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Intrinsically disordered proteins (IDPs) constitute a substantial part of cellular proteomes. Late embryogen-
esis abundant (LEA) proteins are mostly predicted to be IDPs associated with dehydration tolerance in many
plant, animal and bacterial species. Their functions, however, are largely unexplored and also their structure
and interactions with potential target molecules have only recently been experimentally investigated in a
small number of proteins. Here, we report on the structure and interactions with membranes of the Pfam
LEA_1 protein LEA18 from the higher plant Arabidopsis thaliana. This functionally uncharacterized positively
charged protein specifically aggregated and destabilized negatively charged liposomes. Isothermal titration
calorimetry showed binding of the protein to both charged and uncharged membranes. LEA18 alone was
largely unstructured in solution. While uncharged membranes had no influence on the secondary structure of
LEA18, the protein partially folded into β-sheet structure in the presence of negatively charged liposomes.
These data suggest that LEA18 does not function as amembrane stabilizing protein, as suggested for other LEA
proteins. Instead, a possible function of LEA18 could be the composition-dependent modulation of membrane
stability, e.g., during signaling or vesicle-mediated transport.
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1. Introduction

Late embryogenesis abundant (LEA) proteins were first described
almost 30 years ago. They were found to be highly abundant during
the late stages of cotton seed development, when the embryo
becomes desiccation tolerant [1]. Subsequently, related proteins
were found not only in the seeds of all other investigated plant
species, but also in other plant tissues, in some bacterial species and in
animals such as nematodes, rotifers and brine shrimp (see [2] for a
review). In all these cases the occurrence of the proteins was related
to environmental stress conditions such as freezing, drought, or
desiccation. Numerous genetical investigations in a broad range of
species have provided compelling evidence for a functional role of at
least some LEA proteins in cellular stress tolerance [2]. However, the
functional mechanisms of these proteins are still only poorly
understood.

One of the problems in predicting LEA protein function has been
the apparent lack of stable structure in most of the investigated
proteins. For decades, the basic concept of structural biology has been
the close relationship between stable three-dimensional structure
and a resulting function, such as the catalytic activity of an enzyme. In
recent years it has been recognized that a substantial part of all
cellular proteomes is made up of proteins that either completely lack
stable structure or that have large unstructured domains [3]. These
proteins are now mainly referred to in the literature as intrinsically
disordered proteins (IDPs). For many IDPs or IDP domains it has been
shown that they perform essential functions, e.g. in cellular signal
transduction and in the regulation of gene expression [4–6]. The
ability of IDPs to bind various target molecules, such as RNA, DNA and
other (structured) proteins [5,7] is of crucial importance for these
functions. In many cases it has been observed that IDPs acquire
increased secondary structure upon binding to their target molecules
[8,9].

In the fully sequenced model plant species Arabidopsis thaliana, 51
genes encoding LEA proteins have been identified and the vast
majority was predicted to be IDPs [10]. Experimental evidence for
their lack of stable secondary structure has so far only been published
for seven of these proteins [11–13] and in addition for a small number
of LEA proteins from other plant and animal species [2,10]. Some LEA
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proteins acquire secondary structure during drying [14–19], indicat-
ing that they are able to fold under the appropriate conditions.
Functionally, only a few LEA proteins have been investigated using
different in-vitro assays that all assumed a direct protective effect for
other biological structures or molecules. Such assays showed that
some LEA proteins are able to stabilize sensitive enzymes during
freezing and drying [2,20]. This has been related to their ability to
prevent enzyme aggregation under stress conditions [21–24]. LEA
proteins can also interact with model membranes in the dry state, a
condition where the respective LEA proteins were shown to be folded
[13,16,25]. In a few cases, binding of LEA proteins to membranes in
solution was shown, sometimes accompanied by partial folding
[11,26,27]. In these cases, however, no information on the influence
of LEA protein binding on membrane stability was provided.

