Ash1p is a site-specific DNA-binding protein that
actively represses transcription
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ASH1 encodes a protein that is localized specifically to the daugh-
ter cell nucleus, where it has been proposed to repress transcrip-
tion of the HO gene. Using Ashi1p purified from baculovirus-
infected insect cells, we have shown that Ash1p binds specific DNA
sequences in the HO promoter. DNase | protection analyses
showed that Ashi1p recognizes a consensus sequence, YTGAT.
Mutation of this consensus abolishes Ash1p DNA binding in vitro.
We have shown that Ash1p requires an intact zinc-binding domain
in its C terminus for repression of HO in vivo and that this domain
may be involved in DNA binding. A heterologous DNA-binding
domain fused to an N-terminal segment of Ash1p functions as an
active repressor of transcription. Our studies indicate that Ash1p is
a DNA-binding protein of the GATA family with a separable
transcriptional repression domain.

he budding yeast Saccharomyces cerevisiae divides to give rise

to two cells with distinct developmental fates (1, 2). After cell
division, the mother cell is competent to transcribe the HO gene
and thus switch mating type, whereas the daughter cell is not
competent to transcribe HO. The difference between mother
and daughter cells appears to be due to the presence in daughter
cells of a negative regulator, Ashlp, which turns off HO tran-
scription in daughter cells. In mutants lacking Ash1lp, daughter
cells switch mating type; overexpression of ASHI inhibits mating
type switching in mothers (3, 4). Ashlp has 588 amino acid
residues and is predicted to contain a zinc-binding domain
related to those of the GATA family of transcriptional regula-
tors. Ashlp is localized to the daughter cell nucleus in cells that
have undergone nuclear division. Thus, Ashlp is a cell-fate
determinant that is asymmetrically localized to the daughter cell
nucleus, where it is a negative regulator of HO transcript level,
presumably by repressing HO transcription.

HO is subject to many levels of transcriptional control; it is
expressed only in haploid cells, mother cells, and the G; phase
of the cell cycle (5, 6). Consequently, appropriate expression of
HO relies on the integration of signals from cell-type informa-
tion, mother or daughter identity, and cell-cycle status and is
controlled through regulatory sequences in the HO promoter. A
large number of genes encoding activators and repressors of
transcription, as well as chromatin remodeling factors, partici-
pate in HO expression. Recently, HO regulation was reported to
depend on the highly ordered and temporally regulated recruit-
ment and activities of Swi5p, Swi/Snf, SAGA, and SBF, in
succession, for expression (7, 8).

Cell-cycle and mother/daughter information is integrated
through distinct upstream regulatory sequences (URS) of the
HO promoter, URS2 and URSI, respectively. Cell-cycle regu-
lation of HO expression requires a transcriptional activator
(SBF) that binds to many sites in the upstream regulatory
sequence (URS2) of the HO promoter in a cell-cycle—controlled
manner (9-11).

The SWI5 gene product is required for mother cell-specific
transcription of HO and functions by binding to sites in URS1
after its cell cycle-regulated entry into the nucleus (12, 13).
Biochemical studies have shown that Swi5p binds cooperatively
at these sites with the product of the PHO2 gene, a coactivator
of many genes (14-17). Overexpression of SwiSp allows daughter

cells to switch mating type (18). Unlike Ashlp, Swi5p is found
in the nuclei of both mother and daughter cells (19).

Our approach to understanding the mechanism of asymmetric
expression of HO focused on the product of the ASHI gene as a key
determinant of asymmetric cell fate. We have undertaken biochem-
ical and genetic studies to determine the mechanism of ASHI-
mediated repression of HO. Here we report that Ashlp binds
directly to sequences in the HO promoter DNA; DNase I foot-
printing studies have allowed identification of an Ashlp consensus
recognition sequence, YTGAT. Mutation of this consensus abol-
ishes DNA binding by Ashlp in vitro. We have also identified
presumptive DNA-binding and transcriptional-repression domains
of Ashlp that are required for its function in vivo.

Materials and Methods

Cells and Viruses. Sf9 and High Five cells were purchased from
Invitrogen. Sf9 cells were grown in supplemented Grace’s me-
dium with 10% FBS. High Five cells were grown in plates in
Ex-Cell 405 medium (JRH Biosciences, Lenexa, KS). For protein
expression, 2 X 107 High Five cells were seeded onto each 150 X
25-mm plate and infected at a multiplicity of infection of 10 with
recombinant baculoviruses in 20 ml of medium. Cells were
harvested after incubating for 72 h at 27°C.

