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Organisms rapidly adapt to severe environmental stress by inducing the expression of a wide array of heat
shock proteins as part of a larger cellular response program. We have used a genomics approach to identify
novel heat shock-induced genes in Saccharomyces cerevisiae. The uncharacterized open reading frame (ORF)
YLR251W was found to be required for both metabolism and tolerance of ethanol during heat shock. YLR251W
has significant homology to the mammalian peroxisomal membrane protein Mpv17, and Mpv17�/� mice
exhibit age-onset glomerulosclerosis, deafness, hypertension, and, ultimately, death by renal failure. Expres-
sion of Mpv17 in ylr251w� cells complements the 37°C ethanol growth defect, suggesting that these proteins
are functional orthologs. We have therefore renamed ORF YLR251W as SYM1 (for “stress-inducible yeast
Mpv17”). In contrast to the peroxisomal localization of Mpv17, we find that Sym1 is an integral membrane
protein of the inner mitochondrial membrane. In addition, transcriptional profiling of sym1� cells uncovered
changes in gene expression, including dysregulation of a number of ethanol-repressed genes, exclusively at
37°C relative to wild-type results. Together, these data suggest an important metabolic role for Sym1 in
mitochondrial function during heat shock. Furthermore, this study establishes Sym1 as a potential model for
understanding the role of Mpv17 in kidney disease and cardiovascular biology.

Exposure of cells to heat shock temperatures results in pro-
tein misfolding, growth arrest, and metabolic dysfunction. To
counteract these effects, cells respond to temperature changes
by activating a highly conserved program of gene expression
termed the heat shock response. The products of this response
are critical both for protecting the cell from the immediate
damage imposed by the stress as well as adjusting structural
and metabolic components such that growth can proceed at the
elevated temperature (reviewed in references 31 and 52). In
concert with other environmental conditions known to
threaten cellular viability, such as changes in osmolarity or
exposure to DNA-damaging compounds, heat shock induces
the transcriptional activation of a subset of genes necessary for
survival during exposure to a diverse range of stress conditions,
collectively termed the environmental stress response (ESR)
(17). The ESR is governed largely by the partially redundant
general stress responsive transcription factors Msn2 and Msn4
(17). A second pathway regulated by the heat shock transcrip-
tion factor responds primarily to the stress of elevated temper-
ature but can also be activated by other protein misfolding
agents (52–54). Transcriptional profiling via DNA microarray
technology has been critical to determining the relative con-
tributions of the Msn2/4 and heat shock transcription factor
pathways as well as providing information pertinent to under-
standing the total complement of heat shock gene expression
(7, 17). Together, these two gene expression pathways account
for the majority of heat shock-induced transcription.

The set of stress-inducible genes includes the classic heat

shock genes, such as those encoding the Hsp70 chaperones,
with established roles in protein refolding (10). The trehalose
biosynthetic genes, another well-characterized example, have a
metabolic role that correlates with increased resistance to heat
shock (14). In addition to serving as a storage carbohydrate
during exponential growth, trehalose has been shown to bind
and protect partially folded proteins during heat shock (49).
The existence of heat shock-inducible isoforms of genes en-
coding both chaperones (for example, the Hsp90 genes HSP82/
HSC82) and metabolic enzymes normally present during non-
heat-shock conditions (the glycogen synthase genes GSY2/
GSY1) illustrates the cellular requirement for proteins with
altered function or stability during conditions of elevated tem-
perature (5, 17). A significant number of genes displaying heat
shock induction from published DNA microarray analyses are
uncharacterized open reading frames (ORFs) with no known
biological role, suggesting that much of the ESR remains un-
explored (17). Higher eukaryotes respond to the stress of
pathophysiological conditions through activation of pathways
sharing remarkable similarity to those activated by heat shock
in yeast (31). The high level of functional conservation that
exists between components of the lower eukaryotic heat shock
response and their homologs in mammalian systems is there-
fore of considerable interest. Functional analysis of novel
stress-induced genes in yeast identified by transcriptional pro-
filing is likely to help elucidate the function of the large num-
ber of uncharacterized human stress-induced and disease-re-
lated genes.

The Mpv17 protein was first identified as a transgene
insertion resulting in severe kidney disease in mice (58). The
phenotypes associated with the Mpv17�/� mouse include
age-onset glomerulosclerosis, deafness, and hypertension,
ultimately leading to complete renal failure (58, 61). Mpv17

* Corresponding author. Mailing address: Department of Microbi-
ology and Molecular Genetics, University of Texas Medical School,
6431 Fannin St., JFB 1.765, Houston, TX 77030. Phone: (713) 500-
5890. Fax: (713) 500-5499. E-mail: kevin.a.morano@uth.tmc.edu.

620



shares considerable homology to the poorly understood per-
oxisomal membrane protein Pmp22 and has likewise been lo-
calized to the peroxisomal membrane of mammalian cells (28,
55, 61). Although the molecular function of Mpv17 and other
members of the Pmp22 family remains unclear, increased gen-
eration of reactive oxygen species (ROS) and lipid peroxida-
tion products in Mpv17�/� mouse embryonic fibroblast cells
appears to be a source of tissue damage associated with the
glomerulosclerosis phenotype (39, 57, 61). Interestingly, deaf-
ness is frequently associated with other human mitochondrial
and peroxisomal disorders, and the Mpv17�/� model has
proven useful for studying the molecular mechanisms connect-
ing these pathologies (30, 33).

We describe in this report the characterization of the ORF
YLR251W, a previously unknown heat shock gene in Saccha-
romyces cerevisiae. We demonstrate that YLR251W is the yeast
functional ortholog of Mpv17 and have renamed the ORF
SYM1 (for “stress-inducible yeast MPV17 homolog”). Sym1
may therefore serve as a fungal model for understanding the
molecular mechanisms underlying the renal pathologies of
Mpv17�/� animals.

