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Highly flexible gene expression programs are re-
quired to allow cell growth in the presence of a wide
variety of chemicals. We used genome-wide expression
analyses coupled with chromatin immunoprecipitation
experiments to study the regulatory relationships
between two very similar yeast transcription factors
involved in the control of the multidrug resistance phe-
nomenon. Yrml (Yorl72w) is a new zinc finger tran-
scription factor, the overproduction of which decreases
the level of transcription of the target genes of Yrrl, a
zinc finger transcription factor controlling the expres-
sion of several membrane transporter-encoding genes.
Surprisingly, the absence of YRRI releases the tran-
scriptional activity of Yrm1, which then up-regulates 23
genes, 14 of which are also direct target genes of Yrrl.
Chromatin immunoprecipitation experiments con-
firmed that Yrml binds to the promoters of the up-
regulated genes only in yeast strains from which YRR1
has been deleted. This sophisticated regulatory pro-
gram can be associated with drug resistance phenotypes
of the cell. The program-specific distribution of paired
transcription factors throughout the genome may be a
general mechanism by which similar transcription fac-
tors regulate overlapping gene expression programs in
response to chemical stress.

Promoter occupancy by transcription factors is a critical step
in establishment of the developmental program. In several
cases, the transcription factor binds all its potential target
genes, and signaling events at specific promoters are responsi-
ble for determining which genes are expressed. Alternatively,
the regulation of target gene selection could occur at the level of
DNA binding. New tools have opened up new opportunities for
studying the program-specific distribution of transcription fac-
tors (1), revealing a high level of sophistication in the DNA
binding program. Paralogous transcription factors often seem
to interact with similar promoters, although little is known
about the specific mechanism involved. Gene duplication, by
conferring new evolutionary possibilities, provides an impor-
tant source of diversity in the regulatory processes controlling
gene expression. This is particularly true of the genes encoding
transcription factors. The genome of the yeast Saccharomyces
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cerevisisae contains a number of genes encoding transcriptional
activators that exist as protein pairs (2). A few representative
cases deserve special mention because their interesting prop-
erties have stimulated several studies. Pdrl and Pdr3 have
highly similar Zn finger domains and activate similar sets of
target genes (3, 4) but these two factors are regulated differ-
ently as Pdr3 displays autoregulation whereas Pdrl does not
(5). Moreover, Pdr3 has been shown to be activated by mito-
chondrial signals (6, 7) whereas Pdrl is under the regulatory
control of the Hsp70 protein Pdr13 (8), which is now known as
Sszl (9). Swib and Acell recognize the same DNA promoter
sequences in vitro but transactivate different genes due to
context effects and negative regulators (10). Aft2, like its para-
log Aftl, is a transcriptional activator that responds to iron.
However, Aftl and Aft2 regulate the iron regulon to different
extents (11-13). Cat8 and Sip4, two very similar transcription
factors, are two CSRE-binding proteins that contribute un-
equally to the activation of genes containing the carbon source-
responsive element (CSRE) in their promoters (14). Interest-
ingly, Cat8 is required for the derepression of SIP4 under
nonfermentative growth conditions (15). One of the most sa-
lient feature of differential regulation of two similar transcrip-
tion factors have been recently described for Msn2/Msn4 (16).
The cAMP-PKA pathway was shown to control the sensitivity
of Msn2/Msn4 oscillatory shuttling and, in the absence of PKA,
Msn4 continues to oscillate whereas Msn2 remains in the nu-
cleus. All these examples suggest that the evolutionary dupli-
cation of genes encoding transcription factors has resulted in
factors controlling similar sets of target genes that are them-
selves differently regulated. However, this is not a hard-and-
fast rule because Haal, a protein homologous to the copper-
regulated transcription factor Acel, acts independently of the
copper status of the cell and does not regulate the three genes
activated by Acel (17).

In this study, we focused on a new pair of transcription
factors, Yrrl/Yrml, with alternative DNA binding properties.
Yrrl was recently identified as a Zn,Cysg transcription factor
involved in control of the pleiotropic drug resistance (PDR)!
phenomenon (18). Gain-of-function mutations in its activation
domain confer high level resistance to the cell cycle inhibitor
reveromycin A, to the DNA-damaging agent 4-nitroquinoline-
N-oxide and to oligomycin (19, 20). Yrrl affects oligomycin
resistance by activating YORI expression via a region in the
YORI1 promoter that is very similar, but not identical, to the
PDRE elements recognized by Pdrl/Pdr3 (19). An intricate
interplay of cross-regulation links YRRI1, PDR1, and PDRS3.

