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Identification of Target Sites of the oi2-Mcml
Repressor Complex in the Yeast Genome

Hualin Zhong, Ron McCord, and Andrew K. Vershon'

Waksman Institute and Department of Molecular Biology and Biochemistry, Rutgers University,

Piscataway, New Jersey 08854-8020 USA

The «2 and Mcml proteins bind DNA as a heterotetramer to repress transcription of cell-type-specific genes in
the yeast Saccharomyces cerevisize. Based on the DNA sequence requirements for binding by the «a2-Mcml
complex, we have searched the yeast genome for all potential «2-Mcml binding sites. Genes adjacent to the sites
were examined for expression in the different cell mating types. These sites were further analyzed by cloning
the sequences into a heterologous promoter and assaying for a2-Mcml-dependent repression in vivo and
DNA-binding affinity in vitro. Fifty-nine potential binding sites were identified in the search. Thirty-seven sites
are located within or downstream of coding region of the gene. None of the sites assayed from this group are
functional repressor sites in vivo or bound by the «2-Mcml complex in vitro. Among the remaining 22 sites, six
are in the promoters of known «-specific genes and two other sites have an «2-Mcml-dependent role in
determining the direction of mating type switching. Among the remaining sequences, we have identified a
functional site located in the promoter region of a previously uncharacterized gene, SCYJLI70C. This site
functions to repress transcription of a heterologous promoter and the a2-Mcml complex binds to the site in
vitro. SCYJLI70C is repressed by a2-Mcml in vivo and therefore using this method we have identified a new

a-specific gene, which we call ASG7.

Many eukaryotic transcription factors have been iden-
tified based upon their strong amino acid sequence
conservation to known DNA-binding domains and
regulatory proteins. Often, subsequent analysis of the
temporal or spatial expression of these proteins sug-
gests that they may be involved in the regulation of
critical cellular or developmental processes. To under-
stand their roles in developmental and transcriptional
regulation, the identification of their target genes is
essential.

One common method used to identify the target
genes is to remove or alter the activity of the regulatory
protein, either through mutations or by changing its
expression, and then examine the effects of these
changes. The downstream target genes can be identi-
fied through subtractive DNA libraries, differential dis-
play, or by DNA microarray techniques (DeRisi et al.
1996; Lashkari et al. 1997; Chu et al. 1998; Lutfiyya et
al. 1998; Roth et al. 1998). This approach works well
for organisms such as the yeast Saccharomyces cerevisiae,
in which it is possible to construct strains with a mu-
tation in these genes and assay the effects of mutants
(DeRisi et al. 1997; Lutfiyya et al. 1998). In higher eu-
karyotes, however, it is difficult or impossible to use
this approach to screen for downstream target genes
because it is difficult to alter the activity of the regula-
tory proteins.

As an alternative approach to identifying the tar-
get genes of transcriptional regulatory proteins, the
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binding sites for these proteins can be determined
through in vitro site selection methods (Blackwell and
Weintraub 1990). This information is then used to
search the genomic databases for genes containing
these sites. The lack of a complete sequence of the or-
ganism has made this approach limited in the past.
The genomic DNA sequences of many prokaryotic or-
ganisms, as well as the eukaryotes S. cerevisiae and Cae-
norhabditis elegans, however, have been reported over
the last few years (Fleischmann et al. 1995; Bult et al.
1996; Goffeau et al. 1996; Deckert et al. 1998). The
genome sequence projects of several other model or-
ganisms, such as Drosophila and Arabidopsis, are well
under way (Dickson 1998; Flanders et al. 1998; Venter
et al. 1998). As progress on the genome projects con-
tinues, it becomes possible to search an entire genome
for all potential binding sites of a given DNA-binding
protein. In this paper we describe this type of search to
identify all of the target genes in yeast that are regu-
lated by the a2 and Mcm1 proteins that form a com-
plex to bind DNA and repress expression of cell-type-
specific genes. These experiments served to identify a
new cell-type-specific gene in yeast. In addition, our
results suggest that there are no extraneous a2-Mcm1
target sites in the genome and therefore all functional
sites are regulating cell-type-specific functions.

