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The BDF1 gene of Saccharomyces cerevisiae is required for sporulation. Under starvation conditions, most
cells from the bdf1 null mutant fail to undergo one or both meiotic divisions, and there is an absolute defect
in spore formation. The Bdf1 protein localizes to the nucleus throughout all stages of the mitotic and meiotic
cell cycles. Analysis of spread meiotic nuclei reveals that the Bdf1 protein is localized fairly uniformly along
chromosomes, except that it is excluded specifically from the nucleolus. A bdf1 null mutant displays a reduced
rate of vegetative growth and sensitivity to a DNA-damaging agent. The BDF1 gene encodes a 77-kDa protein
that contains two bromodomains, sequence motifs of unknown function. Separation-of-function alleles suggest
that only one of the two bromodomains is required for sporulation, whereas both are required for Bdf1 function
in vegetative cells. We propose that the Bdf1 protein is a component of chromatin and that the mitotic and
meiotic defects of the bdf1 null mutant result from alterations in chromatin structure.

Diploid eukaryotic organisms can undergo two different
types of cell division, mitosis and meiosis. During mitosis and
the second division of meiosis, sister chromatids separate and
segregate, while homologous chromosomes behave indepen-
dently. In contrast, during the first division of meiosis, homol-
ogous chromosomes pair and recombine with each other and
then segregate to opposite poles.
Although many of the proteins required for a successful

meiotic cell cycle are synthesized specifically during meiosis,
proteins present in both vegetative and meiotic cells play im-
portant roles as well (65). Some proteins serve identical func-
tions during the two types of cell division, but others act dif-
ferentially. For example, several CDC gene products of
Saccharomyces cerevisiae are required for the G1-to-S transi-
tion in the mitotic cell cycle, but some of these act after DNA
replication during meiosis (64). Still other gene products serve
functions of different importance in the two types of cell cycle.
For instance, genes in the yeast RAD50 series are required for
recombinational repair of DNA damage but are otherwise
dispensable for vegetative growth (17). However, these genes
are essential for the generation of viable meiotic products,
because recombination is required for reductional chromo-
some segregation (53).
Chromosomes undergo a dramatic reorganization during

prophase I of meiosis I, as homologous chromosomes align
with each other to form an elaborate proteinaceous structure
called the synaptonemal complex (75). The complex consists of
two lateral elements and an intervening central region; each
lateral element represents the protein backbone of one pair of
condensed sister chromatids. The DNA is organized as a series
of chromatin loops, each attached at its base to a lateral ele-
ment. Not surprisingly, many of the structural components of
the synaptonemal complex are synthesized only in meiotic cells
(9, 27, 31, 44, 69). However, the synaptonemal complex is built
upon preexisting mitotic chromosomes; consequently, the
chromosomes of vegetative and meiotic cells must share many
structural components. For example, topoisomerase II is a

component of the mitotic chromosome scaffold (12, 19) and of
meiotic chromosome cores (38, 45).
In this report, we demonstrate that the Bdf1 protein of S.

cerevisiae is a novel component of mitotic and meiotic chro-
mosomes. A unique aspect of the Bdf1 localization pattern is
its exclusion specifically from the nucleolus. The BDF1 gene
product is absolutely required for progression through the
meiotic cell cycle, and it is important, but not essential, for
vegetative growth. We argue that the effects of the bdf1 null
mutation on cell cycle progression are indirect consequences of
changes in chromatin structure.

MATERIALS AND METHODS
Screen for meiotic recombination mutants. A screen for mutants defective in

meiotic recombination was performed as described by Menees and Roeder (43),
starting with strain CY32A2 (Table 1). A mutant isolate (PC8) that displays a
decreased level of meiotic recombination and is also sensitive to the DNA-
damaging agent methyl methanesulfonate (MMS) was chosen for study. Further
analysis revealed that the MMS-sensitive phenotype is due to a mutation in a
single gene (BDF1) and does not cosegregate with the mutation(s) conferring the
recombination defect.
Plasmids. Escherichia coli XL-1Blue (Stratagene) was used for all plasmid

constructions. Plasmids were constructed by using standard procedures (60).
pCB10 is the original bdf1-complementing plasmid carrying approximately 15

kb of yeast DNA from a genomic library. The library was provided by Forrest
Spencer and Philip Hieter and consists of Sau3A partial digest fragments of yeast
DNA inserted at the BamHI site of a YCp50 (51) derivative in which the URA3
gene has been replaced by LEU2. pCB31 contains BDF1 as a 4.6-kb EcoRI
fragment cloned into the EcoRI site in pHSS6 (30). pCB45 is a transposon
insertion mutant, derived from pCB31, in which the transposon is located 159 bp
upstream from the 39 end of the BDF1 coding region. pCB74 was derived from
pCB45 by deleting BDF1 coding sequences between the BamHI site in the gene
and the BamHI site in the transposon. The resulting plasmid contains sequences
upstream and downstream of BDF1 interrupted by the LEU2 gene from the
transposon, with almost all of the BDF1 coding region and approximately half of
the transposon removed. pCB74 was cut with NotI prior to transformation into
yeast cells and used to construct bdf1::LEU2 strains by one-step gene disruption
(58).
pCB140 contains the 2.5-kb HindIII fragment containing the HO gene from

pJH84 (34) at the HindIII site of pBS M131 (Stratagene). pCB140 was used to
construct pCB154 in two steps. First, the approximately 450-bp EcoRV-EcoRI
fragment consisting of the polylinker (which contains a PstI site) together with
398 bp of sequences downstream of the HO gene was removed. Second, the
0.5-kb PstI-BamHI fragment containing HO coding sequences near the 59 end of
the gene was replaced with the 2.1-kb BamHI-NsiI fragment containing the
URA3 gene from YCp50 (51). pCB154 was used to disrupt the HO gene in one
step (58) by targeting with BglII (which cuts 391 bp downstream of the BamHI
site) and HindIII and selecting for Ura1 transformants.
pCB156 contains the THR1 gene (61) on a 3.1-kb BamHI fragment cloned into

the BamHI site in pBS M131. To construct the thr1-Nco allele, pCB156 was cut
with NcoI, and the sticky ends were filled in and religated. The 3.1-kb BamHI
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fragment containing thr1-Nco was then inserted into the BamHI site of YIp5 to
create pCB162. The thr1-Nco allele was introduced into yeast by two-step gene
replacement (58), using pCB162 targeted with SacI.
R37 and R1259 are YIp5 derivatives containing the his4-260 (10) and his4-Hpa

