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Abstract 

The metastability of dimiristoylphosphatidylethanolamine (DMPE) has been studied by means of Fourier transform infrared 
spectroscopy (FT-IR), both i[n the absence and in the presence of a-tocopherol. Two different methods of hydration were used to prepare 
the samples, poorly hydrated and well hydrated, and the results have been compared with anhydrous DMPE. Poorly hydrated DMPE gave 
place to a high-melting phase formed upon melting from gel to L~ at approx. 49°C, with a new transition to L~ at approx. 55°C. 
However, well hydrated DMPE incubated at 4°C for 49 days gave place to a subgel phase which was transformed by heating into a L~ 
phase at about 40°C and this into a L,~ phase after further heating at 52°C. The subgel phase was more hydrated and less rigid than the 
high-melting phase. On the other hand, a-tocopherol, when included in poorly hydrated DMPE, stabilized a high-melting phase, which 
was transformed by heating, directly into a L~ phase. However, when a sample of DMPE containing a-tocopherol was incubated for 49 
days at 4°C a dehydrated solid phase different from the subgel and the high-melting phases was formed. 
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I .  Introduct ion 

Vitamin E is known to be a very important component 
of biological membranes which in animals is predomi- 
nantly found in the membranes of  subcellular organelles 
and also in the plasma membrane. The most active and 
most abundant compound with vitamin E activity is a -  
tocopherol [1]. A role for a-tocopherol has been shown in 
the prevention and therapy of several conditions, together 
with its synthetic derivative a-tocopherol acetate, includ- 
ing aging [2], cancer [3], effects of  pollution [4], sterility 
[5], muscular dystrophy 116], and anemia [7], among others. 
a-Tocopherol  has been ~dso suggested to act as a stabiliz- 
ing agent in membranes [8]. It is widely agreed that 
a-tocopherol has a very important activity in biomem- 
branes as a natural antioxidant [9,10]. Other biological 
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activities have been suggested for a-tocopherol,  related to 
its ability to stabilize biomembranes.  Among them are 
stabilization against free unsaturated fatty acids [11-13] 
and an ordering effect on the membrane [11,14]. Moreover, 
it has been shown that a-tocopherol protected against the 
inhibitory effect of a lysophosphatidylcholine on 7- 
ethoxycumarin deethylase from rat liver microsomes [15]. 
Recently, we have demonstrated that a-tocopherol stabi- 
lized and formed bilayer structures in systems composed 
of single chain or very asymmetric phospholipids, and we 
suggested that the complementary shapes of  those 
molecules might be the reason for the stabilization of the 
bilayer structure [16]. 

In order to better understand the function of a-  
tocopherol at the molecular level it is important to study its 
interaction with membrane components, and specifically 
with lipids. A variety of physical techniques, including 
differential scanning calorimetry (DSC) [ 17-21 ], electron 
spin resonance [22,23], nuclear magnetic resonance (NMR) 
[20,24-26], fluorescence [27-30] and Fourier transform 
infrared spectroscopy (FT-IR) [18,31] have been used to 
ascertain the location and interaction with phospholipids of  
a-tocopherol in the membrane. These studies concluded 
that a-tocopherol has its phenolic group located near the 
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polar moiety of the lipid matrix and posses a very high 
lateral diffusion. Moreover, when incorporated in model 
membranes with different phospholipid composition, a- 
tocopherol preferentially partitions into the most fluid do- 
main [19]. 

Most of these studies were performed with phos- 
phatidylcholines, but given the heterogeneous phospholipid 
composition of biological membranes it is very interesting 
to know whether a-tocopherol shows a similar effect on 
phospholipids different to phosphatidylcholines, such as 
phosphatidylethanolamines. These two types of phospho- 
lipids differ markedly in several physical properties which 
may be important in determining the bilayer organization 
of biomembranes. Phosphatidylethanolamines represent the 
second largest phospholipid component of animal mem- 
brane lipids after the phosphatidylcholines and they are 
characterized by their facility to adopt inverted hexagonal 
Hti phases [32]. Moreover, phosphatidylethanolamines, un- 
like phosphatidylcholines, do not get spontaneously hy- 
drated when they are added to water [33]. We present in 
this report our studies on the effect of the incorporation of 
a-tocopherol in phosphatidylethanolamine model mem- 
branes by using a non-perturbing technique, Fourier trans- 
form infrared spectroscopy (FT-IR). It provides a useful 
structural information on both the fatty acyl chains and the 
polar head groups of phospholipids without the need of 
external probes. We have chosen 1,2-dimiristoyl-sn- 
glycero-3-phosphoethanolamine (DMPE). DMPE, in the 
well hydrated state, presents a gel to liquid-crystalline 
transition temperature of approx. 50°C and its lamellar to 
hexagonal H n phase transition temperature is well above 
90°C. It is also known that DMPE presents metastability 
[34,35]. This study was also devised to extend and com- 
plete a previous study of the effect of a-tocopherol on 
phosphatidylethanolamines by DSC and NMR [21]. 

2. Materials and methods 

2.1. Materials 

a-Tocopherol and D20 (99.9%) were obtained from 
Sigma (Madrid, Spain), 1,2-dimiristoyl-sn-glycero-3-phos- 
phoethanolamine (DMPE) was obtained from Avanti Polar 
Lipids (Birmingham, AL, USA) and judged chromato- 
graphically pure by HPTLC. All other compounds were of 
analytical grade. Water was twice distilled and deionized 
in a Milli-Q apparatus from MiUipore. 

