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The Snfl/AMP-activated kinases are involved in a wide range of stress responses in eukaryotic cells. We
discovered a novel role for the Snfl kinase in the cellular response to genotoxic stress in yeast. snfl mutants
are hypersensitive to hydroxyurea (HU), methyl-methane sulfonate, and cadmium, but they are not sensitive
to several other genotoxic agents. HU inhibits ribonucleotide reductase (RNR), and deletion of SNF1 also
increased the growth defects of an rnr4 ribonucleotide reductase mutant. The snfl mutant has a functional
checkpoint response to HU insofar as cells arrest division normally and derepress the transcription of RNR
genes. The sensitivity of snfl to HU or to RNR4 deletion may be due to posttranscriptional defects in RNR
function or to defects in the repair of, and recovery from, stalled replication forks. The Mig3 repressor was
identified as one target of Snfl in this pathway. Genetic and biochemical analyses suggest that a weak kinase
activity is sufficient to confer resistance to HU, whereas a high level of kinase activity is required for optimal
growth on carbon sources other than glucose. Quantitative regulation of Snfl kinase activity may contribute
to the specificity of the effector responses that it controls.

The Snfl/AMP-activated protein kinase family is highly con-
served in eukaryotes and is implicated in a variety of cellular
stress responses (21, 31, 47). Interest in this kinase family has
been greatly stimulated by emerging evidence of its involve-
ment in the pathogenesis or treatment of several human dis-
eases, including type 2 diabetes, obesity, heart disease, and
cancer (31). The regulation of the Snfl/AMP-activated kinases
is elaborate. The catalytic alpha subunit (encoded by the SNF1
gene in budding yeast) is only weakly active. Full activity re-
quires phosphorylation of a threonine residue in the T loop of
the kinase by distinct activating kinases (23, 41, 52) and the
binding of beta (encoded by the SIP1, SIP2, and GALS3 genes
in yeast) and gamma (encoded by the SNF4 gene in yeast)
subunits. The beta subunits target the protein kinase to specific
substrates and intracellular locations (43, 48, 56), and the bind-
ing of the gamma subunit stabilizes an active conformation of
the kinase (29, 30, 34). In mammalian cells, the activation of
these kinases in response to ATP depletion triggers events that
tend to conserve ATP levels and modify gene expression (22,
35). In yeast cells, Snfl is activated when cells are starved for
glucose, and this activation leads to the inhibition of acetyl-
coenzyme A-carboxylase and the expression of a large set of
genes required for gluconeogenesis, for respiration, and for the
metabolism of alternative carbon sources (4, 21). One of the
best-studied targets of Snfl is the Migl (multicopy inhibitor of
GAL gene expression) transcriptional repressor (49). Migl is
inactivated by phosphorylation on multiple sites within minutes
when cells are glucose depleted. This phosphorylation is de-
pendent on Snfl and leads to the nuclear exclusion of Migl
and the derepression of genes required for the metabolism of
carbon sources other than glucose (10). Mig2 is another tran-
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scriptional repressor that is similar in sequence to Migl. Al-
though Mig2 is partially redundant with Migl in repressing
transcription, its inactivation when cells are glucose depleted
does not require Snfl (39).

In addition to its roles in the cellular response to glucose
depletion, the Snfl kinase has also been implicated in the
starvation response to other nutrients (55), in meiotic regula-
tion (24, 46), in the regulation of filamentous and invasive
growth (9, 33, 45), in resistance to high concentrations of
sodium or lithium ions (1), in the regulation of glycogen accu-
mulation and autophagy (58), and in yeast aging (2, 36). In this
work, we show that Snfl is also involved in the cellular re-
sponse to DNA replication stress, a specific type of genotoxic
stress.

Genotoxic stress refers to all situations in which the dupli-
cation or the integrity of the genome is compromised. Cells
have developed extensive responses to this type of stress, in-
cluding inhibition of cell cycle progression; transcriptional and
posttranscriptional regulation of DNA replication, repair, and
recombination pathways; and apoptosis (62). The exact nature
of the responses depends on cell type, cell cycle phase, and the
specific constitution and extent of the genotoxic stress. Condi-
tions that lead to inhibition or blockage of replication fork
progression have been previously called DNA replication
stress (44). Hydroxyurea (HU) specifically blocks DNA syn-
thesis by inhibiting ribonucleotide reductase (RNR) (12).
RNR inhibition leads to decreases in deoxynucleoside triphos-
phate (dANTP) levels (32), and the subsequent stalling of the
replication forks triggers a DNA checkpoint pathway com-
posed of the Mecl kinase (homologous to human ATR), the
Rad53 kinase (homologous to human Chk?2), and a third down-
stream kinase called Dunl (also similar to Chk2) (17). Activa-
tion of the DNA checkpoint kinases stabilizes stalled replica-
tion forks, inhibits late-origin firing, blocks mitosis, and leads
to derepression of the RNR genes (17). RNR is a heterotet-
rameric enzyme composed of two large subunits and two small
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TABLE 1. S. cerevisiae strains used in this study

Strain
(reference)

Genotype

BY4741 (20)

MATa his3A1 leu2A0 met15A0 ura3A0

BY4742 (20) oo MATohis3A1 leu2A0 lys2A0 ura3A0

CMY1274

W303 MIG3-13myc::KanMX6

MATa his3-A200 leu2-3,112 ura3-52 MIG3-13myc::HIS3MX6

MATo his3 leu2 lys2 ura3 snflA10 MIG3-13myc::HIS3MX6

MATa his3A200 leu2-3,112 ura3-52 mig3A::URA3

MATo his3 leu2 lys2 ura3 snfl A10 mig3A::URA3

MATo his3A200 leu2-3,112 ura3-52 TUBI-GFP::URA3

MATo his3 leu2 lys2 ura3 snflA10 TUBI-GFP::URA3

MATo his3A200 leu2-3,112 ura3-52 smllA::KanMX6

MATo his3 leu2 lys2 ura3 snflA10 smllA::KanMX6

MATo his3A200 leu2-3,112 ura3-52 dunl::HIS3MX6

MAT« his3A200 leu2-3,112 ura3-52 smllA::KanMX6 meclA::HIS3

MATa his3 leu2 lys2 ura3 snflA10 smll1A::KanMX6 meclA::HIS3

MATa his3-A200 leu2-3,112 ura3-52 MIG3-13myc::HISIMX6

Obtained from CDY195 X CDY201; smlIA::Kan meclA::HIS3 MIG3-13myc::HIS3MX06
Obtained from CDY196 X CDY201; smli1A::Kan meclA::HIS3 snflA10 MIG3-13myc::HIS3MX6
MATa his3A200 leu2Al ura3-52 trpl1A63 ade2-101 lys2-801 ASFI-13myc::kanMX6
MATa his3A200 leu2-3,112 ura3-52 MIG3-3HA::HIS3MX6

