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ABSTRACT

Transcriptional regulation is a key mechanism that controls the fate and response of cells to diverse
signals. Therefore, the identification of the DNA-binding proteins, which mediate these signals, is a
crucial step in elucidating how cell fate is regulated. In this report, we applied both bioinformatics and
functional genomic approaches to scrutinize the unusually large promoter of the IME1 gene in budding
yeast. Using a recently described fluorescent protein-based reporter screen, reporter-synthetic genetic
array (R-SGA), we assessed the effect of viable deletion mutants on transcription of various IME1
promoter–reporter genes. We discovered potential transcription factors, many of which have no perfect
consensus site within the IME1 promoter. Moreover, most of the cis-regulatory sequences with perfect
homology to known transcription factor (TF) consensus were found to be nonfunctional in the R-SGA
analysis. In addition, our results suggest that lack of conservation may not discriminate against a TF
regulatory role at a specific promoter. We demonstrate that Sum1 and Sok2, which regulate IME1, bind to
nonperfect consensuses within nonconserved regions in the sensu stricto Saccharomyces strains. Our
analysis supports the view that although comparative analysis can provide a useful guide, functional assays
are required for accurate identification of TF-binding site interactions in complex promoters.

TRANSCRIPTIONAL regulation is the key mecha-
nism that controls cell fate in both prokaryotes

and eukaryotes. DNA-binding proteins, and proteins
recruited by them, modulate the transcription pattern
of genes in response to changing signals. Thus, the
identification of DNA-binding proteins and the specific
promoter regulatory roles they play are vital for
elucidating how cell fate is determined in response to
changing signals. The transcription of master regula-
tors of developmental pathways is in many cases
controlled by large and complex promoters that are
subject to multiple and diverse signals that act through
specific cis-regulatory sequences. Although each pro-
moter element in isolation often has a small impact on
transcriptional output, the sum of all regulatory signals
determines proper transcriptional control (Davidson

et al. 2002). Given this complexity, it remains a chal-
lenge to: (1) identify the individual trans-acting
regulatory components of promoters and (2) identify
regions in promoters bound by these proteins.

Several approaches can be used for the identification of
specific DNA-binding proteins that regulate the transcrip-
tion of genes, which include combining sensitive genetic
and biochemical assays. In recent work, an approach
called reporter-synthetic genetic array (R-SGA) analysis
was developed to carry out reverse genetic promoter–
reporter screens genome-wide (Kainth et al. 2009). These
screens allow measurement of a test promoter–GFP
reporter gene as well as a control promoter–red fluores-
cent protein (RFP) reporter gene in an array of yeast
deletion mutants and provide quantitative measures of
reporter gene activity in each mutant background.

Combinations of in vivo approaches and bioinfor-
matic analysis of sequence features within promoters are
commonly used to match consensus transcription factor
(TF) binding sites to DNA-binding proteins. TF-binding
sites are generally mapped by employing the following
methodologies: (i) direct mutational analysis of sites
bound by a specific TF (see for instance Shimizu et al.
1998), (ii) identification of common promoter sequence
motifs in groups of coregulated genes using gene
expression microarray analysis in mutant backgrounds
of specific TFs or in strains where each TF is overex-
pressed (Roth et al. 1998; Chua et al. 2006), (iii)
comparative analysis of all the sites bound by a specific
TF following genome-wide location analysis (ChIP–

Supporting information is available online at http://www.genetics.org/
cgi/content/full/genetics.110.122200/DC1.

1Corresponding author: Department of Biology, Technion–Israel Institute
of Technology, Technion City, Haifa 32000, Israel.
E-mail: ykassir@tx.technion.ac.il

Genetics 186: 829–841 (November 2010)

http://www.genetics.org/cgi/content/full/genetics.110.122200/DC1
http://www.genetics.org/cgi/content/full/genetics.110.122200/DC1
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.genetics.org/cgi/content/full/genetics.110.122200/DC1
http://www.genetics.org/cgi/content/full/genetics.110.122200/DC1
http://www.genetics.org/cgi/content/full/genetics.110.122200/DC1


chip) (Harbison et al. 2004), and (iv) systematic ex-
ploration of sequence motifs recognized by DNA-
binding proteins using high-resolution protein binding
microarrays (PBMs) (Berger and Bulyk 2006). How-
ever, these methods alone may be insufficient since
single TFs interact with a range of related sequences
(Lapidot et al. 2008). To better predict sequences likely
influencing transcriptional output, comparative DNA
sequence analysis between sensu stricto Saccharomyces
species is useful. This analysis is based on the assump-
tion that important cis-regulatory motifs in promoter
regions are conserved throughout evolution, unlike
other intergenic regions of DNA (Cliften et al. 2001,
2003).

In this report, we examined the feasibility of relying
primarily on consensus TF-binding sites to faithfully
identify true TF–promoter regulatory links in Saccharo-
myces cerevisiae by studying the IME1 promoter. In
budding yeast, the regulated transcription of most
genes is mediated through short upstream regulatory
sequences, (�437 bp, Saccharomyces Genome Data-
base at http://www.yeastgenome.org/), residing 100–
200 bp upstream of the start codon (Tirosh et al. 2007).
This means that most genes are not suitable for such an
analysis. However, complex regulation by an exception-
ally large region can be found at the IME1 gene (.2 kb)
(Granot et al. 1989; Sagee et al. 1998). IME1 encodes a
transcriptional activator that serves as the master regu-
lator of meiosis in budding yeast. Ime1 is required to
initiate a transcriptional cascade that consists of a
network of meiosis-specific genes and all the signals
that regulate meiosis converge at IME1, regulating its

transcription, translation, and activity (Kassir et al.
2003). Thus, IME1 may serve as an important tool to
compare and integrate both bioinformatic and exper-
imental approaches as described above. At least three
general signals, carbon source, nitrogen depletion, and
mating type, regulate the transcription of IME1. In the
presence of glucose IME1 transcription is repressed,
while in the presence of a nonfermentable carbon
source such as acetate, a basal level of IME1 mRNA is
detected. Upon nitrogen depletion, the transcription of
IME1 is transiently induced but only in MATa/MATa

diploids (Kassir et al. 1988). Deletion analysis of the 59

regulatory region of the IME1 gene revealed that it is
regulated by at least 10 distinct elements, 6 of which
confer negative regulation, while 4 confer positive
regulation (Figure 1; Kassir et al. 2003). However,
knowledge of the DNA-binding proteins that directly
affect transcription of the IME1 promoter remains
incomplete with only a few known regulators (Msn2/4,
Rme1, Sok2, and Yhp1) (Sagee et al. 1998; Shimizu et al.
1998; Kunoh et al. 2000; Shenhar and Kassir 2001).

In this report we combine bioinformatic and func-
tional genomic approaches to discover regulators of
IME1 transcription. The simple presence of a consensus
binding site was generally a poor predictor of direct
binding by a specific TF, since most of the sites appeared
nonfunctional; rather, a combination of in vivo tests and
the presence of a consensus site was a more powerful
predictor of a true regulator. While most of the
functional TF sites we identified resided in conserved
regions, detailed analysis of one element, IREu, suggests
that this element, and the TFs that bind and regulate its

Figure 1.—A schematic
structure of IME1 59 un-
translated region. The
MAT signal mediates repres-
sion activity of two elements
UCS3 and UCS4. The car-
bon source signal is trans-
mitted to UCS1, UASru,
and IREu, which function
as repression elements in
the presence of glucose. In
addition, UASru IREu and
UASrm function as activa-
tion elements in the ab-
sence of glucose and the
presence of acetate as the
sole carbon source. Prelimi-
nary data suggest that the
activity of UASv requires
the absence of glucose as
well as nitrogen. UCS1 also
functions as a negative ele-
ment in the presence of ni-

trogen. Solid boxes, elements required for transcriptional activation; open boxes, elements required for transcriptional repression.
A positive role is marked with an arrow, a negative role by a line. Larger effects are denoted by thick lines while lesser effects are
denoted by thin lines. Putative regulation is marked with a dashed line. Known regulators of IME1 transcription are shown.
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activity, are functional but not conserved. Similarly,
Sum1 was identified and verified in our screens as a
functional TF that binds to a nonconserved region.

MATERIALS AND METHODS

Bioinformatic approaches: Consensus sequences for known
TFs were taken from SGD (http://www.yeastgenome.org/),
Saccharomyces Cerevisiae Promoter Database (SCPD) (http://
rulai.cshl.edu/SCPD/), and YEASTRACT (http://www.yeastract.
com/), as well as from reports based on ChIP–chip (Harbison

et al. 2004; MacIsaac et al. 2006). In addition, several con-
sensus sites were taken from specific articles (details are
given in supporting information, Table S1). Location analysis
was based on the http://fraenkel.mit.edu/yeast_map_2006/.
Conservation analysis was based on S. cerevisiae genome browser
(http://genome.ucsc.edu/cgi-bin/hgGateway?
hgsid¼101879728&clade¼other&org¼0&db¼0).

High-throughput functional assay: We screened the viable
deletion array of �4500 genes for mutants that affect the
transcription of GFP reporter genes whose expression was
controlled by distinct upstream activation sequence (UAS)
elements as previously described (Kainth et al. 2009). Four
positive elements from the IME1 promoter, namely, UASru,
UASrm, UASv, and UASru(AB) (which carries only the 59 half

of UASru) were fused to his4TATA–GFP, which by itself is not
expressed. The use of UASru(AB) allowed us, as expected, to
identify TFs, for instance, Swi4, whose function was masked in
the UASru element. The negative elements, UCS3, URSuE,
URSd, and UCS1 were fused to his4UAS–his4TATA–GFP. These
constructs were used to transform strain BY4256 carrying the
RPL39pr–tdTomato reporter (RFP). The constructs were in-
troduced into the deletion array and MATa haploids carrying
the GFP and RFP reporters, as well as the deletion alleles were
selected as previously described (Kainth et al. 2009). The
activity of the UCS3 element was screened in a diploid array
homozygous for the deletions. To generate a diploid deletion
array, we introduced a URA3 marker on a 2m vector to the
deletion array [following transformation of Y8205 with
pRS426 (Sikorski and Hieter 1989), mating, and sporula-
tion], and MATa haploids carrying the deletion alleles were
selected. Following mating between the two arrays, diploids
carrying URA3, GFP, and RFP were selected. Colony fluores-
cence was assayed following 2 and 6 days of incubation on
minimal glucose and SPO plates, respectively, using Typhoon
Trio variable mode imager (GE Healthcare). The log2 GFP/
RFP ratio from each colony on the array was calculated as
described (Kainth et al. 2009).

Plasmids and yeast strains: Table 1 lists the plasmids used in
this study. Detailed description on how these plasmids were
constructed is available in File S1. Table 2 lists the genotype of
the strains used in this study. The genotype of the constructed
strains, including the copy number of inserted genes, was

TABLE 1

List of plasmids

Plasmid number Description Source

YIp1090 LEU2, IME1(�1318 to 1202)-lacZ Kassir lab
YIp2102 IME1UASru-HIS4TATA-LacZ, LEU2 This work
YEp2536 TRP1, 2m, pCDC28-GST-MSN2 Shenhar and

Kassir (2001)
YEp2562 2m, URA3, pCDC28-3xHA-sok2(1–32, 766–2721) This work
YEp2780 TRP1, 2m, pADH1-GAL4(bd)-ime1(270–360) Rubinstein

et al. (2007)
YIp2887 ime1(�3762 to �1118)-URA3-ime1(1945 to 12100) This work
YIp2895 sum1-URA3-sum1(Sum1 is from �49 to �1 and from 13189 to 13244, complete

deletion of ORF)
This work

P2980 IME1w/o IREu (IME1 is from �3.7 to 12.1) This work
YCp3010 IME1(�1283 to �1370)UASruab-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YCp3021 IME1(�1203 to �1370)UASru-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YCp3022 IME1(�789 to �915)UASrm-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YCp3023 IME1(�623 to �757)UASv-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YCp3031 UAShis4-IME1(�916 to �1122)URSd-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YCp3032 UAShis4-IME1(�1370 to �1643)UCS3-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YCp3039 UAShis4-IME1(�345 to �622)UCS1-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YCp3040 UAShis4-2xIME1(�1171 to �1197)URSuE-GFP-ADH1t, pTEF-natR-tTEF, CEN6, ARSH4 This work
YIp3085 gzf3DThisG-URA3-hisG This work
YIp3101 yox1DThisG-URA3-hisG This work
YIp3107 rim101ThisG-URA3-hisG This work
YIp3125 IME1(Sc)(�3.8 to 12.1), URA3 This work
YIp3129 IME1(Sp �2175 to �1, Sc �33 to 12100), URA3 This work
YIp3130 IME1(Sb �2119 to �1, Sc �33 to 12100), URA3 This work
YIp3131 sum1(11782 to 3168)-6HA, k1TRP1 This work
YIp3153 sum1DTURA3 This work
YIp3198 upc2DThisG-URA3-hisG This work
YIp3199 spt23DThisG-URA3-hisG This work

Sc, Saccharomyces cerevisiae; Sp, Saccharomyces paradoxus; Sb, Saccharomyces bayanus.
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verified by PCR and quantitative PCR, respectively. A precise
deletion of IREu in the genomic locus was constructed in two
steps, essentially as described (Gray et al. 2004). First, strains
Y1065 and Y1064, respectively, were transformed with a 2.9-kb
SpeI fragment from YIp2887 to construct a large deletion of
IME1 marked with URA3. Deletion of IME1 was confirmed by
lack of sporulation when mated to a known ime1D strain. The
resulting strains were cotransformed with a BamHI–XhoI
fragment from p2980 and pRS423 (Sikorski and Hieter

1989), selecting for HIS1 colonies. Colonies that were �Ura
were identified by plating on 5-FOA–containing medium.
Y1837 carries SUM1–6HA–kiTRP1–sum1. It was constructed by
transforming Y1214 with YIp3131 cut EcoNI.