2.2. Sample preparation 

Samples poorly hydrate 
Samples of 3 /zM DMPE and the appropriate amount of 

a-tocopherol in chloroform were dried under a stream of 
O2-free N 2, and the last traces of solvent were removed by 
high vacuum for more than 3 h. Samples were dispersed in 

500 /~1 of 0.1 mM EDTA, 10 mM Mops, 100 mM NaC1 
buffer (pH 7.4) and were submitted to three cycles, so that 
after being kept at 70°C during 60 min they were left at 
room temperature for 8 h between each heating cycle and 
sonicated shortly in a bath-type sonifier to ensure that the 
phospholipid was completely hydrated. Buffers were made 
either in H20 or in D20. In the last case pH values shown 
were corrected for the isotope difference [36]. Subse- 
quently the samples were spun for 30 min at 5000 × g. 

Samples well hydrated 
Mixtures of 3/~M DEPE and the appropriate amount of 

c~-tocopherol were dried and dispersed in the same buffer 
that was described above. From this point the treatment 
was different, so that after freezing ( -80°C)  and thawing 
(70°C) five continuous times, they were heated (twice) 
from 20°C to 78°C with a heating rate of 0.5°C/min. 
Subsequently the samples were spun for 30 min at 5000 × 
g. 

Long term incubation of samples 
Apart from the analysis described above some well 

hydrated samples were incubated at 4°C during different 
time periods. In this way these samples were analyzed at 
20 h, 2 days, 7 days and 49 days of incubation. 

Anhydrous samples 
3 /xM of DMPE and the appropriate amount of a- 

tocopherol were mixed in a final volume of 100 /xl of 
chloroform, and then pure spectroscopic quality KBr was 
added. Concentrations of lipid in KBr was in the range of 
0.2 to 1.0% (w/w).  The samples were dried under a 
stream of O2-free N 2, and kept at high vacuum for more 
than 2 h in order to remove the last traces of solvent. 
Subsequently, the resulting powders were pressed into 
pellets of 12 mm diameter using a Quick Handi-Press 
(Spectra-Tech, Stanford, USA). 

2.3. Infrared spectroscopy 

Infrared spectra were obtained in a FI'-IR Philips PU- 
9800 infrared spectrometer equipped with a DTGS detec- 
tor continuously purged with dry air in order to remove 
water vapor bands from the bands of interest. The sample 
pellets were resuspended in 35 /xl of either H20  or D20 
buffer, and immediately studied by FT-IR. Samples were 
examined in a Thermostated Specac 20710 cell equipped 
with CaF 2 windows and using 25 /zm teflon spacers (all 
from Specac, Kent, UK). Each spectrum was obtained by 
collecting 100 interferograms with a nominal resolution of 
2 cm- l  and triangular apodization using a sample shuttle 
accessory in order to average each consecutive scan. Sam- 
ples were scanned between 20°(2 and 78°C at 2°C intervals 
with a water bath interfaced to the FT-IR computer. The 
equilibration time between different temperatures, taking 
into account the elapsed time needed to obtain the back- 



J. Salgado et al. / Biochimica et Biophysica Acta 1239 (1995) 213-225 215 

ground spectrum, was 3 min whereas the time required to 
obtain the infrared spectrum of the sample was 1.5 rain. 
Samples were equilibrated at 20°C for 15 min before 
acquisition. Underlying D20 or H20  bands were sub- 
tracted interactively by computation using the program 
Spectra-Calc (Galactic Industries, Salem, USA) prior to 
the measurements of fi'equencies and the application of 
resolution enhancement methods. Frequencies at the center 
of gravity were measured by fitting the top ten points of 
the curves to a Gaussian function. The spectra were sub- 
jected to Fourier deconvolution using the same software. 
Fourier deconvolution a]Lgorithm needs two values, F and T 
[37]. We have used 0.2 and 5 respectively for optimum 
deconvolution. 

2.4. Differential scanning calorimetry 

The pellets, prepared as stated above, were carefully 
transferred to small aluminum pans and scanned in a 
Perkin-Elmer DSC-4 calorimeter using a reference pan 
containing buffer. The instrument was calibrated using 
indium as standard. The samples were scanned with a 
heating and cooling rate of 4°C/min at 1 mcal /s  in all 
experiments. The range of temperatures studied was from 
30°C to 80°C. 
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3. Results and discussion 

The experiments described in this work were designed 
to study the metastability of DMPE by infrared spec- 
troscopy and explore the effect of t~-tocopherol on the 
phase behavior of DMPE multilamellar vesicles. Complex 
lipid polymorphism, such as that presented by DMPE, and 
its modulation by distinct lipid molecules, may be impor- 
tant to help us to understand different important biological 
processes which take place in biological membranes. Sev- 
eral aspects have been studied in order to gain insight on 
the metastability of DMPE and its modulation by a- 
tocopherol. 

3.1. DSC studies 

Earlier experiments have shown that DMPE presents 
phase metastability depending on the thermal history of the 
sample. This has been observed by several authors study- 
ing DMPE prepared in excess water and in different forms 
[34,35,38]. By this way, it is known that DMPE presents 
two transitions, one from the gel L~ to the liquid-crystal- 
line L~ phase at approx. 48°C and another one, from a 
dehydrated solid phase with a high-melting transition (that 
we will call L n and 'which is different from the subgel 
phase, L c, found in other phosphatidylethanolamines [35]) 
to the liquid-crystalline L,, phase at approx. 58°C. In 
poorly hydrated samples, it is possible to discern one 
exotherm, shortly aftelavards the L~ to the L~ phase has 

TEMPERATURE (°c) 
Fig. I. Calorimetric thermograms for DMPE in different states of hydra- 
tion. The first scan was obtained with the poorly hydrated state of DMPE. 
See text for details. 

occurred, indicating the transformation from the L~ phase 
to a dehydrated high-melting solid L a phase. Therefore, 
DMPE, when poorly hydrated, presents three well charac- 
terized L , ,  L~ and L H phases [35]. 

