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Abstract

Progression through the eukaryotic cell cycle is controlled by the CDC28
protein kinase and its homologs. In the budding yeast Saccharomyces cerevisiae,
this kinase is required for cell cycle START (commitment to cell cycle progression
late in G1), and for entry into mitosis. Although constitutively present, CDC28 is
only periodically activated. The activation of CDC28 involves its physical
association with proteins called cyclins.

Budding yeast have three CLN genes (CLNs 1 - 3), which have limited
cyclin homology. At least one of the three is required for cell cycle START.
Four B cyclins are known in yeast (CLBs 1 - 4); two have been shown to function
in mitosis. This thesis reports the discovery of three genes which, when either
mutated or overexpressed, relieve the requirement for CLN genes for the execution
of START.

The first gene was discovered as a mutation which bypasses the requirement
for CLN genes, and which we have named the CLN bypass mutation (CBM). 15
distinct isolates of CBM were obtained; all were dominant, and 12 were shown to
be linked or allelic with one another. Two of the isolates caused single division
meiosis as an unselected, dominant phenotype.

Two CEN plasmid clones were isolated which bypassed the CLN
requirement. The first of these contained a novel B cyclin, which we have named
CLBS. CLBS transcript abundance peaks in G1, coincident with CLN2 transcript,
but earlier than CLB2 transcript. CLBS deletion does not cause lethality, either
alone or in combination with other CLN or CLB deletions. However, strains
deleted for CLB5 require more time to complete S phase, suggesting that CLBS

promotes some step in DNA synthesis. CLB5 is the only yeast cyclin whose
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deletion lengthens S phase. CLBS5 may also have some role promoting the G1/S
transition, since clnl cln2 strains require both CLN3 and CLBS5 for viability on
glycerol media, and clnl,2,3" strains require CLBS5 for rescue by the D.
melanogaster cdc2 gene.

The other CEN plasmid clone rescuing the clnl,2,3" genotype contained
MPKI1, already known as a gene which could function in this context. We have
generated a null allele of MPKI, and shown that while mpkl strains are only
mildly impaired at START execution, mpkl cln3 strains are very sick, and mpkl
cln3 spores are inviable. MPKI cInl cIn2 and mpkl clnl cln2 strains are both
robust, suggesting that MPK1 and CLN1,2 supply substantially the same function in
the cln3 background. MPKI appears to be required for the CDC28 independent
phase of pre-START CLNI and CLN2 transcription, which is nearly essential to

viability in the c/n3 background.






Chapter 1: Introduction

The cell cycle in budding yeast: logical and biological problems

Introduction. Living organisms are made up of cells, and the propagation
of life depends on the replication of cells. Cellular replication is tightly regulated,
and generally occurs through the process of cell division, wherein one cell gives
rise to two. Since this occurs repetitively (ie. many kinds of cells can divide, then
divide again), one conventionally speaks of a "cell division cycle". This thesis
describes work in the area of cellular biology concerned with the control of the
cell division cycle, in the model organism Saccharomyces cerevisiae. The tools of
cell physiology, genetics, and molecular biology will be brought to bear.

The cell division cycle encompasses several distinct sub-cellular division
cycles: When cells replicate, each component must replicate, prior to the events of
cell division. In particular, one thinks of replication of the spindle pole body
(Byers, 1981) or centrosome, replication of the genome (ie. all genetic information
residing in the nucleus), and replication of all other macromolecules and
subcellular organelles as distinct, inter-related processes. These processes are of
two, distinct kinds, in the sense that cells replicate their genomes and centrosomes
exactly once per division, but they replicate all other components an average of
once per division, while undergoing growth. One of the fundamental questions in
our field concerns how growth and division are coordinated, such that after an
indeterminate number of cell divisions, the average cell size is unchanged (Pringle
and Hartwell, 1981). In other words, we want to understand how cells control how
big they are.

The concept of START. The yeast cell cycle, like most eukaryotic cell

cycles, is divided into discrete phases. DNA synthesis occurs during "S phase",






and chromosome segregation and nuclear division occur during "M phase", or
Mitosis. These two phases are separated by intervening "Gap" phases, called G1
(between mitosis and S phase), and G2 (between S phase and mitosis). It has long
been recognized that at least four types of regulation of the yeast cell cycle occur
specifically in G1.

First, yeast divide by asymmetrical budding, in which daughter cells are
produced that are generally smaller than their mothers. In order for yeast to
achieve the coordination of growth and division, daughter cells must refrain from
dividing prior to achieving the typical size of mother cells at their first division. It
happens that budding yeast postpone the initiation of S phase until they have
reached a critical size (Pringle and Hartwell, 1981; Cross et al, 1989a); the
coordination of growth and division is achieved in G1. There is no logical
necessity to this state of affairs, since in theory cells could complete S phase, and
postpone mitosis while waiting to reach the appropriate size. Moreover, the cell
size at which S phase begins is not determined by sheer physical constraints, since
certain mutants commence S phase at a distinctly smaller size (Carter and Sudbery,
1980; Cross, 1988a; Nash et al, 1988; Hadwiger et al, 1989b).

Second, haploid yeast occur in two distinct mating types (reviewed in Cross
et al, 1988b; Herskowitz, 1989). Each mating type secretes a peptide pheromone,
and expresses a receptor for the pheromone of the opposite mating type. When
exposed to the appropriate mating pheromone, haploid (or mating type
homozygous) yeast arrest progression through the cell cycle specifically in G1, and
undergo differentiative changes in preparation for mating. Pheromone arrest
represents a second instance of G1 specific regulation of cell cycle progression.

Yeast respond to deprivation for a variety of nutrients, including energy, by






arresting progression through the cell cycle, specifically in G1 (Pringle and
Hartwell, 1981). Mating type heterozygous yeast respond to deprivation for
nitrogen, in the presence of a nonfermentable carbon source, by sporulating; this
also commences in G1 (Esposito and Klapholz, 1981).