RESULTS

Identification of Potential a«2-Mcml Binding Sites
There are three different cell types in the yeast S. cer-
evisiae—haploid a, «, and diploid a/a cells—which dif-
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fer in mating specificity and ability to sporulate. The
differences in cell type are attributable to the expres-
sion of different cell-type-specific genes under the con-
trol of the MAT locus (Herskowitz 1988; Johnson
1992). The MATa locus encodes a2, a homeodomain
protein, which is required for transcriptional repres-
sion of a-cell-type-specific genes in « cells (Strathern et
al. 1981; Tatchell et al. 1981; Herskowitz 1988;
Johnson 1992). The a2 protein interacts with Mcm1, a
MADS-box protein that is similar to the mammalian
serum response factor, SRF (Keleher et al. 1988; Pass-
more et al. 1988; Treisman 1995; Tan and Richmond
1998). The a2 and Mcm1 proteins bind to a conserved,
partially symmetric, 31-bp sequence located upstream
of the transcription start site of a-specific genes
(Johnson and Herskowitz 1985; Miller et al. 1985). The
two proteins bind to the site as a heterotetramer, in
which the Mcm1 dimer occupies the center region of
the site and is flanked by a2 monomers. Although both
proteins bind to this site on their own, they bind co-
operatively with more than 100-fold higher affinity
(Keleher et al. 1988). The Mcm1 protein also functions
to set the spacing and orientation for «2 binding,
which contributes to the specificity of the complex
(Smith and Johnson 1992).

Previous studies have determined, in detail, the
sequence requirements for the a2 protein to bind DNA
with higher affinity and cooperatively in complex with
Mcm1. Although each position in the 31-bp a2-Mcm1
recognition site has a base-specific preference, highly
conserved TGTA sequences in each half site are essen-
tial for a2 binding and repression (Smith and Johnson
1994; Zhong and Vershon 1997). In the crystal struc-
tures of a2 binding alone and in complex with Mcm1,
residues in the a2 homeodomain make specific con-
tacts with these bases (Wolberger et al. 1991; Tan and
Richmond 1998). In the center of the a2-Mcm1 site,
the 5'-CCNNNNNNGG sequence has been showed to
be required for Mcm1 binding (Treisman et al. 1989;
Acton et al. 1997; West et al. 1997). The distance be-
tween the a2 sites and the Mcm1 site is variable among
the natural half sites, with a spacing of 4 or 5 bp. Sites
with 4 or 5 bp spacing repress transcription equally
well, but sites with 3 or 6 bp spacing fail to repress
transcription and are not bound cooperatively by a2
and Mcm1 in vitro (Mead et al. 1996). Although both
a2 and Mcm1 make base-specific contacts to these
bases, mutagenesis results show that there is relaxed
sequence specificity, with a preference for A or T bases
at these positions (Acton et al. 1997; Zhong and Versh-
on 1997). Taking the data from all of these experi-
ments together, a degenerate consensus sequence of
TGTAN(A/T);_4CCN;GG(A/T);_4NTACA can be de-
duced for the «2-Mcm1 binding site.

The degenerate consensus sequence was used to
search for all the potential a2-Mcm1 recognition sites

in the entire yeast genome using the PatMatch pro-
gram provided by the Saccharomyces Genome Data-
base. Allowing for a maximum of two mismatches in
conserved bases, 59 sequences were obtained in the
search (Table 1). All of the sites that perfectly match
the search sequence are located in the promoter re-
gions of known a-specific genes. Four sequences were
identified which contain one mismatch with the
search sequence. Two of these sites fall within the pro-
moter regions between divergently transcribed open
reading frames (ORFs) and therefore could potentially
regulate both of these genes. Of the remaining 49 sites
containing two mismatches with the degenerate con-
sensus sequence, the majority of these are within ORFs.
All of the previously identified a2-Mcm1 sites are
within 250bp upstream of the translation start codon.
It hasbeen shown that the sites placed further up-
stream of the gene or downstream of the start of tran-
scriptionare significantly weaker in their ability to re-
press transcription (Johnson and Herskowitz 1985;
A.K.Vershon, unpubl.). Therefore, because many of the
sites in this group are within the genes and contain
multiple mismatches at positions important for bind-
ing they are unlikely to be functional «2-Mcm1 repres-
sor sites.

Expression of Potential a-Specific Genes

To determine if any of the «2-Mcm1 sites identified in
the search regulate transcription of nearby genes, the
expression of these genes was compared in different
cell types by RT-PCR and Northern assays. Genes that
are regulated by the a2-Mcm1 complex are repressed
in o and diploid a/a cells and expressed in a cells.
An example of the assay is shown in Figure 1 and a
summary of the results is shown in Table 2. In addition
to the known a-specific genes, STE2, STE6, MFAI,
MFA2, BAR1, and AGA2, the only ORF that showed
a similar pattern of expression in a versus a cells
was YJL170C. To confirm this result, the YJL170C cod-
ing region was used as a probe in a Northern blot
of RNA prepared from a, «, and diploid a/a cells
(Fig. 2). Our results show that YJL170C is expressed in
a but not in « or diploid a/a cells and is therefore an
a-cell-type-specific gene. This is the seventh a-specific
gene that has been identified and we have named this
ORF ASG7.