MCY2634 (56) c.coviriiiriiiiciieiciiscienens MATo his3A200 leu2-3,112 ura3-52 LYS™ snf4A2

MCY2649 (56)

MATo his3A200 leu2-3,112 ura3-52

MCY2693 (56) ..covuivimiiriiinciciieicisiescesenens MATo his3A200 leu2-3,112 ura3-52 snfl-K84R

MCY2916 (56a)
MCY4040 (56)
W303-1a

MATo his3 leu2 lys2 ura3 snflA10
MATa his3A200 leu2-3,112 trpI A ura3-52 lys2 sipl A::KanMX6 sip2A3::LEU2 galS83A::TRPI
MATa canl-100 ade2-1 his3-11,15 leu2-3,112 trpI-1 ura3-1

subunits (12). The large subunits contain the active and allo-
steric sites of the enzyme. The small subunit contains an ox-
odiferric center that is required for forming a catalytically
essential tyrosyl radical. HU inhibits RNR function by quench-
ing the tyrosyl radical found in the small subunit. The yeast
genome contains two genes (RNRI and RNR3) encoding large
subunits and two genes (RNR2 and RNR4) encoding small
subunits (13, 57). RNRI, RNR2, and RNR4 are transcribed at
the beginning of S phase and in response to DNA damage.
RNR3 is significantly expressed only in response to DNA dam-
age, but even under these conditions, it appears to make only
a minor contribution to RNR activity, and rnr3A mutants have
no obvious phenotypes (11, 13). In this paper, we describe a
novel role for the Snfl kinase in a cellular response to geno-
toxic stress in concert with the DNA checkpoint kinases.

MATERIALS AND METHODS

Strains and media. The yeast strains used in this work are listed in Table 1.
Unless indicated otherwise, all strains were in the MCY/S288C background from
Marian Carlson. Deletion and epitope-tagged strains were made by using PCR-
amplified cassettes (38), except for the MECI::HIS3 disruption, which was de-
rived by transforming with an EcoRI mecI::HIS3 fragment from Sp309 obtained
from Stéphane Marcand, and GFP-TUBI, which was derived by transforming
with Stul-digested pGFP-TUBI (51). SNFI1-HA and snfl-T210A-HA plasmids
were generous gifts of Martin Schmidt (41). Standard genetic methods were
followed, and yeast cultures were grown in yeast extract, Bacto peptone, 2%
dextrose (yeast-peptone-dextrose [YPD]), YP plus 2% galactose, or synthetic
complete medium. The multicopy pFL44-MIG3 plasmid was obtained by Agel-
Sall digestion of a pFL44 plasmid containing a BamHI genomic region that
included MIG3, GALS3, and CHOI.

Protein extraction and immunoblotting. We found that it was important to
rapidly denature proteins to ensure that the Snfl kinase was not activated by
glucose starvation during cell harvesting and protein extraction. Mutant or wild-
type yeast cells were harvested by centrifugation (3,000 X g, 4°C, 1 min), and 20%
trichloroacetic acid (TCA) was added to the cell pellet. Cells were then broken
with acid-washed glass beads. The supernatant was retained, and the glass beads
were washed in 5% TCA. The supernatant and wash were then combined, and

insoluble proteins were pelleted by centrifugation. The pellet was resuspended in
sample buffer (pH 8.8) and boiled for 5 min. For Western blotting, 20 to 40 pg
of proteins was separated by sodium dodecyl sulfate-8% polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes by
electroblotting. Membranes were incubated with 9E10 anti-Myc or 12CAS5 an-
ti-HA polyclonal antibodies and then with anti-mouse immunoglobulin G anti-
body coupled to horseradish peroxidase; finally, membranes were subjected to
chemiluminescent detection. For the determination of Mig3-Myc protein stabil-
ity, CDYS55 cells were harvested at 20, 40, 60, or 120 min after glucose-to-
galactose transfer and/or the addition of cycloheximide. Protein extracts were
prepared by boiling in 8 M urea for 4 min and then breaking with glass beads.
After addition of 2% SDS plus 0.1 M Tris (pH 6.8), extracts were vortexed,
boiled again (2 min), and centrifuged (13,000 X g, 4°C, 10 min). Twenty micro-
grams of total protein was analyzed by SDS-PAGE, and Mig3-Myc quantities
were estimated by immunoblotting as described above.

Dephosphorylation of protein extracts. Fifteen micrograms of whole-cell ex-
tract (prepared as described above) from CDY61 grown in the presence or
absence of 200 mM HU was dephosphorylated with 10 U of calf intestinal
phosphatase (CIP) for 30 min at 37°C in a 20-ul total volume of reaction buffer
(50 mM Tris-HCI [pH 8.0], 0.1 mM ZnCl,, 1 mM MgCl,). The Mig3-Myc
phosphorylation state was then analyzed by SDS-PAGE and immunoblotting as
described above. Phosphatase inhibitors (5 mM B-glycerophosphate, 1.5 mM
p-NO,-phenylphosphate, 1 mM sodium orthovanadate) were added to some
reactions to ensure that modifications in Mig3-Myc mobility were due to CIP
activity.

