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Abstract. The budding yeast Iyt mutation causes cell
lysis. We report here that lyt] is an allele of cdcl5, a
gene which encodes a protein kinase that functions late
in the cell cycle. Neither cdcl5-1 nor cdcl5-Iyt] strains
are able to septate at 37°C, even though they may man-
age to rebud. Cells lyse after a shmoo-like projection
appears at the distal pole of the daughter cell. Actin po-
larizes towards the distal pole but the septins remain at
the mother—daughter neck. This morphogenetic re-
sponse reflects entry into a new round of the cell cycle:
the preference for polarization from the distal pole was
lost in budl cdcl5 double mutants; double cdci5-Iyt]
cdc28-4 mutants, defective for START, did not develop

apical projections and apical polarization was accompa-
nied by DNA replication. The same phenomena were
caused by mutations in the genes CDCI4, DBF2, and
TEM1, which are functionally related to CDCI5. Api-
cal polarization was delayed in cdcl5 mutants as com-
pared with budding in control cells and this delay was
abolished in a septin mutant. Our results suggest that
the delayed M/G1 transition in cdcl5 mutants is due to
a septin-dependent checkpoint that couples initiation
of the cell cycle to the completion of cytokinesis.
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phogenesis in all eukaryotic cells, from unicellular

microorganisms to specialized cells in mammalian
tissues. Although it is still poorly understood at the molec-
ular level, studies on the coordination of morphogenetic
events along the cell division cycle in the budding yeast
Saccharomyces cerevisiae are providing essential informa-
tion in this regard. In recent years, the proteins and signals
that promote the assembly of cytoskeletal structures to
specific areas for the support of polarized secretion are
slowly being unveiled (Cid et al., 1995; Roemer et al.,
1996), as is the dependence of cytoskeletal dynamics on
cell cycle signaling pathways (Lew and Reed, 1995). The
cortical actin cytoskeleton assembles in the submembrane
at growing areas and seems to be essential for the develop-
ment of a functional cell wall (Drubin et al., 1993; Gabriel
and Kopecka, 1995; Botstein et al., 1997). The location of
the actin cytoskeleton in particular areas at different

THE polarization of growth is the basis of cell mor-
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stages of cell cycle depends on signals elicited by the asso-
ciation and dissociation of the cell cycle-dependent pro-
tein kinase (CDK)! Cdc28p with G1 or B cyclins. The
nature of the signals that connect CDK-dependent phos-
phorylation to the activation of actin-anchorage sites at
budding sites or at the septum area during cytokinesis is
not understood, but Lew and Reed (1993) have shown that
alterations in the timing of the Cdc28-G1 cyclin and Cdc28-B
cyclin complexes lead to morphogenetic defects due to in-
accurate cortical actin dynamics.

Cell wall deposition is probably supported by polarized
secretion of B-glucan and chitin precursors to the growing
regions, coupled with a local activation of the biosynthetic
machinery. Besides actin, another cytoskeletal structure
plays a crucial role in the development of cell shape along
the mitotic cycle: a ring encircling the septum area that is
essential for the localization of chitin to the mother—bud
neck, an area of the cell wall very rich in this polymer, and
the localization of the septum (De Marini et al., 1997).
This ring comprises the septins Cdc3p, Cdcl0p, Cdcllp,

1. Abbreviations used in this paper: APC, anaphase-promoting complex;
CDK, cell cycle-dependent protein kinase; GFP, green fluorescent pro-
tein; ORF, open reading frame.
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and Cdc12p, four homologous proteins that assemble in an
interdependent fashion (Longtine et al., 1996). A dysfunc-
tion in any of these genes causes a cytokinetic defect and
additional morphogenetic problems due to actin hyperpo-
larization (Adams and Pringle, 1984), reminiscent of those
observed when the complex Cdc28p-G1 cyclin is hyperac-
tivated or the Cdc28-B cyclin complex is inactivated (Lew
and Reed, 1993). In sum, along the mitotic cycle actin lo-
cates to growing areas supporting polarized secretion
while the septins remain attached to the bud neck, proba-
bly contributing to both the localization of chitin synthesis
and to the arrangement of actin itself during bud emer-
gence and septum formation. These hypotheses, however,
await experimental confirmation.

Overexpression of B-cyclins, such as the one encoded by
the CLB2 gene, causes an arrest of nuclear division in the
anaphase stage (Surana et al., 1993) and, at morphogenetic
level, the inability of cells to locate the actin cytoskeleton
at the septum area (Lew and Reed, 1993). These observa-
tions indicate that B cyclin degradation, and hence inacti-
vation of the CDK-B cyclin complex, is essential for the
progression of late mitotic events, including septum for-
mation. At least four other protein kinases are essential or
important for the accomplishment of the M phase: Dbf2p,
Dbf20p, Cdc15p, and CdcSp (Johnston et al., 1990; Schweit-
zer and Philippsen, 1991; Kitada et al., 1993; Toyn et al.,
1994), perhaps either directly or indirectly, by promoting
B cyclin degradation (Surana et al., 1993; Toyn et al., 1996;
Jaspersen et al., 1998). Conditional mutations in the genes
encoding these kinases cause an M phase arrest at the re-
strictive temperature. Other genes which lead to this phe-
notype when mutated, and thus presumably also involved
in the mechanisms responsible for the progression of mito-
sis are CDCI14 and TEM1, coding respectively for a dual
specific protein phosphatase (Wan et al., 1992; Taylor et
al., 1997) and a putative small GTPase (Shirayama et al.,
1994). Genetic interactions among these genes point to the
existence of an interesting network (Kitada et al., 1993;
Shirayama et al., 1996; Jaspersen et al., 1998), but so far
the complexity of this network has not allowed workers to
elucidate a pathway based on epistasis.

The study of autolytic mutants is a classic approach to
address the cellular functions related to cell integrity, such
as those that regulate cell wall dynamics and morphogen-
esis in response to cell cycle signals. In a screening for
temperature-sensitive fragile mutants, Cabib and Durédn
(1975) isolated the lytI mutant. At the restrictive tempera-
ture of 37°C, strains bearing this mutation display cell lysis,
defects in polarity and a cdc-like phenotype, as described
by Molero et al. (1993). In this work we show that the lyt/
mutation is allelic to the CDCI5 gene. In contrast to the
clear cell cycle-arrest phenotype so far reported for cdcl5
mutants, we offer evidence that cell lysis appears as a con-
sequence of an abnormal morphogenetic response that
takes place when late M phase-arrested cells commit a
new round of the cell cycle in the absence of cytokinesis.
Such a response involves an incorrect pattern of polariza-
tion of the actin and septin cytoskeletal structures. Based
on genetic evidence, we also discuss the possibility that
these events require the overcoming of a novel septin-depen-
dent checkpoint that would prevent the cell from initiating
a new round in the cell cycle in the absence of cytokinesis.
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Materials and Methods

Strains, Media, and Culture Conditions

The S. cerevisiae strains used in this work are listed in Table I. DR1 strain
was constructed by mating the RH210-3c¢ strain to the 1784 strain, segre-
gating the resulting diploid, and mating again two segregants of opposite
mating type from this experiment that bore the cdcl5 mutation. MY2, and
MY3 diploid strains were constructed by mating the L2C24d and RH210-
3c strains, but for MY2 and MY3 the parental L2C24d had been previ-
ously transformed with the pBS9 and the pLA10 plasmids, respectively,
and diploid strains that maintained the plasmid were selected at 37°C. The
strain DJY4 was constructed by mating the L2C24d strain to itself after
expression of the HO gene included in the YCp50-pGAL/HO plasmid
(provided by A. Aguilera, Seville University, Seville, Spain). Other strains
were constructed by standard genetic means, as described briefly in Re-
sults. Unless specified, yeast genetic procedures and media were as de-
scribed elsewhere (Ausubel et al., 1993). For general purposes, cells were
grown in 250-ml flasks containing 50 ml or culture tubes containing 5 ml of
YPD (2% wt/vol, glucose; 2%, wt/vol peptone; 1% yeast extract) or SD
(1.7 g/liter Difco nitrogen base without amino acids; 0.5% wt/vol ammo-
nium sulfate; 2% wt/vol glucose) plus the required mixture of amino acids
for plasmid maintenance. For induction of the GALI promoter, cells were
grown in media containing 2% raffinose instead of glucose and then trans-
ferred to media containing 1% raffinose plus 2% galactose when induc-
tion was required. Growth temperatures were 24°C for general purposes
and 37°C for the expression of the lytic phenotype in Ts™ strains. The
strain of Escherichia coli used for cloning procedures was DHS5a (Sam-
brook et al., 1989).

Analysis of Cell Lysis

For the expression of both lytic and morphogenetic phenotypes of Ts™
mutants, yeast preinocula grown for 16 h at 24°C in YPD medium were
used to inoculate two flasks containing fresh YPD medium that were im-
mediately incubated at 24° and 37°C. Unless specified, the preinocula
were at mid-log phase. Samples were taken at different intervals of time
and the percentage of lysed cells was determined by staining with propid-
ium iodide and subsequent fluorescence microscopy or FACS® analysis
(see below).

DNA Manipulations

Except where specified, standard procedures were used for DNA manipu-
lations (Sambrook et al., 1989). Restriction endonucleases and T4 DNA
ligase were from Boehringer Mannheim (Indianapolis, IN). Yeast trans-
formations were performed by the lithium acetate procedure (Ito et al.,
1983). For DNA sequencing, fragments were subcloned in pBluescriptIl
KS and SK plasmids from Stratagene and single stranded DNA was se-
quenced by the Sanger technique (Sanger et al., 1977) using an ALF DNA
sequencer from Pharmacia Biotech (Piscataway, NJ). The pJJ1 plasmid
was constructed by cloning the 4-kb Pvull-Pvull fragment, containing the
CDCI5 gene from plasmid pBS9 (Schweitzer and Phillippsen, 1991), in
the episomic vector YEp352 at the Nrul site.

