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nase (Put1p) and ⌬1-pyrroline-5-carboxylate (P5C) dehydrogenase (Put2p), mediate the conversion of proline to glutamate in the mitochondria (5, 6, 49). Accumulating evidence
has shown that these two enzymes also are active in prolinemediated stress responses. Proline accumulation by mutation
or disruption of PUT1 enhances freeze tolerance and desiccation stresses (45). Increased intracellular proline levels in a
put1 mutant yeast strain also were correlated with higher tolerance to hydrogen peroxide (H2O2) (46). Thus, proline acts as
a compatible solute and protects cells against damage during
oxidative stress. Accumulation of the proline catabolic intermediate P5C by disruption of the PUT2 gene triggers intracellular ROS generation, which suggests that proline catabolism
contributes to intracellular oxidative stress (36).
The role of proline metabolic enzymes in oxidative stress
also has been described in other organisms. In a human colon
cancer cell line, proline dehydrogenase activity was induced by
p53-dependent initiation of apoptosis and catalyzed prolinemediated ROS formation (12, 38). The antioxidant enzyme
Mn-superoxide dismutase effectively inhibits apoptosis induced by proline dehydrogenase activity (27). In Arabidopsis
thaliana, incompatible interactions with Pseudomonas syringae
pv. tomato, which generates high amounts of ROS, resulted in
proline accumulation and transcriptional activation of AtP5CS,
an enzyme involved in proline biosynthesis (15). However, it
remains unclear how these proline metabolic enzymes are regulated in response to oxidative stress.
The small, basic QM protein was first identified as a putative
tumor suppressor from the Wilms’ tumor cell line (13). It is
highly conserved in mammals, plants, worms, insects, and
yeasts (16). Recent studies of mammalian cells suggest that
QM is a key regulator for signaling pathways involving SH3
domain-containing membrane proteins, e.g., the Src family of

