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To study functions of late embryogenesis abundant (LEA) proteins, which accumulate in
plant cells under water deficit conditions, in vivo functional analyses were carried out
using a yeast (Saccharomyces cerevisiae) heterologous expression system. Two lea genes,
tomato le4 (group 2) and barley HVAI (group 3), were expressed under the GALI pro-
moter, and the gene products were detected using specific antisera. The growth of the
transformants was scored and compared with a control strain to analyze the effect of
these proteins on yeast cells under stress conditions. The yeast cells expressing HVA1
showed shorter lag period when transferred to a medium containing 1.2 M NaCl as com-
pared to a control strain, while the cells expressing le4 did not show improved growth.
Attenuated growth inhibition in a medium containing 1.2 M KCl was observed in the
yeast cells expressing le4 and HVAI. No obvious growth improvement was observed in a
high sorbitol medium in the cells expressing either le4 or HVAI. Increased freezing tol-
erance was observed in both lea-expressing cells, while no effect on heat tolerance was
observed. These results support the hypothesis that different LEA proteins play a dis-

tinctive role in the protection against cellular dehydration.
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During periods of water deficit imposed by drought, salin-
ity, and low temperature, plant cells accumulate a set of
proteins that are thought to function in protecting cells
from dehydration. A number of genes for such proteins
have been isolated and characterized (I, 2). A subset of
water deficit-induced genes are also expressed in embryos
during the late stages of embryogenesis before desiccation,
termed lea genes (late embryogenesis abundant) (3). After
their first identification in cotton, lea or lea-like genes were
isolated from many plant species (3, 4). LEA proteins are
extremely hydrophilic and are boiling-soluble, indicating
that the proteins are hydrated and non-globular (4). These
characteristics have led to the suggestion that LEA pro-
teins are involved in the protection of plant cells from dehy-
dration (1, 4, 5). Accumulation of LEA proteins coincides
with desiccation and freezing tolerance of plants (6-9).

LEA proteins are classified into at least seven groups
based on the amino acid sequence homology and specific
motifs (I). Based on the individual amino acid sequences
and predicted protein structures, LEA proteins of each
group have been suggested to have different functions dur-
ing water deficit (1, 3, 10). Group 1 LEA proteins contain a
conserved 20-amino-acid sequence with a high glycine con-
tent (~20%). Up to 70% of the polypeptide is predicted to
form a random coil. Tandem repeats of the conserved 20-
amino-acid motif were found one to four times in the mid-
dle of the molecules. The hydrophilic and random coil struc-
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ture indicates a possible function for group 1 LEA proteins
as a water-binding protein, which may preserve water in
desiccating cells.

Group 2 LEA proteins, also referred to as dehydrins, are
characterized by a highly conserved 15-amino-acid lysine-
rich sequence, or K-segment, with a consensus of EKKGI-
MDKIKEKLPG. The putative amphipathic a-helical struc-
ture of the K-segment indicates a possible hydrophobic
interaction with the surface of macromolecules (11). A
serine cluster that can be phosphorylated is found in most
dehydrins (12), although the physiological role of the phos-
phorylation remains unknown. One of the suggested func-
tions of group 2 LEA protein is to preserve membrane and
protein structure under dehydration (10, 13). Localization
of specific dehydrins at the plasmamembrane (14) and the
endomembrane (10) is consistent with the former function.
The cryoprotective activity of a purified spinach dehydrin
supports the latter possibility (13).

Group 3 LEA proteins commonly contain a repeat of an
11-mer amino acid motif with the consensus amino acid
sequence TAQAAKEKAGE. This is repeated as many as 13
times in Lea76 of Brassica napus (15). A possible am-
phiphilic a-helical structure of this motif may allow dimer-
ization of the polypeptides. The arrangement of charged
amino acids within the motif suggested a function in se-
questering ions that will accumulate under dehydration
conditions (10).

Group 4 LEA proteins lack repeated motifs, but they con-
tain a well-conserved N-terminal domain. This domain is
predicted to form amphiphilic a-helices which may interact
with ions or membrane (I, 16). An alternative function of
water-binding protein was proposed for the cotton group 4
LEA protein, D113, based on the predicted long random
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coil domain at its C-terminal (4). Since this domain is not
as long in tomato and sunflower proteins, it may not be a
common function of group 4 LEA proteins.