Cloning of the CDC15 Gene

Strain L2C24d was transformed with a genomic library constructed by li-
gating 10-15-kb DNA fragments from S. cerevisiae strain AB320 into the
BamHI site of the centromeric vector YCp50 (Rose et al., 1987). Approx-
imately 7,000 transformants were screened, allowing the isolation of 14
clones that were able to grow at the restrictive temperature of 37°C. After
plasmid extraction and retransformation, three of the plasmids, namely
YCp50-T2, YCp50-T7, and YCp50-T12, were able to reproduce comple-
mentation of the lytic phenotype. Restriction analyses revealed that
YCp50-T2 and YCp50-T12 were identical, so only YCp50-T2 and YCp50-
T7 were further analyzed. YCp50-T7 contained an insert of ~10 kb
whereas the insert in YCp50-T2 seemed to be slightly shorter. A Nrul-
Xbal subclone of 5.5 kb from YCp50-T7 was still able to complement the
lytic phenotype. Parallel restriction analyses of this subclone and the in-
sert in YCp50-T7 led to the conclusion that they had a common Xhol-
Xhol band of ~1.1 kb that was essential for complementation. Insertion
of this DNA fragment from the YCp50-T7 clone into a KS Bluescript vec-
tor and subsequent sequencing and comparison with databases using the
FASTA program (Ebi, UK) revealed that it belonged to the open reading
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Table I. S. cerevisiae Strains Used in This Work

Strain Genotype Source

L2C24d MAT« cdcl5-1yt] ura3-52 Molero et al., 1993

JIYO0-3c¢ MATa cdcl5-Iytl ura3-52 leu2-3,112 trpl-1 his4 This work

DU3 MATala cdcl5-Iytl/cdcl5-Iyt] ura3-52/ura3-52 Molero et al., 1993

RH210-3¢ MATa cdcl5-1 ade2-1 his4 leu2-3,112 trpl-1 ural C. Kuhre (Biozentrum, Basel, Switzerland)

MY1 MATa/MATa cdcl5-1/cdcl5-lyt] This work

MY2 MATalMAT« cdcl5-1/cdcl5-lyt] + pBS9 This work

MY3 MATa/MATa cdcl5-1/cdcl5-lyt] + pLA10 This work

L119-7d MATa dbf2 ura3-52 trpl1,2 adel L. Johnston (National Institute for Medical Research, London, UK)
EO156 MATa temli-3 ura3-52 leu2-3,112 his3 trpl-1 A. Toh-e (Tokyo University, Tokyo, Japan)

RAY-3a MATa ura3-52 leu2-3,112 his3 trpl-1 A. Toh-e (Tokyo University, Tokyo, Japan)

RH1779 MATa cdcl4-1 ade2 his4 leu2 barl C. Kuhre

JC223 MATo budl::URA3 leu2-3,112 ura3-52 J. Chant (Harvard University, Cambridge, MA)
K1414 MATa cdc28-4 ura3-52 leu2-3 ade2-1 C. Kuhre

VCY1 MATa cdcl0-11 ura3-52 leu2-3,112 trpl-1 his4 can® Cid et al., 1998a

VCY242d cdcl0-11 cdcl5-1 ura3-52 trpl his3 leu?2 This work

DR1 MATala cdcl5-1/cdcl5-1 ade2/ade2 This work

DJY4 MATal« cdcl5-lytl/cdcl5-Iyt] ura3-52/ura3-52 This work

Y1 budl::URA3 cdcl5-1 leu2-3,112 ura3-52 This work

JIY2 budl::URA3 cdcl5-lytl, ura3-52 This work

JJY3 cdcl5-1 leu2-3,112 ura3-52 This work

Y4 cdcl5-lytl ura3-52 This work

1783 MATa leu2-3,112 trpl-1 ura3-52 his4 can® D. Levin (Johns Hopkins University, Baltimore, MD)
1784 MATa leu2-3,112 trpl-1 ura3-52 his4 can® D. Levin

YPH499 MATa ura3 leu2 his3 trpl lys2 ade?2 H. Martin (Complutense University, Madrid, Spain)
TD28 MATa ura3-52 inol-131 can® H. Martin

4965-3a MATa cdcl6 ura3 leu2 his7 can® L. Hartwell (University of Washington, Seattle, WA)
9002 MATa cdc27 adel ade?2 his7 lys2 tyrl ural L. Hartwell

4086-23-2a MATa cdc23 ura3 leu2 his7 L. Hartwell

frame (ORF) of the CDC15 gene. To verify that the CDCI5 gene was in-
cluded in the YCp50-T2 and YCp50-T7 vectors, a 2.7-kb probe from the
CDCI5-containing plasmid pBS9 (Schweitzer and Philippsen, 1991) was
hybridized in a Southern blot experiment against Sall/Clal-digested
YCp50-T2, YCp50-T7, and pBS9 (control) plasmids.

Rescue of the cdc15-lyt1 Allele and Mapping of
the Mutation

Due to the length of the CDCI5 ORF (2,922 bp), we devised a PCR strat-
egy so that the gene could be amplified in three individual fragments for
its analysis: (a) roughly the 3’ region, (b) an intermediate region, and (c)
the 5' region. Genomic DNA from strain L2C24d was used as template
for the PCR reactions.

The 3’ region was amplified with the help of two oligonucleotides, one
containing the HindlIII site at position 1,930 of the ORF (5'-GTACT-
TCACCAAGCTTT-3") and the other bearing an artificial HindIII site
(5'-GGGAAGCTTAAGACTGTGCCACTGC-3"), which hybridized 300
bases downstream from the STOP codon. The 1.3-kb amplified DNA
fragment was inserted in HindIII-cleaved vectors pBS9 (Schweitzer and
Philippsen, 1991) and pJJ1 (this work) which are centromeric and episo-
mal, respectively, substituting the equivalent fragment of the CDCI5
gene. After checking the correct orientation, both plasmids containing the
chimeric gene were transformed into strain L2C24d and verified for com-
plementation. Both were able to complement a cdc15-lyt] mutation as ef-
ficiently as the control pBS9 and pJJ1 plasmids, suggesting that the muta-
tion was not included within the 3’ third of the gene.

The 5’ third of the gene was also amplified with two oligonucleotides
(upper: 5'-GGAGGCTCGAGGAAGGA-3’; lower: 5'-CAGCGATGT-
TCTCGAGGG-3') that included the Xhol recognition sites lying respec-
tively in the promoter (56-bp upstream from the ATG) and at position
1,084 of the ORF. The PCR product was cloned in the pT7Blue vector and
divided into two subfragments of 0.4 and 0.7 kb by Xhol-SacI cleavage.
Subcloning of these fragments in the pBluescript SK vector allowed their
sequencing. No differences were detected with respect to the previously
reported CDCI5 sequence (Schweitzer and Phillipsen, 1991).

To analyze the remaining region of the gene, a third PCR strategy was
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devised. The upper primer (5'-GGGAAGCTTTTCAGTGTTTGCT-3")
had a tail with a HindIII restriction site attached to the 5’-end and hybrid-
ized from base 1,065 of the ORF, whereas the lower primer (5'-GGG-
AAGCTTGTACTGTAAGGTAAC-3") hybridized at position 1,950 and
included the HindIII site at position 1,928. These primers were designed
by flanking the target sequences of the oligonucleotides used in the above
amplifications in order to include those regions within the new amplified
fragment. The HindIII targets allowed the insertion of the PCR product in
the pBluescript SK vector for subsequent sequencing, which revealed the
presence of a single point mutation (see Results). To verify that this sub-
stitution indeed determined the cdcl5-lyt] mutation and was not a mis-
take introduced by the Taq-polymerase used during the amplification, we
sequenced the products of three different PCR reactions and confirmed
that they all carried the same substitution.

Staining Procedures

For nucleus staining, cells were fixed and permeated by 5 min of treat-
ment at 4°C with 70% ethanol. They were then resuspended in 400 pl of
10 g/liter RNase A (Boehringer Mannheim) and incubated for 30 min at
37°C. Then, nuclei were stained by adding 0.005% propidium iodide and
observed with a 100X objective in a Nikon Optiphot fluorescence micro-
scope (Tokyo, Japan). For chitin staining, cells were treated with calco-
fluor white (Fluorescent Brightener 28; Sigma Chemical Co., St. Louis,
MO) as previously described (Pringle, 1991). For actin staining, cells were
fixed by adding 1 vol of solution of 8% p-formaldehyde to the culture me-
dia and kept at 4°C for 1 h. Cells were washed three times with buffer (0.1 M
potassium dihydrogen phosphate, 0.01 M magnesium chloride, 0.01 M
EGTA, pH 6.9), resuspended in 100 pl of the same buffer, and 50 wl of
1% Triton X-100 was added. After 2 min at room temperature, cells were
washed several times with PBS buffer. They were then resuspended in 100
wl PBS and rhodamine-phalloidine (Sigma Chemical Co.) was added at a
final concentration of 4 pg/ml. Cells were kept in the darkness for 1 h at
room temperature and washed several times with PBS buffer. Finally,
cells were resuspended in the mounting medium (0.01 M p-phenylenedi-
amine in 1:9 PBS/glycerol) to avoid photobleaching. The fluorescence mi-
croscope was equipped with a HB-10101AF mercury fluorescent lamp
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from Nikon (Melville, NY). Photographs were taken with a Nikon FX-
35A camera and the films used were Ilford 400 ASA (Mobberley,
Cheshire, UK). Confocal microscopy was performed with an Olympus
IMT-2 microscope (Tokyo, Japan) attached to a Bio-Rad MRC1000 con-
focal system (Hercules, CA).

Electron Microscopy

Cells were grown at 24°C and then switched to 37°C for 6 h to allow ex-
pression of the phenotype. For scanning electron microscopy, cells were
prepared by filtering 1 ml of culture through a 0.2-mm Millipore filter
(Waters Chromatography, Milford, MA) and fixing the cells with 5% (vol/
vol) glutaraldehyde in 0.2 M sodium cacodylate buffer, pH 7.2, for 60 min.
After this fixation, the filters were washed with the same buffer and grad-
ually dehydrated by passing them through graded ethanol concentrations
(25, 50, 70, 90, and 100%, 10 min in each). Then the filters were preserved
in acetone, dried in a critical point drier, and coated with gold and exam-
ined (Williams and Veldkamp, 1974).

For transmission electron microscopy, cells were prefixed in a solution
of 2% p-formaldehyde and 1.5% glutaraldehyde in 0.005 M sodium ca-
codylate, pH 7.2. The sample cells were then washed several times with
PBS buffer and fixed with 1% (wt/vol) potassium permanganate for 90
min at 4°C. Cells were then washed several times with water and gradually
passed through acetone solutions of increasing concentrations ranging
from 30 to 100%. After this dehydration process, they were embedded in
resin following the procedure from the Embed 812 kit supplied by Elec-
tron Microscopy Sciences (Fort Washington, PA). Once solid, samples
were cut on an ultramicrotome (Ultracut; Leica, St. Gallen, Switzerland),
treated with lead citrate and uranyl acetate as described by Streiblova
(1988), and scanned under a Zeiss 902 electron microscope (Carl Zeiss
Inc., Thornwood, NY).

