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Fidelity in DNA replication and repair requires adequate and balanced deoxyribonucleotide pools that are
maintained primarily by regulation of ribonucleotide reductase (RNR). RNR is controlled via transcription,
protein inhibitor association, and subcellular localization of its two subunits, R1 and R2. Saccharomyces
cerevisiae Sml1 binds R1 and inhibits its activity, while Schizosaccharomyces pombe Spd1 impedes RNR ho-
loenzyme formation by sequestering R2 in the nucleus away from the cytoplasmic R1. Here we report the
identification and characterization of S. cerevisiae Dif1, a regulator of R2 nuclear localization and member of
a new family of proteins sharing separate homologous domains with Spd1 and Sml1. Dif1 is localized in the
cytoplasm and acts in a pathway different from the nuclear R2-anchoring protein Wtm1. Like Sml1 and Spd1,
Dif1 is phosphorylated and degraded in cells encountering DNA damage, thereby relieving inhibition of RNR.
A shared domain between Sml1 and Dif1 controls checkpoint kinase-mediated phosphorylation and degrada-
tion of the two proteins. Abolishing Dif1 phosphorylation stabilizes the protein and delays damage-induced
nucleus-to-cytoplasm redistribution of R2. This study suggests that Dif1 is required for nuclear import of the
R2 subunit and plays an essential role in regulating the dynamic RNR subcellular localization.

Maintenance of genomic stability depends on faithful repli-
cation of DNA and repair of lesions after damage. Fidelity of
both DNA replication and repair is influenced by perturbation
in the sizes and relative ratios of cellular deoxynucleotide
triphosphate (dNTP) pools. Ribonucleotide reductase (RNR)
catalyzes the essential step of converting ribonucleoside
diphosphates to the corresponding deoxy forms and is largely
responsible for maintaining cellular dNTP pools (34). As max-
imal DNA synthesis requires high concentrations of dNTPs,
the RNR activity plays an important role in cell proliferation
(31). On the other hand, increased RNR activity has been
associated with malignant transformation and resistance to
chemotherapy (12, 14, 25, 56).

The class I RNR holoenzymes are commonly found in eu-
karyotes and eubacteria and comprise two subunits, R1 and R2
(34). The active site and multiple binding sites for allosteric
effectors reside in R1 (20), which can exist as a dimer, tet-
ramer, and hexamer depending on the nucleotides present and
their concentrations (21, 37, 47). R2 is a homodimer or het-
erodimer that houses a diferric-tyrosyl radical cofactor [(Fe)2-
Y�] essential for nucleotide reduction (36, 40, 42). Mammalian
genomes contain a single R1 gene and two R2 genes; the cell
cycle-regulated RRM2 is responsible for providing dNTPs in
actively dividing cells, and the DNA damage-inducible p53R2
is required for replenishing dNTP pools in cells under geno-
toxic stress (9, 22, 44). Loss of p53R2 causes mitochondrial
DNA depletion and increased apoptosis (22). The budding
yeast Saccharomyces cerevisiae has two R1 genes, RNR1 and
RNR3. RNR1 is essential for mitotic growth, while RNR3 is

highly inducible after DNA damage but dispensable for cell
viability. The yeast R2 is a heterodimer of Rnr2 and Rnr4 (17,
36, 41). Only Rnr2 is capable of forming the (Fe)2-Y� cofactor
(36). Rnr4 is incapable of forming any radical, as it contains
substitutions in three of the six conserved residues required for
iron binding (17, 35, 48). Nevertheless, Rnr4 is required to
facilitate the generation of radicals in Rnr2 and stabilizes the
resulting heterodimer both in vitro and in vivo (7, 36, 46).

Because of its central role in generation and maintenance of
dNTP pools, the RNR enzyme is subjected to complex regu-
lation both in cells going through normal cell cycle progression
and in cells (resting or proliferating) encountering genotoxic
stress. RNR concentrations and activity can be modulated at
the level of transcription, protein inhibitor interaction, and
protein degradation, as well as subcellular localization, all of
which are under the control of the DNA damage and replica-
tion checkpoint kinases ATR/Mec1 and CHK2/Rad53. Tran-
scription of the mammalian p53R2 gene is induced by UV
irradiation in a p53-dependent manner (32, 44). In S. cerevi-
siae, DNA damage and replication blockage induce transcrip-
tion of three of the four RNR genes (RNR2 to RNR4) through
checkpoint kinase-mediated phosphorylation and removal of
the transcriptional repressor Crt1 from its target promoters
(18). The S. cerevisiae genome encodes the 104-residue protein
Sml1 that binds and inhibits the R1 subunit (8, 54). Sml1 is an
unstable protein and undergoes checkpoint-dependent phos-
phorylation and degradation during S phase of the cell cycle
and in cells experiencing genotoxic stress (52, 55). Although no
apparent sequence homolog of Sml1 has been identified in
multicellular organisms, Sml1 can bind the mammalian R1 and
inhibits its activity (8, 53), suggesting a conserved mechanism
of Sml1-R1 interaction and inhibition.

Dynamic change in subcellular localization patterns of the
R2 subunit offers another major mode of RNR regulation. In
both S. cerevisiae and Schizosaccharomyces pombe, R1 is con-
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stitutively localized in the cytoplasm, whereas R2 is predomi-
nantly localized in the nucleus except for S phase of the cell
cycle, when R2 becomes colocalized with R1 in the cytoplasm
(29, 50). Upon DNA damage or replication blockage, R2 is
redistributed from the nucleus to the cytoplasm in a check-
point-dependent manner, leading to colocalization of R1 and
R2 (29, 50). A similar dynamic change in RNR subunit sub-
cellular localization has also been reported in plant cells and
mammalian cells (28, 30), although it is unclear whether the
mechanistic details of the localization changes are conserved
throughout evolution. In S. cerevisiae, the heterodimeric R2
subunit Rnr2-Rnr4 is cotransported between the nucleus and
the cytoplasm (2). Proper nuclear localization of R2 requires
the WD40 protein Wtm1, which acts as a nuclear anchor of R2,
and the karyopherin Kap122, which is involved in importing
Wtm1 into the nucleus (26, 51). Subcellular localization of S.
pombe R2 is controlled by the 127-residue protein Spd1 (29).
Spd1 was originally identified in a screen for S-phase inhibitors
because its overexpression causes G1 arrest (49). Spd1 is sub-
jected to checkpoint-dependent phosphorylation and proteol-
ysis in response to DNA damage (4, 29). Its destruction has
been found to correlate with redistribution of R2 from the
nucleus to the cytoplasm (29, 43). Overexpression of Spd1
retains R2 in the nucleus even in the presence of DNA dam-
age. Thus, Spd1 likely acts as a nuclear anchor of R2 (29).