Hartwell and his colleagues (Pringle and Hartwell, 1981) have defined
START as the unique point in the cell cycle when cells become committed to a
particular developmental fate. Cells in G1 behave as if choosing among distinct
developmental options: dividing, arresting, mating, or sporulating (excepting, of
course, that no particular cell must "chose" between mating and sporulating, since
these are capabilities of genetically distinct cell types; in addition, although
sporulation normally commences in G1, if yeast are transferred back to rich media
early in sporulation, they can return to vegetative growth after undergoing meiotic
recombination (Esposito and Klapholz, 1981)). G1 yeast that are pre-START are
uncommitted to a developmental fate, while post-START, they are committed to
completion of an additional vegetative cell cycle, prior to reaching their next
decision point. As a corollary, the START concept encompasses the fact that the
choice among developmental options is made at a unique point in the cell cycle,
rather than as a series of Bifurcating choices. A basic objective of our field is to
describe, in molecular terms, what happens at START. The three genes described
in this thesis are potentially involved in the execution or the regulation of START.

Once yeast have executed START, they have the potential to delay cell
cycle progression prior to its completion, due to the existence of "checkpoints"
(Hartwell and Weinert, 1989). Checkpo‘ints are inferred to exist when the
phenotypes of mutant genes reveal potential negative feedback on cell cycle

progression, resulting from the failure to complete a prior cell cycle step.






Checkpoints are believed to ensure the dependence of mitosis on the completion of
DNA replication (Weinert and Hartwell, 1988) and microtubule assembly (Li and
Murray, 1991), and the dependence of budding on the completion of mitosis (Hoyt

et al, 1991).

Genetic analysis of the cell division cycle.

Cell division cycle mutations and CDC28. In budding yeast, cell
morphology varies with cell cycle stage: G1 cells are unbudded. Bud emergence
and the initiation of S phase are approximately coincident, but independent events.
Cells with large buds are usually in G2 or M phase. Hartwell and colleagues
(Hartwell et al, 1974) isolated a series of conditional mutations which, when
transferred to nonpermissive conditions, arrested cell cycle progression with a
homogeneous morphology (ie. unbudded, small budded, large budded). These are
called cell division cycle (’cdc’) mutations.

Among G1 arresting mutants in this collection, one (cdc28-1) was noted to
be competent to mate at the arrested stage. Mating competence at the time of
arrest was subsequently used to isolate additional alleles of CDC28, as well as
mutations in three other genes (Reed, 1980). When cdc28 cells are arrested at
their nonpermissive temperature, then exposed to mating pheromone and transferred
to permissive temperature, they fail to progress through the cell cycle.
Furthermore, when cdc28 cells are arrested with pheromone, then transferred to
fresh media at the nonpermissive temperature, they also fail to progress through the
cell cycle. Apparently, cells can’t execute the pheromone sensitive step without
CDC28 function, and they can’t execute the CDC28 dependent step while arrested

by pheromone. By definition, pheromone arrests cells at START, and by






inference, loss of CDC28 function does as well. This contributed to the hypothesis
that CDC28 plays a critical role in the execution of START.

CDC28 is a serine/threonine kinase (Reed et al, 1985; Wittenberg and Reed,
1988), and is homologous to cdc2 from Schizosaccharomyces pombe, and to the
catalytic subunit of MPF (maturation or mitosis promoting factor, defined as a
factor relieving the protein synthesis requirement for the completion of M; in
amphibian oocytes (Murray and Kirschner, 1989b)). A CDC28/cdc2 homolog
(p34°*?) occurs in the human genome, and can functionally replace the yeast gene
(Wittenberg and Reed, 1989). It is now widely believed that progression through
virtually all eukaryotic cell cycles is regulated via control over the activation of the
CDC28/cdc2 kinase homologs (Murray and Kirschner, 1989b; Nurse, 1990;
Hartwell, 1991). In budding yeast and fission yeast, CDC28/cdc2 is required for
cell cycle START, for mitosis (Hartwell, 1991), and for meiosis (Shuster and
Byers, 1989; Niwa and Yanagida, 1988). In higher eukaryotic cells, the
involvement of this kinase in mitosis (Hartwell, 1991) and meiosis (Labbe et al,
1988) is established. There are also indications that either cdc2 or an emerging
family of "cyclin dependent kinases" (cdks) may have a role at earlier cell cycle
stages (Fang and Newport, 1991; Tsai et al, 1991; Pagano et al, 1992; Dulic et al,
1992; Matsushime et al, 1992).

Two of the major unanswered questions about the eukaryotic cell cycle
concern the substrates for CDC28/cdc2 and the cdks. In yeast cells, where it
appears that a single kinase assumes both G1/S and G2/M functions (Pines and
Hunter, 1990b), it remains to be determined how one kinase promotes two distinct
transitions. Either one kinase phosphorylates distinct substrates at distinct times, or

the phosphorylation of one substrate has different consequences at different times.






In either case, very little is understood about how kinase activation brings about a
specific kind of cellular response, appropriate to the transition that eventually
occurs. p34“ has been reported to phosphorylate the nuclear lamins in S. pombe
(Enoch et al, 1991).

In higher eukaryotes, where more than one kinase is available, the essential
role for each kinase might be confined to a particular cell cycle stage. It remains
to be determined, however, what the relevant substrates for these kinases are.
Cyclin dependent kinases have been reported to be involved in the phosphorylation
of oncogene products (Bischoff et al, 1990; Lin et al, 1991), cytoskeletal elements
(Chou et al, 1990), and the nuclear lamins (Dessev et al, 1991; Peter et al, 1990),
among other cellular components. Cyclin dependent kinases from both yeast and
higher eukaryotes can phosphorylate histone H1, although the significance of this is
obscure, since histone H1 is absent in yeast.

