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The thermal phase behavior of the mono- and di-N-methylated derivatives of DPPE has been investigated by
DSC and infrared spectroscopy. It is shown that these partially N-methylated DPPE derivatives present
endothermic phase transitions at 48.2 and 58.0°C. The thermodynamic properties of these gel to liquid-crys-
talline transitions are comparable to those of DPPE and DPPC with no evidence for a pretransition in either
of these N-methylated lipids. The progressive methyl substitution of the ethanolamine group of DPPE does
not have a constant effect on reducing the transition temperature. The spectral properties of the gel phases of
DPPE, DPMePE, DPMe, PE and DPPC (or DPMe, PE), suggest that there is a progressive increase in the
acyl chain tilt angle from DPPE to DPPC, probably induced by the differences in the cross-sectional area of
the headgroups which lead to small differences in the glycerol moiety.

Introduction

Among the lipid components of biological
membranes, phosphatidylcholines (PC) and phos-
phatidylethanolamines (PE) have been and are
most extensively studied with regard to their ther-
motropic phase behavior [1]. Metabolically, phos-
phatidylcholines can be produced via direct meth-
ylation of the amino group of phosphatidyl-
ethanolamine by the methyl group donor S-
adenosylmethionine [2); this yields two inter-
mediaries which contain one and two methyl
groups in the ethanolamine moiety, respectively.
Since the physical state of biological membranes is
regulated not only through changes in the nature
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Abbreviations: PE, phosphatidylethanolamine(s); MePE, N-
methyl phosphatidylethanolamine; Me,PE, N,N-dimethyl
phosphatidylethanolamine; PC, phosphatidylcholine(s); DP, di-
palmitoyl; DM, dimyristoyl; 7,,, temperature of the gel to
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of the lipid acyl chains but also through changes in
the headgroup [1], it is quite plausible that the
partially methylated PE may serve a role in the
regulation of membrane properties. In fact, Axel-
rod and coworkers [3] have studied the possible
influence of PE methylation on receptor-related
membrane events. Besides, it is unknown why the
PC synthesis via sequential methylation of PE is of
crucial importance in certain mammalian organs
such as the liver, in contrast to the insignificance
of that pathway to other organs [4].

There are substantial differences between the
phase behavior of phosphatidylethanolamines and
that of phosphatidylcholines [5,6). In the first place,
the temperatures of the corresponding gel to
liquid-crystalline phase transitions (i.e. the melting
of the acyl chains) are higher for PE than for PC
with the same acyl chains. Secondly, PC with
saturated acyl chains are highly hygroscopic com-
pounds, while the corresponding PE are difficult
to hydrate. The differences between PC and PE
are particularly evident in the properties of the gel
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phases. Thus, PC with saturated acyl chains show
a pretransition in the gel phase which has not been
observed in the corresponding PE. Saturated PE,
on the other hand, show phase transitions involv-
ing poorly hydrated gels [7-10], which are not
observed in the highly hygroscopic PC. Finally,
aqueous gels of saturated PC are metastable and
prolonged incubation at low temperatures results
in a structural rearrangement with greatly altered
acyl chain packing and head group dehydration
[11-15]).

In the present study we have used DSC and
infrared spectroscopy to characterize the phase
behavior of two N-methylated PE which are part
of a homologous series with respect to methyl
substitution, i.e., DPPE, DPMePE, DPMe, PE and
DPPC (or DPMe,PE).

Experimental

Materials. High purity samples of 1,2-dipalmi-
toyl-sn-glycero-3-phosphatidylcholine (DPPC) and
1,2-dipalmitoyl-sn-glycero-3-phosphatidyl-
ethanolamine (DPPE) were obtained from Sigma
Chemical Co. (St. Louis, MO). 1,2-Dipalmitoyl-
sn-glycero-3-phospho-N-methylethanolamine
(DPMePE) and 1,2-dipalmitoyl-sn-glycerol-3-
phospho-N, N-dimethylethanolamine (DPMe,PE)
were obtained from Calbiochem-Behring Corp. (La
Jolla, CA). All samples were pure by thin-layer
chromatography and were lyophilized prior to use,
as PE are known to occur in different polymorphs
[7}