The S. pombe Spd1 and S. cerevisiae Sml1 proteins share no
sequence homology despite their similarities in protein sizes,
functional roles in RNR inhibition, and regulation by the
checkpoint kinases. Sml1 inhibits RNR through binding of the
R1 subunit, whereas Spd1 inhibits RNR through sequestration
of the R2 subunit in the nucleus away from R1. Interestingly,
purified recombinant Spd1 protein has been shown to bind the
S. pombe R1 subunit and inhibits its activity in vitro, while
Spd1-R2 interaction cannot be detected under the same con-
ditions (16). However, the measured specific activity of puri-
fied S. pombe R1 in the report (�10 nmol dCDP/mg/min [16])
is extremely low relative to that of the S. cerevisiae R1 (250
nmol dCDP/mg/min [16]; �800 nmol dCDP/mg/min [35]) and
the mouse R1 (130 nmol dCDP/mg/min [16]), suggesting low
levels of active S. pombe R1 proteins in the preparation.
Hence, the mechanistic basis for Spd1-mediated RNR inhibi-
tion remains to be elucidated.

In this study, we identified an S. cerevisiae gene encoding a
protein with sequence homology to both Sml1 and Spd1. Since
the submission of the manuscript, the same gene was named as
DIF1 (damage-regulated import factor) by an independent
study because of its role in nuclear import of R2 and its reg-
ulation by the DNA damage checkpoint (27). DIF1 orthologs
are found in multiple fungal genomes. We demonstrate that
Dif1 is required for proper nuclear localization of the R2
subunit. Dif1 is localized primarily in the cytoplasm and func-
tions in a pathway separate from the Kap122-Wtm1 proteins.
Blockage of nuclear export restores nuclear localization of R2
to the wtm1� but not the wtm1� dif1� cells. Dif1 is phosphor-
ylated in response to DNA damage in a checkpoint kinase-
dependent manner. Interestingly, phosphorylated Dif1 is en-
riched in the nucleus after DNA damage. We also show that
regulation of Sml1 and Dif1 phosphorylation and proteolysis
occurs through a homologous domain shared between the two
proteins. Taken together, our results indicate that Dif1 plays

an important role in nuclear import of the R2 subunit and
works concertedly with Kap122-Wtm1 to control the dynamic
RNR subcellular localization in response to genotoxic stress.

MATERIALS AND METHODS

Strains, plasmids, and media. Strains and plasmids used in this study are listed
in Table 1. Growth of yeast strains and genetic manipulations were performed as
previously described (6). The complex medium YPD contained 1% Bacto yeast
extract, 2% Bacto peptone, and 2% glucose. The synthetic complete medium
contained 0.17% yeast nitrogen base without amino acids and (NH4)2SO4 (MP
Biomedicals), 0.5% (NH4)2SO4, 2% glucose, and all 20 amino acids (Sigma) at
concentrations as described previously (6). Selective (i.e., dropout) media were
synthetic complete media omitting one or more amino acids. For solid media, 2%
Bacto agar was added before autoclaving. G418 (Invitrogen) was used at 200
mg/liter; 5-fluoroorotic acid (5-FOA; Sigma) was used at 1 g/liter.

The DIF1 open reading frame plus 459-bp 5� untranslated regions (UTRs) and
a 193-bp 3� UTR was PCR amplified using wild-type yeast genomic DNA as a
template and subcloned into pCR2.1-TOPO (Invitrogen) to generate pMH1487,
which was used for subsequent subcloning and site-directed mutagenesis steps to
generate DIF1 constructs with desired mutations and deletions. All clones gen-
erated by PCR were confirmed by DNA sequencing.

Immunofluorescence microscopy and antibodies. Preparation of yeast sphero-
plasts, immunofluorescence staining, and image acquisition were performed as
previously described (50). Polyclonal anti-Rnr1, anti-Rnr2, and anti-Rnr4 anti-
bodies were described previously (50). Monoclonal anti-Myc (9E10) was pur-
chased from Roche Applied Sciences, and polyclonal anti-Myc was from Santa
Cruz Biotechnology. Horseradish peroxidase- and fluorescein isothiocyanate-
conjugated goat anti-mouse and goat anti-rabbit antibodies were purchased from
Jackson ImmunoResearch Labs. Polyclonal anti-Zwf1 (glucose-6-phosphate de-
hydrogenase) antibodies were purchased from Sigma, and monoclonal anti-Nop1
antibody was from EnCor Biotech.

Protein extraction, immunoblotting, and phosphatase treatment. Protein ex-
tracts were prepared by using glass bead disruption on a BeadBeater (BioSpec
Products). Two different extraction solutions/buffers were used. For immuno-
blotting to detect steady-state levels of Dif1 protein, trichloroacetic acid was
employed to extract protein from 1 � 107 to 1 � 108 mid-log-phase cells for each
loading (2). For phosphatase treatment, protein extracts were prepared in buffer
B (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride, supple-
mented with 1� protease inhibitor cocktail from Roche Applied Science) and
centrifuged at 13,400 � g for 15 min to remove debris. Protein concentrations
were determined by using the Bradford protein assay (Bio-Rad). Twenty-five to
50 �g of total protein extracts was incubated with 200 units lambda protein
phosphatase (New England Biolabs) at 37°C for 30 min. A mixture of 0.1 mM
Na3VO4 and 30 mM NaF was used as phosphatase inhibitor. Proteins were
resolved by 8 to 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to nitrocellulose membranes, and probed with pri-
mary and secondary antibodies. Blots were developed with an enhanced chemi-
luminescence substrate (Perkin-Elmer).

Subcellular fractionation. Yeast cells (2 � 109) from mid-log-phase cultures
were harvested, washed with and resuspended in 2 ml of preincubation buffer
{100 mM PIPES [piperazine-N,N�-bis(2-ethanesulfonic acid)]-KOH at pH 9.4,
10 mM dithiothreitol (DTT)}, and incubated at 30°C for 10 min. Cells were then
washed and resuspended in 4 ml of lysis buffer (50 mM Tris-HCl at pH 7.5, 10
mM MgCl2, 1.2 M sorbitol, 1 mM DTT), and digested with 40 �l of Zymolyase
200T (10 mg/ml) at 30°C until �90% of cells were lysed in fresh water (30 to 60
min). Cells were washed twice with lysis buffer and then resuspended in 4 ml of
Ficoll buffer (18% [wt/vol] Ficoll-400, 10 mM Tris-Cl at pH 7.5, 20 mM KCl, 5
mM MgCl2, 3 mM DTT, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
protease inhibitor cocktail; Roche) at 4°C. Cells were broken with 30 moderate
to slow strokes in a Dounce homogenizer with a loose pestle. Unlysed cells were
removed by spinning at 3,000 � g for 15 min. The lysate was then spun at
20,000 � g for 15 min. The resulting supernatant was labeled as cytosol, and the
pellet was labeled as nuclei.

