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ABSTRACT  The polymorphic phase behavior of a homologous series of n-saturated 1,2-diacyl phosphatidylethanolamines was investi-
gated by differential scanning calorimetry, 3'P-nuclear magnetic resonance, and Fourier transform infrared spectroscopy. Upon heating,
aqueous dispersions of dried samples of the short- and medium-chain homologues (n < 17) exhibit single, highly energetic transitions
from a dry, crystalline form to the fully hydrated, liquid-crystalline bilayer at temperatures higher than the lamellar gel-liquid-crystalline
phase transition exhibited by fully hydrated samples. In contrast, the longer chain homologues (n = 18) first exhibit a transition from a
dehydrated solid form to the hydrated L, gel phase followed by the gel-liquid-crystalline phase transition normally observed with fully
hydrated samples. The fully hydrated, aqueous dispersions of these lipids all exhibit reversible, fairly energetic gel-liquid-crystalline
transitions at temperatures that are significantly higher than those of the corresponding phosphatidylcholines. In addition, at still higher
temperatures, the longer chain members of this series (n = 16) exhibit weakly energetic transitions from the lamellar phase to an inverted
nonlamellar phase. Upon appropriate incubation at low temperatures, aqueous dispersions of the shorter chain members of this
homologous series (n < 16) form a highly ordered crystal-like phase that, upon heating, converts directly to the liquid-crystalline phase at
the same temperature as do the aqueous dispersions of the dried lipid. The spectroscopic data indicate that unlike the n-saturated diacyl
phosphatidylcholines, the stable crystal-like phases of this series of phosphatidylethanolamines describe an isostructural series in which
the hydrocarbon chains are packed in an orthorhombic subcell and the headgroup and polar /apolar interfacial regions of the bilayer are
effectively immobilized and substantially dehydrated. Our results suggest that many of the differences between the properties of these
phosphatidylethanolamine bilayers and their phosphatidylcholine counterparts can be rationalized on the basis of stronger intermolecular
interactions in the headgroup and interfacial regions of the phosphatidylethanolamine bilayers. These are probably the result of differ-
ences in the hydration and hydrogen-bonding interactions involving the phosphorylethanolamine headgroup and moieties in the polar/
apolar interfacial regions of phosphatidylethanolamine bilayers.

INTRODUCTION

The diacyl phosphatidylethanolamines (PEs)' are im-
portant structural components of the cell membranes of
many procaryotic and virtually all eucaryotic organisms.
To date, a substantial amount of data on the physical
properties of this class of membrane lipids has been ac-
cumulated (1-3), and from such studies it is expected
that at low temperatures, fully hydrated dispersions of
the 1,2-diacyl PEs form L, type of lamellar gel phases in
which the all-trans acyl chains are essentially parallel to
the bilayer normal. Upon heating, these lipids exhibit a
fairly energetic and highly cooperative chain-melting
transition (i.e., the gel-liquid-crystalline or L,/L,, transi-
tion) at temperatures higher than those exhibited by
phosphatidylcholines (PCs) of similar acyl chain com-
position. Moreover, unlike the common PCs, further
heating of the liquid-crystalline phase of many PEs re-
sults in a weakly energetic, higher temperature transition
in which the lamellar phase converts to an inverted non-
lamellar structure. With most of the PEs studied so far,
this transition corresponds to the conversion of the la-
mellar liquid-crystalline phase to an inverted hexagonal
phase (i.e., a L,/Hj; transition), but under certain cir-
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! Abbreviations used in this article: DSC, differential scanning calorim-
etry; FT-IR, Fourier transform infrared; NMR, nuclear magnetic reso-
nance; PC, phosphatidylcholine; PE, phosphatidylethanolamine.

cumstances some PEs may exhibit direct transitions
from the gel phase to the Hy; phase (4, 5), whereas with
other PEs or under different experimental conditions,
conversions from the lamellar phase to an inverted cubic
phase can occur (5, 6). The fact that many PEs form
inverted nonlamellar phases under physiologically rele-
vant conditions of pH and hydration, coupled with the
fact that the so-called “nonbilayer-forming” lipids com-
prise a sizable fraction of the lipids of all natural bio-
membranes (7-9), has provided the impetus for many
studies targeted at both an understanding of the func-
tional role of PEs (and other nonbilayer forming lipids)
in cell membranes and at an understanding of underly-
ing principles that predispose any class of lipids to form
inverted nonlamellar phases (for reviews see references
10-13).

Despite considerable biological and biophysical inter-
est in the PEs, there is yet to be the type of thorough
characterization of their polymorphic phase behavior
comparable with that performed on the diacyl PCs. At
this time, such physical data are only available for a few
even-chain, n-saturated 1,2-diacyl PEs (see reference 3
and others cited therein). From the available data, it is
clear that in addition to the properties described above,
aqueous dispersions of the shorter chain homologues of
the n-saturated 1,2-diacyl PEs also form one or more
condensed crystal-like (L.) phases upon long-term incu-
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bation at low temperatures (14-16), and these are be-
lieved to be highly ordered lamellar structures in which
the headgroup and interfacial regions are, at the very
least, substantially dehydrated (14, 17, 18). To date, this
aspect of the polymorphic phase behavior of the shorter
chain n-saturated diacyl PEs has been studied by tech-
niques such as differential scanning calorimetry (DSC)
(14, 15), dilatometry (16), x-ray diffraction (14), densi-
tiometry (18), and quasielectric light scattering (19),
and such studies indicate that the L phases of these PEs
are very stable structures that convert directly to the lig-
uid-crystalline phase at temperatures well above those of
the L,/ L, phase transitions of the lipid concerned. How-
ever, such detailed investigations have been performed
on only a few PEs. Furthermore, although there have
been studies of the effect of variations in acyl chain
length (20, 21), acyl chain structure (21), and the effect
of other chemical modifications of the PE molecule
(20), such studies have been performed mainly from the
perspective of the sensitivity of the Ly/L, phase transi-
tion and/or the lamellar/inverted nonlamellar phase
transition to such chemical changes. Thus, whereas
some aspects of the behavior of hydrated PE bilayers are
reasonably well understood, there is still insufficient data
to enable one to construct a complete picture of the ef-
fect of the various chemical modifications on the overall
polymorphic phase properties of the PEs. Given the
above, we have begun a study of the effects of variations
in hydrocarbon chain length and structure on the poly-
morphic phase behavior of aqueous PE dispersions. Our
approach is essentially similar to that which has been
used previously in this laboratory for the study of PCs
and glycolipids (see references 22-25 and others cited
therein). We report here the results of our initial DSC,
31P-nuclear magnetic resonance (NMR), and Fourier
transform infrared (FT-IR) spectroscopic studies of the
polymorphic phase behavior of a homologous series of
n-saturated 1,2-diacyl PEs.

MATERIALS AND METHODS

The PEs used in this study were synthesized from their respective PCs
by transphosphatidylation using cabbage phospholipase D (Sigma
Chemical Co., St. Louis, MO) under the reaction conditions described
by Comfurius and Zwaal (26). After a suitable time, the reaction was
quenched by acidification to near pH 1| with cold hydrochloric acid
and, after dilution with water, the mixture was extracted with chloro-
form. The chloroform layer was washed twice with water, dried by
filtration through chloroform-wetted filter paper, and concentrated to
dryness by rotary evaporation. The crude PE was then dissolved in
chloroform and applied to a column of silicic acid (Biosil A; Bio-Rad
Laboratories, Richmond, CA) in chloroform. The column was next
washed with five column volumes of chloroform/methanol (95:5) and
then developed with chloroform/methanol (75:25). The fractions con-
taining PE were pooled, concentrated in vacuo, lyophylized from ben-
zene, and stored at —20°C until required. Under our conditions we
were unable to obtain reasonable yields 20:0 PE with the above proce-
dure mainly because of the relatively low solubility of the 20:0 PC in
the organic solvent mixture used for the transphosphatidylation. Thus,

20:0 PE was prepared by the hydrogenation of 1,2 di-cis-10 eicosenoyl
PE that was itself prepared by the transphosphatidylation of the corre-
sponding PC as described above. The precursor PCs were themselves
synthesized from their respective fatty acids and purified by methods
previously used in this laboratory (27, 28).

