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Abstract We systematically investigated the role of HSP
genes in the growth and survival of Saccharomyces cere-
visiae under high hydrostatic pressure together with
analysis of pressure-regulated gene expression. Cells of
strain BY4742 were capable of growth at moderate
pressure of 25 MPa. When pressure of 25 MPa was ap-
plied to the cells, the expression of HSP78, HSP104, and
HS P10 was upregulated by about 3- to 4-fold, and that of
HSP32, HSP42, and HSP82 was upregulated by about 2-
to 2.6-fold. However, the loss of one of the six genes did
not markedly affect growth at 25 MPa, while the loss of
HSP31 impaired high-pressure growth. These results
suggest that Hsp31 plays a role in high-pressure growth
but that the six upregulated genes do not. Extremely high
pressure of 125 MPa decreased the viability of the wild-
type cells to 1% of the control level. Notably, the loss of
HSP genes other than HSP31 enhanced the survival rate
by about fivefold at 125 MPa, suggesting that the cellular
defensive system against high pressure could be
strengthened upon the loss of the HSP genes. In this
paper, we describe the requirement for and significance of
a subset of HSP genes in yeast cell growth at moderate
pressure and survival at extremely high pressure.
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Introduction

Living cells display rapid responses when they are ex-
posed to adverse environmental changes. The phenom-
ena are observed in a wide range of organisms from
bacteria to higher eukaryotes and are commonly desig-
nated the stress response. Molecular responses to heat
shock have been extensively analyzed for many years,
revealing a set of inducible genes encoding heat-shock
proteins (Hsps) (Lindquist and Craig 1988). Hsps have
been implicated in growth-related processes such as
DNA replication, cell division, transcription, transla-
tion, protein folding, membrane protein functions, and
protein transport. The expression of many Hsps is reg-
ulated by the binding of heat-shock factors to upstream
sequences, called heat-shock elements (Mager and
Kruijff 1995). Hsps play an essential role in intracellular
housekeeping by assisting the correct folding of nascent
and stress-accumulated misfolded proteins to prevent
aggregation.

While heat shock, cold shock, osmotic pressure
shock, and oxidative shock have been widely investi-
gated, hydrostatic pressure shock has received less
attention, partly because of experimental difficulties.
Hydrostatic pressures greater than 100 MPa generally
kill microorganisms, and their survival rates depend on
the magnitude and duration of pressure applied. High
pressure has been applied instead of heat inactivation in
food processing industries to inactivate microorganisms.
Iwahashi et al. (1991) reported that short treatment of
yeast cells at the sublethal temperature of 42°C dra-
matically increased the viability of the cells when lethal
pressure of 150-180 MPa was applied. In this process,
Hsp104 expression is induced and plays an essential role
in the unfolding of denatured proteins which occurs at
high pressure (Iwahashi et al. 1997). Hsp104 is thought
be in the same family as the ClpA and ClpB proteins of
Escherichia coli and was confirmed to be essential for
thermotolerance by unfolding denatured protein at high
temperature (Gottesman et al. 1990). The sensitivity of
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hspl1044 cells to pressure of 180 MPa is more significant
when the pressure is applied at 35°C than when applied
at 4 or 20°C, suggesting that a higher temperature is
required for the ATPase activity of Hspl104 (Iwahashi
et al. 1997). On the other hand, trehalose has a protec-
tive effect on intracellular proteins, irrespective of tem-
perature.

Genome-wide expression in response to high pressure
was independently analyzed in two laboratories using
DNA microarray hybridization. Iwahashi et al. (2003,
2005) reported that genes categorized as active in energy
metabolism, cell defense, and protein metabolism were
upregulated after immediate pressure treatment at
180 MPa, whereas those categorized as active in protein
metabolism and membrane metabolism were upregu-
lated during growth at 30 MPa. Fernandes et al. (2004)
reported that pressure treatment at 200 MPa upregu-
lated genes categorized as active in stress defense and
carbohydrate metabolism, while downregulated genes
were involved in cell cycle progression and protein syn-
thesis. Some discrepancies are likely to occur in pressure-
regulated gene species because of the difference in strain,
culture medium, and magnitude of applied pressure used
in different laboratories. Meantime, it is still unclear how
such upregulated genes play a role in growth and sur-
vival at high pressure in yeast.