RESULTS

Identification of DIF1. By using position-specific iterative
BLAST (PSI-BLAST) and pattern hit-initiated BLAST (PHI-
BLAST) analyses with the S. pombe Spd1 protein and the S.
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cerevisiae Sml1 protein, we identified a hypothetical open read-
ing frame in the S. cerevisiae genome, YLR437C. The pre-
dicted 133-residue polypeptide encoded by YLR437C shares
sequence homology to Spd1 and Sml1, respectively. Thus, we
originally named the open reading frame YLR437C as the
SDH1 gene (for Sml1 and Spd1 homology). Recently, the mo-
lecular characterization of this gene called DIF1 has been
reported (27). The N-terminal region of Dif1 (amino acids 22
to 57) is 33% identical and 47% similar to that of Spd1 (amino
acids 16 to 51) (Fig. 1A and B), both of which are predicted to
be of mostly alpha-helical secondary structure (Jpred 3, http:
//www.compbio.dundee.ac.uk/�www-jpred/). The C-terminal
half of Dif1 (amino acids 76 to 114) is 43% identical and 57%
similar to the central region of Sml1 (amino acids 25 to 66)
(Fig. 1A and B). The homologous regions shared by Dif1 and
Sml1 are relatively enriched in serine and threonine residues.
It is worth noting that three serines within this region of Sml1
(S56, S58, and S60) were previously identified as being specif-
ically phosphorylated by the Dun1 checkpoint kinase in vitro
(45).

BLAST analysis revealed Dif1 orthologs and/or homologs
among many species of the Saccharomycetaceae family; they
are absent in other fungal species and higher eukaryotes. The

Spd1- and Sml1-homologous regions in Dif1 are highly con-
served among its counterparts in the close relatives of S. cer-
evisiae, as well as among more distant relatives including Ash-
bya gossypii, Kluyveromyces lactis, and Candida albicans (Fig.
1C). Dif1 sequence similarities among the three distantly re-
lated species drop significantly outside the two conserved re-
gions, suggesting that these regions may play an important
functional role(s).

Roles of Dif1 in nuclear localization of the R2 subunit. To
investigate the potential role of Dif1 in regulating RNR activ-
ity, we compared the subcellular localization patterns of the R2
subunit between the wild-type and dif1� mutant cells by indi-
rect immunofluorescence. Nuclear localization of both Rnr2
and Rnr4, the two components of the heterodimeric R2 sub-
unit, was deficient in dif1� cells. The majority of the mutant
cells (�60% for Rnr2 and �80% for Rnr4) exhibited ubiqui-
tous Rnr2 and Rnr4 signals in both the nucleus and the cyto-
plasm, in contrast to the predominantly nuclear localization
pattern observed in the wild-type cells (Fig. 2A and B). The
deficiency in nuclear localization of Rnr2 and Rnr4 in the dif1�
mutant was rescued by introducing a copy of the wild-type
DIF1 gene on a centromeric plasmid (one to two copies per
cell) (24), indicating that the R2 mislocalization phenotype is

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant genotype or description Reference

Strains
BY4741 MATa his3�1 leu2�0 met15�0 ura3�0 5
Y300 MATa can1-100 ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 lys12 1
Y582 MATa mec1::HIS3 pBAD45 (CEN URA3 MEC1) 18
MHY340 MAT� 3MYC-RNR2-kan This study
MHY363 MATa sml1::kan 50
MHY385 MAT� sml1::his5 mec1::HIS3 50
MHY386 MATa sml1::his5 mec1::HIS3 pBAD45 (CEN UAR3 MEC1) This study
MHY392 MAT� dun1::HIS3 50
MHY497 MATa kap122::kan 51
MHY685 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15 ura3 GAL� psi�

wtm1::WTM1-18xMyc-TRP1
51

MHY836 MAT� wtm1::kan 51
MHY843 MATa dif1::kan This study
MHY845 MATa dif1::kan wtm1::kan This study
MHY847 MATa dif1::kan kap122::kan This study
MHY849 MATa dif1::kan sml1::his mec1::HIS3 This study
MHY856 MAT� dif1::kan WTM1-18Myc-TRP1 This study
MHY897 MATa dif1::kan mec1::HIS3 pBAD4 (URA3 CEN MEC1) This study
XWY10 MATa 3MYC-DIF1 This study
XWY13 MATa wtm1::kan crm1::kan pDC-CRM1(T539C) This study
XWY43 MATa dif1::kan crm1::kan pDC-CRM1(T539C) This study
XWY15 MATa wtm1::kan dif1::kan crm1::kan pDC-CRM1(T539C) This study
XWY23 MAT� dun1::HIS3 3MYC-DIF1 This study
XWY24 MAT� sml1::his5 mec1::HIS3 3MYC-DIF1 This study
MNY8 MATa crm1::kan ade2 leu2 his3 trp1 ura3 pDC-CRM1(T539C) 33

Plasmids
pMH910 pRS414-SML1 This study
pMH914 pRS414-sml1(�28-50) This study
pMH1487 pCR2.1TOPO-DIF1 This study
pMH1326 pRS416-GAL1-RNR4(1–340)-GFPsg-Tadh1 This study
pMH1489 pRS416-DIF1 This study
pMH1494 pRS314-PDIF1-3MYC-DIF1 This study
pMH1546 pRS314-PTDH3-3MYC-DIF1 This study
pXW15 pRS314-PDIF1-3MYC-dif1(�79-103) This study
pXW16 pRS314-PDIF1-3MYC-dif1(T83A/S85A) This study
pXW17 pRS314-PDIF1-3MYC-dif1(T102A/S104A/T105A) This study
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attributable to the absence of DIF1 (Fig. 2B). The loss of R2
nuclear localization in the dif1� mutant is unlikely a cell cycle
artifact, as dif1� cells showed similar defects when examined in
log phase or G1 and G2/M phase of the cell cycle (Fig. 2A).

The karyopherin protein Kap122 and WD40 repeat protein
Wtm1 have previously been shown to be required for proper
nuclear localization of the R2 subunit (26, 51). The two pro-
teins act in the same pathway, as the R2 mislocalization phe-
notype does not differ between the kap122� wtm1� double
mutant and each single mutant (51). Kap122 interacts with
Wtm1 in vivo and is required for nuclear localization of Wtm1
(51). To determine whether Dif1 functions in the same path-
way as Kap122 and Wtm1 in controlling R2 localization, we
constructed dif1� kap122� and dif1�1 wtm1� mutants and
compared Rnr4 localization patterns of the double mutants to
those of the dif1�, kap122�, and wtm1� single mutants. The
mislocalization phenotype of Rnr4 was more severe in the
double mutants than in each single mutant. While the single
mutants exhibited predominantly a ubiquitous localization pat-
tern characterized by Rnr4 signals equal between the nucleus

and cytoplasm, the double mutants displayed a predominantly
cytoplasmic Rnr4 localization pattern (Fig. 2C). We conclude
that Dif1 functions in a pathway that is separate from Kap122
and Wtm1. Consistent with this notion, we found that, unlike
KAP122, DIF1 is not required for the nuclear localization of
Wtm1 or its close sequence homolog Wtm2, also a nuclear
protein (Fig. 2D).

