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Differential scanning calorimetry and fast-recording X-ray diffraction methods are used to study the kinetics,
hydration and structural changes of the Lg. gel—L, ‘crystal’ conversion at —2°C for less than maximally
hydrated (27.2 wt% H,0) and maximally hydrated (48.9 wt% H,0) 1,2-dipalmitoyl-L-phosphatidylcholine
(DPPC) dispersions. Equilibration of DPPC dispersions at —2°C for increasing time periods results in a
progressive increase in the sub-transition temperature to a limiting value of 17-19°C, while the enthalpy of
the sub-transition also increases on reaching an enthalpy maximum A H =5.6-5.8 kcal /mol DPPC after 2
days equilibration. Corresponding X-ray diffraction experiments demonstrate two time domains involving
structural alterations. An initial time domain involves a rapld shift of the two characteristic Lg. wide angle
reflections, 1/4.18 A~! and 1/4.08 A™', to 1/43 A~" and 1/4.0 A~", respectively, while there is no
significant change in the lamellar perlodlclty A slower structural alteration subsequently occurs involving a
progressive decrease in lamellar periodicity to its limiting dimension, 4 =59.5 A and further shifts in the two
wide angle reflections to final values of 1/4.4 A'and 1 /3.86 A", These changes are indicative of
alterations in both the bilayer organization and the hydrocarbon chain packing. Hydration studies over the
range 10.1 to 48.9 wt% H,0 demonstrate that at 4°C the L_ bilayer phase has a reduced hydration limit of 11
mol H,0/mol DPPC compared to 19 mol H,0/mol DPPC and 25 mol H,0 /mol DPPC for the Ly and L,
bilayer phases, respectively. It is concluded that the Lg. —L_ conversion involves dehydration and hydro-
carbon chain ordering. The data suggest a crystallization of DPPC and 11 H,0O molecules presumably
involving tightly bound water molecules in an interbilayer matrix characterized by water-water and water-
DPPC hydrogen bonding. A structural interpretation of the changes occurring in the two-dimensional
hydrocarbon chain packing modes during the transitions between the hydrated L, L., P and L, bilayer
forms of DPPC is proposed.

Introduction

The structure and physical properties of hy-
drated 1,2-diacyl-L-phosphatidylcholines (PC) have
been studied in great detail. For example, a combi-
nation of calorimetric and X-ray diffraction stud-
ies identified and characterized two transitions
corresponding to lamellar gel — gel (L — Py.) and
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gel - liquid crystal (P, — L,) bilayer interconver-
sions for a series of PC in which the chain length is
varied [1-6]. For hydrated 1,2-dipalmitoyl-L-phos-
phatidylcholine (DPPC) these reversible transi-
tions occur at approx. 35 and 41°C, respectively.
Chen et al. [7] recently showed, using high preci-
sion scanning calorimetry, that the DPPC-water
L gel phase converts to a different low tempera-
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ture form when held at 0°C for prolonged periods
of time. This low temperature form exhibits a third
low temperature sub-transition at ~ 18°C. Utiliz-
ing a similar experimental approach Fiildner [8]
and we [9] showed independently by X-ray diffrac-
tion that the low temperature form has a highly
ordered structure with a more ordered hydro-
carbon chain packing arrangement than the L, gel
phase. Furthermore, it was shown that the sub-
transition corresponds to a structural transforma-
tion from the ordered low temperature ‘crystalline’
L form to the conventional L. bilayer gel {8,9].

In this paper we describe the kinetic aspects of
the formation of the low temperature ‘crystal’ form
utilizing differential scanning calorimetry and
fast-recording X-ray diffraction methods. In addi-
tion we compare the hydration characteristics of
the low temperature ‘crystal’ phase with the hydra-
tion of the previously studied L. gel and L, liquid
crystal bilayer phases [6].

