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Lethal heat stress generates oxidative stress in Saccharomyces cerevisiae, and anaerobic cells are several
orders of magnitude more resistant than aerobic cells to a 50°C heat shock. Here we characterize the oxidative
effects of this heat stress. The thermoprotective effect in anaerobic cells was not due to expression of HSP104
or any other heat shock gene, raising the possibility that the toxicity of lethal heat shock is due mainly to
oxidative stress. Aerobic but not anaerobic heat stress caused elevated frequencies of forward mutations and
interchromosomal DNA recombination. Oxidative DNA repair glycosylase-deficient strains under aerobic
conditions showed a powerful induction of forward mutation frequencies compared to wild-type cells, which
was completely abolished under anaerobiosis. We also investigated potential causes for this oxygen-dependent
heat shock-induced genetic instability. Levels of sulfhydryl groups, dominated mainly by the high levels of the
antioxidant glutathione (reduced form) and levels of vitamin E, decreased after aerobic heat stress but not
after anaerobic heat stress. Aerobic heat stress also led to an increase in mitochondrial membrane disruption
of several hundredfold, which was 100-fold reduced under anaerobic conditions.

All organisms have an optimal temperature range for growth.
When the temperature rises above this optimal temperature,
cellular growth ceases and toxicity ensues. For baker’s yeast,
Saccharomyces cerevisiae, this optimum is within the range of
25 to 35°C. Above 45°C, yeast cells are severely stressed and
progressively die so that after 5 min at 50°C, more than 99% of
growing nonadapted aerobic yeast cells have died. In the range
of 35 to 37°C yeast cells are moderately stressed but continue
to grow, developing a protective tolerance to higher lethal heat
exposures. In these sublethal heat shock conditions, the cell
responds by synthesizing a discrete subset of stress proteins
via heat shock-dependent transcription pathways (heat shock,
stress response, and yAP-1 elements) and concomitantly at-
tains the increased capacity to resist higher lethal temperatures
(38, 39, 46). Among the heat shock proteins in baker’s yeast,
only HSP104 has been conclusively associated with adaptive
thermotolerance (37, 44, 45, 48). HSP70 is involved in adaptive
thermotolerance only in the absence of HSP104 (49).

Furthermore, general inhibition of gene expression during
heating does not block the acquisition of thermotolerance (5).
In addition, the acquisition of thermotolerance is independent
of mitotic cell cycle arrest and of the majority of the full
spectrum of heat shock proteins (6). For instance o-phenan-
throline, a cell cycle inhibitor, causes thermotolerance without
induction of the characteristic pattern of heat shock proteins
(6). Heat shock proteins are, however, thought to play a role
during recovery from stressful conditions (33, 35). For exam-
ple, Hsp104p is a multifunctional protein having known roles
in solubilization of aggregated proteins following heat stress
and maintenance of mRNA splicing during heat stress condi-
tions (43, 44, 63).
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The causative molecular events for heat killing are multifar-
ious and poorly defined. Many investigations have focused on
the endogenous defenses that cells summon in response to
heat stress. Cellular thermotolerance is induced by many di-
verse factors, including prior exposure to a variety of sublethal
stresses. The intracellular molecules that are associated with
acquired thermotolerance include intracellular pH (H™), cyclic
AMP, and intracellular concentrations of adenosine 5’-phos-
phosulfate 3'-phosphate and adenosine 5'-phosphosulfate (14—
16, 18, 30). Adaptive thermotolerance in response to sublethal
heat shock creates tolerance to unrelated agents (e.g., hydro-
gen peroxide and ethanol), suggesting that the molecular tar-
gets for each diverse stressor are general rather than specific.
Proteins denature and become insoluble in response to a va-
riety of stressful conditions, and denatured proteins and abor-
tive protein synthesis can elicit thermotolerance (13, 22, 27).
Many heat shock proteins are molecular chaperonins, refold-
ing unraveled or aggregated proteins. It is not clear, however,
whether protein denaturation is the primary cause of heat
lethality or a consequence of some other initiating event. Lipid
membranes are also similarly disrupted by increasing temper-
ature (33, 34), and loss of bilayer integrity may contribute to
heat toxicity, perhaps through an increase in proton perme-
ability as proposed by Coote et al. (14).

We have previously shown that oxidative stress and antiox-
idant enzymes play a major role in heat induced cell death in
yeast. Mutants deleted for the antioxidant genes catalase,
superoxide dismutase, thioredoxin peroxidase, and cytochrome
¢ peroxidase are more sensitive to the lethal effect of heat
than isogenic wild-type cells (17, 36). Overexpression of cata-
lase and superoxide dismutase genes cause an increase in ther-
motolerance. Anaerobic conditions cause a 500- to 20,000-fold
increase in thermotolerance. By using an oxidation-dependent
fluorescent molecular probe, a two- to threefold increase in
fluorescence is found upon heating. These findings indicate
that the toxic effect of lethal heat is mediated at least in part by
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TABLE 1. Strains used in this study

