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Abstract

Multibilayer arrays of dipalmitoylphosphatidylcholine (DPPC) in 1 M KSCN were characterized using real-time X-ray diffraction and
differential scanning calorimetry. A phase transition sequence was observed as a function of increasing temperature which involved
changes from the interdigitated subgel (L (inter)) to interdigitated gel (Lz(inter)) to disordered (L, ) bilayer states. The phase transition
mechanisms were unambiguously determined by comparison of results from fast and slow scans. The L (inter) — Lg(inter) phase
transition was shown to involve a continuous change in acyl chain spacing between the rectangular subgel acyl chain unit cell into an
hexagonal gel acyl chain unit cell. The mechanism is similar to that for subgel to gel state transitions involving non-interdigitated DPPC

bilayers.
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1. Introduction

The interdigitated bilayer phase has been shown to
occur for at least one phospholipid in water [1-4], and
other phospholipids in aqueous systems containing a vari-
ety of solutes [4-9] including 1 M KSCN [4,10-13). We
have previously described the phase transition sequence
for dipalmitoylphosphatidylcholine (DPPC) in 1 M KSCN
using a real-time X-ray diffraction technique [11] when the
initial phase in the study was the gel-state interdigitated
bilayer phase. However, it has been previously inferred
that DPPC in ethanol /water solutions may form interdigi-
tated subgel phase bilayers [4,14], with a resulting dynamic
phase transition sequence of L (inter) » Lg(inter) > L,
and that dihexadecylphosphatidylcholine (DHPC) in water
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also forms interdigitated subgel phase bilayers [2,4], with a
resulting equilibrium or dynamic phase sequence of L (in-
ter) = Lg(inter) > Py — L,. It is therefore of interest to
determine the phase transition sequence for DPPC in 1 M
KSCN as it relates to the aforementioned DPPC in
ethanol /water and DHPC in water studies.

Real-time X-ray diffraction [15] has been shown to be
useful in determining phase transition mechanisms and
thermodynamic order as well as dimensional parameters
for the phases studied. An apparent first-order thermody-
namic process occurs via the coexistence of initial and
final states [16] as indicated by the presence of coexisting
diffraction patterns from both states. Higher order transi-
tions [16], being critical phenomena, proceed via the pres-
ence of intermediate states that may be from unique phases
[17-19] or continuous changes in the structure of the
initial state eventually resulting in the formation of the
final state [20-22]. Tenchov and co-workers [23] have
confirmed that the kinetics of a transition may influence
the apparent transition mechanism. Since some transitions
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may be slow, slow scan rates are required to insure an
unambiguous classification. However, such examinations
must be done within time periods for X-ray exposure
which will minimize radiation damage to the sample
[24,25]. Extremely fast transition jumps [26-28] do not
lend themselves to the determination of transition mecha-
nisms due to the limitations in detector response which can
preclude the recording of diffraction patterns from interme-
diate states, thus most fast scans can only indicate the
presence of coexisting states. In addition, the use of small
stepwise or continuous changes in temperature provides
the lowest entropic or reversible transition pathway. Of
course, it should be noted that the mechanism of a dy-
namic phase transition cannot be obtained from static or
stepwise measurements at different temperatures since the
entropies of the two processes would be different [16].

In this report, we have examined the dynamic phase
sequence for DPPC in 1 M KSCN starting with an initial
subgel phase at two different scan rates. This was done in
order to determine the transition mechanism for the L (in-
ter) to Lﬂ(inter) transformation, as well as to determine
whether the rippled phase is an intermediate between the
gel and disordered bilayer phases. The presence of a ripple
phase would indicate that the bilayer does not possess any
other mechanism by which to dissipate the mechanical
stress produced by the thermal expansion of the lipid
headgroups [4].

2. Materials and methods

Dipalmitoylphosphatidylcholine was obtained from
Avanti Polar Lipids (Alabaster, AL). Salts were reagent
grade and the water was distilled. Lipid dispersions for
X-ray diffraction were made by mixing known amounts of
lipid powder and salt solution, with subsequent heating at
= 60°C until all the powder appeared to be hydrated.
Samples were stored at =~ 0°C until examination by X-rays.

Calorimetry was performed using a Perkin-Elmer DSC-2
scanning calorimeter fitted with a subambient accessary
and interfaced to an IBM PS /2 with a Metrabyte DAS-16
data acquisition board (Keithley, Tauton, MA). Lipid sam-
ples were hydrated by direct addition of 1 M KSCN (1/1,
w /w) to the lipid powder at room temperature and hermet-
ically sealed in aluminum pans. All samples were cooled
and heated over the range — 9°C to 71°C and thermograms
were recorded on heating at a rate of 5°C/min after 1-2
days equilibration in the calorimeter at —9°C. Previous
studies [10,13] have indicated that slower scan rates do not
affect the determination of thermodynamic parameters.
Temperature scans were repeated three times. Onset transi-
tion temperatures were taken to be the temperature at
which the rising endotherm departed from the baseline.
Lipid transition parameters were determined by calibration
with the known transition temperature and enthalpy for the
melting of indium.