Materials and Methods

Commercial grade DPPC (Sigma, St. Louis,
MO) was shown to be >99% pure by thin-layer
chromatography using chloroform/methanol /
water /acetic acid (65:25:4:1, v/v) as eluting
solvent. Hydrated DPPC multilamellar dispersions
were prepared by centrifuging weighed amounts of
DPPC and water through a narrow constriction in
a sealed glass tube at 50°C. Different weight ratios
of DPPC and water were utilized. DPPC disper-
sions were then transferred to stainless steel
calorimetry pans and/or X-ray diffraction
capillary tubes and stored at —4°C for different
periods of time.

For DSC studies, the calorimetry pans were
transferred at low temperature (0°C) to the scan-
ning calorimeter pre-equilibrated at —2°C prior to
transfer of samples. Following an initial DSC heat-
ing run, samples were then rapidly cooled to —2°C
and held at that temperature for different periods
of time, after which another heating run was per-
formed. This process was repeated for increasing
equilibration time periods, up to 66 h, at —2°C.
To investigate longer term equilibration (up to 13
days), samples were removed from the calorimeter
and stored in a freezer at —4°C. Following long
term equilibration, samples were transferred to the

calorimeter at 0°C, as described above.

For X-ray diffraction studies, the sample
capillary tubes were again transferred at low tem-
perature (0°C) to the X-ray diffraction sample
holder pre-equilibrated at —2°C prior to transfer.
Following recording of an X-ray diffraction pat-
tern at —2°C, the sample was then heated to
20°C, the X-ray diffraction pattern recorded, and
then rapidly cooled to —2°C. X-ray diffraction
patterns were recorded continuously as a function
of storage time at —2°C. In some cases the initial
sample transfer was performed at 20°C, a diffrac-
tion pattern recorded at 20°C, and then rapidly
cooled to 2°C, followed by the protocol described
above.

Differential scanning calorimetry (DSC) over
the heating range —10 to S0°C was performed
using a Perkin-Elmer (Norwalk, CT) DSC-2 in-
strument. Each sample was heated and cooled at a
rate of either 2.5 or 5.0 K /min. Transition temper-
atures were determined as the onset of the endo-
thermic or exothermic transition extrapolated to
the baseline. The weight of DPPC in the pan was
determined gravimetrically and by phosphorus de-
termination [10] of the pan contents. Good agree-
ment between the two methods was observed. En-
thalpy measurements were determined from the
area under the transition peak by comparison with
those for a known standard, gallium.

X-ray diffraction data were recorded using a
position-sensitive detector counter method as de-
scribed previously [9]. Nickel filtered CuK, X-
radiation (A = 1.5418 A) from a microfocus X-ray
generator (Jarrel-Ash, Waltham, MA) was line
focussed by a single mirror and collimated using
the slit optical system of a Luzzati-Baro camera.
X-ray diffraction data were recorded using a linear
position sensitive detector (Tennelec, Oak Ridge,
TN) and associated electronics (Tracor Northern,
Middleton, WI). In all cases samples were con-
tained in thin walled capillary tubes (internal di-
ameter 1.0 mm) and mounted in variable tempera-
ture sample holders. Temperature stability was =1
K.

Results

For studies of the kinetics of the appearance of
the sub-transition, DSC and X-ray diffraction ex-



periments were performed on DPPC samples con-
taining 27.2 wt% water and 48.9 wt% water. The
former sample represents a hydration level corre-
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Fig. 1. Initial DSC heating curves of DPPC/27.2 wt% H,O
dispersions following rapid cooling from 20°C and subsequent
equilibration at —2°C for different periods of time. (A) Im-
mediate heating run from —2°C after rapid cooling from
20°C; (B) after 40 min equilibration at —2°C; (C) after Sh
equilibration at —2°C; (D) after 15 h equilibration at —2°C;
(E) after 66 h equilibration at —2°C. Heating rate, 5 K /min.
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sponding to less than maximal hydration in the
L;, Py and L, phases; the latter sample provides
data corresponding to maximally hydrated phases.
Results from these two systems will be described
separately.

