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Abstract

The stability of cellular membranes during dehydration can be strongly influenced by the partitioning of amphiphilic
solutes from the aqueous phase into the membranes. The effects of partitioning on membrane stability depend in a complex
manner on the structural properties of the amphiphiles and on membrane lipid composition. Here, we have investigated the
effects of the amphiphilic aromatic amino acids Trp and Phe on membrane stability during freezing. Both amino acids were
cryotoxic to isolated chloroplast thylakoid membranes and to large unilamellar liposomes, but Trp had a much stronger
effect than Phe. In liposomes, both amino acids induced solute leakage and membrane fusion during freezing. The presence
of the chloroplast galactolipids monogalactosyldiacylglycerol or digalactosyldiacylglycerol in egg phosphatidylcholine
(EPC) membranes reduced leakage from liposomes during freezing in the presence of up to 5 mM Trp, as compared to
membranes composed of pure EPC. The presence of the nonbilayer-forming lipid phosphatidylethanolamine increased
leakage. Membrane fusion followed a similar trend, but was dramatically reduced when the anthracycline antibiotic
daunomycin was incorporated into the membranes. Daunomycin has been shown to stabilize the bilayer phase of
membranes in the presence of nonbilayer lipids and was therefore expected to reduce fusion. Surprisingly, this had only a
small influence on leakage. Collectively, these data indicate that Trp and Phe induce solute leakage from liposomes during
freezing by a mechanism that is largely independent of fusion events. ß 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

As an adaptive answer to environmental stress
conditions such as drought and low temperature,
higher plants accumulate di¡erent solutes, which
are thought to have protective functions under stress

conditions. A functional role for di¡erent sugars, the
amino acid proline, quaternary ammonium com-
pounds such as glycinebetaine, and some speci¢c
proteins in plant stress tolerance is now well estab-
lished and many of these substances are able to sta-
bilize membranes in the frozen or dry state (see [1^6]
for reviews). More recently, the in£uence of small,
amphiphilic molecules on membrane stability under
stress conditions has been investigated. It was found
that amphiphiles, that are mainly present in solution
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in fully hydrated cells, may partition into the cell
membranes under conditions of dehydration [7].
The degree of partitioning is not only dependent on
the sample water content, but also on the polarity of
the solute [8]. This partitioning in£uences the phase
state of the bilayer and its stability [7,9]. In addition,
many amphiphilic substances such as £avonols or
hydrochinones also have antioxidative properties
and may therefore protect membranes from oxidative
damage under conditions of low water availability
(see [3,10] for reviews). There is good evidence that
in desiccation tolerant cells, the partitioning of am-
phiphiles into membranes is a regulated process [8].

The direct e¡ects of any given amphiphile on
membrane stability, however, cannot be easily pre-
dicted. In a detailed investigation with the glycosy-
lated hydrochinone arbutin, which has been found in
high concentrations in extremely freezing or desicca-
tion tolerant plant species [11,12], it was found that
its e¡ects on membrane stability depended entirely
on the lipid composition of the target membrane.
Arbutin was cryoprotective for isolated chloroplast
thylakoid membranes, but severely damaged phos-
phatidylcholine vesicles during freezing or drying.
Protection of model membranes by arbutin required
the presence of a nonbilayer-forming lipid, either the
chloroplast glycolipid monogalactosyldiacylglycerol
(MGDG) or the phospholipid phosphatidylethanol-
amine (PE) [13,14]. It could be shown that arbutin
speci¢cally stabilized the bilayer phase of membranes
containing nonbilayer lipids [14]. However, not all
amphiphiles show this behavior [3]. Therefore,
more knowledge is needed about the stabilizing or
destabilizing e¡ects of biologically relevant amphi-
philes on membranes under stress conditions, in or-
der to understand the role that such substances may
play in cellular stress tolerance.