Cytometric Assays

FACS® determination of cell lysis was performed as described by De la
Fuente et al. (1992). For the analysis of DNA contents, samples were pre-
pared following the procedure described above for nucleus staining. 3,000
cells were analyzed per second on a FACScan® (Becton Dickinson,
Mountain View, CA) cytometer on the FL3 log scale.

Bud Timing Assays

Cells were grown on YPD or SD plates for 16 h at 24°C. Mid-log phase
cells were then collected and resuspended in 100 pl of liquid YPD. 1-2 pl
of the resulting suspension were laid onto a thin square sheet of YPD solid
medium. Thin sheets of medium were prepared by polymerizing molten
medium between two sterile glass slides separated by 1 mm and, once
solid, cutting the edges with a sterile scalpel to a square shape slightly
smaller than the size of a coverslip. The sheet with the cells face up was
settled between the slide and coverslip and sealed with vaseline. Bud de-
velopment was followed on a Nikon Optiphot microscope under phase
contrast with a 40X objective. The same field was followed for several
hours and the appearance of new buds was recorded every 2-3 min. A
thermostatted surface from Linkam Scientific (Waterfield, Surrey, UK)
was used to maintain the desired temperature at 28° or 37°C. The mother
budding cycle time was obtained by recording the interval of time since a
given cell started a new bud until it started a second bud. The daughter
budding cycle time was calculated by monitoring the time elapsed since a
given cell started a new bud until the resulting daughter began budding
again. Unless specified, the data presented for each strain or clone are av-
erages from a total of about 30 cells studied by these means.

Results

The lyt1-1 Mutation Defines a
Novel Temperature-sensitive cdc15 Allele

The IytI mutation had been previously isolated in a search
for autolytic mutants (Cabib and Durén, 1975). To clone
the structural gene, we screened the /ytl strain L2C24d
with a S. cerevisiae genomic library, isolating three clones
able to grow at 37°C (Materials and Methods). As deduced
from restriction, partial sequencing, and Southern analy-
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ses, all three clones bore the CDCI5 gene and this gene
alone was responsible for the complementation of the lyt/
phenotype. To obtain genetic evidence that /yt] is allelic to
cdcl5 and to discard the possibility that the CDCI5 gene
might be an extragenic suppressor—even in a low number
of copies—of the lyt/ mutation, we made a diploid strain
by mating the RH210-3c, which carries the cdcl5-1 muta-
tion, with the L2C24d lytI-1 mutant strain. We found that
the resulting cdcl5-1/Iytl-1 diploid strain (MY1) was tem-
perature sensitive and displayed cell lysis, and concluded
that the lytI-1 mutation lies at the CDCI5 locus. Thus, to
avoid confusion due to overlapping nomenclatures, hence-
forth we shall refer to the lyt/-1 mutation as cdcl5-Iytl.
Due to the length of the CDCI5 ORF we adopted a
strategy for the analysis of the cdci5-Iyt] allele in three
subfragments of ~1 kb each, based on individual substitu-
tions in the CDCI5 wild-type allele, complementation ex-
periments and sequencing (Materials and Methods). Anal-
ysis of the DNA sequences revealed no differences with
the wild-type CDCI5 sequence published by Schweitzer
and Phillipsen (1991) except for a G to A transition at po-
sition 1,229. This observation is consistent with the mecha-
nism of action of ethylmethane sulfonate, the mutagen
used by Cabib and Durén (1975) to obtain the cdcl5-lyt]
mutant. A restriction map of the gene revealed that the
substitution was part of an EcoRI cleavage site. Restric-

a

12 3 4

b

cdc15- LIIKTF

Iyt1

CDC15 408-M GG T PL I I K ¥

Sp-cdc7 601-A G G L PLMILSFE
* * . I ke

Figure 1. (a) EcoRI restriction analysis of PCR products from an
inner fragment of the cdci15-Iyt] allele (lanes I, 2, and 3 represent
three different amplificates) and the CDC15 gene (lane 4), show-
ing the disappearance of an EcoRI cleavage site in the mutant al-
lele. (b) Sequence comparison of the CDCI5-encoded peptide in
the area where the lyt/ mutation maps from the mutant, the wild-
type, and the putative homologue in the fission yeast S. pombe
(Sp), cdc7. Underline, EcoRI site in the corresponding DNA se-
quence; boldface; residues affected by the mutation; asterisks,
conserved residues; dots, structurally similar residues in the S.
cerevisiae and S. pombe sequences.
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tion analysis of PCR products cloned in pBluescript SK
disclosed that the inserts amplified from the wild-type
strain YPH499 had an EcoRI restriction site that was ab-
sent in inserts obtained from reactions in which the
L2C24d had been used as template (Fig. 1). Moreover, se-
quencing of the PCR products from YPH499 genomic
DNA showed that position 1,229 is occupied by a G in the
wild-type allele, as in the original sequence obtained by
Schweitzer and Philippsen (1991). We therefore conclude
that the cdc15-Iytl allele displays a unique point mutation
that results in a substitution of the glycine at position 410
by glutamate.

Unlike other point mutations in the CDCI5 gene that
lead to a temperature-sensitive phenotype (Shirayama et al.,
1996), the mutation in the cdcl5-Iyt] allele does not affect
the conserved protein kinase domains. A search in the da-
tabases for domains similar to the sequence flanking the
mutation in cdcl5-Iyt] led to one only entry (Fig. 1 b): the
cdc7* gene from the fission yeast Schizosaccharomyces
pombe (Frankhauser and Simanis, 1994). This gene en-
codes a putative protein kinase with a relatively high
homology with the CDCI5 gene in the protein kinase

domain (46% identity and 66% structural similarity). In-
terestingly, these genes are quite divergent outside the ki-
nase domains, the only exception being the region contain-
ing the cdcl5-Iyt] mutation.

Cell Lysis Is Not Specific to the cdc15-lyt1 Allele

Molero et al. (1993) showed that at 37°C lytl strains arrest
their cell cycle with a bud of the same size as that of the
mother cell and eventually undergo cell lysis. All cdcl5"
mutant alleles described in the literature generate such
doublets, which are characteristic of arrest in the late M
phase (Culotti and Hartwell, 1971; Shirayama et al., 1996).
Nevertheless, no cell lysis has been reported to occur in
cdcl5-arrested cells. In our hands, the cdcl5-Iyt] mutant
also showed an anaphase-arrest phenotype, but cell lysis
was severe after 5 h at 37°C. Therefore, we wished to know
whether the cell lysis phenotype was characteristic of the
cdcl5-Iytl allele or whether other cdcl5 alleles behaved
similarly.

We tested whether a cdcl5-1 mutant was also able to de-
velop cell lysis by observing propidium iodide-treated cells
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Figure 2. Microscopic observations by phase—contrast (a—d and h—q), fluorescence (e and f), scanning electron (g), and transmission
electron (r—f) microscopy of haploid and diploid cdcl5 mutant strains. (a) Strain L2C24d (cdcl5-Iytl) transformed with the pBS9 plas-
mid bearing the CDC15 gene after 6 h of incubation at 37°C, thus displaying wild-type behavior. (b) Diploid MY1 strain (cdcl5-1/cdcl5-
Iytl) under the same conditions showing abundant chained cells. (c¢) L2C24d (cdc15-Iyt]) strain under the same restrictive conditions.
(d) The same strain incubated in an osmotically stabilized medium (supplemented with 1 M sorbitol) under identical conditions, show-
ing an exacerbated expression of its characteristic apical growth phenotype. (¢) Nucleus staining in fixed RNase-treated cells from strain
L2C24d (cdcl5-Iytl) after 6 h of incubation at 37°C. (f) Cells from the diploid strain MY1 (cdcl5-1/cdcl5-lytl) after the same treatment.
(g) A characteristic asymmetric doublet from the L2C24d (cdcl5-Iytl) strain incubated at the restrictive temperature for 6 h. (h-I) Series
showing the development of a cell from the L2C24d (cdcl5-Iytl) strain at 37°C. Pictures were taken at 0 h (k), 1 h (i), 2.5 h (j), 3.5 h (k),
and 4.5 h (!). (m—q) Series showing the development of a cell from the MY1 (cdcl5-1/cdc15-1yt]) strain in the same conditions. Pictures
were taken at 0 (m), 0.5 h (n), 1.5 (0), 2.5 (p), and 3.5 h (g). (r and s) Section of cells from the L2C24d (cdc15-Iytl) strain after 6 h of in-
cubation at 37°C, showing that septation has not been initiated. (f) A chain of cytokinetic-defective cells from the diploid MY1 (cdcl5-1/
cdcl5-Iyt]) strain under the same conditions. Bars, 8 um.
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from strain RH210-3c after incubation at the restrictive
temperature. Cells clearly arrested in doublets but cell ly-
sis was not as prominent in this strain as in a cdc15-Iyt] one
(5% of lysed cells in the RH210-3c-cdcl5-1 strain and
more than 60% in the L2C24d-cdcl5-Iyt]- strain). Accord-
ingly, either the specific cdc15-Iytl allele conferred a lytic
phenotype or the repercussion of any cdcl5 mutation on
cell integrity was strongly dependent on the genetic back-
ground. After mating the RH210-3c (cdcl5-1) strain to the
wild-type strain 1784 and subsequent study of the new
cdcl5-1 haploid segregants, we observed that 23 out of 29
of these clones displayed a very high degree of cell lysis at
37°C. The other six arrested as steady doublets and
showed cell lysis below 10% after 5 h at 37°C. Moreover,
segregants from 15 tetrads of the MY1 cdcl5-1/cdcl5-1yt]
diploid never gave rise to a 2:2 lysing/nonlysing progeny.
By contrast, the severity of the lytic phenotype segregated
in a rather randomized fashion, 4:0 lytic/nonlytic being
the most frequent pattern. Therefore, cdcl5-1 mutants
develop lysis to the same extent as cdcl5-Iyt] mutants in
most genetic backgrounds. Interestingly, cell lysis seemed
to parallel the expression of morphogenetic alterations in
the doublet (see below). We decided to further study the
nature of this abnormal response in order to gain insight
into the ultimate cause of cell lysis.