MATERIALS AND METHODS

Yeast strains and media. Yeast strains used in this study were acquired from
the BY4743 (MATa/� his3�1/his3�1 leu2�0/leu2�0 met15�0/MET15 ura3�0/
ura3�0 lys2�0/LYS2) homozygous diploid knockout collection and resulted from
ORF deletions generated by a kanMX4 cassette (Research Genetics/Invitrogen,
Grand Island, N.Y.) (18) except for the pex3� and pex19 strains, which were
obtained from the MATa haploid knockout collection. Haploid gene knockouts
of both mating types were obtained by sporulation of the parental knockout
strains. Cultures were grown at either 30 or 37°C (heat shock temperature) in
rich YP (0.1% yeast extract, 0.2% Bacto Peptone) or synthetic complete (SC)
(Qbiogene, Carlsbad, Calif.) medium with carbon sources appropriate to the
given experiment (2% glucose, 3% glycerol, 2% ethanol, 2% acetate, 0.1%
acetaldehyde). Liquid growth curves of 37°C ethanol-grown cells were obtained
by growing cells to logarithmic (log) phase at 30°C prior to dilution and shift to
37°C. Growth phenotype experiments on solid medium were performed as serial
dilutions from overnight cultures. Unless otherwise indicated, log-phase cultures
were used for all other experiments.

Plasmids. To construct p416GPDSym1-GFP and p426GPDSym1-HA3, the
SYM1 coding region and approximately 650 bp upstream of the ORF were
amplified via PCR and cloned into the yeast-Escherichia coli shuttle vectors
pRS416GPD (CEN; low copy number) and pRS426GPD (2�m; high copy num-
ber) (34). A NotI site was generated internally to the stop codon such that
NotI-flanked fragments encoding either green fluorescent protein (GFP) or a
triple hemagglutinin (HA) tag could be cloned as carboxyl-terminal fusions (27).
To construct p426GPDMpv17, Mpv17 was PCR amplified from an �Act human
cDNA library (kindly provided by S. Elledge, Harvard University) with primers
complementary to the 5� and 3� coding regions of the gene and subsequently
cloned into the SmaI site of pRS426GPD (13). The peroxisomal matrix-targeted
cyan fluorescent protein (CFP) control (p413GPDCFP-skl) used for fluorescent
microscopy in this study was constructed by PCR integration of sequence en-
coding the amino acid residues serine, lysine, and leucine at the C terminus of
CFP and subsequent cloning into pRS413GPD (43). Sequences for all primers
are available upon request.

Northern and microarray analysis. RNA for Northern blot analysis was iso-
lated from a 150-ml YPD culture of strain BY4741 at 0, 15, 30, and 60 min during
heat shock with a hot phenol procedure (25). The blots were hybridized with
random-prime-labeled DNA fragments generated by PCR corresponding to the
entire ORF of PGK1, STI1, and SYM1 per the instructions of the manufacturer
(Invitrogen, Carlsbad, Calif.) and subsequently subjected to phosphorimaging
analysis (Molecular Dynamics/Amersham, Piscataway, N.J.) for quantitation.
RNA for DNA microarray analysis was isolated from YPE cultures of wild-type
and sym1� cells grown at 30 and 37°C. All RNA-labeling and DNA array
manipulations were performed by the University of Texas Southwestern Medical
Center at Dallas-Microarray Core Facility (http://microarray.swmed.edu) with a
custom-synthesized glass slide microarray consisting of 6,219 yeast genes ampli-
fied using a Research Genetics oligonucleotide pair set. Background subtraction
and normalization were performed as described previously (15). Only those
genes upregulated twofold or more in two duplicate experiments are reported in
Table 1. The values shown are the normalized severalfold induction in sym1�
cells versus wild-type cells for each independent experiment.

Fluorescence microscopy. Wild-type, sym1�, pex3�, or pex19� cells expressing
either Sym1-GFP or CFP-skl were grown overnight (to enhance mitochondrion
and peroxisome development) at 30°C in dextrose-containing medium. Mito-
chondria were specifically detected by staining with MitoTracker Red (Molecular
Probes, Eugene, Oreg.) as indicated by the manufacturer. Fluorescence and
differential interference contrast images of the stained cells were obtained on an
Olympus BX60 microscope using �100 magnification and captured using a
Photometrics charge-coupled device camera.

Subcellular fractionation and membrane association. Spheroplasting proce-
dures as described elsewhere were used to obtain soluble and membrane pellet
fractions from sym1� cells expressing Sym1-HA (20). The spheroplasting buffer

TABLE 1. Genes upregulated in sym1� versus wild-type cells on ethanol at 37°Ca

Gene Function Fold induction Category

PDC5 Pyruvate decarboxylase 14.5, 4.0 Metabolism
PYC2 Pyruvate carboxylase 5.1, 2.1 Metabolism
PGI1 Glucose-6-phosphate isomerase 2.6, 2.0 Metabolism
SDH2 Succinate dehydrogenase 2.6, 2.9 Metabolism
NTH2 Alpha, alpha-trehalase 2.4, 2.7 Metabolism
BAP2 Amino acid transporter 2.6, 2.1 Metabolism
ACH1 Acetyl-CoA hydrolase 2.6, 2.1 Metabolism

SSC1 Hsp70-mitochondria 5.5, 2.9 Heat shock
SSA1b Hsp70-cytosolic 2.3, 2.3 Heat shock

FKS1 1,3-Betaglucan synthase 5.3, 2.0 Cell wall
PIR1 Cell wall structural protein 4.8, 2.5 Cell wall

PMA2 Plasma membrane ATPase 4.5, 2.6 Other
YCL042Wc Uncharacterized ORF 3.4, 2.1 Other
YAL053W Uncharacterized ORF 2.1, 2.1 Other

a Wild-type and sym1� cells were grown overnight at 30°C in glucose medium, shifted to 30°C and grown to mid-logarithmic phase in ethanol as sole carbon source.
Cultures were then split and either continued growth at 30°C or shifted to 37°C until growth arrest. RNA was isolated and transcriptional profiles generated comparing
the two strains at each temperature. The induction ratios in sym1� versus wild-type cells for genes upregulated twofold or more in both replicates are listed.