The methods used for preparing samples for DSC were as follows. In
the case of the dried solid samples, 1-3 mg of the lyophylized sample
were weighed into the Hastelloy capsules used with the DSC instru-
ment (Hart Scientific, Pleasant Grove, UT), and 0.5 ml of water was
added. After sealing the capsule, DSC thermograms were recorded with
the Hart Scientific high-sensitivity differential scanning calorimeter
operating at a scan rate of 15°C/h. To prepare the fully hydrated lipid
samples, 3-4 mg of the dry sample were placed in a stainless steel large
sample capsule (Perkin-Elmer Corp., Norwalk, CT) that was then
warmed on a heated stage to a temperature in between the gel-liquid-
crystalline phase transition temperature, T,,, and the lamellar/Hy,
phase transition temperature T, of the given lipid. At this stage, 50 ul
of distilled water was added, and the capsule was sealed and repeatedly
heated and cooled at temperatures ranging from —5 to 100°C to ensure
proper hydration. Afterward, DSC thermograms were recorded with a
Perkin-Elmer DSC-2C differential scanning calorimeter equipped with
a Perkin-Elmer 3700 Thermal Analysis data station. Once the initial
DSC thermograms were recorded, the sample capsule was removed
from the calorimeter and incubated under conditions appropriate for
the formation of its highly ordered L. phase and then returned to the
instrument for subsequent thermal analyses. The DSC data were ana-
lyzed using TADS software (Perkin-Elmer Corp.), software supplied by
Hart Scientific, and other computer programs developed in this labora-
tory. At the end of all DSC analyses, the sample capsules were opened
and their contents quantified using the gas chromatographic procedure
previously used in this laboratory (27).

IR spectra were recorded for both dried and fully hydrated samples
of these lipids. For the dried samples, diffuse reflectance spectra were
recorded at room temperature using a diffuse reflectance accessory
(Spectra-Tech, Inc., Stamford, CT). In the case of the fully hydrated
samples, 3-4 mg of the dried lipid sample were mixed with 50 ul of D,O
(or H,O as appropriate), and the mixture was heated and cooled as
described above. The paste/dispersion obtained was then squeezed be-
tween two BaF, windows to form a 25-um film, and the assembly was
mounted in a heatable liquid cell. The cell was then placed in a sample
holder that was heated and cooled by a computer-controlled water
bath. With these samples, we found it more convenient to examine the
normal gel-liquid-crystalline phase transition in the cooling mode
since, with the shorter chain homologues, it enabled us to exert better
control over the rate at which the L phase forms at low temperature.
The IR spectra were recorded with a FT-IR spectrometer (model FTS-
40; Digilab Inc., Cambridge, MA) using the standard data acquisition
methodology for these types of samples (29). The data acquired was
processed using DDS software (Digilab Inc.) and other computer pro-
grams developed by the National Research Council of Canada. In cases
where the spectra obtained consisted of broad overlapping bands, data
processing usually involved the use of Fourier deconvolution to obtain
fairly accurate estimates of the frequencies of the component bands,
followed by curve-fitting procedures to obtain estimates of band width
and intensity. Typically, band narrowing factors of 1.8-2.0 were used
during deconvolution. Under our conditions, band narrowing factors
of up to 2.5 could be used without introducing significant distortions to
the spectra.

3P_.NMR spectra of the L, Lg, and intermediate L, phases of these
PEs were recorded with a high resolution spectrometer (model NT300-
WB; Nicolet Instrument Corp., Madison, WI) operating at 121.47
MHz for the 3'P nucleus. The spectra were obtained using single-pulse
techniques and the data acquisition and data processing parameters
described previously (30). *'P-NMR spectra of the L, phase were re-
corded with a solid-state spectrometer (model MSL 400; Bruker Instru-
ments, Inc., Billerica, MA) operating at 161.98 MHz for *'P. Proton-
decoupled spectra were recorded using a 5-us pulse (90° flip angle), a
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FIGURE | DSC heating thermograms observed on initial heating of
aqueous dispersions of dried samples of the n-saturated diacyl PEs.

sweep width of +125 kHz, and a recycle delay of 300 s. A 300-Hz line
broadening function was used in the postprocessing of the free induc-
tion decay.

RESULTS
DSC

Thermotropic phase behavior of aqueous

dispersions of dried samples

Illustrated in Fig. 1 are the thermograms exhibited upon
initial heating of aqueous dispersions of dried samples of
the PEs studied. The short- and medium-chain com-
pounds (n = 10-17) all exhibit single, very energetic
heating endotherms at temperatures above that of the
typical gel-liquid-crystalline phase transition of the
corresponding fully hydrated sample (see below). More-
over, the enthalpy changes characteristic of these pro-
cesses (Table 1) are considerably greater than that com-
monly expected of simple chain-melting processes. This
type of behavior has been observed in other studies of

these PEs (31), and this thermotropic event has been
ascribed to concurrent headgroup hydration, interfacial
hydration, and chain-melting phenomena. With the
longer chain compounds (# = 18-20), our results sug-
gest that the chain-melting and the polar/interfacial hy-
dration phenomena are separated on the temperature
scale, since two endothermic transitions are clearly re-
solved (Fig. 1). Of these, the lower temperature thermal
event is probably attributable to the hydration phenom-
ena, since it is fairly broad and is not observed on subse-
quent reheating of the sample. In contrast, the highly
cooperative higher temperature event observed on initial
heating of aqueous dispersion of these dried samples is
still observed in subsequent reheatings of the sample and
can therefore be assigned to the normal chain-melting
phase transition of the fully hydrated lipid. We find that
the thermodynamic properties of the highly cooperative
chain-melting transition are indistinguishable from
those of the typical gel-liquid-crystalline phase transi-
tion exhibited by fully hydrated samples of the same
lipid (Tables 1 and 2). With the 19:0 and 20:0 com-
pounds, we also observed additional weakly energetic
transitions at temperatures above the chain-melting
phase transitions. These events can be ascribed to the
lamellar to inverted nonlamellar phase transitions of
these lipids, since their thermodynamic properties are
also indistinguishable from those exhibited by fully hy-
drated samples (Tables 1 and 2).