The start of the coding region of the ASG7 gene is
397 bp away from the start of the YJLI69W OREF. Be-
cause these genes are transcribed in the opposite direc-
tion, it is possible that they share promoter elements.
In fact, the a2-Mcm1 binding site is closer to the start
site of the YJL169W ORF than to ASG7. We did not see
any evidence for a-specific expression of this gene by
RT-PCR (Fig. 1) or Northern blot (data not shown).
This result implies that there may be some asymmetry
to the mechanism of regulation by this site.
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Repression Mediated by
a2-Mcml Target Sites of a
b
Heterologous Promoter Sequence
. . ORF Gene® bp (TGTANWWWWCCNNNNNNGGWWWWNTACA)
Many of the sites that we iden-

tified do not appear to actively mis = 0

Table 1. Potential ®2/Mcm1-Binding sites in the Yeast Genome

regulate gene expression in - YRRSENE ST O TCTAATTTCCTANTTGOGTAA GTACA
their endogenous contexts. It is  BGEIGESR AGA2 271 TGTAA TTCCGAATACGGTAA TTACA
still possible, however, that  yj 015w BART 237 TGTAA TTACCGTAAAAGGAAA TTACA
they are functional binding  YKL209C STE6 184 TGTAA TTACCTAATAGGGAAATTTACA
sites for the a2-Mcm1 complex ~ YNLT45W MFA2 223 TGTAT TTACCTATTCGGGAAATTTACA
and that they may serve a role mis = 1
in sequestering the a2 and DPS1< TGTAA TTACTGTATTGGGAAATTTACA
Mcm1 proteins in the cell. To YJL170C ASG7 205 TGTAAATTTCCCGATGCGGTAA TTACG
analyze whether the identified YJLT169W 166
) YKL188C PXA2 259 TGTAA TTAACGCCGAAGGAAT ATACA
sequences are functional target  yyippow  £5C7 29 TGTAA ATTCACCAAGGGGTTAAGTACA
sites for the a2-Mcm1 complex, YMR218C 191
we measured the level of a2—- -2
: mis =
Mcml-dependent repression DPS2¢ TGTAA TTACTTAAATAGGAAGTTTACA
mediated by the sites in the  ypj108w 533 TGTAG ATACCGTCCTTGGATA GAGCA
context of a heterologous pro- YELO66W HPA3 103 CGTATATTTCCCAATCCGGTTA TTAAA
moter. Oligonucleotides con- YFROO7W 55 TGAAG TAACC'ITGTFAGG'ITAATITCA
. . YGLO75C MMC1 344 TGTCATATACCCGTGAAGGCAT TTACA
taining the sites were cloned ' yg Jg7¢ cox4 324 TGTATTTTTCAATAAGAGGATTATAACA
between the UAS and TATA el-  vyjLo62w LAS21 162 TATAGATATGCTTATACGGATATATACA
ements in the promoter of a YJLO63C MRPL8 620
CYCl-lacZ reporter. The level \\;}E} gg\sv ECM17 2‘1‘ ; TGTACAATACCATCAATGGCTT CTAAA
of transcriptional repression y| g43ow 405 TGTTCATTTCTAACTCTGGTTAATTACA
mediated by each site was de- YLR431C 422
termined by comparing the lev- YNLO53W MSGS 249 TGTAC TTTCCAAAAAAGGAAA ATGTA
. YNL298W CLA4 349 GGTAT TTTCCCTTTCCGGAAATATAGA
els of lacZ expression from con- ¢y tS(AGA)) 469 TGTTTAAATICTTCTGGGGTAT ATACA
structs containing the potential  yaro20c PAU7 3/ TGTAG ATACCGTCTACGGATA GAGCA
a2-Mcm1 site to the parent  YPROO9W 3! TGTAA TTTCCTCCTATGTAAA ATATA
vector without a site in a MATa  YBR259W 3 TGTAG TAAATTATTATGGAATAGTACA
strain (Table 2). All of the sites  1IRO34C Lys1 int TGTAT ATACTTTAAATGTAAA CTACA
: - : YIRO19C MUCT int TGTAA TTTCACCACCTGGTTTTGTACT
in the zero and one-mismatch  vy|L131C FKH1 int TGTAAATATCCGCTAATGAAATACTACC
groups, as well as sites that are Y]ROO9219CC /SNZ) int T(C]GAGATI' EETGTGTI'SSAATAGGTAJA
: . YAL MYO4 int TCTAAAATACCAATAAAGGAAA AGACA
most likely to be functional = yoors 73 int TGTACAATTCCTGAAAAAGTTT GTATA
sites in the two-mismatch  y\pri46c TIF34 int AGTAG TTACCGCATGGGGAAA ATTCA
group, were assayed in the het-  YML043C RRNTT int TGTAC AATGCAAAAGTGGAAT TTCCA
erologous reporter vector. All Of YILO3TW SMT4 int TGTAT mCAACAATCGGTGATCTACA
X . P YNL250W RAD50 int TGAAATTTTCCAAGCGATGAAATTTACA
the previously identified sites  ye o3y SCY1 int TGTTCATAACCGCGCAAGCTTT GTACA
found in the promoters of the  yNL192w CHS1 int TGTAT ATTCCTTTTGTCATTT TT ACA
a-cell-type-specific MFA1,  YNL191W int TGTAG AAACTTCACCAGGAGA ATACA
MFA2. STE6, STE2 and BARI YNLO41C int TGAAT TATCCCTCAGGGCTAA GTACA
’ : N YDL074C int TGTAGTTTTICACACTTGGATT CTAGA
genes, as well as sites involved  yppsg1c int TGTAA AAACCACACTGGGATC GTCCA
in determining the direction of  YGL186C int TGTATTTATCACTTGATGAAAT GTACA
mating fype switching, DPSI JQuge %2 O ACTAC ATTCCACTAATGCTAT TGACA
. int
and DPS2, function as repressor | y\ o7y int TGGGT TTACCACTTCAGGTTATATACA
sites in the heterologous pro-  ypr2osw EBST int TGTACTTTTGCCGAAAAGGATT ATCCA
moter (Szeto et al. 1997; Zhong YIRO10W int AGGAT ATTCCTGAAGAGGATTTTTACA
and Vershon 1997). The site in  YERO37W int TGGAT TATCCGTGAAAGGTTTAATAAA
the bromoter of the a.specific  YPL164C int TGTAG TTTTCGAAATGGGATAAATCCA
p : pecilt YJL223C PAUT int TGTAG ATACCGTCCTTGGATA GAGCA
AGA2 gene, which was identi-  YEL0o49w PAU2 int TGCTC TATCCAAGGACGGTAT CTACA
fied by our search and was pre- YGL261C int TGTAG ATACCGTCCTTGGATA GAGCA
. : YGR294W MGAT int TGCTC TATCCAAGGACGGTAT CTACA
viously uncharacterized for 52 int TGTAG ATACCGTCCTTGGATA GAGCA
binding or repression, also YAL068C int TGTAG ATACCGTCCTTGGATA GAGCA