(74) mutations. They were used to introduce the mutant HIS4 alleles into yeast
strains by two-step gene replacement (58).
pB69 contains a transposon insertion in the RED1 gene in which the lacZ gene

is fused in frame to RED1 (56). The wild-type RED1 gene was replaced by the
red1::lacZ gene by transforming with pB69 cut with NotI and selecting for the
LEU2 gene in the transposon.
pCB152 contains BDF1 coding sequences fused in frame to the glutathione

S-transferase (GST) gene in the expression vector pGEX-KG (24). This plasmid
was made in three steps. First, an EcoRI linker was inserted at the SnaBI site 3
nucleotides upstream of the start codon in the BDF1 gene in pCB31. Second, the
3.1-kb EcoRI fragment containing the entire BDF1 gene from pCB31 was in-
serted into the EcoRI site in pGEX-KG. Finally, the vector was cut with StuI,
which removes approximately two-thirds of the BDF1 coding sequences (includ-
ing the bromodomains) and religated. This process creates an in-frame fusion of
theGST gene and the 59 and 39 regions of the BDF1 coding region in pGEX-KG.
The rad9::LEU2 mutation was introduced by transformation with pTWO13

(76). The rad52::LEU2 mutation was introduced by transformation with pSM20
obtained from David Schild.
Yeast strains and genetic manipulations. Yeast strains and genotypes are

listed in Table 1. BR2171-7B was obtained from Beth Rockmill (56). Yeast
transformations were carried out by the lithium acetate procedure (33). For all
experiments, cells were grown in YEPAD medium, which is YPD (63) supple-
mented with adenine.
All yeast strains used to characterize the bdf1::LEU2 mutant were derived

from the homothallic strain, BR2171-7B. Stable haploid derivatives were ob-
tained by disrupting one copy of the HO gene in the diploid parent with pCB154
and then sporulating a transformant and dissecting tetrads. The haploid seg-
regants were made Ura2 by selection on medium containing 5-fluoro-orotic acid
(63), and the his4-260 and his4-Hpa alleles were then introduced. A thr1-4
haploid derivative was transformed to Thr1 with pCB156, and the thr1-Nco allele
was then introduced. The bdf1::LEU2 null mutation was introduced into yeast
cells by one-step gene disruption (58), using pCB74 digested with NotI. To
alleviate problems caused by the mitotic growth defect in bdf1 mutants,
bdf1::LEU2 haploids were obtained by first transforming wild-type diploids and
then sporulating the transformants and dissecting tetrads to obtain Leu1 seg-
regants. To construct bdf1::LEU2 strains carrying the red1::lacZ or mei4::URA3
mutation, a MATa bdf1::LEU2 haploid was crossed to MATa red1::lacZ haploid
or a MATa mei4::URA3 haploid, and the resulting diploids were sporulated.
Tetrads were then dissected to obtain haploid segregants carrying both disrup-

tions. Since the haploid parents are isogenic, all segregants from these crosses
are isogenic except at the BDF1, RED1, and MEI4 loci.
Transposon mutagenesis. pCB31 was subjected to transposon mutagenesis

(30), using derivatives of the bacterial mTn3 transposon containing lacZ coding
sequences and either LEU2 or URA3. The transposon insertions were mapped by
restriction digest analysis and introduced into BR2171-7B (Table 1) by one-step
gene replacement after digestion with NotI. The effect of each insertion was
analyzed by sporulating the transformants and dissecting tetrads; cells from
viable Leu1 or Ura1 (depending on the transposon) spore colonies were tested
for MMS sensitivity and sporulation proficiency. To obtain a diploid heterozy-
gous for a double mutation in the BDF1 gene, BR2171-7B was transformed
sequentially with a URA3-marked and a LEU2-marked transposon. Diploid
transformants were then dissected to identify those in which both transposons
had inserted into the same copy of the BDF1 gene.
DNA sequencing and sequence analysis. Sequencing was carried out by using

a Sequenase version 2.0 kit (United States Biochemical Corp., Cleveland, Ohio),
using T7 polymerase on double-stranded DNA templates as specified by the
manufacturer. A collection of different transposon insertion mutants in pCB31
was used to obtain sequence information, using primers complementary to the
ends of the transposon. Sequences on both strands were determined by using
transposons inserted in both orientations and positioned at approximately 200-bp
intervals.
The computer software used for sequence management and analysis was

Geneworks version 2.2 (IntelliGenetics Inc., Mountain View, Calif.). The PAM-
250 scoring matrix was used to assess protein similarity. The method used to
build a phylogenetic tree of bromodomains was the unweighted pair group
method with arithmetic mean. All sequences were scored against one another,
and the two most closely related sequences were aligned first. This and subse-
quent subalignments were scored against the remaining sequences, and the
next-best pair (which might be two sequences, a subalignment and a sequence, or
two subalignments) was removed from the list and aligned. This process was
repeated until a single alignment of all sequences remained. Default parameters
were used; the cost to open a gap was 5, and the cost to lengthen a gap was 25.
Anti-Bdf1 antibodies. The protein encoded by pCB152 was produced in E. coli

XL-1Blue and purified as described by Smith and Johnson (66) and Guan and
Dixon (24). The purified protein is a GST-Bdf1 fusion protein that includes the
first 33 N-terminal amino acids of Bdf1 fused to the last 236 C-terminal amino
acids of Bdf1. The GST-Bdf1 chimeric protein was used as an antigen to raise
antibodies in rabbits, and the resulting antibodies were affinity purified (67). A
1:50 to 1:100 dilution of the purified antibodies was used in immunolocalization
experiments.
Measurements of MMS sensitivity, growth rate, and sporulation. To measure

sensitivity to MMS, saturated overnight cultures of PC440, PC469, PC623, and

TABLE 1. Yeast strains used in this studya

Strain Genotype

CY32A2 ......................................................................MATa CRY1 CEN3(TRP1) leu2-3 his4-280 J10A::URA3 spo13::ADE2 trp1 ura3-1 ade2-1
MATa cry1 CEN3 leu2-3,112 his4-260

