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In Saccharomyces cerevisiae, the forkhead transcription fac-
tor Hcm1 is involved in chromosome segregation, spindle pole
dynamics, and budding.We found that Hcm1 interacts with the
histone deacetylase Sir2 and shifts from cytoplasm to the
nucleus in theG1/S phase or in response to oxidative stress stim-
uli. The nuclear localization of Hcm1 depends on the activity of
Sir2 as revealed by activators and inhibitors of the sirtuins and
the �sir2 mutant. Hcm1-overexpressing cells display more
mitochondria that can be attributed to increased amounts of
Abf2, a protein involved in mitochondrial biogenesis. These
cells also show higher rates of oxygen consumption and
improved resistance to oxidative stress that would be explained
by increased catalase and Sod2 activities andmolecular chaper-
ones such as Hsp26, Hsp30, and members of Hsp70 family.
Microarray analyses also reveal increased expression of genes
involved in mitochondrial energy pathways and those allowing
the transition from the exponential to the stationary phase.
Taken together, these results describe a new and relevant role of
Hcm1 for mitochondrial functions, suggesting that this tran-
scription factorwould participate in the adaptation of cells from
fermentative to respiratory metabolism.

Mammalian FoxO transcription factors (FoxO1, 3, 4, and 6),
a subfamily of forkhead transcription factors (FKH-TFs),3 con-
trol various biological functions, including stress resistance,
DNA repair, metabolism, cell cycle arrest, and apoptosis
(reviewed in Refs. 1–3). According to this variety of functions,
FoxO transcription factors are regulated in these diverse func-
tions by a wide range of external stimuli, such as insulin, insu-
lin-like growth factor, other growth factors, neurotrophins,
nutrients, cytokines, and oxidative stress stimuli. These stimuli
control FoxO protein levels, subcellular localization, DNA
binding, and transcriptional activity. FoxO are subject to sev-

eral post-translational modifications including phosphoryla-
tion, acetylation, and ubiquitination (1, 4).
Saccharomyces cerevisiae has four genes (FKH1, FKH2,

FHL1, and HCM1) homologous to the forkhead family of
eukaryotic transcription factors, classified on the basis of a con-
served DNA-binding domain (5). Fkh1 (Forkhead homolog 1)
and its closest homolog, Fkh2, are involved in transcriptional
silencing, cell morphology and cell cycle (6–8). Fhl1 has been
described as regulating transcription of ribosome-associated
proteins (9, 10). Hcm1 was first identified as a high copy sup-
pressor of a defect in spindle pole assembly (11). This cell cycle-
specific transcription factor regulates the transcription of genes
involved in chromosome segregation (7).HCM1 is periodically
transcribed and expressed in late G1 and early S phase. Genes
regulated by Hcm1 peak primarily during the late S phase, and
some of them are involved in chromosome organization, spin-
dle dynamics, and budding (12). Although chromosome segre-
gation is impaired in the absence of Hcm1, budding kinetics
under optimal growth conditions in�hcm1 cells is quite similar
to wild-type cells (12).
In mammals, oxidative stress (H2O2 treatment) increases

both FoxO phosphorylation and nuclear localization (13, 14),
although decreased nuclear localization has also been reported
(15). In addition to phosphorylation, FoxO acetylation/
deacetylation in response to oxidative stress stimuli also affects
FoxO subcellular localization. Deacetylation is mainly cata-
lyzed by Sirt1 (the ortholog of yeast Sir2), although other his-
tone deacetylases may regulate FoxO deacetylation and local-
ization (14). At present, most studies indicate that FoxO
acetylation functions to repress FoxO activity. InCaenorhabdi-
tis elegans, extension of lifespan by Sir2 requires the presence of
DAF16, which is the only homolog of the FOXO family of
FKH-TF (16). This suggests that acetylation directly or indi-
rectly regulates Daf16.
Yeast Sir2 is a NAD�-dependent histone deacetylase

involved in silencing telomeres, mating locus and rDNA,main-
taining genome integrity, and aging (17). Deletion of SIR2
shortens life span, whereas yeast strains with an extra copy of
the SIR2 extend lifespan (18). Lifespan extension by Sir2 also
was observed in C. elegans (19), suggesting that the role of this
sirtuin is extended through evolution. Although it is established
thatFOXO genes are highly conserved in various organisms, the
connection between oxidative stress, yeast FKH-TF, and Sir2 is
poorly known.Oxidative stress can damage proteins, lipids, and
nucleic acids and thereby compromise cell viability. The effects
of external oxidative stress on yeast cell cycle depend on the
stress-exerting agent. At low concentrations, H2O2 results in S
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phase delay followed by G2/M arrest; menadione (MD) arrests
cells at G1 (20). Through a transcription regulatory complex,
yeast FKH-TF (Fkh1 and especially Fkh2) is involved in H2O2-
induced cell cycle arrest and explains the difference between
H2O2 andMDeffects on cell cycle arrest (21). However, there is
no experimental evidence of a stress response directly orches-
trated by the forkhead factor.
In this study we describe a new role of Hcm1 as a transcrip-

tion factor involved in oxidative stress resistance that includes
Sir2 activity. Hcm1 interacts with Sir2, and Sir2 activity
increases nuclear Hcm1 localization. The results also uncover a
novel role of Hcm1 in mitochondrial metabolism and biogene-
sis that contributes to stress resistance and an adapting role in
an early response to nutrient scarcity.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Conditions—The S. cerevisiae
strains employed in this work are described in Table 1. Stand-
ard protocols were used for DNAmanipulations and cell trans-
formations (22). Plasmid pCYC106 (centromeric; geneticin
resistance) (23) contains a 3HA-tagged HCM1 sequence with
its own promoter region. Plasmid pCYC86 contains GFP-
tagged HCM1 (centromeric, geneticine resistance). HA and
GFP were C-terminally labeled. Null mutants were obtained by
using the short flanking homology approach after PCR ampli-
fication of the natMX4 cassette in the case of HCM1 and SIR2
(24). Disruption was confirmed by PCR analysis. Overexpres-
sion of Hcm1 protein was obtained by replacing the endoge-
nous promoter with a tetO7 promoter using the short flanking
homology approach after PCR amplification of the pCM225
plasmid (25). The strain carrying the integrated pCM225 plas-
mid was labeled MJRC07. The addition of the antibiotic
repressed expression of the tet construction, resulting in cells
with no detectable levels of Hcm1. The cells were grown at
30 °C by incubation in a rotary shaker using YPD medium (1%
yeast extract, 2% peptone, 2% glucose) or SC medium (0.67%
yeast nitrogenbase, 2%glucoseplusdropoutmixture, andauxo-
trophic requirements) (26). Specific supplements were omitted
for selection of the corresponding plasmid-carrying cells.
Enzyme Activities—Cell extracts were obtained using glass

beads. Catalase activitywasmeasured at 25 °C as described (27).
Alcohol dehydrogenase was measured spectrophotometrically
by NADH formation (28). Citrate synthase was measured in a
coupled assay to reduce 5,5�-dithiobis-(2-nitrobenzoic acid)
(29). Superoxide dismutase (SOD) activities were assayed in a
native gel as described (30), withmodifications. See the supple-
mental materials for details.
Western Blot Analysis—The cell extracts were obtained as

described (31), separated in SDS-polyacrylamide gels, and
transferred to polyvinylidene difluoride membranes. Immuno-
detection was performed using the SNAP i.d.TM system (Milli-
pore). The antibodies used and the working dilutions are
described in the supplemental materials. In vivo protein-pro-
tein cross-linking was performed using p-formaldehyde (PFA)
(32, 33). Also see the supplemental materials for details on
cross-linking. For immunoprecipitation, 10 �g of anti-Sir2 was
added to 4mg of cell extract.When anti-HAwas used to immu-
noprecipitate, 5 �g of anti-HA was added to 1.5 mg of cell

extract. In any case, the mixture was rocked for 2 h at 4 °C, and
100 �l of protein G-agarose (Roche Applied Science; reference
number 11719416001)was added. After rocking for 2–3 hmore
at 4 °C, lysates were loaded in spin columns (Pierce; reference
number 69705), and washed six times with lysis buffer. Bound
material was eluted with 50 mM Tris-HCl, pH 7.5, 10 mM

