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ABSTRACT The phase transition properties of aqueous suspensions of a series of nonhydrated (not heated above room
temperature) and hydrated 1,2 diacylphosphatidylethanolamines (PE's) have been examined by high sensitivity
differential scanning calorimetry at scan rates of 0.02-1.0 K min-'. At all scan rates nonhydrated PE's show a single
asymmetric transition curve of excess heat capacity as a function of temperature. Multilamellar dispersions of hydrated
PE's, however, exhibit transitions with fine structure, which can be fitted as the sum of three two-state component
transitions, at scan rates of 0.02-0.1 K min-', but give only a single asymmetric transition at 1.0 K min- '. At all scan

rates the transition(s) of hydrated samples occur at lower temperatures than those of nonhydrated samples. One of the
component transitions of hydrated PE's may be analogous to the pretransition that occurs in 1,2 diacylphosphatidylcho-
lines.

INTRODUCTION

Diacylphosphatidylethanolamines (PE's) are widely dis-
tributed in the membranes of both procaryotic (1) and
eucaroytic cells (2). The curves of excess apparent specific
heat vs. temperature for the gel-to-liquid crystalline transi-
tion of multilamellar liposomes of PE's reported to date
(3-7), and upon which specific theoretical analyses for the
physical behavior of PE's have been partly based (8, 9),
display a transition that is asymmetrically broadened
toward lower temperatures. In contrast to the complex
phase behavior of diacylphosphatidylcholine (PC) bilayers
(10), it has appeared that there are no transitions at
temperatures below that of the gel-to-liquid crystalline
transition of fully hydrated PE's (3-7). These differences
have been attributed to the difference in the head group
between PE's (RN+H3) and PC's (R-N+[CH3]3), and
resulting differences in hydrogen bonding capacity, elec-
trostatic effects, hydration properties, and acyl-chain pack-
ing (11, 12). Examination of dilauroyl, dimyristoyl, dipal-
mitoyl, and distearoyl PE's by high sensitivity differential
scanning calorimetry (HSDSC) reveals, however, that the
phase transitions of PE's are more complex than previously
realized.
The calorimetrically detectable phase transition proper-

ties of multilamellar phospholipid vesicles are dependent
upon purity and concentration of lipid, method of prepara-
tion, acyl-chain length, and the nature of the head group
(13). The apparent values of the thermodynamic parame-
ters for the transitions may be affected by instrumental
characteristics, such as heat transfer rates, and it is
therefore important to employ low scan rates (e.g., 0.02-
0.1 K min'-) in calorimetric studies of lipid transitions
( 14). Although reports exist of the phase transition proper-
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ties of PC's at low scan rates ( 14), no such data have been
reported for hydrated PE's of high purity.

MATERIALS AND METHODS

Lipid Preparations

All phospholipids were purchased from Avanti Polar Lipids Inc. (Bir-
mingham, AL). Their purity was checked by thin layer chromatography
(TLC) in different solvent systems (15) and by gas liquid chromatogra-
phy (GLC; 16) and found to be at least 99.5%. Before use all lipids were
kept in a vacuum oven at 500C until no further weight loss occurred.
Nonhydrated suspensions were prepared by addition of doubly deionized
water to weighed lipids to give concentrations in the range 1.0-5.0 mg
ml-', folowed by vortexing at room temperature for 3 min. The lipid
dispersion was immersed for several minutes in an acetone/solid CO2
bath and then allowed to thaw. The vortexing and freeze-thaw procedure
was repeated three times. The term nonhydrated samples is taken to mean
suspended samples of lipids that have not been heated above room
temperature (230C). Multilamellar liposomes were prepared by the
addition of 5 ml of doubly deionized water to 2-10 mg of phospholipid,
heating to 10°C above the phase transition temperature (TNH) of nonhy-
drated samples and vortexing for 30 s. The suspension was reheated and
vortexed three times. Alternatively multilamellar liposomes of fully
hydrated PE's were also prepared by the method given for nonhydrated
PE's followed by heating and cooling samples, in the calorimeter, to 10°C
above and below TNH three times, at a heating rate of 2 K min-'. The
calorimetric properties of multilamellar vesicles produced by these two
methods did not differ significantly when scanned at 0.1 K min '.