PC8..............................................................................CY32A2 but bdf1-1 recX
BR2171-7B .................................................................MATa leu2 HO trp1-1 arg4-8 thr1-4 ura3-1 ade2-1

MATa leu2 HO trp1-1 arg4-8 thr1-4 ura3-1 ade2-1
PC336..........................................................................BR2171-7B but bdf1::lacZ

BDF1
PC465a........................................................................MATa leu2 HO trp1-1 arg4-8 thr1-4 ura3-1 ade2-1 bdf1::LEU2 mei4::URA3

MATa leu2 HO trp1-1 arg4-8 thr1-4 ura3-1 ade2-1 bdf1::LEU2 mei4::URA3
PC543..........................................................................MATa leu2 his4-260 ho::ura3 trp1-1 arg4-8 thr1-Nco ura3-1 ade2-1 bdf1::LEU2 red1::lacZ

MATa leu2 his4-Hpa ho::ura3 trp1-1 arg4-8 thr1-4 ura3-1 ade2-1 BDF1 RED1
PC531..........................................................................PC543 but bdf1::LEU2

bdf1::LEU2
PC608..........................................................................MATa leu2 his4-Hpa ho::ura3-1 trp1-1 spo13::URA3 arg4-8 thr1-Nco ura3-1 ade2-1 bdf1::LEU2

MATa leu2 HIS4 ho::ura3-1 trp1-1 spo13::URA3 arg4-8 thr1-4 ura3-1 ade2-1 BDF1
PC606..........................................................................PC608 but bdf1::LEU2

bdf1::LEU2
PC621..........................................................................MATa leu2 HIS4 ho::ura3-1 trp1-1 arg4-8 thr1-4 ura3-1 ade2-1 bdf1::LEU2

MATa leu2 his4-260 ho::ura3-1 trp1-1 arg4-8 thr1-4 ura3-1 ade2-1 bdf1::LEU2
PC622..........................................................................PC621 but bdf1::LEU2

BDF1
PC440..........................................................................MATa leu2 ho::ura3-1 trp1-1 arg4-8 thr1-4 ura3-1 ade2-1
PC469..........................................................................PC440 but bdf1::LEU2
PC623..........................................................................PC440 but rad9::LEU2
PC624..........................................................................PC440 but rad52::LEU2
a BR2171-7B, PC336, PC465a, PC543, PC531, PC608, PC606, PC621, and PC622 are isogenic. PC440 is a haploid meiotic segregant of a diploid isogenic with

BR2171-7B; PC469, PC623, and PC624 were derived from PC440 by transformation. The bdf1::lacZ fusion gene in PC336 was generated by transposon mutagenesis;
lacZ is fused to codon 418 in the BDF1 coding region.
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PC624 were diluted 10-fold into YEPAD medium containing 0.004% MMS.
After incubation with shaking at 308C for 6 h, cells were washed twice, and then
appropriate dilutions were plated on YEPAD.
To measure growth rates, saturated overnight cultures of PC621 and PC622

were diluted 125-fold into YEPAD and incubated with shaking at 308C. The
optical density at 600 nm was determined at regular intervals. Doubling times
were calculated after cells had reached logarithmic growth phase.
To assess sporulation, the frequency of asci relative to total (sporulated and

unsporulated) cells was determined with a light microscope. At least 100 cells
were scored from each strain.
Measurements of recombination. To measure recombination, strains PC531,

PC543, PC606, and PC608 were grown and sporulated as follows. Saturated
cultures grown overnight in YEPAD were diluted in 3 volumes of YEPAD and
grown at 308C for 12 h with vigorous shaking. The cultures were then diluted 1:10
into 2% potassium acetate and incubated with shaking at 308C.
To measure gene conversion, cultures of PC531 and PC543 were plated on

synthetic complete medium and on medium lacking threonine or histidine to
select for prototrophic recombinants. Colonies were counted after 3 days. Pre-
meiotic frequencies were calculated as the median frequencies obtained from
three independent cultures of each strain. To calculate the rate of meiotic
recombination, the mitotic frequency was subtracted from the corresponding
meiotic value for each culture, and the corrected frequencies from three inde-
pendent cultures were then averaged.
To measure crossing over, cultures of strains PC606 and PC608 were incu-

bated in sporulation medium for 2 days and then plated on medium lacking
threonine to enrich for cells that had undergone commitment to meiotic recom-
bination. The strains used for this experiment carry the spo13 mutation, and so
even wild-type cells that sporulate remain diploid and are therefore comparable
to the diploid products of the unsporulated bdf1 mutant. Approximately 800
Thr1 recombinants from each culture were scored for homozygosis at HIS4 and
MAT; single and double crossovers were scored as follows. The His2 nonmating
colonies were classified as single recombinants, and the number of these was
doubled to account for HIS4/HIS4 MATa/MATa cells. The His1 a-mating class
was counted as single recombinants, except that the number was reduced by the
number of His2 a-mating colonies (reductional segregants), since there should
be an equal number of nonrecombinant segregants of genotype HIS4/HIS4
MATa/MATa. Similarly, the His1 a-mating colonies were classified as single
recombinants except that the number was reduced by the number of His2

a-mating double recombinants, since there should be an equal number of HIS4/
HIS4 MATa/MATa double recombinants. To obtain the total number of nonpa-
rental ditypes due to four-strand double crossovers, the number of His2 a-mat-
ing colonies was doubled to account for the reciprocal HIS4/HIS4 MATa/MATa
recombinants. Map distance was calculated by summing the single crossovers and
six times the number of nonparental ditypes and then dividing by the total
number of colonies examined.
Cytology. To obtain spread chromosome preparations, strains were grown and