EDTA, 1% SDS for 10 min at 65 °C. SDS-PAGE loading buffer
was added to eluted material, heated at 95 °C for 3 min, and
loaded to SDS-PAGE gels. In the case of cells treated with PFA,
SDS-PAGE loading buffer was added to eluted material and
either loaded directly to SDS-PAGE gels or heated at 95 °C for
20 min for cross-link reverse prior to electrophoresis.
Yeast Cell Synchronization—The cells were synchronized

either by centrifugal elutriation or using a block-and-release
protocol. Centrifugal elutriation separates cells on the basis of
their size, mass, and shape using centrifugal force to sediment
cells in the presence of counterflowing media. Small G1 phase
daughter cells were obtained from HCM1-GFP and HCM1-
GFP �sir2 cultures grown exponentially in YPD. Elutriation
was performed in a Beckman centrifuge using a JE-5.0 rotor as
described (34).�-Factor-based synchronizationwas performed
in HCM1-GFP cells. The cultures were grown to an A600 � 0.5
in YPD, an asynchronous sample was taken, and �-factor was
added to a concentration of 5�g/ml. After 120min the�-factor
was removed by pelleting the cells for 5 min at 3,000 rpm and
decanting the supernatant. The cells were washed twice, and
the G1-arrested cells were resuspended in fresh YPD. In both
cases, the samples were taken at different times, and Hcm1-
GFP fluorescence was observed in a fluorescent microscope. A
minimum of 100 cells were measured at each time point.
Microscopy Studies—To analyze Hcm1 cellular localization

upon oxidative stress, HCM1-GFP-labeled cells grown in YPD
mediumwere treatedwith 0.25, 0.5, or 1mMH2O2 and analyzed
every 5 min for 30 min by fluorescence microscopy (Olympus
DP30 BW) using 488-nm laser excitation for GFP. The pictures
were taken every 5min, and the number of cells with an absence
of nuclear stain was counted with Image J 1.42b software and
represented as a percentage of the total. The cells showing
either exclusively nuclear and both nuclear and cytoplasm
localization were grouped and indicated as nuclear. Approxi-
mately 5% of the cells showed very low fluorescent levels and
were removed from the statistics. All of the quantitative values
represent averages from at least 300 cells from three independ-
ent experiments (�100 cells/experiment/time point). To ana-
lyze mitochondrial content, the cells were grown in YPD
medium and stainedwith 50 nMMitoTracker RedCM-H2XRos
(Invitrogen; reference number M-7513) for 10 min in the dark.
The cells were analyzed by fluorescence microscopy using
579-nm laser excitation. For electron microscopy studies, the
cells were grown in YPD medium at 30 °C and fixed for 1 h at
4 °C in 0.1 M phosphate buffer, pH 7.4, containing 2.5% glutar-
aldehyde. After rinsing the pellet twicewith phosphate buffer at
4 °C, the cells were postfixed in buffered OsO4, dehydrated in
ethanol, and embedded in a EMbed-812 kit (Electron Micros-
copy Sciences). The ultrathin sectionsmounted on copper grids
were counterstained with uranyl acetate and lead citrate. The
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images were collected on a transmission electron microscope
(Zeiss EM 910).
Gene Expression Analysis—Microarray analysis was per-

formed as described (35) in the genomic facilities at theUniver-
sitat Autònoma de Barcelona. All of the quantitative real time
PCRs were performed using the TaqMan System (Applied Bio-
systems). See the supplemental materials for details on RNA
preparation and the microchip and RT-PCR analysis.
Analysis—Resistance to oxidative stress was tested on cells

grown in YPD at the middle of exponential phase (A600 � 0.5).
We then added 2 mM H2O2 or 6 mM MD to the culture, and
after a 45-min treatment wemeasured viability by plating serial
dilutions (1:5) on YPD plates. Viability after heat shock resis-
tance (48 °C for 15 and 30 min) was measured by plating serial
dilutions (1:10) on YPD plates. The dihydroethidium (Fluka)
oxidation rate was performed as described (36). Oxygen con-
sumption was measured in a Clark detector as described (37).
The results shown represent the means � S.D. of three experi-
mental trials. Growth curves were determined in a Microplate
Spectrophotometer PowerWaveXS (Biotek) apparatus, and the
values were analyzed with Gen5 1.06 software. The cells (500
�l) were grown at 30 °Cwith shaking; absorbance at 600nmwas
measured every 30 min for 40 h. Glucose concentration in the

culture medium was measured
using theBioSystemglucose kit (ref-
erence number 11803) following
the glucose oxidase/peroxidase
method. Statistical analysis be-
tween WT and mutant cells was
performed using Student’s t test.

RESULTS

Sir2 Activity and Oxidative Stress
Modulate Cellular Localization of
Hcm1—The yeast histone deacety-
lase Sir2 and its mammalian
orthologous Sirt1 have been related
with calorie restriction, oxidative
stress, and aging (17). In this con-
text, we show that Sir2 is up-regu-
lated in response to H2O2 in a dose-
dependent manner, with levels
increasing up to 50% (supplemental
Fig. S1). Sirt1 deacetylates and reg-
ulates FoxO1 and 3, which affect the
nuclear shift of the transcription

factor and the induction of genes involved in stress resistance.
Because yeast and mammals share various pathways that are
highly conserved throughout evolution, we decided to study a
possible connection between Sir2, FKH-TFs, and oxidative
stress in yeast.
To that end, we GFP-labeled the FKH-TFs (Fkh1, Fkh2,

Hcm1, and Fhl1) (Table 1) and analyzed their cellular localiza-
tion by fluorescence microscopy (Fig. 1). Fkh1, Fkh2, and Fhl1
were present only in the nucleus, whereas Hcm1 was present
both in the nucleus and at the cytoplasm, indicating that it
could shift between these compartments.Given this differential
trait and thatHcm1 is the FKH-TFwith the highest similarity to
mammalian FoxOs, we focused our work on the role of Hcm1.
First, because HCM1 is periodically transcribed and expressed
in the late G1 and early S phases (12), we studied Hcm1 local-
ization at different phases of the cell cycle using �-factor to
synchronize the culture (Fig. 2). Hcm1-GFP accumulates to the
nucleus during the G1/S transition, when expression is higher,
and moves to the cytoplasm at G2/M. Second, we analyzed
whether oxidative stress influences Hcm1 localization. In cells
exponentially growing in YPD, Hcm1-GFP was present mainly
(65%) in the cytoplasm of the cells; 35% had a nuclear label. The

FIGURE 1. Cellular localization and levels of Fkh1, Fkh2, Hcm1, and Fhl1. A, exponentially growing cells in
YPD medium and carrying a chromosomically integrated FKH1-GFP (MJRC01), FKH2-GFP (MJRC02), FHL1-GFP
(MJRC04), and HCM1-GFP (MJCR03) fusion were analyzed for GFP fluorescence. Nuclear co-localization was
analyzed using DAPI staining. GFP and DAPI staining was analyzed with fluorescence microscopy. B, expo-
nentially growing cells in YPD medium and carrying an integrated HA tag, FKH1–3HA (GRB2409), FKH2–
3HA (GRB2411), HCM1–3HA (GRB2405), and FHL1–3HA (GRB2408) were analyzed by Western blot with
anti-HA antibodies. Bands corresponding to each FKH-TF were measured with a densitometer, and the
relative intensities were calculated. The data are represented as the means � S.D. from three independent
experiments.

