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ABSTRACT 
Tetraploid yeast  cells lacking BFRl or overexpressing an essential gene BBPl produce a novel type of 

ascus that contains asci instead of spores. We show here  that  the asci within an ascus likely arise because 
a / a  spores undergo a second  round of meiosis. Cells depleted of Bbplp  or lacking Bfrlp  are defective 
in  a number of processes such as nuclear  segregation, bud  formation, cytokinesis and nuclear  spindle 
formation.  Furthermore, deletion of BFRl or overexpression of BBPl leads to  an increase  in cell ploidy, 
indicating that  Bfrlp  and  Bbplp play roles in both  the mitotic cell  cycle and meiosis. Bfrlp  and  Bbplp 
interact with each other in  a two hybrid assay, further suggesting that they might form a  complex 
important  for cell cycle coordination. 

A 11 eukaryotic cell cycles are  defined by two events: 
replication of chromosomes during S phase and 

their subsequent segregation during mitosis (CROSS et 
al. 1989;  FORSBURG and NURSE 1991).  A normal cell cycle 
consists  of a  number of steps mediated by macromolecu- 
lar structures such as DNA polymerase, the spindle pole 
body (SPB) , intranuclear and cytoplasmic microtubules 
and microtubule organization centers. Individual steps 
are closely regulated to ensure  that cell growth, DNA 
replication, chromosome segregation and cell  division 
are coupled (HARTWELL and WEINERT 1989;  ROBERTS 
1993; O'CONNELL and NURSE, 1994). In the yeast, Sac- 
charomyces cereuisiae, the Cdc28  kinase, in association  with 
various  cyclins,  serves  as a master regulator that controls 
the progression of the cell cycle (NASM~TH, 1993). In 
addition, regulatory pathways called checkpoints moni- 
tor the cell  cycle, and delay  its progression in cells that 
are defective  in a  prior step in  the cycle (HARTWELL 

and WEINERT 1989; MURRAY 1992). The effects  of the 
checkpoint control  are believed  to be mediated through 
regulation of the Cdc28  kinase  activity. 

Because  of the  nature of the cell  cycle, defects in 
either  the individual steps in the cycle, or the regulatory 
pathways controlling  the progression of the cycle, could 
lead to an uncoupling of the cell  cycle events and  the 
production of progeny that  contain  an  abnormal com- 
plement of chromosomes. So far,  mutations  that  lead 
to an increase in cell ploidy have been identified in 
genes  required  for  the  proper  function of the mitotic 
spindle  apparatus, e.g., CDC31, KARl,  hDC1, SPAl, 
ESPl,  CUTl,  NUMl (SCHILD et al. 1981; THOMAS and 
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BOTSTEIN 1986; ROSE and FINK 1987; BAUM et al. 1988; 
SNYDER and DAVIS 1988; UZAWA et al. 1990; KORMANEC 
et al., 1991);  for  bud  formation, e.g., BEM2 (CHAN and 
BOTSTEIN, 1993);  or  for cell  cycle regulation, e.g., ruml+, 
p65cdc18, W C l 6  and CLIC.27 (MORENO and NURSE 
1994; NISHITANI and NURSE 1995; HEICHMAN and ROE 
ERTS 1996). 

Meiosis is a specialized cell  cycle in which two rounds 
of chromosome segregation follow a  round of DNA 
replication (HONIGBERG et al. 1993). Many  of the supra- 
molecular structures and proteins  required  for  the mi- 
totic cell  cycle are also important  for meiosis, although 
their mitotic and meiotic functions  are not necessarily 
in the same events (WEBER and BYERS 1992).  In yeast, 
meiosis is triggered in response to nutritional signals 
and cell  type, producing  four spores enclosed in an 
ascus  sac (IQMHOLZ and ESPOSITO 1981). DNA replica- 
tion and  other cellular events are repressed in spores 
until  a  nutritional signal triggers germination  (HONIGE 
ERG et al. 1993; MITCHELL 1994). At present, little is 
known about  the mechanism of postmeiotic repression. 
However, the phenotypes of the only mutants known 
to affect this process, the Drosophila plutonium, pan gu 
and gnu, suggest that some proteins  required  for mitotic 
cell  cycle regulation may also  play a role in postmeiotic 
repression (FREEMAN and GLOVER 1987; SHAMANSKI and 
ORR-WEAVER 1991; AXTON et al. 1994). 

We report in this paper  that tetraploid yeast  cells 
deleted of BFRl or overexpressing BBPl produce  a 
novel  ascus structure  that contains asci instead of 
spores. The novel structure likely arises because a / a  
spores undergo  a second round of meiosis. Deletion of 
BFRl or overexpression of BBPl also leads to an in- 
crease in cell  ploidy. To our knowledge, these are  the 
first two yeast genes known to produce such a novel 
ascus upon  sporulation. 
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TABLE I 

S. cereviSiae strains 

Strain  Genotype Source 
~ 

W303-1A Ma&, ade2-1, canl-100, his3-11,15, ku2-3,112, trpl-1, ura3-1. 
~~~ 

W303 
R. ROTHSTEIN 

Isogenic a / a  diploid  strain. R. ROTHSTEIN 
W303T Isogenic a/a/a/a tetraploid  strain. 
W1089-1A 

This study 
Isogenic to W303-1A, except LEU2. R. ROTHSTEIN 

R567 Mata/a/a/a, his3-11,15,  leu2-3,112. 
zxY21 

This study 
Isogenic to W303, except bfrlA::HIS3/BFRl. This study 

ZXY21-1A Isogenic to W303-1A, except bjrlA::HIS3. 
zXY21-IC 

This study 
Isogenic to W303. This study 

zXY44 
This study 

Isogenic to W303T, except bfrlA::HIS3/bfrlA::HIS3/bfrlAHIS3/bfrlA::HIS3. 
ZXY144L 

This study 
Isogenic to ZXY44, except bfr1A::LEUZ instead of bfrlA::HIS3. 

zxY244 
This study 

Isogenic to R567, except bfrlA::HIS?/bfrlA::HIS3/bfrlA::HIS3/bfrlA::HIS3. 
ZXY344L 

This study 
Isogenic to ZXY244, except bfrlA::LEU2 instead of bfrlA::HIS?. 

ZXY441A 
This study 

Same as  ZXY22. 
