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Abstract

The brewing and baking yeast Saccharomyces cerevisiae has been
used as a model for stress response studies of eukaryotic cells. In this
review we focus on the effect of high hydrostatic pressure (HHP) on S.
cerevisiae. HHP exerts a broad effect on yeast cells characteristic of
common stresses, mainly associated with protein alteration and lipid
bilayer phase transition. Like most stresses, pressure induces cell
cycle arrest. Below 50 MPa (500 atm) yeast cell morphology is
unaffected whereas above 220 MPa wild-type cells are killed. S.
cerevisiae cells can acquire barotolerance if they are pretreated with a
sublethal stress due to temperature, ethanol, hydrogen peroxide, or
pressure. Nevertheless, pressure only leads to protection against se-
vere stress if, after pressure pretreatment, the cells are also re-incu-
bated at room pressure. We attribute this effect to the inhibition of the
protein synthesis apparatus under HHP. The global genome expres-
sion analysis of S. cerevisiae cells submitted to HHP revealed a stress
response profile. The majority of the up-regulated genes are involved
in stress defense and carbohydrate metabolism while most repressed
genes belong to the cell cycle progression and protein synthesis
categories. However, the signaling pathway involved in the pressure
response is still to be elucidated. Nitric oxide, a signaling molecule
involved in the regulation of a large number of cellular functions,
confers baroprotection. Furthermore, S. cerevisiae cells in the early
exponential phase submitted to S0-MPa pressure show induction of
the expression level of the nitric oxide synthase inducible isoform. As
pressure becomes an important biotechnological tool, studies con-
cerning this kind of stress in microorganisms are imperative.
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Saccharomyces cerevisiae is a well-known
microorganism that causes bread dough to
rise and which is used for the production of
alcoholic beverages. Since 1876, when Pas-
teur demonstrated the essential participation
of live yeast in fermentation processes, a
huge amount of research has been done on
the biochemical reactions related to this pro-
cess. But yeast really became popular among
biologists with the advent of molecular biol-
ogy. Yeast has proved to be a good eukary-

otic model and evidence exists that mechan-
isms operating in yeast also occur in com-
plex eukaryotes (1). Thus, fundamental yeast
research has very wide applications. There is
no other eukaryotic organism in which so
many molecular details have been elucidated
by biochemical and genetic analysis in dif-
ferent areas of cellular and molecular biol-
ogy. In 1996 the entire yeast genome was
sequenced (2), revolutionizing yeast research.

And, how does yeast respond to pres-
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sure? If we take advantage of semiotics to
understand pressure and let semiotics assist
us to realize that meaning is not contained in
the word but is a complex interplay of codes
(3), we may answer this question more eas-
ily. According to any dictionary, pressure is
a force or influence exerted continuously on
or against something. Then, pressure is a
stress and therefore the correct question may
be; how does yeast respond to stress?

Yet our concern is on particular types of
stresses, 1.e., the stresses associated with
volume changes which influence important
physiological and biochemical processes,
such as protein dissociation and unfolding,
lipid bilayer phase transition and ligand bind-
ing. With this in mind, we will understand
why, although S. cerevisiae exists at atmo-
spheric pressure, hydrostatic pressure-induc-
ible genes and proteins also exist in this
organism (4-6). Most probably this is a re-
sult of overlapping effects of hydrostatic
pressure and other stresses for which adapta-
tion mechanisms exist. High hydrostatic pres-
sure (HHP) exerts a broad effect with char-
acteristics similar to those of common
stresses, such as temperature, ethanol and
oxidative stresses. Hydrostatic pressure rep-
resents an interesting form of stress whose
study in yeast may shed light on the effect of
stresses on other organisms.

Yeast viability during hydrostatic pres-
sure treatment decreases with increasing pres-
sure and this effect is more pronounced when
cells are submitted to pressures above 100
MPa, while at 220 MPa all wild-type cells
are killed. A pressure of 50 MPa is not
sufficient to kill or to alter yeast cell mor-
phology. Yeast cells in the stationary phase,
where cells are growth arrested and undergo
a variety of morphological and physiologi-
cal changes, are more resistant to pressure
than proliferating cells (7,8). In the budding
yeast S. cerevisiae the presence of a bud
reflects the cell cycle position; cells in the
G1 phase of the cell cycle are non-budded
and the bud appears at approximately the
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time when the cell enters the S phase. When
S. cerevisiae cells are exposed to a nutrient
limitation, mating pheromone or mild stress,
HHP included, they arrest in the G1 phase of
the cell cycle (9-12). Yeast cells pressurized
at 50 MPa for 30 min and then incubated at
atmospheric pressure for 120 min show a
decrease in the number of budded cells un-
der the stress condition, reaching a mini-
mum value 45 min post-pressurization. The
cells start recovering after 60 min, but are
fully active only after 2 h. Comparing the
yeast cell growth response to pressure with
the classical stress of heat shock of 40°C for
30 min, pressurized cells have a slower re-
sponse and also take longer to recover nor-
mal growth (12). This suggests that even
after the yeast cells have been relieved from
the pressure stress they still suffer metabolic
changes and are responding to this stress.

