Phosphorylation and proteolysis: pariners in the regulation of

cell division in budding yeast
Raymond J Deshaies

The budding yeast cell cycle oscillates between states of
Jow and high cyclin Bicyclin-dependent kinase {CLB/CDK)
activity. Remarkably, the two transitions that link these states
are governed by ubiquitin-mediated proteclysis. The transition
from low to high CLB activity is triggered by degradation

of the CLB/GDK inhibitor SIC1, and the complementary
excursion is propelled by the proteolytic destruction of CLBs.
The extracellular environment controls this two-state circuit by
regulating Gy cyclin/CDK activity, which is directly required
for SIC1 proteoclysis. Thus, stable oscillations of chromosome
replication and segregation in budding yeast are propagated
by the interplay between protein phosphorylation and protein
degradation.
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Abbreviations

APC anaphase-promoting complex

.CDK cyclin-dependent kinase

CcLB cyclin B

CLN cyclin

MBF MiU1 cell gycle box binding factor
PRC pre-replication complex

SBF Swid/6 cell cycle box binding factor
uBc ubiquitin-conjugating enzyme
Introduction

The budding yeast cell division cycle is driven by periodic
fluctuations in the activity of the CDC28 protein kinase
(CDC28 is the budding yeast homolog of the ubiguitous
p34ede2 cyclin-dependent kinase [CDK]). In wild-type
cells, different sets of cyclins associate with CDCZ8 in
successive waves o coordinate the execution of the cell
division program (Table 1). These successive waves of
cyclin/CDCZ8 activity are propagated in part by regulated
transcription of the cyclin genes [1]. Despite this apparent
complexity, the budding yeast cell cycle can be distilled
0 an oscillarion berween two phases— Gy and S/M (for
a related discussion, see {2]). G| phase is characterized
by low cyclin B (CLB)/CDC28 acrivity and corresponds
to the period demarcated by the destructon of CLB
proteins in telophase and the activation of CLB5 and
CLB6 at the G{—S uansition. S/M phase is characterized
by high CLB/CDCZ28 activity and corresponds to the
complementary cell cycle interval. An unusual fearure of
the budding yeast chromosome cvcle, which may have

implications for the evolution of the eukaryoric cell cycle,
is the partial cverlap between the S and M phases.

Table 1

Cyclins that regulate the cell cycle in Saccharomyces
cerevisiae.

Time of
Cyclin appearance Function
"CLN1/2/3  START Activation of Gy-specific transcription
Duptlication of spindle pole body -
Formation of daughter bud
Inactivation of CLB proteolysis
Activation of SIC1 proteolysis
CLB5/6 START Initiation of DNA replication
CLB3/4 S phase Mitotic spindle assembly
Chromosome segregation
inactivation of CLN transcription
CLB1/2 Gy/M Same as CLB3/4

*CLN1 and CLN2 expression is cell cycle regulated, whereas CLN3
expression is constitutive.

An important insight that has emerged in the past
few years is that the excursions between the low and
high CLB states are governed by ubiquitin-dependent
proteolysis [31. The Gy—S/M transition is catalyzed by
the CDC34 pathway, which selectively ubiquitinates SIC1
that has been phosphorylated by CLN/CDC28 complexes.
In conerast, the SM-»G, wansiton is driven by the
cyclosomefanaphase-promoting complex (APC), which is
switched on abruptly at the metaphase/anaphase boundary
to efféct the ubiquitination and eventual destruction of
sister chromosome cohesion factors and CLBs.

To understand how proteolysis regulates cell cycle tran-
sitions, one must explain how proteolytic activity is
controlled and how substrare specificity is achieved. The
proteolyric reactions that drive the oscillations between
low and high CLB activity in the budding yeast ceil cycle
rely on the ubiquitin/26S proteasome pathway (for review,
see {4]). Ubiquicin, a small highly conserved protein, is first
activated at ics carboxy-terminus by forming a thioester
bond with an ‘El’ enzyme. Ubiquitin is subsequently
transesterified to one member of a family of ‘EZ’ or
ubiquitin-conjugating enzymes (UBCs). Finally, ubiquitin
is transferred from the E2 to a lysine residue of the warget
protein, cither directly or with the assistance of a ubiquitin
protein ligase (E3). Multiple cycles of ubiquitin transfer
result in the assembly of a muldubiquitin chain on the
substrate which, in turn, rargees it to the 265 proteasome
where it is exhaustively degraded. Although there are
multiple opportunities for regulatory intervention in this
complex pachway, it is thought that the rate and specificity
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of individual ubiquitin-mediated proteolytic events 1s mMost
often regulated at the level of ubiquitin atrachment (for a
possible exception, see [5]).