ZXY441 B 

This study 
Mata/a, otherwise the same as  ZXY441A. 

ZXY42M 
This study 

Isogenic to ZXY21, except ku2-3, 112/LEU2. 
ZXY43M 

This study 
Triploid  strain isogenic to W303, except Muia/a/a, bfrlA::HIS3/bfrlA::HIS3/BFRl. 

ZXY62 1 R 
This study 

Isogenic to W303, except bbpl::TRPl/BBPl. This study 
Isogenic to W303-1A, except bbp1::TRPl. This study 

zXY22 Isogenic to W303, except bfrlA::HIS3/hfrlA::HIS3. 

ZXY621R-IA 

MATERIALS  AND METHODS 

Strains, media and cell culture: Escherichia  coli strain XL1 
Blue was used for all DNA manipulation. Yeast strains are 
listed in  Table 1. Tetraploid strain W303T was created by 
transforming W303 (the same colony used to create the het- 
erozygous bfrl/BFRl strain ZXY21) with pGALH0, selecting 
for a/a and a / a  diploids, and mating them (HERSKOWITZ 
andJENsEN 1991). Tetraploid strain R567  was created by mat- 
ing R283 and R284, two diploid strains of opposite  mating 
type. The ploidy of the strains was determined by fluores- 
cence-activated cell sorting (FACS). Yeast culture  and trans- 
formation were carried  out according to  standard  procedures 
(IT0 et al. 1983; SHERMAN et al. 1986). 

All the strains were grown in glucose media  prior  to sporula- 
tion. Cells were washed twice  with 2% KOAc, resuspended in 
2% KOAc supplemented with nutritional requirements  for 
auxotrophic strains (20% of the level for complete synthetic 
media, see SHERMAN 1991). 

Plasmids: pBFR-BS: a 4kb BamHI-KpnI  DNA fragment con- 
taining BFRl  is inserted into pBluescript KS(-) between the 
BamHI and  the KpnI sites. pBFR-HIS: a fragment in pBFR-BS, 
corresponding to amino acids 151 to 294 of the  Bfrlp, was 
replaced by a DNA fragment  containing  the yeast  HIS? gene. 
pBFR-LEU: a 462-bp DNA fragment  containing  the -427 to 
+35 region of  BFRl, and a second 400-bp fragment  containing 
the 3’ region of BFRl starting  from +1392 of  BFRI,  was gener- 
ated by  PCR and cloned into pBluescript KS(-) between the 
XbaI and the BamHI, and  the KpnI and the SalI sites. A HpuI- 
SalI DNA fragment  containing the yeast LEU2 gene was then 
cloned between the SmaI and  the SalI sites  of the resulting 
plasmid. pBFR a 3.5-kb  KpnI-BumHI fragment  including the 
BFRl ORF with the  stop  codon  changed to GGA  was fused in 
frame with a fragment  encoding an epitope  from  the influenza 
hemagglutinin (HA, see FIELD et al. 1988) and cloned into 
pRS316. The resulting plasmid expresses HA-tagged  BFRl from 
its  own promoter. pBFR-GAL. the same HA-tagged BFRl open 
reading  frame (OW) was placed under the  control of the 
inducible yeast  GALl promoter  in YCp50.  pBFR-GB: con- 
taining a fusion between the DNA-binding domain of  yeast 
GAL4 and the BFRI OW, under the  control of the ADH pro- 

moter. pBBP-BS a Ckb Hind11 fragment  containing BBPl was 
cloned into pBluescript KS( -) at the Hind11 site, pBBP-BAM: 
a BamHI site is created by  PCR at  the second and third  codons 
of  BBPl ORF, and a 1.3-kb BamHI-Hpd fragment  containing 
the BBPl OW minus the START codon was cloned  into 
pRs316 between the BamHI and  the SmaI sites. pBBP-TRP: a 
1.5-kb fragment  containing the yeast TRPl gene was cloned 
into a HpaI site in pBBP-BAM, at a position corresponding to 
amino acid 100 of Bbplp. pBBP-C: a 3kb  XhoI-PstI fragment 
containing  the entire BBPl gene, including  the promoter re- 
gion, was cloned into pRS316 between the XhoI and the PstI 
sites. pBBP-ADH-C: a 1.5-kb  BamHI fragment  containing  the 
yeast  ADH promoter followed by a START codon and the HA 
epitope was excised from pAD5 (FIELD et al. 1988), and cloned 
into pBBP-BAM at  the BamHI site. This fused the HA epitope 
in frame with the BBPl ORF and placed the fusion gene  under 
the control of the yeast ADH promoter. The same construct as 
in pBBP-ADHC was cloned into pRS426 (SIKORSIU and HIETER 
1989), and named pBBP-ADH. The HA-tagged  BBPl ORF was 
also placed under  the control of the yeast  GALl promoter in 
pRS316, and  named pBBP-GAL. 

Isolation of BFRl and BBPI: BFRl  was identified by screen- 
ing a A-Zap yeast genomic expression library with polyclonal 
antisera against potential  nuclear localization sequence 
(NLS)-binding  proteins, as described  before (SHAN et ul., 
1994). Positive clones were used to  generate probes to isolate 
the  entire BFRl gene  from a YCp50 yeast genomic library (a 
gift from MARK ROSE, Princeton University, Princeton, NJ), 
using standard  procedures (SAMBROOK et al. 1989). 

BBPl was identified by screening a yeast genomic two-hy- 
brid library (a gift from STANLEY FIELDS Department of Micro- 
biology, SUNY, Stony Brook, NY) using pBFR-GB. The  entire 
BBPl gene was isolated from  the same YCp50 library as men- 
tioned above. Dideoxy sequencing was done with Sequenase 
according to the manufacturer’s procedure. 

Disruption of BFRI and BBPI, and direct  mating of spores 
with cells: Linear DNA fragments containing bfrlA::HlS3, 
bfflA::LEU2 or bbpl ::TRPl were excised from pBFR-HIS, 
pBFR-LEU or pBBP-TRP (see Plasmids) and used to trans- 
form a diploid  strain W303 (ROTHSTEIN 1983; THOMAS and 
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ROTHSTEIN 1989). Transformants  were  analyzed by Southern 
blot  for  the  presence  of  the  deletion  alleles.  Heterozygous 
diploids  were sporulated,  and  tetrads were  dissected ac- 
cording to standard  procedures.  Spores were  placed  on  top 
of  several  haploid  cells  of the  desired  mating  type.  Hybrids 
formed  from  mating  were  selected by restreaking  the  colonies 
on  appropriate selective  plates. 

