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ABSTRACT

The cell cycle of the budding yeast Saccharomyces cerevisiae has been
investigated through the study of conditional cdc mutations that specifically
affect cell-cycle performance. Cells bearing the cdc68-1 mutation are
temperature-sensitive for the performance of the G1 regulatory event, Start.
This study describes bcth genetic and molecular evidence that suggests that
the CDC68 gene plays a role in transcription. The abundance of transcripts
from several unrelated genes has been found to decrease in cdc68-1 mutant
cells after transfer to the restrictive temperature while at least one transcript,
from the HSP82 gene, persists in an unusual fashion. Thus the cdc68-1
mutation has both positive and negative effects on gene expression. Among
transcripts that rapidly become depleted in cdc68-1 mutant cells are those of
the Gl-cyclin genes CLN1, CLN2 and CLN3/WHI1/DAF1, whose activity has
been previously shown to be required for the performance of Start. The
decreased abundance of cyclin transcripts in c¢dc68-1 mutant cells, coupled
with suppression of cdc68-1 - mediated Start arrest by a hyperactive cyclin
mutation, demonstrates that the CDC68 gene affects Start through effects on
cyclin gene expression.

The CDC68 ger.e encodes a 1035 amino acid protein with a highly acidic
and serine-rich carboxyl-terminus. Two temperature-sensitive mutations
have been localized to the N-terminal third of the predicted Cdcé8 protein.
Surpisingly, however, this region of the CDC68 open reading frame can be
deleted with little effect on cell proliferation. Thus, removal of this region
appears less deleterious than the presence of particular point mutations.

The pleiotropic effects of cdc68 mutations, gene dosage effects, as well as
structural and phenotypic similarities to other genes, suggest that the
function of the Cdc68 protein may involve interaction with chromatin to
influence transcription from a large number of promoters.
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I. INTRODUCTION

1. The eukaryotic cell cycle

The cell cycle is the process whereby one cell gives rise to two cells,
each of which is genetically identical to the original cell. Failure to regulate
cell proliferation can have deleterious consequences, such as cancer in
multicellular organisms. Execution of the cell cycle requires the integration
of biosynthetic processes that result in duplication of cellular constituents
with other processes involved in the segregation of material between the
two cells. In fact, Mitchison (1971) was one of the first to suggest that the cell
cycle may actually be viewed as two ongoing cycles , the "DNA division
cycle" and the "growth cycle". It is necessary that these two constituent cell
cycles are coordinated to ensure balanced growth and to avoid the
production of cells that are either too large (resulting from growth without
division) or too small (resulting from division with insufficient growth).

The eukaryotic cell cycle is composad of four phases: S phase, in
which DNA is replicated, followed by a gap, G2; then M phase, in which
mitosis occurs, followed by another gap, G1. Cell-cycle regulation is
accomplished at two positions within the cell cycle. The importance of each
regulatory step varies between organisms, and between developmental
stages of the same organism. For example, in embryonic cells of many
organisms, including Xenopus, starfish and Drosophila, cell-cycle regulation
is exerted prior to mitosis. Later in development, regulation shifts to the G1
interval (e.g. O'Farrell et al., 1989; Murray and Kirschner, 1989). Despite

these ancl many other differences, a unified view of the cell cycle has
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recently begun to emerge. It is now clear that the proteins which are central
to the regulation of cell proliferation have been widely conserved, and that,
as a result, the discoveries made in one system often have implicaticns for
cell-cycle regulation as a whole.

This thesis describes the characterization of a gene, CDCé68, which is
necessary for cell proliferation in the budding yeast, Saccharomyces
cerevisizge. Mutations in this gene cause cells to be temperature-sensitive for
the completion of the major cell-cycle regulatory point, Start. To provide
the context in which this work has been undertaken, this introduction will
review the regulation of cell proliferation in eukaryotic cells. The
experimental system used for these studies will be described as will previous
approaches to cell-cycle analysis. Components of the S. cerevisiae cell-cycle
regulatory machinery will also be discussed, followed by a consideration of
how studies in several systems have recently converged to yield a unified
view of cell-cycle regnlation in eukaryotic cells. The final section of this

introduction will detail the objectives of this study.

2. Saccharomyces cerevisiae as a model system for cell-cycle analysis
a) Life cycle, genetics and molecular biology

The unicellular budding yeast S. cerevisiae has been extensively
utilized as a model system for the investigation of a wide variety of cellular
processes, including regulation of cell proliferation. Several features of this
organism's life cycle have contributed to its success in this respect.
S. cerevisine cells are easily propagated and have significantly shorter
doubling times than those of many other eukaryotes. Genetic analysis is

facilitated by the stable existence of haploid and diploid forms, so that



recessive mutations isolated in haploid cells can be analysed by
complementation analysis in diploids. Diploid cells may then be sporulated,
allowing analysis of the resulting meiotic products to determine genetic
linkage relationships and to analyse genetic interactions (Mortimer and
Hawthorne, 1969). The mode of reproduction of S. cerevisiae cells provides
a particularly convenient morphological marker of cell-cycle progression: a
cell begins the cell cycle with the emergence of a bud on its surface. This bud
then grows in size as the cell cycle progresses and finally separates from the
mother cell to become a new daughter cell.

Molecular genetic approaches are now highly developed in
S. cerevisine. High-frequency transformation, cloning by complementation,
gene disruption and gene replacement are now routine procedures

(reviewed in Struhl, 1983).

b) Regulation of cell proliferation in S. cerevisiae

Regulation of cell proliferation in S. cerevisiae occurs primarily at the
G1 regulatory step termed Start. At Start, cells become committed to
alternative developmental pathways, the selection of which is dependent
upon the external environment and internal biosynthetic status of the cell.
Under favourable conditions, a cell undertakes a new round of cell division
which, once initiated, continues throughout all but the most extreme
subsequent perturbation of the external environment. Under starvation
conditions, haploid and diploid cells can enter a unique off-cycle state
termed Go, where they remain until nutrients become avaiiable. Diploid
cells can, however, embark on an alternative meiotic pathway resulting in

the production of four haploid spores which remain quiescent until the
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return of favourable conditions. The remaining developmental alternative,
available only to haploid cells, and then only in the presence of cells of the
opposite mating type, leads to the production of stable diploid cells through
the process of conjugation. The latter process is facilitated by the action of
two small polypeptides known as mating pheromones: a-factor (secreted by
MATa cells) and a-factor (secreted by M ATa cells), which act on cells of the
opposite mating type to arrest proliferation at Start after completion of the

ongoing round of cell division.

¢) Coordination of growth and division at Start in S. cerevisiae

The DNA division cycle of S. cerevisiae consists of stage-specific
events such as duplication and segregation of the spindle plaque, DNA
replication, bud emergence and nuclear migration. The growth cycle refers
to ongoing processes involved in mass accumulation. In experiments
which led to the "critical size model" proposed by Johnston et al. (1977), it
was demonstrated that coordination of the growth and DNA division
sequence is accomplished through a critical size requirement exerted at Start,
and that growth, rather than any particular stage-specific event in the DNA
division sequence, is rate-limiting for cell-cycle progression.