Cell Lysis Is Preceded by the Formation of a Distal
Projection in the Daughter Cell

An interesting observation was made when studying the
lytic phenotype of cdcl5" strains: lysed cells were seldom
symmetrical doublets. 96.9% of lysed cells in a given popu-
lation of the L.2C24d cdci5-Iyt] strain showed an asym-
metrical morphology after 5 h at 37°C: one of the cells in
the doublet had developed a more or less conspicuous api-
cal structure (Fig. 2 c, e, g, h—/, and s). This phenotype was
precluded by introduction of the pBS9 plasmid, bearing
the CDCI5 gene (Fig. 2 a). To determine whether it was

the mother, daughter, or either that was developing the
apical projection, we grew a culture of the same strain at
24°C and then shifted some cells to a YPD microsheet and
kept them under observation at 37°C in a thermostatted
microscope. With this approach, we observed that the ab-
errant structure that seemed to precede cell lysis occurred
in the daughter cell (Fig. 2, A-[). All 37 cells under these
conditions behaved identically. Further support to the
conclusion that it was essentially the daughter cell that de-
veloped the structure was provided by the staining of bud
scars with calcofluor white. In 34 out of 35 scar-bearing
doublets, the cell showing the apical shmoo-like structure
never had chitin scars, suggesting that it was the newborn
one. In turn, when present, scars were always situated on
the nonaberrant cell of the doublet (data not shown).

The same experiments were performed on the cdcl5-
Iytl/cdcl5-1 MY1 strain. As in haploid strains, after 6 h at
the restrictive temperature, most cells lysed and lysis was
preceded by the development of a more or less conspicu-
ous apical structure. Interestingly, linear chains of three,
four, or more cells were frequently observed, a phenom-
enon not seen in the haploid mutants (Fig. 2, b, f, m—q,
and t). cdcl5-1/cdcl5-1 and cdcl5-lytl/cdcl5-lyt] diploid
strains also gave rise to a significant number of chains. To
check that the occurrence of chained cells was indeed a
consequence of ploidy and not due to the combined ge-
netic backgrounds generated after mating, we constructed
a diploid strain isogenic to the L2C24d cdcl5-Iyt] strain
(Materials and Methods). The resulting DJY4 cdcl5-lytl/
cdcl5-lytl strain also generated a significant amount of
chains in comparison to the isogenic haploid strain. Table
II shows the frequency of chained cells, shmoo-like dou-
blets, and plain doublets in the different cdcl5* haploid
and diploid strains. A sequential study of the formation of
these chains is shown in Fig. 2, m—q. We stained the nuclei
of fixed RNase-treated cells with propidium iodide and
found that each cell of the chain had a nucleus (Fig. 2 f).
Occasionally, cells at the end of the chain bore two nuclei,

Table I1. Percentage of Doublets, Apical Projections, and Chains in Populations of cdc15 Mutants

Strain Culture medium
% % %
L2C24d (cdcl5-Iytl) YPD 19 (50 cells) 79 (208 cells) 2 (6 cells)
YPD + sorbitol 1 M 9 (44 cells) 55 (260 cells) 26 (171 cells)
RH210-3c¢ (cdci5-1) YPD 80 (466 cells) 18 (109 cells) 2 (10 cells)
YPD + sorbitol 1 M 8 (26 cells) 43 (133 cells) 49 (152 cells)
MY1 (cdcl5-1lcdcl5-1yt) YPD 27 (70 cells) 45 (118 cells) 28 (74 cells)
YPD + sorbitol 1 M 3 (8 cells) 27 (86 cells) 70 (224 cells)
DU3 (cdcl5-Iytl/cdcl5-lytl) YPD 56 (217 cells) 29 (112 cells) 15 (56 cells)
YPD + sorbitol 1 M 12 (25 cells) 60 (125 cells) 28 (58 cells)
DRI (cdcl5-1/cdcl5-1) YPD 89 (225 cells) 11 (27 cells) — (1 cell)
YPD + sorbitol 1 M 45 (102 cells) 36 (81 cells) 18 (41 cells)
DIY4 (cdcl5-Iytl/cdcl5-lytl) YPD 31 (31 cells) 31 (31 cells) 38 (39 cells)
YPD + sorbitol 1 M 11 (9 cells) 10 (8 cells) 79 (63 cells)

Percentage of cells showing a particular morphology (plain doublet, doublet with apical projection, or chained cells) in haploid and diploid cdc15-1 and cdc15-Iyt] mutants in dif-
ferent backgrounds in the absence or presence of 1 M sorbitol. In these experiments, cells were grown in 50 ml of YPD medium at 24°C overnight with or without sorbitol and then

shifted to 37°C for 6 h.
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probably due to a discoordination between budding and
nuclear division at advanced stages of phenotypic expres-
sion.

Osmotic protection has been reported to delay or rem-
edy lysis in some lytic mutants (Torres et al., 1991; Cid et
al., 1998bh). We stabilized the culture media with 1 M sor-
bitol and studied the behavior of several cdcl5 mutants at
37°C (Table II). 1 M sorbitol was unable to suppress the
lytic effect of cdcl5" mutations but seemed to stabilize the
aberrant structures, delaying cell lysis to a slight extent
and thus enhancing apical growth in the daughter cell, of-
ten leading to long tubular structures (Fig. 2 d). Also, in
quantitative terms the proportion of cells able to develop
these structures was much larger when sorbitol was pres-
ent in the medium (Table II). Under these conditions,
even the RH210-3c cdcl5-1 strain, which in nonstabilized
medium seldom develops apical structures, gave rise to a
significant number of shmoo-like doublets. Additionally,
in the presence of 1 M sorbitol, an increased number of
haploid cells displayed a behavior similar to that described
above for diploid strains, occasionally showing chained
cells (Table II). To confirm that these effects were indeed
due to the osmolarity of the medium and not to any other
interference of the sorbitol molecule with cellular mecha-
nisms, we repeated the experiments using 0.2 M NaCl as
osmolyte, obtaining similar results (data not shown).

cdc15-lyt1 Mutants Do Not Commit Septation

The cell cycle arrest in cdcl5 mutants has been described
to occur in the anaphase and hence the segregated nuclei
are still connected by the nuclear envelope and microtu-
bules (Copeland and Snyder, 1993; Surana et al., 1993).
We focused our interest on determining whether the sep-
tation process had been committed, especially in cells that
developed the apical shmoo-like structure or gave rise to
chains. To approach this issue, we grew cultures from the
L2C24d (cdcl5-lytl) and MY1 (cdcl5-1/cdcl5-Iytl) strains
at the permissive temperature and shifted them to 37°C for
6 h. Observation of these cells by transmission electron mi-
croscopy revealed that septation was never initiated (Fig.
2, r, s, and t). Indeed, septa were always absent, even in
cells belonging to chains of three or four cellular units with
separated nuclei. This observation implies that, at least
in diploid and probably in osmotically stabilized haploid
cdcl5 mutants, a new round of the cell cycle can be started
in the absence of cytokinesis. This offers a valuable new
tool for study of the coordination of cycle-to-cycle transi-
tion in the budding yeast.

Distal Growth in cdc15 Mutants Is Supported by Actin
but Not by the Septin Cytoskeleton

The above experiments had shown us that the mitotic ar-
rest caused by cdcl5 mutations occurs before the initiation
of septation. During the last stages of the budding yeast
cell cycle, actin patches localize to the bud-neck area to
support polarized secretion for septum formation (Lew
and Reed, 1993). We were interested in determining
whether cdcl5 mutants were able to localize the actin cy-
toskeleton to the septum area even though the morphoge-
netic response is inhibited or whether, as happens in a
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Figure 3. Evolution of actin polarization in the L2C24d (cdcl5-
Iytl) strain at the restrictive temperature. Actin was stained with
rhodamine-conjugated phalloidine. The plot represents the per-
centage of each cell type within the population (y axis) versus
time of incubation at 37°C (x axis). Only live cells can be stained
for the visualization of actin, so no lysed cells were included in
this assay. (A) Single unbudded cells with a random distribution
of actin patches. (¢) Doublets with a depolarized actin cytoskele-
ton, as corresponds to anaphase-arrested cells. (ll) Doublets with
a polarization of the actin cytoskeleton to the neck area for the
promotion of septum morphogenesis. (@) Cells showing a pat-
tern of actin polarization towards the incipient, emergent or de-
veloping bud. (O) Doublets or asymmetric doublets that polarize
the actin cytoskeleton towards the distal pole of one of the cells.
Bars, 5 pm.

blockage of B-cyclin degradation (Lew and Reed, 1993),
actin is not even polarized to the mother—bud neck.

We incubated the cdcl5-Iyt] mutant strain L2C24d at
24°C overnight and then shifted it to the restrictive tem-
perature. Samples were taken every 30 min, fixed, and
then stained with rhodamine-conjugated phalloidine to vi-
sualize the actin cytoskeleton. An average of 120 nonlysed
cells from each sample was analyzed for actin polarization
under a fluorescence microscope. The dynamics of actin
polarization are represented graphically in Fig. 3. As ex-
pected in a log phase culture, only 17% of the cells (single
cells or doublets) displayed a randomly distributed pattern
of actin deposition, whereas 76% of the population showed
a polarization of actin towards the incipient, emerging or
developing bud, and ~7% of the cells concentrated most
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actin around the septum area. Total depolarization of the
actin cytoskeleton was observed after 30 min at 37°C. This
is probably not due to the expression of the cdcl5 pheno-
type but rather would be the normal cellular response to
the stress caused by a temperature shift (Pringle et al.,
1989). After 1 h, the actin cytoskeleton had been repolar-
ized, but the pattern of localization to the septum area was
not detected. The same was observed subsequently, de-
spite the progressive accumulation of cells in doublets,
which invariably had a delocalized actin cytoskeleton, as
corresponds to the expected anaphase arrest.

With these results, we concluded that at 37°C the actin
cytoskeleton is never located at the mother—bud neck in
cdcl5"® mutants. Thus, the absence of septation reported
above could be a consequence of the failure of the mor-
phogenetic apparatus to recognize the septum area. Re-
markably, after 120 min at 37°C a growing population of
cells appeared showing a strong polarization of actin to-
wards the distal pole of one of the cells, which in most
cases had started to develop the apical elongation de-
scribed above. After 4 h, over 50% of the population had
lysed and hence the study was not further continued in or-
der to avoid collecting unrepresentative data from rare
survivors.

Septins constitute another cytoskeletal structure as-
sumed to play crucial roles in morphogenetic events along
the cell cycle, such as the localization of septa (Longtine et
al., 1996; Cid et al., 1998a). Septins assemble at the bud
neck as a ring before bud emergence and remain there
until cytokinesis is complete. We studied the localization
of the septin-based ring in cdcl5-lyt] mutants using a
Cdc10p-green fluorescent protein (GFP) fusion. As shown
in Fig. 4, a and b, septins remain as a double ring at the
mother—daughter neck well after the apical structure has
grown. Using confocal microscopy, we were able to simul-
taneously visualize rhodamine-stained actin and Cdc10p-
GFP (Fig. 4, e—g). From this experiment we concluded that

septins are never observed at the base of the distal actin-
rich projections. Therefore, the aberrant shmoo-like struc-
ture characteristic of cdc15 mutants is supported by the ac-
tin but not by the septin cytoskeleton, which remains at
the site of the aborted septation. It is likely that the lytic
phenotype of cdcl5" mutants would be due to a budding
attempt that has been aborted because of the absence of
essential morphogenetic components that rely on the pres-
ence of the septin ring. Consistent with this hypothesis,
septins are present at the neck of the successful new buds
that originate chains of cells in diploid cdcl5/cdcl5 mu-
tants at 37°C, as shown in Fig. 4, b and c.