In A. thaliana, the 51 LEA proteins fall into nine groups that have
been distinguished by amino acid sequence similarity [10,28]. One of
these groups is characterized by the presence of the Pfam LEA_1
(PF03760) domain. These proteins were originally described as the
D-113 group in cotton seeds [29] and later as group 4 [30]. Here, we
provide a structural and functional characterization of LEA18, a
functionally uncharacterized LEA_1 protein from A. thaliana. LEA18 is
a small (10.5 kDa) seed specific, basic (pI=9.7) andhighly hydrophilic
protein that has been predicted to be an IDP [10]. We show that
LEA18 binds to negatively charged membranes. This binding induces
partial folding of this otherwise largely unstructured protein, vesicle
aggregation and leakage of soluble content from liposomes.

2. Materials and methods

2.1. Cloning

The gene LEA18 (At2g35300) was cloned from the RIKEN
Arabidopsis full-length cDNA clone pda07797 [31,32]. The coding
sequence was PCR-amplified and inserted into the vector pENTR.SD.
D-TOPO (Invitrogen, Karlsruhe, Germany). The identity of the insert
was checked by sequencing. The gene was transferred to the pDEST17
expression vector (Invitrogen) for recombinant protein production
under the control of the T7 expression system. The pDEST17 vector
was used to express the protein with an N-terminal 6xHis-tag.

2.2. Recombinant protein production and purification

The pDEST17.LEA18 construct was transformed into the BL21 Star
(DE3) Escherichia coli strain for recombinant protein production. To
purify the recombinant LEA18, the bacterial cell lysate was incubated
in a boiling water bath for 10 min and precipitated proteins were
removed by centrifugation at 4000g for 15 min at 4 °C. The
supernatant was filtered through a 0.2 μm filter and applied to a
1 ml HisTrap HP column (GE Healthcare) equilibrated with 20 mM
sodium phosphate, 0.5 M NaCl, 20 mM imidazole (pH 7.4) with a flow
rate of 1 ml/min. The column was washed with increasing concentra-
tions of imidazole and LEA18 was eluted with 250 mM imidazole.
Wash and elution fractions were analyzed by SDS-PAGE and the
fractions containing LEA18 were pooled and dialyzed against ddH2O.
After dialysis, protein purity was estimated by SDS-PAGE and
Coomassie blue staining.

2.3. Preparation of liposomes

EPC and POPC were obtained from Avanti Polar Lipids (Alabaster,
AL). EPG was purchased from Sigma and EPE from Lipid Products
(Redhill, Surrey, UK). Lipids were mixed in the appropriate mass
fractions in chloroform, dried under a stream of N2 and stored under
vacuum for at least 2 h to remove traces of solvent. Liposomes for
leakage studies were made as previously described [33]. Briefly, an
appropriate amount of lipid was hydrated in 250 μl of 100 mM CF,
10 mM TES and 0.1 mM EDTA (pH 7.4) and extruded using a
Liposofast hand-held extruder ([34]; Avestin, Ottawa, Canada) with
100 nm pore filters. To remove external CF, the liposomes were
passed through a Sephadex G-25 column (NAP-5, GE Healthcare) in
10 mM TES, 0.1 mM EDTA and 50 mM NaCl (TEN buffer, pH 7.4).
Liposomes containing an additional 1 mol% each of the fluorescent
probe pair NBD-PE and Rh-PE for fusion assays by fluorescence
resonance energy transfer [35] were made in TEN buffer as described
[33,36]. Briefly, two liposome samples were prepared: one sample
was labeled with 1 mol% of both NBD-PE and Rh-PE, while the other
sample was unlabeled. The two samples were combined after
extrusion in a 1:9 (labeled:unlabeled) ratio, resulting in a final lipid
concentration of 10 mg/ml.
2.4. Leakage and liposome fusion experiments