! The abbreviations used are: PDR, pleiotropic drug resistance; PKA,
cAMP-dependent kinase; HA, hemagglutinin; MHR, middle homology
region; GAD, Gal4 activation domain; YRM, yeast reveromycin resist-
ance modulator; ChIP, chromatin immunoprecipitation assay.
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TABLE 1
Saccharomyces cerevisiae strains

Strains Genotype Ref.
BY4742 MATa his3A1 leu2A0 lys2A0 ura3A0 EUROSCARF
AYRM1 MATa his3A1 leu2A0 lys2A0 ura3A0 YOR172W:: kanMX4 EUROSCARF
W303-1B MATa ura3-52 ade2-1 leu2-3,12 his3-11,15 trp1-289 (20)
AYRR1 MATa ura3-52 ade2-1 leu2-3,12 his3-11,15 trp1-289 YRR1::His6-URA3-His6 (20)
SEY6210 MATa leu2-3, 112 ura3-52 his3-A200 trp1-A190 lys2-801 suc2-A9 Mel ™ (19)
YRRI1-gof MATa leu2-3, 112 ura3-52 his3-A200 trp1-A190 lys2-801 suc2-A9 Mel™ YRR1::3X HA-774 (19)

PDR]1 regulates PDR3 and YRRI, both of which regulate their
own expression (5, 19). In addition, different post-translational
processes, including nuclear targeting or heterodimer forma-
tion (21), may be involved in different regulatory pathways.
Genome-wide analyses have established that the sets of target
genes directly regulated by these three transcription factors
display considerable overlap (3, 4, 20). Most of these co-regu-
lated genes encode for proteins involved in the structural or-
ganization of the plasma membrane. These proteins include
ABC and MFS transporters, together with proteins involved in
the control of specific steps in lipid biosynthesis. Accordingly,
the drug resistance phenotypes conferred by the gain-of-func-
tion mutations for the three transcription factors reflect
changes in plasma membrane composition. Thus discrete
changes in plasma membrane properties can be accomplished
through sophisticated cross-regulations between several tran-
scription factors, not all of which have been identified (22, 23).

YOR172W, referred to here as YRM1 (for yeast reveromycin
resistance modulator) is homologous (41% identities) to YRR1.
The degree of similarity is higher in the zinc finger domain, but
the two proteins display considerable similarity throughout the
entire length of their sequences. The sequences in the Cys
regions are quasi-identical suggesting that the two factors rec-
ognize similar DNA binding motifs. Microarray experiments
were carried out to determine whether Yrm1 was a transcrip-
tion factor and to identify the corresponding direct target
genes. The situation turned out to be more complex than ex-
pected: Yrm1 acts as a transcription factor and interacts with
the promoter of the target genes only in the absence of Yrrl.
The sets of target genes directly regulated by YRRI or YRM1
are similar, but not identical. Alternative promoter occupancy
thus plays a key role in this cross-regulation adding a new
degree of complexity to the cell drug response.

EXPERIMENTAL PROCEDURES

Strains and Media—Saccharomyces cerevisiae strains are described
in Table I. Cells were grown in minimal synthetic medium SC (0.67%
yeast nitrogen base, 2% carbon source (glucose, galactose, or
glycerol+ethanol) supplemented with appropriate amino acids). Drug
resistance assays were performed by spot tests with serial dilutions.
Escherichia coli TG1 (K-12%(lac-pro) supE thi hsdD5/F’ traD36
proA*B*lacl? lacZ*M15) was used for plasmid constructions.

Plasmid Construction—pYES2-YRM1 was obtained by homologous
recombination in yeast of Notl-digested pYES2 (URA3, AmpR, 2u,
GAL1 promoter, three HA epitopes, and the CYC1 terminator) with
PCR-amplified YOR172W ORF. For PCR amplification of YORI72W we
used the genomic DNA from the BY 4742 strain and the following
primers: 5-TCCTATCCATATGACGTTCCAGATTACGCTGCTCAGG-
TGAGTAAGCGGGGTAGTTACAG and 3'-AACTAATTACATGATGCG-
GCCCTCTAGATGCATGCTCCTCTACTGCGTATCAAATAAATA. The
inserts from six independent clones were checked by digestion and
restriction mapping. Also their tested phenotype was the same. The
expression of the cloned gene from two independent clones was checked
by Western blot analysis (24), using mouse anti-HA IgG as the primary
antibody (Babco) and anti-mouse IgG horseradish peroxidase-conju-
gated as the secondary antibody (Promega). The signal was visualized
using the ECL kit (Amersham Biosciences).

The chimeric construct YRM1*GAD was generated by inserting into
pCB-GAD (4) the first 381 nucleotides of the YOR172W open reading
frame. This sequence was amplified by PCR and inserted into the NotI
site of pCB-GAD by homologous recombination in the AYRM1 strain.

The nucleotides used for PCR amplification and homologous recombi-
nation were: 5'-GACGTCCCGGACTATGCAAGGCCTGTTCCATCACA-
CGTGAGTAAGCGGGGTAGTTTACAG and 3'-CTTTTTTGGAGGCTC-
GGGAATTAATTCCGCTGCATGTCCCGAGCCTTTACATTGTAAATA.

