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ABSTRACT: The structure and properties of the ether-linked 1,2-dihexadecylphosphatidylcholine (DHPC)
have been examined as a function of hydration. By differential scanning calorimetry, DHPC exhibits an
endothermic (chain melting) transition with the transition temperature (limiting value, 44.2 °C) and enthalpy
(limiting value, AH = 8.0 kcal/mol) being hydration dependent. For hydration values >30 wt % water,
DHPC exhibits a pretransition at ~36 °C (AH = 1.1 kcal/mol) and a subtransition at ~5 °C (AH = 0.2
kcal/mol). By X-ray diffraction, at 22 °C DHPC exhibits a normal bilayer gel structure with the bilayer
periodicity increasing from 58.0 to 62.5 A over the hydration range 9.5-25.4% water. At 30-32% water,
two coexisting gel phases are observed with d = 63-64 A and d = 44-45 A; at higher hydration, only the
latter phase is present, reaching a limiting d = 47.0 A at 37.5% water. Two different gel phases clearly
exist at low and high hydrations. Electron density profiles at low hydration (9.5-25.4%) show a bilayer
thickness d, , = 46 A, whereas at >32% water the bilayer thickness is markedly reduced, d,, =30 A. These
and other structural parameters indicate a hydration-dependent gel — gel structural transition between a
normal bilayer (two chains per polar group) and the chain-interdigitated bilayer (four chains per polar group)
arrangement described previously for DHPC [Ruocco, M. J., Siminovitch, D. J., & Griffin, R. G. (1985)
Biochemistry 24, 2406-2411]. In contrast, at 65 °C the normal liquid-crystalline bilayer structure (d =
51.0-60.0 A; d,, =38 A) is present at all hydrations. Comparisons of the hydration-dependent structural

behavior of DHPC are made with its ester analogue 1,2-dipalmitoylphosphatidylcholine.

In addition to the diacylphospholipids, significant amounts
of alkyl-acyl- or dialkylphospholipids are found in plasma and
organelle membranes [for reviews, see Mangold and Paltauf
(1981) and Horrocks and Sharma (1982)]. For example,
myelin membrane is enriched in plasmalogen phosphatidyl-
ethanolamine with a 1-alk-1-enyl-2-acyl chain linkage to the
glycerol moiety [see Horrocks and Sharma (1982)]. An ex-
citing discovery in the lipid field is that the platelet activating
factor eliciting a variety of important biological responses is
1-alkyl-2-acetylphosphatidylcholine [for a review, see Snyder
et al. (1985)]. Heart tissue is unique in that it contains sig-
nificant amounts of choline plasmalogen as well as smaller
quantities of dialkylphosphatidylcholines [see Horrocks and
Sharma (1982)], but as yet no well-defined role for these lipids
has been elucidated. Halophilic bacteria, including Halo-
bacterium halobium and Halobacterium cutirubrum, are rich
in dialkylglycerolipids such as the diphytanyl ether analogue
of phosphatidylglycerophosphate (Kates, 1978). Finally, in
anaerobic bacteria such as Clostridium butyricum, ethanol-
amine plasmalogens are prevalent, and the regulatory functions
of these lipids are currently being investigated (Goldfine, 1985;
Goldfine et al., 1987).