For this reason, and in order to compare these previous 
results with the FF-IR measurements, and to correlate the 
changes observed in the infrared vibration bands with the 
thermotropic behavior of DMPE [21,35], we have studied 
the thermotropic behavior of DMPE by DSC upon differ- 
ent hydration processes (Fig. 1). Therefore, we have pre- 
pared the samples in two different ways, as stated in 
Section 2: poorly hydrated and well hydrated. Poorly 
hydrated samples of DMPE showed two endotherms at 
49.4°C and 55.3°C, with an intervening exotherm (Fig. 
1A). When the sample was subsequently cooled down only 
one exotherm at 49.4°C was found (Fig. 1B). Afterwards, 
this sample showed only one peak at this temperature 
either by heating or cooling several times and at several 
heating and cooling rates (Fig. 1C-E). These results indi- 
cate, as was pointed out previously [35], that DMPE can 
exist in two distinct low temperature phases, low (Lt3) and 
high-melting (L H) phases. DMPE relaxes slowly from a 
low-melting to a high-melting solid phase, but the high- 
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Fig. 2. Infrared spectra of the 1900-1000 cm -1 region of (A) pure 
anhydrous DMPE. (B) pure anhydrous DMPE in the presence of 20 
mol% of ot-tocopherol and (C) pure anhydrous ot-tocopherol. The spectra 
have been normalized taking into account the intensity of the -CH 2- and 
-CH 3 stretching region of the different spectra. 

melting solid phase forms rapidly when the sample is 
subsequently heated through the transition temperature of  
the low-melting gel phase. The observed transition at 
approx. 50°C signals a transition from the gel (L~) phase 
to the liquid (L~) phase, whereas the endotherm at approx. 
55°C indicates a transition from the dehydrated high-melt- 
ing solid (Lrt) phase to the liquid (L~) phase [35]). On the 
other hand, the well hydrated sample showed only one 
endothermic transition upon heating at 49.5°C from L~ to 
t a • 

When the well hydrated sample was incubated for 8 h at 
room temperature, and then scanned by heating, again a 
pattern of  one endotherm (49.5°C), followed by one 
exotherm and then another endotherm (55°C) transitions 

were observed (not shown) with a pattern identical to that 
observed in the poorly hydrated sample. Furthermore, when 
the well hydrated sample was preincubated at 4°C during 
49 days, and then scanned by heating, the first scan 
showed only one endothermic transition at 55°C which 
corresponded to a L c to L~ phase transition, according to 
the FT-IR results shown below. The subsequent cooling 
scan showed an exotherm at 49.5°C (from L~, to L~). 
Upon immediate heating, a single transition was observed 
at 49.5°C (endothermic), indicating a L~ to L ,  transition. 
The above results have been interpreted as showing that 
the L H phase is more stable than the L~ or the L~ in a 
small range of  temperatures, from 49.5°C to 55°C [34]. 
This L H phase has been called 'high-melting phase' and it 
has been showed to be different to 'subgel phases' of  other 
phosphatidylethanolamines [35]. On the other hand, as 
observed by us, this phase only forms when DMPE is 
poorly hydrated or incubated at low temperature after 
being well hydrated. This suggest that the formation of  the 
L H phase may be 'catalyzed' by the presence of  some 
molecules of  DMPE still not well hydrated. This interpre- 
tation is on line with recent observations that have shown 
that the mechanism for the gel to subgel phase transforma- 
tion is based on nucleation of  subgel domains followed by 
growth of  the domains [39]. Nevertheless, after a long term 
incubation of  well hydrated DMPE a L c phase and not a 
L H phase was formed (see below). 

3.2. FT- IR  results 

In order to explore the effect of  a-tocopherol on DMPE, 
we have used FT-IR, taking spectra of  the three different 
types of  samples used in this work. 
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Fig. 3. Infrared spectra of DMPE in the dry state (anhydrous), either in the pure state (A, C and E) or in the presence of 20 mol% of a-tocopherol (B, D 
and F). The 1800-1700 cm-I region (ester C = O stretching vibration mode region), the 1500-1400 cm-i (CH2 deformation, scissoring band region) and 
the 1350-1150 cm -] region (headgroup PO~ phosphate band region) are shown. The original spectra are presented as a solid line whereas the 
deconvoluted spectra are represented as dotted lines. 
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3.3. Anhydrous samples 

In order to understand the behavior of the different 
vibration bands of DMPE, either in pure form or in the 
presence of a-tocopherol and in the hydrated state, we 
made a previous study of the samples in the dry state. 
These samples were studied as KBr pellets. 

The 1900-1000 cm --1 infrared region of pure anhy- 
drous DMPE is shown in Fig. 2A. Anhydrous phos- 
phatidylethanolamines may present different polymorphs 
depending on the solveat used for crystallization [40]. In 
this way, and as it has been shown before [41], DMPE 
recrystallized from ethanol exhibit crystal field splitting of 
the CH 2 scissoring bandl (characteristic of an orthorhombic 
packing of the acyl chains) whereas DMPE recrystallized 
from chloroform present a single CH: scissoring band 
(characteristic of an hexagonal packing of the acyl chains). 
All of our samples, a,; stated in Section 2, have been 
prepared from chlorofo:rm solutions. As observed in Fig. 
2A, the infrared spectra of the anhydrous pure DMPE used 
in this work is similar to type II DMPE crystals [41]. 

The spectra of pure,, anhydrous DMPE including 20 
tool% and pure anhydrous a-tocopherol can also be ob- 
served in Fig. 2B and C, respectively. The spectrum of 
pure anhydrous t~-tocopherol has been scaled to that of 
DMPE plus 20 mol% of a-tocopherol taking into account 
its relative content by normalizing the intensity of the 
stretching vibration region of the -CH 2- and -CH 3 groups 
of the two spectra. It can be observed that the vibration 
bands of a-tocopherol do not contribute significatively to 
the observed vibration ~ands of DMPE (compare Fig. 2A 
and C with Fig. 2B). 