Media and growth conditions: SD, minimal glucose (syn-
thetic glucose medium with glutamic acid as a nitrogen source),
PSP2 (SA), SPM, and SPO media were prepared as previously
reported (Kassir and Simchen 1991; Tong et al. 2001).
Meiosis was induced as follows: cells were grown in PSP2
supplemented with the required amino acids to early expo-
nential stage (0.8–1.2 3 107 cells/ml), washed once with water,
and resuspended in SPM.

b-Galactosidase activity was assayed as described previously
(Miller 1972).

Quantitative analysis of RNA level: RNA was extracted from
108 cells by the hot acidic phenol method. One microgram of
total RNA was used for a reverse transcription reaction (total
20 ml) with random hexamer primers and SuperScript
Reverse-iT transcriptase. A total of 100 ng of the resulting
cDNA was then used in real-time PCR analysis (qPCR)
according to the manufacturer’s instructions (ABGene, Sur-
rey, UK).

ChIP: The chromatin immunoprecipitation assay was done
essentially as described (Pnueli et al. 2004). Msn2, Sok2, and
Ime1 were tagged with GST, 3xHA,and Gal4(1–147), and placed
on a 2m vector. The expression of SOK2 in SA media is
substantially reduced in comparison to SD media (Shenhar

and Kassir 2001). Therefore, to determine the effect of the
carbon source on binding of Sok2 to its target, we expressed
Sok2, and as a control also Msn2, from the CDC28 promoter. The
transcription of IME1 is under glucose repression (Kassir et al.
1988). Therefore, to detect Ime1 in SD media, we expressed it
from the ADH1 promoter. As can be observed by the results
(Figure 3), overexpression of these proteins did not affect their
regulation, validating the use of a 2m plasmid. Finally, Sum1
tagged with 6xHA was expressed from its own promoter and
present in the genome. Following IP, qPCR on 100 ng genomic
DNA was performed.

Oligonucleotides: Primers used for qPCR: IME1, CAGCTGCA
GAACTTGGTTCA and GTGGAACGTAGATGCGGATT; ACT1,
ATCACCGCTTTGGCTCCAT and CCAATCCAGACGGAGTAC
TTTCTT; and SUM1, TCTACGACCTCTGCGACAAT and CCG
TCATCAAGGAAGTCAAA.

Primers used for ChIP–PCR: IME1–IREu, GACCCAAGAAGCC
ACCATGA and CGGTGTTATAGCAGCCGCAA; ARS305, CT
ATCTAAACTGGCTTTC and GAGAGAAACGCAACTACC;
IME1–UASru, CGTTGATGTCATCCGCTATT and ACAGCGC
AGTTGTGCTATG; and TEL1, GCGTAACAAAGCCATAATG
CCTCC and CTCGTTAGGATCACGTTCGAATCC.

RESULTS

Computational assignment of TFs to the IME1
promoter: S. cerevisiae has �150 DNA-binding proteins
that affect transcription, whose consensus binding
site(s) was reported, although 218 DNA-binding pro-
teins are known (Badis et al. 2008). We used the dataset
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of known consensus binding sites to predict the TFs that
may bind to the 2117-bp regulatory region of the IME1
gene (Sagee et al. 1998). We discovered 75 putative TFs,
present on 346 sites, which showed a perfect match to
the reported consensus sites. Table S1 gives the com-
plete list of TFs and sites. For statistical analysis, TFs that
form a complex were counted as a single TF (see details
in Table 3 legend). This approach, which led to the
identification of a surprisingly large number of putative
TFs, was unlikely to indicate ‘‘true’’ TF-promoter regu-
lators in yeast. To refine our list, we examined a ChIP–
chip dataset that defined the genome-wide location of
203 DNA-binding transcription regulators. This analysis
identified nine TFs spanning 55 sites within the IME1
promoter (Table S1). Only 16 (29%) of the identified
sites showed a perfect match to the consensus sequen-
ces, while the rest had a variation in at least one
nucleotide (Table S1). We note that this assay was done
in haploid cells grown in glucose-containing medium
(Harbison et al. 2004). It is possible that true TFs that
affect the transcription of IME1 under different con-
ditions were not represented. The large list of putative
TFs and ‘‘perfect’’ consensus sites that we generated,
together with the information from the ChIP–chip
dataset, suggest that a bioinformatic approach relying
solely on perfect consensus site identification may not
identify the majority of true TFs that regulate a given
promoter.

Analyzing sequence conservation to identify true
TFs: Cliften et al. (2001) suggested that within the
promoter regions, conserved sequences between closely
related species of Saccharomyces may reveal true sites
that bind specific TFs. The promoter region of IME1
from five sensu stricto Saccharomyces strains was aligned
using a genome browser. We searched within the
promoter of IME1 for conservation between three sensu
stricto Saccharomyces strains: S. cerevisiae, its closest
relative S. paradoxus, and its distant relative S. bayanus
(Figure S1). Because the smallest consensus site for TF
binding is 5 bp, a minimum of 5 bp was taken as a
measure for complete conservation. Overall, the pro-
moter of IME1 from that of S. cerevisiae and S. paradoxus
showed 62% conservation; that of S. cerevisiae and S.
bayanus showed, as expected, lower conservation, 22%;
and the three sensu stricto strains showed 19% conserva-
tion. Within the putative DNA-binding sites that we
identified in our computational survey (29 TFs) 11%
(37/346) resided in conserved regions. These results
imply that regions that may not serve as TF-binding sites
were also conserved. This analysis may provide an
underestimate of the number of TFs present in con-
served regions. This may result from the facts that TFs
bind to more than one specific sequence, and lack of
conservation may not reflect the absence of a TF-
binding site (designated as preserved sites). Moreover,
it is also possible that the DNA-binding site exists within
the promoter, but at an adjacent location (designated as

relocation). Therefore, we also searched the IME1
promoter sequences from S. paradoxus and S. bayanus
for the presence of sequences that might bind the
putative TFs, which are present in nonconserved
regions. By allowing either preservation or relocation
of sites, we found that the number of putative sites
increased to 92 (27%) and the number of potential TFs
to 35 (Table S1).

The transcription of IME1 from three sensu stricto
Saccharomyces strains responds similarly to meiotic
signals: The assumption that conserved sequences are
true TF-binding sites predicts that replacing the IME1
promoter of S. cerevisiae with that of S. paradoxus or S.
bayanus, both the closest and distant relatives, respec-
tively, would not affect the pattern and/or level of IME1
transcription. We tested this hypothesis by constructing
three isogenic S. cerevisiae strains with the endogenous
IME1 gene deleted and the IME1 ORF expressed from
either S. cerevisiae, S. paradoxus, or S. bayanus IME1
promoters, integrated at the URA3 locus. We discovered
that the pattern of IME1 transcription in the three
constructed strains was similar (Figure 2, A and B);
transcription was repressed under vegetative growth
conditions with glucose as the sole carbon source and
was induced when cells were grown with acetate as the
sole carbon source (Figure 2A). However, the relative
level of expression in SA media was about fourfold
higher in the strain carrying the S. bayanus promoter in
comparison to the S. cerevisiae and S. paradoxus pro-
moters (Figures 2A). This result implies that the pro-
moter of IME1 from either S. cerevisiae or its closest
relative S. paradoxus carries additional upstream repres-
sion sequence (URS) elements, or that additional UAS
elements that respond to the carbon source are present
in S. bayanus. It is also possible that the effect resulted
from reduced affinity of the TFs for the binding sites due
to sequence differences. In S. cerevisiae nitrogen de-
pletion leads to a transient induction in the transcrip-
tion of IME1 (peak between 6 and 8 hr in SPM) (Kassir

et al. 1988). The IME1 promoters of both S. bayanus and
S. paradoxus support a transient transcription, albeit the
increase as well as decline in transcription is faster
(Figure 2B). The different timing in expression did
not affect the efficiency of sporulation (Figure 2C).
Thus, the similar pattern of expression, namely, glucose
repression and a transient increase upon nitrogen
depletion, is in agreement with the suggestion that
essential positive (UAS) and negative (URS) elements
are conserved between the three sensu stricto strains.
Nonetheless, the differences in the level of expression in
SA media and the kinetic of expression in SPM (Figure
2B) suggest that some URS and/or UAS elements are
not conserved.

IREu is an important but nonconserved element in
the IME1 promoter: The S. cerevisiae IME1 promoter
carries two short repeats designated IREu and IREd in
which 30 of the 32 bp are identical (Sagee et al. 1998)
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(Figure 3A). The IREd repeat is conserved in S. para-
doxus and S. bayanus, but the IREu repeat is absent
(Figure 3B). This is surprising because IREu is an active
UAS element in the promoter of IME1, whereas IREd
shows only a weak UAS activity (Sagee et al. 1998;
Shenhar and Kassir 2001). To verify the function of
IREu in the transcription of IME1, we constructed a
diploid strain with a precise deletion of the IREu
element. We compared the level and pattern of IME1
transcription in this strain relative to the isogenic wild-
type strain. Under vegetative growth conditions with
glucose as the sole carbon source, the mutant strain
showed a 20-fold increase in the level of transcription in
comparison to the wild-type strain (Figure 3C). In the
presence of acetate as the sole carbon source, a 0.4-fold
reduction was observed (Figure 3C). Moreover, under
meiotic conditions the level of transcription of IME1 was
significantly reduced (Figure 3C). These results re-
inforce the conclusion that IREu serves as a negative
control element in the presence of glucose as the sole
carbon source and as a positive element in the presence
of acetate, with or without a nitrogen source. The
reduced level of IME1 mRNA had no effect on the
efficiency of asci formation (Figure 3D), in agreement
with our recent report that modulating the levels of
IME1 RNA and protein has no effect on the level of
sporulation (Gurevich 2010).

The activity of the IREu element in the presence of
glucose is regulated by Sok2, while its UAS activity in the
presence of acetate as the sole carbon source is
regulated by Msn2/4 and Ime1. Genetic analysis sug-
gests that Sok2 binds the TTTTCGTC site (Shenhar

and Kassir 2001), while Msn2/4 binds to the STRE
element—AGGGG (Sagee et al. 1998) (Figure 3A). We
used ChIP assays (Figure 3E) to demonstrate that Sok2
binds to a region encompassing its predicted binding
site and to confirm the localization of Msn2 to this
region. Consistent with previous findings showing that
the presence of glucose excludes Msn2 from the nucleus
(Gorner et al. 1998), we found that Msn2 bound IREu
only in the absence of glucose (Figure 3E). Sok2 was
present on the promoter regardless of the carbon
source (Figure 3D), confirming genetic analysis suggest-
ing that relief of Sok2 repression in the absence of
glucose is not mediated by its sequestering from the
promoter (Shenhar and Kassir 2001). The Sok2-
binding site does not correspond to the reported
consensus site for Sok2; rather, Sok2 binds to an
Swi4,6-dependent cell cycle box (SCB)-like element in
the IME1 promoter (Figure 3A), probably reflecting its
extensive homology to the DNA-binding domain of Swi4
(Ward et al. 1995), which binds SCB elements. Ime1 was
present on the promoter in wild-type cells, but not in the
msn2D msn4D double mutant (Figure 3F), suggesting
that Msn2 and/or Msn4 recruits Ime1 to the IREu
element. In summary, the IREu element is an essential,
but nonconserved element whose activity is directly

T
A

B
L

E
3

S
u

m
m

ar
y

o
f

T
F

s
id

en
ti

fi
ed

u
si

n
g

d
if

fe
re

n
t

ap
p

ro
ac

h
es

E
ff

ec
t

N
o

ef
fe

ct
N

o
t

d
et

er
m

in
ed

M
ai

n
ta

in
ed

si
te

M
ai

n
ta

in
ed

si
te

M
ai

n
ta

in
ed

si
te

A
p

p
ro

ac
h

N
o

si
te

C
o

n
se

rv
ed

P
re

se
rv

ed
R

el
o

ca
te

d
T

o
ta

l
N

o
si

te
C

o
n

se
rv

ed
P

re
se

rv
ed

R
el

o
ca

te
d

T
o

ta
l

N
o

si
te

C
o

n
se

rv
ed

P
re

se
rv

ed
R

el
o

ca
te

d
T

o
ta

l

C
o

n
se

n
su

s
16

3
1

1
21

91
20

2
20

13
3

13
3

9
4

25
17

1
C

h
IP

co
n

s.
5

2
0

0
7

5
2

1
1

9
4

1
0

0
5

V
ar

ia
ti

o
n

16
4

5
18

43
—

—
—

—
—

—
—

—
—

—
C

h
IP

va
r.