Amino acids are ubiquitously found in all living
cells and the aromatic amino acids Tyr, Trp and Phe
have an amphiphilic character due to the hydropho-
bic phenyl or indole rings. Therefore, although they
are usually only present in low concentrations in
cells, aromatic amino acids represent interesting
model substances to further study the e¡ects of rel-
atively hydrophilic amphiphiles on membrane stabil-
ity. Due to its exceedingly low solubility in water, no
meaningful experiments could be carried out with
Tyr and we have therefore limited this investigation

to Phe and Trp. While there has been extensive in-
terest in the functional and structural role of aro-
matic amino acids in proteins, especially in mem-
brane proteins and membrane active peptides, there
are almost no data available about the e¡ects of the
free amino acids on membrane stability. It has, how-
ever, been shown that Phe may damage spinach thy-
lakoid membranes during freezing [15].

In the present contribution we have shown that
both Trp and Phe were damaging to thylakoid mem-
branes at very low concentrations during freezing. In
liposomes, both amino acids induced solute leakage
and membrane fusion under the same conditions.
Trp had in general a much stronger e¡ect than Phe
and the action of both amino acids was modulated
by the membrane lipid composition. Our results
highlight the complexity of the e¡ects that small am-
phiphiles can have at relatively low concentrations
on membrane stability under stress conditions.

2. Materials and methods

2.1. Materials

Egg phosphatidylcholine (EPC) was purchased
from Avanti Polar Lipids (Alabaster, AL), egg phos-
phatidylethanolamine (EPE) was from Sigma (St.
Louis, MO). N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-
Phosphatidylethanolamine (NBD-PE), N-(lissamine
Rhodamine B sulfonyl) dioleoyl-phosphatidyletha-
nolamine (Rh-PE) and carboxy£uorescein (CF)
were obtained from Molecular Probes (Leiden, The
Netherlands). CF was puri¢ed according to [16]. The
chloroplast glycolipids monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglycerol (DGDG)
were purchased from Lipid Products (Redhill, Sur-
rey, UK). Daunomycin was received from Sigma,
Trp and Phe from Fluka (Deisenhofen, Germany).

2.2. Preparation of liposomes

Liposomes were composed (on a weight basis) of
either 50% DGDG/50% EPC, 40% MGDG/60%
EPC, 50% EPE/50% EPC or 100% EPC. MGDG
and EPE are nonbilayer lipids and, therefore, lipo-
somes are severely destabilized with higher concen-
trations in the membranes [14,17]. Liposomes for
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leakage studies were made as previously described
[17]. Brie£y, 5 mg of lipid were hydrated in 250 Wl
of 100 mM CF, 10 mM TES and 0.1 mM EDTA
(pH 7.4) and extruded using a Liposofast hand-held
extruder ([18]; Avestin, Ottawa, Canada) with 100-
nm pore ¢lters. To remove external CF, the lipo-
somes were passed over a Sephadex G-25 column
(NAP-5, Pharmacia) in 10 mM TES, 0.1 mM
EDTA and 50 mM NaCl (TEN bu¡er, pH 7.4).
Liposomes for fusion assays were made with the
same lipid compositions as for leakage, with the ad-
dition of 1 mol% each of the £uorescent probe pair
NBD-PE and Rh-PE. Where indicated, the anthracy-
cline daunomycin was mixed with lipids in organic
solvent before formation of liposomes, in a lipid:
daunomycin molar ratio of 20 [19].

2.3. Freezing of liposomes

Equal volumes of liposomes (10 mg lipid/ml) and
concentrated solutions of amino acids in TEN were
combined (40 Wl/sample) to reach the ¢nal amino
acid concentrations indicated in the ¢gures. Samples
were frozen rapidly in an ethylene glycol bath pre-
cooled to 320‡C. After 3 h of incubation, samples
were warmed quickly to room temperature in a water
bath. Controls were incubated on ice for 3 h.

