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The yeast Saccharomyces cerevisiae contains a pair of paralogous iron-responsive transcription activators,
Aftl and Aft2. Aftl activates the cell surface iron uptake systems in iron depletion, while the role of Aft2
remains poorly understood. This study compares the functions of Aftl and Aft2 in regulating the transcription
of genes involved in iron homeostasis, with reference to the presence/absence of the paralog. Cluster analysis
of DNA microarray data identified the classes of genes regulated by Aftl or Aft2, or both. Aft2 activates the
transcription of genes involved in intracellular iron use in the absence of Aftl. Northern blot analyses,
combined with chromatin immunoprecipitation experiments on selected genes from each class, demonstrated
that Aft2 directly activates the genes SMF3 and MRS4 involved in mitochondrial and vacuolar iron homeosta-
sis, while Aftl does not. Computer analysis found different cis-regulatory elements for Aftl and Aft2, and
transcription analysis using variants of the FET3 promoter indicated that Aftl is more specific for the
canonical iron-responsive element TGCACCC than is Aft2. Finally, the absence of either Aftl or Aft2 showed
an iron-dependent increase in the amount of the remaining paralog. This may provide additional control of

cellular iron homeostasis.

Iron is an essential nutrient, but its accumulation can be
highly cytotoxic owing to its chemical reactivity, which depends
on its redox state (II or III). Prokaryotic and eukaryotic cells
have therefore evolved various regulatory mechanisms to con-
trol iron homeostasis and to maintain a balance between nu-
tritional deprivation and an excess of iron (12, 13). The yeast
Saccharomyces cerevisiae has two paralogous iron-responsive
transcription activators, Aftl and Aft2, that play key roles in
the response to a lack of iron in the environment by increasing
the expression of genes involved in iron transport and its sub-
cellular distribution and use (28). The N-terminal regions of
Aftl and Aft2, which contain the DNA binding domain (29,
38), are well conserved (3). These N-terminal regions interact
with the same DNA promoter in vitro (29, 38). The replace-
ment of a conserved cysteine residue in the N-terminal region
by phenylalanine makes the gain of function mutant alleles
AFTI-1"? (37) and AFT2-1"7 (29) iron independent.

Aftl is located in the cytosol of cells grown under iron-
replete conditions, but in cells grown under iron-depleted con-
ditions, it is in the nucleus, where it binds to DNA and activates
transcription (39). Cells lacking AFT1 grow poorly under iron-
depleted conditions (3, 29, 37). Consistent with this phenotype,
Aftl activates the transcription of genes involved in iron up-
take at the plasma membrane. These include genes that en-
code the high-affinity ferrous transport complex composed of
the multicopper oxidase (FET3) and iron permease (FTRI) (1,
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34), the copper transporter responsible for delivering copper
to Fet3 (CCC2) (40), plasma membrane metalloreductases
(FREI to FRE4) (5, 10, 41), iron-siderophore transporters
(ARNI to ARN4) (17, 18, 42, 43), and cell wall mannoproteins,
which facilitate the uptake of siderophore-bound iron (FIT1 to
FIT3) (25). Aftl is also involved in the activation of other
genes, such as FTHI, which encodes a vacuolar iron trans-
porter (35), and genes with functions not yet elucidated in iron
metabolism, such as HMX], the homolog of the gene encoding
heme oxygenases (26, 33), two members of the FRE family
(FRES and FRE®6) (21), and CTH2, a gene recently shown to be
involved in mRNA degradation under iron deficiency (27).
Others genes were recently shown by DNA microarray analy-
ses to be regulated by the constitutive AFT1-1"” mutant allele,
but the role of Aftl in their regulation remains to be elucidated
(30, 33).

The role of Aft2 is still unclear, unlike that of Aftl. No
phenotype is associated with the lack of AFT2 alone. Consis-
tent with this lack of phenotype, the genes involved in the iron
uptake systems are expressed similarly in the wild type and in
the aft2A mutant (3; unpublished results). However, plasmids
expressing AFT?2 in the aft] aft2 mutant activate the transcrip-
tion of Aftl target genes in an iron-regulated manner (3, 29).
The deletion of AFT2 exacerbates the phenotype of the aft]
mutant, rendering the aft! aft2 double mutant unable to grow
under iron-depleted conditions, and it abolishes the residual
transcription of genes such as FET3 and CTH?2 that still occurs
in the single aft/ mutant (3, 27). The aft! aft2 mutant also has
many oxidative stress-related phenotypes that are not present
in the aft] mutant (3). These results suggested that the roles of
Aft2 and Aftl overlap to some extent.

DNA microarray data have defined a set of genes that is
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TABLE 1. Saccharomyces cerevisiae strains used

Strain Genotype Reference or source

CM3260 MATo trpl-63 leu2-3,112 gen4-101 his3-309 37

Y18 MATo trp1-63 leu2-3,112 gen4-101 his3-309 aftl::TRPI 37

Y18 aft2A MATo trp1-63 leu2-3,112 gen4-101 his 3-309 aftl::TRP1 aft2:kanMX4 3

BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf
BY4742 MATo his3AT leu2A0 lys2A0 ura3A0 Euroscarf
Y01090 MATa his3AI leu2 A0 met15A0 ura3A0 aft2::kanMX4 Euroscarf
Y14438 MATo his3AT leu2A0 lys2A0 ura3A0 aftl::kanMX4 Euroscarf
Y11090 MATa his3AI leu2A0 lys2A0 ura3A0 aft2::kanMX4 Euroscarf
SCMCO1 MATo his3AT leu2A0 lys2A0 ura3A0 aftl::kanMX4 aft2::kanMX4 This study
SCMCO05 MATo his3AI leu2A0 lys2A0 ura3A0 AFTI1-3HA::HIS3MX6 This study
SCMC11 MATa his3A1 leu2A0 met15A0 ura3A0 AFT2-3HA::HIS3MX6 This study
SCMC18 MATo his3AI leu2A0 ura3A0 AFT2-3HA::HIS3MX6 This study
SCMC13 MATo his3AT leu2A0 ura3A0 aftl::kanMX4 AFT2-3HA::HIS3MX6 This study
SCMC10 MATo his3AI leu2A0 ura3A0 aft2:kanMX4 AFTI-3HA::HIS3MX6 This study

activated by the constitutive AFT2-1"7 (29, 30). A few of these
genes encode proteins that are involved in iron homeostasis,
such as the vacuolar iron transporter SMF3 (23, 24), the mi-
tochondrial iron transporter MRS4 (7), and a protein involved
in the mitochondrial iron-sulfur cluster assembly, ISUI (9, 32).
This work was designed to define the involvement of Aftl and
Aft2 in the transcriptional regulation of iron homeostasis in
regard to the presence/absence of the paralog. DNA microar-
ray clustering allowed us to identify several classes of genes
that are regulated by Aftl and/or Aft2, and computer analyses
highlighted different consensus sequences for each class. A
combination of Northern blotting and chromatin immunopre-
cipitation experiments with the iron-regulated genes FET3,
FTRI1, SMF3, and MRS4 demonstrated that the direct tran-
scription activation mediated by either Aftl or Aft2 is gene
specific and iron dependent. Aft2 directly activates the tran-
scription of the iron intracellular use genes SMF3 and MRS4,
while Aftl does not. We show that Aft2 functions in the ab-
sence of Aftl. We have also obtained evidence that the
amounts of Aftl and Aft2 are increased in the absence of the
paralog and that iron represses the amounts of Aftl and Aft2
in these genetic contexts.

