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Iron is an essential micronutrient for all eukaryotic organisms because it participates as a redox-active cofactor in many biologi-
cal processes, including DNA replication and repair. Eukaryotic ribonucleotide reductases (RNRs) are Fe-dependent enzymes
that catalyze deoxyribonucleoside diphosphate (INDP) synthesis. We show here that the levels of the Sml1 protein, a yeast RNR
large-subunit inhibitor, specifically decrease in response to both nutritional and genetic Fe deficiencies in a Dunl-dependent but
Mecl/Rad53- and Aftl-independent manner. The decline of Sml1 protein levels upon Fe starvation depends on Dunl forkhead-
associated and kinase domains, the 26S proteasome, and the vacuolar proteolytic pathway. Depletion of core components of the
mitochondrial iron-sulfur cluster assembly leads to a Dun1-dependent diminution of Sml1 protein levels. The physiological rel-

evance of Smll downregulation by Dun1 under low-Fe conditions is highlighted by the synthetic growth defect observed be-
tween dunlA and fet3A fet4A mutants, which is rescued by SML1 deletion. Consistent with an increase in RNR function, Rnrl
protein levels are upregulated upon Fe deficiency. Finally, dun1A mutants display defects in deoxyribonucleoside triphosphate
(dNTP) biosynthesis under low-Fe conditions. Taken together, these results reveal that the Dun1 checkpoint kinase promotes
RNR function in response to Fe starvation by stimulating Sml1 protein degradation.

Ribonucleotide reductase (RNR) is an essential enzyme that
catalyzes the de movo synthesis of deoxyribonucleoside
diphosphates (ANDPs), which are the precursors for DNA repli-
cation and repair. Eukaryotic RNRs are comprised of a and 3
subunits that form an active quaternary structure, (a,);(B),.
where m is 1 or 3. a,, referred to as the large or R1 subunit, con-
tains the catalytic and allosteric sites, and 3,, known as the small or
R2 subunit, harbors a diferric center that is responsible for gener-
ating and keeping a tyrosyl radical required for catalysis (reviewed
in references 1 to 3). In the budding yeast Saccharomyces cerevisiae,
the large R1 subunit is formed by an Rnrl homodimer and the
small R2 subunit is composed of an Rnr2-Rnr4 heterodimer (re-
viewed in reference 4). Eukaryotic cells tightly control RNR activ-
ity to achieve adequate and balanced deoxyribonucleoside
triphosphate (ANTP) pools that ensure accurate DNA synthesis
and genomic integrity. In response to DNA damage or DNA rep-
lication stress or when cells enter S phase of the cell cycle, the yeast
Mecl1/Rad53/Dunl checkpoint kinase cascade activates RNR
function (reviewed in reference 4). Briefly, genotoxic stress acti-
vates Mecl, which phosphorylates and enhances Rad53 kinase
activity (5, 6). A diphosphothreonine motif in hyperphosphory-
lated Rad53 protein is subsequently recognized by Dun1’s fork-
head-associated (FHA) domain, leading to Rad53-mediated
phosphorylation and activation of Dunl kinase (7-11), which
promotes RNR function through multiple mechanisms. One
mechanism involves the transcriptional repressor Crtl, which is
hyperphosphorylated by Dunl kinase and released from the pro-
moter regions of RNR2, RNR3, and RNR4 genes, resulting in tran-
scriptional derepression (12). Another dual-checkpoint-depen-
dent mechanism promotes dissociation of Rnr2-Rnr4 from its
nuclear anchor protein, Wtm1, and degradation of the Rnr2-Rnr4
nuclear importer protein Difl, leading to the redistribution of the
small R2 subunit from the nucleus to the cytoplasm, where the
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large R1 subunit resides (13-17). A third mechanism involves the
R1 inhibitor Smll. The R1 active site is oxidized at each turnover
cycle and is subsequently regenerated by a cysteine pair (a CX,C
motif) located at the R1 carboxyl terminus. Smll has been pro-
posed to hinder R1 active-site regeneration based on the observa-
tion that it competes with the R1 carboxyl terminus for interac-
tions with the R1 amino-terminal domain, which includes the
active site (18-21). During S phase and in response to genotoxic
stress, the Mecl/Rad53/Dunl kinase cascade facilitates Smll
phosphorylation, ubiquitylation, and degradation by the 26S pro-
teasome, thereby relieving RNR inhibition (22-25). A multimeric
complex that includes the E2 ubiquitin-conjugating enzyme
Radé, the E3 ubiquitin ligase Ubr2, and the E2-E3-interacting
protein Mubl mediates the targeted ubiquitylation and degrada-
tion of phosphorylated Smll (25). Genotoxic stress also increases
Rnrl protein levels by a Rad53-dependent but Dun1-independent
mechanism (26).

Iron is an essential element for the vast majority of living or-
ganisms and an indispensable cofactor in all eukaryotic RNRs.
The extremely low solubility of Fe** at physiological pH fre-
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quently leads to human Fe deficiency anemia, especially in preg-
nantwomen and children. The budding yeast S. cerevisiae has been
employed to characterize the strategies that eukaryotic cells use to
properly respond to Fe depletion (reviewed in references 27 to 30).
Under normal conditions, yeast cells acquire Fe through low-af-
finity transporters, including Fet4 (31). When Fe becomes scarce,
the yeast Aftl transcription factor activates the expression of a
group of genes known as the Fe regulon, which includes high-
affinity Fe uptake systems, such as the plasma membrane Ftrl-
Fet3 complex, vacuolar Fe mobilization proteins, and the RNA-
binding proteins Cthl and Cth2 (32-39). Importantly, the Aftl
transcription factor does not respond directly to environmental or
intracellular Fe levels, but rather to the efficiency of Fe-S cluster
(ISC) synthesis in mitochondria (40). Thus, mutants defective in
components of the mitochondrial ISC biogenesis core activate
Aft] and constitutively express the Fe regulon regardless of the Fe
concentration, whereas no activation is observed in cells defective
in the cytosolic ISC assembly pathway (40-42). Furthermore, two
functionally redundant ISC-binding monothiol glutaredoxins,
Grx3 and Grx4, play a crucial role in directly transmitting the
cellular Fe status to the Aftl transcription factor (43—45). Under
Fe-replete conditions, the Grx3-Grx4 proteins interact with the
Aftl protein, inhibiting its function in transcription by promoting
its dissociation from its target promoters (45). In the absence of
Grx3, Grx4, or its bound ISC or in the presence of AFT1 alleles
insensitive to Grx3-Grx4, such as AFT1-1'?, the Fe regulon is con-
stitutively active (38, 43, 44). In addition to its role as an Fe sensor,
recent studies have demonstrated that Grx3 and Grx4 also partic-
ipate in intracellular Fe trafficking by facilitating the delivery of Fe
to multiple mitochondrial, cytosolic, and nuclear Fe-dependent
proteins, including RNR (46, 47).

In response to Fe deficiency, the two Aftl targets Cthl and
Cth2 facilitate a metabolic remodeling of Fe-dependent pathways
by promoting the coordinated degradation of many mRNAs en-
coding proteins that participate in processes with elevated Fe de-
mands, such as respiration (35, 36, 48-51). More recent results
have shown that yeast cells selectively optimize RNR function in
response to low Fe availability by activating the redistribution of
Rnr2-Rnr4 from the nucleus to the cytoplasm via a mechanism
that is independent of the checkpoint kinases Mecl and Rad53
(52). Instead, Cthl and Cth2 RNA-binding proteins specifically
interact with the WTM1 transcript, leading to its degradation. The
resulting decrease of the nuclear anchor Wtm1 protein favors
the redistribution of Rnr2-Rnr4 to the cytoplasm, contributing to
the optimal synthesis of ANTPs when Fe is scarce (52).