It was recogr.ized from the outset that cell size is merely an
experimental parameter that correlates with the actual parameter(s)
monitored by the cell. Several groups have speculated that the level of an
unknown activator protein is monitored at Start (e.g., Pardee et al., 1978;
Wheals, 1982). The studies described in later sections will indicate that the
molecular basis for coordination between the cell-division sequence and cell

growth is now close to being identified.
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d) Cell-cycle analysis in S. cerevisiae

One approach to the study of a process of interest involves the
identification of mutations that specifically inhibit that process. This
mutational approach has been extensively used to study the cell cycle of
S. cerevisiae by the isolation of conditional cdc (cell division cycle)
mutations that cause cells to arrest proliferation at a particular point in the
cell cycle (Hartwell et al., 1970; 1973; Hartwell, 1974). Upwards of 70 such
mutations have been identified (reviewed by Wheals, 1987). Analysis of
such mutants led to a view of the cell cycle as a sequence of temporally
coordinated events, each of which requires the action of specific gene

products (Hartwell, 1974).

e) S. cerevisiae Start mutations

Among the large collection of CDC genes originally identified
through mutation by Hartwell and his colleagues, only one, CDC28, has the
characteristics expected of a gene which specifies a product central to the
Start machinery. Determining the point at which the ¢dc28-1 mutation
exerts its deleterious effect on cell-cycle progression with respect to the
o~factor sensitive step indicated that cdc28-1 and o-factor interrupt the cell
cycle at the same point (Hereford and Hartwell, 1974). However, in
recognition of the fact that mutations which affect Start need not necessarily
define products that function as part of the Start apparatus itself, Reed (1980)
grouped Start mutations into two categories based on phenotypic
considerations. Class I Start mutations are defined as those which cause cells
to arrest at Start but allow continued mass accumulation and conjugation.

The ability to conjugate is of significance for two reasons: only cells that
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have not completed Start can conjugate and conjugation requires
biosynthetic competence; mutations which severely compromise
biosynthesis prevent the ability of cells to mate. cdc28-1 is an example of a
class I Start mutation; cells arrested by the cdc28-1 mutation remain capable
of conjugation (Reid and Hartwell, 1977). In contrast, Class II mutations are
those which cause Start arrest accompanied by significant decreases in
biosynthetic activity, and are likely to define genes that influence Start
through underlying effects on growth-related processes. Subsequent
isolation schemes have resulted in the identification of new Start mutations
in genes including CDC36, CDC37 and CDC39 (Reed, 1980), CDC60, CDC62,
CDC63, and CDC64 (Bedard et al., 1981), CDC65, CDC67, and the subject of
this thesis, CDC68 (Prendergast et al., 1990). In general, the mutations
identified have depended upon the isolation procedure employed. For
example, the use of enrichment procedures based on survival under
conditions otherwise likely to cause rapid cell death (such as inositol-icss
death or cdc4-mediated cell-cycle arrest), and a procedure based on mating
competency, resulted in the identification of four new Start mutations but
failed to identify any new alleles of previously identified Start genes (Bedard
et al., 1981).

Molecular analysis has demonstrated that Start mutations may be
found in genes that function in a variety of processes. A number of Start
genes have been found to encode products involved in the pheromone-
response pathway. For example, cdc36- and cdc39-mediated Start arrest is
probably due to mutational activation of this pathway (Connolly et al., 1983;
de Barros Lopes et al., 1990). The CDC36 gene encodes a product related both

to Cdc4 (a yeast cell-cycle protein that functions after Start) and to efs, a



transformation-specific sequence of avian erythroblastosis virus E26
(Peterson et al., 1984). The significance of this similarity is not yet clear since
the mechanism by which cdc36 mutations result in the activation of the
mating pathway has not been determined. Not all mutations that affect
Start have been identified solely on the basis of their cdc mutant phenotype.
For example, conditional Start mutations such as those in the SRM1 (Clark
and Sprague, 1989) and GPA1 (SCGI) genes (Jhang et al., 1988; ) were isolated
using genetic strategies designed to identify further components of the
mating-response pathway. The GPA1(SCGI) gene encodes the o subunit of
the G protein implicated in the transduction of the pheromone signal
(Nakafuku et al., 1987; Miyajima et al., 1987; Dietzel and Kurjan, 1987).
Mutant forms of both GPA1 and SRM1 allow conjugation in the absence of
mating-pheromone receptors (Jhang et al., 1988; Clark and Sprague, 1989).
Since arrest at Start is a prerequisite for conjugation, it is not surprising that
mutations in these two genes should also be found to exhibit a GI-arrest
phenotype, in addition to their effects on the mating pathway.

A second pathway in which Start mutations have been identified is
the cAMP signal-transduction pathway. For example, cdc35 Start mutations
have been found to be alleles of the CYR1 gene that encodes the enzyme
adenylate cyclase (Boutelet et al., 1985), while cdc25 Start mutations define a
gene that apparently encodes a regulatory component of the adenylate
cyclase pathway (Camonis et al., 1986; Broek et al., 1987). Although the
function of cAMP is thought to be limited to activation of cAMP-dependent
protein kinase (protein kinase A) (Broach, 1991), some substrates of which
are known (reviewed by Broach and Deschenes, 1990), it is not known how

protein kinase A activity impinges upon cell-cycle regulation.
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Mutations in translation factors have also been identified by their
ability to cause cell-cycle arrest at Start. For example, cdc65 mutations lie in
an essential tRNA8IM gene (A. Rowley, L. Murray, N. Rowley, R. Singer and
G. Johnston, unpublished data), while cdc33 and cdc63 mutations define
factors thought to form part of the translation initiation machinery
(Hanic-Joyce et al., 1987; Brenner et al., 1988). CDC60, in which mutations
cause Start arrest, has recently been found to encode cytoplasmic leucyl-
tRNA synthetase (J. Thevelein, personal communication). Mutations in
two further tRNA synthetase genes, ILSI (isoleucyl-tRNA synthetase) and
MES1 (methionyl tRNA synthetase), can also cause regulated arrest at Start
(Unger and Hartwell, 1976; Niederberger et al., 1983). Again, it is not clear

how mutations that affect translation cause specific cell-cycle arrest.

3. Universality of the cell-cycle regulatory machinery
a) The S. cerevisiae CDC28 and S. pombe cdc2* genes encode conserved
protein kinases

In addition to the fact that cdc28 was one of the first Start mutations
identified, a number of factors have resulted in the concentrated study of the
CDC28 gene. The demonstration by Beach et al. (1982) that the cloned
S. cerevisiae CDC28 gene complements a Schizosaccharomyces pombe cdc2
temperature-sensitive mutation suggested that Cdc28-dependent functions
are conserved in both organisms and, given that these two yeasts are only
very distantly related, possibly in all organisms. This conclusion was later
reaffirmed by the reciprocal demonstration that the cdc2* gene can
complement a cdc28 temperature-sensitive mutation (Booher and Beach,

1986). (For S. pombe, gene names are generally written in lower case, with a



superscript + to distinguish wild-type from mutant alleles). This finding
was initially surprising because the cell cycle of S. pombe, unlike that of

S. cerevisiae, is regulated primarily in the G2 phase, prior to the initiation of
mitosis, although the cell cycle is also regulated at the 5. pombe equivalent
of Start. The cdc2% gene acts at both the G1 and G2 regulatory steps in the

S. pombe cell cycle (Nurse and Bisset, 1981). This finding, in addition to the
identification of cdc2 mutant alleles that advance the timing of M-phase
initiation (Nurse and Thuriaux, 1980), indicated that the cdc2+ gene plays a
central role in cell cycle regulation. Nucieotide sequencing demonstrated
that the cdc2* and CDC28 genes both encode 34-kDa proteins which have
similarity with not only each other, but also with vertebrate protein kinases
(Lorincz and Reed, 1984; Hindley and Phear, 1984). Both gene products have
protein kinase activity in vitro (Reed et al., 1985; Simanis and Nurse, 1986).
These proteins are now generally referred to as p34¢4c2 and p34¢dc28. The
similarity between the S. cerevisiae and S. pombe p34cdc2 and p34cdc28
proteins led others to look for mammalian p34 homologues; Lee and Nurse
(1987) identified a human gene by complementation of a temperature-
sensitive cdc2 mutation using a human cDNA library, whereas Draetta et al.
(1987) identified a protein in HeLa cell extracts that was cross-reactive with
antibodies that recognize p34°4c2 and p34¢dc28 conserved epitopes. Since
these earlier findings, p34-encoding genes have been identified in many

other organisms.

b) CDC28, cdc2* and MPF
Recently the genetic analysis of the cell cycle, undertaken primarily in