Construction of Recombinant Baculoviruses. Recombinant baculo-
viruses were constructed essentially as described in the Bac-To-
Bac Baculovirus Expression System Instruction Manual (Life
Technologies, Rockville, MD). ASHI was subcloned into the
pFastBac HTb donor plasmid and transformed into DH10BAc
cells for transposition into the bacmid. Recombinant bacmid
DNA was transfected into Sf9 cells by using CellFECTIN.
Medium containing recombinant baculovirus was harvested 72 h
after transfection. The virus stock was amplified by several
rounds of infection of Sf9 cells. The virus stock titer was
determined by an end-point dilution assay.

Purification of His-Ash1p from Infected Cells. A total of 2 X 108 High
Five cells infected as described above were harvested. Subse-
quent steps were performed at 4°C. Buffers contained Complete
(EDTA-free) Protease Inhibitor mixture (Roche Molecular
Biochemicals). Cell pellets were resuspended in buffer contain-
ing 8 M urea, 0.1 M NaH,POy, and 0.01 M TrissHCI (pH 8.0).
The resuspension was centrifuged to remove any insoluble
material, and the supernatant was applied to a nickel resin
column (Qiagen, Chatsworth, CA). The bound material was
renatured on the column by using a series of buffers containing
0.1 M NaCl, 10% glycerol, 0.02 M TrissHCl (pH 8.0), and
decreasing concentrations of urea (6 M, 4 M, 2 M, 1 M) followed
by a buffer lacking urea. His-Ash1lp was eluted by using elution
buffer: 0.1 M NaCl/0.02 M Tris-HCI (pH 8.0)/0.25 M imidazole/
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Table 1. Strains

Strain Genotype Plasmid

IH3964 MATa ho::HO-ADE2 can1::HO-CANT ash1A::TRP1 None

MY 158 MATa ho::HO-ADE2 canl::HO-CAN1 ash1A:: TRP1 pMM111 (ASHT)

MY 159 MATa ho::HO-ADE2 can1::HO-CAN1 ash1A:: TRP1 pMM112 (ASH1C502R)

MY 160 MATa ho::HO-ADE2 can1::HO-CAN1 ash1A:: TRP1 pRS316 (vector)

MY 185 MATa ho::HO-ADE2 canl::HO-CAN1 ash1A:: TRP1 pAJ1621 pEG203 (pLexA)

MY 186 MATa ho::HO-ADE2 can1::HO-CAN1 ash1A:: TRP1 pAJ1621 pMM94 (pLexA-ASH1)
MY208 MATa ho::HO-ADE2 can1::HO-CAN1 ash1A:: TRP1 pAJ1621 pMM129 (pLexA-AC90)
MY209 MATa ho::HO-ADE2 cani::HO-CAN1 ash1A::TRP1 pAJ1621 pMM131 (pLexA-AN300)
MY210 MATa ho::HO-ADE2 can1::HO-CAN1 ash1A:: TRP1 pAJ1621 pMM134 (pLexA-AC288)
MY211 MATa ho::HO-ADE2 can1::HO-CAN1 ash1A:: TRP1 pAJ1621 pMM127 (pLexA-C502R)
MY212 MATa ho::HO-ADE2 canl::HO-CAN1 ash1A:: TRP1 pAS174 (2 ASHT)

MY6 MATa ho None

MY 115 MATa ho ashTA::LEU2 None

Strains used were derivatives of W303, whose complete genotype is ade2-1 trp1-1 can1-100 leu2-3,112

his3-11,13 ura3-52 GAL psi,, bar1-1.

10% glycerol. The eluted material was dialyzed into 0.5 mM
DTT/0.1 M NaCl/0.02 M Tris-HCI (pH 8.0)/10% glycerol.

Anti-Ash1p Peptide Antibodies. Antibodies specific to the N-
terminal Ashlp sequence SSLYIKTPLHALSAGPDSHANS-
SYY (+GGC at the C terminus to promote solubility) were
prepared from rabbits by using standard methods at Caltag
Laboratories (Burlingame, CA). Antibodies were affinity-
purified over resin conjugated to peptide antigen and dialyzed
into buffer described above.

Genetic and Molecular Biological Methods. Yeast genetic methods
were performed as described (20). DNA manipulations were as
described (21).