TABLE 1
Yeast strains used in this study

Strain Relevant genotype Comment(s) Source

CML128 MATa ura3-52 his4 leu2-3,112 trp1 Wild type Ref. 23
MJRC05 CML128 hcm1::natMX4 HCM1 disruption with natMX4 cassete This study
GRB2405 CML128 HCM1-3HA::natMX4 Chromosomal HCM1 tagged with 3HA using the natMX4 cassette This study
GRB2409 CML128 FKH1-3HA::natMX4 Chromosomal FKH1 tagged with 3HA using the natMX4 cassette This study
GRB2411 CML128 FKH2-3HA::natMX4 Chromosomal FKH2 tagged with 3HA using the natMX4 cassette This study
GRB2408 CML128 FHL1-3HA::natMX4 Chromosomal FHL1 tagged with 3HA using the natMX4 cassette This study
MJRC07 GRB2405 tetO7-HCM1-3HA::kanMX4 Integration of tetO7-regulatable HCM1-HA in GRB2405 This study
MJRC08 CML128 HCM1-GFP:: kanMX4 Chromosomal HCM1 tagged with GFP using the sGFP-ADH1t-kanMX4 cassette This study
MJRC01 CML128 FKH1-GFP:: kanMX4 Chromosomal FKH1 tagged with GFP using the sGFP-ADH1t-kanMX4 cassette This study
MJRC02 CML128 FKH2-GFP:: kanMX4 Chromosomal FKH2 tagged with GFP using the sGFP-ADH1t-kanMX4 cassette This study
MJRC04 CML128 FHL1-GFP:: kanMX4 Chromosomal FHL1 tagged with GFP using the sGFP-ADH1t-kanMX4 cassette This study
MJRC11 MJRC08 sir2::natMX4 SIR2 disruption with natMX4 cassette in MJRC08 (HCM1 tagged with GFP) This study
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addition of 1 mM H2O2 caused an increased nuclear localiza-
tion, in up to 65% of Hcm1-GFP, after 30 min (Fig. 3, A and B).
Upon oxidative stress treatment, 50% of Hcm1-GFP localized
to the nucleus after 5–10 min, achieving steady-state levels at
�15min, depending upon nuclear activity. Similar results were
observed upon addition of 0.25 or 0.5mMH2O2 (not shown). To
study whether Sir2 plays a role in Hcm1 localization, cells sub-
mitted to H2O2 were pretreated either with the Sir2 activator
isonicotinamide or with Sir2 inhibitors splitomicin and nico-
tinamide as described (38). The results showed that Sir2 activity
contributed to Hcm1 localization (Fig. 3C). Hcm1 was retained
in the nucleus when Sir2 was activated with isonicotinamide;
before H2O2 addition, 50% of the cells already showed nuclear
label. Nicotinamide and splitomicin treatment prevented
nuclear accumulation of Hcm1-GFP in response to H2O2. In
agreement with these results, HCM1-GFP �sir2 cultures dis-
played a lower percentage of cells with nuclearHcm1-GFP label
(supplemental Fig. S2A), and upon H2O2 treatment, the
response was similar to that obtained with the use of sirtuins
inhibitors (Fig. 3D). To more deeply study the connection of
Sir2 with Hcm1, the distribution of Hcm1-GFP along cell cycle
was analyzed in synchronized�sir2 cells. �-Factor could not be
used because �sir2 cells do not show pheromone sensitivity
because of a lack of silencing at themating locus. By centrifugal
elutriation, homogenous populations of small G1 phase daugh-
ter cells were obtained fromHCM1-GFP�sir2 andHCM1-GFP
cultures. Hcm1-GFP localization was analyzed at different
phases of the cell cycle. It was clear that lack of Sir2 resulted in
lower percentages of cells with nuclear Hcm1-GFP localization
throughout cell cycle (supplemental Fig. S2B).
Because the effects described above could be explained by a

physical interaction between Sir2 and Hcm1, co-immunopre-
cipitation experiments were carried out. To make the interac-

tionmore stable, PFAwas added to the culture. PFA is a revers-
ible cross-linker that efficiently produces protein-protein
cross-links in vivo (32). Co-immunoprecipitation experiments
indicated that Hcm1 could be clearly detected in Sir2 immu-
nopellets in HCM1-HA cells treated with PFA (Fig. 4A). To
better show this interaction, as well as for additional purposes,
we constructed a conditional strain in which the HCM1 gene
(tagged with HA) was under the doxycycline regulatable tet
promoter (tetHCM1-HA) (Table 1). tetHCM1-HA cells dis-
played levels of Hcm1 five to six times higher than in wild-type
cells, and the protein was not detectable after 12 h of treatment
with 4 �g/ml doxycycline (supplemental Fig. 3). As shown in
Fig. 4B, Sir2 co-immunoprecipitated with Hcm1 when extracts
from tetHCM1-HA cells were treated with anti-HA antibodies.
The reverse experiment also confirmed these results (not
shown). This interaction was difficult to detect in cells with
normal levels of Hcm1, probably because of the small amount
of Hcm1 involved and/or to transient interactions that could
occur between these proteins. However, we were able to detect
Sir2 when anti-HA was used to immunoprecipitate Hcm1 in
HCM1-HA cells (Fig. 4C).

FIGURE 2. Hcm1 localization shifts from nucleus to the cytoplasm accord-
ing to its cell cycle regulation. A, HCM1-GFP cells grown exponentially in
YPD were treated with �-factor for 2 h. Cells arrested in G1 were released from
�-factor, and pictures were taken at different time points by fluorescence
microscopy. B, percentage of cells showing nuclear or cytoplasmic localiza-
tion was quantified. Black bars, nuclear; gray bars, cytoplasmic.

FIGURE 3. Sir2 is involved in Hcm1 translocation between cytoplasm and
nucleus upon oxidative stress. Exponentially growing cells in YPD medium
and carrying a chromosomically integrated HCM1-GFP fusion were analyzed
for GFP fluorescence. A, images were taken before and after 30 min of 1 mM

H2O2 addition. B, time course of nuclear-cytoplasmic translocation of Hcm1
upon 1 mM H2O2 treatment. C, cultures were pretreated for 45 min with 10 mM

isonicotinamide (IsoNAM, a Sir2 activator) or with either 1 mM nicotinamide
(NAM) or 5 �M splitomicin (Sir2 inhibitors) and submitted to 1 mM H2O2 for 30
min. Hcm1-GFP localization was analyzed every 5 min after oxidative stress.
D, HCM1-GFP and HCM1-GFP �sir2 were submitted to 1 mM H2O2, and Hcm1-
GFP localization was analyzed at different time points. In B–D, approximately,
100 cells were counted at each time point by fluorescence microscopy, and
Hcm1-GFP was classified as nuclear or cytoplasmic.
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In addition, because oxidative stress may play a role in such a
process, the same experiment was performed in cells treated
with H2O2 (Fig. 4C). Control experiments, using untagged
Hcm1 cells, were also performed (supplemental Fig. S4). Hav-
ing in mind that mammalian FoxOs can be deacetylated by