MATERIALS AND METHODS

Yeast strains, plasmids, and growth conditions. All strains used are listed in
Table 1. Transcriptome analysis experiments were performed with strains
CM3260, Y18, and Y18aft2A. The strains used for other experiments were
derivatives from strains obtained from Research Genetics (Huntsville, AL). The
haploid strain SCMCO1 (aft/A aft2A) was constructed as follows. Y01090 and
Y14438 were mated, and the diploid strain was selected on medium lacking lysine
and methionine and was made to sporulate. Tetrads were dissected, and spores
showing resistance to Geneticin and hypersensitivity to copper were character-
ized. AFTI and AFT2 deletions were verified by PCR, and the known phenotypes
of the Y18aft2A double mutant strain (3) were confirmed. Strains SCMC05
(AFT2, AFTI-HA), SCMC11, SCMCI8 (AFT1, AFT2-HA), SCMCI10 (aft2A,
AFTI-HA), and SCMC13 (aftIA, AFT2-HA) carry three tandem copies of the
influenza virus hemagglutinin (HA) epitope at the very carboxy terminus of
AFTI or AFT2. The HA epitope tags for AFT] and AFT2 were amplified from
the template pFA6a-3HA-HIS3MXG6 as described previously (20), using the
following primer sets: AFT1-3HA, 5'-AATGGTGAACGGCGAGTTGAAGTA
TGTGAAGCCAGAAGATCGGATCCCCGGGTTAATTAA-3" and 5'-ATGG
ACGAGAGATACGTCTAAGTTTGATTTCATCTATATGGAATTCGAGC
TCGTTTAAAC-3'; AFT2-3HA, 5'-TGAATTAAATTCTATTGACCCAGCCT
TAATATCAAAATATCGGATCCCCGGGTTAATTAA-3' and 5'-TTAAAC
GTGATACCGTTTTAATGAGTTGAAAACTAAATAAGAATTCGAGCTC
GTTTAAAC-3'. The AFT1-3HA PCR products were transformed into BY4742
and those of AFT2-3HA were transformed into BY4741 to generate strains

SCMCO05 and SCMC11. Strains SCMC18, SCMC10, and SCMC13 were isolated
after mating strains SCMC11 and BY4742, SCMCO05 and Y01090, and SCMC11
and Y14438, respectively. Epitope-tagged strains were verified by PCR, sequenc-
ing, and protein synthesis. The plasmids pEG202-AFT1 and pEG202-4FT2 have
been described previously (3). Plasmid pFC-W was kindly provided by Y.
‘Yamaguchi-Iwai; it contains the —263/—234 upstream activation sequence of the
FET3 gene that has been inserted into the CYC1 promoter and fused to the lacZ
gene (38). Plasmids pFC-M1, pFC-M2, and pFC-M3, containing site-directed
nucleotide substitutions introduced into the FET3 core sequence (—252/—243)
to resemble to the SMF3 sequence (—362/—353), were constructed as follows.
The entire Sall-BamHI fragment from the pFC-W was first subcloned into the
pUC-18 vector (Stratagene), and the resulting plasmid was used as a PCR
template for the QuikChange mutagenesis kit (Stratagene) according to the
manufacturer’s instructions. The primers used were 5'-GGCTCGACCTTCAA
AACCGCACCCATTTGCAGGTGC-3" and its complement for M1 substitu-
tions, 5'-CCTTCAAAAGTGCACCCTGTTGCAGGTGCTCGTCG-3' and its
complement for M2 substitutions, and 5'-GGCTCGACCTTCAAAACCGCAC
CCTGTTGC-AGGTGCTCGTCG-3' and its complement for M3 substitutions.
Then the entire Sall-BamHI fragment from the pUC-18 vector was reinserted
into the Sall-BamHI sites of the pFC-W vector to obtain the pFC-M1, pFC-M2,
and pFC-M3 plasmids. All PCR-generated sequences were confirmed by DNA
sequencing.

All yeast transformations were performed by the lithium acetate method. The
iron-depleted or iron-replete conditions were created by first growing cells at
30°C in a defined medium consisting of an iron-limiting and copper-limiting yeast
nitrogen base (catalog no. 4027-122; Bio101) plus 1 wM ferric ammonium sul-
fate. These cells (optical density at 600 nm [ODgq,] = 0.3) were placed in the
defined medium with or without 100 pM ferric ammonium sulfate, and the
cultures were grown for 5 h to an ODg of 1.0. They were then used for DNA
microarray assays, Northern blotting, chromatin immunoprecipitation (ChIP)
experiments, or B-galactosidase assays.

RNA isolation, Northern analysis, and B-galactosidase assay. Total RNA
extraction, Northern blotting (15 pg total RNA), and hybridization were per-
formed in duplicate, as described previously (14, 31). The *?P-labeled DNA
fragments used as probes corresponded to the open reading frame of each gene.
A 1.2-kb BamHI-HindIII fragment was used for the ACTI gene. The 623-bp
fragment of FET3, the 759-bp fragment of FTRI, the 744-bp fragment of MRS4,
and the 924-bp fragment of SMF3 were obtained by PCR using the primer sets
listed in Table 2. The membranes were exposed for 2 days. Data were quantified
using ImageQuant software and normalized using the ACTI mRNA signal.
B-Galactosidase was assayed using o-nitrophenyl-p-galactopyranoside (11).

Microarray hybridization and analysis. RNA extracted from strains grown
exponentially in iron-depleted medium was used to hybridize a yeast GeneFilter
microarray (Research Genetics, Invitrogen Corporation) according to the man-
ufacturer’s instructions, except that 5 pg of total RNA was reverse transcribed.
Hybridizations were done in duplicate using two separate sets of filters. Images
were acquired after 3 days of exposure using a Storm 860 phosphorimager
(Molecular Dynamics) and analyzed with PATHWAYS 3 software (Research
Genetics). Those genes previously found to be activated by AFTI-1"7 and/or
AFT2-1"7 were selected and subjected to a k mean clustering (k = 5) (6)
(http://rana.stanford.edu/clustering). The JavaTreeView program (http://genome
-www.stanford.edu/~alok/TreeView) was used to visualize the clustered data.
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TABLE 2. Primer sets for PCR amplifications used in ChIP assays and Northern blots

Assay and gene Upper primer Lower primer
ChIP
Negative controls
POLI GCCGCTCGAAATGGTACATC GCAATTCCTGGCGCTTTCT
RPO21 GTTCGTTGATCGTACCTTACCTCAT GATAAGACCTTCACGACCACCC
Promoter genes
FET3 AGTACGCTGAGTCGCCGATAA CGAGAATAAGAGCACCTGCAAA
FTRI GTGCGCGAATACTGCTGGT TTACTGCTGCGACGGTGCT
MRS4 TAACCCACAGGAATCGCTACTTT GGTGTTCTTGCCTTTCAGTCTTC
SMF3 ACATTGAAGCCACGACAAATGA ACAGGGTGCGGTTACCATGA
Northern blot (Coding sequences)
FET3 TTCTTGGACGATTTCTACTT GCAACTCTGGCAAACTTCTA
FTRI TCCGTGCTGCTATCGTTTTT ATCCCACCCATTGTCCAGTT
MRS4 ATGGAGCATTCTTTGATGTT ATTAGCCACTATCCTTGGTT
SMF3 CTGAAAACTGTCGTCATAAT AGGACAAGACCACTTGAGA

Multiple expectation maximization for motif elicitation (MEME) (2) was used to
identify shared motifs in the 700 bp of the promoters of similarly regulated genes.
Additional information and a version of MEME running on a parallel super-
computer are available at http:/meme.sdsc.edu/meme/website/intro.html.