DPPC/water (27.2 wt%)

DSC heating curves of hydrated DPPC follow-
ing rapid cooling from 20°C and equilibration at
—2°C for increasing periods of time (up to 66 h)
are shown in Fig. 1. Immediate reheating shows a
small but detectable sub-transition endotherm
centered at approx. 7°C with transition onset 7, =
- 1.6°C. Characteristic endotherms corresponding
to the pre- and main transitions occur at T, = 36.0
and 41.8°C, respectively (Fig. 1A). After 40 min
equilibration at —2°C, the low temperature transi-
tion increases in both temperature (7, =0.8°C)
and enthalpy (Fig. 1B). Further storage for 5, 15
and 66h results in a progressive increase in the
transition temperature (limiting 7, = 17.3°C) and
enthalpy of the sub-transition (Figs. 1C, D and E).
At this low hydration level, with progressive stor-
age at —2°C, the enthalpy associated with the
pre-transition at T, =37°C diminishes such that
after 15 h storage no obvious pre-transition is ob-
served.

The enthalpy associated with the sub-transition
is plotted as a function of equilibration time at
—2°C in Fig.2. The transition enthalpy shows a
progressive increase with storage time and after
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Fig. 2. Plot of sub-transition, AH (kcal/mol DPPC) of
DPPC/27.2 wt% H,O dispersions as a function of equilibra-
tion time at —2°C,
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66 h reaches a value of 5.8 kcal /mol DPPC. This
enthalpy value is significantly higher than that
recorded previously for the sub-transition of maxi-
mally hydrated DPPC [7-9]. Similar high enthal-
pies associated with the sub-transition of DPPC
following long term equilibration have recently
been reported by Magni and Sheridan [11].

Fig. 3A shows the X-ray diffraction pattern for
this sample, equilibrated and recorded at 20°C.
The diffraction pattern shows lamellar spacings of
periodicity 62.5 A and a strong 1/4.18 A~!
wide-angle reflection with a shoulder at 1/4.09
A~'. This is characteristic of the lamellar L,
bilayer gel phase described earlier [2,4-6,8,9]. The
sample was then cooled rapidly to —2°C. At
—2°C successive 5-min accumulations were re-
corded up to 40 min and the summation of the
diffraction patterns over this first 40 min period 1s
shown in Fig. 3B. There is no significant change in
the bilayer periodicity (62.4 A); however, the
wide-angle region already shows clear evidence of
two quite well separated reflections at 1/4.29 and
1/4.00 A~'. Continued accumulations were made
up to 70h. The diffraction pattern accumulated
over the time period 3-4h is shown in Fig. 3C.
Only a small decrease in bilayer period to 61.8 Ais
evident. The wide-angle region shows more pro-
nounced separation of the two wide-angle reflec-
tionsto 1/4.32 and 1,/3.98 A", Significant reduc-
tions in the bilayer periodicity are observed after
12 and 20h (60.1 and 59.5 A, respectively) and
progressive, albeit small, changes in the intensity
distribution of the lamellar reflections are ap-
parent (Figs. 3D and 3E). The two strong wide-an-
gle reflections reach limiting values of 1/4.40 and
1/3.86 A~

Changes in the bilayer periodicity and the posi-
tions of the two prominent wide-angle reflections
are shown in Fig.4. There appear to be two time
domains over which distinctive structural changes

Fig. 3. X-ray diffraction patterns of DPPC/27.2 wt% H,0
dispersions. (A) 20°C in the L, form. Following cooling from
20°C to —2°C, diffraction patterns were recorded: 0-40 min
(B); 3-4 h (C); 11-12 h (D); 19-20 h (E). The diffraction data
were recorded using a line-focussed X-ray beam and linear
position sensitive detector. The sample to detector distance was
1247 mm. Relative intensity is plotted on the ordinate and
s =2sinf/X on the abscissa (28 is the diffraction angle and A
the X-ray wavelength.
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Fig. 4. Plot of the bilayer periodicity and positions of the two
major wide-angle reflections of DPPC/27.2 wt% H,O disper-
sions as a function of equilibration time at —2°C.