In this article, I review developments of the past two
years that lay a foundation for our current understanding
of the budding yeast cell division cycle. I also discuss in
decail the insights that have emerged from biochemical
and generic studies on the ubiquitin-mediated proteolytic
pathways that govern the G—S/M and S/M—Gy transi-
tions. As this is an Opinion journal, I take the liberty to
expound viewpoints that may not reflect the consensus
of other workers in this area. As a result of limitations of
space, 1 focus primarily on results that have emerged from
the study of cell division in budding yeast.

The budding yeast cell cycle can be distilled
to two states

Characteristics of the low and high CLB/CDC28 states
From the rime that CLBs are degraded in late anaphase
untl SIC1 is degraded at the end of G phase, litde
or no CLB/CDC28 activity is evident in Saccharomyces
cerevisioe cells. During this period of the cell cydle,
which corresponds to Gy, several events occur (Fig. 1).
Cytokinesis and cell separation divide the products of the
previous anaphase into two daughter cells. Pre-replication
complexes (PRCs) —which were disassembled during the
previous S/M phase—reassemble at origins of DNA

Figure 1

replication [6]. MBF and SBF transcription factors bound
to their cognate promoter elements [7] are switched on by
CLN3/CDC28 and activate the transcription of a panel of
genes including those that encode the G cyclins CLN1
and CLN2 {8,9°]. Once CLN1 and CLNZ accumulate,
they enable a second wave of Gy-specific reacrions,
including the formacion of a daughter bud {2].

The portion of the cell cycle demarcated by the acuivation
of CLB/CDC28 at the G;—S/M rtransition and the
destruction of CLBs in late anaphase is characterized
by high CLB/CDC28 protein kinase activity. During this
phase —which corresponds o the conventionally defined
S, Gy, and M phases —origins of DNA replication fire and
chromosomes replicate, a mitotic spindle assembles, and
replicated chromosomes bind to the mitotic spindle and
segregate from cach other (Fig. 1).

The partitioning of S and M phases during the high CLB
state

In budding veast, unlike most other eukaryortic cells, there
is no clear cyrological distinction and little biochemical
distinction (for an exceprtion, see [10]) berween S phase
and meraphase. Events that are restricted to late Gy or
M phase in other organisms, including mitotic spindle
assembly and activation of cyclin B/CDK complexes, occur
during S phase [11]. Furthermore, unlike animal cells,
budding yeast cells arrested in mitosis by nocodazole

Causes and effects of the G;—=S8/M
and S/M—G, transitions. Oscillations
between states characterized by low
{Gy) and high (S/M) CLB/CDC28
activity are sustained by periodic
changes in the activities of proteolytic
pathways and transcription factors that
regulate CLB and SIC1 abundance.
Proteolysis appears to control the

switches directly, whereas transcriptional
regulation presumably serves to sharpen

Buds emerge
SPBs duplicate

the transitions and help maintain the
distinctive character of each state.

When CLBs are off, the cell divides,
prereplication complexes (PRCs)
assemble, spindle pole bodies {SPBs)
duplicate, and buds emerge. When
CLBs are on, DNA replicates, metaphase
spindies assemble, and chromosomes

Nutrients—> CLNs—>

segregate. PRCs are thought to be
intermediates in the formation of an active
origin of DNA replication.

PRCs assemble
Cell divides

CLB switched on
{ CLB proteolysis
} CLB transcription
} SiCtproteolysis
{ sicy transcription

Gi-Si

DNA replicates
Mitotic spindles assemble

Sister chromatids segregate

G ~SIM

}+ CL8 proteolysis
{ cis transcription
{ sict proteolysis

% SIC1 transcription
CLB switched off
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can repair DNA [12], transcribe genes, translate proteins,
maintain distinct nuclear and cytoplasmic compartments,
and shutde proteins along the secretory and endocytic
pathways [13]. Thus, wild-type budding veast cells
apparently do not sustain 2 prominent G,/M boundary
{possible exceptions include the cell cycles of pseudo-
hyphal yeast and mutants with defeces in bud emergence
or CLB/CDC28 acuvity [14-16]). Although the arrest
phenotypes of mutanes lacking CLB/CDC28 activity
ostensibly reveal disunct G; and M phases, there is
no evidence that, during a normal cell cycle, the S/G;
and M phases are demarcated by changes in CDC28
activity. An important consequence of this view is thac
the checkpoint controls which restrain the G,/M transition
in other eukaryotes (e.g. cell cycle arrest in response
to damaged or under-replicated DNA) may be trained
directly upon chromosome segregation instead [17].

