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Direct transition of dioleoylphosphatidylethanolamine 
from lamellar gel to inverted hexagonal phase caused by trehalose 
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We have studied the effect of trehalose, a :lisaceharide of glucose, on the hydrated gel to liquid-crystalline and lamellar 
to inverted hexagonal phase transitions oi dioleoylphosphatidylethanolamine using Fourier transform infrared spec- 
troscopy, differential scanning calorimetry aad X-ray diffraction. The data obtained by the first two methods suggested 
that the lamellar to hexagonal transition ~as  eliminated in the presence of trehalose. However, the structural 
information derived from X-ray diffraction shows that the trehalose induces a direct transition from a lamellar gel phase 
to a liquid-crystalffne inverted hexagonal phase without an intervening lamellar liquid-crystalline phase. ... 

Introduction 

This laboratory (Davis, CA) has recently suggested in 
two reviews [1,2] and two abstracts [3,4] that trehalose, 
a disaccharide of glucose, has the ability to stabilize 
hydrated phosphatidylethanolamines in the lamellar 
phase. Our original experiments, which used the tech- 
niques of differential scanning calorimetry (DSC) and 
Fourier transform infrared spectroscopy (FTIR), sug- 
gested that trehalose might prevent H n formation by 
hydrated phosphatidylethanolamines. We proposed that 
the trehalose might be able to do so by directly hydro- 
gen-bonding to the phosphate and amino groups of the 
phosphatidylethanolamine, thereby preventing the hy- 
drogen bonding of adjacent phosphatidylethanolamine 
headgroups which has been suggested to contribute to 
the tendency of these phospholipids to enter the in- 
verted hexagonal (Hn) phase [5,6]. 

However, in our most recent study of the hydrated 
trehalose/phosphatidylethanolamine system we have 
added to DSC and FTIR the method of X-ray diffrac- 
tion. The results demonstrate clearly that rather than 
preventing H n phase, the presence of trehalose promo- 
tes the formation of the H .  phase, in doing so the H .  
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forms directly from the gel (L#) phase without an 
intervening lamellar liquid-crystalline (Lo) phase. We 
present the evidence from all three experimental tech- 
niques in the present paper. 

Materials and Methods 

S a m p l e  preparat ion .  L-a-Dioleoylphosphatidylethan- 
olamine (DOPE) was purchased from Avanti Polar 
Lipids, Inc. (Birmingham, AL) and used without further 
purification. The DOPE was purchased in small lots 
and used immediately upon opening the vial. Occa- 
sional checks of DOPE with thin-layer chromatography 
showed only a single spot. Trehalose dihydrate was 
obtained from Pfanstiehl Laboratories (Waukegan, IL) 
and was placed under high vacuum overnight before 
storage in clean glass bottles. Trehalose solutions were 
prepared by dissolving the carbohydrate in dislilled, 
de'~onized water to 1 M. 

Samples were prepared according to the following 
procedure. DOPE and butylated hydroxytoluene (BHT) 
as an antioxidant were dissolved in chloroform and 
mixed to a ratio of 0.4 pg  B H T / m g  DOPE. The chloro- 
form was evaporated under dry nitrogen and the sample 
was placed under high vacuum (10-20 mTorr) on a 
Virtis lyophilizer for at least 12 h. The lipid samples 
were rehydrated at room temperature (above the lamel- 
lar to Hit transition of DOPE) with either distilled 
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water or a 1 M trehalose solution. The mixtures were 
temperature cycled at least three times between - 2 0  ° C  
and  room temperature with vortexing at room tempera- 
ture during each cycle. 

Fourier transform infrared spectroscopy (FTIR). The 
dried lipid samples were rehydrated as described above 
with either distilled, deionized water or the I M treha- 
lose solution. The hydrated samples were placed be- 
tween BaF z windows and mounted in an electric cooling 
cell (Peltier). The temperature was measured by a fine 
thermistor placed in contact  with the BaF 2 window. 
Prior to recording spectra, samples were equilibrated at 
- 1 5 ° C  for at least 2 h. Spectra were recorded over a 
temperature range of - 1 5 ° C  to + 4 0 ° C  at 2 C ° 
intervals. Samples were allowed to equilibrate for at 
least 10 min at each temperature before a new spectrum 
was recorded. FTIR was performed on a Perkin-Elmer 
1750 spectrometer, and  spectra were analyzed on a 
Perkin-Elmer 7500 laboratory computer.  The wavenum- 
bet  of the vibration of the C H  2 symmetric stretch of the 
acyl chains was found to the nearest 0.1 wavenumber 
using a 'center  of gravity'  algorithm [7]. 