X-ray experiments were performed using a monochro-
matic (0.15 nm) focussed X-ray beam at Station 8.2 of the
Daresbury (UK) Synchrotron Laboratory. A purpose built
camera allowed clear resolution of reflections between 10
nm and 0.35 nm. The sample holder was a cryostage
(Linkam Scientific, Tadworth, UK) to which mica win-
dows were fitted. The sample size was about 15 ul with a
path length of 1 mm. The stage was cooled to liquid
nitrogen temperature and heated to the required tempera-
ture by imbedded heating elements in the stage. Tempera-
ture programming over the range — 50°C to 200°C at rates
between 0.001°C/min to 2.3°C/s were possible. Sample
temperature was monitored by a thermocouple imbedded
in the cryostage. A temperature gradient of less than 0.5°C
existed across the sample and the sample temperature was
at most 1°C different than the internal temperature of the
cryostage. The samples were cooled in the camera to
—50°C and allowed to equilibrate for several minutes until
the L, phase was formed. The L, phase can also be
induced by equilibrating the lipid sample at = 0°C for 1-4
days.

X-ray data were collected using a single wire linear
detector fabricated at the Daresbury Laboratory. The sam-
ples were subjected to controlled heating scans at rates of
5°C/min or 0.2°C/min between defined temperature lim-
its. The data collection system allowed 255 diffraction
patterns to be collected consecutively with a 10 us wait-
time between patterns. The exposure time for each pattern
was 3 s for the 5°C /min scan and 10 s for the 0.2°C/min
scan. Each temperature scan was repeated twice. The
acquired data were stored in a VAX-11 /750 computer and
corrected for detector response by comparison with a
pattern recorded using a fixed source and the spacial
calibration was obtained using Teflon [29]. Data were
analyzed using the 0TOKO program provided by the Dares-
bury Laboratory which was updated from the original
version by Boulin et al. [30]. Figures were produced using
Stanford Graphics™ (3-D Visions, Torrence, CA) which
allowed for the production of both two- and three-dimen-
sional presentations of the data. Two-dimensional projec-
tions were produced using a slice of the intensity in order
to show both low and high intensity peaks. Although the
two-dimensional representations accurately portray the
transitional information in the data set, exact structural
parameters cannot necessarily be obtained from the figure.
Structural parameters were determined by analyzing each
of the 255 individual diffraction patterns in the data set.
Uncertainties in the lamellar d-spacings were +0.19 nm
and in the acyl chain scattering peaks were +0.001 nm.

3. Results and discussion
The dynamic phase transition sequence for DPPC in 1

M KSCN has been previously reported for the case where
the gel bilayer phase was the starting point of the study
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Fig. 1. Three-dimensional plot of scattered intensity versus reciprocal spacing (S) for DPPC in 1 M KSCN undergoing a heating scan of 5°C /min. Every
third diffraction pattern of 3 s duration is shown. The interdigitated subgel phase L (D), the interdigitated gel phase L4(I), and the disordered bilayer phase

L, are indicated on the figure.

[11]. 1t has become apparent that the subgel phase is the
low temperature equilibrium phase for DPPC bilayers and
a more appropriate starting point for studies exploring the
temperature induced phases and phase transitions. Fig. 1
shows representative diffraction patterns for a DPPC in 1
M KSCN sample undergoing a ‘fast’ linear temperature
scan of 5°C/min. Both the sub gel and gel phases produce
mesophase diffraction peaks with the characteristic low
intensity observed with interdigitated phases (see, for ex-
ample, Ref. 6). The initial phase has a bilayer repeat
(d-spacing) of 5.20 nm and the acyl chain scattering
produced two wide-angle diffraction peaks at 0.385 and
0.407 nm (see Fig. 2). This lamellar d-spacing is signifi-
cantly smaller than that observed for DPPC in water (i.e.,
6.0 nm) which is an indication that the DPPC bilayers in 1
M KSCN may contain interdigitated acyl chains in the L
phase. It should be noted that gel state DPPC bilayers in 1
M KSCN equilibrated at 25°C have a bilayer repeat of 5.29
nm and a lipid thickness of 2.77 nm [10]. The L (inter)
phase assignment is consistent with other lipid systems
that form sub gel and gel state interdigitated bilayers
[2,14].