The insert was sequenced and production of the chimeric protein
checked by Western blotting, as shown for pYES2-YRM1.

Microarray Experiments—The activity of the entire or chimeric Yrm1
protein, produced under control of the GALI promoter, was induced on
galactose medium by growing cells in glucose minimal medium to an
ODgy, 0.5 and transferring them to galactose minimal medium for
various times of induction. We carried out progressive galactose induc-
tion of pYES2-YRM1 in the AYOR172W, AYRR1, and YRR-gof strains
and of the YRMI1*GAD in the AYOR172W and in AYRRI strains for
periods of 30" to 14 h. Cells were harvested by centrifugation, flash-
frozen in liquid nitrogen, and stored at —80 °C. Total RNA was isolated
and used to synthesize and to label cDNA as described on our web site
(www.biologie.ens.fr/microarrays.html).

We performed a total of 12 independent microarray experiments,
each of which was repeated at least once. Microarrays containing all the
open reading frames of S. cerevisiae were produced in our laboratory
with an Omnigrid II Biorobotics robot (www.transcriptome.ens.fr/sgdb).
They were based on the principal of 40-mer oligonucleotides from MWG
(www.mwg-biotech.com) covalent deposited onto Corning glass slides
coated with pure gamma amino propil silane (www.corning.com/life-
sciences). Repeat experiments were carried out with microarrays ob-
tained from Hitachi Software and Eurogentec S.A. The microarray
protocol used is described on our web site (www.transcriptome.ens.fr/
sgdb). A total of 20 ug of total purified RNA was used for each experi-
ment. In each experiment, the cDNA corresponding to cells expressing
pYES2-YRM1 or YRM1*GAD was labeled with CY5-dUTP and ¢cDNA
from control cells was labeled with CY3-dUTP. The arrays were read
using a Genepix 4000A scanner (Axon) and analyzed with Genepix 3.0
software. Artifactual, saturated or low-signal spots were eliminated
from the analysis. Fluorochrome-channel normalization was carried out
with Arrayplot (25). Up-regulated genes were selected with a custom-
made data base, and the analysis was completed with the PCA module
of the J-express program (26). Clusters were generated by Treeview
@27.

Northern Blot Analyses—Cells were grown on minimal synthetic
medium with glucose as carbon source supplemented with corre-
sponded amino acids, to an OD of 0.5, harvested, and transferred to
minimal synthetic medium with galactose as carbon source for various
lengths of time, from 0 to 14 h. Total RNA, prepared by hot acidic phenol
extraction, was used for Northern blot analysis. AZR1, SNQ2, YORI,
YRR1, SNG1, FLR1, YLL056C, YGR035C, YPL088W, YLR046C,
YMR102C, PLB1, APDI1, YLR179C, SFKI1, YPLI127W, YJL216C,
PDR16, YLR346C, SCS7, YOR084W, TPO4, YDR0O61IW, ADH7, and
YBR161W were used as probes, PCR-amplified using gene-specific
oligonucleotides and genomic DNA isolated from strain BY4742 and
randomly labeled with *?P. Blots were performed using standard
procedures (28).

Chromatin Immunoprecipitation Assay—Two forms of Yrmlp were
analyzed by ChIP assay: the entire protein produced from the pYES2-
YRM1 construct and the chimeric protein produced from YRMI1*GAD,
both of which producing Yrmlp under the control of the GALI pro-
moter. Cells were grown on minimal synthetic medium, with glucose as
carbon source supplemented with corresponded amino acids for main-
taining of pYES2 or pCB*GAD plasmid to an OD of 0.5, harvested, and
transferred to minimal synthetic medium with galactose as carbon
source for 6 h. DNA-binding proteins were cross-linked to DNA with
formaldehyde in vivo (treatment for 15 min at room temperature). The
chromatin was isolated by grinding with glass beads followed by soni-
cation to shear DNA along with bound proteins into small fragments
(1-3 kb). A 20-ul aliquot of the lysate was saved as the input fraction.
To isolate the DNA-Yrm1 complex, the samples were incubated with
mouse anti-HA monoclonal antibody (Babco), and with UltraLink
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TaBLE II