Differential scanning calorimetry (DSC). The dried 
lipid samples were rehydrated with distilled, deionized 
water or trehalose solution and cycled as described 
above. A small amount  of  the mixture (5 -20  mg lipid) 
was placed inside an airtight ampoule and  calorimetric 
scans wcr~ recorded using a high sensitivity differential 
scanning calorimeter (Har t  DSC 7707 Series, Hart  Sci- 
entific, Provo, UT) over a temperature range of - 15 to 
+ 4 0 ° C  at  a scan rate of 20 C ° / h .  Analysis was 
performed on an IBM-PC XT using Hart  Scientific 
software. 

X-ray diffraction. Samples were prepared as described 
for FTIR and  DSC. Centrifuged pellets with a little 
added powdered teflon for calibration of X-ray spacings 
were mounted and  sealed between mica sheets 1 mm 
apar t  in X-ray sample holders. Samples were prepared 
in Davis and  sent to Canada  on dry ice, or prepared in 
Canada  and  held for 24 -48  h. There was no difference 
between the samples prepared in the two laboratories. 
The samples were held at  various temperatures for at 
least one hour  before a picture was taken. X-ray diffrac- 
tion was carried out as previously described [8]. Multi- 
lamellar phases were identified by a series of reflections, 
all orders of a singlc dimension representing the repeat 
spacing, d. Hexagonal  phases were identified by X-ray 
spacings all bearing ratios to the dimension of the first 
order,  dh, ~, of 1, 1 / ¢ ~ ,  1/¢'4, 1 /v~,  1/¢~, etc., 
characteristic of a two-dimensional hexagonal network. 
Al though X-ray da ta  does not distinguish between Hi 
and  H u, we assume that  this hexagonal phase is the 
inverted hexagonal or H u phase, consistent with all 
previous da ta  on phosphatidylethanolamines.  Crystal-  
line hydrocarbon chains, characteristic of the L ,  phase. 
were seen as a sharp 4.1 A high angle line in place of 
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the broad 4.5 A. band seen for disordered chains charac- 
teristic of the L ,  phase. Coexistence of lamellar and 
hexagonal phases was identified by the coexistence of 
two sets of reflections that index as described above, 
their relative amounts are given roughly by the intensi- 
ties of those two populations of reflections. We report 
here the parameters d, the lamehar repeat distance that 
is made up of the sum of bilayer and interbllayer water 
layer thicknesses, and dh,. ,, where 2dh~, /~  is the 
distance between the axes of the water cylinders in the 
hexagonal structures. 

Results 

Fourier transform infrared spcctroxcop); 
Both the gel to lamellar liquid-crystalline and lamel- 

lar to hexagonal phase transitions are characterized by 
increases in the number of gat~che conformers in the 
hydrocarbon chains. These transitions have been studied 
in natural egg phosphatidylethanolamine (egg PE) using 
FTIR [9]. The change in vibrational frequency, ex- 
pressed as wavenumbers (cm -~) of the CH 2 symmetric 
stretch as a function of temperature has been used to 
provide information ~bout the degree of disorder of the 
acyl chains and the position and nature of the thermo- 
trophic phase transitions of the PE [9]. As egg PE 
undergoes the gel to liquid-crystalline phase transition, 
there is a sharp increase in the number of gauche 
conformers (or disorder) in the acyl chains as shown by 
the increase in wavenumber,  with a second smaller 
increase in disorder at the lamellar to H n transition 
temperature [9]. Similar transitions can also be seen in 
DOPE hydrated in pure water. A plot of the wavenum- 
bers of the C H  2 symmetric stretch against temperature 
yields the data shown in Fig. la .  The transition which 
starts around - 8  ° C and is completed at + 2 ° C  corre- 
lates with the change from gel to liquid-crystalline phase. 
The smaller transition centered around + 8 ° C  corre- 
lates with the L,, to H H transition. Also shown in Fig. 
l a  are data  for changes in bandwidth with temperature, 
which provides an indication of the vibrational and 
rotational freedom of the C H  2 chains [10]. These da ta  
suggest that the increase in gauche conformers as the 
lipid undergoes the gel to liquid-crystalline and  H u 
transitions occurs in concert with changes in vibrational 
and rotational freedom for the CH 2 chains. 

