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ABSTRACT We have investigated the
phase behavior of aqueous disper-
sions of a series of synthetic lysophos-
phatidylethanolamines as a function of
the acyl chain length. Lysophosphati-
dylethanolamines exhibit phase poly-
morphism encompassing a well-
ordered crystalline phase which may

arise either from a metastable interdigi-
tated lamellar gel phase or a metasta-
ble micellar phase. The time course of
interconversion between these various
phases have been outlined by observ-
ing the low temperature incubation time
dependence of the calorimetric ther-
mograms. We have determined differ-

ences in structure of these phases by
Raman spectroscopy and *'P nuclear
magnetic resonance spectroscopy. It
appears that a principal contribution to
this polymorphic phase behavior lies in
the nature of headgroup hydration and
headgroup-headgroup interactions.

INTRODUCTION

Much of the accumulation of knowledge concerning the
properties of lipid bilayers has focused on characterizing
the behavior of the major lipid components existing
within biological membranes. Exhaustive work utilizing
various physical techniques has contributed greatly to the
detailed understanding of the molecular behavior of these
more abundant lipid species. Until recently, however, less
attention has been directed towards understanding the
behavior of the minor lipid components and how they
function to influence membrane properties. A survey of
the literature reveals that lysophospholipids, one class of
these less abundant lipid species, have gained increasing
popularity in recent biological and physical studies, per-
haps owing to their possible role in membrane damage
resulting during cardiac ischemia (Kako, 1986; Corr et
al., 1982; Katz, 1982). The continual turnover of lipids
via a reacylation-deacylation metabolic cycle provides a
point of control for lysolipid concentration within mem-
branes. This metabolic cycle may be temporally corre-
lated with alterations in membrane permeability both in
mitochondria (Wiswedel et al., 1982) and brain synapto-
somes (Iwata et al., 1986), suggesting that membrane
permeability may be controlled by utilizing lysolipids to
affect membrane barrier properties.

Because lysolipids potentially exhibit detergentlike
character, their concentrations must be carefully gov-
erned; when the membrane lysolipid concentrations
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exceed a threshold value, these single-chained amphi-
philes disrupt membrane integrity. Erythrocyte mem-
branes clearly undergo hemolysis at high lysolipid con-
centration (Weltzian et al., 1979) and exhibit profound
changes in cell shape at much lower, sublytic concentra-
tions (Ferrel et al., 1985; Fujii and Tamura, 1983).
Perhaps other relevant biological functions of these lipids
occur at concentrations below those which disrupt mem-
brane integrity.

For example, lysolipids modulate the activity of mem-
brane-bound enzymes (Weltzian et al., 1979; Weltzian
and Munder, 1983). In particular, lysolipids affect the
activity of the catalytic subunit of adenylate cyclase
(Terman et al, 1985) and can competitively inhibit
membrane bound acyltransferases (Weltzian and Mun-
der, 1983). More recently, lysosphingolipids have
emerged as potent inhibitors of protein kinase C (Hannun
and Bell, 1987), implicating these lysolipids in the patho-
genesis of various diseases resulting from sphingolipid
accumulation. As a class of compounds, lysolipids and
their various analogues display a diverse range of biologi-
cal activities.

Investigations of macrophage chemotaxis reveal that
macrophages may become activated to ingest target cells
in response to exogenously added lysophospholipids
(Ngwenya and Yamamoto, 1985; Yamamoto and Ngwe-
nya, 1987). Similarly, lysolipid analogues containing an
ether linkage in place of the usual sn-1 ester linkage
demonstrate potent biological activity. Platelet activating
factor (Benveniste and Vargaftig, 1983) is one well-
known example. Additionally, covalently modified lyso-
plasmalogens exhibit antitumor properties (Weltzian and
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Munder, 1983; Munder et al., 1987) resulting not only
from disruption of the normal phospholipid metabolism,
but also from their ability to transform macrophages into
tumor-cytotoxic effector cells (Munder et al., 1987). All
of these various biological phenomena suggest the likeli-
hood of a class of receptors specific for lysolipids.