In addition to RNR, Fe is an essential cofactor for important
eukaryotic enzymes required for DNA synthesis, such as DNA
polymerases (53), and multiple proteins involved in DNA repair.
The relevance of appropriately regulating cellular Fe utilization is
highlighted by various studies showing that Fe delivery to enzymes
in DNA metabolism is critical to avoid nuclear genome instability,
a hallmark of cancer and aging (54-57). Despite the direct link
between Fe homeostasis and DNA metabolism, little is known
about the mechanisms that regulate these enzymes in response to
alterations in Fe availability. In this study, we characterize mech-
anisms that the Dun1 checkpoint kinase utilizes to promote RNR
function in response to Fe deficiency. By using a specific Fe**
chelator and yeast strains defective in Fe acquisition or Fe sensing,
we demonstrate that Dunl specifically promotes the degradation
of the Sml1 protein in response to Fe deficiency. Both genetic and
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biochemical data reveal the details of this regulation and demon-
strate its physiological relevance under Fe-deficient conditions.

MATERIALS AND METHODS

Yeast strains and growth conditions. The yeast strains used in this study
are listed in Table 1. Yeast precultures were incubated overnight at 30°C in
synthetic complete (SC) medium lacking specific requirements when nec-
essary and reinoculated at an optical density at 600 nm (ODy,,) 0f0.35. To
regulate Fe availability, the cells were incubated for 6 to 8 h in SC medium
(Fe-sufficient conditions), SC medium supplemented with 100 pM the
Fe**-specific chelator bathophenanthroline disulfonic acid disodium
(BPS) (Fe-deficient conditions), or SC medium supplemented with 300
M ferrous ammonium sulfate (FAS) (Fe excess conditions) before pro-
cessing. Treatment with either 0.04% methyl methanesulfonate (MMS),
0.2 M hydroxyurea (HU), or 0.2 mg/liter 4-nitroquinoline 1-oxide (4-
NQO) was performed during the last 1 or 2 h of SC medium incubation.
To determine Smll protein degradation dependence on the 26S protea-
some, yeast cells from an overnight preculture in SC medium at 25°C were
reinoculated in prewarmed SC medium at 37°C. The cells were incubated
for 3 h at the restrictive temperature before addition of 100 uM BPS.
Then, the cells were incubated for an additional 6 hours at 37°C. To
determine Smll protein and FET3 mRNA levels in yeast cells expressing
members of the ISC synthesis pathway or GRX4 under the control of the
GALI-10 promoter, cells were precultured overnight at 30°C in SC me-
dium containing 2% galactose (SC-Gal medium) instead of glucose,
washed twice, and transferred to SC medium for 40 h to repress the ex-
pression of the gene of interest. When necessary, cultures were diluted
into fresh SC-Gal medium to maintain the exponential growth phase
during the whole process. To address genetic interactions between mu-
tants, cells were tested by spot assays on plates and by growth in 96-well
plates. For spot assays, yeast cells were grown to exponential phase, spot-
ted in 5-fold serial dilutions on SC medium plates, and incubated at 30°C.
For growth in 96-well plates, yeast cells were inoculated at an A4, 0f 0.1 in
260 pl ofliquid SC medium, and the A, was determined in a Spectrostar
Nano absorbance microplate reader (BMG Labtech) every hour for 72 h at
28°C.

Plasmids. The plasmids used in this study are listed in Table 1. Plas-
mids pSP673, pSP674, and pSP675 (9) were used as templates to amplify
the DUNI and DUNI1-R60A coding sequences and 240 bp from the pro-
moter region, respectively. These fragments were cloned into the p413TEF
vector (58), previously digested with Sacl and BamHI to remove the TEF
promoter, and generated plasmids pSP684, pSP685, and pSP686. A similar
strategy was used to obtain plasmids pSP692, pSP693, pSP694, and pSP695,
which express DUNI, DUNI-S10A, DUNI-S139A, and DUNI-T380A, re-
spectively, by using genomic DNA from the yeast strains SCY037, SCY0136,
SCY0137, and SCY0138 (11), respectively. Other plasmids used in this work
have been described previously (Table 1). All PCR amplifications were per-
formed with the Phusion polymerase (Finnzymes), and cloned inserts were
sequenced. Escherichia coli strain DH5a was used for the propagation and
isolation of plasmids.

Protein analyses. Total protein extracts were obtained by using the
alkali method (59). Equal amounts of protein were resolved in SDS-PAGE
gels and transferred onto nitrocellulose membranes. Ponceau staining
was used to assess protein transfer. The primary antibodies used in this
study included anti-Smll (kindly provided by J. Stubbe), anti-Pgkl
(22C5D8; Invitrogen), anti-Dunl (kindly provided by W. D. Heyer), and
anti-Rnrl. Immunoblots were developed with horseradish peroxidase
(HRP)-labeled secondary antibodies and the ECL Select Western blotting
detection kit (GE Healthcare Life Sciences). Immunoblot images were
obtained with an ImageQuant LAS 4000 mini Biomolecular Imager (GE
Healthcare Life Sciences). An image representative of at least three inde-
pendent biological replicates is always shown. Data were processed and
specific signals were quantified with ImageQuant TL analysis software
(GE Healthcare Life Sciences). Sml1/Pgkl protein levels were quantified,
and the average and standard deviation of at least three independent bio-
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TABLE 1 Yeast strains and plasmids used in this study

Dun1 Regulates SmI1 in Iron Deficiency

TABLE 1 (Continued)