Primer sets used for the PCR amplification of promoter genes in the ChIP assay

Promoter gene

Upstream primer

Downstream primer

AZR1 TGCACTGTTACCATAGGATCTTACC
YLL056C TAGAGAGGACGGACATAAGTCTTC
YOR1 ACACATCTGTCAGAGGTAGCTAGC
YGR035C AGACCCTTTTCCACGGATAATCAG
SNG1 TCACCACAATAGGTGGATCTC
YPLOS8SW GTGGAAGTATTTCACCCACGTATG
YLR046C TGGTGATAGTTGCGAAAAATGACAG
YMR102C CCTTTCTTAAGCTTCGTAAGCGAG
PLB1 CCTCATACAGTAACATGTCCGCTT
YLR179C GTGCCAAGCGTGCTCATTATTGGA
APD1 CAAGTGCAAGGAGAGGGAGAGTTC
SFK1 CTCTAAACATCTTCCACGGCTGTTC
YLR346C CACCTGCTGAATGCTCAACGTTTG
SNQ2 ACCTTCACGCCAGACTATGTATGAC
FLRI CTTAGGTAAGGAGCAATAACAGTGC
YJL216C TCTGGAATTTCTCTCCTTCTC
YPR127TW AGGAAGGGATCTGCGTTTTTGTTC
PDR16 GAGTGCAAGCATGCGATATATCTC
SCS7 GACAACAGGGAAAGTTGGACAAAC
YOR084W TGTCGAAACACTGATGCTATTGTC
TPO4 TGCTTACATGCTAATTGTCCTTGTC
YDRO61IW CCTTGAAGCGAAAGACGCATATCA
ADH7 AGAGTTGAAGGGCGAACATTTGC
YBR161W ACTTGTCACCGTTGAATAACCGAG
YRR1 GCGAATGTAGATTTCTGCCAGTATC
YORI172W CGGTCAAGATAGCCCTAAGTT

Control-cz V

GGCTGTCAGAATATGGGGCCGTAGTA

TTAATGTAGTGGTTCTGCTTGACAC
TCTTCAGGAAAGCCAAGAACTAATG
GTATGGAAATGCGTTCTTCCTGTT
ATTGCCCTCAAAACTGTATCTCATC
GAAGACGCTTATTGACTACGC
AGTTATCTCCCGTTCCTAACCTAC
GAGGCAGTTGAGTTCTTTTATCGAC
CCTCCTCTGTTTAACAAGTTGGAG
CGTTTCCGTTGGTTAAATGTGGTG
TTACTAAGTACTCGGATGGGTACC
CCTCCTCCGAATATAGCCAAGTAC
CTTAGATGACAAATCTTCCAGGCTG
TAGTCCTCTGTGAATGAGCATCAC
GGATTTAAACGGAAATGGGCGGAC
GCAATTCTCGTCTTCTTTCCTGTT
GGATTGTGACTATTTCAATGG
CTATTCTACGGTTCAATAGACACTC
CAGACAATGAGCACAATATTGTGCA
CTGCGAAAAGATGTCACACGTCAG
CTCGTACTACCACATTAAGACGTC
ACTAGAAAATCGATGTGTCAGGTAC
TCGTCTCACGATGTCAGCAATCTC
GGTGCTCAATTAGTGACATCTGC
CTACTTTAGCACTGTTGTAAGGTG

GTCTATTACATACGTCTAGTGATGTGG

CCAGGACCATTCAATGTGCTT
CACCCCGAAGCTGCTTTCACAATAC
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Immobilized Protein G (Pierce). Immunoprecipitates were extensively
washed and centrifuged to recover a pellet (bound) and supernatant
(unbound). Protein was eluted from the Sepharose beads by heating at
95 °C for 20 min. Cross-links were reversed by heating at 65 °C for 6 h.
The DNA was purified with PCR QiaQuick columns prior to PCR
analysis. Both input and bound DNA were dissolved in 40 pl of TE. 1 ul
of DNA preparation from each reaction was used for PCR. The Qiagen
QuantiTect SYBR Green PCR kit was used for quantitative real-time
PCR. We used LightCycler3 and repeated experiments at least twice.
The various primer sets used for amplification of the 27 promoters are
presented in Table II. The enrichment factor was calculated as follows:
1) the values of immunoprecipitated amplified DNA were divided by
those for the negative control (a non-coding fragment of chromosome V)
included in each analysis, and their mean values retained as the crude
promoter occupancy value, 2) the ratio of amplified unbound DNA to
negative control constituted the background value. The enrichment
factor was obtained by dividing the crude promoter occupancy value by
the background value.

RESULTS

Yrm1 Can Act as a Specific Inhibitor of Yrr1—We recently
described the genome-wide regulatory properties of YRRI1, a
gene encoding a Zn,Cysg zinc finger transcription factor (20).
We showed that 15 genes, mostly encoding plasma membrane
proteins, are directly up-regulated by various mutated forms of
Yrrl. One of these forms consisted of a chimeric protein con-
taining the zinc finger domain of Yrrl linked to the Gal4
activation domain (GAD). This short chimerical protein named
Yrr1*GAD contains the specific DNA binding domain (posi-
tions 1-178), devoid of inhibitory activity known to be con-
tained in the central flanking domain, fused to GAD as de-
scribed (7, 20). This hybrid transcriptional activator has the
physiological activity and the DNA binding domain of the nat-
ural activator.