b SSA1 was also independently found as the overlapping predicted ORF YAL004W.
c Hypothetical ORF partially overlapping the glucokinase gene GLK1.
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used for this procedure contained 50 mM Tris (pH 7.5), 3 mM 2-mercaptoetha-
nol, 1.2 M sorbitol, and freshly added protease inhibitors from a cocktail stock to
give the following final concentrations: aprotinin, 2 �g/ml; pepstatin A, 2 �g/ml;
leupeptin, 1 �g/ml; phenylmethylsulfonyl fluoride (PMSF), 2 mM; and chymo-
statin, 2 �g/ml. Spheroplasts were lysed with a Dounce homogenizer in buffer
containing 5 mM morpholineethanesulfonic acid-KOH (pH 6), 0.6 M sorbitol,
0.5 mM EDTA, and protease inhibitors. Unbroken cells and cellular debris were
removed by low-speed centrifugation (800 � g) at 4°C. The low-speed superna-
tant (total cell extract) was subjected to centrifugation at 16,100 � g to obtain the
soluble and membrane pellet fractions. The fractions were analyzed using stan-
dard Western immunoblotting procedures after sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) with antibodies recognizing known
soluble (�-PGK1; Molecular Probes) and membrane (�-AAC/porin; this poly-
clonal antibody recognizes both the general yeast mitochondrial ATP/ADP car-
rier and outer membrane porin) (gift of C. Koehler, University of California at
Los Angeles) proteins and the HA epitope (12CA5; Roche Diagnostics, India-
napolis, Ind.).

For membrane association experiments, crude cell extract isolated by glass
bead lysis in TEGN buffer (20 mM Tris-HCl [pH 7.9], 0.5 mM EDTA, 10%
glycerol, 50 mM NaCl) was centrifuged at 16,100 � g at 4°C to obtain a mem-
brane pellet. The membrane pellet was resuspended in TEGN and treated with
0.1 M NaCO3, 1% Triton X-100, or TEGN buffer for 30 min on ice. The samples
were subsequently centrifuged at 16,100 � g at 4°C to obtain soluble and mem-
brane fractions and analyzed as described above.

Protease protection assay. A modified version of the protease protection assay
of Yaffe (59) was utilized to determine the submitochondrial localization of
Sym1. For preparation of the mitochondria, the sym1� strain harboring
p426GPDSYM1-HA was grown overnight in semisynthetic lactate medium
(0.67% yeast–nitrogen base, 1� amino acids, 0.05% yeast extract, 2% lactic acid)
to induce mitochondrial proliferation. The culture was diluted and grown in 1
liter of semisynthetic lactate medium at 30°C with vigorous aeration to a final
optical density (600 nm) of approximately 1.0. Cells were harvested by centrif-
ugation, resuspended in buffer A (1.2 M sorbitol, 20 mM potassium phosphate,
pH 7.4), and converted to spheroplasts. Spheroplasts were washed once in buffer
B (0.6 M sorbitol, 20 mM potassium morpholineethanesulfonic acid, pH 6.0) and
resuspended in 10 ml of buffer B with 1� protease inhibitors. Lysis was achieved
through 20 strokes in a chilled Dounce homogenizer, after which unlysed cells
were collected by centrifugation at 1,500 � g. The cell pellet was subject to
Dounce homogenization again, and after centrifugation the two low-speed su-
pernatants were combined. Intact mitochondria were harvested by centrifugation
at 12,000 � g, washed, and resuspended in cold buffer C (0.6 M sorbitol, 20 mM
potassium HEPES, pH 7.4) to a final concentration of 25 mg/ml of mitochondrial
protein as determined by a Lowry protein assay. Mitochondria were frozen in
small aliquots and stored at �80°C.

For the protease protection assay, a sample of frozen mitochondria was diluted
to give six equal aliquots of 100 �l. Three were further diluted in 1 ml of buffer
C containing either 1 mM PMSF, 100 �g of proteinase K (Roche Diagnostics)/
ml, or 100 �g of proteinase K–1% Triton X-100/ml (mitochondria). The other
three were diluted in 1 ml of mitoplasting buffer (20 mM potassium HEPES [pH
7.4], 1 mg of bovine serum albumin/ml) containing 1 mM PMSF, 100 �g of
proteinase K/ml, or 100 �g of proteinase K–1% Triton X-100/ml (mitoplasts). All
six tubes were incubated for 30 min on ice followed by precipitation with 10%
trichloroacetic acid. Protein pellets were washed twice with cold acetone to
remove acid, dried, and resuspended in SDS-PAGE sample buffer. After SDS-
PAGE and transfer to nitrocellulose membrane, proteins were detected using
antibodies 12CA5, anti-AAC/porin, and anti-Fis1 (gift of J. Nunnari, University
of California at Davis).

Ethanol and heat shock induction analysis. Heat shock induction was per-
formed at 37°C for 15 min with glucose-grown cultures. Cultures used for ethanol
induction experiments were first grown to mid-log phase in glucose prior to
growth for 9 h in ethanol. Crude cell extract was obtained from standard glass
bead lysis procedures and analyzed as described above. Quantitation of band
intensity was performed on scans from film exposures of the enhanced chemi-
luminescence reaction with Image J (National Institutes of Health).

RESULTS

Identification of a novel gene required for growth on etha-
nol-containing medium at 37°C. Published DNA microarray
data were used to identify approximately 120 previously un-
characterized ORFs displaying a typical heat shock induction

profile at 39°C (7, 17). Phenotypic analysis designed to address
potential stress-specific growth requirements for this subset of
novel ORFs was performed in parallel using homozygous dip-
loid strains obtained from the yeast knockout collection.
Growth at both standard (30°C) and heat shock (37°C) tem-
peratures was tested under a wide array of growth conditions,
including nonoptimal carbon sources (ethanol-glycerol), oxida-
tive stress (2 mM hydrogen peroxide), osmotic stress (1 M
sorbitol), salt stress (1 M NaCl), etc. (40). One ORF,
YLR251W (SYM1), was found to be required for growth on the
nonfermentable carbon source ethanol specifically at 37°C and
was the focus of our present study. As shown in Fig. 1A,
wild-type and sym1� cells grow equally well on glucose at 30 or
37°C but the sym1� strain was unable to grow on ethanol-
containing medium at 37°C. Interestingly, no growth inhibition
on ethanol was observed for sym1� cells at 30°C. We specu-
lated that the observed growth phenotype might reflect a gen-
eral respiratory defect that would be expected to hinder growth
on other nonfermentable carbon sources. However, growth at
37°C on medium containing glycerol as the sole nonferment-
able carbon source was unaffected, thus indicating that SYM1
is not required for general respiratory growth. If the inability of
sym1� cells to grow on ethanol at 37°C is due to a specific
defect in ethanol metabolism, this phenotype should be reme-
diated by the addition of glycerol as an alternate carbon
source. Interestingly, sym1� cells were also unable to grow on
medium containing both carbon sources. Growth on medium
containing both glucose and ethanol was not inhibited (A.
Trott and K. A. Morano, unpublished data), suggesting that
the apparent ethanol toxicity was a result of metabolism during
respiratory growth.