Thermotropic phase behavior of fully hydrated
samples

Heating and cooling thermograms of fully hydrated sam-
ples of the n-saturated diacyl PEs are shown in Fig. 2.
From the thermograms shown therein and the numeri-
cal data listed in Table 2, it is clear that all of the lipids
studied exhibit reversible transitions that are fairly ener-
getic and highly cooperative. These transitions are attrib-
utable to the chain-melting phase transitions from their
respective L, gel phases to the liquid-crystalline (L,)
state. As expected, the transition temperatures and asso-
ciated enthalpy changes increase progressively with in-
creasing hydrocarbon chain length (Fig. 3 and Table 2).
For many of the compounds studied, there was evidence
for two or more exothermic peaks when the samples
were cooled through the range of the gel-liquid-crystal-
line phase transition temperatures of the lipids con-
cerned (Fig. 2). This behavior also has been reported in
recent calorimetric and x-ray studies of 16:0 PE (32).
Our spectroscopic studies indicate that the physical basis
of all of the multiple cooling peaks were in fact similar
and attributable to the “freezing” of the hydrocarbon
chains into the all-trans conformation. We suspect that
the multiple peaks probably arise from domain inhomo-
geneities that occur when the samples are heated to tem-
peratures above T,,. In fact, from a visual inspection we
find that hydrated samples of these PEs (particularly the
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TABLE 1 Thermotropic phase transitions exhibited by aqueous dispersions of dried samples of the n-saturated 1,2-diacyl

phosphatidylethanolamines
Transition temperature (°C) Transition enthalpy (kcal/mol)

Sample LJ/L* L/Ls* Ly/L, L./Hy L/L* LJ/Lg* Ly/L, L./Hy
10:0 26.2 11.8
11:0 36.0 13.4
12:0 44.7 15.1
13:0 52.8 18.2
14:0 57.4 19.2
15:0 60.5 20.2
16:0 66.0 ND* 22.3 ND
17:0 724 ND 24.7 ND
18:0 73.3 74.2 ND 9.5 10.6 ND
19:0 779 79.2 97.5 9.3 11.8 0.9
20:0 75.7 834 94.3 44 14.3 1.3

* The L, phase referenced here is the dried solid samples obtained by lyophylization from benzene. For the lipids with acyl chains ranging 10-17
carbon atoms, this refers to the type I solid that is spectroscopically similar to that obtained by the low-temperature annealing of fully hydrated

samples. For the others, this refers to the type III solid form.

* Not determined. The L,/Hy, phase transitions of these dried samples were outside the range of the Hart Scientific instrument used to make the

measurements.

longer chain samples) also tend to aggregate and adhere
to the sides of the container when heated to temperatures
well above T,. This process is reversed upon cooling but
oftimes displays some hysteresis. We therefore suggest
that the multiple cooling exotherms observed are a re-
flection of such inhomogeneities and not the result of
cooling irreversibility. Similar conclusions were deduced
in recent calorimetric and x-ray studies (32). The longer

TABLE 2 Thermotropic phase transitions exhibited by fully
hydrated aqueous dispersions of the n-saturated 1,2-diacyl
phosphatidylethanolamines

Transition temperature Transition enthalpy
°0) (kcal/mol)

Sample LJL* LgL, L/H; LJL* LyL, L./Hy

10:0 26.2 2.0 * 9.8 1.9 *
11:0 36.0 16.9 ¢ 12.7 3.2 $
12:0 44.7 31.3 $ 16.3 4.1 b
13:0 52.8 42.1 ¥ 18.2 5.1 *
14:0 57.4 50.4 * 18.0 6.0 ¥
15:0 § 58.4 : § 7.2 :
16:0 66.0°% 64.4 118.5 § 8.3 0.4
17:0 § 70.5 107.6 § 9.4 0.6
18:0 § 74.2 100.2 § 10.6 0.8
19:0 § 79.2 97.5 § 11.8 0.9
20:0 § 834 94.3 § 14.3 1.3

* The L, phases referenced here are those formed by low temperature
annealing of fully hydrated samples.

* L,/Hp, transitions were not observed with these lipids. It is assumed
that if these compounds do exhibit such transitions, they will occur at
temperatures well above 125°C.

§ Under our experimental conditions, the L, phases of these lipids were
not formed by low-temperature annealing of the DSC samples. Partial
formation of the L. phase of 16:0 PE was observed with the FT-IR
spectroscopic sample, and the transition temperature reported is an
estimate obtained from the FT-IR experiment.

chain members of this homologous series (# = 16) also
exhibit an additional transition at temperatures above
those of their respective 7,,’s. This transition is the la-
mellar to Hy; phase transition (5, 20) and it is consider-
ably less energetic than the gel-liquid-crystalline phase
transition of the lipid (Table 2). As expected from pre-
vious studies (20, 21), this later transition is observed at
progressively lower temperatures as the hydrocarbon
chain length increases (Fig. 3 and Table 2).

As also has been observed previously (14-16), pro-
longed low-temperature incubation of the fully hydrated
samples of the shorter chain homologues results in the
conversion of the L, gel phase to one or more highly
ordered crystal-like L, phases. Furthermore, as reported
previously for a number of PCs (27, 28) and various
glycolipids (23, 24), we find that the formation of the L,
phases of these compounds is a slow process that gets
progressively more sluggish as the length of the fatty acyl
chain increases. Thus, for example, the L, phase of 10:0
PE is completely formed by overnight incubation at tem-
peratures near —10°C, whereas under the same condi-
tions it takes 3-4 wk for complete formation of the L,
phase of 14:0 PE, and with the very long chain PEs stud-
ied (n = 17) their L, phases were not formed over the
timescale of this study (=3 yr). As was also observed
with the PCs and glycolipids, the rate of L, phase forma-
tion is considerably slower with the odd-numbered
members of the homologous series. For example, we
found it possible to induce the formation of the L_ phase
of 16:0 PE (albeit partially), but, despite the shorter
chain length, we were unable to do the same with 15:0
PE. However, we also find that the formation of the L,
phases of these compounds can be accelerated by a rela-
tively brief (=12 h) incubation at temperatures near
—20°C, followed by the annealing of the sample at tem-
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FIGURE 2 DSC heating and cooling thermograms of fully hydrated
samples of the n-saturated diacyl PEs. The thermograms shown were
all recorded at scan rates of 15°/h™".

peratures some 1-5°C below the onset temperature of
the L,/L, phase transition. Thus, with 14:0 PE, for exam-
ple, complete conversion to its L, phase can be achieved
by an overnight incubation at —20°C, followed by a 6-h
incubation at 47°C, whereas the same process requires
some 3-4 wk of isothermal incubation at temperatures
near —5°C. Interestingly, our FT-IR spectroscopic stud-
ies (see below) indicate that incubation of the L, phase at
temperatures near —20°C does not in itself induce the
formation of the L, phase. Thus, with 14:0 PE we find
that the FT-IR spectra recorded at the initiation and
completion of the low-temperature incubation are indis-
tinguishable from that of the L; phase. Moreover, after
the low-temperature incubation, conversion to the L,
phase proceeds at a reasonable rate only when the sam-
ple is heated to temperatures between 45 and 49°C.
Thus, our results suggest that nucleation of the L phase
is accelerated by the short incubation at —20°C but that
the growth of the L phase is extremely sluggish at those
temperatures. Thus, once nucleation is complete, the
growth of the L_ phase can then proceed fairly rapidly at

higher temperatures. We also note that irrespective of
the incubation procedures used, the IR spectroscopic
and calorimetric “signatures” of the stable L. phases
formed are identical. We thus conclude that the different
incubation conditions used do not affect the structure of
the L, phases that are formed. Thus, to save instrument
time in our spectroscopic experiments, we routinely
used the latter procedure to accelerate the formation of
the L, phases of these compounds.