1
0

0
1

2
9

0
1

9
19

7
2

2
7

18
T

o
ta

l
38

9
6

20
73

10
5

22
4

30
16

1
14

4
12

6
32

19
4

A
p

p
ro

ac
h

:C
o

n
se

n
su

s,
si

te
id

en
ti

fi
ed

b
y

th
e

p
re

se
n

ce
o

f
a

p
er

fe
ct

m
at

ch
to

a
re

p
o

rt
ed

co
n

se
n

su
s;

C
h

IP
co

n
s,

si
te

id
en

ti
fi

ed
b

y
th

e
p

re
se

n
ce

o
f

a
p

er
fe

ct
m

at
ch

to
a

re
p

o
rt

ed
co

n
se

n
su

s
as

w
el

l
as

b
y

C
h

IP
–c

h
ip

d
at

a;
va

ri
at

io
n

,
T

F
id

en
ti

fi
ed

b
y

th
e

R
-S

G
A

as
sa

y
w

it
h

an
al

te
ra

ti
o

n
fr

o
m

th
e

kn
o

w
n

co
n

se
n

su
s;

C
h

IP
va

r.
,

si
te

id
en

ti
fi

ed
b

y
C

h
IP

–c
h

ip
d

at
a

w
it

h
an

al
te

ra
ti

o
n

fr
o

m
th

e
kn

o
w

n
co

n
se

n
su

s;
ef

fe
ct

,e
ff

ec
t

w
as

o
b

se
rv

ed
in

ei
th

er
th

e
R

-S
G

A
as

sa
y

o
r

re
p

o
rt

ed
d

at
a

(f
o

u
r

T
F

s
sp

an
n

in
g

fi
ve

si
te

s
w

er
e

ad
d

ed
to

C
h

IP
co

n
s.

);
n

o
ef

fe
ct

,n
o

ef
fe

ct
w

as
fo

u
n

d
w

h
en

T
F

w
as

d
el

et
ed

in
th

e
R

-S
G

A
as

sa
y;

n
o

t
d

et
er

m
in

ed
,g

en
e

n
o

t
p

re
se

n
t

o
r

n
o

t
gr

o
w

n
in

th
e

ar
ra

y.
P

ro
te

in
s

th
at

b
in

d
as

a
co

m
p

le
x

w
er

e
re

fe
rr

ed
to

as
a

si
n

gl
e

T
F.

T
h

es
e

ar
e:

G
cr

1-
2,

H
ap

2-
5,

In
o

2-
4,

R
tg

1-
3,

an
d

Sw
i4

-6
.M

ai
n

ta
in

ed
si

te
s,

th
e

p
re

se
n

ce
o

f
T

F
-b

in
d

in
g

si
te

s
w

as
ex

am
in

ed
in

S.
ce

re
vi

si
ae

,S
.
ba

ya
n

u
s,

an
d

S.
pa

ra
do

xu
s

an
d

ch
ar

ac
te

ri
ze

d
as

fo
ll

o
w

s:
co

n
se

rv
ed

,i
d

en
ti

ca
ls

eq
u

en
ce

in
al

ls
tr

ai
n

s;
p

re
se

rv
ed

,s
eq

u
en

ce
w

as
n

o
t

id
en

ti
ca

l,
b

u
t

co
n

se
n

su
s

w
as

p
re

se
n

t;
re

lo
ca

te
d

,s
eq

u
en

ce
w

as
fo

u
n

d
at

an
ad

ja
ce

n
t

si
te

,u
p

to
20

0
b

p
;n

o
si

te
,T

F
-b

in
d

in
g

si
te

w
as

n
o

t
fo

u
n

d
in

th
e

th
re

e
ex

am
in

ed
st

ra
in

s.
R

es
u

lt
s

ca
lc

u
la

te
d

fr
o

m
T

ab
le

S1
.A

d
d

it
io

n
al

in
fo

rm
at

io
n

is
gi

ve
n

in
F

ig
.S

1
an

d
T

ab
le

S1
.

Dissection of IME1 Promoter 835

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004640
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001545
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004640
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001545
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004640
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004640
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004640
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004618
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000913
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004640
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001545
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004640
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001545
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.genetics.org/content/vol0/issue2010/images/data/genetics.110.122200/DC1/TableS1.xls
http://www.genetics.org/content/vol0/issue2010/images/data/genetics.110.122200/DC1/TableS1.xls


regulated by Sok2, Msn2/4, and Ime1. These data
suggest that discrimination of putative TFs due to lack
of conservation between species may be misleading.

High-throughput functional screen for genes affect-
ing transcription of IME1: The promoter of IME1
consists of distinct elements that are regulated by the
same signal through specific TFs. For instance, the
glucose signal is transmitted through at least four
elements. Consequently, deletion of a single TF may
have only a minor effect on the transcription of IME1.
Therefore, reporter gene screens are useful because
fragments of the IME1 promoter consisting of each
individual regulatory element can be screened in iso-
lation to identify specific mutants causing a defect in the
ability of that particular element to drive reporter gene
expression. We used the R-SGA approach (Kainth et al.
2009) to screen the viable deletion array of�4500 genes
for mutants that affect the transcription of IME1UAS–
HIS4TATA–GFP and HIS4UAS–IME1URS–HIS4TATA–GFP re-
porter genes. The expression of these reporter genes
was controlled by seven distinct UAS and URS elements
from the IME1 promoter. The R-SGA assay was per-
formed under two conditions: (1) SD media, which
includes glucose as the sole carbon source as well as a
nitrogen source, nutrients that repress the transcription
of IME1 (Kassir et al. 1988) and (2) SPO media, which
induces the transcription of IME1 and meiosis (Kassir

et al. 1988). In addition, since UCS3 functions as a
repression element in the absence of the Mata1/Mata2
complex (Sagee et al. 1998), the expression of the
UCS3–GFP reporter was examined in a homozygous
MATa/MATa diploid array. The normalized log2

GFP:RFP ratio was calculated as described (Kainth

et al. 2009) (Figure S2 show representative results
obtained for two reporter genes). We transformed the
above ratios to Z-scores, and P-values were assigned on
the basis of a normal distribution (Kainth et al. 2009). A
cutoff of ,10% was used to identify putative regulators

(Table S1). We used the SGA annotation to identify
putative TFs, whose direct effect on IME1 transcription
was inferred by identifying the TF consensus within the
element, allowing imperfect homology (up to three
alterations) (Table S1). If there were more than one
putative imperfect site to which our potential TF could
bind, to calculate the percentage of sites, only one site
per element was taken (Table S1).

Our screens identified 41 TFs spanning 68 sites (Table
S1). Using a 1% cutoff identified 31 TFs spanning 43
sites. Table 3 and Table S1 also include 4 additional TFs,
namely Msn2, Msn4, Rme1, and Sok2 spanning 5 sites,
which were identified by a functional assay of additional
elements (not tested in this study) and verified by
binding assays (Covitz and Mitchell 1993; Sagee

et al. 1998; Shenhar and Kassir 2001). Interestingly,
only 34% (23/68) (30% for a 1% cutoff) of the
identified sites (without the above-mentioned 5 sites)
showed a perfect match to the reported consensus.
Moreover, 50% (34/68) (65% for a 1% cutoff) of the
affected sites were in conserved, preserved, or relocated
regions (Table 3, data rows 1, 2, and 5 in data column 5
and Table S1).

To validate the function of putative TFs identified by
the functional genomics screen, we constructed their
complete deletion in a different strain background, and
determined the level of expression of a lacZ reporter
gene. We focused on TFs that affect UASru activity,
because this is an important element in IME1 promoter.
It functions as a negative element in the presence of
glucose and as an essential UAS element in the absence
of glucose (Kassir et al. 2003). Eight TFs affecting
UASru or UASru(AB) activity with the highest GFP/RFP
score were examined (see Figure S2). Deletion of
SPT23, SUM1, or SWI4 resulted in a significant effect
on the expression of the reporter gene UASru–lacZ
(Figure 4A). On the other hand, deletions of UPC2,
YOX1, and RIM101 had no effect (Figure 4A). Gzf3 was

Figure 2.—The transcription of IME1 is regulated in a similar manner by IME1 promoters isolated from S. cerevisiae, S. para-
doxus, or S. bayanus. (A) RNA was isolated from 1 3 107 cells/ml grown in either SD (shaded column) or SA media (open column).
(B) Cells grown in SA to 1 3 107 cells/ml (open column) were shifted to SPM, and at 3 (shaded column) and 6 (solid column) hr,
samples were taken to isolate RNA. Level of RNA was determined by qPCR. The relative level of IME1 RNA in comparison to RNA
levels of ACT1 is given. (C) Following 24 (open column) and 48 (shaded column) hr of incubation in SPM, the percentage of asci
was determined. The results are the average of at least three colonies and standard deviation is given. The isogenic strains used
were: Y1808 (pIME1Sc–IME1Sc/pIME1Sc–IME1Sc), Y1809 (pIME1Sp–IME1sc/pIME1Sp–IME1sc), and Y1810 (pIME1Sb–IME1sc/pIME1Sb–
IME1sc). cerev., S. cerevisiae; parad., S. paradoxus; bayan., S. bayanus.
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identified by the R-SGA assay as a regulator of several
UAS and URS elements in IME1 promoter (Table S1).
We examined therefore its effect on an IME1–lacZ
construct, showing that when deleted the level of
expression of IME1–lacZ was induced (Figure 4A) (the
effect was examined in SA media since in SD IME1 is
under repression from several elements). Thus, four of
the eight TFs tested showed an effect, suggesting that
the genome-wide screen gave �50% false positives.
Reducing the cutoff to 1%, cast three TFs, namely,
Sum1, Yox1, and Rim101, reducing the false positive to
only 40%. Nevertheless, this low cutoff could discard
true TFs, for instance, Sum1. To further validate the
effect of Sum1, we examined the level of IME1 RNA in
wild-type and sum1D isogenic haploid and diploid
strains, using qPCR. Figure 4B shows that IME1 RNA
level is increased 1.6- and 21-fold in sum1D haploids and

diploids, respectively. To determine that the effect of
Sum1 is direct, we tested the location of Sum1 on UASru
using ChIP-enriched DNA (qChIP). The level of bound
Sum1 was calculated relative to the level of binding to a
nonspecific locus (TEL1). Figure 4C shows that Sum1
bound specifically to UASru. Thus, our analysis verified
the suggestion that Sum1 directly represses the activity
of UASru. We note that one of the reported binding sites
for Sum1 is GNCRCAAAW, whereas the identified site in
UASru is GCCGCAAAG, which has a single alteration
from the consensus site.

The high-throughput functional assay allowed us to
determine whether the putative TFs, which were as-
signed to the IME1 promoter using bioinformatic or
genome-wide location analysis, had any effect on the
transcription of IME1. As stated above, the functional
analysis was done for only 7 of the 10 designated UAS

Figure 3.—IREu functions as a positive element in IME1 promoter. (A) Alignment of IREu and IREd elements and the putative
Msn2 and Sok2 binding sites. (B) Alignment of IREu and IREd in the three Saccharomyces sensu stricto strains. (C) RNA was iso-
lated from 1 3 107 cells/ml grown in either SD (shaded column) or SA (striped column) media (left panel). In addition, cells
grown in SA to 1 3 107 cells/ml were shifted to SPM, and at the indicated hours samples were taken to isolate RNA (right panel).
Level of RNA was determined by qPCR. The relative level of IME1 RNA in comparison to RNA levels of SUM1 is given. The isogenic
strains used were Y1631 (wild type, squares) and Y1795 (IME1–DIREu/IME1–DIREu, triangle). (D) Following 24 (open column)
and 48 (solid column) hr of incubation in SPM, the percentage of asci was determined. (E) Samples for ChIP were taken from cells
grown in either SD or SA media to 1 3 107 cells/ml. Strain used was Y422 (wild-type diploid) carrying either pCDC28–3xHA–sok2
(YEp2562) or pCDC28–GST–MSN2 (YEp2536). The PCRs amplified IME1 IREu region or the nonspecific ARS305 loci. Detection of
ARS305 DNA required a 10-fold increase in the level of the input DNA. C, control (a strain without tagged proteins); WCE, whole-
cell extract (input); M, marker. (F) Samples for ChIP were taken from cells grown in SA media to 1 3 107 cells/ml. Strains used
were Y422 (wild-type diploid, lanes 1 and 2), Y1064 (wild-type haploid, lane 4), Y1171 (msn2D msn4D/msn2D msn4D diploid, lane
3), and Y1162 (sok2D haploid, lane 5). These strains carried on 2m plasmid pADH1–GAL4(bd)–ime1(id) (YEp2780).