Fig. 3A shows the spectrum of pure DMPE in the 
C = O stretching carbonyl region whereas Fig. 3B shows 
the spectrum of the sample containing DMPE and 20 
mol% of a-tocopherol, (original spectra, solid line) as well 
as the corresponding deconvolutions (dotted line). The 
C = O stretching vibration mode of pure DMPE is wide 
and with a maximum al: 1743 cm -~ . Although it was clear 
that the original spectrum was formed by more than one 
component, deconvolution was used in order to enhance 
the resolution of this band and different components at 
1743, 1734 and 1720 crn -~ were observed, indicating that 
the C = O groups of DMPE participate in hydrogen bond- 
ing, either of intra or intermolecular origin [42,43]. The 
presence of 20 mol% of a-tocopherol modified the relative 
intensities of the different components. The maximum of 
the C = O vibration band appeared at 1734 cm -~ (Fig. 
3B), so that the intensity of the components due to hydro- 
gen bonded C = O  groups (1734 and 1720 cm -1) in- 
creased whereas the intensity of the component due to 
non-hydrogen bound groups (1743 cm -1 ) decreased. This 
result might be taken to indicate that a-tocopherol pro- 
duces a rearrangement of the DMPE molecules, enhancing 
the hydrogen bonding; of the ester C = O groups and 
suggesting that possibly a-tocopherol itself participates 

directly in hydrogen bonding with DMPE through its 
phenolic OH-group. 

Another interesting band is that corresponding to the 
acyl chain out-of-plane CH 2 scissoring vibration mode, 
which appears in the region 1450-1480 cm -1. Factor 
group splitting and the specific frequencies of the CH 2 
scissoring band have been used before to distinguish the 
acyl chain packing of the fatty acyl chain of the phospho- 
lipids [44]. It can be observed that pure DMPE presented a 
splitting with component bands at 1472 and 1465 cm -1, 
with a shoulder at 1456 cm -1, being the first one the most 
intense (Fig. 3C). This splitting is very similar to that 
previously observed for saturated phosphatidylcholines, 
such as DPPC, in L c phases which are produced after 
prolonged incubations at low temperatures [45]. In these 
cases, two sharp bands centered at 1472 and 1466 cm -~ 
where found. In infrared spectroscopic studies of solid 
hydrocarbons [46], this factor group splitting has been 
correlated with the assembly of the polymethylene chains 
into an orthorhombic subcell. In such systems, the CH 2 
scissoring band tends to split into components of compara- 
ble integrated intensity when the zigzag planes of the 
polymethylene chains are perpendicular to each other. 
Therefore, our data suggest that in this phase, the zigzag 
planes of the hydrocarbon chains are not parallel. In the 
presence of 20 mol% a-tocopherol, the 1471 cm-1 band 
was practically the only one remaining, the other two 
being observed as shoulders of the main band (Fig. 3D). 
Therefore, whereas in pure DMPE there is a clear unequiv- 
alence of the acyl chains of the phospholipid, so that the 
zigzag planes of the hydrocarbon chains were not parallel, 
in the presence of 20 mol% of a-tocopherol this unequiva- 
lence disappeared almost completely, although it should be 
noted that the frequency which remains as predominant is 
notably high. 

The antisymmetric PO 2 double bond stretching band 
has been shown to be useful to monitor the hydration state 
of the polar head group of the phospholipids [42,47]. A 
frequency of approx. 1220 cm -1 characterizes a fully 
hydrated PO~- group, whereas its dehydration makes it 
appear at higher wavenumbers (approx. 1230-1240 cm -1 ) 
[42,48-50]. The region of the PO 2 antisymmetric vibra- 
tion group of pure DMPE showed a narrow band which is 
a pattern characteristic of rigid samples, with a maximum 
at 1223 cm-~ (Fig. 3E). Phosphatidylethanolamines have 
been found to present a single PO 2 band at 1240 cm- ~ in 
CC14, where there are no H-bonds [50]. Therefore, this 
frequency suggests that this group is engaged in hydrogen 
bonding with other acceptor groups of DMPE, either intra 
or intermolecular. However, and very remarkably, in the 
presence of 20 mol% of a-tocopherol this band was 
widened and two components were visible by deconvolu- 
tion, appearing now at 1225 and 1217 cm -~ (Fig. 3F). 
This result means, as deduced from the carbonyl bands 
observed above, that either a-tocopherol produces a rear- 
rangement of the DMPE molecules, enhancing the hydro- 
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gen bonding of the ester C = O groups and/or  that a- 
tocopherol itself participates directly in hydrogen bonding 
with the PO 2 group of DMPE through its phenolic OH- 
group. 

3.4. Poorly hydrated samples 

These DMPE/a-tocopherol mixtures were prepared by 
hydrating at 70°C and incubation at room temperature, as 
described in Section 2. 

As it can be observed in Fig. 4, the behavior of the ester 
C = O stretching vibration band showed the presence of 
two transitions, in accordance with the thermotropic transi- 
tions observed by DSC (see Fig. 1). The ester C = O 
stretching region of pure DMPE narrowed at about 48°C, 
indicating that the phase transition from the L~ phase to 
the L~ phase was taking place (Fig. 4A). Increasing the 
temperature, and at about 58°C, the band broadened, indi- 
cating the presence of another transition, most probably the 
transition from the L n phase to the L~ phase (compare 
Figs. 1 and 4A). As it was commented above, this result 
suggests that this sample contained some dehydrated lipid 
domains, so that at temperatures above approx. 48°C these 
domains act as nuclei for the formation of the L H phase 
(the observed exotherm in the DSC first heating scan, Fig. 