When the DOPE is hydrated in the presence of 
trehalose, only one phase transition is seen with FTIR: 
a rapid increase in wavenumber of the C H ,  symmetric 
stretch between - 8 ° C  and  0 ° C  (Fig, lb). This large 
increase in wavenumber is indicative of a transition 
from order to dis.)rder, while the slow increase in wave- 
number  at temperatures above 0 ° C  could be an indica- 
tion of increasing number  of gauche conformers with 
increasing tempera ture  However, in the presence of 
trehalose the bandwidth increases through the first tran- 
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Fig. l. (a) Temperature profiles showing ~he CH 2 symmetric stretching vibration at 2850 cm -I  (open circles) and the half bandwidth of the same 
vibration (open squares) for pure hydrated DOPE. (b) Temperature profiles for the CH 2 stretching vibration at 2859 era- J (closed circles) and the 

half-bt.ndwidth (closed squares) for DOPE in 1 M trehalose. 

si t ion ( - 8  to 0 ° C )  but  shows  no fur ther  increase even 
though the w a v e n u m b e r  of  the C H  2 symmet r i c  stretch 
increases.  This  result suggests  that  wi th  h igher  tempera-  
tures in the presence of  trehalose there is a s low increase 
in the n u m b e r  of  gauche conformers  but  that the overall  
rate  of  molecular  mot ion  in the acyl cha ins  is not  
increased. 

Differential scanning calorimetry 
Calor imet r ic  scans  oi  hydra ted  D O P E  in the pres-  

ence and  absence of  trehalose are shown in the D S C  
traces in Fig. 2. Pure  hydra ted  D O P E  has  a sharp,  
symmetr ica l  t ransi t ion wi th  a peak  (T, , )  at  - 8 . 6 ° C  
with  a large enthalpy,  h was  not  possible  to de te rmine  

the onset  o r  the t rue AHc,i (calor imetr ic  enthalpy)  of  
the t ransi t ion because  the samples  could not  be super-  
cooled below - 1 2 ° C  for the pu re  hydra ted  D O P E  or  

without t'rehalose 
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Fig. 2. Differential scanning calorimetry traces showing the transi- 
tions of DOPE in the presence of I M trehalose or water. There is an 
apparent small increase in the main transition temperature in the 
presence of the trehalose. The lamel!ar to H u transition seen at about 
8°C in the presence of water is apparently absent in the presence of 
the trehalose. Inset: lamellar to Hii transition (top trace) in hydrated 
DOPE and the corresponding temperature region for DOPE in I M 

trehalose (bottom trace) expanded five times. 

- 15 ° C  for  the  D O P E  hydra ted  wi th  t rehalose solution.  
U p o n  fur ther  heat ing,  the D O P E  in wa te r  undergoes  a 
smal ler  b road  t rans i t ion  cen te red  a round  + 8 ° C  with  a 
AHca I of  1.25 k J / t o o l ,  co r r e spond ing  to l i terature values  
[11]. In  the presence of  t rehalose,  the  hydra ted  D O P E  
showed no fur ther  ca lor imet r ic  t rans i t ions  fol lowing the  
large en tha lpy  gel to l iquid-crystal l ine t rans i t ion  at abou t  
- 8 ° C .  

X-ray diffraction 
T h e  results are  s u m m a r i z e d  in Fig.  3, and  representa-  

t ive X- ray  pho tog raphs  are  shown  in Fig.  4. Fo r  pu re  
D O P E ,  the  phases  observed  were  s t rongly  dependen t  on 
the thermal  his tory of  the samples ,  par t icu lar ly  on  the  

t ime  spent  at each tempera ture .  F o r  t imes  on the  o rde r  
of  hours  the phase  t rans i t ions  obse rved  were  cons is ten t  

with the changes  seen in F T I R  and  D S C .  T h e  phases  
de te rmined  f rom the X- ray  ref lect ions  were  as fol lows:  
L/~ was  seen below - 8 ° C ,  L= be tween  - 8 ° C  a n d  
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Fig. 3. a. Lamellar (circles) and hexagonal (triangles) spacings of 
DOPE in excess water (open symbols) or in I M trehalosc (filled 
symbols) as de te rm ined  by  X-ray diffraction. The dashed vertical line 
demarcates, for the lamellar phases, the boundary between the crystal- 
line and disordered configuration of the hydrocarbon chains. The 
X-ray diffraction results show that there is no lam¢|lar liquid.cryslal. 
line (L~) phase in DOPE in the presence of trehalose, Without 
trehalose, ice and a small quantity of a second phase coexist with the 