Dissection of IME1 Promoter 837

http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.genetics.org/content/vol0/issue2010/images/data/genetics.110.122200/DC1/TableS1.xls
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004489
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001019
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002718
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854
http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003854


and URS elements; therefore, the function of many sites
was not determined (ND in Table 3 and Table S1).
Moreover, some of the TFs were not present on the
deletion array, and thus the function of additional sites
(total of 194) was not determined. Nonetheless, our
in vivo screens showed that most of the TFs (86%, 142/
165, for a 10% cutoff; Table 3, data rows 1 and 2 in data
columns 5 and 10, and 92%, 152/165, for a 1% cutoff;
Table S1) identified by the presence of a perfect site
through our computational analysis, showed no effect
when analyzed in the deletion strains under the con-
ditions tested.

DISCUSSION

We used IME1 as a paradigm to explore different
approaches to identify the TFs that bind to and regulate
the transcription of any gene of interest, specifically
master regulators of developmental pathways. More-
over, only five TFs that bind to the IME1 promoter and
regulate its function were known and we reasoned that
further scrutiny of IME1 transcription would enrich our
knowledge of TFs that regulate meiosis. The decoration

of IME1 promoter with the TFs identified by the
different approaches is summarized in Figure S1, which
also shows the sequence alignment of the three sensu
stricto strains.

The bioinformatic approach: Consensus sequences
have been reported for most predicted TFs in yeast.
Therefore, our first approach involved searching of the
IME1 sequence for these reported consensus sites. In
this way, we identified a large number of putative TF
sites (346) and distinct TFs (75), which probably reflects
the observation that single TFs can interact with a range
of related sequences (Lapidot et al. 2008). We explored
the functionality of the putative TFs and binding sites in
the IME1 intergenic region by screening various IME1–
GFP reporter genes for their sensitivity to gene deletion
by using the array of viable yeast deletion mutants. We
examined 170 sites (including the ones reported pre-
viously), only 28 of which (16%) had an effect (only 18
sites when a 1% cutoff was used), namely, deletion of the
TFs with a consensus binding site, did not impair the
expression of the specific reporter gene (Figure 5; Table
3, data rows 1 and 2 in data columns 5 and 10; and Table
S1). Thus, simply scanning the promoter region for

Figure 4.—Validation of
putative TFs identified by
the R-SGA screen. (A) Sam-
ples were taken to extract
proteins and measure lacZ
levels following growth in
either SD or SA media to
107 cells/ml. In addition,
proteins were extracted from
cells grown in SA media to
1 3 107 cells/ml and shifted
to SPM for 6 hr. The relative
level of b-gal is given. Strains
used are wild-type (Y1214)
and its isogenic swi4D
( Y1855), spt23D (Y1860),
upc2D ( Y1859), sum1D
( Y1827), yox1D (Y1824),
rim101 (Y1854), and tec1D
(Y1858) strains. These strains
carry IME1UASru–HIS4TATA–
lacZ integrated in the geno-
mic LEU2 gene. Additional
strains were the wild-type
Y1825 and its isogenic gzf3D
(Y1836). These strains carry
IME1–lacZ integrated in
the genomic LEU2 gene.
The results are the aver-
ages of at least three inde-

pendent colonies, and standard deviation is given. (B) RNA was isolated from cells grown in SD media to 1 3 107 cells/ml.
Level of RNA was determined by qPCR. The relative level of IME1 RNA in comparison to RNA levels of ACT1 is given. Strains
used are: Y1214 and Y1721, the wild-type haploid and diploid strains, respectively, and their isogenic sum1D (Y1827) and
sum1D/sum1D (Y1891) strains. The results are the averages of at least three independent colonies. (C) Samples for ChIP assay
were taken from 3 3 108 logarithmic cells grown in SD. Real-time PCR was used to amplify the specific UASru element present on
IME1UASru–HIS4TATA–lacZ and the nonspecific TEL1. Fold enrichment of the specific vs. the nonspecific PCR products for IP with-
out antibody (w/o a) or with antibody directed against the HA epitope (a HA) are given. The results are the averages of three
independent colonies, and standard deviation is given. Strain used is Y1837.
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consensus TF-binding sites results in a significant num-
ber of false positives sites. There are several possible
explanations for the high level of false positives
obtained by compiling lists of consensus sites. First,
the complex structure of IME1 promoter may mean that
each TF may have only a small effect when tested
individually. Consequently, our assay may be lacking
the sensitivity required to detect a transcriptional defect
upon deletion of these TFs. Second, we examined
reporter gene expression in two physiological relevant
conditions: (1) vegetative growth conditions with glu-
cose as the sole carbon source and (2) sporulation
conditions. Therefore, effects of other TFs might be
observed in different, unstudied conditions. For in-
stance, Yhp1 has been reported to bind UASv and
repress transcription of a UASv–PHO84p–PHO5 re-
porter gene (Kunoh et al. 2000). In our R-SGA assay,
the UASv–GFP reporter lacking a heterologous UAS
element could not reveal a repressive activity for Yhp1
(Table S1). These results suggest that some of the false
negatives may in fact be true TFs that regulate IME1
transcription. Third, chromatin architecture may mask
the ability of a TF to bind to a putative consensus
sequence, and therefore such a site might not affect
transcription in a reporter assay (Yuan et al. 2005).
Finally, most consensus sites were revealed by compar-
ing sequences from genes whose expression depends on
a specific TF, or ones that bind a specific TF. However,
direct mutational analysis has been performed for only a
few TFs. Therefore, some of the reported consensus
sequences may not be accurate, which may explain our
failure to discover a perfect match to reported consen-
sus sites for most of the TFs identified by the functional
analysis (62%, 45/73; Table 3, data rows 3 and 4 in data
column 5). This hypothesis is supported by the obser-

vation that Sum1 binds to and represses the activity of
IME1 UASru element (Figure 4), while a perfect match
to any of the reported consensus binding sites for Sum1
is not present. We suggest that Sum1 binds to the sequence
GCCGCAAAG, which deviates from the GNCRCAAAW
consensus (YEASTRACT) by a single alteration.

Conservation: We examined the feasibility of using
conservation to predict true regulation by TFs from false
positives; 48% (35/73) of the functional sites were
maintained in the sensu stricto strains (Table 3, data
row 5 in data columns 2–5, and Figure 5). A similar
percentage, namely 35% (56/161) of the nonfunctional
sites were maintained (Table 3, data row 5 in data
columns 7–10). Moreover, within the sites identified by
the presence of consensus sequence, conservation did
not discriminate between functional and nonfunctional
sites (4 vs. 27%; Table 3, data rows 1 and 2 compare data
columns 5 and 10). These results do not support the
hypothesis that functional sites are maintained during
evolution. We directly examined this hypothesis by
exchanging the promoter of IME1 from S. cerevisiae with
that from S. paradoxus or S. bayanus. Swapping of the
promoter had no effect on the pattern of transcription
of IME1 (Figure 2), suggesting that in these three
strains, the pattern of transcription of IME1 is similar
and that the binding sites for the essential TFs are
conserved. However, we reached an opposite conclu-
sion when we examined the conservation of two re-
peated elements in IME1 promoter, IREu, which serves
as an essential element, and IREd (Figure 3). The IREd
element differs from IREu at two positions, correspond-
ing to the binding sites for Sok2 and Msn2/4 (Figure
3A), explaining why IREd serves as a weak UAS (Kassir

et al. 2003). Therefore, we expected that the IREu
element would be conserved in the sensu stricto strains.

Figure 5.—Venn diagram based on
Table 3. The TFs belonging to the inter-
secting groups are given in boxes. Most
functional TFs are not present in con-
served regions nor in sites that match
the reported consensus.
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To our surprise the IREd element could be identified in
these strains, whereas IREu showed no conservation
(Figure 3B and Figure S1). This result implies that
binding sites for critical transcription factors may not be
conserved in evolution, suggesting that conservation
cannot be used to discriminate between true and false
positive TFs. This lack of conservation may be due to the
growth of these yeast strains in different ecological
niches. Therefore, the transcription of IME1 and conse-
quently meiosis, may be regulated by different promoter
elements. Nonetheless, IME1 may present an unusual
example as meiosis is a robust process, which is neither
sensitive to the levels of IME1 mRNA nor to its time of
expression (Gurevich 2010). Thus, the shuffling of the
IME1 promoter in S. cerevisiae with that of S. paradoxus and
S. bayanus, which affected the time of transcription of
IME1 or creating an IME1 allele with a deletion of IREu,
which resulted in drastic reduction in the levels of IME1
RNA, had no effect on the level of asci formation (Figures
2, B and C, and 3). Since evolution will select for spore
formation rather than the level of expression of IME1,
the DNA-binding sites, even for important TFs, were not
conserved. Moreover, multiple elements, each with a
small impact, regulate the transcription of IME1. For this
reason the elimination of a single binding site will have a
weak rather than a strong and critical effect on the
transcription of IME1.

The functional assay: In this report we used a
functional, high-throughput assay to identify genes that
regulate the transcription of IME1. Previously, this
approach was successfully used to identify chromatin-
associated proteins that modulate the transcription of
histone genes (Fillingham et al. 2009). A revised
approach was devised for screening the IME1 promoter.
First, the transcription of IME1 is regulated by multiple
and distinct elements, and thus a mutation in a single TF
may have only a minor effect. Therefore, we did not fuse
the entire IME1 promoter to the GFP reporter; rather,
distinct elements were used. The activity of these
elements in the GFP reporter genes was identical to
their function when fused to lacZ reporters (data not
shown). Second, to identify TFs that affect the function
of a URS element, we inserted these elements between
HIS4UAS and the HIS4 TATA box of a HIS4UAS–HIS4TATA–
GFP. Our ability to identify genes, whose deletions affect
the activity of the specific URS element, suggests that
this modification of the R-SGA method is useful. Third,
the assay was performed under both vegetative and
meiotic conditions. This screen enabled the identifica-
tion of many genes, including the expected chromatin
remodeling factors, mediators, as well as various TFs.

We considered a TF with a direct effect if a perfect or
nonperfect match to the reported consensus was found.
However, since for most (62%; Figure 5) of the TFs that
were identified as affecting IME1 a perfect consensus
site was not found, this approach cannot be used to rule
out a direct effect. Thus, it is possible that the list lacks

TFs that did not pass the threshold for defining
regulators in our screen (FDR of 10%) or ones whose
binding sites were not reported. Moreover, it is possible
that the list of the identified TFs (Table S1) contains
false positives, and therefore, their direct effect needs to
be validated. Indeed, we reexamined the effect of eight
TFs identified by our functional assay, and only four of
them were validated (Figure 4). Thus, using a cutoff of
10% gave �50% false positives.

In summary, in this report we applied both bioinfor-
matics and functional genomic approaches to scrutinize
the unusually large promoter of the IME1 gene, which
encodes the master transcriptional activator of a de-
velopmental pathway, meiosis in budding yeast. The
functional R-SGA analysis identified new TFs, whose
function was validated. The simple approach, namely,
the presence of a consensus site, gave rise to too many
transcription factors, most of which were nonfunc-
tional. We also showed that conservation between the
sensu stricto Saccharomyces strains can be misleading, as
in many cases, functional TFs were present within a
nonconserved region. We conclude, therefore, that
there is no ‘‘easy’’ bioinformatic method to predict the
function of a TF, and functional tests are still critical.

The role of the putative TFs in the transcriptional
regulation of IME1: The R-SGA screen identified 69
new putative TFs that affect the transcription of IME1.
We reexamined the function of 8 putative TFs, demon-
strating that the function of only 4 (Sum1, Swi4, Gzf3,
and Spt23) was verified (Figure 4). This suggests that the
screen could identify �30 new putative TFs. The direct
function of one gene, SUM1, was determined by
qChIP analysis (Figure 4C). Previous reports showed
that Sum1 is a negative regulator of NDT80 and the
middle meiosis-specific genes, with no apparent effect
on the transcription of an early meiosis-specific gene,
HOP1 (Xie et al. 1999; Lindgren et al. 2000). Because
the activity of Ime1 is regulated by glucose (Rubin-
Bejerano et al. 2004), it is not surprising that the effect
of Sum1 on the transcription of IME1 did not affect the
transcription of HOP1. GZF3 encodes a zinc finger
protein that negatively regulates nitrogen catabolic gene
expression (Soussi-Boudekou et al. 1997). Since the
transcription of IME1 is negatively regulated by nitrogen
(Kassir et al. 1988), it is not surprising that deletion of
this gene affected the UCS1 activity (Table S1), a negative
element in the IME1 promoter whose repression activity
depends on the presence of nitrogen (Kassir et al. 2003).
Moreover, UASv is a UAS element whose activity is
induced upon nitrogen depletion (V. Gurevich and Y.
Kassir, unpublished results). Gzf3 also affected the
activity of URSuE, URSd, and UASrm (Table S1). Further
work is required to verify whether the activity of these
elements is directly regulated by nitrogen and Gzf3. Swi4
is a TF required for entry into the cell cycle (Breeden and
Nasmyth 1987; Andrews and Herskowitz 1989), and
Spt23 is required for the transcription of OLE1
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(Chellappa et al. 2001), a gene involved with lipid bio-
synthesis. Further work is required to elucidate whether
these TFs have a direct effect on the transcription of IME1.
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FILE S1 

Supporting Methods 

Constructions of Plasmids: 

YIp1090 carries IME1(-1318 to +202)-lacZ  and LEU2 on a pBR322 vector 

P1377 carries IME1(-3762 to +2.1) on a bluescript vector 

YIp1478 carries hisG-URA3-hisG on a pUC19 vector. This plasmid was constructed by inserting a  3.7 Kb BamHI-

BglII fragment from pNKY51 (kindly provided by N. Kleckner) into pUC19  cut BamHI. 