1, and the narrowing of the C = O band, Fig. 4A). At 
55.3°C, the transition from the Lrt phase to the L~ phase 
then took place, as seen in the second endotherm in the 
DSC heating scan (Fig. 1), and in the broadening of the 
C = O band (Fig. 4A). Therefore, the narrow C = O vibra- 
tion band observed between 48°C and 55°C is character- 
istic of the dehydrated high-melting solid L H phase [51]. 
Another feature to be remarked in the spectra is the 
presence of several components underlying the envelope of 
the C = O vibration band which can be better resolved by 
deconvolution (see below). 

A broad C = O stretching band contour centered at 
approx. 1735 cm-1 has been previously observed for other 
phospholipids, like dipalmitoylphosphatidylcholine 
(DPPC), for both the gel phase and the liquid-crystalline 
phase. This C = O vibration band could be resolved into, 
at least, two components after enhancing the resolution by 
methods such as deconvolution. These components ap- 
peared at frequencies of approx. 1740 and 1727 cm - l ,  
which were originally thought to arise from the stretching 
vibrations of the sn-1 and sn-2 ester carbonyls groups 
respectively of the phospholipid [42,45,52,53]. However, 
some recent studies [43,54-56] have shown that each one 
of the two component bands present in the C = O stretch- 
ing band contour of the phosphoglycerolipids is in fact the 
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Fig. 4. Ester C = O stretching vibration band region for poorly hydrated samples of pure DMPE (A) and DMPE containing 20 tool% a-tocopherol (B). The 
corresponding deconvoluted spectra are shown in C for pure DMPE and D for DMPE containing 20 tool% a-tocopherol. The transition temperatures of the 
different found phase transitions are marked in the figure with arrows. 
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summation of nearly equivalent contributions from both 
the sn-1 and sn-2 carbonyl groups, so that the component 
appearing at the lowest frequency corresponds to a popula- 
tion of hydrogen bonded (hydrated) C = O groups and the 
component appearing at the highest frequency corresponds 
to a population of free (non-hydrated) C = O groups. The 
deconvolution of the C = O vibration band of pure DMPE 
in the poorly hydrated state is shown in Fig. 4C. It can be 
observed that the C = O band contour of DMPE at 20°C 
presents, after deconvolution, a single maximum at 1740 
cm -1, although given the high asymmetry of the band it 
seems reasonable to assume that at least one more compo- 
nent is also present. It shc)uld be remarked that the parame- 
ters used for deconvolutic,n were purposely chosen in order 
to avoid the overdeconvolution of the spectra, as evidenced 
by the absence of negative side lobes. In any case the 
shape and frequency of the band indicates a high propor- 
tion of dehydrated C = O groups of DMPE at this tempera- 
ture (Fig. 4C). At temperatures between approx. 48°C and 
58°C it is possible to discern two very narrow bands, 
together with two components of very low intensity, with 
frequencies of 1744 and 1734 cm-~ for the intense com- 
ponents and 1722 and 1697 cm -1 for the less intense 
components (Fig. 4C). At temperatures above the L H to 
L ,  phase transition, two broad components appear through 
deconvolution, located at approx. 1741 cm -~ and 1724 

cm -1, a situation similar to what has been described 
before for DPPC [43]. 

However, and in the presence of 20 mol% of a-  
tocopherol, a totally different pattern was found below of 
the temperature of the Lp to L~ phase transition (Fig. 4B, 
original spectra, and D, deconvoluted spectra). For exam- 
ple, and at 20°C, the C = O vibration band was very 
narrow, presenting a bandwidth at half-height of 19.8 
cm-1 to be compared with the bandwidth of 40.5 cm-1 
found for pure DMPE at the same temperature. This is an 
illustration of the immobilization of these C = O groups by 
the presence of a-tocopherol, i.e., the induction of the 
presence of a dehydrated high-melting solid phase (see 
below). The maximum of the band is located now at 1743 
cm -1 (Fig. 4B) and upon deconvolution components at 
1743, 1734 and 1724 cm -~ are revealed together with a 
minor component, already visible in the original spectrum, 
at 1697 cm -1 (Fig. 4D), similarly to what was found for 
pure DMPE in the L n phase (Fig. 4C). This complex 
pattern of bands must be a reflection of major changes in 
the hydrogen-bonding interactions between the solvent and 
the interracial C = O ester groups of the lipid. Since the 
components located at the higher frequency have a higher 
intensity, the predominance of dehydrated over hydrated 
C = O groups is clear. Above of the phase transition it is 
possible again to observe two components, which by de- 
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Fig. 5. CH 2 deformation vibr~ttion band (scissoring) region of poorly hydrated samples of pure DMPE (A) and DMPE containing 20 mol% a-tocopherol 
(B). The corresponding deconvoluted spectra are shown in C for pure DMPE and D for DMPE containing 20 mol% ot-tocopherol. The transition 
temperatures of the different found phase transitions are marked in the figure with arrows. 
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convolution appear at frequencies of 1743 cm-1 and 1729 
cm -I .  These frequencies are higher than those of pure 
DMPE in the L~ phase. The maximum of the composite 
band appeared, in fact, at 1737 cm -1 ( D M P E / a -  
tocopherol) instead of at 1730 cm -1 (pure DMPE). It is 
also interesting to note the different bandwidth (bandwidth 
at half height) of the ester C = O band in the different 
conditions studied. Whereas for pure DMPE, as com- 
mented above, the bandwidth in the L~ phase was 40.5 
cm - l ,  in the L H phase it was 17.9 cm -1 and in the L~ 
phase 48.8 cm - l .  In the presence of a-tocopherol, and at 
low temperature (crystalline phase, to be compared with 
the L H phase of DMPE) the bandwidth was 20.5 cm - l ,  
but in the L~ phase it was 43.6 cm -~, i.e., a difference of 
about 5 c m -  1 with respect to the L,, phase of pure DMPE. 
These changes in frequency and bandwidth reflect the 
higher frequency and different intensity of the components. 

