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LEA proteins prevent protein aggregation due to water stress
Kshamata GOYAL1, Laura J. WALTON1 and Alan TUNNACLIFFE2
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LEA (late embryogenesis abundant) proteins in both plants and
animals are associated with tolerance to water stress resulting from
desiccation and cold shock. However, although various functions
of LEA proteins have been proposed, their precise role has not
been defined. Recent bioinformatics studies suggest that LEA
proteins might behave as molecular chaperones, and the current
study was undertaken to test this hypothesis. Recombinant forms
of AavLEA1, a group 3 LEA protein from the anhydrobiotic
nematode Aphelenchus avenae, and Em, a group 1 LEA protein
from wheat, have been subjected to functional analysis. Heat-
stress experiments with citrate synthase, which is susceptible to
aggregation at high temperatures, suggest that LEA proteins do
not behave as classical molecular chaperones, but they do exhibit
a protective, synergistic effect in the presence of the so-called
chemical chaperone, trehalose. In contrast, both LEA proteins can

independently protect citrate synthase from aggregation due to
desiccation and freezing, in keeping with a role in water-stress
tolerance; similar results were obtained with lactate dehydrogen-
ase. This is the first evidence of anti-aggregation activity of LEA
proteins due to water stress. Again, a synergistic effect of LEA and
trehalose was observed, which is significant given that non-
reducing disaccharides are known to accumulate during dehydra-
tion in plants and nematodes. A model is proposed whereby LEA
proteins might act as a novel form of molecular chaperone, or
‘molecular shield’, to help prevent the formation of damaging
protein aggregates during water stress.
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INTRODUCTION

LEA (late embryogenesis abundant) proteins were first charac-
terized in cotton and wheat ([1], and references therein) and are
produced in abundance during seed development, comprising up
to 4% of cellular proteins [2]. Their expression is linked to the
acquisition of desiccation tolerance in orthodox seeds, pollen and
anhydrobiotic plants, but many LEA proteins are induced by cold
or osmotic stress, by exogenous abscisic acid, or are even ex-
pressed constitutively, e.g. dhnX from Arabidopsis thaliana [3].
Their precise function is unknown, but they are assumed to pro-
tect cellular or molecular structures from the damaging effects of
water loss; a number of putative mechanisms have been proposed,
including hydration buffering, ion sequestration, direct protection
of other proteins or membranes, or renaturation of unfolded pro-
teins [1,4]. However, these suggestions for function are supported
by relatively little evidence. However, there seems to be some
effect on stress tolerance, since tomato, wheat and barley LEA
proteins confer increased resistance to osmotic or freeze stresses
when introduced into yeast ([5], and references therein], and
a barley LEA protein improves tolerance to water deficit in
transgenic rice [6] and wheat [7]; furthermore, in vitro, an algal
LEA protein diminished freeze damage of the enzyme LDH
(lactate dehydrogenase) [8].

Genes of LEA proteins have been identified in many plant
species, and at least six different groups of LEA proteins have
been defined on the basis of expression pattern and sequence; the
major categories are group 1, group 2 and group 3 [1,4,9]. Group 1
LEA proteins, of which the wheat Em protein is the type sequence,
have been further subdivided into two superfamilies by Wise [9],
and are only found in plants. They are unstructured in solution
[10], but contain a conserved 20-residue amino acid motif, most
often in one copy [1]. Group 2 LEA proteins, which Wise [9] sug-

gests comprise three superfamilies, are also known as ‘dehydrins’
[11] and are mainly found in plants, including algae. Group 2 pro-
teins are characterized by up to three sequence motifs, known as
the K-domain (lysine-rich), the Y-domain (DEYGNP) and the
S-segment (poly-serine stutter). Again, they are largely unstruc-
tured, although they show some α-helical content [12–14]. The
group 3 LEA proteins, comprising two superfamilies [9], are
characterized by a repeated 11-mer amino acid motif whose con-
sensus sequence has been broadly defined as ��E/QX�KE/
QK�XE/D/Q (where � represents a hydrophobic residue) [15].
Interest in this group has been increased by the discovery of homo-
logues in organisms other than plants, including the nematodes
Caenorhabditis elegans, Steinernema feltiae and Aphelenchus
avenae, and the prokaryotes Deinococcus radiodurans, Bacillus
subtilis and Haemophilus influenzae [15–17]. The group 3 LEA
protein from anhydrobiotic nematode A. avenae [18], and a
putative example from bullrush [19], are natively unfolded in sol-
ution, but seem to become more structured on drying. A genetic
study [20] in D. radiodurans supports a role for group 3 LEA
proteins in desiccation tolerance, but, again, their precise function
is unknown.