S. cerevisiae and S. pombe, has converged with biochemical analysis in
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systems as diverse as frogs, starfish and clams. In 1988, Gautier et al.
demonstrated that a Mr 32,000 component cf a complex known as
maturation promoting factor (MPF) purified from Xenopus oocytes is
immunoprecipitated by antibodies raised against S. pombe p34cdc2. MPF was
originally defined as an activity from mature oocytes that (upon
microinjection) caused immature oocytes (naturzally arrested at the G2/M
boundary prior to meiosis I) to advance into M phase, even in the absence of
protein synthesis (Masui and Market, 1971; Smith and Ecker, 1971). Since
these early studies it has become clear that, in addition to regulating meiotic
M phase, MPF plays a role in mitotic induction in a wide variety of
organisms. Purification of MPF proved problematic due to its instability but
was eventually achieved by Lokha et al. (1988), who demonstrated that
Xenopus MPF consists primarily of two proteins, one of My 32,000 and the
other of My 45,000. Further evidence for the shared identity of the smaller
MPF component and p34 was obtained by Dunphy et al. (1988), who found
that MPF activity is retained on an affinity column containing p13, the
product of the S. pombe sucl* gene. In fission yeast, p13s4cl is known to
associate with p34cdc2 (Hayles et al., 1986; Hindley et al., 1987; Brizuela et al.,
1987). In fact, the affinity of p13s%cl for p34¢dc2 has provided the basis for
p34¢de2 purification schemes. In vitro, p13s4c! was found to associate with
and to block the ability of MPF to cause Xenopus egg interphase extracts io
enter a mitotic state. These data therefcre suggest that mitotic controls in
Xenopus and S. pombe are sufficiently similar to allow p13s4cl to function in
Xenopus extracts, although a Xenopus homologue of p13s4cl has not yet been

identified and the exact funciion of p13s4cl remains unclear.
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MPF was originally identified using microinjection of oocytes. An
alternate approach that has been used to identify cell-cycle regulatory
proteins has been to search for those whose activity is periodic in the cell
cycle. It is now clear that a well-described protein kinase identified using
such an approach is the same as MPF. This "growth associated" or "M-
phase-specific kinase" has been previously documented in a wide variety of
eukaryotic systems including starfish, sea urchin, Xenopus, rat and human
(reviewed in Arion ef al., 1988). The preferred in vitro substrate of this
kinase is histone H1, and for this reason the kinase activity is also known as
HI1 kinase. The finding that purified MPF can phosphorylate histone H1 in
vitro suggested that MPF and H1 kinase might be overlapping, if not the
same, entity (Lokha et al., 1988). Evidence that the H1 kinase is indeed the
same as MPF comes from the finding that H1 kinase from starfish oocytes
copurifies with a cdc2t homologue, as demonstrated by its reactivity with an
anti-p34¢4c2 antibody and binding to a p13s%c1 affinity column (Arion et al.,
1988). Purified starfish M-phase-specific kinase has been shown to have

MPF activity (Labbe et al., 1989).

c) Regulators of p34-containing complexes

Genetic analysis in S. pombe has identified a network of regulatory
genes whose products control the mitotic function of cdc2*. One of these
genes, cdc25%, is a positive regulator of cdc2*; the timing of mitosis is
regulated by the level of cdc25+ expression (Russell and Nurse, 1986), which
varies through the cell cycle (Moreno et al., 1990). The molecular
mechanism by which the cdc25% gene product regulates p34¢dc2 activity is

not yet known. weel is a dose-dependent inhibitor of mitosis (Russell and
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Nurse, 1987a), and is itself inhibited by nim1* (Russell and Nurse, 1987b).
Both weel™* and nim1¥, like cdc2t, share amino acid sequence similarities
with serine/threonine protein kinases, suggesting that the induction of
raitosis is, at least in part, regulated by a cascade of regulating
phosphorylations. Strong evidence for the evolutionary conservation of at
least some aspects of this regulatory system has been provided by the
identification of homologues in other organisms, including S. cerevisiae.
Homologues of the S. pombe cdc25% gene have been identified in
S. cerevisiae as MIH1 (Russell et al., 1989), in HeLa cells as CDC25 (Sadhu
et al., 1990) and in Drosophila as string (Edgar and O'Farrell, 1989). In
S. cerevisine, MIH1 is not an essential gene but can abrogate the delay caused
by the S. pombe weel™ mitotic inhibitor when the latter gene is expressed in
S. cerevisige. Thus, although it has not yet been determined that
S. cerevisige contains a homologue of the S. pombe weel* gene, the
responsiveness of the S. cerevisiae mitotic initiation machinery to S. pombe
weelt, and the identification of a cdc25% homologue in S. cerevisiae,
strongly suggest that mitotic controls are similar in these two yeasts.
Another pair of conserved genes is S. pombe sucl* and S. cerevisiae CKS1
(Hadwiger et al., 1989a). CKS1 and sucl* are both essential genes. CKS1 was
identified as a high-copy suppressor of a cdc28 temperature-sensitive
mutation, and the Cks1 protein, like its S. pombe counterpart, has been
demonstrated to form a complex with p34¢dc28. Despite the clear indication
that members of this mitotic pathway, first identified by genetic analysis in
S. pombe, are conserved between divergent species at both the functional

and structural level, the exact functions of these proteins are not clear.



13
d) Cyclins

One component of the complex known as MPF is p34, as described
above. The second component is a cyclin (Draetta et al., 1989; Gautier et al.,
1990). Cyclins were originally discovered in clam and sea urchin embryos as
proteins that accumulate in periodic fashion, reaching a maximum level in
early M phase (Evans et al. 1983). Cyclins are now known to exist in a wide
variety of eukaryotic cells. Both G1 and G2 cyclins have been identified.
Most G2 cyclins that have been identified to date belong to either A or B
classes, depending on the time at which their accumulation peaks (A cyclins
peak slightly earlier than B cyclins), and on their gel mobilities and
nucleotide sequences. GI cyclins have been studied primarily in
S. cerevisiae. S. cerevisige cyclins are considered separately in section 4
below.

A number of observations led to the conclusion that cyclin
accumulation plays a role in mitosis. In early embryos of many species,
including clams and sea urchins, the initiation of M phase requires synthesis
of new proteins from mRNAs previously stored in the oocyte. Although
the newly synthesized protein comprises only a very small proportion of the
total protein (Davidson et al., 1986), if protein synthesis is blocked zygotes
arrest after DNA replication. Protein synthesis is also required for
subsequent cycles, suzgesting that regulating factors are destroyed or
inactivated after each division.

The periodicity of cyclin accumulation suggests that these are the
proteins whose synthesis is necessary for the completion of meiosis and/or
induction of mitosis. This hypothesis was confirmed by the finding that

when clam or sea urchin mRNAs are injected into frog oocytes (arrested at
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the G2/M border of meiosis I), these oocytes are advanced into M phase
(Swenson et al., 1986; Pines and Hunt, 1987; Westendorf et al., 1989).
Similarly, in cell-free Xenopus extracts it has been demonstrated that the
translation of cyclin mRNA is sufficient to cause nuclei to complete meiosis
(Murray and Kirschner, 1989; Minshull et al., 1989). These results suggest
that synthesis of cyclin is the only synthetic requirement for induction of
M phase in early frog embryos. In related experiments, Murray et 4! {1989)
demonstrated that 2 mutant sea urchin cyclin that retains the ability to
activate MPF, but which is resistant to proteolysis, arrests cells in mitosis
indicating that degradation of cyclin is necessary for exit from mitosis.
Recent evidence suggests that degradation is mediated by the ubiquitin-
conjugating system (Glotzer et al., 1991) and may be governed by a negative
feedback loop (Felix et al., 1990).