If budding yeast cells transic directly from G; to an
S5/M state, then why does chromosome replication always
precede chromosome segregation? One view is thge
order is maintained by the combined action of timing
mechanisms and checkpoints (as opposed to changes in
the gquandcy {18*] or quality of CLB/CDC28 activity).
Perhaps because of a potential direct association between
CLB/CDC28 complexes and DNA replication origins {6],
activated CLBs may trigger replication more rapidly than
they trigger anaphase. Anaphase onset indeed appears
to be a ‘late’ event designed to occur upon completion
of DNA synthesis, as Gj-synchronized cells lacking
proteins involved in the initiation of replication — CDCS6,
CDC7, or DBF4—fail to replicate DNA ver undergo a
‘reductional’ anaphase with normal timing [19,20]. Once
replication commences, however, anaphase is prevented
by the action of a checkpoint that remains in force
until DNA synthesis is completed [17]. Viewed from this
perspective, S phase and mitosis in budding yeast are not
separate states of the cell cycle ——they are merely distinct
processes that are triggered independently by entry into a
state permissive for high CLB/CDC28 activiry.

An expected property of a two-state chromosome cycle
is that a single CLB should suffice to drive cycles of
chromosome replication and segregation. The Schizosaccha-
romyces pombe cell cycle— though it contains a clear Go/M
transition — can apparently be driven through a round of
S phase and mitosis by a single B-type cyclin, although
the partdicipation of unidentified cyclins cannor be ruled
out [18*]. In 5. cerevisiae, S phase CLBs can conuribute to
both G; and mitotic processes [21,22] and mitotc CLBs
can promote DNA synthesis {23]. Thus, the budding and
fission yeast cell cycles may have evolved from a primitive
division cycle that was controlled by the oscillation of
a single CLB/CDK complex [18%22]. Addirional cyclins
and a prominent boundary between the Gy and M phases
may have appeared during evolution as organisms evolved
larger genomes and chromosomes. Large chromosomes
presumably need to be condensed to a proportionally

greater extent ro facilitate sister chromatid segregation,
which in trn thwarts access to the DNA template
and demands a clear separation of DNA replication and
mitosis.

How is the oscillation of low CLB and high CLB activity
sustained?

During the §/M—Gy wansition, three independent con-
trols inactivate CLB/CDC28 protein kinase: CLB tanscripts
disappear [1], CL.B proteolysis is activated [24], and the
CLB/CDC28 inhibitor SIC1 accumulates {25,26]. Late in
Gy phase, all three blocks to CLB/CDC28 acuvity are
reversed: CLN3 promotes CLNI, CLN2, CLBS5, and CLBS
transcription [8,9*], and newly-synthesized CLN proteins
reversibly inactivate CLB proteolysis [23] and trigger the
destruction of SIC1 [27°). The accumulation of CLN1
and CLIN2, and hence the appearance of CLB activity, is
linked to cell size and the extracellular environment by
poorly understood mechanisms [2].

Whereas the biochemical mechanisms by which CLB

“transcription is activated and CLB proteolysis is inhibited

remain obscure, recent data suggest thar CLN/CDC28
complexes phosphorylate SIC1 direcdy, thereby rendering
it a target for CDC34-dependent ubiquitination (see
below). Two lines of evidence suggest that elimination
of SIC! plays the most crucial role in driving cells from
Gy wo S/M phase: first,. cells lacking S7C! or containing
excess copies of CLB5 no longer require CLV function
[21,27+,28], and second, sic/ cells initiate DNA synthesis
at an unusually small size [26,27°]. It is not clear, however,
whether premature DNA synthesis in s/ cells is caused
exclusively by effects on CLB/CDC28 activicy as opposed
to CLB proteolysis or synthesis.