In contrast to diacylphospholipids, relatively few studies of
the properties of alkyl-acyl or dialkylphospholipids have been
reported. For dialkyllipids, some comparisons can be made
with the corresponding diacyllipids. For example, dihexa-
dexylphosphatidylethanolamine (DHPE) exhibits a higher
chain melting transition but a lower bilayer — hexagonal
transition than the corresponding diacyllipid, dipalmitoyl-PE
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(Vaughan & Keough, 1974; Boggs et al., 1981; Seddon et al.,
1983). It is thought that these changes arise from alterations
in both the chain packing and the intermolecular hydrogen-
bonding arrangement [see Hitchock et al. (1974)] as a con-
sequence of the ether vs. ester chain linkage (Boggs et al., 1981;
Seddon et al., 1983). Comparisons have also been made be-
tween dihexadecylphosphatidylcholine (DHPC) and di-
palmitoyl-PC (DPPC). The ether-linked DHPC exhibits a
slightly higher transition temperature (44-45 °C) than the
corresponding ester analogue DPPC (41.5 °C), but in general,
the two PCs exhibit similar thermotropic behavior (Vaughan
& Keough, 1974; Ruocco et al.,, 1985a). Other physical studies
also suggest strong similarities. For example, DHPC and
DPPC exhibit similar surface monolayer behavior, indicating
similar packing arrangements in either their liquid-expanded
or their condensed monolayer states, although differences in
surface potential are observed (Paltauf et al., 1971). P, 2H,
and *N NMR studies of DHPC, DPPC, and short-chain
analogues (Ruocco et al., 1985a,b; Hauser, 1981; Hauser et
al., 1981) suggest similar average conformations and segmental
motions of the phosphorylcholine polar group of both ether-
and ester-linked PCs in gel, liquid-crystalline, monomeric, and
micellar states.

However, in spite of the overall similarity of DHPC and
DPPC, there are some notable differences. N quadrupolar
splittings of DHPC in the liquid-crystalline phase are greater
(indicative of a decrease in orientational order around the C-N
bond of the polar group) than those of DPPC (Siminovitch
et al., 1983). *H NMR studies of DHPC deuterium labeled
at the a-position of the two alkyl chains show a more complex
pattern of quadrupolar splittings than that of “similarly” la-
beled DPPC, again indicative of conformational differences
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in the “interfacial” region, at least when DHPC and DPPC
are present in the liquid-crystalline phase (Ruocco et al.,
1985b). Perhaps the most surprising difference between
DHPC and DPPC lies in the structure of their respective gel
phases. Ruocco et al. (1985a) have shown that fully hydrated
DHPC exhibits subtransitions, pretransitions, and chain
melting transitions similar to but not identical with those
exhibited by DPPC. Further, they show that the diffraction
patterns of the subgel and gel phases of DHPC and DPPC
differ markedly. Notably, the bilayer periodicities and the
derived electron density profiles indicate significantly smaller
bilayer thicknesses (~30 A) for DHPC gel phases than the
corresponding phases of DPPC (bilayer thickness ~44 A).
This suggests that for DHPC the bilayers are fully chain
interdigitated (Ruocco et al., 1985a). A number of phos-
pholipids capable of forming chain-interdigitated phases either
by spontaneous means or by induction have been reported
recently (Ranck et al.,, 1977; Serrallach et al., 1983; McDaniel
et al., 1983; McIntosh et al., 1983; Braganza & Worcester,
1986). Thus, what appear to be relatively minor changes in
the interfacial region can result in significant structural dif-
ferences between DHPC and DPPC. In this study, we focus
on the hydration dependence of the gel phase structure of
DHPC, and in the following paper (Kim et al., 1987), we
describe the gel phase miscibility of DHPC and DPPC.

MATERIALS AND METHODS

DHPC was obtained from Berchtold (Berne, Switzerland)
and purified by column chromatography using latrobeads 8060
(Iatron Laboratories, Tokyo, Japan). The DHPC was shown
to be >99% pure by thin-layer chromatography using the
solvent system chloroform/methanol/water (65:25:4 v/v).

For differential scanning calorimetry (DSC), samples of
anhydrous DHPC were weighed into stainless steel pans, ap-
propriate amounts of distilled, deionized water were added
gravimetrically, and the pans were hermetically sealed.
Scanning calorimetry was performed on a Perkin-Elmer
DSC-2 calorimeter over the temperature range -8 to 87 °C.
Samples were heated and cooled at least 4 times to achieve
equilibration. The transition temperatures were determined
from the peaks of the observed transitions, and the transition
enthalpies were determined from the areas under the curves
as measured with a planimeter and calibrated by using a
known standard (gallium). For fully hydrated samples, ad-
ditional DSC experiments were performed with a Microcal
(Amherst, MA) 2 calorimeter. DHPC (0.04 wt %) dispersions
were examined at a heating rate of 45 °C/h.