Another region of the spectrum which was studied, and 
which is highly informative with respect to the organiza- 
tion of the lipids, was the CH s deformation region, i.e., the 
out-of-plane CH 2 scissoring vibration band which appear 
at about 1470 cm -1 and the a-methylene bending band 
which appear near 1418 cm -1. As it was commented 
above, factor group splitting and the specific frequencies 
of the CH 2 scissoring band have been used before to 
characterize the acyl chain packing of the fatty acyl chains 
of the phospholipids [44,57]. 

Pure DMPE below of the Lt3 to L~ phase transition 
presents an asymmetric band with a maximum at 1467 
cm -1 and a shoulder at 1455 cm -~ (Fig. 5A), similar to 
what has been found previously for saturated phosphatidyl- 
cholines such as DPPC [44]. As the temperature is in- 
creased, the L~ to L~ phase transition takes place, con- 
comitantly with the formation of the L H phase, and a 
completely different scissoring band is observed. In this 
case it is possible to note two peaks of similar intensity 
with frequencies appearing at 1471 and 1463 cm -I .  This 

splitting is very similar to what has been previously ob- 
served in phospholipids such as DPPC forming L c phases 
[45] and it is also very similar to that shown here for pure 
DMPE in the dehydrated state (Fig. 2C). Therefore, this 
result suggests that in the L r~ phase, DMPE is organized 
with the zigzag planes of the hydrocarbon chains in a not 
parallel arrangement. However, at higher temperatures and 
in the L ,  phase, a different pattern was observed with the 
maximum of the band at 1455 cm -1 and a shoulder 
appearing at 1467 c m -  1. This can be better observed in the 
deconvoluted spectra, as shown in Fig. 5C. This behavior 
is similar to what has been found for other phospholipids 
in the liquid-crystalline phase [42]. 

In the presence of 20 moi% of a-tocopherol, and at low 
temperatures, it was possible to observe a clear splitting of 
the CH 2 scissoring vibration band, giving place to two 
bands appearing at 1473 cm -1 and 1463 cm ~ (Fig. 5B), 
similarly to what was found for pure DMPE in the L n 
phase (see Fig. 5A). The magnitude of the splitting is 
correlated with the degree of interchain packing. In this 
way, a larger splitting reflects tighter interchain packing 
[58,59]. The splitting in pure DMPE is similar to the 
splitting in the presence of a-tocopherol indicating that 
a-tocopherol does not modify the interchain packing of 
DMPE. Increasing the temperature, and at approx. 58°C, a 
transition took place, whereby the scissoring band pre- 
sented a maximum at 1467 cm-J  and a shoulder at approx. 
1455 cm-1 (Fig. 5B). This behavior is also more clearly 
observed in the deconvolved spectra (Fig. 5D), indicating 
that above of 58°C a L ,  phase has been adopted by the 
system. 

There is also a significant change in the intensity of the 
peak appearing at 1418 cm -1, which corresponds to the 
a-methylene bending band of the phospholipid. This band 
is weak and fairly broad in the Lt~ phase of pure DMPE 
but it gets sharper and considerably more intense in the L H 
phase (Fig. 5C). In the sample of DMPE containing 20 
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mol% of a-tocopherol it !is possible to observe this band at 
lower temperatures (Fig. 5D). A similar behaviour was 
previously observed for this band in the L c phases of 
saturated phosphatidylcholines [57]. Since a conforma- 
tional unequivalence between the sn-1 and the sn-2 chains 
is to be presumed after the scissoring band behavior 
observed for the samp)le containing 20 mol% of cz- 
tocopherol, it is notable that only one band is detected for 
the a-methylene group. A similar behavior was observed 
in the L c phase of some phosphatidylcholines such as 
distearoylphosphatidylcholine, but not for DPPC [56]. Since 
this band was not resolved by deconvolution into more 
than one component (Fig. 5C and D), the interpretation 
must be that there is a considerable sharpening of one of 
the a-methylene bands produced by a conformational 
change with the consequence of reduction in the mobility 
of one of the c~-methylene groups. This implies that the 
effect of a-tocopherol is not only seen in the reorientation 
of the polymethylene chains but also near the polar part of 
the membrane. Nevertheless, the appearance of a intense 
and narrow band coming from the a-methylene bending 
band of the phospholipid, as well as the appearance of the 
splitting in the CH 2 deformation band, is indicative of the 
presence of a crystalline phase. 

The temperature dependence of the phosphate head- 
group antisymmetric vibration band was also studied. Fig. 

6A shows the asymmetric stretching band of pure DMPE. 
At low temperatures a visible broad band is visible with a 
maximum at approx. 1218 cm -1. Increasing the tempera- 
ture, and at the L~ to L~ phase transition, it is possible to 
observe a shift to higher frequencies of the maximum of 
the band (from 1218 cm -1 to 1223 c m -  1) and a narrowing 
of the band indicative of a great immobilization of the 
molecules (Fig. 6A). At increasing temperatures a shift to 
lower wavenumbers occurred (in this case the maximum of 
the band was 1219.1 cm- l ) .  However, at low temperatures 
and in the sample containing DMPE and 20 mol% of 
a-tocopherol, the phosphate antisymmetric band appeared 
very narrow, i.e., immobilized, but it got broadened at 
approx. 58°C (Fig. 6B) which is indicative of the L H to the 
L~ phase. In the L~ phase, the samples showed broadened 
bands similar to those seen in other hydrated phospholipids 
in the liquid-crystalline state [42,45]. 