Distal Growth in cdc15 Mutants Depends
on Budding Pattern Signals and on the START
Landmark of Cell Cycle

All the evidence obtained so far suggested that the mor-
phogenetic response described could be due to the com-
mitment of a new round of the cell cycle in the absence of
cytokinesis. Based on cell polarity studies and assays on
nuclear dynamics, we endeavored to clarify this point.

S. cerevisiae haploid strains always develop a new bud at
the proximal pole; that is, next to the previous site of cy-
tokinesis (for review see Roemer et al., 1997). The fact
that when cytokinesis is absent the distal pole of the
daughter cell is favored for subsequent morphogenetic
events led us to wonder whether this phenomenon might
depend on the signals for pole recognition, in which the
small GTPase Bud1p/Rsrlp plays a major role (Chant and
Herskowitz, 1991; for review see Chant, 1994; Park et al.,
1997). To determine whether the choice of this abnormal
site for morphogenesis depends on such cellular tags, we
constructed double cdcl5-1 budl::URA3 and cdcl5-lyt]
budl::URA3 mutant strains by mating both the RH210-3¢
(cdc15-1) and JIY0-3c (cdc15-Iytl) strains to JC223 (budl::
URA3) and subsequently studying the meiotic products.

Figure 4. Visualization of the
septin ring by fluorescence
(a-d) and confocal (e-g) mi-
croscopy of the L2C24d strain
(cdcl5-1ytl) transformed with
the pLA10 plasmid bearing a
CDCI0-GFP fusion (Cid et
al., 1998a) (a, b, and e-g) and
MY3 strain (cdcl5-lytl/cdcl5-1
CDC10-GFP) (c and d). Cells
were kept at 37°C for 4.5 h to
allow expression of the char-
acteristic morphogenetic phe-
notype. (a and b) Fluores-
cence microscopy shows that
the septins remain at the
mother-daughter neck in
asymmetric doublets. (¢ and
d) The formation of chains of
cells in diploid cdcl5/cdclS

mutants is supported by the formation of novel septin rings, but the first ring in the neck between the oldest cells persists. (e—g) Simulta-
neous staining with rhodamine-conjugated phalloidin allows the visualization of both the actin and septin cytoskeletons. Red, actin-rich
areas; green, corresponds to the septin—~GFP fusion. In e and g, the fluorescence image is overlapped to a phase contrast micrograph for

better definition of cell shape. Bars, 5 wm.
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Table IlI. Polarity of the Projections in cdc15 Mutants

Strain

Y1 (cdcl5-1 budl::URA3)
Y2 (cdel5-Iyt] budl::URA3)
Y3 (cdcl5-1)

Y4 (cdcl5-Iyt])

% % %

27 (109 cells) 44 (180 cells) 29 (118 cells)
24 (66 cells) 64 (175 cells) 12 (32 cells)
64 (110 cells) 4 (6 cells) 32 (56 cells)
57 (85 cells) 3 (4 cells) 40 (59 cells)

Polarity of the projection formed by doublets expressing the cdc15-1 or cdc15-Iyt] mutations, as recorded after 6 h at 37°C. Percentages of doublets that develop a projection at the
distal pole or at a random site, as well as the proportion of doublets that do not exhibit a conspicuous projection, are shown.

The resulting JJY1 and JJY2 strains showed a random
budding pattern, due to the central role played by BUDI
in localization of the budding site (Chant, 1994). The po-
larity of the morphogenetic response described above was
evaluated in these strains and compared with that of Ura~
cdcl5 segregants (JJY3 and JJY4) obtained in the same
experiment (Table IIT). JJY1, JIY2, and other Ura* cdcl5
segregants analyzed that carried both cdci5-1 and budl
mutations developed the abnormal projection described
above in a random fashion; that is, often at sites other than
the distal pole. By contrast, all the Ura™ segregants, bear-
ing only the cdcl5 mutations, seldom failed to develop this
structure precisely at the pole. Despite this, the morphoge-
netic response was still restricted to the daughter cell and
determined cell lysis. We conclude from these experiments
that the location of this abnormal morphogenetic response
in cytokinesis-defective cdcl5 mutants obeys the perma-
nent polarity signals for budding.

As can be seen in Fig. 2 e, the nucleus in cells with a dis-
tal projection is usually oriented towards this structure,
suggesting that a new round of the cell cycle may be com-
mitted. If the apical projection is due to the overcoming of
mitotic arrest and the entry of the cells in a new round of
cell division, it must be dependent on the START land-
mark of cell cycle. cdc28-4 is a Ts™ mutation that causes
cell cycle arrest precisely at START (Reid and Hartwell,
1977) and therefore, if this hypothesis were true, one
would expect that double cdcl5" cdc28-4 mutants would
be unable to polarize growth to the distal pole. A collec-
tion of these mutants was constructed by mating the
K1414 (cdc28-4) strain to L2C24d (cdcl5-lytl). Double
mutants were selected from tetrads that yielded 2:2 wild-
type/Ts™ segregation. When compared with single cdci5-lyt]
segregants from the same experiment, the START-defec-
tive cdc15 mutants did not give rise to apical projections at
37°C but remained either as large doublets or as large un-
budded cells due to the G1 arrest. The data obtained on
analyzing 198 cells from three different segregants carry-
ing both mutations and 118 cells of a single cdcl5 seg-
regant held for 6 h at 37°C were as follows: 56.1% of the
cdc28-4 cdcl5-Iyt]l population arrested as single large cells
due to the START-specific arrest caused by the cdc28-4
mutation whereas no single cells of any size were observed
in the single cdcl5-Iyt] segregant; 42.1% of the population
of the double mutants arrested as large-sized dumbbell-
shaped doublets whereas this pattern was seen in 31.4% of
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the single cdcl5 mutant population. More interestingly,
only 1.7% of the double mutant population showed some
polarization of growth at one end of the doublet, whereas
68.6% of the single cdcl5-lyt] mutants displayed polar
growth. Therefore, the expression of cdc28-4 START-spe-
cific arrest was preventing haploid cdcl5-Iyt] mutants
from forming their characteristic apical projection.

To confirm that nuclei from cytokinetic-defective cells
expressing the cdcl5 phenotype were overcoming mitotic
arrest, we decided to study the progression of the nuclear
cell cycle in these cells. We performed quantitative DNA
content assays by flow cytometry to determine whether
the morphogenetic response was indeed accompanied by
post-START events. As shown in Fig. 5, after incubation
of the cells at the restrictive temperature in 1 M sorbitol,
which retards lysis (as shown above), the peak corres-
ponding to pre-S phase cells progressively decreased
while the post-S phase peak increased due to the accumu-
lation of anaphase-arrested cells, as expected. Interest-
ingly, in longer exposures (times longer than 150 min) to
the restrictive temperature a third peak was seen, indicat-
ing the presence of a new population bearing an amount of
DNA equivalent to that of four nuclei. This last peak very
likely represented cells that overcame the M phase arrest
and started a new cell division, in agreement with the re-
sults reported above. When the same experiments were
carried out on diploid cdcl5/cdcl5 strains, the graphics
were difficult to interpret due to the appearance of subse-
quent diffuse peaks of higher fluorescence intensity, prob-
ably corresponding to chained cells (data not shown). In
sum, these results suggest that a significant part of the pop-
ulation indeed overcomes the anaphase arrest at the re-
strictive temperature and initiates a new round of the cell
cycle.

Mutants in Other Genes Controlling Late Mitosis Also
Develop Apical Projections

There is genetic evidence that the products of the genes
TEMI1, CDCI4, and DBF2 act in a common pathway with
the Cdc15p protein kinase (Kitada et al., 1993, Shirayama
et al., 1994, 1996). As in the case of CDCI5, these genes
are essential for viability and dysfunctions in them have
been described to cause a late M phase arrest (Toyn and
Johnston, 1994; Shirayama et al., 1994, 1996). By applying
some of the same techniques as those described above for
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Figure 5. Flow cytometry graphics of RNase-treated propidium
iodide-stained cells of the L2C24d strain. Cells were incubated at
37°C in osmotically stabilized media and samples were taken ev-
ery 30 min. Peaks correspond to cell populations containing differ-
ent amounts of DNA. The peak corresponding to a DNA content
of 1 nucleus per cell (G1 peak) appears at ~15 fluorescence units
(see scale at the bottom), the G2/M peak (2 nuclei per unit) stands
at ~30 units, and cells displaying a DNA content equivalent to 4
nuclei appear at 60 U. Upon expression of the cdcl5 phenotype
(right), the G1 peak progressively disappears due to the accumula-
tion of cells in anaphase. After 150 min, a new well-defined peak
reveals a new population of cells with a larger amount of DNA.
None of these phenomena occurred when the same strain was
transformed with a CDC15-containing plasmid (left).

cdcl5 mutants to strains EO156 (tem1-3), RH1779 (cdcl4)
and L119-7d (dbf2), we also detected a distal polarization
pattern in these mutants (Fig. 6, a—c, Table IV). The data
thus obtained are comparable to those obtained for cdcl5-1
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and cdcl5-lyt]l in different backgrounds (Table II), sug-
gesting that the eventual overcoming of mitotic arrest
would not be restricted to cdcl5 mutants, but that it would
be common to other mutations in the pathway.

At this point, we tested mutants in the 20S proteosome/
anaphase-promoting complex (APC), which have been also
reported to display an anaphase arrest due to the inability
of the cell to remove B cyclins (Zachariae and Nasmyth,
1996). The rationale for this was to find out whether the
formation of an apical projection in the doublet was a fea-
ture of mutants in the Cdc15p pathway or whether it could
be ascribed to other key regulatory mechanism for late mi-
tosis, such as B cyclin removal. Asymmetric doublets
showing an apical projection were observed in cdc23 and a
cdcl7 strains (Fig. 6, e and f), although in a proportion
much lower than that of the mutants in the Cdc15p path-
way (Table IV). However, the 4956-3a strain, which bears
a cdcl6 mutation, gave rise to a very high proportion of
asymmetric shmoo-like doublets (Table IV). Therefore,
we concluded that the morphogenetic response described
above is an effect of a cytokinetic failure, caused by a dys-
function either in the Cdcl5p pathway or in the APC.
These results could be better understood if cyclin degrada-
tion by the APC were a requisite for the functionality of
the Cdcl5p pathway or, as postulated by Jaspersen et al.
(1998), a role of the Cdcl5p pathway were the activation
of the APC.

