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The p phic phase bek of dielai

ine (DEPE) has been investigated using spectro-

pho(ometry and 3P nuclear magnetic resonance (NMR). It has been demonstrated that the bilayer to inverted
1 phase

ition can be ob: d by sp

onbo!hthegeltohqmdaystalmm1mnandmebllayerto'

ry. The effects of the thanol, ellmnol, and propancl

were

d by

spectrophotometry. It was shown that these alcohols slnlt the gel to liquid-crystalline phase transition to lower

lempemlme, whereas dle bda)et to i dh ] phase is shifted te higher temperatures by these
The b the bilayer and inverted hexagonal phase of pure DEPE was also

investigated by ' P-NMR.

Introduction phic phase behavior of several PE’s [5,10,11]. Some of

Recent studies have shown tha! fully hydrated un-

d chain p hatidyl i can adopt

eﬂher the bzlayer 1., or inverted hexagonal Hy phasc
di g upon the phy

{temp pH, ionic gth, etc.) [1-3]. Several

biophysical methods have been shown to be itive to

these molecules were found to stabilize while others
destabilize the inverted hexagonal phase. However, the
effect of these substances on the main gel to liquid-
crystalline phase transition has not been examined to
the same extent in these lipids.

In this report we have demonstrated the applicability
of spectropk y to the study of both the gel to

the conversion of phospholipid bilayers to the inverted
hexagonal phase. These methods include *'P-NMR [2],
high-sensitivity differential scanning calorimetry [4],
freeze-fracture techniques [5,6], X—ray diffraction [6]

liquid-crystalline phase transition and the bilayer to
inverted hexagonal phase transition of dielaidoylphos-
phatidylcholine (DEPE). DEPE was the model system
chosen because both its gel to liquid-crystalline phase

and i d 7. of h
preferring and bdaycr prefemng lipids have been shown
to exhibit complex behavior including a new structure
known as the lipidic particle [5,8,9], as well as an
inverted cubic phase [5,6}.

Memt active such as calci and
anesthetics have been shown to influence the polymor-

* Cusrent address: Department of Linckemistry, University of British
Columbia. Vancouver, British Columbia, Canada, V6T 2A6.

A ati DEPE, dielai hati lamil PE.

(37°C) and its bilayer to inverted hexagonal
phase transition (55-65°C) occur at tempcratures
accessible for the techniques used. The effects of a series
of short chain n-alkanols on both the transitions of
DEPE have been i d using sp ph y
and *'P-NMR.

Materials and Methods

Malenals Diclaidoylphosphatidylett lamine (18:
,18:1) was purchased I'rom Avanti Polar-Lipids and
was found to produce a single spot by thin-layer chro-

phosphatidylethanolamine; NMR, nuclear magnetic resonance.

Correspondence: ES. Rows, Veterans Administration Medical Center,
4801 Linwood Bivd. Kansas City, MO 64128, US.A.

graphy analysis. Deuterium oxide (99.8%),
methanol and propanol were obtained from Aldrich,
and ethanol (200 Proof) from Publicker Industries Co.,
Linfield, PA. Aqueous multilamellar liposomes were
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prepared according to the method of Bangham et al.
25

Spectrophotometry. The change in optical density at
400 nm of dilute (0.67 mg/ml) DEPE multilamellar
liposomal suspensions was used to monitor its phase
transitions on a Cary 219 spectrophotometer as
described previously [13,14]. A uniform heating and
cooling scan rate of 0.75 C°/min was used unless
stated otherwise.

Nuclear 3SIP.NMR
were conducted on a Bruker WP-200 multinuclear NMR
spectrometer at 81.03 MHz. The spectrometer is
equipped with a Bruker BVT-1000 variable temperature
unit with a resolution of one degree. The DEPE lipo-
somal suspension (100 mg/ml) contained 10% deu-
terium oxide which prevented settling and also served as
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Fig 1. Change in opual dcusny at 400 nm (broken line) and the

a Jeuterium signal for locking the NMR sp
Samples in 10 mm NMR tubes were allowed to equi-
librate at given temperatures for at least 10 min prior to
data acquisition. *’P-NMR free induction decays were
accumulated for up to 5000 transients by employing a
13 ms 90° radio-frequency pulse, 50 kHz sweep width,
and 4K data points. The delay between transients was
0.5 s. A two-level (0.5 W, 12 W) gated broad-band
proton decoupling scheme was used to minimize decou-

curve (solid line) for the heating transi-
tica of DEPE multilamellar liposomes.

and reproducible results were obtained upon reheating.
The reason for this observed hysteresis is not yet under-
stood; however, it may be an indication of an unusual
gel structure.