The cyclins. 1In yeast, as in other systems, Cdc28 protein is constitutively
present (Mendenhall et al, 1987), but its kinase activity and association with other
proteins vary during the cell cycle (Wittenberg and Reed, 1988). CDC28/cdc2
homologs require physical association with cofactors for activation. The associated
proteins which activate CDC28/cdc2 kinases are called "cyclins", because they
cycle in abundance during the cell cycle (Evans et al, 1983). RNAase treated,
enucleated, Xenopus egg extracts arrest in interphase, but they can be driven into a
mitotic state by addition of an RNAase inhibitor plus mRNA encoding cyclin B
(Murray and Kirschner, 1989a), demonstrating the sufficiency (but not the
necessity) of cyclin synthesis for the activation of MPF. Other means of control,
involving both inhibitory (Thr-14, Tyr-15) and stimulatory (Thr-161)

phosphorylations of the Xenopus p34“* kinase also determine the functional state






of CDC28/cdc2 in mitosis. Such control mechanisms have been particularly well
studied in Xenopus (Solomon et al, 1990) and in S. pombe (Nurse, 1990; Lundgren
et al, 1991).

Cyclins of the B-type sequence class are generally associated with the
mitotic activation of cdc2/CDC28. Four B-type cyclin genes have been reported in
S. cerevisiae (CLB1, CLB2, CLB3, and CLB4; Surana et al, 1991; Ghiara et al,
1991). CLBs 1,2, and 4 were discovered as high-copy suppressors of a unique
conditional allele of cdc28 having a G2/M terminal phenotype (Surana et al, 1991).
CLB1 mutations promoting the stability of the protein lead to M phase arrest
(Ghiara et al, 1991), while deletion of CLB2 leads to delayed entry into M phase
(Surana et al, 1991). Simultaneous deletion of CLB2 and either CLBI or CLB3
arrests cells in G2, based on tetrad analysis (Surana et al, 1991; D. Lew and
S.Reed, personal communication). In contrast, the S. pombe cigl* gene is a B
cyclin that is required for efficient passage of the G1/S transition (Bueno et al,
1991).

A-type cyclins may also activate cdc2 in mitosis; however, growing
evidence suggests a role for A-type cyclins complexed with Cdc2 or the Cdc2-
related kinase Cdk2 earlier in the cell cycle, in particular at DNA replication (Pines
and Hunter, 1990b; Girard et al, 1991; Tsai et al, 1991). In higher eukaryotes, it
is not clear if cyclin A/kinase complexes are required for S phase throughout its
duration, or only at the G1/S transition (Girard et al, 1991). In budding yeast, no
cyclin A homologs are known, nor is there any genetic evidence that CDC28 is
involved directly in S phase progression.

In S. cerevisiae, START is dependent on the distant cyclin homologs CLN1,
CLN2, and CLN3 (Richardson et al, 1989), as well as on CDC28. CLNI and






CLN2 were first identified as high copy suppressors of the G1 arresting
temperature sensitive allele cdc28-4 (Hadwiger et al, 1989b), while CLN3 was
identified as a mutant gene whose phenotypes included small cell size and
dominant a-factor resistance (Carter and Sudbery, 1980; Cross, 1988a; Nash et al,
1988). The products of the CLN genes bind to (Wittenberg et al, 1990; Tyers et
al, 1992; F. Cross and C. Blake, unpublished data) and activate (R. Deshaies, pers.
comm.) the CDC28 protein kinase. The three CLN genes are functionally
redundant; any one of the three is sufficient for viability (Richardson et al, 1989).
Triple CLN deficiency causes G1 arrest, at START (Cross, 1990).

The genes for human cyclins C, D, and E (Koff et al, 1991; Lew et al,
1991; Matsushime et al, 1991; Xiong et al, 1991), and D. melanogaster cyclin C
(Leopold and O’Farrell, 1991; Lahue et al, 1991), were isolated on the basis of
their ability to rescue c/nl,2,3" yeast. The normal roles of these cyclins are
unclear, but recent work suggests that cyclins D1 and E function in G1 of the
mammalian cell cycle (Matsushime et al, 1992; Dulic et al, 1992; Lees et al,
1992). Human cyclin A and cyclins B1 and B2, as well as S. pombe cdcl3*, a
mitotic B-type cyclin, also functioned in the clnl,2,3" rescue assay (Koff et al,
1991; Lew et al, 1991; Xiong et al, 1991). These rescue experiments all employed
a strong yeast promoter and high-copy plasmids, presumably promoting gross
overexpression of the foreign cyclin.

In this thesis, I report the isolation of a dominant mutation conferring
viability on yeast strains deleted for all three CLN genes. This mutation, called
CBM (CLN bypass mutation) was characterized genetically, and shown to be
unlinked to several known genes involved in the control of the yeast cell cycle.

Among fifteen distinct isolates, two caused single division meiosis as an unselected






phenotype. An attempt was made to clone CBM. While this attempt was
unsuccessful per se, it led to the isolation of two other yeast genes which could
rescue the cinl,2,3" condition when expressed from their natural promoters, on a
centromere containing (low copy number) plasmid.

One of these proved to be a novel B type cyclin, which was named CLB5
(Epstein and Cross, 1992). Deletion of CLB5 resulted in a marked slowing of S
phase progression, but no detectable delay in the G1/S or G2/M transitions. CLB5
RNA is expressed early in the cell cycle, in contrast to other B-type cyclins
(Surana et al, 1991; Ghiara et al, 1991). These observations suggested that CLBS
is a B-type cyclin functioning early in the cell cycle, and required for efficient
DNA replication.

The other gene found as a dosage suppressor of clnl,2,3" inviability was
MPKI. This gene has recently been isolated by others (J.Thorner, B. Futcher, both
personal communications). Synthetic lethal analysis revealed that MPKI is nearly
essential to the function of CLNI and CLN2. Disruption of MPKI caused a
detectable delay in the G1/S transition, and caused a dramatic defect in cell cycle
progression when combined with a null allele of CLN3.

The CLN bypass mutation was shown to have the same strain background
dependencies as did CLBS over-expression for cInl,2,3" rescue: Both CBM and
PCLBS5 rescue of clnl,2,3" are suppressed by the disruption of either swi4 or mpkl.
These results imply a range of possible models integrating roles for CLB5, MPK1,
and CBM in the control of the cIn1,2,3" dependent step. The potential functions of

CBM and MPKI1 are discussed at the ends of chapters 3 and 6, respectively.