Sirt1, we analyzed whether Hcm1might be a substrate for Sir2.
However, although several approaches were used, we were
unable to detect acetylation of the transcription factor, and as a
consequence, deacetylation by Sir2 could not be demonstrated.
Hcm1 Plays a Protecting Role against Oxidative Stress—The

observation that Hcm1 is retained in the nucleus upon oxida-
tive stress in a Sir2-dependent process raised the possibility
that, as a transcription factor, Hcm1 could have a role in
protection against such stress. Cultures of WT, �hcm1, and
tetHCM1 (with and without the doxycycline) strains were
exposed either to H2O2 or MD (a superoxide-generating com-
pound), and viabilities were compared (Fig. 5A). Cells overex-
pressing Hcm1 showed increased resistance, and these differ-
ences were especially clear following MD treatment. The
addition of doxycycline to these cells completely reversed the
acquired resistance. Adding the antibiotic to theWT strain did
not affect its resistance to oxidative stress (not shown). Mutant
�hcm1 cells displayed a slight but consistent decreased resis-
tance to oxidative treatment compared with WT cells. supple-
mental Fig. S5 shows that Hcm1 overexpression increased
resistance to high temperature, and this effect was reverted by
doxycycline pretreatment, indicating that this transcription
factor confers cross-protection against several stresses. Pro-
teins and other macromolecules became oxidized, compromis-
ing cell survival as a consequence. Protein carbonyl formation
has been extensively used as amarker for protein oxidation and
can be easily detected by DNPH derivatization followed by
Western blot anti-DNP antibodies (39, 40). After challenging
cells with 10 mM MD or 2 mM H2O2, protein carbonylation
inversely correlated with Hcm1 levels (Fig. 5B); this indicates
that Hcm1 has a protective role against oxidative stress. To
analyze whether Sir2 activity might have a role in this
increased oxidative stress resistance observed in cells over-
expressing Hcm1, WT and tetHCM1 cultures were pre-
treated with splitomicin and nicotinamide and challenged

with H2O2 or MD. Western blot
anti-DNP shows that upon Sir2
inactivation, the presence of
Hcm1 overexpression did not pro-
vide increased resistance to pro-
tein carbonylation, supporting the
sirtuin-TF connection (Fig. 5C).
To understand why HCM1 over-

dose resulted in such oxidative
stress resistance, two of the main
antioxidant enzymes (SOD and cat-
alase) were measured. SOD activi-
ties with both cytosolic Cu,ZnSOD
(Sod1) and mitochondrial MnSOD
(Sod2) were analyzed by a zymo-
gram assay and quantified (Fig. 6A).
Sod2 activity was 60% higher in
tetHCM1 cells. When treated with
doxycycline, Sod2 activity de-
creased to values close to those
found in �hcm1. No differences
were detected in Sod1 activity. Cat-
alase activity was measured at the

FIGURE 4. Hcm1 interacts with Sir2. A, exponentially growing HCM1-HA cells
in YPD medium were treated in vivo with PFA for 30 min. Endogenous levels of
Hcm1 were immunoprecipitated (IP) with a polyclonal antibody to Sir2 or a
control mouse serum (IgG). The immune complexes were checked for the
presence of Hcm1-HA by Western blot with an antibody anti-HA. Amounts of
the immunoprecipitated Sir2 were assessed by anti-Sir2. Reversal of formal-
dehyde cross-links was performed by boiling for 20 min at 95 °C prior to SDS-
PAGE. B, Hcm1-HA was immunoprecipitated from exponentially growing
tetHCM1-HA cells, and the immune complexes were checked for the presence
of Sir2 by Western blot. C, Hcm1-HA was immunoprecipitated from exponen-
tially growing HCM1-HA cells (control or treated with 1 mM H2O2 for 30 min),
and the immune complexes were checked for the presence of Sir2 by Western
blot.

FIGURE 5. Overexpression of Hcm1 results in cells resistant to oxidative stress. Cultures of WT, �hcm1, and
tetHCM1 (minus and plus doxycycline) were grown in YPD medium and treated in each experiment as indi-
cated. A, 2 mM H2O2 or 10 mM MD for 60 min. Viability was measured by plating serial dilutions (1:5) in YPD
plates. B, 2 mM H2O2 or 10 mM MD for 60 min. Oxidatively damaged proteins were detected by anti-DNP
Western blot. C, pretreated for 45 min with 1 mM nicotinamide (NAM) plus 5 �M splitomicin (Split, Sir2 inhibitors)
and submitted to 2 mM H2O2 or 10 mM MD for 60 min.
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early (A600 � 1) and the late (A600 �
5) exponential phases (Fig. 6B). The
differences were statistically signifi-
cant when cells increased their anti-
oxidant capacity before entering the
diauxic phase. At this point, �hcm1
cells showed a 25% decrease in cat-
alase activity with respect to WT
cells. Accordingly, tetHCM1 cells
displayed higher catalase activity,
which was abrogated by pretreat-
ment with doxycycline. The differ-
ences in antioxidant capacity
resulted in different rates of super-
oxide anion production inside the
cells. As shown in Fig. 6C, the rate of
oxidation of dihydroethidium de-
creased 1.5-fold in tetHCM1 cells.
Again, pretreatment with doxycy-
cline returned superoxide levels to
values similar to those in �hcm1.
Hcm1 Plays a Role in Mitochon-

drial Metabolism and Biogenesis—
When grownwith high glucose con-
centration, yeast cells obtain their
energy from sugar fermentation.
The ethanol produced is excreted
to the medium. When glucose
becomes limiting, the cells enter the
diauxic phase, and metabolism
shifts from glucose fermentation to
ethanol respiration. Finally, after
ethanol exhaustion, the cells enter
a stationary phase and become
extremely resistant to several
stresses. Because resistance to oxi-
dative stress plays a preponderant
role in increasing cellular fitness
during the diauxic shift and survival
at stationary phase, growth curves
were obtained from WT, �hcm1,
and tetHCM1 cells (Fig. 7A). In rich
medium, �hcm1 stopped sooner
and reached lower densities than
WT cells. In contrast, cells overpro-
ducing Hcm1 were better fitted for
diauxic shift and yielded higher cul-
ture densities compared with WT.
Duplication time values at the expo-
nential phase showed that tetHCM1
cells grew slowly compared with
WT cells (t1⁄2 � 103 versus 82 min,
respectively). The addition of doxy-
cycline reverted cells to generation
times similar to WT (85 min) (not
shown). No significant differences
were observed between �hcm1 and
WT cells.

FIGURE 6. Antioxidant activities and intracellular ROS levels are affected by Hcm1 expression. Cultures of
WT, �hcm1, and tetHCM1 (minus and plus doxycycline, doxy) were grown in YPD medium. A, cell lysates were
analyzed by native electrophoresis and SOD staining. Total Coomassie Blue protein staining was used as a
loading control. Bands corresponding to Mn-SOD activity were measured with a densitometer, and the relative
intensity was calculated. B, catalase activity was analyzed in whole extracts from the early exponential (A600 �
1, gray bars) and the late exponential (A600 � 5, black bars) phases. C, the rate of oxidation of dihydroethidium
(DHE) by endogenous superoxide was analyzed. The data are represented as the means � S.D. from three
independent experiments. Statistical analysis was performed comparing each mutant with WT cells. *, p � 0.05;
**, p � 0.005.