sporulated as described above for meiotic recombination assays. Except where
noted, meiotic cultures were harvested, and chromosomes were spread by the
method of Dresser and Giroux (11) as modified by Engebrecht and Roeder (14).
For examination by fluorescence microscopy, chromosomes spread on poly-
lysine-coated slides were incubated with antibodies as described by Sym et al.
(69). Mouse antinucleolus antibodies (78) were provided by Michael Snyder, and
rabbit anti-b-galactosidase antibodies were purchased from Cappel Laborato-
ries. Secondary antibodies were conjugated with either Texas red or fluorescein
isothiocyanate. Chromatin was stained with 496-diamidino-2-phenylindole
(DAPI).
Vegetative cells from late log-phase cultures were fixed for 1 h in 3.7%

formaldehyde and prepared for immunocytology as described by Pringle et al.
(55). To monitor the nuclear divisions, cultures of PC543 and PC531 grown
overnight in YEPAD were diluted in 10 volumes of YEPAD and grown at 308C
for 12 h with vigorous shaking. The cultures were then diluted 1:10 into 2%
potassium acetate and incubated with shaking at 308C. Cells were stained with
DAPI and examined in a fluorescence microscope as described by Thompson
and Roeder (73).
Nucleotide sequence accession number. The BDF1 DNA sequence is available

from GenBank under accession number U18116.

RESULTS

Isolation, cloning, and mapping of BDF1. The BDF1 gene
was identified by a mutation conferring sensitivity to MMS (see
Materials and Methods). The wild-type BDF1 gene was cloned
by transforming the bdf1-1 mutant with a yeast genomic library
and screening for complementation of the MMS-sensitive phe-
notype. A 4.6-kb EcoRI fragment with complementing activity
was subjected to transposon mutagenesis in bacteria, and the
resulting insertion mutations were transformed into yeast cells
(30). By scoring the MMS sensitivity of cells carrying different

transposon insertions, the gene was localized to a region of
approximately 2.3 kb (Fig. 1).
To establish the chromosomal position of the BDF1 gene,

radioactively labeled BDF1 DNA was used to probe a blot of
electrophoretically separated yeast chromosomes (8) as well as
a blot of ordered phage clones of yeast genomic DNA (50).
The gene is located on chromosome XII between URA4 and
ILV5. A partial sequence of the BDF1 gene was obtained by
Widner and Wickner (77) during sequencing of the SKI2 gene,
which maps 26 centimorgans centromere proximal of the
URA4 gene.
BDF1 encodes a 77-kDa protein with two bromodomains.

The DNA sequence of the 2.3-kb region containing the BDF1
gene is presented in Fig. 2. The sequence contains a single
open reading frame of 2,058 bp that is predicted to encode a
protein 685 amino acids in length with a molecular mass of 77
kDa (Fig. 2). There are no consensus splice sites within the
gene, indicating that the mRNA is not spliced.
Analysis of the Bdf1 protein sequence revealed two internal

regions, about 80 amino acids in length, that are 39% identical
and 62% similar (Fig. 2). A search of protein databases iden-
tified numerous proteins containing regions of homology to the
Bdf1 repeats. This protein sequence motif has been called a
bromodomain (25), and its function remains unknown. The
bromodomain exists in a single copy in some proteins but in
two copies in several others. An evolutionary tree showing the
sequence relationships between the Bdf1 bromodomains and
those of other proteins is shown in Fig. 3.
In addition to the conserved bromodomain sequences, ho-

mology was also detected between the last 165 amino acids in
Bdf1 and the carboxy termini of the Drosophila Fsh1 protein
and the human OrfX and Ring3 proteins. The homology is
strongest between Bdf1 and OrfX (Fig. 2). Whereas the Dro-
sophila Fsh1 protein is homologous to the human OrfX and
Ring3 proteins throughout their entire lengths, the homology
between Bdf1 and Fsh1/OrfX/Ring3 is confined to the bromo-
domains and the last 165 amino acids.
The Bdf1 protein localizes to chromosomes. A GST-Bdf1

fusion protein was produced in and purified from bacteria (see
Materials andMethods), and this hybrid protein was used as an
antigen to raise antibodies in rabbits. The resulting antibodies
were used to localize the Bdf1 protein in whole vegetative cells

FIG. 1. The BDF1 gene. The open reading frame is represented by the open
box; the arrow above indicates the direction of transcription and translation. The
shaded boxes indicate the two bromodomains. The region of the gene deleted
and replaced with LEU2 to make the bdf1::LEU2 null mutation is indicated. The
open circles indicate transposon insertions that confer an MMS-sensitive phe-
notype but do not impair sporulation (;85% in both wild-type and mutant
strains). The squares indicate insertions that do not disrupt the BDF1 gene.
Insertion mutants in which sporulation is abolished (,1%) or reduced (;10%)
are indicated by the black circles and hatched circles, respectively. Transposon
insertions that create in-frame lacZ fusions are indicated by asterisks.
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FIG. 2. DNA sequence of the BDF1 gene and sequence comparisons. (A) The BDF1 coding region and flanking sequences. Amino acids are indicated beneath the
corresponding codons. Numbering starts at the first nucleotide in the BDF1 coding region and the first amino acid in the encoded protein. The solid underlines indicate
the two bromodomains; the additional region of homology to the OrfX, Fsh1, and Ring3 proteins is indicated by the shaded underline. (B) Comparison of two Bdf1
bromodomains. (C) Comparison of the region of homology between Bdf1 and OrfX outside the bromodomains. In panels B and C, identical amino acids are indicated
by vertical lines and similar residues are indicated by plus signs; the numbers indicate the position within the protein of the last amino acid presented.
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(Fig. 4). Cells were stained simultaneously with DAPI, a DNA-
binding dye, and with antitubulin antibodies. Anti-Bdf1 anti-
bodies stain the nuclei of cells with short, intermediate, and
long spindles, indicating that the Bdf1 protein localizes to the
nucleus at all stages of the mitotic cell cycle. Staining of the
nucleus with anti-Bdf1 antibodies is also observed in meiotic
cells; nuclear staining is evident in mononucleate, binucleate,
and tetranucleate cells (data not shown), indicating that Bdf1
is localized to the nucleus throughout the meiotic cell cycle.
Anti-Bdf1 antibodies are specific for the Bdf1 protein, as dem-
onstrated by their failure to stain cells from a bdf1 null mutant
(Fig. 4).
To determine whether the Bdf1 protein is associated specif-