Chapter 2: Materials and methods

Yeast and bacterial strains

All yeast strains were isogenic with BF264-15D (trpl-l1a leu2-3,112 ura3
adel his2), except as indicated in the text. A nonreverting null allele of ARG4
was installed in the BF264-15D background using pmlc12PstARG4BglFill
[BamURA3] (Sun et al, 1989). Standard techniques were employed for strain
constructions (Sherman et al, 1989). E. coli DH5a was used when blue colonies
were desired on X-gal media. YMC10 was used for routine production of plasmid
DNA. DK-1 was used for recovery of CEN plasmids from yeast. When necessary
for restriction by enzymes sensitive to dam methylation, plasmids were prepared in
the dam13::Tn9 strain GM2163 (New England Biolabs).

Synthesis of the genotypes CBMS8/cbm*/cbm* and cbm*/cbm*/cbm®, for
testing dominance of CBM8. Diploid 886-2A, genotype MATa/MATa cbm*/cbm*
cinl,2,3/cIn1,2,3 [GALI::CLN3] (derived from cross 886; see Table 12) was mated
to a MATa cinl1,2,3 CBMS strain (957-3C), and to a cbm* control. The resultant
triploids were tested for growth on YEPD and YEPGal by quantitative plating
assay.

Formation and testing of cytoductants with CBM18 (original isolate). To
form cytoductants with CBM18, mating partners for CBM18 were prepared which
were MATa arg4 cInl CLN2 cln3 p° cyh® and CBM18’ or cbnt. (The derivation
of CBM18’ from CBM18 is explained in the text.) These were derived as follows:
A spontaneous cyh® derivative was selected by plating 884-4D (MATa clnl::TRPI
CLN2 cIn3A arg4) on YEPD + 10 ug/ml cycloheximide. This was mated (cross
920) to 886-20D (MATo clnl::TRP1 clIn2::LEU2 cIn3A CBM18’ ARG4 spot W16).
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Tetrads were dissected, and four spore clones were retained:
920-4B: MATa cinl CLN2 cin3 arg4 cyhR CBM18’
920-8C: MATa clnl CLN2 cin3 arg4 cyhR CBM18’
920-9A: MATa cinl CLN2 cln3 arg4 cyhR cbm*
920-20C: MATa cinl CLN2 cIn3 arg4 cyhR cbm*
Given the presence of CLN2, the genotype at CBM18’ was assigned based on
backcrossing to a clnl,2,3" W16 strain, dissecting tetrads on YEPD, and examining
the segregation of viability in the progeny. Each of the four strains was cultured
in the presence of 20 ug/ml ethidium bromide, then plated on YEP + 3% Glycerol
+ 0.1% Glucose. Slowly growing colonies were picked, and it was confirmed that
they grew normally on YEPD, but were inviable on YEPGlycerol. It was also
confirmed that they did not revert to viability on YEPGlycerol after culture on
YEPD. Each of the four was then mated to CBM18, and cytoductants were
selected on YEP + 3% Glycerol + cycloheximide. Cytoductants were tested to
confirm that they were MATa arg4 leu2, all of which ruled out the presence of
nuclear genes from CBM18. They were then mated to the MATa mating type
tester PT2, and the diploids were sporulated. All four sporulated to form tetrads.
Derivation and genotyping of cIn3 mpkl::ARG4 haploid strains. Although
cln3 mpkl spores arrest after germinating, without budding, and are consequently
inviable, newly germinated cIln3 mpkl spores are competent to mate, if they
germinate in the vicinity of vegetative cells of the opposite mating type. Diploid
1050E  (CLNI/CLN1  CLN2/CLN2 CLN3/cin3::URA3  MPKI/mpkl::ARG4
[CE118/TRP1]) was synthesized by dissecting 1036/A*/3 (CLNI1/CLNI
cln2::LEU2/CLN2 cIn3::URA3/cIln3A MPKI1::MPKI::TRP1/mpkl::ARG4) on agar
that had been prespread with 1001-1B (MATo CLN1 CLN2 CLN3 MPKI arg4

[CE118/TRPI]). Matings between doomed cln3 mpkl::ARG4 1036 progeny and
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1001-1B were selected via replicas to YcD-arg-trp. Thus it is possible, but
unproven, that the terminal phenotype of cln3 mpkl spores coincides with the cell
cycle stage where they are competent to mate. 1050E was sporulated and
dissected to obtain cIn3::URA3 mpkl::ARG4 [CE118/TRPI] spore clones. Only
one Ura* Arg* Trp* spore was recovered (1050E-8A), and for unknown reasons it
grew very slowly.

As an alternative means of recovering viable mpkl cln3 strains, 1036/A%/3
(cin3::URA3/cIn3A) was subject to S5-FOA selection (presumably yielding
cln3A/cln3A  derivatives via mitotic recombination), transformed with
[GAL1::CLN3/URA3], sporulated and dissected, yielding cIn3A mpkl::ARG4
[GAL1::CLN3] spore clones. Diploid 1052 (CLN1/clnl::TRP1 CLN2/cIn2::LEU2
CLN3/cIn3A MPK1/mpkl::ARG4 arg4/arg4 [GAL1::CLN3/URA3]) was formed by
mating a cInl,2,3” W16 strain to a CLNI1,2,3* mpkl::ARG4 strain from 1050E.
Thus, no auxotrophy was available to score the segregation of CLN3 among 1052
progeny. However, in CLNI cin2 mpkl::ARG4 and clnl CLN2 mpkl::ARG4
segregants, genotype assignments at CLN3 were made based on robust vs. poor (or
non-existent) growth on YEPD. The fact that CLN3 is the only unmarked gene
segregating in 1052, combined with the fact that the genotype mpkl::ARG4 cln3 is
spore lethal, make it plausible that the lack of CLN3 accounts for the poor health

of vegetative mpkl::ARG4 strains.