Once cells enter S/M phase, several mechanisms sustain
CLB activity. CLB transcripeion is accentuated in a positive
feedback loop by CLB/CDC28 activity {1]. CLB proteoly-
sis 1s irreversibly extinguished, despite the disappearance
of the proteolysis-inhibiting CLIN proteins, until it is reac-
tivated at the subsequent metaphase/anaphase transition
{23]. Lasdy, SIC1 wanscripts disappear {25,26] and the
capacity to degrade SIC1 remains high {29*], possibly
because of the abilicy of CLB proteins to substitute for
CLN proteins in wiggering SICL destruction (R Verma,
R] Deshaies, unpublished data). Given the self-reinforcing
reactions that sustain high CLB activity, why does this
state not perperuate itself? The answer is simple: other
than promoting S and M, CL.B somehow activates its own
destruction, resulting in its rapid disappearance at the end
of anaphase [24].

Entering the high CLB/CDC28 siate

The CDC34 pathway

CLB/CDC28 acrivicy eriggers the initiation of DNA
synthesis at the G{—8/M rtransidon [30]. CLB/CDC28
acuvity and DNA replication are repressed in pre-S phase
cells by high levels of the CDK inhibicor SICT [27%,30].
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As wild-type cells negotiate the G;—>S/M transition, SIC1
is degraded abruptly. Cell cycle regulated destruction of
SIC1 fails o occur in four temperature-sensitive murants
that fail to exit G| phase: cdcd, cdc34, cdc53, and skpl
[29+,30]. The accumulation of SIC1 is required for their
Gy-arrest phenotype, as deletion of S/C/ abolishes the
S-phase defect of each of these mutants.

CbC34, €DC4, CDC53, and SKP! interact genctically,
suggesting thac their encoded products collaborate in a
biochemical pathway [29%,31%32], which 1 will refer w0
here as the CDC34 pathway. Although CDC34 encodes
a ubiquitn-conjugating enzyme, the sequences of CDCY,
CDC53, and SKPI provide litde insight into their func-
vions. Both €DC53 and SKP1 are members of novel gene
families which are conserved in 3. cerevisiae, C. elegans, and
humans {29°,32,33%,34]. CDC4 contains two recognizable
sequence motifs: an SKP1-binding domain referred to as
an ‘F-box’ [29°] and eight copies of the WD-40 repeat [35].

Biochemical experiments confirm that CDC34, CDC4,
CDG53, and SKP1 participate directly in the ubiquitina-
tion of SIC1. CDC34 and CDC4 function were required
for SIC1 ubiquitination in crude yeast extract, and crude
insect cell lysates containing récombinant CDC4, CDC53,
SKP1, CDC34, El enzyme, ubiquitin, and CLNZ/CDC28
(see next section) sustained sufficient ubiquitination of
SIC1 (R Feldman, R Verma, R] Deshaies, unpublished
data). Although the functions of the individual CDC34
pathway components remain obscure, recent work sug-
gests that CDC53 may be pare of a substrate recognition
complex [31°].

Other than SICI, the CDC34 pathway is required for
efficient ubiquitination and degradation of the DNA rephi-
carion protein CDCS6, the CLINZ/CDGC28 inhibitor FARI,
CLN2, and the transcription factor GCN4 ((6,36,37];
Y Chi, R] Deshaies, unpublished data; M Peter, personal
communication). CLINZ degradation requires CDC34,
CDC53, SKPI, and GRRI; a role for CDC4 has not been
reported {29%,31%,36,38]. GRR/ may not be required for
SIC1 proteolysis, as GRR/ is non-essendal and deletion of
GRRI accelerates progression into S phase [38]. Given that
GRR1 and CDC4 both contain SKPi-binding F-boxes,
it has been proposed that the substrate specificity of a
CDC34/SKP1/CDCS3 core complex is modulated by the
recruitment of distince F-box-containing ‘receptors’ {29*].
SKP1 also assembles with the centromere-binding CBF3
complex [39,40], one subunit of which may be a CDC34
subsrtrate [41]. It remains unclear whether the proteolysis
and chromosome segregation functions of SKP1 are related
biochemically.

How is SIC1 proteolysis regulated?