Strain Genotype Reference or origin
Y433 MATo ura3-52 leu2A98 ade2-101 his3A200 lys2801 51
JDY47 MATao ura3-52 leu2A98 ade2-101 his3A200 lys2-801 oggl::hisG nigl::hisG nig2::URA3 This study
W303-1a LEU2 MATa canl-100 ade2-1 his3-11,15 trpl-1 ura3-1 48
W303-1a Ahspl04 MATa canl-100 ade2-1 his3-11,15 leu2-3,112 trpI-1 ura3-1 Ahspl04::LEU2 48
S41 MATalo arg4-3/arg4-17 trp5-12/trp5-27 his1-1/his1-315 ade2-40/ade2-119 ilv1-92/ilv1-92 leu2-3,112/ 52
leu2-3,112 ura3-52/ura3-52
RS112 MATalo ura3-52/ura3-52 leu2-3,112/leu2A98 trp5-27/TRPS arg4-3/ARG4 ade2-40/ade2-101 ilvI-92/ 50
ILV1 HIS3::pRS6/his3A200LYS2/lys2-801
AH22 MATa leu2 his4 41
YHTI121 MATa leu2 his4 gsh1:LEU2 41
JDY1 MATa ura3-52 ade2-10 karl-1 trpl::hisg [p* TRPI] This study

reactive oxygen species (17). In support of this, cells respond to
heat shock with the induction of the cytosolic catalase T gene
in yeast (8, 39, 65) and superoxide dismutase in bacteria (7, 9).

Oxidative stress causes DNA damage. Spontaneous oxida-
tive DNA lesions are formed by direct reaction of “OH with
base or deoxyribose components or as secondary breakdown
products (19). Two N-glycosylases with broad substrate speci-
ficity for oxidized pyrimidines (Ntglp and Ntg2p) and high
sequence similarity to each other (41% identity, 63% similar-
ity) have been found in S. cerevisiae (24). Ntglp and Ntg2p
have similar overlapping substrate specificities, which atypi-
cally includes formamidopyrimidine (FaPy) guanine and FaPy
adenine lesions. Abasic sites are recognized by Ntglp and
Ntg2p, both of which have an intrinsic apurinic and apyrimidinic
lyase activity (2, 21, 53). Deletion of either enzyme has been
reported to result in a mild mutator phenotype, and in some
strains a sensitivity to the oxidants H,O, and menadione has been
found in NTG! deletion mutants (21) but not in others (57).

Purine oxidative base lesions include 8-oxoguanine, which
can base pair with adenine during DNA synthesis, resulting in
G:C—T:A transversion mutations. FaPy guanine and adenine
lesions are formed by rupture of the imidazole ring following
oxidative attack (reviewed in reference 19). In S. cerevisiae, the
gene OGGI removes 8-oxoguanine from DNA (25, 40).

Given the potential importance of oxidative stress during
heat exposure, we have investigated some key oxidative stress
determinants, including determination of heat toxicity and
frequency of DNA mutations in oxidative glycosylase mutant
cells, mitochondrial membrane lysis, and endogenous antioxi-
dant concentrations following a 50°C exposure. By making use
of the ability of yeast to grow either aerobically or anaerobi-
cally, we have determined the involvement of oxygen in these
biological effects of lethal heat.

MATERIALS AND METHODS

Media and strains. Media were prepared as described by Sherman et al. (54).
Rich medium consisted of 1% yeast extract-2% Bacto Peptone supplemented
with 0.8 mg of adenine liter and containing either 2% dextrose (YPAD) or 3%
glycerol-1% ethanol (YPEG). Anaerobic media were prepared in Baxter 50-ml
inoculation bottles with rubber bungs and crimped metal caps which were flushed
with nitrogen. Inoculation of the bottles was achieved by insertion of a 19.5-
gauge needle through the rubber bung. All anaerobic media were supplemented
with 6 mg of ergosterol and 660 mg of Tween 80 per liter and contained 0.001%
resazurin as an oxygen indicator.

All strains used in this study are described in Table 1. Strain JDY1 was made
by transforming strain MCC123, obtained from Thorsness and Fox (59), with a
TRPI fragment disrupted with Salmonella hisG repeats flanking the URA3 gene.
Selection for Ura™ colonies ensured integration of the hisG-URA3-hisG cassette
(1). High spontaneous recombination of the hisG repeats results in loss of the

URA3 gene, leaving the TRPI gene disrupted by one AisG allele, an event which
was selected for by growing the cells on minimal media containing 5-fluororotic
acid (5-FOA). Colonies that were unable to grow on medium lacking tryptophan
were isolated.

The glycosylase triple mutant (ntgl ntg2 oggl) was generated in strain Y433.
Y433 was transformed with the disruption construct from pJD47 to create Y433
0ggl1::hisG-URA3-hisG. pJD47 was created by PCR amplification of the OGG1
open reading frame (ORF), using primers containing BamHI and EcoRI tails:
OGGTIforward (5'-GGGGGATCCATGTCTTATAAATTCGGCAA-3") and
OGGTreverse (5'-GGGGAATTCCTAATCTATTTTTGCTTCTT-3").

Restriction enzyme digestion with EcoRI and BamHI allowed cloning into the
multiple cloning site of pUC19, creating pJD4. The blunt-end Mscl restriction
site located 71 bp into the OGGI ORF was cut and ligated to the Bg/II linker,
creating pJDS. The 3.85-kb hisG-URA3-hisG cassette was released from pNKY51 by
digestion with BamHI/BgIII (1) and ligated to the pJD5 BglII site to create
pJDA47. Digestion with BamHI/EcoRI releases the 4.9-kb transforming fragment.
Selection on 5-FOA plates enabled reuse of the URA3 marker and resulted in
strain JDY23 (Y433 oggl::hisG), which was verified by PCR.

