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Abstract

The phase behavior of partially hydrated 1,2-dioleoylphosphatidylethanolamine (DOPE) has been studied using
differential scanning calorimetry and X-ray diffraction methods together with water sorption isotherms. DOPE liposomes
were dehydrated in the Hy phase at 29°C and in the L, phase at 0°C by vapor phase equilibration over saturated salt
solutions. Other samples were prepared by hydration of dried DOPE by vapor phase equilibration at 29°C and 0°C. Five
lipid phases (lamellar liquid crystalline, Ly; lamellar gel, Lg; inverted hexagonal, Hyy; inverted ribbon, Ps; and lamellar
crystalline, L.) and the ice phase were observed depending on the water content and temperature. The ice phase did not form
in DOPE suspensions containing <9 wt% water. The L. phase was observed in samples with a water content of 2—6 wt% that
were annealed at 0°C for 2 or more days. The L. phase melted at 5-20°C producing the Hyy phase. The Pg phase was observed
at water contents of < 0.5 wt%. The phase diagram, which includes five lipid phases and two water phases (ice and liquid
water), has been constructed. The freeze-induced dehydration of DOPE has been described with the aid of the phase
diagram. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction of water on lipid mesomorphism, which is essential
to a mechanistic understanding of destabilization of

Binary phospholipid:water mixtures have been biological membranes under severe environmental
widely used as models of biological membranes. conditions such as freezing and desiccation [1,2].
One of the major areas of interest is the influence To describe the relationships between water content

Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphatidylethanolamine;
DDPE, 1,2-didodecyl-rac-glycero-3-phosphoethanolamine; DAPE, 1,2-diarachinoyl-sn-glycero-3-phosphoethanolamine; POPE, 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; L, lamellar liquid crystalline phase; Lg, lamellar gel phase; Hy, inverted hexagonal

phase; L, lamellar crystalline phase; Ps, inverted ribbon phase; T}, the Lg+ice > Ly +ice invariant phase transition temperature; 7} ,,
the L.+Lg — L+Hj; invariant phase transition temperature; Tr,, the Lg+water - L, +water invariant phase transition temperature in the
supercooled samples; T‘;N, the Ly+ice > Lg+water invariant phase transition temperature; Ty,, the Ly+ice > L, monovariant phase
transition temperature; 7p, the Ly —> Lg+L, monovariant phase transition temperature; Ty,, the Lg+ice = Lg monovariant phase tran-
sition temperature; Ty, the temperature of the monovariant Ly, — Hyp+Ly, — Hyp and invariant Ly+water — Hyj+water phase transitions;
T., the L.-to-Hy; phase transition temperature; Superscripts i and m refer to the invariant and monovariant phase transitions, respectively
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and lipid phase behavior, phase diagrams are usually
used.

Phospholipids can adopt a number of phases, and
it complicates study and construction of the phase
diagrams. For example, seven phases were described
for 1,2-dodecyl-rac-glycero-3-phosphoethanolamine
[3]. Quite often, certain phase(s) occupy narrow tem-
perature/water content regions, which are very diffi-
cult to resolve experimentally. For example, in a DL-
dipalmitoylphosphatidylcholine:water system [4] the
temperature region of phase coexistence of Pg'+Ly, is
about 2°C, and the composition range is less than
7 wt% of the water. Moreover, phospholipids often
exist in a metastable state rather than in an equili-
brium one, which also complicates the study and
construction of phase diagrams of phospholipid:
water systems. The best known example is the
metastability of the gel phase with respect to the
lamellar crystalline phase (reviewed in [5]). Despite
these problems, phase diagrams have been con-
structed for several saturated species of PC and PE
[6]. Phase diagrams for unsaturated species of phos-
pholipids have been studied to a much lesser extent,
even though unsaturated phospholipids are the pre-
dominant phospholipid species in biological mem-
branes.

In this report, the phase diagram of a DOPE:
water system has been studied. DOPE is the most
studied species of PE with unsaturated hydrocarbon
chains and has been used as a model to study the
influence of different solutes on lipid phase transi-
tions [7] and (in mixtures with other lipids) to study
freeze-induced destabilization of biological mem-
branes [8-10]. Phase transitions in DOPE at water
contents above 5 wt% and temperatures above 0°C
have been studied in some detail [8,11-14]. In partic-
ular, the part of the phase diagram that includes two
lipid phases (Lo, and Hy) and a liquid water phase
has been constructed [11,15]. Two other phases, the
cubic [14] and inverted ribbon [16] phases, have also
been reported to exist. In the present study, the
phase behavior of partially hydrated DOPE has
been studied using differential scanning calorimetry
(DSC) and X-ray diffraction methods together with
water sorption isotherms. Major attention has been
devoted to the low-temperature (below 0°C) and low-
water content (below 5 wt%) regions for which only
fragmentary data are reported in the literature.

Water sorption isotherms for DOPE in the L, phase
at 0°C and in the Hy phase at 29°C were obtained,
and DOPE samples with water contents from 0 to 25
wt% were analyzed by DSC and small- and wide-
angle X-ray diffraction. The phase diagram that de-
scribes phase equilibria involving five lipid phases
and two water phases (ice and liquid water) has
been constructed. An example of how a phase dia-
gram of a phospholipid:water system can be used in
cryobiology is provided in Section 4. One of the im-
portant cryobiological issues is the freeze-induced de-
hydration of lipid bilayers [17]. The hydration of
DOPE in the presence of the ice and liquid water
phase as a function of temperature below 0°C has
been estimated, and freeze-induced dehydration of
DOPE has been described with the aid of the phase
diagram.

2. Materials and methods
2.1. Sample preparation

DOPE was purchased from Avanti Polar Lipids as
a chloroform solution and used without further pu-
rification. Chloroform was removed under a stream
of N, at room temperature followed by drying under
vacuum for at least 15 h. DOPE liposomes were
prepared in double-distilled, de-ionized water satu-
rated with N, by freeze-thaw cycling in liquid nitro-
gen and a water bath at 1-3°C with vortexing be-
tween cycles; ten freeze-thaw cycles were employed.
Lipid concentration was 100-200 mg lipid/ml water.

Partially hydrated DOPE samples for X-ray and
DSC experiments were prepared by dehydration of
the DOPE liposomes as well as hydration of dried
lipid by vapor phase equilibration. Equilibration was
performed at two temperatures: at 29.0 +0.5°C in an
incubator, and at 0.5+ 1.5°C in a cold room (referred
to as equilibration at 0°C). During equilibration in
the cold room, containers with DOPE were kept in
an ice/water mixture. To prepare the DSC samples,
DSC pans containing either DOPE liposomes or
dried DOPE were placed over pure water or satu-
rated salt solutions in tightly closed jars; the jars
were flushed with argon, and DOPE was equilibrated
for 6-10 days at 29°C and 19-25 days at 0°C. After
equilibration, the DSC pans were sealed hermeti-
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cally. To prepare samples for X-ray diffraction ex-
periments, Petri dishes containing DOPE liposomes
or dried DOPE were placed over saturated salt so-
lutions in desiccators; the desiccators were evacuated
with a vacuum pump and stored at either 29°C or
0°C for 6-10 days. After equilibration, the DOPE
samples were loaded into X-ray capillaries and fur-
ther equilibrated over saturated salt solutions for an
additional day after which the capillaries were flame-
sealed. All operations with samples equilibrated at
0°C were performed in a cold room at 2-4°C using
cooled tweezers; relative humidity (RH) in the cold
room was 60-70%. Samples equilibrated at 29°C
were transferred into capillaries at room temperature
at RH 30-40%. It appeared that a number of sam-
ples lost a considerable amount of water during load-
ing. To account for such uncontrolled dehydration,
the water content of the samples was determined
after the X-ray diffraction experiments as described
below.