YIp1479 carries hisG-URA3-hisG on a pUC19 vector. This plasmid was constructed by inserting a  3.7 Kb BamHI-

BglII fragment from pNKY51 (kindly provided by N. Kleckner) into pUC19  cut BamHI. Opposite orientation of 

YIp1478. 

YIp2006 carries UAShis4-his4-LacZ with a deletion from 2181 to 2202, leaving 2 Gcn4 binding sites upstream of a 

XhoI site on a LEU2 vector. This plasmid was constructed by three piece ligation between 2.8 kb EcoRI-SacI fragment 

from X-1 {Nagawa, 1985 #717}, 1.5 kb SacI-PstI  fragment from pMC1817 (carrying the complete lacZ gene), and as 

a vector YIpLac128 {Gietz, 1988 #744} cut with EcoRI and PstI.  

YIp2007 carries his4-LacZ on a LEU2 vector. This plasmid was constructed by three piece ligation between 2.7 kb 

EcoRI-SacI fragment from X-52 {Nagawa, 1985 #717}, 1.5 kb SacI-PstI  fragment from pMC1817 (carrying the 

complete lacZ gene) and as a vector YIpLac128 {Gietz, 1988 #744} cut with EcoRI and PstI.  

YIp2102 carries IME1-UASru-his4-LacZ on a LEU2 vector. This plasmid was constructed in two steps. First, a 184 bp 

PCR fragment derived from oligonucleotides IME1p-1351F and UASru DraI-KpnI was inserted into pGEM-T-easy 

vector (Promega). Then 211 XhoI fragment from the resulting plasmid was inserted into YIp2007 cut with the same 

enzyme.    

YEp2562 carries pCDC28-3xHA-sok2(1-32, 766-2721) on a 2µ  URA3 vector. This plasmid was constructed in two 

steps. First, 1.9 Kb SacI-SpeI fragment from pMW61 {Ward, 1995 #694} was inserted into a bluescript vector cut with 

the same enzymes. Then 2.0 Kb XbaI-EcoRV from the resulting plasmid was ligated to 0.5 kb EcoRV-XhoI fragment 

from YEp2486 {Shenhar, 2001 #860} and pRS426 {Sikorski, 1989 #718} cut with XhoI-SpeI.  

YIp2879 carries URA3 on a pUC119 vector 

YIp2887 carries ime1(-3762 to -1118)-URA3-ime1(+945 to +2100) on a bluescript vector. This plasmid was constructed 

by inserting a 1.2 Kb EcoRI-SphI fragment from p2879 into P1377 cut with the same enzymes.  

YIp2895 carries sum1-URA3-sum1 (Sum1 is from -49 to -1 and from +3189 to +3244, complete deletion of ORF) on a 

pGEM-T-easy vector. A 1.1 kb PCR fragment derived by oligonucleotides sum1del-ura3 and sum1delR-ura3 and 

pRS406 DNA as a template inserted into pGEM-T-easy vector (Promega). 

P2980 carries IME1w/o IREu (from -3.7 to + 2.1) on a bluescript vector. This plasmid was constructed by three piece 

ligation between 2.7 kb BamHI-NcoI fragment from YCp214 {Sagee, 1998 #817}, 3.2 kb NcoI-XhoI fragment from 

P2344 {Sagee, 1998 #817}, and a bluescript vector cut BamHI-XhoI.  

YCp3010 carries IME1(-1283 to -1370)UASruAB-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 vector. This plasmid 

was constructed in two steps. First a 90 bp PCR fragment derived from oligonucleotides IME1p-1351F and IME1p-

1282R was inserted into pGEM-T-easy vector (Promega). Then 162 bp SacI-SacII fragment from the resulting plasmid 

were inserted into BA1926 {Kainth, 2009 #1899} cut with the same enzymes.  

YCp3021 carries IME1(-1203 to -1370)UASru-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 vector. This plasmid 

was constructed in two steps. First a 184 bp PCR fragment derived from oligonucleotides IME1p-1351F and UASru 
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DraI-KpnI was inserted into pGEM-T-easy vector (Promega). Then, a 200 bp SacI-SacII fragment from the resulting 

plasmid was inserted into BA1926 {Kainth, 2009 #1899} cut with the same enzymes.  

YCp3022 carries IME1(-789 to -915)UASrm-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 vector. This plasmid was 

constructed in two steps. First a 127 bp PCR fragment derived from oligonucleotides UASrm-S and UASrm-AS was 

inserted into pGEM-T-easy vector (Promega). Then 190 bp SacI-SacII fragment from the resulting plasmid was 

inserted into BA1926 {Kainth, 2009 #1899} cut with the same enzymes.  

YCp3023 carries IME1(-623 to -757)UASv-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 

vector.  This plasmid was constructed in two steps. First a 200 bp PCR fragment derived from oligonucleotides UASv-

SacI and UASv-AS was inserted into pGEM-T-easy vector (Promega). Then 206 bp SacI-SacII fragment from the 

resulting plasmid was inserted into BA1926 {Kainth, 2009 #1899} cut with the same enzymes. 

YCp3031 carries UAShis4-IME1(-916 to -1122)URSd-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 vector. This 

plasmid was constructed in several steps. First a 217 bp PCR fragment derived from oligonucleotides  IME1-1121X 

and IME1-1211-AS  was inserted into pGEM-T-easy vector (Promega). Then 220 bp XhoI fragment from the resulting 

plasmid was inserted into YIp2006 cut XhoI. In the third step a 635 bp PCR fragment derived from oligo 320 (his4- 

430R) and 396 (HIS4-147) using the above plasmid as a template was inserted into pGEM-T-easy vector (Promega). 

This plasmid was designated  P3027. Finally, 716 bp SacI-SacII fragment from P3027 was inserted into BA1926 

{Kainth, 2009 #1899} cut with the same enzymes. 

YCp3032 carries UAShis4-IME1(-1370 to -1643)UCS3-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 vector. This 

plasmid was constructed in several steps. First, a 1.6 kb HindIII fragment of IME1 (-3010 to -1364) was inserted into 

bluescript. Then the plasmid was digested with SpeI, treated with Klenow, and ligated with XhoI linkers. Then, UCS3 

on 230 bp XhoI fragment from the resulting plasmid was inserted into X-1 {Nagawa, 1985 #717} cut with the same 

enzyme. Then a 1.0 kb PCR fragment derived from olignucleodies his4- 430R and HIS4-147 using the above plasmid 

as a template was inserted into pGEM-T-easy vector (Promega). Finally, 1094 bp SacI-SacII fragment from the 

resulting plasmid was inserted into BA1926 {Kainth, 2009 #1899} cut with the same enzymes. 

YCp3039 carries UAShis4-IME1(-345 to -622)UCS1-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 vector. This 

plasmid was constructed in several steps. First, 170 bp PCR fragment [IME1 UCS1(-547 to -337)] derived from 

olignucleodies IME1L-358 and IME1L-547 was inserted into pGEM-T-easy vector (Promega). Then 0.2 kb NcoI-

EcoRI fragment from the resulting plasmid was inserted into a plasmid carrying IME1(-621 to +2.1) (BglII-BamHI 

fragment) on puc118 vector.  Then 0.3 kb SalI-XhoI from the resulting plasmid was inserted into YIp2006 cut XhoI, 

creating plasmid YIp2162 which carry UAShis4-IME1UCS1(-529 to -337)-his4-lacZ on a LEU2 vector. Then 700 bp 

PCR fragment derived from olignucleodies his4-430R and HIS4-147 and P2162 as a template was inserted into 

pGEM-T-easy vector (Promega). Finally, 793 bp SacI-SacII fragment from the resulting plasmid was inserted into 

BA1926 {Kainth, 2009 #1899} cut with the same enzymes. 

YCp3040 carries UAShis4-2xIME1(-1171 to -1197)URSuE-GFP-ADH1t on a pTEF-natR-tTEF, CEN6, ARSH4 vector. 

This plasmid was constructed in several steps. First, oligonucleotides IME1 UASru E1(SalI-NsiI) and IME1 UASruE1R 

were annealed, and inserted into YIp2006 digested with XhoI. Then, a 500bp PCR fragment derived from 

oligonucleotides his4-430R and HIS4-147 and above plasmid as template, was inserted into pGEM-T-easy vector 

(Promega). Finally, 560 bp SacI-SacII fragment from the resulting plasmid was inserted into BA1926 {Kainth, 2009 

#1899} cut with the same enzymes. 

YIp3085 carries gzf3-5’-hisG-URA3-hisG-gzf3-3’ on a bluescript vector. This plasmid was constructed in several steps. 

First, 2.1 kb PCR fragment derived from olignucleodies Gzf3F(-1760)(PstI) and Gzf3R(+330) was inserted into pGEM-

T-easy vector (Promega). Then a three-piece ligation was performed between a 2.0 kb EcoRI-PstI from the resulting 
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plasmid, a 3.9 EcoRI-BamHI fragment from pNKY51 (N. Kleckner), and as a vector bluescript cut PstI-BamHI. The 

resulting plasmid was designated YIp3083. Then, a 2.0 kb PCR fragment derived from oligonucleotides Gzf3F(+1600) 

and Gzf3R(+3581) was inserted into pGEM-T-easy vector (Promega). Finally, a 2.0 kb BglII-NotI fragment from the 

resulting plasmid was inserted into YIp3083. 

YIp3101 carries yox1Δ::hisG-URA3-hisG  on a YIpLac204 {Gietz, 1988 #744} vector. This plasmid was constructed in 

several steps. First, 1.4 kb PCR fragment derived from olignucleodies Yox1(+1222)F and Yox1(+2646)(BamHI) was 

inserted into pGEM-T-easy vector (Promega). Then a 3.9 kb SalI-SacI fragment from YIp1479 was inserted into the 

resulting plasmid cut with the same enzymes. The resulting plasmid was designated YIp3086. Then, a 1.3 kb PCR 

fragment derived from oligonucleotides Yox1(-1318)F and Yox1(-50)R was inserted into pGEM-T-easy vector 

(Promega). Finally, a three piece ligation was performed between 1.4 kb SphI-SacI fragment from the resulting plasmid, 

5.5 kb SacI-PvuII fragment from YIp3086, and as a vector YIpLac204 {Gietz, 1988 #744}. 

YIp3107 carries rim101::hisG-URA3-hisG on a pGEM-T-easy vector (Promega). This plasmid was constructed in two 

steps. First, 2.5 kb PCR fragment derived from olignucleodies Rim101F (+2) and Rim101R was inserted into pGEM-

T-easy vector (Promega). Then a 4.2 kb PvuII fragment from YIp1478 was inserted into the resulting plasmid cut StuI-

EcoRV. 

YIp3125 carries IME1(-3.8 to +2.1) on a URA3 vector. This plasmid was constructed by inserting a 5.9 kb BamHI-

XhoI  fragment of IME1 into pRS406 {Sikorski, 1989 #718}. 

YIp3129 carries IME1(Sp -2175 to -1, Sc -33 to +2100) on a URA3 vector. This plasmid was constructed in two steps. 

First a 2.2 kb PCR fragment derived from olignucleodies IME1-sp -2175S  and IME1SP-1R (HindIII)  and S. paradoxus 

genomic DNA as a template was inserted into pGEM-T-easy vector (Promega). Then a three piece ligation was 

performed between 1.3 kb SalI- SacI fragment from the resulting plasmid, 1.0 kb SacI-HindIII fragment from the 

resulting plasmid and YIp3125 cut XhoI HindIII. 

YIp3130 carries IME1(Sb -2119 to -1, Sc -33 to +2100) on a URA3 vector. This plasmid was constructed in two steps. 

First a 2.1 kb PCR fragment derived from olignucleodies IME1SB-1R (HindIII) and IME1 SB-2119S and  S. bayanas 

genomic DNA as a template was inserted into pGEM-T-easy vector (Promega). Then a 2.1 kb XbaI HindIII fragment 

from the resulting plasmid was inserted into YIp3125 cut with the same enzymes. 

YIp3131 carries sum1(+1782 to 3168)-6HA on a k1TRP1vector. This plasmid was constructed in two steps. First a 1.4 

kb PCR fragment using olignucleodies Sum1+3168AS-XhoI and Sum1+1782 was inserted into pGEM-T-easy vector 

(Promega). Then 0.6 kb XhoI PvuII fragment from the resulting plasmid was inserted into pYM3 {Knop, 1999 #655} 

cut SalI-PvuII.    