2.4. Leakage and fusion measurements

CF £uorescence is self-quenching when the dye is
trapped inside the liposomes at high concentrations
and £uorescence is increased when the dye is released
into the medium. Leakage was determined as de-
scribed previously [17] by measuring £uorescence at
room temperature with a Kontron SFM 25 £uorom-
eter (Bio-Tek Instruments, Neufahrn, Germany) at
excitation and emission wavelengths of 460 and 550
nm, respectively.

Liposome fusion after freezing and thawing was
determined using £uorescence resonance energy
transfer [20] as described in detail in a recent publi-
cation [17]. Brie£y, two liposome samples were pre-
pared: one sample was labeled with 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 ¢nal lipid
concentration of 10 mg/ml. The liposomes were

mixed with amino acid solutions in the same manner
as for the leakage experiments. Fusion was measured
by £uorescence resonance energy transfer [20] with a
Kontron SFM 25 £uorometer at excitation and emis-
sion wavelengths of 450 and 530 nm, respectively.

Leakage and fusion values reported in the ¢gures
always represent mean þ S.D. from three parallel
samples. Where no error bars are visible, they were
smaller than the symbols.

2.5. Isolation and freezing of thylakoid membranes

Thylakoid membranes were isolated from the
leaves of 14-day-old pea plants (Pisum sativum L.)
as described in [21]. Isolated thylakoid membranes
were washed three times and ¢nally suspended in a
simpli¢ed arti¢cial stroma medium (10 mM MgCl2,
20 mM K2SO4, 150 mM Na-glutamate and 50 mM
sucrose [22]). Di¡erent concentrations of Trp or Phe,
dissolved in the same solution, were added and sam-
ples, containing approximately 2 mg chlorophyll/ml,
were frozen at 320‡C. After 3 h, samples were rap-
idly thawed in a water bath at room temperature.
Photochemical activity of Photosystem II (PS II)
was determined polarographically as the rate of oxy-
gen evolution with phenyl-p-benzoquinone (pBQ) as
an electron acceptor at room temperature. The reac-
tion medium contained 0.33 M sucrose, 5 mM
MgCl2, 10 mM NaCl, 20 mM MES (pH 6.5), 0.1
mM pBQ and thylakoid membranes equivalent to
15 Wg chlorophyll/ml. Chlorophyll concentration
was determined according to Arnon [23].

3. Results

As a ¢rst step in our investigation of the e¡ects of
aromatic amino acids on membrane stability we used
isolated chloroplast thylakoid membranes as a well-
characterized model for freeze^thaw damage in a
biological membrane (see [6] for a review). Thylakoid
membranes were suspended in an arti¢cial stroma
medium [22], in which the same kind of freeze^
thaw damage occurs that has also been found in
thylakoids frozen and thawed in vivo [24]. Damage,
determined as a reduction in the photochemical ac-
tivity of PS II as a function of the concentrations of
Phe or Trp, is shown in Fig. 1. PS II activity de-
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creased with increasing concentrations of both amino
acids. However, the decrease was much stronger in
the presence of Trp than in the presence of Phe,
especially at low concentrations. At concentrations
above approximately 2 mM, no signi¢cant further
increase in damage was observed.

Thylakoid membranes are a complex biological
system. In order to elucidate whether the cryotoxic
e¡ects we observed with the aromatic amino acids
(Fig. 1) are related to a speci¢c membrane compo-
nent, we used liposomes for a further detailed anal-
ysis. The most abundant thylakoid lipids are the un-
charged galactolipids MGDG and DGDG,

comprising about 75% of the total lipid content.
The remaining portion of the acyl lipids are made
up by the anionic lipids sulfoquinovosyldiacylglycer-
ol and phosphatidylglycerol. The anionic lipids and
DGDG are bilayer-forming lipids, while MGDG is a
nonbilayer lipid [25]. In this investigation, we used
model membranes composed of four di¡erent types
of lipids: the bilayer-forming lipids EPC or DGDG,
and the nonbilayer lipids EPE or MGDG. Amino
acids were added to the outside of the liposomes
only, to make the results directly comparable to
those reported in Fig. 1 and most data in the liter-
ature. In every experiment, parallel samples with or
without 10 mM Trp or Phe were incubated for 3 h at
0‡C. In no case did the presence of the amino acids
increase the degree of leakage or fusion under non-
freezing conditions.