Despite the procedures used to accelerate the forma-
tion of the L, phase, conversion to this phase does not
occur with all of the compounds studied. Under our con-
ditions, complete conversion to the L_ phase is observed
only with the shorter chain PEs (n = 10-14) and only a
partial formation was observed with 16:0 PE. With the
other PEs, we find no evidence for L, phase formation
over the entire time course of this study (=3 yr). How-
ever, once the L phase forms, the thermotropic phase
behavior of the sample is essentially indistinguishable
from that of the dried sample described above. Thus, the
transition endotherms are qualitatively similar to those
shown in Fig. 1 (i.e., the L phases decompose directly to
the liquid-crystalline state at the same temperatures as
did the aqueous dispersions of the dried samples). More-
over, the associated enthalpy changes (Table 2) are also
considerably larger than those of the gel-liquid-crystal-
line phase transitions but tend to be slightly lower than
those observed on initial heating of the dried samples
(Tables 1 and 2). In these studies there is no calorimetric
evidence for the formation of L.-phase intermediates
comparable with that previously reported for 12:0 PE
(14). However, we believe that this may be the result of
kinetic considerations because such intermediates were
detected in our spectroscopic studies (see below).

120

100 +
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FIGURE 3 Chain-length dependence of the transition temperatures of
the n-saturated diacyl PEs. The data shown illustrate the chain length
dependence of (V) L,/L, transition temperatures, (®) L,/Hy, transi-
tion temperatures, (¥) L./L, transition temperatures, and (W) L./L,
transition temperatures.
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FIGURE 4 Diffuse reflectance FT-IR spectra of dry microcrystalline
forms of the n-saturated diacyl PEs. The spectra shown represent the
C =0 stretching and CH, deformation regions of the infrared spectra
of (A4) the type I solid form, ( B) the type II solid form, and (C) the type
I1I solid form.

FT-IR
Studies of dried samples

Diffuse reflectance IR spectra of dried microcrystalline
samples of the homologous series of PEs were recorded
at room temperature. The data clearly suggest that three
spectroscopically distinct types of microcrystalline solids
can be formed. One of these (designated type I) appears
to be a highly ordered crystalline form (judging from the
very sharp bands in the IR spectrum; Fig. 4, spectrum 4)
and is only observed with samples of the short- and me-
dium-chain members of the homologous series (# = 10-
17). The microcrystalline form that we have designated
type Il appears to be a more disordered type of solid (Fig.
4, spectrum B) and is only observed with samples of the
shorter chain, even-numbered homologues (n = 10, 12,
and 14). This solid form appears to be unstable with
respect to the more ordered type I, since it usually con-
verts to that form on prolonged storage under our labora-
tory conditions. The other microcrystalline solid form,
which we have designated type III, is observed with sam-
ples of all members of the homologous series. This form
is usually observed soon after lyophylization of the sam-
ple from benzene, and the IR spectroscopic data are con-
sistent with its being a considerably more disordered
solid than either of the other solid forms observed, be-
cause the major absorption bands are considerably
broader than those of the other solid forms (Fig. 4, spec-
trum C). With the short- and medium-chain homo-
logues (n < 18), this form is apparently unstable and
eventually converts to the more stable type I or type II

form. However, with the long-chain homologues (n =
18-20), the type III solid form appears to be more stable
and is the predominant form that is observed. However,
from our examinations of the IR spectra of the longer
chain compounds, we sometimes find evidence for small
populations of the other crystalline forms, particularly
after these samples have been stored for extended pe-
riods of time. However, the populations of such forms
are generally small and tend to decrease with increases in
acyl chain length.

The IR spectra of the solid PE samples (data summa-
rized in Table 3) also reveal many features that convey
important structural information. The dominant feature
of the spectrum of type III solid is that the absorption
bands of moieties in both the polar headgroup and the
polar/apolar interfacial region (e.g., the ,PO,”, ;NH;*,
and ;C=0O bands) are very broad. This is consistent
with the existence of an amorphous solid in which the
lipid molecules may not have “crystallized” into any sin-
gle structure, with the result that the environments
around the vibrating groups in the headgroup and inter-
facial moieties are somewhat heterogenous. With the
type I and type II solids, however, these bands are consid-
erably sharper, and this is consistent with the existence of
a more ordered type of solid in which there is, at the very
least, the preponderance of a single crystalline form. For
the type I solid form, it is also noteworthy that the IR
absorption assigned to the asymmetric and symmetric
PO,™ stretching vibrations appear predominantly as

TABLE3 Assigned bands of the IR spectra of dried samples of
the n-saturated 1,2-diacyl phosphatidylethanolamines

Frequency (cm™)

Vibrational mode Solid type 1 Solid type II  Solid type III

asCH3 2,954 2,956 2,956

,asCH> 2,924 2,924 2,925

CH, 2,851 2,851 2,851

sCCN* and 2,130 2,107 2,092

»NH;*

=0 1,742, 1,735 (sh) 1,741, 1,734, 1,743 (broad)
1,722

sasNH3* 1,651, 1,639 (sh) 1,640, 1,623 1,634 (broad)

»*NH;* 1,560 1,577 1,549 (broad)

,CH, (main) 1,471, 1,463 1,470 1,468

«CH; 1,456 1,456 1,456

.CH, (a) 1,419 1,418 1,416

»CH; 1,377 1,378 1,378

asPO2~ 1,224 1,261, 1,239, 1,239 (broad)
1,222

PO~ 1,083 1,090 1,086 (broad)

,asCCN™* 1,015, 1,001 1,021 1,034

CCN* 917 912 911

,asPOC 821 816 822 (broad)

,.POC 761 761 753 (broad)

,CH, 730, 719 719 721

v, stretching band; é, bending band; v, rocking band; sh, shoulder; as,
asymmetric; s, symmetric.

1086 Biophysical Journal

Volume 64  April 1993



narrow bands near 1,224 and 1,083 cm™!, respectively,

and that the NH;* bending bands are also very sharp.
These observations are consistent with a structure in
which the phosphate and amino bands are both immobi-
lized. Moreover, the relatively low frequency of the phos-
phate bands (particularly the ,,,PO,™ band ) suggests that
there is a strong hydrogen bond between the phosphate
group and a hydrogen bonding donor group. In addition,
the CH, scissoring and CH, rocking bands near 1,470
and 720 cm™!, respectively, are both split into compo-
nents of comparable intensity (=~1,471 and 1,463 cm™!
and 730 and 719 cm™', respectively). The above obser-
vations indicate that there is factor group splitting of the
CH, scissoring and CH, rocking bands, which in turn
indicates that in the type I solid form, the lipid hydrocar-
bon chains have “crystallized” into a structure in which
their zigzag planes are perpendicular to each other. Also,
in the C=0 region of the spectrum, we note that the
absorption band is very sharp and that it is centered near
1,742 cm™! with a small shoulder near 1,735 cm™!. The
sharpness of these absorption bands and the fact that
they occur toward the higher end of the range expected
of ester carbonyl groups suggest that the carbonyl groups
are immobilized and that they are not hydrogen bonded
to any hydrogen-bonding donor groups. For the type II
solid form, however, we note that though the phosphate
bands are sharper than observed with the type III solid,
the absorption band contour is still smeared over a fairly
broad range that includes both hydrogen-bonded and
nonhydrogen-bonded forms. Thus, it is also possible that
this solid form may be a mixture of heterogenous micro-
crystalline forms at least as far as the organization of the
phosphate headgroup is concerned. Interestingly, the
CH, scissoring and rocking bands each appear as single
sharp bands near 1,470 and 719 cm™!, respectively.
These frequencies are toward the higher and lower ends
of the range expected of main chain CH, scissoring and
rocking bands, respectively, and suggest that the hydro-
carbon chains have crystallized into a structure in which
the zigzag planes are parallel to each other. Finally, we
also note that in the type II solid form, the contours of
the C=0 stretching band contains a major sharp com-
ponent near 1,722 cm™. This frequency of this compo-
nent suggests that in this particular solid form there is a
significant population of hydrogen-bonded ester car-
bonyl groups that are not present in the type I solid form.