In view of these results, and since it is assumed that the
overall control of exit from mitosis depends on the inacti-
vation of the CDK-B cyclin complex, we wished to study
the effect of B cyclin overexpression on the cdcl5 distal
polarization phenotype. We did this by using a GAL-
CLB2 construction in a centromeric pRS316 plasmid, pro-
vided by M. Glotzer (Institute for Molecular Pathology,
Vienna, Austria). Incubation of strains transformed with
this vector in galactose-based media should lead to over-
production of CLB2. In the wild-type strain 1784, CLB2
overexpression caused an arrest of the cells in doublets but
distal polarization in these doublets was rare (1-2% of the
population, data not shown). We studied the behavior of
L2C24d (cdci5-lytl1) GAL-CLB?2 transformants in com-
parison with a control of the same strain bearing the
pRS316 plasmid (Sikorski and Hieter, 1989). Although the
distal projection phenotype is expressed with less severity
in galactose, microscopic observations (Fig. 6, g and &)
showed that CLB2 overexpression made the appearance
of projections more rare, thus significantly reducing cell ly-
sis. In fact, the proportion of cells displaying an apical pro-
jection in a L2C24d (cdcl5-lytl) population decreased
threefold when CLB2 was overexpressed (Table IV). We
conclude that the deregulation of B cyclin expression pre-
vents the appearance of the distal polarization phenotype
and hence cell lysis. These results are in accordance with
the idea that the Cdcl5p pathway modulates morphoge-
netic events for cytokinesis within a more general regula-
tory program controlled by the cyclic activation/inactiva-
tion of Cdc28p.

The Timing of Rebudding after M Phase Arrest in
cdc15-lyt1 Mutants

We have shown above that certain mutants in late M
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phase—controling pathways are able to exit their character-
istic cell cycle arrest. However, they are unable to form
septa and the initiation of a new round of budding in the
absence of septation causes an abnormal morphogenetic
response. These results imply that the cell cycle arrest pre-
viously described for these mutants is not definitive but
temporary and that it might be a consequence of the cyto-
kinetic failure. On this basis, we were prompted to mea-
sure the efficiency of this arrest.

To elucidate whether a difference in the timing of bud

Table IV. Distal Polarization of Growth in Late Mitotic Mutants

Figure 6. (a—f) Morphologi-
cal observations by phase
contrast microscopy of mu-
tants in genes involved in late
mitotic events after 6 h of in-
cubation at 37°C: (a) L119-7d
(dbf2-1); (b) RH1779 (cdcl4-
1); (c) EO156 (teml-3); (d)
4965-3a (cdcl6); (e) 4086-23-
2a (cdc23); (f) 9002 (cdc27).
(g) L2C24d  (cdcl5-Iytl)
strain transformed with the
pGAL-CLB2 plasmid after
6 h of incubation at 37°C with
galactose as a carbon source.
(h) The same strain trans-
formed with a pRS316 con-
trol plasmid under the same
conditions. Arrows, distal
projections. Bars, 5 pm.

emergence between wild-type cells and cdcl5 mutants oc-
curs at the restrictive temperature, we devised a simple
“budding time” assay (Materials and Methods). In brief,
at the restrictive temperature and using a thermostatted
phase contrast microscope we measured the time elapsing
since a single cell from the mutant strain L2C24d (cdcl5-
Iyt]) starts to produce a bud until this bud starts to pro-
duce a second bud or a projection at its distal pole. As a
control and under the same conditions we used the same
strain transformed with the pBS9 centromeric plasmid,

Strain

EO156 (teml-3)

L119-7d (cdc14-1)

RH1779 (dbf2)

4965-3a (cdcl16)

4086-23-2a (cdc23)

9002 (cdc27)

L2C24d + pGAL-CLB2 (cdc15-Iytl, CLB2 overexpression)
L2C24d + pRS316 (cdcl5-Iytl, control in galactose)

% % %
49 (38 cells) 45 (35 cells) 6 (5 cells)
67 (130 cells) 29 (57 cells) 4 (7 cells)
36 (54 cells) 64 (95 cells) 0 (0 cells)
41 (124 cells) 59 (179 cells) 0 (0 cells)
87 (268 cells) 13 (41 cells) 0 (0 cells)
92 (131 cells) 8 (11 cells) 0 (0 cells)
82 (160 cells) 14 (27 cells) 4 (8 cells)
41 (89 cells) 43 (93 cells) 16 (36 cells)

Percentages of cells showing a particular morphology (plain doublet, doublet with apical projection, or chained cells) in different mutants of genes genetically related to CDCI5,
APC mutants and cdcl5-lyt] mutants overexpressing the CLB2 gene under the GALI promoter. In all cases data were collected from samples incubated for 6 h at 37°C.
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Table V. Budding Delay in cdcl5 and teml Mutants

Strain Average budding time at 37°C

Average budding time at 28°C

Delay at 37°C*

min
131 £ 22 (32 cells)
86 = 8 (23 cells)
116 = 5 (23 cells)
91 = 9 (10 cells)

L2C24d (cdcl5-1ytl)
L2C24d + pBS9 (CDC15)
EO156 (teml-3)

RAY3-a (isogenic TEM1)

min min

99 * 6 (24 cells) 45
98 = 8 (25 cells)
96 = 6 (21 cells) 25

97 = 8 (18 cells)

Average budding time both at 37°C and 28°C in cells from cdcl5-lyt and tem-3 mutants and their respective complemented and isogenic wild type controls.
*The delay is calculated by subtracting the budding time of the isogenic wild-type or complemented control from the budding time of the mutant.

which contains the CDCI15 wild-type gene, and measured
the time between bud emergence in an original single cell
and the emergence of the first bud of this newborn daugh-
ter. As shown in Table V, the average budding time thus
obtained was ~85 min for the control and 130 min for the
mutant. Hence, the appearance of the apical bud in the
cdcl5-lyt]l mutant at the nonpermissive temperature was
45 min delayed with respect to the budding of the first
daughter in the wild-type cell cycle. To confirm that this
delay was not due to differences in growth efficiency based
on the presence of the plasmid, we checked that there was
no difference at all between the cycling time of the same
clones at the permissive temperature of 28°C (Table V).

We reproduced these assays in the EO156 strain bearing
the temI-3 mutation, using its isogenic wild-type strain
RAY-3a as a control. In our hands, feml-3 mutants were
not as efficient as cdcl5-1 and cdcl5-lyt] mutants in ex-
pressing the mitotic arrest phenotype since a few cells in
the population continued to bud normally. Despite this,
with these means we found a budding delay of 25 min (Ta-
ble V).

The Overcoming of Mitotic Arrest Is Not Synchronous

All the data so far reported correspond to budding time
assays taking the daughter cell as a reference. At this point
we were prompted to determine to what extent the cytoki-
netic defect caused by the cdcl5 mutation inhibited the
ability of the mother cell to bud. As described above, hap-
loid cdcl5 strains lyse soon after the younger cell of the
doublet has committed an abnormal morphogenetic re-
sponse, offering no chance to measure the delay in bud
emergence that might take place in the older cell, which
under these circumstances remains unbudded. On the
other hand, as seen in Fig. 2, b, m—q, and ¢, diploid cdcl5/
cdcl5 mutants, both mother and daughter cells, usually re-
bud successfully in the absence of cytokinesis at the re-
strictive temperature.

We performed timing assays using the MY1 diploid
strain and a MY2 isogenic control. As shown in Table VI,

Table VI. Mother and Daughter Budding Delay in Diploid cdcl5

the diploid was more efficient than the haploid strain
tested above at overcoming the mitotic arrest. It took only
17 min more than the control for the daughter cell to start
bud emergence, whereas the mother cell showed a delay of
37 min with respect to the transformed control. It is well
known that during vegetative growth a wild-type S. cerevi-
siae strain divides in an asynchronous fashion in the sense
that the mother cell starts a new round of cell division ear-
lier than the daughter (Roemer et al., 1996). In fact, in the
wild-type controls of our experiments daughters budded
about 14 min later than mothers (Table VI), highlighting
the delay detected in the cdcl5/cdcl5 mutant. From these
results it may be concluded that although there is always a
delay in bud emergence when cytokinesis has not been
performed in the previous cycle, the daughter cell is able
to overcome this arrest more readily than the mother cell.

The Delay in Bud Emergence Caused by
cdc15 Mutations Is Prevented in a cdc10 Background

With the above data, we concluded that the commitment
of a new round of the cell cycle in cytokinesis-defective
mutants involves nuclear entry in the S phase and actin-
dependent morphogenetic events. However, at least in
haploid backgrounds, septins fail to reassemble at the new
bud site. Interestingly, mutations in any of the CDC3,
CDC10, CDC11, and CDCI2 septin-encoding genes lead
to the development of elongated buds, a loss of cell polar-
ity, and defective cytokinesis (for review see Longtine et
al., 1996). To determine whether there was any relation-
ship between the function of the CDC15 gene product and
the function of septins at the time of cytokinesis, we con-
structed double cdcl0-11 cdcl5-1 strains by mating the
VCY1 and RH210-3c strains and analyzing the meiotic
products. Among the segregants, the cdcl( mutants were
identified by their peculiar bud elongation phenotype at
nonpermissive temperatures and the cdcl5-1 mutation was
followed by the red color of the colonies due to its genetic
linkage to the ADE?2 locus (Schweitzer and Phillipsen,
1991). The double mutants were viable and displayed the

Mother cell Daughter cell Control mother cell Control daughter cell
min min min min
37°C 100 = 5 (38 cells) 84 * 4 (38 cells) 63 = 5 (18 cells) 68 = 5 (18 cells)
28°C 86 = 9 (18 cells) 99 * 9 (18 cells) 85 £ 7 (18 cells) 98 = 11 (18 cells)

Average budding time at 37°C and 28°C for both mother and daughter cells in the diploid strain MY 1 when expressing the cdc 15 mutation (first and second column) and when this
mutation is complemented with the pBS9 plasmid, which contains the CDC15 gene (MY2 strain) (third and fourth columns).
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Table VII. Rescue of the cdc15 Budding Delay in a cdc10 Background

Strain Average budding time at 37°C Average budding time at 28°C Delay at 37°C*
min min min

VCY1 (cdcl0-11) 91 = 9 (22 cells) 104 = 5 (20 cells) 8

1784 (CDC10 isogenic to VCY1) 83 = 6 (11 cells) 103 = 6 (24 cells)

VCY242d (cdcl0-11 cdcl5-1) 84 = 10 (25 cells) 96 = 6 (16 cells) 7

VCY242d + pBS9 (CDC15) 81 £ 6 (27 cells) 95 = (14 cells) 4

VCY242d + YCpl11-CDCI10 119 £ 17 (40 cells) 95 = 6 (14 cells) 42

VCY242d + pBS9 (CDC15) + YCpl111-CDC10

77 £ 6 (26 cells)

95 = 9 (16 cells)

Average budding time both at 37°C and 28°C in cells from a cdc10-11 mutant and a double cdc15 cdc10 mutant and their respective isogenic wild-type or complemented controls.
*The delay is calculated by subtracting the budding time of the isogenic wild-type or complemented control from the budding time of the mutant.

cdclO-characteristic phenotype of multinucleated cells with
elongated buds at 37°C. However, these cells, unlike those
of cdcl0 single mutants, lysed before developing complex
branched structures (data not shown). Peculiarly, these
double mutants initiated several rounds of budding at
37°C before lysing, suggesting that a dysfunction in the
septin ring somehow protects cdcl5 mutant cells from lysis.