‘The heating scan exhibits an additional small change
in optical density centered at approx. 30.2°C. The

pler heating of the ples. A d

sequence experiments were carried out under soflwa.re
control, with pre-equilibration for 10 min and data

corresponding cooling curve shows only the optical
density change associated with the main gel to
llquxd-crystalhne phase transition. On reheating the ad-

aoquisition for approx. 45 min at each temp An The ab of the 30.2°C

ion cor ding to 25 Hz line optical density change in the cooling curve and subse-

broademng was apphed to lhe free induction decay quent reapp on ret indi slow reversi-

prior to Fourier transformation. ble kinetics for this it Slow k are char-
acteristic of the p it hosphatidylcholi

Results

Spectrophotometric studies

Fig. 1 shows the heating lransmon curve for an

1 of dielaidoyl b banal

amme (DEPE) followed by the opucal density at 400
nm and the corresy ive plot. Two
distinct changes in optical densny are observed centered
at 37 and 65.6°C. The low-temperature change reflects
the main gel to liquid-crystalline phase transition, and it
appears to be sharp and relatively symmetrical. The

p of the ition is in 1
with values reported in the literature using dlfferenual
scanning calorimetry [15,16]. The optical density change
associated with this main transition is now well estab-
lished and is primarily due to a change in the refractive
index increment of the lipid as the lipid density changes
during melting {17,18!

The thermal reversibility of the main transition was
also investigated, as shown in Fig. 2. There is a dif-
ference in the transition temperature for heating and
cooling scans of approx 2 5 C The transition temper-
ature exhibited no on the rate of
heating or cooling over the range 1.5 to 0.15 C° /min,

[19,20}; however, pretransmons have only rarely been
observed in phosphatidylethanolamines [21]. At present
the nature of this transition in DEPE is not known.
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Fig. 2. Change in optical density at 400 nm of DEPE multilainellar

liposomes as a function of temperature showing the gel to

fiquid-crystalline phase transition. Solid line. heating scan: broken
line. cooling scan.
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Fig. 3. Change in optical density at 400 nm as a function of temper-
ature showing the bilayer to inverted hexagonal transition. Solid line.
hewung scan; broken kine, cooling scan.

The high-temperature (65, 6°C) aptical densny
change shown in Fig. 1 is iated with the
of the bilayer phase of DEPE to the inverted hexagonal
phase, as observed by *P-NMR (see below). The tem-
of this ition is in il with
values reported in the literature using ¥P-NMR spec-
troscopy {1,3] and differential scanning calorimetry [4].
The bilayer to inverted hexagonal transition is fairly
broad but symmetrical. These results demonstrate that
the bilayer to hexagonal phase transition may be accu-
rately detected by changes in optical density, although
other methods such as 3IP-NMR and freeze-fracture
py are y to define the nature

of the transition.

q
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effect of each alcohol on the reversibility of the transi-
tion was aiso investigated; the presence of alcohol had
r.o effect on the hysteresis of this transition.

The membrane/ buffer partition coefficients for cach
alcohol were calculated from the slopes of Fig. 4 using
the thermod: ics of freezi pomt dep as
described ly {14). The enthalpy of the
used in ihe calculation was 6.3 kcal/mol [16]. The
partition coefficient values obtained were: methanol,
2.9; ethanol, 3.5 and propanol, 24.9. As expected [22]
the partition coefficients for the three alcohols into
DEPE vary with the degree of hydrophobicity of the
alcohol molecaie. The partition coefficient values ob-
tained for the three alcohols into DEPE are similar to
those obtained for dipalmi hatidylcholi
[22,23] and for some saturated PE’s [22]

The effect of lhe n-alkanols on the bilayer to inverted

h 1 tr: p p of DEPE
was i i d using sp ph try. Fig. 5 shows
that the alcohols i the

indicating that they stabilize the hqmd-crysta]]me bi-
layer phase relative to the inverted hexagonal phase. It
is also shown in Fig, 5 that the longer the chain length
of the alcohol molecule, the greater is its effectiveness in
increasing the temperature for this transition. These
results indi that the alcohols interact prefi

with the bilayer phase relative to the mverted hexagonal
phase, and that these differential interactions increase
with the increasing hydrophobicity of the alcohol. It
was also found that the presence of alcchol did not
affect the hysteresis of this transition (data not shown).