We noted that growth of wild-type cells on glycerol-ethanol
medium at 37°C was slower than on either nonfermentable
carbon source alone, suggesting that simultaneous metabolism
of both compounds may be deleterious during thermal stress
(Fig. 1A). To investigate this further, wild-type and sym1� cells
were plated on medium containing 3% glycerol and increasing
concentrations of ethanol ranging from 0 to 2% (Fig. 1B). No
growth defects were observed for either strain at 30°C (Trott
and Morano, unpublished). However, wild-type cells exhibited
progressively poorer growth with increasing ethanol concen-
trations at 37°C. Importantly, sym1� cells displayed hypersen-
sitivity to ethanol at 37°C relative to wild-type results and failed
to grow at concentrations above 0.5%. Therefore, metabolism
of ethanol at 37°C causes growth impairment in S. cerevisiae
and deletion of SYM1 greatly exacerbates this phenotype. It
should also be noted that the growth defects are observed at
concentrations of ethanol far below those known to cause
proteotoxicity, heat shock gene induction, or cell death (6 to
8%) (1, 2, 9).

SYM1 expression is increased during heat shock and growth
on ethanol. To verify the heat shock induction of SYM1 re-
ported for published microarrays, Northern blot analysis of
SYM1 transcript levels was performed over a 1-h heat shock
period at 37°C. As shown in Fig. 2A, the SYM1 gene is heat
shock induced with an expression profile similar to that of the
previously characterized heat shock gene, STI1 (35). Tran-
scription of both genes was strongly induced at the 15-min time
point and then fell to levels below the maximum but higher
than prestress conditions. The induction ratio of SYM1 was
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determined by PhosphorImager analysis to be approximately
sevenfold. PGK1 levels were determined as a load control for
this experiment.

We next determined whether Sym1 protein levels likewise
responded to heat shock. A carboxyl-terminal HA epitope-
tagged allele of SYM1 was constructed under the transcrip-
tional control of its own promoter. Expression of Sym1-HA
fully complemented the 37°C ethanol phenotype of sym1� cells
(Trott and Morano, unpublished), verifying that the tag did not
interfere with Sym1 function. As anticipated, glucose-grown
sym1� cells expressing Sym1-HA exhibited an increase in Sym1
levels after 15 min of heat shock at 37°C (Fig. 2B). On the basis
of the observed sym1� phenotype, we asked whether Sym1-HA
protein levels would also increase during growth on ethanol.
Glucose-grown sym1� cells expressing Sym1-HA were resus-
pended in ethanol-containing medium for 9 h at 30°C. Western
blot analysis of Sym1-HA protein levels in cells grown in both
carbon sources indicated that Sym1 exhibited increased expres-
sion during respiratory growth on ethanol (Fig. 2C). The in-
duction of Sym1 as determined by scanning densitometry was
approximately threefold, in consistency with the observed five-
fold increase for AAC and a twofold increase for porin, two
mitochondrial proteins whose expression increases during res-
piration (17). The induction or stabilization of Sym1 in etha-
nol-containing medium at 30°C suggests a metabolic need for
Sym1 during non-heat-shock conditions. Moreover, SYM1 ex-
pression and therefore protein availability appears to be coor-
dinated with the conditional requirement for the protein for
growth on ethanol at 37°C.

sym1� cells undergo reversible growth arrest at 37°C and
exhibit an intermediate sensitivity to acetaldehyde. To better
understand the nature of the sym1� growth phenotype, the
growth rates of wild-type and sym1� ethanol-grown cells after
a shift to 37°C were compared (Fig. 3A). sym1� cells are able
to replicate for several generations following the 37°C temper-
ature shift. After approximately three generations, sym1� cells
ceased growth whereas wild-type cells continued to grow ex-
ponentially. Microscopic analysis of the growth-arrested sym1�
culture revealed that the cells arrested asynchronously, with no
significant bias toward G1 or G2 phases of the cell cycle. Two
scenarios could account for the observed growth defect on
ethanol medium; cells may be dying due to ethanol cytotoxic-
ity, or growth may be arrested due to a metabolic imbalance or
deficiency. To distinguish between these two possibilities, wild-
type and sym1� cells were serially diluted onto ethanol plates
and incubated at 37°C for 7 days. As shown in Fig. 3B, sym1�
cells were unable to form robust colonies under these condi-
tions, although microcolonies were observed. The same plate
was then shifted to 30°C for several additional days. Both
strains resumed growth following shift to 30°C with no detect-
able loss in CFU. In no case could we detect papillae arising
from a background of dead cells in the 37°C microcolonies,
illustrating that sym1� cells exhibit reversible growth arrest
and not cell death at 37°C on ethanol-containing medium.

To further address the nature of the sym1� sensitivity to
ethanol, metabolic intermediates in the ethanol catabolism
pathway were tested for their ability to support growth of
sym1� cells. The utilization of ethanol as a carbon source

FIG. 1. sym1� mutant cells are hypersensitive to ethanol and heat shock. (A) Wild-type and sym1� strains were plated on SC medium
containing glucose (2%), ethanol (2%), glycerol (3%), or glycerol plus ethanol and incubated at 30 or 37°C. Plates with nonfermentable carbon
sources were incubated for several days longer than glucose plates due to slower growth rates. (B) Wild-type and sym1� strains were plated on
SC medium containing glycerol (3%) plus the indicated concentrations of ethanol and grown at 30 and 37°C for the same length of time. Because
no growth effects were observed at 30°C, only the 37°C series is shown.
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requires alcohol dehydrogenase (ADH) for the oxidation to
acetaldehyde, a potentially toxic intermediate in the pathway
that is subsequently oxidized to acetate by acetaldehyde dehy-
drogenase (ALDH). As shown in Fig. 3C, growth inhibition of
sym1� cells was observed on 0.1% acetaldehyde relative to the
results seen with wild-type cells at 37°C, as evidenced by
smaller colony size. However, no reduction in growth rate was
seen on acetate-containing medium or on any of the other
carbon sources at 30°C. The sensitivity of sym1� cells to acet-
aldehyde is moderate compared to the dramatic phenotype
observed for growth on ethanol, suggesting a temperature-
specific requirement for SYM1 in the early steps of ethanol
metabolism rather than a general defect in metabolism of
two-carbon, nonfermentable carbon sources.