functions as a strong repressor

1042 Genome Research
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Table 1. (Continued)

Sequence®
ORF Gene? bp (TGTANWWWWCCNNNNNNGGWWWWNTACA)
YBR301W int TGCTC TATCCAAGGTCGGTAT CTACA
YHLO46C int TGTAG ATACCGTCCTTGGATA GAGCA
YKL224C int TGTAG ATACCGTCCTTGGATA GAGCA
YDR542W int TGCTC TATCCAAGGTCGGTAT CTACA

the levels observed to the STE6
site. Under the same conditions,
there is no detectable binding by
the «a2-Mcm1 complex to the
site found in the PXA2 pro-
moter. As expected from the in
vivo repression data, the a2 and

“Blank entries indicate that a gene name has not been assigned to the ORF.
PMismatches with the consensus sequence are underlined. Blank entries indicate a site that
is within the promoter region of two divergently transcribed genes. The site is shown on the

line above.

“The DPST and DPS2 sites are a2-Mcm1 sites located on the left arm of Chromosome Il and
are involved in mating-type switching but do not appear to regulate a specific ORF (Szeto et

al. 1997).

site in the heterologous promoter. The site upstream of
ASG7 also mediates a2-Mcm1 repression of the test
promoter, although the level of repression, 13-fold, is
weaker than many of the sites found in other a-specific
genes. All other sites tested do not show significant
(>3-fold) levels of a2-Mcm1-mediated repression and
are therefore not functional sites in vivo.