Saturated aqueous solutions of Na,HPO,4, KNOs,
BaCl,, KCI, NaCl, NaBr, MgCl,, and LiCl were
used to control DOPE hydration [8]. Corresponding
osmotic pressures, I, for those solutions were calcu-
lated at 30°C and 0°C as described in [18§]

I = —(RT/V4)In(RH/100) (1)

where R=8.31 J mol~! K~! is the universal gas con-
stant, T is temperature in K, V,, is the partial molar
volume of water in the solution, RH is the relative
humidity of the solution. Partial molar volumes of
water in the solutions were calculated from the den-
sity-concentration dependence as described by [18]
using densities given in [19]. However, the molar vol-

ume for pure water may be used because it appeared
that the difference between partial molar volume of
water in pure water and in the solutions under con-
sideration is negligible. RH values and osmotic pres-
sures for the saturated salt solutions used in this
study are given in Table 1.

Water content was determined gravimetrically
after DSC and X-ray diffraction experiments by dry-
ing lipids in DSC pans with pin holes at 70°C under
vacuum until a constant weight was achieved (usu-
ally 3.5 h).

2.2. DSC and X-ray diffraction experiments

DSC experiments were performed with a Perkin-
Elmer DSC-7 instrument. The instrument was cali-
brated using melting points of water and indium at a
heating rate of 10°C/min. An empty aluminum pan
was used as a reference. Samples were cooled to ei-
ther —10 to —20°C (to avoid ice formation) or —120
to —140°C followed by immediate heating to 30-
35°C; cooling and heating cycles were repeated sev-
eral times. DSC pans usually contained 1-2 mg of
lipid. Samples equilibrated at 0°C were transferred
into the pre-cooled DSC instrument at 0°C. Heating
and cooling rates were usually 40°C/min. At this high
heating rate, the apparent melting temperatures of
water and indium were (1.1%0.5)°C higher than
those obtained at 10°C/min; the values for the phase
transition temperatures reported in this study were
corrected for the difference. Some samples were
also scanned at lower scanning rates (5, 10, and
20°C/min) to ensure that the high scanning rates
did not cause major changes in the phase behavior

Table 1
Relative humidities and osmotic pressures of saturated salt solutions
Saturated aqueous solution of 30°C 0°C

osmotic pressure, MPa RH, % osmotic pressure, MPa RH, %
Na,HPO, 4.3 97 [20] 2.5 98¢
KNO; 11.2 92.3 [21] 4.8 96.3 [21]
BaCl, 16.3 89 [20] 7.8 943
KCl 25.1 83.6 [21] 15.3 88.6 [21]
NaCl 40.1 75.1 [21] 354 75.5 [21]
NaBr 81.1 56.0 [21] 57.3 63.5 [21]
MgCl, 157.7 32.4 [21] 137.2 33.7 [21]
LiCl 305.2 11.3 [21] 276.1 11.2 [21]

4Extrapolated from 5°C to 0°C using data from [20].
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of the DOPE. The more rapid heating rates did not
cause changes in the general appearance of the DSC
curves.

X-ray diffraction powder patterns were obtained at
the Cornell High Energy Synchrotron Source
(CHESS) using the D1 station. Wavelength was
measured using silver benhamate and was 0.70 A
and 0.93 A in different experiments. Diffraction pat-
terns were recorded on Polaroid film placed at a
measured specimen-to-film distance. Sample temper-
ature was maintained using an air-jet cooling system
and measured by a thermocouple placed in the air
stream close to the capillary. The difference between
the sample temperature and the thermocouple tem-
perature was estimated to be less than 5°C. Samples
equilibrated at 29°C were loaded in the X-ray dif-
fraction instrument at room temperature (~ 20°C),
and cooled to —40 to —50°C at a rate of ~15°C/
min. Samples equilibrated at 0°C were transferred to
X-ray diffraction facilities at 0°C and placed into a
pre-cooled sample holder at —40°C. X-ray diffrac-
tion patterns were obtained at several temperatures
between —50 and 30°C. The intermediate tempera-
tures for measurements were chosen to be below and
above the temperature of thermotropic events on
DSC curves and were usually —20 to —15°C and
0-10°C. In several instances, the cooling-heating
cycle was repeated to ensure reversibility. Samples
were equilibrated at every temperature for at least
5 min before the X-ray diffraction patterns were col-
lected.

3. Results
3.1. X-ray diffraction studies

3.1.1. Fully hydrated DOPE

Repeat spacings for the fully hydrated DOPE were
consistent with those reported in the literature [22];
the repeat spacings were 5.6 nm (at temperatures
between —40 and —15°C), 5.3 nm (from —0.5 to
10°C) and 6.9 nm at 10°C for the Lg, Ly, and Hy
phases, respectively. Coexistence of the Lg and the
ice phase was observed between —50 and —4°C; the
L, phase was observed at 0°C; coexistence of the L
and Hj phases was observed at 10°C; and the Hy
phase alone was observed at 25°C.

3.1.2. Partially hydrated DOPE. Equilibration at
29°C

DOPE samples, which contained 0.2-20 wt%
water, were prepared by dehydration of fully hy-
drated DOPE liposomes at 16-158 MPa, and hydra-
tion of dried DOPE at 4-81 MPa by vapor phase
equilibration at 29°C. Four lipid phases (L, Lg,
Hy;, and Ps phase) and the ice phase were observed
depending on the water content and temperature.

At 30°C and a water content ranging from 4 to 20
wt%, several small-angle reflections indexing to ratios
of 1:/3:/4:y7 were observed, which allowed us to
identify this phase as the Hy phase. At a water con-
tent of 11-20 wt% and —50 to —10°C, 2-4 small-
angle reflections indexing to ratios of 1:2:3:4, which
is characteristic of the lamellar phase, were observed.
In the wide angle patterns, several reflections were
observed; a reflection at (0.445%0.005) nm was as-
signed to the Lg phase, and reflections with
d=(0.19%£0.01), 0.26, 0.33, (0.355%0.005), 0.38 nm
were assigned to the ice phase. For comparison, data
for ice that are reported in the literature are as fol-
lows: 0.192, 0.207, 0.267, 0.344, 0.367, 0.390 nm [23].
Hence, in those samples the Lg and ice phases coex-
isted. A diffraction ring with a d-spacing of
(0.23£0.01) nm that did not match the ice pattern
was also observed in these samples; the origin of this
diffraction ring is obscure. In samples with a water
content of 4-9 wt%, only the L phase was observed
between —50 and —10°C; the ice phase was not ob-
served.

At 0-10°C and a water content >9 wt%, the L,
phase alone or in coexistence with the Hy; phase was
observed. The L, phase was identified as having sev-
eral small-angle reflections indexing 1:2:3 and a
broad wide-angle reflection centered at 0.43 nm.
Note that in one of the samples (water content 18.7
wt%) that was cooled to —40°C and then heated to
30°C, coexistence of the L, and Hy phases was ob-
served even at temperatures as high as 30°C; how-
ever, the L, phase disappeared when the sample was
held for several h at room temperature. This obser-
vation indicates that the L, — Hyy transition is a slow
process and may require several hours to be com-
pleted. Slow kinetics of the L, — Hy; phase transition
has been reported for fully hydrated DOPE [24].

At water contents less than 0.5 wt%, two small-
angle reflections (a first-order reflection at 3.93 nm)
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and one sharp reflection at 0.37 nm and a broad
reflection centered at 0.44 nm in the wide-angle re-
gion were observed (Fig. 1). The ratio of small-angle
d-spacings (1:1.86) indicates that this is neither the
lamellar, hexagonal, nor cubic phase. We identified
this phase as an inverted ribbon phase, Ps, after
Pohle and Selle [16]. Using infra-red spectroscopy,
Pohle and Selle [16] have shown that DOPE equili-
brated at RH = 50% enters the ribbon phase; they
also suggested that this is a phase with largely dis-
ordered hydrocarbon tails. However, the existence of
a sharp reflection in the wide-angle region observed
in this study (Fig. 1B) does not support the sugges-
tion about disordered hydrocarbon chains; instead
this observation indicates some (partial) order.