GST-Mig3 in vitro kinase assay. The MIG3 and YAF9 coding sequences (from
the ATG to the last amino acid before the stop codon) were cloned into the
Gateway pDEST15-GST (glutathione S-transferase) plasmid by using the pro-
cedures recommended by the manufacturer (Invitrogen). GST-Mig3 and GST-
Yaf9 were purified from 500 ml of Escherichia coli BL21(NDE3)-pLysS cells
containing pDEST15-GST-MIG3 (CDp29) or pDEST15-GST-YAF9 grown in
Luria-Bertani medium and induced with 0.4 mM isopropyl-B-D-thiogalactopy-
ranoside (IPTG) for 3 h at 37°C. Cells were harvested, resuspended in phos-
phate-buffered saline (PBS) plus a complete protease inhibitor cocktail (Roche
Biochemicals), and freeze-thawed, which was followed by the addition of Triton
X-100 to a concentration of 0.1%, incubation with 375 U of benzonase for 15 min
at 37°C to digest nucleic acids, and ultracentrifugation at 100,000 X g at 4°C for
1 h. GST-Mig3 and GST-Yaf9 were purified from the S100 by batch incubation
for 3 h at 4°C with 1 ml of glutathione-Sepharose beads (Amersham Pharmacia)
previously washed with PBS plus 0.1% Triton X-100 and 10% glycerol (PBS-TG)
buffer. Beads were then washed once with PBS-TG, with PBS-TG plus 0.5 M
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FIG. 1. Mig3 is phosphorylated and degraded after shifting cells from glucose to galactose in an Snfl-dependent manner. (A) Mig3-Myc cells
(CDY61) with a centromeric plasmid expressing Migl-HA (48) were cultivated in a synthetic complete medium containing 2% glucose and lacking
uracil. Cells were then washed once and resuspended in a synthetic complete medium containing 2% galactose and lacking uracil for the periods
of time indicated in the figure. Proteins were extracted from TCA-precipitated cells, and Mig3-Myc and Migl-HA levels as well as electrophoretic
mobility were monitored by immunoblotting. (B) Protein extracts prepared from the 0- and 15-min galactose shifts described above were treated
with or without 10 U of CIP. Phosphatase inhibitors were added to some reactions as a control showing that the mobility shifts were due to the
action of the CIP. (C) Asf1-13Myc cells (CMY1202) and Mig3-HA cells (CMY1274) were shifted from glucose to galactose medium for the
indicated periods of time, and proteins were extracted and analyzed by immunoblotting. (D) Mig3-Myc (CDY55) cells in YPD were split in two.
One-half was treated with 50 pg of cycloheximide (CHX) per ml, whereas the other half was washed and resuspended in the same volume of YP
plus 2% galactose plus 50 pg of CHX per ml; Mig3-Myc protein levels were evaluated by immunoblotting. (E) Mig3-Myc and Migl-HA levels as
well as electrophoretic mobility were monitored in wild-type (CDY61) and snfIA cells (CDY75) at 0 and 15 min after a glucose-to-galactose shift.
The positions of molecular weight markers are shown next to the immunoblots.
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NaCl, and again with PBS-TG. Bound proteins were eluted with PBS-TG plus 20
mM glutathione (pH 8.0).

Snfl-HA kinase was immunoprecipitated from yeast extracts prepared from
cells broken in an Eaton press. First, 40 pl of Pan mouse immunoglobulin G
(Dynal) magnetic beads were incubated with 2 wl of 12CAS5 anti-HA ascites fluid.
Beads were washed with PBS plus 0.1% bovine serum albumin and then with
immunoprecipitation buffer (50 mM Tris [pH 7.4], 100 mM NaCl, 10 mM EDTA,
15% glycerol) plus 0.1% Triton X-100. Beads were then incubated (40°C, 3 h)
with 40 pl (about 400 wg) of whole-cell extract from a snflIA (MCY2916) strain
transformed with plasmids expressing Snfl (5) or Snfl-3HA (41). Beads were
washed with immunoprecipitation buffer and then equilibrated in kinase buffer
(50 mM Tris [pH 7.5], 10 mM MgCl,, 1 mM dithiothreitol, 10 pM ATP). The
kinase assay was performed on the beads with 40 wl (approximately 1 pg) of
purified GST-Mig3 or GST-Yaf9, 5 pl of 10X kinase buffer, and 1 pl of
[y->*P]ATP (10 pCi/pl) for 30 min at 30°C with occasional mixing. Loading
buffer was added, and the incorporation of [*?P]phosphate was analyzed with a
PhosphorImager following SDS—4 to 12% PAGE and Coomassie blue staining.
GST-Snfl (37) was purified from E. coli BL21(ADE3)/pGEX-Snf1 cells as de-
scribed above for GST-Mig3 and GST-Yat9, and its kinase activity was assayed
as was done for the Snfl-HA immunoprecipitates. Total calf thymus histones and
purified calf thymus histones H3 and H4 for the kinase assays were purchased
from Roche Applied Science.

Multicopy suppressors of snfl HU sensitivity. MCY2916 cells were trans-
formed with a yeast genomic DNA library in the multicopy vector pFL44. About
5,000 transformants were screened for growth on YPD containing 200 mM HU.
The suppressing activity was checked twice under the same conditions. The
SNF1, MSN4, and GIS4 genes were isolated from this screen.

Quantitative RT-PCR. RNA was prepared from cells with an RNeasy extrac-
tion kit (Qiagen). For reverse transcription-PCR (RT-PCR) analysis, reverse
transcription with random hexanucleotide primers was performed with 1 g of
total RNA, 1 mM dNTPs, and 1 pl RNasin for 1.5 h at 42°C, which was followed
by a 5-min heat inactivation at 95°C. For each gene, real-time quantitative PCR
amplification was performed with an ABI Prism 7000 according to the manufac-
turer’s instructions.