Calorimetry

DSC experiments were performed in a DASM- IM microcalorimeter (17)
using scan rates of 0.02-1.0 K min-'. Instrumental baselines obtained by
scanning doubly deionized water in both sample and reference cells of the
calorimeter were horizontal in the range 0-800C. The initial and final
baselines for all curves of apparent excess specific heat vs. temperature (C
vs. T) were also horizontal with no significant changes in apparent excess
specific heat. The noise level was in the range 0.01-0.02 cal K-' gm-'.
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After the first calorimetric scan of multilamellar dispersions, the samples
were cooled in the calorimeter and then rescanned to check on the
reproducibility and reversibility of the transitions. All samples were run
under an excess nitrogen pressure of 1.5 atm to minimize bubble
formation.

Data Analysis

Multicomponent transition curves were resolved into the sums of indepen-
dent component curves, which were required to follow the van't Hoff
equation for a simple two-state process (18). For this purpose a computer
program was employed (19, 20), which varied in succession the three
parameters that characterize each van't Hoff curve, until the standard
deviation of the calculated sum curve from the observed data was
minimal. The parameters used were the calorimetric enthalpy (AI41.1,
proportional to the area of the transition curve), the van't Hoff enthalpy
(AHVH, which controls the variation with temperature of the equilibrium
constant appropriate to the curve), and the temperature of half comple-
tion of the transition (TH). The sum of the values of AH,I, for the resolved
components agreed to within ±1-2% with AHJaT, the total observed
enthalpy evaluated by planimeter integration (21) of the curves of
Cvs. T.

RESULTS AND DISCUSSION

Nonhydrated samples of PE's show a single asymmetric
transition with a broad low temperature side followed by a
steeper high temperature side (Fig. 1). The transition
temperatures (TNH) are higher than the transition temper-
atures (TH) of hydrated samples (Fig. 1 and Table I). The
difference between TNH and TH decreases with increasing
chain length (inset, Fig. 1); extrapolation indicates that
these two temperatures coincide at C20 chain length. The
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FIGURE 1 Curves of apparent excess specific heat vs. temperature for
dipalmitoylphosphatidylethanolamine. (A) Nonhydrated sample scanned
at 0.1 K min-'; (B) hydrated sample scanned at 1 K min-'; (C) hydrated
sample scanned at 0.1 K min-' ( , experimental curve, ---, component
transition curves). The lipid concentration was 1 mg ml- in all cases. The
inset shows the difference in the temperature of maximal specific heat
between nonhydrated (TNH) and hydrated (TH) samples.

transition shown by nonhydrated samples has been attrib-
uted to simultaneous hydration of head groups and acyl-
chain melting (22). D. A. Wilkinson and J. F. Nagle
(manuscript submitted for publication) have ascribed this
transition to the melting of a more ordered, less hydrated,
subgel phase, which is stable over its entire temperature
range (0-570C for DMPE), with formation of the liquid
crystalline phase. A similar interpretation has been given
by Mantsch et al. (22) and by Chang and Epand (23).
Seddon et al. (24) have also reported, for DLPE, transi-
tions at 30.60C and 430C and an additional one at -370,
which has not been seen by any other workers. The half
height width (AT,/2), calorimetric enthalpy (AHI1), maxi-
mal apparent excess specific heat (Cmax), and van't Hoff
enthalpy (AHvH) are similar for all the nonhydrated PE's
studied here. However, the values we have found for TNH
and Cmax are higher and values for ATI/2 are much smaller
than those previously reported (22-24) (Table I). These
differences probably reflect the higher purity of the PE's
used in this study and the low scan rates employed.

