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Low concentrations of trehalose protect isolated thylakoids
against mechanical freeze-thaw damage
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The disaccharides sucrose and trehalose were compared in regard to their ability to protect isofated spinach chloroplast
membranes against rupture during a freeze-thaw cycle. Thylakoids frozen and thawed in the presence of 2.5 mM MgCl,
or NaCl or in an artificial chloroplast stroma medium suffer osmotic rupture as indicated by the release of the soluble
electron transport protein plastocyanin from the intrathylakoid spaces. Low concentrations of trehalose (up to 2 mM)
provide much more efficient cryoprotection against thylakoid membrane rupture than sucrose at the same concentra-
tions. Protection by trehalose can be attributed to a reduction in the solute permeability of the membranes which
reduces solute influx during freezing and therefore osmotic swelling and rupture during thawing. It is suggested that
trehatose affects protection by hydrogen bonding to hydrophilic groups at the surface of the thylakoid membrane.

Introduction

Sugars have been used extensively as cryoprotectants
for photosynthetic membranes of plants (see Refs. 1
and 2 for reviews). Differences in the ability cf different
sugars to protect thylakoid membranes against inactiva-
tion during a freeze-thaw cycle have been described by
several investigators [3-5).

Recently it has been shown that such differences also
exist in the protective efficiency of different sugars
during freezing, drying, or freeze-drying of pure phos-
pholipid vesicles (see Refs. 6 and 7 for recent reviews).
The disaccharides sucrose and trehalose were the most
efficient cryoprotectants [8}.

We have routinely used sucrose as a protectant for
spinach thylakoids in freezing experiments. Thylakoid
membranes contain mainly galactolipids (up to 80 mol%
of the total membrane lipid) and only very little phos-
pholipid (see Ref. 9 for a review). Therefore resulls
obtained with phospholipid model membranes can not
be directly applied to thylakoids. The high density of
uncharged sugar headgroups in the galactolipids could
give rise to different interactions of the membranes with
free sugars which may result in protective effects not
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seen with phospholipid membranes. In the present con-
tribution evidence is presented for the specific protec-
tion of thylakoids by low concentrations of trehalose
against osmotic rupture.

Materials and Methods

Thylakoid isolation and freezing. Chloroplasts were
isolated from non-hardy spinach (Spinacia oleracea L.
cv. Yates) as described before [10). Thylakoids were
washed three times in hypotonic solutions (see figure
legends for details). Samples containing approx. 0.5 mg
chlorophyll per ml were stored for 3 h at ~20°C and
were thawed within 2-3 min in a water bath at room
temperature.

Assessment of damage. After thawing, the membranes
were removed from the samples by centrifugation
(16000 X g for 15 min). The amount of the soluble
lumenal protein plastocyanin in the supernatants was
determined immunologicaliy [10]. The total amount of
plastocyanin was determined from aliquots of unfrozen
membranes lysed in 2% Triton X-100.

Thylakoi volume. Packed thylakoid volume was
measured after micro-haematocrit centrifugation as de-
scribed before [11]. The solute composition during the
measurements was the same as during the freeze-thaw
experiments.

All other methods have been described recentiy {i0].
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Results

During a lethal freeze-thaw cycle the photosynthetic
membranes of spinach leaves suffer mechanical mem-
brane rupture which is indicated by the loss of the
electron transport protein plastocyanin from the in-
trathylakoid spaces [12]. In vitro, mechanical damage
can be induced by freezing thylakoids in low-osmolality
media [13]. It can be quantitated after thawing as the
amount of plastocyanin release] from the membrane
vesicles.

Fig. 1 show the protective effect of the disaccharides
sucrose and trehalose on plastocyanin release from iso-
lated thylakoids after a freeze-thaw cycle in the pres-
ence of 2.5 mM MgCl,. At concentrations up to 1 mM,
trehalose is a much more effective protectant than
sucrose, although the relationship between osmotic ac-
tivity and concentration is the same for both sugars in
this concentration range (data not shown).