Reactive oxygen species (ROS) are produced by all aerobically respiring cells. ROS can have detrimental effects on cells
by oxidizing lipids, proteins, DNA, and carbohydrates, resulting in disease and death (22, 47). It is therefore essential for
aerobic organisms to modulate ROS levels and activities in
order to protect against toxicity. The ␣-imino acid proline
functions as a potent antioxidant by scavenging intracellular
ROS generated by the phytopathogenic fungus Colletotrichum
trifolii (7). The protective role of proline could be extended to
the budding yeast Saccharomyces cerevisiae, since proline conferred cell survival in the presence of lethal levels of paraquat,
a contact herbicide that uncouples electron transport by generating lethal levels of superoxide (7). Proline also is a wellknown osmoprotectant, capable of mitigating the impacts of
drought, salt, and temperature stress in higher plants (11). In S.
cerevisiae, the cryoprotective activity of proline was established
through a positive correlation between intracellular proline
levels and resistance to freeze stress (33). These abiotic
stresses, including drought, salinity, and cold, are tightly linked
to ROS generation (2). Thus, these findings suggest a positive
correlation between intracellular proline levels and resistance
to oxidative stress. However, the mechanisms of proline-mediated stress protection and, in particular, the components involved in proline-dependent signal transduction pathways are
still not well understood.
Intracellular proline levels are controlled by a series of key
proline metabolic enzymes mediating proline synthesis and
degradation. In S. cerevisiae, two enzymes, proline dehydroge-
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Exogenous proline can protect cells of Saccharomyces cerevisiae from oxidative stress. We altered intracellular proline levels by overexpressing the proline dehydrogenase gene (PUT1) of S. cerevisiae. Put1p performs
the first enzymatic step of proline degradation in S. cerevisiae. Overexpression of Put1p results in low proline
levels and hypersensitivity to oxidants, such as hydrogen peroxide and paraquat. A put1-disrupted yeast mutant
deficient in Put1p activity has increased protection from oxidative stress and increased proline levels. Following a conditional life/death screen in yeast, we identified a tomato (Lycopersicon esculentum) gene encoding a
QM-like protein (tQM) and found that stable expression of tQM in the Put1p-overexpressing strain conferred
protection against oxidative damage from H2O2, paraquat, and heat. This protection was correlated with
reactive oxygen species (ROS) reduction and increased proline accumulation. A yeast two-hybrid system assay
was used to show that tQM physically interacts with Put1p in yeast, suggesting that tQM is directly involved
in modulating proline levels. tQM also can rescue yeast from the lethality mediated by the mammalian
proapoptotic protein Bax, through the inhibition of ROS generation. Our results suggest that tQM is a
component of various stress response pathways and may function in proline-mediated stress tolerance in
plants.
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MATERIALS AND METHODS
Yeast strains and culture media. Saccharomyces cerevisiae strains EGY48
(MAT␣ his 3 trp1 ura3 LexAop-Leu2; Clontech, Inc., Mountain View, CA) and
C15-1A (put1; MATa ura3-52 trp1 put1-54) were used as the wild-type and
mutant strains in this study, respectively. Yeast strains were routinely cultured in
YPD (1% yeast extract, 2% peptone, 2% dextrose) or synthetic dropout (SD)
media with appropriate supplements at 30°C. When indicated, 1.6 mM proline
was added to the SD medium.
Plasmid construction and yeast transformation. A Put1p expression vector
was made by subcloning the PUT1 gene (48) by PCR into a pYES2 shuttle vector
(Invitrogen, Carlsbad, CA) for expression from the GAL1 promoter as a Cterminal six-His tag fusion protein. A construct of the PUT1 gene also was
designed that lacked the mitochondrial signaling peptide (pYES2-Put1p⌬18).
Computational analysis (MitoProt II; Institute of Human Genetics, Technical
University Munich/GSF National Research Center, Germany) of the Put1p primary structure predicts that the first 18 residues are involved in mitochondrial
signaling. The pYES2-Put1p⌬18 construct was made from pYES2-PUT1 by
using QuikChange (Stratagene, La Jolla, CA) site-directed mutagenesis. The
fusion constructs pLexA-Bax and pLexA-PUT1 were prepared by amplifying
DNA fragments (EcoRI-XhoI) of the PUT1 gene and the mammalian protoapoptotic bax gene by PCR and ligating the fragments into the yeast expression
vector pLexA. The structures of the above constructs were confirmed by nucleic
acid sequencing. Constructs were transformed into the yeast strain EGY48 (wild
type) using lithium acetate (28). Transformed cells were plated on SD/Glu/-His
medium, where expression of PUT1 or the bax gene was repressed by glucose. To
induce expression of Put1p and the lethal effect of Bax, the transformed cells
were plated on SD/Gal/Raff/-His medium, where expression of the PUT1 or bax
gene, respectively, was induced by galactose.
Synthesis of Put1p and Put1p⌬18 was confirmed by Western blot analysis.
Put1p was overexpressed in EGY48 at 30°C in SD/Gal medium. After harvesting,
cells were resuspended in phosphate-buffered saline solution containing a protease cocktail (Sigma, St. Louis, MO) and broken by two freeze-thaw cycles in
liquid N2 and by a mini bead beater (BioSpec Products, Inc., Bartlesville, OK)
with a pulse sequence of 30 s on, 60 s off, and 30 s on (4). Cell debris was removed
by centrifugation (5 min, 4°C, 15,000 ⫻ g), and the resulting cell extracts were
separated by Tris-glycine sodium dodecyl sulfate–polyacrylamide gel electrophoresis and electroblotted onto an Immuno-Blot polyvinylidene difluoride
membrane (0.2-m pore size; Bio-Rad, Hercules, CA) with an EBU-4000 SemiDry electrophoretic blotting system (CBS Scientific Company, Inc., Del Mar,
CA). Colorimetric detection of the C-terminal six-His tags of Put1p and
Put1p⌬18 was performed with a His tag monoclonal antibody kit (Novagen, San
Diego, CA) and an enhanced chemiluminescence detection system (Pierce,
Rockford, IL).
Stress tolerance assays. Early-log-phase yeast cultures (optical density at 600
nm [OD600], 0.5) were diluted to an OD600 of 0.05 with appropriate SD medium.