Strain or Source or Strain or Source or
plasmid Relevant genotype or description reference plasmid Relevant genotype or description reference
Strains pSP692 p413-DUN1 This study
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Invitrogen pSP693 p413-DUNI1-S10A This study
SPY386 BY4741 fet3::URA3 fet4::KanMX4 52 pSP694 p413-DUNI1-S139A This study
SPY122 BY4741 cthl:KanMX4 cth2::HisMX6 35 pSP695 p413-DUNI1-T380A This study
AXY1928 BY4741 dunl::KanMX4 fet3:URA3 This study pAFT1-1""  pRS313-AFT1-1"F J. Kaplan
fet4::KanMX4
SPY350 BY4741 dunl::KanMX4 Invitrogen
Y300 MATa canl-100 ade2-1 his3-11,15 leu2-3,112 64
trpl-1 ura3-1 logical samples is indicated. The values are percentages of that of the
DES460 Y300 TRP1:GAP-RNR1 65 wild-type strain in SC medium.
DES459 Y300 TRP1::GAP-RNRI1 mecl::HIS3 65 RNA analyses. Total RNA extraction and cellular mRNA levels were
DES453 Y300 TRP1:GAP-RNRI rad53::HIS3 65 determined as previously described with a few modifications (60). Briefly,
MHY307 Y300 TRP1:GAP-RNRI1 dunl:HIS3 This study 10 to 20 ml of exponentially growing cells was collected by centrifugation,
YWO0607  MATa ura3 leu2-3,112 his3-11,15 Gal™* D.H. Wolf  washed with ice-cold water, and frozen at —80°C. Total RNA was ex-
YWO0608  YWO0607prel-1 D.H. Wolf tracted from cell pellets using a Millmix 20 bead beater (Tehtnica) in 0.4
BY4743 MATa/a his3A1/his3A1 leu2A0/leu2A0 Invitrogen ~ ml of LETS buffer (0.1 M LiCl, 0.01 M EDTA, pH 8.0, 0.01 M Tris-HCI,
met15A0/MET15 LYS2/lys2A0 pH 7.4, and 0.2% [wt/vol] SDS), 0.4 ml of phenol (pH 4.5)-chloroform-
ura3A0/ura3A0 chloroform-isoamylic alcohol (125:24:1), and 0.3 ml of glass beads. Su-
SPY485 BY4743 rad6::KanMX4 Invitrogen ~ pernatants were extracted with phenol-chloroform-isoamylic alcohol
SPY487 BY4743 ubr2:KanMX4 Invitrogen  (125:24:1) and chloroform-isoamylic alcohol (24:1). RNA was precipi-
SPY496 BY4743 pep4::KanMX4 Invitrogen  tated twice, first by adding 2.5 volumes of 96% ethanol and 0.1 volume of
SCY037 MATa GFP-SMLI::HIS3 11 5 M LiCl and second by adding 2.5 volumes of 96% ethanol and 0.1
SCY049 MATa dunl::URA3 GFP-SMLI::HIS3 11 volume of 3 M sodium acetate. In both cases, RNA was incubated either at
SCY0136 SCY049 DUNI-TAF-S10A::G418 11 —80°C for 3 h or at —20°C overnight. After dissolving in RNase-free
SCY0137 SCY049 DUNI-TAF-S139A::G418 11 MilliQ water, the RNA concentration was determined with a NanoDrop
SCY0138 SCY049 DUNI-TAF-T380A::G418 11 instrument (Thermo Scientific). Then, 2.5 pg of total yeast RNA was
SPY349 BY4741 SMLI-GFP::HISMX4 Invitrogen treated for 15 min at 25°C with DNase I RNase-free (Roche) according to
W303-1A MATa ura3-1 ade21 trpl-1 his3-11,15 R. Lill the manufacturer’s protocol. Maxima Reverse Transcriptase (Thermo
leu2-3,112 Scientific) was used to synthesize cDNA from DNase I-treated RNA ac-
Gal-NFS1 W303-1A pNFS1:GALI-10-HIS3 74 cording to the manufacturer’s reccommendations. Quantitative real-time
Gal-YAH1  W303-1A pYAHI:GALI-10-LEU2 75 PCR was performed in a Light Cycler 480 II (Roche) using the SYBR
Gal-NBP35  'W303-1A pNBP35::GALI-10-HIS3 42 Premix Ex Taq kit (TaKaRa) for fluorescent labeling. For this purpose, 2.5
Gal-NAR1  W303-1A pNARI::GALI-10-HIS3 76 pl cDNA was added to each reaction in a final volume of 10 pl. Real-time
Gal-GRX4 ~ W303-1A pGRX4::GAL-L-natNT2 grx3:LEU2 46 PCRs using 0.2 pM the corresponding oligonucleotides were performed
SPY28 BY4741 aftl::KanMX4 Invitrogen ~ under the following conditions: 95°C for 10 s, followed by 40 cycles of 10
BY4742 MATa his3A1 leu2 A0 lys2A0 ura3A0 Invitrogen ~ sat95°Cand 15sat 55°C. At the end of the amplification cycles, a melting-
grx3A grx4A  BY4742 grx3:LEU2 grx4::KanMX4 44 curve analysis was conducted to verify the specificity of the reaction. A
AXY1926 BY4742 dunl:KanMX4 grx3:LEU2 Thisstudy  standard curve was made with serial dilutions of the cDNA sample (2 X
grx4:KanMX4 1075, 1X 10752 X 10731 X 10722 X 1072, and 1 X 10~?). Primers
AXY1988 BY4741 pGALI-NFS1-HIS3 This study ~ FET3-qPCR-F (TGACCGTTTTGTCTTCAGGT) and FET3-qPCR-R (T
AXY2059 BY4741 pGALI-NFS1-HIS3 dunl::KanMX4 This study GACCGTTTTGTCTTCAGGT) were used to determine FET3 mRNA lev-
SPY589 BY4741 smll::KanMX4 Invitrogen els, whereas primers ACT1-qPCR-F (TCGTTCCAATTTACGCTGGTT)
AXY2243 BY4741 smi1::HIS3 fet3::URA3 fet4::KanMX4  Thisstudy ~ and ACT1-qPCR-R (CGGCCAAATCGATTCTCAA) were used to deter-
AXY2141 BY4741 sml1::HIS3 dunl:KanMX4 This study ~ mine ACTI mRNA levels. The data and error bars represent the average
fet3::URA3 fet4::KanMX4 and standard deviation of three independent biological samples.
MHY375 W303-1A smll::HIS3 13 dATP and dCTP measurements. Cells were processed, and dNTPs
MHY380 W303-1A sml1::HIS3 rad53::HIS3 13 were determined by a DNA polymerase-based enzymatic assay, as previ-
ously described (52, 61).
Plasmids
pRS415 CEN LEU1 77 RESULTS
PRS416 CEN URA3 77 Sml1 protein levels decrease in response to nutritional and ge-
pSP419 PRS415-CTH2 3 netic iron deficiencies. In response to genotoxic stress, Dun1 ki-
pSP476 pRS416-CTH1 35 . . . .
PMHS0 CEN LEU2 DUNI This study nase promotes RNR function through multiple mechamsms,. in-
pMH62 2um LEU2 DUNI-D328A This study clu(‘hng tra}nscrlptlonal RNR2, RNR33 and RNR4 derepression,
pSP673 pRS414-DUN1-FLAG 9 redistribution of the small R2 subunit from the nucleus to the
pSP674 pRS414-DUN1-R60A-FLAG 9 cytoplasm, and degradation of the R1 inhibitor Sml1 (4). A recent
pSP675 pRS414-DUN1-K100A-R102A-FLAG 9 study has shown that curcumin, a polyphenolic compound, ex-
p413TEF CEN HIS3 TEFp CYCIt 58 tracted from the Indian spice turmeric, with diverse biological
pSP684 p413-DUN1(EcoRI) Thisstudy  effects, including Fe chelation, promotes the degradation of the
pSP685 p413-DUNI-R60A Thisstudy  Jarge R1 subunit inhibitor Smll in budding yeast (62). Therefore,
pSP686 p413-DUNI-K100A-R102A Thisstudy — \ve decided to ascertain whether Smll protein abundance is in-
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H Wild-type fet3A cth1A duniA
(BY4741) fet4n cth2A fot3AfetdA  fet3AfetdA
SC BPSMMS FAS SC SC BPS FAS SC FAS SC
SMI1  —e — | —— SMI1 . - - -
POKT = S s | St POkl e s — —
SmlI1/Pgk1 100 52+3 20+10 99+10 44+9 100 49+4 Sml1/Pgk1 100 36+3 113+18 87+13
= DUN1 duniA  DUN1-D326A D dun1A
SC BPSMMS SC BPS MMS SC BPS MMS 5 3 8
St — — | = ] —— 5 3 %

Dun1 FTosas @ e

POkl e e s | S s s— —— ; -
5 | |- Ponceau NN

Smi1/Pgk1 100 46+5 44+5 100 102+696+6 100106+6 119+2

FIG 1 Dunl kinase catalytic activity is required for the diminution of Smll protein levels upon genetic and nutritional iron depletion. (A) Smll protein
abundance decreases in response to nutritional and genetic iron deficiencies. Wild-type BY4741, fet3A fet4A (SPY386), and cthIA cth2A (SPY122) yeast strains
were grown at 30°C for 6 h in SC medium or SC medium with 100 pM BPS, SC medium with 300 wM FAS, or SC medium with 0.04% MMS added during the
last 2 h. Sml1/Pgk1 protein values are shown as percentages of wild-type levels in SC medium (wild-type and fet3A fer4A strains) or cth1A cth2A in SC medium
(cth1A cth2A strain). (B) DUNI is required for Smll protein decrease in fef3A fet4A mutant cells. Yeast fet3A fet4A (SPY386) and dunlA fet3A fet4A (AXY1928)
strains were grown as for panel A. Sml1/Pgk1 protein levels are relative to fet3A fet4A cells in FAS. (C) Dunl kinase activity contributes to the drop in Sml1 protein
caused by BPS treatment. Yeast dunlA (SPY350) cells transformed with plasmid pMH80 (DUNI1), pRS416 (duniA), or pMH62 (DUN1-D328A) were grown as
for panel A. For each transformant, quantitation of Sml1/Pgkl protein levels under BPS and MMS conditions are relative to the values obtained in SC medium.
In all cases total proteins were extracted, and equal amounts were analyzed by SDS-PAGE. Sml1 and Pgk1 protein levels were determined by immunoblotting
with anti-Sml1 and anti-Pgk1 antibodies, respectively. Sml1/Pgkl protein levels in panels A, B, and C were quantified, and the averages and standard deviations
of at least three independent biological replicates are represented. (D) Dunl and Dun1-D328A protein levels under low-iron conditions. Yeast dunlA (SPY350)
cells transformed with plasmid pRS416, pMH80 (DUNT1 ), or pMH62 (DUNI1-D328A) were grown at 30°C for 6 h in SC medium with 100 uM BPS. Dun1 protein

levels were determined by immunoblotting with an anti-Dun1 antibody, and Ponceau staining was used as a loading control.

