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Dry mixtures of sonicat~ vesic|es of DPPC and trehalose which confined a maximum of 0.2 tool 
water/me,~ lipid were examined by differential scanning calorimetry, Fourier ~ansf~rm infrared spec- 
troscopy and freeze-fracture electron microscopy. Samples of dry DPFC and tTehalese prepared from 
aqueous solution had a minimum T m Of 24 °C for the gel to liqu|d-erystalline transition provided that the 
vesicles were dried with trehalose wlfi|e the lipid was in liqnid-erysC~fl|ine phase. This low ~ansition is 
compared to a transition of 105-112°C for dry pure DPPC and of 42°C for hydrated pure DPPC. The 
present work is an extension of earlier work from this laboratory using both other Hpids and other methods 
of preparation. 

Introduction 

A large body of evidence has accumulated over 
the past several years that trehalose (a disacchar- 
ide of glucose) along with several other mono~-di- 
and trisaccharides have the ability to stabilize 
biological membranes [1] and unilamellar I/po- 
sprees [2-9] against fusion and leakage during 
both freeze-thaw cycles and freeze-drying. Evi- 
dence from infrared spectroscopy [10], ~H-NMR 
spectroscopy, ESR spin labeling [8,9], and reso- 
nance energy transfer studies of fusion [7] suggest 
that trehalose and sucrose, at least, may exert their 
effects by a direct hydrogen-bonding interaction 
with the phosphate of phospholipid headgroups. 

One might expect that hydrogen-bonded treha- 
lose could have effects similar to hydrogen-bonded 
water on dry lipids [11], i.e. a lowering of the gel 
to 1/quid-crystalline phase transition temperature 

Correspondence: L.M. Crowe, Department of Zoology, Uni- 
versity of California, Davis, CA 95616, U.S.A. 

due to an increase in headgroup spacing and a 
decrease in van der Waals interactions between 
acyl chains. That, in fact, has been shown to be 
the case - trehalose, and to a lesser extent other 
carbohydrates, do lower the phase transition tem- 
perature of dry preparations of lipid and carbo- 
hydrates as much as 80 ° C, to below that of the 
fully hydrated lipid [6,12,13]. Other studies which 
used multilamellar preparations in the presence of 
both trehalose [14] and sucrose [9] report a similar 
effect although the lowering of the T m is not as 
great as has been found in this laboratory. 

Earlier work from this laboratory focu~:ed on 
the interactions of carbohydrates with dipalmi- 
toylphosphatidylcholine, probably the most widely 
studied amphipathic lipid. These early studies were 
experimentally unsatisfactory in several respects, 
in that much of the equipment and procedures we 
now use were not available to us. Thus, it was 
necessary to make homogeneous multilamellar 
preparations of lipid and carbohydrate from 
organic solution, and to handle the preparations 
in ambient air following freeze-drying. These pro- 
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cedures resulted in lipid/sugar mixtures that con- 
tainined some small and unmeasured amount of 
water, probably about 2 mol H20 per tool dipalm- 
itoylphosphatidylcholine [13]. This led to the pos- 
sibility that the water in the samples, although 
low, was in some way able to interact with the 
carbohydrates and phospholipid and produce the 
effect reported. Later work using other lipids for 
leakage [2,6] and residual water experiments [15] 
demonstrated that water in these preparations was 
extremely low and not related to liposome pre- 
servation during drying. The experiments reported 
in the present paper were done to assess, as care- 
fully as possible, the effects of trehalose on the 
thermotropic properties of dry dipalmitoylphos- 
phatidylcholine. These data demonstrate that in 
very dry dipalmitoylphosphatidylcholine the ef- 
fects of interaction ~ t h  trehalose are even more 
striking than when a small amount of water is 
present [14]. They also suggest that an expanded 
headgroup spacing is necessary for complete inter- 
action of the trehalose with the phospholipid as 
suggested by Gaber and his colleagues [16,17]. If 
stored at or below the gel to liquid crystalline 
transition temperature the mixture reverts to a 
more gel-like state. 

Materials and Methods 

Materials. Dipalmitoylphosphatidylcholine in 
chloroform was purchased from Avanti Polar Lipid 
(Birmingham, AL) and used without further puri- 
fication. Trehalose was purchased from Pfanstiehl, 
(Waukegan, IL) and was stored in glass following 
evacuation overnight. All solutions were prepared 
in distilled, deionized water. 