Mcml-mediated Activation of the Potential
Regulatory Sites

In the absence of a2, the Mcm1 protein binds to a2-
Mcm1 sites and functions as a transcriptional activator
(Bender and Sprague 1987; Jarvis et al. 1988; Ammerer
1990). To test whether any of the sites identified in the
search function as Mcml-dependent activator sites,
the CYC1 UAS elements were removed from the heter-
ologous reporters described above and lacZ expression
was assayed in a MATa strain (Table 2). All of the sites
which function as repressor sites in the a strain also
function as activator sites in the MATa strain. With the
exception of the site in the MSG5 promoter, most of
the sites that do not repress transcription do not func-
tion as activator sites. The MSGS5 site, however, exhibits
strong Mcm1-mediated activation in both a and «
cells, suggesting that this site is a functional Mcm1 site.

In vitro Analysis of the AGAZ and ASG7 a2-Mcml
Binding Sites

The results described above show that our search has
identified two previously uncharacterized, functional
a2-Mcml1 target sites in the AGA2 and ASG7 promot-
ers. To verify that the transcriptional repression and
activation mediated by these sites is attributable to
binding by the a2-Mcm1 complex, the sites were as-
sayed for binding by «2 and Mcm1 alone, and in com-
bination, by EMSAs (Fig. 3). The ASG7 site is bound by
the a2 protein although the binding affinity is signifi-
cantly weaker than that of the STE6 site. The Mcm1
binding affinity and the cooperative binding by «2 and
Mcm1 to the ASG7 site, however, are comparable with

Mcm1 proteins have similar
binding affinity for the site in
the AGA2 promoter as to the
STEG6 site (data not shown). The
in vitro results are therefore con-
sistent with the in vivo results
and show that the AGA2 and
ASG7 sites function as a2-Mcm1
binding and repressor sites.
DISCUSSION

In this study, we have performed a search of the yeast
genome for potential recognition sequences of the a2—

YJL170C PXA2
(ASG7)
<,

A
YJL169W

12 3 45 6 7 8 9 10 11 12 13 14 15

B Bary MSG5

YMR218C LAS21

-
@¢$Q¢%

e 5% o 5%

e T Ry S—

1 2 3 4 5 6 7 8 g 10 11 12

MFA2 SRA3 PMP1 VPS13
A <
¢ ® 2 G & ¢ g o % ¢ %

1 2 3 4 5 6 7 8 9 10 11 12

Figure 1 (A) Expression of potential a-specific genes in haploid
and diploid cells. The expression of Y/LT69W (lanes 1-5), YJL170C
(lanes 6-10), and PXA2 (lanes 17-15) were assayed using RT-
PCR. RNA prepared from o (lanes 1,6,11), a (lanes 2,7,12), a
induced with « factor (lanes 3,8,73), and a/a diploid (lanes
4,9,14) strains was used as the template with primers specific for
each ORF. Genomic DNA was used as the template to serve as
controls for the PCR reactions and the size of the expected frag-
ments (lanes 5,70,15). (B) Expression of BART (lanes 1-3), MSG5
(lanes 4-6), YMR218C (lanes 7-9), and LAS21 (lanes 10-12) in a
(lanes 1,4,7,10), a (lanes 2,5,8,11), and a/a diploid (lanes
3,6,9,12) strains by RT-PCR. (C) expression of genes by RT-PCR
that show cell-type-specific expression by microarray assay. MFAT
(lanes 7-3), SRA3 (lanes 4-6), PMP1 (lanes 7-9), and VPS13 (lanes
10-12) in a (lanes 1,4,7,10), a (lanes 2,5,8,11), and a/« diploid
(lanes 3,6,9,12).
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Table 2. Analysis of the Potential Sites for «2-Mcm1-Mediated Repression

ORF Gene bp Sequence mRNA? Repression® Activation®
mis =0
YDR461W MFAT 204 TGTAA TTACCCAAAAAGGAAATTTACA a 100 % 15X
YFLO26W STE2 201 TGTAAATTTCCTAATTGGGTAAGTACA a 33X 28 %
YGL032C AGA2 271 TGTAATTTCCGAATACGGTAATTACA a 167 X 51 %
YILOT5W BART 237 TGTAATTACCGTAAAAGGAAATTACA a 81X 25X
YKL209C STE6 184 TGTAATTACCTAATAGGGAAATTTACA a 69 X 17 %
YNL145W MFA2 223 TGTATTTACCTATTCGGGAAATTTACA a 43X 47 X
mis = 1