We have previously recognized the need for a mechanism to
formulate reasoned hypotheses relating to LEA protein function,
which can then be tested experimentally [21]. Novel bioinform-
atics [9] make predictions for the function of the various LEA
protein groups and subgroups (or ‘superfamilies’, in the nomen-
clature of Wise), based on similarities in peptide profiles of the
LEA proteins and other proteins of known function. For the group
1 LEA proteins of superfamily 6, of which wheat Em is a repre-
sentative, and the group 3 LEA proteins of superfamily 2, which
include the AavLEA1 protein from A. avenae, a molecular cha-
perone activity is suggested by bioinformatics [21]. In the present
study, we test these predictions and show that, while neither of
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the LEA proteins behaves like a ‘classical’ molecular chaperone,
they both possess anti-aggregation activity during water stress,
and prevent protein inactivation under these conditions.

EXPERIMENTAL

Recombinant LEA proteins

Details of AavLEA1 recombinant protein production and purifi-
cation have been described previously [18]. For the group 1 LEA
protein, the Em cDNA sequence (a gift from Dr A. C. Cuming,
University of Leeds) was amplified by PCR from the vector
pMTK1b [22] using oligonucleotide primers containing engin-
eered NdeI (5′-AGAGACATATGGCTTCCGGC) and BamHI
(5′-TGCTTGCTAGGATCCCGGAT) sites. The sequence was
cloned into pCR2.1-TOPO vector, cut out using the above en-
zymes and ligated into pET15b vector (Novagen, Madison, WI,
U.S.A.). The plasmid was transformed into the Escherichia coli
strain BL21(DE3). Expression of the protein with an N-terminal
His6-tag and purification were performed as described for the
AavLEA1 protein [18]. Protein concentration was determined by
A280 using a molar absorption coefficient of 1280/M/cm cal-
culated with EXTCOEFF programme on Biology Workbench
(http://workbench.sdsc.edu/).

Thermal aggregation assay

CS (citrate synthase; EC 4.1.3.7) from porcine heart was pur-
chased from Sigma and dialysed against 50 mM Tris/HCl and
2 mM EDTA (pH 8.0). The concentration of CS was determined
using a molar absorption coefficient of 1.78 for a 1 mg/ml sol-
ution at 280 nm at a 1 cm pathlength [23]. Light scattering was
measured in a stirred quartz cell in a Cary Eclipse fluorescence
spectrophotometer with a thermostatically controlled cell holder.
To determine aggregation kinetics, 15 µM CS was diluted 200-
fold in 40 mM Hepes/KOH (pH 7.5) and equilibrated at 43 ◦C.
Both excitation and emission wavelengths were set at 500 nm,
with a spectral bandwidth of 2 nm. Where the effect of proteins
and other solutes on CS aggregation kinetics was to be determined,
these were equilibrated in 40 mM Hepes/KOH (pH 7.5) at 43 ◦C,
before the addition of CS. All experiments were performed three
times.

Water-stress aggregation assay

Aggregation of CS or LDH was monitored by reading absorbance
A at 340 nm in a DU800 spectrophotometer (Beckman Coulter,
High Wycombe, Bucks., U.K.). For vacuum drying, 0.12 mg of
porcine heart CS with or without protectant proteins (at molar
ratios of 1:1, 1:2 and 1:10) was dried in 100 µl vol. in polystyrene
tubes in a Dura-StopTM microprocessor-controlled tray drier (FTS
Systems) at 25 ◦C, 2000 mT for 1 h. All proteins were first dialysed
overnight with several changes of distilled water to remove buffer
salts. Before desiccation, samples were degassed by spinning
under vacuum for 10 min in an Eppendorf concentrator 5301.
Dried samples were rehydrated to a final volume of 170 µl for
aggregation assay. For the cryoprotection assay, 170 µl of CS or
LDH at a concentration of 200 µg/ml in polystyrene tubes was
flash-frozen by immersion in liquid N2 for 30 s and then thawed
at ambient temperature. Assays were performed in triplicate and
the appropriate buffer solution without a protectant was used
as the blank.

CS activity

CS activity was assayed according to the method of Srere [24].
To determine the CS activity, 1 µl of CS/stabilizer (from the
samples used in the aggregation assay) was added to 1 ml of

Figure 1 LEA proteins alone do not prevent heat-induced aggregation of
CS

Aggregation kinetics of CS at 43◦C in the presence or absence of LEA proteins and a small
heat-shock protein p26 are shown, as determined by light scattering (in arbitrary units ‘au’ on the
y-axis) assayed by a fluorescence spectrophotometer. Key to symbols: CS (final concentration
75 nM) alone (�), CS plus group 1 LEA (1 µM, �), CS plus group 3 LEA (1 µM, �), CS plus
p26 (75 nM, �) or CS plus p26 (150 nM, �).

TE (Tris/EDTA) buffer with 100 µM oxaloacetic acid, 100 µM
DTNB [5,5′-dithiobis-(2-nitrobenzoic acid)] and 150 µM acetyl-
CoA (disodium salt). Change in A412 was measured every 1.5 s for
1 min. Enzyme activity was expressed as a percentage of the un-
frozen/undried control rate. All samples were assayed in triplicate.
Statistical significance was determined by Student’s two-tailed t
test.