Calorimetry. Samples for calorimetry were pre-
pared from 3 mg of the solid lipid in 1 ml of 0.1 M
sodium phosphate buffer (pH 7.0). These aqueous
dispersions were immersed for several minutes in
an acetone/solid CO, bath, allowed to thaw and
then vortexed at room temperature. This cycle was
repeated three times whereby the sample tempera-
ture was never allowed to exceed room tempera-
ture (approx. 22°C). The samples were then equi-
librated for 1 h in the calorimeter at 5°C and a
first trace was recorded from 5 to 70°C. After this
measurement, the samples were cooled in the
calorimeter (over a period of approx. 45 min), and
allowed to equilibrate for 1 h at 5°C. A second
calorimetric trace was then recorded over the same
temperature range. Calorimetric data were ob-

tained with a Microcal MC-1 instrument operating
with a heating rate of 1 K/min. Enthalpies were
calculated from peak areas determined by weight
and transition temperatures were determined from
the midpoints of the corresponding endotherms.

Infrared spectroscopy. Samples (80% H,O
wt/wt) for infrared spectroscopy were prepared as
described previously [12] using double distilled
water. To ensure complete hydration the lLpid-
water mixtures were heated above the correspond-
ing T,,, vortexed while hot and cooled to approx.
5°C; this cycle was repeated three times. All ex-
periments were started within 1 h of sample pre-
paration. The temperature was increased in steps
of 2 K with a waiting period of 15 min between
consecutive spectra which corresponds to a con-
stant heating rate of 0.125 K - min~".

Infrared spectra were recorded on a Digilab
FTS-11 Fourier transform infrared spectrometer
equipped with a mercury cadmium telluride detec-
tor. Automated temperature experiments were car-
ried out as described elsewhere [16,17]. For each
temperature, 300-400 scans were averaged, with a
maximum optical retardation of 0.5 cm; the inter-
ferograms were triangularly apodized, zero-filled
once, and Fourier transformed to yield a resolu-
tion of 2 cm™! and an encoding interval of 1
cm™ !, Frequencies were determined by measuring
the centre of gravity [18] of the topmost 2 cm™!
wide segment of the CH, symmetric stretching
bands and the topmost 6 cm ™! wide segment of
the C = O stretching bands. Full widths at nine
tenths peak height for the CH, scissoring bands
were measured relative to linearly interpolated
baselines extending from 1400 to 1520 cm™! [18].

Results

Microcalorimetry

The physical method most commonly employed
in the study of lipid phase transitions is differen-
tial scanning calorimetry [5], a technique which
yields transition temperatures as well as thermody-
namic data. We have measured, under strictly
comparative conditions, the excess specific heat as
a function of temperature for aqueous suspensions
of DPPE, DPMePE, DPMe,PE and DPPC. The
purpose of the calorimetric measurements de-
scribed herein was to establish whether the par-



tially N-methylated PE show polymorphic phase
behavior similar to that observed recently for
DPPE and for other PE with saturated acyl chains
[7-10] which involves concomitant hydration and
acyl chain melting.

The excess heat capacity for aqueous disper-
sions of DPMe, PE and DPMePE as a function of
temperature is shown in Fig. 1. The solid traces
show a first scan obtained immediately after sam-
ple preparation (see Experimental), while the

dashed traces show a repeat scan obtained without
removing the samples from the calorimeter. It is

clear from Fig. 1 that for each of the two com-
pounds the two scans gave identical transitions
which are in good agreement with the transition
temperatures reported by Vaughan and Keough
[19]. The transition temperatures, transition widths
and AH values are listed in Table I where
we have also included the thermodynamic data for
DPPE and DPPC. While we found no evidence of
a pretransition in DPMe, PE or DPMePE, we note
that the specific heat curves for the partially meth-
ylated PE are asymmetric with the low-tempera-
ture side being broader. This could be taken to
indicate that there is a pretransition, very close to
the main transition temperature; however, the

DPMePE

EXCESS HEAT CAPACITY
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Fig. 1. Calorimetric transition curves of aqueous dispersions of
DPMePE and DPMe,PE. The solid traces represent scans
obtained immediately after sample preparation while the dotted
traces show repeat scans (see Experimental for details).
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TABLE 1