DPS1 TGTAATTACTGTATTGGGAAATTTACA a 404 < 7.8X%
YJL170C ASG7 205 TGTAAATTTCCCGATGCGGTAATTACG a 13X 14 %
YJL169W ORF 166 a, o, a/a
YKL188C PXA2 259 TGTAATTAACGCCGAAGGAATATACA a, o, a/a 1.3% 1.5%
YMR219W ESC1 29 TGTAAATTCACCAAGGGGTTAAGTACA a, o, a/a 1.1 1.2
YMR218C ORF 191 a, o, a/a
mis = 2

DPS2 TGTAATTACTTAAATAGGAAGTTTACA a 283 % 12
YLR432W ORF 405 TGTTCATTTCTAACTCTGGTTAATTACA a, o, a/a 2.4% 0.9 %
YGL187C COX4 324 TGTATTTTTCAATAAGAGGATTATAACA a, o, a/a 2.8x 1.0x
YNLO53W MSG5 249 TGTACTTTCCAAAAAAGGAAAATGTA a, o, a/a 0.5% 22X
YGLO75C ORF 344 TGTCATATACCCGTGAAGGCATTTACA a, o, a/a 1.3X% 0.9 %
Y|LO62W ORF 162 TATAGATATGCTTATACGGATATATACA a, a, a/a 23X 1.0x
YJR138W ORF 645 TGTACAATACCATCAATGGCTTCTAAA a, o, a/a 2.6X 1.4%

“mRNA was examined by Northern blot or RT-PCR in the previous studies and this work. (a) The transcript is only present in a cells.
a, o, a/a) The RNA was present at the same level in haploid a, «, and diploid a/« cells, respectively. The «a2-Mcm?1 sites that are
involved in mating-type switching, DPST and DPS2, regulate cell-specific expression of several small transcripts (Szeto et al. 1997).
The fold repression is measured assaying the level of expression of a CYCl—-lacZ reporter plasmid containing the designated a2/
Mcm1-binding site and comparing it to the parent vector without the site (212 units) in a MATa strain.
“The fold activation is measured assaying the level of expression of a CYCl-lacZ reporter plasmid with the designated «a2/Mcm1-
binding site lacking the CYC7 UAS sites and comparing it to the parent vector without the Mcm1 site (0.4 units) in a MATa strain.

Mcm1 complex. Assuming that the entire yeast ge-
nome has an A/T content of 61% (Dujon 1996) and
allowing for two mismatches, we expected to find
three to four matches in the genome to degenerate
TGTAN(A/T)5_4,CCNsGG(A/T);_4NTACA sequence.
The fact that we found 59 matches suggests that the
presence of these sequences is not random. It is pos-
sible that a part of this sequence is used for recognition
by other DNA-binding proteins or complexes. For ex-

1 2 3

Figure 2 Expression of ASG7 (YJL170C) in haploid and diploid
cells. Total RNA was prepared from MATa strain 246.1.1 (lane 1),
MATa strain EG123 (lane 2), and the diploid MATa/MAT« strain
246.1.1 X EG123 (lane 3). The blot was hybridized with a radio-
labeled DNA fragment specific for the coding region of the
YJL170C. An ethidium bromide-stained gel before transfer is
shown as a control for RNA loading.