LDH activity

LDH from rabbit muscle was obtained from Roche (Lewes, East
Sussex, U.K.) and diluted in 100 mM sodium phosphate buffer
(pH 6) following the manufacturer’s recommendations. In a
microfuge tube, 2 µl of 0.1 mg/ml LDH was added to a total
of 50 µl of test stabilizer solution (25 mM Tris/HCl, pH 7) with
or without stabilizing agents. Tubes were flash-frozen in liquid
N2 and thawed at ambient temperature, or vacuum-dried for 1 h
at 25 ◦C in 2000 mT field in a Dura-StopTMµp freeze dryer and
rehydrated immediately in 50 µl of water at ambient temperature.
To determine enzyme activity, 2 µl of LDH/stabilizer solution
was added to 1 ml of 100 mM sodium phosphate buffer (pH 6)
with 100 µM NADH and 2 mM pyruvate. Change in A340 was
monitored every 1.5 s for 1 min in a DU800 spectrophotometer
(Beckman Coulter). All values given are expressed as percentage
of rate of reaction measured for unfrozen or undried samples. All
samples were assayed in triplicate.

RESULTS

LEA proteins alone do not prevent protein aggregation due
to heat stress

The proposal that group 3 LEA proteins behave as molecular
chaperones can be tested using a standard unfolding assay, with
CS as a model substrate [25]. CS is a dimeric enzyme that is in-
activated and forms aggregates at temperatures of 40 ◦C or above.
Irreversible aggregation occurs spontaneously within minutes of
incubation at high temperatures and reaches maximum levels
after approx. 20 min (Figure 1). This aggregation is decreased
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by a molecular chaperone such as the small heat-shock protein
p26 from brine shrimp (Artemia franciscana) in a concentration-
dependent fashion [26]. In contrast, no effect on CS aggregation
was observed with either the group 1 LEA protein from wheat or
the nematode group 3 LEA protein AavLEA1 at molar ratios up to
100, suggesting that LEA proteins alone are not capable of pre-
venting substrate unfolding due to heat stress (Figure 1). Some
molecular chaperones function in an ATP-dependent manner [27],
and therefore in subsequent thermal aggregation experiments
2 mM ATP was added together with LEA proteins; other possible
cofactors, including GTP, Mg2+ and Ca2+, were also tested. How-
ever, no effect on CS aggregation was detected (results not shown).

LEA proteins can act synergistically with trehalose to prevent
heat-induced protein aggregation

In nematodes undergoing anhydrobiosis, the non-reducing disac-
charide trehalose is accumulated in large quantities [28]; desic-
cation-tolerant brine shrimp cysts are also known to contain high
concentrations of this sugar [29]. Trehalose has been described as
a ‘chemical chaperone’ ([30,30a]; also see [31] for comments on
this terminology), since it is known to stabilize in vitro proteins
and other biological structures against damage due to a number
of stresses ([32,33]; and references therein). Trehalose has been
shown previously to prevent heat-induced CS aggregation [26]
and was also effective in our experiments (Figure 2A). Plants do
not usually produce significant quantities of trehalose, but desic-
cation-tolerant seeds typically contain large amounts of another
non-reducing disaccharide, sucrose [34]. Therefore in both ani-
mals and plants, desiccation tolerance is associated with accumu-
lation of both sugars and LEA proteins. Although LEA proteins by
themselves do not prevent CS aggregation at high temperatures,
we tested whether they might have some protective activity in the
presence of trehalose. When CS is incubated at 43 ◦C in 400 mM
trehalose, aggregation is almost fully repressed; however, lower
concentrations of trehalose, e.g. 100 mM, provide partial repres-
sion (Figure 2A). Interestingly, when either the group 1 or group 3
LEA protein was added with 100 mM trehalose, a further decrease
in CS aggregation was noted. A similar effect was observed when
the molar ratio of LEA protein:CS was 100:1, 10:1 or 1:1 (Fig-
ure 2B). Thus, LEA proteins enhance the protective effect of tre-
halose against heat-induced CS aggregation in a synergistic
fashion, despite not having any anti-aggregation activity by them-
selves; this effect of LEA proteins seems to apply at a 1:1 molar
ratio with CS.

LEA proteins prevent protein aggregation due to desiccation

It is perhaps not surprising that LEA proteins do not function as
classical molecular chaperones; the latter proteins are commonly
associated with heat stress, but LEA proteins are not considered to
be involved in the heat-shock response [35]. Instead, LEA proteins
are linked to water stress by desiccation or cooling, and it is
possible therefore that they play a chaperone-like role under these
conditions, rather than during heat shock. We therefore examined
the ability of LEA proteins to counteract aggregation of CS due
to drying or freezing. When subjected to repeated rounds of vac-
uum drying and rehydration (‘cycles of desiccation’), CS shows
marked aggregation and associated loss of activity (Figure 3).
Aggregation is maximal after two cycles of desiccation, as shown
by apparent increase in A340 due to light scattering; with increasing
number of desiccation cycles, A340 apparently decreases, but this is
due to the aggregates becoming so large that they no longer scatter
light and are often not maintained in suspension, depositing on
the vessel walls (Figure 3A). Addition of either Em or AavLEA1
protein reduces CS aggregation to negligible levels, even after