We have been analyzing the effects of hydrostatic
pressure at nonlethal levels (Abe 2004). Pressures of 20—
50 MPa cause acidification of the cytoplasm and vacu-
oles in live yeast cells (Abe and Horikoshi 1997, 1998).
One of our notable findings is that high pressure sig-
nificantly impairs the uptake of tryptophan by yeast
cells, which is mediated by the high-affinity tryptophan
permease Tat2 (Abe and Horikoshi 2000; Abe and Iida
2003). Consequently, hydrostatic pressure restricts the
cell growth of tryptophan-auxotrophic (Trp™) strains at
moderate pressure of 25 MPa. Overexpression of Tat2
enables Trp cells to grow at 25 MPa (Abe and Hori-
koshi 2000). A number of genes involved in the ubiquitin
system were identified as responsible for the high-pres-
sure growth of the Trp strain (Abe and Iida 2003;
Miura and Abe 2004; Nagayama et al. 2004). How-
ever, the genes responsible for high-pressure growth in
Trp " strains have not yet been identified. To establish
the molecular basis for microbial piezoadaptation and
piezotolerance, we investigated the expression profile of
HSP genes using the DNA microarray and carried out
functional analysis using a subset of HSP gene disrup-
tants from a yeast deletion clone library.

Materials and methods
Yeast strains and culture conditions

The strains used in this study were derived from Yeast
Deletion Clones (Invitrogen, Carlsbad, CA, USA):
BY4742 (MATo his3A1 leu2A0 lys2A0 ura3A0; wild
type), hsp264 (hsp26A:kanM X4), hsp3iA (hsp31A:

kanM X4), hspl504  (hspl50A4::kanM X4), hspl2A
(hspl124:kanM X4), hsp304 (hsp30A4:kanM X4), hsp784
(hsp78A::kanM X4), hsp42A (hsp42A::kanM X4), hsp1044
(hsp104A::kanM X4), hsp824 (hsp82A::kanM X4), msn2A
(msn2A::kanMX4), and msndA (msndA::kanMX4). To
examine cell growth at high pressure, exponentially
growing cells (0.7-1.5x107 cells/ml) in synthetic com-
plete (SC) medium at 24°C were diluted into
1.0x10° cells/ml. Hydrostatic pressure was applied to the
cells as described bellow. SC medium was prepared with
the following modifications. Tryptophan 40 mg/l, leu-
cine 90 mg/1, lysine 30 mg/l, histidine 20 mg/1, and uracil
20 mg/l were added, and valine was removed. The
optical density at 600 nm (ODgy) was measured after
appropriate dilution of the samples.

High-pressure treatment

For the application of hydrostatic pressure, cells in an
exponentially growing culture in SC medium at 24°C
were placed in sterilized tubes, sealed with parafilm, and
placed in hydrostatic chambers (PV100-360, PV100-500,
Teramecs, Kyoto, Japan). Hydrostatic pressure was
applied to the samples at 24°C using a hand pump
(TP200L, Teramecs). After decompression, ODgyy was
measured after appropriate dilution of the samples. To
determine the survival rate, cells were subjected to high-
pressure treatment at 125 MPa for 1 h in SC medium.
After decompression, the cells were placed on YPD agar
plates and incubated for 3 days at 24°C. The number of
colonies was then counted, and the survival rate was
expressed as the number of colony-forming units
(CFUgs).

Isolation of total RNA and DNA microarray analysis

Exponentially growing wild-type cells (5x10® cells) in SC
medium at 0.1 MPa were shifted to incubation at 0.1 or
25 MPa for 5 h. After decompression, the cells were
collected by centrifugation, washed twice with ice-cold
sterilized deionized distilled water (DDW), and resus-
pended in 10 ml of 50 mM sodium acetate-10 mM
EDTA buffer (pH 5.0). The total RNA was extracted
using the hot phenol method (Kohrer and Domdey
1991). One milliliter of sodium dodecyl sulfate and 12 ml
of preheated Tris-buffered phenol (65°C) were added to
the cell suspension and the mixture was maintained at
65°C for 5 min with vortexing every 30 s. After cooling,
the mixture was subjected to centrifugation at 2,500 g
for 10 min to separate RNA from cell debris. The lower
phenol layer was removed and the supernatant was
again extracted with an equal volume of phenol. After
centrifugation, the supernatant was extracted with an
equal volume of chloropane (50% v/v liquid phenol,
50% v/v chloroform, 0.5% 8-hydroxychinoline in
10 mM sodium acetate, 100 mM NaCl, 1 mM EDTA,
pH 6.0) and then extracted with an equal volume of