In contrast to nonhydrated samples, hydrated disper-
sions of PE's show multicomponent transitions (Fig. 1 C).
The component transitions are not as well resolved at scan
rates of 0.25-0.5 K min-' as at 0.1 K min-'. At 1.0 K
min-' a single asymmetric transition curve is obtained
similar to those reported in the literature for PE's (Fig.
1 B). The transition curves for hydrated PE's, as observed
at a scan rate of 0.1 K min- , can be analyzed as the sum of
three two-state or van't Hoff curves. Although this analysis
is convenient for the purpose of describing our observa-
tions, it does not necessarily give a uniquely valid interpre-
tation. However, the clear occurrence of inflexions in the
transition curves gives added confidence that curve fitting
to three transitions is a valid procedure.

That the component peaks are not due to contamination
of the PE's is shown by a variety of observations, including
analytical TLC (7, 15) and GLC (16) before and after
DSC scans, DSC examination of hydrated samples before
and after preparative TLC and/or recrystallization, and
after purification of PE samples from a different supplier
(Calbiochem-Behring Corp., American Hoechst Corp.,
San Diego, CA). DSC study of PE samples to which the
corresponding lyso PE's were added shows that the multi-
component phase behavior is not due to this type of
contamination. Rescanning dispersions of hydrated PE's
several times over periods of 1-12 h after the first scan
showed no changes in the scan profiles. Centrifugation (105
g for 1 h) of hydrated samples followed by calorimetric
examination of supernatant and of precipitate resuspended
by gentle shaking, as well as negative staining electron
microscopy, indicated that the samples consisted entirely
of multilamellar vesicles. No transition due to hydrated
phospholipid was observed using nonhydrated samples.
Similarly, when hydrated material was scanned, no transi-
tion due to nonhydrated material could be seen, indicating
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PHASE TRANSITION
TABLE I

PROPERTIES OF NONHYDRATED AND HYDRATED PHOSPHOLIPIDS

Nonhydrated
T(NH) At1/2 AH., AHVH C.

°IC °IC kcal mol`' kcal mol' cal k-'gm-i
Phospholipid (±0.02) (±0.02) (±0.2-0.4) (±45) (±0.5-2.0)

Dilauroyl PE 44.65 0.46 13.8 1,500 30.8
Reference 22 44.0 1.3* 13.3
Reference 23 43.2 1.7* 10.0 - 10.0*
Reference 24 43.0 2.3* 13.6 10.0*

Dimyristoyl PE 56.80 0.45 13.3 1,700 31.0
Reference 22 53.20 2.2* 14.8
i: 56.30 0.6 16(±0.6)

Dipalmitoyl PE 67.30 0.44 12.7 1,800 32.0
Reference 22 64.90 1.8* 18.5

Distearoyl PE 75.20 0.44 12.9 1,900 30.5

Hydrated
TH At1/2 AH, ,, AHI C.. AHH

°C ° C kcal mol`' kcal mol' cal k-'gm-' kcal mol`
Phospholipid (±0.1-0.4)

Dilauroyl PE (1) 29.91 0.33 1.1 3.8 1,900
Dilauroyl PE (2) 30.25 0.24 1.3 4.80 8.5 2,700
Dilauroyl PE (3) 30.44 0.16 2.4 23.5 4,000

Reference 22 30.5 1.0*
Reference 23 30.1 0.33* 2.5 2.5 8.5*
Reference 24 30.6 0.9 3.7 3.7 5.0*

Dimyristoyl PE (1) 49.40 0.40 2.85 5.62 1,800
Dimyristoyl PE (2) 49.70 0.10 0.63 8.43 8.7 7,000
Dimyristoyl PE (3) 49.94 0.13 4.95 41.3 5,600