Why is SIC1 swable in early Gy cells but degraded rapidly
at the end of G phase? CLN/CDC28 protein kinase ac-
tivicy somehow primes SIC1 destruction, as ¢#c28 mutants
and CLN-depleted cells accumulare SIC1 [27%,30]. Insight

into the role of CLN/CDC28 in SIC1 destruction has
emerged from biochemical studies. CLIN/CDCZ8 activity
was required directly for SIC1 ubiquitination i# wvitro
(R Verma, R Feldman, R] Deshaies, unpublished data)
and phosphorylatdion of SIC1 by CLN/CDC28 was suffi-
clent to trigger its ubiquitination, as pure phospho-SIC1
was ubiquitinated by the CDC34 pathway in CLN-
depleted yeast extract (R Verma, R] Deshaies, unpub-
lished data). Regulation of SICl destruction is thus
achieved by selectively targeting phosphorylated SIC1
to the CDC34 pathway, which may be constirutively
active throughout the cell cycle [6,29%,31+]. CLN2/CDCZ8
phosphorylates SIC1 at several CDC28 consensus phos-
phorylation sites iz vitro and mutation of these phospho-
accepror sites eliminates SIC1 ubiquitination 7 vitro
and stabilizes SIC1 in wvive, confirming that SIC1 must
be phosphorylated before it can be ubiquitinated and
destroyed (R Verma, R] Deshaies, unpublished dara;
M Mendenhall, personal communication; E Schwob,
T Béhm, K Nasmyth, personal communication). As
expression of this stabilized version of SIC1 s# wivo blocks
DNA synchesis, accumulation of SIC1 appears to be
sufficient to account for the cell cycle arrest of CDC34
pathway /5 mutants. A scheme which summarizes the roles
of protein phosphorylation and the CDC34 pathway in
SIC1 destruction is presented in Figure 2.

The regulation of SIC1 stability is similar to that described
for the putative CDC34 substrates CLN2 and CLN3.
Ubiquitination of CLN2 /7 vitro and maximal rates of
CLN2 and CLIN3 proteolysis iz vivo depend upon CDC28
function [36,42]. Furthermore, CLN2 and CLN3 mutants
Jacking CDC28 consensus phosphorylation sites are stable
[42,43¢]. CD(C53 stably associates with phosphorylated but
not naive CLN2Z, suggesting that phosphorylation directs
the association of CLNZ2 with ubiquitin-ligating enzymes
{31°]. It is unclear if CDCS3 binds phosphorylated CLNZ
directly or is recruited to its substrate by an intermediary
protein.

Exiting the high CLB/CDC28 state

The anaphase-promoting complex

The re-entry into Gy phase is triggered by CLB proteoly-
sis, which is initiated at the meraphase/anaphase boundary
and remains active untl CLNs accumulate in late Gy
phase [23,24]. CLB proteolysis is specified by a nine amino
acid signal, known as the ‘destruction box’ [44], which is
found in all CLBs excepr for CLB6 [22,45]. Biochemical
fractionations of clam and Xemopus egg extracts revealed
cthat two UBCs (UBC4 and E2-C/UBCx) and a large E3
complex known as the cyclosome or anaphase-promoting
complex (APC) are sufficient to catalyze ubiquitination of
destruction box containing substrates [46-49]. Meanwhile,
genetic screens for budding yeast mutants defective in
CLB proteolysis identified alleles of the CDCI6, CDCZ3,
CDC?27, CSEI, and CDC26 genes, and a budding yeast
homolog of the Aspergilius nidulans BIME gene [24,50]
Remarkably, purified Xenopus APC contains homologs
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Figure 2
G, phase S/M phase
Kinase off Kinase on

4.0

oL 0 (cs

NED

268
proteasome

(O— ubiquitin

A molecular model for the Gy~5S/M transition. The activity of CLB5/CDC28 heterodimers produced during G, phase is repressed by SIC1,
which binds to and specifically inhibits Cl.B-associated CDC28 protein kinase. CLN/CDC28 complexes assemble during late Gy phase and
phosphorylate SICH, thereby marking it for ubiquitination. CDC4, CDC34, CDC53, and SKP1 catalyze the mulitubiquitination of phosphorylated
SICH, which is subsequently recognized by the 26S proteasome and degraded. Liberated CLB5/CDC28 complexes proceed to trigger the
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initiation of DNA synthesis.

of the CDC16, CDC23, CDC27, and BIME proteins
[46,51). As predicted by the Xemopus studies, budding
yveast CDC16, CDC23, CDCZ7, and CSE1 are required
for the destruction box dependenc ubiquitination of CLBs
in crude yeast exuacts [52]. APC may be employed
universally to inactivate the mitotic state; subunits of APC
have been shown by various means to be required for the
exit from mitosis in S. pombe, Aspergilius, Xenopus eggs,
and human cells (for reports on APC in other organisms,
see [53]).