The mechanism by which cyclin accumulation leads to MPF
activation remains unclear. Mere association of cyclin with p34¢4c2 jg
insufficient to generate active MPF (Pines and Hunter, 1989; Pondaven et al.,
1990). Other post-translational events appear to be involved since even in
the absence of continued protein synthesis after cyclin accumulation there is
a lag period before p34¢dc2 activation occurs (Wagenaar, 1983; Picard et al.,
1985; Karsenti et al., 1987). This lag period is also seen in vitro when excess
cyclin is added to interphase extracts made from frog oocytes (Solomon et al ,
1990). Furthermore, cyclin accumulation does not appear to be rate-limiting
for M-phase initiation in either somatic cells of Drosophila (Lehner and
O'Farrell, 1989) or S. pombe (Moreno et al., 1989). The current view is that
cyclins are required, but are generally not rate-limiting, for the activation of

MPF. Once activated, MPF remains active until its cyclin component is
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destroyed. In its activated form, MPF brings about the major cellular
changes associated with the initiation of mitosis by phosphorylation of

appropriate substrates.

4. S. cerevisiae cyclins
a) G2 cyclins in Saccharomyces cerevisiae

It has only recently been established that S. cerevisige contains cyclin
genes that are necessary for the G2/M transition. The identification of these
genes by Surana et al. (1991) and Ghiara et al. (1991) has partially clarified the
mitotic role of CDC28 in S. cerevisiae.

A mitotic role for the CDC28 gene was first suggested by Piggot et al.
(1982), who identified a temperature-sensitive allele of CDC28 (cdc28-1N)
that causes cells to arrest predominantly in the G2 phase of the cell cycle,
unlike most other alleles (such as cdc28-4 ana cdc28-13) which cause G1
arrest. The phenotype of this mutation suggests that in S. cerevisiae, as in
S. pombe, p34¢dc28 is required for both the G1/S and G2/M transitions. This
hypothesis was supported by the finding that the cloned S. cerevisize CDC28
gene fully complements S. pombe cdc2 mutations, demonstrating that the
G2 function of p34¢4c28 has been conserved (Beach et al., 1982).

Largely ignored until recently, the cdc28-1N allele has been exploited
by Surana et al. (1991) using a genetic approach in which high-copy
suppressors of this mutation were identified. In parallel with a strategy
employing polymerase-chain-reaction amplification of genomic DNA, this
approach has yielded four genes, CLB1, CLB2, CLB3 and CLB4, that share
amino-acid sequence similarity with cyclin B proteins from other organisms,

in particular Cdc13 from S. pombe. CLB1, CLB2 and CLB4 in high-copy were
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each demonstrated to suppress cdc28-1N but not cdc28-4 temperature-
sensitive mutations. Thus suppression by these cyclin genes is allele-specific
and limited to suppression of the G2 defects of the cdc28-1N form of p34cdc28,
In an independent study, Ghiara et al. (1991) used the polymerase chain
reaction to identify cyclin B homologues, one of which they have
characterized and named SCB1. Comparison of the SCBI sequence (Ghiara
et al., 1991) with those of the CLB genes (Surana et al., 1991) reveals that
SCBI1 is the same as CLB1. Sequence comparisons between the CLB genes
demonstrate that CLBI and CLB2 are more closely related to each other than
to CLB3 and CLB4 (Surana et al., 1991). Levels of CLB1 and CLB2 transcripts
were found to be periodic, reaching a maximum in late G2 (Surana et al.,
1991; Ghiara et al, 1991). In the case of CLBI, similar periodicity has been
demonstrated at the protein level (Ghiara et al., 1991). Neither CLB1 or
CLB? is an essential gene, but together they comprise an essential gene pair
(Ghiara et al, 1991; Surana et al., 1991): cells disrupted for both CLBI and
CLB2 germinate but eventually arrest at mitosis similar to cdc28-1N mutant
cells. Surana et al. (1991) propose that a kinase composed of the CDC28 and
CLB gene products is required at mitosis, and that the primary defect in
cdc28-1N mutant cells is the inability of the mutant p34 to inferact with the
CLB gene products. The latter hypothesis is supported by the finding that a
CLB2 gene disruption (which although non-lethal causes mitosis to be
delayed) becomes lethal when present in combination with cdc28-1IN, but
not with cdc28-4. This suggests that the combination of the cdc28-1IN
mutation, which encodes a p34 protein already enfeebled in its interaction
with G2 cyclins, with a CLB2 gene disruption, results in insufficient levels of

p34 - cyclin complex to initiate mitosis.
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Biochemical evidence for the association of p34¢dc28 and SCB1 is
provided by Ghiara et al. (1991), who demonstrate that H1-kinase activity is
precipitated by anti-SCB1 antibodies, and that kinase activity is dependent
upon cell-cycle position (reaching a maximum in the budded interval), level
of CLB1 expression and p34¢dc28. Surana et al. (1991) find that H1 kinase
activity bound by p13sucl sepharose beads is greatly reduced in cells bearing a
disrupted CLB2 gene, consistent with Clb2 also comprising part of the H1
kinase.

Ghiara et al. (1991) show that an N-terminally truncated form of CLBI
arrests cells at mitosis, presumably due to the cell's inability to degrade this
mutant cyclin causing permanent activation of the mitotic form of the
p34CDC28 kinase. This result is consistent with similar experiments in
embryonic lysates of Xenopus (Murray et al, 1989). Thus, as is the case in
other systems, degradation of G2 cyclins is necessary for exit from M-phase

in S. cerevisiae.

b) A family of G1 cyclins in S. cerevisiae

In addition to a cyclin requirement for G2-to-M transition described
above, recent studies, primarily in S. cerevisiae, have revealed a cyclin
requirement for G1-to-S phase progression. This discovery stems from
earlier studies in which a non-conditional dominant mutation, WHI1-1,
was found to cause cells to initiate a new cell cycle at an unusually small cell
size (Carter and Sudbury, 1980; Sudbury et al., 1980). The WHII gene was
eventually cloned by two groups. Nash et al. (1988) determined that the
WHII-1 mutation was tightly linked to CDC24 on chromosome L.

Transcription units surrounding CDC24 had been previously mapped as
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FUN genes (Function Unknown Now), one of which (FUN10) is now
known to encode the WHII gene. At the same time, Cross (1988) identified a
dominant mutation, DAF1-1, that caused cells to become a-factor resistant.
In addition to a-factor resistance, DAFI-1 mutant cells were also defective in
size control, suggesting that DAF1-1 and WHII-1 were allelic. The DAF1-1
mutant gene was cloned from a library of genomic DNA constructed from a
DAF1 mutant strain (Cross, 1988). The DAFI gene was also subsequently
found to be within FUNI10. Interestingly, deletion of the WHI1 gene was
found to have an effect opposite to either the WHI1-1 or DAF1-1 mutations:
cells containing a disrupted WHI1 gene exhibited an increase in cell volume
and in the length of G1 (Nash et al., 1988). Cells containing two copies of the
WHI1 gene behaved like WHII-1 mutant cells and grew at a small cell size
and with a decreased G1 period. Cells with WHII-1 in increased copy
number had a very short G1 period (Nash et al., 1988). These results argue
that WHII is an activator of Start, although the viability of strains deleted
for the WHII gene indicate that other activators function in the absence of
WHI1. The WHI1-1 mutation is thought to encode a hyperactive Whil
protein since cells bearing this mutation are advanced into the cell cycle at
decreased cell size.