occur. In the wide angle region, the initial time
points (within the first 10 min) at —2°C show
diffraction patterns similar to that of the L, form
recorded at 20°C (large circles, Fig.4). Up to
approximately 1.5h (dashed line, Fig.4) large
changes in the position and separation of the two
major wide-angle reflections occur (see Fig. 3B, for
example). However, during this time period the
bilayer periodicity (lipid bilayer + intercalated
water thickness) shows no significant change (d =
62.3 A). In the time period approx. 2 to 12h, a
progressive decrease in bilayer periodicity from
62.3 t0 59.5 A is observed. This is accompanied by
further separation of the two wide-angle reflec-
tions to limiting values of 1/4.40 and 1/3.86 A™".

Fig. 5. Initial DSC heating curves of DPPC/48.9 wt% H,O
dispersions following rapid cooling from 20°C and subsequent
equilibration at —2°C for different periods of time. (A) Im-
mediate heating from —2°C after rapid cooling from 20°C; (B)
after 40 min equilibration at —2°C; (C) after 4 h equilibration
at —2°C; (D) after 14 h equilibration at —2°C; (E) after 66 h
equilibration at —2°C. Heating rate, 5 K /min.
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Fig. 6. Plot of sub-transition enthalpy, AH (kcal/mol DPPC)
of DPPC /48.9 wt% H,O dispersions as a function of equilibra-
tion time at —2°C.

After approx. 12 h, there appear to be no signifi-
cant changes in either the bilayer periodicity (59.5
A) or wide-angle reflections (1/4.40 and 1 /3.86
A", at least up to 70 h incubation at —2°C.

DPPC /water (48.9 wt%)

Overall, a similar pattern of behavior is ob-
served at this higher water content (Figs. 5-8).
Fig.5 shows DSC data of fully hydrated DPPC
held at —2°C for increasing periods of time. Im-
mediate reheating shows no evidence of the sub-
transition, but the characteristic pre- and main
transitions occur at 32.8 and 41.3°C, respectively
(Fig. 5A). Equilibration up to 66 h results in the
appearance of the sub-transition. A progressive
increase in sub-transition temperature and en-
thalpy with incubation time at —2°C is observed
(Figs. 5B-5E). No significant changes in either the
transition temperature or enthalpies of the pre-
and main transitions are observed as a function of
incubation time. At 66 h the following values are
obtained: sub-transition, onset temperature =
18.6°C, peak temperature =22.8°C, AH =15.2
kcal /mol DPPC; (2) pre-transition, onset temper-
ature = 32.3°C, peak temperature =36.8°C, AH

Fig. 7. X-ray diffraction patterns of DPPC/48.9 wt% H,0
dispersions. (A) 20°C in the Ly form. Following cooling from
20°C to —2°C, diffraction patterns were recorded: 0-40 min
(B); 4.3-5.3 h (C); 10.3-11.3 h (D); 18.3-19.3 h (E). Sample to
detector distance, 125.3 mm.
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= 1.8 kcal /mol DPPC; (3) main transition, onset
temperature = 41.8°C, peak temperature = 43.6°C,
A H =9.0 kcal /mol DPPC.

A progressive increase in the enthalpy of the
sub-transition is observed, reaching a value of
A H = 5.6 kcal /mol DPPC at 13 days (Fig. 6). This
pattern of behavior is similar to that observed at
lower hydration (cf. Figs. 2 and 6).

Corresponding X-ray diffraction experiments
are summarized in Figs. 7 and 8. Fig. 7A shows a
characteristic diffraction pattern of fully hydrated
DPPC at 20°C in the L, bilayer phase (bilayer
penodmty 63.5 A; wide-angle reflections 1 /4.18

~1,1/4.08 A™" (shoulder). As illustrated in Figs.
7B 7E the two wide-angle reflections progres-
sively separate, reaching limiting values of 1/4.40
and 1/3.87 A™! (see Fig. 7E, data accumulated at
19.3 h).