Liposome preparation. DPPC in chloroform was 
dried under nitrogen in tared glass tubes and then 
dried under vacuum (10-15 mTorr) for several 
hours. The tubes were then weighed and rehy- 
drated either with water or with a solution of 
trehalose which contained eno,gh sugar to give 
specified trehalose/lipid tool ratios. The lipid 
concentration in the hydrated samples was 55 mM 
except where indicated in the figure legends. The 
highest trehalose/lipid mol ratio studied was 
2.15 : 1. Rehydration was carried out at 55-60 o C, 
and the lipid was suspended by repeated vortex- 
ing. Multilamellar vesicles resulted from this treat- 
ment. 

Small unilamellar vesicles (SUV) were formed 
by bath sonication (Lab Industries, Hicksville, 
NY) of multilamellar preparations at 55-60°C. 
This method of vesicle preparation was used to 
ensure that the trehalose was interacting with all 
of the DPPC in the sample. At the end of sonica- 
tion, the lipid preparation was faintly opalescent. 
Thin-layer chromatography in chloroform/ 
methanol/water (65 : 35: 4, v/v)  showed a single 
spot for both DPPC directly from ?~vanti and 
DPPC in sonicated vesicles. 

Liposome preparations were dried in two dif- 
ferent ways. Each preparation was divided in half, 
and one half was quickly frozen in liquid nitrogen 
and freeze-dried at 10-20 mTorr for at least 12 h. 
The other half of the preparation was placed in a 
plastic weigh dish or small aluminum cup in a 
desiccator over anhydrous CaSO4. The desiccator 
was placed in a 60 °C oven for two or more days 
until the preparation appeared dry. Then it was 
placed under vacuum (10-20 reTort) at room 
temperature for at least 12 h to remove residual 
water. 

Differential scanning calorimetry. Samples were 
transferred under vacuum from the lyophilizer to 
a glove box flushed with dry nitrogen a~d flushing 
was continued for several more minutes. Samples 
were then loaded into airtight ampoules while still 
in the dry box. Calorimetric scans were run on a 
Hart 7707 Series differential scanning calorimeter 
(Hart Scientific, Provo, UT). Data were stored 
and manipulated with an IBM PC usmg Hart 
Scientific software. The samples were scanned 
from - 1 0  to 110 °C at a rate of 20 C O/h. A few 
preparations of pure DPPC were scanned to 
115°C. 

A few experiments on the effect of storage of 
the samples below their gel to liquid-crystalline 
transition temperature were done using a 
Perkin-Elmer DSC 2C differential scanning 
calorimeter as well as the Hart calorimeter. The 
scanning rate of the Perkin-Elmer calorimeter was 
5 C °/min. Data were collected and manipulated 
on the Perkin-Eimer 3600 data station, using Per- 
kin-Elmer software. 

Residual water content. The residual water con- 
tent of both MLV and SUV were determined from 
the retention of [3H]H20 as described in Crowe et 
al. [15]. This procedure results in an estimate of 



195 

the maximal retention since it ignores any 3H 
exchange between water and lipid. 

Freeze-fracture electron microscopy. Dry sam- 
ples were fractured as described previously [18], 
and cleaned in chloroform-methanol solutions fol- 
lowed by chloroform. 

Fourier transform infrared spectroscopy (FTIR). 
Spectra were obtained with a Perldn-Elmer 1750} 
Fourier transform infrared spectrometer assisted 
by a Perldn-Elmer 7500 laboratory computer. The 
spectral data were changed to absorbance and 
expanded in the phosphate asymmetric stretch 
region. 

Results 

DPPC in the absence of trehalose 
The residual water content of pure dry DPPC 

MLV or SUV were 0.5 tool/tool lipid or 0.2 
tool/ tool  lipid, respectively. All samples of dry 
DPPC examined had a thermotropic gel to 
liquid-crystalline transition peak (T m) at 105°C or 
above; the highest Tm recorded for samples of 
pure, dry DPPC in this study w~,:, 112°C. A 
representative scan of this type of preparation is 
shown in Fig. 1. The transition of any preparation 
of pure dry DPPC was stable on all subsequent 
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Fig. 1. Transitions of dry DPPC. A, pure DPPC dried at 
60 o C; T,, is 112 ° C. B, C, D, a sample of so,icated, iyophi- 
lized trehalose/DPPC (2.15 tool/tool). B, first scan, to 75 ° C; 
a broad transition is seen with a peak at 60.9 o C. C, second 
scan, up to ll0°C; the single peak has a T,, 24°C. D, third 

scan, to 75 o C; the single peak has a T m of 26 o C. 

scans, and there were no consistent differences 
between MLV or SUV whefher lyoplfilized or 
dried at 60} °C followed by vacuum. 