Null and marked alleles of yeast genes

Alleles from other studies. The clnl::TRP1 and cIn2::LEU2 alleles were
from S. Reed (Hadwiger et al, 1989b). cIn3::URA3 (dafl::URA3) was from F.
Cross (Richardson et al, 1989). The clnlA, cln2Aspe-xho, cIn3A, and GALI::CLN3
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alleles were as described (Cross and Tinkelenberg, 1991; Cross, 1990; Cross,
1988a). c¢dc28-13 was from S. Reed (Reed, 1980). Strains bearing null alleles of
CLB1 (Ghiara et al, 1991), CLB2, CLB3, and CLB4 (unpublished) were kindly
supplied by S. Reed and D. Lew. The swi4::URA3 allele consisted of a
duplication of an internal BamHI fragment of SWI4, with the URA3 between the
duplicated sequences. This construct was provided by B. Andrews, and was
introduced into the BF264-15D background by J. McKinney. The hcs26::URA3
allele consisted of the URA3 gene inserted at the unique EcoRV site in HCS26.
This construct was synthesized by D. Lew, was introduced into the BF264-15D
background by D. Lew, and its location was confirmed (by Southern blotting) by
C. Epstein (results not shown). SWI6::-TRP1 and swi6::LEU2 were obtained from
B. Andrews, and were introduced into the BF264-15D background by J. Rakonjac.
lys2::URA3 was a gift of J. Thorner.

Synthesis of cln2Aspe-sph. pJH3-45-2 (containing the yeast CLN2 gene as a
Sau3A fragment cloned into the BamH1 site of yeast ARS plasmid YRP7) was
obtained from S. Reed (Hadwiger et al, 1989b). The 5’ and amino terminal regions
of the CLN2 gene were subcloned from this source, between unique Sall (5’
region) and HindlIl (coding region) sites, into the integrating vector YIPS doubly
digested with Sall and HindlIl. This construct was linearized at the unique Spel
site lying inside the CLN2 coding sequence, partially digested with Sphl, and size
fractionated on a 0.6% agarose gel. A band was recovered, representing the
original construct less a deletion of 911 bases between the Sphl site 5 of the CLN2
coding sequence and the Spel site. The DNA was eluted using GENE-CLEAN
(Bio 101), blunt-ended with T4 DNA polymerase, recircularized with T4 DNA

ligase, and retransformed into E. coli strain GM2163. Several transformants were
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minipreped and one was demonstrated to have the restriction map predicted for the
intended deletion. Plasmid DNA was prepared, linearized inside the CLN2 coding
region with Bcll, and transformed into yeast strain YFC589-1 (relevant genotype
cinlA cin2::LEU2 cIn3A [CLN3/TRPI]), selecting transformants on YcD-ura.
Transformants were patched to 5-FOA to detect wura3 revertants, which were
screened for loss of the Leu* phenotype. One of these was shown by Southern
blotting with a CLN2 probe to have undergone a replacement of the cln2::LEU2
allele by the newly engineered deletion and truncation (Figure 3). The new
cln2Aspe-sph allele was shown to be null for CLN function by swapping the W16
[GAL1::CLN3/URA3] plasmid for the 43-9 [CLN3/TRPI] plasmid, and
demonstrating that the resulting strain arrested in G1 on transfer to glucose.
Centromere linked markers used to study centromere segregation in single
division meiosis. CENI::URA3 was plasmid VG90 from D. Kaback, cut with
EcoRI and transformed into yeast. LEU2 was pCV13, double digested with
Xhol/Sall, transformed into yeast, and shown genetically to be linked to MAT.
TRPI1::TRP1, TRPI1::CLN3, and TRPI1::CLN3(x3) alleles were supplied by F.

Cross.

Media

Hydroxyurea (Sigma) was used in solid media at 0.2 M. Nocodazole (Sigma) was
used in liquid media at 15 ug/ml, from a DMSO stock at 10 mg/ml. a-factor
(Sigma) was used in solid and liquid media at 1 uM. Galactose, glycerol, and

raffinose were used as carbon sources at 3%; glucose was used at 2%.

Construction of CEN plasmid library
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Introduction. Since CBM is a dominant mutation, we sought to clone it by
making a library in a yeast CEN plasmid, using genomic DNA isolated from strain
having CBM.  We then screened the library based on function for plasmids
having activity at rescue of the genotype clnl,2,3 [GAL1::CLN3] on glucose media.
CLBS5 and MPK1 were cloned fortuitously, while attempting to clone CBM.

Synthesis of pCE101. We made our library in a novel yeast cloning vector,
pCE101. pCE101 (Figure 1) was made from pRS314 (Sikorski and Hieter, 1989)
by substituting a pBR322 ORI for the existing pUC ORI in pRS314. It was
reasoned that libraries should ideally not be made in bacterial vectors having pUC
origins, since certain cloned fragments of yeast DNA might be toxic to the
bacterial host when expressed at high copy number. The strategy for synthesis of
pCE101 was to cut out the ORI region from pBR322 with BspM2 (pBR322 was
produced in E. coli strain GM2163) and Scal, and to ligate it to the
CEN/TRP1/MCS/Bgal region of pRS314, that had been cut out with AfIIII
(Anglian) and Scal. The Scal/Scal junction, in the Ap gene, was to be selected
based on recovery of ampicillin resistance. EcoRI was included in the digest of
pBR322 to allow gel purification of the desired fragment, since BspM2 and Scal
render pBR322 into two nearly equal pieces. Digested pBR322 and pRS314 DNAs
were blunt ended with Klenow fragment, and DNAs were ligated together with T4
DNA ligase (New England). Ligated DNA was transformed into DHS5a, and blue
colonies were detected on LB/Amp/X-gal agar. Based on restriction mapping, the
clones recovered were derived from a pBR322 fragment that had failed to cut at
the Scal site, and went all the way from the BspM2 site to the EcoRI site. Hence,
there is a small direct duplication of the amino terminal end of the Ap gene in

pCE101. This may have resulted from exonuclease contamination of one of the

15






enzymes used, preventing recovery of an intact Ap gene from a Scal/Scal junction.