Electrophoretic Mobility-Shift Analysis. Gel shifts were analyzed by
using standard methods (14) with the following modifications.
Reactions were run on an 8% polyacrylamide gel for 2 h at 4°C.
An unknown but dilute concentration of 1-6 ul of His-Ashlp
was added, depending on the experiment. Affinity-purified
anti-Ash1p peptide antibodies (2 ul of unknown concentration)
were added to gel-shift experiments.

DNase | Footprinting Experiments. Footprint analysis was carried
out by using standard techniques (14) and varied electrophoresis
conditions to maximize resolution of bound regions. Probes were
PCR products derived from the HO promoter by using oligo-
nucleotides OM38 and OM39, subsequently labeled with
[y-3>P]ATP or restriction fragments of PCR products (OM38 =
GGCAAAGAAATCGATGCATACC and OM39 = AAGCA-
CATCGATTATTTGATACCCC). Maxam-Gilbert sequencing
(22) was performed by using a commercially available kit from
Sigma to identify the consensus sequence bound at all sites.

Strains. Yeast strains used were derivatives of W303 (see Ta-
ble 1).

Plasmid Construction. pAJ1621 and pLexA (pEG203) were gifts
from Sandy Johnson’s and Erin O’Shea’s laboratories, respectively
(University of California, San Francisco). All pLexA constructs
containing fragments of ASHI were PCR derivatives of pMM62
(containing the ASHI ORF) cloned into the Xhol site of pEG203.
pLexA-Ashlp (pMM94) was generated by using oligonucleotides
OM20 and OM21 (OM20 = GGCCGGCTCGAGATGT-
CAAGCTTA and OM21 = CCGGCCCTCGAGAGGATGAC-
CAATCTATTGCGC). pLexA-AC90 (pMM129) was made by
using OMS58 and OM60 (OMS58 = GGTTCCGCGTGGATCCT-
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CAAGCTTATAC and OM60 = CCGGGATCCTTACACTCT-
TGTGGTGTGACG). pLexA-AN300 (pMM131) was made by
using OM59 and OM62 (OM59 = GCGGATCCCCGTAGAAT-
TAGACAAGTCC and OM62 = CCGGAATTCATGGAGCG-
CACGCTTAGAGG). LexA-AC288 (pMM134) was generated by
using OM58 and OM63 (OM63 = CCGGAATTCTTATC-
CTCTAAGCGTCGTGCGCTCCAT). LexA-C502R (pMM127)
was made by using OM20 and OM21 on the pASH1C502R plasmid
template (pMMS83) described below.

Construction of the ASHT C502R Mutant (pMM83). The zinc-binding
domain of Ash1p was mutated at residue 502 by using two rounds
of sequential PCR (products of OM34 + OMS35 added to the
products of OM36 + OM37 and amplified in a second reaction
after gel purification with OM34 + OM37). Primer sequences
used were as follows: OM34 = GGCCGGAGGCCTCTTTTTT-
TGAGGGG; OM35 = ATCACTCGAATGTCGCGACACG-
CACAC; OM36 = GTGTGCGTGTCGCGACATTCGAGT-
GAT; and OM37 = CCGGGTACCCTTCAATTTCGC.

The PCR product was gel-purified, digested with Stul and
Kpnl, and used to replace the wild-type 790-bp Stul/Kpnl
fragment of ASHI to generate the C502R allele.

Construction of Consensus Binding Site Mutations. The YTGAT
consensus was mutated at —1730 (G to T) by using PCR mutagen-
esis and oligonucleotides OM96 and OM97. The mutated product
was subcloned into the Invitrogen pCR2.1 vector and used in
successive PCR experiments to generate pMM160, (a triple mutant
with G-to-T mutations in Ash1lp consensus binding sites at —1784,
—1730, and —1321) subcloned into pCR2.1. The —1784 mutation
was made by using OM98 and OM99. The —1321 mutation was
made by using OM110 and OM111. A mutation at —1733 outside
the YTGAT consensus was generated by using oligonucleotides
OM?79 and OMS80. The oligonucleotide sequences show mutated
bases as bold characters and are as follows: OM79 = GGAAC-
TAAACGGTAAAGATAAAATATCACC; OM80 = GGTGA-
TATTTTATCTTTACCGTTTAGTTCC; OM9% = CAAAAA-
AAGGCGGATAAAGATGTATG; OM97 = CATACATCTTT-
ATCCGCCTTTTTTTG; OM98 = CTCTTTATTTTTCC-
AAATAAGAAAAATTAATATG; OM99 = CATATTA-
ATTTTTCTTATTTGGAAAAATAAAGAG; OM110 = GC-
CTGCGATGAGATACATAAATTTAAAAAAAAAACCAG-
C; and OM111 = GCTGGTTTTTTTTTTAAATTTATGTA-
TCTCATCGCAGGC.