Lyophilized DPPC at high trehalose concentrations 
SUV that were iyophiiized at trehalose/l ipid 

tool ratios of 1.5:1 and above behaved s i ~ a r l y  
on the first scan, showing a small peak or shoulder 
at about 4OaC and a large peak " ~ h  a T m be- 
tween 60 and 70 °C (Fig. 1). The exact location of 
the. peaks ~howed some variability, which prob- 
ably reflects small errors in the actual amount of 
trehalose added, in handling of the samples and 
possibly inhomogeneities during the drying pro- 
cess. These same samples, once they had been 
taken through a complete transition, had a single 
transition on the second scan with a T m of 
24-25 °C (Fig. 1). Scanning these samples past the 
trehalose melting transition (around 100°C)  
caused a sharpening of the DPPC transition with 
a small upward shift in temperature of about 1 
C o. Although pure trehalose dihydrate has a sharp 
melting transition around 100 ° C, this was never 
seen in the DPPC/trehalose preparations: how- 
ever, scanning past 100} °C produced the changes 
noted in the DPPC transition. 

SUV lyophilized at a lower mass ratio of (}.65 
tool trehalose/mol DPPC had tw6 transitions with 
T,, values of 58°C and 67°C.  At a treha~lose/ 
DPPC tool ratio of 0.42 the SUV had two to three 
transitions with T m values between 61-83°C (not 
shown), i.e. the less trehalose present, the higher 
the temperature range of the multiple transitions. 
As with the SUV at higher mass ratios of treha- 
lose, these samples with less trehalose showed a 
single stable transition upon repeated scanning. 

To summarize the effects of trehalose on the gel 
to liquid crystalline transition of lyophilized SUV: 
at every mass ratio of trehalose/DPPC studied, 
trehalose lowered the thermotropic gel to liquid- 
crystalline phase transition temperature. On the 
first scan, at all t rehalose/DPPC mass ratios there 
were at least two transitions. The range of temper- 
ature over which these transitions occurred was 
progressively lowered as more trehalose was pre- 
sent in the preparation. Once a preparation of 
t rehalose/DPPC SUV had been scanned above 
100°C, subsequent scans showed a stable and 
repeatable gel to liquid-crystalline transition with 
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Fig. 2. Phase diagram of sonicated, lyophilized vesicles of 
DPPC at various tool rutios of trehalose, based on heating 

scans. Initial and final stable T m values are shown. 

a T m which was progressively lowered as more 
trehalose was present until it reached a stable 
value of 24-25 o C at 1.5 tool trehalose/tool DPPCo 
These results are summarized in the phase di- 
agram shown in Fig. 2. It should be emphasized 
that this phase diagram is based solely on calori- 
metric data. 

DPPC / trehalose S UV dried at 6 0 ° C  
The fact that the above preparations showed a 

single, stable transition once the DPPC had been 
melted in the presence of trehalose suggested that 
if the DPPC were dried while in liquid crystalline 
phase the trehalose present might be more effec- 
tive in lowering the T m of the transition on the 
initial scan. To investigate this possibility, we dried 
a series of samples of trehalose/DPPC SUV at 
60 °C as described in Methods. 

SUV dried at 60°C and a trehalose/lipid mol 
ratio of 1.5:1 had a single transition on the first 
scan with a T m of 24°C which was stable on 
subsequent scans until the sample was scanned 
above the 100°C trehalose transition at which 
time the DPPC transition was sharpened and the 
T m was shifted slighdy upwards (Fig. 3). 

Preparations with 1.3 tool trehalose/mol lipid 
and below showed multiple transitions over the 
temperature range of approximately 40-70°C on 
the first scan. On the second and subsequent 
scans, the low temperature transition shifted to 
24°C, with the enthalpy of that low transition 
increasing with increasing amounts of trehalose in 
the sample, i.e. with more trehalose present, more 
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Fig. 3. Thermotropic transition of hydrated DPPC multilamel- 
lar vesicles (A) and the initial transition of sonicated vesicles 
dried at 60 ° C  as described in Methods in the presence of 2.15 
mol trehalose/mol lipid (B). Scan B was taken to 75 o C, and a 

second scan (not shown) was identical to the first. 

of the DPPC was able to fully interact with the 
sugar. These results are summarized in the phase 
diagram shown in Fig. 4. As in Fig. 2, this phase 
diagram is based on calorimetric data only. 