Increasing concentrations of Trp caused massive
leakage of CF from all types of liposomes during
freezing (Fig. 2A). Signi¢cant di¡erences between
liposomes made from di¡erent lipids, however, were
observed at low Trp concentrations. Here, the high-
est degree of release of the internal content after
freezing was observed for liposomes containing 50%
EPE, followed by liposomes made from pure EPC.
Liposomes containing one of the galactolipids
showed the least amount of damage. In fact, the
presence of MGDG in the membranes led to a small,
but highly reproducible, reduction in leakage at very
low Trp concentrations (up to 1 mM). This indicates
that the presence of sugars in the lipid headgroups

Fig. 1. Photochemical activity of Photosystem II (PS II) of thy-
lakoid membranes after freezing for 3 h at 320‡C in the pres-
ence of di¡erent concentrations of the aromatic amino acids
Trp or Phe. 100% activity of PS II corresponds to 50.01 Wmol
O2/mg chlorophyllUh. Mean values þ S.D. from four independ-
ent experiments are shown.

Fig. 2. E¡ect of Trp (A) and Phe (B) on freeze-induced damage
to large unilamellar liposomes. Samples were frozen for 3 h at
320‡C and damage was determined after thawing as leakage of
the soluble £uorescent marker carboxy£uorescein (CF). Lipo-
somes were prepared either from pure EPC or from mixtures of
EPC with the indicated weight fractions of MGDG, EPE or
DGDG.

Fig. 3. Freeze^thaw damage to liposomes frozen in the presence
of di¡erent concentrations of Trp (A) or Phe (B), determined
as vesicle membrane fusion. Liposomes were either prepared
from pure EPC or with the addition of di¡erent fractions of
MGDG, EPE or DGDG as indicated.
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may have a stronger in£uence on the cryotoxicity of
Trp than the phase preference of the lipids. Similar
to our results with thylakoids (Fig. 1), the e¡ect of
Phe on freeze-induced leakage was much weaker
(Fig. 2B). Only in the case of vesicles containing
50% EPE or 50% DGDG a small destabilization
was observed with increasing concentrations of Phe.

During freezing pure water is removed from solu-
tion as ice and the concentrations of solutes and
membranes in the residual unfrozen part of the sys-
tem are dramatically increased. Under these condi-
tions of partial dehydration and close proximity,
membrane fusion may occur, which often leads to
solute leakage. The presence of Trp in the suspending
medium during freezing induced strong fusion of
liposomes for all lipid compositions tested (Fig.
3A). As in the case of leakage, there were signi¢cant
di¡erences between di¡erent types of liposomes at
low Trp concentrations. In liposomes containing
50% EPE, fusion was signi¢cantly increased over
the whole concentration range. For the other three
types of liposomes, fusion only started to increase at
Trp concentration above 1^2 mM. As in the case of
leakage, there was a strong di¡erence between lipo-
somes containing the nonbilayer lipids EPE or

MGDG, again indicating a dominating in£uence of
the sugars in glycolipid headgroups over the phase
preference of the lipids. The e¡ect of Phe was much
weaker than that of Trp (Fig. 3B). In this case, how-
ever, liposomes containing the nonbilayer lipids were
more a¡ected than liposomes containing only bilayer
lipids.