Fluorescence-activated cell sorting: FACS was done ac- 
cording  to a published  procedure (HUTTER and EIPEL 1979). 
Cells  were  fixed  in 70% ethanol  for 2 hr  at  room  temperature. 
Fixed  cells  were treated with 1% RNase for 6 hr  at 37", fol- 
lowed  by staining with 50 pg/ml  propidium  iodide  overnight 
at 4". Before  analysis,  cell  suspensions  were  diluted 1 : l O  with 
50 mM sodium  phosphate,  pH 7.2, 150 mM sodium  chloride, 
and  sonicated  in a water  bath  for 30 min. 

Staining with 4,6dia1nidjna-2-phenylindole (DAPI)  and  cal- 
cofluor: Yeast  cells or asci  were  fixed  in 70% ethanol  for l 
hr  at  room  temperature.  Fixed  cells or asci were  washed once 
with  water and  resuspended  in  either 0.4 pg/ml of DAPI or 
100 pg/ml of calcofluor.  After 10 min at room  temperature, 
cells  or  asci  were pelleted, washed three to  five  times  with 
water and viewed under a microscope.  Alternatively,  live cells 
or  asci  were  directly pelleted  and  stained as above. 

Indirect  immunofluorescence  and  immunoblot analy- 
sis: These  were  carried  out as described  in  earlier  publica- 
tions  from  this  laboratory  (see SHAN et al. 1994). Whole  yeast 
cell  extracts  were  prepared by growing  yeast  to  an OD600 of 0.8 
and dissolving  pelleted  yeast  cells  directly  in SDS gel  loading 
buffer.  Monoclonal  anti"  antibody 12CA5 was from  Boeh- 
ringer  Mannheim.  Monoclonal  anti-tubulin  antibody YOL1/ 
34 was  from Serotec,  Ltd.  FITGconjugated  goat  anti-mouse 
IgC was from  Jackson  Laboratory.  Alkaline  phosphatase  con- 
jugated  goat  anti-mouse  and  goat  anti-rabbit IgG were  from 
BioRad. 

RESULTS 

Isolation of BFRI: In  a search for  potential  receptors 
that  bind  nuclear localization sequences (NLS, see ROB- 
BINS et al. 1991; LEE et al. 1991; SHAN et al. 1994), we 
isolated a  gene, BFRl, previously identified by Jackson 
and  K6ph as a multicopy suppressor of Brefeldin A- 
induced lethality. BFRl was implicated in  secretion, nu- 
clear segregation and cytokinesis and was not essential 
for cell  viability (JACKSON and  PES 1994).  The affinity 
of Bfrlp toward the NLS  is  lower than  that of the  other 
NLSbinding  proteins  identified  in  the same screen, 
and it appeared nonspecific (data  not  shown).  Thus, 
this affinity might not  be biologically significant. 
BFRl is required for the maintenance of normal 

ploidy in yeast  cells: We created bj-1 strains by replac- 
ing  a  chromosomal copy  of BFRl in  a diploid strain 
W303  with a  deletion allele bj-1A ::HIS3 (see MATERIALS 
AND METHODS), followed by sporulation and tetrad dis- 
section (ROTHSTEIN 1983). Microscopic examination 
revealed that bfrl cells were large in size,  as compared 
with isogenic BFRl cells (see also JACKSON and &?PES 

1994). A possible cause of an increase in cell  size is an 
increase in ploidy. Thus, we analyzed the DNA content 
of bfrl cells by  FACS. As shown in Figure 1, a heterozy- 
gous bfrl/BFRl diploid strain ZXY21 had  a FACS profile 
of a  diploid  strain  (compare with the wild-type diploid 
W303). However, the FACS profile of  ZXY21-M (Ma& 
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FIGURE 1.-FACS analysis  of the DNA content of bfrl and 
BFRl yeast  cells.  Samples  were prepared  for FACS analysis as 
described in MATERIALS AND METHODS. DNA content  corre- 
sponding to  those  of haploid,  diploid  and  tetraploid cells 
were  labeled lN, 2N and 4N, respectively: W303-1A, wild-type 
haploid  strain; W303, wild-type  diploid  strain; ZXY21, a bfrl/ 
BFRl heterozygous  diploid  strain  isogenic  to W303; ZXY21- 
lA, derived  from a bfrl spore of ZXY21;  ZXY21-1C, derived 
from a BFRl spore of ZXY21;  ZXY22, a bfrl strain  generated 
by mating two haploid bfrl cells  of  opposite  mating  type. 

bfrl, derived from  a bfrl spore of ZXY21) contained l N ,  
2N and 4N peaks, suggesting that  the  culture  contained 
both haploid and diploid cells (Figure 1, ZXY21-1A). 
Similarly, the FACS profile of ZXY22 (Mata/a,  bfrl/ 
b f r l )  was indicative of the  presence of both diploid and 
tetraploid cells (Figure 1, ZXY22). In contrast,  a Mafa 
BFRl culture from a BFRl spore of ZXY21 had  a FACS 
profile of haploid cells  (ZXY21-lC, compare with  W303- 
1A). Finally, when bf.1 cells of opposite mating type, 
derived from spores of ZXY21, were mated, tetraploid 
cells  were obtained  (see below). These results strongly 
suggest that bfrl cells increase their ploidy during 
growth. 