Hydrated samples: the gel-liquid-crystalline

phase transition

The gel-liquid-crystalline phase transitions of these lip-
ids were accompanied by distinct changes in the absorp-
tion bands arising from moieties in the hydrophobic and
polar/apolar interfacial regions of these lipid bilayers.
The absorption bands arising from the polar headgroups
(e.g., the PO, stretching bands) exhibit no discernible
changes at the gel-liquid-crystalline phase transition and
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FIGURE 5 FT-IR spectra of the L, (top) and L, (bottom) phases of
fully hydrated samples of the n-saturated diacyl PEs. The spectra
shown are presented in the absorbance mode and illustrate the band
contours of regions near (4) the CH, symmetric stretching band, (B)
the C=0 stretching band, and (C) the CH, scissoring band.

will not be discussed here. Illustrated in Fig. 5 are the
CH, stretching, the C=0O stretching, and the CH, defor-
mation regions of the IR spectra of hydrated 14:0 PE at
temperatures just below and just above its gel-liquid-
crystalline phase transition. The spectroscopic features
shown typify the gel and liquid-crystalline phases of all
members of this homologous series of lipids. In the CH,
and CH, stretching region of the IR spectrum (between
2,800 and 3,000 cm™'), these lipids exhibit distinctive
bands with maxima near 2,850, 2,920, and 2,955 cm™!.
The CH, symmetric stretching band near 2,850 cm™ is
of special significance because of its sensitivity to
changes in the mobility and in the conformational dis-
order of the hydrocarbon chains (33). In the L, phase
the CH, symmetric stretching band is relatively sharp
and is observed near 2,849 cm™'; on conversion to the L,
phase, this band broadens and its absorption maximum
increases to frequencies near 2,851 cm™!. The broaden-
ing of this band and frequency increases in the range
1.5-3 cm™! are diagnostic signatures of the chain-melt-
ing phase transitions of all the hydrated lipid bilayers
studied so far (see references 34 and 35 and others cited
therein). Such changes are the result of increased confor-
mational disorder in the hydrocarbon chains and occur
at the chain-melting phase transitions of all paraffinic
compounds (33).

Unlike the CH, stretching bands, which are sensitive
to the conformation of the hydrocarbon chain, the CH,
bending bands that occur near 1,468 cm™ are very sensi-
tive to the lateral packing interactions of the hydrocar-
bon chains (36, 37). In the liquid-crystalline phase, these
lipids all exhibit a very broad CH, scissoring band at
1,467 cm™!, indicative of fairly mobile hydrocarbon
chains with weak lateral interchain interactions (33).
On conversion to the L, gel phase, the CH, scissoring
band sharpens considerably (Fig. 5). The sharpening of
the band upon freezing of the hydrocarbon chains is a
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reflection of the marked reduction in the mobility of the
hydrocarbon chains that occurs at liquid-crystalline to
L; gel phase transition. We find that at temperatures just
below the onset of the L,/ L, chain-melting phase transi-
tion, the frequency of the CH, scissoring band is essen-
tially similar to that of the L, phase. This observation is
consistent with a gel-phase organization in which the hy-
drocarbon chains are relatively loosely packed with rela-
tively weak lateral interchain interactions (38, 39). How-
ever, we also find that on cooling of the L, phase to
temperatures well below T, the CH, scissoring band
broadens and eventually splits into two components
with maxima near 1,472 and 1,466 cm™!. This particular
temperature-dependent change in the contours of the
CH, scissoring band is a reflection of the strengthening
of lateral interactions of the hydrocarbon chains once
the reorientational fluctuations of the hydrocarbon
chains are damped by cooling (36, 37). In this case the
fact that the bands split into two components is also sig-
nificant because it may be indicative of factor group
splitting of the CH, scissoring band (36, 37). This in
turn would suggest that in the L, phase of these PEs, the
hydrocarbons chains may spontaneously assemble into a
subcellular lattice with perpendicular hydrocarbon
chains once chain reorientational fluctuations are
damped (35, 36).

Several structurally interesting features were also ap-
parent in the C==0 stretching region of the IR spectra
presented in Fig. 5. In the L, phase the contours of the
ester carbonyl band near 1,735 cm™! are fairly broad,
and from its shape it is clear that it is a composite of two
or more components. Using a combination of Fourier
deconvolution and curve-fitting techniques, we find that
the band contour is probably a composite of at least three
components with maxima near 1,742, 1,728, and 1,714
cm™! (Fig. 5). Upon cooling to the L; phase, there is a
marked decrease in relative spectral intensity in the low-
frequency range of the band contour, and it would ap-
pear that this change in the contours of the C=0O
stretching band is the result of the “growth” of the high-
frequency component (1,742 cm™') at the expense of
the two lower frequency bands (Fig. 5). These results are
particularly significant since they are probably a reflec-
tion of changes in the hydrogen-bonding interactions in
the polar/apolar interfacial region at the gel-liquid-crys-
talline phase transition of these PE bilayers. Moreover,
these results also indicate that the contours of the C=0
stretching bands of these hydrated PE bilayers differ sig-
nificantly from those observed in studies of comparable
PC bilayers (see comparison presented in Fig. 6 ). This is
also a very significant observation since it is direct experi-
mental evidence for differences between the hydrogen-
bonding interactions in the polar/apolar interfacial re-
gions of PC and PE bilayers. This and other aspects of
the structural significance of these particular data will be
explored further in the discussion.

Hydrated samples: FT-IR spectroscopic
characterization of the L, phase

Under our experimental conditions, 16:0 PE and the
shorter chain lipids (n = 10-14) were the only ones for
which L, phases are formed when hydrated samples are
annealed at low temperatures. For each of these lipids
the formation of the L phase is accompanied by major
changes in several regions of the IR spectrum, and the L,
phases that are eventually formed are spectroscopically
indistinguishable from each other. As illustrated in Fig.
7, most of the absorption bands are very sharp, and this
is consistent with the formation of a structure in which
there has been a marked reduction in the mobility of
most of the groups present in the lipid molecule. Interest-
ingly, a comparison of the data shown in Figs. 4 and 7
indicates that the C=0 stretching and the CH, scissor-
ing regions of the IR spectra of the L, phase are virtually
identical to that of the type I solid form described above.
Indeed, we found that with the exception of differences
attributable to the H/D exchange concomitant with the
dispersal of the sample in D,O (e.g., the disappearance of
the ;NH;* bands), the observable regions of the IR spec-
tra of the stable L, phase of these PEs are virtually identi-
cal to that of the type I solid described above. Thus, it
would appear that the formation of the stable L_ phase of
these lipids is in fact a crystallization of these lipids com-
parable with that which occurs when the dried samples
of the short- and medium-chain PEs (n = 10-17) are
prepared.

These IR spectroscopic studies also provide some evi-
dence for the formation of L -like intermediate phases en
route to the formation of the stable L, phase. In our
FT-IR spectroscopic studies of the formation of the L,
phases of the even-numbered, short-chain homologues
(n =10, 12, and 14), we often obtain distinctive spectra
comparable with that shown in Fig. 8. These spectra are
clearly unlike those of the L,, L,, or L, phases of these
lipids and must be representative of a different structural
form. Interestingly, the spectra shown in Fig. 8 appear to
have many spectroscopic features that are similar to
those of the type II solid described earlier (Fig. 4). Thus,
this intermediate may be structurally similar to the type
II solid form observed in these studies. Like the type II
solid, this intermediate L phase is also unstable with
respect to a more stable form and is only observed with
the even-numbered members of the homologous series.