A key issue in cell cycle control is to undersrand how
APC-dependent ubiquitination is activated at metaphase.
Whereas UBC4 and E2-C/UBCx appear to be active
throughout the cell cycle, only mitotic preparations
of cyclosome/APC efficienty promote ubiquitination of
cyclin B [46,48,51]. Biochemical and genetic data implicate
cyclin B/p34cde?, protein kinase A, and CDC20/Fizzy
in the mobilization of APC activity [48,54,55]. Alchough
these are tancalizing clues, we have only a rudimenrary
understanding of how APC is activated. The observation
that APC-deficient cells undergo repeated rounds of
DNA replication [56] raises che intriguing possibility that
APC may be active towards cerrain substrates before
anaphase, though other explanations for this result can be
¢nvisioned.

APC triggers both anaphase and the exit from mitosis

The phenotype of APC-deficienc cells reveals a paradox;
Whereas cells expressing non-degradable CLB2 progress
nermally through anaphase and arrest only at telophase,
cells deficient in APC acdvity arrest in metaphase [24].

This discrepancy was rationalized by proposing thac APC
simultaneously triggers the inactivation of CLBs and a
glue protein that holds sister chromatids rogether [57].
The recenty described PDS1 protein is a candidate for
such a glue protein. A pds! murant was identified in a
screen for murtants that die upon transient exposure to
the microtubule depolymerizing drug nocodazole [58*].
Fluorescence iz sit hybridization analysis revealed chat
sister chromatids disjoin precociously during incubation
of pds! murants in nocodazole, leading to an asymmetric
anaphase upon removal of the drug. Whereas APC-defi-
cient mutants arrest in metaphase, a substandal fracton
(33-60%) of APC-deficient cells lacking PDSI complete
anaphase and arrest in telophase [58°]. PDS! conrains a
functional destruction box, behaves as an APC substrate
i vive and in vitro, and is degraded as cells commence
anaphase {59*]. A mutant form of PDS1 deleted for
the destruction box (PDS1-ADB) no longer serves as a
substrate for APC, and dominantly restrains the cell cycle
in metaphase even though APC is active as judged by
proteolysis of wild-type PDS1 [59°). Taken rogether, these
dara suggest that PDS1 positively regulates cohesion of
sister chromatids and that destruction of PDS1 at the
boundary of metaphase and anaphase triggers chromosome
segregation (Fig. 3).

The phenotypes of pds/A mutants suggese that PDS1 may
not be the only anaphase inhibitor in budding yeast that is
inactivated by APC [58*]. A potential anaphase inhibitor,
CUT2Z, has been idendfied in . pomée [(60°]. CUT2
contains two destruction boxes and its accumularion in Gy
cells is anragonized by APC. A mutant of CUT2 lacking
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both destruction boxes is stable and blocks chromosome
segregation but noc the exit from mitosis, No sequence
homology between CUTZ and PDS! has been reported
and their funcuonal reladonship remains unclear. In
addition to inactivating purative sister chromatid cohesion
regulators like PDS1 and CUTZ, APC may regulace
anaphase spindle morphogenesis directly by wiggering the
destruction of spindle midzone proteins such as ASE1 [61].

How does PDS1 oppose the dissociation of sister chro-
macids? PDS1 may tether sister chromatids togecher
directly as a ‘glue’ protein. Alrernatively, PDSI may
regulate the activity of sister chromarid tethers. Mutant
ip/l5 cells have phenotypes reminiscent of pds/A cells:
iphl#s cells lose viability rapidly in nocodazole and undergo
an asymmetric anaphase upon removal of the drug [62].

Figure 3

IPL1 protein kinase genetically opposes the GLC7 protein
phosphartase, which is required for anaphase onset [62-64].
A speculative model is that the antagonistic activities of
PDS1/IPL1 and GLC7 contro! sister chromatid cohesion
via phosphorylation/dephosphorylation .of key chromo-
some atcachment proceins.