The finding that WHII is not an essential gene was surprising,
considering other evidence that indicated that the WHI1 protein exerts rate-
limiting control over the G1-to-S phase transition. When the wild-type
WHI1 gene was sequenced (Nash et al., 1988) it was found to have limite
amino-acid similarity with three cyclins: sea urchin cyclin (Pines and Hunt,
1987), clam cyclin A (Swenson et al., 1986) and S. pombe cdc13* (Booher and
Beach, 1988). It is now clear that WHII is one of a family of related G1
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cyclins in S. cerevisize. Two other members of this family, CLN1 and CLN2,
have been detected as high-copy suppressors of temperature-sensitive
mutations in the CDC28 gene (Hadwiger et al., 1989b). The predicted Clnl
and CIn2 proteins share aminc-acid sequence similarity with each other and
with a number of cyclins including clam cyclin A and, to a lesser extent, the
WHI1/DAF1 gene product, sea urchin cyclin B and S. pombe cdc13*. This
similarity is most evident in a region known as the "cyclin box". Disruption
of either CLN1 or CLN2 is not a lethal event; even disruption of both CLN1
and CLN2 in a haploid cell leads only to a decrease in growth rate and
aberrantly shaped cells. However, cells containing deletion of CLN1, CLN2
and DAF1/WHI1 are inviable, indicating that these three genes comprise a
family of genes, any one of which can supply the function that is essential in
S. cerevisiae (Richardson et al., 1989). Placing any one of these three genes
under the control of a regulated promoter in cells bearing CLN1, CLN2 and
DAF1/WHI1 disruptions causes conditional G1 arrest, indicating that at least
one member of this gene family is required for cell-cycle progression
(Richardson et al., 1989; Cross, 1990). On the basis of the relationship
between these three genes, WHI1/DAF1 has been renamed CLN3
(Richardscn et al., 1989). The DAF1-1 mutation has been renamed CLN3-2
(Cross, 1990), and the WHI1-1 mutation is known as CLN3-1.

During subcloning of the CLN2 gene, an allele missing the carboxyl-
terminal third of the coding region was produced. This truncated allele
retains the ability to rescue cdc28 temperature-sensitive mutations, but
when introduced into wild-type cells causes a small-size phenotype similar
to that seen in CLN3-1 and CLN3-2 mutant cells. Cells containing this

dominant mutation, referred to as CLN2-1, spend little time in G1, are

e e 3t

g



20
moderately resistant to a-factor and do not undergo G1 arrest in response to
nutrient starvation. The phenotype of the CLN2-1 mutation suggests, as
does the phenotype of CLN3-1 and CLN3-2, that the yeast G1 cyclins are rate-
limiting regulators of the cell cycle, and that these mutant genes encode
hyperactive/hyperstable cyclin proteins that relieve normally rate-limiting
constraints on cell-cycle progression, causing cells to become unresponsive
to circumstances that would normally arrest cells in G1 (Nash et al., 1988;
Hadwiger et al., 1989b). CIn2 protein has a half-life of less than 15 min when
its synthesis from a regulated promoter is halted (Wittenberg et al., 1990).
Similar instability of the Cin1 polypeptide is suggested by the finding that
cells arrest within one cell cycle when the transcription of CLN1 under the
contro! of a regulated promoter is turned off in cells that have no other
intact G1 cyclin gene (Richardson et al., 1989). Similar experiments suggest
that CIn3 is likewise unstable (Cross, 1990). Both the CLN3-1 and CLN3-2
mutant genes contain stop codons that are also likely to result in the
truncation of the carboxyl-terminal third of the CIn3 protein (Nash et al.,
1988; Cross, 1988). The carboxyl-terminal regions of CInl, CIn2 and CIn3
contain what have been termed PEST sequences: sequences rich in proline,
giutamate, threonine, serine and aspartate implicated in the targeting of
certain proteins for degradation (Rogers et al., 1986). PEST sequences were
previously noted in clam cyclin A (Swenson et al, 1986). It is hypothesized
that the removal of these PEST sequences results in the generation of a
stabilized cyclin protein which, because of its increased stability, facilitates
premature cell-cycle progression (Nash et al., 1988; Hadwiger et al., 1989b).

Extrapolation from the situation with mitotic cyclins predicts that G1

cyclins form a complex with p34¢4c28 (Hadwiger et al., 1989b; Richardson
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et al., 1989). Experimental support for an interaction between CIn2 and
p34¢dc28 comes from the observation that anti-CIn2 antibodies coprecipitate
p34¢dc28, as measured by anti-p34¢4c28 antibodies and H1-kinase activity
(Wittenberg et al., 1990). Additional support comes from the suppression of
cdc28 mutations by over-expression of CLN genes (Hadwiger et al., 1989Db);
genetic interactions of this kind are often due to compensatory changes in

interacting proteins.

c) Regulation of G1 cyclins in S. cerevisiae

The abundance of cyclins in oocytes and eggs of marine invertebrates
is regulated primarily at the post-transcriptional level; stability varies greatly
through the cell cycle (Evans et al., 1983; Swenson et al, 1986; Westendorf
et al., 1989). Like cyclins in these invertebrate systems, the Cln2 protein of
S. cerevisiae also oscillates in a cell-cycle dependent fashion: CIn2 protein
has been shown to accumulate during late G1 and to disappear shortly
thereafter. However, unlike the situation with marine invertebrate oocytes
and eggs cyclins, similar oscillation of CLN2 transcript levels was observed,
suggesting that the rise and fall in CIn2 protein levels reflect underlying
transcriptional regulation of the CLN2 gene (Wittenberg et al., 1990). CLN1
transcript levels have also been found to oscillate during the cell cycle. In
contrast, CLN3 transcript levels vary little with cell-cycle position, suggesting
that CLN3 regulation occurs at a post-transcriptional level (Nash et al., 1988;
Wittenberg et al., 1990).

Cells bearing CLN2-1, CLN3-1 or CLN3-2 mutations are impaired in
many forms of G1 regulation, including arrest due to exposure to a-factor

and nutrient starvation. Analysis of CLN1, CLN2 and CLN3 mRNA levels
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demonstrates that CLN1 and CLN2 mRNA levels decrease following
exposure to o-factor, suggesting that a-factor-mediated G1 arrest is
accomplished by decreasing cyclin levels, an effect that can be abrogated by
increased cyclin stability. Surprisingly, CLN3 mRNA levels do not decrease,
but actually exhibit a moderate increase upon a-factor treatment, indicating
that if decreased levels of CIn3 are required for a-factor arrest, as predicted by
the failure of cells bearing hyperactive CLN3 alleles to arrest, then Cln3 must
be regulated at a post-transcriptional level (Nash et al., 1988; Wittenberg
et al., 1990). Recent evidence suggests that the abundance of each cyclin is
regulated by a separate modulatory pathway, the combined actions of which
result in G1 arrest of cells following a-factor exposure (Chang and
Herskowitz, 1990). One component of this putative regulatory network is
the recently identified gene FARI, which appears to be responsible for down-
regulation of CLN2 expression following exposure of cells to a-factor (Chang
and Herskowitz, 1990). Cells containing a null mutation in FARI fail to
arrest in response to o-factor treatment, although other features of the
response, including transcriptional induction of genes such as FUS1
(Trueheart et al., 1987) and schmooing (a morphological change
characteristic of cells responding to a-factor) are still observed. In cells
deleted for the CLN2 gene, a FARI null mutation is suppressed such that
cells arrest like wild-type cells in response to a~factor exposure, indicating
that the only function of the FARI gene in a-factor-mediated G1 arrest is to
down-regulate CLN2. As predicted by this hypothesis, CLN2 transcript
levels do not decrease in response to o-factor treatment in farl mutant

strains (Chang and Herskowitz, 1990).
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A likely candidate for a regulator of CIn3 activity is the product of the
FUS3 gene (Elion et al., 1990). fus3 mutants, like farl mutants, fail to G1
arrest in response to o-factor treatment. Deletion of the CLN3 gene restores
o-factor-mediated arrest, indicating that at least one function of the FUS3
gene is to lower effective CIn3 levels. The FUS3 sequence suggests that the
Fus3 protein may have protein kinase activity, and i: has therefore been
proposed that Fus3 inactivates CIn3 by phosphorylation. The mechanism by
which CLNT mRNA levels are down-regulated is unclear.