Chromatin immunoprecipitation. Cells were grown exponentially in 100 ml
iron-depleted or iron-replete medium to an ODy, of 1. The chromatin was then
prepared (15), and the resulting supernatant volume was adjusted to 4 ml before
storage at —80°C. Immunoprecipitations were performed in duplicate. Five hun-
dred microliters of the cross-linked chromatin solution was added to 8 pg of
anti-HA monoclonal antibodies (Santa Cruz Biotechnology) prebound to 10 mg
protein A-Sepharose CL-4B (Sigma) and incubated for 1.5 h at room temper-
ature. Protein A-Sepharose CL-4B without antibody was used for background
control. Beads were washed twice with 1.6 ml FA lysis buffer (15) with 500 mM
NaCl; once with 1.6 ml 10 mM Tris-HCI, pH 8, 0.25 mM LiCl, 1 mM EDTA,
0.5% NP-40, and 0.5% sodium deoxycholate; and once with 1.6 ml Tris-EDTA,
for 15 min each. Chromatin complexes were released from the beads by incu-
bation in 500 pl of 25 mM Tris-HCI, pH 7.5, 10 mM EDTA, and 0.5% sodium
dodecyl sulfate for 15 min at 65°C. Cross-links from eluates and crude chromatin
solution (50 wl) were reversed by incubation with 600 pg proteinase K (Sigma)
for 1 h at 37°C and overnight at 65°C. The resulting DNA was purified on PCR
purification kit columns (QIAGEN).

Real-time quantitative PCR analysis. The QIAGEN Quantitect SYBR Green
PCR kit was used for quantitative real-time PCR in a LightCycler (Roche
Diagnostics). Primer pairs (Table 2) were designed with Oligo 4.0-s software to
generate products of 90 to 130 bp. For the FET3, SMF3, and MRS4 promoters,
PCR fragments were amplified with primers flanking the iron regulatory sites
defined by promoter deletion analyses (23, 30, 38). For the FTRI promoter, we
designed primers to amplify the region (190 bp) between the two TGCACCC
sequences. For POL1 and RPO21, used as negatives controls, we designed prim-
ers within their coding sequences.

PCRs were carried out in 15-pl reaction mixtures with 2 M concentrations of
each primer and 1X Quantitect SYBR Green PCR kit. The DNA templates
added to the reaction mixture were 1/150 of the immunoprecipitated or back-
ground DNA and 1/50,000 of the input DNA. The LightCycler protocol was
denaturation at 95°C for 15 min, 45 cycles of amplification and quantification
(95°C for 20 s, 55°C for 20 s, 72°C for 25 s, with a single measurement), and a
melting curve of 60 to 95°C, with a heating rate of 0.1°C per second and
continuous fluorescence measurement.

Data were analyzed using the Roche LightCycler 3.5 software and the fit point
method. The crossing point (CP) was defined as the point at which the fluores-
cence was 10 times the background fluorescence. The efficiency (E) of each primer
pair was calculated from the slope of the linear standard curve (E = 107 '/5lop¢)
generated with a fivefold dilution of a DNA input mix. The protein occupancy of
each DNA fragment was then calculated as previously described (4): protein
OCCupanCy — E(CP input — CP immunnprecipilalion)/E(CP input — CP bz\ckgrnund). The data
were averaged over two independent experiments, with real-time PCR per-
formed at least in duplicate. The relative enrichment of a selected DNA frag-
ment was obtained by dividing the protein occupancy at this DNA fragment by

the average protein occupancy at the negative controls (coding sequences of
POLI and RPO2I).

Protein extraction and Western blotting. Total protein extracts from 3 ml of
cells grown exponentially in iron-depleted or iron-replete media were prepared
by the NaOH-trichloroacetic acid lysis technique (36). Aliquots (5 ul) were
separated on an 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gel and transferred to nitrocellulose membranes. The membranes were blocked
with 3% bovine serum albumin (Sigma), 0.1% Tween 20 (Sigma) in Tris-buffered
saline and probed at room temperature in the same blocking buffer. Anti-HA
monoclonal antibodies (Santa Cruz Biotechnology) were diluted at 1:1,000, and
anti-Pgkl monoclonal antibodies (Roche Diagnostics) were diluted at 1:5,000.
Horseradish peroxidase-conjugated anti-mouse immunoglobulin G (diluted
1:1,000) was used as the secondary antibody (Sigma) and was detected by en-
hanced chemiluminescence (ECL kit; Amersham).

RESULTS

Inhibition of the Aft2 regulon by Aftl. We investigated the
effects of Aftl and Aft2 on gene expression under iron-de-
pleted conditions. Previous studies show that the transcription
mediated by wild-type Aft2 can be detected in the absence of
Aftl (3, 29). We therefore examined the effect of Aft2 on gene
expression in an aft! mutant genetic context. DNA microarray
hybridizations were performed with labeled transcripts ex-
tracted from the wild-type strain and single aft/ and double
aftl aft2 mutant cells grown in iron-depleted conditions. Com-
parisons of the gene expression in these genetic contexts al-
lowed us to identify 332 genes whose expression decreased
more than twofold in at least one of the 3 comparisons, wt/aft1,
wt/aftl aft2, or aftl/aft] aft2 (experimental data sets are avail-
able at the Gene Expression Omnibus, accession number
GSE1763 [http://www.ncbi.nlm.nih.gov/geo/]). To take advan-
tage of both our “loss of function” approach and previous
“gain of function” analyses, we combined the experimental
data and focused on those 50 genes that were postulated as
potential targets of AFTI-1"? and/or AFT2-1"* (29, 30, 33).
Genes with similar transcription profiles were grouped by clus-
ter analysis into 5 classes (classes A to E) (Fig. 1).

Class A contained those genes whose mRNAs were at least
twofold more abundant in the wild type than in either the aft/
or aftl aft2 mutant. Most of these genes had been shown to be
Aft] target genes, encoding proteins involved in the plasma
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Multicopper oxidase, ferrous iron transport
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Vacuolar proteinase B

Iron-siderochrome transporter

Metalloreductase, iron transport
Copper-transporting P-type ATPase, iron transport
Zinc finger containing homolog of mammalian TISII

High-affinity zinc transporter

High affinity iron permease, ferrous iron transport

Heme oxygenase, iron homeostasis

Vacuolar cobalt/zinc transporter
Unfolded protein binding, response to stress
Vacuclar aminopeptidase I
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Vacuolar iron transporter
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Mitochondrial carrier protein, iron transport
Similar to FET3, vacuolar iron transport

Tryptophan 2,3-diozygenase, MAD biosynthesis

Cell wall protein, iron transport

Vitamin H transporter, biotin transport
Processing of 205-rRNA and protein bicsynthesis
ATPase, transport

Iron-sul fur cluster protein, iron homeostasis

Copper chaparcone, iron transport
Metalloreductase, iron transport
Metalloreductase

Glutaredoxine, response to oxidative stress
Member of the ATP-binding cassette family
Metalloreductase, iron transport
Ubiquitin-conjugating enzyme