High hydrostatic pressure affects protein
polymerization and also induces protein de-
naturation, thus interfering with enzyme ac-
tivity (13,14). Increased protein unfolding
and aggregation occur when cells are ex-
posed to high temperature. Several physi-
ological changes take place when yeast cells
are exposed to a sublethal heat shock, with a
strong induction of heat shock proteins
(HSPs) and accumulation of a large cyto-
plasmic pool of trehalose (9,15,16). In con-
trast, while high pressure induces the trans-
cription of several stress genes in yeast cells,
it does not induce high-molecular weight
HSPs or the trehalose 6-phosphate synthase
gene (4). Several papers have shown the
importance of trehalose content for cell pro-
tection against the deleterious effect of HHP
(17-20) but a yeast mutant unable to accu-
mulate trehalose acquires barotolerance in
the stationary phase or after a heat-shock
treatment (8,17). Trehalose is a membrane
protector (21) and acts like other membrane
protectors that induce tolerance to pressure
(22).

Pressure also interferes with cell archi-
tecture and cell division, affecting mem-
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brane fluidity and the structure of the cell
wall and several intracellular organelles (23).
Transmission electron microscopic images
of yeast cells suggest that hydrostatic pres-
sure induces changes in the cell wall and
cytoskeleton, and thus in the cell membranes
and organellar dynamics (8). Indeed, pres-
sure up-regulates HSPI12 (4) which codes
for a protein related to cell wall flexibility
(24), suggesting that pressure directly af-
fects cell wall integrity and the cell responds
by production of Hsp12p. Actually, research
from the G. Lindsey laboratory has con-
firmed the cell wall location of Hspl2p,
leading to the hypothesis that this highly
hydrophilic protein acts on the cell wall as a
plasticizer in plastic polymers, interrupting
the hydrogen bonding and ionic interactions
between adjacent polysaccharide polymers
that otherwise result in a stable inflexible
structure (24,25).

The effect of pressure on the membranes
might be due to the fact that lipids are par-
ticularly sensitive to pressure effects, being
an order of magnitude more compressible
than proteins (26). High pressure orders phos-
pholipid bilayers, causing the fatty acyl
chains to pack together more tightly, reduc-
ing membrane fluidity (27). This phenome-
non also occurs at low temperature (28). An
increase in the extent of fatty acid unsatura-
tion can compensate for these effects and
maintain the membrane in a functional lig-
uid crystalline state (homeoviscous adapta-
tion). In fact, many deep-sea organisms
modulate their membrane fluidity by increas-
ing the proportions of unsaturated fatty acids
in response to pressure (29). Nevertheless,
unsaturated membranes have a higher de-
gree of disorder than the saturated bilayers,
but their motionally disordered regions are
barely accessible to water molecules (27),
leading to an increase in the baro- or low-
temperature resistance. Stresses that cause
membrane destabilization, such as osmotic
pressure (30), ethanol (31), cold (32), and
hydrostatic pressure (8,33) show a discrete

induction of the ERG25 gene (4,30,32,34).
Erg25p is a sterol desaturase involved in
ergosterol biosynthesis and is suggested to
be membrane-bound (35). In the presence of
such stresses the cell must maintain mem-
brane integrity by activating mechanisms
that are capable of minimizing these delete-
rious effects. On the other hand, heat-shock
down-regulates the ERG25 gene in yeast
cells (15). Yet, in yeast it has been shown
that the addition of ergosterol induces ther-
mal and ethanol tolerance in sterol auxotro-
phic strains (36) and vesicles with mem-
branes containing cholesterol have proved
to be more resistant to HHP than choles-
terol-free ones (27,37). Ergosterol is a sterol
containing an unsaturated side chain and
cholesterol has a saturated side chain. S.
cerevisiae cells enriched with ergosterol seem
to be more resistant to ethanol than cells
enriched with cholesterol (27). Thus, bio-
logical membranes have been implicated as
aprimary sensor of environmental stress and
membrane sterols appear to be important in
stress tolerance.