Functional analyses of LEA proteins are being carried
out both in vitro and in vivo. A group 3 LEA protein from
Craterostigma plantagineum, pcC3-06, was successfully
accumulated in transgenic tobacco to a level comparable to
that in C. plantagineum. However, the transgenic plants
did not show improved drought tolerance (17). Transgenic
rice plants producing HVA1, a barley group 3 LEA protein,
were algo constructed. Growth rates of the transgenic lines
after osmotic and water deficit stresses were higher than
that of non-transformed plants. The levels of HVA1 accu-
mulation correlated with increased tolerance to the stress-
es. These data suggested an in vivo function of HVA1 in the
stressed cells (18). Only a few reports on biochemical analy-
ses using purified LEA proteins are available (13, 19). In an
earlier study, we tested the effect of overproduction of
LE25, a group 4 LEA protein from tomato, in Saccharomy-
ces cerevisiae. The yeast cells producing LE25 protein dis-
played shorter lag times for growth than control cells when
challenged by high NaCl concentration. It was proposed
that LE25 protein acts as an ion-scavenger (16). Recently,
another group reported a similar effect of yeast cells ex-
pressing Em, a group 1 LEA (20).

To better understand the function of group 2 and group 3
LEA proteins during stresses, we have produced S. cerevi-
siae cells expressing le4 from tomato (group 2) and HVAI
from barley (group 3) and compared the growth of the yeast
strains under ionic, osmotic, freezing, and heat-stress con-
ditions. We found substantial difference in the stress toler-
ance between group 2 and group 3 lea-expressing cells.
These results support the hypothesis that different LEA
proteins play a distinctive role in the protection against cel-
lular dehydration.

MATERIALS AND METHODS

Strain, Media and Plasmids—S. cerevisice EH13-15
(MATq, trpl) (21) cells were used as the host strain. The
plasmid pYPR3831X (16) was used to express led (22) and
HVAI (23) cDNAs under the control of the GALI promoter.
The recombined plasmids pYPR38LE4 and pYPR38HVA1
were constructed as described (16). These plasmids were
transformed into S. cerevisiae EH13-15 using a lithium ace-
tate method (24). Cells were cultured in YNBD medium
(0.67% yeast nitrogen base without amino acid, and 2%
glucose) or in YNBG medium (0.67% yeast nitrogen base
without amino acid, and 2% galactose).

Total RNA Isolation and Northern Blot Hybridization—
The transformants were cultured in YNBD medium until
an ODg,y, of 0.7 was reached, when part of the culture was
switched to YNBG medium to activate the GALI promoter.
After 6 h of induction, total RNA was isolated by a hot phe-
nol method (25). Total RNA was separated on a denatured
1% agarose gel and blotted onto Hybond N* membrane
(Amersham). The cDNA fragments from pLE4 (26), pHVA1
(23), and a HSP12 genomic fragment (mentioned below)
were ZP-labeled with Random Primer DNA Labeling kit
(Takara, Kyoto) and used as probes. Overnight hybridiza-
tion and washing was carried out as described (16). A 745-
bp HSP12 fragment was amplified by PCR from the S. cere-
visiae genomic DNA with sense (5-ACGGTGAATTGCGT-
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TCTACTTC-3') and anti-sense (5'-TTTAAGCTGGAGTGA-
AATAG-3') primers.

Immunodetection of LEA Proteins in S. cerevisiae—The
yeast cells harboring pYPR38LE4 and pYPR38HVA1 were
precultured in YNBD medium until an ODg, of 0.7 was
reached, when the cells were transferred to YNBG medi-
um. Total proteins were extracted from the YNBG culture
after specific time periods (27), separated by 0.1% sodium
dodecyl sulfate (SDS) polyacrylamide gel electrophoresis,
then blotted onto Hybond C nitrocellulose membrane
(Amersham). The ECL Western blotting system (Amer-
sham) was used for detection according to the suppliers
instructions. Anti-dehydrin and anti-HVA1 antibodies were
used to detect the target proteins. Anti-dehydrin antisera
and anti-HVA1 antisera were obtained from Dr. T.J. Close,
University of California, Riverside and Dr. David Ho,
Washington University, respectively. Anti-dehydrin anti-
sera recognize the K-segment, which is conserved among
group 2 LEA proteins including LE4 (12).