The relationship between checkpoints, PDS1 proteolysis,
and CLB proteolysis

The S/M—G; phase transition can be blocked by
incompletely replicated or damaged DNA and a defective
microtubule spindle (for reviews, consult [17,65}). These
checkpoint-inducing aberrations may effect cell cycle
arrest by restraining the activaton of APC; this would
prevent PDS1 and CLB proteolysis, thereby blocking
anaphase and the exit from micosis. The propertes of

A speculative model for haw APC and
the DBF2 group coordinate anaphase
and the 8/M—Gj transition. APC is
activated at the boundary between
metaphase and anaphase by an unknown
mechanism which presumably depends

APC

upon CLB/CDC28 and may also
depend upon CDC20/Fizzy and protein
kinase A. Active APC immediately
targets PDS1 for destruction, thereby
triggering the initiation of chromosome
segregation. Following a lag phase,
APC — in conjunction with the DBF2
group — also activates the destruction
of CLBs, thereby triggering the S/IM->G,
transition. Arguments based on genetic
data {see main text) suggest that PDS1
may need to be destroyed prior to CLB
proteclysis. If this is the case, intact
PDS1 might influence the activity of
APC or members of the DBF2 group,
or alter the accessibility of the ClLBs to
ubiquitination. Checkpoints that monitor
various aspects of the chromosome
cycle may regulate specific steps in
this sequence of events. it is proposed
that the spindle integrity and DNA
replication checkpoints block activation
of APC, wheraas the RAD9-dependent
DNA damage checkpoint blocks the
destruction of PDS1. Mislocalized
anaphase spindles may also interfere with
APC function, perhaps by inhibiting the
DBF2-dependent destruction of CLBs.

CcDC28

Under-replicated
DNA

Damaged
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spindles V

?
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checkpoint-challenged pds/A mutants, however, suggest
that different checkpoint pathways -impose cell-cycle
arrest by distinct means. Mutant /3 cells, which are
unable to replicate telomeric regions of chromosomes [66),
normally arrest before anaphase because of the action of
the RADS-dependent DNA damage checkpoint pathway
[17}. Mutant edel3 pdsIA cells, however, proceed through
telophase and enter the subsequent Gy {58, suggesting
that the RAD9 checkpoint blocks anaphase by preventing
PDS! proteolysis. In contrast, either hydroxyurea or
nocodazole-treated pdsiA cells arrest in mitosis with a high
level of CLB/CDC28 activity, and do not proceed into
the subsequent Gy phase [58*]. Perhaps RADY signaling
selectively shields PDS! from degradation, whereas the
checkpoint pathways that sense incompletely replicated
DNA and damaged metaphase spindles actenuate APC
acavity directly, thereby stabilizing all APC substrates
(Fig. 3). This model suggests that stabilized PDS1 might
prevent CLB proteolysis in ¢dc/3 cells, resulting in a
mitotic arrest which is lost upon deletion of 2DS/.

A dependency linking CLB proteolysis to the prior
destruction of other APC substrates — including but not
limited to PDS1—could account for two observations.
First, edel6-7 mutants arrest at meraphase with high levels
of CLB/CDC2Z8 activity despite the minimal effect that
this allele has on CLB proteolysis in Gy-arrested cells [24].
Second, cells expressing PDS1-ADB appear to linger in
mitosis with intact metaphase spindles (and, presumably,
stable CLBs) even though they harbor active APC [59%]. A
potential relationship berween PDS1 and CLB proteolysis
may be revealed by examining CLB swability in cells
expressing PDSI-ADB.

The DBF2 group

Although APC and its partner E2 enzymes are necessary
for CLB destruction #n vive, they may not be sufficient. A
group of temperature-sensitive ¢de mutants — adeS, cdel 4,
cdel5, dbf2, and feml —arrest in telophase with high levels
of CLB/CDC28 protein kinase activity (see [67] and
references therein) suggesting that these genes encode
proteins which may be required to activate degradation of
CLBs. TEMI encodes a RAS-like GTPase; CDC5, CDC15,
and DBF2 encode protein kinases; and CDCI4 encodes
a protein phosphatase (for references on TEM1 and the
others, see [68]). The similar phenotypes displayed by
these murtants and the sequences of the corresponding
genes suggest that this group of proteins comprises a
signaling pathway which controls the exit from mitosis.
For simplicity, T will refer to this cluster of proteins as the
DBF2 group. The notion that these proteins are actually
organized into a pathway is supported by multicopy
plasmid suppression studies (sece [68] and references
therein), Ocher than the mutants described above, cells
d?plctcd of all RAS function arrest in telophase with
hlgh levels of CLB2/CDC28 activity (69]. Intriguingly,
this arrest is not caused by diminished adenylate cyclase

activity and can be suppressed by overexpression of CDC3,
CDCIS5, DBF?, and TEM]I.