The influence of HHP on gene and pro-
tein expression has been recognized (5,38,39)
and, as DNA microarray technology devel-
oped, the expression of yeast genes in re-
sponse to a variety of physical stimuli has
been investigated (15). Moreover, Mentré
and Hui Bon Hoa (27), reviewing the effect
of HHP on living cells, pointed out that in
most cases gene expression is inhibited by
pressure but some specific pressure-shock
proteins are synthesized and also, regarding
DNA stability, HHP shifts from the B form
towards the denser Z form of DNA double
helices. Studies from Foguel and Silva’s
group (40,41) have shown that protein asso-
ciation with DNA is less stable under pres-
sure, demonstrating that high pressure may
interfere with transcriptional processes, al-
tering genome expression. This has led some
researchers to question whether what has
been seen by microarray analysis is not just
a matter of differential pressure resistance of
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gene promoter binding or of certain mRNAs.
Nevertheless, microarray analysis of yeast
cells submitted to HHP has revealed a stress
response expression profile. Analysis of the
6,200 known or predicted genes of S. cerevi-
siae shows that genes involved in stress
defense and carbohydrate metabolism are
highly induced by pressure, while several
genes involved in cellular transcription, pro-
tein synthesis and direction and cell cycle
regulation are down-regulated by pressure
treatment (4). If this global gene expression
profile observed under HHP conditions is
related to stability under pressure of nucleic
acids and proteins that protect cells against
the deleterious effects of stresses, would this
not be a stress response? On the other hand,
if the gene expression profile observed un-
der pressure was just a matter of mRNA
resistance, no induction should be seen but
only down-regulation, corresponding to the
degradation of non-resistant mRNAs. As a
matter of fact, considering the published
information on yeast response to hydrostatic
pressure and other stresses, it is our under-
standing that the cells have a mechanism to
sense the stress, and consequently to acti-
vate the gene expression machinery.

Yeast cells are better able to withstand
severe stress after they have been exposed to
a mild form of stress. Pretreatment with a
mild heat stress leads to protection against
more severe heat shock and several other
stresses, including HHP (8,42,43). However,
a mild heat shock is only one of a number of
preconditioning treatments known to induce
stress tolerance. Certain chemical agents,
osmotic dehydration and nutritional status
have effects on yeast thermotolerance (43).
In addition, results from our group have
shown that hydrogen peroxide, ethanol and
cold shock also induce baroresistance (44).
Although all of these stresses affect the cell
membrane, each of them has its own key
target. Protein denaturation is the main cause
of death of cells exposed to high temperature
(16), while ethanol (45) and hydrogen per-
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oxide (46) treatment cause oxidative stress,
whereas the major problem that yeast cells
face at low temperature is the reduction of
membrane fluidity. Therefore, the induction
of genes related to preservation of the cell
membrane, detoxification or protein folding
will protect yeast cells against the deleteri-
ous effects of high hydrostatic pressure.

S. cerevisiae cells submitted to a mild
sublethal pressure do not acquire resistance
to a subsequent rise to severely high hydro-
static pressure. Baroresistance after baro-
treatment is only acquired if the cells are
incubated at room pressure for a short period
of time before the severe HHP stress (17). A
short recovery period after pressure treat-
ment is also necessary to enhance survival
following a subsequent severe stress shock
of high or low temperature. The protective
effect is seen after 15 min of incubation at
atmospheric pressure and persists for one
hour in the presence of severe pressure and
ultra-cold stresses (12). We believe that be-
cause most pressure up-regulated genes en-
code proteins related to membrane protec-
tion, and the major problems that result from
pressure and cold shock are the reduction of
membrane fluidity and impaired protein syn-
thesis, once these membrane protective pro-
teins are synthesized and start playing their
role in this defense process, they stabilize
the cells for a longer period, resulting in the
protection against high pressure and ultra-
low temperature that is seen even 60 min
after decompression.