YIp3153 carries sum1(– 308 to -1)-URA3-sum1(+3189 to 3545) on a pGEM-T-easy vector. This plasmid was 

constructed in 2 steps. First, yeast strain was transformed with YIp2895. DNA isolated from the resulting strain was 

used as a template in a PCR reaction with oligonucleotides SUM1(-308)F and SUM1(+3545)R. The resulting 1.6 kb 

PCR fragment was cloned into a pGEM-T-easy vector (Promega). 

YIp3198 carries upc2Δ::hisG-URA3-hisG  on a pUC19 vector. This plasmid was constructed in several steps. First, 1.2 

kb PCR fragment derived from olignucleodies UPC2(+2693)F and UPC2(+3848)R was inserted into pGEM-T-easy 

vector (Promega). Then a UPC2(+3848)R fragment from the resulting plasmid was inserted into YIp1478 cut with the 

same enzymes. The resulting plasmid was designated YIp3195. Then, a 1.1 kb PCR fragment derived from 

oligonucleotides UPC2(-1053)F and UPC2(-7)R was inserted into pGEM-T-easy vector (Promega). Finally, a 1.1 kb 

SphI-SalI from the resulting plasmid was inserted into YIp3195 cut with the same enzymes. 

YIp3199 carries spt23Δ:: hisG-URA3-hisG on a pUC19 vector. This plasmid was constructed in several steps. First, 1.2 

kb PCR fragment derived from olignucleodies SPT23(-1149)F and SPT23(-1)R(KpnI) was inserted into pGEM-T-easy 
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vector (Promega). Then a 1.0 kb SacI-KpnI from the resulting plasmid was inserted intoYIp1478 cut with the same 

enzymes. The resulting plasmid was designated YIp3196. Then, a 1.1 kb PCR fragment derived from oligonucleotides 

SPT23(+3225)F and SPT23(+4331)R was inserted into pGEM-T-easy vector (Promega). Finally, a 1.2 kb SphI-SalI 

from the resulting plasmid was inserted into P3196 cut with the same enzymes. 

 

Oligonucleotides used for constructing plasmids: 

Gzf3F(+1600):   CTCTTGAGGAACGTTTGC       

Gzf3R(+3581):   GCAGTCCAAGAGGCATTG       

Gzf3F(-1760)(PstI):   CTGCAGGGGTCCATATTAACT    

Gzf3R(+330):   GGCATCCATTGTTTGTCC       

his4-430R:   ATGCATAACGATTCG CTC 

HIS4-147:   CACAGTATACTACTGTTCATAGTC         

IME1p-1351F:   CTCGAGAAGCTTATTCGTTGATGTC 

IME1p-1282R:   CTCGAGTTTAAAGTGGTACAAGATGTTG 

IME1 -1121X:   GGGGCCCCGGCTCGAGATGCGTGCCC GCAGGAGG  

IME1-1211-AS:   CTCGAGGTTAGATCTGTGTTAGGATGC  

IME1L-358:   GCTCGAGGGAGCGCTTAT 

IME1L-547:   TGTATATTACTTTTCCTC 

IME1 UASru E1(SalI-NsiI):   TCGACTTTTTTTCTCCAACGCAGTATTGAAATGCA 

IME1 UASruE1R:   TTTCAATACTGCGTTGGAGAAAAAAAG 

IME1-sp -2175S:   CTCGACCTCACGGCAGTTTTGTA 

IME1SP-1R (HindIII):   AAGCTTTGTTTGTGGGAGAATAAAA  

IME1SB-1R (HindIII):   AAGCTTTGTTTGGACAATATTAGGG 

IME1 SB-2119S:   CTCGAGGCTATCAGACATTAAAATC 

Rim101F (+2):   GGTGCCATTGGAAGATCT  

Rim101R (+2528):   GGTTTTCTCACATCTCAG  

SPT23(-1149)F:   CACGGACTGATGTTCTGC 

SPT23(-1)R(KpnI):   GGTACCTGTGCCACTCATCATT 

SPT23(+3225)F:   CTAAACGACATGCGAGTC 

SPT23(+4331)R:   TCGTCATCATCTTCCTGC 

sum1del-ura3:  ATCAAACGAAAAGTTTCATACATAATTAACAAAATTCGTTTGTTGCG 

GGGGAAGCTCTAATTTGTGAGTTTAG 

sum1delR-ura3:   TTTTTCATTTTTTTATCTATTCTCGAAACTGCCCCAACGTACGGACC 

AGCGCCCAGTATTCTTAACCC  

SUM1(-308)F:   TTCTCCACTTGCATCCGC 

SUM1(+3545)R:   CGCAGTCAATCATGTTTC                

UASru draI-KpnIas:   CTCGAGGGTACCATCACATGCTTACTC  

UASrm-S:   CAGATCTAACTCACTATTCGG 

UASrm-AS:   TGGGGCCGCAGGATAAA 

UASv-SacI:   GAGCTCTTAGCCCAATCTTGATGATTC         

UASv-AS:   AGATCTCATCGATGTATTCTG         

UPC2(+2693)F (KpnI):   GGTACCGGATTACCATCGATGAC 
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UPC2(+3848)R:   ATTGTGCTGATCTGGTCC 

UPC2(-1053)F:   AGAGGACGTTAAGAGGAG 

UPC2(-7)R:   ACTTCGCTCATACTGCTG 

Yox1(-1318)F   CTCGTTCAATTGCTCACA     

Yox1(-50)R GAAAGGTAGTGGTCTGGA   

Yox1(+1222)F   GTTCACTTCAGTCCTAGC   

Yox1(+2646)(BamHI)  ggatccAGAGATTCGCCTTTC 
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                                                 Aft2GGG.... ....TGT      Tec1AAGA AT..G 

           Opi1G GTTC                          Adr1GGGGG       Ndt80ATT TGCTGC                   Rme1GAA CCTCAAGA       

        Adr1GGAG G                          Rox1G cGGGGt.... ....TyT  T TGCTGCASok2   Ndt80AT GTCAAAA    CCTCgAGXbp1 

        Hsf1GGAG GTTC                       Mig1G TGGGG      Fkh1/2TATT TGC        Gcr1-2GGAT G  Opi1GAA CC  

 Sc   CCTCACGGAG GTTCAGTAGA TATTCTCAAT AAAAGAAGGG TGGGGG.... ....TGTATT TGCTGCAAGA AT..GCGGAT GTCAAAAGAA CCTCAAGAAG 

 Sp   CCTCACGGCA GTTTTGTACA TATTTTCAGT AAAAAAAGGG GGAGGGGGAG AGATTATGCT CGCAACAAGA AT..ACGGAT GTCAAAAGAA CCTCAAGATG 

 Sb   GCTATCAGAC ATTAAAATCA ATATTT...G ACAAAAAGGG GTAGTTT... TTTTTCTGCG GGATGCAAGA AAAAACCCGA TACCAAGAAA CCTCAAAAAA 

      >------------------------------------------------ UCS4 -----------------------------------------------------> 

 

                                                                                                            Gcn4TGATTA 

                                                                                                           Ash1TTGAT 

                                                                          Rtg1-3GT ACC                 Fkh1/2TGTTGAT     

                                   Arg81ATTTTTAGC GACTGCCGA                 Rme1GT ACCTCAAA Dal82AAAATTG .TG           

      Pho2ACTAAA   Uga3AAAT GCCGCG TTA CATaaYap6                            Phd1GT gCCT   AAG CATYap5Mata1TGATGT 

  91  TCCACTAAAT GGCAGTAAAT GCCGCGCTTA CATTTTTAGC GACTGCCGAA AACGTACGGC TAACTGCTGT ACCTCAAAAG CATAAAATTG .TGATGTTGA 

  99  TTCCCTGAGT GACAGTAAAT GCCGCGCTTA CATTTTCAGA GAATTTAGAA AACGTACGGC TAACTACTGT ACCTCAAAAG CATAAAATAA .TGATGTTGA 

  96  A.CACATAGT GATATTAAAT GCCGCGCTTG TACTT.CAGA GTTTGTCAGT AACGAACGGC TAACTCTTGT ACCTCAAAAG CATAAAATAA ACGATACCAG 

      >------------------------------------------------ UCS4 -----------------------------------------------------> 

 

                                          Yox1AGG AAAAA       

                                          Phd1AGG cAA       

                                         Sok2cAGG AAA                                         Aft2ACACCC 

 Pho2ATTAAA                              Mot3TAGG AA      Fkh1/2GCCAACA          Ndd1CCGTTTCT GG 

 190  TTAAAACAAG TAGGCGTTGC ATATA.TAGA CGTGGGTAGG AAAAAAG.TG AGCGCCAACA CTATATAAGA AACCGTTTCT GGATACACCC TCGTGAAGAA 

 198  TCAAGACAAG TAGGCGTTGC ATCTACAAAA CGTGGGTA.G AAAAAAGGTG AGCGCCAACA CTATATAAGG A.CTGTCCCT GAATATATTC TTGTAAAGAA 

 193  GCAATGTGCG AAGGCAATAC ATATACGAAA CGTGCGT..G AAA.GAAACG AATGTTTACT ATATATAAGC AACCTGTGCT GCCATAATTT TTCTCAA..G 

      >------------------------------------------------ UCS4 -----------------------------------------------------> 

 

                                          Pho2TAA TAA 

                                         Arr1TTAA TAA 

                                      Yox1TAATTA Yox1TAATTA  

                                      Pho2TAATTAA    TAATTAAPho2  

                               Cin5CTT AcATtA Pho2TAATAA      Pho2CTTAG T                                    

    Nrg1AGGGTCC Ash1TTGAT       Dat1TT ATATAATTAA TAATAATTAA TA            Ndt80AT TTGAACT            Adr1TTGGAG                   

 288  ATAGGGTCCT GCATTGATAT TTTCAAACTT ATATAATTAA TAATAATTAA TAGCGCTTAG TTTAAAGAAT TTGAACTATT TTTTGGCCAA CTTGGAGAA. 

 296  AAAGGGTCTT GTGTCGTTGA TCTTATATTT ATGTGGCTAA CAGTGATCCA TAACGTCTAA TTTAAAAAAT TAGAAC.GTT TATTAGCCAA TTTAGGGAAC 

 288  AAATGAAAAT G..TTCTTGT TTTCCCAACA TAATCTATAC AGTTAAACCA CAAC...AGC TCTAAACATC AAAAGT..TA TATGAATTGA AATGCAG... 

      >------------------------------------------------ UCS4 -----------------------------------------------------> 

 

                                                                           Sut1GCG GGG   

                                                                        Stb2TTACGC G 

                                                                     Mig1ATTTACGCG GG       

                                                                  CGGCG TATTTACGCG GMal63 

                                                  Hap2-5ATTG G      CCGGCG TATTTACGCGMal63 

                                                 Fkh1/2TATTG GC   Fkh1/2TATTTAC  Gat1GATAA 

                                              Ash1TTGAT     Yrr1TCCGGCG TAT      Gzf3GATAA          

                                Tec1AA GAATG   Gcn4TGATTATec1GCATTCC            Dal80GATAAFkh1GtAAACAA G GAGAAdr1 

 387  .......... .......... .........A GAATGTGTAC TTGATTATTG GCATTCCGCG TATTTACGCG GGGATAAAGA GAAAACAAAG GAGAAAAG.G 

 395  CAGGACTATT TATTAGTTAG TTTAAGGAAA GAATGCGTAC TTGATTATTG GCGTCCCGCG TACCTCCGCG GCGATAAGGA GAAA.CTAAG GAAGAAAG.G 

 378  .......... .......... .......... ........AC TTGGT....G GCGTTCCACG CATTATCATT TCGGC.CAGA CTCAGAATAG TTTTTTTTTC 

      >------------------------------------------------ UCS4 -----------------------------------------------------> 

      

                                                                                                       Ash1ATCAA 

                                                                                                Pho2TTAT TTA   

                                                                                              Dat1TTTTAT TTAT   

                                                                                                     Gat1TTATC 

 Hsf1GAATTTCC            Rtg1-3GTACC                                                                 Gzf3TTATC 

Hsf1GGAATTTC        Gcn4TGA CTA   CCTCCAdr1Gcn4CA ATCA                                    Gcn4TGAGTTDal80TTATC 

    Phd1TTgCCTMot3TTCCGA   Phd1GTgCCT   Hap2-5cCA AT                                          Fkh1/2TTAT TTAT             

 457  AATTTCCTCA ATTCCGATGA CTAGTACCTC CGAGCAAGCA ATCATCGGCG AACAGATGTA AAAAGAGAGT .TTTAAACAC TGAGTTTTAT TTATCAAGAA 

 493  AATTTTCCCT GT.CCGATGA .TAGTCCCCC CGAGCAAGAG ATCGTCGGCG AGCAGATGTA AAAAAAAAAT CTTTAAACAC TGAATTT.AT TTATCAA..A 

 439  TTTTTTTTCT CTGTC....A ATAATGCTTC CAGGAGAGAG ATCACCTGCT AAGTGGTTTT TTCTTGGCTT GGGATAGTAG AGATTGCGCA CTTATCT... 

      >-------- UCS4 -----> >------------------------------------------UCS3 --------------------------------------> 

                                                                                                 Pho2ATT AAA 

                                      Dal82AAAAA. TG..TG                                        Arr1AATT AAAT               

                                Ndt80A TAACAAAA                                                Yox1TAATT A  

                          Mot3CAGGCAGATAAGat1                                                    GATAADal80 

