, W. M., Nourse, J., and Roberts, J. M., 1996, Requirement of p27Kipl for restric-
tion point control of the fibroblast cell cycle, Science 272:877—880.

Cohen-Fix, O., Peters, J.-M., Kirschner, M. W., and Koshland, D., 1996, Anaphase initiation in
Saccharomyces cerevisiae is controlled by the APC-dependent degradation of the anaphase
inhibitor, Pdslp, Genes Dev. 10:3077-3080.

Connelly, C., and Hieter, P., 1996, SKP1 is an evolutionarily conserved kinetochore protein required
for cell cycle progression, Cell 86:275-285.

Cross, F. R., and Blake, C. M., 1993, The yeast CIn3 protein is an unstable activator of Cdc28, Mol.
Cell. Biol. 13:3266-3271.

D’Andrea, R. J., Stratmann, R., Lehner, C. F,, John, U. P, and Saint, R., 1993, The three rows gene of
Drosophila melanogaster encodes a novel protein that is required for chromosome disjunction
during mitosis, Mol. Biol. Cell 4:1161-1174.

Davis, F. M., Tsao, T. Y., Fowler, S. K., and Rao, P. N., 1983, Monoclonal antibodies to mitotic cells,
Proc. Natl. Acad. Sci. USA 80:2926-2930.

Dawson, L. A., Roth, S., Akam, M., and Artavanis, T. S., 1993, Mutations of the fizzy locus cause
metaphase arrest in Drosophila melanogaster embryos, Development 117:359-376.

Dawson, . A., Roth, S., and Artavanis, T. S., 1995, The Drosophila cell cycle gene fizzy is required for
normal degradation of cyclins A and B during mitosis and has homology to the CDC20 gene of
Saccharomyces cerevisiae, J. Cell Biol. 129:725-737.

Deshaies, R. ., 1995a, The self-destructive personality of a cell cycle in transition, Curr. Opin. Cell
Biol. T:781-789.

Deshaies, R. J., 1995b, Make it or break it: The role of ubiquitin-dependent proteolysis in cellular
regulation, Trends Cell Biol. 5:428—-434.




380 [ Jan-Michael Peters et al.

Deshaies, R. J., Chau, V., and Kirschner, M., 1995, Ubiquitination of the G1 cyclin Cln2p by a Cdc34p-
dependent pathway, EMBO J. 14:303-312.

Dirick, L., Bohm, T., and Nasmyth, K., 1995, Roles and regulation of Cln-Cdc28 kinases at the start of
the cell cycle of Saccharomyces cerevisiaze, EMBO J. 14:4803-4813.

Donovan, J. D., Toyn, . H., Johnson, A. L., and Johnston, L. H., 1994, P40SDB25, a putative CDK
inhibitor, has arole in the M/G1 transition in Saccharomyces cerevisiae, Genes Dev. 8:1640-1653.

Doonan, J. H., and Morris, N. R., 1989, The bimG gene of Aspergillus nidulans, required for
completion of anaphase, encodes a homolog of mammalian phosphoprotein phosphatase-1, Cell
57:987-996.

Dunphy, W. G., Brizuela, L., Beach, D., and Newport, J., 1988, The Xenopus cdc2 protein is a
component of MPF, a cytoplasmic regulator of mitosis, Cell 54:423-431.

Edgar, B. A., Sprenger, F., Duronio, R. J., Leopold, P., and O’Farrell, P. H., 1994, Distinct molecular
mechanisms regulate cell cycle timing at successive stages of Drosophila embryogenesis, Genes
Dev. 8:440-452.

Engle, D. B, Osmani, S. A, Osmani, A. H., Rosborough, S., Xin, X. N., and Morris, N. R., 1990, A
negative regulator of mitosis in Aspergillus is a putative membrane-spanning protein, J. Biol.
Chem. 265:16132-16137.

Evans, T., Rosenthal, E. T., Youngblom, J., Distel, D., and Hunt, T., 1983, Cyclin: A protein specified
by maternal mRNA in sea urchin eggs that is destroyed at each cleavage division, Cell 33:
389-396.

Feldman, R. M. R,, Correll, C. C., Kaplan, K. B., and Deshaies, R. I., 1997, A complex of Cdc4p,
Skplp, and Cdc53p/cullin catalyzes ubiquitination of the phosphorylated CDK inhibitor Siclp,
Cell 91:221-230.

Félix, M. A., Labbé, J. C., Dorée, M., Hunt, T., and Karsenti, E., 1990, Triggering of cyclin degradation
in interphase extracts of amphibian eggs by cdc2 kinase, Nature 346:379-382.

Friedman, H., and Snyder, M., 1994, Mutations in PRGI, a yeast proteasome-related gene, cause
defects in nuclear division and are suppressed by deletion of a mitotic cyclin gene, Proc. Natl.
Acad. Sci. USA 91:2031-2035.

Funabiki, H., Yamano, H., Kumada, K., Nagao, K., Hunt, T, and Yanagida, M., 1996, Cut2 proteolysis
required for sister-chromatic separation in fission yeast, Nature 381:438—441.

Gallant, P, and Nigg, E. A., 1992, Cyclin B2 undergoes cell cycle-dependent nuclear translocation and,
when expressed as a non-destructible mutant, causes mitotic arrest in HeLa cells, J. Cell Biol.
117:213-224.