As YRM]1 encodes for an unknown protein with a very sim-
ilar zinc finger domain, the two proteins might be expected to
display similar DNA binding functions. We investigated this
issue by first characterizing the properties of the intact form of
Yrml1. To this end we constructed a GALI/YRM]1 fusion gene to
enable galactose-inducible expression of YRM1. The episomal
fusion gene containing the entire YRM1 open reading frame
was transformed into a yrm1-deleted strain. Cells pregrown in
glucose to mid-log phase were induced with galactose and har-

vested at various times after the addition of galactose. YRM1
expression was followed by Western blot analyses, using the
HA epitope inserted at the C-terminal part of the protein (data
not shown). Cells transformed with a control vector devoid of
the YRM1 open reading frame were used as reference for tran-
scriptome analyses with microarrays containing oligonucleo-
tide probes for most of the S. cerevisiae genes. Four independ-
ent microarray analyses were conducted. Principal results are
shown in Fig. 1A. To our surprise, all 14 genes known to be
up-regulated by YRRI (20) turned out to be repressed when
YRM1 was overexpressed. Moreover the level of YRM 1-depend-
ent repression seemed to parallel YRRI activation. Northern
blot analyses were carried out to validate the microarrays data
(data not shown). The observed phenotype (Fig. 1B) of the
strain overexpressing YRM1 was consistent with low levels of
expression for several genes. Many studies have pointed out
the correlation between the level of expression of genes encod-
ing membrane proteins and the drug-specific resistance pheno-
type (29). In our case the low levels of SNQ2 expression may be
connected to the weak but significant decrease in growth on
4-nitroquinoline-N-oxide because SNQ2 is known to confer re-
sistance to this drug (30). A similar situation has been reported
for YOR1, which is required for oligomycin resistance (31).

Yrm1 Also Decreases the Transcriptional Activity of a Gain-
of-Function Mutant of YrrI—Consistent with the observed ef-
fects on the transcriptional activity of YRR1, YRM1 can reduce
the gain-of-function phenotype of YRR1. A gain-of-function al-
lele of YRRI (YRR1::3XHA-730) resulting from insertion of
three HA tags in the C-terminal region of Yrrl, has been
described (19) and the corresponding transcriptome character-
ized by microarray analyses (20). We overexpressed YRM1 in a
strain carrying the genomic version of YRR1::3XHA-730; the
corresponding transcriptome displayed a clear reduction in
expression of the 15 genes previously found to be up-regulated
by YRRI (Fig. 2A). Accordingly, this strain presented a pheno-
type more responsive to relevant drugs, such as 4-NQO (Fig.
2B). This is consistent with the large decrease (Fig. 2B) in
SNQ®2 mRNA levels following the expression of YRM 1, whereas
YORI mRNA level was only slightly affected, consistent with
the slight modification in oligomycin resistance.
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Fic. 1. YRM1 overexpression results in the repression of genes that are activated by YRRI1. A, schematic results of microarray
experiments are presented. Overproduction of the Yrm1 protein in the wild-type cells reduces the expression of all genes directly up-regulated by
the chimerical protein Yrr1*GAD, as previously reported (20). B, for phenotype analyses, cells were grown on minimal synthetic medium with
galactose as carbon source supplemented with amino acids for plasmid maintenance, to an optical density at 600 nm of 0.6. Four serial 1:10
dilutions were prepared and plated on media with the indicated drug concentrations. For oligomycin resistance analysis, cells were plated on
minimal synthetic medium with glycerol and ethanol as carbon source. The overproduction of Yrm1 slightly reduced the growth rate on 4-NQO or
oligomycin (B), consistent with the decrease in mRNA level for SNQ2 and YORI (A, left).

In the Absence of Yrrl, Yrm1 Activates the Transcription of
Most of the Genes Regulated by YrrI—Genome-wide expression
analysis of a strain deleted for YRRI and expressing YRM1
under the control of the GALI promoter revealed (Fig. 34,
second column) that 23 genes are significantly up-regulated;14
of them are known to be direct target genes of Yrrl, and 8 genes
are specifically regulated by Yrm1. A very different situation
was observed in the presence of YRR1 (Fig. 3A, first column) in
which all these genes were repressed. These two situations, in
which YRM1 displayed such different properties, are isogenic,

differing only in terms of the presence (left) or absence (right) of
YRRI1. Taken at face value, this result suggests that Yrm1 and
Yrrl reciprocally inhibit each other. However, the reciprocal
effect is not equivalent. The key findings may be summarized
as follows: 1) YRM1 requires the total absence of YRRI1 to
function as an activator (Fig. 3A, **¥). 2) YRR1 can activate its
cognate target genes even in the presence of YRM 1 (Fig. 1A). 3)
The overexpression of YRM1I reduces the activity of YRRI1
(Figs. 2A and 3A%).