PROPERTIES OF THE MAIN PHASE TRANSITION OF
AQUEOUS DISPERSIONS OF DPPE, DPM¢PE, DPMe, PE,
AND DPPC

Lipid to AH AT, AT,
Q9] (kcal /mol) X) X)
DPPE 634  88+02° 1.2 sa
DPMePE 580 85405 11 P
DPMe,PE 482  8.5+05 0.9 Py

DPPC 415 85+0.2° 0.6

® These values were obtained under identical conditions as
those for DPMePE and DPMe,PE (Fig. 1), and agree with
those of Wilkinson and Nagle {10].

specific heat curves for several saturated PE are
also asymmetric [5,10].

In Table I we have also included the difference
in transition temperature (A7, ) attained by each
methyl substitution. The first methyl group sub-
stitution from DPPE to DPMePE reduces T, by
only 5.4 K while the second and third methyl
group substitution reduces T,, by 9.8 and 6.7 K,
respectively.

Infrared spectra

General characteristics. While calorimetry is the
method of choice for measuring thermodynamic
properties of lipid phase transitions, spectroscopic
methods have provided a detailed picture of lipid
structure and dynamics at the molecular level [20].
Infrared spectroscopy in particular is now well
established as a powerful technique for these stud-
ies. For a detailed analyses of the infrared spectra
of membrane lipids the reader is referred to Refs.
7, 21-23 (and references therein).

Salient spectral features which are common to
the infrared spectra of aqueous dispersions of
DPPE, DPMePE, DPMe, PE and DPPC are the
C-H stretching bands in the 2800-3000 cm ™! re-
gion, the ester carbonyl stretching bands at 1730
cm~!, the CH, and CH, deformations (1350-1500
cm™'), and the phosphate stretching bands at
1090 and 1220 cm ™. The four spectra differ with
respect to bands due to vibrations of the sub-
stituted amino group. The spectra of DPPE,
DPMePE and DPMe, PE show a number of broad
bands between 2500 and 2700 cm™!, associated

2

with N-H stretching vibrations [21,22), which are
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absent in the spectrum of DPPC. N-H bending
vibrations are expected in the 1600 cm™! region;
thus the spectrum of DPPE clearly shows the
symmetric NH, bending band at 1560 cm™', a
band which is obscured in the spectra of the
partially methylated PE because of the strong
bending mode of water at 1640 cm ™. The spectral
region between 930 and 1030 cm ™! contains bands
associated with C-N stretching vibrations which
are dependent on the number of methyl groups on
the amino group; the symmetric and antisymmet-
ric CNC stretching modes of the N(CH,); group
give bands at 930 and 970 cm™!, which, shift to
946 and 994 cm™! in the case of the NH(CH,),
group and to 958 and 1032 cm ™! in the case of the
NH,CH, group; evidently, these bands are not
observed in the spectrum of DPPE.

Temperature dependence of the infrared spectra.
Here we present a detailed description of the
temperature-induced changes in the infrared spec-
tra of the four lipids. The temperature-dependence
of aqueous DPPC has been described in detail
previously [23] and is included here for the pur-
pose of comparison. PE with saturated acyl chains,
on the other hand, present a complex polymorphic
phase behavior in the gel phase [7-10,24] and the
phase transition involving the acyl chain melting
of DPPE and that of other saturated PE is cur-
rently under investigation in our laboratory; the
data on aqueous DPPE are included here to allow
comparison with the three methylated PE.

Fig. 2 shows the temperature dependence of the
C-H stretching region in the spectrum of DPMe, PE
which is representative for that of all four lipids.
Common to the spectra of other compounds with
extended methylene chains are the strong bands at
2920 and 2850 cm™! which are the antisymmetric
and symmetric CH, stretching modes; the weaker
bands ar 2960 and 2870 cm™! originate from the
CH, groups in the acyl chains. The spectra in Fig.
2 encompass the temperature range of the gel to
liquid-crystalline phase transition for this lipid (see
Table I). There are marked differences between
the spectra recorded at temperatures below and
above T,. All bands are broader above T, and
have lost considerable height; at T, the peak max-
imum shifts to higher frequencies. Similar behav-
ior is shown by the other compounds.