For chemical treatment, selected concentrations of H2O2 were added to the
culture and incubated at 30°C with vigorous shaking for 6 h. For heat stress, yeast
cells were incubated at 50°C for the indicated times. Following these treatments,
cell viability was determined by counting the number of CFU. Ten-microliter
aliquots of cell culture were diluted and spread on YPD plates and then incubated at 30°C for 48 h. The number of CFU from treated cells was compared to
the number of CFU from untreated cells. All experiments were repeated at least
three times. To evaluate yeast cell viability, yeast strains were grown in appropriate SD medium overnight and then evaluated in a spot assay. The cells were
serially diluted fivefold, and 5-l aliquots from each dilution were spotted onto
SD/Glu or SD/Gal medium, incubated at 30°C for 3 days, and photographed.
Measurement of intracellular proline levels. Yeast cells were inoculated in SD
medium supplemented with 2% galactose and 1% raffinose and incubated for 3
days at 30°C. Following stress treatment, 5 ml of cell suspension was removed,
washed twice with 0.9% NaCl, and suspended in 0.5 ml of distilled water. The
cells were transferred to a boiling water bath, and intracellular amino acids were
extracted by boiling for 10 min. After centrifugation (5 min, 4°C, 15,000⫻g), the
supernatant was free of proteins, and intracellular proline was determined as
described by Bates (3). Briefly, 200 l of the supernatant was incubated with 200
l of acid-ninhydrin (0.25 g ninhydrin dissolved in 6 ml glacial acetic acid and 4
ml 6 M phosphoric acid) and 200 l of glacial acetic acid for 1 h at 100°C. The
reaction was stopped by incubation on ice, and the mixture was extracted with
400 l toluene. The toluene phase was separated, and the OD520 was used to
determine the concentration of proline in the extract.
Measurement of intracellular ROS levels. The production of ROS by yeast
cells was detected by incubating 106 to 107 cells in 500 l SD/Gal medium with
50 M dihydrorhodamine 123 (DHR123; Molecular Probes, Eugene, OR) for 15
min at room temperature. The samples were viewed with a fluorescent microscope equipped with a rhodamine optical filter. ROS levels were quantified by
measuring the green fluorescence intensity of rhodamine-123 from microscopic
images with Photoshop software (Adobe Systems, Mountain View, CA).
Conditional life or death screen in yeast. A tomato cDNA library, constructed
from tobacco mosaic virus-infected tomato VF36 leaves, was cloned into the
yeast expression vector pB42AD and transformed into EGY48 overexpressing
Put1p. The transformed cells were plated on SD/Glu/-His/-Trp medium, where
the expression of genes in the library was repressed by glucose. Growing cells
were collected, washed, and plated on SD/Gal/Raf/-His/-Trp medium, where the
expression of genes in the library was induced by galactose supplemented with 2
mM paraquat. After a 5-day incubation at 30°C, the surviving colonies were again
streaked onto SD/Gal/Raf/-His/-Trp plates supplemented with 2 mM paraquat to
confirm the resistance phenotype. Tomato cDNAs that conferred paraquat resistance were recovered, the resulting plasmid DNA was retransformed into
EGY48 overexpressing Put1p, and the cells were grown on paraquat-containing
SD/Gal medium to confirm the resistance phenotype. The isolated cDNA (tQM)
was expressed under the control of a constitutive GAL1 promoter, and the
resultant plasmid, pB42AD-tQM, was used for further analysis.