Understanding these diverse biological manifestations
requires investigating the behavior of these lysolipids at
the molecular level. These physical studies on aqueous
lipid dispersions have already yielded a wealth of infor-
mation concerning the behavior of phospholipids; further-
more, such understanding may yield additional insights
concerning the development of novel liposomes. Our focus
at present is to elucidate the phase behavior of lysophos-
phatidylethanolamines, thereby enabling a direct com-
parison of lysophosphatidylethanolamine properties with
lysophosphatidylcholine properties determined by previ-
ous experimentation in our lab and other labs. Such
comparisons concerning the phospholipid headgroup
dependent phase behavior are already available for diacyl
phospholipids. In our present study, particular attention is
devoted towards dissecting the polymorphic phase behav-
ior of the metastable intermediate states which appear in
our system. The apparent phase behavior for these sys-
tems exhibiting metastable intermediates is determined in
part by the previous treatment of the samples; in many
cases, the system does not lie at a true thermodynamic
equilibrium, but rather is still approaching equilibrium
during the course of the experiment. Consequently, any
characterization of the phase behavior concerning
metastable intermediate states requires the knowledge of
whether the experimental behavior reflects a true equilib-
rium system or whether the system is still evolving toward
its final equilibrium position. We will demonstrate that
these metastable intermediate states possess interesting
properties and therefore deserve recognition in their own
right.

MATERIALS AND METHODS

C(18)-, C(16)-, C(14)-, and C(12)-lysophosphatidylethanclamines
(lyso-PE)' were purchased from Avanti Polar Lipids and used without

!Abbreviations used in this paper: C(x)-lyso-PE, lyso-PE with an acyl
chain containing (x) carbons in the sn-1 position; CSA, chemical shift
anisotropy (Ao); ILG, interdigitated Lamellar Gel; lyso-PC, lysophos-
phatidylcholine; lyso-PE, lysophosphatidylethanolamine; PC, phospha-
tidylcholine; PE, phosphatidylethanolamine; *'P-NMR, phosphorus-31
nuclear magnetic resonance spectroscopy; 7, transition temperature
for the lower endothermic phase transition in lyso-PE; Ty, transition
temperature for the higher endothermic phase transition in lyso-PE; T,
temperature at maximal excess heat capacity; Ac, chemical shift
anisotropy.

further purification. All other chemicals used were either high purity
(99.9+ %) or else reagent grade.

Occasional spot checking of the sample purity by thin-layer chroma-
tography (Kates, 1972) revealed no significant degradation products
formed either during the sample preparation or during our experimental
procedures. However, the potentially more serious problem of acy! chain
or headgroup migration observed for lysophosphatidylcholines
(Pliickthun and Dennis, 1982) may result in significant sample hetero-
geneity. These various rearrangements produce positional isomers of the
parent compound which are not easily resolved by thin-layer chromatog-
raphy. However, the isotropic *»P-NMR chemical shift differs slightly
for the various isomers, and is therefore diagnostic for the presence of
the rearrangement products. By this criterion, we have determined that
under our experimental conditions, these rearrangement reactions do
not occur appreciably with lysophosphatidylethanolamines.

Lipid dispersions were prepared with samples lyophilized from chio-
roform, then subsequently lyophilized from benzene before weighing.
Two types of sample preparations, differing only in their thermal
history, were utilized in these studies. The “nonhydrated™ samples are
dispersions prepared and maintained below the phase transition before
experimental measurements. In contrast, “hydrated” samples are pre-
pared by dispersing the lipid in solution, followed by several cycles of
heating above the micellar phase transition temperature and cooling to
0°C, thereby ensuring complete hydration of the samples before experi-
mental measurements.

High sensitivity differential scanning calorimetry was performed
using a model MC-2 equipped with the DA-2 digital interface and data
acquisition utility (MicroCal, Inc., Amherst, MA). Scan rates in the
range of 10°C/h to 30°C/h were utilized. Transition enthalpies and
temperatures were determined using the software provided. The
reported values of the T, represent the temperature at maximum excess
heat capacity. Because the reproducibility in high-sensitivity DSC may
be limited by the accuracy of sample filling (Krishnan and Brandts,
1978), we performed multiple scans on a single sample to check these
results against data obtained on independent samples. Calorimetry
samples for determining the evolution of a metastable state as a function
of an extended low temperature incubation period were preincubated
within the calorimeter cell for time points <24 h; samples requiring
more extensive low temperature incubation were held in an ice-water
bath in the cold room before loading the preequilibrated calorimeter cell
using an ice water jacketed syringe.

Phosphorus NMR was obtained using quadrature detection with a
model FX-60Q multinuclear pulse Fourier transform spectrometer
(JEOL USA, Cranford, NJ) operating at 24.15 MHz. All spectra were
obtained using broadband noise decoupling of protons with a 5 KHz
bandwidth at maximum decoupling power. A 90° pulse of 21 mS was
used, with a 2.5-s delay between pulses. A typical spectrum accumulated
1,600 transients, each consisting of 8,000 data points collected at a
digitizing rate of 50 mS per data point. Zero filling (Fukushima and
Roeder, 1981) was utilized to enhance the signal-to-noise ratio, and no
first order phase correction was introduced to the final spectrum. NMR
samples were 100 mg/ml lyso-PE prepared with 1 mM EDTA as a
chelator in 10% D,0 90% H,0.