To demonstrate  that  the observed increase in ploidy 
was due to the lack  of Bfrlp, we constructed pBFR-GAL, 
containing  a BFRl ORF tagged with an epitope from 
the influenza hemagglutinin ( H A )  and controlled by 
the yeast GAL1 promoter. As shown in Figure 2, haploid 
bfrl cells carrying pBFR-GAL remained haploid when 
grown in galactose media (0 hr). After  switching to 
glucose media, which represses the expression of BFRl 
from the plasmid, a  gradual increase in the 2N peak, 
as  well  as the  presence of a 4N peak, were observed 
(compare 0, 4, 10 and 20 hr). Immunoblot analysis 
showed that  the HA-tagged Bfrlp was produced when 
cells carrying pBFR-GAL were  grown in galactose media 
(Figure 2A, lane G), and was depleted within 4 hr of 
switching to glucose media (Figure 2A, lanes 1  to 4, 
and D). Thus, Bfrlp is required  for  the  maintenance 
of cell ploidy in yeast, and in the absence of Bfrlp, a 
small percentage of  cells in the  culture increase their 
ploidy in each  generation.  Mutant bfrl cells arrested by 
a-factor or nocodazole showed no increase in their 
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FIGCRE 2.-Depletion of  Rfrlp leads t o  an  incrc.;w  in  cell 
ploidy. (A) FACS analysis of a haploid l f r l  strain (ZXY2I-IA) 
carrying pRFR-GAL, which expresses HA-I3Fl<l from  the GAL1 
promoter. Cells  were  grown  in  galactose  media to an OD,,,,, 
of 0.2, and  switched t o  glucose  media. Samples were  taken 
for FACS analysis after 0.4, 10 and 20 hours  in  glucose  media. 
(B) Immunoblot analysis of  whole  cell  extracts made from 
ZW2I-IA carrying  either pRFR (containing HA-BI:l<I con- 
trolled by the RFKl promoter), or pRFR-GAL. Whole cell 
extracts  were  made as described  in w\rI.:RI:\I,,s >\SI) METIIOIIS. 
HA-Rfrlp was detected with the  anti-HA  antibody 12CA5 (Im- 
mtlnoblot),  and  total  protein was stained with India  ink  (India 
ink).  Lane P, cells carrying pRFR. Lane G, cells carrying pRFR- 
GAL grown  in  media  containing 2% galactose.  Lanes 1-4, 
cells carrying pBFR-GAL, switched  to  glucose  media  for 1-4 
h.  Lane D, cells carrying pRFR-GAL. grown  in  glucose  media. 

DNA content  (data  not  shown), suggesting that bjrl 
cells do  not replicate  their DNA in the  absence of mito- 
sis or START. 

A subpopulation of cells in a bj-1 culture  shows  a 
defect in anaphase: In a hfrl culture, a small number of 
cells are  anucleate  or  binucleate, suggesting that  there 
might  be a defect in the  spindle  apparatus (JAC:KSON 
and KLPPs 1994). We examined  the  microtubule  mor- 
phology of bfi-1 cells by indirect  immunofluorescence, 
using the  monoclonal anti-tubulin  antibody  YOLl/S4 
(Figure 3A). Our results show that many large-budded 
bfrl cells have a single  nucleus with a short  spindle, 
either inside the  mother cell or  at  the  bud neck  (Figure 
SA, see  arrows). Analysis of cell-type distribution  showed 
that a bfrl culture  contained significantly higher  num- 
bers of large-budded cells with a single  nucleus  than  an 
isogenic RFRI culture  (Figure 3B). In addition,  some 
unbudded hfrl cells were observed to undergo  nuclear 
division (see  Figure SA, kfrl) .  

A possible explanation  for  the observed  difference in 
cell-type distribution is that  anaphase is delayed in /$-I 
cells. To test this, we examined  the  microtubule mor- 
phology of Ifrl cells synchronized with a-factor  at differ- 
ent times during  the cell cycle. The result  showed that 
the majority of cells in a bfrl culture have microtubule 
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FIGURE 3.-Microtubule morpholoqand cell type  distrihu- 
tion  in  cultures  of lgrl and BFRl cells. (A) Indirect  immuno- 
fluorescence  of lFI<l (ZXY21-1C) and IfrI (ZXY2I-IA) cells, 
using  anti-td)ulin  antibody. Arrows point t o  l f r l  cells that 
have a large  bud  and one nucleus. FITC, FITC staining  using 
the  monoclonal  anti-tubrdin  antibody YOLI /J4 and FIT<> 
conjugated  donkey  anti-rat IgG DAPI, DAPI staining  of DNA. 
Phase,  phase  contrast  pictures of cells. ( R )  Distribution  of cell 
type  in cultures  of IWRI and /$rl strains. The percentage  of 
different types of cells wcre  calculated by counting a t o t a l  of 
500 cells for each  strain. 

morphology  similar  to  that of the BFRl cells (data  not 
shown). However, at a time when most of the BFRI 
cells have completed  anaphase with two separated DNA 
masses that were connected by a long  spindle, a small 
number of f fr l  cells had only one DNA mass  with a 
short  spindle.  These  data suggest that a delay in ana- 
phase  occurs in a  subpopulation of cells in a hfrl cul- 
ture. 

Isolation of BBPI: To better  understand  the cellular 
function of Rfrlp, we searched  for  proteins  that  interact 
with Rfrlp using the yeast  two-hybrid  system (Flel.ns 
and SOW; 1989). A positive clone was isolated that. con- 
tained a previously unidentified  gene  encoding a pro- 
tein of 584 amino acids, which we named R R P I  (Bfrl - 
- Binding - Protein - 1).  The  sequence  information was de- 
posited in GenRank under accession no. X92658. 
Bbplp has no significant similarity to any proteins in 
the available databases. Its Gterminal  portion has a re- 
gion of 70 amino acids that  contains a leucine every 
seven residues.  This  region is encoded by the  fragment 
isolated from the two-hybrid library, thus likely binds 
Bfr 1 p. 

Adisrupted allele of BBPI, blrj/A:: 7 W 1 ,  was created 
and used to disrupt one chromosomal copy o f  BRPI in 
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the  diploid strain M'303 (ROTMSTEIN 1983). Three f)bpl/ 
BBPl heterozygous  diploids  were  sporulated, and a total 
of 40 tetrads  were  dissected.  No  tetrad  produced  more 
than two colonies, and all the colonies were Trp-, sug- 
gesting that BBPI is essential for cell growth. Micro- 
scopic  examination  revealed  that  the f)i)pl spores  had 
formed  microcolonies of eight  to 16 cells before  growth 
ceased. Tetrads of a heterozygous f ) f ) / ) l /BRPl strain 
ZW621R  carrying a CEN plasmid containing BBPI 
(pRRP-C) yielded a population of T W ,  i ) f )pI-  colonies 
that all contained pBRP-C. Thus, BBPl on a plasmid 
can  rescue the lethal phenotype of a f)f)pl strain. 