RESULTS
Overexpression of Put1p in S. cerevisiae. Paraquat, a contact
herbicide, uncouples electron transport and generates high
levels of superoxide that are lethal to EGY48. Sensitivity to
paraquat is decreased following treatment with exogenous proline (7). We evaluated a Put1p-overexpressing strain (with
lower proline levels) and a put1-deficient strain (with higher
proline levels) to determine if paraquat sensitivity was related
to proline metabolism. Put1p-overexpressing yeast cells were
more sensitive to oxidants such as paraquat (Fig. 1) and H2O2
(not shown) than the control transformant. Similar results
were obtained with a pYES2-PUT1 construct in EGY48, demonstrating that the Put1p fusion product from the pLexAPUT1 construct was not contributing to the oxidative stress
sensitivity (data not shown). The put1-disrupted strain had
more protection from these stresses. Thus, overexpression of
Put1p, which should lower intracellular proline levels, reduces
the protection of cells from oxidative stress and cell death.
Proline catabolism occurs in the mitochondria, where Put1p
couples the oxidation of proline to the reduction of the elec-
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kinases, since the QM protein directly interacts with the SH3
domain (37). Moreover, the yeast QM homologue, GRC5, is
involved in translational control of gene expression in S. cerevisiae, based on the observation that GRC5 directly participates in the recombination of 60S and 40S ribosomal protein
subunits (37). Several QM homologues have been identified in
plants, but their physiological functions have not yet been
described.
Our objectives in this study were to examine the cellular
consequences of endogenous manipulation of intracellular
proline levels, particularly under conditions of oxidative stress.
Since proline supplementation is cytoprotective to fungal cells
(including yeast), we developed a conditional life/death in
yeast to identify plant gene products that protect cells with
reduced proline levels subjected to oxidative stress. In this
report we show that modulation of intracellular proline is effective in ameliorating lethal levels of oxidative stress. Moreover, we describe a novel tomato gene (tQM) that rescues yeast
strains with limited proline levels from a variety of ROS-inducing stimuli. Taken together, our data further demonstrate
the importance of proline in stress tolerance.
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FIG. 1. Altered Put1p expression in yeast affects cell viability during oxidative stress. EGY48-pLexA vector, EGY48-pLexA-PUT1, and put1
deletion strains were spotted at fivefold serial dilutions on plates containing or not containing 1 mM paraquat. Growth was monitored after 3 days
incubation at 30°C.

TABLE 1. Intracellular proline levels in yeast strains
with or without stress treatment
Proline level (mM)
Treatment
Vector

PUT⌬

PUT1

No stress 3.15 ⫾ 0.30 5.22 ⫾ 0.37 0.51 ⫾ 0.03
H2O2, 6 h 2.40 ⫾ 0.05 6.35 ⫾ 0.55 0.62 ⫹ 0.08
50°C, 4 h 1.05 ⫾ 0.05 4.81 ⫾ 0.30 0.23 ⫾ 0.01