Raman spectra were recorded at a resolution of 3—4 cm™' as
previously described using a Ramalog 6 spectrometer (Spex Industries,
Inc., Edison, NJ) equipped with holographic gratings (Huang et al.,
1982). The 514.5-nm line of either a model CR-12 (Coherent Inc., Palo
Alto, CA) or an Innova 100 argon ion laser was used for excitation;
~200 mW of power was provided at the sample. The monochrometer
was calibrated with atomic argon lines, and the frequencies are reported
to 2 cm™'. Spectra were collected and stored on an LSI-11 based
computer running an RT-11 operating system. Scan rates of 1 cm™'/s
were utilized for data collection; spectra reflect 4-10 signal averaged
scans depending upon the sample. Data for constructing temperature
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profiles were also recorded on a model 1877 Triplemate spectrograph
(Spex Industries, Inc.) using a model 1420 intensified silicon photodiode
detector (EG&G, Salem, MA). These data were acquired at a spectral
resolution of 5-6 cm~' by a local LSI-11 based computer communicat-
ing with a laboratory PDP 11-70 computer for data storage and
manipulation. 15-30 mW of power at 514.5 nm were supplied to the
sample by a model 165-07 laser (Spectra-Physics Inc., Mountain View,
CA). Temperature-dependent scans were generated in an ascending
mode with 4-min equilibration times between consecutive points at 1°C
intervals. Sample temperatures were maintained within +0.1°C.

Temperature profiles for the multilamellar assemblies were con-
structed from the 2,800-3,100 cm~' C-H stretching mode spectra using
Raman peak height intensity ratios Lygys/I5ss0 and 15559/ Irgso to represent
acyl chain order/disorder parameters. The I/I54 intensity ratio
reflects primarily lateral chain—chain interactions, whereas the I,s/
I550 intensity ratio reflects interchain interactions with some superposi-
tion of intrachain trans/gauche rotational isomerization effects (Levin,
1984; Vincent and Levin, 1988).

RESULTS AND DISCUSSION

We have adopted the micellar phase of lyso-PE as a
reference point to observe the calorimetric behavior of the
system as the micellar phase is cooled to low temperature
and preincubated before scanning. By varying this prein-
cubation period at low temperature, we obtain a “snap-
shot™ of the system as it evolves in time. These series of
thermograms may then be used to reconstruct the relaxa-
tion behavior of the various metastable states.
Calorimetry data obtained using high resolution differ-
ential scanning calorimetry on a homologous series of
lyso-PEs ranging in acyl chain length from C(12)- to

TABLE 1 Molar enthalpies and transition temperatures
Acyl Transition Transition
chain length enthalpy temperature
kcalfmol °C
C(12) nonhydrated 8.44 322
C(12) hydrated 10.13 32.6
C(14) nonhydrated 8.99 46.5
C(14) hydrated 3.6 18.0
10.8 + 0.8 46.4 + 0.5
C(16) nonhydrated 92+08 59.2 + 0.2
C(16) hydrated 57+04 39.7 £ 0.9
9.1 £0.5 58.0 + 0.4
C(18) nonhydrated 12.32 67.5
C(18) hydrated 5.6 55.7
11.0 67.4

Summarized for calorimetry measurements made on a series of lyso-PEs
varying in acyl chain length. Transition temperatures represent the
temperature at the maximum of the excess heat capacity curve. Stan-
dard deviations are reported whenever multiple determinations (usually
three to five samples) of a thermodynamic parameter were available.
The second larger values in AH and T, for hydrated samples were
obtained by extrapolating the experimentally determined values at
various times (see Fig. 1) to the limiting value of the maximum.

C(18)- are summarized in Table 1. Calorimetric thermo-
grams for C(16)-lyso-PE, a representative member of this
homologous series is shown in Fig. 1. When hydrated
micellar phase lyso-PE is cooled and scanned immedi-
ately upon temperature equilibration, a single endother-
mic transition is apparent (Fig. 1 B). If the same sample
is preincubated at low temperature for increasing periods
of time, the enthalpy change associated with this transi-
tion decreases concomitantly with the appearance of a
second, higher temperature endothermic phase transition
(Fig. 1, C and D). This calorimetric behavior immedi-
ately suggests that as the micellar reference phase is
cooled, it spontaneously converts from the micellar phase
to a metastable phase responsible for the low temperature
endothermic transition. Maintaining this metastable state
at low temperature allows its further conversion to a more
stable phase responsible for the higher temperature
endothermic phase transition. Furthermore, this high
temperature endotherm resembles the single endotherm
exhibited by nonhydrated samples (compare Fig. 1 4
[nonhydrated] with C-F). However, hydrated samples
preincubated at low temperature exhibit additional phase
transitions not observed in the nonhydrated sample.
These additional transitions always precede the main high
temperature endotherm.