NADPH oxidoreductase

Sterol transporter
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FIG. 1. Cluster analysis of DNA microarray hybridization with the wild-type, aft/, and aft! aft2 strains grown under iron-depleted conditions.
Each column displays the results from two experiments, and cells represent the averaged ratio of mRNAs (strain 1/strain 2). Transcripts more
abundant in strain 1 are in red; transcripts more abundant in strain 2 are in green. The scale indicates the magnitude of the expression ratio. The
AFTI-1"" (lup) or AFT2-1"P (2up) activation from previous studies (29, 30, 33) is indicated. Gene functions are described according to the
Saccharomyces cerevisine Genome Database. Genes selected for Northern blotting and ChIP analyses are indicated in boldface type. The number
of MEME consensus sites within the 700 bp of the promoter of each gene are indicated.
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membrane iron transport (e.g., FET3, FRE1, FIT2 to FIT3, and
ARNI to ARN4). Class B contained genes whose mRNA
amounts in the single aft/ mutant were similar to those of the
wild-type strain, but whose mRNA amounts were lower in the
aftl aft2 double mutant. This transcription profile suggests that
the roles of Aftl and Aft2 overlap in the control of these genes.
Class B, like class A, contained genes involved in iron metab-
olism, except for ZRT1, which encodes the high-affinity zinc
transporter (44). Surprisingly, the mRNAs of class C and D
genes were more abundant in the aft/ mutant than in the wild
type, indicating that Aftl has a negative influence on the tran-
scription of these genes. The class C and D genes showed more
mRNA in the aft] mutant than in the double mutant (positive
aftl/aft] aft2 ratio), as did those of class B, suggesting that Aft2
activates their transcription in the absence of Aftl. As shown in
Fig. 1, most of the class C and D genes are activated by
AFT2-1"P (29, 30). These genes had almost the same transcrip-
tion profiles, except that the class C genes had a higher wild
type/aft] aft2 ratio than did those of class D. Unlike classes A
and B, classes C and D contained few genes encoding proteins
involved in iron homeostasis. These genes take no part in iron
transport across the plasma membrane but are involved in
vacuolar iron transport (SMF3, FTH1, and FETS) or mitochon-
drial iron transport and use (MRS4 and ISUI). Lastly, class E
contained genes with neither positive wild type/aft! nor posi-
tive aftl/aft] aft2 ratios, unlike those of classes A to D. This
suggests that Aftl and Aft2 are not important for their tran-
scription under our experimental conditions, and the effects of
Aftl and Aft2 on their transcription were not investigated
further.

The MEME program (2) was used to identify potential reg-
ulatory elements in the promoters of the genes regulated by
Aftl and Aft2. The promoter region between the predicted
ATG start codon and 700 bp upstream was chosen to identify
the most probable motif within each class, A to E, of input
promoters (Fig. 1 and 2). MEME successfully identified the
canonical iron-responsive element (38) TGCACCC in the pro-
moters of the A and B class genes (Fig. 2). Thus, 13 of the 19
genes (68%) analyzed contained at least one copy of this se-
quence in either orientation. Analysis of the whole genome
identified 3% of all open reading frames having this sequence
within their promoter. There was also generally an A 2 bases
upstream of the TGCACCC sequence. In contrast, the se-
quence TGCACCC was present in only 6 of the 22 class C and
D gene promoters (27%). The most probable motif identified
within the promoters of class C and D genes was restricted to
G/ACACCC, with 20 of the 22 genes (91%) containing at least
one copy of this motif. This sequence was present in 24% of the
promoters of the whole genome. About 80% of the class C
genes contained the G/ACACCC sequence followed by an
AT-rich region starting 3 bases downstream the motif. MEME
identified the GCACCCT sequence as the most probable motif
of the class E genes; it was present in 44% of the genes
analyzed (4 of 9 genes) and in 3.2% of the promoters of the
whole genome. This sequence was often preceded by a T,
reminiscent of the known TGCACCC sequence.

We attempted to distinguish between the direct and indirect
effects of Aftl and Aft2 on the regulation of class A, B, C, and
D genes by examining one iron-regulated gene from each class
using ChIP experiments and Northern blotting analyses. The
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FET3, FTRI, SMF3, and MRS4 genes were chosen arbitrarily
because of their known function in iron homeostasis. The ChIP
experiments were performed in two genetic contexts (presence
and absence of the paralogous protein) because Aftl and Aft2
could interfere with each other.

Direct activation of FET3 transcription by Aftl but not by
Aft2. In vivo DNA footprint analyses have shown that Aftl
binds to the FET3 FeRE sequence and activates its transcrip-
tion in an iron-dependent manner (37, 38). In contrast, the role
of Aft2 in the transcriptional activation of FET3 is not clear.
Aft2 binds to the same FET3 FeRE sequence as Aftl in vitro
(29), but Aft2-dependent regulation of FET3 in vivo has only
been reported for specific conditions, such as overexpression of
AFT? in the absence of Aftl (3) or expression of the constitu-
tive allele AFT2-1"7 (29, 30). Northern blot analyses (Fig. 3A)
confirmed that the transcription of FET3 required AFTI but
not AFT2 (3). Overexpression of AFT2 in aftl A aft2A increased
the amount of FET3 mRNA, although this was still lower than
that resulting from overexpression of AFTI. The amount of
FET3 mRNA increased 1.5-fold in the absence of Aft2. ChIP
analyses showed that Aftl was strongly bound to the FET3
promoter in wild-type cells, whereas Aft2 was not (Fig. 3B).
The occupancy of the FET3 promoter by Aftl also increased
1.3-fold in the absence of Aft2. Conversely, low but reproduc-
ible amounts of Aft2 were bound to the FET3 promoter in the
absence of Aftl, although this appeared to be insufficient to
sustain observable FET3 mRNAs production (Fig. 3A and B).
We further investigated the effect of iron on FET3 transcrip-
tion and on the binding of Aftl/Aft2 to the FET3 promoter.
Transcription of FET3 was repressed by adding iron (Fig. 3C),
as previously reported (37). However, residual FET3 mRNAs
were still detected in the wild-type and aft2A strains. ChIP
assays indicated that iron decreased Aftl binding to the FET3
promoter fivefold, but it was still four- to fivefold higher than
the binding to nonrelevant DNA controls (Fig. 3D). The weak
binding of Aft2 to the FET3 promoter in the absence of Aftl
was repressed by iron. Thus, Aft2 does not activate the tran-
scription of FET3, although it can poorly bind to the FET3
promoter in the absence of Aftl, and FET3 is specifically
activated by Aftl under iron depletion.