The phenotype of the strains carrying the two genetic con-
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Fic. 2. Yrrl activity up-regulating its target genes is decreased if YRM]1 is overexpressed. A, compared with the wild-type strain, the
genes directly up-regulated by a gain-of-function allele of YRRI are represented by gray bars (according to Ref. 20). The same microarray analysis
conducted in the presence of Yrml overproduction leads to the results represented by dark bars. B, the phenotypes of the two strains, the
transcriptome variations of which are shown above, are represented. Analyses were conducted as described in Fig. 1. The drug resistance
phenotype conferred by the gain-of-function mutant (YRRI-gof) is modified if the Yrm1 protein is produced in the mutant strain (B, upper line).
This modification is more visible with 4-NQO, consistent with the strong effect of Yrm1 on the expression of SNQ2 (A).

texts is consistent with these molecular data. For instance, if
Yrm1 is produced in the absence of YRRI, YORI is up-regu-
lated (Fig. 3A), and the strain can grow in the presence of
oligomycin (Fig. 3B).

Specific Promoter Occupancy by Yrml in Vivo—To address
the mechanism by which YRM1 activates its target genes,
chromatin immunoprecipitation experiments were carried out
to assess the in vivo DNA binding properties of Yrm1 in the two
different genetic contexts: presence and absence of YRRI. A

tagged version of Yrml, which was first demonstrated to be
transcriptionally active, was translated for 6 h from the episo-
mal version of the entire gene. Control experiments were con-
ducted to ensure that the results presented in Fig. 3A were
reliable (see “Experimental Procedures”). Enrichment factor
analyses (left and right columns of Fig. 3A) clearly indicated a
difference between the DNA binding properties of Yrm1 in the
presence and absence of YRR1. In the absence of YRR1, Yrm1l
binds to most of the promoters of genes that are also Yrrl
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Fic. 3. In the absence of Yrrl, Yrml acts as a transcription activator that partially mimics the properties of Yrrl. A, microarray
analyses of the effects of Yrm1 production, in the presence (*) or absence (**) of Yrr1, on the genes known to be regulated by Yrr1 (I) or on the genes
specifically regulated by Yrm1 (II). Repression (green) or activation (red) effects are recorded by Treeview (27). Chromatin immunoprecipitation
analysis results presented in the left and right columns (ChIP/EF) were carried out to assess the in vivo DNA binding properties of Yrm1 on the
various promoters in the presence (¥) or absence of Yrrl (**). The mean enrichment factors have been calculated from two independent experiments
(see “Experimental Procedures”). *, CY5-AYRM1 strain overexpressing pYES2-YRM1 (YRM1 1) after 6 h of galactose induction versus the
CY3-AYRM1 strain containing the empty pYES2 plasmid. **, CY5-AYRRI1 strain overexpressing pYES2-YRM1 (YRM1 1) after 6 h of galactose
induction versus the CY3-AYRRI strain containing the empty pYES2 plasmid. B, overexpression of YRM restores the drug resistance phenotype
in a strain deleted for YRRI (phenotype analyses as in Fig. 1).
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target genes (20). FLR1 is the only Yrrl target gene for which
the promoter is not recognized by Yrm1. This finding is con-
sistent with the lack of activation of FLRI by Yrml in this
genetic context.

The DNA Binding Domain Properties of Yrm1 Are Insensitive
to the Presence of YrrI—Yrml seems to act as a bona fide
transcription factor, except in the presence of Yrrl. This raises
the question as to whether specific regions of Yrm1l are in-
volved in the inhibition by Yrrl of the binding of this molecule
to DNA. We have found that several Zn,Cysg zinc finger tran-
scription factors have a DNA binding domain that controls the
specificity of the whole protein. Construction of a chimeric
protein composed of the DNA binding domain fused to a het-
erologous activation domain, such as that of Gal4, results in a
constitutively activated transcription factor that up-regulates
the same genes regulated by the complete protein (4, 32). We
created a similar construct, encoding Yrm1 containing the 127
amino acids of the DNA binding domain and the 103 amino
acids of the Gal4 activation domain. The corresponding gene,
YRM1*GAD was expressed under the control of the GAL1
promoter, and time course analyses of transcriptome variations
were carried out by microarray analyses. The results of dupli-
cated experiments carried out seven different times for
YRM1*GAD expression are presented in Fig. 4. Principal com-
ponent analysis (Fig. 4A) clearly identified the genes up-regu-
lated by Yrm1. The cluster of the most strongly up-regulated
genes in the wild-type strain is presented in Fig. 4B and com-
pared with that for the strain deleted for YRRI. In contrast to
what was observed with the complete form of Yrm1, the pres-
ence or absence of YRRI had no significant effect. We also
checked that the chimeric protein Yrm1*GAD interacted with
the corresponding promoters of the activated genes. The results
of chromatin immunoprecipitation experiments (Fig. 4B, right)
were very similar to those obtained with the complete form of
Yrml in the absence of YRR (Fig. 3A). The ChIP enrichment
factor was low (between 1 and 1.5) for some promoters even
when the corresponding genes are up-regulated, possibly re-
flecting an indirect activation or weak in vivo binding affinity.
Both time course expression analyses and chromatin immuno-
precipitation studies showed that at least 23 genes were actu-
ally direct target genes of Yrm1.