The detailed temperature dependence of the

OPMe,PE
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Fig. 2. Temperature dependence of the C-H stretching bands in
the infrared spectrum of DPMe, PE. Spectra were recorded at
40, 44, 48, 52 and 56°C; peak heights decrease with increasing
temperature.

frequency of the CH, symmetric stretching mode
in the spectra of these four compounds is shown in
Fig. 3. At T, — 30 K the frequency values for the
CH, symmetric stretching bands are: 2851, 2850,
2849.5, 28485 cm~! for DPPC, DPMe,PE,
DPMePE and DPPE, respectively. While the
frequency of this band increases slightly with in-
creasing temperature, the gel to liquid-crystalline
transition is marked by an abrupt upward shift of
the frequency of the CH, stretching modes
[23,25,26] which is a consequence of the introduc-
tion of conformational disorder in the acyl chains.
For the four compounds described herein, these
frequency shifts are not of the same magnitude;
the values for DPPC, DPMe, PE and DPMePE are
comparable (1.8, 2.1, and 2.2 cm™! respectively),
whereas DPPE shows a larger increase in frequency
at T,, of 4.5 cm ~'. A similar trend was observed
for the frequency of the CH, antisymmetric
stretching bands at 2920 cm™!, the shifts being
2.8,29, 3.2 and 5.2 cm™! for DPPC, DPMe,PE,
DPMePE and DPPE, respectively.

While changes in the frequency of the CH,
stretching modes are associated with the melting
transitions and the introduction of gauche con-
formers, the CH, scissoring mode is very sensitive
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Fig. 3. Temperature dependence of the frequency of the CH,
symmetric stretching bands in the spectra of DPPE, DPMePE,
DPMe, PE and DPPC.

to changes in the chain packing arrangements and
to intermolecular interactions. Fig. 4 shows the
1400-1500 cm ™! region of the infrared spectra of
DPPE, DPMePE, DPMe, PE and DPPC; the gel
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Fig. 4. The 1400-1500 cm ™! region of the infrared spectra of
DPPE, DPM¢PE, DPMe, PE and DPPC. (A) Gel phase spectra
recorded at T,~—30 K; the dashed traces show the same
spectra after deconvolution using 4 cm ™! with Lorentzian lines
[27]. (B) Liquid-crystalline phase spectra recorded at T, +4 K.

phase spectra in Fig. 4A were all recorded at the
same reduced temperature, i.e., 30 K below the
corresponding chain melting transition temper-
ature, while the liquid-crystalline phase spectra in
Fig. 4B were recorded at T, + 4 K. The dashed
traces in Fig, 4A show the spectra following Four-
ier self deconvolution, a procedure which reduces
the intrinsic linewidth of each component band
[27].

From a comparison of Figs. 4A and 4B the
effect of transition to the liquid-crystalline phase is
evident; in all four spectra the CH, scissoring
band at around 1468 cm™! shows considerable
loss of intensity while the band at 1458 cm ™! gains
intensity in the liquid-crystalline phase. The latter
band, which is associated with gauche conformers,
follows a specific pattern; the band is clearly not
very strong in the spectra of DPPC, but increases
in intensity with decreasing methyl substitution. In
fact, in the spectrum of DPPE at T, + 4 K (Fig.
4B) it is as intense as the CH, scissoring band at
1468 cm ™. The isolated band at 1420 cm™, a CH,
bending mode of CH,-CO, groups, broadens and
shifts to higher frequency at T, a behavior previ-
ously observed for DPPC [23].

Another pattern is observed in the gel phase
spectra in that the width of the CH, scissoring
band at 1468 cm™! increases as the number of
methyl groups increases. The deconvoluted spectra
in Fig. 4A reveal that the increased width is due to
the existence of a two band system in, at least the
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spectra of DPPC and DPMe, PE. The appearance
of two bands for the CH, scissoring mode in the
spectra of gel phase lipids has been observed in a
variety of systems [23,24]. The CH, scissoring
mode is split in two components in the spectra of
n-alkanes and polyethylene when the subcell is
orthorhombic. This splitting arises from inter-
molecular vibrational coupling due to the crystal
field [28] and, because of its intermolecular nature
it is temperature dependent; therefore, the
frequency separation of the two components de-
creases with increasing temperature. The deconvo-
luted spectra of DPMePE and DPPE at 7,, — 30 K
do not reveal the presence of two bands, however,
in the spectrum of DPPE two band components
appear at lower temperatures [24].