Ghiara, J. B., Richardson, H. E., Sugimoto, K., Henze, M., Lew, D. J., Wittenberg, C., and Reed, S. L.,
1991, A cyclin B homolog in S. cerevisiae: Chronic activation of the Cdc28 protein kinase by
cyclin prevents exit from mitosis, Cell 65:163-174.

Ghislain, M., Udvardy, A., and Mann, C., 1993, S. cerevisiae 26S protease mutants arrest cell division
in G2/metaphase, Nature 366:358-362.

Ghosh, S., and Paweletz, N., 1992, Okadaic acid inhibits sister chromatid separation in mammalian
cells, Exp. Cell Res. 200:215-217.

Glotzer, M., Murray, A. W., and Kirschner, M. W., 1991, Cyclin is degraded by the ubiquitin pathway,
Nature 349:132-138.

Goebl, M. G., Yochem, J., Jentsch, S., McGrath, J. P., Varshavsky, A., and Byers, B., 1988, The yeast
cell cycle gene CDC34 encodes a ubiquitin-conjugating enzyme, Science 241:1331-1335.
Goebl, M. G., Goetsch, L., and Byers, B., 1994, The Ubc3 (Cdc34) ubiquitin-conjugating enzyme is

ubiquitinated and phosphorylated in vivo, Mol. Cell. Biol. 14:3022-3029.

Gordon, C., McGurk, G., Dillon, P.,, Rosen, C., and Hastie, N. D., 1993, Defective mitosis due to a
mutation in the gene for a fission yeast 26S protease subunit, Nature 366:355-357.

Gordon, C., McGurk, G., Wallace, M., and Hastie, N. D., 1996, A conditional lethal mutant in the
fission yeast 26 S proteasome mts3+ is defective in metaphase to anaphase transition, J. Biol.
Chem. 271:5704-5711.




12. Cell Cycle Control ] 381

Grieco, D., Porcellini, A., Avvedimento, E. V., and Gottesman, M. E., 1996, Requirement for cAMP-
PKA pathway activation by M phase-promoting factor in the transition from mitosis to interphase,
Science 271:1718-1723.

Hartwell, L. H., Mortimer, R. K., Culotti, J., and Culotti, M., 1973, Genetic control of the cell division
cycle in yeast. V. Genetic analysis of cdc mutants, Genetics 74:267-286.

Hateboer, G., Kerkhoven, R. M., Shvarts, A., Bernards, R., and Beijersbergen, R. L., 1996, Degrada-
tion of E2F by the ubiquitin-proteasome pathway: Regulation by retinoblastoma family proteins
and adenovirus transforming proteins, Genes Dev. 10:2960-2970.

Heichman, K. A., and Roberts, J. M., 1996, The yeast CDC16 and CDC27 genes restrict DNA
replication to once per cell cycle, Cell 85:39-48.

Henchoz, S., Chi, Y., Catarin, B., Hershkowitz, 1., Deshaies, R. I, and Peter, M., 1997, Phosphorylation
and ubiquitin-dependent degradation of the cyclin-dependent kinase inhibitor Farlp in budding
yeast. Genes Dev. 11:3046-3060.

Hershko, A., Heller, H., Elias, S., and Ciechanover, A., 1983, Components of ubiquitin-protein ligase
system. Resolution, affinity purification, and role in protein breakdown, J. Biol. Chem. 258:8206—
8214.

Hershko, A., Ganoth, D., Pehrson, D., Palazzo, R., and Cohen, L. H., 1991, Methylated ubiquitin
inhibits cyclin degradation in clam embryo extracts, J. Biol. Chem. 266:16376-16379.

Hershko, A., Ganoth, D., Sudakin, V., Dahan, A., Cohen, L. H., Luca, E C., Ruderman, J. V., and
Eytan, E., 1994, Components of a system that ligates cyclin to ubiquitin and their regulation by the
protein kinase cdc2, J. Biol. Chem. 269:4940-4946.

Hirano, T., Hiraoka, Y., and Yanagida, M., 1988, A temperature-sensitive mutation of the Schizosac-
charomyces pombe gene nuc2+ that encodes a nuclear scaffold-like protein blocks spindle
elongation in mitotic anaphase, J. Cell Biol. 106:1171-1183.

Hirano, T., Kinoshita, N., Morikawa, K., and Yanagida, M., 1990, Snap helix with knob and hole:
Essential repeats in S. pombe nuclear protein nuc2+, Cell 60:319-328.

Hisamoto, N., Sugimoto, K., and Matsumoto, K., 1994, The Glc7 type 1 protein phosphatase of
Saccharomyces cerevisiae is required for cell cycle progression in G2/M, Mol. Cell. Biol. 14:
3158--3165.

Hofmann, F.,, Martelli, F., Livingston, D. M., and Wang, Z., 1996, The retinoblastoma gene product
protects E2F-1 from degradation by the ubiquitin-proteasome pathway, Genes Dev. 10:2949—
2959.

Holloway, S. L., Glotzer, A., King, R., and Murray, A. W., 1993, Anaphase is initiated by proteolysis
rather than by the inactivation of maturation-promoting factor, Cell 73:1393-1402.

Hoyt, M. A., Totis, L., and Roberts, B. T., 1991, S. cerevisiae genes required for cell cycle arrest in
response to loss of microtubule function, Cell 66:507-517.