Muitilamellar vesicles dried at 60 o C 
In contrast to the small unilamellar vesicles 

either lyophilized or dried at 60°C, dry multi- 
lamellar vesicles always showed multiple transi- 
tions even after repeated scanning at high tool 
ratios of trehalose (Fig. 5). Repeated scanning 
increased the enthalpy of the lowest (24°.C) tran- 
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Fig. 4. Phase diagram of sonicated vesicles of DPPC at various 
tool ratios of trehalose which were dried at 60 ° C  as described 
in Methods. T m values for initial and final scans are shown. A 
minimal value for T m of 24°C  was reached at 1.5 moi treha- 

lose/mol lipid. 



sition, but higher transitions persisted. These re- 
sults indicated inhomogeneities in the distribution 
of trehalose during the preparation of the multi- 
lamellar vesicles which is not present in sorficated 
preparations. 

Fourier transform infrared spectroscopy 
The frequency of the -PO 4 asymmetric stretch 

is affected by the presence of trehalose. Very dry 
samples have a wavenumber of 1254 cm -~, while 
the - P O  4 asymmetric stretch is shifted to about 
1230 cm -~ in hydrated samples due to hydrogen- 
bonding of water [19] .  Sonicated vesicles, either 
lyophilized or 60°C dried with high trehalose, 
have a similar wavenumber shift although there 
are small differences in the hydrated and dry 
lipid/~rehalose spectra (Fig. 6). 

Freeze-fracture electron microscopy 
Preparati~ons of son/cared DPPC which are 

lyophil/zed at low trehalose concentrations (Fig. 
7A) show high fusion. At high trehalose (2.15 
tool/tool DPPC), the individual liposomes persist 
in the ~_yophil/zed samples, embedded in a matrix 
of treh~lose (Fig. 7B). However, when sorficated 
vesicles at any trehalose/DPPC tool ratio are dried 

A 

-10 10 30 50 70 90 110 

Temperoture (°C) 

Fig. 5. Thermotropic transitions of a multilamellar preparation 
of trehalose/DPPC (2.15 tool/tool). In this case, 45 mg of 
DPPC was rehydrated at 60 °C  with 132 #1 of 1 M trehalose 
and repeatedly vortexed. A, the first scan had peaks at 23, 59, 
and 69 o C. B, the second scan, had peaks at 23, 59, 68, 94, and 

105 o C. 
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Fig. 6. Infrared absorbance of the asymmetric PO 4 stretch 
region for DPPC and a 2.15 tool trehalose/mol DPPC soni- 
cared dry vesicles. A, sonicated, lyoplfilized vesicles of dry pure 
DPPC have a wavenumber of approx. 1254 cm-~, typical of 
dehydrated phospholipids. B, hydrated DPPC multilamellar 
vesicles with a wavenumber shift to approx. 1230 cm-1 due to 
hydrogen bonding of the headgroup to water. C, dry, sonicated 
vesicles of DPPC/trehalose and D, so~catcd vesicles of DPPC 
and trehalose that have been dried at 60°C have a similar 
wavenumber shift as the hydrated sample, although there are 
slight differences in the spectra. All spectra were taken at room 

temperature. 

at 60 ° C, fusion takes place and a muldlamellar 
preparation results (Fig. 7C, D). 

Metastability of the dry samples 
Dry samples which were stored at or below 

24°C were metastable and a reversion to higher 
transitions occurred. No systematic study of this 
phenomenon was undertaken, but it was noted at 
both low and high tool ratios of trehalose/DPPC. 
A representative example is shown in Fig. 8. We 
do not know at present if DPPC/trehalose pre- 
parations will undergo these changes when stored 
at higher temperatures, but we suspect not, since 
the DPPC should be in liquid crystallint, phase in 
the presence of trehalose and the sugar-lipid in- 
teraction should be maximized. 