Several groups have recently demonstrated that the regulation of
cyclin gene expression is more complex than in the model proposed by
Chang and Herskowitz (1990) which suggests that each cyclin is
independently inactivated after a-factor treatment of cells. Dirick and
Nasmyth (1991) and Cross and Tinkelenberg (1991) have demonstrated that
cells containing CLN3 hyperactive mutations (which are resistant to
a-factor-mediated G1 arrest) fail to down-regulate CLN1 and CLN2 mRNA
levels in response to treatment with o-factor, inconsistent with independent
regulation of each cyclin. Furthermore, the persistence of CLN2 transcripts
under these circumstances actually contributes to the ability of cells
containing hyperactive CLN3 mutations to override G1 arrest, since CLN3-1
mutant cells bearing a disrupted CLN2 gene are considerably more o~factor
sensitive than cells containing an intact CLN2 gene (Dirick and Nasmyth,
1991). Cells containing hyperactive CLN2 mutations (which cause cells to be
partially a-factor resistant) also fail to down-regulate CLN2 mRNA levels
upon treatment with o-factor (Cross and Tinkelenberg, 1991). Thus,
increased stability of either CIn2 or CIn3 results in persistent G1-cyclin

expression following treatment with a-factor.
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To explain these findings both Dirick and Nasmyth (1991) and Cross
and Tinkelenberg (1991) propose the existence of a positive feedback loop in
which Gl-cyclin proteins positively regulate the expression of G1-cyclin
genes. The mechanism by which the G1 cyclins exert positive regulation
over their own mRNA accumulation is unclear, but is dependent upon
Cdc28 activity: Dirick and Nasmyth (1991) demonstrate that CLN1 and CLN2
mRNA accumulation after release from either a-factor or stationary-phase
arrest, or after synchronization by elutriation, is prevented in cdc28-4
mutant cells at a restrictive temperature. Dirick and Nasmyth (1991) and
Cross and Tinkelenberg (1991) speculate that positive feedback regulation
might be accomplished by phosphorylation of CLN1 and CLN2 transcription
factors by a complex containing p34¢4c28. Candidate transcription factors for
such regulation include Swi4 and Swis, first identified as factors required for
Start-dependent activation of the HO endonuclease which controls
mating-type switching (Stern et al., 1984; Breeden and Nasmyth, 1987). The
Swi4 and Swi6 transcription factors have now been shown to be required for
the activity of all three G1 cyclins, an activity that accounts for the inviability
of cells bearing disrupted SWI4 and SWI6 genes (Nasmyth and Dirick [in
press] cited in North [1991]).

What is the physiological significance of this feedback loop? Cross
and Trinkelenberg (1991) point out that the existence of such a feedback loop
is consistent with the very steep rise in CIn2 protein that is observed at the
G1/S boundary when synchronized wild-type cells are allowed to resume
proliferation (Wittenberg et al., 1990). Positive feedback resulting in such a
sharp accumulation of cyclins might ensure that disparate cellular activities

sensitive to cyclin accumulation are activated in a concerted fashion. An
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analogous feedback loop has been proposed to account for the concerted
activation of mitosis in the embryonic cell cycle (Solomon et al., 1990).

Other results raise questions concerning the importance of the S. cerevisiae
feedback mechanism; Dirick and Nasmyth point out that cInl cIn2 cIn3
triple mutant cells bearing a CLN2 gene under the control of a constitutive
promoter can still proliferate, indicating either that CIn2 cell-cycle regulation
is not absolutely required, or that Cln2, like CIn3, can be regulated at a post-

transcriptional level.

5. Objectives

The objective of this study is to characterize, at the molecular level,
the CDC68 gene of Saccharomyces cerevisine. The CDC68 gene was first
identified by a conditional mutation that affects cell proliferation: under
permissive conditions ¢dc68-1 mutant cells are unimpaired in cell
proliferation, but upon transfer to a restrictive temperature, arrest within
one cell cycle with an unbudded cell morphology. Previous studies in this
laboratory have indicated that cell-cycle arrest caused by the cdc68-1
mutation occurs at the same point in the cell cycle as that caused by the
mating pheromone c-factor. This result indicates that the cdc68-1 mutation
causes conditional arrest at Start (Prendergast et al., 1990). These same
studies establish that cdc68-1 mutant cells remain mating-competent and
incorporate significant levels of precursors into RNA and protein under
restrictive conditions. Thus cdc68-1 mutant cells can be considered Class I
Start mutants. Muitants of this type are thought to affect Start in a fairly

direct manner.



26

As a first step to understanding the function of the Cdc68 protein the
CDC68 gene was cloned and sequenced. During the course of these studies,
the CDC68 gene was independently identified using a genetic approach
designed to identify genes involved in transcription (Malone et al.,
submitted). The relationship between structure and function of the CDC68
gene in both cell-cycle regulation and transcription is been explored in this
study. As discussed above, significant advances in the cell-cycle field made
during the course of this study have identified components of the cell-cycle
machinery. This recent progress in our understanding of the cell cycle
allows analysis of how mutations in a gene involved in gene expressior can
affect cell proliferation. By determining the effects of cdc68 mutations on the
expression of those components of the cell-cycle apparatus that are rate-
limiting for cell-cycle progression the molecular basis of cell-cycle arrest in

cdc68-1 mutant cells has been defined.



II. METHODS AND MATERIALS

1. Strains and plasmids

Yeast strains used in this study are listed in Table 1. Those used
exclusively in mapping the cdc68-1 mutation are listed separately in Table 2.
Escherichia coli strains are listed in Table 3. Genetic nomenclature in
Saccharomyces cerevisiae is as described by Sherman (1981). No convention
for nomenclature of yeast proteins has yet been established: in this study
protein names are written in ordinary text with only the first letter
capitalized (e.g. Cdc68).

Cloning vectors YIp5, YEp24 and YEp352 have been previously
described (Struhl, 1979; Botstein et al., 1979; Hill et al., 1986). Plasmid
pUTX144 (kindly provided by D. Finkelstein) is a 2ji-based 16.2-kbp plasmid
containing an in-frame HSP82-lacZ fusion gene and a LEU2 gene for
selection in S. cerevisine. The HSP82-lacZ fusion gene of pUTX144 was
constructed by the ligation HSP82 sequences -334 to +282 (a HindIII-Rsal
fragment) (Farrelly and Finkelstein, 1984) to the Smal site of a 6.2-kbp Smal-
Sall fragment containing the E. coli lacZ, lacY, and lacA genes, isolated from
plasmid pMC1403 (Casabadan et al., 1980; Finkelstein and Strausberg, 1983;

D. Finkelstein, personal communication).

27
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Table 1. Yeast strains used in this study.

STRAIN GENOTYPE! SOURCE

21IR MATa ura3-52 leu2-3,112 adel lab coll'n?

5c225 MATa. ura3-52 leu2-3,112 adel lab coll'nd

68507 A MATo cdc68-1 ura3-52 adel and/or ade? C.B4

ART68-1 MATa cdc68-1 ura3-52 leu2-3,112 adel C.BA4
and/or ade2

L577 MATo spt16-197 his4-9128 lys2-1288 ura3-52 E. A. M./F. W

FY56 MATa, hisd-9125 lys2-1288 ura3-52 E. A M./E. W.

BM64 MATa/MATo, spt16-101:LEU2/SPT16 E. A M/F.W.
his4-9128/his4-9126 lys2-1285 /lys2-128%

GCY24 MATa CLN2-1 adel his3 leu2-3,112 trpl-1 C. W.6
ura3

CLN-5A cdc68-1 ura3-52 adel and/or ade2 GCY24 x 68507A

CLN-5C cdc68-1 CLN2-1 ura3-52 leu2-3,112 adel GCY24 x 68507 A
and/or ade?2

JHY629 MATaadel his3 leu2-3,112 trp1-1 ura3 C. W.

clnl1::UURA3

1square brackets indicate originally plasmid-borne sequences integrated, in single copy, into
the chromosome. The symbol :: following the name of a gene indicates a disrupted copy of
that gene, and is immediately followed by the designation of the sequences used to gencrate
this disruption (for example, cInl::LiRA3, indicates that the CLN1 gene has been disrupted by
replacement with, or insertion of, URA3 sequences).