With the exception of C(12)-lyso-PE, all lyso-PE spe-
cies we have studied exhibit similar thermotropic behav-
ior; C(12)-lyso-PE exhibits only a single transition. The
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FIGURE1 Thermograms are shown for samples of C(16)-lyso-PE as a
function of the low-temperature preincubation period. Hydrated sam-
ples were cooled to the preincubation temperature from the micellar
phase; the nonhydrated sample was prepared at and maintained at or
below the preincubation temperature before scanning. The preincuba-
tion period is measured from the start of cooling to the start of the scan.
Samples 4—F were preincubated at low temperature within the calori-
meter cell; samples G and H were preincubated in the cold room in an ice
water bath. (4) Nonhydrated sample. (B) Hydrated sample, cooled to
1°C for 2 h. (C) Hydrated sample, cooled to 1°C for 4.7 h. (D) Hydrated
sample, cooled to 1°C for 16.43 h. (E) Hydrated sample, cooled to 1°C
for 18.67 h. (F) Hydrated sample, cooled to 1°C for 52 h. (G) Hydrated
sample, cooled to 0.1°C for 17 d. (H) Hydrated sample, cooled to 0.1°C
for >30d.
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FIGURE 2 Phase transition temperatures are plotted as a function of the
acyl chain length for both the low- and high-temperature endotherms.
Values determined from calorimetry and from the temperature depen-
dence of peak height intensity parameters calculated from Raman
measurements on the C-H stretch region are shown.

temperature difference separating these two transitions
decreases with increasing acyl chain length (Fig. 2),
suggesting these two transitions merge in lyso-PE species
with longer chain lengths; this phenomena has previously
been recognized to occur in diacylPE (Chowdhry et al.,
1984). Moreover, the indicated trend predicts the low
temperature endotherm for C(12)-lyso-PE occurs below
the lower limit (0°C) of temperature accessible with our
calorimeter, explaining its apparent absence in our calori-
metry studies. We may therefore divide the thermograms
into three unique temperature regions: (a) T < T,
temperatures below the lower endotherm (T ); (b) Ty <
T < Ty, temperatures between the two endotherms; (c)
T > Ty, temperatures above the higher endotherm (7y);
where T} is the low endothermic phase transition temper-
ature and Ty is the high endothermic phase transition
temperature. Our aim is to elucidate the structure of the
phases present in each of these temperature domains by
spectroscopic techniques, beginning with a determination
of the temperature dependence of the *'P-NMR line-
shape, to distinguish the overall morphology of the phase
present (Tilcock et al., 1986).

Fig. 3 displays the *’P-NMR spectra obtained at dif-
ferent temperatures for a micellar sample cooled to 4°C.
This spectral lineshape immediately observed upon cool-
ing the micelles to 4°C indicates a bilayer morphology,
and this lineshape persists up to 38°C. When the sample
temperature is raised to 41°C, this broad lineshape indic-
ative of a lamellar morphology narrows, confirming the
presence of the phase transition already documented by
calorimetry. The narrow isotropic lineshape of the refer-
ence micellar phase at 65°C indicates that lyso-PE indeed
exists as micelles at temperatures above the high endo-
thermic phase transition. We further investigated
whether this phase behavior was reversible by obtaining
the spectra with descending sample temperature. As
lyso-PE is cooled from above the high endothermic transi-
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FIGURE3 3'P-NMR spectra for dispersions of C(16)-lyso-PE were
taken sequentially at 4, 38, 41, 65, 42, and 36°C for a sample cooled
from the micellar phase. The initial spectrum at 4°C was obtained as
soon as the sample was cooled and temperature equilibrated. 1 h was
allowed for stabilization of the instrument at subsequent temperatures
before acquiring spectra.

tion temperature, the isotropic spectrum characteristic of
micelles converts to the broad lineshape characteristic of
the bilayer form when the sample temperature falls below
the low endothermic phase transition temperature. The
temperature dependence of the chemical shift anisotropy
(Ao) for C(16)-lyso-PE clearly indicates that this change
in morphology of the phase occurs near the phase transi-
tion temperature.
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The magnitude of the chemical shift anisotropy (Aoc)
reflects the degree of motional averaging which is experi-
enced by the phosphate moiety, and indicates the mor-
phology of the phase within which the molecule resides
(Tilcock et al., 1986). Raising the sample temperature to
Ty, < T < Ty causes the collapse of the wide lineshape
characteristic of the lamellar phase, giving rise to a sharp
isotropic signal. This collapse of As indicates that the
individual phospholipid molecules now exhibit a substan-
tially greater degree of rotational and translational diffu-
sion that is rapid enough that the molecules sample all
orientations with respect to the magnetic field within the
NMR timescale (Fyfe, 1983). This type of spectroscopic
behavior is characteristic of a phase transition from a
lamellar phase to a micellar or cubic phase (Eriksson et
al., 1985). Our results, therefore, are consistent with a
model that the lower temperature endotherm involves a
transformation from a bilayer arrangement to a micellar
phase displaying an isotropic *’P-NMR spectrum.