Fig. 1. Representative small-angle and wide-angle X-ray diffrac-
tion patterns of the Py phase at 30°C; wavelength was 0.93 A.
(A) Small-angle patterns at different exposure times; sample-to-
film distance was 392 mm, exposure time 60 s (Al) and 300 s
(A2). (B) Wide-angle pattern; sample-to-film distance was 31
mm.

The inverted cubic phase of DOPE has been re-
ported to exist at certain conditions [11,14]. How-
ever, the cubic phase was not detected in this work.
There are two possible reasons as follows: (i) differ-
ence in the thermal history in [14] (ten thermocycles
were employed) and in this work; (ii) very narrow
temperature/composition range of existence of the
inverted cubic phase; the cubic phase was observed
in a sample with 11 wt% water at 1-12°C, and was
not observed in samples with ~8 and ~15 wt%
water [11].

Phases that were observed at different water con-
tents and temperatures are given in Table 2. X-ray
diffraction data show that during equilibration at
29°C at different osmotic pressures, DOPE exists in
the Hy phase at water contents >3 wt%, and in the
P; phase at water contents close to zero. Ice forma-
tion was observed in samples with water contents
=11 wt% but not at water contents <9 wt%.

3.1.3. Partially hydrated DOPE. Equilibration at 0°C

DOPE liposomes were dehydrated from the fully
hydrated state at 8 and 35 MPa at 0°C; dried DOPE
was hydrated through vapor phase equilibration at
8, 15, and 35 MPa. X-ray diffraction patterns for all
of these samples were similar. Water content was
3.3-4.9 wt% which is lower than in DSC samples
equilibrated at 8§ and 15 MPa in DSC pans; the
difference is most likely due to loss of water during
loading of capillaries. Representative X-ray diffrac-
tion patterns obtained at —40°C are shown in Fig. 2.
Several small-angle reflections with ratio 1:2:3 (first-
order reflection at 5.10-5.33 nm) were observed.
Wide-angle reflections at 0.33, 0.39, 0.44 nm, and
several faint, poorly resolved reflections with higher
d-spacing were observed indicating a highly ordered
three-dimensional structure. This phase was identi-
fied as the lamellar crystalline phase, L.. A weak
small-angle diffraction ring with a d-spacing of
5.59-5.87 nm was also observed in several samples
(not shown) that is assigned to minor Lg phase,
which coexists with the L. phase. The X-ray diffrac-
tion patterns (both small and wide angle) did not
change during heating from —40 to —15°C. At
5°C, the d-spacing of the minor small-angle ring de-
creased from (5.75%0.15) nm to (4.65+0.25) nm in-
dicative of a phase transition from the L to another
phase. This phase was provisionally identified as the
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Hy; phase because the repeat spacing was similar to
that which was observed for the Hy; phase at a cor-
responding water content. At 15°C, the d-spacing
corresponding to the minor ring decreased to
(4.05%£0.15) nm. The decrease in the d-spacing is
likely to be associated with the temperature depend-
ence of d-spacing for the Hy; phase. The wide-angle
patterns did not change during heating from —40 to
15°C indicating coexistence of the major L. phase
together with the minor Lg phase (at —40 to
—15°C) or the Hy; phase (at 5-15°C). At 25°C, the
sharp, wide-angle reflections disappeared; in the
small-angle region, one first-order reflection with
d=(3.95%£0.25) nm was observed and was assigned
to the Hy; phase. Cooling to —25°C did not restore
the original X-ray diffraction patterns; instead, one
wide-angle reflection at (0.405%0.005) nm and two
or more small-angle reflections (1:2:3:4 ratio, repeat
spacing varied from 5.10 to 5.59 nm in different sam-
ples) were observed and allowed us to identify this
phase as the Lg phase. When the heated samples
were annealed at 0°C for at least 2 days, the L. phase
was observed again. A summary of the X-ray diffrac-
tion results is given in Table 2.

The occurrence of the L. phase in a DOPE :water
system has not been previously reported in the liter-

Table 2
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ature. Two lamellar crystalline phases (L.; and L)
were observed in DOPE that was hydrated with
DMSO:water mixtures at DMSO concentrations
greater than 50% [22]. The X-ray diffraction patterns
(both wide-angle and small-angle) for the L., phase
[22] have some similarities with the L. phase in this
study; however, the correspondence is not perfect,
and it is not clear whether the two phases (the L.
phase in this study and the L, phase reported in
[22]) are identical.

3.2. DSC results

3.2.1. Fully hydrated DOPE

In DSC heating curves of fully hydrated DOPE
(not shown), two endothermic peaks, T, and Ty,
corresponding to the Lg-to-Lo (stronger peak) and
Lo-to-Hy; (weaker peak) phase transitions, were ob-
served when the sample was scanned between —12
and 30°C. When the samples were cooled to —140°C,
the Ty, peak (Lg-to-L, phase transition) was fol-
lowed by a large ice melting peak. The temperatures
and enthalpies for the phase transitions of fully hy-
drated DOPE obtained at different heating rates are
given in Table 3, which also contains the data from
the literature for comparison. There is reasonable

X-ray diffraction results for partially hydrated DOPE samples at different temperatures

Water con- Temperature, °C

tent, wt%
—45..—30 —20 —15 —10 0 5 10 20 30 —40 —40
(after (2 days
25°C) at 0°C)
18.9% Lg+ice - - Lg+ice — L Lo+Hp - Hy - -
13.22 LB‘HCC - — — — — — Hy — - —
11.6% — LB‘HCC — — — Lg — — Hy — —
10.72 LB‘HCC LB+iCC — — L(x - - HH HH (35°C) - -
8.82 Lg Lg — — Lo+Hp - Hy — Hy - -
6.5% Lg - Lg — - - Hy — Hy - -
4.2 Lg - Lg+Hy -~ - - Hy - Hy — -
2.8-3.14 Lﬁ - LB - - - HH - HH — —
0.2-0.4% Py - - - - - - - Ps (up to - -
50°C)
3.3-4.9b L. or - L. or - - L. or L.+ Hypor — Hy (25°C) Ly Lc or Le+Lg
L.+Lg Le+Lg L.+ Hy  Hy (15°C)

4The samples were prepared by dehydration of DOPE liposomes and hydration of dried DOPE through vapor phase equilibration at

29°C.

>The samples were prepared by dehydration of DOPE liposomes and hydration of dried DOPE through vapor phase equilibration at

0°C.
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Fig. 2. Representative small-angle and wide-angle X-ray diffrac-
tion patterns of the L. phase at —40°C; wavelength was 0.70
A. (A) Small-angle pattern; sample-to-film distance 419 mm,
exposure time 55 s. (B) Wide-angle pattern; sample-to-film dis-
tance 60 mm, exposure time 13 s.

Table 3

agreement between the data from this study and the
literature.