Evidence for the presence of a two band system
is also obtained by measuring the width of the
CH, scissoring band at 9/10 peak height, data
shown in Fig. 5. With decreasing temperature in
the gel phase the two component bands shift fur-
ther apart and the values of the overal bandwidth
increases; again, this is particularly evident in the
plots for DPPC and DPMe, PE. In all four cases
the minimum value for the bandwidth, attained
just prior to T, is 3 cm ™!, while the chain melting
transition is marked by an abrupt increase in the
width of this band due to the introduction of
gauche conformers [23].

The C-N stretching bands of methyl substituted
PE which appear in the spectral region below 1100
cm™! (vide supra) are also sensitive to the chain
melting transitions at T,. We find that the fre-
quencies of the antisymmetric and symmetric C-N
stretching bands decrease by 1.5 cm™! in the spec-
tra of DPMePE and DPMe, PE, which is compara-
ble to the change observed in the spectrum of
DPPC at T, [29]; these bands are absent in the
spectrum of DPPE.

Finally, a comparison of the thermal phase
behavior of the members of this homologous series
can also be obtained by examining the temper-
ature dependence of headgroup vibrational modes;
in particular, the ester carbonyl stretching bands
originating from the interfacial bilayer region
proved to be excellent monitors of thermal re-
organizations in lipid bilayers [12]. The temper-
ature dependence of the frequency of the C=0
stretching modes of DPPC and DPMe,PE are
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Fig. 5. Temperature dependence of the full width at 9/10 peak
height of the CH, scissoring bands in the spectra of DPPE,
DPMePE, DPMe, PE and DPPC. In all cases the values of the
bandwidth were determined after subtraction of a baseline
extending from 1400 to 1520 cm ™,

shown in Fig. 6; these plots give an indication of
the frequency of the overall C=O stretching band
contour. The plot for DPPC shows shifts at two
temperatures, 35 and 41.5°C which correspond to
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Fig. 6. Temperature dependence of the frequency of the C = O
stretching band contours in the spectra of DPMe,PE and
DPPC.

the pretransition and to T, respectively; at the
pretransition the frequency increases by 0.8 cm ™!,
while at T, there is a decrease in frequency of
about 2.5 cm ™. The plot for DPMe, PE, which is
similar to that of DPMePE and DPPE, shows only
a monotonic increase with increasing temperature
in the gel phase, followed by an abrupt decrease at
T,

m*

ABSORBANCE

r m
1800 1700 1800

WAVENUMBER, em™

Fig. 7. The 1700-1800 cm ™! region of the infrared spectra of
DPPE, DPMePE, DPMe, PE and DPPC. (A) Gel phase spectra
recorded at T,,—30 K. (B) Liquid-crystalline phase spectra
recorded at 7,,, +4 K; the dashed traces represent the results of
deconvolution using 22 cm™! wide Lorentzian lines [27].

393

TABLE II

PEAK HEIGHT RATIOS OF THE a (1742 cm™') AND 8
(1729 cm~!) BANDS IN THE SPECTRA OF DPPE,
DPMePE, DPMe, PE and DPPC

Values of a /8 were determined from deconvoluted spectra (see
Fig. 7) measuring the peak heights from a linearly interpolated
baseline extending from 1710 to 1750 cm 1.