Growth under Ionic and Osmotic Stress—S. cerevisiae
cells harboring pYPR38LE4, pYPR38HVAIL, and pYPR-
3831X were grown in YNBG medium for 2 days. Two milli-
liters of the culture was inoculated into YNBG (200 ml)
supplemented with either 1.2 M NaCl, 1.2 M KCl, or 2.0 M
sorbitol. At each time point, 1 ml of culture was removed,
and ODg, was measured with a spectrophotometer.
Growth was measured three times, and essentially same
growth curve was obtained each time.

Measurements of Freezing- and Heat-Stress Tolerance—
When the yeast culture grown in YNBG reached an ODy,
of 0.7, cells in 1 ml of culture were collected by centrifuga-
tion and resuspended in the same volume of sterile water.
Four aliquots of 0.1 ml of suspension were spread on YNBD
agar plates after appropriate dilution. Another four ali-
quots were frozen in a metal block cooled at —20°C. After 24
h, the frozen aliquots were thawed in a water bath at 30°C
for 5 min and plated on YNBD after appropriate dilution.
Colonies that appeared on the plates were counted, and
their numbers were averaged. For heat treatment, simi-
larly prepared aliquots were subjected to heat shock at
50°C for 0, 2, 4, 6, or 10 min, then incubated at 30°C for 5
min. Aliquots were spread on YNBD agar plates and survi-
vors were counted.

RESULTS

Production of LE4 and HVAI Proteins in S. cerevisiae—
To achieve high level expression of lea genes in S. cerevi-
siae, cDNAs from pLE4 and pHVA1l were introduced into
pYPR3831X to obtain pYPR38LE4 and pYPR38HVALI, re-
spectively (Fig. 1). These recombinant plasmids were trans-
ferred into the S. cerevisiae strain EH13-15. Expression of
the introduced genes were detected by RNA gel blot analy-
ses. The mRNAs of 0.9 and 1 kb for le4 and HVAI, respec-
tively, were detected when induced in galactose medium
(Fig. 2, A and B). To determine if LE4 and HVA1 proteins
were accumulated, total protein was extracted from the
transformants and analyzed by SDS-polyacrylamide gel
electrophoresis. In contrast to the case with LE25 (16),
bands corresponding to LE4 or HVA1 could not be detected
by staining with Coomassie Brilliant Blue (data not
shown). Using antisera against dehydrin and HVA1, the
production of the proteins was detected after 4 h and 16 h
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Fig. 1. The plasmid vector used to express le4 and HVAI in S.
cerevisiae. The ¢cDNA clones, pLE4 and pHVA1, were placed be-
tween the promoter of the GALI gene (P,,,) and the terminator of
the glyceraldehyde 3-phosphate dehydrogenase gene (TDH3) (T,,)
of the muliticopy plasmid pYPR3831X, resulting in pYPR38LE4
and pYPR38HVAL.
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Fig. 2. Galactose-induced expression of le4 and HVAI in S.
cerevisiae. (A) RNA gel blot analysis of S. cerevisiae cells express-
ing le4. EH13-15/LE4 cells were grown in either YNBD to OD,y, 0.7
(Glu) or further grown in YNBG for 6 h (Gal). Ten micrograms of the
total RNA was loaded in each lane and probed with pLE4. (B) RNA
gel blot analysis of S. cerevisiae cells expressing HVAI. EH13-15/
HVAL cells were grown in either YNBD to ODyg,, 0.7 (Glu) or further
grown in YNBG for 6 h (Gal). Ten micrograms of the total RNA was
loaded in each lane and probed with pHVAL. (C) Western blot anal-
ysis of total protein isolated from EH13-15/LE4 cells at 0, 4, 8, or 24
h after transfer to galactose medium. Ten micrograms of total pro-
tein was separated on SDS-PAGE and transferred. The membrane
was hybridized with anti-dehydrin antibodies. Apparent molecular
mass in kDa is indicated with an arrowhead. (D) Western blot anal-
ysis of total protein isolated from EH13-15/HVA1 cells at 0, 8, 16, or
24 h after transfer to galactose medium. Ten micrograms of total
protein was separated on SDS-PAGE and transferred. The mem-
brane was hybridized with anti-HVA1 antibody. Apparent molecular
mass in kDa is indicated with an arrowhead.
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of induction, respectively (Fig. 2, C and D). The nucleotide
sequences of pLE4 and pHVAI1 indicated that they have an
open reading frame encoding 13.9-kDa (26) and 22-kDa
(28) polypeptides, respectively. Like some other LEA pro-
teins, they migrated slower on SDS-PAGE due to their
biased amino acid compositions (28, 29) or modification of
the proteins.