RESULTS

Mig3 is phosphorylated and degraded in the absence of
glucose. A genetic screen for multicopy plasmid suppressors of
the dominant toxicity associated with the expression of a
Rad53-green fluorescent protein (GFP) fusion protein was
previously described (40). The expression of this fusion protein
is toxic because it activates the DNA damage checkpoints in
the absence of DNA damage. YER028c was one such dosage
suppressor that codes for a putative transcriptional repressor
with sequence similarity to the Migl and Mig2 repressors (39).
We named this gene MIG3 because of its similarity to MIGI
and MIG?2 and because it is a multicopy inhibitor of growth of
the snfl mutant in the presence of a genotoxic stress as de-
scribed below. Migl and Mig2 are required for the repression
of a large number of genes when yeast cells are grown in the
presence of glucose (49). Mig3 is similar to Migl and Mig2 in
terms of binding the same DNA sequence in vitro and of being
able to recruit the Tupl-Ssn6 repressor complex. However,
many glucose-repressed genes were derepressed in a migl/A
mig2A double mutant, indicating that Mig3 could not repress
these genes when Migl and Mig2 were absent (39). It was not
clear why Mig3 was unable to functionally replace Migl and
Mig2. We found that, similar to Migl, Mig3 tagged with a
13Myc epitope (Mig3-Myc) was rapidly and extensively modi-
fied when yeast cells were transferred to galactose, as we ob-
served with a much slower electrophoretic mobility in SDS-
polyacrylamide gels (Fig. 1A). Treatment with CIP showed
that, just as for Migl, most of this modification was due to
phosphorylation (Fig. 1B). However, a residual mobility shift
was apparent even after phosphatase treatment, suggesting
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that Mig3 received additional modifications other than phos-
phorylation when cells were shifted from glucose to galactose.
It was pointed out that the Myc epitope (GEQKLISEEDLN)
contains a sequence that is similar to an Snfl/AMPK consensus
phosphorylation site (DxBxxSxx@, where B is a basic residue,
@ is a hydrophobic residue, and x is any amino acid) (50) and
that Snfl might be phosphorylating the 13Myc epitope tag
rather than Mig3 itself. To test this possibility, we first deter-
mined whether an Asf1-13Myc fusion protein was phosphory-
lated when Snf1 is activated. Asf1 is a nuclear histone chaper-
one that has not been implicated in glucose derepression
pathways. We found no evidence for induced phosphorylation
of Asfl-13Myc when yeast cells were shifted from glucose to
galactose (Fig. 1C). Thus, the 13Myc epitope is not necessarily
a promiscuous substrate of Snfl in vivo. We further tagged
Mig3 with a triple HA epitope (Mig3-HA) and found that,
similar to Mig3-Myc, it was also rapidly and highly modified
when cells were shifted from glucose to galactose (Fig. 1C).
Thus, Mig3 itself is highly phosphorylated when Snfl is acti-
vated in vivo.

Phosphorylation of Migl leads to its nuclear exclusion (10),
but Mig3 phosphorylation was instead followed by its proteol-
ysis (Fig. 1A, C, and D). Blocking protein synthesis with cy-
cloheximide showed that Mig3 had a half-life of less than 20
min when cells were shifted to galactose compared to more
than 120 min when cells were maintained in glucose (Fig. 1D).
The hyperphosphorylation and proteolysis of Mig3 upon trans-
fer of cells from glucose to galactose were blocked in a snfiA
mutant (Fig. 1E). The Snfl-dependent proteolysis of Mig3 that
occurred when cells were transferred to galactose suggests that
Mig3 inactivation contributes to the extensive gene derepres-
sion that is observed when yeast cells are glucose depleted.

Mig3 is implicated in the cellular response to genotoxic
stress. Since multicopy MIG3 could suppress the dominantly
active Rad53-GFP, we tested it for a role in the cellular re-
sponse to DNA damage. Although we found no DNA damage
sensitivity associated with mig3A, mig2A mig3A, or miglA
mig2A mig3A mutants (data not shown), we did find that MIG3
mRNA levels increased when cells where subjected to geno-
toxic stress. RT-PCR experiments indicated that M/IG3 mRNA
was increased fivefold when cells were incubated with 200 mM
HU for 2 h and increased twofold when cells were irradiated
with 80 J of UV light per m? (data not shown). Microarray
analyses also indicated a three- to fourfold increase in MIG3
mRNA in cells incubated with 0.07 to 0.1% methyl methane
sulfonate (MMS) for 1 h and a 4.6-fold increase in cells incu-
bated with 0.2 mM 1,3bis(2-chloroethyl)-1-nitrosourea for 1 h
(27, 42). Furthermore, a slight but reproducible shift in the
electrophoretic migration of Mig3-Myc was observed when
cells were treated with a range of genotoxic agents including
MMS, HU, UV, phleomycin, and cadmium (Fig. 2A). A mo-
bility shift was also seen for Mig3-HA after treating cells with
HU or Cd (data not shown). In untreated cells, Mig3-Myc
migrated as a closely spaced doublet of bands. The quantity of
the slower-migrating form was increased after genotoxic stress.
These bands were converted into a single, faster-migrating
band when protein extracts were treated with CIP (Fig. 2B).
These results showed that Mig3-Myc was phosphorylated in
unstressed cells. After treatment with genotoxic agents, the
amount of the slowly migrating, more highly phosphorylated
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were resuspended for an additional hour in YPD before TCA protein extraction and immunoblotting. (B) Protein extracts were prepared from
cells grown in YPD or in YPD containing 200 mM HU for 2 h. The extracts were incubated with or without 10 U of CIP. Phosphatase inhibitors
were added to some reactions as a control showing that the mobility shifts were due to the action of the CIP. (C) Time course of Mig3
phosphorylation after the addition of 200 mM HU to CDY61 cells growing exponentially in YPD. The position of an 80-kDa molecular mass

marker is shown next to the immunoblots.

form of Mig3-Myc was increased to various extents. The shift
was most obvious with cadmium and MMS and was less so for
HU, phleomycin, and UV treatment. An increase in phospho-
Mig3 was visible after 30 min of treatment with 200 mM HU
and increased slightly during 6 h of treatment (Fig. 2C). The
half-life of the Mig3-Myc protein was unchanged after the
limited phosphorylation induced by genotoxic stress when cells
were grown in glucose (data not shown), a finding which con-
trasts with the decreased stability of the protein observed after
its hyperphosphorylation when cells were transferred from glu-
cose to galactose (Fig. 1A and C). The increase of MIG3
mRNA and the induced phosphorylation of the Mig3 protein
in the presence of DNA damage suggested that it is part of a
DNA damage response pathway.