deed regulated by Fe bioavailability. For this purpose, we grew
wild-type cells under either Fe-sufficient (SC medium) or Fe-de-
ficient conditions induced by the addition of the membrane-im-
permeable Fe> " -specific chelator BPS and compared Sml1 protein
levels. As a control, we treated yeast cells with the DNA-damaging
agent MMS, which triggered Sml1 protein degradation, as previ-
ously reported (Fig. 1A) (22, 23). Notably, Smll protein abun-
dance also decreases when BPS is added to the growth medium
(Fig. 1A). To further ascertain whether the diminution in Smll
protein levels was due to Fe deficiency instead of a secondary effect
of BPS, we used a strain lacking FET3 and FET4 genes, which are
required for high- and low-affinity Fe transport, respectively. As
shown in Fig. 1A, fet3A fet4A cells grown under Fe-sufficient con-
ditions (SC medium) display a reduction in the amount of Smll
protein compared to wild-type cells grown under the same condi-
tions. Moreover, supplementation of fef3A fet4A cells with FAS
leads to the recovery of Smll protein levels to those of wild-type
cells under Fe-sufficient conditions (Fig. 1A), consistent with the
notion that Smll protein decrease is a direct response to Fe defi-
ciency. Taken together, these results demonstrate that the Smll
protein level falls in response to nutritional and genetic Fe defi-
ciencies.

Dunl kinase activity, but not Cth1 and Cth2 iron-regulated
proteins, is required for Smll protein decrease in response to
iron deficiency. Upon Fe limitation, the RNA-binding proteins
Cth1 and Cth2 posttranscriptionally activate the downregulation
of multiple Fe-dependent processes, including the Wtm1 RNR
nuclear anchor (35, 36, 52). To determine whether Cth1 and Cth2
contribute to the decline in Smll protein abundance occurring
upon Fe depletion, we compared Smll protein levels in cth1A
cth2A yeast cells grown under Fe-sufficient (SC medium) or Fe-
deficient (BPS) conditions. As shown in Fig. 1A, Fe limitation
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promotes Smll protein diminution in cthIA cth2A mutant cells as
efficiently as in wild-type cells. This result suggests that Smll
downregulation by low Fe bioavailability is independent of Cth1
and Cth2 proteins.

In response to genotoxic stress, Dunl protein kinase phos-
phorylates the Smll protein, promoting its ubiquitylation and
degradation (22-25). Therefore, we decided to check whether
Dunl plays a role in Smll regulation in Fe-deficient cells. For this
purpose, we compared Smll protein abundance in fet3A fer4A and
dunlA fet3A fer4A mutant cells. As shown in Fig. 1B, dunlA fet3A
fet4A cells have a much higher Sml1 protein level than fef3A fer4A
cells under Fe-sufficient conditions (SC medium). Addition of
excess Fe (FAS) to the medium removed any difference in Smll
protein levels between fet3A fet4A and dunlA fet3A fet4A strains.
These results suggest that DUNT1 functions in the decrease of Sml1
protein levels observed in cells genetically deficient in Fe uptake.
To address whether Dunl is also required for the Smll protein
drop described upon nutritional Fe deficiency, we transformed
dunlA cells with empty vector or the same plasmid expressing
wild-type DUNI under the control of its own promoter (dunlIA
and DUNTI cells, respectively, in Fig. 1C). Yeast transformants
were grown under Fe-sufficient, Fe-deficient, and MMS-treated
conditions, and Sml1 protein levels were determined. As shown in
Fig. 1C, dunlA cells expressing the DUN1 gene exhibit a reduction
in Smll protein abundance upon Fe deficiency or MMS treat-
ment, similar to wild-type cells (Fig. 1A and C). As previously
reported (22), cells lacking DUNI are unable to downregulate
Sml1 protein levels upon MMS treatment (Fig. 1C). Importantly,
dunIA cells do not display any reduction in Smll protein levels
when grown under low-Fe conditions (Fig. 1C), strongly suggest-
ing that Dunl is involved in the mechanism that downregulates
Sml1 protein levels in response to nutritional Fe deficiency. Pre-
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vious studies have demonstrated that Dunl function primarily
depends on its capacity to phosphorylate downstream target pro-
teins (23, 63). As such, a D328A substitution in Dunl’s active site
abolishes Dun1 kinase activity and downstream regulatory func-
tions (23, 63). To ascertain whether Dunl kinase activity is re-
quired for the regulation of Sml1 protein levels during Fe scarcity,
we expressed the kinase-dead DUNI-D328A allele in dunlIA cells
and determined Smll protein abundance. As shown in Fig. 1C,
yeast cells expressing DUNI1-D328A are unable to diminish Sml1
protein levels upon Fe scarcity, similar to what happens upon
MMS treatment. The failure to downregulate Smll was not a con-
sequence of Dun1-D328A protein instability, since its expression
levels under low-Fe conditions are similar to those of the wild-
type Dunl protein (Fig. 1D). Taken together, these results
strongly suggest that Dunl kinase activity is required for the
downregulation of Smll protein abundance in response to Fe de-
privation.

The integrity of the Dunl forkhead-associated domain is
important for Smll protein diminution upon Fe limitation. Ac-
tivation of the DNA damage response depends on the specific
interaction between the Dunl FHA domain and a diphospho-
threonine motif in Rad53 checkpoint kinase (8—10). Mutagenesis
of FHA domain residues necessary for Dun1 binding to the Rad53
diphosphothreonine motif impairs Dun1 activation and DUNI-
dependent responses to DNA damage (9, 11). Mutagenesis to al-
anine of the Dun1 R60 residue, which is necessary for Dun1 bind-
ing to the first phosphothreonine residue in the Rad53 motif,
abolishes Dunl kinase activity, whereas a Dunl K100A-R102A
substitution, which affects Dunl interaction with the second
Rad53 phosphothreonine residue, partially diminishes Dun1 ki-
nase activity (9). To ascertain whether the Dunl FHA domain
functions in Smll protein downregulation in response to Fe defi-
ciency, we expressed DUNI-R60A and DUN1-K100A-R102A mu-
tant alleles in a dun1A strain and compared its Smll protein levels
to those in cells lacking DUNI or expressing wild-type DUNI (Fig.
2A). As shown in Fig. 2B, both DUNI-R60A- and DUNI-KI100A-
RI02A-expressing cells exhibit a significant defect in Sml1 protein
degradation compared to wild-type cells when MMS is added to
the growth medium. More importantly, the drop in Sml1 protein
caused by Fe deficiency is abolished or significantly impaired in
Dunl R60A or Dunl K100A-R102A mutants, respectively (Fig.
2B). Both Dunl R60A and Dunl K100A-R102A protein concen-
trations under low-Fe conditions were similar to those of the wild-
type Dunl protein (Fig. 1D and 2D). Collectively, these results
suggest that the integrity of the Dun1 FHA domain is required for
the Dunl-mediated downregulation of Smll protein levels trig-
gered by Fe limitation.