Immunoblot Analysis. Immunoblot analysis for Ashlp was per-
formed by using standard techniques (23) with the following
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Fig. 1. Schematic representation of the HO promoter. Swi5p-binding sites
are designated A and B and are located at —1800 and —1300, respectively.
DNA probes used for electrophoretic mobility-shift and DNase | footprint
analyses are indicated as probe 1 (approximately —1915 to —1350), probe 2
(—1350 to —1220), and probe 3 (—=1915 to —1220). Ash1p-binding sites as
determined by in vitro DNase | footprint analysis are illustrated as black boxes
numbered 1 through 6.

modifications. Urea extracts were prepared from ashIA strains
transformed with either empty vector or plasmids carrying a
wild-type or C502R mutant ASH]I allele. Extracts were prepared
by using buffer containing 8 M urea and six bead-beater pulses
of 30 sec each at 4°C. Anti-Ashlp peptide antibodies were
diluted 1:200 (vol/vol) in Tris-buffered saline and incubated for
12 h at 4°C.

Canavanine Resistance Assays. In vivo repression analysis of the
integrated HO-CAN1 reporter was performed on glucose plates
lacking histidine (to select for ASHI plasmids) in the presence
of 60 wg/ml canavanine (Sigma).

B-Galactosidase Assays. Quantitative pB-galactosidase measure-
ments were performed by using standard techniques (24).

Results

Aship Is a Site-Specific DNA-Binding Protein. To determine the
mechanism by which Ashlp negatively regulates expression of
HO, a recombinant version of Ashlp tagged with six histidine
residues (His-Ashlp) was purified from baculovirus-infected
cells and assayed for ability to bind DNA by gel-shift analysis. On
a 705-bp HO promoter fragment (Fig. 1, probe 3) that spans the
region from —1915 to —1220, His-Ashlp caused a shift of the
radiolabeled DNA [Fig. 2, lanes 2 and 4 (1 ul of His-Ash1p) and
3 and 5 (6 pl of His-Ashlp)], whereas a column eluate from
uninfected cells did not (data not shown). Anti-Ash1p antibodies
inhibited His-Ashlp gel-shift activity (Fig. 2, lanes 4 and 5).
Inhibition by anti-Ashlp antibodies was specific; anti-Ashlp
antibodies did not inhibit the gel-shift ability of bacterial recom-
binant Swi5p, which also binds probe 3 (data not shown).

To identify the site(s) bound by His-Ashlp, DNase I foot-
printing experiments were performed by using fragments of the

Ash1p Aship

a-Aship
antibodies

- - - + +

Fig.2. His-Ash1p binds HO promoter DNA. His-Ash1p shifted a radiolabeled
HO probe corresponding to —1915 to —1220 of the HO promoter (lanes 2-5).
The addition of anti-Ash1p peptide antibodies inhibited binding of His-Ash1p
to DNA (lanes 4 and 5).
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Fig. 3. (A) His-Ash1p binds to specific sequences in HO promoter DNA. The
addition of increasing amounts of His-Ash1p (lanes 2 and 3) resulted in the
specific protection of sites at approximately —1870 (region 1), —1785 (region
2), and —1730 (region 3). Lanes 1 and 4 show the DNase | cleavage pattern in
the absence of added recombinant protein. (B) Ash1p binding site identifica-
tion. DNase I-protected regions from probe 1 and probe 2 were analyzed for
consensus sequences. All bases shown were protected from DNase | cleavage;
bases shown in dashed line boxes were assumed with confidence to be

protected based on their positions in cleavage site-poor regions of the probe.
The consensus is shown at the bottom.

HO promoter. On a fragment of URS1 that spans —1915 to
—1350 (Fig. 1, probe 1), the addition of His-Ashlp (1 ul in lane
2,5 plin lane 3) resulted in protection of three distinct regions
of the promoter at approximately —1870 (region 1), —1785
(region 2), and —1730 (region 3) (Fig. 34, lane 3). Various
electrophoresis conditions were used to increase resolution of
the protected regions, and Maxam-Gilbert DNA sequencing
reactions were performed to identify the DNA sequences pro-
tected by His-Ashlp (M.E.M., unpublished results). Similar
experiments were carried out with probe 2 (Fig. 1). A total of six
protected regions of HO were characterized (Fig. 1). From the
sequences of the protected regions, the consensus YTGAT was
determined (Fig. 3B). His-Ashlp appears to protect a region of
DNA larger than the YTGAT consensus at all sites analyzed.
The HO upstream region (approximately —2000 to + 1) predicts
a total of 20 matches to the YTGAT consensus sequence.