L~ lamellar phase. 
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Fig. 4. Representative X-ray diffraction patterns of the phases, de- 
termined as described in the text and shown in Fig. 3. (a). (b). and (c) 
are of DOPE in 1 M trehalose, (d) is of.DOPE in excess water. The 
high-angle llne (double arrow) is at 4.1 A showing crystalline hydro 
carbon chains. The lines more central to these are of a 4.87 A line 
from added teflon used as an internal standard. (a) T =  - 5 ° C :  the 
population of l-w-angle reflections all fit in hexagonal two-dimen- 
sional symmetry, providing the existence of a single hexagonal phase. 
tb) T = - t 0 ° C :  the low-angle reflections make up two independent 
sets of spacings; one indexes as a one-dimensional structure, and one 
as a two-dimensional hexagonal structure. This proves the coexistence 
of a lamellar and hexagonal phase. (el T = -12  ° C: single lamellar 
phase with crystalline hydreearbon chains. (d) T = - 5 ° C :  single 
lamellar (Lo) phase with disordered hydrocarbon chain,;. Comparison 
of (a) and (d) indicate directly the effect of trehalose in eliminating 

the L~ phase of DOPE. 

+ I 2 o C ,  and  Hu  above  + 1 2 ° C .  However ,  while at-  
t emp t ing  to ident i fy  the t ransi t ion tempera tures  pre- 
cisely it b e c a m e  clear  that  the t empera tu re  range  of  
coexis tence  of  the  L ,  and  H n phases  depended  on the 
t ime  the sample  spent  in the - 1 0  to + 1 2 ° C  range. In 
fact  if, over  the per iod  of  2 - 3  days ,  the t empera tu re  is 
s lowly raised,  the coexis tence of  L ,  and  l-ltt phases  can 
be  seen as high as at least + 1 5 ° C .  This  result conf i rms  
s imi la r  observa t ions  by Ta te  and  G r u n e r  [12]. in  ad-  
di t ion,  S h y a m s u n d e r  et al. [13] have  shown that  D O P E  
can  be  t r apped  into a cubic phase  by m a n y  t empera tu re  
cycles in the - 5  to + 1 5 ° C  range. Impor tan t ly ,  this 

indica tes  that  the single L ,  phase  is metas tab le  and  that  
hysteresis  and  equi l ib r ium between the L,, and  Hit  
phases  arc compl ica ted ,  and  likely involve a third iso- 
t ropic  phase  as  seen with  N M R .  W e  have  not, therefore,  
s tud ied  this t rans i t ion  further.  In the presence  of  t reha- 
lose no L ,  phase  is observed.  Coexis tence  of  Lo and  H .  
phases ,  wi!h decreas ing  a m o u n t s  of  the former ,  occurs  
as the t empera tu re  is raised f rom - 1 1  to - 8 ° C .  A 
pure  H u phase  exists  above  - 8 ° C .  Thus ,  in the pres- 
ence of  trehalose,  there is no in te rmedia te  L ,  phase  in 

Ihe  transit ion.  
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Discussion 

T w o  new observat ions  emerge  f rom these studies.  
The  first concerns  the effect of  trehalose on the struc-  
tures formed by DOPE.  The  second concerns  the meta-  
stability of  the L phase  of  DOPE.  Both the calori-  
metr ic  and F T I R  results suggest  that D O P E .  hydra ted  
in a 1 M trehalose solution exhibi ts  a large gel to 
l iquid-crystall ine transi t ion s imilar  to that shown in 
pure  water.  The absence of a second transit ion,  as 
shown in Figs. 1 and  2, was  originally ;nterpreted by us 
to indicate the absence  of  a lamellar  to H u transi t ion in 
the presence of  the trehalose. The  X-ray di f f rac t ion da ta  
presented here clearly demonst ra te ,  rather,  that treha- 
lose causes the format ion  of the H n phase  directly f rom 
the lamellar  gel phase.  The  enthalpy of  an LI~ to H n 

transi t ion may  not be very di f ferent  f rom an Llt to L,. 
transit ion.  Since we were unable  to obta in  calor imetr ic  
enthalpies  for our  D O P E  samples,  we were unable  to 
resolve any such difference.  