Cells depleted of  Bbplp arrest  with  a G2 DNA con- 
tent  and  a  nonuniform morphology: A plasmid pBRP- 
GAL containing a HA-tagged Il lVJI ORF under  the con- 
trol of the yeast GALl promoter  (see MATERIAIS ANI) 

METHODS) was introduced  into  the heterozygous f)i*l/ 
BBPl strain ZXY621R. After sporulation and tetrad dis- 
section, no  Trpf, UraC colonies ( b f $ I  carrying pRRP- 
GAL) were recovered on plates containing 2% galac- 
tose. This  suggested that overexpression of RBPI is 
toxic. We found  that  media  containing 1.5% galactose 
and 0.5%  glucose (D/G  media), which partially re- 
pressed  expression of B13PI from  the GALl promoter, 
allowed cells carrying pRRP-GAL to grow at a rate  near 
that of wild-type cells. 

"hen  haploid 0fY)l cells carrying pBBP-GAL were 
transferred  from  D/G  media to media  containing 2% 
glucose to deplete  Bbplp, they continued  to grow for 
about 16 to 18 hr  before dying. Microscopic examina- 
tion revealed that,  after 16 hr  in glucose  media, only 
about .5% of f ) f$I  cells carrying pRBP-GAL have a small 
bud,  compared with 30% in a M'SOSlA (wild-type) cul- 
ture  (Figure 4A). Many cells are  connected  to  form 
three or four cell units. "hen  these cells are stained 
with calcofluor, the whole cell surface  becomes brightly 
stained;  bud scars and  the chitin ring  at  the  bud neck 
are difficult to  detect  (Figure 4A, calcofluor). DAPI 
staining shows that a large  percentage of both  unbud- 
ded  and large-budded cells contain a single  nucleus, 
although a small number of unbudded  binucleate cells 
are observed  (Figure 4A, DAPI). Rhodamine-phalloidin 
staining reveals that actin  cables are  no  longer visible 
in these cells, and cortical  actin  patches are evenly dis- 
tributed.  A  number  of cells show faint and even  staining 
by phalloidin  (data  not  shown). Similar  patterns of cal- 
cofluor and phalloidin  staining have been  reported  for 
mutants defective in bud  formation or cytokinesis 
(FLEXHER et nl. 1993; KIM et nl. 1994). 

Rv FACS analysis, after 10 hr  in glucose medium 
(about 4.5 generations), a much  higher  percentage of 
bf)pl cells carrying pRRP-GAL have a 2N DNA content 
(Figure 4B, compare 0 and 10 hr  panels). After 16 hr  
(six generations), most cells have a 2N  DNA content 
and some have a 4N  DNA content  (Figure 4R, 16 hr). 
Thus,  both  large-budded cells and  unbudded cells in 
the  culture  appear to have completed DNA replication. 

B 

Pulse Area 

FIGURE 4.-Morpl~ology and DNA content of cells depleted 
of Rhplp. (A) Photographs of haploid / I / I ~ I ~  cclls carrying 
pRRP-GAL. switched t o  glucose  media for thc indicated  times. 
Cells were stained with IMP1 or calcofluor, as described in 
MATERIAIS A N I )  MF.TlloI)s. The  percentage of diff'erent tvpes 
of cells are indicated  above the picture. The pictures wcre 
taken at the  same magnification. (B) FACS profiles o f  the 
same strain switched t o  glucose  media for 0, 10, 16 and 24 
hours. 

Cells depleted of  Bbplp are defective in the  forma- 
tion of the nuclear spindle: By indirect  immunofluo- 
rescence  using an anti-tubulin  antibody, many large- 
budded cells lacking Rbplp contained two SPBs, one 
in  the  mother  and  one in the  daughter cell (Figure 5). 
However, the SPR in the  daughter cell was not associ- 
ated with  DNA, but  did associate with cytoplasmic mi- 
crotubules  (see  arrow). About 30% of unbuddetl cells 
also had two spots that were stained by FITC even 
though DAPI staining revealed a single  nucleus. N o  
nuclear  spindle was observed connecting  the two SPRs 
in either  the  large-budded cells or the  unbudded cells. 
A  similar phenotype was observed in ndcl and m,j)s2 
mutants (WINEY d nl. 1991; 1993),  although we did  not 
determine  whether  one of the SPRs was defective, as 
was the case for ndcl and mps2mutants. Taken  together, 
our results suggest that  depletion of Rbplp leads to 
defects in bud  formation  and  nuclear  spindle forma- 
tion,  but  not in DNA replication. 

Overexpression of BBPI leads to slow cell growth 
and  an  increase  in  ploidy: To  further test the toxic 
effect of 13RP1 overexpression, we constructed pBBP- 
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ADH, a yeast 2p plasmid, and pBRP-ADH-C, a CLVplas- 
mid. Both contained HA-IlBPI controlled bv the yeast 
ADH promoter. M'ild-type and / h p I  cells carrying  either 
pRBP-ADH or pBRP-ADH-C: grow at a slower rate  than 
wild-type cells carrying the vector  plasmid  without 
R B I ' I ,  confirming  that overexpression of BIP1  is harm- 
ful to yeast. Microscopic  examination  revealed that wild- 
type cells carrying pRBP-ADH or pRRP-ADH-C are 
larger in size. Some of them  are  binucleate  and  others 
arc  abnormally  elongated in shape  and  unable to un- 
dergo cytokinesis, which is similar to the  phenotypes 
ohsencd in hfrl cells (data  not  shown). 

The cffcct of IIBl'I overexpression on cell ploidy was 
analyzed by FXCS. Overexpression of BBPI from  the 
ADH promoter leads to an increase in cell ploidy (Fig- 
ure 6A, ZXY621 R-1 A + pBRP-ADH-C and "303 + 
pRBP-ADH), whereas  expression of IlI lPI from its own 
promoter (ZXY621R-1A + pBBP-C), o r  from  the GAL1 
promoter in D/G media (ZXY621R-lA + pRBP-GAL in 
D/G), has no effect on cell ploidy. Similar to bfrl cells, 
cells overexpressing l31W1, when arrested by a-factor or 
nocodazolc, do not  continue to increase  their DNA 
content  (data  not  shown). 