Dif1 is primarily localized in the cytoplasm and at substoi-
chiometric levels relative to the R2 subunit. We posited that
Dif1 could be involved in nuclear import of the R2 subunit or
in retaining R2 in the nucleus. Previous studies showed that
the nuclear protein Wtm1 functions to anchor R2 in the nu-
cleus (26) and that Kap122 is required for importing Wtm1
into the nucleus (51). The finding that Dif1 acts in a pathway
different from that of Wtm1 and Kap122 argues against a
nuclear anchor role for Dif1. To further distinguish between
the two possibilities, we examined Dif1 subcellular localization
by inserting an N-terminal 3MYC epitope between the 5� UTR
and the coding sequence of DIF1 in its own chromosomal locus
and monitoring MycDif1 in different subcellular fractions by

FIG. 1. Sequence alignment of Dif1Sc, Sml1Sc, Spd1Sp, and other Dif1 orthologs. (A) Schematic representation of the homologous domain
shared by Dif1Sc and Spd1Sp (in black) and that shared by Dif1Sc and Sml1Sc (in gray). Percentages of sequence identities are indicated.
(B) Sequence alignment of residues 22 to 57 of Dif1Sc with residues 16 to 51 of Spd1Sp (top) and of residues 76 to 114 of Dif1Sc with residues 25
to 66 of Sml1Sc (bottom). Identical residues are shaded in black, and conserved residues are shaded in gray. (C) Alignment of the Dif1 orthologs
from four Saccharomyces species (S. cerevisiae, S. mikatae, S. bayanus, and S. kudriavzevii) and Ashbya gossypii, Kluyveromyces lactis, and Candida
albicans. Identical residues are shaded in black, and conserved residues are shaded in gray.
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Western blotting. Cells harboring MYCDIF1 at its endogenous
chromosomal locus exhibited no difference in R2 subcellular
localization pattern or sensitivity to DNA-damaging regents
relative to the wild-type cells (data not shown), indicating that
MycDif1 functions normally as the native protein. Protein blot-
ting of subcellular fractionation revealed that MycDif1 is pri-

marily in the cytoplasmic fraction (Fig. 3A), consistent with a
role of importing the R2 subunit into the nucleus. The integrity
of the subcellular fractionation was confirmed by blotting for
the nucleolar protein Nop1 (39) and the cytoplasmic glucose-
6-phosphate dehydrogenase Zwf1 (19) (Fig. 3A).

We compared the endogenous protein levels of Dif1 and the

FIG. 2. Dif1 is required for proper nuclear localization of R2 and acts in a different pathway from Kap122 and Wtm1. (A) Wild-type (left panel)
and dif1� (right panel) cells from asynchronous (asyn), �-factor-arrested G1-phase, and nocodazole-arrested G2/M-phase cultures were stained
with 4�,6-diamidino-2-phenylindole (DAPI) for DNA and anti-Rnr2 antibodies for indirect immunofluorescence. FITC, fluorescein isothiocyanate.
(B to D) Quantitative analyses of Rnr2 and/or Rnr4 subcellular localization by indirect immunofluorescence. For each experiment, �150 cells were
counted for each strain. The indirect immunofluorescence analyses were repeated two to three times, and a representative result is shown.
Percentages of cells with distinct localization patterns are represented as follows: black bars, cells with a predominantly nuclear signal; white bars,
cells with a predominantly cytoplasmic signal; gray bars, cells with no difference in signal intensities between the nucleus and the cytoplasm.
(B) Comparison of subcellular localization patterns of Rnr2 and Rnr4 in the wild-type, dif1�, and dif1� cells harboring a copy of wild-type DIF1
on a centromeric plasmid (one to two copies/cell) (24). (C) Comparison of Rnr4 subcellular localization patterns in dif1�, kap122�, and wtm1�
single mutants and dif1� kap122� and dif1� wtm1� double mutants. (D) Subcellular localization of Wtm1 and Wtm2 in the wild-type and dif1�
cells.
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R2 subunit by blotting for the Myc epitope in two integrated
strains bearing N-terminal 3MYC-tagged Dif1 and Rnr2, re-
spectively. Like MYCDIF1, MYCRNR2 was integrated in the
chromosomal RNR2 locus under the control of the native
RNR2 promoter. Cells containing MYCRNR2 exhibited no dif-
ference from the wild-type cells in growth rate or sensitivity to
hydroxyurea (HU) (data not shown), a free radical scavenger
that inhibits the R2 subunit. Indirect immunofluorescence
analyses showed that MycRnr2 is predominantly localized in
the nucleus under normal growth conditions and undergoes
nucleus-to-cytoplasm redistribution in response to genotoxic
stress like the native Rnr2 does (data not shown). Taken to-
gether, these data suggest that MycRnr2 functions similarly to
the native Rnr2 protein and that the MycRnr2 protein levels
reflect the endogenous Rnr2 levels. Blotting with anti-Myc
antibodies revealed that the static protein level of MycDif1 is
�10-fold lower than that of MycRnr2 (Fig. 3B). Thus, Dif1 is
present at substoichiometric levels relative to the R2 subunit,
both of them being primarily in the cytoplasm.

Dif1 overexpression results in an increase in R2 nuclear
localization even in the presence of DNA damage. While in-
troducing DIF1 on a centromeric plasmid (one to two copies
per cell) (24) into the dif1� mutant cells restored the predom-
inantly nuclear localization pattern of the R2 subunit, overex-
pression of DIF1 from the stronger and constitutively active
TDH3 promoter (Fig. 3C) (3) led to an increase in R2 nuclear
localization both in cells under normal growth conditions and
in cells treated with the DNA-damaging reagent methyl meth-
anesulfonate (MMS) (Fig. 3D). With the native DIF1 pro-
moter, the percentages of cells exhibiting a predominantly nu-
clear Rnr2 signal decreased from 60% to 	10% within 1 h of
MMS treatment. In contrast, cells expressing DIF1 from the
TDH3 promoter showed a higher Rnr2 nuclear signal (80%
versus 60%) at time zero and maintained a higher R2 nuclear
localization throughout the time course of MMS treatment,
with a plateau at 20% even after 2 h in MMS (Fig. 3D).
Interestingly, cells expressing different levels of Dif1 exhibited
a similar decline in the nuclear presence of R2 (Fig. 3D). The
observed delay in R2 redistribution is not due to any fluctua-
tion in R2 protein abundance, as the Rnr2 protein levels re-
mained the same in cells containing no DIF1 or one copy of