The DNase I footprint patterns of SwiSp, Pho2p, and the
Swi5 /Pho2p heteromer have been characterized on fragments of
the HO promoter (14, 15, 17). We tested the ability of Ashlp to
disrupt or alter the DNase I footprints of Swi5p, Pho2p, or
SwiSp/Pho2p and found that addition of Ashlp did not affect
any of these footprint patterns (data not shown).

To analyze further the specificity of His-Ash1p DNA binding,
a single base alteration of the consensus sequence at —1730 (site
3) from TTGAT to TTTAT was constructed by PCR mutagen-
esis, and the resulting mutant DNA fragment was analyzed for
His-Ashlp binding. As shown in Fig. 4, alteration of the con-
sensus rendered His-Ashlp unable to bind this site (2 ul and 6
wl of His-Ash1p were tested on each probe). Alteration of a base
outside the YTGAT consensus but within the area bound by
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Fig.4. His-Ash1p binds specifically to YTGAT. A single base alteration of the
consensus at —1730 from TTGAT to TTTAT was tested for effects on His-Ash1p
DNA binding. The addition of His-Ash1p to wild-type (wt) and mutant (m)
probes showed that His-Ash1p bound only to the probe containing the
wild-type DNA sequence.

His-Ashl1p, for example at —1730 from TTGATC to TTGATT,
did not affect His-Ashlp DNA binding (data not shown).

To assess effects of consensus mutations in vivo, similar point
mutations in three Ashl-binding sites in URS1 at —1784, —1730,
and —1321 were generated by using successive rounds of PCR
mutagenesis and introduced by replacement into the HO promoter.
Mutation of these three Ashlp-binding sites had no significant
effect on mating type switching frequencies of haploid daughter or
mother cells as determined by pedigree analysis (data not shown).

The Zinc-Binding Motif of Ash1p Is Required for Function. Ashlp
contains a region similar to the zinc-binding domain of the
GATA-1 transcription factor, a domain known to play a role in
DNA binding (25). To determine whether this region is required
for Ashlp function, we changed a cysteine residue predicted to
participate in zinc coordination to arginine (C502R) and assayed
the activities of the mutant allele. Ashlp activity was tested in
vivo by monitoring growth in the presence of the amino acid
analog canavanine by using an integrated pHO-CANI reporter
in an ashIA strain (3, 26). In this assay, activation of the HO
promoter causes cells to be sensitive to canavanine. If the HO
promoter is repressed by Ashlp, the cell survives in the presence
of canavanine. As shown in Fig. 54, a strain with a high-copy
plasmid carrying wild-type ASH1 grew robustly on canavanine
medium (row 2), whereas a strain with the vector control did not
(row 1). The strain carrying the C502R mutation did not grow
in the presence of the drug, indicating that HO was not repressed
under these conditions (row 6). To determine whether the
mutant Ashl protein was expressed and stable in yeast, a
Western blot using anti-Ashlp peptide antibodies was per-
formed on extracts made from strains transformed with plasmids
carrying an empty vector, wild-type, or mutant ASHI. The Ashl1p
C502R mutant protein resembled the wild-type protein in both
relative amounts and molecular weight (Fig. 5B, lane 3).

In addition, a purified recombinant version of the Ashlp
C502R protein did not demonstrate in vitro gel-shift activity
(data not shown), in further support of the notion that the
zinc-binding domain is critical for normal protein function.

Ash1p Is a Transcriptional Repressor. Transcriptional repression in
eukaryotic cells occurs by active and passive mechanisms (27-31).
To identify the means by which Ashlp negatively regulates HO
expression, in vivo repression assays were performed (32). The
ASH1 coding sequence was fused to the LexA-DBD (LexA-ASH1)
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Fig. 5.  (A) In vivo repression analysis of constructs carrying wild-type and
mutant versions of ASH1. Wild-type and mutant versions of ASHT were fused
to the LexA DNA-binding domain and were tested for repression activity of
HO-CANT in an ash1A strain in the presence or absence of canavanine as
indicated. Cultures growing in liquid selective medium were diluted and
spotted on plates from highest dilution to lowest (from left to right). SD,
synthetic dextrose. (B) ASH1 C502R encodes a full-length protein. An ash1A
strain (IH3964) was transformed with plasmids carrying a vector control
(MY 160, lane 1), wild-type ASHT (MY 158, lane 2), or ASH1 C502R (MY 159, lane
3) and assayed for Ash1p by using anti-Ash1p peptide antibodies.