chloroform-isoamylalcohol (24:1). Total RNA was
precipitated from the resulting supernatant by the
addition of ethanol and sodium acetate (pH 5.3) at —
20°C for several hours, and then stored in diethylpiro-
carbonate-treated DDW at —80°C. To average accidental
errors in total RNA preparation, we mixed equal
amounts of total RNA purified from three independent
cultures. Subsequent procedures including the isolation
of poly AT-RNA, sample labeling, and hybridization
for DNA microarray were performed by NimbleGen
Systems Inc. (Madison, WI, USA) and GeneFrontier
Inc. (Tokyo, Japan). For the microarray, SuperClean
slides of TeleChem International, Inc. (Sunnyvale, CA,
USA) were used. Fifteen perfectly matching 60-mer
probes for individual genes were used for hybridization.
After hybridization, the glass slides were scanned with
an Axon 400B scanner (Molecular Devices Corp., Sun-
nyvale, CA, USA). The images were analyzed using
NimbleScan Software (NimbleGen Systems Inc). The
expression data from the microarrays were normalized
using the Robust Multi-chip Analysis algorithm (Bols-
tad et al. 2003). Because this analysis yields results with a
high confidence level, a 1.5-fold difference between
multiple samples generally corresponds to the level of
significance (P <0.05) obtained from hybridization sig-
nals from 15 perfectly matching probes for each gene.

Results and discussion

Expression of a subset of HSP genes in response
to high pressure

Because strain BY4742 is tryptophan prototrophic
(Trp ™), the cells are capable of growth at pressure of
25 MPa, in contrast to strain YPH499 (Trp) (Fig. 1)
(Abe and Horikoshi 2000). The expression of a subset of
HSP genes and the stress-related genes, MSNI, MSN2,

0.1 MPa
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Fig. 1 Functional analysis of HSP genes responsible for growth at
25 MPa. The wild-type and hspA cells in exponentially growing
cultures were incubated at 0.1 or 25 MPa and 24°C for 20 h with
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MSN4, and MSNS5, was analyzed using DNA micro-
array hybridization. Table 1 lists the level of HSP gene
expression when BY4742 cells were exposed to pressure
of 25 MPa for 5 h. Of the 17 genes, HSP104, HSPI10,
and HSP78 were upregulated by 3- to 4-fold at 25 MPa
compared with cells cultured at 0.1 MPa. HSP30,
HSP42, and HSPS82 were moderately upregulated by
2- to 2.6-fold at 25 MPa, whereas HSP26 and HSP3I
were downregulated by about 2-fold. The remainder of
the genes investigated were not significantly affected by
pressure. Upregulation of HSP104 by pressure is con-
sistent with a previous report (Iwahashi et al. 2005).
Hsp104 is known to cooperate with Ydjl (Hsp40) and
Ssal (Hsp70) to unfold and reactivate denatured,
aggregated proteins (Glover and Lindquist 1998). Hsp10
is a mitochondrial matrix co-chaperonin that inhibits the
ATPase activity of Hsp60 and is involved in protein
folding and sorting in the mitochondria (Dubaquie et al.
1997). Hsp78 is an oligomeric mitochondrial matrix
chaperone that cooperates with Sscl in mitochondrial
thermotolerance after heat shock (Leonhardt et al.
1993). Accordingly, the loss of mitochondrial functions
at high pressure might be compensated for by upregu-
lation of HSP60 and HSP78. Hsp30 is a hydrophobic
plasma membrane protein that negatively regulates the
H"-ATPase Pmal (Piper et al. 1997). It is also induced
by heat shock, ethanol treatment, weak organic acid,
glucose limitation, and entry into the stationary phase
(Piper 1995; Seymour and Piper 1999). We have re-
ported that nonlethal levels of hydrostatic pressure cause
intracellular acidification in a manner analogous to
weak acid treatment (Abe and Horikoshi 1997, 1998).
Therefore, intracellular acidification causes HSP30
induction with hydrostatic pressure. Hsp42 is a small,
cytosolic, stress-induced chaperone that forms barrel-
shaped oligomers and suppresses the aggregation of
nonnative proteins (Haslbeck et al. 2004). Hsp82 is a
cytoplasmic chaperone required for pheromone signal-
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the initial ODggq value of 0.1. The ODgq values were measured at
each time point after decompression
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Table 1 HSP and related genes regulated by pressure of 25 MPa