FIG. 3. Cytoplasmic localization of Dif1 and delay of DNA dam-
age-induced R2 redistribution by Dif1 overexpression. (A) Dif1 is
primarily localized in the cytoplasm. Log-phase wild-type cells contain-
ing an integrated copy of MYCDIF1 in the chromosomal DIF1 locus
were fractionated into different subcellular compartments. Proteins
extracted from whole-cell (WCE), cytoplasmic, and nuclear fractions
were resolved by 12% SDS-PAGE and blotted with anti-Myc (MycDif1),
anti-NOP1 (a nucleolar protein), and anti-Zwf1 (glucose-6-phosphate
dehydrogenase [G6DPH], a cytoplasmic protein). (B) Comparison of
endogenous Dif1 and Rnr2 protein levels. Protein extracts from cells
(cell numbers as indicated) containing N-terminally 3MYC-tagged
DIF1 or RNR2 at its respective chromosomal locus were resolved on
12% SDS-PAGE and blotted with a monoclonal anti-Myc antibody
and anti-Zwf1 antibodies (G6DPH) as a loading control. The chemi-
luminescence exposure times for MycDif1 and MycRnr2 were 1 min

and 5 s, respectively. The slight difference in migration positions of
Zwf1 is likely attributable to unequal loading of the two protein ex-
tracts in neighboring lanes (cell numbers per lane as indicated). (C)
Dif1 overexpression does not affect endogenous Rnr2 protein levels.
Protein extracts from dif1� cells harboring a centromeric plasmid (one
to two copies/cell) (24) that expressed an N-terminally 3MYC-tagged
DIF1 from the native DIF1 promoter or the constitutive TDH3 pro-
moter (OE) were resolved on 12% SDS-PAGE and blotted with
anti-Rnr2 and anti-Myc antibodies. (D) Dif1 overexpression delays
MMS-induced Rnr2 redistribution from the nucleus to the cytoplasm.
Log-phase dif1� cells harboring a centromeric plasmid expressing
N-terminally 3MYC-tagged DIF1 from the native DIF1 promoter
(dif1� � DIF1) or the constitutive TDH3 promoter [dif1� �
DIF1(OE)] were treated with 0.03% MMS and collected at the indi-
cated time points for indirect immunofluorescence with anti-Rnr2
antibodies. Three independent clones were processed for immunoflu-
orescence, with �150 cells examined for each time point. Shown are
percentages of cells with a predominantly nuclear signal. The error
bars represent standard deviations.
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DIF1 under its endogenous promoter or DIF1 under the TDH3
promoter (Fig. 3C).

Inhibition of Crm1-mediated nuclear export restores nu-
clear localization of R2 to the wtm1� cells but not the dif1�
and wtm1� dif1� cells. The dynamic change in subcellular
localization patterns of the R2 subunit during the mitotic cell
cycle and in response to DNA damage could result from
changes in either nuclear import or nuclear export of R2 or a
combination of both. To investigate the role of nuclear export
in modulating R2 localization, we utilized the crm1(T539C)
strain that is sensitive to the exportin inhibitor leptomycin B
(33) and a GAL1 promoter-controlled Rnr4-green fluorescent
protein (GFP). Synthesis of the Rnr4-GFP fusion protein was
induced for 90 min and terminated by change of carbon source.
Two hours after promoter shutoff, the Rnr4-GFP is primarily
found in the nucleus in both the wild-type (CRM1) and
crm1(T539C) cells (Fig. 4A, time zero). MMS treatment re-
sulted in rapid decrease in nuclear Rnr4-GFP signals in both
the wild-type (CRM1) and crm1(T539C) cells, indicating that
the crm1(T539C) allele does not affect R2 localization or dam-
age-induced redistribution in the absence of leptomycin B.
Leptomycin B treatment alone exhibited no effect on nuclear
Rnr4-GFP signals in the wild-type (CRM1) cells. A transient
decrease in nuclear Rnr4-GFP signals was observed in the
crm1(T539C) cells after leptomycin B treatment (at the 1-h
point), but these signals recovered to the wild-type levels at
later time points (Fig. 4A, right panel). As anticipated, MMS
treatment led to a steady decline of nuclear Rnr4-GFP in both
the CRM1 and crm1(T539C) cells, correlating with redistribu-
tion of R2 from the nucleus to the cytoplasm. Addition of
leptomycin B to the MMS-treated CRM1 cells did not prevent
the loss of nuclear Rnr4-GFP (Fig. 4A, left panel). In contrast,
addition of leptomycin B to the MMS-treated crm1(T539C)
cells resulted in retention of nuclear Rnr4-GFP in 40% of the
cells up to the 3-h point (Fig. 4A, right panel). The data suggest
that in addition to nuclear import and nuclear anchoring, nu-
clear export also contributes to the dynamic changes in sub-
cellular localization of the R2 subunit.

We then wanted to determine whether blocking Crm1-me-
diated nuclear export can reverse the deficiency of R2 nuclear
localization in cells lacking Wtm1 and Dif1 in the leptomycin
B-sensitive crm1(T539C) background. Leptomycin B restored
nuclear localization of R2 to the majority of the wtm1� cells,
from 10% to 70% (Fig. 4B), suggesting that blocking of nuclear
export can compensate for loss of nuclear anchoring of R2 in
the absence of Wtm1. Conversely, leptomycin B failed to re-
store nuclear localization of R2 in either the dif1� cells or the
wtm1� dif1� cells (Fig. 4B); the majority of the double mutant
cells (�90%) exhibited a ubiquitous R2 signal in both the
nucleus and the cytoplasm in the presence of leptomycin B
(Fig. 4B). We also showed that leptomycin B treatment did not
change the subcellular distribution of Dif1, which remained in
the cytoplasm (Fig. 4C). These results are consistent with a
model in which Dif1 is required for nuclear import rather than
nuclear anchoring of the R2 subunit.