Hunt, T., Luca, E C., and Ruderman, J. V., 1992, The requirements for protein synthesis and
degradation, and the control of destruction of cyclins A and B in the meiotic and mitotic cell
cycles of the clam embryo, J. Cell Biol. 116:707-724.

Irniger, S., Piatti, S., Michaelis, C., and Nasmyth, K., 1995, Genes involved in sister chromatid
separation are needed for B-type cyclin proteolysis in budding yeast, Cell 81:269-278.

Ishii, K., Kumada, K., Toda, T., and Yanagida, M., 1996, Requirement for PP1 phosphatase and 20S
cyclosome/APC for the onset of anaphase is lessened by the dosage increase of a novel gene
sds23+, EMBO J. 15:6629-6640.

Izumi, T., and Maller, J. L., 1991, Phosphorylation of Xenopus cyclins Bl and B2 is not required for cell
cycle transitions, Mol. Cell. Biol. 11:3860-3867.

James, S. W., Mirabito, P. M., Scacheri, P. C., and Morris, N. R., 1995, The Aspergillus nidulans bimE
(blocked-in-mitosis) gene encodes multiple cell cycle functions involved in mitotic checkpoint
control and mitosis, J. Cell Sci. 108:3485-3499.

Johnson, S. L., 1991, Structure and function analysis of the yeast CDC4 gene product, Ph.D disserta-
tion, University of Washington.




382 [ Jan-Michael Peters et al.

Johnston, L. H., Eberly, S. L., Chapman, J. W., Araki, H., and Sugino, A., 1990, The product of the
Saccharomyces cerevisiae cell cycle gene DBF2 has homology with protein kinases and is
periodically expressed in the cell cycle, Mol. Cell. Biol. 10:1358-1366.

Jones, C., and Smythe, C., 1996, Activation of the Xenopus cyclin degradation machinery by full-
length cyclin A, J. Cell Sci. 109:1071-1079.

Juang, Y.-L., Huang, J., Peters, J.-M., McLaughlin, M. E., Tai, C.-Y., and Pellman, D., 1997, APC-
mediated proteolysis of Asel and the morphogenesis of the mitotic spindle, Science 275:1311—
1314.

King, R. W., Jackson, P. K., and Kirschner, M. W., 1994, Mitosis in transition, Cell 79:563-571.

King, R. W., Peters, J.-M., Tugendreich, S., Rolfe, M., Hieter, P., and Kirschner, M. W., 1995, A 208
complex containing CDC27 and CDC16 catalyzes the mitosis-specific conjugation of ubiquitin to
cyclin B, Cell 81:279-288.

King, R. W., Deshaies, R. I., Peters, J.-M., and Kirschner, M. W., 1996a, How proteolysis drives the
cell cycle, Science 274:1652-1659.

King, R. W., Glotzer, M., and Kirschner, M. W., 1996b, Mutagenic analysis of the destruction signal of
mitotic cyclins and structural characterization of ubiquitinated intermediates, Mol. Biol. Cell
7:1343-1357.

Kipreos, E. T., Lander, L. E., Wing, I. P, He, W. W., and Hedgecock, E. M., 1996, cul-1 is required for
cell cycle exit in C. elegans and identifies a novel gene family, Cell 85:1-20.

Kitada, K., Johnson, A. L., Johnston, L. H., and Sugino, A., 1993, A multicopy suppressor gene of the
Saccharomyces cerevisiae Gl cell cycle mutant gene dbf4 encodes a protein kinase and is
identified as CDCS5, Mol. Cell. Biol. 13:4445-4457.

Klotzbiicher, A., Stewart, E., Harrison, D., and Hunt, T., 1996, The ‘destruction box’ of cyclin A allows
B-type cyclins to be ubiquitinated, but not efficiently destroyed, EMBO J. 15:3053-3064.
Knoblich, J. A., Sauer, K., Jones, L., Richardson, H., Saint, R., and Lehner, C. F,, 1994, Cyclin E
controls S phase progression and its down-regulation during Drosophila embryogenesis is

required for the arrest of cell proliferation, Cell 77:107-120.

Kobayashi, H., Stewart, E., Poon, R., Adamczewski, J. P, Gannon, J., and Hunt, T., 1992, Identification
of the domains in cyclin A required for binding to, and activation of, p34cdc2 and p32cdk2
protein kinase subunits, Mol. Biol. Cell 3:1279-1294.

Kornitzer, D., Raboy, B., Kulka, R. G., and Fink, G. R., 1994, Regulated degradation of the transcrip-
tion factor Gend, EMBO J. 13:6021-6030.

Kuang, J., and Ashorn, C. L., 1993, At least two kinases phosphorylate the MPM-2 epitope during
Xenopus oocyte maturation, J. Cell Biol. 123:859-868.

Kumagai, A., and Dunphy, W. G., 1996, Purification and molecular cloning of Plxl, a Cdc25-
regulatory kinase from Xenopus egg extracts, Science 273:1377-1380.

Labbé, J. C., Capony, J. P., Caput, D., Cavadore, J. C., Derancourt, J., Kaghad, M., Lelias, J. M., Picard,
A., and Dorée, M., 1989, MPF from starfish oocytes at first meiotic metaphase is a heterodimer
containing one molecule of cdc2 and one molecule of cyclin B, EMBO J. 8:3053-3058.