Strain JDY23 was transformed with the disruption construct derived from
pID46. PID46 was created by PCR amplification of a 786-bp PCR product
containing a section of the NTGI OREF, using a forward primer which contained
an EcoRI restriction site and a reverse primer which was located 5’ to an
endogenous HindIII restriction site: NTGlforward (5'-TGAGAATTCGACCG
CTGGTAAAGACTGAA-3') and NTGlreverse (5'-GCGCATCTACCCATTT
CCAA-3").

Digestion of the 786-bp PCR product with HindIII and EcoRI facilitated
cloning into the pUC19 vector to create pJD40. Digestion of pJD40 with Bg/II
allowed insertion of the 3.85-kb hisG-URA3-hisG cassette from pNKYS51 by
digestion with BamHI/BglII (1) into a site 383 bp into the NTGI OREF to create
pJD46. The disruptor construct was released by digestion of pJD46 with Sall/
EcoRI. Selection on 5-FOA plates enabled reuse of the URA3 marker and
resulted in strain JDY28 (Y433 oggl::hisG ntgl::hisG), which was verified by
PCR.

Strain JD'Y47 was generated from strain JDY28 by transformation with pJD61
containing the NTG2 disruption construct. pJD61 was created by PCR amplifi-
cation of a 721-bp product containing a section of the NTG2 OREF, using a
forward primer which contained an HindIII restriction sites and a reverse primer
which was located 5’ to an endogenous EcoRI restriction site: NTG2forward
(5'-AAAAAGCTTCTAGGAAGAGAAAGCATA-3") and NTG2reverse (5'-G
GTCCAACTCCAGGTAACGA-3').

Digestion of the 721-bp PCR product with HindIII/EcoRI facilitated cloning
into the pUC19 vector to create pJD48. Digestion of pJD48 with BsmFI released
a 244-bp deletion from the ORF. Fill-in reaction and Bg/IT linker ligation created
pJD49. Digestion of pJD49 with Bg/II allowed insertion of a 1.1-kb BamHI
fragmant containing the complete URA3 into the NTG2 ORF to create pJD61.
Digestion of pJD61 with HindIIl/EcoRI allowed release of the NTG2 deletion/
disruption construct. Transformation with the NTG2 knockout construct into
strain JDY28 created JDY47 (Y433 oggl::hisG ntgl::hisG nig2::URA3).

Aerobic lethal heat stress survival assay. Strains were grown to log phase (5 X
100 cells/ml) in YPAD, washed in distilled water, and concentrated to 2 X 108
cells/ml. Aliquots of 110 pl were prepared in 0.6-ml PCR tubes for each time
point and placed on ice. Lethal heating was performed at 50°C. Tubes were
removed at set time points and immediately placed on ice. The aliquots were
then diluted as needed and plated onto solid YPAD. Colonies were counted after
3 days of incubation at 30°C, and the percent viability was calculated with respect
to unheated controls.
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Anaerobic lethal heat stress survival assay. Cultures were grown anaerobically
to log phase (5 X 10° cells/ml) in YPAD and anaerobic YPAD. Sealed anaerobic
cultures were opened inside an anaerobic glove box containing a nitrogen atmo-
sphere with <1 ppm of oxygen. Cultures were sealed in 50-ml centrifuge tubes,
removed from the glove box through the antechamber, and centrifuged at 3,000
rpm. Following centrifugation they were returned to the glove box, where they
were washed in deoxygenated distilled water and concentrated to 2 X 10% cells/
ml. Aliquots of 110 pl were dispensed into 0.6-ml tubes and sealed before the
heat stress viability assay.

Reoxygenation experiments were performed with anaerobic cultures prepared
as described above except that prior to lethal heat stress, the 0.6-ml tubes were
opened to the atmosphere and vigorously mixed in a vortex mixer. Oxygen
leakage was assessed by the redox-sensitive compound resazurin (Sigma Chem-
ical Co.), which is colorless in reducing conditions and turns red after exposure
to oxygen (61).

Deoxygenation experiments were performed using aerobic cultures that were
resuspended inside the glove box in preequilibrated solutions. Heat stress and
plating were performed inside the anaerobic atmosphere of the glove box, and
plates were sealed in a large plastic bin to avoid dessication during colony growth.

Metabolic S labeling of protein synthesis. W303-1a LEU2 and Ahspl04
LEU?2 cells were grown aerobically and anaerobically in 50 ml of YPAD to 5 X
10° cells/ml. Each culture was halved, concentrated to 2 X 107 cells/ml, and
resuspended in fresh YPAD. One half of each culture was shifted to 39°C for 15
min before the addition of 100 p.Ci of [**S]methionine (Tran®S-label; ICN
Biochemicals); the other half was labeled at 23°C. Cells were labeled for 15 min
before snap-freezing in liquid nitrogen. Anaerobic cultures were heat shocked
and handled in an anaerobic glove box (<1 ppm of O,). Frozen cultures were
thawed individually, washed in 50 mM HEPES buffer (pH 7.5) containing 1 mM
phenylmethylsulfonyl fluoride and 1 mM EDTA, and resuspended to a final
volume of 120 wl in a 1.5-ml microcentrifuge tube. An equal volume of acid-
washed glass beads (425/600 mesh) was added, and samples were vigorously
agitated in a vortex mixer for six periods of 30 s each, with incubation on ice
between each period. After lysis of the cells, the tubes were centrifuged for 10
min at 4°C. The supernatant was transferred to a fresh 1.5-ml microcentrifuge
tube and centrifuged for 10 minutes at 4°C. Crude extract was withdrawn using
a Pasteur pipette, and a 10-ul aliquot was taken for protein determination.
Proteins (40 pg/lane) were separated by polyacrylamide gel electrophoresis using
a 5% stacking gel and an 8% running gel as described by Sambrook et al. (47).