PUT1 ⫹ tQM

tQM

3.34 ⫾ 0.32
4.35 ⫹ 0.40
5.34 ⫾ 0.48

2.46 ⫾ 0.15
4.31 ⫹ 0.42
3.50 ⫾ 0.55

pLexA-PUT1 plus pB42AD-tQM, and pB42AD-tQM and
grown on SD medium supplemented with 2 mM paraquat.
Expression of tQM enabled the Put1p-overexpressing strain to
grow and survive on medium amended with lethal levels of
paraquat (Fig. 2). Growth was similar on media with and without paraquat. Similar results were obtained with H2O2 treatment, suggesting that tQM can rescue yeast from oxidative
stress.
tQM expression and heat stress. ROS levels increase in
yeast cells subjected to heat stress (50°C), and ROS production
is directly involved in heat-induced cell death (10). Yeast
strains were incubated at 50°C for 4 h, and culture aliquots
were spotted on YPD. The Put1p-overexpressing strain was
very sensitive to heat stress, but tQM reduced this sensitivity.
Thus, tQM may act as a stress suppressor in response to various oxidative stresses.
tQM effects on intracellular oxidation and proline levels
during stress. Before and after heat treatment, fluorescence
emission by the ROS indicator DHR123 was much higher in
the Put1p-overexpressing strain (425% versus 650%) than in
the control (100% versus 440%) or the tQM-overexpressing
strains (20% versus 150%). tQM quenched intracellular ROS
generation when coexpressed with Put1p (18% versus 240%),
suggesting that tQM is scavenging the heat-induced ROS.
Intracellular proline levels also were determined in these
strains following treatment with H2O2 or heat stress. The
Put1p-overexpressing strain has the lowest proline levels relative to the other yeast cells (Table 1). Introduction of tQM
increases proline accumulation in both the wild-type EGY48
strain and the strain carrying Put1p. Stress treatment did not
alter the levels of intracellular proline in the tQM yeast strain,
but the proline concentration in EGY48 decreased after stress.
Thus, higher proline levels are correlated with tQM expression
and lower intracellular ROS levels.
tQM interaction with Put1p. We tested the interaction between tQM and Put1p in a yeast two-hybrid system. Put1p was
expressed as a fusion to the LexA DNA binding domain
(LexA:PUT1) and tQM was expressed as a fusion to the B42
activation domain (AD:tQM). Expression of both constructs
was under control of the GAL promoter. When EGY48 was
transformed with LexA:PUT1 and AD:tQM, the transformants grew on Leu⫺ selection medium and turned blue on
SD/Gal medium containing 5-bromo-4-chloro-3-indolyl-D-galactoside (X-Gal) but not on SD/Glu medium. A control strain
containing LexA or AD alone showed no growth on Leu⫺
medium, and no blue color was observed on X-Gal-containing
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tron transport system. Overexpression of an N-terminal deletion construct (pYES2-Put1p⌬18) that lacks the mitochondrial
signaling peptide did not affect the oxidative stress sensitivity,
suggesting that mislocalization of Put1p prevents its proper
function in proline catabolism.
We also measured sensitivity to H2O2 in liquid medium.
Strains overexpressing Put1p 2 and 4 hours after the addition
of 3 mM H2O2 were more sensitive to H2O2 than control cells
with vector alone (6% versus 69% viability and 2% versus 49%
viability at 2 and 4 h, respectively). Accordingly, the put1 disruptant strain was more resistant to H2O2, with cell viabilities
of 87% and 83% at 2 and 4 h, respectively.
Proline was measured in Put1p-overexpressing yeast cells,
put1 mutant cells, and control wild-type cells (Table 1). The
Put1p-overexpressing strain had the lowest levels of proline,
while the put1 disruptant yeast strain accumulated the highest
levels of proline (0.43 mM versus 5.3 mM, respectively). Thus,
higher proline levels are correlated with increased protection
from oxidative stress in yeast.
Expression of a tQM in Put1p-overexpressing yeast. We
screened a tomato cDNA library to identify genes that inhibit
the ROS-mediated lethality of the Put1p-overexpressing yeast
strain. From 5 ⫻ 106 transformants, hundreds of colonies were
recovered from SD/Gal plates supplemented with 2 mM paraquat. We arbitrarily selected 95 colonies and reinoculated
them onto paraquat-containing plates. Fourteen of these colonies retained paraquat resistance, and six of them contained
DNA that when reintroduced to the Put1p-overexpressing
strain again conferred paraquat resistance. One of these six
clones encoded a predicted QM-like protein (tQM; GenBank
AAY97865) that encodes a polypeptide of 179 amino acids
with an estimated molecular mass of 20.3 kDa. The tQM
protein shares significant sequence identity with other QM
homologues, including S. cerevisiae GRC5 (73%; GenBank
CAA55485) and human ribosomal protein L10 (77%; GenBank
NP_006004).
EGY48 was transformed with pB42AD, pLexA-PUT1,
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medium. These results indicate that in vitro, tQM interacts
directly with Put1p.
Effects of tQM on Bax-induced lethality. Bax is a proapoptotic member of the Bcl-2 family of proteins, is lethal when
expressed in yeast (50), and may be induced by ROS production (28). To extend the generalization of our conclusion that
tQM may function as a general stress protection component,
we evaluated the effect of tQM expression on Bax-mediated
cell death in yeast. Yeast strains were transformed with pLexABax and pB42AD-tQM, cultured in SD-glucose medium for 1
day, and spotted on SD-galactose medium. After a 5-day incubation, yeast colonies transformed with tQM and Bax were
visible, but there were no colonies expressing only Bax. After a
24-h incubation on SD-galactose medium, about 60% of the
cells died in the Bax-expressing strain, but in a strain coexpressing tQM only 14% of the cells died (Fig. 3A). Expression