3'P-NMR spectroscopy

3'P-NMR spectra typical of the L, and L, phases of
aqueous dispersions of the n-saturated diacyl PEs are
shown in Fig. 9. In both the L, and L, phases, all of these
lipids exhibit the axially symmetric powder patterns that
are indicative of axially symmetric motion of the phos-
phodiester headgroup on the surface of a lipid bilayer
(40, 41). As is typical of most phospholipid bilayers, the
powder pattern exhibited by the gel phase is fairly broad
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FIGURE 6 A comparison of the C—O stretching regions of the IR spectra of the L, (/eft) and L, (right) phases of fully hydrated samples of 14:0 PC
(top) and 14:0 PE (bottom). The spectra are shown in the absorbance mode with the solid lines representing the contours of the spectra actually
acquired and the dashed lines representing our estimates of the position and relative intensities of the component bands.

(basal line width = 90 ppm), indicating that the mobili-
ties of the phosphate headgroups are in the slow range of
axially symmetric motions that are feasible in a lipid
bilayer. Upon melting of the hydrocarbon chains, there
is an abrupt decrease in the width of the powder pattern
observed with the result that the spectrum exhibited by
the liquid-crystalline phase has a basal line width near 60
ppm. The latter indicates that in the liquid-crystalline
phase the mobilities of the phosphate headgroups are in
the fast range of axially symmetric motions that occur in
a lipid bilayer. Fig. 9 also shows a ' P-NMR powder pat-
tern obtained with a sample of 10:0 PE en route to the

2800

1700

formation of its L phase. Although the spectrum shown
contains some of the characteristics of the axially sym-
metric powder pattern characteristic of its L, phase, it is
evidently dominated by a very broad powder pattern
(basal linewidth =~ 230 ppm), the width of which is that
expected for the so-called rigid limit powder pattern that
has been observed with solid phospholipids (40, 41).
The spectrum C shown is clearly that of a mixture of the
L, and L, phases. It should be noted that the broad
powder pattern observed is probably that of an interme-
diate L phase since it does not arise from the stable L_
phase of this lipid. In fact, once the samples were incu-

D
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FIGURE 7 The CH, stretching (4), C=0 stretching (B), CH, deformation (C), and PO, stretching (D) regions of the IR spectra of the stable L,
phase of 12:0 PE. The spectra are shown in the absorbance mode. Where shown, the dashed lines represent our estimates of the position and relative

intensities of the component bands.
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FIGURE8 The C=0Ostretching(4), CH, deformation ( B), and PO, stretching ( C) regions of the IR spectrum of an intermediate L phase of 14:0
PE. The spectra shown are presented in the absorbance mode and were acquired en route to the formation of the stable L_ phase of the lipid.

bated under conditions conducive to complete conver-
sion to the L phase, their 3'P-NMR spectra could not be
recorded with the high resolution instrument despite the
use of large sample sizes (=100 mg) and the acquisition
of a large number of transients (>100,000). Other
workers have reported similar problems in their at-
tempts at acquiring *'P-NMR spectra of the L, phase of
11:0 PE (42). We suspected that problems encountered
by us and others (42) were a reflection of drastic changes
in the relaxation properties of the 3'P nuclei since the
immobilization of phosphate groups can result in dra-
matic decreases in the spin lattice relaxation rates, T, of
the *'P nucleus (43). In principle, the formation of an L
phase in which 3'P nuclei have very long characteristic
T’s can satisfactorily explain our difficulties in record-
ing its spectrum. This is because long 7',’s will invariably
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FIGURE 9 Proton-decoupled *'P-NMR powder patterns of hydrated
PE samples. The powder patterns shown are (4) the L_ phase of (T =
10°C), (B) the L, phase of 10:0 PE (7 = —2°C), (C) an intermediate
L. phase of didecanoyl PE (T = 0°C), and (D) the stable L, phase of
12:0 PE (T = 24°C). The spectra 4, B, and C were recorded with the
high resolution instrument, and spectrum D was recorded with the
solid-state instrument.

necessitate the use of even longer recycle delays (mini-
mum 7', X 5) that, for samples with very long T',’s, may
be so long that data acquisition becomes impractical. On
account of these considerations and the FT-IR spectro-
scopic evidence that the stable L, phase is probably simi-
lar to that of a type I solid (see above), it seemed unlikely
that we could successfully record its spectrum using high
resolution instrumentation, and further attempts at ob-
taining the data were performed with a solid-state instru-
ment.

The solid-state NMR experiments were performed
with the stable L, phase of 12:0 PE, and attempts were
made to record spectra using both direct excitation and
'H-3!P cross-polarization techniques. In the direct exci-
tation experiments we found that despite the higher
transmitter power of the solid-state instrument, spectra
with acceptable signal to noise ratios could be obtained
only if the recycle delays are fairly long (=300 s). 3'P-
NMR spectra of the L,, L, and intermediate L phases
could be adequately recorded with recycle delays of 2
seconds. This result confirms that the formation of the
L. phase of these PEs is accompanied by dramatic de-
creases in the spin lattice relaxation rates of the *'P nu-
clei. As shown in Fig. 9, spectrum D, the spectrum ob-
tained describes a so-called “rigid-limit” powder compa-
rable with those observed in previous 3'P-NMR
spectroscopic studies of solid phospholipids (40, 41).
This is consistent with the expectation that these lipids
form a highly ordered L, phase in which the phosphate
groups are essentially immobile on the 3'P-NMR time-
scale. Since the long 7',’s of the 3'P-nuclei will make data
acquisition very expensive of instrument time, the feasi-
bility of using 'H-3'P cross-polarization methods was
also investigated. Such data acquisition methodology
was expected to produce better results because, in addi-
tion to its higher intrinsic detection sensitivity, the prac-
tical limits to data acquisition will be determined by the
proton relaxation rates that, under normal circum-
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stances, tend to be considerably faster than those of 3'P
nuclei. However, although we found it possible to record
the 3'P-NMR spectrum of the stable L_ phase using 'H-
3P cross-polarization methods (achieved with a 5-us
90° pulse, a 'H-3'P contact time of 20 ms, and a recycle
delay of 30 s), the optimization of conditions for polar-
ization transfer was extremely difficult because the pro-
ton spin lattice relaxation rates were themselves very
slow. Thus, despite the theoretical benefits of the cross-
polarization data acquisition methodology, it offered lit-
tle practical advantage over the direct excitation meth-
ods. Nevertheless, the 'H-3'P cross-polarization experi-
ments clearly indicate that there is a dominant
population of slowly relaxing protons in contact with the
3P nucleus. This observation has significant structural
implications that will be explored further in the discus-
sion.