Sulfhydryl analysis. Total sulthydryl content was determined by the method of
Boyne and Ellman (10), using 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB). Four
50-ml anaerobic cultures were prepared by needle inoculation of strain RS112
(10* cells/ml) and were grown at 30°C to 107 cells/ml in anaerobic media. The
culture bottles were transferred to an anaerobic glove box containing a nitrogen
atmosphere with <1 ppm of oxygen. The cells were sealed in 50-ml tubes,
removed from the glove box, and centrifuged at 3,000 X g for 10 min. Any
cultures showing a color change to red, indicating oxygen leakage, were dis-
carded from the experiment. Cells were returned to the glove box, which was
then opened, and pooled before resuspension to a final concentration of 2 X 10°
cells/ml. The pooled cell suspension was halved, and one half was removed from
the glove box and exposed to atmospheric oxygen with vigorous shaking. The
oxygenated cells were then transferred in 200-ul aliquots to 0.6-ml PCR tubes
and heat stressed in a PCR thermal cycler for 0, 1, 2, and 3 min at 50°C. Samples
were immediately placed on ice following heat treatment. Anaerobic samples
were likewise dispensed into 0.6-ml PCR tubes within the glove box, the tubes
were closed, and the cells were heat stressed as described above.

Following heat treatment, the cells were washed three times in cold 0.1 M
sodium phosphate buffered to pH 7.0 and resuspended in 500 pl of the same
buffer for each sample time point in a 15-ml plastic Falcon tube. Crude extract
was prepared by glass bead lysis as described above. Each extract was diluted to
0.5 mg of total protein per ml and 200 .l of each sample was added to 800 pl of
0.1 M sodium phosphate buffered to pH 8.0 and 7 pl of Ellman reagent (0.01 M
DTNB in 10 ml of sodium phosphate buffer [pH 7.0]). The samples were incu-
bated on ice for 30 min before measurement of absorbance at 412 nm in a
spectrophotometer. The extinction coefficient for DTNB, 13,600 M~ cm™!, was
used to determine the concentration of total sulfhydryl.

Measurement of gene conversion frequencies. Prior to measurement of gene
conversion frequencies, a fluctuation assay was performed on 10 cultures of dip-
loid strain S41 (containing the alleles trp5-12 and trp5-27, suitable for scoring in-
terchromosomal gene conversion events) (52, 68). The culture with the lowest
spontaneous reversion frequency was used to seed cultures in further experiments.

Strain S41 (5 X 10* cells) was grown in liquid anaerobic YPAD to log phase
(5 X 10° cells/ml). One half of the culture was used for anaerobic heat exposure
in a PCR thermal cycler as described above for 0, 1, 2, and 3 min at 50°C; the
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other half was reoxygenated and subjected to aerobic heat exposure under the
same conditions. Samples were plated on solid synthetic complete medium (SC)
and on SC lacking tryptophan. Gene conversion frequencies were then measured
by counting the number of Trp™ prototrophic colonies per viable cell.

Measurement of mitochondrial DNA release. Prior to measurement of mito-
chondrial DNA release (58), a fluctuation assay was performed on 10 cultures of
strain JDY1, and the culture with the lowest spontaneous Trp* reversion fre-
quency was selected for expansion in further experiments. Cultures were grown
in liquid YPEG to 2 X 107 cells/ml. Cells were collected by centrifugation, and
resuspended at 3 X 10° cells/ml in fresh YPEG for 6 h before assay to ensure that
the cells were growing and to allow maximum mitochondrial number and mito-
chondrial membrane surface area. Experiments in the absence of oxygen were
performed with liquid YPEG which was bubbled with N, gas and allowed to
equilibrate in the anaerobic glove box overnight. After 6 h of aerobic incubation
in YPEG, cells were resuspended in the anaerobic medium within the glove box
for 1 h prior to assay. Cells were heat exposed for 0, 1, 2, 3, 4, and 5 min at 50°C
as described above. Cells were then plated for survivors and for TRPI revertants.

Measurement of petite cell formation. Strain RS112 (Table 1) was grown in
YPAD to 107 cells/ml. Aerobic heat stress survival assays were performed for 0
and 5 min at 50°C. A total of 500 colonies were plated on 10 plates at each time
point. After 3 days growth at 30°C, the number of small colonies (mean *
standard deviation [SD]) on each plate was determined for each time point and
compared to the total colony number. Twenty random small colonies were
replica plated to solid YPEG, and over 95% were [rho ™~ ]. Anaerobic heat stress was
performed on the same cultures following introduction to the anaerobic chamber.

Vitamin E measurement. Vitamin E was measured by high-pressure liquid
chromatography (HPLC), using a Beckman ODS column. Strains AH22 and
YHT121 (5 X 10® aerobically grown cells) were exposed to 50°C for 10 min and
extracted with an excess of hexane. Vitamin E (a- and y-tocopherol) was mea-
sured by UV detection V and quantified using purified vitamin E standards of
known concentration.