The data from the freezing experiments reported
above were further analyzed in Fig. 4 by exploring
possible correlations between leakage and fusion. As
noted above, the e¡ect of Phe was generally much
weaker than that of Trp. For liposomes containing
50% EPE, there was a linear correlation between
leakage and fusion for samples containing Trp,
which only broke down for samples that had already
su¡ered complete leakage. In the case of Phe, there
was also a correlation, albeit not linear. Liposomes
composed of pure EPC and those containing galac-
tolipids, showed a much stronger increase in leakage
than in fusion at low concentrations of Trp. At high-
er concentrations, where leakage had already reached
more than 80%, there was a strong increase in fusion.
For both amino acids, there was no correlation be-

Fig. 4. Analysis of the correlations between CF leakage (cf.
Fig. 2) and membrane fusion (cf. Fig. 3) for liposomes frozen
in the presence of di¡erent concentrations of Trp (solid sym-
bols) or Phe (open symbols). The membranes contained EPC
and di¡erent weight fractions of the indicated lipids.

Fig. 5. E¡ects of the anthracycline antibiotic daunomycin on
the freeze^thaw stability of liposomes in the presence of di¡er-
ent concentrations of Phe (F, E) or Trp (b, a). The membranes
contained EPC and di¡erent weight fractions of the indicated
lipids. In addition, samples indicated by solid symbols con-
tained 5 mol% of daunomycin. Membrane stability during a
freeze^thaw cycle was assessed as carboxy£uorescein (CF) leak-
age.
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tween fusion and leakage for liposomes made from
pure EPC, but a nonlinear correlation for liposomes
containing 50% DGDG. For liposomes containing
MGDG, there was again no simple linear correla-
tion, but in this case the correlations were clearly
di¡erent for Trp and Phe. These results indicate
that both amino acids are to some extent fusogenic
during freezing and that fusion may contribute to the
observed leakage, at least in membranes that were
not exclusively made from EPC.

It has been suggested that fusion proceeds through
the formation of nonbilayer structures in membranes
and that nonbilayer lipids increase the propensity of
membranes to undergo fusion events [26,27]. In order
to determine to what extent the formation of non-
bilayer phases was responsible for the observed e¡ect
of freeze-induced destabilization of membranes in the
presence of Trp and Phe, we used the anthracycline
antibiotic daunomycin, which has been reported to
partition into lipid bilayers [28] and to stabilize bi-
layer structures in membranes containing nonbilayer
lipids [19].

Fig. 5 shows the in£uence of daunomycin on CF
leakage from liposomes, frozen in the presence of
Trp or Phe. Daunomycin itself increased the extent
of leakage from liposomes frozen in bu¡er by 10^
20% in the case of membranes containing only the
phospholipids EPC and EPE, and reduced leakage

by 10% for vesicles containing galactolipids. Unex-
pectedly, the suppression of the formation of a non-
lamellar phase had little e¡ect on the freeze-induced
release of CF. A strong stabilization of the mem-
branes was only observed in the case of liposomes
containing 40% MGDG frozen in the presence of
Trp. Quite remarkably, there was no e¡ect on mem-
branes containing 50% of the nonbilayer lipid EPE,
but a clear e¡ect at Trp concentrations up to 5 mM
for membranes containing a mixture of the bilayer
lipids EPC and DGDG. In the presence of Phe, the
incorporation of daunomycin into the membranes
had no clear e¡ect on the freeze-induced leakage of
the liposomes, regardless of lipid composition (Fig.
5).

The e¡ect of daunomycin on freeze-induced fu-
sion was much more pronounced (Fig. 6). In the
absence of amino acids, the presence of daunomycin
in the membranes resulted in a small increase in
fusion for liposomes made only of phospholipids.
This correlates well with the increase in leakage ob-
served under the same conditions (Fig. 5). Also in
agreement with the leakage data was the reduction
in fusion observed with MGDG-containing lipo-
somes in the absence of amino acids. The addition
of Trp to the samples led to a much smaller increase

Fig. 6. Freeze^thaw damage to liposomes frozen in the presence
of di¡erent concentrations of Trp or Phe, determined as vesicle
membrane fusion. See the legend to Fig. 4 for details.