Lipid a /B ratio at

T.-30K T,+4K
DPPE 1.16 1.81
DPMePE 1.18 1.34
DPMe, Pe 1.20 117
DPPC 1.21 0.93

It is known, however, that the C = O stretching
band contour is composed of at least two bands,
which have been assigned to the sn-1 and sn-2
ester carbonyl bands [30). In Fig. 7 we show the
1700-1800 cm™! region in the spectra of DPPE,
DPMePE, DPMe,PE and DPPC; the gel phase
spectra in Fig, 7A were recorded at the same
reduced temperature, i.e. T, —30 K, while the
liquid crystalline spectra in Fig. 7B were recorded
at T, + 4 K. For each case we include a dashed
trace showing the spectra after Fourier self de-
convolution. This allows the clear observation of a
two-band system for the C = O stretching mode in
all cases. The two component bands are at 1742 + 1
cm™! (band a) and at 1729+ 1 cm™! (band B)
and correspond to the sn-1 and sn-2 ester groups,
respectively [30]. The experimental values of the
peak height ratio a/p in the gel phase and in the
liquid-crystalline phase of the four lipids are sum-
marized in Table II. These values follow a trend in
both phases; in the gel phase the a/B ratio in-
creases slightly as the number of methyl groups
increases, whereas it decreases considerably in the
liquid crystalline phase. Although the peak height
ratio of the sn-1 and sn-2 ester carbonyls cannot
be directly correlated with a given conformation of
the headgroup, it has been shown to be sensitive to
the hydration state [12,31] as well as to the nature
of the acyl chain packing in these lipids (unpub-
lished results from our laboratory).

Discussion

The purpose of this study was to determine the
nature of the phase transition in the partially
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N-methylated DPPC and to establish whether they
show polymorphic phase behavior comparable to
that of DPPE or to that of the fully N-methylated
DPPC.

The DSC and infrared spectroscopic data pre-
sented herein clearly demonstrate the existence of
a phase transition at 48.2°C in DMPe, PE and at
58.0°C in DPMePE, in good agreement with the
calorimetric data of Vaughan and Keough [19].
Since the thermodynamic properties and the in-
frared spectral changes observed at these transi-
tion temperatures are comparable with those ob-
served for a large number of phospholipids at the
acyl chain melting phase transition [5], we con-
clude that the nature of this transition is also a gel
to liquid-crystalline phase transition.

The changes detected in the infrared spectra as
a function of temperature indicate that the tem-
perature-induced structural rearrangements of the
four lipid molecules are comparable. The gel to
liquid-crystalline phase transition at 7, is marked
by the introduction of gauche conformers (chain
melting), which is reflected in the infrared spectra
as a shift to higher frequencies of the CH, stretch-
ing modes; the larger change observed in the case
of DPPE (Fig. 3) could be taken to indicate that
there are more gauche bonds per chain introduced
in the liquid-crystalline phase of DPPE than is the
case of the partially or fully N-methylated PE. In
fact, recent results of Wilkinson and Nagle [10]
indicate that the number of gauche bonds intro-
duced when DMPE melts is twice the number
found for DMPC (4n, is 4.2 for DMPE and 2.1
for DMPC). If we assume that the same trend
holds for DPPC and DPPE, one could rationalize
the larger frequency shift of DPPE as arising
primarily from an increased gauche population,
though our current understanding of the relation-
ship between chain conformation and CH,-
stretching frequencies does not allow for an unam-
biguous assignment of the number of gauche bonds.
However, the fact that the frequency shifts for
DPMe, PE and DPMePE compare closer to those
of DPPC indicates that the properties of the par-
tially N-methylated PE are closer to those of DPPC
than to those of DPPE.

The introduction of conformational disorder at
T, is also manifest in the temperature dependence
of the CH, scissoring mode; at T, there is an

abrupt increase in the bandwidths and a decrease
in the frequencies. The frequency shifts of the ester
carbonyl stretching bands at 7, while different
for each lipid, are of the same magnitude and
nature. This observation is in accord with recent
conclusions derived from NMR experiments
{32-34] comparing the temperature dependence of
the geometry of the glycerol backbone in saturated
PE and PC. The behavior of the peak height ratios
of the two ester carbonyl bands in Table II, how-
ever, reveals subtle differences and suggests that
there is a trend in the conformational change of
the interface region of these four lipids at the
corresponding gel to liquid-crystalline phase tran-
sition.

In our DSC measurements we found no evi-
dence for a phase transition similar to that ob-
served in DPPE and in other PE with saturated
acyl chains, involving the concomitant hydration
and chain melting [7-10]. On the other hand,
samples of DPMePE and DPMe,PE when an-
nealed at temperatures around 0°C for up to 4
days revealed no effects of a gel phase metastabil-
ity similar to that observed upon incubation of
gels of DPPC and other PC with saturated acyl
chains {11-15]. Thus, it appears that the partially
N-methylated PE DPMePE and DPME,PE pre-
sent a phase behavior which is intermediate be-
tween that of DPPE and that of DPPC. The subtle
differences of their phase behavior are due to the
different degree of methylation of the ethanola-
mine group and consequently due to differences in
their hydrogen-bonding capabilities.