Mecl checkpoint pathway and Snfl kinase both contribute
to DNA damage-induced phosphorylation of Mig3. The prin-
cipal DNA damage response pathway in budding yeast is ac-
tivated by the Mecl kinase. Mecl has an essential function in
activating ribonucleotide reductase by promoting the phos-

phorylation and inactivation of the Smll protein, an inhibitor
of RNR (60, 61). A deletion of the MECI gene is viable in a
smlIA mutant. Surprisingly, Mig3-Myc phosphorylation was
still induced by HU in a mecIA smllA mutant, although the
degree of basal and induced phosphorylation appeared slighter
than that in the wild type (Fig. 3A). Since Mig3 was phosphor-
ylated in a Snfl-dependent fashion when cells were transferred
from glucose to galactose (Fig. 1), we examined whether phos-
phorylation of Mig3 induced by HU in glucose-grown cells was
also dependent on Snfl. As for the meclA smlIA mutant,
phosphorylation of Mig3-Myc was still induced after treating
the snflA mutant with HU, although the degree of basal and
induced phosphorylation seemed slightly less than that in the
wild type (Fig. 3A). We then examined Mig3-Myc phosphory-
lation in a snflA meclIA smlIA mutant. In this double-kinase
mutant, basal and HU-induced phosphorylation of Mig3-Myc
were greatly inhibited (Fig. 3A). We conclude that Snfl and
the Mecl checkpoint pathway contribute independently and in
parallel to phosphorylation of Mig3.
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through D show that Snfl phosphorylates GST-Mig3 in vitro. (B and C) The Snfl-HA kinase was immunoprecipitated from protein extracts
prepared from SNFI-HA yeast cells. A control immunoprecipitation was done on protein extracts from the wild-type untagged strain. The left-hand
panels show PhosphorImager scans of SDS-polyacrylamide gels showing [>?P]phosphate incorporation into GST-Mig3 and histones H3 and H4 but
not into a control GST-Yaf9 fusion protein. The right-hand panels show the Coomassie blue-stained gels. (D) The GST-Snf1 kinase purified from
E. coli weakly phosphorylates GST-Mig3 and the histones H3 and H4 in vitro but not the GST-Yaf9 protein. The left-hand panel shows a
PhosphorImager scan of the kinase reaction products after SDS-PAGE, and the right-hand panel shows the Coomassie blue staining of the same gel.

We also tested whether Snfl could phosphorylate Mig3 in
vitro. Snfl-HA immunoprecipitated from yeast cells readily
phosphorylated a GST-Mig3 fusion protein purified from E.
coli but did not phosphorylate a GST-Yaf9 control protein
(Fig. 3B). No phosphorylation was observed for anti-HA im-
munoprecipitates from an untagged control strain. Snfl was
shown to phosphorylate serine-10 of histone H3 (37), although

this serine does not correspond to a typical consensus site for
Snfl phosphorylation. We compared the abilities of Snfl-HA
immunoprecipitates to phosphorylate GST-Mig3 and calf thy-
mus histones in vitro. Anti-HA immunoprecipitates from
Snfl1-HA cell extracts, but not those from control extracts,
phosphorylated GST-Mig3 and histones H3 and H4 (Fig. 3C).
Both histones H3 and H4 contain some potential Snfl/AMPK
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FIG. 4. snflA mutants are hypersensitive to HU, MMS, and cadmium. Wild-type (WT) (MCY2649), snflA (MCY2916) transformed when
indicated with pCE101-SNF1 expressing the WT Snfl (5), pSNFI1-HA expressing HA-tagged Snfl (41), psnfl-T210A4 expressing the Snfl-T210A
mutant (41), or the pRS316 empty vector, snf4A (MCY2634), sipl A sip2A gal83A (MCY4040), and snf1-K84R (MCY2693) strains were diluted to
an optical density at 600 nm (ODy) of 0.2, and serial 10-fold dilutions were spotted on YPD plates (A) with HU or phleomycin at the indicated
concentrations or on synthetic complete glucose medium (SC) plates (B) with (three upper lanes) or without (three lower lanes) uracil and
containing HU at the indicated concentrations. (C and D) Serial 10-fold dilutions of the wild-type (MCY2649), snflA (MCY2916), duniA
(CDY163), and mecIA sml1A (CDY196) strains were spotted on YPD plates containing the indicated concentrations of cadmium, HU, and MMS.

consensus phosphorylation sites that may contribute to their
phosphorylation in vitro but whose physiological significance is
unknown. Notably, however, GST-Mig3 was phosphorylated to
a much greater extent than were the histones.

Snfl immunoprecipitated from yeast is associated with acti-
vating B and vy subunits and may conceivably contain contam-
inating kinase activities that coprecipitate with Snfl. We used
a GST-Snfl protein purified from E. coli to further test its
ability to phosphorylate Mig3 in vitro. The GST-Snfl kinase
catalytic subunit purified from E. coli has a weak but detectable
protein kinase activity in the absence of the activating $ and v
subunits (37). We found that GST-Snfl could weakly phos-
phorylate GST-Mig3 and histones H3 and H4 but that it could

not phosphorylate a GST-Yaf9 control protein (Fig. 3D). In
keeping with its efficient phosphorylation by the Snfl kinase
complex, the Mig3 sequence contains several serines in a con-
text that is favorable for phosphorylation by the Snfl/AMP-
activated kinases (50). Mig3 was thus an excellent Snfl sub-
strate in vitro, which suggests that at least part of the Mig3
phosphorylation observed in vivo is due to direct phosphory-
lation by this kinase.