Lahav-Baratz, S., Sudakin, V., Ruderman, J. V., and Hershko, A., 1995, Reversible phosphorylation
controls the activity of cyclosome-associated cyclin-ubiquitin ligase, Proc. Natl. Acad. Sci. USA
92:9303-9307.

Lamb, J. R., Michaud, W. A., Sikorski, R. S., and Hieter, P. A., 1994, Cdcl6p, Cde23p and Cdce27p form
a complex essential for mitosis, EMBO J. 13:4321-4328.

Lanker, S., Valdivieso, M. H., and Wittenberg, C., 1996, Rapid degradation of the Gl cyclin Cln2
induced by CDK-dependent phosphorylation, Science 271:1597-1601.

Li, }. K., Meyer, A. N., and Donoghue, D. J., 1995, Requirement for phosphorylation of cyclin Bl for
Xenopus oocyte maturation, Mol. Biol. Cell 9:1111-1124.

Li, R., and Murray, A. W., 1991, Feedback control of mitosis in budding yeast, Cell 66:519—531.

Li, X., and Nicklas, R. B., 1995, Mitotic forces control a cell-cycle checkpoint, Nature 373:630-632.

Lin, W. C., and Desiderio, S., 1993, Regulation of V(D)J recombination activator protein RAG-2 by
phosphorylation, Science 260:953-959.



[

12. Cell Cycle Control L] 383

Lorca, T, Devault, A., Colas, P, Van, L. A., Fesquet, D., Lazaro, J. B., and Doree, M., 1992a, Cyclin
A-Cys41 does not undergo cell cycle-dependent degradation in Xenopus extracts, FEBS Letr. 306:
90-93.

Lorca, T., Labbe, J. C., Devault, A., Fesquet, D., Strausfeld, U., Nilsson, J., Nygren, P.,, Uhlen, M.,
Cavadore, J. C., and Doree, M., 1992b, Cyclin A-cdc2 kinase does not trigger but delays cyclin
degradation in interphase extracts of amphibian eggs, J. Cell Sci. 102:55-62.

Lorca, T., Cruzalegui, F. H., Fesquet, D., Cavadore, J. C., Mery, J., Means, A., and Doree, M., 1993,
Calmodulin-dependent protein kinase IT mediates inactivation of MPF and CSF upon fertilization
of Xenopus eggs, Nature 366:270-273.

Luca, F. C,, Shibuya, E. K., Dohrmann, C. E., and Ruderman, J. V., 1991, Both cyclin A delta 60 and B
delta 97 are stable and arrest cells in M-phase, but only cyclin B delta 97 turns on cyclin destruc-
tion, EMBO J. 10:4311-4320.

Luo, Q., Michaelis, C., and Weeks, G., 1994, Overexpression of a truncated cyclin B gene arrests
Dictvostelium cell division during mitosis, J. Cell Sci. 107:3105-3114.

Mahaffey, D., Yoo, Y., and Rechsteiner, M., 1993, Ubiquitin metabolism in cycling Xenopus egg
extracts, J. Biol. Chem. 268:21205-21211.

Mabhajan, R., Delphin, C., Guan, T., Gerace, L., and Melchior, F., 1997, A small ubiquitin-related
polypeptide involved in targeting RanGAP]I to nuclear pore complex protein RanBP2, Cell 88:
97-107.

Mathias, N., Johnson, S. L., Winey, M., Adams, A. E., Goetsch, L., Pringle, J. R., Byers, B., and Goebl.
M. G., 1996, Cdc53p acts in concert with Cdedp and Cde34p to control the Gl-to-S-phase
transition and identifies a conserved family of proteins, Mol. Cell. Biol. 16:6634-6643.

Matoskova, B., Wong, W. T., Seki, N., Nagase, T., Nomura, N., Robbins, K. C.. and Di Fiore. P. P.
19964, RN-tre identifies a family of tre-related proteins displaying a novel potential protein bind-
ing domain, Oncogene 12:2563-2571.

Matoskova, B., Wong, W. T., Nomura, N.. Robbins, K. C., and Di Fiore, P. P., 1996b. RN-tre
specifically binds to the SH3 domain of eps8 with high affinity and confers growth advantage to
NIH3T3 upon carboxy-terminal truncation, Oncogene 12:2679-2688.

Matsushime, H., Roussel, M. F., Ashmun, R. A., and Sherr. C. J., 1991, Colony-stimulating factor 1
regulates novel cyclins during the GI phase of the cell cycle, Cell 65:701-713.

McKinney, J. D., and Cross, F. R., 1995, Farl and the Gl phase specificity of cell cycle arrest by mating
factor in Saccharomyces cerevisiae, Mol. Cell. Biol. 15:2509-2516.

McKinney, J. D., Chang, F.. Heintz, N., and Cross, F. R., 1993, Negative regulation of FAR] at the start
of the yeast cell cycle, Genes Dev. 7:833-843.

Mendenhall, M. D., 1993, An inhibitor of p34CDC28 protein kinase activity from Saccharomyces
cerevisiae, Science 259: 216-219.

Minshull, J., Sun, H., Tonks, N. K., and Murray. A. W.. 1994. A MAP kinase-dependent spindle
assembly checkpoint in Xenopus egg extracts. Cell 79:475-486.