Measurement of mutation frequency. Forward mutation was measured at the
CANI locus. Any mutation at the CANI locus resulting in disruption of function
to the arginine permease leads to development of resistance to the drug cana-
vanine (64). Cultures were halved, and aerobic lethal heat assays were performed
on cells grown aerobically in YPAD for 66 h. Deoxygenated lethal heat stress
assays were performed at the same time with cells resuspended in the anaerobic
glove box as described above. Cells were plated on solid SC lacking arginine and
on the same medium with L-canavanine (60 mg/liter). Forward mutation fre-
quencies were measured by counting the number of canavanine-resistant colo-
nies per viable cell.

RESULTS

Anaerobic thermotolerance is independent of HSP104. We
have previously shown that growing cultures of S. cerevisiae are
more resistant to heat stress in the absence of oxygen (17).
Expression of HSP104 is primarily involved in the acquisition
of thermotolerance (48). Thus, it was possible that the thermo-
tolerance of anaerobically grown cells may be due to expres-
sion of HSP104 under these conditions. If this were true, then
an hsp104 deletion mutant should not be thermotolerant under
anaerobic conditions. To investigate this possibility, we per-
formed heat survival assays on aerobic and anaerobic cultures
of an hsp104 deletion mutant strain and the isogenic wild type
(Fig. 1). After 10 min at 50°C, the growing cultures of both the
wild type (W303-1a) and isogenic Aspl04 deletion mutant ex-
hibited sensitivities to lethal heat stress which were enhanced
to the same extent in the presence of oxygen (Fig. 1). The
hspl04 mutant was more sensitive to heat exposure than the
wild type but was still able to develop the same degree of
anaerobic thermotolerance as the wild type. Since the anaer-
obic cultures of the hsp104 deletion mutant did not become as
resistant to heat as the anaerobic wild type, it can be inferred
that the two processes of thermotolerance (anoxia and Hsp104p
activity) are additive. In these experiments, the highest level of
thermotolerance was attained in cells both exposed to low
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FIG. 1. Anoxic thermoprotection is not dependent on HSPI04.
Cultures of W303-1a (wild type; circles) and Ahspl04 (squares) were
grown in YPAD to 5 X 10° cells/ml. Anaerobic (open symbols) and
aerobic (closed symbols) lethal heat stress assays were performed at
50°C for the indicated times. Data represent the average of three
experiments = SD.

oxygen tension and containing a functional HSP104 gene. This
indicates that the thermotolerance of anaerobic cells is inde-
pendent of HSP104.

HSP104 is not induced under anaerobic conditions. Anaer-
obic cells are heat tolerant. Thus, anaerobiosis may result in
the induction of the heat shock response. The above experi-
ment determined genetically that HSP104 does not play a role
in the development of thermotolerance. We next wanted to
determine on the basis of protein expression whether the heat
shock response is induced in anaerobic cells. We examined the
effect of anaerobiosis on total cellular protein synthesis in
extracts obtained from cells grown anaerobically and reoxygen-
ated at 23°C. We also compared the patterns of protein syn-
thesis obtained in wild-type cells and Asp104 deletion mutant
cells shifted to 39°C for 15 min (Fig. 2). The anaerobic pattern
of protein synthesis at 23°C is indistinguishable from the pat-
tern obtained from reoxygenated cells grown at 23°C. For
comparison, heat-shocked cells show the induction of heat
shock genes including HSP104, which is absent in the hspl04

—

Lane 1 2345678
Oxygen + + - - ++ - -
Heatshock - - - - + + + +

HsPi4 + - + - + -+

FIG. 2. Total protein synthesis was measured by [**S]methionine
label. Anaerobic cells were labeled at 23 or 39°C for 15 min in the
presence or absence of atmospheric oxygen. Solid bars indicate mo-
lecular weight markers (from the top, 107, 76, 52, 36.8, and 27.2 kDa).
The arrow indicates the position of Hsp104p.
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TABLE 2. Release of mitochondrial DNA by heat stress

Oxygenated Anaerobic
Min at
50°C Fold increase” in Viability Fold increase” in Viability
TRPI reversion (%) TRPI reversion (%)

0 1.0 100 1.0 100
1 26.0 = 17.9 75 £ 28.4 21+0.1 108 = 3.5
2 93.1 =253 52163 3.0=09 102 = 16.5
3 211 =30 38 £3.1 7.0* 1.8 73.3 +10.3
4 214 £ 219 44 = 6.4 9.6 £ 4.8 69.6 = 12.3
5 687 = 180 17+52 51+1.8 73.7 = 16.0

“ Relative TRPI reversions were averaged over two experiments. Similar re-
sults were obtained in two other experiments at different time points. Data are
the means * ranges.

deletion mutant. This indicates that the heat resistance of an-
aerobic cells is not due to overexpression of heat shock genes
under anaerobic conditions.

Oxidative heat stress increases the frequency of DNA re-
leased from mitochondria. We determined the frequency of
heat-induced membrane leakage in aerobic and anaerobic con-
ditions. Since the mitochondrial membrane is impermeable to
nucleic acids, release of mitochondrial DNA is a measure of
mitochondrial membrane integrity (58). Strain JDY1 (Table 1)
contains the TRPI wild-type marker integrated into mitochon-
drial DNA (59). As the genetic code differs between genome
and mitochondria, a genomic #rp]/ mutant containing such mi-
tochondria is unable to grow on tryptophan omission medium.
Trp™ reversions occur at a spontaneous frequency of approx-
imately 1 to 5 per 10° cells in cultures grown in glycerol and
ethanol as carbon sources (Table 2). These reversion events
are due to leakage or destruction of the mitochondrial mem-
branes, leading to escape of mitochondrial DNA and passage
to the nucleus (58, 59). It has previously been shown that a
nonlethal heat shock at 37°C caused a fivefold increase in
mitochondrial membrane leakage (58).