ically with chromosomes, spreads of meiotic chromosomes
were prepared and incubated with anti-Bdf1 antibodies. Figure
5 shows pachytene chromosomes from a wild-type cell stained
with DAPI and anti-Bdf1 antibodies. Almost all of the DAPI-
staining material stains with anti-Bdf1 antibodies. Compared
with the uniform and continuous staining pattern obtained

with DAPI, staining with anti-Bdf1 antibodies appears some-
what speckled and discontinuous, as if Bdf1 is more concen-
trated in some regions than others. To examine further the
specificity of anti-Bdf1 antibodies, spread meiotic chromo-
somes from a diploid strain heterozygous for a bdf1::lacZ
translational fusion gene were stained with anti-b-galactosi-
dase antibodies (Fig. 5). The staining pattern observed for the
fusion protein was indistinguishable from that obtained with
the endogenous Bdf1 protein.
In each of the spread nuclei shown in Fig. 5, a region of

chromosomal DNA that fails to stain with antibodies directed
against Bdf1 can be clearly distinguished. Double staining of
meiotic nuclear spreads with both antibodies to Bdf1 and an-
tinucleolar antibodies indicates that the chromosomal seg-
ments lacking Bdf1 are in the nucleolus (Fig. 5). Bdf1 is also
absent from the nucleolus in mitotic cells. In vegetative cells,
the nucleolus is sometimes visible as a lightly staining subdo-
main of the nucleus when visualized with DAPI. In favorable
preparations, it is evident that anti-Bdf1 antibodies localize
exclusively to the region of the nucleus not within the nucleolar
domain (data not shown).
Protein components of the synaptonemal complex show a

pattern of localization similar to that of Bdf1. During
pachytene, these proteins are present in synapsed chromo-
somes and absent from the unsynapsed nucleolar region. The
synaptonemal complex is assembled during prophase of mei-
osis I and disassembles prior to the first meiotic division. To
determine whether Bdf1 localizes to chromosomes at stages
other than pachytene, spreads from late stages of meiosis were
prepared and incubated with anti-Bdf1 antibodies. After
pachytene, meiotic chromosomes decondense and the corre-
sponding nuclear spreads appear diffuse when visualized with
DAPI (Fig. 6). The stage of meiosis is revealed by the pattern
of tubulin staining, with meiosis I and meiosis II spindles
clearly visible. Meiotic chromosomes in cells undergoing mei-
osis I and II stain with anti-Bdf1 antibodies (Fig. 6), indicating
that the Bdf1 protein is present on chromosomes at these
stages.
These experiments suggest that the BDF1 gene product is a

component of chromosomes at all stages of the mitotic and
meiotic cell cycles. The Bdf1 protein appears to localize to
almost all DAPI-staining material, except that it is absent from
the nucleolus.
A bdf1 null mutant grows slowly and is defective in DNA

damage repair. A null allele of BDF1 (Fig. 1) was constructed
and introduced into yeast by one-step gene disruption. The
bdf1::LEU2 null mutant is sensitive to MMS, like the original
bdf1-1 mutant. To compare the sensitivity of the bdf1 mutant
with other mutants defective in DNA damage repair, the bdf1
null mutant and isogenic wild-type, rad9, and rad52 strains
were assayed for survival after exposure to MMS. After incu-
bation in medium containing 0.004% MMS for 6 h, 34% of
wild type (PC440), 18% of bdf1::LEU2 (PC469), 26% of rad9
(PC623), and less than 2% of rad52 (PC624) cells survived.
Mutants in the RAD50 series of genes (of which RAD52 is a
member) are defective in double-strand break repair, and they
are sensitive to X and g irradiation as well as MMS (17). The
bdf1 mutant is less sensitive to MMS than mutants in the
RAD50 series, and it displays wild-type resistance to g irradi-
ation (data not shown).
The bdf1 null mutant exhibits a growth defect that varies in

severity in different strain backgrounds. All of the experiments
described in this report were carried out in strain BR2171-7B,
in which the growth defect conferred by a bdf1 null mutation is
relatively modest. In rich medium, the doubling time of the
wild type (PC622) is 81 min, whereas the doubling time of the

FIG. 3. Phylogenetic tree of bromodomains. All sequences were retrieved
from the GenBank database. For proteins that contain two bromodomains, the
first and second repeats are indicated by the numbers 1 and 2 following the
hyphens. Bromodomain sequences analyzed were 79 amino acids in length with
endpoints as defined by Haynes et al. (25). Different alignments are obtained
when the bromodomain is assumed to be 87 amino acids in length (42).
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bdf1::LEU2 mutant (PC621) is 147 min. There is no accumu-
lation of cells at a specific stage in the cell cycle (data not
shown), suggesting that the Bdf1 protein does not act at a
unique point in the cell division cycle.
The bdf1 null mutant is unable to complete meiosis. Unlike

the original bdf1-1 (presumed point) mutation, the bdf1::LEU2
deletion mutation confers an absolute defect in spore forma-
tion. To assess the meiotic nuclear divisions, wild-type and
mutant cells were incubated in sporulation medium and then
harvested at various time points and stained with DAPI (Fig.
7). In the wild-type culture, there was a steady increase in the
percentage of tetranucleate cells accompanied by a decline in
the percentage of mononucleate cells. There was also a tran-
sient rise in the percentage of binucleate cells, representing the
fraction of the culture that had completed meiosis I but not
meiosis II. In the bdf1 culture, the majority of cells remained
mononucleate, indicating a failure to enter the meiosis I divi-
sion. A subset of cells underwent the first division but then
persisted as binucleate cells, indicating a failure to progress to
the second division. Fewer than 5% of the cells underwent
both divisions to become tetranucleate; these cells failed to
make spores.
In some sporulation-defective yeast mutants, the sporulation

defect can be bypassed by a mutation (such as mei4) that
prevents the initiation of meiotic recombination and chromo-
some synapsis (3, 69). A mei4 bdf1 double mutant (PC465a)
does not sporulate (,1%), indicating that the bdf1 defect is not
similarly rescued. This result indicates that the bdf1 sporula-
tion defect is not due (at least not entirely) to the accumulation
of unprocessed intermediates in the recombination pathway.
The bdf1 null mutant undergoes nearly wild-type levels of