ORF number Gene name Description Fold induction
YLLO026W HSP104 Heat-shock protein 3.9
YORO020C HSPIO0 Mitochondrial matrix co-chaperonin 3.6
YDR258C HSP78 Oligomeric mitochondrial matrix chaperone 32
YCRO21C HSP30 Hydrophobic plasma membrane-localized, stress-responsive protein 2.6
YDRI171W HSP42 Small cytosolic stress-induced chaperone 2.3
YPL240C HSPS?2 Cytoplasmic chaperone (Hsp90 family) 2.2
YOLI116W MSNI Transcriptional activator 1.5
YOR391C HSP33 Possible chaperone and cysteine protease 1.5
YJL159W HSPI150 O-mannosylated heat shock protein 1.4
YKL062W MSN4 Transcriptional activator 1.4
YLR259C HSP60 Tetradecameric mitochondrial chaperonin 1.2
YFLO14W HSPI2 Plasma membrane-localized protein 1.1
YDR335W MSNS5 Karyopherin involved in nuclear import and export 1.1
YPL280W HSP32 Possible chaperone and cysteine protease 1.0
YMRO037C MSN2 Transcriptional activator 0.9
YDRS533C HSP31 Possible chaperone and cysteine protease 0.6
YBRO72W HSP26 Small heat-shock protein with chaperone activity 0.5

ORF, open reading frame

ing and negative regulation of Hsfl (Erkine et al. 1999;
Louvion et al. 1998). Small Hsps such as Hsp26 and
Hspl12 are known to be upregulated under various stress
conditions (Causton et al. 2001; Ferguson et al. 2005).
However, in our study, both genes remained almost
unchanged. We speculate that HSP26 and HSPI2 are
induced at the onset of pressure treatment, e.g., within
30 min, and the expression levels recover to their origi-
nal levels even during pressure exposure.

Functional analysis of HSP genes responsible
for growth at 25 MPa

We attempted to identify the HSP genes responsible for
high-pressure growth at 25 MPa. Of the 17 genes, 11 are
nonessential and can be disrupted. Cells of the wild type
and strains lacking the 11 individual genes were incu-
bated in SC medium at 0.1 or 25 MPa at 24°C with an
initial ODggq value of 0.1. The ODggg was measured at 5,
10, and 20 h. The doubling time of the wild-type cells at
0.1 and 25 MPa was 2.4 and 5.8 h, respectively (Fig. 1,
Table 2). Upon the loss of HSP31, the doubling time
was significantly prolonged to 10 h at pressure of
25 MPa, suggesting that Hsp31 plays a partial role in
growth under moderate pressure conditions. The loss of
one of the remaining genes, however, did not affect
growth significantly but slightly shortened the doubling
time (Fig. 1, Table 2). Hsp31 is a 25.5-kDa protein and
a possible chaperone and cysteine protease with simi-
larity to E. coli Hsp31 (Malki et al. 2005). The crystal
structure of the Hsp31 protein revealed the presence of a
putative catalytic triad and a strong resemblance to the
E. coli Hsp31 chaperone and the intracellular protease
PhPI from Pyrococcus horikoshii (Graille et al. 2004). A
large-scale genomic expression analysis indicates that
yeast Hsp31 is a stress responsive protein and is pro-
posed to act as a molecular chaperone (de Nobel et al.
2001). In general, pressure of 25 MPa is less severe and

does not affect the conformation of soluble proteins as
far as investigated in vitro. Therefore, some proteins
could be misfolded during de novo protein synthesis in
the endoplasmic reticulum at 25 MPa. Such misfolded
proteins may be catalyzed by the Hsp31 chaperone.

Functional analysis of HSP genes responsible
for survival at 125 MPa

Next, we attempted to identify the HSP genes respon-
sible for survival at high pressure. Cells of the wild type
and strains lacking the 11 individual genes were exposed
to pressure of 125 MPa for 1 h. After decompression,
the cells were placed on YPD agar plates and incubated
for 3 days. Table 3 shows the survival rate expressed as
the number of CFUs. Pressure of 125 MPa decreased
the viability of the wild-type cells to 1.0% of the baseline

Table 2 The doubling time of the wild-type and hspA cells at
0.1 MPa and 25 MPa

Genotype Doubling time at hydrostatic

pressures (h)

0.1 MPa 25 MPa
wild-type 2.44+0.01 5.86+0.33
hsp1044 2.52+0.01 4.64+0.06
hsp784 2.55+0.01 4.70+£0.04
hsp304 2.56+0.01 5.01+£0.16
hsp424 2.58+0.01 4.97+0.02
hsp824 2.58+0.02 4.74+0.06
hsp1504 2.53+0.004 4.74+0.03
msn44 2.54+0.01 4.65+0.02
hspl124 2.50+0.02 4.81+0.20
msn24 2.51£0.01 4.39+0.05
hsp314 3.06+0.09 10.07+1.11
hsp26 4 2.56+0.01 4.81+0.05