Checkpoint-dependent phosphorylation of Dif1 and diminu-
tion of Dif1 protein levels in response to genotoxic stress. In
response to DNA damage and replication blockage, the R2
subunit undergoes nucleus-to-cytoplasm redistribution in a
checkpoint-dependent manner (50). To investigate how Dif1

B

FIG. 4. Inhibition of Crm1-dependent nuclear export restores nu-
clear localization of R2 to the wtm1� but not wtm1� dif1� cells.
(A) MMS-induced nucleus-to-cytoplasm redistribution of Rnr4-GFP is
partially dependent on Crm1-mediated nuclear export. Wild-type
(CRM1) and leptomycin B (LMB)-sensitive mutant [crm1(T539C)]
cells, both harboring the GAL1-RNR4-GFP plasmid, were grown in
raffinose to log phase. Expression of Rnr4-GFP was induced by addi-
tion of 2% galactose to the medium and turned off 90 min later by
addition of 2% glucose. At 2 h after promoter shutoff (t 
 0 h), the
culture was split into four parts: one was left untreated (UN), and the
other three were treated with 0.025% MMS, 50 ng/ml of LMB, or 50
ng/ml LMB in combination with 0.025% MMS (MMS � LMB), re-
spectively. Subcellular localization of Rnr4-GFP was visualized in live
cells, and the percentage of cells containing a predominantly nuclear
GFP signal was presented. The time course experiment was repeated
three times; shown is a representative result. (B) All four strains are in
the LMB-sensitive crm1(T539C) background. Wild-type, wtm1�,
dif1�, and wtm1� dif1� cells were grown to log phase and split into two
parts: one was untreated, and the other was incubated with 100 ng/ml
of LMB in the medium for 45 min before being processed for indirect
immunofluorescence with anti-Rnr4 antibodies. Quantitative analysis
of subcellular localization patterns and bar shading are the same as in
Fig. 2. (C) Log-phase crm1(T539C) cells expressing N-terminally
3MYC-tagged DIF1 from its native promoter were untreated or incu-
bated with 100 ng/ml of LMB for 45 min before being processed for
subcellular fractionation. Protein extracts of the whole-cell (WCE),
cytoplasmic (Cyto), and nuclear (Nu) fractions were resolved by 12%
SDS-PAGE and blotted with anti-Myc, anti-Nop1, and anti-Zwf1 an-
tibodies as described in the legend to Fig. 3A.

7162 WU AND HUANG MOL. CELL. BIOL.



might contribute to the dynamic changes in R2 localization, we
examined the MycDif1 protein levels in cells being treated with
MMS and HU. As shown in Fig. 5A, the levels of the MycDif1
protein decreased gradually after MMS treatment. The MMS-
induced decrease in MycDif1 protein levels is likely attributable
to posttranscriptional regulation because DIF1 transcript levels
do not change after MMS treatment (15). Moreover, slower-
migrating species of MycDif1 were observed in MMS-treated
cells from as early as the 15-min point, accompanying the
disappearance of the protein. Similarly, slower-migrating
forms of MycDif1 and a decrease in MycDif1 protein levels were
also observed in cells being treated with HU (Fig. 5B). The
change in MycDif1 mobility results from protein phosphoryla-
tion, because it was reversed by phosphatase treatment and
this conversion was blocked by the addition of phosphatase
inhibitors (Fig. 5C). The phosphorylated form of MycDif1 was
undetected and/or greatly diminished in the mec1� and dun1�
mutants after HU and MMS treatment, indicating that Dif1
phosphorylation is dependent on the DNA damage checkpoint
kinases Mec1 and Dun1. The residual Dif1 phosphorylation in
MMS-treated mec1� cells is likely due to partially redundant
DNA damage signaling through the Mec1 homology Tel1 ki-
nase (11, 38). Interestingly, we observed accumulation of phos-
phorylated forms of the MycDif1 protein inside the nucleus
after cells were treated with HU and MMS (Fig. 5E and F),
suggesting that phosphorylation and subsequent degradation
of the protein take place in the nucleus.

A conserved domain is involved in controlling protein sta-
bilities of Sml1 and Dif1. To identify which region in Dif1 is
involved in checkpoint kinase-mediated phosphorylation of the
protein in response to DNA damage, we examined sequence
alignment between Dif1 and Sml1. Like Dif1, the Sml1 protein
undergoes checkpoint kinase-dependent phosphorylation and
diminishes significantly in cells treated with MMS and HU (52,
55). The Dun1 kinase has been shown to be directly required
for Sml1 phosphorylation in vivo (55). Previous biochemical
studies have identified three serines (S60, S56, and S58) in the
middle region of Sml1 that are phosphorylated by Dun1 (45),
although their physiological significance in controlling Sml1
phosphorylation and protein stability is not known. The three
serine residues reside at the C-terminal half of the homologous
region shared by Sml1 and Dif1 (Fig. 1A and B). Residues 28
to 50 of Sml1 were predicted to be a nonstructural linker
region between the N- and C-terminal alpha-helical regions of
the protein; removal of this region does not affect Sml1’s in-
hibition of RNR activity (53). We found that removal of resi-
dues 28 to 50 in Sml1 greatly increased stability of the protein
both in cells under normal growth conditions and in cells
treated with HU and MMS (Fig. 6A). Consistent with previous
reports, a slower-migrating form(s) of the full-length Sml1 was
observed in cells treated with HU and MMS (Fig. 6A), indic-
ative of Sml1 phosphorylation (52, 55). In contrast, no change
in mobility of Sml1(�28–50) was observed after HU and MMS
treatment. We therefore conclude that residues 28 to 50 of
Sml1 constitute a subdomain responsible for the phosphoryla-
tion and degradation of the protein. Interestingly, removal of
the corresponding region in Dif1 (residues 79 to 103) also
abolished the MMS-induced, lower-mobility form of Dif1 and
enhanced Dif1 protein stability after MMS treatment relative
to the full-length Dif1 (Fig. 6B). There are five serine/threo-

FIG. 5. Genotoxic stress-induced phosphorylation of Dif1 and de-
crease in Dif1 protein levels depend on the checkpoint kinases Mec1
and Dun1. All strains used here contain an integrated copy of MYCDIF1
in the chromosomal DIF1 locus. (A and B) Log-phase wild-type cells
were incubated with 0.03% MMS (A) or 125 mM of HU (B) and
harvested at the indicated time points. Protein extracts were made,
resolved by 12% SDS-PAGE, and probed with anti-Myc for MycDif1
and anti-Zwf1 (glucose-6-phosphate dehydrogenase [G6DPH]) as a
loading control. (C) Protein extracts from the 0- and 120-min points in
panel A were incubated with lambda phosphatase (PPtase) at 37°C for
30 min, with and without phosphatase inhibitors (PI) Na3VO4 and
NaF. MycDif1 and anti-Zwf1 were probed on a protein blot as de-
scribed for panel A. (D) Log-phase wild-type, mec1� sml1�, and
dun1� cells were kept untreated or treated with 125 mM of HU and
0.03% MMS for 2 h before being harvested for protein extraction.
MycDif1 and anti-Zwf1 were probed on a protein blot as described for
panel A. (E and F) Detection of phosphorylated MycDif1 in the nucleus
fraction after MMS and HU treatment. Wild-type cells were incubated
with 0.03% MMS (E) and 125 mM HU (F) for 1 h and fractionated to
different subcellular compartments. Probing of MycDif1, Nop1, and
Zwf1 (G6DPH) was performed as described in the legend to Fig. 3A.
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nine residues between residues 79 and 103 of Dif1, although
only T102 is conserved between Dif1 and Sml1. In addition, the
adjacent residue S104 corresponds to S56 in Sml1, which was
one of the three Dun1 phosphorylation sites identified in vitro.
We made S/T-to-A alterations in all five S/T residues within

the region 79 to 103, as well as in S104 and its neighboring
T105, individually and in combination, and determined their
effects on Dif1 phosphorylation and protein stability after
MMS treatment. Of all the mutants, only the triple substitution
T102A/S104A/T105A drastically decreased Dif1 phosphoryla-
tion and increased its stability (Fig. 6B). We conclude that the
three residues T102/S104/T105 are the major sites for control-
ling DNA damage-induced phosphorylation and degradation
of the Dif1 protein.