The physiological properties of the yeast producing the chi-
meric Yrm1*GAD protein are consistent with the above obser-
vations. Clearly (Fig. 4C), even in the presence of YRRI,
Yrm1*GAD can activate a gene expression program that con-
fers resistance to both 4NQO and oligomycin. The specificity of
Yrml, in the absence of Yrrl, was fully conserved in its DNA
binding domain. This was true for the nine genes, YJL216C,
PDR16, SCS7, YOR084W, TPO4, YPR127W, YDRO6IW,
ADHY7, and YBR161IW, activated by Yrml only and for the
FLRI1 gene, which is activated only by Yrrl. Northern blot
analyses were performed to confirm the regulation properties
of the chimeric protein Yrm1*GAD, and the results were fully
consistent with the microarray data (Fig. 4D).

DISCUSSION

Yeast cells, which have to cope with a large variety of chem-
ical environments, have had to develop a wide panel of regula-
tory processes. Gene duplications undoubtedly served as a rich
source for the creation of regulatory processes mimicking the
original function but with new alternative outcomes. We de-
scribe here the case of two very similar transcription factors,
YRR1 and YRM1, which share the transcriptional activity of
their putative common precursor but which have evolved to
cross-regulate their own activities. As a result, the total ab-
sence of YRR releases the transcriptional activities of YRM1,
a new yeast transcription activator that could not have been
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detected in a wild-type context. Alternatively, in the presence
of either a wild-type or a gain-of-function allele of YRR1, YRM1
decreases the level of expression of all the YRR1I target genes.
Many regulators are themselves transcriptionally regulated,
but in this case, the deletion of YRM1 does not stimulate the
expression of YRR1 (data not shown). Engineered forms of
Yrml that had lost the central regulatory region displayed
indifference to the presence of Yrrl, strongly suggesting that a
post-transcriptional process is involved in the negative regula-
tion of Yrm1.

Properties of the DNA Binding Region of YRM1—The ge-
nome-wide analyses presented here demonstrate that the DNA
binding region contains all the information required to guide in
vivo discriminating recognition of the correct promoter se-
quences. This finding is consistent with those of several previ-
ous analyses with the DNA binding regions of other members of
the C6 zinc cluster family (4); (32); (20). Time-course analyses
of the genes regulated by Yrm1 and chromatin immunoprecipi-
tation analyses have revealed the genes directly activated by
Yrm1. Interestingly, the vast majority of these genes are also
up-regulated by activated forms of Yrrl (20). This is consistent
with the strong similarity between the two DNA binding re-
gions and strongly suggests that the central regions of both
proteins are involved in their global regulation. As a matter of
fact the in vivo analyses of the complete form of Yrm1 have
show that the presence of the central region abolishes the DNA
binding properties of the zinc cluster module in the presence of
Yrrl. This inhibition may be mediated by a direct interaction
between Yrm1 and Yrrl. Several conserved hydrophobic pep-
tides in the central middle homology region (MHR) region are
currently being tested to determine their putative role in this
interaction (data not shown).

Several studies, for which Gal4 structure-function studies
are the prototype, have shown that the C6 zinc cluster family of
yeast transcriptional regulators contains an MHR between the
C6 zinc cluster and the activation domain (33). It has been
suggested that this central region assists the C6 zinc cluster in
DNA target discrimination. We show here a more spectacular
effect for Yrm1 as the central region, probably through inter-
actions with Yrrl, completely abolishes the DNA binding prop-
erties of Yrm1.

Parallel Evolution of YRR1 and YMRI—Our observations
suggest a simple evolutionary scenario in which YRM1 and
YRR1 have conserved the DNA binding properties of their
common ancestor while diverging in their central regulatory
region. Three-dimensional models of the DNA binding domains
of Yrm1 and Yrrl have shown these domains to be very similar
(data not shown). This is clearly connected to their recognition
of the same set of 14 promoters. Moreover, the ability of Yrm1
to recognize nine additional promoters is also controlled by the
DNA binding domain, which is the only part of the protein
present in the engineered chimeric form (Fig. 4B). Thus, the
central part of Yrm1 is involved exclusively in negative cross
regulation with Yrrl. Interestingly, recent comparative
genomic analyses conducted on three Saccharomyces species
(S. paradoxus, S. mikatae, and S. bayanus) (34) revealed that
proteins similar to Yrm1 and Yrrl have conserved these struc-
tural features. This strongly suggests that what could be con-
sidered a marginal regulation process has in fact been con-
served over 5—20 million years of evolution.