One of these segregants, VCY242d, was independently
transformed with the YCP111-CDC10 plasmid, bearing
the wild-type CDCI0 gene, with the pBS9 plasmid, bear-
ing the wild-type CDCI15 gene, and with both plasmids
simultaneously. The VCY242d strain and these transfor-
mants were subjected to further budding time experiments.
At 37°C, we were able to measure the cycling time for the
daughter when only the cdcl5-1 mutation is expressed
(VCY242d + YCP111-CDC10), when only the cdcl0 mu-
tation is expressed (VCY242d + pBS9), when both mu-
tations are coexpressed (untransformed VCY242d) and
when neither of the mutations is expressed in the same
background (double transformant, used as control). The
results of these experiments are shown in Table VII. De-
spite the severely altered morphology displayed by cdcl0
mutants at 37°C, no delay in the budding cycle was ob-
served in the untransformed double mutant. The VCY1
strain, bearing the cdcl0-11 mutation, which displays a
phenotype identical to the cdcl0 deletion (Cid et al.,
1998a), was also studied in comparison with its isogenic
wild type strain 1784. In this case, a delay of 8 min was re-
corded, which we do not consider significant taking into
account that the buds developed by these mutants were
much longer than normal buds. As expected, expression of
the cdcl5 mutation alone generated a 36-min delay as
compared with the control. Surprisingly, in the double
cdcl0 cdcl5 mutant only a 6-min delay was recorded, a fig-
ure comparable to the data on the expression of the cdcl0
mutation alone. Controls at 28°C yielded no delay, sug-
gesting that these observations derive from the phenotypic
expression of the mutations and are not due to the idiosyn-
crasy of each transformant.

An experiment to demonstrate that rebudding runs par-
allel to a new S phase at nuclear level is shown in Fig. 7.
FACS® analysis revealed that the evolution of the peak
corresponding to 4n DNA content described above was
delayed about 30 min in the transformant bearing a wild-
type CDCI10 with respect to the untransformed cdcl0-11
cdcl5-1 mutant. According to these results, the expression
of a septin mutation prevents the temporal cell cycle arrest
caused by the cytokinetic defects due to a loss of function

Jimenez et al. Yeast Overcomes cdcl5-induced Anaphase Arrest

in the CDC15 gene. A plausible explanation for this phe-
nomenon is that the integrity of the septin ring would be
essential for a putative cell cycle checkpoint (see Discus-
sion), which would prevent the nucleus from starting a
new round of the cell cycle unless cytokinesis has been
committed.

Discussion

Evidence for a Role of the Cdc15p Pathway in Signaling
for Cytokinesis

The connection between cell cycle regulation and morpho-
genesis is very poorly understood at the molecular level.
Assuming that lysis in yeast cells can be a consequence of
a failure in the pathways that coordinate morphogenetic
responses, the study of lytic mutants may offer a valuable
approach to this issue. The /yt/ mutant has been reported
to display a pattern of cell division cycle arrest at the mito-
sis stage (Molero et al., 1993). Here we report that /yt] in
fact determines a new mutant allele of the CDCI5 gene,
which encodes a putative serine/threonine protein kinase
(Schweitzer and Philippsen, 1991) essential for exit from
the M phase in the S. cerevisiae cell cycle (Surana et al.,
1993).

Some efforts have been made to introduce the product
of the CDCI5 gene into a signal transduction pathway.
Shirayama et al. (1994) found that a high dose of CDCI5
suppresses a mutation in the RAS-like gene TEMI and
proposed the existence of a hypothetical pathway that
would be essential for the anaphase—telophase transition
(Shirayama et al., 1994). Currently, the candidates for this
pathway are the protein kinases Cdc15p, CdcSp, Dbf2p,
and Dbf20p, the protein phosphatase Cdcl4p, the small
GTPase Temlp, and the SPOI2 gene product (Toyn and
Johnston, 1993; Kitada et al., 1993; Shirayama et al., 1994,
1996; Toyn et al., 1996; Jaspersen et al., 1998). Although
there is no biochemical evidence of a pathway in which
such components are sequentially integrated, these pro-
teins must function as a regulatory network that controls
important events for progression through the last stages of
the cell cycle. The same events are dependent on B cyclin
removal, but it remains uncertain whether the Cdcl5p
pathway (either directly or indirectly) promotes cyclin
degradation by the APC or whether, conversely, it is cyclin
depletion that activates the Cdc15p pathway. Based on the
evidence that high Cdc28p kinase and low APC activity
levels are observed in cdcl5 mutants, Surana et al. (1993),
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Figure 7. Flow cytometry plots of RNase-treated propidium io-
dide-stained cells of the VCY242d strain both untransformed
(left) and transformed with a CDCI0-bearing plasmid (right).
Cells were incubated at 37°C in osmotically stabilized media.
Samples were taken at the times indicated. Peaks that appear at
15, 30, and 60 arbitrary fluorescence units (see the scale at the
bottom) correspond respectively to cells with DNA contents
equivalent to 1, 2, and 4 nuclei. Comparison of the two series re-
veals an earlier (~30 min) and larger amount of cells included in
the third peak when both cdcl0 and cdcl5 mutations are coex-
pressed than when the cdcl5 mutation is expressed alone.

Toyn et al. (1996), and Jaspersen et al. (1998) proposed
that a role of Cdcl5p might be to promote B cyclin re-
moval. An alternative possibility would be that the path-
ways in which Cdcl5p and functionally related proteins
are involved have specific cellular targets for the promo-
tion of telophase and/or cytokinesis themselves. In this
case, the accumulation of B cyclins in these mutants would
be due to negative feedback controls or checkpoint mech-
anisms.

The Journal of Cell Biology, Volume 143, 1998

Whatever the case, hints are gathering that the Cdcl15p
pathway may play a role in activation of the septum as a
morphogenetic site, as it has been hypothesized for its pu-
tative counterpart in S. pombe, cdc7 (Sohrmann et al.,
1998). The cdcl5-Iytl mutation maps in a domain different
from the protein kinase consensus. Interestingly, the cdc7
and Cdcl5p sequences are very similar in the region
around Gly*'?, where the cdcl5-lyt] mutation maps (Fig.
1), but quite divergent in the rest of the sequence except
for the protein kinase domains. The fission yeast cdc7 is
essential for the formation of the septum but dispens-
able for nuclear division (Fankhauser and Simanis, 1994),
strongly supporting the hypothesis of a direct involvement
of the Cdcl5p protein kinase in the commitment of cy-
tokinesis. Moreover, a S. pombe homologue of Temlp,
namely spgl, has been reported to modulate the function
of cdc7 in septum development (Schmidt et al., 1997).
Sohrmann et al. (1998) have reported that cdc7 localizes to
the spindle pole body at certain stages of mitosis, and that
its localization depends on prior activation of the small
GTPase spgl. Preliminary results on the localization of
Cdc15p indicate that it mainly mimics that of cdc7 in the
fission yeast (Jiménez, J., V.J. Cid, R. Cenamor, C. Nom-
bela, and M. Sanchez, unpublished results), further sup-
porting the notion that both kinases share a conserved
function.

Recent evidence provided by Epp and Chant (1997),
Lippincott and Li (1998), and Bi et al. (1998) has begun to
unravel the molecular mechanisms that support cytokine-
sis. These authors report the existence of a contractile ac-
tin/myosin II ring-shaped structure at the time and site of
septation. The correct organization of this structure de-
pends on previous and accurate location of the earlier sep-
tin-based double ring and subsequent attachment to the
neck of Myolp and Iqgl/Cyklp, respectively myosin II
and an IQGAP-like protein. Lippincott and Li (1998) ob-
served that the recruitment of both Iqgl/Cyklp and actin
to this ring depends on the function of the Cdcl5p path-
way. Despite this, Cdc15p may trigger additional events
that are crucial for septation, since the contractile actin-
myosin II ring is not essential for cytokinesis (Bi et al.,
1998), whereas we show that CDCI5 is strictly essential for
the recognition of the septum area as a morphogenetic
site.

A New Round of the Cell Cycle Can Be Started in the
Absence of Cytokinesis

As seen in Figs. 2 and 6, cells that express mutations that
arrest the cell cycle in anaphase thus failing to locate actin
to the cytokinesis site, develop a distal projection. Pringle
and Hartwell (1981) had already noticed the appearance
of elongated cells on their early work on the characteriza-
tion of certain cell cycle mutants. Several observations in-
dicate that this abnormal morphogenetic response may
correspond to a new round of the cell cycle: i.e., recogni-
tion of the distal pole depends on the basic polarity signal-
ing pathways for budding led by Budlp (Chant, 1994);
START-defective cdcl5 mutants do not develop such pro-
jections and, apparently correlative with this morphoge-
netic response, nuclei start DNA replication. Thus, assuming
that the observed phenomena constitute the development
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Figure 8. Scheme of bud development and its estimated timing,
as deduced from budding time assays, in a wild-type strain, hap-
loid and diploid cdcl5 mutants. Haploid cdcl5 mutants fail to lo-
calize actin to the bud-daughter constriction at the end of mitosis
and display an arrest in the transition from anaphase to telo-
phase. The mother cell fails to accomplish any morphogenetic re-
sponse in a haploid background, but the daughter cell polarizes
growth with a delay of 45 min with respect to a wild-type daugh-
ter. Such polarization follows an incorrect distal pattern. This be-
havior leads to immediate cell lysis. In contrast, diploid cdcl15/
cdcl5 mutants are frequently able to develop a new bud at the
distal pole after overcoming mitotic arrest and the mother cell
also eventually starts a new round of the cell cycle.

i

of a new bud in cytokinesis-defective cells, we found that
this new budding process was delayed by ~40 min as com-
pared with normal budding. A comparison of a normal cell
cycle to the abnormal morphogenetic response in cdcl5
mutants is offered in Fig. 8.