SYM1 shares homology and functional similarity to a mu-
rine glomerulosclerosis gene. BLAST analysis of the predicted
protein sequence of SYM1 identified a family of mammalian
peroxisomal membrane proteins with high-level sequence ho-
mology (	48% similarity, 	32% identity), as shown in Fig. 4A.
All are predicted to be small (20- to 22-kDa) integral mem-
brane proteins with four transmembrane domains. SYM1
shares the highest homology with Mpv17, previously identified
by insertional mutagenesis as a murine gene whose absence
results in progressive, age-onset glomerulosclerosis, hyperten-
sion, deafness, and, ultimately, death by renal failure (58).
Importantly, the molecular function of Mpv17 is presently un-
known. Comparative hydropathy plots of the SYM1 and Mpv17
predicted protein sequences were generated using the program
TMPred (23). As shown in Fig. 4B, the hydropathy traces were
nearly superimposable, suggesting that in addition to sequence

similarity, there is strong conservation of transmembrane do-
main architecture. To determine whether SYM1 is the yeast
functional ortholog of mammalian Mpv17, the Mpv17 coding
region was amplified from a human cDNA library by PCR and
subsequently cloned and expressed in sym1� cells. Expression
of human Mpv17 in the sym1� strain restored cell growth on
ethanol medium at 37°C, thus establishing a functional link
between SYM1 and its mammalian homolog (Fig. 4C).

Another S. cerevisiae predicted ORF named YOR292C also
exhibits substantial homology to the Mpv17/Pmp22 family. A
yor292c� knockout strain was tested for growth defects on
nonfermentable carbon sources at both 30 and 37°C, with no
observable defect (Trott and Morano, unpublished). More-
over, a sym1� yor292c� double-mutant strain was constructed,
and cells of this strain displayed no additional ethanol sensi-
tivity relative to sym1� cells (Trott and Morano, unpublished).
Together, the sequence analysis and functional complementa-
tion results strongly support assignment of SYM1 as the func-
tional ortholog of Mpv17 in S. cerevisiae.

Sym1 is an integral membrane protein of the mitochondrial
inner membrane. Mpv17 localizes to the peroxisome in murine
cells (61). Given the sequence and functional similarity of
Sym1 to Mpv17, we predicted that Sym1 would likewise reside
in the peroxisome in yeast. To address this question, a carbox-
yl-terminal fusion of GFP to Sym1 was constructed. Sym1-GFP
was found to fully complement the ethanol growth phenotype
of sym1� cells, indicating that the addition of GFP most likely
did not disrupt targeting and function of the Sym1 protein (Fig.
5A). To visualize peroxisomes, a version of CFP was con-
structed using PCR to add the amino acid sequence ser-lys-leu,

FIG. 2. SYM1 is stress inducible. (A) A wild-type culture in mid-
logarithmic-growth phase was subjected to a 1-h heat shock at 37°C,
aliquots were removed at the indicated time points, and total RNA was
prepared for Northern analysis as described in Materials and Methods.
Radiolabeled probes were used to detect mRNA levels of the indicated
genes. STI1 is a well-established heat shock gene, and PGK1 is used as
a loading control. (B) Sym1 protein levels after a brief heat shock were
examined in the sym1� mutant strain transformed with a plasmid
expressing SYM1 tagged with a triple-HA epitope at the carboxyl
terminus under the control of its own promoter. Equal amounts of
mid-logarithmic-phase cells were harvested at 30°C or after 15 min of
heat shock at 37°C, protein extracts were prepared, and the levels of
Sym1-HA and the loading control PGK were analyzed by Western
blotting. (C) Protein extracts were prepared from the same strain used
as described for panel B from cells grown in glucose medium or after
a 9-h shift to ethanol-containing medium and were analyzed by West-
ern blotting. The polyclonal antibody used to detect the mitochondrial
ATP/ADP carrier protein (AAC) also recognizes the mitochondrial
outer membrane protein porin.
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a well-established peroxisomal matrix-targeting signal, to the
carboxy terminus (CFP-skl) and was expressed in sym1� (8, 16,
50). Cells expressing Sym1-GFP or CFP-skl were examined by
fluorescence microscopy as shown in Fig. 5B. Sym1-GFP was
localized to a reticulated network distinct from the punctate
fluorescence observed with CFP-skl. Because the Sym1-GFP
pattern resembled that observed with mitochondrial proteins,
cells expressing Sym1-GFP were stained with MitoTracker
Red, a fluorescent dye that specifically stains charged mito-
chondria (Molecular Probes) (21). The MitoTracker Red pat-
tern was identical to that observed with Sym1-GFP (compare
panel A to panel B and panel D to panel E). To further
demonstrate that Sym1 was localized predominantly to a mi-
tochondrial compartment, we expressed both the Sym1-GFP
fusion and the CFP-skl peroxisomal marker in pex3� and
pex19� cells. These genes are required for peroxisome biogen-
esis and have been demonstrated to mislocalize both peroxi-
somal membrane and matrix proteins to the cytoplasm (22). As
shown in Fig. 5C, the localization pattern of Sym1-GFP re-
mained unchanged in pex3� and pex19� cells relative to wild-
type results (panels B and C versus panel A). In contrast, the

punctate peroxisomal signal observed in wild-type cells with
CFP-skl became diffuse throughout the cytoplasm in the pex
mutants (panels E and F). On the basis of these live cell
observations made using a fully functional GFP-tagged allele,
we therefore conclude that Sym1 is a mitochondrial protein in
yeast.