This is further explored in Fig. 2. Sucrose concentra-
tions up to 100 mM were employed and gave good
cryoprotection already in the absence of trehalose (com-
pare Refs. 13 2nd 14), The addition of 0.5 mM or 1 mM
trehalose to the sucrose solutions resulted in & marked
decrease of plastocyanin loss (Fig. 2). Samples frozen in
the presence of higher concentrations of trehalose fell
on the same line as the 1 mM samples when plotted
according to their osmolalities.

Two factors contribute to mechanical membrane rup-
ture [11]. Influx of osmotically active solutes during
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Fig. 1. Protection of thylakoids against freeze-thaw damage by sucrose

(®) or trehalose (©). The branes were hed in 5 mM MgCl,.

Samples contzined 2.5 mM MgCl, and additional sugar as indicated.

Diamage was measured as relcase of the soluble protein plastocyanin
{PC) from the intrathylakoid spaces.
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Fig. 2. Protection of thylakoids against loss of plastocyanin (PC)
during a freeze-thaw cycle. The membranes were washed in 5 mM
MgCl,. The samples contained 2.5 mM MgCl, and sucrose at con-
centrations between 1 mM and 100 mM without trehalose (@) or in
the presence of 0.5 mM (©), 1 mM (a), 5 mM (@) or 10 mM (D)
trehatose, The resulting total osmolality of the samples is indicated.

freezing is the result of diffusion, driven by the steep
concentration gradients that develop when water crys-
tallizes to ice and the solutes are concentrated in the
unfrozen solution. During thawing, this solute uptake
leads to an osmotic influx of water and a concomitant
increase in thylakoid volume which may result in rup-
ture [15].

The second factor is the apparent inability of
thylakoids to reexpand during thawing to the same
volume they had cccupied before freezing in dilute
solutions (Ref. 11; see also Fig. 3).

Fig, 3 shows that trehalose protects thylakoids against
rupture by decreasing solute influx during freezing. In
the absence of trehalose, freezing in sucrose solutions
results in a volume increase at high initial osmolalities
and in rupture and a volume reduction at lower con-
centrations. In the presence of 1 mM trehalose in
addition to the sucrose, the volume increase is reduced
by about 60% as compared to the 0°C controls (Fig. 3).

The maximum volume which the thylakoids reached
after a freeze-thaw cycle was unaffected by trehalose
(Fig. 3). Also, trehalose had no effect on the osmotic
behavior of the control membranes, since in unfrozen
samples with or without trehalose the data feil on the
same regression line.

Mechanical freeze-thaw damage can not only be seen
in solutions of low initial osmolality but also in media
of a solute composition similar to the composition of
the chloroplast stroma (artificial stroma medium [10]).
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Fig. 3. Thylakoid volume in response to different osmolalities of the
suspending medium after 3 h at 0°C (®; O) or —20°C (m; £1). The
membranes were washed in 5 mM NaCl. Samples contained 2.5 mM
NaCl and sucrose between 500 mM and 20 mM with (0; D) or
without (@; ) ! mM urchalose. Packed thylakoid volume is plotted as
a function of the reciprocal osmolality of the suspending medium
(Boyle-van't Hoff plot). The straight lines were ~“teea 1o the data by
linear regression analysis (8/0, r=0.97. W, r=095: O, r=098).

Specific cryoprotection of thylakoids by treii-'ose is
also evident under such conditions (Fig. 4). The ef-
ficiency of both sucrose and trehalose was lower as
compared to the conditions in Fig. 1 and the specific
effect of trehalose was saturated at about 2 mM (Fig. 4).

The time course of membrane damage in an artificial
stroma medium is biphasic [10]. The rapid phase is only
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Fig. 4. P ion of thylakoids against freeze-thaw damage by sncrose
{(®) or trehalose (©). The branes were washed in 10 mM MgCl,,
20 mM K,SO,. Samples contained 5 mM MgCl,, 10 mM K,S0,,
150 mM potassium glutamate and 50 mM sucrose and additional
sugar as indicated. Damage was d as rel of the lumenal
protein plastocyanin (PC) from the vesicles.
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Fig. 5. Time-course of plastocyanin {PC) ralease from thylakoids at
0°C (0. @) or —20°C (O: ®). Washing medium and sample com-
position were the same as in Fig. 4. In addition. samples contained 5
mM sucrose (solid symbols) or trehalose (open symbols). Ai ¢ = 0 part
of the samples were transferred from an ice bath to a freezer at
- 20°C. The lines were fitted to the data by linear regression analysis
(0. r=069; @ r=090; O, r=0.95 B -=094). For better com-
parison the amount of plastocyanin released directly after transfer of
the thylakoids from the washing medium to the incubation media was
subtracted from the values measured after different incubation times.