Again, changes in the structural parameters as a
function of incubation time at —2°C show three
apparent time domains (Fig. 8): (1) 0-1.5h, sig-
nificant changes in the positions of the two major
wide-angle reflections with no significant change
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Fig. 8. Plot of the bilayer periodicity and positions of the two
major wide-angle reflections of DPPC/48.9 wt% H,O disper-
sions as a function of equilibration time at —2°C.
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in bilayer periodicity; (2) 1.5-12h, a decrease in

bilayer periodicity accompanied by further changes

in the positions of the wide angle reflections; (3)

>12h, no further changes in either bilayer peri-

odlclty (59.4 A) or wide-angle reflections (1,/4.40
"and 1/3.87 A7),
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Fig. 9. Representative initial DSC heating curves of hydrated
DPPC following prolonged storage at —4°C. (A) DPPC/13.9

wt% H,0; (B) DPPC/27.2 wt% H,0; (C) DPPC/48.9 wt%
H,0; (D) DPPC/93.9 wt% H,0. Heating rate, 5 K /min.
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DPPC hydration study

DPPC samples were equilibrated with various
amounts of water (10.1-48.9 wt% water) using the
constricted tube method and samples taken for
DSC and X-ray diffraction. Following storage at
—4°C for prolonged periods (>3 days) samples
were transferred at low temperature and initial
DSC heating curves recorded between 0 and 60°C.
Representative DSC heating curves are shown in
Figs. 9A-9C. At 13.9 wt% water only the sub- and
main transitions (21.3 and 47.6°C, respectively)
were observed. At 27.2 wt% water again only the
sub-transition and main transition were observed
(17.3 and 42.0°C). Although no pre-transition is
observed on the initial heating run following pro-
longed storage at —4°C, subsequent cooling and
heating runs do show evidence of this pre-transi-
tion (see, for example Fig. 1A). At 48.9 wt% water,
the initial heating run clearly shows all three sub-,
pre- and main transitions at the expected tempera-
tures (see above). For comparison, the initial heat-
ing curve of DPPC in a large aqueous excess (93.9
wt% water) is shown in Fig. 9D. Identical calori-
metric behavior is observed compared to that at
48.9 wt% water.

Since sub-transitions are observed for DPPC at
all hydration levels between 10.1 and 93.9 wt%
water, X-ray diffraction studies of the low temper-
ature phase as a function of water content were
performed. Diffraction patterns of the phase pre-
sent below the sub-transition were recorded at
4°C. This phase exhibits an increase in bilayer
periodicity from 55.0 to 59.3 A over the hydration
range 10.1 to 20 wt% water (Fig. 10A). No further
increase in bilayer periodicity occurs from 20 to
48.9 wt% water. Thus the hydration limit for this
phase is 20 wt% water.

Similar X-ray diffraction data were recorded at
20 and 60°C, temperatures at which at equilibrium
only the L, and L, phases, respectively, are pre-
sent. At 20°C the Lg bilayer gel exhibits maxi-
mum hydration at 30 wt% water (bilayer periodic-
ity, 64.0 A). At 60°C, the L bilayer liquid crystal
phase shows maximum hydration at 36 wt% water
(bilayer periodicity, 60.0 A). Thus, clearly the low
temperature ‘crystal’ bilayer phase has a reduced
maximum hydration level, corresponding to 11
water molecules /molecule DPPC. Corresponding
maximum hydration values for the Ls and L,
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Fig. 10. Plot of bilayer periodicity, d(A), of DPPC as a function
of hydration (wt% H,0). (A) At 60°C in the L, liquid crystal
bilayer phase; (B) at 20°C in the Ly gel bilayer phase; (C) at
4°C in the L_ ‘crystal’ bilayer phase. Vertical dashed lines
represent the hydration limits of the L, Ly and L. bilayer
phases.

bilayer phases are 19 and 25 molecules
H,0 /molecule DPPC, respectively.