The L (inter) phase transforms into the previously de-
scribed L g(inter) phase at approx. —2.7°C. The L(inter)
bilayer repeat spacing immediately after the transformation
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Fig. 2. Repeat spacings of the (a) small- and (b) wide-angle X-ray
scattering regions for DPPC in 1 M KSCN as functions of temperature.
Numbers in parentheses correspond to the order of a one-dimensional,
lamellar lattice.
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Fig. 3. Typical sets of X-ray diffraction patterns for DPPC in 1 M KSCN showing the L (inter) — L(inter) phase transition for the (a) small-angle region
and (b) wide-angle region. The characteristic diffraction maxima of the L (inter) and Lg(inter) phases are indicated by arrows in (a), whereas the position
of the diffraction maxima arising from the acyl chains are indicated by arrows in (b).

is 5.66 nm with the hexagonal two-dimensional acyl chain
packing at 0.403 nm. The difference between the bilayer
repeat spacings obtained using real-time X-ray diffraction
(Fig. 1 and 2) and static X-ray diffraction at a specific
temperature [4] is due to the dynamics involved with the
real-time technique. The samples undergoing a continuous
temperature change do not change states by a series of
equilibrium states but by transitions involving the smallest
changes of enthalpy possible. For lipid systems, the trans-
formations will require longer times for water equilibration
across the defect structures throughout the multilamellar
array, rather than in changes in lipid packing and bilayer
thickness [11,14,17-23]. This speculation is consistent with
Cevc’s description of the subgel-to-gel phase transition
[31] as a loosening of the acyl chain interactions. Such a
change in intramembrane interactions would result in
greater lipid headgroup areas and therefore an increased
headgroup hydration requirement.

The L (inter) to Ly(inter) phase transition proceeds
(Figs. 2 and 3) via an apparent continuous change in the
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Fig. 4. Differential scanning calorimetry heating curve for DPPC in 1 M
KSCN undergoing a heating scan at 5°C/min with a sensitivity of 0.5
mcal/s. The sample was equilibrated at —9°C for 1-2 days in the
calorimeter before being scanned.

acyl chain and bilayer dimensions; i.e., a second-order
phase transition. This result is consistent with previous
studies of other subgel to gel bilayer phase transitions in
lipid—solvent systems [2,17,22]. We cannot rule out that
our observations were influenced by the mode of L phase
formation. We can, however, rule out that the phase
proceeds by an overlap of the first order diffraction peak
of the initial and final phases. This would result in a
broadening of the first order diffraction peak as the second
phase is nucleated rather than the observed continuous
decrease in peak breadth. It is less likely that these studies
are influenced by the presence of ice, since no hexagonal
ice diffraction peaks were observed [32] and passage of the
sample through O°C did not result in a dramatic increase
in d-spacing as expected when ice melts. Our quick cool-
ing to —50°C may be too short in time to allow for ice
formation. Additionally, calorimetry studies of DPPC in 1
M KSCN show two transitions which can be identified as
the sub- and main transitions (Fig. 4). The calorimetric
parameters are listed in Table 1 for these transitions. The
subtransition temperature (Table 1) is in reasonable agree-
ment with the observed L (inter) to L,(inter) phase transi-
tion (Fig. 1 and 2) and the main transition temperature and
enthalpy agree with previously reported values [10]). We do
not observe a large endotherm from the melting of ice. The
appearance of a change in specific heat (C,) with an
integrable peak and transition enthalpy (AH) is apparently
inconsistent with the X-ray data which indicates a second
order phase transition mechanism which should have re-
sulted in a change in the slope of C, with no discernable

Table 1
Calorimetric data for the transitions of DPPC in 1 M KSCN
Parameter Transition

Sub Main
T —-2340.1 39.4+0.1
AH (kcal /mol) 0.4240.05 10.12+0.01
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Fig. 5. Typical sets of X-ray diffraction patterns for DPPC in 1 M KSCN showing the Lg(inter) — L, phase transition for the (a) small-angle region and
(b) wide-angle region. The characteristic diffraction maxima of the Lg(inter) and L,, phases are indicated by arrows in (a), whereas the position of the

diffraction maxima arising from the acyl chains are indicated by arrows in (b).

AH. However, we would expect that the sub gel to gel
phase transition would result in lipid molecules with greater
energy. A loosening of the acyl chain packing could result
in some disordering of the acyl chains [31] and endother-
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mic release of energy. The change in C,, slope would be so
small as to have little influence on the calorimetric en-
dotherm shape. Thus, this second order phase transition
initiates a secondary release of energy resulting in a calori-
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Fig. 6. Three-dimensional plot of scattered intensity versus reciprocal spacing (S) for DPPC in 1 M KSCN undergoing a heating scan of 0.2°C /min. Every

third frame of 10 s duration is shown.
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metric endothermic peak. This measurable enthalpy for a
second order phase transition is also observed in the
transition of the L to L, phase for DPPC in water [17]
and for the L. to L,(inter) phase for dihexadecylphos-
phatidylcholine [2].