Fig. 7. Analysis of the correlations between CF leakage and
membrane fusion for liposomes frozen in the presence of Trp
(solid symbols) or Phe (open symbols). The membranes con-
tained EPC, 5 mol% daunomycin, and di¡erent weight fractions
of the indicated lipids.

BBAMEM 78218 17-4-02

A.V. Popova et al. / Biochimica et Biophysica Acta 1561 (2002) 109^118114



in fusion for all membranes containing daunomycin
compared to those not containing the drug. Most
strikingly, for liposomes containing 50% EPE, fu-
sion increased by 80%, from 20% in the absence of
Trp to 100% at the highest Trp concentration, while
for liposomes also containing daunomycin this in-
crease was reduced to 17%, from 45% to 62%. A
similar e¡ect of daunomycin was observed for lipo-
somes containing 40% MGDG or 50% DGDG.
Liposomes formed from pure EPC showed a small-
er, but nevertheless clear, e¡ect of daunomycin on
Trp-induced fusion during freezing, reducing the in-
crease in fusion between 0 and 10 mM Trp from
81% to 54%. A decreased fusogenic e¡ect in the
presence of daunomycin was also observed for Phe
with membranes containing the nonbilayer lipids
MGDG or EPE. For MGDG containing vesicles,
for instance, the reduction in fusion at the highest
Phe concentration was 20%. If we consider that the
maximal amount of fusion induced by Phe was only
40%, then the e¡ect of daunomycin was a twofold
reduction. For EPE containing liposomes and for
liposomes made from pure EPC, daunomycin com-
pletely suppressed Phe-induced fusion. There was no
detectable e¡ect of daunomycin on fusion of lipo-
somes containing 50% DGDG, frozen in the pres-
ence of Phe, but the degree of fusion was extremely
low in all samples.

The fact that the presence of daunomycin in the
membranes had a much stronger e¡ect on fusion
than on leakage led to a loss of most of the correla-
tions observed between fusion and leakage for lipo-
somes made without the drug (Fig. 7; compare Fig.
4). This was true, both for samples frozen in the
presence of Trp and Phe. Only in the case of mem-
branes containing 40% MGDG a strong correlation
between fusion and leakage was observed with mem-
branes containing daunomycin.

4. Discussion

During freezing of plant leaves, water crystallizes
in the apoplastic spaces and the cells are severely
dehydrated. Damage to membranes during freezing
both in vivo and in vitro is generally considered to
be the consequence of dehydration, rather than of
low temperatures per se (see [4,6,24] for reviews).

The extent of damage can be related both to the
extent of osmotic water loss and to the presence of
membrane stabilizing or destabilizing solutes. Am-
phiphilic substances may be particularly interesting
in this regard, as they are freely soluble under well-
hydrated conditions, but partition into the mem-
brane lipid phase as water is removed, e.g., as ice,
and thus only exert e¡ects on membrane stability
under conditions of at least partial dehydration.
The degree of partitioning of any given amphiphile
will be the result of a complex interplay of the de-
gree of dehydration, solute polarity, and solution
viscosity [8]. Trp and Phe are good examples for
this behavior, as it is not possible to measure any
partitioning of these amino acids into well-hydrated
membranes ([29]; Popova and Hincha, unpub-
lished), nor do they have any measurable in£uence
on membrane stability under these conditions (data
not shown). Nevertheless, both have strong e¡ects
on membrane stability during freezing and it can be
assumed that their aromatic ring structures insert
into membranes under conditions of low water
availability. This question is currently under inves-
tigation in our laboratories.