The Dunl T380 residue, a phosphorylation site of Rad53, is
not necessary for reduction of Smll protein levels in response to
Fe deficiency. In response to genotoxic stress, Rad53 checkpoint
kinase activates Dunl by phosphorylating its T380 residue (11).
Thus, DUNI1-T380A mutants are unable to activate downstream
cellular responses to genotoxic stress, including Sml1 protein deg-
radation (11). To address whether the T380 residue is important
to promote the Sml1 protein drop in response to low Fe, we com-
pared Sml1 protein levels in cells lacking DUNT to those in cells
expressing either wild-type DUN1 or DUNI-T380A. As previously
reported (11), cells expressing the DUNI1-T380A mutant allele are
unable to degrade the Smll protein upon MMS treatment (Fig.
2C). In contrast, the drop in the Smll protein in response to Fe
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FIG 2 Structure-function analysis of Dunl protein domains required for
Smll protein decline in response to iron deficiency. (A) Schematic represen-
tation of the most relevant Dunl domains and amino acid residues. The num-
bers indicate the amino acid positions. (B) The integrity of the Dunl FHA
domain is essential for the drop in Smll protein caused by BPS treatment.
Yeast dunlA (SPY350) cells transformed with plasmid p413-DUN1(EcoRI)
(DUNI), pRS413 (dunlA), p413-DUNI1-R60A (DUNI-R60A), or p413-
DUN1-K100A-R102A (DUN1-K100A-R102A) were grown as described in the
legend to Fig. 1. (C) Smll protein levels in yeast cells lacking specific Dunl
phosphorylation sites. Yeast dunlA (SPY350) cells transformed with plasmid
p413-DUNI1-T380A (DUNI-T380A), p413-DUN1-S10A (DUNI-SI0A), or
p413-DUN1-S139A (DUN1-S139A) were grown as described in the legend to
Fig. 1. For each transformant in panels B and C, quantitation of Sml1/Pgkl
protein levels under BPS and MMS conditions is relative to the corresponding
values obtained in SC medium. A representative image and the average and the
standard deviation of three independent biological replicates are shown for
each transformant. (D) Mutant Dunl protein levels under low-iron condi-
tions. Yeast dunlA (SPY350) cells transformed with plasmid pRS416, pMH62
(DUNI-D328A) p413-DUNI1-R60A (R60A), p413-DUN1-K100A,R102A
(K100A-R102A), p413-DUNI1-S10A (SI0A), p413-DUN1-S139A (S139A), or
p413-DUNI-T380A (T380A) were grown at 30°C for 6 h in SC medium with
100 uM BPS. Dunl protein levels were determined by immunoblotting with
an anti-Dun1 antibody, and Ponceau staining was used as a loading control.

deficiency occurs in DUNI-T380A cells as efficiently as in cells
expressing wild-type DUNI (Fig. 2C). These results strongly sug-
gest that Sml1 protein diminution by Fe limitation is independent
of Dunl T380 phosphorylation by the upstream Rad53 kinase.
To further explore potential Dunl residues required to pro-
mote Smll protein decline in response to Fe limitation, we created
S10A and S139A substitutions at two previously identified auto-
phosphorylation sites in Dunl (11). Yeast cells expressing the
DUNI-S10A or DUNI1-S139A allele show a slight growth defect
under genotoxic stress conditions induced by either HU or UV
treatment (11). We observe that despite this phenotype, both ser-
ine mutants display normal Sml1 protein degradation upon MMS
treatment (Fig. 2C). Only cells expressing the DUN1-S139A mu-
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FIG 3 Mecl and Rad53 checkpoint kinases do not regulate Sml1 protein levels
under low-Fe conditions. Wild-type DES460, dunlA (MHY307), rad53A
(DES453), and mecIA (DES459) yeast strains overexpressing RNRI were
grown at 30°C for 6 h in SC medium minus tryptophan (SC—trp), SC—trp
with 100 uM BPS, and SC—trp with 0.04% MMS added during the last hour.
Sml1/Pgkl and Smll/Rnrl protein levels were determined and analyzed as
described in the legend to Fig. 1. An anti-Rnrl antibody was used to determine
Rarl protein levels. For each strain, Sml1/Pgkl and Sml1/Rnrl protein quan-
titation under BPS and MMS conditions is relative to the values obtained in SC
medium. A representative experiment and the average and standard deviation
of three independent biological replicates are shown for each strain.

tant allele exhibit a slight defect in Smll protein decrease in re-
sponse to Fe deficiency, although the expression levels of Dunl
S139A protein are also reduced (Fig. 2C and D). No defect in Sml1
downregulation is observed for the DUN1-S10A mutant (Fig. 2C).

The iron deficiency-induced decline in Sml1 protein levels is
independent of the Mec1 and Rad53 checkpoint kinases. Previ-
ous studies have demonstrated that both Mec1 and Rad53 check-
point kinases are required for the Dunl activation that leads to
Smll protein degradation in response to genotoxic stress and S
phase (5, 64). To ascertain whether Mecl and Rad53 participate in
Sml1 Fe-mediated regulation, we determined Sml1 protein levels
in wild-type, mecIA, rad53A, and dunlA mutant cells under both
Fe-sufficient and Fe-deficient conditions. MECI and RAD53 are
essential genes that can be rescued only by increasing dNTP pools
(18, 65). To rescue meclA and rad53A lethality, RNRI was over-
expressed under the control of a constitutive promoter in all the
strains used in this assay. Although RNRI overexpression causes
an increase in Smll protein abundance under normal conditions
(references 21 and 22 and data not shown), treatment with either
BPS or MMS promotes significant Smll downregulation in wild-
type cells, which is defective in dunIA mutants (Fig. 3). Impor-
tantly, in both mecI A and rad53A yeast strains, Sml1 protein levels
diminish as efficiently as in wild-type cells when Fe is scarce. In
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contrast, MMS-induced Smll protein decrease is defective in
meclA and rad53A mutants compared to wild-type cells (Fig. 3).
These results are consistent with the Smll downregulation ob-
served in a Dunl-T380A mutant defective in phosphorylation-
mediated activation by Rad53 and strongly suggest that, unlike
MMS-caused Smll degradation, the drop in Smll protein pro-
duced by low Fe is independent of the Mecl and Rad53 check-
point kinases.

Smll protein is degraded by the 26S proteasome in a Radé6-
Ubr2 ubiquitin conjugase-ligase complex-dependent manner
in response to iron starvation. In response to DNA damage in-
duced by gamma irradiation, Smll protein is degraded by the 26S
proteasome, relieving RNR inhibition (25). In order to determine
whether the decline in Sml1 protein levels that occurs in response
Fe scarcity was also mediated by the 26S proteasome, we com-
pared Sml1 protein amounts in a wild-type strain and the temper-
ature-sensitive prel-1 mutant, which encodes an essential compo-
nent of the 26S proteasome (66). Both wild-type and prel-I cells
were shifted to the restrictive temperature (37°C) for 3 h to inac-
tivate the proteasome in prel-1 mutant cells. The Fe**-specific
chelator BPS was subsequently added to both cultures to induce Fe
deficiency, and Smll protein levels were determined at different
time points while cells were maintained at the restrictive temper-
ature. As shown in Fig. 4A, the drop in Sml1 protein caused by low
Fe is impaired in the prel-I strain compared to the wild-type
strain, suggesting that the Smll protein is degraded by the 26S
proteasome in response to Fe deficiency. This result is consistent
with the inhibition of Smll protein degradation observed when
the proteasome inhibitor MG132 is added to curcumin-treated
yeast cells (62).

Smll degradation by the 26S proteasome upon gamma irradi-
ation requires the Rad6-Ubr2-Mubl E2-E3 ubiquitin complex
(25). To test whether this ubiquitin ligase complex regulates Sml1
protein degradation during Fe deficiency, we determined Smll
protein levels in wild-type, rad6A, and ubr2A yeast cells grown
under normal conditions or Fe deficiency and upon MMS treat-
ment. As shown in Fig. 4B, Smll protein degradation by MMS
treatment is partially defective in rad6A and ubr2A mutants, indi-
cating that additional mechanisms may contribute to Smll regu-
lation by MMS. Iron deficiency importantly diminished Smll
degradation in both rad6A and ubr2A mutants (Fig. 4B). These
results are consistent with the Rad6-Ubr2 E2-E3 ubiquitin conju-
gase-ligase complex participating in the degradation of Sml1 pro-
tein by the 26S proteasome in response to Fe limitation.