For X-ray diffraction, hydrated samples were prepared by
weighing DHPC into thin-walled glass capillaries followed by
the addition of distilled, deionized water. The capillaries were
flame-sealed and coated at the seal with epoxy glue to elim-
inate leaks. Homogeneous mixing of the samples was achieved
by cycles of centrifugation, sample inversion, and recentrifu-
gation at a temperature greater than the (chain melting)
transition temperature. X-ray diffraction patterns were re-
corded on photographic film using nickel-filtered Cu Ka ra-
diation (A = 1.5418 A) from an Elliott GX-6 rotating anode
generator (Elliott Automation, Borehamwood, U.K.). The
X-ray beam was focused by using either double-mirror
(Franks, 1958) or toroidal (Elliott, 1965) optics. Microden-
sitometry was performed with a Joyce Loebl Model III-CS
scanning microdensitometer.

RESULTS

Scanning Calorimetry of Hydrated DHPC. DSC heating
curves of DHPC at different hydrations (range 4.8—61.0 wt
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FIGURE 1: Representative DSC heating curves of hydrated DHPC
in the range 4.8—-61.0 wt % water. Heating rates: 5 °C/min.

% water) are shown in Figure 1. Fully hydrated DHPC
exhibits three different transitions: a low-temperature subgel
transition, Tg, a pretransition, T, at intermediate tempera-
tures, and a high-temperature (chain melting) transition, Ty
(Figure 1). With increasing water content, the chain melting
transition gradually decreases from 74.2 °C (note also the
shoulder at 72.0 °C) at 4.8% water to a limiting value of 44.2
°C at >30% water (Figure 2A). In addition, the transition
width decreases with increasing hydration (see Figure 1)
whereas the transition enthalpy increased from 5.5 kcal /mol
of DHPC, again reaching a limiting value (8.0 kcal/mol) at
~35% water (Figure 2B). For hydration levels >30% water,
a pretransition is observed at ~36 °C (AH = 1.1 kcal/mol
of DHPC), shown in Figures 1 and 2. Similarly the subgel
transition at ~5 °C (AH = 0.2 kcal/mol of DHPC) is only
observed at >30% hydration (see Figures 1 and 2). Transition
entropies for Tg, Tp, and Ty are also plotted in Figure 2B.
Identical calorimetric behavior is observed for fully hydrated
DHPC recorded at a much slower heating rate (45 °C/h) on
a high-sensitivity calorimeter (data not shown).

X-ray Diffraction of Hydrated DHPC. X-ray diffraction
patterns were recorded for hydrated DHPC at temperatures
between the sub- and pretransitions (at 22 °C; gel phase) and
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FIGURE 2: Transition temperatures (A), enthalpies (B), and entropies
(B) of the subtransitions (squares), pretransitions (triangles), and chain
melting transitions (circles) of DHPC as a function of hydration.

above the chain melting transition (at 65 °C; liquid-crystalline
phase). Representative diffraction patterns for DHPC at
13.6% and 49.7% hydration are shown in Figure 3. At 22
°C, DHPC (13.6% water) shows eight lamellar reflections,
indicative of bilayer geometry with d = 58.4 A (Figure 3A).
The wide-angle region shows a strong reflection at 1/4.28 A~
(arrowed) indicative of hexagonal chain packing. At higher
hydration (49.7% water), DHPC exhibits five lamellar re-
flections corresponding to a markedly reduced bilayer peri-
odicity d = 47.0 A (Figure 3B), similar to that observed by
Ruocco et al. (1985a). Again, a single wide-angle reflection
is observed at 1/4.08 A~! (arrowed). At 65 °C, DHPC shows
six lamellar reflections (d = 50.8 A) at 13.6% water (Figure
3C) and four lamellar reflections (4 = 60.0 A) at 49.7% water
(Figure 3D). At both hydration levels, a broad reflection at
1/4.5 A! (arrowed) characteristic of the melted chain, lig-
uid-crystalline bilayer phase is observed.