3.2.2. Partially hydrated DOPE. 0°C equilibration
Representative DSC heating curves of DOPE lip-
osomes that were dehydrated in the L, phase at dif-
ferent osmotic pressures at 0°C are shown in Fig. 3.
The general appearance of the DSC curves and their
reversibility depends on the hydration. For samples
that were equilibrated at 0-15 MPa (water content
=11 wt%, Fig. 3, curves a—f), the DSC heating curves
were completely reversible, i.e. there was no differ-
ence between the first and successive scans. One or
two major endothermic peaks below 0°C followed by
a weak endothermic peak were observed on the DSC
heating curves for those samples. The weak endo-
thermic peak above 0°C, Ty, is assigned to the L-
to-Hy; phase transition of DOPE. The number and/
or magnitude of the major endothermic peaks that
were observed at lower temperatures (around 0°C
and lower) were dependent on whether the samples
were cooled to —15 to —20°C or —140°C, whereas
the Ty, was essentially independent of the cooling
temperature. If the samples were scanned between
—15 and 30°C (Fig. 3, broken curves), water did
not crystallize and remained in the supercooled state.
In this case, one major endothermic peak slightly
below 0°C was observed and is the result of the
Lg — Ly phase transition. If the heating scans were
performed from —140°C (Fig. 3, solid curves), the

Temperatures and enthalpies of the Ly — Ly and L, — Hy phase transitions of fully hydrated DOPE determined by DSC

Phase transition This work, at heating rate

Literature data

40°C/min 20°C/min

10°C/min 5°C/min

—2.91£0.8°C (peak) -
—5.110.6°C (onset) —
AH -4
Lg+water > Lo+ T
water (supercooled) -

AH b
Lo +water —» Hy+ Ton 19.1 £1.8°C (peak)

Lg+ice = Ly +ice Tm

23.9 kJ/mol

AH 1.48 £0.05 kJ/mol 1.54 kJ/mol

—5.5£0.5°C (peak) —7.8%0.2°C (peak)
b —9.1%0.2°C (onset)

15.5+1.3°C (peak)
water 15.9£2.2°C (onset) 12.8+2.0°C (onset)

—3.3%£0.7°C (peak) -
—5.411.3°C (onset) —
-2 - 31.7 kJ/mol° [8]
—8.6£0.2°C (peak) —8.8°C (peak) —7.3+3.8°C¢ [41]
—9.8+£0.2°C (onset) —9.9°C (onset)
24.0 kJ/mol 23.6 kJ/mol
14.9£2.1°C (peak) 13.4°C (peak)
12.7£3.0°C (onset) 11.7°C (onset)
1.34 kJ/mol 1.44 kJ/mol

—8.1°C* [8]

18.9 kJ/mol® [41]
8.5+ 1.9°C [41]

1.2240.17 kJ/mol [42]

4AH was not determined because the Tp, peak was not fully resolved from the ice melting peak.

PThe onset temperature was not determined because the onset temperature was close to the cooling temperature.

‘It has not been specified whether this transition is in the presence of ice or liquid water. In the description of experimental procedure
[8], DSC scans were performed from —40°C; it is most likely that the ice formed at those conditions, and the values reported in [8]

are for the phase transition in the presence of ice.
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Fig. 3. Representative DSC heating curves of DOPE liposomes
dehydrated at 0°C through vapor phase equilibration. Heating
rates: 40°C/min. Dotted curves: DSC runs that were performed
from —15 to —20°C. Solid curves: scans were performed from
—140°C. (a) Fully hydrated; (b) equilibrated at 0 MPa (over
pure water); (c) equilibrated at 2.5 MPa, 17.0 wt% water; (d)
4 MPa, 15.8 wt% water; (e) 8 MPa, 13.3 wt% water; (f) 15
MPa, 11.3 wt% water; (g) 35 MPa, 3.0 wt% water; (h) 57
MPa, 2.4 wt% water; (i) 137 MPa; (j) 276 MPa. Inset: DSC
heating curves of DOPE dehydrated at 137 and 276 MPa.

sub-zero parts of the DSC heating curves were more
complex.

In order to properly describe thermal effects on the
DSC curves, let us to introduce a schematic phase
diagram that shows the phase relationships between
four phases (water, ice, Lg, and L,) (Fig. 4). This
phase diagram was constructed using the phase rule
and other rules for construction of phase diagrams
[25] and taking into account that liquid water and
the Lo, phase are high-temperature phases in relation
to the ice and the Ly phases, respectively. With the
aid of the phase diagram, the DSC heating curves of
samples with water contents =11 wt% (curves a—f,
Fig. 3) are described as follows. In fully hydrated
samples and in samples equilibrated at RH =100%
through the vapor phase (over pure water), two en-

dothermic peaks, 71, and T, were observed around
0°C (Fig. 3, curves a and b) and are assigned to the
Lg+ice > Ly+ice and Lg+ice > Ly+water invariant
phase transitions, respectively. The heating pathway
is shown in Fig. 4 as the 11’ line. Superscripts i and
m refer to the invariant and monovariant phase tran-
sitions, respectively, whereas subscripts w and m re-
fer to the ice melting and the lipid chain melting
transition (‘main transition’), respectively. For sam-
ples that were dehydrated at 2.5 MPa (17-19 wt%
water, Fig. 3, curve ¢) a major endothermic peak,

', with a high-temperature shoulder, T,% preceded
the Ty, The T} thermotropic event was assigned to
the Ly tice = L, phase transition; the heating path-

4' 1
L +water
o
L
o
0 C
: Ti k
:' w
® | i .
N H L +ice
[0} : o
— .
3 e .
© 1 :
o o b
N i
g‘ Tm1| m1l; Tm»]l
() Co
= N
________ L SR ISR
e*
L +ice
3 ‘ 2 | . 1 .
20 30
Water Content (wt%)

Fig. 4. Schematic phase diagram that illustrates phase transition
sequence during heating of DOPE with water content more
than 10 wt%. Circles represent correspondence between thermo-
tropic events on DSC heating curves and the equilibrium phase
transition temperatures. Squares represent specific points of the
phase diagram, namely, eutectic ¢;, metastable eutectic, e*, peri-
tecitc p;, and point ¢; which corresponds to the maximal solu-
bility of water in the Lg phase in the equilibrium with the ice
phase. Vertical lines 11’, 22', 33’, 44’ represent heating path-
ways for DOPE samples with different water content. Dotted
lines represent metastable equilibrium.
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way is shown as line 22’ in Fig. 4. An endothermic
peak around 0°C (marked with an asterisk in Fig. 3),
which was also observed in the samples with water
contents of 17-19 wt%, is most likely an artifact due
to the melting of ice that condensed on the lid of the
DSC pan [26,27]. Indeed it has been observed that
the magnitude of this effect increased in consecutive
DSC scans as expected (DSC curves not shown). In
samples that were dehydrated at 4 and 8§ MPa (water
content 13-16 wt%, Fig. 3, curves d and e), the major
endothermic peak, T nil, 1s associated with the
Lg+ice—>Lg+Ly — Ly phase transition; the heating
pathway is shown in Fig. 4 as line 33’. The two
endothermic peaks that were observed in DSC curves
of samples dehydrated at 15 MPa (water content
about 11 wt%, Fig. 3, curve f) were assigned to the
Lg+ice—Lg, T3, and Lg = Ly+Lg = Ly, 7, mono-
variant phase transitions; the heating pathway is
shown as line 44’ in Fig. 4.

DSC curves for samples dehydrated at 35 and 57

T
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-20 0 20

Temperature (°C)

Fig. 5. Representative subsequent DSC heating curves of
DOPE liposomes dehydrated at 0°C at 34.5 MPa showing ap-
parent irreversibility of the L. — Hy phase transition (7, peak).
Heating rate: 40°C/min.

MPa have a completely different appearance. A weak
endothermic peak slightly below 0°C, T.,, and a
strong endothermic peak centered at 25°C, T., were
observed during the first heating DSC scans (Fig. 3,
curves g and h). On the second and successive scans,
the high-temperature endothermic peak disappeared
as shown in Fig. 5. DSC curves obtained during the
second heating scans had an exothermic peak fol-
lowed by the endothermic peak. However, when
the scanned samples were kept at 0°C for 2 days,
the T, peak was again present in the first DSC heat-
ing curve, which was similar to the original samples
(curves not shown). Such apparent irreversibility in
the thermal behavior of the phospholipid:water mix-
tures is usually associated with the lamellar crystal-
line phase, L. [5]. The X-ray diffraction data con-
firmed the appearance of the L. phase, and allowed
us to identify the thermotropic events on the DSC
heating curves as follows. The minor endotherm,
T1,, which was observed slightly below 0°C, is as-
signed to the L.+Lg—Lc.+Hy phase transition.
From the X-ray diffraction data, the patterns of
the L. phase did not change in the T}, temperature
range, whereas the d-spacing for the minor reflection
decreased sharply. The major endotherm, 7¢, with an
onset temperature of about 20°C is assigned to the
L.+H;—Hy phase transition because lamellar
small-angle reflections and the sharp wide-angle re-
flections disappeared on the X-ray diffraction pat-
terns between 15 and 25°C.