Liposomes (10 mg/ml in TEN) were mixed with the same volume
of LEA18 or one of the negative control proteins thaumatin (from
Thaumatococcus daniellii; Sigma) or β-lactoglobulin (bovine; Sigma)
at a concentration of 1 mg/ml in TEN or with pure buffer and were
either incubated at 28 °C or frozen for 2 h at −20 °C in an ethylene
glycol bath and thawed at room temperature. For leakage experi-
ments, 12 μl samples were diluted with 300 μl TEN in the wells of
black 96-well plates in three replica. CF fluorescence was measured
with a Fluoroskan Ascent (Labsystems, Helsinki, Finland) fluorescence
microplate reader at an excitation wavelength of 444 nm and an
emission wavelength of 555 nm [37]. While fluorescence is strongly
quenched at the high concentration inside the intact liposomes, it
increases when CF is released into the surrounding buffer. The total CF
fluorescence (i.e. 100% leakage) was determined after lysis of the
liposomes with 5 μl of a 0.1% Triton X-100 solution. Membrane fusion
was measured as a reduction of resonance energy transfer between
Rh-PE and NBD-PE by measuring the increase in NBD fluorescence
due to dilution of the probes after fusion of labeled and unlabeled
membranes [35] with a Kontron SFM 25 fluorometer (Bio-Tek
Instruments, Neufahrn, Germany) at excitation and emission wave-
lengths of 450 and 530 nm, respectively [33,36]. Maximal NBD
fluorescence in each sample (i.e. 100% fusion) was determined after
lysis of the liposomes with Triton X-100.
2.5. Particle size measurements

Liposomes (50 μl with 20 mg lipid/ml) were mixed with an equal
volume of protein solutions to yield the appropriate lipid:protein
mass ratios indicated in the figure and degassed under vacuum for
15 min. Particle size was measured in triplicate at 25 °C with a
Zetasizer Nano (Malvern Instruments).
2.6. Isothermal titration calorimetry

ITC was carried out with a VP-ITC Microcalorimeter (MicroCal).
Liposomes were prepared in TEN buffer as described above and
diluted to a final concentration of 2 mg/ml. All solutions were
degassed under vacuum for 10 min. The reference cell of the ITC
instrument contained TEN buffer, the working cell was filled with
liposomes in the same buffer. Injections of 20 μl of protein solution
(0.4 mg/ml in TEN) into the working cell were performed with an
injection time of 20 s and a lag time of 200 s between the injections.
The minimum lipid:protein ratio reached with the titrations was
approximately 400:1. The stirring speed was 309 rpm. The measure-
ments were performed at 25 °C. The first injection with a volume of
2 μl was discarded in the analysis due to possible dilution during the
pre-equilibration stage of the experiment. The measurements were
analyzed using Origin 7 with the Microcal package (Originlab).
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2.7. Circular dichroism spectroscopy

CD was performed with a Jasco-715 spectropolarimeter (Jasco
Instruments) as described recently [13]. Solutions of approximately
2 mg/ml protein in H2O were mixed with an equal amount of H2O or
of liposomes (5 mg/ml in H2O) and measured in a 0.1-mm pathlength
cuvette. The mean-residue circular dichroism was calculated as:

ΔεMR =
ΔA⋅mMW

d⋅c

ΔεMR = mean-residue circular dichroism [M−1 cm−1], ΔA = circular
dichroism, mMW = mean molecular mass of an amino acid in LEA18
[g mol−1], d = pathlength [cm], c = protein concentration [g l−1].

Spectra were analyzed with the CDPro software [38] using three
different algorithms: CONTINLL, CDSSTR and SELCON3. Sets of ref-
erence spectra containing denatured proteins were chosen for the
analysis. The results for LEA18 were similar for the three parallel
samples and all algorithms, thus averages are shown.

3. Results

3.1. LEA18 induces leakage of soluble content from liposomes

We obtained a full-length cDNA clone for the Arabidopsis gene
LEA18 (At2g35300) from the RIKEN RAFL collection [31,32] and
expressed the LEA protein in E. coli. The recombinant protein carried a
6xHis tag and was purified by heat treatment and metal chelate
chromatography. The resulting protein was essentially pure as shown
by SDS-PAGE and Coomassie blue staining (Fig. 1). Similar to other
LEA proteins [11], LEA18 migrated at a higher apparent molecular
mass (approximately 19 kDa) than expected (11.4 kDa including the
6xHis tag).