The vacuolar proteinase Pep4 contributes to Smll protein
turnover in response to iron deficiency. The degradation of the
Smll protein by curcumin treatment is inhibited by the addition
of the vacuolar proteolysis inhibitor phenylmethylsulfonyl fluo-
ride (PMSF) (62). To further investigate whether the vacuolar
proteolytic pathway is involved in the degradation of Smll by Fe
deficiency, we determined Sml1 protein levels in cells lacking Pep4
vacuolar proteinase A, which is required for the posttranslational
maturation of other vacuolar proteases (reviewed in reference 67).
Recent results have shown that Smll degradation by HU treat-
ment is independent of the Pep4 vacuolar protease (68). Consis-
tent with this result, we observe that PEP4 is not necessary for
Smll protein turnover upon MMS treatment (Fig. 4C). In con-
trast, PEP4 is required for Smll degradation in response to Fe
deficiency, since Smll protein is not degraded in the pep4A mu-
tant as occurs in wild-type cells (Fig. 4C). Taken together, these
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FIG 4 Iron deficiency promotes the 26S proteasomal and vacuolar degrada-
tion of Smll protein. (A) Wild-type YWOO0607 and prel-1 (YWO0608) yeast
strains were grown in SC medium for 3 h at 37°C. Then, 100 uM BPS was
added, and the cells were incubated for 6 additional hours at 37°C. (B) Wild-
type BY4743, rad6A (SPY485), and ubr2A (SPY487) yeast strains were grown
at 30°C for 6 h in SC medium, SC medium with 100 wM BPS, and SC medium
with 0.04% MMS added during the last hour. (C) Wild-type BY4743 and
pep4A (SPY496) yeast strains were grown at 30°C for 8 h in SC medium, SC
medium with 100 wM BPS, and SC medium with 0.04% MMS added during
the last hour. In all cases Sml1/Pgk1 protein levels were determined and ana-
lyzed as described in the legend to Fig. 1. For each strain, Sml1/Pgkl protein
quantitation under BPS and MMS conditions is relative to the levels obtained
in SC medium. A representative experiment and the average and standard
deviation of three independent biological replicates are shown.

results strongly suggest that Fe deficiency promotes the degrada-
tion of the Smll protein by both the 26S proteasome and the
vacuolar proteolytic pathway, whereas DNA damage primarily
utilizes the 26S proteasome.

Defects in mitochondrial but not cytosolic iron-sulfur clus-
ter biogenesis promote Smll protein depletion. In budding
yeast, the activation of the Fe regulon by the Aftl transcription
factor does not respond directly to cytosolic Fe, but rather to mi-
tochondrial Fe utilization for the biosynthesis of Fe-S clusters (40,
41). To address whether Smll protein levels respond to the effi-
ciency of ISC biosynthesis, we used a set of yeast strains that ex-
press members of the mitochondrial core or the cytosolic ISC
protein assembly machinery under the control of the GALI pro-
moter. Cells grown in galactose were shifted to glucose-containing
medium to deplete the relevant gene product, and Smll protein
levels were determined. As shown in Fig. 5A, yeast cells that re-
press the expression of members of the core mitochondrial ISC
synthesis pathway, such as cysteine desulfurase (NFSI) or ferre-
doxin (YAH]I), display a dramatic decrease in Smll protein levels
even when grown under Fe-sufficient conditions. In contrast, de-
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pletion of components of the cytosolic ISC assembly machinery,
including NBP35and NARI, does not significantly alter Sml1 pro-
tein abundance (Fig. 5A). These results indicate that the efficiency
of mitochondrial ISC synthesis, but not cytosolic ISC assembly,
regulates Smll protein levels.

The monothiol glutaredoxins Grx3 and Grx4 participate both
in the delivery of an Fe sufficiency signal from mitochondrial ISC
synthesis to the Fe-sensitive transcription factor Aftl and in the
distribution of intracellular Fe to multiple Fe-requiring proteins
(43-47). Depletion of both monothiol glutaredoxins leads to con-
stitutive activation of Aftl and expression of the Fe regulon (43,
44). Therefore, we decided to address whether cells defective in
both monothiol glutaredoxins altered Smll protein levels under
Fe-replete conditions. For this purpose, we grew a grx3A strain
expressing a GAL-driven GRX4 gene under glucose-repressing
conditions to deplete cells of the Grx4 protein and assessed Sml1
protein abundance. As shown in Fig. 5A, Grx4 depletion leads to
reduced Smll protein levels under Fe-sufficient conditions. This
result suggests that Grx3/4 monothiol glutaredoxins influence the
regulation of Smll protein levels.

Dunl kinase, but not the transcription factor Aftl, regulates
Sml1 protein degradation in cells defective in ISC synthesis or
iron sensing. The mitochondrial core ISC machinery and the
monothiol glutaredoxins Grx3/4, but not the cytosolic ISC assem-
bly components, are required to repress the transcription factor
Aftl under Fe-sufficient conditions to prevent activation of the Fe
regulon (40, 41, 43, 44). Moreover, depletion of NFSI, YAH]I, or
GRX3/4 but not NBP35 or NARI activates both the expression of
the Fe regulon and Sml1 protein downregulation under Fe-suffi-
cient conditions (Fig. 5A) (40—44). These results suggest that the
Aftl transcription factor could be implicated in Sml1 protein deg-
radation by Fe limitation. To test this hypothesis, we determined
Sml1 protein levels in cells lacking AFTT or expressing the consti-
tutively active allele AFT1-1" (38). We observed that Smll pro-
tein degradation properly occurs when aft]A mutant cells are
grown under Fe-deficient conditions (Fig. 5B), despite the lack of
activation of the Fe regulon indicated by unchanged FET3 mRNA
levels (Fig. 5C). Moreover, constitutive activation of the Fe regu-
lon under Fe-sufficient conditions in the AFTI-1"P-expressing
cells does not promote Smll protein decrease (Fig. 5B and C).
Taken together, these results suggest that the Fe-regulated Aftl
transcription factor does not regulate Smll protein levels.

We then asked whether the decline in the Sml1 protein concen-
tration observed in mutants defective in mitochondrial ISC synthesis
is dependent on Dun1 kinase. For this purpose, wild-type, Gal-NFS1,
and dunlA Gal-NFSI yeast cells were grown in galactose and shifted
to Fe-sufficient glucose-containing SC medium to switch off the ex-
pression of the GALI-driven NFSI gene, and Smll protein levels were
determined. As previously shown (Fig. 5A), depletion of Nfs1 pro-
motes the decrease of Smll protein levels (Fig. 5D). Importantly, the
drop in Smll promoted by NFSI shutoff does not occur in dunlA
Gal-NFS1 mutants (Fig. 5D). These results indicate that the decrease
in Sml1 protein levels that occurs in cells defective in mitochondrial
ISC biosynthesis depends on Dunl1 kinase.