Data are representaed as mean values =+ standard deviations
(n=3)



Table 3 Survival rate of the wild-type and hspA cell after high-
pressure treatment at 125 MPa

Genotype Survival rate at 125
MPa for 1 h (%)
wild-type 1.03+0.78
hsp1044 4.28+3.53
hsp784 4.89+3.48
hsp304 5.32+4.80
hsp424 5.44+4.51
hsp824 4.58+4.22
hsp1504 5.33+£5.25
msn4A 5.27+£5.69
hsp124 5.43+3.92
msn2A 4.22+0.73
hsp314 0.49+0.34
hsp26 4 4.15+4.39

Data are representaed as mean values + standard deviations

(n=3)

level, indicating that this pressure is lethal to yeast.
Similarly, pressure of 125 MPa decreased the viability of
hsp314 cells to 0.5%. Unexpectedly, the loss of one of
the remaining genes enhanced cell viability by fivefold.
This means that the HSP gene disruptants acquired pi-
ezotolerance at 125 MPa. The data shown in Table 3 are
widely scattered with large error bars even though there
are significant differences. This is perhaps because the
viability after lethal pressure treatment is influenced by
differences in the growth phase of cell cultures or the
speed of compression and decompression, which varied
slightly in the experiments. A previous report showed
that the loss of HSPI04 caused hypersensitivity to
pressure of 150 MPa against a W303 genetic back-
ground, which is inconsistent with our results (Iwahashi
et al. 1997). Strain W303 is known to carry defective
alleles of the SSDI gene that encodes multiple functional
proteins involved in chromosome maintenance (Uesono
et al. 1994), tolerance to Ca>* (Tsuchiya et al. 1996), or
cell morphology (Moriya and Isono 1999). We speculate
that, because strain W303 lacks the Ssdl function,
Hsp104 is likely to be more important for the estab-
lishment of the cellular stress defense system in strain
W303 than in strain BY4742. Hence, the loss of Hsp104
resulted in hypersensitivity to pressure in strain W303.
We have confirmed that Ahspl04A4 cells show hypersen-
sitivity to high-temperature treatment at 50°C for
10 min resulting in decreased viability to about 1.0%,
whereas 13% in strain BY4742. Thus, Hsp104 plays an
essential role in thermotolerance against the BY4742
genetic background. In our preliminary results, ther-
motolerance was not acquired upon the loss of any HSP
genes investigated in this study (data not shown).
Therefore, the acquired piezotolerance could be a un-
ique cellular response to high hydrostatic pressure. It is
known that mutations in Hsp70 result in increased
expression of Hsps at optimal growth temperature or
even at low temperature (Craig and Jacobson 1984;
Craig and Gross 1991). In this phenomenon, increased
levels of misfolded proteins promote the expression of
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other Hsps. In an analogous manner, the loss of one of
the HSP genes may induce other HSP gene expression,
resulting in piezotolerance. Upon the loss of SSA47/2
encoding cytosolic chaperones Hsp70 proteins, genes
involved the regulation of proteins synthesis and
ubiquitin-dependent proteasomal protein degradation
are known to be upregulated by mild-hear shock treat-
ment (Matsumoto et al. 2005). The role of HSP70 sub-
family genes, SSAI, SSA2, SSA3, and SSA4, in
piezotolerance is under investigation.

Perspectives in understanding the effects of hydrostatic
pressure in yeast

Hydrostatic pressure exerts complex influences upon the
structures of cellular macromolecules, metabolic path-
ways, transcription, translation, and cell division
depending on the magnitude and duration of applied
pressure. Our present study of HSP genes demonstrated
that upregulated genes are not always responsible for
growth under moderate pressure conditions (piezoad-
aptation) or tolerance against lethal pressure (piezotol-
erance). This is probably because a number of
functionally overlapping genes are involved in piezoad-
aptation and piezotolerance. In addition, the loss of
HSP genes was found to promote the piezotolerance of
the yeast cells. Such interplay between the consequence
of gene disruption and the phenotype makes the prob-
lem more complex. Screening of an entire yeast deletion
clone library would yield clues for understanding the
requirement of yeast for genes responsible for piezoad-
aptation and piezotolerance as well as the biological
processes employed by organisms inhabiting deep-sea
environments.
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