As outlined above, it is generally assumed that the role of LEA
proteins is the stabilization of cellular structures under stress
conditions. A simple and convenient model to study the influence of
additives on membrane stability employs liposomes loaded with the
fluorescent dye CF at a concentration where the dye is self-quenching.
Leakage of the dye during a stress treatment can then bemonitored as
an increase in CF fluorescence due to dye leakage into the surrounding
solution. We used this experimental approach to evaluate the effect of
LEA18 on membrane stability. To ensure that the observed effects
were specific to LEA18 and not the unspecific results of the presence
Fig. 1. SDS-PAGE analysis of purified recombinant LEA18. Molecular masses of standard
proteins are indicated on the left.
of any protein, we also investigated the effects of two well-
characterized, structurally unrelated proteins, thaumatin (22.3 kDa,
structure stabilized by eight disulphide bridges) and β-lactoglobulin
(18.4 kDa, mainly β-strand). These proteins were preferred to the
more often used bovine serum albumin (66 kDa) because their
molecular masses are closer to that of LEA18 (10.5 kDa).

Liposomes prepared from pure EPC showed only a low degree of
leakage after freezing and thawing (Fig. 2). This was further reduced
by the incorporation of the negatively charged lipid EPG into the
membranes, in agreement with previous observations [39]. Incorpo-
ration of up to 40% of the nonbilayer lipid EPE did not destabilize the
liposomes during freezing, also in agreement with previous reports
[33]. However, enhanced leakage was observed when LEA18 was
added to the liposomes, while thaumatin did not influence membrane
stability under these conditions (Fig. 2). Increased CF leakage in the
presence of LEA18 was evident with all investigated lipid composi-
tions, but was strongest when EPG was present in the membranes.
LEA18 induced complete CF leakage from liposomes containing 10%
EPG, but this effect decreased with increasing amounts of EPG. The
presence of EPE had no influence on the CF leakage induced by LEA18
during freezing when compared to pure EPC membranes.

To test whether the membrane destabilization by LEA18 was
specific to the freezing treatment, liposomes made from 90% EPC and
10% EPG were incubated in the absence or presence of LEA18 at 28 °C
(Fig. 3). While liposomes showed high stability in the absence of
protein, LEA18 induced time dependent leakage, indicating mem-
brane destabilization also under nonfreezing conditions. This desta-
bilization was not observed in the presence of thaumatin or for
liposomes containing only EPC, indicating the specificity of this effect
under nonfreezing conditions for LEA18 and membranes carrying a
negative surface charge.

Leakage of soluble content from liposomes is often accompanied
by membrane fusion [40]. We used a FRET assay [35] to estimate
membrane fusion from the dilution of a pair of fluorescently labeled
lipids in liposomes due to mixing with unlabeled lipids from other
liposomes resulting in reduced FRET. Fig. 4 shows that LEA18 only
induced a small degree of fusion at 28 °C and that fusion was only
slightly enhanced by the protein in membranes containing 10% EPG.
Fig. 2. Influence of LEA18 on CF leakage from liposomes after freezing and thawing.
Liposomes composed of EPC and increasing fractions of the negatively charged
phospholipid EPG, or the nonbilayer lipid EPE were frozen for 2 h at −20 °C in the
absence or presence of LEA18 or thaumatin as a negative control protein at a mass ratio
of lipid:protein of 10:1. CF leakage was measured after thawing. Data are averages ± SE
from three parallel samples.

image of Fig.�2


Fig. 3. Influence of LEA18 on CF leakage from liposomes during incubation at 28 °C.
Liposomes containing either 100% EPC, or 90% EPC and 10% EPG were stored at 28 °C in
the absence or presence of LEA18 or thaumatin as a negative control protein at a mass
ratio of lipid:protein of 10:1. At the indicated time points CF leakage was measured.
Data are averages ± SE from three parallel samples.
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After freezing and thawing membrane fusion was minimal, irrespec-
tive of lipid composition or the presence of LEA18 or the control
protein β-lactoglobulin. This clearly indicates that the massive
leakage induced by LEA18 in liposomes containing 10% EPG was not
related to membrane fusion events. The same effects on leakage and
fusion were also observed when 90% POPC was used instead of 90%
EPC in mixtures with 10% EPG. Since EPC consists mainly of POPC, this
shows that there were no other components in EPC that were
responsible for the observed effects of LEA18.