Synthesis of CEN plasmid library. Yeast 933-1C (MATa clnl::TRP1 CLN2
cIn3A CBM8“:B«k=) was the source of the DNA used to make the library. CLN2
was included in the library as a positive control. The presence of CBM in this
strain was confirmed by backcrossing (cross 950) it to 884-39B (clnl::TRPI
cln2::LEU2 cIn3A arg4 [GALI1::CLN3]), and recovering glucose viable Leu*
progeny. 933-1C was inoculated into 1 liter YEPD, and cultured to an O.D. of
1.15. Yeast DNA was then isolated essentially as described (Holm et al, 1986).
DNA was 1/16 under digested with Sau3A, phenol extracted, RNAase treated, and
precipitated with PEG to eliminate residual RNA. The pellet was recovered and
run over a 10 - 30% glycerol gradient for S hours at 40,000 RPM, in an SW40
rotor. The gradient was fractionated and a fraction was retained having a modal
DNA fragment length of about 12 KB.

pCE101 was cut with BamHI and treated with calf intestinal phosphatase,
then combined, at a concentration of 3 ug/ml, with the glycerol gradient
fractionated yeast DNA. The mixture was ligated overnight at 15°C with T4 DNA
ligase, and transformed into E. coli strain DHS5a. Bacterial colonies were rinsed
off the LB/amp plates and pooled from 50 independent transformations and
platings of the ligated DNA, cultured for 2 hours with an added 100 mls of LB
(50 ug/ml ampicillin), and plasmid DNA was prepared by the alkaline lysis
method.

Isolation of CLB5 and MPKI1 genes from library. Library DNA was
transformed into yeast strain 960-3C (clnl cln2 cIn3 [GAL1::CLN3/URA3]), and
transformants were selected on YcGal-trp. Once colonies had grown up, replicas

were taken to YEPD agar. Secondary YEPD replicas were taken from the primary
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replicas after 24 hours growth. These were allowed to grow for two to three days,
although [pCLN2/TRPI] clones formed robust patches after one day’s growth.
Candidate clones were picked from the secondary YEPD replicas, and colony
purified on YcGal-trp-ura. Growth on YEPD was demonstrated to be dependent
on inheritance of a TRP1/CEN plasmid based on cosegregation, following plasmid
loss during nonselective growth. Plasmids were recovered from 1.5 ml overnight
YEPD cultures, as described (Ausubel et al, 1987).

Overall, from two independent libraries made from the same glycerol
gradient fraction, we recovered eight distinct clones of CLN2 (a total of 42 times),
no clones of CBMS, three distinct clones of CLB5 (one time each), and a single
clone bearing MPK1, previously found to suppress clnl,2,3 lethality in a high-copy
plasmid (O. Fields and J. Thorner; B. Futcher; both personal communications).
These results are summarized and expanded in Table 1. Clones of CLN2 were
identified based on hybridization to a radio-labeled CLN2 probe.

The CLB5 gene was subcloned into the integrating vector RS304, yielding
pCE105. The Apal fragment was deleted by limit digestion and recircularization.
CE105AApal was linearized at the unique Xhol site (in the CLBS 5’ region), and
transformed into diploid 957 (clnl/cinl cIn2/cln2  cIn3/cln3 CBMS8/cbm*
[pGALI1::CLN3/URA3]). Transformants were recovered on YcGal-trp, sporulated,
and dissected. Southern blots confirmed that the CE105 derivative had integrated
via homologous recombination at the CLB5 locus, as expected. CBMS8 was not

linked to CLBS, hence the CLBS clone represents wild type DNA.

Plasmids, Subcloning, and Sequencing

CLB5. pCE104 was one of the CLBS plasmids isolated from our CEN

17






Table 1: Plasmids synthesized in this study.

plasmid gene or library, number of times
origin if applicable isolated from library
CE101 cloning vector
CE102 CLN2 [L1] 7
CE103 CLN2 [L1] 2
CE104 CLB5 [L1] 1
CE105 insert from CE104 in RS304
CE106 CLN2 [L2] 8
CE107 CLN2 [L2] 8
CE108 CLN2 [L2] 9
CE109 CLBS [L2] 1
CE110 CLBS and CLB2 [L2] 1
CE111 insert from CE104 in RS314
CE112 Spel - Xhol fragment from CE104 in RS314
CE113 CLN2 [L2] 4
CE114 CLN2 [L2] 2
CE115 CLN2 [L2] 2
CE116 MPK1 [L2] 1
CE117 insert from CE116 in RS304
CE118 insert from CE116 in RS314
CE119 CLBS5 subcloned into pBM272 (GAL1::CLBS)

Distinct CLN2 isolates:
Total number of times CLNZ2 isolated: 42

Distinct CLBS5 isolates:

Distinct MPK1 isolates:

8

3
1

Each CLBS5 and MPKI plasmid was isolated only once.
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plasmid library. pCE111 and pCE112 were made by subcloning the pCE104 entire
insert and Xhol-Clal fragments, respectively, into pRS314. pCE111AClal and
pCE112ASpel were derived from their respective parent plasmids by limit digestion
and recircularization. pCE110 was another of the CLBS plasmids isolated from the
library. Restriction mapping, sequencing, and hybridization experiments revealed
that it contained the CLB2 gene as well as the CLB5 gene. pCE110ANsiI, lacking
the CLBS gene, was derived from pCE110.

In order to make a null allele of CLBS, we partially digested CE111AClal
with EcoRlI, and ligated it to EcoRI digested pMLC28PstbARG4 (Sun et al, 1989).
The ligation mixture was transformed into E. coli, and transformants were selected
on LB, 50 ug/ml ampicillin, and 34 ug/ml chloramphenicol. Several of these were
restriction mapped, and one was selected in which the ARG4 plasmid had been
cloned into the EcoRI site at residues 290/291 of CLBS5, with the orientation
S’CLB5 - camR - ARG4 - 3°CLB5. This was partially digested with BspEI, and a
fragment lacking the BspEI fragment spanning residues 216 to 291 of CLBS, plus
part of the camR gene, was gel purified and recircularized with T4 DNA ligase.
The resulting plasmid, cl/b5::ARG4ABspEI, was digested with Xhol and Spel, and
transformed into arg4 strains. Integration was demonstrated to be at the CLBS
locus by Southern blotting (data in Figure 2A). pclb5::ARG4/CEN/TRP1 was also
transformed into clnl,2,3" yeast as an intact CEN plasmid, and shown to have no
activity at clnl1,2,3" rescue.