Figure 2 Synergistic effect of trehalose and LEA protein on heat-induced
aggregation of CS

(A) The aggregation kinetics of CS at 43◦C in the presence or absence of LEA proteins and
trehalose were determined as in Figure 1. CS alone (final concentration 75 nM, �), in the
presence of 100 mM (�) or 400 mM trehalose (�), 1 µM group 1 LEA protein and 100 mM
trehalose (�) or 1 µM group 3 LEA protein and 100 mM trehalose (�). (B) Aggregation kinetics
of CS (final concentration 75 nM) alone (�), in the presence of 100 mM trehalose (�), 100 mM
trehalose and 100 nM group 3 LEA protein (�), 100 mM trehalose and 500 nM group 3 LEA
protein (�) or 100 mM trehalose and 1 µM group 3 LEA protein (�).

four cycles of desiccation. Protection against aggregation is not
provided in this assay by commonly used stabilizers such as BSA.
In accordance with their anti-aggregation activity, both LEA pro-
teins also preserve CS activity, even after four cycles of desicca-
tion. Intriguingly, BSA also seems to preserve enzyme activity,
although to a lesser extent than the LEA proteins after multiple
cycles of desiccation, suggesting that aggregate formation does
not always result in complete loss of CS activity (Figure 3B).

To examine whether LEA proteins can protect enzymes other
than CS from desiccation damage, vacuum-drying experiments
were performed with LDH, which is known to be sensitive to
water loss [36]. Dried LDH lost virtually all activity, but both LEA
proteins were able to preserve enzyme function in a concentration-
dependent fashion, although apparently similarly to BSA (results
not shown). Trehalose is capable of decreasing LDH inactivation
in similar experiments: vacuum drying of the enzyme in a solution
of 100 mM trehalose, for example, results in maintenance of
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Figure 3 Effect of desiccation on CS aggregation and activity

(A) Aggregation and (B) activity of 0.12 mg of CS after desiccation (open bar), in the presence
of 0.24 mg of group 1 LEA protein (black bar), 0.24 mg of group 3 LEA protein (grey bar)
or 0.24 mg of BSA (dark grey bar). Aggregation is measured by the effect of light scattering
giving an apparent A 340 in the spectrophotometer; enzyme activity is assayed according to
standard methods and results are expressed as percentage of control activity. One drying
cycle corresponds to vacuum drying (without freezing) for 1 h in a modified tray freeze-dryer
followed by immediate rehydration in water to the original volume. Results after two and four
drying cycles are shown. *P < 0.05 and **P < 0.01 shown above the bar represent results
significantly different from those for CS alone. Statistical tests were not performed for the four
drying cycle data in (A) due to the anomalous aggregation of CS, noted in the text.

approx. 20% activity. When AavLEA1 is used together with
100 mM trehalose to stabilize LDH against drying, a synergistic
effect is observed at low LEA protein concentrations (Figure 4).
Thus, whereas AavLEA1 alone at concentrations of 1 µM or
lower is insufficient to protect LDH, the inclusion of 100 mM tre-
halose gives greater protection than that seen with trehalose alone.
Such a synergistic effect is not seen with BSA, which exhibits a
merely additive level of protection when used with trehalose.

LEA proteins can prevent protein aggregation due to freezing stress

CS also suffers marked aggregate formation when subjected to
cycles of freezing in liquid N2 followed by thawing at ambient
temperature. Again, both LEA proteins were capable of prevent-
ing this aggregation during multiple freeze–thaw cycles, whereas
BSA offered only partial protection (Figure 5A). Surprisingly,

Figure 4 A synergistic effect of LEA proteins and trehalose on protection of
LDH during drying

Residual activity of LDH after vacuum drying in the presence of group 3 LEA protein (�), BSA
(�), group 3 LEA protein and 100 mM trehalose (�) or BSA and 100 mM trehalose (�); the
dotted line refers to the residual activity due to protection by 100 mM trehalose alone. Trehalose
shows a synergistic protective effect with LEA protein, but not with BSA, where an additive effect
is seen.

however, aggregate formation (of CS alone) did not seem to des-
troy its activity, which fell to only approx. 80 % of control levels
despite several freeze–thaw cycles. Essentially full CS activity
was maintained by both LEA proteins and BSA (Figure 5B). Pre-
sumably, these results indicate that denaturation resulting from
freeze–thawing is only partial and does not inflict severe damage
on the active site of CS.

LEA proteins also prevent LDH aggregate formation due to
rapid freezing in liquid N2, as determined in a light-scattering
assay. The degree of aggregation increases with the number of
freeze–thaw cycles, but addition of either group 3 or group 1 LEA
protein prevents this during successive freeze–thaw cycles to
approximately the same extent as BSA, a well-known cryoprotec-
tant protein (Figure 6). Similar protective effects of both LEA pro-
teins were also observed when LDH was subjected to slow freez-
ing by placing at −20 ◦C overnight (results not shown). Freezing
LDH alone abolishes enzyme activity, but the LEA proteins
are able to prevent this inactivation, again in a concentration-
dependent manner and similarly to BSA (results not shown).