In many respects, this lower endothermic phase transi-
tion observed in lyso-PE is analogous to the interdigitated
lamellar gel to micellar phase transition observed for

A

4 days

1 week

A
_

200 ppm

43 °C

2 weeks

lysophosphatidylcholine (lyso-PC) (Wu et al., 1982).
However, the similarity to lyso-PC ends here. If lyso-PE is
maintained above the high endothermic transition tem-
perature, the >'P-NMR spectrum remains invariant, as it
must for the micellar phase to serve as a stable reference
point. In contrast, although lyso-PE maintained between
the two endothermic transition temperatures never
exhibit the lineshape characteristic of the lamellar phase,
an additional broad component gradually appears in the
spectrum with increasing incubation time, indicating a
slow spontaneous conversion of the micellar phase to a
stable phase whose spectroscopic character is distinguish-
able from either the micellar phase or the lamellar phase.
Thus the micellar phase is metastable in the temperature
region T, < T < Ty (Fig. 4 A). The large value of As
(>200 ppm) associated with this broad spectral compo-
nent is comparable to literature values reported for crys-
talline, anhydrous phospholipids (Griffin, 1976), suggest-
ing that the metastable micellar phase relaxes to a solid
phase exhibiting little or no axial motion. We will refer to
this solid phase as the lyso-PE crystalline phase.

The slow rate of conversion of the micellar phase to this

Z‘ML-JL_‘

72TJ\
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36 °C

FIGURE4 (A) Isothermal phase transition at 43°C is determined using *’P-NMR for supercooled micellar C(16)-lyso-PE. An initially micellar
sample was cooled to 43°C and the change in the *P-NMR spectrum was observed as a function of incubation time at this temperature. Data are
presented for incubation periods of 4 d, 1 wk, and 2 wk at this temperature which corresponds to 7y < T < T}. (B) Isothermal phase transition at 36°C
is monitored using *P-NMR for supercooled micellar C(16)-lyso-PE. An initially micellar sample was cooled to 36°C and the change in the *'P-NMR
spectrum was observed as a function of incubation time at this temperature. Data is presented for a sample maintained for 4, 24, and 72 h at this

temperature, which correspondsto 7 < Ty .
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crystalline phase suggests that a large free energy barrier
exists for the spontaneous conversion from the micellar
phase to this crystalline phase. Furthermore, this crystal-
line phase is more stable relative to the metastable bilayer
phase initially generated upon cooling the lyso-PE micel-
lar phase below T, because the characteristic spectrum
for this crystalline phase does not revert to the bilayer
type spectrum even when the temperature is held below
T... Our *’P-NMR data suggest that this crystalline phase
converts back to micelles above the high endothermic
phase transition temperature (T} ), indicating that this
high temperature endotherm detected calorimetrically
must involve a transformation of crystalline lyso-PE to
micellar lyso-PE. If indeed this crystalline phase is the
most stable phase, a direct conversion of the lyso-PE
lamellar phase to the crystalline phase must also be
observable by *’P-NMR. When lyso-PE is maintained in
the temperature region T < T;, the lamellar lineshape
initially present also gradually acquires this additional
broad (As > 200 ppm) spectral feature, indicating that
this crystalline phase may form directly from the bilayer
phase (Fig. 4 B). Therefore, the bilayer phase initially
generated when micelles are cooled below 7 is also
metastable with respect to this crystalline phase. This
result agrees with our calorimetry data. Although we
believe both the metastable lamellar gel phase and the
metastable micellar phase transform to the same crystal-
line phase, this conversion occurs more readily from the
metastable bilayer phase.

By combining evidence from calorimetry and *'P-
NMR, it appears likely that the low temperature endo-
thermic phase transition corresponds to a metastable
bilayer to micellar phase transition, and the high
temperature endothermic phase transition corresponds
with a crystalline to micellar phase transition.