snfl mutants are sensitive to HU, MMS, and cadmium.
Since Snfl contributed to Mig3 phosphorylation in response to
DNA-damaging agents, we tested whether snfl mutants were
sensitive to genotoxic stress. snfl mutants were sensitive to
treatment with HU, MMS, and cadmium (Fig. 4) but not to
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UV or gamma irradiation or to treatment with hydrogen per-
oxide, camptothecin, or phleomycin (Fig. 4 and data not
shown). HU is a specific inhibitor of RNR (12), MMS is a
highly reactive alkylating agent that attacks both nucleic acids
and proteins (28), and cadmium is known to bind the reactive
thiols of proteins such as glutathione (16). Interestingly, treat-
ment of yeast cells with low levels of MMS preferentially in-
hibits their progression through S phase (53), suggesting that
snfl sensitivity to these agents may involve DNA replication
stress. Thiol binding by cadmium might directly or indirectly
inhibit RNR activity and DNA replication. However, we did
not observe a specific accumulation of wild-type or snfI mutant
cells in S phase when they were treated with a wide range of
cadmium concentrations (data not shown). Furthermore, the
meclA smlIA mutant was much more sensitive than the snflA
mutant to HU and MMS treatment, whereas the opposite
result was found for cadmium (Fig. 4C and D). These findings
suggest that the cadmium sensitivity of the snfl mutant cannot
be accounted for solely by the genotoxic effects of cadmium.
The mecl mutant is highly sensitive to DNA replication stress
because it is unable to stabilize blocked replication forks (54),
whereas the dunl mutant is thought to be moderately sensitive
to such stress mainly because of defects in gene expression (18)
and in the posttranscriptional activation of RNR by inactiva-
tion of the Smll repressor (61). Interestingly, although the snf!
mutant is less sensitive to HU and MMS than is the mecl
mutant, it is more sensitive than the dunl mutant (Fig. 4C and
D). We decided to focus our further study on the response of
the snfl mutant to HU, as it is the least pleiotropic of the three
toxic molecules.

Members of the Snfl/AMP-activated kinase family require
association with 8 and -y subunits for full kinase activity. Bud-
ding yeast contains three B-type proteins. The presence of any
one of these B subunits conferred normal HU resistance to
yeast cells (data not shown), but a triple-deletion mutant of all
three B-subunit genes (i.e., a sipIA sip2A gal83A mutant) was
as sensitive to HU, MMS, and cadmium as was the snfl/A
mutant (Fig. 4A and data not shown). Surprisingly, a mutant
containing a deletion of the sole +y-subunit gene in yeast
(snf4A) was much less sensitive to HU than was the snflA
mutant (Fig. 4A). Furthermore, the snfl-K84R and snf1-T210A
mutants have greatly reduced kinase activity and nevertheless
showed significant resistance to HU (Fig. 4B). K84R mutates a
lysine implicated in ATP binding (5, 15), and T210A mutates a
threonine residue in the T-loop of Snf1 that must be phosphor-
ylated by upstream kinases to fully activate Snfl (23, 41, 52).
These results suggest that low-level Snfl kinase activity suffices
to confer significant HU resistance to yeast cells. Consistent
with this notion, we found no evidence that Snfl was activated
by T210 phosphorylation when cells were treated with HU
(Fig. 5), whereas such phosphorylation was readily apparent
when cells were transferred from glucose to galactose as re-
ported previously (41).

snfl mutants do not show S-phase checkpoint defects. DNA
synthesis was inhibited in the snf/ mutant treated with HU
(Fig. 6A), and the mutant showed a normal checkpoint-medi-
ated arrest of spindle elongation as determined by the visual-
ization of GFP-Tubl in these cells (Fig. 6B). These results
showed that snfl mutants arrested cell cycle progression cor-
rectly in the presence of HU. The snfl mutant also lost viability
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FIG. 5. Snfl is activated by phosphorylation on threonine-210 after
transfer from glucose to galactose medium but not after HU treat-
ment. snflA cells transformed with a centromeric plasmid expressing
Snfl-HA (41) were grown to log phase in synthetic complete-glucose
medium lacking uracil. HU was added to a concentration of 200 mM
to one aliquot of cells, whereas a second aliquot of cells was harvested,
washed, and resuspended in synthetic complete-galactose (Gal) me-
dium lacking uracil. Cells were harvested at the indicated times after
medium changes, Snfl-HA was immunoprecipitated from protein ex-
tracts, and Snfl activation was monitored by immunoblotting using
antibodies directed against phospho-T210 (41). The efficiency of
Snfl-HA immunoprecipitation was monitored by immunoblotting us-
ing anti-HA antibodies (lower panel).

very gradually in the presence of HU compared to the meclA
sml1A mutant (Fig. 6C), a finding which suggests that snfI is
not defective in stabilizing stalled replication forks. Activation
of the DNA damage checkpoints also derepresses to various
extents the four genes encoding RNR subunits in yeast and
leads to the inactivation of Smll, an inhibitor of Rnrl (7, 25,
61). RT-PCR analyses showed that derepression of RNRI,
RNR2, RNR3, and RNR4 occurred normally in the snfl mutant
(Fig. 6D). Furthermore, deletion of the SMLI gene did not
suppress the HU sensitivity of the snfl mutant (Fig. 6E), sug-
gesting that Smll was inactivated normally in the snfl mutant
in the presence of HU.

Mig3 is a biological target of Snfl in the response of yeast
cells to HU. Overexpression of MIG3 in a wild-type strain had
no obvious phenotype, but its overexpression in the snfl mu-
tant greatly sensitized it to treatment with HU (Fig. 7A). This
result is consistent with a model in which Mig3 is a transcrip-
tional repressor whose action is antagonized by Snfl. However,
deleting the MIG3 gene in an snfl mutant only slightly allevi-
ated the HU sensitivity of snfl (Fig. 7B). Thus, inactivation of
Mig3 cannot be the sole function of Snfl in conferring HU
resistance.