To confirm  that  the  ohsemcd  phenotvpes  are due  to 
the  prescncc of excess Rbpl p, we analvzed the level of 
Bbpl p i n  cells carrying  various  BllPI-containing plas- 
mids by immwlohlotting, using the anti-HA  antibody 

W303-1A ZXY621 R-1 P 
, I  +pBBP-c 
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ZXY621R-1A 
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FIGURE &-Comparison of the DNA content5  and  thc level 
of Bbplp in yeast cells expressing R R P I  under  different  condi- 
tions. (A) FACS profiles of cells expressing BBPl from differ- 
ent  promoters. D/G indicates  that cells were  grown  in  media 
containing 0.5% glucose  and 1.5% galactose. Otherwise, cells 
were grown  in  media  containing 2% glucose. ZXY621R-IA a 
haploid I ) / ) / ) /  strain  isogenic to M'303-1A. pBI3P-C: a (XVplas- 
mid  containing the entire BBPI gene. pBBP-GAL: a ONplas-  
mid  containing IfA-RBPI controlled hy the GAL.1 promoter. 
pBRP-ADH-(1: a WNplasmid  containing HA-BRPI controlled 
hv the ADH promoter. pBBP-ADH: the  same as pBBP-ADH- 
C except a 2p plasmid. (B) the level of Bbplp in  cells carrying 
the  above  plasmids.  Immunoblot,  the levels of Bbplp detected 
by the  anti-HA  antihody 12CA5. India  ink,  staining  of total 
proteins by india  ink. Cells were  grown in media  containing 
2% glucose,  unless  indicated  otherwise. I n n e  1, W303; lane 
2,ZXY621 R-1.4 carrying pBBP-GAL grown  in D/G media;  lane 
3, ZXY621R-IA carrying pBBP-GAL grown in media  con- 
taining 2% galactose for 3 hours;  lane 4,ZXYfiSIR-lA carrying 
pBBP-ADH-C; lane 5 ,  MTJ03 carrying pBBP-ADH-C; lane 6, 
ZXY621R-IA carrying pBBP-ADH. 

(Figure GB). Cells carrying pBBP-GAL, when  grown in 
D/G  media,  contained a low level of Bbplp  (lane 2) 
that increases to a  high level after 3 hr  in 2% galactose 
media  (lane 3).  Cells carrying pBBP-ADH-C or  pBBP- 
ADH also contained  higher levels of Bbplp than cells 
carrying pBBP-GAL grown in D/G  media  (compare 
lanes 4-6 with lanes 2 and 3 ) .  Cells expressing HA- 
BRPl from its own promoter  produced  no  detectable 
signal on  immunoblots  (data  not  shown). 

A novel type of ascus is observed when  tetraploid 
bpl cells are  sporulated: To analyze the role of Bfrl p in 
meiosis, we sporulated a  homozygous hfrl strain  derived 
from  mating of hf.1 cells of  opposite  mating type 
(ZXY44). Asci began  to  form in the  culture  after 30 hr, 
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FKXW i."x novel t>'pc* of'ascus is prorlr lwt l  by a /I/tl strain 
Zk344. (X)  Different types of asci  in a sporulating  culture of 
ZW44 cells, including five that  contained internal asci at 
different stages of development. ( R )  Five fixed asci containing 
l>et~vec.n zero to four completely formed  internal asci. Asci 
were fixed and stained as described in >lXTI.:RIAI.S ..\SI) >II.TII-  
01)s. ( C ) ,  DAPI staining of the  same five asci a s  i n  R. 

and  up to 80% of cells formed  normal asci in 3 days. 
However, after 3 days we ohsenred that many spores 
appeared  to  undergo  further  sporulation, resulting in 
the  production of a novel type of ascus that  contained 
between one to four  complete asci. Figure 7A shows 
different types  of  asci obsened in a sporulating  culture 
of ZXY44: five of them  contained  internal asci at differ- 
ent stages of development. Each spore within the inter- 
nal asci has a nucleus, as analyzed by DAPI staining 
(Figure 7, €3 and C). Up to 20% of the asci in a ZXY44 
culture  contained  internal asci. To  our knowledge, this 
type of ascus has not  been previously reported,  and is 
different  from  an ascus that  contains  eight or  more 
spores which is obsened when hi or  multinucleate cells 
undergo  sporulation  (see Figure 7A for  an  example of 
a normal ascus containing  more  than  four  spores). 

Because hfr l  cells increase their ploidy, we analyzed 
the ploidy of ZXY44 (homozygous 11/?1) by FACS and 
fonnd  that ZXY44 was tetraploid  (Figure 8,  ZXY44). To 
confirm this, .50 normal ZXY44 asci were dissected  after 
3 days, and  the  mating type of spores  determined.  The 
viability of spores was high (92%). Of the 40  asci that 
yielded four live spores, 23 produced only nonmating 
spores  that  formed colonies  capable of sporulating; 1.5 
produced two nonmating  spores plus one a type and 
one a type spore; two tetrads  produced two a and two 
a spores. FACS analysis suggested that  these  spores 
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FIGLRI;. 8."DNA content of the / f r l  strain ZXY44 and its 
derivatives. ZXY44 was generated from mating of two /)PI cells 
of opposite  mating type; ZXY44-1A is from a ZXY44 spore 
that is MATa/cy; ZXY44-1R is from  a ZXY44 spore  that is 
MATa/a; R.Mi is a B l X l  tetraploid  strain; ZXY4214 is gener- 
ated by direct  mating I)ctwccn a spore in an  internal ascus 
produced by ZXY44 antl a \4'1089-1A cell; ZXY4SM is gcnrr- 
ated by direct  mating between a spore inside  a normal ascus 
produced by ZXY44 and a M'1089-1A cell. 

formed colonies containing diploid and tetraploid cells 
(Figure 8, ZXY44-1A and ZXY44-1 B). When the  spores 
were mated directly with  wild-type haploid a cells 
(M'1089-lA), the resulting  hybrids were all triploid (Fig- 
ure 8, ZXY43M). These results confirmed  that ZXY44 
was tetraploid. 

The novel ascus likely  arises because bj-I a/a spores 
undergo a second round of meiosis: Since ZXY44  is 
tetraploid,  an  explanation  for  the  origin of the novel 
asci is that  diploid hfrl spores  can  undergo a second 
round of meiosis to form the  internal asci (Figure 9). 