meiotic recombination.Meiotic recombination in the bdf1 null
mutant was assayed by return-to-growth experiments, in which
cells are returned to conditions of vegetative growth at various
times after the initiation of meiosis (16). Figure 8 shows the
result of one such experiment, in which prototroph formation
at the heteroallelic THR1 and HIS4 loci was used to measure
gene conversion. Meiotic induction of gene conversion in the
null mutant occurs at the same rate and with the same kinetics
as in the isogenic wild-type control.
Reciprocal exchange was assayed by a variation of the re-

turn-to-growth experiment. Prototrophs resulting from meiotic
gene conversion at the THR1 locus on chromosome VIII were
selected in order to enrich for cells that had undergone com-
mitment to meiotic recombination. These prototrophs were
then assayed for crossing over in the HIS4-MAT interval on
chromosome III. The map distances were 42.6 centimorgans
for the wild type (PC608) and 21.7 centimorgans for the mu-
tant (PC606). Thus, crossing over is reduced about twofold in
the bdf1 null mutant.
The bdf1 null mutant is proficient in meiotic chromatin

condensation and chromosome synapsis. During the pachy-
tene stage of meiosis in S. cerevisiae, chromatin is maximally
condensed and each pair of synapsed homologs appears as a
‘‘sausage’’ (11) (Fig. 5). To assess the effect of the bdf1 muta-
tion on meiotic chromatin condensation, chromosome spreads
from the bdf1::LEU2 mutant were stained with DAPI and
examined in a fluorescence microscope. Individual chromo-
somes can be clearly distinguished, indicating that there is no
gross defect in chromatin condensation in the bdf1 null mutant
(Fig. 9).

To examine the effect of the bdf1 mutation on synaptonemal
complex assembly, meiotic chromosomes were surface spread,
stained with silver nitrate, and viewed in an electron micro-
scope. Full-length synaptonemal complexes were observed in
spreads from both the wild type and the mutant (Fig. 9).
Synaptonemal complex morphology of the mutant is indistin-
guishable from that of the wild type. In most complexes, the
two lateral elements, representing the proteinaceous back-
bones of the individual chromosomes within the pair, are evi-
dent as darkly stained parallel lines (Fig. 9). To quantitate the
efficiency of chromosome synapsis in bdf1 strains, nuclei from
the wild type and the mutant were spread by the method of
Loidl et al. (41) and then stained with DAPI and anti-Zip1
antibodies. The Zip1 protein is a component of the central

FIG. 5. Bdf1 localizes along the entire lengths of meiotic chromosomes ex-
cept at the nucleolus. (A to C) A spread meiotic nucleus from the wild type
(BR2171-7B); (D to F) a nucleus from a diploid (PC336) heterozygous for a
bdf1::lacZ fusion gene. Chromosomes were stained with DAPI (A and D) and
either anti-Bdf1 (B) or anti-b-galactosidase (E) antibodies. (C and F) Double
exposures showing the Bdf1- or b-galactosidase-staining patterns (Texas red
fluorescence) superimposed on the nucleolar-staining patterns (fluorescein iso-
thiocyanate fluorescence in green). Cells were spread after 14 h in sporulation
medium. Bar, 1.4 mm.

FIG. 4. Bdf1 localizes to the nucleus at all stages of the mitotic cell cycle. Whole cells from exponentially growing cultures were fixed and stained with DAPI (A,
D, and G), antitubulin antibodies (B, E, and H), and anti-Bdf1 antibodies (C, F, and I). (A to C and D to F) Two fields of cells from the wild type (BR2171-7B); (G
to I) a field of cells from the bdf1 null mutant (PC621). Bar, 1.9 mm.
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region of the synaptonemal complex and therefore serves as a
marker for synapsed chromosomes (69, 71). After 15 h in
sporulation medium, when the maximum number of wild-type
cells were in pachytene, 52% of spread nuclei from both the
wild type (PC543) and the mutant (PC531) stained with anti-
Zip1 antibodies. As meiosis progressed, chromatin decon-
densed and the synaptonemal complex disassembled in both
the wild type and the mutant (data not shown).
Different alleles of BDF1 confer different phenotypes. All

transposon insertions in the BDF1 coding region confer slow
growth and MMS sensitivity (Fig. 1). However, only those
transposon insertions that were recovered in the second bro-
modomain fail to sporulate, like the null mutant. Almost all
other insertion mutants sporulate efficiently and produce via-
ble spores. This observation demonstrates that the meiotic
defect in bdf1 is separable from the mitotic defect and suggests
that the second bromodomain is especially important for
sporulation.
The observation that a bdf1 deletion mutation prevents

sporulation, but transposon insertions near the 59 end of the
gene do not, suggests that insertion mutations do not always
prevent the expression of downstream sequences. To explore
this possibility, we constructed a diploid that carries a double
mutation between a transposon insertion that creates an in-
frame lacZ fusion near the carboxy terminus (at codon 661)
and an out-of-frame insertion further upstream (at codon 86).
The upstream transposon did not interfere with the production

of b-galactosidase activity, suggesting that transcription and
translation of the BDF1 reinitiated either in the transposon or
in the BDF1 coding region. It is possible that normal meiotic
expression of the BDF1 gene depends on a promoter and
initiation codon located in the coding region.
The bdf1::lacZ fusion at codon 661 is lethal in haploids,

indicating that the product of the fusion gene is able to inter-
fere with the activity of an essential protein (or proteins).
However, this mutation is not dominant, suggesting that the
wild-type protein effectively competes for binding of the essen-
tial gene product. Two observations indicate that most of the
BDF1 coding sequences must be present in order for the fusion
gene to confer lethality. First, an in-frame bdf1::lacZ fusion in
which the junction is located further upstream (at codon 418)
is not lethal. Second, the double mutation described above, in
which a transposon is inserted upstream of the bdf1::lacZ fu-
sion junction, does not confer lethality.