3.2. LEA18 specifically aggregates negatively charged vesicles

We observed that samples containing phosphatidylcholine (EPC or
POPC) liposomes with 10% or 20% EPG became cloudy after the
Fig. 4. Effect of LEA18 onmembrane fusion. Liposomes containing either pure EPC, or 90%
EPC and 10% EPG were incubated for 2 h at either 28 °C or −20 °C in the absence or
presence of LEA18 or β-lactoglobulin as a negative control protein at a lipid:protein mass
ratio of 10:1. Membrane fusion was determined by a FRET assay. Data are averages ± SE
from three parallel samples.
addition of LEA18, suggesting aggregation of the liposomes. Therefore,
we estimated the amount and size of aggregates induced by LEA18
using light scattering measurements. In the absence of protein, both
liposomesmade from pure POPC or from 80% POPC/20% EPG showed a
unimodal size distribution centered at around 100 nm (Fig. 5), which
is the nominal size expected for liposomes extruded through 100 nm
pore size membranes. This size distribution remained unchanged
after the addition of LEA18 to liposomes made from pure POPC. With
POPC/EPG liposomes, on the other hand, aggregates were observed in
the presence of LEA18. At high lipid:protein mass ratios (250:1 and
100:1) no aggregates were observed, but at a mass ratio of 25:1
aggregates with a size of around 500 nmwere detected. At the highest
protein concentration (lipid:protein mass ratio 12.5:1) a large part of
the liposomes was present in these aggregates. No aggregation was
observed when β-lactoglobulin was added to POPC/EPG liposomes at
a lipid:protein mass ratio of 25:1, indicating that liposome aggrega-
tion was also a specific effect of LEA18.

3.3. LEA18 partially folds upon binding to PG-containing vesicles

The secondary structure of LEA18 was investigated using CD
spectroscopy. In pure water, LEA18 exhibited far-UV CD spectra
typical for unstructured proteins with a minimum around 200 nm
(Fig. 6). Secondary structure estimates using different CD spectra
analysis programs resulted in approximately 20% regular secondary
structure for LEA18 under these conditions. In the presence of
liposomes containing 80% POPC/20% EPG the CD spectrum of LEA18
in solution was clearly different from that of the protein in pure water,
indicating partial folding. This was dependent on the presence of
negative charges on the membrane surface, as pure POPC liposomes
did not induce any changes in the CD spectrum of LEA18. A
quantitative analysis indicated that in the presence of POPC/EPG
liposomes the β-sheet content of LEA18 increased from less than 15%
in water or in the presence of pure POPC liposomes, to approximately
35%, with an accompanying decrease in the disorder content (from
about 70% to 40%).

3.4. LEA18 binds to both charged and uncharged lipid membranes

The thermodynamics of the interaction of LEA18 with phospho-
lipid vesicles was characterized by ITC. Fig. 7A shows the heat flow
resulting from titration of LEA18 into buffer with or without
liposomes made either from pure POPC or from 80% POPC and 20%
EPG. The observed negative heat flow in the presence of membranes
(Fig. 7A and B) indicates that binding of LEA18 is an exothermic
process and the reduced heat per injection with increasing number of
injections indicates a tendency towards saturation of binding sites for
the protein on the membranes (see [41,42] for reviews of the
methodology). The released heat upon addition of LEA18 was more
than twice as big in the presence of POPC vesicles as in pure buffer. It
increased another tenfold in the presence of EPG-containing lipo-
somes compared to pure POPC vesicles (Fig. 7A and B).