After 5 min at 50°C, the aerated culture showed more than
a 600-fold induction of the frequency of TRPI reversion. This
indicates that aerobic heat stress treatment caused an increase
in ruptured mitochondrial membranes, releasing the mito-
chondrial genome containing the integrated TRPI gene. Re-
suspension of aerobic cells in fresh medium equilibrated in
anaerobic liquid YPEG and incubated in an atmosphere of <1
ppm of oxygen for 30 min prior to heat stress exposure resulted
in only a 5-fold induction of TRPI reversions, which is more
than 100-fold lower than for the aerated culture (Table 2).

Lethal heat stress induces a petite phenotype. The increases
in Trp™ reversion in strain JDY1 led us to investigate the effect
of lethal heat stress on the formation of petite [rho™ ] colonies.
A loss of respiratory function leads to this phenotype, defined
by the inability of the [rho™] cell to grow on nonfermentable
carbon sources. Treatment of aerobic cultures with a 50°C
aerobic heat stress resulted in over 300-fold increase in [rho ™|
cells after 5 min (from 2.4 = 1.4 [mean = SD] to 934 = 90
petite cells/10* viable aerobic cells). Deoxygenation of the cul-
ture prior to heat stress reduced the frequency of petite cell
formation by approximately 50% (3.9 = 0.65 petite cells/10*
viable anaerobic cells before heat stress; 532 = 28 petite cells/
10* anaerobic cells after heat stress), indicating that the pres-
ence of oxygen during a heat exposure can have major detri-
mental effects on mitochondrial function.
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FIG. 3. Anaerobic cultures (107 cells/ml) of RS112 were halved in
an anaerobic glove box; one half was exposed to atmospheric oxygen
immediately prior to a 50°C heat stress for the times indicated, while
the other half was heat stressed in the absence of oxygen. Crude extract
was obtained by glass bead lysis, and total sulthydryl content was
measured with Ellman reagent. Data represent the average of three
experiments = SD.

Total sulfhydryl content is decreased during lethal heat
stress. To further characterize the oxidizing effect of heat, total
cellular reduced sulfhydryl content in growing cells of strain
RS112 (Table 1) was measured using a thiol-specific reactant
(Ellman reagent) (Fig. 3). Reoxygenated anaerobic cultures
exposed to a 50°C heat stress lose 50 to 60% of their total thiol
content within 3 min. Oxygenation alone did not measurably
decrease total sulfhydryl content. Little or no decrease was
observed in heat-stressed cells maintained in anaerobic condi-
tions. The Ellman reagent will react with all thiol groups in the
crude extract, the most abundant being the reduced form of
glutathione (GSH). Glutathione is present in millimolar con-
centrations in the cytoplasm, and it is likely that the decrease
in total reduced sulfhydryl content is due to GSH becoming
oxidized. This is supported by our observation that precipitated
proteins show no apparent decrease in thiol content when
reacted with Ellman reagent following the same heat stress
conditions (data not shown).

Vitamin E content is decreased in glutathione-deficient cells
during heat stress. Vitamin E is an important lipid-soluble
antioxidant which protects lipid membranes from the detri-
mental effects of lipid peroxidation by breaking free radical
chain reactions occurring within membranes. Vitamin E is
itself able to redox cycle, receiving electrons from the soluble
antioxidants vitamin C and glutathione. Vitamin E was mea-
sured by HPLC in wild-type and glutathione-deficient cells.
Glutathione-deficient cells had approximately 43% of the wild-
type levels of vitamin E in unheated controls. Heat stress had
no effect on vitamin E levels in wild-type cells; following heat
stress, the vitamin E concentration was reduced to less than
6% of that of the unheated glutathione-deficient cells (Fig. 4).

Nuclear DNA is a target for heat-induced oxidative stress.
As heat stress was demonstrated to have oxidative damaging
effects on mitochondria and both lipid and water-soluble anti-
oxidants, we also investigated whether DNA might also be vul-
nerable to the oxidizing effects of heat exposure. DNA is sensi-
tive to reactive oxygen attack, which can result in the formation

J. BACTERIOL.

6000

[ Control

5000 N
S K + Heat siress

4000 -

3000

VitE (pg/100 cells)

2000

1000

wt
Agshl

FIG. 4. Aecrobic heat stress decreases vitamin E concentration in
glutathione-deficient cells only. Vitamin E was measured in strain
(wild type AH22 [wt]) and YHT121 (Agsh1) cells following heat stress.
Results are the means of three experiments + SD.