DISCUSSION

These studies provide additional data pertinent to the
physical basis of the polymorphic phase behavior of
aqueous dispersions of the n-saturated 1,2-diacyl PEs
and to the basis of the differences between these bilayers
and the more intensively studied PC bilayers. These data
provide the first complete set of thermodynamic mea-
surements of the polymorphic phase behavior of n-satur-
ated diacyl phosphatidylethanolamines of biologically
relevant hydrocarbon chain lengths. From the data ob-
tained, it is clear that the chain-length dependence of the
thermodynamic data on the Ly/L, and L,/H;; phase
transitions of fully hydrated samples of these PEs is rela-
tively straightforward. Our thermodynamic measure-
ments of the L,/ L, phase transitions of these lipids are in
general agreement with previously published studies of
the even-numbered PEs (for data compilations see refer-
ences 1-3) and 11:0 PE (42), and our new data on the
other odd-numbered homologues and 10:0 PE are com-
patible with what would be predicted by interpolation or
extrapolation from previously published work. Also, our
measurements of the transition temperatures and en-
thalpy changes associated with that process follow the
trends expected from previous studies (44). In the case
of the L_/L, phase transitions of these lipids, however,
there is also good agreement between the transition tem-
peratures determined by us and others (see references
14-16, 31,42, 45) but little agreement between our deter-
minations of the transition enthalpy and other determi-
nations previously reported (see references 14-16, 31,
42, 45). We find that there is considerable variability in
the enthalpy values previously reported for the L./L,
phase transitions of these lipids (e.g., values for 14:0 PE
range from 12 to 19 kcal/mol), and our values fall in the
high end of the range of values reported so far. Given
that PEs are known to form different crystalline struc-
tures when isolated from different solvents (17, 46) and

the slow rates at which some samples convert to the L,
phase, we suggest that the root causes of this variability
are sample to sample variations in the microcrystalline
structure of the various PEs studied and, possibly, varia-
tions in the extent of conversion to the L. phase.

From our spectroscopic data it is also clear that the
stable L, phases of this homologous series of PEs describe
an isostructural series. This is in marked contrast to the
corresponding diacyl PCs for which the structure of the
stable L, phases changes significantly with changes in
acyl chain length (47, 48). The data also indicate that
the stable L, phase is a highly ordered crystalline struc-
ture that is spectroscopically similar to one of the solid
polymorphs (i.e., the type I solid) that forms under our
laboratory conditions. When in aqueous dispersion,
both the L phase and the type I solid melt directly to the
liquid-crystalline phase at temperatures above the gel-
liquid-crystalline phase transitions of the hydrated sam-
ple. The data also indicate that the difference between
the melting temperatures of the L_/L, (i.e., the transi-
tion temperatures of both the L, phase and the type I
solid) and the Ly/L,, phase transitions decreases with in-
creases in acyl chain length (Fig. 3). Indeed, an extrapo-
lation of this trend suggests that for acyl chain lengths
longer than 18 carbon atoms, the L phases of these lipids
should decompose to the L; phase at temperatures below
the onset of the Ly/L, phase transition. However, we
were unable to test this hypothesis because the stable L_
phases (or type I solid forms) of the longer chain lipids
are not formed under our conditions.

Our studies of dried solid samples also provide some
interesting and relevant data. We find that these PEs can
adopt at least three spectroscopically distinct poly-
morphs. With PEs, such polymorphism is not unex-
pected, since it is well known that they can crystallize
into different polymorphic forms and that the particular
polymorph formed is strongly dependent on the solvent
from which it was dried or crystallized (17, 46). Two of
the polymorphic forms observed in these studies (i.e.,
type I and type II solids) appear to be spectroscopically
similar to, though not identical with, the two 16:0 PE
polymorphs reported in previous FT-IR spectroscopic
studies (17), and the contours of the C=0 stretching
band of the type I solid seem to be similar to that re-
ported for a substantially dehydrated sample of 16:0 PE
(49). From our studies it would appear that the type I
solid may be the most thermodynamically stable form
since the other forms slowly convert to the type I solid on
prolonged storage.

From the DSC studies of the dried samples, we also
obtained data relevant to the energetics of hydration of
these PE bilayers. In previous DSC studies of dried solid
samples, the enthalpy difference between the L./L_ and
L,/L, phase transitions (i.e., the energetic equivalent of
a L./L; phase transition) was assigned to the heat of
hydration of the headgroup and interfacial regions of the
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lipid bilayer (31). However, we find that the magnitude
of this difference increases with increases in acyl chain
length. Moreover, the spectroscopic studies indicate that
our dried samples (n = 10-17) form an isostructural
series of type I solid forms for which there is no evidence
for any chain length-dependent differences in the struc-
ture and organization of the headgroup and polar/apo-
lar interfacial regions of the solid. Given this, it is diffi-
cult to envisage how there can be any chain length—-de-
pendent variation of the observed enthalpy difference if
headgroup and interfacial hydration are the sole contrib-
utors to the above observations. However, from our FT-
IR spectroscopic data it is also clear that with the type I
solid forms there is a strong factor splitting of both the
CH, scissoring and CH, rocking bands, indicative of an
organization in which there are strong lateral interac-
tions between tightly packed perpendicular hydrocarbon
chains. Furthermore, in the L, phase the hydrocarbon
chains adopt a loosely packed organization in which the
all-trans hydrocarbon chains are rotationally disordered
with considerably weaker lateral interchain interactions.
We therefore suggest that a significant fraction of the
enthalpy change previously assigned to hydration phe-
nomena must have arisen from rotational disordering of
the hydrocarbon chains. To obtain rough estimates of
the contributions of the chain packing and the hydration
components to the total enthalpy change, the measured
enthalpy difference was plotted as a function of the num-
ber of methylene segments (plot not shown ). The incre-
mental increase per CH, group can be estimated from
the slope of the regression line and the hydration compo-
nent estimated by extrapolation to zero carbon number.
This analysis gives a hydration component of 3-4 kcal/
mol of lipid and a chain-packing component increase of
750 calories/ mol of lipid with each incremental increase
of hydrocarbon length. Interestingly, with 20:0 PE (for
which contamination of the type III crystalline form by
the type I and type II forms is minimal), the enthalpy
change associated with the conversion from the type III
solid to the hydrated gel phase is 4.4 kcal/mol of lipid, a
value that is close to the range expected from the crude
estimates described above. That the enthalpy change
measured for 20:0 PE should be close to that estimated
for hydration phenomena alone seems very plausible be-
cause our FT-IR spectroscopic studies suggest that the
type III solid form of this PE is a dehydrated (or a very
poorly hydrated) solid in which there are rotationally
disordered hydrocarbon chains with relatively weak lat-
eral interchain interactions.

We also find that in both the L, and L, phases the
carbonyl ester interfacial regions of these PE bilayers are
spectroscopically different from those of comparable PC
bilayers. The contours of the C—=0 stretching band of
these PEs are resolvable into at least three components
with maxima near 1,742, 1,728, and 1,714 cm™!. With
hydrated PC bilayers, the C==0O stretching band of their