Discussion

The relatively slow formation of the low tem-
perature crystalline (L) phase of hydrated DPPC
originally described by Chen et al. [7] allows the
kinetics of the L,z — L, conversion to be followed



using both scanning calorimetry and fast-record-
ing X-ray diffraction methods. Our protocol was
designed to (i) observe the enthalpy associated
with the subtransition (L, — Lg) as a monitor of
L. phase formation using DSC, and (ii) to follow
directly the structural changes accompanying the
Lg — L, conversion at —2°C using X-ray diffrac-
tion. In addition, both Fiildner [8] and we [9] have
suggested that formation of the L_ phase is accom-
panied by a decrease in hydration. X-ray diffrac-
tion studies at 4°C of the L_ phase of DPPC at
different hydrations are used to determine the
maximum hydration of the L phase. Finally, on
the basis of the changes of the wide-angle reflec-
tions as hydrated DPPC converts between L, — P,
—Lg — L, bilayer forms on cooling, a rational
scheme for the hydrocarbon chain packing
arrangements in all phases is proposed.

(1) Kinetics of Ly — L, phase change at —2°C
Both the DSC (Figs. 1, 2, 5, 6) and X-ray
diffraction (Figs. 3, 4, 7, 8) confirm the slow
kinetic behavior of the low temperature Lg — L,
conversion. Within experimental error, both
hydration-limited (27.2 wt% H,0) and fully
hydrated (48.9 wt% H,0) DPPC show identical
kinetic behavior. The enthalpy associated with the
sub-transition increases with incubation time in an
approximately hyperbolic manner, reaching a
limiting enthalpy of 5.6-5.8 kcal/mol DPPC. In
earlier studies, lower enthalpy values in the range
2.65 to 3.7 kcal /mol DPPC were observed [7-9],
and it is clear that the precise thermal history,
equilibration time, equilibration temperature, etc.,
influence the rate of the formation of the L_ phase
(see Chen et al. [7] for a detailed study). Our
present studies show that both the sub-transition
temperature (onset and peak maximum) and en-
thalpy increase with increasing incubation time at
—2°C and under these conditions a limiting value
for the enthalpy is reached after approx. 2 days.
The corresponding structural changes show a
somewhat different and perhaps more complicated
pattern of behavior (see Figs. 4 and 8). For the
first 1.5 to 2h at —2°C, no significant change in
bilayer periodicity occurs. However, marked
changes in the wide-angle diffraction pattern do
occur, indicating rapid modifications in the hydro-
carbon chain packing mode. The 1/4.18 and
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1/4.08 A™" lines characteristic of the Lg phase
separate significantly over this time scale, reaching
values of approx. 1/4.3 and 1/4.0 A~'. These
rapid initial changes are followed by slower altera-
tions in the wide angle diffraction pattern, and
over this second time period (2-12h) the bilayer
periodicity does show a continuous decrease from
62-63 A (depending on the initial hydration, cf.
Figs. 4 and 8) to a limiting bilayer periodicity of
59.5 A (independent of initial hydration (cf. Figs.
4 and 8)). Thus, in this region, further modifica-
tions to the chain packing are now accompanied
by a decrease in the interbilayer hydration. Only
minor changes in both the bilayer periodicity and
the wide angle reflections occur after 12-14h at
—2°C (see Figs. 4 and 8). Therefore, over the time
scale (16-64h) in which the sub-transition en-
thalpy almost doubles (approx. 3 to 6 kcal /mol
DPPC), no changes in the diffraction pattern char-
acteristic of L phase are observed. It is probable
that very small changes in molecular and hydro-
carbon chain lateral packing, undetectable by X-
ray diffraction, are contributing significantly to
the overall stability of the ‘crystalline’ L _ form and
the enthalpy required to convert it to the Ly, form.