The next observed phase transition occurred between
the Lg(inter) and disordered bilayer or L, phase at ap-
prox. 41°C. The L, phase had a bilayer repeat spacing of
approx. 7.96 nm and a broad, diffuse acyl chain diffraction
peak. The acyl chain diffraction peak was too broad and
the intensity too low to accurately determine the repeat
spacing but it was observed at approx. 0.47 nm which is
consistent with previous values determined for the L, acyl
chain scattering peak [17]. This transformation proceeds
via a two-state coexistence of initial and final phases (Figs.
2 and 5); or an apparent first-order thermodynamic pro-
cess. The transition temperature is consistent with previous
reports [13] although the L, d-spacing is greater than
previously reported [11]. Tt is clear from Fig. 1, however,
that the system at no time transforms into the gel state
rippled phase (P; or PB’)' The presence of ripples would
have been indicated by additional diffraction peaks due to
the diagonals within the two-dimensional ripple phase unit
cell [33]. Hatta and co-workers [34] as well as Wack and
Webb [35] have recently indexed these reflections for
DMPC and DPPC bilayers. This lack of a gel state ripple
phase for DPPC in 1 M KSCN is consistent with previous
observations for DPPC in ethanol /water solutions [4,14]
which also induce only an interdigitated phase in the gel
state, and thus may be common to all solvent induced
interdigitated phases. These results are atypical of DHPC,
an analogue of DPPC, in water [2,4] which naturally forms

an interdigitated gel state bilayer that can transform during
dynamic or equilibrium temperature changes into a Py
phase. It is apparent that the change in solvent structure at
the bilayer-solvent interface is sufficient to change the
packing of the lipid headgroups so that chain interdigita-
tion from apposing leaflets within a bilayer occurs. We
have previously speculated [24] that such a change in the
solvent-bilayer interface structure is sufficient to allow the
bilayer to produce mechanical stresses resulting from the
thermally induced expansion of the headgroup area which
are dissipated within the bilayer and/or solvent structure
resulting in a preference for a gel bilayer phase with no
need to form fluctuations within the bilayer and hence no
eventual formation of the rippled phase. Cevc [31] has
recently proposed that the ripple phase is formed when
there are strong headgroup interactions at the bilayer /water
interface and that the interdigitated phase is formed when
the chain interactions are much stronger than headgroup
interactions. The changes in the headgroup interactions for
the solute-modified bilayers (i.e., DPPC in 1 M KSCN or
150 mg ethanol /ml water) cause an enhancement of the
chain—chain interactions which preclude the bilayer from
rippling /undulating under thermomechanical stress. It is
conceivable that there are lipid systems in which the
headgroup interactions and acyl chain interactions are of
comparable strength. Under this condition it may be possi-
ble to induce a phase that is a combination of both the
interdigitated and ripple phase (work in progress).

In order to probe the true mechanism of the L (inter) —
L(inter) transformation, and to determine if a Py phase
can be induced over a somewhat longer temporal interval,
a sample of DPPC in 1 M KSCN was examined while
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Fig. 7. Two-dimensional projection of the diffraction patterns from Fig. 6 for DPPC in 1 M KSCN undergoing a heating scan of 0.2°C/min. The
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undergoing a slow temperature scan of 0.2°C/min. Figs. 6
and 7 show representative X-ray patterns for DPPC in 1 M
KSCN undergoing a slow scan through the L (inter) to
L (inter) phase transition. It is clear from Fig. 7 that this
transformation proceeds via a continuous or second order
phase transition. Further collection of data (not shown)
once again did not indicate the presence of the P, phase
intermediate between the Lg(inter) and L, phases. In all
cases, there is little difference between the structural and
thermodynamic parameters determined for slow and fast
scans in this system.

4, Conclusion

The phase structures and transitions for DPPC in 1 M
KSCN have been determined using real-time X-ray diffrac-
tion and differential scanning calorimetry. In all cases, an
interdigitated subgel bilayer phase was induced before
characterization began. The L (inter) — L,(inter) > L,
phase transition sequence was observed and characterized.
Particular attention was paid to the transition mechanism
between the L (inter) and Lg(inter) phases. It was found
that this transition is similar to that involving non-interdig-
itated phases, namely, one of the axes of the rectangular
subgel acyl chain unit cell expands until only one spacing
is present indicating the foundation of an hexagonal acyl
chain unit cell. Finally, a rippled bilayer phase was not
seen as an intermediate between the gel bilayer (L (inter))
and disordered bilayer (L,) states. In addition, we have
speculated that the absence of a rippled phase indicates
that the mechanical stress produced by the thermal expan-
sion of the bilayer is absorbed by the lipid bilayer structure
rather than being mechanically released via the introduc-
tion of undulations within the bilayer phase [4]. This
absence of a ripple phase can be justified by Cevc’s
interaction theory [31].
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