The strong similarity of Sym1 to members of the Pmp22/
Mpv17 family of integral membrane proteins and the predicted
hydropathy suggested that Sym1 would likewise be an integral
membrane protein. To address whether Sym1-HA was associ-
ated with the soluble or insoluble (membrane) fraction of a
cellular extract, a fractionation experiment using the lysate of
spheroplasted cells was performed (Fig. 6A). More than 95%
of Sym1-HA cofractionated with the mitochondrial membrane
proteins porin and AAC after medium-speed centrifugation at
16,100 � g, while only a small percentage remained in the
supernatant with the soluble cytoplasmic protein phosphoglyc-
erate kinase (PGK), verifying that Sym1 behaved as a mem-
brane-associated protein. To verify the predicted integral
membrane nature of the protein, medium-speed (16,100 � g)
membrane fractions were treated with buffer, 1% Triton

FIG. 3. sym1� cells show reversible cessation of growth on ethanol during heat shock and differential sensitivity to ethanol catabolic interme-
diates. (A) Wild-type and sym1� cells were grown in YPD medium at 30°C, diluted into YP–2% ethanol medium, and grown to mid-log phase and
then rediluted to an optical density at 600 nm (OD600) of 0.1 in YP–2% ethanol, and growth was monitored at 37°C for 28 h. (B) Dilutions of
wild-type and sym1� cells were spotted onto SC medium containing 2% ethanol and grown for 7 days at 37°C. The same plates were then shifted
to 30°C for an additional 3 days. (C) Dilutions of wild-type and sym1� cells were spotted onto SC medium containing ethanol (2%), acetaldehyde
(0.1%), or acetate (2%) and grown at both 30 and 37°C. Incubation times differed for each carbon source but were identical for both strains.
Because no growth defects were observed at 30°C, only the 37°C plates are shown. Note the smaller colony size of the sym1� strain and
acetaldehyde and the absence of a defect on acetate.

VOL. 3, 2004 NOVEL HEAT SHOCK RESPIRATORY GENE SYM1 625



X-100, or 0.1 M sodium carbonate and supernatant and pellet
fractions were generated by centrifugation. The solubility of
Sym1 and known integral membrane proteins porin and AAC
was determined by Western blotting (Fig. 6B). As expected for
an integral membrane protein and as demonstrated by blotting
for AAC-porin, Sym1 was solubilized after treatment with Tri-
ton X-100 but remained insoluble with sodium carbonate treat-
ment, which only removes peripheral membrane proteins.
These data indicate that Sym1, like other investigated mem-
bers of the Pmp22/Mpv17 family, is an integral membrane
protein.

Establishing Sym1 as a mitochondrial membrane protein
provoked investigation into whether Sym1 was localized to the
inner or outer membrane of mitochondria. To determine in
which membrane Sym1 resides, a protease protection assay
was performed. Preparations of enriched mitochondria with
intact or disrupted outer membranes (mitoplasts) were treated
with proteinase K in the presence or absence of Triton X-100,

as shown in Fig. 6C. Outer mitochondrial membrane proteins
are degraded by proteinase K treatment in both intact mito-
chondria and mitoplasts, as demonstrated by the results seen
with the outer membrane protein Fis1, while inner mitochon-
drial membrane proteins are sensitive to proteinase K only in
mitoplast preparations, as demonstrated by results seen with
the inner membrane protein, AAC (32, 36). Triton X-100
treatment results in sensitivity of both inner and outer mito-
chondrial membrane proteins to protease degradation due to
disruption of both mitochondrial membranes. Sym1-HA exhib-
ited a significant increase in proteinase K sensitivity treatment
in mitoplasts when compared to the results seen with intact
mitochondria in a manner similar to the inner membrane lo-
calization of AAC. We repeatedly observed a minor, faster-
migrating species of Sym1-HA in our proteinase K treatments.
Because the HA epitope is located at the carboxyl terminus, a
likely explanation for this additional band is cleavage of a
hypersensitive amino-terminal region, perhaps due to minute

FIG. 4. SYM1 is the yeast functional ortholog of the kidney disease gene Mpv17. (A) CLUSTAL alignment of the protein coding sequences
of SYM1, Homo sapiens Mpv17, Mus musculus Mpv17, and M. musculus Pmp22. Identical residues are boxed. The four predicted transmembrane
domains (TM1, TM2, TM3, and TM4) are indicated with bars over the protein sequences. (B) Hydropathy profiles of the SYM1 and Mpv17 protein
coding sequences were generated using TMPred. Putative transmembrane domains are indicated. (C) Dilutions of wild-type and sym1� cells
carrying either pRS426GPD (vector) or pRS426GPDHsMPV17 were spotted onto SC-URA plates containing 2% ethanol as sole carbon source
and incubated at 37°C.
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amounts of exogenously added protease accessing Sym1-HA.
Another possibility is that portions of Sym1, especially the
amino terminus, may extend into or through the outer mem-
brane. However, the bulk of Sym1-HA was protected from
protease in intact mitochondria while Fis1 was digested,
whereas levels of both proteins and AAC were dramatically
reduced in protease-treated mitoplasts. Taken together, these
data strongly suggest that unlike members of the peroxisome
resident Mpv17/Pmp22 family, the Sym1 protein in yeast lo-
calizes to the mitochondrial inner membrane, likely as a poly-
topic integral membrane protein.

sym1� cells exhibit altered transcript levels of several met-
abolic genes. The nature of the growth defect of sym1� cells on
ethanol-containing medium, as well as its localization in the
mitochondria, suggests a possible role for Sym1 in respiration-
linked metabolic processes at elevated temperature. To ex-
plore this hypothesis on a global scale, DNA microarray anal-
ysis was performed using RNA extracted from wild-type and
sym1� cells grown in ethanol at 30 and 37°C. Importantly,
there was no significant difference in the transcript profiles of
the two strains at 30°C (Trott and Morano, unpublished). Ad-
ditionally, essentially no genes were downregulated in the
sym1� strain relative to the wild-type results at 37°C. However,
transcriptional profiling revealed moderately increased expres-
sion of a number of genes in sym1� cells at 37°C relative to
wild-type results. The transcript levels of genes displaying a

twofold or higher increase in two repeated arrays in compari-
son to wild-type results were considered to be significant and
are listed by functional category in Table 1. The largest class of
genes identified in our analysis is metabolic genes, suggesting
metabolic deregulation in sym1� cells. Interestingly, many of
these genes, including PDC5, PGI1, PMA2, FKS1, and PIR1,
are not normally responsive to ethanol growth or heat shock
(17, 24). In addition, the upregulation of both cytosolic and
mitochondrial Hsp70 molecular chaperone genes, both previ-
ously known to be involved in mitochondrial protein translo-
cation, suggests that sym1� cells may be experiencing some
form of organellar stress (11, 12).