Corre la t ions  between the t rans i t ions  seen for D O P E  
in water  in Figs. 1 and 2 with those of  Fig. 3 show that 
the fo rmer  detect  the phase  boundar ies  but do  not 

de te rmine  what  the t ransi t ions  are. For  example ,  the 
+ 8 ° C  transi t ion represents  the L,,-to-H H transi t ion if 
the t empera tu re  change is rapid  enough  and  f rom a 
region well outs ide  the - 8  to + 1 2 ° C  range [12], but  
represents  the iL.,  + H u I-to-Htt t ransi t ion if  the sample  
spent  s o m e  t ime within this range  (this  study). Again .  

t ransi t ions  are observed a round - 8 ° C ;  they represent  

the Ltr to-L, ,  t ransi t ion in water ,  but, unexpectedly,  the 
L#-to-H u t ransi t ion in trehalose solut ion as descr ibed 
above.  These  observa t ions  emphas ize  the caut ion that 
mus t  be exercised in t rans la t ing  observed  t rans i t ions  
~nto s tructural  changes.  Similarly.  it would  appear  to be 
an even more  diff icult  raat ter  to interpret  shif ts  in 
t ransi t ion t empera tu re  k,  shif ts  in phase  boundar ies  and  
therefore  to specif ic  changes  in s tructure.  Such shif ts  
have been seen in a n u m b e r  of  sys tems  s imilar  to the 
present  one but the in terpre ta t ion  in s tructural  t e rms  is 
not  clear (see, for example .  Ref.  14). 

Somewha t  s imi lar  results, us ing  var ious  sugars  and 
sugar  alcohols and  d ie la idoylphospha t idy le thanolamine  
( D E P E )  appeared  while this report  was  in prepara t ion  
[15 I. However ,  in the case  of  D E P E  in the presence of  

these solutes, the bi layer  to hexagonal  t ransi t ion did  not 
d isappear ,  but  occurred at a lower temper.,,ture relative 
to the t ransi t ion in water .  These  au thors  also a s sume  all 
inverted hexagonal  (Ht l )  phase,  a reasonable  a s sump-  
tion since they were still able  to detect  a bilayer to 
hexagonal  t ransi t ion both ealor imetr ical ly  and spectro-  
scopically [15]. albeit  at an al tered temperature .  The  
a m o u n t  of  des tabi l iza t ion of  the bi layer  depended  on 
the ca tegory  of  sugar ,  thus it appears  that both the kind 
of  solute and  the par t icular  species of  PE will affect  the 
degree of  destabi l izat ion.  
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T h -  ~ mechan i sm by which trehalose induces  the bi- 
layer to H .  transi t ion is unknown.  It cannot  be ruled 
out that surface act ive contaminants ,  which are  present  
in m a n y  sugars,  m a y  cause the observed effects. How-  
ever, if  this is the explanat ion,  the same  surface active 
con taminan t  must  be present  in m a n y  dif ferent  k inds  of  
sugars ,  d i f ferent  lots of  the same  sugar,  sugars  obta ined 
f rom different  sources, used in di f ferent  laboratories,  
and sugars  which have s imi lar  but  not  identical effects 
on di f ferents  k inds  of  phospha t idy le thanolamines  [15]. 

The  d ramat i c  removal  o f  the L~ phase  is unlikely to 
be caused by osmot ic  dehydra t ion  of  the phosphol ip ld  
[16]. Previous s tudies have suggested that glucose and  
sucrose appear  to be excluded f rom a fract ion of  the 
water  between phosphat idylchol ine  bilayers;  they are 
nevertheless equi l ibrated with the aqueous  phase  in 
hydra ted  egg  phosphat idylchol ine.  We  expect  the same  
cons idera t ions  to apply  to phospha t idy le thanotamines  
hydra ted  in sugar  solutions. Thus ,  the exclusion of  
sugars  f rom part  of  the water  be tween lamellae cannot  
create an osmot ic  force to b r ing  lamellae together  [16]. 
In addi t ion,  we have shown that D O P E  in poly(ethylene 
glycol) solut ion of  the same  wt% as 1 M trehalose does  

not e l iminate  the L ,  phase  (unpublished) .  The  poly(eth-  
ylene glycol) molecule, be ing too large to enter  the 
aqueous  c o m p a r t m e n t  of  any  D O P E  phase,  acts osmot i -  
cally to shr ink that  phase  uniformly.  So we conclude 
that the d ramat i c  removal  of  the L ,  in D O P E  is not  
caused by osmot ic  dehydra t ion  of  the lipid bu t  m a y  be 
related to a possible local dehydra t ion  of  po la r  groups ,  
depend ing  on  the disposi t ion of  the sugar  in the aque-  
ous  space and  its possible exclusion f rom the water  
a round  the polar  group.  
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