Direct activation of FTRI transcription by Aft2 in the ab-
sence of Aftl. FTR! is an Aftl target gene (38), and its tran-
scription is reportedly activated by the AFT2-1*7 mutant allele
(29), albeit to a lower degree than by AFT-1"7 (30). Our DNA
microarray results suggested that Aftl and Aft2 were redun-
dant in the activation of FTRI transcription (Fig. 1). Northern
blot analyses confirmed the DNA microarray data. The
amounts of FTRI mRNAs in the wild-type, aft/A, and aft2A
strains were similar, while no transcript was detected in the
aftlA aft2A double mutant (Fig. 4A). Overexpression of AFT2
induced the expression of FTRI but to a lesser extent than
overexpression of AFT1, in agreement with previous DNA
microarray data obtained with the constitutive AFTI1-1"P/
AFT2-1"" alleles (29, 30, 33). ChIP experiments showed that
Aftl was bound to the FTRI promoter in the wild-type and
aft2A strains under iron-depleted conditions (Fig. 4B). The
Aftl occupancy of the FTRI promoter was increased twofold
in the absence of Aft2. Aft2 was also bound to the FTRI
promoter but only in the absence of Aftl. Aftl and Aft2 oc-
cupied the FTRI promoter similarly in the absence of their
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FIG. 2. Probability-based motif derived from MEME analysis of genes in classes A to E. The letter probability matrix of the motif is based on
the elements within the 700-bp promoters of genes from each class. The scale indicates the probability of each possible base occurring at each
position in the motif multiplied by 10 and rounded to the nearest integer. The most probable form of the motif (the MEME consensus) derived
from the probability matrix is shown. The putative consensus binding sites for Aftl and Aft2 in the DNA sequences upstream of the 50 genes
up-regulated by AFTI-1"” and/or AFT2-1"" are shown. Boxed dark gray nucleotides are identical to the consensus sequence identified by MEME,
and boxed light gray nucleotides are found in more than 50% of the analyzed sequences. Numbering corresponds to +1 at the putative translation

start site.

paralog, consistent with the similar amounts of F7TRI mRNAs
found in the aft/A and aft2A mutants (Fig. 3A and B). These
analyses indicate that Aft2 can compensate for the absence of
Aftl in the direct control of FTRI transcription. We also in-
vestigated the effect of iron on the Aftl- and Aft2-dependent
regulation of FTRI. The transcription of FTRI decreased in
iron-replete conditions, as previously reported (38). However,
there was still residual transcription of FTRI in the wild-type

and aft2A strains, but not in the aft/A mutant (Fig. 4C). The
degree of FTRI promoter occupancy by Aftl was two- to four-
fold lower than under iron-depleted conditions, but it was still
twofold higher than for DNA controls, whereas occupancy of
the FTRI promoter by Aft2 in the aft/A mutant was sevenfold
lower, reaching the level of the DNA controls (Fig. 4D).
Therefore, the binding of Aft2 to the FTRI promoter is more
sensitive to iron than is the binding of Aftl.
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FIG. 3. Effects of Aftl and Aft2 on FET3 regulation. (A and C)
Northern blot analysis of FET3 transcription. Cells were grown expo-
nentially under iron-depleted conditions (—Fe) (A) or under iron-
replete conditions (+Fe) (C). Identical amounts of total RNA ex-
tracted from the indicated strains were blotted onto a nylon membrane
and hybridized with the indicated probes. The plasmids designated
2pAFTI and 2pAFT2 are derivatives of plasmid pEG202 (see Mate-
rials and Methods). Experiments were repeated twice with similar
results. Data from a single experiment are presented. Numbers repre-
sent the FET3 signal after normalization with the ACT! signal. One
hundred percent refers to the transcription of FET3 in the wild-type
(wt) strain under iron-depleted conditions. (B and D) In vivo DNA
binding of Aftl-HA and Aft2-HA to the FET3 promoter. (B) Strains
containing Aft1-HA in a wild-type (AFT2, AFTI-HA) or aft2A (aft2A,
AFTI-HA) context and strains containing Aft2-HA in a wild-type
(AFT1, AFT2-HA) or aftlA (aft]A, AFT2-HA) context were grown
exponentially under iron-depleted conditions. (D) Strains showing sig-
nificant specific binding of Aft1-HA or Aft2-HA to the FET3 promoter
were also grown under iron-replete conditions. ChIP experiments were
performed as described in Materials and Methods. Samples (immuno-
precipitated DNA, beads-alone control DNA, and total DNA) were
amplified with the specified primer pairs. The heights of the bars
represent the specific protein occupancy calculated as described in
Materials and Methods. Error bars represent the standard deviations
resulting from two independent experiments. The relative enrichment
is defined as the protein occupancy of the FET3 promoter normalized
to the average protein occupancy of the negative controls POLI and
RPO21.

Opposing roles for Aftl and Aft2 in the control of SMF3 and
MRS4. The transcription of SMF3 is activated by iron starva-
tion in an Aftl/Aft2-dependent manner (23). Previous DNA
microarray analyses indicated that this transcription is acti-
vated by AFT2-1"7 and, to a lesser extent, by AFTI-1"7 (29, 30,
33). However, SMF3 may be controlled by other transcription
factors, unlike FET3 and FTR1, because its transcription is not
abolished in the aft/A aft2A mutant (23). Our DNA microarray
analysis indicated that the amount of SMF3 mRNAs in aft]/A
was greater than in the wild type, although it was lower than in
the wild type in aft] A aft2A (Fig. 1). Northern blot analyses and
ChIP experiments were performed to elucidate the antagonis-
tic effect of the AFT1 deletion in wild-type versus aft2A genetic
contexts. The amount of SMF3 mRNAs in the aft/A mutant
was higher than in the wild type, consistent with the DNA
microarray data, while it was slightly lower than in the wild type
in the aft2A mutant (Fig. 5A). The effect of the AFT2 deletion
was epistatic on that of the AFT1 deletion, since the amount of
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FIG. 4. Effects of Aftl and Aft2 on FTRI regulation. (A and C)
Northern blot analysis of FTRI transcription. Cells grown exponen-
tially under iron-depleted (A) or iron-replete (C) conditions were
analyzed as described in the legend to Fig. 3. One hundred percent is
the transcription of FET3 in the wild-type (wt) strain under iron-
depleted conditions. (B and D) In vivo DNA binding of Aft1-HA and
Aft2-HA to the FTRI promoter. (B) Strains containing Aft1-HA in a
wild-type (AFT2, AFTI-HA) or aft2A (aft2A, AFTI-HA) context and
strains containing Aft2-HA in a wild type (AFT1, AFT2-HA) or aftlA
(aft1A, AFT2-HA) context were grown exponentially under iron-de-
pleted conditions. (D) Strains showing significant specific binding of
Aft1-HA or Aft2-HA to the FTRI promoter were also grown under
iron-replete conditions. ChIP experiments and analyses were performed
as described in Materials and Methods and the legend to Fig. 3.

SMF3 mRNAs in the double aft/A aft2A mutant was lower
than in the wild-type strain. The signal still detected in aft/A
aft2A confirmed that other factors are involved in the activa-
tion of SMF3 transcription. Finally, overexpression of either
AFTI or AFT2 in the aft1A aft2A mutant clearly induced SMF3
expression. The occupancy of the SMF3 promoter by Aftl was
only 1.8-fold greater than in the DNA controls in aft2A and
2.7-fold greater than in the DNA controls in the wild-type
strain (Fig. 5B). In contrast, a great deal of Aft2 (12 times
more than in the DNA controls) was bound to the SMF3
promoter in the absence of Aftl. No Aft2 was bound to the
SMF3 promoter in wild-type cells, as for FET3 and FTRI. This
suggests that the increased SMF3 mRNA in aft]/A was due to
the direct binding of Aft2 and its activation of transcription.
We checked this by investigating the Aftl-dependent and Aft2-
dependent transcription of SMF3 in the presence of iron. The
experiments performed in iron-replete conditions showed cor-
related decreases in both the amount of SMF3 mRNA (three-
fold) and the occupancy of the SMF3 promoter by Aft2 in the
aft] A mutant (fivefold) (Fig. 5C and D). It also showed that the
low occupancy of the SMF3 promoter by Aftl was affected by
iron. We conclude that Aft2 directly activates the transcription
of SMF3 when Aftl is absent.