of a variety of lesions, including double- and single-strand breaks,
base modifications, and abasic sites (3). Oxidative DNA dam-
age can lead to increases in mutation and DNA recombination
frequencies. We measured nuclear DNA mutation frequencies
and gene conversion frequencies following heat stress and
found that both indicators of DNA damage are increased by
heat exposure and that oxygen is involved in this process.
Gene conversion frequencies were determined in the diploid
strain S41 by measuring the frequency of reversion of the #p5
marker. S41 contains two alleles, trp5-12 and trp5-27, which
revert to Trp* by gene conversion (68) at a frequency of ap-
proximately 1 per 10° cells. Lethal heat stress conditions leads
to an increase in gene conversion frequency in aerated grow-
ing-phase cultures (Table 3). After 3 min at 50°C, the aerated
culture showed an eightfold induction of gene conversion
events, whereas there was less than a twofold induction under
anaerobic conditions (Table 3). DNA recombination may re-
pair oxidative DNA damage or is initiated in response to a par-
ticular DNA damage (e.g., double-or single-strand breaks).
Forward mutations at the CANI locus were measured in
strains Y433 and JDY47 (lacking all three oxidative DNA
glycosylases NTG1, NTG2, and OGG1I) after growth in YPAD
for 66 h. Deletion of NTGI and OGGI alone resulted in
smaller increases in heat-dependent mutation frequency com-
pared to the ogglntglntg?2 triple mutant (data not shown). As

TABLE 3. Gene conversion frequencies are elevated by heat stress

Fold increase” in TRP5 reversion

Min at 50°C
Reoxygenated Anaerobic
0 1.0 1.0
1 4.6 =39 1.9 0.6
2 10.9 = 6.9 19+13
3 8.4 +3.8 1.4+05

“ Mean of three experiments * SD.
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FIG. 5. Heat-induced mutations are dependent on oxygen and are
repaired by the oxidative glycosylases Ntglp, Ntg2p, and Ogglp. Cul-
tures of Y433 (wild type) (A) and (niglntg2oggl) (B) JDY47 were
grown for 66 h in YPAD before being split. One half of each culture
was assayed following heat stress for forward mutation at the CAN/
locus in the presence of oxygen (open symbols); the other half was
assayed in the absence of oxygen after introduction to the anaerobic
chamber (closed symbols). Results are the means of three experi-
ments * SD.

the triple mutant showed the greatest increase in heat-induced
mutation, this strain was used to determine the dependency of
oxygen on this process.

Mutation frequency increased approximately 5 fold in the
wild type after 30 min at 50°C, while the glycosylase-deficient
triple mutant displayed increases of almost 300-fold in muta-
tion frequency after the same exposure compared to unheated
controls (Fig. 5). Both wild-type and mutant cells showed no
increase in mutation frequency when shifted to anaerobic con-
ditions for heat stress. This suggests that heat stress generates
specific oxidative base lesions which are normally recognized
and repaired by the NTG1, NTG2, and OGGI glycosylases.
These DNA repair genes clearly are important in the mainte-
nance of genetic integrity following oxidative heat stress, and
repair of oxidative damage following heat stress may be their
primary function.

DISCUSSION

Hyperthermic conditions are stressful and lead to toxicity.
The molecular events contributing to lethality are poorly de-
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fined, and previous investigators have focused mainly on adap-
tive endogenous thermotolerance. To further characterize the
mechanism of heat-induced toxicity, we describe the conse-
quences of a heat-associated oxidative stress on key intracel-
lular macromolecules and antioxidants.

HSP104 is not involved in anaerobic thermotolerance. The
thermoprotective effect observed in anaerobic cells was not
due to expression of HSP104 or other heat shock genes. Since
anaerobic conditions did not cause thermotolerance by induc-
tion of heat shock proteins, it was possible that large differ-
ences in survival in heat stress anaerobic cultures are due to
oxygen-dependent toxicity. If toxic oxygen species are devel-
oped during heat stress, then macromolecules within the cells
should become oxidized only during aerobic heat stress. Thus,
we compared the effects of aerobic and anaerobic lethal heat
stresses on frequencies of interchromosomal DNA recombina-
tion and mutation, mitochondrial membrane integrity, forma-
tion of respiratory-deficient cells, and the soluble and non-
soluble antioxidant agents glutathione and vitamin E. Aerobic
heat-stress caused effects on each of these endpoints, which
were reduced or abolished by anaerobic conditions.

Increased recombination during heat exposure. Specific ox-
idative DNA lesions and enzymatic DNA repair pathways have
evolved to cope with the flux of oxidants which are generated
during aerobic respiration as well as during times of increased
radical production (31, 32). DNA strand breaks and increases
in DNA recombination frequencies are observed in response
to conditions that promote oxidative stress (3, 20, 66). Our
finding that lethal heat induces an oxygen-dependent increase
in the frequency of DNA recombination events agrees with the
idea that the production of reactive oxygen species occurs in
response to lethal heat shock. DNA recombination is stimu-
lated in response to double- and single-stranded gaps caused
by exposure to H,O, (11, 42) and also during conditions where
DNA replication is stalled, for example, when DNA polymer-
ase encounters a blocking lesion (e.g., an abasic site or thymi-
dine glycol lesion) (67; reviewed in reference 19). Oxidative
DNA glycosylase enzymes repair heat-dependent mutations.

We also find that nuclear mutation frequencies increase in
response to an aerobic heat stress and that the magnitude of
this mutagenic effect is greatly increased in cells defective for
repair of oxidatively modified base lesions. The specific glyco-
sylase enzymes encoded by NTG1, NTG2, and OGGI are re-
sponsible for repair of a variety of pyrimidine and purine base
lesions, and when all three genes were deleted, the resultant
strain was extremely susceptible to mutation following a heat
exposure. The specificity of these glycosylases for oxygen rad-
ical-damaged bases argues for an involvement of oxygen rad-
icals during heat-induced mutation. Indeed, when the muta-
tion assays were performed on the same cells after introduction
into a low-oxygen atmosphere (<1 ppm), the heat-induced
mutations were abolished, indicating that the mutations are
caused by oxygen radicals.