In contrast, the protection observed
against heat shock is shorter (12). It is well
known that the main problem caused by high
temperature in living cells is associated with
protein folding (16) and pressure does not
induce the larger HSPs related to chaperone
activity. Pressure, like low-temperature, in-
duces two small HSPs (HSP12 and HSP26)
related to membrane destabilization (4,32).
The small HSP Hsp26p from S. cerevisiae
has a molecular chaperone activity and, like
other members of the HSP family, protects
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proteins fromirreversible aggregation. It has
been shown that dissociation of the Hsp26
complex at high temperatures is a prerequi-
site for efficient chaperone activity (47). The
Hsp26p complex might be dissociated under
pressure and the initial protection observed
could be related to the chaperone activity of
this protein. Some time after returning to
normal pressure, the complex associates and
loses its chaperone activity.

Protein synthesis is indeed one of the
most barosensitive cellular functions and it
is completely blocked at 67 MPa in E. coli
and several mammalian cells (5,27,48). Ri-
bosome disassembly is, most probably, the
major factor contributing to this inhibition
(49,50). On the contrary, RNA synthesis is
maintained at pressures at which DNA and
protein synthesis are completely inhibited
(27). Several groups have reported the spe-
cific transcription and translation of genes
encoding proteins related to the stress re-
sponse only after a pressure shock (5,38). In
our recently proposed model, genes respon-
sible for stress-inducible proteins that are
up-regulated after HHP are unable to syn-
thesize their proteins due to the inhibition of
the protein synthesis apparatus during pres-
surization (12). High pressure causes not
only protein synthesis inhibition but also
protein denaturation and dissociation, both
of which are reversible after pressures up to
100-300 MPa (23). When the cells return to
atmospheric pressure after a sublethal pres-
sure treatment the alterations of organelles
and of biological processes are rapidly re-
versed (27) and only then will the newly
transcribed mRNAs be translated.

Another feature of HHP is the promotion
of vacuole acidification, caused by the dis-
sociation of protons from H,COj; or sugar
phosphoesters facilitated by the decrease in
volume driven by pressure (51). Stresses
like hydrostatic pressure, heat shock, etha-
nol exposure, and osmostress promote cyto-
plasm acidification in S. cerevisiae (16).
Microarray analysis of pressurized yeast cells

revealed the induction of HSP30, which
codes for a down-regulator of the stress-
stimulated H*-ATPase (H* adenosine triphos-
phatase) activity. H*-ATPase pumps H* at
the expense of ATP depletion. Hsp30p thus
plays a role in energy conservation during
the stress conditions (52).

The signaling pathways implicated in the
pressure response indeed are immediately
activated, leading to the induction and re-
pression of a variety of genes, as mentioned
above, whose products confer protection to
the yeast cell. Nevertheless, exactly which
pathways are involved is still under investi-
gation. Gene expression after a diverse range
of stressful conditions is commonly regu-
lated by trans-activators that bind to the
stress-responsive element that occurs in a
large number of gene promoters. However,
some genes regulated by Msn2/Msn4p (trans-
activators), like HSP12 and HSP26, are ex-
pressed under pressure; others, like those
implicated in trehalose metabolism, are not.
Also, pressure is a particular condition in
which HSP30 is up-regulated when HSP12
and HSP26 also are. HSP30 activation is not
related to Msn2/Msn4p or other classical
stress transcription factors (52).

Nitric oxide (NO) is a widespread signal-
ing molecule involved in the regulation of a
large number of cellular functions (53) and a
possible role of NO as a mediator of the
stress response in yeast has been examined
(54,55). A cytoprotection is clearly observed
when yeast cells are treated with 1 mM of the
NO donors sodium nitroprusside and S-
nitroso-N-acetylpenicillamine. Furthermore,
S. cerevisiae cells in the early exponential
phase submitted to 50-MPa pressure showed
induction of the expression level of the NO
synthase inducible isoform (NOS2). In con-
trast, regarding NO-induced thermotoler-
ance, heat pretreatment does not lead to an
induction of any NOS isoforms (55). It has
been observed that NO interacts with and
enhances the activity of the transcription
factor Acelp (54), but no other results, to
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our knowledge, have been reported for other
transcription factors involved in the NO sig-
naling stress response in yeast.

The global gene expression pattern re-
vealed by the microarray analysis in S. ce-
revisiae submitted to HHP opened up new
insights into this unique kind of stress. In
addition, the observation that pressure is
able to induce protection against pressure
and other stresses may be a useful biotech-
nological tool. Certainly, protection against
unfavorable conditions is likely to be con-
trolled by a complex of transcriptional, trans-
lational and post-translational mechanisms.

P.M.B. Fernandes

Understanding the connections between dif-
ferent environmental conditions in living
cells may contribute to information about
the particular signals generated by stresses
and may shed light on sensory transduction
and biochemical adaptation in eukaryotes.
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