Taken together all of these results, they indicate that the 
inclusion of the a-tocopherol molecule between the DMPE 
molecules produced a rearrangement of the structure of the 
phospholipid molecule, with a change in the hydrogen 
bonding pattern, so that the dehydrated high-melting solid 
phase of DMPE (L H) is stabilized at low temperatures. 

Whereas the behavior, i.e., frequency and bandwidth, of 
the different bands for the L~ and L~ phases were similar 
to other respectively gel and fluid phases found in other 
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phospholipids [42], the L H phase was peculiar. In the L H 

phase a dramatic narrowing of the C = O and PO~ stretch- 
ing bands was found, indicating a very rigid type of 
motion of the molecules, as well as the appearance of 
several components in the C = O stretching vibration band 
indicating either the possible formation of hydrogen bond- 
ing between different groups of the DMPE molecules 
and /or  the induction of different acyl chain rotational 
isomers. Moreover, the CH 2 scissoring motion modes 
presented in this phase a splitting reflecting a different acyl 
chain packing of the acyl chains respect to the L~ and L~ 
phases [53]. But, significantly, the appearance of this 
pattern might be taken as an indication of the formation of 
the dehydrated high-melting solid L H phase. 

3.5. Well hydrated samples 

Samples of pure DMPE and their mixtures with a- 
tocopherol were prepared by repeated freezing and thaw- 
ing, as described in Section 2, in order to obtain the well 
hydrated samples. 

As observed in Fig. 7A, pure DMPE in the well hy- 
drated state and scanned immediately after preparation, 
presented a completely different behavior to pure DMPE 
in the poorly hydrated state (compare with Fig. 4A). In this 

case, the C = O stretching vibration band presented only 
one transition at approx. 50°C, characteristic of the Lt~ to 
L,, phase transition [35]. At low temperatures, the asym- 
metric peak had a maximum at 1740 c m - l ,  whereas above 
the phase transition it shifted to approx. 1738 cm t, at the 
same time that the bandwidth increased by approx. 5 
cm-  ~, indicating that the hydrated component of the C = O 
vibration band increased in intensity with respect to the 
unhydrated one. This behavior is similar to what has been 
observed for other phospholipids in the L,~ phase [45]. The 
inclusion of 20 mol% of a-tocopherol (Fig. 7C) did not 
produce a significative change in the frequency of the 
maximum of the band, but it produced an increase in 
bandwidth at halfheight in all cases, from 35.7 cm- t  in 
pure DMPE to 37.9 cm-~ in the presence of a-tocopherol 
at low temperatures, and from 40.5 cm-1 in pure DMPE 
to 51.3 cm -1 in the presence of a-tocopherol at higher 
temperatures, as well as a shift of the phase transition to 
lower temperatures, down to approx. 38°C (Fig. 7C). These 
changes in bandwidth indicated an increase in the propor- 
tion of hydrated ester carbonyl groups due to the presence 
of a-tocopherol. The decrease induced in the phase transi- 
tion is similar to that reported in a previous study by DSC 
[21]. 

The scissoring band region was also studied in these 
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samples but no splitting of the scissoring could be ob- 
served here, with the maximum of the band centered at 
1468 c m - l  both above and below of the phase transition, 
indicating hexagonal pacldng in all the samples, i.e., in 
DMPE both pure and containing 20 mol% of ot-tocopherol 
(Fig. 8A and C, respectiw~ly). 

The PO~ phosphate band was also studied for DMPE, 
pure and containing 20 rnol% of a-tocopherol (Fig. 9A 
and C), but it did not show in any of the samples the type 
of rigidification seen for the samples in the poorly hy- 
drated state (see Fig. 6). 

3.6. Long term incubations of samples 

It is known that aqueous DMPE samples may undergo 
metastability processes which depend upon long incuba- 
tion at low temperatures [134,35]. Therefore and in order to 
monitor these processes by VI'-IR and to ascertain the 
effect of a-tocopherol on DMPE metastability, well hy- 
drated samples of DMPE, both pure and containing 20 
mol% of a-tocopherol, were incubated at 4°C. Incubations 
ranged from 20 h to 49 days as stated in Section 2. It was 
only at this long term incubation time when significative 
changes were observed, ~aad they will be commented be- 
low. 

It is possible to observe the evolution of the C = O 
stretching vibration mode of DMPE, either in pure form or 
in the presence of 20 mol% a-tocopherol, without incuba- 
tion and with incubation at 49 days (Fig. 7). There was a 
progressive widening of the band and also a shift of the 
maximum at increasing incubation times down to 1730 
cm -1 (49 days incubation time) from the initial 1738 
cm-1 (with no incubation). 

The thermal phase behavior of pure DMPE as seen 
through the carbonyl stretching vibration, changed after the 
incubation, since a first transition took place at about 40°C 
and a second one at about 52°C (Fig. 7B). Below 40°C, the 
C = O group vibration has a complex patterns with several 
components, in both pure DMPE and DMPE in the pres- 
ence of 20 mol% of a-tocopherol. In pure DMPE, the 
deconvolved spectrum showed components at 1744, 1737, 
1730, 1721 and 1712 cm - l  (not shown). The band as a 
whole is narrow, as it would be expected for a solid phase, 
although not so narrow as in the L H phase described 
above. On the other hand, the frequencies are also higher 
than in the L H phase (see Fig. 4). It can be deduced, then, 
that this phase formed after a long incubation is not a L n 
phase. Apart from that, the transition which takes place at 
about 40°C yields a relatively dehydrated phase as it can 
be concluded from the maximum of the band (1739 cm- l ) .  
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Fig. 9. PO~- headgroup antisymmetric stretching band region of pure DMPE (A,C) and DMPE in the presence of 20 tool% of ~-tocopherol (B,D) in the 
well hydrated state. Samples were scanned immediately after preparation, i.e., without incubation, (A,B) or incubated at 4°C for 49 d (C,D). See text for 
details. The transition temperatures of the different found phase transitions are marked in the figure with arrows. 
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It is very asymmetric and similar to the L ,  phase observed 
for other DMPE samples studied here (see Figs. 4 and 7A). 
The final transition at about 52°C produces a very broad 
band, with the maximum at approx. 1737 cm -1, presum- 
ably corresponding to a L~ phase (compare again with 
Figs. 4 and 7A). All of this suggest clearly that this long 
incubation at 4°C has produced a subgel phase (L c) which 
evolves into a L~ phase at 40°C and this into a L~ phase 
at about 52°C. 