Discussion 

When hydrated DPPC vesicles are carefully 
dried and kept dry, preparations with a gel to 
liquid-crystalline phase transition temperature of 
105-1120C result. Although these T m values seen 
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Fig. 7. Micrographs of freeze-fractured dry vesicle preparations. (A) Sonicated lyophilized vesicles with 0.3 mol trehalose/moi DPPC 
show complete fusion to multilame, llar structures. (B) Sonicated vesicles lyophilized at 2.15 tool trehalose/mol DPPC persist as 
close.packed individual vesicles embedded in a matrix of trehalose. Vesicles which are dried at 60 o C show extensive fusion at any 
trehalose/DPPC tool ratio, although there is clearly more fusion at 0,4 tool trehalose/mol DPPC (C) than there is at 2.15 tool 

trehalose/mol DPPC (D). Magnification bars on all micrographs represent 100 nm. 

here are very high, even higher Tm values have 
been reported in the literature [20] for those sam- 
ples had been dried under ultrahigh vacuum. In 
keeping with the elevation in T m, we found that 
the water content of the present samples is low, on 
the order of 0.2 tool/tool DPPC. We have previ- 
ously measured the water content of similar pre- 
parations of lipid in the presence of trehalose and 
found that it was also 0.2 mol/mol lipid [15]. 

The addition of increasing amounts of trehalose 
to sonicated, dried vesicles results in a progressive 
lowering of the gel to liquid crystalline transition 

temperature of DPPC. At trehalose/DPPC tool 
ratios of 1.5:1 or above, the T m of the gel to 
liquid-crystalline transition is lowered maximally, 
to 24 ° C. This temperature is over 80 °C below the 
transition of dry pure DPPC. ~ e  have previously 
~hown that trehalos~ can low~:t the gel to liquid 
crystalline T m of palmitoyloleoylphosphatidylcho- 
line (POPC) 80 o C, from 57 o C for dry pure POPC 
to - 2 3 ° C  for POPC with 2.15 too! trehalose/mol 
lipid [6]. These POPC/trehalose samples were 
prepared from benzene/methanol solutions, while 
the DPPC/trehalose samples were prepared from 
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Fig. 8. A series of thermograms showing the metastability of a 
dry sample that had 0.4 tool trehalose/mol DPPC. The first 
scan of the fresh sample (A) had a high transition at 64 ° C, 
while the second scan (B) had two transitions at 24 and 63 ° C. 
After storage at 6 ° C  for four weeks, there was a single 
transition 62°C (C), but upon re-scanning, the 24°C transi- 
tion reappeared (D). The sample w:~s then stored on the 
lyophilizer for four weeks at room temperature. The initial 
scan following this storage showed transitions at 63 and 70 ° C  
(E), while a re-scan again showed the appearance of the low 

temperature transition (F). 

aqueous solution. Thus, neither the method of 
preparation from organic solution or the presence 
of water in the sample can account for the large 
effect seen upon interaction of trehalose with 
phosphatidylcholines. 

For the maximal effect of the trehalose on the 
DPPC, it is necessary for the treh,flose to interact 
with DPPC which is in liquid-crystalline phase. 
This result supports the molecular modeling stud- 
ies of Gaber et al. [16,17], which suggest that 
phosphatidylcholine headgroup spacing must be 
expanded in order to accommodate the trehalose 
molecule into the crystal structure. Very recently, 
the importance of drying DPPC/trehalose mix- 
tures above the gel to liquid-crystalline phase tran- 
sition has also been demonstrated for DPPC dihy- 
drate multilamellar vesicles [14]. In our experi- 
ments, this was accomplished either by taking a 
lyophilized sample through the gel to .liquid-crys- 
talline transition in the presence of trehalose or by 
drying the DPPC/trehalose sonicated vesicles at 
60°C. In the latter case, the DPPC will not go 
into gel phase at 60°C until v/rtually all of the 
water has been removed [11]. A previous study 
from this laboratory [6] using sonicated lyophi- 
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!ized vesicles of palmitoyloleoylphosphatidylcho- 
line and phosphatidylser/ne (9:1 tool ratio) also 
showed a maximal lowering of T m of approx. 
80°C in the presence of high trehalose. In this 
case, the vesicles were in liquid-crystalline phase 
at room temperature before freezing, thus allow- 
ing max/real interaction of the lipid and trehalose. 

The large frequency shift of the P04 asymmet- 
lie stretch in the presence of trehalose suggests 
that the sugar-lipid interaction occurs via hydro- 
gen bonding of -OH of the sugar with the -PO4 of 
the .lipid. We have seen this effect previously 
[10,12,13] using various sugars and both dry lipids 
and dry sarcoplasmic reticulum membranes. 