The variation in the bilayer periodicity, representing the
DHPC bilayer thickness plus the intercalated water layer, is
shown for the bilayer gel phase at 22 °C and the bilayer
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liquid-crystalline phase at 65 °C in panels A and B, respec-
tively, of Figure 4. At 22 °C, DHPC exhibits a single bilayer
gel phase over the hydration range 9.5-25.4% water, and the
bilayer periodicity increases from 58.4 to 62.4 A (Figure 4A).
At 30-32% water, two bilayer phases coexist, one of bilayer
periodicity d = 63—-64 A and the other with a reduced peri-
odicity of 44—45 A (not shown). At higher hydration (>32%
water), only the bilayer phase of reduced periodicity is ob-
served. This bilayer phase exhibits some further hydration,
reaching a hydration limit at ~37.5% water, d_,, = 47.0 A.
According to the formalism of Luzzati (1968) and with the
assumption that the partial specific volume of DHPC at 22
°C is identical with that of DPPC [ = 0.937 mL/g; see Nagle
and Wilkinson (1978)], the derived parameters 4, (lipid
thickness), d,, (water layer thickness), and S (surface area
occupied per DHPC molecule at the lipid-water interface)
have been calculated.! As shown in Figure 4A, over the
hydration range 9.5-25.4% water, d, decreases from 52.5 to
458 A, d, increases from 6.0 to 16.6 A, and S increases from
41.8 to 48.0 A2 Then, over the hydration range 35-40%
water, d; decreases slightly to 28.8 A, d,, increases slightly to
18.3 A, and S increases slightly to 76.2 A%, Note the marked
decrease in d; (48.5 to 28.5 A) and increase in S (48.0 to 76.2
A?) that occur at ~30% water as the DHPC gel phase changes
structure.

The intensities of the low-angle reflections were used to
determine the changes in structure amplitudes over the hy-
dration range 9.5-25.4% water. This swelling method provides
the continuous transform (the amplitude curve of the bilayer
profile) from which the phases of the structure amplitudes can
be determined, and it has been applied extensively to PC
bilayer systems [see, for example, Torbet and Wilkins (1976),
Janiak et al. (1979), McDaniel et al. (1983), Mattai and
Shipley (1986), and Mclntosh and Simon (1986)]. The ob-
served intensities were corrected for Lorentz and polarization
factors [I(h)*A?] and different lamellar sets normalized with
respect to each other according to standard procedures
(Worthington & Blaurock, 1969). The normalized amplitudes
are plotted as a function of reciprocal space coordinate s (s
= 2 sin #/X) as shown in Figure SA. The nodes, i.e., the points
at which a phase change probably occurs, are suggested by
the amplitude data alone and are confirmed by application
of the Shannon sampling theorem [Shannon, 1949; Sayre,
1952; see Moody (1963), King and Worthington (1971),
Worthington et al. (1973), Torbet and Wilkins (1976), Franks
(1976), Mclntosh et al. (1983), Mclntosh and Simon (1986),
and Mattai et al. (1987) for details of the method as applied
to lipid bilayer systems]. This indicates that phase changes
occur at s = 0.006, 0.035, 0.052, 0.078, and 0.093 A-! and
the phase sequence for h = 1-6 is ~, —, +, -, +, — for all
hydrations. Corresponding electron density profiles, p(X), are
shown in Figure 6A (bottom). At all hydrations, a well-de-
fined trough is observed at X = 0 A, corresponding to the
bilayer center, whereas the two peaks at approximately £23
A define the location of the electron-rich phosphate groups
and their separation across the bilayer (d;,,) provides an ad-