Synthesis of MPK1::CE107AXhol (also called MPK1::MPKI1::TRPI). The
yeast chromosome corresponding to the insert in CE116 was marked with TRPI as
follows: The entire insert from CE116 was subcloned into RS304, yielding

CE117. The Xhol fragment (left end of insert, Figure 25) was deleted by
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linearization and recircularization. The integrating vector was then linearized
inside the MPKI gene with Hpal, and transforfned into diploid 957 (clnl/cinl
cln2/cin2 cin3/cin3 CBM8/cbm* [W16]), selecting on YcGal-trp. Southern blotting
revealed that the construct had integrated as expected, since chromosomal DNA
hybridizing to the deleted Xhol fragment had increased in molecular weight (Figure
2B). 957::CE107AXhol was sporulated and dissected; the TRPI marker was not
detectably linked to CBM8 (Table 6), hence the MPK1 clone also represents wild
type DNA.

Disruption of MPK1 with ARG4. CE118 was linearized with Hpal (Figure
25), and ligated to pMLC28Pst6ARG4 (Sun et al, 1989) that had been linearized
with Smal (both enzymes leave blunt ends). This introduced the ARG4 gene into
the coding region of MPKI, at least 0.5 KB upstream of the 3’ end of MPKI
(estimated from Figure 25 and sequenced region B). A standard ligase reaction
was supplemented with 30 mM KCIl, 1 uM hexamine cobalt chloride to enhance
the efficiency of blunt end ligation. Bimolecular clones were selected on LB/agar
supplemented with 50 pg/ml ampicillin, 34 pg/ml chloramphenicol. A clone was
retained having the orientation 5’MPKI -- ARG4 -- camt -- 3’MPKI. The
CE118/pMLC28 fusion clone was doubly digested with Xhol and Notl, liberating a
fragment of yeast DNA containing MPKI disrupted with the ARG4 gene. This
was  transformed into diploid 1036 (CLNI1/CLN1 CLN2/cln2::LEU2
cin3A/cin3::URA3  MPKI1::MPKI1::TRP1/MPKI), and five independently
transformed colonies were picked, sporulated, and dissected. In none of the S was
recombination detected between the prototrophies for arginine and tryptophan. Pick
#3 was retained (1036/A*/3) because it showed linkage (Trp* vs Arg*) in trans.

Subcloning CLBS5 under the control of the GALI promoter. CLB5 DNA
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from pCE111 was PCR tailed with unique sites for Sall and BamHI, using the
following primers:

5’ primer: CGGGATCCACTGAACAATGG (BamHI) (methionine of CLBS)

3> primer: TCGCGGTCGACCATTGGAATAAC (Sall)

The 3’ primer corresponded to CLBS DNA 289 nucleotides 3’ of the stop codon.
PCR was performed using 1’ at 95°C, 2’ at 55°C, and 2’ at 72°C, for 25 cycles.
Product DNA was phenol extracted to eliminate residual polymerase activity
(which may fill in ends following restriction), precipitated with 2M ammonium
acetate and 50% isopropanol, digested with BamHI and Sall, and purified on an
0.8% LGT agarose gel to eliminate end fragments and oligonucleotide primers.
The PCR synthesized band was eluted with B-agarase (New England), phenol
extracted and ethanol precipitated. pBM272 (YCPS0 plus a 658 nt. Hindlll -
EcoRI GAL1/10 cassette) was cut with Sa/l and BamHI, and treated with calf
intestinal phosphatase (Boehringer). Plasmid and CLB5 DNA were ligated
together, and transformed into E. coli YMC10. Candidate clones were proven by
restriction mapping, then transformed into a c/nl,2,3 [CLN2/TRP1I] yeast strain, and
shown to confer galactose dependent viability, upon loss of the CLN2/TRPI
plasmid.

Dideoxy sequencing.  Sequenase (USB) was used according to the
manufacturer’s instructions. For CLBS5, double stranded DNA was sequenced on
both strands, using Exolll deletion derivatives of pCE111 and pCE112, restriction
enzyme deletion derivatives, and custom synthesized primers. For MPKI, sequence

was obtained from one strand only, as indicated in the legend to Figure 26.

clbl clb2 rescue by p[CEN/CLB2]
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Diploid 997 (clbl::URA3/CLB1 clb2::LEU2/CLB2) was transformed with
pCE110, pCE112, and pCE110ANsi (Figure 15). From each transformation, a
colony was picked, cultured in YcD-trp liquid, sporulated, and dissected. Replicas
were taken from the dissection agar to score clbl::URA3, clb2::LEU2, and the
TRP1/CEN plasmid. From 997[pCE110] haploid progeny strains, S Ura+ Leu+
Trp+ colonies were found among 22 Trp+ spores (23%). From 997[pCE110ANs:I],
2 Ura+ Leut+ Trp+ colonies were found among 7 Trp+ spores (29%). From
997[pCE112], no Ura+ Leu+ Trp+ colonies were found among 33 Trp+ spores,
although 44% of the viable progeny were Trp+, 37% were Ura+, and 28% were
Leu+. If pCE112 rescued clbl clb2 mutants, then one fourth of Trp+ spores (ie.
8.25) should be Ura+ Leu+, given independent assortment of CLBI and CLB2.

The finding that none of them are Ura* Leu* is significant (x*> = 11.00, p < .005).

Determination of a-factor and hydroxyurea execution points.

The arrest morphology due to a-factor treatment is a large unbudded cell
(Pringle and Hartwell, 1981). Therefore, a cell past the a-factor execution point at
the time of plating on a factor-containing solid medium will divide, and each of
the new cells will arrest without budding, resulting in an adjacent pair of large
unbudded cells. A cell before the a-factor execution point will arrest as a single
large unbudded cell.

The arrest morphology due to hydroxyurea treatment is a large-budded cell
(Pringle and Hartwell 1981). Therefore, a cell past the hydroxyurea execution
point at the time of plating on hydroxyurea-containing solid medium will divide,
and each of the new cells will bud and arrest, resulting in an adjacent pair of

large-budded cells. A cell before the hydroxyurea execution point will arrest as a
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single large-budded cell.