Cells depleted of Grx3 and Grx4 also display a drop in the
amount of Smll protein (Fig. 5A). Thus, we decided to address
whether Dunl kinase regulates the decrease in the Smll protein
concentration observed for Grx3/4-defective cells. For this pur-
pose, we grew wild-type, grx3A grx4A, and dunlA grx3A grxdA
yeast cells under Fe-sufficient conditions and determined the
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FIG 5 Identification of genes involved in the regulation of Sml1 protein levels by low iron. (A) Smll protein abundance decreases in cells defective in members
of the Fe deficiency-sensing pathway. Wild-type W303-1A, Gal-NFS1, Gal-YAHI, Gal-NBP35, Gal-NAR1, and grx3AGal-GRX4 yeast strains were grown at 30°C
for 40 h in SC medium to repress the expression of the GAL-driven genes. As described in Materials and Methods, the cells were maintained in exponential phase
during the whole incubation. (B) Smll protein levels in yeast strains with altered Aftl activity. Wild-type BY4741, aft1A, and aft]1A transformed with plasmid
PAFT1-1"F were grown at 30°C for 6 h in SC medium or SC medium with 100 uM BPS. (C) FET3 mRNA levels in yeast strains with altered Aft1 activity. Yeast
cells were grown as for panel B, total RNA was extracted, and FET3 mRNA levels were determined by quantitative RT-PCR as described in Materials and Methods.
FET3 mRNA values were normalized with ACTI mRNA. (D) Dunl kinase is required for the Sml1 protein drop observed in Gal-NFS1 cells. Wild-type BY4741,
Gal-NFS1 (AXY1988), and dunlAGal-NFS1 (AXY2059) cells were grown as described in the legend to panel A. (E) Dunl kinase is required for the Smll protein
drop observed in grx3A grx4A cells. Wild-type BY4741, grx3A grx4A, and dunlA grx3A grxdA (AXY1926) cells were grown at 30°C in SC medium to exponential
growth phase. In panels A, B, D, and E, Sml1/Pgk1 protein levels were determined as described in the legend to Fig. 1 and are relative to the values obtained for
the wild-type strain grown in SC medium. In all cases, a representative experiment and the average and standard deviation from at least three independent

biological replicates are represented.

Smll protein levels. As observed for the grx3A Gal-GRX4 strain
(Fig. 5A), Smll protein levels decreased in the grx3A grx4A mutant
strain (Fig. 5E). Importantly, deletion of DUNI fully abolishes the
Smll protein drop that occurs in cells lacking GRX3 and GRX4
genes (Fig. 5E). These results indicate that the downregulation of
Smll protein that occurs in grx3A grx4A cells depends on Dunl
kinase. Taken together, these data suggest that Dun1 kinase me-
diates the degradation of Smll protein that occurs in yeast cells
defective in mitochondrial ISC synthesis or Fe sensing.

Deletion of DUNI in iron-deficient cells leads to an exacer-
bated growth defect that is rescued by SMLI deletion. Since
Dunl kinase is a key regulator of the Fe-dependent enzyme RNR,
we decided to explore potential connections between Dun1 and Fe
homeostasis. We explored genetic interactions between dunlA
mutant and fet3A fer4A cells defective in both high- and low-
affinity Fe acquisition. As shown in Fig. 6, the fet3A fet4A mutant
exhibits a significant growth defect compared to wild-type,
dunlA, and smli1A cells in both liquid and solid synthetic complete
media. Notably, deletion of the DUNTI gene exacerbates the fet3A
fet4A growth defect, indicating that DUNI genetically interacts
with cells deficient in Fe uptake. Furthermore, deletion of SMLI
rescues the synthetic growth defect displayed by the dunlA fet3A
fet4A mutant (Fig. 6). Together, these results strongly suggest that
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Dunl kinase plays a physiologically important role in cells under
Fe deficiency, likely due to its function in downregulating Sml1
protein levels.

Dunl kinase is important for ANTP synthesis under iron-
deficient conditions. The main function of Dunl kinase is to
modulate RNR activity. Therefore, the genetic interaction ob-
served between dunlA and fet3A fet4A mutants prompted us to
determine whether cells defective in DUNI displayed altera-
tions in RNR function under Fe-deficient conditions. For this
purpose, we grew wild-type and dunlIA yeast cells under Fe-
sufficient (SC medium) and Fe-deficient (BPS) conditions and
determined the intracellular dATP and dCTP levels. We ob-
served no significant differences in dATP and dCTP concentra-
tions between wild-type and dunIA cells under Fe-replete con-
ditions (Fig. 7). As previously described (52), wild-type cells
display an increase in dATP and dCTP after 7 h of incubation in
SC medium with 100 wM BPS (Fig. 7). In contrast, no increase
in dATP and dCTP levels is observed for dunIA cells when Fe
bioavailability decreases (Fig. 7). These results strongly suggest
that Dunl kinase contributes to the optimal function of the
RNR enzyme in response to Fe deficiency.

Rnrl protein levels increase in response to iron deficiency.
We have shown here that the Dunl-mediated downregulation of
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FIG 6 Genetic interactions between dunlA, sml1A, and fet3A fet4A yeast mu-
tants. Wild-type (BY4741), dunlA (SPY350), smlIA (SPY589), fet3A fetdA
(SPY386), dunlA fet3A fet4A (AXY1928), smlIA fet3A fet4A (AXY2243), and
dunlA smlIA fet3A fet4A (AXY2141) yeast strains were grown to exponential
phase and either inoculated in liquid SC medium (3 days at 28°C) with the A,
determined every hour with a Spectrostar Nano absorbance microplate reader
(A) or spotted in 5-fold serial dilutions on SC medium plates (2 days at 30°C)
(B). An experiment representative of at least three independent biological
replicates is shown.

Smll protein levels is important for ANTP synthesis and growth
under Fe-deficient conditions. Given that the Smll protein di-
rectly binds to the RNR catalytic subunit Rnrl to inhibit its func-
tion, we wanted to know if Rnrl protein levels change upon Fe
deficiency. For this purpose, we grew wild-type cells from two
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FIG7 Cellslacking DUNI1 display defects in dATP and dCTP synthesis during
iron scarcity. Wild-type BY4741 and dunlA (SPY350) cells were incubated in
SC medium or SC medium with 100 wM BPS for 7 h, and dATP and dCTP
levels were determined as described in Materials and Methods. The average
and standard deviation from three independent biological replicates are rep-
resented. The values are relative to the levels obtained for the wild-type strain
grown in SC medium. The asterisk indicates statistically significant (P < 0.05)
differences between dNTP levels of wild-type cells grown in BPS and the rest of
the conditions assayed.
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FIG 8 Rarl protein levels under iron-deficient conditions. (A) Rnrl protein
levels increase in response to iron deficiency. Wild-type BY4741 and W303-1A
strains were grown at 30°C for 6 h in SC medium, SC medium with 100 uM
BPS, or SC medium with 0.2 mg/liter 4-NQO added during the last 2 h. (B)
Rnrl protein levels in iron deficiency are not altered in dunlA mutant cells.
Wild-type (BY4741) and dunIA (SPY350) cells were grown as for panel A. (C)
Rad53 does not regulate Rnrl protein levels under iron-deficient conditions.
Wild-type (W303-1A), sml1A (MHY375), and sml1A rad53A (MHY380) cells
were grown as for panel A. In all cases, Rnr1 protein levels were determined by
immunoblotting with an anti-Rnr1 antibody, and Pgkl protein levels were
used as a loading control. An experiment representative of at least three inde-
pendent biological replicates is shown for each strain.

different backgrounds (BY4741 and W303-1A) under Fe-suffi-
cient (SC medium) and Fe-deficient (BPS) conditions and deter-
mined the Rnrl protein levels. As a control, we included a treat-
ment with 4-NQO, a DNA-damaging agent that increases Rnrl
protein levels (26). As shown in Fig. 8A, Rnrl protein levels in-
crease in response to Fe deficiency, as occurs upon DNA damage.