Oxidative stress during heat stress damages mitochondrial
membranes. To determine whether oxidative heat stress affects
mitochondrial membranes, the escape of mitochondrial DNA
via mitochondrial membrane leakage was assessed using aer-
obic cells of strain JDY1 growing in glycerol-ethanol (Table 2).
Growth on nonfermentable carbon sources results in many
small mitochondria compared to the few large and branched
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mitochondria observed in glucose-grown cells (62). During
growth on nonfermentable carbon sources, the mitochondrial
membrane surface area is larger (62) and hence the surface
exposed to oxidative and thermal attack is greater. The results
displayed in Table 2 demonstrate that oxygen deprivation im-
mediately and substantially protects the mitochondrial mem-
brane from rupture and release of mitochondrial DNA. Like-
wise, the formation of petite colonies was greatly increased by
lethal heat exposure, and petite colony formation was sup-
pressed by anaerobic conditions prior to heat stress. We spec-
ulate that ruptured mitochondria are one source of the ox-
idative stress associated with heat lethality. Leaky or broken
mitochondria may release superoxide anions, which are gen-
erated by the electron transport chain and accumulate in the
matrix lumen (4, 55, 60), into the cytoplasm. Release of super-
oxide anions from mitochondria might stimulate lipid peroxi-
dation and lead to further mitochondrial lysis.

Nonenzymatic antioxidants are depleted by heat stress. We
have previously shown that enzymatic antioxidants such as
superoxide dismutase, catalase, and cytochrome ¢ peroxidase
protect cells against lethal heat (17), and it has been reported
that deletion of thioredoxin peroxidase sensitizes cells to lethal
effects of heat stress (36). The primary nonenzymatic line of
defense against oxidants is GSH (28, 56), which is found in
millimolar concentrations in the cytoplasm and mitochondria.
We demonstrate that reoxygenated anaerobic cells show a re-
duction in total cellular sulfhydryl content by 50% following a
heat stress exposure, whereas the anaerobic cells are largely
unaffected. The largest contribution to cellular sulthydryl con-
tent is GSH. A loss of more than half of the intracellular GSH
concentration within the first few minutes of lethal heat stress
indicates that the cell has expended a tremendous concentra-
tion of reducing equivalents, indicative of a serious oxidative
burden. The amount of GSH becoming oxidized during heat
stress is further compounded when it is considered that GSH is
constantly being renewed by glutathione reductase, which acts
to maintain glutathione in a reduced form at the expense of
cellular NADPH (26). Glutathione not only acts directly as an
antioxidant but also maintains other important antioxidants,
such as vitamin E and vitamin C, in the biologically active
reduced form (12, 29). A 50% decrease in GSH concentration
will directly affect the antioxidant potential of these other im-
portant reductants. Indeed, we observed that the cells deficient
in GSH showed approximately 43% the total vitamin E content
of the wild-type cells. After a heat stress exposure, the gluta-
thione-deficient cells experienced an almost complete deple-
tion of vitamin E that was not observed in wild-type cells,
highlighting the importance of GSH as a thermoprotectant
both within the cytoplasm and indirectly within the lipid mem-
branes via vitamin E reduction. It is possible that the decrease
in intracellular thiol reducing equivalents during heat stress
may be due in part to the utilization of electrons from GSH to
replenish the oxidized form of vitamin E.

Previous analysis of CHO cells depleted of glutathione by
diethylmaleate demonstrated that a decreased GSH concen-
tration causes cells to become thermosensitive (22). Mitochon-
drial GSH concentration is more important than cytoplasmic
GSH levels for thermoprotection. Declining mitochondrial GSH
concentrations coincide with the thermosensitization threshold
response to the diethylmaleate concentration (23).
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This study provides further support for an involvement of
oxidative stress during heating. Several possible mechanisms can
account for this. It is possible that iron and other Fenton reactive
ions are released during thermal denaturation from sequestered
intracellular sites or from metal-containing proteins such as iron-
sulfur proteins. Alternatively, thermal damage to mitochondria
may expose electron carrier components of the mitochondrial
electron transport chain (e.g. ubisemiquinone) to potential elec-
tron donors in the cytoplasm, leading to uncontrolled redox cy-
cling between electron carriers, cellular reductants, and oxygen.
The superoxide anions produced could dismutate to hydrogen
peroxide and diffuse throughout the cell, including the nucleus.
Fenton reaction with iron or copper would produce the strong-
ly oxidizing hydroxyl radical, which is capable of oxidizing most
macromolecules in the cell, including, DNA, proteins, and lip-
ids (12). Another possibility is that heat-induced protein de-
naturation may lower the normal level of cellular antioxidant
enzymes, with the consequence of oxidative stress.

We have shown that heat stress combined with an oxygen-
ated environment is sufficient to induced extensive damage to
DNA, lipids, and cellular antioxidants. The repeated exposures
to stressful temperatures that a unicellular organism such as
S. cerevisiae is likely to encounter implicates thermal oxidative
damages as relevant selection pressures during the evolution of
antioxidant defenses and maintenance of genetic integrity.
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