FIGURE 7. Increased levels of Hcm1 produce a metabolic shift from glucose fermentation to respiration.
Cultures of WT, �hcm1, and tetHCM1 (minus and plus doxycycline, doxy) were grown in YPD medium. A, growth
curves up to 40 h were measured. Duplication times were obtained at the exponential phase. The data are the
averages of two independent experiments. B, alcohol dehydrogenase (ADH) activity was measured at the
exponential phase. C, oxygen consumption (nmol O2�min�1) was measured by a Clark electrode at exponential
phase. B and C, data are represented as the means � S.D. from three independent experiments. D, amounts of
three mitochondrial proteins (�-KGDH, Sod2, and porin) were assessed by immunoblot analysis at exponential
phase. Actin was used as a loading control. E, levels of Abf2 were determined by immunoblot analysis at
exponential phase. Actin was used as a loading control. The data are represented as the means � S.D. from
three independent experiments. Statistical analysis was performed comparing mutant and WT cells. *, p � 0.05;
**, p � 0.01; ***, p � 0.001.
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These differences in duplication time can be explained by the
fact that, during exponential growth, tetHCM1 cells display
lower alcohol dehydrogenase activity (Fig. 7B) and higher res-
piration rate, measured as oxygen consumption (Fig. 7C).
When doxycycline was added, both parameters reverted to
wild-type values, establishing that these differences were due to
Hcm1 activity. Taken together, these results indicate that
tetHCM1 cells have a metabolic shift from fermentation to
increased respiration levels. Because respiratory (mitochon-
drial) metabolism is slower than fermentative (cytosolic)
metabolism, tetHCM1 cells presented slower rates of
duplication.
These initial results lead us to study whether Hcm1 had a

previously unidentified role in mitochondrial metabolism.
Western blot against several mitochondrial proteins, includ-
ing the E2 subunit of �-ketoglutarate dehydrogenase, Sod2,
and porin, showed that these proteins had an increased pres-
ence when Hcm1 levels were higher (Fig. 7D). �hcm1 cells
presented a moderately decreased level of all of these
proteins. One possible explanation for these results is the
difference in the number of mitochondria in these strains.
Both fluorescent microscopy, using MitoTracker as a mito-
chondrial probe (Fig. 8A), and electron microscopy (supple-
mental Fig. S6) were performed. Citrate synthase has been
commonly used as a quantitative marker enzyme for mito-
chondrial content (41). To that end, citrate synthase activity
demonstrated that mitochondrial mass responds to Hcm1
levels (Fig. 8B).

Microarray Experiments Confirm the Role of Hcm1 in Stress
Resistance and Mitochondrial Metabolism—The experiments
described above raised the possibility that Hcm1 could have an
important new role in mitochondrial biogenesis. To get further
insight, we performed microarray experiments to compare the
gene expression profile of the whole genome betweenWT and
our mutant strains. The data have been deposited in the NCBI
Gene Expression Omnibus (42) and are accessible through
series accession number GSE20420.
Although not the aim of our study, it is worth mentioning

that genes involved in cell cycle progression were differentially
expressed, which agrees with our observations (Fig. 2) and the
role of this transcription factor as described previously (7, 12).
Compared with WT cells, overexpression of Hcm1 resulted in
at least a 1.5-fold increase in the mRNA level of 350 genes
involved in a variety of functional categories. Remarkably, 33%
of these genes code for proteins localized primarily in mito-
chondria (Fig. 9A). Fig. 9B shows the up-regulated genes, found
in the overexpressed cells, that relate to the main phenotypes
described in ourmutant strains.Quantitative real timePCRwas
performed for selected genes to validate the microarray results
(Fig. 9C). Because many genes are involved in stress resistance,
transcription factors required for stress tolerance were exam-
ined in the microarray experiment. Only MSN4 showed
increased mRNA levels in the Hcm1-overexpressed cells. No
differences were detected in YAP1, SKN7, or HSF1 genes (sup-
plemental Table S1).
One of the metabolic pathways affected by the amount of

Hcm1 present was the de novo biosynthesis of NAD� (Fig. 9, B
and C). This important co-factor is produced from tryptophan
through the action of BNA genes (BNA1 to BNA6). Four of
them: BNA1, BNA2, BNA4, and BNA5, were up-regulated in
the tetHCM1 strain, with BNA4, coding for kynurenine
monooxigenase, the most induced, by a factor of 5.
Two genes related to activation of respiration (ADR1 and

ISF1) seem to be regulated by the levels ofHcm1 (Fig. 9,B andC;
supplemental Table S1). ISF1 is a suppressor of Hap2 mutation
(43).HAP genes (HAP2/3/4) are important in the expression of
genes involved in respiratory metabolism. It is likely that
Hcm1-triggered ISF1 expression could participate in the induc-
tion of genes involved in respiratory metabolism. ADR1
encodes a transcriptional activator involved in the expression of
genes that are regulated by glucose repression (44). In addition,
the use of alternative energy sources, such as proline, was
clearly regulated by Hcm1 (Fig. 9, B and C) as shown by high
induction of PUT1 (coding for proline oxidase),GDH2 (coding
for glutamate dehydrogenase), and GAD1 (coding for gluta-
mate decarboxylase) (�5-, 4.5-, and 2.5-fold, respectively).
Among the genes up-regulated in cells overexpressing

Hcm1, it was especially interesting to find ABF2 (autonomous
replication sequence-binding factor 2), a nucleoid-associated
protein (Fig. 9, B andC). Yeast Abf2 is the ortholog of mamma-
lian mitochondrial Transcription Factor A (TFAM) and plays
an important role in the recombination and copy number
determination of mtDNA (45). It functions as a histone-like
protein inmitochondria, which is particularly important for the
maintenance ofmtDNA (46, 47). Since the role of Abf2 inmito-
chondrial biogenesis has been demonstrated (45, 48), we

FIGURE 8. The number of mitochondria responds to Hcm1 levels. Cultures
of WT, �hcm1, and tetHCM1 (with and without doxycycline, doxy) were grown
exponentially in YPD medium. A, mitochondria were labeled with the addi-
tion of 50 nM MitoTracker and visualized with a fluorescence microscope.
B, citrate synthase activity is represented as the means � S.D. from three
independent experiments. Statistical analysis was performed comparing
mutant with WT cells. *, p � 0.05; **, p � 0.001.
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immunodetected Abf2 inWT, �hcm1, and tetHCM1 (plus and
minus doxycycline) cells (Fig. 7E). The results were in accord-
ance with mRNA expression levels and showed that Abf2 pro-
tein levels increased when cells presented higher doses of
Hcm1. Increased mtDNA copy number via activation of the
Mec1/Rad53 pathway can occur independently of Abf2 (49).
However, no differences in the mRNA levels of the proteins
involved in the Mec1/Rad53 pathway were observed in cells
lacking or overexpressing Hcm1.