A deduction of the possible positioning of aro-
matic amino acids after partitioning into a mem-
brane can be made from several reports of the loca-
tion of such residues in membrane spanning
proteins and peptides. Statistical analyses of the dis-
tribution of amino acids in integral membrane pro-
teins showed a strong preference for the lipid^water
interface of membranes for both Trp and Phe
[30,31]. Likewise, studies using Trp analogs [29,32]
or Trp-containing peptides [33^38] showed a strong
preference of Trp to localize at the membrane sur-
face. We would therefore expect the free amino
acids to also partition into the headgroup or glycer-
ol backbone regions of membranes during freeze-
induced dehydration, but not into the hydrophobic
core.

This partitioning at the membrane surface during
freezing, however, had dramatic e¡ects on the stabil-
ity of both biological and model membranes. The
presence of Trp or Phe in the samples during freezing
led to a suppression of PS II-mediated electron trans-
port in isolated chloroplast thylakoids (Fig. 1), indi-
cating the cryotoxicity of the amino acids for biolog-
ical membranes. The photochemical activity of PS II

BBAMEM 78218 17-4-02

A.V. Popova et al. / Biochimica et Biophysica Acta 1561 (2002) 109^118 115



has been shown to be a sensitive indicator for the
intactness of the photosynthetic electron transport
chain in chloroplasts, both in vivo and in vitro.
Damage occurs predominantly at the water-splitting
site of PS II, presumably due to the loss of proteins
from the internal (lumenal) side of the thylakoid
membranes [39,40]. Such a loss of lumenal thylakoid
proteins during freezing has been extensively docu-
mented for the electron transport protein plastocya-
nin [6,24]. In a liposome system, this freeze^thaw-
induced leakage of proteins from thylakoids may
be modeled as the leakage of the £uorescent dye
CF from lipid vesicles [13].

For thylakoids, the detrimental e¡ect of Phe was
much smaller than that of Trp (Fig. 1). This di¡er-
ence between Trp and Phe also persisted in all experi-
ments with liposomes, where Trp led to much more
leakage and membrane fusion than Phe, irrespective
of the membrane lipid composition.

It is also interesting to compare the e¡ects of the
aromatic amino acids with that of the amphiphile
arbutin. In liposomes made only from EPC, com-
plete leakage after freezing was achieved in the pres-
ence of 20 mM arbutin [13] or 6 mM Trp (Fig. 2).
With Phe, complete leakage could not be induced
within its solubility limits. The most striking di¡er-
ences between Trp and arbutin were manifest in the
presence of liposomes containing the nonbilayer lipid
EPE. The presence of increasing concentrations of
EPE in EPC membranes reduced the leakage and
fusion induced by arbutin in pure EPC liposomes
[13]. In the presence of Trp, on the other hand,
both leakage and fusion were strongly increased in
membranes containing EPE, as compared to mem-
branes made only from EPC (Figs. 2 and 3). As
fusion is believed to proceed through nonbilayer in-
termediates [26,27], it could be expected that the
presence of a nonbilayer lipid in the bilayer would
increase vesicle fusion under stress conditions. How-
ever, in the absence of Trp, fusion only increased by
20% when liposomes containing pure EPC were com-
pared with vesicles made from 50% EPE and 50%
EPC. Dramatic di¡erences between these two types
of liposomes only became evident when low concen-
trations of Trp were added to the samples (Fig. 3).
Since higher concentrations of Trp also induced fu-
sion during freezing of liposomes made entirely of
bilayer lipids (100% EPC or 50% DGDG and 50%

EPC), it seems possible that the partitioning of Trp
into membranes may facilitate the formation of fu-
sion intermediates.