DISCUSSION

The combined effects of ethanol and heat on cellular growth
have been previously established as detrimental factors leading
to a significant decrease in growth rate or viability (46, 47, 54).
These effects are likely due to the denaturing properties of
both heat and high concentrations of ethanol on the structure
and stability of both lipids and proteins, leading to a synergistic
effect compared to the results with heat or ethanol alone. To
date, analysis of cellular pathways responsible for adaptation
and growth under these conditions has focused on the role
played by stress-specific response pathways and their induced
genes. Our identification of Sym1, a previously unknown mi-

FIG. 5. Sym1 is localized to the mitochondrial network. (A) Wild-
type or sym1� cells carrying pRS416GPD (vector) or pRS416GPD
Sym1-GFP were spotted onto SC-URA plates containing 2% ethanol
as sole carbon source and incubated at 37°C. (B) sym1� cells carrying
either pRS416GPDSym1-GFP or pRS416GPDCFP-skl were grown
overnight in selective medium and stained with the mitochondrial dye
MitoTracker Red. Cells were photographed under epifluorescence
illumination with the appropriate filters to detect the fluorescent pro-
tein fusions (FP) and MitoTracker signal (MT) or using differential
interference contrast optics (DIC). (C) Wild-type, pex3�, and pex19�
cells transformed with either pRS416GPDSym1-GFP or pRS413GPD
CFP-skl were grown overnight in selective medium and photographed
as described above.
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tochondrial heat shock protein required for growth on ethanol
at elevated temperatures, establishes a novel role for heat
shock proteins in ethanol metabolism at ethanol concentra-
tions well below established toxicity levels.

The ability of sym1� cells to grow at 37°C on other nonfer-
mentable carbon sources such as glycerol argues against a
general respiratory block imposed by growth at the restrictive
temperature. Examples of respiratory defects apparent only

during growth at 37°C include deletions of genes encoding
components of the electron transport chain (QCR6) and the
outer membrane pore protein porin (POR1) (4, 60). The ob-
served ability of sym1� mutants to resume growth at 30°C on
ethanol-containing medium after extensive exposure to heat
suggests that SYM1 is not required for maintenance of mito-
chondrial DNA integrity during 37°C growth and that exten-
sive mitochondrial damage does not occur. The ethanol growth

FIG. 6. Sym1 is an integral membrane protein of the mitochondrial inner membrane. (A) sym1� cells expressing the Sym1-HA fusion were
grown in SC-URA, harvested, spheroplasted, and lysed by Dounce homogenization. The sample was split into two equal aliquots, one of which
was held as the total cell extract (T); the other was subjected to centrifugation at 16,100 � g, and both supernatant (S) and membrane pellet
(P) fractions were isolated. Equivalent amounts of all fractions were subjected to SDS-PAGE and Western blotting to identify the indicated
proteins. (B) sym1� cells expressing the Sym1-HA fusion were grown in SC-URA, harvested, and lysed using glass beads. A medium-speed
membrane pellet was generated by centrifugation at 16,100 � g. The membrane pellet was split into thirds and treated with buffer, 0.1 M NaCO3,
or 1% Triton X-100, and the aliquots were again centrifuged at 16,100 � g to isolate membrane pellet (P) and supernatant (S) fractions.
SDS-PAGE and Western blotting was carried out as described for panel A. (C) Mitochondria were isolated for the protease protection assay as
described in Materials and Methods. Mitochondria were split into equal aliquots and diluted into osmotically supportive buffer (mitochondria) or
nonsupportive buffer (mitoplasts), which selectively ruptures the outer membrane. These samples were further diluted into three equivalent
aliquots and treated with buffer, proteinase K (100 �g/ml), or proteinase K–1% Triton X-100. Equivalent amounts of all samples were resolved
with SDS-PAGE and subjected to Western blotting with antisera as described previously. Fis1 was used as an outer membrane protein control.
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phenotype of sym1� cells is not ameliorated by the addition of
glycerol, although growth at 37°C on glycerol alone occurs at
wild-type rates. These findings imply that a “dominant” meta-
bolic block ensues in sym1� cells during ethanol consumption.
This conclusion is further supported by the observation that
wild-type cells likewise experience a reduction in growth rate
on glycerol in the presence of ethanol and heat (Fig. 1B).
Furthermore, sym1� cells exhibit a growth rate comparable to
the wild-type rate on medium containing both glucose and
ethanol. Growth under these conditions is likely to depend
primarily on fermentative pathways, with a concomitant reduc-
tion in respiratory gene expression and therefore in ethanol
metabolism. The suppression of ethanol metabolism by glu-
cose may therefore be sufficient to block growth inhibition by
ethanol in wild-type and sym1� cells. In support of this hypoth-
esis, we have begun preliminary characterization of high-copy-
number suppressors of the sym1� 37°C phenotype and have
isolated genes that when overexpressed increase protein kinase
A (PKA) activity, which is known to repress expression of
respiratory genes (41, 51).