Exponentially growing cultures of 1029-12B (MATa barl CLBS) or
1029-10B (MATa barl clb5::ARG4) in YEPD medium were sonicated and plated
on YEPD, YEPD + 10® M a-factor, or YEPD + 0.2 M hydroxyurea (Hartwell
1976). After 4 hrs (3.5 hrs in one experiment) incubation at 30°C, the plates were
examined microscopically. By the end of the incubation on the control YEPD
plate >90% of the cells had divided and budded again at least once, so we did not
consider viability to be a significant concern in the analysis. While ideally all cells
on the hydroxyurea plate should be either 2 or 4 cells+buds/microcolony (Hartwell
1976), approximately 10% of the cells were found in the 1, 3, and S
cells+buds/microcolony categories. The 1°’s were considered to be before the
hydroxyurea execution point; the 3’s and S5’s were considered to be past the
execution point. Similarly for o-factor, ideally all cells should be 1 or 2
cells/microcolony; we observed approximately 10-15% of cells in the 3,4, or S
categories. These were considered to be past the a-factor execution point in the
analysis. The percentage of budded cells was determined at the time of plating.
100 cells each were scored for two independent cultures in three (hydroxyurea
execution point) or two (a-factor execution point) separate experiments, and the
data were pooled (Table 2). To calculate the proportion of the total cell cycle time
at which various events occurred from the percentage of cells in the population
past those events, we employed the age-distribution function (Mitchison, 1971)
Ex(F) = 1 - In(2 - F)/In2, where F is the fraction of cells before the execution
point, and Ex(F) is the point in the cell cycle at which the execution point occurs
(in units of cell-cycle times, from O to 1). The time from cell division to the

execution point in minutes was calculated by multiplying Ex(F) by the doubling
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Table 2. Cell division and budding upon plating wild-type and cl/b5 yeast on solid
media containing inhibitors.

Cells+buds per microcolony (SEM): #EXxp.
Time Med- in

Strain (Hrs) ium 1 2 3 & >4 mean:
CLBS CLB2 0 313) 67(3) 2(1) 2(0)  0(0) 6
4 oF 20(3) 65(4) 6(2) 72)  2(2) 4
o HU 3000 33(2) 42) S58(33) 2(1) 6
clb5 CLB2 0 19(2) 76(2) 3(1) 2(1) 0§0) 6
4 oF 8(0)  79(2) 6(0) 6(2 1(0) 4
4 HU 2(1)  56(3) 2(1) 36(2) 5(1) 6
CLBS5 clb2 0 12(2)  86(3) 1(13 1(1)  0(0) 4
4 HU 000) 25(2) 3(1 70(1) 1) 4
clb5 clb2 0 8(3) 89(2) 2(1) 2(2) 00 4
4 HU 1(2)  35(7) 4(1) 57(6) 3(1) 4

The number of cells+buds formed by each cell plated was determined by
microscopic examination of cells plated on appropriate media (see Materials and
methods). For each condition in each experiment 100 cells were scored. The
means and standard errors (SEM) of the data are shown, and the number of
replicate experiments used to calculate the mean is indicated.
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time of the strain. The hydroxyurea execution point was determined similarly for a

clb2::LEU2 strain.

Northern blotting

Northern blotting was performed as described in Cross and Tinkelenberg
(1991). cInl1,2,3" leu2::LEU2::GALI::CLN3 cells were synchronized by incubating
in YEP 3% raffinose for 150 minutes. Galactose was added to 3% to start the
cycle. Nocodazole was used at 15 ug/ml. DNA fragments used as probes were as
follows: CLBS5, the 462 BP EcoRI fragment; CLB2, the 767 BP BgllI-Clal
fragment; CLB4, the 500 BP Spel-Sspl fragment, from a clone supplied by B.
Futcher; CLN2 and TCM1, as described (Cross and Tinkelenberg, 1991). SPO13
DNA was obtained from Dr. Robert Elder.

Determination of Cell Cycle Parameters

Flow cytometric DNA quantitation. Cells were stained with propidium
iodide and prepared for FACS analysis using a Becton Dickinson FACScan as
described (Lew et al, 1992). In most experiments, 10,000 cells were examined.
Events were either live gated to have a DNA fluorescence above background, or
gated after acquisition based on forward and side scatter, to exclude cell debris. In
the former case (Figures 21, 24, and 28), all 10,000 events are plotted in the DNA
content histograms, while in the latter (Figure 20), up to about 20% of the events
are discarded. The profiles were affected very little by the gating method chosen.
When the latter method was used, the Y axes were adjusted to compensate for the
fact that different numbers of events are represented on different histograms. A

constant proportion of the cell population corresponds to a constant area in the

25






histogram, regardless of gating method used. For FACS analysis of synchronized
cells, cInl,2,3" deficient cells were synchronized exactly as in northern blots, or by
treating a barl MATa strain with 107 M o-factor (Sigma) for 120 minutes.

Determination of the arrest stage of pheromone treated cells. Exponential
cultures of cells were treated with 1 pmolar a-pheromone (or left untreated), then
aerated at 30C for an additional 6 hours in YcD-ura media. Cells were sonicated,
fixed in 3.7% formaldehyde, and budding indices were determined by microscopic
examination.

Determination of the arrest stage of clnl,2,3 CBM8 cdc28-13 cells, and
controls, at permissive and non-permissive temperatures. Log phase cultures
(ODgs, about 0.04) of all genotypes were obtained in YcGal-ura media. Cells were
pelleted, and resuspended in YcGal or YcD -ura media, and placed at 30° or 38°
C. At 0, 2, and 6 hours time, aliquots were taken, fixed in 3.7% formaldehyde,
sonicated, and microscopically examined to determine percent cells unbudded.

Doubling times. These were determined from log phase cultures. ODgg,
readings were taken at intervals, log transformed, and regressed against time.
Doubling time = In2 / slope. Electronic cell volumes were de<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>