Trp elicited both leakage and fusion in liposomes
containing 50% EPE. There was a linear correlation
between leakage and fusion for samples containing
low concentrations of Trp (Fig. 4). This seemed to
indicate that leakage was a consequence of vesicle
fusion events. In order to clarify, whether this corre-
lation was really the result of a causal relationship,
we incorporated the anthracycline antibiotic dauno-
mycin into the membranes. Daunomycin has been
shown to stabilize the bilayer phase in membranes
containing PE [19]. The stabilization of bilayer struc-
tures should impair the formation of nonbilayer in-
termediates necessary for fusion [41]. This expecta-
tion was borne out by fusion measurements, which
showed a strong reduction in vesicle fusion during
freezing in the presence of Trp (Fig. 6). Unexpect-
edly, however, no concomitant reduction in leakage
was detected (Fig. 5) and the previous correlation
between fusion and leakage was no longer observed
(Fig. 7). These data clearly indicate that Trp induced
leakage in these liposomes mainly through a nonfu-
sogenic mechanism. This was also evident in mem-
branes composed only of EPC, where no correlation
between fusion and leakage existed, either in the ab-
sence (Fig. 4) or the presence (Fig. 7) of daunomycin
in the membranes.

In the absence of amino acids, daunomycin had
small, but reproducible, e¡ects on membrane stabil-
ity during freezing. Both leakage and fusion in-
creased in membranes containing only phospholipids
and decreased in membranes containing EPC and a
galactolipid. As the e¡ect was clearly not related to
the phase preference of the lipids, we cannot at
present o¡er a convincing explanation for this obser-
vation.

Interestingly, in the presence of Trp liposomes
containing the nonbilayer lipid MGDG in their
membranes, behaved much more like vesicles con-
taining the bilayer galactolipid DGDG, than like
those containing the nonbilayer phospholipid EPE.
This was true both for leakage (Fig. 2) and fusion
(Fig. 3). At low concentrations, Trp actually stabi-
lized liposomes containing 40% MGDG. This is sim-
ilar to the e¡ect of arbutin [13], but the fact that Trp
could not stabilize membranes containing EPE
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points to a di¡erent kind of interaction in the case of
the amino acid. We propose that Trp participates in
hydrophobic stacking interactions between its aro-
matic side chain and the sugar ring structures of
the galactolipid headgroups. Such interactions have
been convincingly demonstrated for Trp residues in
the sugar-binding cavities of several lectins [42], for
Trp in proteins interacting with oligomeric glycans
[43], and for Trp residues in bateriorhodopsin inter-
acting with the sugar moieties of the galactolipids of
the purple membrane [44].

In contrast to Trp, Phe induced leakage or fusion
only in liposomes containing a nonbilayer lipid (Figs.
2 and 3). There were no signi¢cant di¡erences be-
tween membranes containing either EPE or
MGDG. The addition of daunomycin to these mem-
branes completely abolished freeze-induced damage
to the liposomes in the presence of Phe. Although
there were no clear correlations between leakage
and fusion under these conditions (Figs. 4 and 7),
in part probably due to the low total amount of
damage elicited by Phe, we conclude from these
data that Phe induced leakage during freezing pre-
dominantly in nonbilayer lipid-containing mem-
branes through a fusogenic mechanism.

In conclusion, the data presented in this paper
represent a further step in our e¡orts to understand
the molecular mechanisms of plant membrane dam-
age and protection under stress conditions. It is ap-
parent that the e¡ects of amphiphiles on membrane
stability depend in a highly complex manner on the
chemical structure of the solutes and the lipid com-
position of the membranes. Since only the e¡ects of
three amphiphilic substances (arbutin, Trp, Phe)
have been analyzed in any detail, no predictions
based on molecular structure of the e¡ects of such
solutes on membrane stability under stress conditions
can be made at present. It can be assumed that other
constituents of biological membranes, such as pro-
teins, also play a role in determining the e¡ects of
solutes on membrane stability during freezing or dry-
ing. This is exempli¢ed by the fact that low concen-
trations of Trp already strongly damaged thylakoid
membranes during freezing (Fig. 1), but had no e¡ect
on leakage or fusion in liposomes containing the pre-
dominant thylakoid lipids MGDG or DGDG (Figs.
2 and 3).
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