1044 Genome Research
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ample, some of the sites could have been identified
because they contain an Mcml-binding site. Mcm1
binds with other cofactors such as the a1, Ste12, Arg80,
and Sff proteins to regulate other sets of genes (Lydallet
al. 1991; Errede 1993; Hagen et al. 1993; Messenguy
and Dubois 1993; Oehlen et al. 1996). One of the sites
we identified is in the promoter of MSGS, a gene that is
highly expressed in response to pheromone (Doiet al.
1994). We have shown that this site is not a functional
a2-Mcml1 repressor site, but does serve as an Mcm1-
dependent activator site and is likely required for the
Ste-12-Mcm1 dependent pheromone response. An-
other explanation for the number of sites we found is
that a large number of the sites are within the coding
regions of genes or uncharacterized ORFs. Ten of the
sites fall within the coding region of the PAU family of
proteins, which have an unknown function and con-
tain a low content of serine and threonine residues
(Viswanathan et al. 1994). All of the potential a2-
Mcml sites identified in this class of proteins fall
in a highly conserved amino acid sequence. These
sites were therefore identified in our search because
they code for a conserved amino acid sequence and
not because they are functional a2-Mcm1 binding
sites.
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Figure 3 The DNA-binding activity for the ASG7 site in EMSAs.
(A) Purified a2 protein was used in an EMSA with labeled frag-
ments containing the indicated a2-Mcml-binding sites. The pro-
tein concentration was 4.0 X 10~ m (lanes 1,5,9), 8.0 x 1078
M (lanes 2,6,10), 1.6 X 1078 m (lanes 3,7,7117), 3.2 X 107° m
(lanes 4,8,12). (B) Purified Mcm1 protein was used in an EMSA
with labeled fragments at a concentration of 1.7 X 108 m
(lanes 1,5,9), 1.7 x 10~ 2 M (lanes 2,6,10), 1.7 X 10~ '°m (lanes
3,7,11), and 1.7 X 10" m (lanes 4,8,12). (C) Purified a2 pro-
tein at a concentration of 8.0 X 10°8 m (lanes 1,6,11),
1.6 X 1078 m (lanes 2,7,12), 3.2 X 1077 m (lanes 3,8,13),
6.4 X 1071 m (lanes 4,9,74), 1.3 x 107 '° m (lanes 5,70,15)
was mixed with Mcm1,_g¢ fragment at a concentration of
1.7 X 107° M in the EMSAs. The a2-Mcm1 complex includes
two molecules of a2 and two molecules of Mcm1 and the Mcm1
complex includes two molecules of Mcm1. the EMSAs shown are
phosphorimages of the gels.

Although the search identified a large number of
potential sites in the genome, we have found that rela-
tively few of these sites are functional a2-Mcm1 re-
pressor sites. There appears to be a large decrease in the
binding affinity and activity between the functional
and nonfunctional sites and there do not appear to be
any sites with intermediate affinity or activity. Most of
the sites identified in the search contain two signifi-

cant mismatches with the search sequence. With the
exception of the DPS2 site, all show substantial de-
creases in binding affinity in vitro and repression of a
heterologous promoter in vivo when compared with
the functional sites. In addition, none of the genes
near these sites show significant cell-type-specific ex-
pression in DNA microarray experiments (Roth et al.
1998). These results further support our findings that
these are not functional regulatory sites. It is unlikely
that these sites are bound by the protein in vivo. As a
result, there do not appear to be any active «2-Mcm1
sites in the genome without a specific regulatory target
and the presence of an active «2-Mcm1 site indicates a
functional target gene.

Our search identified two previously uncharacter-
ized a2-Mcm1 target sites. One is upstream of AGA2, a
cell-type-specific subunit of the a-agglutinin cell adhe-
sion complex (Cappellaro et al. 1994). Northern results
demonstrated that the AGA2 gene is expressed specifi-
cally in a cells (de Nobel et al. 1995). Although we
expected this gene to be regulated by a2-Mcm1, the
promoter of this gene had not been analyzed previ-
ously. From the search for potential «a2-Mcm1 sites, we
obtained a sequence in the promoter region of AGA2
that matches the consensus a2-Mcm1 site. Further-
more, we have shown that it is a functional «2-Mcm1
site in vivo and in vitro. Repression mediated by this
site is as strong as a2-Mcm1 sites in other a cell-type-
specific genes (Table 2) and the 2 and Mcm1 proteins
bind to the AGAZ2 site with the same affinity as to the
STE6 operator (data not shown). Therefore, as ex-
pected, expression of the a cell-type-specific AGA2
gene is directly regulated by the a2-Mcm1 repressor
complex.

The other novel «2-Mcm1-binding site identified
in our search is located 205 bp upstream of the trans-
lation start site of YJL170C. This gene is only expressed
in a cells and is strongly induced by exposure of the
cells to a-factor (Fig. 1). YJL170C is therefore a novel a
cell-type-specific gene that we have named ASG7. A
chromosomal null mutation of ASG7 does not have an
effect on the growth rate or mating efficiency (H.
Zhong, unpubl.). Preliminary results have shown,
however, that ASG7 is required for inhibition of the
a-factor mating type receptor, Ste-3 (J. Kim and ]J.
Hirsch, pers. comm.).