LEA proteins in molar excess prevent aggregation

To determine how the anti-aggregation activity of the LEA pro-
teins depends on their concentration, a vacuum-drying experiment
was performed with CS in the presence of LEA proteins or BSA
at molar ratios of 1:1, 5:1 and 10:1 (protectant/CS). Figure 7(A)
shows that there is little, if any, anti-aggregation activity with
equimolar amounts of LEA proteins, but a high level of protection
is obtained with a 10:1 molar ratio and a 5:1 ratio gives an inter-
mediate activity. In contrast, BSA does not prevent desiccation-
induced aggregation of CS at any molar ratio. Despite this,
performance of BSA is indistinguishable from that of LEA pro-
teins in preserving CS activity throughout the drying experiment
(Figure 5B). This agrees with the results of Figures 3 and 5,
suggesting that the catalytic site of CS is not compromised by
aggregation due to desiccation or freeze–thaw, unlike under heat-
stress conditions [25].
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Figure 5 Protection of CS by protein protectants from aggregation and
inactivation by freezing and thawing

(A) Aggregation and (B) activity of 0.25 mg/ml CS only after freezing in liquid N2 and
thawing at ambient temperature (open bar), in the presence of 0.5 mg/ml group 1 LEA protein
(black bar), 0.5 mg/ml group 3 LEA protein (grey bar) or 0.5 mg/ml BSA (dark grey bar).
Aggregation is measured by apparent A 340 as previously; enzyme activity is assayed according
to standard methods and results are expressed as percentage of control activity. One freeze–thaw
cycle corresponds to snap freezing in liquid N2 followed immediately by thawing at ambient
temperature. Results after two and four cycles are shown. *P < 0.05 and **P < 0.01 shown
above the bar represent results significantly different from those for CS alone.

DISCUSSION

LEA proteins are widespread in anhydrobiotes, and an appre-
ciation of their function would represent an important advance in
our understanding of desiccation tolerance. In the present study,
we have tested the hypothesis [21] that LEA proteins might func-
tion as molecular chaperones. Chaperones are capable of binding
to non-native proteins, to maintain them in a folding competent
state and prevent irreversible aggregation [31]. In a standard assay
for chaperone activity and prevention of thermal aggregation of
CS, neither of the LEA proteins tested was functional. Expression
of LEA proteins has not been found to be up-regulated by heat
[35], and hence the lack of ‘classical’ chaperone activity is not
unexpected in them. The LEA proteins are also structurally very
different from most chaperones, and while other unstructured pro-
teins have been found to possess chaperone activity, e.g. α-casein

Figure 6 Protection of LDH by protein protectants from aggregation due to
freezing and thawing

LDH aggregation on repeated freezing in liquid N2 and thawing at ambient temperature is
indicated by light scattering at A 340. Results are shown for 12.5 µM LDH alone (open bar), for
LDH in the presence of 25 µM group 1 LEA protein (black bar), for LDH in the presence of
25 µM group 3 LEA protein (grey bar) and for LDH together with 25 µM BSA (dark grey bar).
*P < 0.05 and **P < 0.01 shown above the bar represent results significantly different from
those for LDH alone.

[37] and MAP2 (mitogen-activated protein 2) [38], this property
was attributed to micelle formation and the presence of hydro-
phobic patches respectively, neither of which has been observed
for the LEA proteins [18]. However, interestingly, we found that
LEA proteins were capable of suppressing protein aggregation
and inactivation under water-stress conditions.

The behaviour of proteins on desiccation remains relatively
poorly understood. It is known that removal of water can cause
irreversible structural changes leading to aggregation and inactiv-
ation in some proteins (although not all) [39]. Certainly, CS under-
goes aggregation on both drying and freezing, and inactivation
on drying. However, the pathway of denaturation appears to be
different from that found in heat shock. Inactivation of enzyme
activity is an early event during thermal stress of CS [25], occur-
ring before significant levels of aggregation. Surprisingly, on
freezing, CS forms aggregates that are still largely active. Pre-
sumably, the CS molecules in such an aggregate must still be in
dimeric form with the active sites undamaged. On desiccation,
the aggregates formed show much less activity. Either there is a
separate pathway for CS unfolding on desiccation, which results
in inactive aggregates, or the pathways are similar initially but the
aggregates formed are then inactivated by a further removal of
water on desiccation; this would be consistent with desiccation
being a more extreme stress. Characterization of the aggregates
formed by CS on freezing and drying warrants further investi-
gation. It will also be of interest to assess if a similar relationship
between protein aggregation and inactivation exists for other
model enzymes.