DISCUSSION

The localization of Hcm1 in both cytoplasm and nucleus was
mentioned in a large scale analysis for protein localization in
budding yeast (50). Our results show that Hcm1 can shift from
cytoplasmic to nuclear localization in the G1/S phase in syn-
chronized cells, in agreement with its known cell cycle-specific
role (12). Oxidative stress results in increased nuclear Hcm1
localization. These observations opened the possibility that
Hcm1 could interact with sirtuins, as reported for FoxO1 and
FoxO3 (3). The results shown in this paper indicate that Sir2
and Hcm1 interact in normal conditions and also under oxida-
tive stress. The physiological relevance of such interaction has
been demonstrated in the �sir2 strain and with the use of acti-
vators and inhibitors of situins. �sir2 cultures presented lower
percentage of cells with nuclear Hcm1 and a decreased trans-
location of Hcm1 in response to oxidative stress and along cell
cycle. Moreover, activation or inactivation of sirtuins increases
or decreases nuclear trapping of Hcm1, respectively. All of
these results strongly support a role for Sir2 activity in Hcm1
localization, increasing its nuclear trapping. The shuttling of
mammalian FoxO transcription factors between nucleus and
cytoplasm is regulated by a complex series of phosphorylations,
acetylations, and ubiquitination (4, 51). In the case of yeast
Hcm1, the signal(s) regulating nuclear translocation is still
uncertain, although Hcm1 was described as being directly
phosphorylated by Cdc28 in whole cell extracts (52). Using the
NetNes 1.1 prediction program (53) allows the identification of
a putative Leu-rich nuclear export sequence from amino acids

88 to 97 in the Hcm1 sequence. In fact only Leu90 reaches the
program threshold, but the sequence L88XL90XXXL94XXL97 is
quite similar to the canonical nuclear export sequence signal:
LX2–3LX2–3LXL (54).

The fact that Hcm1, as a transcription factor involved in cell
cycle regulation, is also involved in the resistance to different
stresses uncovers a new function ofHcm1. Previous studies (12)
collected microarray data across the cell cycle and identified a
late S phase-specific promoter element described as the binding
site for Hcm1 required for its cell cycle specific activity. In a
recent study (7), analysis of several transcription factors per-
formed by ChIP-on-chip demonstrates that a large proportion
of Hcm1 target genes are also involved in bud growth, vesicular
trafficking, and cell wall synthesis. Approximately 22%ofHcm1
targets have predicted functions in the synthesis of the cell wall
including structural proteins, although 28 ofHcm1 gene targets
were involved in carbohydrate metabolism or high affinity glu-
cose transporters. The results presented in this paper indicate
that comparing cell viability and protein oxidative damage,
increased dosage ofHcm1 results in cellsmore resistant to ther-
mal stress, H2O2, and especially MD. Accordingly, all of these
properties recede in doxycycline-treated tetHCM1 cells. The
increased Hcm1 nuclear localization is in agreement with this
new protective role against oxidative stress. Sir2 activity plays a
role on the increased resistance observed in cells overexpress-
ing Hcm1. Proteins were not protected upon oxidative stress in
tetHCM1 cells when pretreated with sirtuin inhibitors.
In Hcm1-overexpressing cells, increased oxygen consump-

tion and decreased alcohol dehydrogenase activity produced a
metabolic change, resulting in cells with higher respiration
rates. Consequently, this metabolic shift, partially resembling
what occurs under calorie restriction, implies that these cells
have longer duplication times in glucose-rich medium. Two
results, as compared with WT cells, indicate that their mito-
chondria are fully functional: better fitness entering the diauxic
phase, yielding higher cell densities at stationary phase, and
lower superoxide levels inside the cells. This may be the sum of

FIGURE 9. Differential gene expression analysis. A, percentage of genes induced 	1.5-fold in tetHCM1 compared with the same strain treated with doxy-
cycline and classified by cellular component, according to FatiGO (70). Only those components with a gene percentage higher than 5% are represented.
B, genes induced �2-fold in tetHCM1 classified by functional categories related to the observed phenotype. The categories were assigned based on informa-
tion provided by SGD (71) and FatiGO. According to SGD, genes with a documented (double underlined) or potential (underlined) Hcm1-binding site are
indicated. Genes in bold type correspond to those validated by RT-PCR and shown in C. C, expression of several genes was determined by quantitative real time
PCR analysis. Actin expression was used as an internal control to normalize expression levels. Gray bars, �hcm1 versus WT; black bars, tetHCM1 versus WT; white
bars, tetHCM1 � doxycycline versus WT. For the WT strain, the relative quantity was 1.
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two processes: higher Sod2 activity and lower ROS generation.
The fact that increased respiratory metabolism results in
decreased endogenous stress may be somewhat surprising,
because ROS generation mainly occurs in the mitochondrial
electron transport chain. However, it has been described
that a functionally correct respiratory chain generates less
ROS (55, 56).
An important finding of this study describes a new role for

Hcm1, participating in both mitochondrial metabolism and
biogenesis as shown by an increase in the number of mitochon-
dria, the induction of specific proteins, andmitochondrial met-
abolic pathways. Induction of mitochondrial metabolism by
Hcm1 was demonstrated by the higher respiration rates
observed and increased levels of mitochondrial proteins in cells
overexpressing Hcm1. Data frommicroarray analyses also sup-
port the induction of a respiratory metabolism. In this context,
several genes from the proline utilization pathway are up-reg-
ulated. PUT1, coding for the mitochondrial proline oxidase, is
highly induced. It catalyzes the conversion of proline into glu-
tamate. PUT1 transcription is induced in the absence of a pre-
ferred nitrogen source (57). Glutamate can be sequentially con-
verted into succinate by a mitochondrial pathway involving
clearly induced genes such as glutamate decarboxylase GAD1,
UGA1, and UGA2 (58). Glutamate can also produce �-ketogl-
utarate by glutamate dehydrogenase (GDH2) (59), which is also
highly induced. These metabolic pathways can be envisaged as
amechanism for replenishing Krebs cycle intermediates neces-
sary for respiratory metabolism displayed by Hcm1-overex-
pressing cells.
It is also worth mentioning that the ISF1 gene, showing a

4-fold increase, is repressed by fermentative metabolism and
was initially described as a possiblemodulator ofmitochondrial
biogenesis (15) and later as a suppressor of Hap2 mutants. The
transcriptional activator Hap2 is a subunit of the global regula-
tor of respiratory gene expression (43). Moreover, ADR1, a
transcription factor that regulates the expression of genes
repressed by glucose shows a 3-fold induction. Adr1 also acti-
vates the expression of genes required for the mitochondrial
metabolism of glycerol, ethanol, and lipids, as well as peroxi-
some biogenesis (60, 61).
All of these events can be envisaged as a preparation for the

diauxic shift, because in this phase cells change from ferment-
ative to respiratory metabolism with the concomitant increase
in ROSproduction. Fromdata in Fig. 7A, it is observed that cells
lacking Hcm1 are unable to enter in diauxic shift, in contrast to
wild-type cells and those overexpressing Hcm1, which are the
best fitted for the transition to diauxic shift and, as a conse-
quence, yield higher culture densities. How can this phenotype
be explained? From the microarray analyses, it could be
observed that genes important for such transition, such as
YGP1 (62), SPI1 (stationary phase induced 1) (63), and GAC1
(64) are up-regulated in the tetHCM1 cells. Molecular chaper-
ones related to response to several stresses are up-regulated in
tetHCM1 cells. Examples includeHSP26, a cytosolic chaperone
induced by heat shock, cell cycle arrest, oxidative stress, or
nitrogen or carbon starvation (65), and members of the HSP70
family chaperones (SSA4 and SSB1) and HSP30, which are
induced in the diauxic shift and by a variety of stresses.