Growth Performance of Transformed S. cerevisiae Strains
under Ionic and Osmotic Stress—The result described
above demonstrated that the regulated expression of le4
and HVA] driven by the GAL1 promoter led to the accumu-
lation of LE4 and HVA1 proteins in S. cerevisiae. We tested

ODe680nm
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Fig. 3. Growth of S. cerevisiae cells expressing led, le25, HVAI,
and the control cell in the medium containing 1.2 M NaCl
(A), 1.2 M KCl (B), and 2.0 M sorbitol (C). Yeast cells were grown
in YNBG medium for 2 days to reach full growth. Two milliliters of
the culture was inoculated into YNBG (200 ml) supplemented with
either 1.2 M NaCl, 1.2 M KCl, or 2 M sorbitol. At each time point, 1
ml of culture was removed and OD,,, was measured with a spectro-
photometer.
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the growth performance of the yeast cells producing LE4
(EH13-15/LE4) and HVA1 (EH13-15/HVA1) proteins under
ionic and osmotic stress conditions. Evaluation of growth
performance was compared to the strain transformed with
pYPR3831X (EH13-15/X). Growth of the same strain pro-
ducing LE25 (EH13-15/LE25) (16) was also measured for
comparison.

The control strain, EH13-15/X, was grown in galactose
(YNBG) medium to an early stationary phase, then trans-
ferred to YNBG containing 1.2 M NaCl. The growth of the
control strain was initially arrested; exponential growth
resumed after a lag phase of 40 h (Fig. 3A). The EH13-15/
HVAI1 cells displayed improved growth as compared to the
control strain. After transfer to 1.2 M NaCl, the lag phase
of EH13-15/HVA1 was about 20 h (Fig. 3A), which was
shorter than that observed with the control strain. It is
interesting to note that the lag phase of EH13-15/HVA1l
was shorter than that of EH13-15/LE25, which may indi-
cate that production of HVA1 protein was more effective in
protecting yeast cells under high NaCl stress than LE25. In
contrast, there was no difference in the length of the lag
phase between EH13-15/1LE4 and EH13-15X (Fig. 3A).
Similar experiments were carried out to investigate the
effect of high KCl concentration on growth characteristics.
In galactose medium containing 1.2 M KC], both EH13-15/
LE4 and EH13-15/HVA1 displayed shorter lag periods (10~
20 h) than the control strain (30 h). Growth of EH13-15/
LE25 strain in the high KCl medium was similarly im-
proved (Fig. 3B). In the hyperosmotic medium containing 2
M sorbitol, EH13-15/HVAL1 exhibited almost the same lag
period and growth rate in the exponential phase as the con-
trol strain (Fig. 3C). In contrast, EH13-15/LE4 and EH13-
15/LE25 had similar lag phase periods as the control strain
but growth rate at the exponential phase was slower than
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Fig. 4. Expression of HSP12 under lea-inducing conditions. S.
cerevisiae EH13-15/HVA1 (A), EH13-15/LE4 (B), EH13-15/LE25 (C),
EH13-16/X (D) were grown in YNBD medium until ODg, 0.7, then
each culture was divided into three parts: one was unchanged (0 h),
and the others were switched to YNBG medium and incubated for 3
and 6 h. Total RNA samples (10 ng) from the respective cultures
were fractionated on 1% agarose-formaldehyde gels, blotted, and hy-
bridized with respective probes as indicated.
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the control strain (Fig. 3C). When EH13-15/HVA1 was
grown in YNBG without sorbitol, it exhibited slightly lower
growth rate than the control strain. The doublng time of
EH13-15/HVA1 at mid log phase was 178 min, while that
of EH13-15/X was 152 min, suggesting that the production
of HVA1 only has a positive effect on growth under osmotic
stress. The yeast strains producing LEA proteins showed
no difference in their growth on solid YNBG containing
NaCl and sorbitol ranging from 0.2 and 2.0 M (data not
shown). This may reflect the difference in the total stress
environment in the liquid and the solid cultures. An alter-
native explanation is that production of LE4 and HVAl
proteins in S. cerevisiae only provides an advantage during
the lag phase before the native yeast mechanism for stress
adaptation is in place.