DNA microarray analyses have shown that the transcription
of MRS+ is activated by AFT2-1"7 (29) and AFTI1-1* but to a
lower degree (30). However, in contrast to the positive action
of Aftl in the control of MRS4, others have reported that
MRS+ transcription is greater in the aft/A mutant than in the
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FIG. 5. Effects of Aftl and Aft2 on SMF3 regulation. (A and C)
Northern blot analysis of SMF3 transcription. Strains were grown in
iron-depleted (A) or iron-replete (C) medium and analyzed as de-
scribed in the legend to Fig. 3. One hundred percent is the transcrip-
tion of FET3 in the wild-type (wt) strain under iron-depleted condi-
tions. (B and D) In vivo DNA binding of Aftl and Aft2 to the SMF3
promoter. (B) Strains containing Aftl-HA in a wild-type (AFT2,
AFTI1-HA) or aft2A (aft2A, AFTI-HA) context and strains containing
Aft2-HA in a wild-type (AFTI, AFT2-HA) or aft1A (aft1A, AFT2-HA)
context were grown exponentially under iron-depleted conditions.
(D) Strains showing significant specific binding of Aftl-HA or
Aft2-HA to the SMF3 promoter were also grown under iron-replete
conditions. ChIP experiments and analyses were performed as de-
scribed in Materials and Methods and the legend to Fig. 3.

wild-type strain (7). Our DNA microarray data (Fig. 1) and
Northern blot analyses (Fig. 6A) confirmed the latter result.
Moreover, the introduction of a plasmid carrying AFTI into
the aft/A mutant led to a decrease in the MRS4 mRNAs (Fig.
6A). The amount of MRS4 mRNA was not affected by sole
deletion of AFT2, but the increased amount of MRS4 mRNA
in the aft]A mutant was suppressed by deleting AFT2 as well.
The remaining signal in the aft/A aft2A mutant indicated that
other factors are involved in activating MRS4 transcription.
These results suggest that the increased transcription of MRS4
in the aftIA mutant is due to Aft2, as for SMF3. Considerable
amounts of Aft2 were consistently bound to the MRS4 pro-
moter in the absence of Aftl (27.5-fold more than to the DNA
controls) (Fig. 6B). Little Aft2 was bound to the MRS4 pro-
moter in wild-type cells (two times more than bound to the
DNA controls). No Aftl was bound to the MRS4 promoter in
the wild-type or aft2A strains, unlike Aft2. The amounts of
MRS4 mRNAs were greatly reduced in the absence of Aftl
under iron-replete conditions (Fig. 6C). In agreement with this
decreased MRS4 mRNA amount, the binding of Aft2 to the
MRS4 promoter was 15 times less than under iron limitation
(Fig. 6D). Thus, Aft2 directly activates the transcription of
MRS+ in iron-depleted conditions when Aft1 is absent. Control
experiments indicated that there was no binding of Aft2 in a
wild-type strain grown with iron, regardless of the promoter
studied (FET3, FTR1, SMF3, or MRS4) (data not shown).
Mutational analysis of the FET3 regulatory sequence. The
above results indicate that Aftl and Aft2 activate different
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FIG. 6. Effects of Aftl and Aft2 on MRS4 regulation. (A and C)
Northern blot analysis of MRS4 transcription. Cells were grown expo-
nentially under iron-depleted (A) or iron-replete (C) conditions and
analyzed as described in the legend to Fig. 3. One hundred percent is
the transcription of FET3 in the wild-type (wt) strain under iron-
depleted conditions. (B and D) In vivo DNA binding of Aftl and Aft2
to the MRS4 promoter. (B) Strains containing Aft1-HA in a wild-type
(AFT2, AFTI-HA) or aft2A (aft2A, AFTI-HA) context and strains
containing Aft2-HA in a wild-type (AFT1, AFT2-HA) or aft]1A (aft1A,
AFT2-HA) context were grown exponentially under iron-depleted con-
ditions. (D) Only the strain containing Aft2-HA in an aft/A context
(aft1A, AFT2-HA) was grown under iron-replete conditions. ChIP ex-
periments and analyses were performed as described in Materials and

Methods and the legend to Fig. 3.

target genes. The transcription of FET3 was specifically acti-
vated by Aftl, while those of SFM3 and MRS4 were specifically
activated by Aft2. Furthermore, computer analyses (Fig. 2)
identified a slight difference between the consensus binding
sites of genes activated by either Aftl (TGCACCC) or Aft2
(G/ACACCC). We modified the iron regulatory sequence in
the FET3 promoter to resemble that of the SFM3 promoter by
site-directed mutagenesis so as to investigate the functional
importance of the difference in these consensus binding sites.
Dinucleotides 5" and/or 3" of the core sequence GCACCC of
the pFC-W FET3 promoter LacZ fusion were changed as
shown in Fig. 7A. The pFC-W plasmid and the plasmids pFC-
M1, pFC-M2, and pFC-M3 with mutated promoters were used
to transform the wild-type, aftI/A, aft2A, and aftIA aft2A
strains. These plasmids were also used to transform the aft/A
aft2A strain harboring a high-copy-number plasmid which
overexpressed either AFTI or AFT2. We evaluated the Aftl
and Aft2 transcriptional activity from the mutated promoters
by comparing the B-galactosidase activities in these strains.
The B-galactosidase activities obtained with the pFC-W plas-
mid in the different genetic contexts (Fig. 7B) confirmed pre-
vious data showing that the transcription of FET3 is predom-
inantly Aftl dependent (3). The slightly higher 3-galactosidase
activity in aft2A than in the wild-type strain is in agreement
with the increased FET3 mRNA (Fig. 3A). The B-galactosi-
dase activity obtained with pFC-M1 was 3.5-fold lower than
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FIG. 7. Mutational analysis of the FET3 regulatory sequence.
(A) Plasmid pFC-W contains the —263/—234 of the upstream region
of the FET3 gene that has been inserted into the CYCI promoter and
fused to the lacZ gene (38). Plasmid pFC-M1 is identical to pFC-W,
except that the dinucleotide GT flanking the 5" FET3 core sequence
GCACCC was replaced by the dinucleotide CC that flanks the 5’
SMF3 GCACCC sequence (Fig. 2). Plasmid pFC-M2 is identical to
pFC-W, except that the dinucleotide AT flanking the 3" FET3 GC
ACCC sequence was replaced with the dinucleotide TG flanking the 3’
SMF3 GCACCC sequence. Plasmid pFC-M3 contains both substitu-
tions (GT to CC and AT to TG) of the pFC-M1 and pFC-M2 plasmids.
The 5" FET3 core sequence GCACCC is shown in boldface type.
Nucleotides that deviate from the FET3 sequence are underlined.
(B) The strains BY4742 (wild type [wt]), Y14438 (aftiA), Y11090
(aft2A), and SCMCO1 (aftIA aft2A), harboring the plasmids pFC-W,
pFC-M1, pFC-M2, and pFC-M3, with or without overexpression of
AFTI or AFT2 (plasmids pEG202-AFTI and pEG202-AFT2, see Ma-
terials and Methods) were grown for 18 h in iron-limiting medium
containing 1 wM iron and then diluted to an ODy, of 0.3 in the same
medium without iron and grown to an ODy, of 1.0. Error bars rep-
resent the standard deviations (less than 10%) for assays performed on
three independent transformants. Numerical values of B-galactosidase
activities are shown in the lower panel.