Moreno, S., Hayles. J., and Nurse, P., 1989, Regulation of p34°d<? protein kinase during mitosis. Cell
58:361-372.

Morgan, D. O., 1995, Principles of CDK regulation. Narure 374:131-134.

Morishita, T., Mitsuzawa, H., Nakafuku, M., Nakamura. S., Hattori. S.. and Anraku. Y.. 1995.
Requirement of Saccharomyces cerevisiae Ras for completion of mitosis. Science 270:1213-1215.

Murray, A. W., Solomon, M. J., and Kirschner. M. W.. 1989. The role of cyclin synthesis and
degradation in the control of maturation promoting factor activity, Nature 339:280-286.

Nakamura, T., Hillova, J., Mariage-Samson. R.. Onno. M.. Huebner. K.. Cannizzaro. L. A., Boghosian-
Sell. L.. Croce, C. M., and Hill, M., 1992, A novel transcriptional unit of the tre oncogene widely
expressed in human cancer cells. Oncogene 7:733-741.

Nasmyth, K., 1993, Control of the yeast cell cycle by the Cdc28 protein kinase. Cur: Opin. Cell Biol.
5:166-179.

Nasmyth, K., 1996a, At the heart of the budding yeast cell cycle. Trends Genet. 12:405-412.

Nasmyth, K., 1996b, Viewpoint: Putting the cell cycle in order. Science 274:1643-1645.




384 [ Jan-Michael Peters et al.

Nicklas, R. B., Ward, S. C., and Gorbsky, G. J., 1995, Kinetochore chemistry is sensitive to tension
and may link mitotic forces to a cell cycle checkpoint, J. Cell Biol. 130:929-939.

Nugroho, T. T., and Mendenhall, M. D., 1994, An inhibitor of yeast cyclin-dependent protein kinase
plays an important role in ensuring the genomic integrity of daughter cells, Mol. Cell. Biol.
14:3320-3328.

O’Donnell, K. L., Osmani, A. H., Osmani, S. A., and Morris, N. R., 1991, BimA encodes a member
of the tetratricopeptide repeat family of proteins and is required for the completion of mitosis in
Aspergillus nidulans, J. Cell Sci. 99:711-719.

Ohbkura, H., and Yanagida, M., 1991, S. pombe gene sds22+ essential for a midmitotic transition
encodes a leucine-rich repeat protein that positively modulates protein phosphatase-1, Cell 64:
149-157.

Ohkura, H., Kinoshita, N., Miyatani, S., Toda, T., and Yanagida, M., 1989, The fission yeast dis2+
gene required for chromosome disjoining encodes one of two putative type 1 protein phospha-
tases, Cell 57:997-1007.

Osaka, F, Seino, H., Seno, T., and Yamao, F., 1997, A ubiquitin-conjugating enzyme in fission yeast
that is essential for the onset of anaphase in mitosis, Mol. Cell. Biol. 17:3388-3397.

Osmani, A. H., O’Donnell, K., Pu, R. T,, and Osmani, S. A., 1991, Activation of the nimA protein
kinase plays a unique role during mitosis that cannot be bypassed by absence of the bimE
checkpoint, EMBO J. 10:2669-2679.

Osmani, S. A,, Engle, D. B., Doonan, J. H., and Morris, N. R., 1988, Spindle formation and chromatin
condensation in cells blocked at interphase by mutation of a negative cell cycle control gene, Cell
52:241-251.

Pagano, M., Tam, S. W., Theodoras, A. M., Beer-Romero, P,, Del Sal, G., Chau, V., Yew, P.R., Draetta,
G. F., and Rolfe, M., 1995, Role of the ubiquitin-proteasome pathway in regulating abundance of
the cyclin-dependent kinase inhibitor p27, Science 269:682—685.

Papa, F. R., and Hochstrasser, M., 1993, The yeast DOA4 gene encodes a deubiquitinating enzyme
related to a product of the human tre-2 oncogene, Nature 366:313-319.

Pardee, A. B., 1987, Molecules involved in proliferation of normal and cancer cells: Presidential
address, Cancer Res. 47:1488-1491.

Patra, D., and Dunphy, W. G., 1996, Xe-p9, a Xenopus Sucl/Cks homolog has muitiple essential roles
in cell cycle control, Genes Dev. 10:1503-1515.

Pellman, D., Bagget, M., Tu, H., and Fink, G. R., 1995, Two microtubule-associated proteins required
for anaphase spindle movement in Saccharomyces cerevisiae, J. Cell Biol. 130:1373-1385.

Peters, .-M., King, R. W., H66g, C., and Kirschner, M. W., 1996, Identification of BIME as a subunit
of the anaphase promoting complex, Science 274:1199—1201.

Peterson, T. A., Yochem, J., Byers, B., Nunn, M. F,, Duesberg, P. H., Doolittle, R. F,, and Reed, S. 1.,
1984, A relationship between the yeast cell cycle genes CDC4 and CDC36 and the ets sequence of
oncogenic virus E26, Nature 309:556-558.

Philp, A. V., Axton, J. M., Saunders, R. D., and Glover, D. M., 1993, Mutations in the Drosophila
melanogaster gene three rows permit aspects of mitosis to continue in the absence of chromatid
segregation, J. Cell Sci. 106:87-98.