The production of heterologous stress proteins may trig-
ger intringic stress responses such as the production of
glycerol and heat shock response, which can contribute to
ionic and osmotic stress tolerance. To check this possibility,
we analyzed expression of the HSP12 gene, which is acti-
vated by both the high osmolarity glycerol (HOG) and the
heat shock pathways (30). In addition, we have found that
overexpression of HSPI2 in yeast confers salt tolerance
(Imai et al., unpublished observations). Figure 4 shows that
the expression of lea genes is greatly induced in YNBG,
while the level of HSP12 expression remains unchanged in
YNBG. This suggested that overexpression of LEA proteins
in yeast does not activate the HOG or heat shock pathways.

Temperature-Stress Tblerance of S. cerevisiae Strains
Expressing the lea Genes—Many reports have shown that
LEA proteins accumulate during cold acclimation. Thus, a
function in freezing tolerance was suggested (31). It is
interesting to determine if the expression of LEA-encoding
cDNAs alters freezing stress tolerance in yeast. Yeast cells
grown in galactose medium to an exponential phase were
frozen rapidly and stored at —20°C for 24 h. The thawed
cells were diluted and spread on plates to calculate percent

LE4

LE25

HVA1

Survival (%)

Time (min)
Fig. 5. Heat tolerance of S. cerevisiae cells expressing led,
le25 HVAI, and the control cells EH13-15 (pYPR3831X). Yeast
cells were subjected to heat shock at 50°C for 0, 2, 4, 6, or 10 min,
followed by treatment at 30°C for 5 min. Colonies that appeared on
YNBG agar plates were counted. Data from four independent ex-
periments were averaged. Bars represent standard errors of means.
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survival. The EH13-15/LE4 and EH13-15/HVA cells exhib-
ited 5.2 * 1.4% (mean * standard error) and 5.8 * 1.4%
survival, which are about two times higher than that of the
control cells (2.4 * 0.4%). Thus, expression of le4 and HVAI
conferred freezing-stress tolerance in yeast cells. However,
the survival rate was lower than that of EH13-15/LLE25 (8.4
* 1.7%). This may indicate LE25 has a different function
than the others, which may be closely associated with ame-
lioration of the effect of freezing, although the difference in
the levels of accumulation has to be considered.

Induction of heat shock proteins (HSPs) in S. cerevisiae
cells confers improved tolerance to freezing, suggesting that
a class of HSPs is commonly involved in both heat and
freezing tolerance (32). Thus, we have tested if the yeast
cells producing LEA proteins are heat tolerant. Surviving
cells after 50°C treatment were counted on plates after ap-
propriate dilution. Figure 5 shows that no heat tolerance
was acquired in the lea-expressing cells, suggesting that
the protective function of the LEA proteins is specific to
dehydration-related stresses.