A comparison of Ao between lysolipids and diacyl lipids
reveals that lysolipids experience an additional motion
narrowing of the *'P-NMR line shape in comparison to
the diacyl lipids (Wu et al., 1984) (see Table 2). We
believe that the unit undergoing axial rotation in the
interdigitated lamellar gel phase of lysolipids may consist
of a dimer of lipids, one from each monolayer; conse-
quently, the observed motional narrowing is not simply
the result of reducing the effective mass of the unit
undergoing axial diffusion. Instead, this additional
motion responsible for narrowing the spectrum in lysoli-
pids may reside instead in a rotational motion about the
C1-C2 bond of the glycerol backbone. This additional
intramolecular rotational degree of freedom is expressed
in lysolipids as a result of replacing the acyl chain in the
sn-2 position by a single proton.

However, Ao for the broad spectral component repre-
senting the stable crystalline phase which gradually arises
in lyso-PE is significantly greater than the value of Ao

TABLE2 Absolute values of the magnitude of *'P-NMR
chemical shift anisotropy

Lipid Chemical Shift Anisotropy (Ac) Reference
ppm phase
Diacyl-PE 45-60 Gel 1
3540 Fluid
Lyso-PE 28-37 Metastable ILG
1-2 Isotropic
>200 Crystalline
Diacyl-PC 230 Anhydrous
55-69 Gel 1
40-50 Fluid 1
Lyso-PC 3040 ILG 3
1 Micellar

References: 1, Seelig, 1978; 2, Griffin, 1976; 3, Wu et al., 1984.

obtained for lyso-PC (Wu et al., 1982; Wu et al., 1984).
Therefore, in the lyso-PE crystalline phase, this addi-
tional mechanism for motional averaging is inactive.
Perhaps an additional hydrogen bonding interaction pres-
ent in the lyso-PE headgroup, but absent in the lyso-PC
headgroup prevents the onset of this additional rotational
motion about the C1-C2 bond of the glycerol backbone in
lyso-PE.

Molecular details concerning these interchain and
intrachain order-disorder transitions (Levin, 1984; Wong,
1984) are revealed by examining the Raman spectra of
lyso-PE. Extensive study of these vibrational transitions
in lipid systems has determined that two peak height
intensity ratios within the C-H stretching mode region
(L2035 /12880 and 5450/ I5830) monitor both inter- and intra-
chain effects during the lamellar to micellar phase transi-
tion (Vincent and Levin, 1988).

Fig. 5 displays these temperature profiles constructed
using these two peak height intensity ratios I,9;5/I5s30 and
Lygs0/I2sg0 Obtained from spectra of C(16)-lyso-PE deter-
mined both after extensive preincubation at low tempera-
tures (Fig. 5, 4 and B) and immediately after cooling the
micellar solution (Fig. 5, C and D). Because this sample
for Fig. 5, C and D, experienced no low temperature
preincubation, the data represents primarily the lamellar
gel to micellar phase transition. At this lamellar gel to
micellar endothermic phase transition, each of these peak
height intensity ratios increases, signifying that both the
interchain and the intrachain disorder rise abruptly at the
phase transition temperature. Above this phase transition
temperature (41°C), these order parameters are compa-
rable with values derived from similar measurements on
other micellar phospholipid systems. Fig. 5, A and B,
represent the temperature dependence of these peak
height intensity ratios for a sample of lyso-PE cooled from
the micellar phase and preincubated extensively at low
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FIGURES Temperature dependence of two peak height intensity ratio order parameters derived from the C-H stretching region are shown for
C(16)-lyso-PE samples with either no low temperature preincubation or extensive low temperature preincubation. (A4) Lyss0/I5s50 are plotted for a
sample with extensive low temperature preincubation. The transition at 58.1°C confirms that the sample has largely converted to the crystalline phase.
(B) 935/ 12380 are plotted for a sample with extensive low temperature preincubation. The sample exhibits primarily the higher endothermic phase
transition. (C) Ipgs0,/ L2550 are plotted for a sample with no low temperature preincubation. The sample exhibits only the low temperature endotherm,
indicating that it is primarily in the metastable interdigitated lamellar gel phase. (D) I,g;5/1544 are plotted for a sample with no low temperature
preincubation. This sample exhibits only the lower endothermic phase transition.

temperature. As expected, this predominantly crystalline
phase sample undergoes an abrupt increase in these order
parameters at 58.1°C, in good agreement with the high-
temperature endothermic transition temperature ob-
served calorimetrically. If the peak height intensity ratio
is extrapolated to allow comparison at a common temper-
ature with data from Fig. 5, C and D, we can support our
model that the same micellar phase exists above either
phase transition temperature. Comparing these intensity
ratios below the transition temperature reveals that the
lamellar gel phase (Fig. 5 C) exhibits more disorder than
the crystalline phase (Fig. 5 4). However, these order
parameters also indicate that the lyso-PE crystalline
phase is considerably more disordered than other phos-
pholipid crystalline phases.