DISCUSSION

Bdf1 localizes to chromosomes. We identified BDF1 as a
gene whose product is required for DNA damage repair and
progression through meiosis. Concurrently, Lygerou et al. (42)
identified BDF1 in a screen for mutants defective in the tran-
scription of small nuclear RNA genes. Our results demonstrate
that the Bdf1 protein localizes to the nucleus at all stages of the
mitotic and meiotic cell cycles. In spread preparations of

FIG. 6. Bdf1 localizes to chromatin throughout the meiotic cell cycle. After 18 h in sporulation medium, wild-type cells (BR2171-7B) were spread and stained with
DAPI (A and D), antitubulin antibodies (B and E), and anti-Bdf1 antibodies (C and F). (A to C) A nucleus that has completed prophase and is undergoing the meiosis
I division; (D to F) a nucleus that has completed meiosis I and is undergoing the second meiotic division. Bar, 1.6 mm.
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pachytene nuclei, antibodies to Bdf1 localize to chromosomes
but are excluded from the nucleolus.
Efforts to identify components of yeast chromosomes have

been hindered by the fact that chromosomes in vegetative cells
never condense sufficiently to permit visualization in a light
microscope. This has made it difficult to determine whether
any given nuclear protein is associated with chromosomes or
free in solution. The only time in the yeast life cycle during
which individual chromosomes can be visualized is during the
pachytene stage of meiosis. Only seven other yeast proteins
have been localized to chromosomes by indirect immunofluo-
rescence. Four of these, Hop1, Zip1, Dmc1, and Msh4, are
meiosis-specific gene products involved in chromosome synap-
sis and/or meiotic recombination (2, 31, 57, 69). The other
three chromosomal proteins, Rad51, Rap1, and Top2, are
present in both vegetative and meiotic cells. Like Dmc1 and
Msh4, Rad51 localizes to discrete sites on meiotic chromo-
somes, postulated to be the sites of genetic exchange events (2,
57). Rap1 localizes primarily to chromosome ends, and Top2 is
located in meiotic chromosome cores (38). The Bdf1 staining
pattern is most similar to that of Top2, but Bdf1 is excluded
from the nucleolus, unlike Top2 (38).
Absence from the nucleoli of both vegetative and meiotic

cells is a conspicuous aspect of the Bdf1 localization pattern. In
yeast cells, the nucleolar DNA consists of 100 to 200 tandem
repeats of a 9.1-kb segment of DNA encoding the four rRNAs
(49). The differential localization of Bdf1 is consistent with
numerous studies suggesting that chromatin in the nucleolus is
organized differently from chromatin elsewhere. Nucleolar
chromatin is transcriptionally active and generally less con-
densed than the rest of the chromosomal DNA (13). Further-
more, the timing of chromatin condensation in the nucleolus
appears to differ from that of nonnuclear DNA (23). During

meiosis, the repeated ribosomal DNA sequences do not en-
gage in synaptonemal complex formation (11). Studies of both
mitotic and meiotic recombination indicate that recombination
in the ribosomal DNA requires different gene products and is
differentially regulated (6, 21, 22, 54, 79). At least one protein,
nucleolin, has been shown to be associated specifically with
nucleolar chromatin (15, 48). Bdf1 provides a unique example
of a protein associated specifically with nonnucleolar DNA.
Bdf1 contains two bromodomains. The Bdf1 protein con-

tains two bromodomains, a sequence motif of unknown
function present in many proteins identified as transcription
factors or as transcriptional regulators. Two copies of the
bromodomain are present in CCG1, which encodes the
TAFII250 subunit of TFIID, required for basal expression of
all genes transcribed by RNA polymerase II (29, 59, 62). A
single bromodomain is present in each of the transcriptional
regulators Snf2/Swi2, brm, hbrm, BRG1, Gcn5, Spt7, and
CBP, which are regulators required for the activated tran-
scription of specific subsets of genes (1, 7, 18, 20, 37, 47, 72).
Of this set of regulators, the yeast Snf2/Swi2 protein is the
best characterized; it has been shown to activate transcrip-
tion by altering the conformation of chromatin at the SUC2
promoter. This alteration of chromatin structure is indepen-
dent of TFIID binding, leading to a model in which Snf2
activates transcription by causing chromatin to assume a
configuration that facilitates transcriptional activation (28).
Snf2 contains a predicted helicase domain postulated to play
a role in chromatin alteration and has been shown biochem-
ically to have DNA-stimulated ATPase activity (39). A role
in alteration of chromatin structure has also been proposed
for brm, the Drosophila homolog of Snf2 (72). Mutations in

FIG. 7. Time course of meiotic nuclear divisions in the wild type and the bdf1
mutant. Cells harvested at different time points after the introduction into sporu-
lation medium were stained with DAPI and viewed in a fluorescence microscope.
At least 100 cells from the wild type (PC543) and the mutant (PC531) were
examined at each time point. (A) Wild type (PC543); (B) bdf1::LEU2 mutant
(PC531). Open squares, mononucleate cells; circles, binucleate cells; filled
squares, tetranucleate cells.

FIG. 8. Meiotic recombination in bdf1::LEU2 and wild-type strains. Commit-
ment to meiotic gene conversion was measured at two different heteroallelic loci
by monitoring prototroph formation at various times after introduction into
sporulation medium. Shown are the frequencies of prototroph formation as at
HIS4 (A) and THR1 (B). Assays were performed in triplicate, and the mean
frequencies are shown. Squares, wild type (PC543); circles, bdf1::LEU2 mutant
(PC531).
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brm bypass the repressive effects of the Polycomb group
genes; this repression is thought to be mediated via regional
chromatin compaction (52).
A number of bromodomain-containing proteins (Snf2/Swi2,

hbrm, and CBP) have been demonstrated to have transcrip-
tional activating properties (7, 40, 47). When fused to a DNA-
binding domain that binds to the promoter region of a reporter
gene, these hybrid proteins activate the expression of the target
gene. However, a number of observations suggest that the
bromodomain is dispensable for transcriptional activation. De-
rivatives of the SNF2 and SPT7 genes that lack the bromodo-
main are still able to complement the corresponding null mu-
tations (18, 39), and an hbrm construct lacking the bromodomain
is still able to activate transcription at target promoters (47). In
the case of hbrm, it is hypothesized that the bromodomain con-
trols protein stability and nuclear localization, since deletion of
the bromodomain results in redistribution of hbrm from its nor-
mal nuclear location to a uniform localization throughout the cell
(47).
Outside the bromodomains, the only extensive homology

between the Bdf1 sequence and protein sequences in existing
databases involves the last 165 amino acids of the BDF1 gene
product. This region of Bdf1 is homologous to sequences near
the carboxy termini of the Drosophila Fsh1 protein and the
human OrfX and Ring3 proteins. Nothing is known about the
functions of the hypothetical OrfX and Ring3 proteins. The
Drosophila Fsh1 protein participates in the establishment of
segmental identify by activating certain homeotic genes (26, 32,
36). The molecular mechanism of Fsh1 action is not known.
Models for Bdf1 function. The localization pattern of the