We obtained further thermodynamic information about the
binding of LEA18 to lipid membranes by fitting a Langmuir adsorption
isotherm to the ITC data [42]. For the binding to pure POPC
membranes, we obtained an excellent fit (Fig. 7C), yielding a binding
enthalpy of ΔH=−147±1 cal/mol lipid (≈ −0.615 kJ/mol) and a
binding constant K=(1.39±0.02)×105 M−1. Note that the enthalpy
change ΔH is defined in this case per mole lipid. In order to evaluate
the binding enthalpy per mole protein, independent knowledge about
the number of bound lipids per protein is required. Alternatively, the
data can be fitted using the one-set-of-binding-sites model with three
fitting parameters: ΔHp, K and n, where ΔHp is the enthalpy change
per mole protein and n reflects the reaction stoichiometry so that 1/n
is the number of lipids bound to one protein molecule. However,
because the data do not cover the necessary region of saturation,
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Fig. 5. Size distribution of liposomes incubated with different amounts of LEA18. Liposomes (10 mg lipid/ml) made from pure POPC (top panel) or 80% POPC/20% EPG (bottom panel)
were incubated with LEA18. The mass ratio of pure POPC to LEA18 was 25:1, while different amounts of LEA18were incubated with EPG-containing vesicles resulting in lipid:protein
mass ratios of I=250:1, II=100:1, III=25:1 and VI=12.5:1. Particle size was measured after 15 min incubation at room temperature. In addition, EPG-containing liposomes were
incubated with β-lactoglobulin (β-LG) as a negative control protein at a lipid:protein mass ratio of 25:1.
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fitting this model is difficult due to the highly interdependent fitting
parameters and the low sensitivity of the fit to the parameters.
Assuming that the number of lipid molecules per bound protein is
between a few hundred and 10,000, a suitable fit can be found for
n=1.4×10−3, K=7.8×104 M−1 and ΔHp=−172 kcal/mol protein.
Obviously, the enthalpy ΔH determined per mole of lipid according to
the Langmuir adsorption isotherm is on the order of n times the
enthalpy permole protein,ΔH ~ nΔHp. The obtained binding constants
yield a Gibbs free energy change ΔG0 between −26 kJ/mol and
−29.3 kJ/mol (defined for standard state M−1).

In the case of membranes containing 20% of the negatively charged
lipid EPG, the dependence of the released heat on protein concentra-
tion was more featureless and did not show a tendency of saturation
in the binding sites (Fig. 7D). Thus, the simple fit following Langmuir
adsorption is not suitable. Presumably, in this case the interactions of
LEA18 with the membrane should be described by two sets of fitting
parameters corresponding to each of the lipid types. The local
enrichment of the positively charged protein in the vicinity of the
negatively charged lipids due to electrostatic attraction should also be
accounted for. While, at lipid:protein mass ratios above approximate-
ly 400:1 in these measurements, liposome aggregation should not be
a factor, we expect that protein folding, as demonstrated by the CD
spectra in Fig. 6, also contributed to the measured heat release. Fitting
the data with several fitting parameters describing binding and
protein folding is futile. Therefore, no reliable thermodynamic
parameters could be extracted in this case. On a more qualitative
basis, it can be concluded that the binding enthalpy in the case of
LEA18 binding to POPC/EPG vesicles is about an order of magnitude
higher than that of LEA18 binding to pure POPC vesicles as can be
estimated from extrapolation of the ITC data in Fig. 7C and D to zero
protein concentration.

4. Discussion

LEA18 is an IDP, with only about 20% secondary structure (α-helix,
β-sheet) in solution. LEA18 interacted with membranes both in the
frozen state and in solution and the interactions influenced both
membranes and protein. The interactions were much stronger when
the membranes contained negatively charged lipids and an effect on
protein secondary structure was only observed in this case where the
β-sheet content clearly increased. The fact that this partial folding and
binding led to massive vesicle aggregation suggests that at least two

image of Fig.�5


Fig. 6. Secondary structure analysis of LEA18. The top panel shows CD spectra of LEA18
in water (hydrated) or in water in the presence of liposomes made either from pure
POPC or from 80% POPC/20% EPG with a lipid:protein mass ratio of 2.5:1. The bottom
panel shows the corresponding quantification of secondary structure elements in
LEA18.
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separate positively charged residues of LEA18 were able to bind to
different vesicles, with the rest of the protein functioning as a spacer.
Alternatively, LEA18 could form dimers with the membrane binding
residues at opposite ends, as suggested for myelin basic protein, an
IDP that partially folds into an α-helical structure upon membrane
binding [43]. An increase in β-sheet content at the expense of
unordered conformations upon binding to PG membranes has also
been reported for the membrane destabilizing snake venom peptide
cardiotoxin [44]. Both LEA18 and cardiotoxin are strongly basic
proteins.