that obtained with the pFC-W plasmid in the wild-type strain,
2.5-fold lower than that obtained with pFC-M2, and 6.6-fold
lower than that obtained with pFC-M3. Similar results were
obtained in the aft2A strain. These results indicate that Aftl is
a poor activator for the mutated promoters and that Aft2 is not
involved in the residual activation when Aftl is present. No
significant B-galactosidase activity was detected in the aft/A
aft2A mutant transformed with the pFC-W, pFC-M1, pFC-M2,
or pFC-M3 plasmid, indicating that the B-galactosidase activity
mediated by these plasmids was strictly Aft1/2 dependent. The
B-galactosidase activity measured in the aft/A mutant, attrib-
uted to Aft2, was 3.5-fold higher than that of the aft/A aft2A
mutant with pFC-W. The Aft2-dependent activation was more
efficient in the pFC-M1 context (2.3-fold greater than pFC-W);
in contrast, this Aft2-dependent activation was lower (1.7-fold
decrease) with pFC-M2 than with pFC-W and remained un-
changed with pFC-M3. The B-galactosidase activities mea-
sured with pFC-W, pFC-M1, pFC-M2, and pFC-M3 were de-
creased three- to fourfold by adding 100 pM iron in the wild
type, aft2A, and aft] A strains (data not shown). The differences
in Aftl- and Aft2-dependent activation were further confirmed
with aft]IA aft2A strains overexpressing either the AFTI or
AFT?2 gene (Fig. 7B). Overexpression of AFT2 increased the
transcription from the pFC-M1 promoter 2.4-fold and from the
pFC-M3 promoter 2.6-fold, while it decreased the transcrip-
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FIG. 8. Analysis of the relative abundances of Aftl and Aft2. Equal
amounts of total protein extract from cells grown exponentially in
iron-depleted (—Fe) or iron-replete (+Fe) medium were analyzed by
Western blotting with an anti-HA antibody to detect HA-tagged Aftl
in the wild-type (wt) and aft2A strains (A) and HA-tagged Aft2 in the
wild-type and aftlA strains (B). Aftl and Aft2 were assayed after the
same exposure times. Results from two independent protein extracts
are shown in bar graphs after normalization to the Pgkl signal. The
amounts of Aftl and Aft2 in the wild-type context under iron-depleted
conditions were arbitrarily defined as 100%.

- + Fe
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tion from pFC-M2 1.9-fold compared to pFC-W. The tran-
scription from pFC-M1, pFC-M2, and pFC-M3 was lower than
with pFC-W when AFTI was overexpressed.

Iron-dependent increases in Aftl and Aft2 in the absence of
paralog. The above results show that the occupancy of pro-
moters by Aftl and Aft2 depends on the presence or the
absence of the paralog and on the iron concentration in the
culture medium. We measured the total Aftl-HA and
Aft2-HA levels in wild-type cells and in either aft2A or aftiA
cells grown in iron-depleted and in iron-replete conditions by
Western blotting with anti-HA antibody to determine whether
these effects resulted from changes in the amounts of Aftl and
Aft2 proteins. The concentration of Aftl was higher in the
absence of Aft2 than in the wild type under iron depletion (Fig.
8A); this is in agreement with the increased Aftl-mediated
activation of FET3 and FTRI transcription in the aft2A strain
(Fig. 3 and 4). The amount of Aftl in wild-type cells was not
greatly affected by adding iron, consistent with previous anal-
yses (39). Nevertheless, it was decreased at least twofold by
iron in the absence of Aft2. Analysis of the amounts of Aft2
showed a weak band corresponding to Aft2, fainter than that of
Aftl in wild-type cells (Fig. 8B). The amount of Aft2 was
3.3-fold higher in the absence of Aftl under iron-depleted
conditions, in agreement with the stimulation of the Aft2-
activated transcription alone under these conditions (Fig. 3 to
6). The amount of Aft2 in wild-type cells was not affected by
adding iron, while it was decreased by iron in the absence of
the paralog, as was that of Aftl. The Western blot analyses
therefore show that the amounts of Aftl and Aft2 are in-
creased in the absence of the paralog under iron depletion and
that iron represses the amounts Aftl and Aft2 in these genetic
contexts.

DISCUSSION

The yeast paralogs Aftl and Aft2 are iron-responsive tran-
scription activators that have overlapping, but not redundant,
functions in iron homeostasis. Aftl is the major regulator of
the iron uptake systems, while the role of Aft2 is not yet clear.
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FIG. 9. Diagram of Aftl and Aft2 DNA binding activities and
protein amounts under iron-depleted conditions. (A) The bars repre-
sent the promoter occupancy by Aftl in the aft2A strain (black bars)
and promoter occupancy by Aft2 in the aft/A strain (white bars). The
heights of the bars are proportional to each calculated relative enrich-
ment from Fig. 3 (FET3), 4 (FTRI), 5 (SMF3), and 6 (MRS4). (B) The
amounts of Aftl and Aft2 proteins are represented by spheres with
areas proportional to the protein measured as described in the legend
to Fig. 7. Aftl is in black, and Aft2 is in white. wt, wild type.

We assessed the role of Aft2 by analyzing the profiles of gene
expression in the wild-type yeast strain and in mutant strains
deficient for Aftl or for both Aftl and Aft2. The cells were
grown in iron-depleted medium, which promotes Aftl- and
Aft2-dependent activation of the genes involved in iron me-
tabolism. We used our DNA microarray data to perform a
cluster analysis on the 50 genes that were previously identified
as target genes of the AFT1-1*” and/or AFT2-1"" allele (29, 30,
33). This allowed us to uncover several classes of genes that are
differentially regulated by Aftl and Aft2. The class A to D
genes exhibited transcription profiles that were consistent with
a role of either Aftl (class A), Aft2 (classes C and D), or both
(class B) in their activation. Only the small class E genes
exhibited no transcription decrease in each of the 3 compari-
sons: wt/aftl, wt/aftl aft2, and aftl/afl aft2. This discrepancy
between our “loss of function” analyses and the previous “gain
of function” results could be caused by the different genetic
contexts or different experimental conditions.