Analysis of sym1� growth on acetaldehyde and acetate, both
intermediate carbon sources in the ethanol metabolic pathway,
indicates a temperature-specific defect in the utilization of
both ethanol and acetaldehyde, the substrates of the alcohol
(ADH) and ALDH families, respectively. The conversion of
ethanol to acetyl-coenzyme A occurs predominantly in the
cytosol, although both ADH and ALDH isoforms are found in
the mitochondria as well (6). Although no examples of altered
ADH or ALDH expression leading to a toxicity phenotype
similar to that of sym1� have been reported, changes in the
levels or activity of either enzyme could potentially lead to
alterations in levels of the intermediates of these pathways. For
example, either increased ADH activity or decreased ALDH
activity would lead to an increase in the levels of the toxic
intermediate acetaldehyde, which could potentially result in
growth inhibition on medium containing either ethanol or ac-
etaldehyde as the carbon source. Determination of cellular or
subcellular levels of ethanol and acetaldehyde in wild-type and
sym1� cells is likely to be hampered by the fact that both
compounds are highly diffusible throughout the cell and
quickly equilibrate upon cell disruption (19).

The DNA microarray data displaying altered levels of a
number of genes, including metabolic enzymes, in sym1� cells
grown on ethanol at 37°C suggest a metabolic defect. It is not
clear whether the basis for the observed gene deregulation is a
cause or consequence of the growth phenotype. However, the
increased expression of several metabolic genes, such as PDC5,
PGI1, and PMA2, normally repressed under respiratory con-
ditions is particularly intriguing. For example, PDC5 encodes
pyruvate decarboxylase, which is required for the decarboxyl-
ation of pyruvate to ethanol during fermentative growth, and is
strongly repressed during respiratory growth (24, 45). Dere-
pression of PDC5 therefore signifies a defect in carbon source
sensing or respiratory gene repression in sym1� cells at ele-
vated temperature. Alterations in the levels of metabolic en-
zymes in sym1� cells may result in a buildup of toxic interme-
diates during growth on ethanol at 37°C. Metabolism of
glycerol under these conditions could also be negatively af-
fected by such intermediates, providing a potential explanation
for the lack of growth of sym1� cells on glycerol medium

supplemented with ethanol but not on glycerol medium alone.
Although a more detailed analysis of the specific genes show-
ing altered expression in sym1� cells is required, two conclu-
sions can be drawn from the microarray data. First, sym1� cells
do not display gross changes in gene expression that might be
expected if the cells were experiencing substantial oxidative
stress, protein unfolding, or other cellular damage. Second, the
observed changes in gene expression only occur at 37°C in
ethanol medium, in keeping with the lack of a detectable
growth phenotype at 30°C. These data further support the
hypothesis that SYM1 is required for a metabolic or growth
process that is only markedly impaired when cells are growing
using ethanol as a carbon source concomitant with the duress
of heat shock.

An intriguing aspect of this investigation is the functional
orthology between Sym1 and Mpv17, previously shown to be
essential for maintaining normal kidney function in the mouse.
We have established conservation of function between Sym1
and Mpv17 through the complementation of the sym1� etha-
nol defect by expression of human Mpv17. Interestingly, the
mitochondrial localization of Sym1 in yeast differs strikingly
from the reported peroxisomal localization of Mpv17 and sug-
gests a compartmentalization divergence between members of
this protein family. Several lines of evidence suggest that Sym1
functions predominantly in the mitochondrial compartment in
yeast. First, the fully functional Sym1-GFP fusion protein ex-
hibited the classic reticulated network of mitochondria, dem-
onstrating complete overlap with the mitochondrion-specific
dye MitoTracker. Second, this localization pattern was unaf-
fected in pex mutant strains that block peroxisome biogenesis
(22). Third, a recently published proteomic analysis of S. cer-
evisiae mitochondria identified Sym1 as one of 750 proteins
localized to this organelle by highly purified mitochondria and
tandem mass spectrometry (48). Lastly, a similar proteomic
analysis of yeast peroxisomal membranes failed to identify
Sym1 (44). While we cannot definitively exclude the possibility
that a minor subpopulation of Sym1 resides in the peroxisomal
membrane, we think it highly likely that Sym1 carries out its
essential stress and respiratory functions in the mitochondrion.

Two scenarios can be envisioned to explain how Mpv17 and
Sym1 can be functional orthologs in different organelles.
Mpv17, like Sym1, may localize to the yeast mitochondrial
inner membrane, suggesting that the relevant pathway in which
both proteins operate may reside in the mitochondria in yeast.
Alternatively, Mpv17 may retain its peroxisomal targeting de-
terminants in yeast and may be able to carry out its mechanistic
role from that membrane. There is precedent for members of
the same protein family being differentially localized to distinct
organelles in fungi: the Candida boidinii peroxisomal mem-
brane protein PMP47 is highly homologous to the large family
of mitochondrial nucleotide carrier proteins (29). Additionally,
S. cerevisiae possesses two citrate synthase genes, CIT1 and
CIT2, encoding proteins targeted to mitochondria and peroxi-
somes, respectively (26, 42). We have attempted to determine
the subcellular localization of Mpv17 expressed in yeast but
have been unable to generate an epitope-tagged Mpv17 allele
that retains function as assayed by complementation (Trott
and Morano, unpublished). Although little is known about the
function of the members of the Pmp22/Mpv17 family, a per-
meability channel activity was found to be reconstituted in
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liposomes with peroxisomal membrane fractions from rat liver
enriched with a 22-kDa protein (56). Moreover, two reports
identified a channel in plant peroxisomes with properties dis-
tinct from a classic porin (37, 38). Little mechanistic informa-
tion exists for the Mpv17 protein except for a putative link with
ROS metabolism and upregulation of the matrix metallopro-
teinase gene MMP-2 (3, 39, 57, 61). We have found no evi-
dence for increased ROS or oxidative damage in sym1� cells
(Trott and Morano, unpublished). We favor the hypothesis
that Sym1, possibly in a multimeric structure, possesses a pore
or channel-like activity in the mitochondrial inner membrane
required for the transport of small molecules into or out of the
mitochondrial matrix under heat shock conditions. This activ-
ity, which is required in mammals for peroxisomal metabolic
processes, may have diverged evolutionarily from a yeast mi-
tochondrial metabolic process. The absence of the pore during
ethanol metabolism at elevated temperatures could result in
the inhibition of enzymatic reactions or signaling events re-
quired for cell proliferation. The lack of mechanistic informa-
tion for the Pmp22/Mpv17 protein family, and the demon-
strated importance of Mpv17 as one of the few mouse models
of renal disease, makes the yeast Sym1 protein an attractive
surrogate for structure-function studies.
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