In the presence of uncharged (100% POPC) membranes, clear
evidence of membrane binding, presumably through hydrophobic
interactions between the membrane lipids and the hydrophobic
amino acids in LEA18 was obtained through ITC measurements.
Compared to other peptides, the partitioning of LEA18 in neutral
membranes is significant as indicated by the relatively high binding
constant compared to magainin [45]. The interaction of LEA18 with
both neutral and charged membranes was exothermic, i.e. enthalpy
driven. In the case of POPC, binding had no measurable influence
on protein secondary structure, vesicle aggregation, or membrane
stability in solution.

Under the additional stresses associated with freezing, however,
LEA18 increased CF leakage also from uncharged liposomes, albeit to a
lesser degree than with EPG-containing liposomes. Increasing
amounts of EPG in the vesicle membranes reduced leakage during
freezing in the presence of LEA18, presumably through direct effects
of EPG on membrane structure, such as increased inter-headgroup
hydrogen-bonding [46,47]. Leakage during freezing was not associ-
ated with membrane fusion in either EPC or EPC/EPG liposomes. Also
at 28 °C only little fusion occurred in the EPC/EPG vesicles compared
to the massive leakage, indicating that a different mechanismmust be
responsible for the leakage induced by the positively charged LEA18 in
negatively charged liposomes.

We suggest lipid demixing and the insertion of hydrophobic amino
acids into the bilayer as possible mechanisms. It has been shown in
previous studies that depending on fatty acyl chain structure PC/PG
systems have a tendency for demixing even in the liquid-crystalline
state and in the absence of proteins [48]. Addition of positively
charged synthetic peptides [49], cytochrome c [50], lysozyme [51] or
cardiotoxin [52] leads to the segregation of PG molecules that
preferentially bind to the proteins. This segregation leads to PG-rich
and PC-rich membrane domains that induce leakage, e.g. in the
presence of lysozyme [53] and cytochrome c [54], through nonideal
packing of the lipid molecules at the domain borders. Interestingly, it
has recently been shown that this lipid demixing by cytochrome c is
abolished with increasing fractions of PG in PC membranes [55]. This
could be an additional factor to account for the reduced CF leakage
during freezing from liposomes with higher PG content.

The destabilization can be enhanced by effects of the protein
on the order of the hydrocarbon chains of the bound lipids through
additional hydrophobic interactions [49,56]. In a synthetic basic pep-
tide the presence of only two hydrophobic amino acids is sufficient
to shift the position of the peptide backbone from the aqueous layer
of a negatively charged membrane to a position below the lipid
phosphate groups [57]. LEA18 contains one Ile and two Leu residues
adjacent to Lys residues [10], making these hydrophobic amino acids
good candidates for such an electrostatic/hydrophobic anchoring. In
addition, in magainin and some of its synthetic variants hydrophobic
amino acids are also involved in the binding of this positively charged
lytic peptide to pure POPC membranes [45] and the hydrophobic
LEA protein PM25 from Medicago truncatula induces CF leakage from
pure POPC liposomes already in the absence of freezing [21]. Site-
directed mutagenesis studies will be necessary to clarify the
functional role of specific amino acids in LEA18 for membrane binding
and destabilization.