(2) Hydration of L, -phase of DPPC

From the DSC data presented in Figs. 1, 5 and
9, it is clear that the sub-transition is observed for
DPPC at all hydration levels in the range 10.1 to
93.9 wt%. Thus, extensive amounts of water are
not required for the formation of this phase. The
structural parameters defining this phase may be
studied as a function of hydration. The wide angle
X-ray diffraction patterns of all hydrated DPPC
samples at 4°C are characteristic of the L_ phase
(Refs 8, 9 and Figs. 3 and 7). However, at low
hydration levels the bilayer periodicity does in-

- crease with increasing hydration, reaching a limit-

ing value of 59.3 A at 20.0 wt% H,O (Fig. 10).
This corresponds to 11 water molecules /molecule
DPPC and probably represents tightly bound water
molecules at the polar lipid interface [12]. As
shown clearly in Fig. 10, the L, phase of DPPC
hydrates significantly less than the L, phase (19
mol H,0/mol DPPC). Thus, as suspected from
earlier studies [8,9), fully hydrated DPPC loses 8
mol H,0/mol DPPC as the hydrated L. bilayer
phase slowly converts to the less hydrated stable
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‘crystalline’ L phase. It is probable that the inter-
bilayer region in the L_ phase is occupied exclu-
sively by tightly bound, H-bonded water molecules
providing a coupling between adjacent bilayer
polar groups similar to that exhibited by crystal-
line DMPC dihydrate [13].

(3) Molecular and hydrocarbon chain packing

On the basis of previous X-ray diffraction
[1,2,4-6,14] and other data [15] on DPPC, the
molecular arrangements shown in Fig. 11 have
been proposed for (i) the L. hydrated bilayer gel
phase with tilted, quasi-orthorhombic packing of
the hydrocarbon chains; (ii) the P, hydrated rip-
pled bilayer gel phase with perhaps less tilted,
hexagonal packing of the hydrocarbon chains; and
(iii) the L _ hydrated liquid crystal bilayer phase
with ‘melted’ hydrocarbon chains arranged in a
quasi-hexagonal disordered lattice.

Conclusions concerning the hydrocarbon chain
packing arrangement of hydrated DPPC have been
derived from the rather limited X-ray diffraction
data in the wide angle region and comparisons
with known chain packing modes in the crystalline

state (for a review of the latter, see Ref. 16). In
general, it has not been possible to follow directly
the progressive conversion of one chain packing
mode to another. The slow kinetics of the L - L,
conversion allow the X-ray diffraction changes
corresponding to hydrocarbon chain packing
changes to be monitored (see Figs. 4 and 8). It is
convenient first to discuss the proposed packing
arrangements in the L, P, and L, phases of
hydrated DPPC.

L, phase

If we treat the broad 1/4.5 A™' reflection
observed for the L, phase of DPPC as true Bragg
diffraction from a hexagonal lattice, the hexagonal
cell can be transformed to a two-dimensional rect-
angular lattice of dimensions a = 9.02 A, b=10.42
A, y=90°, containing 4 hydrocarbon chain pro-
Jjections (see Fig. 11D). This corresponds to an
area of 23.5 A2 /hydrocarbon chain.

Py phase
In the Py phase of hydrated DPPC only a single
sharp reflection at 1/4.19 A™" is observed. In this
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Fig. 11. Proposed molecular (top) and hydrocarbon chain (bottom) packing arrangements in L, ‘crystal’, Lg. gel, Pg. gel and L, liquid
crystal bilayer phases. The wide angle diffraction data, derived sub-cell parameters and areas /hydrocarbon chain corresponding to the
different phases are listed.



phase the hydrocarbon chains are mainly in the
all-trans conformation, although some gauche con-
formers may be present, and packed in a regular
hexagonal lattice. Again, assuming that the ob-
served reflection at 1/4.19 A~V is the 1,0 reflec-
tion, the hexagonal lattice can be transformed to a
rectangular lattice of dimensions a=8.38 A, b=
9.68 A, y=90° (see Fig. 11C). As expected, the
calculated area of 20.3 A?/chain is significantly
less than that of the hydrocarbon chain area in the
L, phase. It is probable that the hydrocarbon
chain lattice in the P, phase is imperfect in that
the lattice sites are occupied by chains in ‘random’
orientation, i.e. rotational chain disorder exists.