3 P-NMR studies

The ibility of this was also
by optical density as shown in Fig. 3. It exhibits signifi-
cant thermal hysteresis (approx. 7.5 C°). As the scan
rate was decreased from 1.5 to 0.15 C° /min, the transi-
tion temperatures were observed to decrease slightly.
Hysteresis in the bilayer to inverted hexagonal transi-
tion has previously been cbserved in other PE's using
SIP-NMR and differential scanning calorimetry {1,15}.

The effect of n-alkanols on the phase of DEPE
Using the spectrophotometric optical density method,
the effect of a series of short chain n-alkanols on both
transitions of DEPE was investigated. Fig. 4 shows the
alcohol concenlrauon dependence of the main phase
p of DEPE for heating

scans in the presence of methanol, elhanol and pro-

The pol: phic phase behavior of ag disper-
sions of pure DEPE was also investigated using *'P-

panol. In each case the app

is reduoed as a linear funcuon of alcohol concemrauon
This i a prefe 1 of alcohol with
the hquxd-crystallme Lipid. It is also observed in Fig. 4
that the slope of each plot is dependent upon the
alcohol chain iength, such that the longer the chrin
length of the alcohol the greater the negative slope. The
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Fig. 4. Shift in the main gel to liquid-crystalline phase transition

midpoint temperature (7;,) in heating scans of DEPE as a function of

alcohol chain length and for methanol

ethanol (circles) and propanol (squares) measured by spectro-
photometry.
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Fig. 5. Shift in the bilayer to inverted hexagonal phase transition

midpoint temperature (Tpy) of DEPE for heating scans as a function

of alcohol chain length and ien for methanol

ethanol (circles) and propanol (squares) measured by spectro-
photometry.

NMR spectroscopy. The *'P spectrum of the bilayer
phase has a chararteristic line shape which is broad and
asymmetrical with a high-field peak and a low-field
shoulder. The bilayer to inverted hexagonal phase tran-
sition can be detected in the *'P spectra as a reversal of
the powder pattern and a reduction (narrowing by a
factor of approx. 2) of the chemical shift anisotropy [9).
Fig. 6 shows the P-NMR spectra of DEPE in the
bilayer liquid-crystalline phase and the inverted hexago-
nal phase. The tramsition between these two phases is
steep, as shown in Fig. 7 in the transition curves con-
structed from data such as shown in Fig. 6. The hyster-
esis of the transition is demonstrated in Fig. 7 where it
is seen that there is a temperature difference of several
degrees between the transition determined from an

g of spectra as compared
to that taken t'rom ad di

This hysteresis s also illustrated by companson of Figs.
6A and 6C, which shows that at the same

e

Fig 6. 81.0 MHz *'P-NMR spectra of DEPE as a function of

tempesature iflustrating hysteresis exhibited by the bilayer to inverted

hexagonal transition. Heating: A, 60°C; B. 62°C: cooling: C, 60°C;
D62°C.

in the two methods. In the NMR experiments, data are
acquired for approximately one hour at each temper-
ature, giving an effective * smn rate of 1 C /h. In

for the ic the
practical limits for scan rates are from 9 'C° 1o %0 C°
per hour. In an experi desigaed to simulate the

NMR conditions in the spectrophotometer, a sample

(60°C) the lipid in the di

{6A) exhibits the bilayer phase whereas the spectrum
from the descending sequence (6C) shows that the lipid
is in the inverted hexagonal phase. In the course of
these experiments an isotropic signal appeared in the
S'P-NMR spectra as a function of the cycling of the
sample through the bilayer to hexagonal phase transi-
tion; a preliminary account of this has been presented
elsewhere [29].