DISCUSSION

In plant cells, a number of proteins are induced during
stresses involving dehydration such as drought, salt and
cold. LEA proteins are a subset of such stress-induced pro-
teins, which can be divided into several different groups
based on amino acid sequence. LEA proteins have attracted
interest because they are extremely hydrophilic and are
predicted to protect cell functions under stress conditions.
However, clear experimental evidence supporting the func-
tion of LEA proteins is still lacking. To initiate the func-
tional analysis of LEA proteins, S. cerevisige cells have
been used as a model organism. Yeast cells have been con-
sidered a good model system for eukaryotic cells and used
to address the function of some heterologous genes (33). In
the present study, we expressed two plant lea genes, le4
and HVAI, in S. cerevisiae and examined their effects on
growth performance under ionic, osmotic and temperature
stress.

LE4 and HVAL1 proteins were produced in S. cerevisiae
by the GALI promoter, but not to the level of LE25 (16). We
cannot yet explain the difference in the protein levels, while
similar levels of mRNA accumulation were observed. How-
ever, in the sequence preceding the translation start codon
of le25, there is a polyA cluster, which is frequently found
in highly expressed yeast genes this cluster was not found
in le4 or HVAI. Thus, it is possible that the efficiency of
translation initiation is different.

Growth measurements in ionic and osmotic stress media
revealed that LE4 and HVA1 may have different protective
functions in S. cerevisize. When S. cerevisiae cells are
exposed to high osmoticum, an adaptation process is initi-
ated. This includes activation of the HOG pathway, which
induces accumulation of glycerol, a compatible solute,
within the cell (34). The shortened lag periods in the stress
media may be interpreted as a result of mitigation of detri-
mental effects of the stress or enhancement of yeast intrin-
sic adaptation mechanisms. Although it seemed possible
that overexpression of le4 and HVAI enhances activation of
the HOG pathway or heat shock response, Northern blot
analysis showed that there is no significant difference in
the levels of the HOG- and heat shock-regulated HSPI2
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expression between the lea-expressing and the control cells
(Fig. 4). Thus, it is less likely that the observed effects of
lea-overexpression in yeast cells were due to the activation
of HOG and heat shock pathways.

Previous studies indicated that accumulation of group 3
LEA proteins coincides with salt and desiccation tolerance
(7, 35). The group 3 LEA proteins have an 11-mer amino
acid motif with the consensus sequence TAQAAKEKAGE
(10). In HVAL1, this motif is repeated as many as 13 times.
Dure (10) pointed out that the 11-mer repeated sequence of
group 3 LEA proteins could form an alpha helical dimer,
which is suitable for the accommodation of positively and
negatively charged ions. Thus, he proposed that a putative
function of group 3 LEA proteins is sequestration of ions
(10). Growth of HVAI-expressing cells displayed shortened
lag periods after being transferred to both high NaCl and
high KCl media. This supported the putative function of
HVAL1 in ion-sequestration. Xu et al. (I18) have shown that
expression of barley HVA1 in transgenic rice plants confers
water deficit and salt stress tolerance. Our results with
yeast were consistent with those observed with transgenic
plants.

Group 2 LEA proteins or dehydrins have been identified
in many plant species. Based on the primary structure, a
function was proposed for group 2 LEA to stabilize cellular
structures including proteins and membranes under dehy-
dration (11). The expression of le4 in yeast cells confers tol-
erance to high concentration of KCl but not to NaCl or
gorbitol. It is possible that LE4 may interact directly with
K*, but the structural feature of group 2 LEA proteins is
not ideal for the ion-binding protein (11). Rather, it may
interact with proteins or membranes, which may be struc-
turally altered by a high concentration of KCL

The problem in using transgenic plant to address the
functions of LEA protein is that LEA proteins are highly
accumulated in the stressed cells, and this makes it diffi-
cult to see the effect of overexpression of single lea gene.
The multigene family of lea hampers knocking out of the
specific group of LEAs. To determine the physiological role
of LEA proteins under stress conditions, the heterologous
expression system described here will be useful.

We thank Dr. Elizabeth A. Bray for providing the le4 cDNA clone,
Dr. Timothy J. Close for anti-dehydrin antibodies, and Drs. Bimei
Hong and David Ho for the HVAI cDNA clone and anti-HVA1 anti-
bodies.
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