The detailed study by Northern blotting and ChIP experi-
ments of the prototype genes FET3, FTRI, SMF3, and MRS4,
representing the four A, B, C, and D class genes, respectively,
has provided new insights into the direct and indirect actions of
Aftl and Aft2 in the regulation of genes involved in iron
homeostasis. The degrees of promoter occupancy by Aftl and
Aft2 were correlated with the subsequent transcription of the
corresponding genes. A striking feature here is that Aftl and
Aft2 mostly activate distinct iron-regulated genes in vivo by
selective binding to the promoter, while they are able to bind
to the same sequence in vitro (29). Aftl binds well to FET3 and
FTRI promoters and poorly to the SMF3 promoter, but Aftl is
not bound to the MRS4 promoter; conversely, Aft2 binds
poorly to the FET3 promoter and well to the FTRI, SMF3, and
MRS4 promoters (summarized in Fig. 9A). This raises the
question of how Aftl and Aft2 identify the appropriate pro-
moters. A search for specific cis-acting sequences in the pro-
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moter regions of class A and B genes activated by Aftl iden-
tified the canonical TGCACCC sequence of the defined FeRE
element (38), indicating the importance of this sequence in the
Aftl-mediated activation. In contrast, we observed that the
consensus sequence in the promoter regions of genes specifi-
cally activated by Aft2 (classes C and D) was not the TGC
ACCC sequence, but the shorter G/ACACCC sequence (Fig.
2). Hence, the TGCACCC sequence appears to be important
for Aftl-mediated activation, but not for Aft2-mediated acti-
vation. This was confirmed by transcriptional analysis of a
LacZ reporter gene cloned under the control of variants of the
FET3 GTGCACCCAT iron-responsive element. Changing the
5" GT to CC dramatically decreased Aftl-dependent activa-
tion. Changing the 3" AT to TG also affected the Aftl-medi-
ated activation by decreasing the transcription of LacZ, but to
a lesser extent than the previous mutation. Introducing both
changes in the 5’ and 3’ of the FET3 iron-responsive element
led to a cumulated loss of Aftl-mediated transcription. By
contrast with Aftl reactivity, the 5’ variant FET3 CCGCAC
CCAT element supported increased Aft2-mediated activation.
Although the activation measured with the natural amount of
Aft2 was low, it was significant, and overexpression of AFT2
confirmed that this 2-bp change is critical for increased acti-
vation. Changing only the 3’ end of the site (AT to TG)
decreased the Aft2-mediated activation. The two mutations led
to an overall increased activation when AFT2 was overex-
pressed. Our results on Aftl-mediated activation agree well
with previous DNA binding competition experiments demon-
strating that the in vitro-translated Aftl protein interacted
better with the TGCACCCA sequence than with the se-
quences GGCACCCA or TGCACCCC (38). The new data we
provided on Aft2-mediated activation are also in accordance
with in vivo analyses of lacZ reporter fusion constructs showing
(i) that iron regulation of the Aft2-activated gene SMF3 de-
pends on the ~**'CGCACCC sequence and not on the ~**°T
GCACCC sequence (22) and (ii) that the AFT2-1"F allele
activates the transcription of MRS4 through the ~***GGC
ACCC sequence (30). Taken together, our computer analysis
of the iron-responsive elements of the Aftl- and Aft2-regu-
lated genes and transcriptional analysis of the FET3 promoter
LacZ fusion provide strong support for differently defined Aftl
and Aft2 DNA binding sites; Aft]l appears to be more selective
in recognizing the 5" context of the GCACCC sequence than is
Aft2. However, the presence of the TGCACCC sequence in
the promoter region of a gene is not sufficient for its activation
by Aftl because some class C, D, and E genes contain the
TGCACCC sequence in their promoter regions and are not
activated by Aftl (Fig. 1 to 2). Thus, Aftl (and Aft2) may
recognize the promoter through combination with other frans-
acting factors in addition to the specific regulatory cis-acting
sequence. Recent studies have shown that the HMG box chro-
matin-associated architectural factor Nhp6 associates with
Aftl in vivo to facilitate its recruitment to the promoter region
of certain of the Aftl-activated genes (8).

Our results show that Aftl specifically activates FET3 tran-
scription and that Aft2 specifically activates SMF3/MRS4 tran-
scription (Fig. 3 to 6). In contrast, the constitutive allele AFT1-
1"P activates the transcription of MRS4 (30) and AFT2-1"7
activates that of FET3 (29, 30). The discrepancy between these
results suggests that strains carrying the AFT1/AFT2 wild-type
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alleles are required to unravel the specificity of gene targeting
by Aftl and Aft2 and that the expression of one hyperactive
AFTI-1"PJAFT2-1"7 allele may lead to aberrant activation of
genes specifically controlled by the paralog. More importantly,
the specificity of gene activation by Aftl and Aft2 described in
this work correlates with a specificity of gene function. Aftl
specifically activates the transcription of genes involved in cell
surface iron uptake systems (FET3, FRE1, ARNI to ARN4, and
FIT2 to FIT3) (Fig. 1, class A), while Aft2 specifically activates
the transcription of genes involved in vacuolar and mitochon-
drial iron subcompartmentation and use (SMF3, FRE6, FTHI,
MRS4, FETS, and ISUI) (Fig. 1, classes C and D). Thus, with
two paralogous transcription factors displaying a functional
specialization in the control of iron homeostasis, the cell may
adapt to environmental iron changes with greater flexibility.

Phenotype analyses have shown that the sole AF72 deletion
confers no iron-specific phenotype, whereas it reveals misregu-
lation of intracellular iron use and oxidative stress-related phe-
notypes in the absence of Aftl (3). Consistently, we have now
shown that the Aft2-mediated activation of transcription is
revealed under iron-depleted conditions and in the absence of
Aftl. This suggests that the Aft2 activity is triggered by exac-
erbated iron-limiting conditions caused by the cumulative ef-
fects of environmental iron depletion and a lack of Aftl-de-
pendent iron uptake systems. Thus, in response to severe iron
limitation, the activation by Aft2 of the transcription of genes
involved in vacuolar and mitochondrial iron transport may lead
to a reorganization of the intracellular iron distribution. This is
further supported by recent data indicating that the Aft2 target
gene MRS4 is involved in a mitochondrial-vacuolar iron-sig-
naling pathway (19). A hierarchical model implicating Aftl
and Aft2 in a graded response to iron limitation fits well with
the greater sensitivity of Aft2 to iron: a given iron concentra-
tion in the culture medium may completely abolish the binding
of Aft2 to DNA but only decrease that of Aftl. Further inves-
tigation is now required to clarify the fine-tuning of Aft2 trig-
gering in response to iron limitation.

The absence of one of the Aftl/Aft2 paralogs under iron
deprivation conditions leads to an increase in the binding of
the resident paralog to its specific promoters and subsequent
gene activation (Fig. 3 to 6). These effects are correlated with
a change in the abundance of paralog protein in whole cells
(Fig. 8 and 9B). The extent to which the absence of either Aftl
or Aft2 increases the amount of the remaining paralog protein
varies: the Aft2 concentration increases more in the absence of
Aftl than does that of Aftl in the absence of Aft2. The recip-
rocal negative influence of Aftl and Aft2 may reflect a com-
pensatory mechanism to counterbalance a failure in processes
regulated by one factor by stimulating those of the paralog.
This would allow the cell to tightly coordinate the Aftl-medi-
ated regulation of extracellular iron transport and the Aft2-
mediated regulation of iron intracellular use.

The modulation of protein amounts may involve transcrip-
tional and/or posttranscriptional regulation. Aftl binds to its
own promoter (16). We found ~*"*TGCACCC and ~**GGC
ACCC sequences in the AFTI promoter. This suggests that
Aftl and Aft2 are directly involved in the regulation of AFT]
transcription. In contrast, no CACCC core element of the
FeRE sequence was found in the AFT2 promoter. Any change
in its transcription in response to AFTI deletion would thus
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occur through other cis- and frans-regulatory elements. Post-
translational effects may also be involved. Our data agree with
recent work on mammals showing that the amount of the
iron-regulatory protein IRP2 is increased when the paralog
gene encoding IRP1 is deleted. Since iron regulates IRP2 by
mediating its proteasomal degradation, these experiments sug-
gest that IRP1 is involved in this step of regulation (22). We
show that the negative effect of Aftl and Aft2 on the amount
of the paralog is iron dependent. How iron is involved in
controlling the balance between the Aftl and Aft2 proteins is
still unknown, and answering this question is critical for a
better understanding of the functions of these iron-responsive
paralogous transcription factors in the yeast cell. Iron regulates
the function of Aftl by modulating its subcellular distribution
(39) but is likely to be involved at other steps of Aftl control.
Nothing is yet known about the regulation of Aft2 function by
iron. As a first step toward clarifying this critical point, exper-
iments are in progress to determine the level at which iron
regulates Aft2 abundance in the absence of Aftl.
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