For samples that were dehydrated at 137 and 276
MPa, the T. peak was no longer observed. Instead,
one or two weak and broad endothermic peak(s)
appeared between —50 and —20°C (Fig. 3, curves i
and j and inset). These thermal events were not ac-
companied by major structural changes because the
X-ray diffraction patterns were the same in the tem-
perature range from —45 to 50°C. The nature of
these thermal events is unclear.

DOPE that was hydrated from the dried state at
0°C exhibited similar thermal behavior as DOPE lip-
osomes dehydrated at 0°C (curves not shown).
Changes in the general appearance of the DSC
curves were observed in the same osmotic pressure
ranges: the T, peak appeared in the DSC heating
curves after equilibration at 57 MPa and 35 MPa,
and disappeared after equilibration at =15 and =137
MPa.
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Summarizing data obtained for DOPE after equi-
libration at 0°C, it can be concluded that the P5 <> L.
and L.« L, lyotropic phase transitions occurred
when DOPE was equilibrated at 0°C between 137
and 57 MPa, and 35 and 15 MPa, respectively. These
lyotropic phase transitions are fully reversible; and
they were observed in the same osmotic pressure in-
terval when DOPE was both dehydrated from the
fully hydrated state and hydrated from the dried
state. This observation is in agreement with the re-
sults of Pohle and Selle [16]; they did not observe
hysteresis between hydration and dehydration when
equilibration was performed at 28°C.

3.2.3. Partially hydrated DOPE: 29°C equilibration
Representative DSC heating curves for DOPE de-
hydrated in the Hy; phase at 29°C are shown in Fig.
6. DSC curves for samples dehydrated at 0-16 MPa
(water content from 23 to 10 wt%, Fig. 6, curves a—d)
and 158 and 305 MPa (water content <1 wt%,
curves h and i) are similar to those of samples equi-
librated at 0°C with a similar water content. The
description of the DSC curves for samples with water
contents =10 wt% is given above (DSC results, 0°C
equilibration), and will not be repeated here. At
water contents less than about 8 wt% (osmotic pres-
sure =25 MPa, Fig. 6, curves e-i), DSC curves ob-
tained after cooling to both —15°C (not shown) and
—140°C were identical indicative that ice formation
did not occur in these samples. Note that this is the
same water content range (9—11 wt% water) below
which ice formation was not observed during the X-
ray diffraction experiments. DOPE samples that were
dehydrated at 25 MPa (water content about 8 wt%,
curve e¢) exhibited a major endotherm (assigned to
the invariant LB+HH i LQ+HH or LB+L0L - L(X+HH
phase transition) and a weak Ty, peak. For samples
dehydrated at 40 MPa (water content about 5 wt%,
curve f), a single endothermic peak was observed;
the Lo — Hjp phase transition disappeared. Note
also that in those samples a weak endothermic step
at about —40°C, which had an appearance of the
glass transition, was observed; this effect is currently
under investigation. An exothermic peak between
—40 and —20°C followed by an endothermic peak
were observed in the DSC curves for samples dehy-
drated at 81 MPa (water content about 3 wt%, curve
g, and inset). The endothermic peak for these sam-

Heat Flow (mW)

Temperature (°C)

Fig. 6. Representative DSC heating curves of DOPE liposomes
dehydrated at 29°C through vapor phase equilibration. Heating
rate: 40°C/min. Broken curves: DSC runs that were performed
from —15 to —20°C. Solid curves: scans were performed from
—140°C. (a) Equilibrated at 0 MPa, 23.7 wt% water; (b)
4 MPa, 13.6 wt% water; (c) 11 MPa, 11.0 wt% water; (d)
16 MPa, 10.0 wt% water; (e) 25 MPa, 7.7 wt% water; (f)
40 MPa, 5.9 wt% water; (g) 81 MPa; (h) 158 MPa, 0.5 wt%
water; (i) 305 MPa, 0.0 wt% water. Inset: DSC heating curve
of DOPE dehydrated at 81 MPa.

ples is assigned to the Lg — Hy+Lg — Hyy phase tran-
sition sequence.

DSC heating curves for DOPE hydrated from the
dried state at 29°C are very similar to those that were
obtained after dehydration of DOPE from the fully
hydrated state (the curves not shown); hysteresis be-
tween sorption and desorption was not observed.

Phase transition temperatures as a function of
water content are given in the Appendix.

3.3. Water sorption isotherms

Sorption/desorption isotherms for DOPE at 0°C
and 29°C are given in Fig. 7. The water content of
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samples dehydrated from the fully hydrated state was
slightly higher than in samples hydrated from dried
state; however, in most cases the difference was with-
in experimental uncertainty. At 29°C, the water con-
tent of the Hy phase gradually decreased with os-
motic pressure; the dependence between water
content and logP is approximately linear (Fig. 7,
top). At 0°C (Fig. 7, bottom), the water content of
the Lo, phase decreased approximately linearly with
logP up to about 11 wt% at 15 MPa; at 35 MPa,
water content decreased sharply to about 2.5 wt%.

o 290C
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Fig. 7. Desorption/sorption isotherms of DOPE at 29°C (top)
and at 0°C (bottom). Open symbols: desorption; closed sym-
bols: sorption. (I, m: Ps phase; ¢, ®: L, phase; O, @: Hy
phase; A, a: L. phase.

This discontinuity in the sorption isotherm is associ-
ated with the lyotropic L, — L. phase transition. Ac-
cording to the dehydration experiments, the water
content of the L. phase is about 2.5-3.0 wt% at
both 35 and 57 MPa and corresponds to the mono-
hydrate DOPE-H,0O. The fact that hydration of the
L. phase was similar at two different osmotic pres-
sure indicates that this is a stoichiometric monohy-
drate. At osmotic pressures of 137 and 276 MPa, the
water content decreased to 0 wt% when the L. phase
transformed into the Pz phase.

Hydration of the L, and Hy; phases of DOPE has
been reported in the literature [8,11]. Hydration of
the Hy; phase determined by Gawrisch et al. [11] at
22°C is higher than that obtained by Webb et al. [8]
at 20°C. The results obtained in this study are inter-
mediate between those two sets of data. Agreement
between this study and [11] for the Hy; phase at os-
motic pressures of 20-30 MPa is satisfactory; how-
ever at osmotic pressures <10 MPa, hydration of
DOPE in both the Hy; and L, phase from [11] is
higher than that obtained in this study. The possible
reason for this difference is due to a difference in the
preparation procedure: the samples in [11] were hy-
drated with the aqueous solutions of polymer where-
as in this study DOPE was hydrated through vapor
phase equilibration.

4. Discussion

The part of the phase diagram reported in [11,15]
describes equilibria involving three phases (Hy;, L,
and bulk water phase) at water contents =5 wt%
and temperatures above 0°C. In this work, the Lg,
L., and Ps phases, and the ice phase were also ob-
served. According to the water sorption data, the L.
phase is likely to be a stoichiometric crystallohydrate
DOPE-H;0. The phase diagram which includes five
lipid phases and two water phases is shown in Fig. 8.
The phase diagram was constructed using DSC and
X-ray diffraction data from this work together with
the literature data on the L,/Hy/water phase equili-
bria [11,15]. Construction of the phase diagram is
described in the supplementary materials in detail.
Uncertainty in determination of the coordinates of
the specific points on the phase diagram is estimated
to be within 3-5°C and 2-3 wt% of water. There is a
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gap at 7-10 wt% water below 0°C; the lack of ex-
perimental data did not allow us to construct this
part of the phase diagram. There is also an uncer-
tainty about the low-water content part of the phase
diagram; the minor phase that coexists with the L.
phase in the low-water content part of the phase
diagram was provisionally identified from the X-ray
diffraction experiments as the Lg phase below 0°C
and Hyp phase above 0°C, and the corresponding
part of the phase diagram was constructed based
on this assumption. Lack of higher-order diffractions
did not allow for certainty about identification of
those phases.

mole H20O/mole DOPE

2 4 6 8 10 12 14 16
30 —— t t f t t —t
!
I~
Lz
x+yq
S
I
un
20 |-
1
|
I
-
® | g
— 10 Z
o P "
S 8
1 1
o LT
(0] o
Q. "
E |
ﬂ 0
|
1
1
I
LAl L S N
-10 H
! ! 1d. ! 1 ! ! 1 |
0 4 8 12 16 20 24 28 32

Water Content (wt%)
DOPE H,0

Fig. 8. Phase diagram of the DOPE:water system. Solid and
dash lines represent equilibrium phase borders whereas dot and
dot-and-dash lines represent metastable phase equilibrium.
Phase borders which are shown by dash and dot-and-dash lines
were drawn approximately; no experimental data points were
used to construct those lines. Phases which are shown in brack-
ets were not observed in the X-ray diffraction experiments. Part
of the phase diagram which is shown in the rectangle with a
question mark has not been constructed due to lack of experi-
mental data.