                    Ste12GT TTCA    GATAAGzf3                                                    GATAAGat1  

             Mal63AGCTATCGT TTCAGG  GATAADal80    Hap2-5ATTG g                     Gcn4GAA..T CA GATAAGzf3 

 Rtg1-3GTACC              Sok2CAGGCAmA            Gcn4TGATTG   ATTAAAPho2                     Dat1ATAATT AAATATTT                  

 556  CGTACCCGTA CAGCTATCGT TTCAGGCAGA TAACAAAAA. TG..TGATTG AAATTAAAGT AGTTT.T..G TTTGGAA..T CATGATAATT AAATATTT.. 

 588  CGTACCCTTA TTACCCTCGT GTCAAGCAGA TGACAAAAAC TT..TGGTTG AAATTAACGT AGTTA.T..G TTAGGAAAGT TACCATGACT GAAAAGTTAC 

 532  CCCACCCCTT CT.CTCCCGT GGACAACCGA GAAGATGGTG TTCATTGGTG TGATGAATAC AGATGCTATC GTAATTGCAT TGACTTTACG GTACGTTGGA 

      >------------------------------------------------ UCS3 ---------------------------------------------------  

                   Pho2ACTA AG                                                                                       

                Cin5T.TACTA AG                                                                                       

                Yap7T.TACTA AG                                                                                       

                Yap6T.TACTA A                                                                                       

                Yap5T.TACTA A                                                                                       

                Yap3T.TACTA A                                                                                       

                Yap1T.TACTA A                                                                                       

 Pho2TCATTA      Cad1T.TACTA A      Skn7GCTAGCCC   Sum1CGCAA. AT                Hap2-5ATTGg 

      Ndt80ATTTG AAGT     Pho2TAA.TGA            Ndt80CGCAA. AT       Sut1CCCGGC   TAATTGYox1 

 646  CATTAATTTG AAGT.TACTA AGTAA.TGAA GCTAGCCCGA GAAACGCAA. ATGCTCAGAG AGCCCGGCAG TAATTGTGTA CACAG…AA CT…....A 

 683  CGTTAATTTG AATTCTATCA AGTAA.TAAA GC.CGACCGA CAAACGCAA. ATGCTCAGAG AGTCCGGCAG TAATTGCGTG TGTAGCGTAG CT.......A 

 631  TACACAGTGG AGCCAAAGGG GCAAATTCAC AGAGACATAG AAGGCACAGG ATGTATAGAA CGCGTAGAAC GCATAAAATG CACAGCAGCA CAGAAATAGA 

      >------------------------------------------------ UCS3 -----------------------------------------------------> 
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                                        Tec1CATt Cg                                      

                 Gat1GATAA             Gcr1-2CATC C                          Com2C AcGAAA CTT TTgTYox1 

                 Gzf3GATAA      Spt23T TGATtTC                                  Dal82cAcATCTT T 

                Dal80GATAA        Mata1TGATGT                   Gcn4TAA TCA           Azf1tTT TTCT.t       

             Hac1GCTGG           Ash1T TGAT     Yox1CaATTATec1CatTTC Tec1CATtcC  C AGcAAASwi4-6 

         Mal63CC GCTGGATAAA GCT   TCGT TyAgUpc2 C CGCTATTAC. .CHap1CTAA TCGln3 TGC AGGAASok2             Rtg1-3GTACC        

         Phd1GCC GCTGG     Tec1cATTCc   Rgt1TCATC CG cATTcCTec1TCTCCAdr1 Phd1GCTGC AGGTec1CaT TcC         Rpn4TtTgCCACc 

 733  TACAA..GCC GCTGGATAAA GCTTATTCGT TGATGTCATC CGCTATTAC. .CTCTCCTAA TCATGGCTGC AGGAAATCTT TTCT.CTCAA CATCTTGTAC 

 773  TACAA..GCC GCTAGATAAA GCTTATT.GT TGATGTCATC CAAAATTACA CCTTTTTTAT AAAGAGCTGC AGGCTCCTCT CTCT.CTCAA CATCTTGTAG 

 731  TACAGAGGCT ACTGGGCTAA GTTTTGCA.T TGATGTCACT GCTAAATCAA TCCGTTATAA AAATAACTTC AGATAATCAG CTTTTCTTTT CCTCGTGGCG 

      >------ UCS3---- >>------------------------------------------UASru(AB)--------------------------------------> 

 

                                                                                            Ino2-4GCATG TG  

                                                                                      Yap7TGA .GTAAG       Mot3TACCTT 

                                                                           Stp1AGC CGCA   TGA .GTAGcn4  Rtg1-3GTACC 

                                                              Stb5CGGTG TTATA   GC CGCAAAwSum1         Rtg1-3GGTAC 

   cACwACTTTDal82                                             Gal4CGGTG TTATAGCAGC CG Yap1TGA .GTAA CATG TGATCbf1       

    Arr1aTTTAAAt   CGGTAGCA A.AGGACAACha4  Hac1AC GtcA   T.. .GCCAaGRim101   Pdr1C CGCgAAwr  Yap5AAGCAT   Phd1GTgCCT 

 828  CACTTTAAAA TGCGGTAGCA A.AGGACAAA CGGTAA.AAC GTTACACT.. .GCCACGGTG TTATAGCAGC CGCAAAGTGA .GTAAGCATG TGATGGTAC. 

 869  TACTTTGAAA TTGAGCAGCA A.AGGGCAAA CGATAA.AAC GTTATGTT.. .GCTACGGTG TTATAGTAGC CGTAAAGTGT .GTAAGCATG TGATACTACT 

 830  CTCAGAAAAC CGTGCAAAGA TGATAAGCGG AGGAAAAGTT TATTTAGAAG GGCTGTGACT TTATATCGGC AGGGGATGTT GGCAAGCATT CGACACCGCT 

      UASru(AB)>----------------------------------------UASru(C)------------------------------------------------->> 

 

 

                                                                Rph1AGG GG                             Phd1CCCGCAGG 

                    Rox1GAG AAcAAtAGr                      Xbp1CTTCGAG  GGAAGGcr1-2                Sok2G TGCCam 

                               Sok2GTG CcTc        Sok2TTTTC GTCGis1AGG GGAsh1ATCA A   CG.... ...CATGC.G TGCCCGCMal63  

                    Gzf3GAG AA            Swi5TTG TTTAC       Msn2/4AGG GGAAGGATMot3  GCG.... ...CATGC.G TGCCCGMal63               

                 Adr1TTGGAG               Fkh1TTG TTTAC TTTC GTCTTNdt80         Phd1AGGCa.... ...C      Leu3CCGCAGGcGG 

 921  .CTTCAATAC TGCGTTGGAG AAAAAAAGTG CGTATCTTTG TTTACTTTTC GTCTTCGAGG GGAAGGATCA AAGGCG.... ...CATGC.G TGCCCGCA.. 

 963  ACCTTCATGC TGCGTTGGAG AAAAAATGCG TATACCTTTG TTTACTTTTC GTCCTCGGAG TTTAAGAAAA CGCGCAT.TG CGTCGTGCCG TGCCCGCA.. 

 930  TTT..CGTGC TGCGTTGGAG AAAAAAAAAT AGTTTATTTG TTTACATTTC AGACTCGGAG TTTAAGAAAA CTCGCATATG CATCTTTCCC TGTCCACGAT 

      >------------URSuE--------->>--------URSuD------>>------------------IREu------------------->>-------URSd----> 

 

 

                Phd1GGGCaC 

             Rph1AGGGG                                                                                                             

             Gis1AGGGG                                                                                                             

           Msn2/4AGGGG                                                                                                             

          Adr1GG AGG                                         Arg80GCGTC A                                                          

              Adr1GGGGG      Aft1TGGGt G.T...A       Gcr1-2A G.GAAGC                      Spt2TCTTAAATAr      

     Mal63CGCAGG AGGGGGCGC  Adr1TTGGGG             Ash1ATCAA          Rpn4GGTGGCaa a                        Pho2ATTAAA 

    Mal63CCGCAGG AGGGGGCGHap2-5ATTGG            Mata1ACATCA Rtg1-3GCGTC AT     Cin5CTTAcATA           Sok2CAGGmAA   

1010  ........GG AGGGGGCGCC AGGATTGGGG G.T...AGAT ACAACATCAA G.GAAGCGTC ATGGTGGCTT CTTGGG.... TCTTAAATAC GCAGGGAATT 

1060  ........GC AGGGGGCACC AGGTTTGGGG G.TGGAAGAC ACAACAACAA AAGCTGCGTC ATGCTGGCTT CTTGGGGCCG TCTAAAATAC GCAGGGAATT 

1028  CGGAGTACGC AGGGGCGTCG CCGTTTGGGG GGTGGGAGAC ACAACAACTA AAACTGCATA ATGGTGGCTT CTTGGGGGTC GTCTCGAAGT GCGGTAAATT 

      >----------------------------------------------------------URSd- -------------------------------------------> 

 

                  Mot3TGCCT T                                 Mot3AAGGT A  Dal80GA TAA 

                               Gcn4CAC TCA     Pho2CTTAGT Yox1GGAAAAG       Gzf3GA TAAG                      

                 Sok2GTGCCT gAft1TGCAC cC   AACCT TMot3    C AGGaAASok2     Gat1GA TAAG     

    Ste12GTTTCA  Phd1GTGCCT TTACATaaYap6        Yap3TTAcTaA  AGGaAAPhd1     Gln3GA TAAGA             Gcr1-2CATCC    

1093  AAAGTTTCAT TTATGTGCCT TTACATGCAC TCAAAAACCT TCTTAGTTAC AGGAAAAGGT AAAGATACGA TAAGAAAAGC CTTTGAACTG CCCATCCTGC 

1151  AAAGTTT.TT TTGTGTGCCT TTAAATGCAC GCAAAA.CTT TATTGATTAC TCAGAAAGAT AACGGAGAGC TCAGAAAAGC TCTT.AATTG CCTATCCTGG 

1128  AGGGTTTCTA GGTAGCGCCT GTGCAGGCAC ACAATTCTGT TTCCGTTCAC TGGTCGAACT AGCGGAGTTC CAGATGCATG CATGAAATCA CATATTC.GG 

      >-----------------------------------------------------URSd -------------------------------------------------> 

 

                                                                 Mot3AA GGGA   

                                                            Mcm1CTGCAAA GGGA                

                                                         Sok2TGTCTGCA                        Cin5TTACATA A 

                                Stb2CG GGT.AA GAA GctTCSfl1A TGTCTYap5A GGcACPhd1            Yap6TTACATA A 

  Mot3ATCCTA                    Reb1CG GGT.AAGGAA GGcr1-2 CA TGTCTytAAASpt2               Gcn4TGATTA  

     CATCCGcr1-2    Gcn4AAC TCA Rox1CG GGT.AAGGA   Ino2-4GCA TGTg Nrg1A GGGt        Yap6TTACA TAA 

1193  ATCCT.AACA CAGATCTAAC TCACTATTCG GGT.AAGGAA GTGTCATGCA TGTCTGCAAA GGGACTAGAA GAAAGTTACA TGATTACATA AGCA..AAAA 

1248  ATCCGGAACA CAGATCTAAT GTACTGTTTG GGT.AAGGAA GTGTCATATA TGTCTGCAAA GGGACTAGA. GAAAGATACT TAGTTACATA AGCCG.AAAA 

1227  GTTGAAAGCA TAGATCCCGT TTCCTAATCA ATCCAACAAC CGGCCACGCA TGTCTGCAAC GGGTTTCAT. .AAATTCTCC AGATTACATA AGCGTGAAAA 

      >--URSd---->>------------------------------------UASrm------------------------------------------------------>  

 

                                                                                                     Gcn4TGATTCA 

                    Hap2-5C CAaT   Phd1CCTGCGGC                                                   Sfl1GA aGcTTC  

                              Gat1TTAT C                                                         Fkh2TGm TGAT 

                              Gzf3TTAT C TGCGGCCStp1                                               Ash1TTGA T 

                Met31ACACAC  Dal80TTAT C  GCGGCCC CATTTCCGMal63         Ash1ATCAA  Gzf3CTTAtC  gAAgCTTGSfl1      

    Mot3TCGGAA Phd1AGgCACDat1ATTTTTTAT   Hap2-5CC aAT  Xbp1C TTCGAG Mot3AAGGAT   A GGCaCPhd1  CCAATHap2-5   Mig1CCGGGG     