The methylene deformation region of the Raman spec-
trum is potentially useful for distinguishing the type of
acyl chain packing present in the hydrocarbon region of
the bilayer. If micellar lyso-PE is cooled down and
maintained below T < T, a spectrum of this deformation
region indicates that initially the chain packing is hexa-
gonally disordered (Fig. 6); upon extended low tempera-
ture incubation of this lamellar gel phase, a spectroscopic
marker at 1,421 cm™' gradually appears, signalling the
presence of a very ordered orthorhombic or monoclinic
hydrocarbon chain subcell. Therefore, the data from the
deformation region of the spectrum demonstrates the
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FIGURE6 Raman spectra for the methylene deformation region for
C(16)-lyso-PE is displayed as a function of low temperature preincuba-
tion. The appearance of the marker at 1,420 cm™' signals the appear-
ance of an orthorhombic or monoclinic subcell, indicating highly
ordered packing of the hydrocarbon region of acyl chains. Spectrum A
represents a sample which underwent extensive low temperature prein-
cubation. Spectrum B was taken on the same sample immediately upon
cooling from the micellar phase; the absence of the marker at 1,420
cm™! indicates hexagonally packaged acyl chains.
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gradual onset of orientationally ordered hydrocarbon
packing upon extended low temperature preincubation.
When this sample is then taken above the micellar phase
transition and recooled, this indicator for orthorhombic
packing is initially absent but gradually returns with low
temperature preincubation.

Although the Raman order parameters obtained in the
C-H stretching vibrations indicate that after prolonged
low-temperature incubation, lyso-PE exhibits some con-
formational disorder of the acyl chains, the deformation
region clearly indicates that the hydrocarbon packing is
orientationally ordered. If we propose that acyl chain
order depends on the depth within the bilayer hydrocar-
bon interior, different regions of the acyl chain may
experience differing degrees of conformational order;
although some residual conformational disorder is present
in the crystalline phase, the acyl chains are packaged in
the hydrocarbon lattice with orientational order.

It is generally recognized that lysophospholipids are
capable of existing as micelles in aqueous solutions. For
lyso-PC (Wu et al., 1982; Wu and Huang, 1983) and
lyso-PE, both the values of the Raman order parameters
above the high endothermic phase transition temperature,
and the sharp isotropic **P-NMR resonances support the
presence of micelles. Previous investigation on aqueous
dispersions of lyso-PC have demonstrated that at low
temperature, these micellar lipids spontaneously form a
more stable phase consisting of a highly ordered interdigi-
tated lamellar gel phase (Wu and Huang, 1983). Giving
consideration to the headgroup dependent differences in
phase behavior of the diacyl phospholipid species, and the
previously published data on lyso-PC phase behavior, it is
possible to construct a model for the lyso-PE phase
behavior consistent with experimental results.

The lyso-PE micellar phase is only stable above the
highest endothermic phase transition temperature
(T > Ty). If these micelles are supercooled below this
transition temperature (Ty < T < Ty), they become
metastable with respect to the crystalline phase which
arises directly from the micelles by slow interconversion.
If these micelles are supercooled below the lower endo-
thermic phase transition temperature (T < Ty), they
become metastable with respect to a bilayer state, most
probably with interdigitated acyl chains. If this metasta-
ble interdigitated lamellar gel phase (ILG phase) is
heated, the micellar phase reappears as the sample under-
goes the lower endothermic phase transition. However,
extended low temperature preincubation of this metasta-
ble ILG phase results in its transformation of the crys-
talline phase. Upon heating, this crystalline phase
contributes the high endothermic phase transition as it
transforms back to the micellar phase. Therefore, the
same crystalline phase may either arise directly from
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FIGURE7 This entropy level diagram summarizes the relationship
between various phases of C(16)-lyso-PE. The entropy values are
derived from calorimetric data. Dotted lines (4—-C) denote exothermic
transitions, whereas solid lines (D and E) denote endothermic phase
transitions. D corresponds to the low-temperature endothermic phase
transition observed calorimetrically. E corresponds to the high-tempera-
ture endothermic phase transition observed calorimetrically. 4 repre-
sents the exothermic phase transition sometimes observed to overlap the
low temperature endothermic phase transition. This exotherm repre-
sents the recruitment of newly formed micellar phase from transition D
into the nucleated crystalline phase which already is present for samples
with extensive low-temperature preincubation. Transition C may be
observed with temperature scanning densimetry. Furthermore, there is
evidence of transitions A and B from the isothermal *'P-NMR experi-
ments.

micelles, or via a metastable intermediate ILG phase.
Our model is summarized in the entropy level diagram of
Fig. 7.