2Laboratory collection, original source: J. E. Hopper (Johnston and Hopper, 1982)

3Original source: D. Botstein

4C. Barnes: Generated by backcrossing original cdc68-1 isolate 3 times with GR2 then twice
with 21R to achieve a transformable genetic background.

S5E. A. Malone/F. Winston (Malone et al., submitted)

6C. Wittenberg



Table 1 (continued).

BF338-2a MATa adel ura3 his3 cln3::URA3 A.B.F.7

whil::URA3

ZWU90-H2 MATa ura3-52::[HSP90-lacZYA URA3] C.B.S8
leu2-3,112 adel

ZWU90-C2 MATa ura3-52::[HSC90-lacZYA URA3] C.B.S
leu2-3,112 adel

FP90-68 cdc68-1 ura3-52::[HSPI0-lacZYA URA3] ZWU90-H2 X
leu2-3,112 adel and/or ade2 68507A

FP90 ura3-52:[{HSP90-lacZYA URAS3] leu2-3,112
adel and/or ade2

FC90-68 cdc68-1 ura3-52::[HSC90-lacZYA URA3] ZWU90-C2
leu2-3,112 adel and/or ade2 X68507A

FC90 ura3-52:[HSC90-lacZYA URA3] leu2-3,112
adel and/or ade2

PLD820. MATa. cant Ade” His™ Trp~ Ura S.L.10
hsp82::LEU2

CLD82¢. MATa cant Ade™ His™ Trp~ Ura~ S. L.
hsc82::LEU2

7A. B. Futcher

8C. Barnes: Constructed by the directed integration of plasmid YIp144 into the Smal site of
the ura3-52 locus in strain 21R. YIp144 is YIp5 containing a 6.8-kbp HindIII-5all HSP82-
lacZYA fusion gene fragment in which sequences -334 to +282 of the HSP82 gene (Farrelly and
Finkelstein, 1984} are fused to codon 8 of lacZ. The fusion gene fragment was obtained from
plasmid pUTX144 kindly provided by D. Finkelstein (see text).

9C. Barnes: Constructed by the directed integration of YIp232 as above. YIp232 is YIp5
containing a 7.4-kbp EcoRI-Sall HSC82-lacZYA fusion gene fragment in which sequences -600
(approximately) to +600 of the H5C82 gene (Borkovich et al., 1989) are fused in frame to lacZ.
The fusion gene fragment was obtained from plasmid pUTX232 kindly provided by D.
Finkelstein.

105, Lindquist: Complete genotype of strains unavailable
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Table 2. Yeast strains used in mapping the cdc68-1 mutation.
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STRAIN GENOTYPE SOURCE

19:3:4 MATa mes1-1 adel his5 leu2 lys11 gall gal2 lab coll'nl

GRX2-4B MATa ade2 ade5 aro2 lys5 trp5 hisé and/or lab coll'n
his7 metl3 cyh?2

STX147-9B  MATa ade5 arg4 his7 lysl lys5 metl3 trpl trp5 lab coll'n
tyrl urad aro2 rad56 gall gal2 cyh2 cly8

525k-13  MATa adel leu2-3,112 kex1:LEU2 ura3-52 H. B2

DP26A-1 MATo. cdc68-1 leu? rad52

ADC26A1-1 MATa cdc68-1 ade2 ade hish and/or hisé

ADC26A5-1 MATo cdc68-1 ade2 ural

ARM7-2 MATa cdc68-1 cyh2 ade5 ade2 his5 and/or his6
and/or his7

ARM7-6 MATa cdc68-1 ade5 cyh2 leu2-3,112 his5 and/or
his6 and/or his7

A121-3A MATa ade5 pet8 lys1 leu2-3 his7 metl4 ura3

AT21-3D MAToa. ade5 pet8 lys1 leu2-3 his7 met14 ura3

1 Laboratory collection. Original source: Yeast Genetic Stock Centre
2H. Bussey (Dmochowska et al., 1987)

3 Constructed by D. Patel, this laboratory

4 Constucted by D. Carruthers, this laboratory

5 Original source: M. Culbertson

lab coll'nd

lab coll'nd

lab coll'm

ADC26A1-1
x GRX2-4B

ARM7-2 x
DP26A-1

lab coll'nd

lab coll'n®
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Table 3. E. coli strains used in this study

STRAIN GENOTYPE SOURCE

RR1 F- proA leuB6 thi lacY galK2, xyl5 mtll aral4 rpsL20 J.E.HI
supE44 hsdS A-StrY rkmk”

DH50.  F- 080d lacZAM15 A(lacZY A-argF) U169 recAl endA1 BRL?
hsdR17(rk mk*) supE44 L~ thi-1 gyrA96 relAl

DH50F'  F ¢80d lacZAM15 A(lacZY A-argF) U169 recAl endA1 BRL2
hsdR17(rk mk*) supE44 A~ thi-1 gyrA relAl

11 E Hopper

2 Bethesda Research Laboratories; derived from strain DH5 (Hanahan, 1985). The
lacZAM15 mutation (Gronenborn and Messing, 1978) allows identification of recombinants by
screening for ¢-complementation (Ullman ef al., 1967) by pUC and M13 vectors bearing
appropriate lac sequences. DH5aF contains a stable F episome that allows infection by M13
phage but does not require selective conditions for F' maintenance.
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2. Chemicals, enzymes and materials
All chemicals were purchased from Sigma Chemical Co., St Louis,
MO, unless otherwise stated. Bacto-agar, Bacto-peptone, Bacto-yeast extract
and Bacto-yeast nitrogen base were purchased from Difco Laboratories,
Detroit, MI. The sources of enzymes and specialized reagents or equipment

are given with the description of their use.

3. Media and growth conditions
a) Yeast growth media

YM1 rich medium (Hartwell, 1967) contained (per litre) 10 g succinic
acid, 6 g sodium hydroxide, 10 g Bacto-peptone, 5 g Bacto-yeast extract, 6.7 g
Bacto-yeast nitrogen base without amino acids and 20 g glucose. YEPD solid
medium (Hartwell, 1967) contained (per litre) 20 g Bacto-peptone, 10 g Bacto-
yeast extract, 20 g glucose and 20 g agar. The defined synthetic medium YNB
(Jehnston et al., 1977) contained (per litre) 6.7 g Bacto-yeast nitrogen base
without amino acids or ammonium sulphate, 10g succinic acid, 1 g
ammonium sulphate, 6 g sodium hydroxide and 20 g glucose. YNB was
routinely supplemented with adenine and uracil (20 pg/ml) in addition to
tryptophan, tyrosine, lysire, arginine, histidine and leucine (40 pug/ml) to
make YNB+10 medium (Barnes, 1989). Uracil or leucine supplements were
omitted from YNB+10 tc make YNB+9 media used for strains containing
plasmids with URA3 or LEU2 selectable markers. The solid synthetic
complete medium SC consisted of YNB with the following additions (per
litre): 20 g Bacto-agar; 40 mg arginine, aspartic acid, histidine, isoleucine,
leucine, lysine, methionine, phenylalanine, serine, tryptophan, threonine,

tyrosine and valine; 20 mg adenine and uracil. Drop-out media, used to
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score auxotrophic requirements and to select transformants, consisted of SC
medium lacking one of the supplements. YEPD plates spread with 0.2 ml of
0.75 mg/ml cycloheximide were used to score the cyh2 mutation, which
confers resistance to the inhibitor cycloheximide. Liquid sporulation
medium (SPO) contained (per litre) 10 g potassium acetate and 1 g gl:cose.
Regeneration agar used for plating spheroplasts after transformation
consisted of (per litre): 6.7 g Bacto-yeast nitrogen base without amino acids,

110 g sorbitol, 20 g glucose, 20 g Bacto-agar, 2% YEPD (Hinnen et al., 1978).

b) Bacterial growth media

E. coli strains were grown in 2X YT medium (Messing, 1983) which
consisted of (per litre) 16 g Bacto-tryptone, 10 g Bacto-yeast extractand 5 g
NaCl. Bacto-agar was added to make solid medium (20 g/1) and top agar
(6 g/1). Ampicillin, for selection of plasmids bearing a resistance-conferring
bla gene, was added to 40 pg/ml to both liquid and solid media after

autoclaving.