Piatti, S., Bohm, T., Cocker, J. H., Diffley, J. E X., and Nasmyth, K., 1996, Activation of S-phase-
promoting CDKs in late GI defines a “point of no return™ after which Cdc6 synthesis cannot
promote DNA replication in yeast, Genes Dev. 10:1516-1531.

Pichler, S., Piatti, S., and Nasmyth, K., 1997, Is the yeast anaphase promoting complex needed to
prevent re-replication during G2 and M phases? EMBO J. 16:5988—5997.

Plon, S. E., Leppig, K. A, Do, H. N., and Groudine, M., 1993, Cloning of the human homolog of the
CDC34 cell cycle gene by complementation in yeast, Proc. Natl. Acad. Sci. USA 90:10484—
10488.

Prendergast, J. A., Ptak, C., Kornitzer, D., Steussy, C. N., Hodgins, R., Goebl, M., and Ellison, M. J.,
1996, Identification of a positive regulator of the cell cycle ubiquitin-conjugating enzyme Cdc34
(Ubc3), Mol. Cell. Biol. 16:677—-684.




12. Cell Cycle Control L 385

Ramsay, G., Evan, G. I, and Bishop, J. M., 1984, The protein encoded by the human proto-oncogene
c-myc, Proc. Natl. Acad. Sci. USA 81:7742-7746.

Reich, N. C., and Levine, A. J., 1984, Growth regulation of a cellular tumour antigen, p53, in
nontransformed cells, Nature 308:199-201.

Richter-Ruoff, B., and Wolf, D. H., 1993, Proteasome and cell cycle. Evidence for a regulatory role
of the protease on mitotic cyclins in yeast, FEBS Lett. 336:34-36.

Rimmington, G., Dalby, B., and Glover, D. M., 1994, Expression of N-terminally truncated cyclin B in
the Drosophila larval brain leads to mitotic delay at late anaphase, J. Cell Sci. 107:2729-2738.

Rogers, S., Wells, R., and Rechsteiner, M., 1986, Amino acid sequences common to rapidly degraded
proteins: The PEST hypothesis, Science 234:364-368.

Rudner, A. D., and Murray, A. W., 1996, The spindle assembly checkpoint, Curr. Opin. Cell Biol. 8:
773-780.

Sagata, N., 1996, Meiotic metaphase arrest in animal oocytes: Its mechanisms and biological signifi-
cance, Trends Cell Biol. 6:22-28.

Sagata, N., Watanabe, N., Vande Woude, G. F,, and Ikawa, Y., 1989, The c-mos proto-oncogene product is
a cytostatic factor responsible for meiotic arrest in vertebrate eggs, Nature 342:512-518.
Saitoh, H., Pu, R., Cavenagh, M., and Dasso, M., 1997, RanBP?2 associates with Ubc9p and a modified

form of RanGAPI, Proc. Natl. Acad. Sci. USA 94:3736-3741.

Salama, S. R., Hendricks, K. B., and Thorner, J., 1994, G1 cyclin degradation—The PEST motif of
yeast Cln2 is necessary, but not sufficient, for rapid protein turnover, Mol. Cell. Biol. 14:7953—
7966.

Samejima, L., and Yanagida, M., 1994, Bypassing anaphase by fission yeast cut9 mutation: Require-
ment of cut9+ to initiate anaphase, J. Cell Biol. 127:1655-1670.

Scherf, U., Pastan, 1., Willingham, M. C., and Brinkmann, U., 1996, The human CAS protein which is
homologous to the CSEI yeast chromosome segregation gene product is associated with micro-
tubules and mitotic spindle, Proc. Natl. Acad. Sci. USA 83:2670-2674.

Schneider, B. L., Yang, Q. H., and Futcher, A. B., 1996, Linkage of replication to start by the Cdk
inhibitor Sicl, Science 272:560-562.

Schwob, E., Bohm, T., Mendenhall, M. D., and Nasmyth, K., 1994, The B-type cyclin kinase inhibitor
p40SICI controls the G1 to S transition in S. cerevisiae, Cell 79:233-244.

Schwob, E., Bshm, T., Mendenhall, M. D., and Nasmyth, K., 1996, The B-type cyclin kinase inhibitor
p40SICT controls the G1 to S transition in S. cerevisiae (Erratum), Cell 784:U13.

Sethi, N., Monteagudo, M. C., Koshland, D., Hogan, E., and Burke, D. J., 1991, The CDC20 gene
product of Saccharomyces cerevisiae, a beta-transducin homolog, is required for a subset of
microtubule-dependent cellular processes, Mol. Cell. Biol. 11:5592-5602.

Seufert, W., and Jentsch, S., 1990, Ubiquitin-conjugating enzymes UBC4 and UBC5 mediate selective
degradation of short-lived and abnormal proteins, EMBO J. 9:543-550.

Seufert, W., Futcher, B., and Jentsch, S., 1995, Role of a ubiquitin-conjugating enzyme in degradation
of S- and M-phase cyclins, Nature 373:78-81.

Shamu, C. E., and Murray, A. W., 1992, Sister chromatid separation in frog egg extracts requires DNA
topoisomerase II activity during anaphase, J. Cell Biol. 117:921-934.