Other studies of LEA function have looked mainly at inactiv-
ation of LDH on freezing ([40], and references therein; [8]) and
found various LEA proteins to have protective properties similar
to, or in the case of certain dehydrins, better than, BSA. Only
one group has addressed enzyme inactivation on desiccation, and
found a Citrus dehydrin to be approx. 20% more effective than
BSA in protecting malate dehydrogenase activity [41]. Our results
are consistent with these and, although it is possible to conclude
that the LEA proteins can maintain enzyme activity on dehydra-
tion, it is difficult to assign them a specific role in desiccation
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Figure 7 Effect of different molar ratios of LEA proteins and BSA on CS
aggregation and activity after desiccation

(A) Aggregation and (B) activity of CS, measured as previously, after two cycles of desiccation
in the presence of varying concentrations of group 1 LEA protein (�), group 3 LEA protein (�)
or BSA (�). Although BSA is not able to prevent CS aggregation due to drying, even at a 10:1
molar ratio, the LEA proteins partially or completely abolish aggregation at 5:1 and 10:1 molar
ratios respectively.

tolerance when BSA, a protein of completely unrelated function,
can act in a similar way. However, our results suggest that it is
not sufficient to look at enzyme activity alone. If the objective
is to stabilize a particular protein in vitro, then this approach
may be valid; as long as the enzyme is still active, it is perhaps
not important whether or not aggregates are formed. But in vivo,
formation of aggregates, regardless of whether or not the proteins
within them are still functional, is probably damaging to the cell.
Analysing aggregation results takes into account the formation
of potentially harmful ‘active aggregates’ and has provided much
clearer evidence for a role of the LEA proteins in desiccation
tolerance: they are very effective at suppressing aggregation on
desiccation, and this is not a property shared by all proteins.

Even though there is still much to be learnt about the behaviour
of CS on desiccation and freezing, we can nevertheless begin
to formulate a hypothesis about the role of the LEA proteins.
BSA is known to be an effective stabilizer on freezing [42], al-
though exactly how it functions is not understood. It could be
due to macromolecular crowding effects [43], which are known
to make unfolding energetically unfavourable. These could also
account for the stabilizing effects of the LEA proteins on freezing.
However, in the absence of bulk water on desiccation, only the
LEA proteins are effective at preventing aggregation. Potentially,
their unordered, flexible structure may allow them to act as a kind
of ‘molecular shield’, forming a physical barrier between neigh-
bouring CS molecules and preventing contact between them.
Alternatively, they may function as ‘chaperones for water stress’
and form defined complexes with CS molecules as they unfold in a
manner analogous to conventional molecular chaperones. Further
investigation of the interactions between the LEA proteins and
CS in the dry state is required to define the mechanism of LEA
activity, although assessing protein–protein interactions in the dry
state could prove technically difficult. It should also be pointed
out that, although we are grouping both LEA proteins together in
these analyses, in terms of sequence, group 1 and group 3 LEA
proteins are clearly different. It has been hypothesized previously
that LEA proteins from different groups may have distinct roles
[5,21]; further experiments will be necessary to test this idea.

Since, in vivo, the LEA proteins are produced in the presence of
high concentrations of disaccharides, we also tested the effect
of trehalose on the protective properties of the LEA proteins.
LEA proteins alone do not seem to have any protective function
against heat stress, but interestingly their presence improves the
stabilizing properties of trehalose. The reason for this is unclear,
but it might be that while the LEA proteins cannot prevent
CS aggregation on heat shock, they do have some effect on
the unfolding pathway that is not seen unless aggregation can
also be prevented, e.g. by trehalose. A similar synergistic effect
between trehalose and the group 3 LEA protein AavLEA1 is also
seen on desiccation, where they improve the recovery of LDH
activity to a level greater than the sum of their individual effects.
This might be significant in anhydrobiotic organisms, where both
LEA proteins and non-reducing disaccharides are implicated in
desiccation tolerance.

In summary, we presented the first experimental evidence that
LEA proteins are capable of suppressing desiccation-induced pro-
tein aggregation in vitro. These results strongly support a role for
the LEA proteins in water stress through desiccation or freezing.
Further investigation of the behaviour of proteins during extreme
water loss will be required to elucidate the function of the LEA
proteins in more detail.

We thank Dr A. C. Cuming for providing the pMTK1b (Em) plasmid, Dr J. S. Clegg
(University of California) for providing Artemia p26 small heat-shock protein, and Dr M. J.
Wise (University of Cambridge), Professor A. M. Burnell (National University of Ireland,
Maynooth) and Dr A. Basran (Domantis Ltd, Cambridge, U.K.) for helpful discussions. This
work was supported by grants from the Leverhulme Trust (F/09 717/A), the Isaac Newton
Trust, BBSRC and Merck Chemicals. A. T. is the Anglian Water Fellow in Biotechnology
of Pembroke College, Cambridge.