and tested for its ability to repress transcription of the synthetic
pCYCl-lacZ reporter plasmid carrying multiple LexA operators
(Fig. 6A4). The fusion of full-length, wild-type Ashlp to LexA-DBD
repressed transcription from the reporter 2- to 5-fold (Fig. 6B,
compare row 1 with row 2 and row 4 with row 5). Deletion
derivatives of the ASHI coding sequence were fused to the LexA-
DBD to roughly map the domain structure of Ashlp. Derivatives
lacking the C-terminal 90 amino acid residues (AC90) or C-terminal
half of the molecule (AC288) were also able to repress the reporter
construct (Fig. 6B, compare row 4 with rows 6 and 7, respectively).
In contrast, a derivative lacking the N-terminal half of Ashlp
(AN300) was unable to repress the reporter, indicating that the
N-terminal region of Ashlp is responsible for transcriptional re-
pression activity. These deletion derivatives were also tested for the
ability to repress pHO-CANI in the canavanine sensitivity assay
(Fig. 54). None of the deletion derivatives [including AC90 and
AC288, which exhibited repression activity in the LexA reporter
assay (Fig. 6B)], conferred canavanine resistance to the test strain,
suggesting that all of the deletion derivatives lacked the ability to
repress.

The potential contribution of SwiSp to Ashlp-mediated tran-
scriptional repression was analyzed by using the pCYCI-lacZ
reporter in a swiSA strain. Deletion of SWI5 had no effect on the
ability of LexA-Ashlp to repress, indicating that Swi5 is not
required for Ashlp-mediated repression (data not shown). Sim-
ilarly, we tested known repressors of HO—TUPI and RPD3—for
their roles in facilitating Ashlp-mediated repression, but found
that deletion of neither gene affected the ability of Ashlp to
repress pCYCl-lacZ (data not shown).

To characterize further the in vivo defect of the zinc-binding
domain mutant, the ASHI ORF carrying the C502R mutation
was fused to the LexA-DBD and assayed for repression of the
pCYCl-lacZ reporter. Like LexA-ASHI, LexA-C502R repressed
transcription of the reporter (Fig. 6B, row 3). This observation
suggests that failure of this mutant to repress HO as defined by

Maxon and Herskowitz
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Fig. 6. (A) Diagram of the in vivo heterologous transcription repression
assay. The LexA-DBD plasmid and LexA-ASH1 plasmid are shown as examples.
In this assay, the /acZ reporter provides a readout of active transcriptional
repression when a repressor is targeted to the promoter by specific DNA
interactions mediated by the LexA-DBD. (B) LexA-Ash1p represses CYCT-lacZ
when recruited to the promoter via the LexA-DBD. B-Galactosidase measure-
ments were performed in duplicate in two representative transcriptional
repression experiments on three independent transformants. LexA-Ash1p
and LexA-C502R repressed transcription of the heterologous promoter ap-
proximately 4- to 5-fold. Deletion derivatives of Ash1p indicated that the N
terminus of Ash1p is required for repression of the reporter.

the pHO-CANI reporter was not due to inability to repress
transcription per se but presumably was due to a defect in specific
DNA binding at the HO promoter.

To identify genes in addition to HO that might be regulated by
Ashlp, we searched the yeast genome for promoters containing
the Ash1-binding site consensus. By using the PatMatch function
on the Saccharomyces Genome Database web site, YTGAT was
compared against 5’ untranslated regions within 2,000 bp up-
stream of predicted and known ORFs. Nearly all of the predicted
ORFs contain one or more YTGAT sequences in this region: 487
genes have at least 10 consensus binding sites for Ash1lp within
1,000 bp upstream of their translational starts.