The persistence of multiple melting transitions 
in the 60 °C dried SUV at trehalose/DPPC tool 
ratios of 1.3:1 or less is most likely due to inho- 
mogeneities during drying. Although the prepara- 
tions are homogeneous when made, there is ample 
opportunity for components to move ~round dur- 
ing the drying at elevated temperatures and for 
local concentrations of trehalose to vary, while in 
lyoptulized preparations the components ale fixed 
and held i~ place by the freezing which is main- 
rained during the drying process. Thus, in the 
lyophilized preparations at lower trehalose con- 
tents, a single, intermediate transition results upon 
repeated scanning while multiple stable transitions 
persist in the 60°C dried preparations at lower 
trehalose contents. 

In sonicated vesicle preparations dried by either 
protocol, sufficient trehalose was present to lower 
the DPPC phase transition to a minimal value of 
about 24°C when the trehalose/lipid ratio was 
1.5 : i. We have obtained an identical stoichiome- 
try for the interaction of trehalose and POPC 
previously by a totally independent method [15]. 
This previous work, which measured the maxi- 
mum residual water content of .lipid preparations 
dried with trehalose (and other carbohydrates), 
suggested that above 1.5 tool trehalose/tool POPC, 
free trehalose dihydrate appeared in the prepara- 
tion. However, no transitions attributable to 
trehalose dihydrate at about 97-100°C were ever 
detected in eithe~ the lyophilized or 60°C dried 
SUV preparations (see Fig. 1, for example). There 
are two possible explanations for the absence of 
the trehalose dihydrate transition. First, although 
trehaiose dihydrate is present, it dries so 
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amorphously (perhaps under the influence of the 
DPPC) that a crystalline transition is not seen. 
Secondly, the 3H seen in the trehalose samples 
dried from tritiamd water for the residual water 
experiments [15] may all result from proton ex- 
change between the water and the trehalose, and 
the dihydrate may not be present at all. At present 
there are no data available to enable us to dis- 
tinguish between these two possibilities. 

The results of drying DPPC multilamellar 
vesicles at high trehalose concentration suggest 
that trehalose is not homogeneously distributed in 
the vesicles during their preparation. In contrast 
to sonicated vesicles that are either lyophilized or 
dried at 60°C, multilamellar vesicles maintain 
multiple transitions upon repeated scanning, even 
at 2.15 mol trehalose/mol lipid. 

These results differ from those of Tsvetkova et 
al. [14], for which there are at least two possible 
explanations. Their method of preparation of mul- 
tilammellar vesicles may well result in a more 
homogeneous sample, but= more importantly, the 
presence of two moles of water/mole DPPC may 
allow a more constant and stable structure to form 
in the presence of the trehalose. The presence of 
the small amount of water may also explain the 
stability of the sample upon repeated scamxing, 
although there are no data presented about meta- 
stability during storage. Both this study and that 
of Lee et al. [21] show a slow reversibility of the 
low-temperature transition. A similar metastabil- 
ity has been mentioned by Finegold and Singer 
[22] although no data were shown. 

We interpret the calorimetric transitions that 
we have reported in this study as transitions from 
a gel to liquid-crystalline phase. The exact struc- 
ture of each phase cannot be determined by 
calorimetry, but is best examined by X-ray dif- 
fraction methods, a line of inquiry we are now 
pursuing. The structure of a DPPC/trehalose 
mixture which has a transition some 18 C ° below 
the hydrated transition should be particularly in- 
teresting. 

Cell membranes of anhydrobiotic organisms are 
not likely to be composed of pure DPPC. Most 
membranes for which a transition has been de- 
termined are formed from mixtures of lipids with 
a transition below ambient temperature [23]. Thus, 
the membranes of anhydrobiotic organisms are 

likely to be in the liquid-crystalline phase as the 
organism is synthesizing trehalose and undergoing 
dehydration, and maximal interaction of the 
treha!ose and membrane can occur. Additionally, 
anhydrobiotic organisms in the dry state occur in 
environments where there is some small but varia- 
ble water content. Small amounts of water can 
strongly affect of T m of dry Typha latifolic~ pollen, 
which used sucrose instead of trehalose as its 
protective disaccharide [24]. It would be interest- 
ing to know how small amounts of water affect 
the T m and structure of a model system such as 
has been presented here. 
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