REFERENCES

1 Cuming, A. C. (1999) LEA proteins. In Seed Proteins (Shewry, P. R. and Casey, R., eds.),
pp. 753–780, Kluwer Academic Publishers, Dordrecht

2 Roberts, J. K., DeSimone, N. A., Lingle, W. L. and Dure, III, L. (1993) Cellular
concentrations and uniformity of cell-type accumulation of two LEA proteins in cotton
embryos. Plant Cell 5, 769–780

3 Welin, B. V., Olson, A., Nylander, M. and Palva, E. T. (1994) Characterisation and
differential expression of DHN/LEA/RAB-like genes during cold-acclimation and drought
stress in Arabidopsis thaliana. Plant Mol. Biol. 26, 131–144

c© 2005 Biochemical Society



LEA proteins prevent protein aggregation due to water stress 157

4 Bray, E. A. (1993) Molecular responses to water deficit. Plant Physiol. 103, 1035–1040
5 Zhang, L., Ohta, A., Bray, E. A. and Imai, R. (2000) Expression of plant group 2 and

group 3 LEA proteins in Saccharomyces cerevisiae revealed functional divergence
among LEA proteins. J. Biochem. (Tokyo) 127, 611–616

6 Xu, D., Duan, X., Wang, B., Hong, B., Ho, T.-H. D. and Wu, R. (1996) Expression of a late
embryogenesis abundant protein gene, HVA1, from barley confers tolerance to water
deficit and salt stress in transgenic rice. Plant Physiol. 110, 249–257

7 Sivamani, E., Bahieldrin, A., Wraith, J. M., Al-Niemi, T., Dyer, W. E., Ho, T.-H. D. and
Qu, R. (2000) Improved biomass productivity and water use efficiency under water deficit
conditions in transgenic wheat constitutively expressing the barley HVA1 gene. Plant
Sci. 155, 1–9

8 Honjoh, K., Matsumoto, H., Shimizu, H., Ooyama, K., Tanaka, K., Oda, Y., Takata, R.,
Joh, T., Suga, K., Miyamoto, T. et al. (2000) Cryoprotective activities of group 3
late embryogenesis abundant proteins from Chlorella vulgaris C-27.
Biosci. Biotechnol. Biochem. 64, 1656–1663

9 Wise, M. J. (2003) LEAping to conclusions: a computational reanalysis of late
embryogenesis abundant proteins and their possible roles. BMC Bioinform. 4, 52

10 McCubbin, W. D., Kay, C. M. and Lane, B. G. (1985) Hydrodynamic and optical
properties of the wheat germ Em protein. Can. J. Biochem. Cell Biol. 63, 803–811

11 Close, T. J., Kortt, A. A. and Chandler, P. M. (1989) A cDNA-based comparison of
dehydration-induced proteins (dehydrins) in barley and corn. Plant Mol. Biol. 13,
95–108

12 Ceccardi, T. L., Meyer, N. C. and Close, T. J. (1994) Purification of a maize dehydrin.
Protein Expr. Purif. 5, 266–269

13 Close, T. J. (1996) Dehydrins: emergence of a biochemical role of a family of plant
dehydration proteins. Physiol. Plantarum 4, 795–803

14 Lisse, T., Bartels, D., Kalbitzer, H. R. and Jaenicke, R. (1996) The recombinant
dehydrin-like desiccation stress protein from the resurrection plant Craterostigma
plantagineum displays no defined three-dimensional structure in its native state.
Biol. Chem. 377, 555–561

15 Dure, III, L. (2001) Occurrence of a repeating 11-mer amino acid sequence motif in
diverse organisms. Protein Pept. Lett. 8, 115–122

16 Solomon, A., Salomon, R., Paperna, I. and Glazer, I. (2000) Desiccation stress of
entomopathogenic nematodes induces the accumulation of a novel heat stable product.
Parasitology 121, 409–416

17 Browne, J., Tunnacliffe, A. and Burnell, A. (2002) Plant desiccation gene found in a
nematode. Nature (London) 416, 38

18 Goyal, K., Tisi, L., Basran, A., Browne, J., Burnell, A., Zurdo, J. and Tunnacliffe, A.
(2003) Transition from natively unfolded to folded state induced by desiccation in an
anhydrobiotic nematode protein. J. Biol. Chem. 278, 12977–12984

19 Wolkers, W. F., McCready, S., Brandt, W. F., Lindsey, G. G. and Hoekstra, F. A. (2001)
Isolation and characterization of a D-7 LEA protein that stabilizes glasses in vitro.
Biochim. Biophys. Acta 1544, 196–206

20 Battista, J. R., Park, M. J. and McLemore, A. E. (2001) Inactivation of two homologues of
proteins presumed to be involved in the desiccation tolerance of plants sensitises
Deinococcus radiodurans R1 to desiccation. Cryobiology 43, 133–139

21 Wise, M. J. and Tunnacliffe, A. (2004) POPP the question: what do LEA proteins do?
Trends Plant Sci. 9, 13–17

22 Futers, T. S., Onde, S., Turget, M. and Cuming, A. C. (1993) Sequence analysis of 2
tandemly linked Em genes from wheat. Plant Mol. Biol. 25, 1067–1072