The frequent occurrence of YTGAT in the yeast genome pre-
sents a challenge for identifying unknown targets of Ashlp by
pattern matching. In collaboration with the laboratory of Patrick
Brown at Stanford University, we performed DNA microarray
analysis with mRNA prepared from asynchronous yeast strains to
identify genes in addition to HO that might be regulated by Ashlp
(33). In two independent array experiments [one comparing an
ashIA strain (MY115) with a wild-type strain (MY6) and another
comparing an ash A strain (IH3964) with a strain carrying ASHI on
a 2u plasmid (MY212)], we observed four genes in which the
expression ratio (ashIA/ASHI) was 2-4. These genes—LYS9,
ARG3, ARGS,6 and UGA3—-contain 2, 3,4, and 1 Ash1p consensus
binding sites within 2 kb of their translational starts, respectively.
Contrary to our expectation, HO was not significantly induced in
the absence of ASHI in these experiments. The functional signif-
icance of these results remains to be determined. Identification of
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target genes by this approach may be difficult if transcriptional
regulation by Ashlp is less than 2- or 3-fold.

Discussion

Ash1p Is a Bipartite Protein with DNA-Binding and Repression Func-
tions. We have focused on the daughter cell-specific transcription
factor Ashlp and its action on the HO promoter to determine the
mechanism of repression of HO in daughter cells. Our experi-
ments indicate that Ashlp is a modular transcription factor that
acts at the DNA level to control transcription of HO. In vitro
gel-shift and DNase I footprint experiments showed that Ashlp
bound specifically to the HO promoter. In vivo repression assays
using both HO (pHO-CANI) and heterologous (pCYCl-lacZ)
promoter constructs revealed that Ashlp is bifunctional, con-
taining DNA-binding and repression functions at its C and N
termini, respectively.

Use of a reporter in which LexA operators are upstream of a
functional upstream activating sequence (UAS) allowed us to
test Ashlp for active repression activity. Proteins with active
repressor activity can negatively influence transcription when
positioned upstream of the UAS, whereas proteins lacking
repressor capability cannot function to decrease transcription of
the reporter. We found that the LexA-DBD-Ashlp fusion
repressed transcription when recruited to this reporter by the
LexA DNA-binding domain, suggesting that Ash1p functions via
an active mechanism for transcriptional repression.

We analyzed the role of the predicted GATA-type zinc-
binding domain in Ashlp activity by creating and characterizing
a mutant Ashlp with an altered zinc-binding domain. Our in vivo
repression experiments using the pHO-CANI reporter indicated
that the zinc-binding domain was required for Ash1p function at
HO because pHO-CANI was not repressed in this assay. Immu-
noblot experiments ruled out the possibility that the mutant
Ashl protein was not expressed or was unstable in yeast.
Interestingly, when the zinc-binding domain mutant was fused to
the LexA-DBD, the mutant fusion protein was fully competent
for transcriptional repression of the pCYCI-lacZ reporter, re-
vealing that the zinc-binding domain is not required for tran-
scriptional repression but may be specifically required for DNA
binding. In vivo repression assays using a pCYCI-lacZ reporter
and LexA-DBD/Ashl1p fusions allowed us to crudely define a
domain required for repression. We found that all fusions tested
except a construct lacking the N-terminal half of ASHI were
competent to repress the pCYCI-lacZ reporter. These results
suggest that Ashlp is recruited to the HO promoter by the
C-terminal DNA-binding domain defined by a zinc-coordinating
structure and functions to repress transcription by an active
mechanism dependent on the N-terminal half of the protein.

Ash1p Binds to YTGAT Sequences Upstream of HO. Ashlp binds
specifically to sites containing a YTGAT consensus sequence in
the URSI region of the HO promoter, as determined by DNase
I footprinting and Maxam-Gilbert sequencing analysis. In ad-
dition, we have shown that a single point mutation in one base
pair of the consensus prevents recognition of the site by Ashlp
in vitro. Consensus search analysis reveals a total of 20 matches
to the consensus in the HO promoter, 13 in URSI, and 7 in
URS2. Site-specific mutation of three Ashlp-binding sites ad-
jacent to the two SwiSp-binding sites upstream of HO in URS1
had no demonstrable effect on the frequency of mother or
daughter cell mating type switching in vivo. These findings
suggest that repression of HO by Ashlp in daughter cells may
require the occupation of many Ashlp-binding sites.