If this is true,  the  spores inside the  internal asci should 
he  haploid. To test this, we dissected five novel  asci  in 
a ZXY44 culture,  and  mated  the  spores inside all of the 
internal asci directly with M'1089-1A cells. Half of the 
spores in each  internal ascus were able to mate, sug- 
gesting  that  both a and a spores were present in equal 
numbers. FACS analysis indicated  that  the resulting hy- 
brids were all diploids  (Figure 8, ZXY42M). This was 
further  confirmed by sporulating  four  individ1d hy- 
brids and analyzing the  mating type of the spores. In 
all four cases, every tetrad  produced two a and hvo a 
spores  (spore viability >go%), in agreement with that 
expected  from a diploid  strain. Thus  the original  spores 
within the  internal asci are  indeed  haploid  antl  the 
internal asci within an ascus appear to he the  products 
of two rounds of meiosis. 

The above data also suggested that only a/a spores 
were able to undergo a second round of  meiosis. We 
have shown earlier  that  after  three days, before  the for- 
mation of the novel  asci, the spores  produced by ZXY44 
cells were all diploids. Thus  the second  round of DNA 
replication likely occurred  after  the  formation of spores 
from the first round of meiosis. This  notion is further 
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FIGURE 9.-A schematic  diagram showing a possible  mechanism  that  accounts  for the production of the observed  novel ascus 
structure. Events leading to the production of asci containing  eight  spores are also shown. Yeast cells  are  represented by ovals, 
spores by circles, and tetrads by diamonds.  Wild-type strains are white and mutant strains shaded. Tetraploid wild-type strains were 
constructed by transformation of diploid  strains with pG&HO, as described in MATERIAIS AND METHODS. 

supported by the fact that some asci contain both “nor- 
mal” spores and internal asci, indicating that  the initia- 
tion of the second round of  meiosis happened after the 
completion of the first round (Figure 9). However, the 
possibility that  the novel  asci arise due to some bJi-1 cells 
entering meiosis  directly from G2 so that they  would 
undergo two complete sets of meiotic divisions but only 
one  round of DNA synthesis cannot  be ruled out. 

We also sporulated  a  culture of ZXY44-1A, which con- 
tained  both  diploid and tetraploid cells. After 5 days, 
the spores inside the  normal asci in the  culture were 
mated with  W1089-1A cells, and six resulting hybrids 
were analyzed by  FACS.  Five were  shown to be diploid 
and  one triploid,  indicating  that  both  haploid and d i p  
loid spores were produced by  ZXY44-1A cells. This sug- 
gests that  diploid bfrl cells undergo only one  round of 
meiosis to  produce  haploid spores. 

To confirm that  the observed phenotype was due to 
the  disruption of BFRI, we replaced most of BFRl OW, 
corresponding  to  residue 11 to 462  of Bfrlp, with the 
yeast LEU2 gene (b f r lA  ::ZEU2). Homozygous tetra- 
ploid bfrl strains in two different  strain  backgrounds, 

W303 and LL20,  were created with both bfrlA::HIS3 
and bfrlA ::LEU2 (ZXYl44L, ZXY244 and ZXY344L, see 
Table 1). All homozygous bfrl tetraploid strains pro- 
duced novel  asci upon  sporulation. We also created two 
homozygous BFRI tetraploid strains W303T and E 6 7  
that  are isogenic to the bfrl tetraploids (see MATERIALS 
AND METHODS). Under identical conditions, these tetra- 
ploid strains produced only normal tetrads. 

Overexpression of BBPl leads to the  production of 
the  novel  asci  upon  sporulation: Because  overex- 
pression of BBPI and disruption of BFRl produce simi- 
lar  phenotypes in vegetatively growing yeast, we sporu- 
lated  diploid W303  cells carrying pBBP-ADH to observe 
whether BBPl overexpression also leads to  the produc- 
tion of  novel  asci. By FACS analysis the  culture used 
contained  more  than 85% tetraploid cells. As shown in 
Figure 10, after 5 days approximately 5% of the asci in 
the  culture  contain  internal asci. Thus, overexpression 
of BBPl from the ADH-promoter leads to a meiotic 
phenotype similar to that observed in cells lacking 
BFRI. Figure 9 summarizes the observed meiotic pheno- 
type in cells lacking BFRl or overexpressing BBPl and 
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FIGL'KE IO."Phase contrast  photographs of sporulation 
cultures of M'J03T and ZXY44 yeast cells and M'JOS cells  car- 
rying  pBBP-ADH. Arrows point to novel  asci containing asci 
inside. 

presents a possible mechanism  to  explain the  produc- 
tion of novel asci (see DISCUSSION for  more  details). 

DISCUSSION 

We have shown that yeast BFRl and a novel essential 
gene, BBPI, play important roles in both  the mitotic cell 
cycle and meiosis. Cells lacking Bfrlp or overproducing 
Bbplp  are defective  in coordinating DNA replication 
with cell division, resulting in an  increase  in cell ploidy 
during growth. The most  striking phenotype of these 
mutants is the  production,  upon  sporulation of tetra- 
ploid  mutant cells, of a novel type of ascus containing 
complete asci instead of individual  spores. Our  data 
suggest that  mutant a / a  spores  were  able  to  undergo 
a second  round of meiosis, leading  to  the  production 
of the  internal asci observed. 

As shown in Figure 9, in wild-type cells, spores are 
stable for a long  period of time in the  absence  of a 
nutritional  signal  that  triggers  germination,  and a / a  
spores  produced by wild-type tetraploid cells do  not 
undergo  further meiosis. This  argues  that a repression 
pathway exists to  prevent the initiation of further DNA 
replication and  other cell cycle events in spores. Our 
results indicate  that  Bfrlp  and  Bbplp play an  important 
role  in  preventing cell cycle events in spores.  Thus 
Bfrlp  and  Bbplp  are potential  candidates as compo- 
nents of the repression pathway. In this view, the o h  
served phenotype arises because the  absence of Bfrlp 
or the  presence  of excess Bbplp leads  to a defect in 
the repression pathway. Since  nutritional  conditions in 
sporulation  media favor the initiation of meiosis rather 
than  the mitotic cell cycle, mutant a / a  spores will un- 
dergo a second  round of meiosis, whereas a and a type 
spores will not initiate meiosis due to cell type limita- 
tion. 