1289  .ATCGGAATT ACAGACACAC CATTTTTTAT CCTGCGGCCC CATTTCCGTC TTCGAGGGA. AAGGATCAAA GGCGCTTAGC CCAATCTTGA TGATTCACCG 

1345  .ACCGGAATT ACTGACACAC CATTTTTTTT CCTGCAGCCC CATATCCCTC TTCGAGGGG. AAGGATCAAA GGCGCTTAGC CCAAACATGG TGATCCACCG 

1325  TACCGGAATT CCTGGCACAC CTTTTTTACA CCTGC.GACC CATGGTTGTT TTCGAGGGGA ATTG.TCGAA GGCGCTTAGC CCAAAAATCA TGATTCAACA 

      >-----------------------UASrm---------------->>----------------IREd-------------->>-------------UASv--------> 
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                           Swi5CCAGCC                                                Gcn4TTGC GCAA 

                                                                 Hac1CCAGC                                                Mac1tTTGC GCA 

                                                              Mig1CCCCAG                                              Gcn4TGATTG 

                        Adr1ACCCC  Sko1ACG.TAA                                   Fkh2TGmTTGC 

                     Opi1GA ACC  CAGCC ACCrz1    Yox1CAATTA                    Fkh2GATTGAa               Ash1A..TCAG  

                    Rox1AGA ACCCCCs           Hap2-5CCAAT                Pho4AACGT G TTGATAsh1   Sok2TGG CTGCA 

Gcr1-2GGAAG     Cin5TTACAtA ACCCCtNrg1         Fkh2GCCAATa          Sok2CaGGAAA  T GATTGGcn4C GCAATTTTDal82  

1387  GGGAAGAAAG GAATTACAGA ACCCCCAGCC ACG.TAACAC AGCCAATTAG TTTTCTATAT CGGGAAACGT GATTGATTGC GCAATTTTGG CTGCA..TCA                

1443  TGGAAGAAAG GAGTTACAGA ACCCCCAGCC ACA.TAACAC AGCCAATTAG TTTTCTGTAT CAGGAAATGT GATTGATTGC GCATTTTTGG CTGCA..GAA 

1423  TGGAAGAAAG GGATTGCACG ACTCCCAGCC AAAATAACGC AGTCAATTAA ATTTCTAAAA TAGGAAAAGT TATTGATTGT ACTGTTGTGG TTGCGCCGAA 

      >------------------------------------------------UASv-------------------------------------------------------> 

 

                                                                                                         Stb2CGCgTAa 

                                                                                                           Gln3CTTATC 

                                   Ash1TTGAT                                                               Gat1CTTATC 

                               Mcm1CCT TTGATGG                               Swi4/6TTTCGTg  Spt2TTTTAAAG aGGzf3CTTATC              

                           Nrg1GgACCCT                                     Gcn4TGA TTT Cst6TG CATTT        Dal80TTATC              

                           Aft2GCACCC                                 Ash1ATCAA    TTTCGTAGTNdt80Mot3AAG GGA  

1484  GAATACATCG A.TGAGATCT AGAGCACCCT TTGATGGTTT AAGTCCGGTT TAAAGTTAGT AGATCAATGA TTTCGTAGTG CATTTTAAAG GGAGCGCTTA 

1540  TAATACATCG A.TGAGAGCT AGAGCACCCT TTGGTAGTAT TAGTCCGATT TAAAGTTAGC AGATCAATGA TTTCGTAGTA CGTTTTAAAG GGAGGGCTTA 

1523  TGACGAAAAG AATGAGATCT GGTACACCGT ACGGTAATAA AATGCTGACT TAAAATTGTT AGATCAATAA TACCGTAATG CCCTTTAAAG GGAGGGCTTA 

    >----------UASv--------->>--------------------------------------UCS1------------------------------------------> 

 

                                                                Fkh1gTA AACA....A                           Swi5TCAGCC 

                                                               Pho2ATTA AA                                 Rox1ArCAG... 

                                                Rim101tGCCAA gSpt2AATTA AAkAA                      Yap6t TATGTAa 

                                Met31G TGTGT               Dat1TAAAATTA AA                      Gat3aTAA cATG 

                             Sum1TTTTG TG                Rlm1TCTAAAATTA                      Dat1AA.TTAA TAT     

 Mot3ATCCAT   TG ATTGGcn4   Ndt80TTTTG TG  TACTCAGcn4   CCAA THap2-5                        Yox1CAA.TTA   Ash1ATCAG 

1583  TCCATGGGTG ATTGCGTTTA CAACGTTTTG TGTGTACTCA TAATAGCCAA TCTAAAATTA AACA....AC AACAACAACG CACAA.TTAA TATGTATCAG 

1639  TCCATGAGTG ATTGCGTTTA CAAAATTTTG TGTGAAGTCA TAATAGTCAA TCTAAAATTA AACAGACAAC AACAACAACG CATAA.TTAA TATATCCTAG 

1623  TCCATGCGAA ATTGCCTTTC CAAC...... TGTGTATTCA TGAATATTCA AACCAGATCA AAGA...AAC AACAAAGGCG CA.....TAA TGTGGCCC.. 

      >----------------------------------------------UCS1---------------------------------------------------------> 

 

  Hap2-5CCAAT                                                                       Swi5TTGTT TAC 

      CCCCAAAdr1                                              Ash1TTGAT      Ino2/4GCaTGTg 

   CAGCCCCCrz1                                               Mac1TTTGcT C    Mot3T GCCTG                            

   ...CCCgsRox1                          Hap2-5AT TGG      Ndt80TTTTGAT     Sok2TT GCCTG                  

Ume6AGCCgCsA  Mac1TTTgCTC              Mcm1CTAAAT TGGG TCGGA CGTTTTTGAT CTTArg81TT GCCTPhd1   TACCTTMot3   Phd1TTTCCT              

Stp1AGCCCCA TACC TTMot3               Pho2ACTAAAT TGGGGAdr1                     Fkh1/2TGTTGTT TAC        Yox1CTTTTCC   

1678  CCCCAATACC TTTTTCTCTT ACTGTAATTT ACTACTAAAT TGGGGTCGGA CGTTTTTGAT CTTGTTCCTT GCCTGTTGTT TACCTTGTAT ATTACTTTTC 

1738  CCCCAATACC TTTTTCTCTC ATTGTAATAT ACTACTAAAT TGGGGTCGGA TGTTTACGAT CTCATTTCTT GCCTGTT... TACCTTG.AT ATAACTTTTC 

1707  CGCCAACGCC TTTTCTCATC GTCGTAGTCT CCAGCCAAAT TGGGGTTGGA CGTTTTCAGT CTTGTTTCTT GCCTATT... TACTTTAGAA ACAACTTTT. 

      >----------------------------------------------UCS1-------------------------------------------------------->> 

 

                               Gat1TTA TC 

                               Gzf3TTA TC 

                              Dal80TTA TC 

                            Yox1TAATTA     

                           Pho2TTAATTA        Dat1TT....AATA TTTTT 

       Yap6TTAcG TAa  AAGGT AMot3           Pho2C TT....AAT               Mot3TCCC TT         

       Cin5TTATG Taa  Dat1T AAATTAATTA T   TTGATAsh1                  Gcr1-2CTTCC 

 Mot3CCTCTT TATG TATTTAASpt2        Ndt80TTTTGATC T                  Yap5ATGCTT              Ndt80TTTTGC TTC   

1778  CTCTTTTATG TATTTAAGGT AAATTAATTA TCTTTTGATC TT....AATA TTTTTCTCAA AATGCTTCCC TTGTAGTTCG GTATTTTTGC TTCTTC.AGA 

1834  CTCTTTTATG TATTTAAAGC CAGTAAATTA TCTTGTACTC TT....AGTG TTTTCTTCAG AATATTTCCC CTATAGTTCT TTATTCTTGC TTTTTTTACG 

1803  TTGTTTTACA TATTTAAA.C AAAAGCACAA TCTTTTACTC TTCACGAATT TTGTCTCCAG GATCATTCCC TTCCA.TTCT TTATCTTCCC TTTTTTTTTC 

                 - TATA—                                                       > mRNA >  

 

                                                                                       Dal80T TATC 

                                                                                                                                                                                                                   Gat1T TATC 

                                Hsf1TT CGTGAA                                           Gzf3T TATC 

                             Swi4/6TTT CGTG        Yap5AAACA T                     Yap6TTACAT aA   

 Dat1ATATTTAAA                 Sok2TTT CcTG   Fkh1/2AC.AAACA   Mot3ATCC TA Dat1ATT TATTTTA    Dat1ATATTA TAAAT 

1873  TATTTAAACT ACCGTATACC ATAACTGTTT CGTGAAGTAG ATAC.AAACA TCGACTATCC TATTACGATT TATTTTACAT TATCATATTA TAAATCGACC 

1930  TATTAGAATT TCCGTATACC ATAGTTACTT CGTGAAATAG ATAA.AAAAA TCGACTATAT TATTACGGTT TATTTTACAT TAATACATTA TAAATAAATC 

1901  TGGACGTTTA ATCTTTTCGT CTA....TTT CGTTTATTA. .CTATTATTG TTATA.ATAC TCTCATGAAA TAGATCAGCA GAATAGGCTA TACT...... 

 

                                                  Rtg1-3G.TC AC 

                                                  Gcn4TAG.TC A                            Rap1GCACCCA  

                                                 Yap1TTAG.TC                            Aft2G GCACCC                     

                         Yap5AAGCAT             Yap7ATTAG.TC A                  Mot3TTCCTA        

                   Pho2ATTA AA                Pho2TCATTA         Ndt80G AAACA....A AT   Aft1G GCACCC 

1972  AGTAGTATTG TTAAAGATTA AAAGCATAAT ATA.CTACTG TCATTAG.TC ACCTACAGAG AAACA....A ATTCCTACTG GCACCCATTA CTGGTGAAAA 

2029  AATAATATCG TTTGAGACCA AGATTATAGT AAA.C.ATTG TCGTTAGATC GCCTTCATAG AAAAATAGAA AAAGATTCCT GTTCCCATTT TTGGTGAAAA 

1988  ATTAGAACGT ATCAAAAATA CAATAATATC ATTAATACTG ATTTTAACTG CAATTATTAC TATTAT.... .....TACAG CAGCA....T CTATAGACAA 

 

     Dat1AAAAAAA T..AATAAAA 

   Yox1GGAAAAA 

  Phd1AGGAAA       Azf1AAAA GAAA               Mig1CCCCAC 

 Sok2cAGGAAA Pho2T..AATAA                  Adr1TC TCC  ACAAA CAFkh1/2                   

2066  AGGAAAAAAA T..AATAAAA GAAAAGCTTT TCTATTCCTC TCCCCACAAA CAAA  2118 

2127  AGGAAAAACA TCAAATAAAA GAGACGCTTT T.TATTCT.. ..CCCACAAA CAAA  2176 

2075  AAAAAAAACT A..TATAGAA GAAATACCCT AATATTGT.. .CCAAACAAA ....  2120 
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FIGURE S1.—Decoration of IME1 5' untranslated region with putative TFs. The sequence of IME1 5’ region is from -1 to -2117 (-1 

corresponds to bp 2117). The sequence of this region was aligned between five Saccharomyces strains, S. cerevisiae, S. paradoxus, S. mikatae, S. 

kluyveri and S. bayanos, using yeast genome browser  

(http://genome.ucsc.edu/cgi-bin/hgGateway?hgsid=101879728&clade=other&org=0&db=0). The Figure shows alignment of only 3 

strains: S. cerevisiae (top line), S. paradoxus (mid line) and S. bayanos (bottom line). Homology of at least 5 bp in a raw is marked by red font. 

Below the sequence we marked the location of various UAS and URS elements that were previously identified by deletion analysis (KASSIR 

et al. 2003). On top of the sequence the names of putative transcription factors (TF) and their putative binding sites are given. The reported 

consensus for binding of TFs is given in capital letters, while alterations are in small letters. Different font colors were used to distinguish 

between the functions of the TFs. Green -  positive, red -  negative, and blue - both positive and negative TF. TF which affect the 

transcription of IME1 are highlighted in yellow. TF which were identified by ChIP chip are highlighted in turquoise when function was not 

determined, in khaki when it had no effect on function, and in green when they had a functional effect. TFs with no functional effect are 

highlighted in grey. Yox1 and Yhp1 are two homeobox transcriptional repressors that bind to the same sequence. For simplicity, only Yox1 

is shown.  
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KASSIR, Y., N. ADIR, E. BOGER-NADJA, N. GUTTMANN-RAVIV, I. RUBIN-BEJERANO et al., 2003 Transcriptional regulation of meiosis in 

budding yeast. International Journal of Cytology. Servay in Cell Biology 224: 111-171. 
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FIGURE S2.—Screening deletion mutants to identify regulators of the IME1 promoter. Distribution of log2 GFP:RFP ratios from 

genome-wide analysis of the UASru(AB) element (A) or UASru element (B) in cells grown in SD. The y-axis represents log2 GFP:RFP ratios 

measured from each deletion mutant displayed on the x-axis. The IME1pr-GFP fluorescence intensities are standardized to the control 

RPL39pr-RFP intensities. The presence of several TFs is indicated. 
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TABLE S1 

List of TFs examined in this study 

 

Table S1 is available for download as an Excel file at http://www.genetics.org/cgi/content/full/genetics.110.122200/DC1. 
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