seen after freezing and it was not influenced by the
presence of irehalose (Fig. 5). The slow phase which has
been related to diffusion induced membrane rupture
(10,15} is evident both at 0°C and —~20°C. The ratc of
plastocyanin release during the slow phase was reduced
by about 60% in the presence of 5 mM trehalose both in
frozen and unfrozen samples (Fig. 5).

Discussion

Membranes may be stabilized during freezing in dif-
ferent ways. Thylakoids are protected from mechanical
freeze-thaw damage by sugars or sugar alcohols such as
glucose [16], sorbitoi [15] and sucrose [13]. In the pres-
ence of an artificiai stroma medium even a normally
cryotoxic salt such as NaCl can be protective [10}]. It has
been suggested that protection by these chemically very
different substances is mainly achieved by osmotically
supporting the vesicles during thawing and thereby re-
ducing rupture [15]. If a solute protects membranes
more efficiently, on an osmolal basis, than such un-
specific protectants this should be the result of a specific
interaction of the protective solute with the membranes.

The ability of carbohydrates to form hydrogen bonds
has long been viewed as an important aspect of the
membrane stabilizing effect of sugars [17]. However, in
addition 1o the number of hydroxyl groups available for
hydrogen bonds, structural properties of the sugars atso
play a role in membrane protection [6,7].
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The ability of trehalose and sucrose to stibilize phos-
pholipid vesicles during freezing has been aitributed to
the effective hydrogen bonding of the sugars to the
phospholipid head groups [81. The authors showed that
sucrose and trehalose were equally effective cryoprotec-
tants for smal}l unilamellar phospholipid vesicles.

In contrast, for thylakoid membranes, trzhalose is a
much more effective protectant than sucrose at very low
sugar concentrations both on a molar (Fig. 1 and 4) and
on an osmolal basis (Fig. 2). At higher corcentrations
both sugars were equally effective (Figs. 1 and 4) indi-
cating mainiy osmotic stabilization by thz additional
trehalose. This may b the resuli of a saturation of
possible sites for hydrogen bonds betweer membrane
and cryoprotectant.

There is no evidence for a competition between
sucrose and trehalose for binding sites on the mem-
branes, since the saturation occurs at the same trehalose
concentrations with or without sucrose also present
{compare Figs. 1 and 2).

The specific protection by trehalose is achieved by
reducing the solute permeability of the membranes (Fig.
3 and 5). It has been show before that a reduced
permeability of thy'zkeids during cold acclimation of
spinach plants is correlated with a reduced mechanical
freeze-thaw damage to the isolated membranes [18).

The solute permeability of a membrane has been
shown to be a function of membrane lipid fluidity [19].
Fluidity can not only be influenced by the lipid com-
position (see Ref. 20 for a review) but also by solutes
which bind to the lipid head grouns [21]. For phos-
pholipid vesicles it has been shown that disaccharides
hydrogen bond to the phosphate head groups and that
trehalose has a three-dimensional structure which makes
it especially effective in this respect [22].

It is tempting to speculate that trehalose may have a

-

structural disposition to hydrogen bond to hydrophilic
groups at the surface of thylakoid membranes. This
binding would lead to a reduced membrane fluidity
which would result in the observed reduction in solute
permeability (Figs. 3 and 5). This =ifect is not depen-
dent on the freezing process but binding already takes
place under non-freezing conditions (Fig. 5). This is in
agreement with trehalose binding studies performed with
phospholipid monolayers and bilayers under non-freez-
ing conditions [22],

The observed specific protection by trehalose as com-
pared to sucrose which was not evident in phospkolipid
vesicles [8] could be due to interactions with the galac-

tolipids or to the high protein content of thylakoid
membranes (approx. 50% of the dry weight [9]). To
resolve this question, additional experiments with model
membranes will be necessary to establish whether
trehalose binds 1o specific thylakoid membrane compo-
nents and how this binding effects membrane stability.
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