The destabilizing effect of LEA18 on membranes observed in the
present study is in disagreement with the “classical” role proposed for
LEA proteins as cellular stabilizers, but the expression of the gene
encoding LEA18 in seeds [10] indicates a potential role of this protein
during the late seed maturation phase when desiccation tolerance is
established. However, the present investigation was only concerned
with hydrated systems, as even at −20 °C there is still liquid water
present in equilibrium with ice due to the freezing point depression
affected by the solutes (buffer, salts) that are excluded from the ice
crystals and therefore accumulate in a residual highly concentrated
solution. Furthermore, the secondary structure of LEA18 is highly
flexible, the protein being largely disordered in pure water and in the
presence of uncharged membranes and partially β-sheet in the
presence of negatively charged membranes. While the unstructured
protein had no influence on the stability of EPC liposomes in solution,
the β-sheet containing protein destabilized EPG-containing lipo-
somes. It can not be excluded that during desiccation LEA18 becomes
mainlyα-helical and is able to stabilize either membranes or proteins,
as previously shown for other LEA_1 proteins (see Section 1 for
details). It might even be envisaged that such protective interactions

image of Fig.�6


Fig. 7. ITC analysis of membrane binding by LEA18. (A) LEA18 was injected into buffer or liposome solution and the resulting heat flow was monitored. The liposomes were made
either from pure POPC or from 80% POPC/20% EPG. (B) The area under each peak was integrated to obtain the heat per injection in microcalories per mole protein. The result was
plotted as a function of the micromolar concentration of LEA18. (C) A model based on a Langmuir adsorption isotherm was fitted to the ITC data from the titration of LEA18 into a
solution containing POPC liposomes, assuming that the heat of dilution was constant at −3 μcal per injection as suggested by the titration of LEA18 into buffer (A and B). From this
model the thermodynamic characteristics of membrane binding were calculated, as detailed in the text. (D) Applying the same model to the ITC data from the titration of LEA18 into
a solution containing POPC/EPG liposomes was not possible (see text for details).
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with other proteins could prevent LEA18 from its destabilizing
interactions with membranes.

Nevertheless, the properties of LEA18 described in the present
study are compatible with the hypothesis that the protein may play a
role in vesicle transport or signaling during development, while seeds
attain desiccation tolerance, but beforematuration drying. Through its
ability to bind to particular membrane lipids and to lead to localized
vesicle docking, limited membrane fusion and release of vesicle
content, LEA18 may play a role in vesicle unloading. Also, similar to
MBP, it may interact with other proteins in addition to cellular
membranes and thereby function in signal transduction from the
plasma membrane to internal membrane systems or the cytoskeleton
[43]. MBP is an IDP that is able to adjust its secondary structure to
various binding partners [58], thereby transmitting signals from the
plasma membrane to actin filaments. An involvement of LEA proteins
in cellular signaling as part of the adaptation to water loss has not
been previously discussed, although a loss-of-function mutant in the
LEA protein EM6 of A. thaliana showed aberrant seed development
[59]. Further genetical and mutational studies will be required to
define the function of LEA18 in seed development and desiccation
tolerance.

5. Conclusions

LEA proteins comprise several phylogenetically unrelated families
[10]. Since some families have members in bacterial, plant and animal
species, it can be assumed that these proteins constitute an evo-
lutionary old molecular adaptation to dehydration stress. This can in
its extreme form result in anhydrobiosis, i.e. the survival in the
desiccated state [60] as exemplified in mature orthodox plant seeds.
While there is general agreement in the field that LEA proteins must
play important roles in cellular dehydration tolerance, no compre-
hensive functional in-vitro and in-vivo analysis has been published for
any LEA protein. The main emphasis of in-vitro studies has been on
the ability of LEA proteins to stabilize membranes or enzymes during
freezing and drying [2,20]. The possibility of other more indirect
functions has been largely neglected. This seems surprising, given the
extensive evidence for the involvement of various IDPs in signal
transduction and the regulation of gene expression [4–6].

The present paper provides a comprehensive analysis of the
interactions of a LEA protein with membranes in solution and of the
effects of these interactions on the structure of the protein and the
stability of the target membranes. The data strongly suggest that
direct membrane stabilization is not the primary function of LEA18, at
least in the hydrated state. Instead, the results indicate a lipid
composition-dependent binding and folding interaction that leads to
membrane domain formation inducing leakage and limited fusion
that may play a role in cellular vesicle transport. In addition, it has
been shown that lipid domain formation can increase the activity of
calcium channels [61] and presumably other membrane channels and
transporters.
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