To understand the biological significance of change in Dif1
phosphorylation and stability in response to DNA damage, we
compared MMS-induced R2 redistribution between the wild-
type cells and cells harboring the dif1(T102A/S104A/T105A,
i.e., 3S/T-to-A) mutant allele. The dif1(3S/T-to-A) mutant ex-
hibited a moderate but reproducible increase in Rnr4 nuclear
localization throughout the time course of MMS treatment
relative to the wild-type strain (Fig. 6C). The fraction of the
dif1(3S/T-to-A) mutant cells maintaining a predominantly nu-
clear R2 signal is between that of the dif1� cells expressing
physiological levels of Dif1 from the native promoter and that
of the cells overexpressing Dif1 from the constitutive TDH3
promoter (Fig. 6C). Thus, removal of the three phosphoryla-
tion sites stabilizes Dif1 in cells experiencing DNA damage,
leading to a decrease in the redistribution of R2 from the
nucleus to the cytoplasm.

Deletion of DIF1 suppresses mec1� lethality and enhances
HU resistance of mec1� sml1� cells. It has been shown else-
where that changes in the RNR holoenzyme levels and activ-
ities can affect cellular resistance to the RNR inhibitor HU, as
well as viability of the mec1� checkpoint mutant (13, 26, 54).
Deletion of the R1 inhibitor SML1 and overexpression of R1
both suppress the lethality of mec1�, indicating that increased
RNR activity can bypass the essential function of MEC1 (13,
54). Because cytoplasmic colocalization of the R2 and R1
subunit in the dif1� mutant increases the chance of RNR
holoenzyme formation, we wanted to determine if dif1� can
also bypass the essential function of MEC1. As shown in Fig.
7A, dif1� does suppress the lethality of mec1�, although to a
lesser degree relative to sml1�. Removal of DIF1 also in-
creased cellular resistance to HU in the mec1� sml1� back-
ground (Fig. 7B). The increased HU resistance conferred by
dif1� does not result from an increase in protein levels of the
two RNR subunits, as Rnr1 and Rnr4 protein levels remained
the same between the mec1� sml1� and mec1� sml1� dif1�
cells (Fig. 7C).

DISCUSSION

Maintaining proper dNTP pool sizes and relative ratios
among the four dNTPs is critical for faithful DNA replication
and repair, thereby directly impacting genomic integrity and
cell survival. Cells exert control of the dNTP pools by regulat-
ing the RNR enzyme that is essential to supply the majority of
the building blocks for DNA synthesis in all organisms. The
RNR levels and activities are thus modulated both during
normal cell cycle progression in proliferating cells and in re-
sponse to genotoxic stress in all cells, to ensure that dNTPs are
made when needed and in the right amount (34). With the
exception of regulation by allosteric effectors, all three major
regulatory pathways of RNR, namely, transcription, inhibitor

FIG. 6. A common domain shared by Sml1 and Dif1 controls Dif1
phosphorylation and protein stability in response to DNA damage.
(A) Residues 28 to 50 of Sml1 control its protein stability. Protein
extracts of log-phase wild-type (SML1) and sml1(�28–50) cells, un-
treated or after treatment with 125 mM of HU and 0.03% MMS for
2 h, were probed with anti-Sml1 and anti-Zwf1 antibodies as a loading
control on a protein blot. (B) All strains shown are dif1� strains that
contain various N-terminally 3MYC-tagged DIF1 alleles under the
DIF1 promoter on a centromeric plasmid. Log-phase cultures were
untreated or incubated with 0.03% MMS for 2 h, and protein extracts
were made and probed with anti-Myc and anti-Zwf1 antibodies as a
loading control on a protein blot. The �79-103 construct contains a
deletion of residues 79 to 103; the T83A, S85A construct contains
alanine substitutions at T83 and S85; the T102A, S104A, T105A con-
struct contains alanine substitutions at T102, S104, and T105. (C) De-
lay in MMS-induced nucleus-to-cytoplasm redistribution of Rnr4 in a
phosphorylation-deficient mutant of the DIF1 strain. Log-phase dif1�
cells containing a centromeric plasmid that expresses the wild-type
DIF1 from the DIF1 promoter (dif1� � DIF1, solid black line) or from
the constitutive TDH3 promoter [dif1� � DIF1(OE), gray line] and
the phosphorylation-deficient T102A/S104A/T105A mutant from the
DIF1 promoter [dif1� � DIF1(3S/T-toA), dashed black line] were
treated with 0.03% MMS and harvested at the indicated time points
for indirect immunofluorescence with anti-Rnr4 antibodies. Quantita-
tive analysis of Rnr4 subcellular localization and data presentation
were performed as described in the legend to Fig. 3D.
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stability, and subcellular localization, are controlled by the cell
cycle and DNA damage checkpoint kinases. Several recent
studies have highlighted the importance of dynamic subcellular
localization patterns of the R2 subunit in regulating RNR
activity (26, 29, 30, 50). This study provides new insights into
the mechanism of R2 nuclear localization.

dif1 in nuclear import of the R2 subunit. In both fission yeast
and budding yeast, the R2 subunit is primarily localized in the
nucleus except for S phase of the cell cycle. In cells encoun-
tering DNA damage or replication blockage, R2 becomes re-
distributed from the nucleus to the cytoplasm and colocalized
with the constitutively cytoplasmic R1 subunit in order to in-
crease RNR holoenzyme formation (29, 50). The key player in
controlling S. pombe R2 nuclear localization is Spd1, which
anchors R2 in the nucleus and is targeted to degradation by the
Cop9/signalosome in response to genotoxic stress (4, 29, 43). In
S. cerevisiae, the WD40 repeat protein Wtm1 acts as a nuclear
anchor of R2 (26, 51). However, neither the Wtm1 protein

level nor its nuclear localization is affected by DNA damage or
replication blockage (26, 51), raising the question of what
accounts for the decline of nuclear R2 levels in cells under
genotoxic stress.