Sherwood, S. W., Kung, A. L., Roitelman, J., Simoni, R. D., and Schimke, R. T., 1993, In vivo
inhibition of cyclin B degradation and induction of cell-cycle arrest in mammalian cells by the
neutral cysteine protease inhibitor N-acetylleucylleucylnorleucinal, Proc. Natl. Acad. Sci. USA
90:3353-3357.

Shirayama, M., Matsui, Y., and Toh-E, A., 1994a, The yeast TEMI gene, which encodes a GTP-binding
protein, is involved in termination of M phase, Mol. Cell. Biol. 14:7476-7482.

Shirayama, M., Matsui, Y., Tanaka, K., and Toh-E, A., 1994b, Isolation of a CDC25 family gene,
MSI2/LTEL as a multicopy suppressor of iral, Yeast 10:451-461.

Shirayama, M., Matsui, Y., and Toh-E, A., 1996, Dominant mutant alleles of yeast protein kinase gene
CDC15 suppress the ltel defect in termination of M phase and genetically interact with CDC14,
Mol. Gen. Genet. 251:176-185.




386 . Jan-Michael Peters et al.

Sigrist, S., Jacobs, H., Stratmann, R., and Lehner, C. F, 1995, Exit from mitosis is regulated by
Drosophila fizzy and the sequential destruction of cyclins A, B and B3, EMBO J. 14:4827-4838.

Sikorski, R. S., Boguski, M. S., Goebl, M., and Hieter, P., 1990, A repeating amino acid motif in
CDC23 defines a family of proteins and a new relationship among genes required for mitosis and
RNA synthesis, Cell 60:307-317.

Skowyra, D., Craig, K. L., Tyers, M., Elledge, S. J., and Harper, J. W., 1997, F-box proteins are
receptors that recrruit phosphorylated substrates to the SCF ubiquitin-ligase complex, 1997, Cell
91:209-219.

Smith, S. A., Kumar, P., Johnston, I., and Rosamond, J., 1992, SCM4, a gene that suppresses mutant
cdc4 function in budding yeast, Mol. Gen. Genet. 235:285-291.

Song, A., Wang, Q., Goebl, M., and Harrington, M. A., 1996, The ubiquitin pathway is required for the
rapid degradation of hyperphosphorylated MyoD, Mol. Biol. Cell. 7:357a.

Starborg, M., Brundell, E., Gell, K., and H56g, C., 1994, A novel murine gene encoding a 216-kDa
protein is related to a mitotic checkpoint regulator previously identified in Aspergillus nidulans, J.
Biol. Chem. 269:24133-24137.

Stemmann, O., and Lechner, J., 1996, The Saccharomyces cerevisiae kinetochore contains a cyclin-
CDK complexing homolog, as identified by in vitro reconstitution, EMBO J. 15:3611-3620.

Stewart, E., Kobayashi, H., Harrison, D., and Hunt, T., 1994, Destruction of Xenopus cyclins A and B2,
but not Bl, requires binding to p34cdc2, EMBO J. 3:584-594.

Stratmann, R., and Lehner, C. K, 1996, Separation of sister chromatids in mitosis requires the
Drosophila pimples product, a protein degraded after the metaphase/anaphase transition, Cell 84:
25-35.

Sudakin, V., Ganoth, D., Dahan, A., Heller, H., Hershko, J., Luca, F. C., Ruderman, J. V., and Hershko,
A., 1995, The cyclosome, a large complex containing cyclin-selective ubiquitin ligase activity,
targets cyclins for destruction at the end of mitosis, Mol. Biol. Cell 6:185-198.

Sudakin, V., Shteinberg, M., Ganoth, D., Hershko, J., and Hershko, A., 1997, Binding of activated
cyclosome to pl3swl, J. Biol. Chem. 272:18051-18059.

Surana, U., Amon, A., Dowzer, C., McGrew, J., Byers, B., and Nasmyth, K., 1993, Destruction of the
CDC28/CLB mitotic kinase is not required for the metaphase to anaphase transition in budding
yeast, EMBO J. 12:1969-1978.

Townsley, F. M., Aristarkhov, A., Beck, S., Hershko, A., and Ruderman, J. V., 1997, Dominant-
negative cyclin-selective ubiquitin carrier protein E2-C/UbcH10 blocks cells in metaphase, Proc.
Natl. Acad. Sci. U.S.A. 94:2362-2367.

Toyn, J. H., and Johnston, L. H., 1993, Spol2 is a limiting factor that interacts with the cell cycle protein
kinases Dbf2 and Dbf20, which are involved in mitotic chromatin disjunction, Genetics 135:
963-971.

Toyn, J. H., and Johnston, L. H., 1994, The Dbf2 and Dbf20 protein kinases of budding yeast are
activated after the metaphase to anaphase cell cycle transition, EMBO J. 13:1103-1113.

Tugendreich, S., Tomkiel, J., Earnshaw, W., and Hieter, P., 1995, The CDC27HS protein co-localizes
with the CDCI6HS protein to the centrosome and mitotic spindle and is essential for the
metaphase to anaphase transtion, Cell 81:261-268.

Tyers, M., 1996, The cyclin-dependent kinase inhibitor p40SIC! imposes the requirement for CLN G1
cyclin function at Start, Proc. Natl. Acad. Sci. USA 93:7772-7776.