Two models can account for the accumulation of CLB2
in DBF2 mutants of the DBF2 group. Either the DBF2
group performs an important function in the cell cycle,
the successful completion of which is monitored by a
checkpoint pathway which impinges on CLBZ destruction,
or the DBFZ group activates CLB proteolysis more
directly. One way to distinguish between these hypotheses
would be to inactivate CDC28 in a mutant of the DBF2
group; if the DBF2 group performs an important mitotic
function unrelated to CLB proteolysis, ectopic inactivation
of CDCZ8 should not bypass the requirement for DBF2
function. Conversely, the opposite should hold true if the
principal function of the DBF2 group is o activate CLB
proteolysis. Overexpression of the CLB/CDC28 inhibitor
SICI restores growth (albeit poorly) to an inviable Z4/2A
murant, suggesting that the second hypothesis is correct
[26).

Licde is known abourt the regulation, function, or targets
of components of the DBFZ group. DBFZ protein kinase
activity and a dephosphorylated form of DBFZ appear in
late anaphase coincidentally [26] but the dependence of
DBF2 activity or modification on other mitotic functions
has not been reported. Intriguingly, intracellular cAMP
[70] and the activity of a cAMP-dependent enzyme
[71] decline abruptly at the time of cell division. The
DBFZ group may trigger this abrupt drop in cAMP;
anaphase-arrested e/ 5% cells, which contain high levels
of cAMP, can be suppressed by overexpression of proteins
that antagonize cAMP accumulation {72}. These results
should be interpreted cautiously, however, in light of the
considerable capaciry of yeast cells to control cAMP accu-
mulation by feedback regulation {73]. In contrast to their
implied relationship in budding yeast, the cAMP/protein
kinase A pacthway activates cyclin B proteolysis in mitortic
Xenopus extracts [55).

Why does the DBF2 group exist?

Chromosomes segregate and PDS1 is largely degraded
[539°] in mutants of the DBF2 group, raising an important
question: why do the requirements for PDS1 and CLB
proteolysis differ? A possible clue emerges from real-time
observations of anaphase in living yeast cells [74,75°].
Anaphase spindle movements occupy ~20 minutes of a
typical cell cycle. As mitotic spindles eventually dissolve
in the absence of CLBs [76], anaphase spindle movements
may require sustained CLB/CDC28 acrivity. The DBF2
group may interpose cither a timing mechanism or 2
checkpoinr rhat postpones CLB proteolysis until anaphase
is completed (Fig. 3).

Direct observation of dynein heavy-chain-deficient cells
(dhclA) has provided direct evidence for an anaphase
checkpoint [75*]. Dynein heavy chains help to position
the nucleus at the mother~bud junction prior to anaphase.
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Mutant ZAclA cells that fail to undergo anaphase along the
mother-bud axis pause to reorient the anaphase spindle
before proceeding with cytokinesis. Although the mech-
anism underlying this delay is unknown, linking CLB
destruction to the proper completion of anaphase would
ensure that cytokinesis leads to the equal distribudion of
segregated chromosomes to the two daugheer cells.

Conclusions

As the fundamental switches underlying oscillations of
chromosome replication and segregation in budding yeast
come into ever-sharper focus, it is evidenrt that ubiquitin-
mediated proteolytic pathways twriggered by CDKs con-
stitute a major theme of cell cycle control. Spurred
by this realization, five important issues come to the
fore. First, how does CDK regulate the APC-dependent
proteolytic pathways that govern cell division? Second,
what are the substrates of these proteolytic pathways; are
other cell division processes entrained to their rhythms?
Third, what is the nature of the biochemical transacrions
that constitute these proteolytic pathways? Fourth, how
and where do checkpoint signals intersect with these
proteolytic pathways? Fifth, and most important, will a
sharper view of the role of ubiquitin-dependent proteolysis
in cell cycle control lead to the development of therapeutic
compounds that help stem the relentless growth and
division of cancer cells? Undoubtedly, the rapid pace of
discovery afforded by the combined application of genetics
and biochemistry will soon lead to a bountiful harvest of
insights.

Note added in proof

The following papers, which are relevant to the topics cov-
ered in this review, were published after this manuscript
was submirted [77-80].
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