We have identified S. cerevisiae Dif1 based on its limited
sequence homology to S. pombe Spd1, as well as S. cerevisiae
Sml1, an inhibitor of the R1 subunit (54). Initial analysis re-
vealed that Dif1 is required for nuclear localization of R2,
adding a new player in the control of R2 localization. Several
lines of evidence support a model in which Dif1 is directly
involved in importing R2 into the nucleus. We have demon-
strated that Dif1 functions in a separate pathway from Wtm1
and its nuclear importin Kap122 in controlling R2 nuclear
localization. Moreover, the Dif1 protein is primarily localized
in the cytoplasm, thus excluding the possibility of its being a
nuclear anchor of R2. We have also shown that the endoge-
nous protein level of Dif1 is �10-fold lower than that of R2,
making it unlikely to form a stoichiometric protein complex
with R2 to keep it in the nucleus. More importantly, we have
shown that inhibition of Crm1-mediated nuclear export can
partially restore nuclear localization of R2 in the wtm1� cells
but not the wtm1� dif1� cells. Thus, it would appear that the
nuclear R2 levels of R2 are a net result of nuclear import by
Dif1, nuclear retention by Wtm1, and nuclear export via Crm1.
In wtm1� cells, blockage of Crm1-mediated export by lepto-
mycin B can partially compensate for the loss of nuclear an-
choring, as Dif1 keeps importing R2 into the nucleus. Lepto-
mycin B is no longer effective in wtm1� dif1� cells because of
the absence of both nuclear import and nuclear retention.

How does Dif1 facilitate nuclear import of R2? An intrigu-
ing possibility is that the conserved N-terminal region in both
Dif1 and Spd1 is involved in interaction with R2. The missing
supporting evidence for a direct role of Dif1 in transporting R2
is protein-protein interaction between the two molecules. We
have attempted to detect Dif1-R2 interaction under physiolog-
ical levels of the two proteins in vivo by coimmunoprecipita-
tion, but without success. This is likely due to the low static
protein level of Dif1 and/or the transient nature of the Dif1-R2
interaction. It is also possible that epitope tagging of Dif1
impedes its interaction with R2. Nevertheless, we have tested
both N-terminal 3MYC and C-terminal 3HA tagging of Dif1.
Both the tagged proteins restored the nuclear localization and
MMS-induced redistribution of R2 to the dif1� cells, but we
were unable to detect their physical interaction with R2 by
coimmunoprecipitation.

A common mechanism controlling Sml1 and Dif1 degrada-
tion. The sequence homology between Dif1 and Sml1 raises
the question of whether Dif1 functions like Sml1 in binding
and inhibiting the R1 subunit. This is unlikely to be the case
because the shared region in Sml1 is dispensable for R1 bind-
ing and inhibition (53). Our finding that deletion of DIF1
increases HU resistance of the mec1� sml1� cells also supports
the notion that Dif1 and Sml1 inhibit RNR activity via different
mechanisms.

The region shared by Dif1 and Sml1 is characterized by a
high content of serine and threonine residues. Previous studies
have identified three major phosphorylation sites within this
region (S56, D58, and S60) by the Dun1 kinase in vitro (45),
although it remains unclear whether these sites contribute to
Sml1 phosphorylation and degradation in vivo. We have shown

FIG. 7. Deletion of DIF1 suppresses mec1� lethality and increases
HU resistance of the mec1� sml1� cells. (A) The mec1�, mec1�
sml1�, and mec1� dif1� cells, all harboring a CEN6 URA3 MEC1
plasmid, were grown on a 5-FOA plate for 3 days at 30°C. Growth on
the 5-FOA plate indicates survival of mec1� cells in the absence of the
wild-type MEC1 on the URA3 plasmid. The dif1� single mutant
(MEC1 dif1�) is shown as a control. (B) Serial 10-fold dilutions of the
mec1� sml1� and mec1� sml1� dif1� cells were spotted on YPD
plates containing increasing concentrations of HU and grown for 2
days at 30°C. (C) Protein extracts of log-phase cells of the indicated
strains were probed with anti-Rnr1, anti-Rnr4, and anti-Zwf1 antibod-
ies as a loading control.
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that deleting residues 28 to 50 of Sml1 while leaving S56/S58/
S60 intact drastically increases static protein levels of Sml1.
Likewise, deletion of the corresponding region in Dif1 also
abolishes phosphorylation-mediated mobility change on SDS-
PAGE and degradation of the protein in cells after MMS
treatment. Our results indicate that the homologous region
shared by Dif1 and Sml1 is involved in DNA damage-induced
phosphorylation and degradation of the two proteins. It is possi-
ble that multiple and redundant serine/threonine residues within
this region can be substrates of the checkpoint kinase(s) and that
a gradual increase in overall phosphorylation levels in the region
eventually triggers a conformational change in the protein to be
recognized by the protein degradation machinery.

The location and mechanistic details of protein degradation
of Sml1 are unknown. S. pombe Spd1 is degraded in the nu-
cleus by the Cop9/signalosome (29). Because of the proximity
of the checkpoint kinases to chromatin (10, 23), Dif1 phosphor-
ylation is likely to occur in the nucleus. Considering its small
size and substoichiometric levels relative to R2, we hypothesize
that Dif1 readily shuttles back to the cytoplasm after helping
import R2 into the nucleus and delivering it to Wtm1. The
basal level of checkpoint kinase-mediated phosphorylation and
degradation of Dif1 in the nucleus can help explain the ab-
sence of the protein in the nucleus fraction. When cells en-
counter genotoxic stress, checkpoint kinases become hyperac-
tive, ultimately leading to accumulation of phosphorylated
Dif1 protein, as detected in the nucleus.

A conserved family of small protein regulators of RNR. Dif1
appears to be a hybrid between S. cerevisiae Sml1 and S. pombe
Spd1. No readily identifiable sequence homolog of Sml1 is
found in S. pombe, and likewise, no Spd1 ortholog is found in
S. cerevisiae. Interestingly, while orthologs of SML1 can be
found only in close relatives of S. cerevisiae, counterparts of
DIF1 exist in more distantly related fungal genomes like
Kluyveromyces and Candida. In fact, these distant relatives of S.
cerevisiae appear to have only Dif1 but no Sml1 or Spd1 coun-
terparts. These findings raise intriguing questions of how these
small proteins may have arisen during evolution in controlling
RNR activities and cellular dNTP pools. We speculate that
some Dif1 homologs function more like Spd1 in controlling R2
localization while others function more like Sml1 in inhibition
of R1. Molecular characterization of the Dif1-RNR interaction
will serve as the starting point for addressing this and other
important questions about the regulation of RNR activity and
cellular dNTP pool sizes. A better mechanistic understanding
of these functionally related proteins may also lead to identi-
fication of their structural and/or functional counterparts in
higher eukaryotes.
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