In the recent calorimetric and dilatometric com-
parison of the phase behavior of saturated PC and
PE Wilkinson and Nagle [10] found that the higher
transition temperatures of PE compared to those
of PC with identical acyl chains can be explained
on the basis of the smaller volume of the PE
headgroup; these authors have calculated that the
headgroup volume is 246 A® for PE and 344 A’
for PC [10,35]). Thus, the hydrogen bonding be-
tween amino groups and water molecules and/or
other amino or phosphate groups in the PE impose
a greater constraint than those involving the
choline groups in the PC which are void of hydro-
gens.

The effect of gradual replacement of hydrogen
atoms by methyl groups is more marked in the



transition temperatures when the first methyl group
is replaced (see Table I), which must be a conse-
quence of the very different hydrogen bonding
capabilities of the moieties -NH3, -NH2(CH3),
-NH(CH3) ,and -N(CH3) ;- The fact that the AT,

values do not follow a pattern indicates that the
headgroup volume alone does not determine the
transition temperatures directly. The transition en-
thalpies for PE and PC with the same acyl chains
are practically the same, 8.5 kcal/mol for DPPC
and 8.8 kcal /mol for DPPE {5]. The A H values for
DPMe, PE and DPMePE are thus comparable to
those of DPPC and DPPE and therefore in keep-
ing with the conclusions drawn when comparing
the phase behavior of PE and PC [10,35].

With the transition temperatures of DPMePE
and DPME,PE falling between those of DPPE
and DPPC the effect of the headgroup could be
rationalized as follows. As the number of methyl
groups gradually increases, the cross-sectional area
of the molecules increases, thus increasing the
interchain distances. The balance between the
headgroup forces and those of the acyl chains is
affected due to increased hydrogen bonding in the
polar region of the bilayer.

The absence of a noticeable pretransition, even
in the case of the dimethyl derivative DPMe, PE,
indicates differences in the acyl chain packing
pattern of the gel phase. The pretransition involves
mainly a change in the packing arrangement [23]
with possibly, the introduction of a very small
number of gauche conformers [36]. The acyl chains
in the gel phase of DPPE are not tilted [37] while a
tilt angle of about 35° has been measured in the
gel phase of DPPC, which diminishes at the pre-
transition [38,39]. Thus, the data obtained from
the behavior of the CH, scissoring mode for
DPMe,PE and DPMePE compared to that in
DPPC suggest that the Py, phase [38] is not at-
tained in these two partially N-methylated PE.
Furthermore, the relative intensities of the two
components of the CH, scissoring bands are de-
termined by the shape of the subcell [24,28,40].
The trend observed for the CH, scissoring band
contour in Fig. 4A suggests that the shapes of the
subcells for DPPE, DPMePE, DPMe,PE and
DPPC are different. The most ready explanation
for this trend in the subcell shape is differences in
the angles of tilt of the acyl chains with respect to
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the bilayer normal. As we already pointed out
these angles are very different for PE and PC [37].
However, the exact tilt angles or nature of the acyl
chain packing cannot be established from the in-
frared spectra alone; X-ray diffraction measure-
ments are needed to provide this information. Yet,
the trend observed for the temperature behavior of
the frequencies and bandwidths of the CH, scis-
soring modes strongly suggests that there is an
angle of tilt in DPMe, PE and DPMEePE, and that
this angle decreases gradually in the homologous
series DPPC, DPMe, PE, DPMePE and DPPE.

Finally, we also advance the suggestion that the
differences in headgroup volume and hydrogen-
bonding characteristics, are ‘transmitted’ to the
interface region and thus influence the ratio of the
peak height of the two ester carbonyl groups.
Thus, the results from Table II could be correlated
with the trend observed for the CH, scissoring
bands and therefore also be related to the angle of
tilt of the acyl chains with respect to the bilayer
normal.
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