To ascertain whether the checkpoint kinase cascade controls
Rarl during Fe deficiency, we determined Rnrl protein levels in
dunlA, smlIA, and smlIA rad53A mutant cells and their corre-
sponding wild-type strains grown under Fe-deficient (BPS) and
DNA damage (4-NQO) conditions. As previously described (26),
Rnrl expression under 4-NQO requires the wild-type activity of
Rad53 but is Dunl independent (Fig. 8B and C). Importantly,
neither dunlA nor rad53A alters Rnr1 protein levels under low-Fe
conditions (Fig. 8B and C). Taken together, these results indicate
that yeast cells optimize RNR activity in response to Fe deficiency
by coordinately upregulating Rnr1 protein levels and downregu-
lating Sml1 R1 inhibitor, thereby favoring an R1 catalytic subunit
in a potentially enhanced active state. Further studies are neces-
sary to decipher the mechanisms that regulate Rnrl protein abun-
dance under Fe deficiency.
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DISCUSSION

In response to genotoxic stress, the activation of the Mec1/Rad53/
Dunl kinase cascade optimizes RNR activity by three simultane-
ous strategies, including RNR2 and RNR4 transcriptional induc-
tion, R2 redistribution to the cytoplasm, and degradation of the
R1 inhibitor Smll. We have previously shown that Fe scarcity
promotes the subcellular redistribution of Rnr2 and Rnr4 from
the nucleus to the cytoplasm in a mechanism that is Mecl and
Rad53 independent but involves the Cth1/2-mediated turnover of
WTM]I1 mRNA, which encodes an R2 nuclear anchor (52). Since a
previous study had shown that curcumin, a component of the
Indian spice turmeric with Fe-chelating properties, leads to a de-
crease of yeast Smll protein levels (62), we decided to investigate
whether Smll degradation was specific to Fe deficiency rather
than a consequence of a secondary effect. By using the Fe*" -spe-
cific chelator BPS and yeast strains genetically deficient in either Fe
uptake (fet3A fer4A) or Fe sensing (Gal-NFS1, Gal-YAHI, or
grx3A grx4A), we demonstrated that Smll protein levels are in-
deed diminished in response to both nutritional and genetic Fe
starvation.

Various genotoxic stresses activate the yeast Mecl/Rad53/
Dunl checkpoint kinase cascade that triggers Smll protein ubiq-
uitylation and degradation by the 26S proteasome (22-25). While
DNA-damaging agents induce Rad53 and Dunl hyperphos-
phorylation, no apparent change in their electrophoretic mobility
is observed in response to Fe deficiency (52), suggesting that the
Mec1/Rad53/Dunl kinase cascade is not significantly activated by
Fe starvation. Consistent with this notion, we show here that Sml1
protein levels decrease as efficiently in mecIA and rad53A mutants
as in a wild-type strain when Fe is limiting (Fig. 3). Surprisingly,
we observed that Dun1 kinase activity is required for the efficient
drop in Smll protein levels observed in wild-type cells upon Fe
limitation (Fig. 1). Furthermore, yeast cells defective in Fe acqui-
sition (the fet3A fet4A mutant), Fe sensing, or Fe cofactor delivery
(Gal-NFS1 and grx3A grx4A mutants) also display Dunl-depen-
dent downregulation of Smll protein levels (Fig. 1 and 5). This
Dunl-dependent regulation of Fe deficiency seems to be physio-
logically relevant, since dunlA cells display defects in dATP and
dCTP pool levels under low-Fe conditions (Fig. 7), and dunlA
fet3A fet4A mutants exhibit a more severe growth defect than
dunlA and fet3A fet4A cells (Fig. 6). Furthermore, the effect of
DUNI on fet3A fet4A mutant growth seems to be primarily medi-
ated by Sml1, since the synthetic growth defect of the dunIA fet3A
fet4A mutant is rescued by deletion of SMLI (Fig. 6). Taken to-
gether, these observations strongly indicate that Dunl optimizes
RNR function in response to Fe deficiency by stimulating the
downregulation of the R1 inhibitor protein Sml1.

We then investigated the mechanisms that yeast cells use to
promote Smll protein downregulation upon Fe limitation. Our
results using prel-1, rad6A, and ubr2A mutants are consistent
with Smll protein being ubiquitylated by the Rad6-Ubr2 ubiqui-
tin conjugase-ligase complex and then degraded by the 26S pro-
teasome when Fe is scarce, as previously described for genotoxic
stress (Fig. 4) (25). However, our data for pep4A mutants indicate
that the vacuolar proteolytic pathway also participates in the deg-
radation of the Smll protein when Fe is low, whereas it does not
contribute to the regulation induced by MMS treatment (Fig. 4).
These results are consistent with recent observations by other
groups showing that Smll degradation induced by HU occursin a
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Pep4-independent manner (68), whereas Smll diminution in-
duced by curcumin is defective in the presence of MG132 or
PMSEF, inhibitors of the proteasomal and vacuolar proteolytic
pathways, respectively (62). All these results indicate that both the
26S proteasome and the vacuolar proteolytic pathway contribute
to the degradation of the Smll protein in response to Fe starva-
tion, whereas the proteasome-dependent pathway is the major
mechanism of Smll degradation in the DNA damage response.

In response to DNA damage, Rad53 kinase phosphorylates
Dunl at T380, activating its downstream functions, which include
Sml1 protein degradation (11). Consistent with a Rad53-indepen-
dent mechanism, we observed that mutagenesis of Dunl T380
does not alter Smll downregulation by low Fe, while Sml1 degra-
dation by DNA damage is fully abolished (Fig. 2). Several studies
have proposed that Rad53-independent pathways activate Dunl
kinase function in yeast (10). For instance, transcriptional activa-
tion of SNM1I, a gene required for repair of DNA cross-links, in
response to DNA damage appears to be dependent on Dunl but
independent of Rad53 kinase (69). Furthermore, Mecl and Dunl
checkpoint kinases seem to form a Rad53-independent pathway
to suppress gross chromosomal rearrangements and silence gene
expression in telomeres (70, 71). In these scenarios, Mecl by-
passes the Rad53 requirement to regulate Dunl kinase. Here, we
show that in the case of Fe deficiency-mediated Sml1 protein deg-
radation, Dunl appears to function independently of Mecl and
Rad53 (Fig. 3).

From yeast to mammals, ISC synthesis seems to play a central
role in cellular Fe sensing. In mammals, the Fe-regulatory pro-
tein IRP1 controls the expression of multiple genes involved in
cellular Fe homeostasis (reviewed in references 72 and 73).
Under Fe-replete conditions, IRP1 assembles an Fe-S cluster
that confers IRP1 aconitase activity, whereas upon Fe scarcity,
IRP1 loses its Fe-S center and its aconitase activity and under-
goes extensive conformational changes that enable apo-IRP1 to
specifically interact with stem-loop mRNA structures, termed
IREs, regulating transcript stability or translation. As detailed
above, the activity of Aft1, the most relevant Fe-regulated tran-
scription factor in yeast, also depends on the efficiency of
ISC synthesis. Under Fe-sufficient conditions, Grx3-Grx4 pro-
teins bind a 2Fe-2S cluster made in mitochondria and interact
with the Aftl protein, inhibiting its function (43-45). Upon Fe
scarcity, the rate of ISC synthesis decreases, allowing Aftl to
activate the Fe deficiency response. To investigate how Fe de-
ficiency is sensed, leading to Dunl-dependent Smll degrada-
tion, we determined Smll protein levels in cells with altered
ISC synthesis. Our results indicate that mitochondrial ISC syn-
thesis and Grx3/4 monothiol glutaredoxins are key regulators
of Sml1 protein levels (Fig. 5). By using cells with altered Aftl
or Dunl activity, we show that the mechanism that activates
Smll turnover when the efficiency of ISC synthesis decreases
requires Dunl but not Aftl (Fig. 5). Given that the Smll drop
upon Fe starvation depends on the integrity of the Dunl FHA
domain (Fig. 2), it is possible that a protein other than Rad53
with a diphosphothreonine motif is responsible for transduc-
ing the Fe starvation signal to Dunl kinase. Although further
studies are necessary to fully decipher how Dunl perceives Fe
deficiency, the results presented in this work strongly suggest
that Dun1 senses the Fe starvation signal by a pathway different
from that described for the DNA damage response.

Our studies have highlighted the various strategies that yeast
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cells employ to optimize RNR function in response to Fe defi-
ciency. First, the RNA-binding proteins Cth1 and Cth2 promote
R2 redistribution to the cytoplasm to colocalize with R1 (52), and
second, as shown here, the Dun1 kinase promotes the degradation
of the R1 inhibitor Smll. Finally, we revealed that Rnrl protein
levels rise upon Fe deficiency by an unknown mechanism. Further
studies should decipher how these strategies are coordinated and
whether mammalian cells also regulate RNR function when Fe is
scarce.
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