The zinc-binding domain of Ash1p has some similarity to the
first of two such domains found in the GATA-1 protein and
recognizes a sequence, YTGAT, that is related to the canonical
(A/T)GATA(A/G) sequence bound by GATA-1 and most other
GATA factors. GATA-1 has a characteristic DNA-binding do-
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main with two zinc-binding coordination sites of the configura-
tion Cys-Xaa,-Cys-Xaa;7-Cys-Xaa,-Cys (25). Fungal GATA
transcription factors such as the well-studied Aspergillus nidulans
AreA generally possess one such domain instead of the two
typically found in metazoans but maintain the ability to bind the
canonical consensus site (34). The primary sequence of Ashlp
suggests at least two differences from other GATA proteins that
may be responsible for recognizing the variant GATA site: an
altered residue at position 22 of the zinc-binding domain and
extra amino acids in the presumptive DNA-binding loop. It was
recently reported that a change from leucine to valine at position
22 of the AreA zinc-binding domain results in a preference for
TGATAG sites over the (A/C)GATAG sites bound by wild-type
AreA (34). Thus, position 22 of the zinc-binding domain may be
important for DNA site selection. Ashlp has a cysteine residue
at position 22 of its zinc-binding domain, unlike fungal GATA
factors (AreA and GlIn3p) and GATA factors of Caenorhabditis
elegans and humans (elt-1 and GATA-1, respectively). The
second difference is that the latter GATA factors have the
typical Cys-Xaa,-Cys-Xaa;7-Cys-Xaa,-Cys configuration in the
DNA-binding loop, whereas Ashlp has three additional amino
acids in this position (X17 — X20) at this position. These
differences may be responsible for ability of Ashlp to recognize
a variant GATA site.

A Model for Repression of HO by Aship. Ashlp may repress
transcription at the DNA level by a mechanism independent of
SwiSp function and dependent on the N-terminal half of the
Ashl1 protein. Our genetic and biochemical experiments indicate
that Ashlp may repress transcription of HO directly by first
binding to specific sequences throughout the HO promoter and
then repressing transcription by an active mechanism after DNA
binding. This activity appears to be independent of the general
repressor TUPI and the histone deacetylase RPD3, negative
regulators shown to play a role in active repression of HO.

Ashlp may function to repress HO by a mechanism that does
not require the displacement of SwiSp on HO promoter DNA.
Two of our observations support this notion. First, in vitro
footprinting experiments suggest that Ashlp does not require
SwiSp to bind DNA nor does it displace SwiSp bound to HO
DNA. Second, in vivo repression assays suggest that Ashlp does
not require SwiSp to repress transcription on a heterologous
promoter, indicating that a conformational change induced by
any Ashlp/Swi5p contact is not required for repressor activity.
In addition, the binding of SwiSp to HO promoter DNA in vivo
is unaffected by the inappropriate localization of Ashlp in both
mother and daughter cells, suggesting that Ashlp does not
prevent recognition of HO by SwiSp (7).
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Ashlp may prevent chromatin remodeling at HO. Recently,
Cosma et al. (7) have shown that transcription and chromatin
remodeling factors are recruited to the HO promoter in a
temporally ordered manner. The binding of Swi5p to URS1 at
the end of anaphase was proposed to allow the binding of the
Swi/Snf complex to URS1 and URS2. After Swi/Snf binding,
SAGA binds URS2 and allows the subsequent recruitment of
SBF to URS2. Ashlp was determined to bind within URSI1
transiently and after the binding of Swi5Sp. Binding of Ashlp to
HO was found to prevent Swi/Snf recruitment by SwiSp, a
requirement for HO expression.

Our studies suggest that Ash1p may bind at several sites on the
HO promoter. There are many models for Ashlp-mediated
repression of HO. Promoter occupancy by Ash1p may prevent an
essential recruitment function of SwiSp for Swi/Snf on HO, or
it may function to inhibit Swi/Snf recruitment directly. Another
possibility is that Ashlp represses transcription through inter-
actions with chromatin components directly, inducing a structure
refractory to Swi/Snf binding.

Ash1p May Regulate Genes in Addition to HO. Ashlp binds to the
consensus YTGAT and can repress transcription in the absence
of HO-specific regulators such as SwiSp. These observations
suggest that Ashlp may function at other promoters in addition
to HO. A role for ASHI in pseudohyphal growth (35) also
supports a role for Ashlp in regulating genes in addition to HO.
Our DNA microarray experiments identified several genes for
which transcription was apparently induced in the absence of
ASHI; these genes are candidates for regulation by Ashlp.

The identification of an Ash1p-binding site enables an affinity
method to isolate proteins and protein complexes that bind with
specificity to this consensus. Such an approach is expected to
reveal whether alternative binding partners contribute to DNA-
binding specificity in the recognition of sites controlling HO and
other target genes such as those relevant to pseudohyphal growth
and other aspects of mother/daughter asymmetry.
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