Reference 22 49.0 0.9*
t 49.6 0.3 5.7(±0.1) 5.7 24.0

Dipalmitoyl PE (1) 63.40 0.31 3.12 11.1 2,600
Dipalmitoyl PE (2) 63.66 0.22 1.76 10.08 10.4 3,600
Dipalmitoyl PE (3) 63.80 0.13 5.20 50.8 6,100

Reference 22 63.2 0.9*
Dipalmitoyl PE* 63.90 0.15 8.50 57.0 5,300
Distearoyl PE (1) 74.12 0.34 3.50 15.4 2,500
Distearoyl PE (2) 74.36 0.27 2.30 11.4 10.6 3,100
Distearoyl PE (3) 74.40 0.18 5.55 44.0 4,700
DPPC (PT) 34.80 0.90 1.35 1.9 740
DPPC (GLCT) 41.50 0.11 7.60 74.0 6,300

Our data are for samples scanned at 0.1 K min-' in doubly deionized water except for dipalmitoyl PE* scanned at 1.0 K min-' (see Fig. 1 B). For
comparison, the phase transition properties of the pretransition (PT) and gel-to-liquid crystalline transition (GLCT) of 1,2 dipalmitoylphosphatidylcho-
line (DPPC) are given. The DPPC dispersions were prepared in exactly the same way as the hydrated PE samples.
*Estimated value from data given in the indicated reference.
tD. A. Wilkinson and J. F. Nagle (manuscript submitted for publication).

that the phospholipid had been properly hydrated. All
these results indicate clearly that the multicomponent
phase behavior of PE's is an intrinsic property of the
lipids.
We propose that in each case the component transition

occurring at the highest temperature (transition 3, Fig. 1)
is due primarily to the cooperative melting of the alkyl
chains, and may thus be identified with the so-called main
(gel-to-liquid crystalline) transition of PC's (5, 18). The
value of C.,, for transition 3 is in all cases considerably
higher than that previously reported (3-7) presumably

because of the higher purity of the lipids used in our work,
and the value of AT1/2 is comparable to those reported for
the main transitions of high purity PC's (5, 18).
We also propose that one of the two lower transitions

(transition 1 or 2, Fig. 1) is analogous to the so-called
pretransition of PC's. Other observations are consistent
with this hypothesis. For example, it has been shown (25)
on the basis of '3C and 2H NMR studies that during the
gel-to-liquid crystalline transition of PE's, changes in
rotational motion about the molecular axis, similar to those
associated with the pretransition in PC's, take place. It has
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also been inferred (26) from ESR measurements that an
increase in axial rotational motion takes place at tempera-
tures coinciding with or immediately below the pretransi-
tion in PC's and the gel-to-liquid crystalline transition of
PE's. In addition, it has recently been demonstrated that in
PC's a pretransition occurs both in the presence and
absence of lanthanum ions (27), despite the fact that the
acyl-chain tilt angle relative to the normal to the bilayer
plane is 00 in the presence of lanthanum and 300 in its
absence (28). It has been previously suggested that PE's do
not undergo a pretransition because their acyl chains are
orientated perpendicular to the bilayer plane (1 1, 12). This
assumption may not be correct in view of the results
obtained with the lecithin-lanthanum system (27). Inter-
estingly, the temperature of the pretransition of PC's
increases in the presence of long chain alkanes (C14-C16)
until at a mole ratio of PC/alkane of 1:2 (a ratio at which
the acyl chains are perpendicular to the bilayer plane 28)
the pretransition merges with the gel-to-liquid crystalline
transition (B. Z. Chowdhry, unpublished observations). It
is not known however, which one of the lower temperature
component transitions of the PE's may be a pretransition,
and we have no explanation for the existence of the other
component. A possibility is that component transitions 1
and/or 2 represent changes in the state of hydration of
PE's. It will be very difficult to examine the nature of the
component transitions by physicochemical methods other
than HSDSC because of the very small temperature
differences between them.
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