Deletion of SNFI enhances the growth defects and the HU
sensitivity of a rnr4A mutant. HU inhibits RNR and thereby
leads to the reduction of dANTP pools and the stalling of rep-
lication forks. The HU hypersensitivity of the snfl mutant
might be due to defects at the level of HU detoxification or to
defects in various aspects of the cellular response to RNR
inhibition other than cell cycle arrest and RNR derepression.
The yeast genome contains two genes (RNRI and RNR3) en-
coding large subunits and two genes (RNR2 and RNR4) en-
coding small subunits (13, 57). However, only the Rnr2 subunit
is competent for forming a tyrosyl radical, and it is essential for
cell viability. The Rnr4 subunit is thought to facilitate the
folding or the function of Rnr2 (6, 19). Deletion of RNRI or
RNR4 in the BY background (20) leads to a slow-growth phe-
notype with an accumulation of cells in S phase (Fig. 8A and C
and unpublished data). We crossed a snfIA mutant to rnrlA
and rnr4A mutants to test for genetic interactions. Deletion of
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FIG. 6. The snfl mutant does not show S-phase checkpoint defects during HU treatment. (A) Flow cytometry showed that the snf/A mutant
accumulated with a 1 N DNA content after treating exponentially growing cells (Expo) with 200 mM HU for 2 h. (B) Visualization of mitotic
spindles in wild-type (WT) (CDY131) and snfIA (CDY132) cells expressing GFP-Tub1 (51) before or after a 2-h treatment with 200 mM HU. As
for the WT, the snfl A mutant showed no spindle elongation after HU treatment. (C) Exponentially growing WT (MCY2649), snfIA (MCY2916),
or mecIA smlIA (CDY195) cells in YPD were treated with 200 mM HU, and cell viability was determined at the indicated time points. The viability
of WT (MCY2649) and snfIA (MCY2916) cells cultivated in YPD without HU for 24 h was 96 and 89%, respectively. (D) The snfl mutant
derepresses RNR gene expression in the presence of HU. The relative levels of RNRI, RNR2, RNR3, and RNR4 to ACTI mRNAs were determined
by real-time RT-PCR analyses for the WT and snfIA mutant growing in YPD with and without HU for the indicated periods of time. White bar
is WT in YPD, black bar is WT in YPD plus 200 mM HU, the light grey bar is snf/A in YPD, and the dark grey bar is snfIA in YPD plus 200 mM
HU. (E) Serial 10-fold dilutions of WT (MCY2649), snfIA (MCY2916), smlIA (CDY149), and snfIA sml1A (CDY150) strains were spotted onto
YPD or YPD plus HU at the indicated concentrations.
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FIG. 7. Genetic analysis suggests that Mig3 is a target of the Snfl kinase in the cellular response to HU. (A) Log-phase culture of wild-type
(WT) (MCY2649) and snfIA (MCY2916) cells transformed with either the vector pFL44 or pFL44-MIG3 (CDp20) were diluted to an ODy, of
0.2, and serial 10-fold dilutions were spotted and grown for 5 days on synthetic complete plates without uracil and containing HU at the indicated
concentrations. (B) Log-phase culture of WT (MCY2649), snflA (MCY2916), mig3A (CDY79), and snflA mig3A (CDY80) were diluted to an
ODyg of 0.2, and serial 10-fold dilutions were spotted and grown for 2 days on YPD plates containing HU at the indicated concentrations.

SNF1 increased the growth defects and HU sensitivity of rnr4A
mutants (Fig. 8B and C). This result suggests that the hyper-
sensitivity of snfIA to HU cannot be explained solely by a
defect in drug detoxification. In contrast to rnr4A, we found
that snfIA rarlA double mutants grew at the same rate and
showed the same HU sensitivity as did mur/A single mutants
(data not shown). Thus, rrlA is epistatic to snflIA, whereas
snflA has an additive effect on rmr4A phenotypes. These ge-
netic interactions suggest that Snfl may act at the level of
Rnrl, although other explanations cannot be ruled out.

DISCUSSION

Snfl kinase is required for resistance to HU, MMS, and
cadmium. We found that snf/ mutants are hypersensitive to
HU, MMS, and cadmium but not to other genotoxic stresses
such as UV and gamma irradiation or treatment with hydrogen
peroxide, camptothecin, and phleomycin. HU is a small-mol-
ecule inhibitor of RNR that functions by diffusing into the
center of the R2 subunit and quenching the tyrosyl radical that
is essential for the catalytic activity of the enzyme (12). RNR
inhibition then leads to a reduction of dNTP pools and the
stalling of replication forks (44). MMS and cadmium are ex-
pected to have a much more pleiotropic effect on cells than
that of HU. MMS is an alkylating agent that reacts broadly
with nucleophiles, including DNA bases and the reactive cys-
teines of many proteins. Cadmium toxicity is also associated
with its binding to reactive cysteines (16). At low concentra-
tions, MMS leads to a selective inhibition of S-phase progres-
sion (53). This effect has been suggested to be due to the
alkylation of bases that would prevent conventional DNA poly-
merases from extending DNA chains. It is also possible that
MMS directly or indirectly inhibits RNR activity by alkylating
reactive cysteines of RNR and of cellular reducing agents such
as glutathione, thioredoxin, and glutaredoxins that are re-

quired for RNR activity (12). However, dNTP levels clearly
increased when yeast cells were treated with 0.01% MMS (8),
thereby demonstrating that RNR remains active when yeast
cells are treated with this MMS concentration. It remains pos-
sible that RNR is inhibited at higher MMS concentrations or
that the snfl mutant is sensitive to the presence of a large
number of stalled replication forks. Phenotypic analyses
showed that the snfl mutant arrests cell division and dere-
presses the RNR genes normally in response to HU. Its HU
hypersensitivity is presumably due to some other aspect of the
cellular response to RNR inhibition. Since snfIA rnr4A double
mutants grow more poorly than does either single mutant, it is
likely that Snfl is not required just for drug detoxification.
Preliminary microarray analyses indicate that there are some
gene expression defects in the snfl mutant treated with HU
(data not shown), but these defects do not explain in an obvi-
ous manner its sensitivity to HU. Further phenotypic charac-
terization of snfl is required to pinpoint the reasons for its
sensitivity to RNR inhibition.