Another key point of the transcript array analysis is the fact
thatHcm1overexpression induces a set of genes involved in the
de novo synthesis of NAD, of which BNA4 showed the highest
induction levels. The genes involved in the NAD salvage path-
way were unaffected by Hcm1 overexpression. The implica-
tions of such activation are crucial for the cell because activat-
ingNADbiosynthesis is a key fact for respiratorymetabolism as
well as for the activity of NAD-dependent histone deacetylases.
Hcm1 not only induces mitochondrial metabolism but also

mitochondrial biogenesis. Increased mitochondrial content in
tetHCM1 cells was detected with the fluorophor MitoTracker
andmeasured by citrate synthase activity. Consistently, �hcm1
cells or tetHCM1 cells treated with doxycycline presented cit-
rate synthase activity significantly lower than WT cells. How
does Hcm1 regulate mitochondrial content? Among the genes
up-regulated in the tetHCM1 cells, ABF2 was especially inter-
esting. Abf2 is a nuclear encoded mitochondrial protein mem-
ber of the HMG (high mobility group) box, mtDNA-binding
protein family and involved in mitochondrial biogenesis. The
human homolog of Abf2 is mitochondrial transcription factor
A (TFAM) (66). Abf2 has multiple functions inmtDNAmetab-
olism, including stabilization of recombination intermediates
(45), segregation, and dynamics of nucleoids (67) and oxidative
DNA damage resistance (68). It is also one of the first protein
factors proposed to have a direct role in regulating mtDNA
copy number and mitochondrial biogenesis (45, 48). By RT-
PCR we confirmed that mRNA levels of ABF2 correlate with
Hcm1 (Fig. 9C), and more important, we found increased
amounts of Abf2 when Hcm1 is overexpressed (Fig. 7E). The
increment in Abf2 expression observed is significant because a
moderate overexpression of Abf2 has been found to increase
mtDNA copy number �1.5–2-fold, and deletion of the ABF2
gene results in �50% reduction (67). Mec1/Rad53, an alterna-
tive pathway to regulatemitochondrial DNA copy number, can
increasemtDNA in anabf2nullmutant, suggesting that the two
pathways can work independently (69). It could be that both
pathways can act in the same direction, with Hcm1 being
responsible for the increased amount of Abf2, which, in turn,
would trigger the formation of mitochondria.
In conclusion, our results show that Hcm1 is involved in the

formation of mitochondria and expressing genes involved in
responses to stress, as well as inducing genes that are repressed
under high glucose. Thesemetabolic changes allow cells to shift
from fermentative to respiratorymetabolism conferring higher
stress resistance. In yeasts, such metabolic features will be of
special importance for entering in the diauxic shift and early
stationary phase.
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70. Al-Shahrour, F., Minguez, P., Tárraga, J., Montaner, D., Alloza, E., Vaque-

rizas, J. M., Conde, L., Blaschke, C., Vera, J., and Dopazo, J. (2006)Nucleic
Acids Res. 34,W472–W476

71. Mewes, H. W., Frishman, D., Gruber, C., Geier, B., Haase, D., Kaps, A.,
Lemcke, K., Mannhaupt, G., Pfeiffer, F., Schüller, C., Stocker, S., andWeil,
B. (2000) Nucleic Acids Res. 28, 37–40

The Yeast Forkhead Transcription Factor Hcm1

NOVEMBER 19, 2010 • VOLUME 285 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 37101

 at U
N

IV
E

R
SIT

A
T

 D
E

 L
L

E
ID

A
 on M

arch 30, 2016
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


SUPPLEMENTAL DATA 
 

THE YEAST FORKHEAD TRANSCRIPTION FACTOR HCM1 PROMOTES MITOCHONDRIAL 
BIOGENESIS AND STRESS RESISTANCE IN YEAST 

 
Maria José Rodriguez-Colman, Gemma Reverter-Branchat, M. Alba Sorolla, Jordi Tamarit, Joaquim Ros, 

and Elisa Cabiscol 
 

SUPPLEMENTAL MATERIALS AND METHODS 

 

Enzyme activities - Catalase activity was assayed in 60 mM sodium phosphate buffer, pH 7.4 mixed with 22 

mM H2O2 and quickly added with 5-10 μl of cell extract. The rate of decrease of absorbance at 240 nm was 

followed. Alcohol dehydrogenase (ADH) was measured spectrophotometrically at 25ºC in 50 mM 

phosphate buffer, pH 7.5, 10 μM NAD+ and 0.3 M ethanol. Rate of NADH formation was followed at 340 

nm for 2 min. Citrate synthase activity was assayed in 200 mM Tris-HCl buffer pH 8.0 mixed with 100 μM 

acetyl.CoA, 500 μM oxalacetate and 100 mM DTNB. Rate of DTNB reduction was followed at 25ºC for 1 

min. Superoxide dismutase (SOD) activities, both CuZn-SOD and Mn-SOD, were assayed in a native gel 

followed by chromogenic staining (zymogram). Cells were homogenized in 50 mM Tris-HCl buffer, pH 8.5, 

centrifuged and 5% (w/v) sacarose, 0.05% (w/v) Bromphenol blue were added. 25 µg of cell extract were 

applied directly to a nondenaturing 10% polyacrylamide gel. Following electrophoresis, the gel was stained 

in a solution containing 50 mM Tris-HCl buffer, pH 7.8, 125 µg/ml thiazolyl blue tetrazolium bromide, 75 

µg/ml phenazine methosulfate, and 188 µg/ml MgCl2. The blue tetrazolium stain for O2
- was developed by 

exposure to light. Staining was absent at sites of O2
- scavenging. Alcohol dehydrogenase (ADH) was 

measured spectrophotometrically by NADH formation at 340 nm in 50 mM phosphate buffer, pH 7.5, 10 

μM NAD+ and 0.3 M ethanol. 

 

Antibodies and working conditions - The following antibodies were used: anti-HA (1:2,500 dilution, from 

Roche, ref. 1-867-423), anti-Sod2 (1: 5,000 dilution, from StressGene, ref. SOD-111), anti-actin (1:10,000 

dilution, from Quemicon, ref. MAB1501R), anti-α-ketoglutarate dehydrogenase (KGDH) (1:5,000 dilution, 

raised in rabbit as described in Cabiscol et al, 2002), anti-mitochondrial porine (1:1,000 dilution, from 

Molecular Probes, ref. A-6449), anti-Sir2 (1:2,000 dilution, from Santa Cruz Biotechnology, ref. SC-6666). 
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To detect Abf2, each lane was loaded with 40 μg protein and transferred to 0.22 μm porous size PVDF 

membrane. Anti-Abf2 antibodies (1:1,000 dilution) were a kind gift from Dr. Stillman, USA. 

Immunodetection of 2,4-dinitrophenylhydrazones bound to oxidized (carbonylated) proteins by western blot 

was conducted as described (Shacter et al, 1994). Crude extracts were prepared as previously described 

(Tamarit et al, 1998) and antibodies against 2,4-dinitrophenol (1:5,000 dilution, from DAKO, ref. V0401) 

were used. The secondary antibodies conjugated to horseradish peroxidase were used as follows: goat anti-

mouse antibody (1:40,000 dilution, from Pierce, ref. 31430), goat anti-rabbit antibody (1:40,000 dilution, 

from Pierce, ref. 31460), rabbit anti-goat antibody (1:25,000 dilution, from Thermo Scientific, ref. A-

10549), and goat anti-rat (1:4,000 dilution, from Molecular Probes, ref. A10549). Images were acquired in a 

ChemiDoc XRS System (Bio-Rad) and analyzed with Quantity One software (Bio-Rad). 

 

Formaldehyde cross-linking - Cell cultures were treated with 1% PFA, which rapidly permeates the cell 

membrane and generates protein-protein cross-links. PFA was allowed to proceed for 20 min at RT, gently 

shaking the culture every 5 min. To stop the cross-linking reaction, 1.25 M glycine was added to a final 

concentration of 125 mM for 5 min. Cells were harvested, washed extensively with cold TBS (20 mM Tris-

HCl, pH 7.5, 150 mM NaCl), and resuspended in lysis buffer (50 mM Hepes-KOH, pH 7.5, 140 mM NaCl, 

1 mM EDTA, 1% Triton X-100, 0.1% deoxycholate Na) containing a cocktail of protease inhibitors. Cell 

lysates were obtained using glass beads disruption followed by a slight sonication and centrifuged for 10 

min at 12,000 rpm to pellet cell debris. Supernatants were collected and protein concentration was 

determined by the Bradford method. 