Comparison of the transition curves from spectro-
photomelry (Fig. 3) and *'P-NMR (Fig. 7) shows a
difference of a few degrees in the temperatures of both
the heating and cooling transitions measured by the two

hods. This discrepancy is p y due to the ex-
tremely slow kinetics of the transition, which gives rise
to the hysteresis, and to the different ‘scan’ rates used
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was heated 10 63°C and held in the spectrophotometer
for 150 min. By subsequent sequential heating and
cooling it was found to have been in the inverted
hexagonal phase after 150 min at 63°C, more than two
degrees below the transition temperature observed at
the slowcsl scan rate. Thus the apparent discrepancy in
b the two hods may
d by the ly slow ki of the
ati di: p
The effect of n-alkanols on the bilayer to inverted
hexagonal transition of DEPE was investigated using
3PNMR (results not shown) The results were similar
to those ob d P dly; the n-al-
kanols i d the it as a func-
tion of alcohol concentration without significantly af-
fecting the thermal hysteresis.

be explai

Discussi

The results presented in the current investigation

that sp pt y can be used to
monitor the bilayer to inverted hexagonal phase transi-
tion of DEPE. Allhough spectrophetometry does not
give ion, it is very ient method
to the it of a large number
of samples when supported by NMR or other physical
verification. The precise origin of the optical density
change arising from the bilayer to inverted hexagonal
transition is not certain at present. However, it may be
associated with a change in surface topography of the
lipid leading to a change in the light scattering by the
lipid.
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of the PE molecules, and reducing their tendency to go
into the inverted hexagonal phase. Our results are con-
sistent with the observations of Hornby and Cullis [11],
who showed that ethanol and butanol stabilized the
bilayer phase in egg yolk phosphatidylethanolamine.

Our results of the study of the main gel to liquid
crystal transition of DEPE were unusual in terms of the
hysteresis observed. This is in contrast to the main
transition of the saturated PE’s, which we have previ-
ously shown to be thermodynamically reversible [22}.
There are several reports in the literature of lipids
whose gel to liquid-crystalline phase transition exhibits
hysteresis. These include phosphatidylcholines which
have b digitated due to i i with
ethano! [22] and d phosphatidylcholi
which are in the cryetalline suhgel state 1281 Thus our
finding of hysteresis in this transition raises the possi-
bility that the structure of the gel state of DEPE is
different from that of the saturated PE’s.

The decrease in the main gel to liquid-crystalline
phase transition temperature of DEPE in lhe presence
of the short chain r-alkanols indi ] in-
teractions of the alcohol molecules with lhe fluid phase
relative to the gel phase. Similar simple freezing point
depression effects have been observed with other phos-
pholipid species including the saturated PE's and
saturated PC’s [22]. The similarity of the calculated
partition coefficients for the alcohols in DEPE reported
here with the values reported in the literature for the
saturated PE's and DPPC multilayers [22,23] suggests
that the depression of the main transition temperature
is due to non specific partitioning of the alcohol into

We have shown by both NMR and sp k
try that the bilayer to inverted hexagonal phase transi-
tion of DEPE exhibits hysteresis, which has been noted
by others [1,15]}. This indicates that the transition is
extremely slow in one or both directions. These slow
kinetics are not readily evidenced by direct scan rate
studies, because scan rates cannot be varied over a
sufficiently wide range. Howewer comparison of our
two methods, NMR and D y. which have
widely different et‘fecme scan rates, clearly show the
rate effecL The reasen for these slow kinetics at inter-

p (the ition goes rapidly at
temperatures outside the narrow transition region) is
not understood.

The r-alkanols were found to mcr%se the bilayer to
inverted h 1 phase indi-
cating that they interact preferentially wnh the bilayer
liquid-crystalline phase, and thus stabilize this phase
relative to the inverted hexagonal phase. This stabiliza-
tion of the bilayer may be explained in terms of the
geometry of the alcohol moiety in the lipid matrix
according to the shape hypothesis of Israelachvilli [24].
The short chain alcchols may bind in the PE headgroup
region of the bilayer, complementing the cone-like shape

the hydrophobic region of the liquid-crystalline phase,
which is not significantly affected by the characteristics
of the headgroup region.

In conclusion, these studies have shown that the
bilayer to hexagonal phase transition is strongly af-
fected by short chain alcohols. These alcohols increase
the p of the it dicating that they
have preferential interactions with the lipld in the bi-
layer phase, thus slabilizing this phase relative to the
inverted h 1 phase. C ison of Figs. 4 and 5
show lhat the bilayer to hexagonal phase transition is

iderably more itive to the alcohols than is the

gel to liquid crystal transition. Non-bilayer phases may

cve important biological roles [9,26.27]. If this is the

case, then it is possible that the sensitivity of the phase

distributions to the presence of alcohols could play a
role in the hanism of hy or i
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