Detailed phase diagrams have been reported for
several synthetic saturated PE:water systems by Sed-
don et al. [3] and Caffrey [28], and for an unsaturated
species of PE, POPE, by Marinov and Duforc [29].
Phase diagrams for all of these systems have some
common features with each other and with the phase
diagram of the DOPE:water system constructed in
this study (Fig. 8), which are as follows. The gel-to-
liquid crystal phase transition temperature, 7p,, of
DOPE increased with dehydration as expected [30];
however, the increase in 7, was relatively small, only
a few °C (line c*g, Fig. 8). A similar small increase in
the T, with dehydration was observed for POPE [29]
and saturated species of PE [3,28] where the differ-
ence in Ty, between the fully hydrated and the dehy-
drated lipid did not exceed 10°C.

The L. phase was observed in fully hydrated satu-
rated species of PE that were annealed for several
hours [3,31]. However, the L. phase was not detected
in the fully hydrated state of a saturated species of
PE with longer chains, DAPE. In DAPE, the L.
phase formed only after extensive dehydration, at
water contents <3 wt%. Similar behavior of the L.
phase was observed for DOPE in the present study.
The L. phase did not form at water contents > 11
wt% even after annealing for 2 weeks at 0°C, but
formed after dehydration at water contents <7
wt% when the samples were annealed for at least
2 days at 0°C. Similar to the L, phase of DPPC
and several saturated species of PE [3,31-34], the
L. phase of DOPE is characterized by slow kinetics
of formation. In DDPE and DAPE at low water
contents, the L. phase transformed into the Hy
phase upon heating; the same L. — Hy; thermotropic
phase transition was observed in DOPE. The ther-
motropic phase transitions of the L. phase of DOPE
observed in this work are presented in Scheme 1.

L. (40...15°C) — Hi(25°C) — L (-15°C) = L. (0°C, 2 days)

Scheme 1.

It should be mentioned that the L, phase in DOPE
had different hydration properties compared with the
L. phase of saturated species of PE. DOPE in the L.
phase contains water of hydration, whereas saturated
species of PE in the L. phase are anhydrous [3].
When the water of hydration was removed from
DOPE, the L. phase transformed in the Pg phase
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whereas in saturated PE species [3] the L. phase per-
sisted to close to 0 wt% water content. Note that one
of the PE species with one mono-unsaturated chain,
POPE, did not form a crystallohydrate; the L. phase
in POPE was observed even at 0 wt% water content
[35], which is similar to the behavior of saturated
species of PE.

There is a difference in the Lo/Hj phase relation-
ships between DOPE and other synthetic phospho-
lipids studied to date. The Ty, of DOPE first in-
creased with dehydration ([11] and Fig. §) and then
decreased, whereas in saturated species of PE [3,29],
the Tpn decreased with dehydration. This unusual
phase behavior has been discussed in detail previ-
ously [11,15,36], and is not discussed in this work.

A special feature of the DOPE:water system is
that the gel-to-liquid crystal phase transition oc-
curred below 0°C (below water freezing point). To
the best of the authors’ knowledge, phase diagrams
for a phospholipid:water system that describe both
phospholipid phase transitions and ice/water phase
equilibria have not been reported in the literature,
despite numerous studies of ice formation and melt-
ing [26,37-40]. The low-temperature part of the
phase diagram of the DOPE:water system con-
structed in this study describes both the lipid phase
transition and the ice melting, which allowed us to
describe the freeze-induced dehydration of DOPE in
quantitative manner. Freeze-induced dehydration of
membrane lipids is the primary mechanism responsi-
ble for the freeze-induced destabilization of biologi-
cal membranes [2]. One way to obtain a quantitative
estimate of the extent of freeze-induced dehydration
under near-equilibrium conditions (when the water
diffusion is not a limiting step) is to compare the
hydration of the lipid in equilibrium with the ice
phase, and the hydration of the lipid phase in meta-
stable equilibrium with liquid water at the same tem-
perature as described below.

On the phase diagram (Fig. 8), line cypie* de-
scribes the hydration of DOPE in the L, phase in
equilibrium with liquid water, line pje; corresponds
to the hydration of DOPE in the L, phase in equi-
librium with the ice phase, and line c¢;d describes
hydration of the Lg phase in equilibrium with the
ice phase. Dotted and dot-and-dash lines in Fig. 8
represent metastable equilibrium. There are several
possible freezing pathways that differ in the temper-

2+
A L Lu+HH \‘
p " L +water e,
i (L +water)
o
— L +ice
O a
S
g LB+ice
=
o
[} .
o e N
£ ;
()}
’._
| n | I | L Il " | 1
10 15 20 25 30 35

Water Content (wt%)

T T M T T T T
]
20 B 4
*
18 -
L tice =~ L, +water
i 1

16 / i

€

Hydration of DOPE (wt% of water)

14 Lytice =--- L,+ice —
12 .
/ Cy
10 T T T T T T T T
-10 -8 -6 -4 -2 0 2

Temperature (°C)

Fig. 9. Change of DOPE hydration during cooling when water
crystallization occurs between peritectic and equilibrium eutectic
temperatures. (A) Part of the phase diagram of DOPE:water
system. Arrows show change of hydration of DOPE during
cooling; circles show points at which hydration of DOPE was
calculated. Hydration of DOPE is shown as a function of the
temperature in B. (B) Hydration of DOPE as a function of
temperature. M: hydration of the L, phase in equilibrium with
liquid water; @: hydration of the L, phase in equilibrium with
ice; O: hydration of the Lg phase in equilibrium with ice. Solid
arrows show direction of changes in DOPE hydration during
cooling; dash-arrows indicate phase transitions. Symbols
marked with an asterisk show metastable equilibrium.
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ature at which ice nucleation occurs. Temperature of
the ice nucleation depends on a number of factors
such as cooling rate and number and nature of het-
erogeneous nucleation centers, and the ice nucleation
is a random event and can occur in relatively wide
temperature range below 0°C. One of the possible
freezing pathways is shown in Fig. 9 together with
the temperature dependence of the DOPE hydration
as determined from the phase diagram. Fig. 9 de-
scribes a case when ice formation occurs at
—2.5°C, in the field where Lg+ice is the equilibrium
state. The change of lipid hydration with tempera-
ture was determined from the phase diagram and is
shown in Fig. 9B. The water content decreases from
20 wt% to 18 wt% over the temperature range of 1 to
—2.5°C, which is followed by a reduction in hydra-
tion from 18 wt% to 16 wt% as a result of the ice
formation at —2.5°C. With further cooling, the water
content decreases from about 16 wt% to 12 wt% due
to the L, — Lg lipid phase transition.