respective L, and L, phases all seem to be composites of
bands with maxima near 1,742 and 1,728 cm™! (Fig. 6).
It was originally proposed that these component bands
arise from conformational differences between the snl
and sn2 ester carbonyl groups (40-52). However, recent
studies using specifically labeled '*C—O lipids show
that each of these bands are themselves summations of
comparable contributions from populations of sn1 and
sn2 carbonyls (47, 53) and suggest that the bands near
1,728 and 1,742 cm™! probably arise from populations
of hydrogen-bonded and nonhydrogen-bonded ester
carbonyl groups, respectively (53). Thus, the additional
low frequency band (1,714 cm™!) that we observe in
the hydrated PE bilayers is indicative of another popula-
tion of hydrogen-bonded ester carbonyl groups distinct
from that present in hydrated PC bilayers. Although our
observations suggest that there are two populations of
hydrogen-bonded ester carbonyl groups, the identity of
the donor groups to which they are bonded remains un-
known. In PC bilayers, interfacial water molecules com-
prise the only source of donor groups that can hydrogen
bond to the ester carbonyl groups. However, hydrated
PE bilayers contain two possible sources of such hydro-
gen-bonding donors, interfacial water and the amine
protons of the phosphorylethanolamine headgroup.
Thus, it is possible that the two populations of hydrogen-
bonded ester carbonyl groups present in PEs may arise
from hydrogen bonding to interfacial water (probably
the 1,728-cm™! band) and to the headgroup amine group
(probably the 1,714-cm™! band). This possibility is sup-
ported by our studies of an sn2-'3C=0-labeled sample
that indicate that the “low-frequency population” of es-
ter carbonyl groups arises primarily from a subpopula-
tion of sn2-carbonyl groups (Lewis, R. N. A. H., and
R. N. McElhaney, unpublished data). This population
gives rise to the C=0 stretching band component near
1,714 cm™ and is not observed in either the L, or L,
phases of fully hydrated PC bilayers. Thus, if the above
suppositions are true, then the fact that hydrogen-bond-
ing interactions between the headgroup amine and the
snl ester carbonyl groups are not observed can itself be
rationalized by the conformational inequivalence be-
tween the snl and sn2 fatty acyl chains. From x-ray crys-
tallographic studies of crystalline 1,2-diacyl phospho-
lipids (54, 55) and from studies of hydrated bilayers of
such lipids (56, 57), it is expected that the sn2 ester car-
bonyl group should be closer to the bilayer surface than
is its snl counterpart. Thus, considering that the lipid
bilayer restricts the mobility and conformation of the
polar headgroup, it seems likely that when compared
with the sn2 ester carbonyl groups, hydrogen-bonding
interactions between the headgroup amine protons and
the snl ester carbonyls may be considerably less proba-
ble, because the sn1 carbonyls would not be as accessible
to the phosphoryl ethanolamine group as are their sn2
counterparts. However, irrespective of the identity of the

1092 Biophysical Journal

Volume 64 April 1993



donor groups hydrogen bonded to the two populations
of ester carbonyl groups, our results provide direct experi-
mental evidence that PC and PE bilayers differ with re-
spect to hydrogen-bonding interactions at the bilayer po-
lar/apolar interfacial region. Although many of the phys-
ical differences between hydrated PC and PE bilayers are
attributed to differences in the general nature of hydro-
gen-bonding interactions and to the capacity of the head-
group amine group of PE to hydrogen bond with other
acceptor groups on the lipid molecule (see references
58-61 and others cited therein ), to our knowledge there
is little direct experimental support for such a premise.
The spectroscopic studies of both the solid samples
and the stable L_ phases of these PEs provide very useful
insights into the nature of the driving forces behind the
crystallization of these molecules. In general, our calori-
metric and spectroscopic measurements are all compati-
ble with the dehydrated crystalline structure that has
been deduced from previous studies (14, 17, 18). We
can conclude that these L phases are very highly ordered
crystal-like structures in which the hydrocarbon chains
are tightly packed with perpendicular hydrocarbons
(probably in an orthorhombic L subcell) in which lat-
eral interchain interactions are very strong. In addition,
the ester carbonyl groups in the polar/apolar interfacial
region of the bilayer are rigidly packed and are not hy-
drogen bonded to any donor groups. The frequencies of
these two C =0 bands were the same whether dispersed
in H,O or D,O (data not shown). If these carbonyl
groups were hydrogen bonded, then the frequencies ob-
served in H,O dispersion would have been higher than
that observed in D,O. Interestingly, the frequencies of
these ester carbonyl groups are themselves significantly
lower than that expected of ester carbonyls in dry nonpo-
lar solvents (62). Thus, despite the fact that the carbonyl
groups are dehydrated, these groups evidently reside in a
relatively polar environment. This observation suggests
that there are close contact interactions between the po-
lar groups in the interfacial region of the bilayer. In addi-
tion, in the L phase the phosphorylethanolamine head-
groups of these lipids must also be immobilized, because
the PO,” and C—N stretching bands are very sharp.
Moreover, the frequency of the PO,~ stretching bands
indicate that these phosphate groups are either hydrogen
bonded or involved in a salt bridge with a polarizing
cation. This, along with the evidence that the amine pro-
tons are themselves immobilized (note the sharpness of
the NH;* bending bands), suggests that the amine pro-
tons are probably “locked” in a long-lived hydrogen
bond with the phosphate group. Similar conclusions
have been deduced from single-crystal, x-ray diffraction
studies of 12:0 PE (54). The suggestion that the phos-
phate groups are strongly immobilized in the L, phase
also provides a rationale for our initial failure to obtain a
*'P-NMR spectra of this phase, a problem also noted by
others (42). Our results are consistent with the thesis

that immobilization of the phosphate headgroup results
in such drastic increases in the 7’s of 3'P nucleus
(greater than several minutes; our estimates) that data
acquisition using high resolution direct excitation NMR
techniques becomes impractical. Interestingly, our solid-
state 'H-3'P cross-polarization experiments also sug-
gested that the dominant population of protons in con-
tact with the *'P nucleii may themselves be strongly im-
mobilized. This conclusion is also consistent with the
suggestion that the headgroup amine protons are locked
in a long-lived hydrogen bond (or a salt bridge) with the
phosphate group. Interestingly, the problems that we
have noted are not usually encountered in comparable
3IP-NMR studies of the L, phases of hydrated PC bi-
layers (29, 30, 63, 64) or even dry microcrystalline
powders of normal PCs (65, 66 ). Evidently, in the stable
L. phase of these PEs the phosphate headgroups must be
considerably less mobile than is the case with the major-
ity of the PC bilayers which we have studied.

From our data it is also clear that the stable L_ phases
of this particular homologous series of lipids describe an
isostructural series. (Under our conditions, the L. phase
was only formed by 16:0 PE and all PEs with acyl chains
ranging from 10 to 14 carbon atoms. Our data suggest
that kinetic limitations precluded L, phase formation by
the other PEs that were studied.) This is in marked con-
trast to many of the PCs that have been studied so far.
With the PCs it is often the case that the gel-phase poly-
morphism exhibited by the homologues with odd-num-
bered fatty acyl chainsis structurally and phenomenolog-
ically different from that exhibited by the homologues
with even-numbered chains (27, 29, 63, 67-69). Interest-
ingly, with the n-saturated diacyl PCs, there was no indi-
cation for any structural odd-even alternation in the
types of L. phases formed, but the structure of the
various stable L_ phases varied markedly with acyl chain
length (47, 48). Such chain length-dependent variations
in the structure of the L_ phases are probably ascribable
to changes in the overall balance between the contribu-
tions of hydrophylic and hydrophobic forces to the over-
all free energy of stabilization of the various lipid bilayer
phases (47). Thus, the fact that both shorter and longer
homologues tend to form structurally similar L, phases
suggests that for PEs the hydrophylic component to the
overall free energy of stabilization of their L, phases dom-
inates even when the acyl chains are fairly long. The
finding that hydrophylic interactions in PE bilayers tend
to be considerably stronger than those of PC bilayers
may explain many of the differences in the physical prop-
erties of these two classes of phospholipids. Thus, the
presence of strong polar interactions may account for the
greater tendency of PE bilayers to crystallize into dehy-
drated solid forms when incubated at low temperatures.
Moreover, such forces should also enhance the stability
of all gel phases, resulting in higher melting transition
temperatures. Finally, once the acyl chains are melted,
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such strong intermolecular attraction in the polar and/
or interfacial regions of PE bilayers should also decrease
their radii of spontaneous monolayer curvature. The lat-
ter would constitute the basis of their greater propensity
to form Hj; phases (70, 71).
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