23 Haslbeck, M., Walke, S., Stromer, T., Ehrnsperger, M., White, H. E., Chen, S., Saibil,
H. R. and Buchner, J. (1999) Hsp26: a temperature-regulated chaperone. EMBO J. 18,
6744–6751

24 Srere, P. A. (1966) Citrate-condensing enzyme-oxaloacetate binary complex. Studies on
its physical and chemical properties. J. Biol. Chem. 241, 2157–2165

25 Buchner, J., Grallert, H. and Jakob, U. (1998) Analysis of chaperone function using
citrate synthase as nonnative substrate protein. Methods Enzymol. 290, 323–338

26 Viner, R. I. and Clegg, J. S. (2001) Influence of trehalose on the molecular chaperone
activity of p26, a small heat shock/alpha-crystallin protein. Cell Stress Chaperones 6,
126–135

27 Feder, M. E. and Hofman, G. E. (1999) Heat-shock proteins, molecular chaperones and
the stress response: evolutionary and ecological physiology. Annu. Rev. Physiol. 61,
243–282

28 Madin, K. A. C. and Crowe, J. H. (1975) Anhydrobiosis in nematodes: carbohydrate and
lipid metabolism during dehydration. J. Exp. Zool. 193, 335–342

29 Clegg, J. S. (1967) Metabolic studies of cryptobiosis in encysted embryos of Artemia
salina. Comp. Biochem. Physiol. 20, 801–809

30 Welch, W. J. and Brown, C. R. (1996) Influence of molecular and chemical chaperones
on protein folding. Cell Stress Chaperones 1, 109–115

30a Erratum (1996) Cell Stress Chaperones 1, 207
31 Ellis, R. J. (2004) From chloroplasts to chaperones: how one thing led to another.

Photosynth. Res. 80, 333–343
32 Elbein, A. D., Pan, Y. T., Pastuszak, I. and Carroll, D. (2003) New insights on trehalose:

a multifunctional molecule. Glycobiology 13, 17R–27R
33 Tunnacliffe, A. and Lapinski, J. (2003) Resurrecting Van Leeuwenhoek’s rotifers:

a reappraisal of the role of disaccharides in anhydrobiosis. Philos. Trans. R. Soc.
London Ser. B 358, 1755–1771

34 Hoekstra, F. A., Golovina, E. A. and Buitink, J. (2001) Mechanisms of plant desiccation
tolerance. Trends Plant Sci. 6, 431–438

35 Browne, J. A., Dolan, K. M., Tyson, T., Goyal, K., Tunnacliffe, A. and Burnell, A. M.
(2004) Dehydration-specific induction of hydrophilic protein genes in the anhydrobiotic
nematode Aphelenchus avenae. Eukaryot. Cell 3, 966–975

36 Anchordoquy, T. J. and Carpenter, J. F. (1996) Polymers protect lactate
dehydrogenase during freeze-drying by inhibiting dissociation in the frozen state.
Arch. Biochem. Biophys. 332, 231–238

37 Bhattacharyya, J. and Das, K. P. (1999) Molecular chaperone-like properties of unfolded
protein, αs-casein. J. Biol. Chem. 274, 15505–15509

38 Sarkar, T., Mitra, G., Gupta, S., Manna, T., Poddar, A., Panda, D., Das, K. P. and
Bhattacharyya, B. (2004) MAP2 prevents protein aggregation and facilitates reactivation
of unfolded enzymes. Implications for the chaperone-like activity of MAP2.
Eur. J. Biochem. 271, 1488–1496

39 Dong, A. C., Prestrelski, S. J., Allison, S. D. and Carpenter, J. F. (1995) Infrared
spectroscopic studies of lyophilization-induced and temperature-induced protein
aggregation. J. Pharm. Sci. 84, 415–424

40 Hara, M., Terashima, S. and Kuboi, T. (2001) Characterisation and cryoprotective
activity of cold-responsive dehydrin from Citrus unshiu. J. Plant Physiol. 158,
1333–1339

41 Sanchez-Ballesta, M. T., Rodrigo, M. J., Lafuente, M. T., Granell, A. and Zacarias, L.
(2004) Dehydrin from Citrus, which confers in vitro dehydration and freezing protection
activity, is constitutive and highly expressed in the flavedo of fruit but responsive to cold
and water stress in leaves. J. Agric. Food Chem. 52, 1950–1957

42 Tamiya, T., Okahashi, N., Sakuma, R., Aoyama, T., Akahane, T. and Matsumoto, J. J.
(1985) Freeze denaturation of enzymes and its prevention with additives. Cryobiology
22, 446–456

43 Minton, A. P. (2000) Implications of macromolecular crowding for protein assembly.
Curr. Opin. Struct. Biol. 10, 34–39

Received 19 November 2004/20 December 2004; accepted 4 January 2005
Published as BJ Immediate Publication 4 January 2005, DOI 10.1042/BJ20041931

c© 2005 Biochemical Society