The considered example shows that freeze-induced
dehydration of DOPE is not dramatic, only a few
wt%. It should be stressed that any direct compari-
sons of DOPE phase behavior with freeze-induced
dehydration and freeze-induced membrane phase
transitions in more complex systems, such as plant
membranes, should be made with caution. The
freeze-induced phase transition sequence in biologi-
cal membranes is likely to be more complex than in
DOPE. Indeed, the hydration of DOPE (and other
PE species) is significantly less than other phospho-
lipid species such as PC, which have higher hydration
in equilibrium with water [8]. The effect of freezing
on lipid hydration in such lipids can be more sub-
stantial, i.e. a greater amount of water could be re-
moved during freezing. There is also the expected
difference in the phase transition sequence during
freezing. Plant membranes contain a number of dif-
ferent phospholipid species, and one of the possible
consequences of freezing would be lipid-lipid demix-
ing. Studies of dehydration-induced lipid-lipid de-
mixing above 0°C have been reported in earlier pa-
pers from this laboratory [8-10]. We believe that
construction of the low-temperature parts of the cor-
responding phase diagram is a useful approach for
quantitative studies of freeze-induced phase transi-
tions in model phospholipid mixtures and biological
membranes.
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Appendix. Supplementary materials

Construction of the phase diagram of DOPE :water
system

Step-by-step description of the procedure used to
construct the phase diagram is provided below; such
a detailed description may be useful to those readers
who do not have a strong material science back-
ground. In order to construct the phase diagram, it
is necessary to draw phase borders that divide the
areas belonging to the different phases. In a two-
component system at a constant pressure, those bor-
ders are represented by lines and describe either in-
variant equilibria when three phases coexist (e.g.
Lg+ice/Ly+ice) or monovariant equilibria when two
phases coexist (e.g. Lg+ice/Lg). Invariant equilibria
are represented by straight lines that are parallel to
the composition axis whereas monovariant equilibria
are represented by lines that are neither horizontal
nor vertical.

To use DSC data for construction of a phase dia-
gram, it is necessary to assign a characteristic point
on the DSC peak to a phase transition temperature.
This is not as straightforward as it might appear.
There are five characteristic points on DSC peaks
(the onset, the extrapolated onset, the peak, the ex-
trapolated completion, and the completion) [S1], and
any of these points may be chosen to represent a
phase transition temperature. In phospholipid stud-
ies, the extrapolated onset and extrapolated comple-
tion temperatures [S2,S3] and the peak temperature
[S4] have been widely used. In the present study, the
extrapolated onset temperature was chosen to repre-
sent the Ly, — Ly+Hjy phase transition (7, peak),
the L.+Hjy— Hy phase transition (7, peak), and
the invariant Lg+ice/L+water phase transition (7T \;
thermotropic event) as shown in Fig. S1. Peak tem-
perature was chosen to represent the invariant phase
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Fig. S1. Determination of the phase transition temperatures

from DSC curves. The thermotropic events on DSC heating

curves correspond to the following phase transitions: T, ;:

Lg+ice > Ly tice; T,,: Lgtice— Lg+water; T5: Lg+ice— Lg;

Tp: Lg—=Lg+Ly; Tgh: Lotice—Lg; Te: Le+Hp—Hy; T

m m2*

L.+Lg— Le+Hy. Inset: Tyn: Loy = Lo +Hir;

transitions Lg+ice—Ly+ice (7},  thermotropic
event) and L.+Lg — L.+Hy (T, thermotropic event)
and monovariant phase transitions Ly+ice = Ly (73]
thermotropic event), Lg+ice > Lg (7,5 thermotropic
event), and Lg = Lg+Ly (7, thermotropic event). It
should be noted that for invariant phase transitions,
the onset temperature would be a more correct
choice. However, it was difficult to establish the base-
line and determine the onset temperature for those
thermal events, and the peak temperature was chosen
because it gave more reproducible results. Note that
such a compromise is not unusual in DSC studies of
phospholipid:water systems [S5].

Three parts of the phase diagram for the DOPE:
water system were constructed separately, and then
combined in a single phase diagram. Let us first con-
sider construction of the low-temperature part. The
part of the phase diagram of the DOPE :water system
in the low-temperature range is shown schematically
in Fig. 4 of the paper itself. This phase diagram

consists of three characteristic points: eutectic point
e1, peritectic point p;, and point ¢;, which corre-
sponds to the maximal solubility of water in the Lg
phase. Fig. S2 shows the experimentally determined
phase transition temperatures in the low-temperature
region. Experimental points that correspond to the
invariant eutectic (Lg+ice > Ly+ice) and peritectic
(Lgtice = Ly +water) phase transitions are shown as
squares and up triangles, respectively, and points
that correspond to the monovariant Lg+ice—Lg
and Lg+ice— L, phase transitions are shown as
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Fig. S2. Part of the DOPE:water phase diagram at > 10 wt%
water near and below 0°C constructed from the DSC data.
Squares: T, thermotropic event on the DSC heating curves
due to invariant eutectic melting Lg+ice—>Lg+ice or
Lg+ice > Lg+Lg; circles: T,5 thermotropic event on DSC heat-
ing curves due to the Lg+ice—>Lg monovariant phase transi-
tion; down triangles: 7} thermotropic event on DSC curves
due to the L, +ice = L, monovariant phase transition; up trian-
gles: T thermotropic event on DSC heating curves due to the
Lo tice— Ly+water invariant peritectic phase transition. Differ-
ent types of symbols belong to DOPE samples prepared in dif-
ferent ways: O, O, A, v: hydration at 0°C; W, ®, A, Vv : de-
hydration at 0°C (smaller and larger symbols represent two
independent preparations); X, &): hydration at 29°C; #H, @,
plus in up triangle, plus in down triangle: dehydration at 29°C.
Broken lines and arrows show extrapolation procedure.
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circles and down triangles, respectively. Different
types of symbols (closed, open, ‘x’-centered and
‘+’-centered) were used to represent results obtained
for DOPE samples that were prepared in different
ways (obtained by hydration and dehydration at 29
and 0°C) as described in the legend for Fig. S2. Note
that the Lg+ice—>Ly+ice and Lg+ice—>Lg phase
transition temperatures for samples equilibrated at
0°C are higher than those for samples equilibrated
at 29°C. The reason for this difference is unclear;
however, the trend in the change of the phase tran-
sition temperatures with water content is the same
and independent of the manner of preparation. The
Lg+ice = Ly +ice phase transition temperature is ap-
proximately constant at water contents between 12.5
and 23 wt%. At water contents of 10-12 wt%, the
Lg+ice—Lg phase transition temperature decreases
with decreasing water content. The data for different
types of preparations were treated together. Temper-
atures of the eutectic phase transition (squares in
Fig. S2) were averaged for different types of prepa-
rations, and the average temperature (—4.9 = 1.6°C)
was taken as the eutectic temperature. To determine
the composition corresponding to the eutectic point,
curve e;p; (down triangles) was graphically extrapo-
lated to the eutectic temperature —4.9°C, and com-
position of the point e; was determined from the
graph as shown by the arrow in Fig. S2; the eutectic
composition is equal to 15.5 wt% water. The peritec-
tic temperature for the phase transition
Lotice— Lgtwater (up triangles) is equal to
1.0£0.5°C as determined from the DSC heating
curves. The composition corresponding to the peri-
tectic point was determined by graphical extrapola-
tion of curve e;p; to 1°C; the peritectic composition
is equal to 19.2 wt% water. Note that the temper-
ature of the  peritectic  phase  transition
Ly+ice = Lytwater has to be equal to the melting
temperature of pure ice. Hence, 0°C was chosen to
represent the temperature of the peritectic reaction
on the phase diagram. To determine the coordinates
of point ¢y, the data for the Lg+ice » L phase tran-
sition for four preparations (circles in Fig. S2) were
described by linear regression equation (line ¢;d), and
the intersection of this line with the eutectic line at
—4.9°C gave a composition of 11.8 wt% water. It is
also possible to estimate the position of the gc¢; line
(Fig. 4 of the paper), which describes Lg— Ly+Lg

phase transition; this phase transition corresponds
to the thermotropic event 75" on the DSC heating
curves. The T} data were not included in Fig. S2 for
clarity. Four DOPE samples that were equilibrated
at 0°C (water content 10.2-11.9 wt%) gave an aver-
age T, of —1.4£0.2°C, and four samples that were
equilibrated at 29°C (water content 9.8-11.9 wt%)
gave an average 71, of —5.2+0.2°C. The narrow
water content region and scatter of the experimental
points did not allow us to accurately construct the
T vs. water content curve (gc line); however, we
estimated the approximate position of this line by
connecting point ¢; with the point that was taken
as the average of eight samples (average
T=-—3.3%2.0°C and average composition at 10.7
wt% water). The gc¢; line is not shown in Fig. S2 for
the sake of clarity.