Tyers, M., Tokiwa, G., Nash, R., and Futcher, B., 1992, The CIn3-Cdc28 kinase complex of S.
cerevisiae is regulated by proteolysis and phosphorylation, EMBO J. 11:1773-1784.

van der Velden, H. M., and Lohka, M. J., 1993, Mitotic arrest caused by the amino terminus of Xenopus
cyclin B2, Mol. Cell. Biol. 13:1480-1488.

van der Velden, H. M., and Lohka, M. J., 1994, Cell cycle-regulated degradation of Xenopus cyclin
B2 requires binding to p34cdc2, Mol. Biol. Cell 5:713-724.

Verma, R., Annan, K. S., Huddleston, M. I, Carr, S. A., Reynard, G., and Deshaies, R. J., 1997a,
Phosphorylation of Siclp by G1 Cdk required for its degradation and entry into S phase, Science
278:455-460.




12. Cell Cycle Control (] 387

Verma, R., Feldman, R. M. R., and Deshaies, R. J., 1997b, SIC1 is ubiquitinated in vitro by a pathway
that requires CDC4, CDC34, and cyclin/CDK activities. Mol. Biol. Cell 8:1427-1437.

Whitfield, W. G. F,, Gonzalez, C., Maldonado-Codina, G., and Glover, D. M., 1990, The A- and B-type
cyclins of Drosophila are accumulated and destroyed in temporally distinct events that define
separable phases of the G2—M transition, EMBO J. 9:2563-2572.

Willems, A.R., Lanker, S., Patton, E. E., Craig, K. L., Nason, T.F,, Kobayashi, R., Wittenberg, C., and
Tyers, M., 1996, Cdc53 targets phosphorylated GI cyclins for degradation by the ubiquitin
proteolytic pathway, Cell 86:453-463.

Won, K.-A., and Reed, S. 1., 1996, Activation of cyclin E/CDK2 is coupled to site-specific auto-
phosphorylation and ubiquitin-dependent degradation of cyclin E, EMBO J. 15:4182-4193.

Xiao, Z., McGrew, J. T., Schroeder, A. J., and Fitzgerald, H. M., 1993, CSEI and CSE2, two new genes
required for accurate mitotic chromosome segregation in Saccharomyces cerevisiae, Mol. Cell.
Biol. 13:4691-4702.

Yaglom, J., Linskens, M. H., Sadis, S., Rubin, D. M., Futcher, B., and Finley, D., 1995, p34Cdc28-
mediated control of Cln3 cyclin degradation, Mol. Cell. Biol. 15:731-741.

Yamamoto, A., Guacci, V., and Koshland, D., 1996a, Pdslp is required for faithful execution of ana-
phase in the yeast, Saccharomyces cerevisiae, J. Cell Biol. 133:85-97.

Yamamoto, A., Guacci, V., and Koshland, D., 1996b, Pdslp, an inhibitor of anaphase in budding yeast,
plays a critical role in the anaphase and checkpoint pathway(s), J. Cell Biol. 133:99-110.
Yamano, H., Gannon, J., and Hunt, T., 1996, The role of proteolysis in cell cycle progression in

Schizosaccharomyces pombe, EMBO J. 15:5268-5279.

Yamashita, Y. M., Nakaseko, Y., Samejima, I, Kumada, K., Yamada, H., Michaelson, D., and
Yanagida, M., 1996, 20S cyclosome complex formation and proteolytic activity inhibited by the
cAMP/PKA pathway, Nature 384:276-279.

Ye, X. S., Fincher, R. R., Tang, A., O’Donnell, K., and Osmani, S. A., 1996, Two S-phase checkpoint
systems, one involving the function of both BIME and Tyrl5 phosphorylation of p34¢dc2, inhibit
NIMA and prevent poremature mitosis, EMBO J. 15:3599-3610.

Yew, P. R., and Kirschner, M. W., 1997, Proteolysis and DNA replication: the CDC34 requirement in
the Xenopus egg cell cycle, Science 277:1672-1676.

Yoon, H. J., and Carbon, J., 1995, Genetic and biochemical interactions between an essential kineto-
chore protein, Cbf2p/Ndc10p, and the CDC34 ubiquitin-conjugating enzyme, Mol. Cell. Biol.
15:4835-4842.

Yu, H, King, R. W., Peters, J.-M., and Kirschner, M. W., 1996, Identification of a novel ubiquitin-
conjugating enzyme involved in mitotic cyclin degradation, Curr. Biol. 6:455-466.

Zachariae, W., and Nasmyth, K., 1996, TPR proteins required for anaphase progression mediate
ubiquitination of mitotic B-type cyclins in yeast, Mol. Biol. Cell 7:791-806.

Zachariae, W., Shin, T.-H., Galova, M., Obermaier, B., and Nasmyth, K., 1996, New subunits of the
anaphase promoting complex of Saccharomyces cerevisiae, Science 274:1201-1204.

Zhang, H., Kobayashi, R., Galaktionov, K., and Beach, D., 1995, pI9SKP1 and p45SKP2 are essential
elements of the cyclin A-CDK S-phase kinase, Cell 82:915-925.

Zhu, Y., Carroll, M., Papa, F. R., Hochstrasser, M., and D’ Andrea, A. D., 1996, DUB-1, a deubiquitinat-
ing enzyme with growth-suppressing activity, Proc. Natl. Acad. Sci. USA 93:3275-3279.