Ly, phase

Looking into the L, phase provides the first
clear evidence of a non-hexagonal lattice. Al-
though the strong 1/4.18 A~ reflection character-
istic of the Py, is still present, a shoulder appears at
1/408 A~'. Assuming that the two reflections
represent dlffractlon from (2,0) and (1,2) lattice
planes (see Fig. 11B) a two-dimensional rectangu-
lar lattice a=8.36 A, b=9.35 A, y=90° is sug-
gested, i.e., similar to that of the hexagonal lattice
of the Py phase but with a reduced b dimension.
The area per chain is reduced to 19.5 A2 Again, it
is probable that chain orientation at each lattice
site is inexact and the lateral .chain packing
arrangement still does not correspond to any of
the precise simple and hybrid sub-cells [16,17].

L_ phase

It is clear from Figs. 4 and 8 that the 1/4.18
A~ reflection characteristic of the L, form
changes perhaps in two stages (see above), ulti-
mately becoming the 1/4.4 A~' reflection char-
acteristic of the L phase. Similarly we can follow
the progressive conversion of the 1/4.08 A
flection of the L, phase to that at 1/3.86 A~
characteristic of the L_ phase. At the same time
other reflections appear in the wide angle region,
indicative of the formation of a more ordered and
probably three-dimensional lattice (see Fig.2 in
Ref. 9). Assuming the changes in these reflections
represent simple alterations to the lattice parame-
ters of the original L, phase, we can define the
hydrocarbon chain lattice in the L _ phase as o = 8.8
A b=862A, y = 90° (Fig. 11A) There is a small
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reduction in the area/chain to 19.0 A2 compared
to the chain area in the Ly phase (19.5 A2). In the
L. phase a precise hybrid sub-cell chain packing is
likely with specific chain orientations at each lattice
site, as suggested in Fig. 11A, bottom. In an earlier
publication [9] we suggested that the L, —L,
transformation was accompanied by both forma-
tion of an ordered hydrocarbon chain lattice and
dehydration, resulting in a three-dimensional
crystallization of a hydrated DPPC. We expect
that the molecular arrangement of this crystalline
L. form is similar, but not identical, to that of
DMPC dihydrate [13] with both a decrease in
molecular tilt with respect to the bilayer normal
and vertical displacement of neighboring mole-
cules (cf. Figs. 11A and 11B, top). These changes
are necessary in order to accommodate the differ-
ent projected areas occupied by the polar group
and hydrocarbon chains [18].

Conclusion

This combined DSC and X-ray diffraction study
has characterized the structural changes accompa-
nying the slow conversion of the L, bilayer gel
phase of DPPC to a more stable low temperature
crystalline L phase.- The data illustrate clearly
that the L, ~ L, transition is accompanied by
both an increase in lateral molecular order as
indicated by changes in hydrocarbon chain pack-
ing and a decrease in interbilayer hydration. A
combination of these two effects suggests that
three-dimensional crystallization of DPPC and 11
H,0 occurs. By following the X-ray diffraction
changes during the Ly — L transition, the rela-
tionship between the hydrocarbon chain packing
modes in these two phases is established and this
in turn allows the chain packing modes in all
hydrated states to be rationalized.

Finally, it is becoming clear that hydrated
membrane phospholipids and sphingolipids [19-
22] frequently exhibit interconversions between
metastable and stable states. In most cases changes
in both hydrocarbon chain packing and hydration
seem to occur.
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