¢} Growth and storage conditions

S. cerevisige and E. coli liquid cultures were routinely grown either in
flasks on a gyratory shaker (New Brunswick Scientific Co., New Brunswick,
NJ) or in test tubes on a roller drum (New Brunswick Scientific Co.) in
temperature-controlled environmental rooms. Unless otherwise stated,
yeast cultures were incubated at 23°C, the permissive temperature for all
temperature-sensitive mutants used in these studies. E. coli cultures were

grown at 37°C.
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Stationary-phase yeast cultures were routinely stored on plates at 4°C
for up to six months. E. coli cultures were similarly stored but for not longer
than three weeks. For long-term storage, stationary-phase liquid cultures of
both bacteria and yeast were frozen at ~70°C following addition of glycerol to

25%.

4. Yeast culture manipulations
a) Determination of cell concentration

0.5-ml culture samples were fixed by the addition of 4.5 ml of 3:7
formalin:Diluton (BDH Chemicals, Toronto, Ontario) solution. Prior to
counting, cells were sonicated for 5 s at 50% power with a Microson
sonicator (Heat Systems Ultrasonics Inc., Farmingdale, NY) to break up
clumps of cells. Finally, cells were diluted in Diluton and counted on a
model ZM Coulter Particle Counter (Coulter Electronics, Mississauga,

Ontario).

b) Determination of cell volume

The size distribution of cells from log-phase cultures was obtained
using a Coulter Channelizer (Coulter Electronics). Cells were sonicated but
not fixed prior to analysis. Median sizes were determined after calibration

with latex bead standards (Coulter Electronics).

¢) Determination of budding index
For S. cerevisine bud morphology provides a convenient estimate of
cell-cycle position; cells within the G1 interval are generally unbudded,

while those in S, G2 and M are budded (Hartwell, 1974). The percentage of
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cells in a population with an unbudded morphology was determined by
scoring at least 200 fixed and sonicated cells using a phase-contrast

microscope (Carl Zeiss, Otierkochen, West Germany).

5. Yeast genetic analysis
a) Construction of dipleid cells

Haploid cells of opposite mating type were mixed on YEPD and
incubated at 23°C for 24 h. Cells were then transferred to selective solid
medium and incubated under selective conditions until single colonies of

diploid cells formed.

b) Tetrad analysis

Tetrad analysis was performed to determine linkage relationships
between genetic markers of interest, and in the construction of strains
bearing required combinations of markers.

Diploid cells from a logarithmic-phase culture, derived from a single
colony, were induced to sporulate by transfer to SPO medium after washing
once in SPO to remove residual growth medium. After 4-7 days incubation
at 23°C, asci walls were digested by treatment of cells from 1 ml sporulated
culture, resuspended in an equal volume of PBS (containing per litre; 8 g
NaCl, 0.2 g KCl, 1.44 g NapHPO4 and 0.24 g KHyPOy, adjusted to pH 7.4 with
concentrated HCI), with 70 ul B-glucuronidase for approximately 45 min at
23°C. B-glucuronidase was removed by washing the cells twice with PBS

before resuspending the mixture in 2 ml PBS and spreading a portion on an

agar slab.
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The four meiotic spore products from individual asci were separated
and arranged on the agar slab using a Singer Mk. III Micromanipulator
(Singer Instrument Co., Ltd., Watchet, England) and a phase-contrast micro-
scope (Carl Zeiss). The agar slab was incubated at 23°C until the spores gave
rise to colonies, which were then transferred to YEPD in an ordered arrange-
ment and grown up a second time. Mutations were scored by replica-plating
cells to suitable media incubated under appropriate conditions.
The distance in centiMorgans (cM) between two markers was
determined using the equation of Perkins (1949);
Xp = [(6NPD + TT) x 100] / 2 (PD + NPD + TT)
The above equation is appropriate only for map distances of less than 35 cM.
However, larger values may be adjusted using the equation devised by Ma
and Mortimer (1983);
Xe = (80.7 Xp - 0.833 Xp?) / (83.3 - Xp)
Map distances of up to 100 cM are considered accurate when adjusted using

this formula.

¢) Complementation analysis

Recessive mutations in some cases could not be scored directly due to
the presence of a second mutation with the same phenotype. Such
mutations were scored by replica-plating haploid cells on YEPD and mating
with tester strains bearing previously characterized mutations in the genes
concerned. Mating each of the strains to be tested with each of the tester
strains was accomplished by "cross-stamping" the tester strains using
wooden tongue depressors. Plates were incubated for 24 h to allow diploid

formation before replica-plating to selective media. Growth of the resultant
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diploid cells indicated that the mutation under test was in a different

complementation group to that of the tester strain.

6. Analysis of yeast proteins
a) Pulse-labeling with [35S]methionine

Yeast cultures were grown overnight to a density of 2-4 x 10% cells/ml
before a portion of the culture was transferred to 37°C and incubated further.
1-ml samples were removed at appropriate intervals and pulse-labeled for
10 min with 10 pCi [35S]methionine (NEN Research Products, Boston, MA)
in test-tubes equilibriated at either 23°C (time 0) or 37°C, as described by
McAlister et al. (1979). Labelling was terminated by the addition of 1 ml of
40 mM sodium azide, 400 pg/ml cycloheximide solution and placing the
sample on ice. After 5 min on ice the cells were pelleted and washed with

2 mM sodium azide. Cell pellets were stored at ~20°C until required.

b) Sample preparation

Samples were prepared as described by McAlister et al. (1979). Briefly,
cell pellets were thawed on ice in 200 pl SDS sample buffer (Laemmli, 1970:
62.5 mM Tris-HCI [pH 6.8}, 2% SDS, 10% glycerol, 5% mercaptoethanol,
0.001% bromophenol blue). Cells were broken by 4 x 30 s cycles of vortexing
after the addition of an equal volume of glass beads and 10 pl phenylmethyl-
sulphonyl fluoride (10 mM solution in isopropanol). A further 200 pul of
SDS sample buffer was added and the liquid was transferred to a micro-
centrifuge tube which was then centrifuged at high speed to remove cellular
debris, transferred to a further microcentrifuge tube and boiled for 3 min.

Samples were stored at ~20°C if not immediately required.
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¢ ) Determination of radioactivity incorporated into proteins
The amount of [35S]methionine incorporated into protein was

determined by trichloroacetic acid (TCA) precipitation as follows: 5 ml of
chilled 5% TCA containing a 10-fold excess of unlabelled methionine was
added to 10 pl of cell extract mixed with 10 pug of bovine serum albumin
(BSA). Proteins were collected, after a 30 min incubation on ice, by filtration
though a GF/C glass microfibre filter (Whatman International Ltd.,
Maidstone, England). The filter was washed 4 times with 5-ml volumes of
chilled 5% TCA and twice with chilled 95% ethanol. Filters were air-dried
and counted by liquid scintillation in 5 ml Omnifluor (NEN) toluene-based

scintillation cocktail to determine incorporated radioactivity.

d) One dimensional polyacrylamide gel electrophoresis (1D SDS-PAGE)

Proteins were resolved by 1D SDS-PAGE in 8% gels as described
(Laemmli, 1970) using a Protean dual slab cell (Bio-Rad, Richmond, CA).
Equal amounts of TCA-precipitable radioactivity were loaded in each lane.
Molecular weight standards were eit