Bdf1 protein, together with the observed mitotic and meiotic
defects of the bdf1 null mutant, suggests two models for Bdf1
function. The first postulates that Bdf1 is a transcriptional
regulator and that the mutant phenotype stems from a failure
to activate the transcription of multiple genes. The second
model proposes that Bdf1 is a component of chromatin and
that the mutant phenotype is a consequence of alterations in
chromatin structure. These models are not mutually exclusive,
since alterations in chromatin structure obviously can result in
changes in gene expression.
The hypothesis that Bdf1 is a transcriptional activator is

compromised by the results of Lygerou et al. (42), who showed
that the Bdf1 protein has no transcription-stimulating activity
when tethered to the promoter region of a reporter gene.
Lygerou et al. (42) also found that a bdf1 null mutation reduces
the expression of small nuclear RNA genes transcribed by both
RNA polymerases II (U1, U2, and U4) and III (U6). Thus, if
Bdf1 is a transcription factor, it must be involved in transcrip-
tion by both types of polymerase. It is unlikely that Bdf1 is
absolutely required for transcription by RNA polymerase III,
since no Bdf1 was detected in the nucleolus where the 5S gene
(a polymerase III transcription unit) is located. On the basis of
these results, we suggest that Bdf1 causes a widespread alter-
ation in chromatin structure and thereby affects gene expres-
sion to various extents from different promoters. Consistent
with this hypothesis, the purification properties of the Bdf1
protein suggest that it has nonspecific, DNA-binding activity
(42).

FIG. 9. Chromosome condensation and chromosome synapsis in the bdf1
null mutant. After 14 h in sporulation medium, cells were spread and either
stained with DAPI and viewed in a fluorescence microscope (A) or stained with
silver nitrate and visualized in an electron microscope (B and C). (A and C)
Spread nuclei from the bdf1::LEU2 mutant (PC531); (B) a spread nucleus from
the wild type (PC543). Bar, 1.0 mm.
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Secondary structure predictions indicate that the bromodo-
main consists of two amphipathic a helices followed by reverse
turns; it has been suggested that the hydrophobic surfaces of
these helices serve as sites of intermolecular protein-protein
interactions (25). Perhaps the bromodomain interacts with one
or more components of chromatin. Such a functional sequence
motif might be expected to appear in transcriptional regulators
as well as structural components of chromatin. The second
bromodomain in Bdf1 may interact with a meiosis-specific
chromatin component.
Bdf1 is required for sporulation. In meiosis, the bdf1 null

mutant exhibits a delay in progression from meiotic prophase
to the first meiotic division, a further delay in advancing from
meiosis I to meiosis II, and an absolute defect in spore forma-
tion. The bdf1 sporulation defect is not bypassed by a mei4
mutation, ruling out the possibility that the sporulation defect
is due to the accumulation of intermediates in the recombina-
tion or synapsis pathways. One possible cause of the inability to
sporulate is a failure to express genes required for the meiotic
divisions and spore formation. Using the meiosis-specific lacZ
fusion genes described by Burns et al. (5), we examined the
effect of the bdf1 mutation on the expression of meiotic genes
induced specifically in mononucleate, binucleate, and tet-
ranucleate cells. The bdf1mutation did not affect expression of
these reporter genes (data not shown), indicating that any
transcriptional defect must be specific to certain genes. An-
other explanation for the sporulation defect is that the absence
of Bdf1 leads to alterations in chromatin structure that impair
chromosome segregation. For example, Bdf1 might be re-
quired for proper chromatin decondensation following
pachytene. Such an explanation could account for the greater
severity of the bdf1 mutant phenotype in meiosis than in mi-
tosis, since yeast chromatin undergoes greater condensation in
meiosis than during vegetative growth.
The bdf1 mutation decreases meiotic crossing over twofold

but does not reduce gene conversion. This result suggests that
the Bdf1 protein affects the resolution of recombination inter-
mediates, promoting resolution in favor of crossing over. How-
ever, the Bdf1 protein need not be directly involved in the
enzymology of recombination. For example, the bdf1 mutation
might perturb the structure of chromatin in a manner that is
inhibitory to the isomerization of Holliday junctions. A null
mutation in the ZIP1 gene (which encodes a structural com-
ponent of the synaptonemal complex) also reduces crossing
over but not conversion, indicating that the context in which
resolution occurs can influence the frequency of crossing over
(69–71).
The bdf1 null mutant is sensitive to MMS but not g irradi-

ation, indicating a defect in the repair of some types of DNA
damage. Sensitivity to MMS might be due to defects in tran-
scription in the bdf1 mutant, since the detection and repair of
certain lesions in DNA are linked to transcription (4). Alter-
natively, perturbations in chromatin structure in the bdf1 mu-
tant might affect accessibility of the damaged DNA to the
repair machinery.
Mutants with mutations in BDF1 displays interesting simi-

larities to rad6 mutants. RAD6 encodes an enzyme that conju-
gates ubiquitin to histones H2A and H2B (35, 68). Like the
bdf1 mutants, the rad6 null mutant grows slowly and is defec-
tive in DNA damage repair and sporulation. Furthermore, for
both BDF1 and RAD6, there exist separation-of-function al-
leles that are able to sporulate and produce viable spores but
are deficient in DNA damage repair (46, 68). The striking
phenotypic similarities between bdf1 and mutations in a gene
known to be involved in modifying chromatin, together with
our observations that the Bdf1 protein localizes to chromo-

somes, support a role for Bdf1 in the regulation of chromatin
structure.
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