An alternative possibility is that  Bfrlp  and  Bbplp play 
a role in regulating  entry  into meiosis. In this view, the 
absence of Bfrlp or the  presence of excess Bbplp re- 
sults in yeast cells entering meiosis from G2 without a 

round of meiotic DNA synthesis, but still undergoing 
meiotic divisions to form  diploid  spores. The spores 
would then initiate a normal  round of meiosis (includ- 
ing DNA synthesis) to  form  haploid  spores within inter- 
nal asci. This  model (G2 entry) still requires  that  there 
are two rounds of meiosis. The difference between this 
model and  that of postmeiotic  repression, is that  the 
two rounds of meiosis in the G2 entry  model are asym- 
metric, the first round without DNA synthesis, and  the 
second  round with DNA synthesis. 

So far, the only known mutants  that affect postmei- 
otic  repression are  the Drosophila  mutants, plutonium, 
pan, gu and gnu. They  produce eggs that  undergo multi- 
ple DNA replications  after the  completion of meiosis 
(FREEMAN and GIIWER 1987; SI-IAMANSKI and ORR- 
M7EA\'ER 1991).  Interestingly, the fertilized mutant eggs 
also undergo  multiple  rounds of DNA replication with- 
out mitosis early in  development.  Thus,  the  Drosophila 
mutants  share a common  feature with  yeast mutants 
described in this paper:  both  the mitotic and  the mei- 
otic  phenotype involve extra  rounds of DNA replica- 
tion. plutonium encodes a small ankyrin repeat  protein 
that has no  sequence similarity to  either  Bfrlp or Bbplp 
(AXTON et nl. 1994). 

A  difference  between  the S. cmmisine and  the Dro- 
sophila  mutants is that  the  mutant eggs replicate their 
DNA without division, whereas the  mutant spores  un- 
dergo divisions to produce viable spores.  A  simple ex- 
planation is that  multiple factors are involved in post- 
meiotic  repression and mutations in different  factors 
lead  to  different  phenotypes. Alternatively, this may in- 
dicate  that replication and division are repressed by 
different pathways in  Drosophila,  but by a single path- 
way in yeast (see HONICRERC et nl. 1993).  This  difference 
may reflect the fact that  sporcs only need  to  respond 
to a nutritional  signal  to begin the mitotic cell cycle, 
whereas  fertilization is needed  for Drosophila eggs to 
begin  normal  development. 

Deletion of BFRI or overexpression of B13PI leads  to 
a gradual  increase in ploidy during  the mitotic cell cy- 
cle, but in contrast  to  some  mutants  that show an in- 
crease in ploidy when arrested in G1 (MORENO and 
N U R ~ E  1994; HEICHMAN and ROBERTS 1996),  these cells 
do  not  continue to  replicate their DNA in the  absence 
of mitosis or START.  We favor the idea  that Bfrlp  and 
Bbplp  are involved in coordinating cell cycle event5 in 
addition  to  their roles in meiosis. In each cell cycle a 
small number of mutant cells may start  replication with- 
out  bud  formation  and/or  proper assembly of the spin- 
dle  apparatus, which could  then lead to an increase in 
ploidy. In agreement with this, we observed a marked 
increase in the  number of large-budded cells with a 
single  nucleus as well as unbudded  binucleate cells in 
a Iqrl culture.  Further evidence supporting  the idea 
that  these two proteins are involved in cell cycle coordi- 
nation  comes  from  the fact that cells depleted of Bbplp 
are defective in bud  formation, cytokinesis and  spindle 
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assembly, but DNA replication is normal, indicating an 
uncoupling of cell  cycle events. 

Alternatively, Bfrlp  and  Bbplp might perform inde- 
pendent functions in more  than one cellular process, 
and the increase in ploidy might reflect a  defect  in  a 
specific function  rather  than  a loss  of  cell  cycle coordi- 
nation. For example,  a  mutation in BEM2, a  gene re- 
quired  for  bud  formation (KIM et al. 1994), results in 
an increase in ploidy, which led to a suggestion by Chan 
and Botstein (1993) that  chromosome gain or increase- 
in-ploidy may be a  common  phenotype  for  mutants de- 
fective in  bud  formation or growth. Another  potential 
cause of an increase in ploidy is a  defect  in  the mitotic 
spindle  apparatus (SCHILD et al. 1981; THOMAS and 
BOTSTEIN 1986; ROSE and FINK 1987; BAUM et al. 1988; 
SNYDER and DAVIS 1988; UZAWA et al. 1990; KORMANEC 
et al. 1991; SCHROER 1994). Our  data  do suggest that 
cells lacking BFRl or overexpressing BBPI are defective 
in  bud  formation, cytokinesis and nuclear  spindle for- 
mation. 

Deletion of BFRl has previously been shown to accen- 
tuate  the late-Golgi transport  defect of a  mutant  in  the 
secretion pathway, sec21. However, Bfrlp does not ap- 
pear to have a  direct role in the secretion process be- 
cause disruption of BFRl does not lead to a  detectable 
secretion defect (JACKSON and =PES 1994).  Interest- 
ingly, depletion of Bbplp leads to a delocalized distribu- 
tion of chitin, suggesting that  although secretion is not 
blocked secretory vesicles are  not  directed to the  bud 
site. One possibility  is that bfrl and bbpl mutants  are 
defective in cell cycle dependent organization of the 
actin cytoskeleton (WELCH et al. 1994), which leads to 
a  defect in polarized secretion. 

Our  data from the two-hybrid assay suggest that Bfrlp 
and  Bbplp interact physically  with each other,  perhaps 
forming  a complex either by themselves or with other 
proteins. The similarities between the observed pheno- 
types  of  cells lacking BFRl or cells overexpressing BBPl 
support this idea.  Furthermore,  the level  of Bbplp ap- 
pears to be critical. Perhaps in the absence of Bfrlp  or 
in  the  presence of an excessive amount of Bbplp,  the 
complex becomes nonfunctional or toxic to the cell. 

The dual  phenotypes in both meiotic and mitotic cell 
cycles, observed in cells lacking BFRl or overexpressing 
BBPl, raise the  intriguing question of whether other 
mutants showing an increase-in-ploidy phenotype 
might also  show a similar defect in meiosis. Detailed 
analysis  of the cellular functions of these two proteins, 
as  well  as the identification of other proteins  that  inter- 
act with them  should provide new insights into  the regu- 
lation of  meiosis and  the  coordination of cell  cycle 
events in yeast. 
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