Cadmium reacts with and depletes cellular glutathione (16).
It could thus inhibit RNR activity indirectly by depleting phys-
iological reducing agents required for RNR activity, and it
could also potentially bind directly to reactive cysteines of
RNR and inhibit its activity. However, the fact that the snflA
mutant is much more sensitive to cadmium than is the meclA
mutant (Whereas the opposite is true for HU) strongly suggests
that the cadmium sensitivity of snfIA cannot be due to RNR
inhibition. The basis of the cadmium sensitivity of snfIA thus
remains to be determined.

Mig3 repressor is a novel target of Snfl and the DNA check-
point pathway. Overexpression of the Mig3 repressor protein
sensitizes the snfl mutant to HU, and conversely, the deletion
of MIG3 slightly increases the HU resistance of snfl. Mig3 is
also phosphorylated in a Snfl- and Mecl-dependent fashion
when cells are subjected to a genotoxic stress. Mig3 is likely to
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FIG. 8. Deletion of SNFI increases the growth defects and HU sensitivity of the rnr4A mutant. (A) Flow cytometry shows that rnrl A and rar4A
mutants have higher levels of cells in S phase than do the wild-type (WT) controls. Log-phase cells were prepared for flow cytometry as described
previously (26). (B) snfIA rnr4A double mutants are more sensitive to HU than is either single-mutant parent strain. Two independent
double-mutant segregants of a meiotic cross are shown. Serial 10-fold dilutions of the indicated strains were spotted onto a YPD plate containing
50 mM HU and incubated at 30°C. Note that the snf/A mutant in the BY strain background shown here is less sensitive to HU inhibition than
is the same mutant in the MCY strain background used elsewhere in this paper. (C) snflIA rnr4A double mutants grow more slowly than either
single-mutant parent on YPD plates at 30°C incubated for the indicated periods of time at 30°C. Three different snfA rnr4A double mutants are
shown. The WT MATa strain is BY4741, and the WT MATa strain is BY4742. The rarlA, rnr4A, and snfl A mutant versions of these strains were

obtained from the BY yeast gene deletion collection (20).

be a direct target of Snfl because it is an excellent substrate for
Snfl in vitro, but we do not know if Mecl-dependent phos-
phorylation is due to Mecl itself or a downstream kinase such
as Rad53 whose activity depends on Mecl. We have ruled out
a role for the Dunl kinase because Mig3 phosphorylation in
response to HU was still observed in a dunlA snflA double
mutant (unpublished data). Finally, overexpression of MIG3
suppresses the toxicity of a constitutively active Rad53-GFP
fusion protein (40). This suppression does not seem to occur by
Mig3 binding the toxic fusion protein because we have not
observed coimmunoprecipitation of Rad53 and Mig3 (unpub-
lished data). These results suggest the following model. In
agreement with previous work (39), we suggest that Mig3 is a
transcriptional repressor of some unidentified target genes
when cells are grown with glucose as the carbon source. In the

presence of a genotoxic stress, Mig3 is phosphorylated and
inhibited in a manner dependent on the Snfl and Mecl ki-
nases. The resulting gene derepression would promote cell
survival. The increase in MIG3 mRNA levels observed after
genotoxic stress may facilitate a return to the basal repressed
state after the repair of DNA damage, as has been proposed
previously for the Crtl repressor (25). The relevant target
genes regulated by Mig3 remain to be identified. Further work
is also required to identify additional downstream targets of
Snfl in this pathway. We sought such targets by isolating mul-
ticopy plasmid suppressors of the HU sensitivity of the snf]
mutant. MSN4 and GIS4 were identified as two dosage sup-
pressors that partially alleviated the HU sensitivity of the snf!
mutant (unpublished data). Both of these genes were previ-
ously shown to be partial suppressors of the poor growth of
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snfl mutants in the absence of glucose and were thus not
considered to be specific downstream effectors of Snfl in re-
sponse to HU (3, 14).

Unusual aspects of Snfl kinase function in cellular toler-
ance to HU. The Snfl kinase is weakly active when cells are
grown in the presence of glucose. Under conditions of glucose
starvation, the kinase is rapidly activated by phosphorylation
on Thr-210 by distinct upstream activating kinases (23, 41, 52,
59). Snfl then phosphorylates key proteins acting in several
pathways that enable yeast cells to grow in the absence of
glucose. Snfl is also required for growth in the presence of
high concentrations of sodium or lithium ions (1). Activating
phosphorylation of Snfl was also observed when yeast cells
were treated with high concentrations of sodium in the pres-
ence of glucose (41). However, we were unable to observe
activating phosphorylation of Snfl when cells were treated with
HU. Furthermore, a snf4 mutant from which the activating v
subunit of the Snfl kinase was deleted retained good resistance
to HU even though it is unable to grow in a medium without
glucose (5, 34). Likewise, the snfl-K84R and snfl-T210A kinase
mutants have greatly reduced kinase activities and are unable
to grow without glucose (5, 15, 41), yet they showed some
resistance to HU. One explanation of these results would be to
imagine that Snfl kinase activity is not at all required for its
function in the cellular tolerance to HU. However, although
the snf1-K84R and snf1-T210A mutants had significant residual
function, they nevertheless clearly did not work as well as the
wild-type protein in conferring resistance to HU. It thus seems
more likely to us that a low level of Snfl kinase activity in
association with one of the three beta subunits may be neces-
sary and sufficient to render cells resistant to HU. Quantitative
regulation of Snfl- or AMP-dependent kinase activity may
contribute to the selectivity of the pathways that they control
under different physiological conditions. Mig3 phosphorylation
may be an example of such quantitative regulation. Snfl mod-
estly contributes to Mig3 phosphorylation in the presence of
genotoxic stress when cells are grown in glucose, a condition in
which the Snfl kinase is weakly active. This phosphorylation
does not induce Mig3 turnover, but genetic data suggest that it
may inactivate Mig3 repression of genes involved in HU resis-
tance. In contrast, when cells are shifted from glucose to ga-
lactose and when Snfl is highly active, Mig3 is extensively
phosphorylated and rapidly proteolyzed. This complete inacti-
vation would ensure that Mig3 does not interfere with the
derepression of genes when cells are starved for glucose.
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