In addition to spectroscopy, other indirect evidence
supports the existence of this crystalline phase in lyso-PE.
For example, the rate of formation of the crystalline
phase diacylPC decreases as the acyl chains are increased
in length (Finegold and Singer, 1984). Increasing the acyl
chain length in a homologous series of lyso-PE’s results,
as expected, in a correspondingly slower rate of conver-
sion from the kinetically accessible metastable ILG state
to the more thermodynamically stable, but kinetically
limited crystalline phase.

DiacylPE also demonstrates polymorphic phase behav-
ior, where the phase transition during the first heating
scan for a nonhydrated sample occurs at a substantially
higher temperature than the corresponding gel to liquid
crystalline phase transition observed during subsequent
calorimetric scans. This initially higher phase transition
temperature may be interpreted as a simultaneous chain
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melting and headgroup hydration transition (Mantsch et
al,, 1983; Xu et al.,, 1988), supported by the general
notion that phase transitions occur at higher temperature
as the headgroup region is generally dehydrated. Di-
acylPC systems under conditions of low water content
exhibit substantially higher phase transition tempera-
tures relative to the fully hydrated systems (Kodoma et
al., 1982). These observations support our model that the
lyso-PE crystalline phase is less hydrated relative to either
the ILG phase or the micellar phase. Why is the lyso-PE
crystalline phase stable at relatively high temperature?

Previously data from the diacylPE system reveals that
in di-C(12)-PE, the gel phase which forms upon cooling
the liquid crystalline phase is metastable, and may relax
to form either of two distinct crystalline phases (Seddon
et al, 1983). Upon heating, these crystalline phases
convert directly to the liquid crystalline state without first
passing thorugh the gel phase intermediate from which
the crystalline phase was first derived. Moreover, this
lower melting crystalline polymorph is metastable with
respect to the higher melting crystalline polymorph, and
appears to gradually convert to this higher melting poly-
morph given sufficient time. X-Ray data suggest also that
the headgroup region of this higher melting crystalline
polymorph is significantly less hydrated relative to all of
the other phases. This pattern of metastability in these
diacylPE systems is somewhat analogous to what we
observe with our lyso-PE studies.

In contrast, crystalline phases for diacylPE with chain
lengths of C(14) or greater appear not to undergo a phase
transition directly to the liquid crystalline phase, but
instead return to gel phase from which the crystalline
phase was originally derived (Mulukutla and Shipley,
1984). Therefore, when the acyl chain length of diacylPE
is shorter than C(12), the balance of forces results with
headgroup-headgroup interactions predominating over
the chain—chain interactions, enhancing the production of
the variety of metastable intermediate states (Xu et al.,
1988). Removing a single acyl chain to form the lyso-PE
system would further enhance the importance of these
headgroup—headgroup interactions relative to the chain—
chain interactions, aligning the lyso-PE phase behavior
more closely with the di-C(12)-PE rather than the longer
chain length diacylPEs. However, removing an acyl chain
to form lyso-PE also requires that the large cross-
sectional area of the headgroup region relative to the acyl
chain cross section contributed by a single chain must now
be accommodated by either an unusually high degree of
chain tilt relative to the bilayer normal, acyl chain
interdigitation, or a combination of both (Hauser et al.,
1981).

The bilayer spacing of C(18)-lyso-PC derived from low
angle x-ray diffraction (Hui and Huang, 1986) indicate

that the lyso-PC acyl chains are indeed interdigitated.
Pending a similar study of lyso-PE, we may infer from
these lyso-PC results that the acyl chains in our lyso-PE
lamellar gel phase must also interdigitate.

Single crystal x-ray studies of the PC and PE head-
groups have established a fundamental difference con-
trasting the headgroup—headgroup interactions present in
these single component systems (Hauser et al., 1981).
Although diacylPE may form hydrogen bonding and ionic
interactions directly amongst neighboring headgroups,
diacylPC headgroups contain no free hydrogen in the
headgroup, and thus are incapable of participating
directly as a hydrogen bond donor. Therefore, head-
group—headgroup interactions in diacylPC may only
occur through the participation of intervening water
molecules.

In conclusion, we propose that the metastable ILG
phase in lyso-PE consists of highly hydrated headgroups,
whose principal hydrogen bonding interactions are with
water, rather than directly with neighboring headgroups.
The process of forming the stable crystalline phase
requires the headgroups to exchange these interactions
with surrounding water molecules for the preferred par-
ticipation in the direct headgroup—headgroup interaction
expected in the crystalline phase. In contrast to the
lyso-PC system which lacks this crystalline phase, lyso-
PE is able to form the additional crystalline phase which
is more stable relative to the ILG phase. This ability for
lyso-PE to form this crystalline phase must result from
the fundamental differences between the mode of head-
group—headgroup interaction for phosphatidylcholine
headgroups and phosphatidylethanolamine headgroups.
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