It should be remembered here that exactly this pattern 
of metastability has been observed before for DMPE after 
long-term incubation [38], so that a L c phase was trans- 
formed at 41°C into a Lt3 phase and this into a L~ phase at 
about 50°C. It is not clear why other authors, after very 
similar incubations, ended up with high-melting L H phases 
[34,35]. Silvius et al. [35] proposed that the lower tempera- 
ture of incubation ( -  4°C) used by Mulukutla and Shipley 
[38] compared with the 4°C incubation temperature used 
by the other two groups could be the reason of the 
differences. However, we have used here 4°C, and never- 
theless we have obtained a subgel phase rather than a 
high-melting phase. Some other subtle factors, such as the 
degree of hydration of the lipid previous to the incubation, 
must be involved in the determination of the final phase of 
DMPE. 

The effect of a-tocopherol on the thermal behavior of 
incubated DMPE was also very interesting, since in this 
case only one transition took place at approx. 32°C, from a 
solid phase to what seems a L~ phase. Therefore, in the 
presence of a-tocopherol a direct transition takes place 
from a dehydrated solid phase to the L~ phase, without 
passing through a L ,  phase as it happens with incubated 
pure DMPE. After deconvolution of the spectrum corre- 
sponding to 25°C, components at 1744, 1737, 1730, 1723 
and 1712 cm -1 were observed (not shown), and this 
pattern is similar to the sample of pure and incubated 
DMPE commented above. Nevertheless, the C = O enve- 
lope was narrower at this temperature than in pure DMPE 
indicating a restricted motion of the phospholipid (Fig. 
7D). 

The scissoring band region of the well hydrated pure 
DMPE after 49 days of incubation at 4°C showed a 
splitting at low temperatures, i.e., two components dis- 
cerned in the original spectra at 1472.8 and 1466 cm -~ 
(Fig. 8B), indicating that the packing of the acyl chains 
had changed from a hexagonal to an orthorhombic or 
monoclinic subcell, as it should be expected for a subgel 
phase (Lc). It is however interesting that ol-tocopherol 
stabilized the sample in a hexagonal packing, so that after 
49 days of incubation the 1468 c m -  ~ band was the mainly 
one which was observed although a small shoulder at 
approx. 1473 cm - l  could be distinguished (Fig. 8D). 
Therefore, in the presence of 20 mol% of ot-tocopherol, a 
dehydrated solid phase different of the L c phase is present. 

Fig. 9 shows the thermal dependence of the PO2- 
antisymmetric stretching of the different samples. What it 

is interesting here is that the spectra of the Lc phase of 
incubated DMPE (Fig. 9B) are sharper than those of the 
L~ phase (Fig. 9A), but they do not show the sharpness of 
the L H phase (Fig. 6), reassuring that the L H phase is 
more rigid than the L c one. Apart from that, it is also 
interesting that in the presence of a-tocopherol these 
spectra are changed only slightly. 

4. Conclusions 

DMPE has a very complex phase behavior depending 
on subtle conditions. It may form a high-melting phase 
(L H) at relatively high temperatures in samples which are 
not exhaustively hydrated, probably because the small 
domains of crystalline DMPE which remain unhydrated 
may nucleate the formation of this L H phase. This high- 
melting phase is quite rigid and dehydrated, as seen by the 
carbonyl and the PO 2 bands. Apart from that, the scissor- 
ing band reveals that this L H phase has a monoclinic or 
orthorhombic packing. However, well hydrated DMPE, 
after a very long incubation time at low temperatures, 
produce a subgel (L c) phase which is less rigid and more 
hydrated than L H, judging from the carbonyl band, and 
less rigid as seen through the PO~- band. But, this phase 
has also monoclinic or orthorhombic packing as deduced 
from the scissoring band. That L c and L H are not identical 
phases was already proposed by Silvius et al. [35]. 

On the other hand, a-tocopherol stabilized a dehydrated 
high-melting solid phase, probably L H, in the poorly hy- 
drated DMPE at low temperatures, giving place to a L H to 
L~ transition. However, when c~-tocopherol was included 
in DMPE incubated at 4°C for 49 days, it stabilized a 
dehydrated solid phase which was not presenting a mono- 
clinic or orthorhombic pattern and which was different 
from the L c phase produced by pure DMPE subjected to 
the same incubation, and also from the L u phase. Never- 
theless, this was a solid phase as indicated by the C = O 
band patterns and the PO 2 antisymmetric stretching. Other 
authors, using DSC and FT-IR have concluded that DMPE, 
in the presence of alcohols, may form phases different to 
the subgel or to the high-melting phases [51], and these 
phases were not very different of those found here for 
DMPE incubated for 49 days at 4°C in the presence of 20 
mol% of a-tocopherol. Complex lipid polymorphism and 
its modulation by different lipid molecules, such as ce- 
tocopherol, may help us to understand the interactions 
between membrane lipids which is basic to understand the 
very complex nature of biological membranes. 
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