FIG. 3. The tomato tQM gene product inhibits Bax-induced cell
death in yeast. (A) The EGY48 strain was individually transformed
with the empty vector pB42AD, pB42AD-tQM, pLexA-Bax, or pLexABax plus pB42AD-tQM, and transformants were maintained on SDgalactose medium. A time course analysis of dead cell accumulation
was employed during Bax-mediated yeast lethality. Evans blue staining
was performed at 0, 4, 7, 12, and 24 h after culturing on SD-galactose
medium. Dead cells were scored, and data shown are means ⫾ standard errors of the mean of at least three independent experiments.
(B) Transformants were treated with 50 M DHR123 after 24 h of
growth on SD-galactose medium and then observed with an epifluorescence microscope. The EGY48 strain was transformed with empty
vector pB42AD (a), pB42AD-tQM (b), pLexA-Bax (c). or pLexA-Bax
plus pB42AD-tQM (d).

of tQM also significantly inhibited Bax-induced ROS production as measured with DHR123 (Fig. 3B). Thus, tQM can
reduce intracellular ROS levels and induced cell death attributable to Bax-induced oxidative stress.
DISCUSSION
Proline is a compatible osmolyte and osmoprotectant (9, 11,
20, 25, 39, 42, 44, 51) and may be multifunctional, especially
with respect to its ability to scavenge free radicals (23, 30, 40,
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FIG. 2. The tQM protein rescues yeast from oxidant-induced cell
death. (A) The EGY48 yeast strain was transformed with an empty
pB42AD vector (vector), pLexA-PUT1-expressing Put1p under control of a galactose-inducible promoter (PUT1), and constructs pLexAPUT1 and pB42AD-tQM, which encodes tQM (PUT1 ⫹ tQM). Also
shown is the expression of tQM alone in the EGY48 strain (tQM).
Cultures of different transformants were diluted to equal densities.
Fivefold serial dilutions of each culture were directly spotted onto
SD-galactose medium supplemented with 1 mM H2O2. Pictures were
taken after 3 days of growth. (B) Yeast strains as shown in panel A
were inoculated on liquid SD medium containing 5 mM H2O2 and then
grown for different time periods. Aliquots of each yeast strain at each
time point were spread on the complete medium, and the number of
viable colonies that grew after 3 days was counted. Results are expressed as the percent colonies surviving after H2O2 treatment relative
to colonies without H2O2 treatment. Data shown are an average of
three independent experiments with standard errors of ⬍10%.
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two-hybrid analysis showed a physical interaction between
tQM and Put1p that is consistent with such a hypothesis.
The observation that tQM suppresses Bax-induced cell
death was unexpected. Bax is a proapoptotic member of the
Bcl-2 gene family (S. cerevisiae does not contain endogenous
Bcl-2 family members), and the initial events underlying Bax
activity in yeast and mammalian cells are similar (17, 19, 41).
Several mammalian proteins, including Bcl-2 and Bcl-xL, can
suppress Bax-induced cell death in yeast, as they do in animal
cells (52). Plant genes from Arabidopsis, e.g., the Bax inhibitor
1 gene (AtBI-1), and tomatoes, e.g., LePHGPx, which encodes
a phospholipid hydroperoxide glutathione peroxidase, also can
suppress Bax-induced lethality and protect yeast against H2O2
and heat stress (8, 24). We found that an ectopically expressed
tQM protein suppressed the lethal activity of the mammalian
protein Bax in yeast and that inhibition of Bax-induced cell
death was correlated with reduced ROS generation. The
downstream effectors of Bax-induced cell death in yeast are not
yet known, but there is evidence that ROS produced in mitochondria may be included. Our results are consistent with this
hypothesis and suggest that tQM can interact with endogenous
yeast proteins that are downstream of Bax in a ROS-mediated
signaling pathway. In addition to members of the Bcl-2 family,
other mammalian proteins, such as Bax inhibitor I, an apoptotic regulator, and the mammalian prion protein (PrP), can
inhibit Bax-induced cell death (26, 50, 53). Bax-induced lethality in yeast may reflect interaction with Bax-related pathways
that operate in higher organisms. Future studies will center on
the characterization of the yeast homologues of these or related molecules which may play a role in the tQM rescue
pathway.
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