From the morphogenetic point of view, the apical pro-
jection in cdcl5 and functionally related mutants lacks a
proper constriction at its base and tends to elongate, re-
sembling a shmoo until cell lysis takes place. There is a

Jimenez et al. Yeast Overcomes cdcl5-induced Anaphase Arrest

strong polarization of actin towards this growing tip in
cdcl5 cell populations kept at 37°C for more than 2 h. The
aberrant morphology may be due to a failure in the assem-
bly of the septin ring at the new bud site since septin mu-
tants also develop elongated buds (Hartwell, 1971). In this
context, cell lysis in cdcl5 mutants is probably a conse-
quence of an actin-based morphogenetic response not sus-
tained by the septin cytoskeleton. In diploid cdcl5/cdcl5
mutants, a new septin ring is assembled at the base of suc-
cessful apical buds, leading to the development of nonlys-
ing chains (Fig. 8). This suggests that in diploid strains the
distal pole is more favored as a budding site than in hap-
loid strains, because some determinants essential for the
recruitment of septins may be present at that pole which
are lacking in haploid strains (Zahner et al., 1996).

It is also worth noting that the development of either a
distal projection or a new bud develops in an asynchro-
nous fashion in mother and daughter cells even though
they are not physically separated. In haploid backgrounds,
the daughter cell develops a distal projection while the
mother remains unchanged, although a 4n peak in FACS®
analyses reveals that both nuclei do begin to replicate. In
diploid backgrounds, which often escape immediate lysis,
the mother cell does bud, although much later than the
daughter. The fact that the daughter cell starts budding
faster than the mother after the cytokinetic arrest con-
trasts with normal cellular behavior. In a typical cell cycle,
the daughter cell must reach a critical size before starting a
new cycle, whereas the mother can bud immediately after
cytokinesis (Roemer et al., 1996).

Regardless of the consequences for cell polarity or the
synchronicity of the phenomena derived from the cytoki-
netic failure, the most significant observations are that
cdcl5 (and other late mitotic mutants) eventually over-
come their nuclear arrest in anaphase and that a new
round of cell cycle can be successfully accomplished in the
absence of cytokinesis. The dispensability of cytokinesis
for bud emergence and DNA replication in a subsequent
cycle was first noted by Hartwell (1971) studying septin
mutants in his pioneer work on the S. cerevisiae cell cycle.
Nevertheless, the cytokinetic failure in septin mutants is
rather a consequence of the mislocalization of septa than a
total inactivation of the morphogenetic machinery respon-
sible for septation (Longtine et al., 1996; Cid et al., 1998a).

Is There a Cytokinesis Checkpoint in the
Budding Yeast?

Lew and Reed (1993) reported that the actin cytoskeleton
is not polarized to the septum area to promote cytokinesis
until the Cdc28p—ClIb2p complex has become dissociated.
Here we report that when anaphase arrest persists, a polar
budding process is started in the absence of cytokinesis. It
could be surmised that the inactivation of the Cdc28p—Clb
complex by degradation of B cyclins would be sufficient
for the promotion of both nuclear telophase events and cy-
tokinesis and that the Cdc15p pathway would be essential
for inactivating the CDK-cyclin complex at this stage. We
shall refer to this as the classical hypothesis (Fig. 9 a). Fol-
lowing this interpretation, it is difficult to understand some
of our results, such as the overcoming of anaphase arrest
in the absence of cytokinesis in cdcl5 and, especially, the

1631

202 Iudy g uo 1senb Aq 4pd-0¢€ 1 2086/££0£S8 L/2L9L/9/EY L /4pd-8joie/qol/Bi0"sseidnu-qalj/:dpy woly pepeojumoq



Nuclear envelope division
Spindle disassembly
EXIT FROM MITOSIS

Actin polarization to
the septum area
CYTOKINESIS

Tem1 —————p
Cdc15

Nuclear envelope division
Spindle disassembly
EXIT FROM MITOSIS

Actin polarization to
the septum area
CYTOKINESIS

Figure 9. Hypotheses for the mechanisms involved in the coordi-
nation of morphogenetic events at the end of mitosis. Hypothesis
(a) implies that the Cdc15p-mediated pathway is directly or indi-
rectly involved in B cyclin degradation by the APC and that the
consequent inactivation of the Cdc28p-B cyclin complex ac-
counts for the polarization of the morphogenetic apparatus to the
neck area for septum development. Hypothesis (b) argues that
the Cdcl5p pathway, similar to the cdc7 pathway in the fission
yeast, would directly trigger the morphogenetic response for sep-
tum formation, perhaps activated by signals derived from
Cdc28p-B cyclin inactivation or coordinated with it via feedback
mechanisms (broken line). The arrest in anaphase observed in
cdcl5 and related mutants would be due to a cell cycle check-
point that would inactivate Cdc28p until morphogenetic events at
the neck are settled. The fact that a septin (cdcl0) mutation pre-
vents the delay in budding observed in a cdcl5 mutant suggest
that the components of such putative checkpoint rely on the in-
tegrity of the septin ring for their functionality.

absence of such an arrest in a double cdcl5 cdcl0 mutant.
A plausible explanation is that there would be a late or
slow cyclin degradation mechanism induced by a less effi-
cient pathway, different from that of Cdcl5p, and that
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such partial inactivation of Cdc28p would be sufficient to
induce nuclear exit from mitosis but not to polarize actin
to the mother—bud neck. Low cAMP levels rescue the cell
cycle arrest caused by a cdcl5 mutation (Spevak et al.,
1993) and therefore alternative pathways for cyclin degra-
dation could rely on intracellular cAMP levels. However,
with our current knowledge it is still hard to explain how a
failure in the septin ring could influence cAMP-dependent
pathways. We studied the nature of the suppression of the
cdcl5-lytl phenotype by overexpressing the gene coding
for S. cerevisiae phosphodiesterase, PDEI, and found that
it rescued not only the anaphase arrest but also the septa-
tion defect (data not shown). Cdc15p might therefore acti-
vate morphogenesis in the septum via pathways involving
an inactivation of the cAMP-dependent protein kinase.

Although we cannot discard the possibility that the
Cdc15p pathway might play a direct role in cyclin degrada-
tion, we propose a second hypothesis that would involve
the existence of a novel morphogenetic checkpoint (Fig. 9
b). According to the role of the homologous proteins in
the fission yeast (Schmidt et al., 1997; Sohrmann et al.,
1998) and to the results presented by Lippincott and Li
(1998) together with our own, the Cdcl5p pathway, di-
rectly or indirectly, could play an essential role in the lo-
calization of actin towards the neck area in order to ac-
complish septum formation. Therefore, as stated above,
we could assume that Cdc15p, Tem1p, and functionally re-
lated proteins could be involved in signaling pathways for
the activation of the neck as a morphogenetically active
spot at a late mitotic stage. The activation of this pathway
could be triggered by the inactivation of the Cdc28-B cy-
clin complex itself. How then can one explain why the
Cdcl5p pathway is also important, although transiently,
for the nuclear exit from mitosis? A hypothetical check-
point would inhibit the CDK activity, arresting the nuclear
cycle in late anaphase until the septum area has become
morphogenetically active. Such a mechanism would en-
sure the synchronicity of both cell-surface and nuclear
events for successful completion of the cell cycle. In cdcl5
or teml mutants the checkpoint would be activated, lead-
ing to a more or less efficient anaphase arrest. Here we re-
port that such an arrest is effective for 3045 min in the
daughter cell and for even longer in the mother cell. Inter-
estingly, a morphogenetic checkpoint dependent on cy-
toskeletal structures has already been characterized in S.
cerevisiae (Lew and Reed, 1995; McMillan et al., 1998).
Such checkpoint prevents DNA replication upon failures
in the assembly of the cytoskeletal apparatus for bud
emergence. Similar cytoskeleton-dependent checkpoint
mechanisms could exist in other stages of cell cycle, such
as cytokinesis.

From our results we conclude that the integrity of the
septin ring is essential for the mitotic arrest observed in a
cdcl5 mutant. This might imply that some important com-
ponent of the hypothetical cytokinesis checkpoint pro-
posed above lies on the septin ring. In double cdcl0 cdcl5
mutants, the lack of a functional septin ring in previous
stages of the cell cycle might cause some Cdc15p targets to
be lacking or unavailable. In fact, a putative downstream
target of the Cdcl5p pathway, the Iqgl/Cyklp IQGAP-
like protein, fails to localize to the neck in septin-cdci2
mutants (Lippincott and Li, 1998).
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Although so far molecular evidence is lacking, it is likely
that the septin ring would translate signals dependent on
Cdc28p-Clb2p kinase activity for depolarization of the
actin cytoskeleton. Accordingly, mutations in the septins
trigger an abnormal hyperpolarization of growth in G2
(Adams and Pringle, 1984), a morphogenetic response
identical to that caused by defects in the activation of the
Cdc28p-CIb2p complex (Lew and Reed, 1993). On this
basis, it seems logical that septins could also translate the
morphogenetic response elicited by inactivation of the
Cdc28p—CIb2p complex at the end of mitosis to promote
septation.

An alternative explanation to the budding delay in cyto-
kinetic-defective mutants is that such a delay could be due
to a sequestration of elements important for morphogene-
sis by the septin ring persisting at the neck. Two observa-
tions, however, detract from this hypothesis. First, the
overcoming of the arrest is not a strictly morphogenetic
phenomenon, but instead seems to be accompanied by
nuclear post-START events. Second, diploid cdcl5/cdcl5
mutants successfully reassemble septins at the new bud
site, but the delay still exists.

All the available evidence points to the notion that cy-
tokinesis relies on the cooperative role of both the septin
filaments for its localization and the Cdcl5p pathway for
its timely activation. This pathway, as in the case of the fis-
sion yeast, may transduce signals from the cell cycle uni-
versal modulator, the CDK-cyclin complex, to the neck
area where septins are located. In this work we also ana-
lyze the consequences of a cytokinetic failure in the fol-
lowing cell cycle and conclude that, in these conditions,
septin assembly to the sites of polarity is essential for cell
viability during budding and that, when septins manage to
localize to a new site, a new round of the cell cycle can be
started in the absence of cytokinesis. This whole array of
observations opens new perspectives in the study of the
coordination of morphogenetic events along the mitotic
cycle.
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