A New Level of Regulation for the Yeast Multidrug Resistance
Process—The alternative binding of Yrm1 to cognate promoters
and inhibition of the activity of Yrrl by Yrm1 reflect the high
level of complexity of the regulatory processes controlling
plasma membrane properties and related drug-resistance phe-
notypes. This switching between Yrm1 and Yrrl for DNA bind-
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FiG. 4. The artificial chimeric protein Yrm1*GAD acts as a Yrrl-like transcription activator, even in the presence of Yrrl. A, the
microarray results of time-course production of chimeric protein were analyzed by PCA, using J-express software (26) using 34.64% variance for the
principal component nr.1 (PCAI) and 14.69% variance for the principal component nr.2 (PCA2). This analysis of 14 independent experiments clearly
distinguishes the group of activated genes (left) from the bulk of the genes (right). The up-regulated genes are distributed along a gradient following
the kinetic response (left square). Contrary, the rest of the genes do not respond to the time course expression of the chimera (right square). B, the
chimeric gene YRM1*GAD encodes for the Yrm1 zinc finger DNA binding domain fused to GAD. It is expressed under the control of the GALI promoter.
Time course production of this chimeric protein corresponding to 30 min, 4 h, 6 h, 8 h, 10 h, 12 h, and 14 h of galactose induction, and cluster analyses
of the first activated genes are shown representing the results of 14 independent experiments. The last column shows the results of transcriptome
analysis when YRM1*GAD was expressed for 10 h in a strain deleted for YRR1. The repression (green) or activation (red) effects were recorded with
Treeview (27). The right-hand part of the figure presents the results of chromatin immunoprecipitation experiments conducted with the chimeric
Yrm1*GAD protein and the promoters of the up-regulated genes. The chromatin immunoprecipitation enrichment factors (ChIP/EF) represent the
mean values of at least two independent experiments and were calculated as indicated under “Experimental Procedures.” C, phenotype analyses of
strains producing the chimeric protein Yrm1*GAD. The drug resistance phenotypes of strain producing the chimeric protein in the presence of Yrrl are
presented and compared with the phenotype of the strain deleted for YRM 1. D, Northern blot analysis in strain containing YRM1*GAD encoding the
Yrm1 zinc finger DNA binding domain fused to GAD. The experiments were carried out as reported under “Experimental Procedures.”
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Fic. 5. The yeast multidrug resistance phenomenon is controlled by a pair of paralogous transcription factors, which are
themselves interconnected. The square plus indicates transcriptional regulation whereas the circle minus indicates post-transcriptional
regulation. PDR1/PDR3 were the first example of paralogous transcription factors acting on the drug resistance phenotype to be identified. They
positively regulate a set of genes, most of which encode for plasma membrane proteins (3, 4), but they also regulate the expression of YRR1. The
target genes directly regulated by YRRI/YRM1 and by PDR1/PDR3 are indicated by a black square (right). The genes directly regulated by PDR8

(32) and by YRR1/YRM1 are indicated by black triangles. Note that FLR1 is regulated by YRR1 only.

ing is probably involved in the drug resistance program ena-
bling the cell to grow in various chemical environments. The
sets of genes directly regulated by YRR1 and YRM 1 differ only
in terms of the genes that may play a critical role in the
properties of the cell. This is typically the case for FLR1, which
is specifically activated by YRR and plays a critical role in the
azole resistance phenotype. This switch program may result
from transcriptional regulation of the two transcription factors
or from different transduction pathways controlling the bal-
ance between the negative cross-control of the two transcrip-
tional activities. It is known that YRRI expression can be
increased by gain-of-function mutations in PDRI or PDR3. No
regulated expression of YRM1 has been observed to date (ww-
w.transcriptome.ens.fr/ymgv/), but it is worth noting that the
comparative genomic analysis of the three Saccharomyces-re-
lated strains (34) has revealed conserved motifs in the promot-
ers of the orthologous forms of YRM1 that differ from those in
the promoter of YRRI (data not shown), suggesting that the
two genes differ in their regulation processes. Interestingly,
this post-transcriptional negative cross regulation between
YRR1 and YRM1 constitutes the first example to be described

of such regulation between transcription factors involved in the
multidrug resistance phenomenon. However, this regulation
was anticipated as the cell clearly needs to know how to repro-
gram gene expression after changes in the chemical
environment.

Current approaches to the analysis of gene expression data
make it possible to identify groups of co-expressed genes,
which, in turn, provide an opportunity to describe the organi-
zation of a regulatory module network in the genome (35). We
describe here a complementary experimental approach based
on full description of the set of genes directly regulated by
functionally related transcription factors. Our results demon-
strate that the real situation may be more complicated than a
simple regulator-module relationship. Our data (Fig. 5) suggest
that the drug resistance regulatory network presents a major
overlap between the various transcription modules controlled
by different transcription factors. This suggests that the sys-
tems involved in drug resistance are highly modular, possibly
due to the necessity to adapt to a variety of different environ-
ments. It should also be borne in mind that the development of
resistance by microbes as an evolutionary response to the se-



52650

lective pressure exerted by antimicrobial drugs is probably
highly complex and may involve many other sophisticated reg-
ulatory pathways. Detailed analyses of genome response pro-
grams to the presence of specific drugs are underway to inte-
grate regulatory networks such as those of Yrm1 and Yrrl into
a global hierarchic response.
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