DSC data for the Lg — Ly, phase transition temper-
ature (7,) that were obtained for supercooled sam-
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Fig. S3. DSC data for DOPE with > 10 wt% water that were
obtained for supercooled samples in the absence of ice.
Squares: metastable phase equilibrium Lg+water —> L, +water;
circles: metastable phase equilibrium Lg—Ly+Lg. See Fig. S2
for explanation of symbols representing different ways of prepa-
ration of partially hydrated DOPE samples. Point c¢* corre-
sponds to maximal solubility of water in the Lg phase in the
presence of liquid water.



E.Y. Shalaev, P.L. Steponkus/ Biochimica et Biophysica Acta 1419 (1999) 229-247 245

ples (in the absence of ice) are shown in Fig. S3. T},
was approximately constant and equal to
—7.9+0.5°C up to a water content of approximately
15 wt%; above this water content, the 7}, increased
with decreasing water content. The water content
above which Ty, starts to increase has been deter-
mined graphically as the intersection point of hori-
zontal line ¢*b* (T=-7.9°C) and line xy; line xy
represents the fit of the experimental points (circles
in Fig. S3) to a linear regression equation. The water
content estimated from this procedure is equal to
15.3 wt%. This point, c¢*, corresponds to the maximal
solubility of water in the Lg phase that is in meta-
stable equilibrium with liquid water. It is also possi-
ble to estimate the coordinates of the metastable eu-
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Fig. S4. Part of the DOPE:water phase diagram at 2-7 wt%
water constructed from the DSC and X-ray diffraction data. O,
W, dot in square: 7., thermotropic event on DSC heating
curves due to the L.+Lg— L.+Hyp invariant phase transition;
O, 4, dot in diamond: T, thermotropic event on DSC curves
due to the L.+Hy—Hy or L.+Hy — Ps+Hy phase transitions.
Open symbols represent results obtained for hydrated samples,
closed symbols are for dehydrated samples, and dot-centered
symbols are for DOPE samples which were dehydrated at 29°C
followed by annealing in sealed DSC pans at 0°C for several
days. Boxes represent composition/temperature regions of exis-
tence of corresponding phases as obtained from the X-ray dif-
fraction experiments.

tectic Lg+water > Ly+water. This point, e*, is the
intersection point of the continuation of the lines
that describe the Lg+Ly—Ly and Lg+water — Ly
monovariant phase transitions into the metastable
region (see Fig. 4, dotted lines). Hence the composi-
tion of this metastable eutectic point is located some-
where between 15.5 wt% water (equilibrium eutectic
composition, e;) and 19.2 wt% (peritectic composi-
tion, p;). We take the average between these two
values (17.4 wt%) as an estimate of the composition
of metastable eutectic.

The DSC data for samples with water contents of
2-7 wt% that were equilibrated at 0°C are shown in
Fig. S4 together with the X-ray diffraction data. Ac-
cording to the X-ray diffraction data (Fig. S4,
boxes), these samples undergo the phase transition
sequence L.+Lg—>L.+Hy—Hyp during  heating.
The L.+Lg — L.+Hy phase transition is an invariant
phase transition according to the phase rule because
three phases participate. The DSC data show that
the phase transition temperature is approximately
constant at water contents from 2 to 7 wt% and
equal to —2.7%1.3°C. In samples with water con-
tents of 2-3 wt% the L. — Hy phase transition tem-
perature (7. peak) is 21.1 £0.9°C and decreased to
about 7°C when the water content increased from
3 to 7 wt%.

Part of the phase diagram at water contents >5
wt% and temperatures above 0°C has been con-
structed in [S6,S7]. Note that the temperature of
the phase transition Lo+water/Hy+water is assumed
to be 1°C in [S6], and 10°C in [S7]. In this paper, we
take 1°C for the temperature of this invariant phase
transition. It should be noted that there is a quanti-
tative difference between the X-ray diffraction and
DSC data obtained in this study for the Lo/Ly+Hy
phase equilibria; DSC gave higher transition temper-
atures than X-ray diffraction. Most likely, the differ-
ence is due to the slow kinetics of the L, — Hy phase
transition. In such cases, DSC gives a higher appar-
ent phase transition temperature than the equili-
brium value. According to [S8], the L, — Hy; phase
transition in fully hydrated DOPE is very slow in the
vicinity of the phase transition temperature, and
higher values for the phase transition temperatures
may reflect the fact that insufficient time was used to
determine the phase transition temperature. This is
the reason why we did not use DSC data to describe
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the Lo/Hy phase equilibrium. Fig. S5 shows the X-
ray diffraction data that are reported in [S6] (Fig. 5
in [S6]) together with the data from this study. Draw-
ing the phase borders that are represented by lines
sa, au, acy, aey does not require comment. Line eyb
(Hy+water/Hy; phase equilibrium) was constructed
by connecting eutectic point e; and one point that
was reported in [S6] for the limited hydration of the
Hy phase (30.3 wt% water at 22°C).

The three parts are combined together in Fig. 8 of
the paper. To construct the low-water content part of
the phase diagram, we assumed that DOPE-H,O
crystallohydrate melts incongruently, i.e. the compo-
sition of the liquid produced by melting is different
from the composition of crystallohydrate (see [S9] for
a description of phase diagrams with crystallohy-
drates). The water content corresponding to the peri-
tectic point p, was determined as the intersection of
lines np, and p,m in Fig. S5 and equal to 2.8 wt% of
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Fig. S5. Part of the phase diagram of the DOPE:water system
at water content >35 wt% above 0°C from the X-ray diffraction
data. This work: close symbols; [S6]: open symbols. ®, O: Hy
phase; 4, O: Lo+Hy; m, O: Ly; A: cubic phase; v:
cubic+Hy;. Cubic phase was not observed in this work, and the
existence of the cubic phase was ignored in the construction of
the phase diagram. See text for explanation of the construction
of e»b line.

water. The field of existence of the Ps phase is shown
at a water content <1 wt%, according to the X-ray
diffraction data. Fields Ps+L. and Pg+Hj (shown in
brackets) were added to be consistent with the rules
of the construction of phase diagrams; however, we
do not have X-ray diffraction data in this range of
water contents. There is a gap at 7-10 wt% water
below 0°C. In this region, only three DSC samples
with water contents of 7.7, 9.0, and 9.1 wt% were
analyzed; the lack of experimental data does not
allow for construction of this part of the phase dia-
gram.

Uncertainty in determination of the coordinates of
the specific points on the phase diagram is estimated
to be within 3-5°C and 2-3 wt% of water. The major
contribution to the composition uncertainty is from
the extrapolation procedure. There are three sources
of the temperature uncertainty: (i) the high heating
rate (40°C/min) used for the DSC scans; (ii) the
somewhat arbitrary choice of characteristic points
on DSC peaks to represent phase transition temper-
atures; (ii1) the sample-to-sample variations. There is
also an uncertainty about the low-water content part
of the phase diagram; the minor phase that coexists
with the L. phase in the low-water content part of
the phase diagram was provisionally identified from
the X-ray diffraction experiments as the Lg phase
below 0°C and Hj phase above 0°C, and the corre-
sponding part of the phase diagram was constructed
based on this assumption. Lack of higher-order dif-
fractions did not allow for certainty about identifica-
tion of those phases.
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