Knowledge of the yeast genome sequence makes it
possible to examine the expression profile of every
gene in the genome under different conditions using
DNA microarray techniques (DeRisi et al. 1996; Chu et
al. 1998; Roth et al. 1998). This type of analysis has
been performed to examine the differential expression
of genes in a and « cells (Roth et al. 1998). In agree-
ment with our results and previous findings by others,
MFA1, MFA2, AGA2, STE2, and BARI show significant
differences in expression in a versus « cells. Several
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other genes, PMP1, SRA3, and VPS13, which we did not
identify in our search, also show higher expression in a
versus a cells in the microarray assay. We did not find
any potential «2-Mcm1 binding sites in the promoter
of these genes, however, and did not observe differen-
tial cell-type-specific expression of these genes in our
assay (Fig. 1C). Two of the genes identified in our
search, STE6 and ASG7, did not have large enough dif-
ferences in the microarray assay to be identified as cell-
type-specific genes. Furthermore, the DPS1 and DPS2
sites, which have a2-Mcm1-dependent roles in the di-
rection of mating type switching, would not be de-
tected in the microarray assay. These sites regulate the
cell-type-specific expression of several small transcripts
in the left arm of chromosome III that are unlikely to
code for any functional protein (Szeto et al. 1997).
These transcripts would therefore not likely be de-
tected in microarray assays that monitor expression of
well-defined ORFs. Taken together, these results show
that each technique identified potential target genes
that were not detected by the other assay and that
together the two techniques complement. In sum-
mary, the search we have performed has identified two
previously unidentified sites as well as all of the known
a2-Mcm1 regulatory sites. This work gives an example
that, if the sequence requirement of a DNA-binding
protein is relatively well defined, it is possible to search
a genome database for its target sites and therefore find
novel target genes that are regulated by this protein.

METHODS

Northern and RT-PCR Assays

The total RNA from strains 246.1.1 (Mata), EG123 (Mata),
and 246.1.1 X EG123 (Mata/a) (Silicano and Tatchell 1984)
was prepared as described (Ausubel et al. 1997). RNA from a
cells treated with a-factor was purified in the same manner
except that cells were harvested 2 hr after adding 2 mwm of
a-factor at ODy, of 0.3. RT-PCR assays were performed using
the SuperScript Preamplification System kit (GIBCO BRL) ac-
cording to the manufacturer’s instructions. Two micrograms
of total RNAs isolated from a, «, or a/a yeast strains were used
as templates and oligo(dT),,_,s was used as the primer to syn-
thesize cDNAs. Pairs of oligonucleotides that specifically an-
neal to each of the potential genes were used as primers in the
second step of PCR for amplification of target cDNAs. These
primer pairs were designed to generate [500-bp fragments.
The reactions were run on agarose gels and DNA fragments
were visualized with ethidium bromide.

For Northern blot analysis, RNA samples were electro-
phoresed on a 1% formaldehyde-agarose gel and the RNAs
were denatured, neutralized, and blotted to a nitrocellulose
membrane. The level of mRNA expression was detected by
hybridization with PCR-generated fragments of each gene,
which were labeled by random priming with [a-**P]dCTP. Hy-
bridization was performed at 42°C in buffer containing 50%
formamide and washed in 2x SSC (Herrick et al. 1990). The
membrane was exposed to a phosphor screen and the image
was scanned on a Molecular Dynamics phosphorimager.
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B-Galactosidase Assays

Transcription reporter plasmids that contain potential a2-
Mcm1-binding sites were constructed by inserting double-
stranded oligonucleotides containing the 31- or 32-bp sites
with TCGA overhangs into the Xhol site between the UAS and
TATA elements in the CYCI-lacZ promoter of pTBA23 (Mead
et al. 1996). These constructs were used to measure «2-Mcm1-
dependent repression of the CYC1 promoter. Plasmids used to
measure Mcm1-dependent activation were constructed by di-
gesting the above plasmids with Bglll, followed by self-
ligation (Acton et al. 1997). This step removed the CYC1 UAS
sites from the promoter region, leaving the a2-Mcm1 site and
CYCI and TATA box. The reporter constructs were trans-
formed into the MAT« strain 246.1.1 to assay repression or
the MATa strain EG123 to assay activation by measuring the
level of B-galactosidase activity as described previously (Sili-
cano and Tatchell 1984; Keleher et al. 1988).

EMSAs

Full-length «2 and a fragment of Mcm1 (residues 1-98) were
expressed in bacteria and purified to >90% homogeneity as
described previously (Mead et al. 1996; Acton et al. 1997). The
relative a2-Mcm1 DNA-binding affinity for the potential a2-
Mcm1-binding sites were determined by EMSAs as described
(Zhong and Vershon 1997).
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