 

RNA preparation and microchip analysis - For RNA preparation, yeast cells were grown in YPD to an 

optical density of 0.8 and split into aliquots. Cells were centrifuged for 5 min at 3000 rpm, and total RNA 

was extracted by using hot phenol and glass beads as described (Köhrer, et al, 1991). DNA microchip 

analysis was performed as described (Viladevall et al, 2004). Comparison was done between WT and 

Δhcm1 strains, tetHCM1 versus WT, and tetHCM1 versus tetHCM1 plus doxycycline. As a control, WT 

cells were treated with doxycycline and compared with untreated WT cells. Addition of the antibiotic at  4 

μg/ml for 12 h did not affect the expression profile in WT cells. Data represents two biological repeats.  
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RNA isolation and quantitative Real-Time PCR - Total RNA was extracted using the RNeasy kit (Qiagen, 

ref. 74104) according to manufacturer's instructions and 1 μg total RNA from each sample was converted 

into cDNA with 50 ng utilized for each individual Real time-PCR assay in a 48 cycle, three-step PCR 

reaction using the iCycler (Bio-Rad). Amplification was performed using the TaqMan Universal PCR 

Master Mix kit (Applied Biosystems, Cat. 4304437); RT-PCR primer sequences were provided by Applied 

Biosystems (TaqMan Gene Expression Assays, Custom). Quantification was completed using iCycler IQ 

Real-Time detection system software (version 2.3, Bio-Rad). For all gene expression analysis, actin (ACT1 

and ACT2) mRNA was used as an internal control. Data represents three technical repeats each. 
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SUPPLEMENTAL FIGURE LEGENDS 

 

Supplemental Fig. 1. Sir2 and oxidative stress. WT cells growing exponentially in YPD medium were 

treated with H2O2 at the indicated concentrations for 60 min and Sir2 was assessed by western blot analysis. 

Data are presented as means ± SD of three independent experiments. Statistical comparisons were done 

using Student’s test (*p<0.05; **p<0.005; ***p<0.001). 
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Supplemental Fig. 2. Sir2 is involved in the nuclear retention of Hcm1. Exponentially growing cells in YPD 

medium and carrying a chromosomically integrated HCM1-GFP fusion were analyzed for GFP fluorescence 

(A) HCM1-GFP and HCM1-GFP Δsir2 cells were grown asynchronously. Percentage of cells showing 

nuclear or cytoplasmic localization was quantified. (B) HCM1-GFP and HCM1-GFP Δsir2 cells were 

synchronized by centrifugal elutriation and pictures were taken at different time points throughout cell 

cycle. Percentage of cells showing nuclear localization is indicated. Data are represented as means ± SD 

from two independent experiments. 

 

Supplemental Fig. 3. Overexpression of Hcm1 in tetHCM1-HA cells. Levels of Hcm1 from tetHCM1-HA 

cells were analyzed by anti-HA western blot before and after doxycycline addition, and compared to 

endogenous levels from HCM1-HA cells. WT cells were used as a negative control. Bands were measured 

with a densitometer and the relative intensities calculated. Data are represented as means ± SD from three 

independent experiments. 

 

Supplemental Fig. 4. Hcm1 interacts with Sir2: control experiments using untagged Hcm1. (A) 

Exponentially growing CML128 cells in YPD medium were treated in vivo with PFA for 30 min. 

Immunoprecipitation was performed with a polyclonal antibody to Sir2 or a control mouse serum (IgG). 

Unspecific bands were checked by western blot with an antibody anti-HA. Amounts of the 

immunoprecipitated Sir2 were assessed by anti-Sir2. Reversal of formaldehyde cross-links was performed 

by boiling for 20 min at 95ºC prior SDS-PAGE. (B) Antibodies anti-HA or a control mouse serum (IgG) 

were used to immunoprecipitate cell extracts from exponentially growing CML128 cells (control and treated 

with 1 mM H2O2) and the protein bound was checked for the presence of Sir2 by western blot.  

 

Supplemental Fig. 5. Overexpression of Hcm1 results in cells with increased resistance to heat stress. 

Cultures of WT, Δhcm1 and tetHCM1 (minus and plus doxycycline) were grown in YPD medium and 

treated at 48ºC for 15 and 30 min. Viability was measured by plating serial dilutions (1:10) on YPD plates.  
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Supplemental Fig. 6. The number of mitochondria responds to Hcm1 levels. Cultures of WT, Δhcm1 and 

tetHCM1 (with and without doxycycline) were grown in YPD medium. Cells were visualized by electron 

microscopy and mitochondria indicated with arrowheads. Bar, 0.6 μm. 
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SUPPLEMENTAL TABLES 
 

Supplemental Table 1 mRNA levels of transcription factors and activators involved in stress resistance and respiratory metabolism 

 Microarraya RT-PCRb  

Gene Δhcm1 / 
WT 

tetHCM1 / 
WT 

tetHCM1 / 
tetHCM1 + 

doxy 

Δhcm1 / 
WT 

tetHCM1 
/ WT 

tetHCM1 + 
doxy / WT 

tetHCM1 / 
tetHCM1 + 

doxy 
Gene functionc 

MSN4 0.84 ± 0.21 1.23 ± 0.16 1.70 ± 0.11 0.83 1.41 0.83 1.41 Transcriptional activator related to Msn2p; activated in stress 
conditions 

MSN2 1.10 ± 0.23 1.61 ± 0.23 1.42 ± 0.27     Transcriptional activator related to Msn4p; activated in stress 
conditions 

YAP1 0.87 ± 0.25 0.83 ± 0.08 0.83 ± 0.25     Transcription factor required for oxidative stress tolerance; 
activated by H2O2 

HAP2 0.97 ± 0.31 1.14 ± 0.16 1.25 ± 0.27     
Subunit of the heme-activated, glucose-repressed 
Hap2p/3p/4p/5p. Transcriptional activator and global regulator 
of respiratory gene expression 

HSF1 1.39 ± 1.06 1.12 ± 0.93 1.20 ± 0.59 0.90 0.93 0.90 0.93 Heat shock transcription factor, activates multiple genes in 
response to stresses that include hyperthermia 

SKN7 0.92 ± 0.04 0.83 ± 0.08 0.83 ± 0.25     
Nuclear response regulator and transcription factor. Required 
for optimal induction of heat-shock genes in response to 
oxidative stress 

ISF1 0.82 ± 0.05 1.53 ± 0.59 3.95 ± 1.96 0.69 1.44 0.34 3.64 
Protein with similarity to Mbr1p; overexpression suppresses 
growth defects of hap2, hap3, and hap4 mutants; expression is 
under glucose control 

ADR1 0.65 ± 0.13 2.94 ± 0.55 4.02 ± 1.44 0.41 2.40 0.39 5.27 
Transcription factor, required for transcription of the glucose-
repressed gene ADH2, of peroxisomal protein genes, and of 
genes required for ethanol, glycerol, and fatty acid utilization 

aMicroarray data is the average ± SD of two biological repeats. 
bQuantitative RT-PCR data represents the average three technical repeats each with a variation lower than 10%. 
cGene function according to SGD (Mewes et al, 2000
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