! Although equating the 5 of DHPC phases with those of “similar” gel
and liquid-crystalline phases of DPPC is clearly an assumption, two
pieces of information lead us to believe that this assumption is, at least,
reasonably justified. First, as shown in Figure 4, for all phases the bilayer
thicknesses calculated according to the Luzzati method (with the as-
sumed values of 5) agree well with those derived directly from the elec-
tron density profiles (independent of U). Second, with the noninterdi-
gitated gel phase of 22 °C (20.3 wt % water) as an example, significant
variations in & (range 0.877-0.977 cm?®/g) lead to only small changes in
d, (47.9-49.2 A) and S (42.9-47.4 A?),
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FIGURE 3: Representative X-ray diffraction patterns of hydrated DHPC. (A) 13.6% water; 22 °C. (B) 49.7% water; 22 °C. (C) 13.6% water;
65 °C. (D) 49.7% water; 65 °C. Note the orientation effects in the sample at low hydration (A and C).

ditional measure of the bilayer thickness. This approach
suggests that the bilayer thickness is essentially independent
of hydration with d,_, constant at 46 A (see also Figure 4A).

The phase of reduced periodicity present at water contents
>30% exhibits minimal swelling (44-47 A), and the above
approach to phasing is not appropriate. Obviously, the nor-
malized amplitudes do not fit on the amplitude curve of the
bilayer phase present at low hydration (Figure 5A); however,
by inspection, they are consistent with the amplitude curves
from interdigitated gel phase bilayers studied previously [see
Mclntosh et al. (1983), McDaniel et al. (1983), and Mattai
and Shipley (1986)]. In the hydration range 34.6-40.2%
water, for h = 1-5 the phase sequence assigned is —, -, +, 0,
-, and the corresponding calculated amplitude curve and
electron density profiles are shown in Figures 5B and 6A (top).
For these profiles, the central trough at X = 0 A is less ap-
parent, and the two peaks at X = %15 A indicate a reduced,
but essentially constant, bilayer thickness, d, , = 30 A (see
also Figure 4A).

At 65 °C, a simpler pattern of behavior is observed (Figure
4B). DHPC exhibits a bilayer liquid-crystalline phase at all
hydrations. The bilayer periodicity d increases from 51.0 A
at 13.6% water, reaching a limiting value 4 = 60.0 A at ~35%
water. d, decreases and S increases with hydration, achieving
limiting values [d) = 39.0 A; § = 61.0 A2, assuming & = 1.017
mL/g; see Nagle and Wilkinson (1978)] at ~25% water,
whereas d,, continues to increase up to the hydration limit (i.e.,
~35% water) with d,(max) = 20 A. The structure amplitude

curve shows nodes at s = 0.006, 0.041, 0.061, and 0.087 A~
(Figure 5C). Over the hydration range 13.6—40.2% water, for
h = 1-5 the phase sequence is -, -, +, —, + or =, —, +, -, -,
depending on the hydration (see Figure 5C). The corre-
sponding electron density profiles are shown in Figure 6B, and
they resemble those of other liquid-crystalline PC bilayers. The
bilayer thickness 4, is essentially independent of hydration
over this range (d,, = 38 A; see also Figure 4B).

Discussion

The structure and properties of the ester-linked DPPC have
been studied exhaustively using a wide variety of physical
methods. Hydrated DPPC exhibits a sequence of subtransi-
tions, pretransitions, and chain melting transitions as DPPC
converts between crystalline (L,), gel (Lg), rippled gel (Pg),
and liquid-crystalline (L,) bilayer structures [for DSC and
X-ray diffraction studies of DPPC, see, for example, Chapman
et al. (1968), Tardieu et al. (1973), Janiak et al. (1976, 1979),
Chen et al. (1980), Fiildner (1981), and Ruocco and Shipley
(1982a,b)]. The bilayer structures formed differ in terms of
chain packing, chain tilt, etc., but for all gel phases at all
hydrations studied, the two halves of the bilayer are relatively
discrete, and extensive chain interdigitation across the bilayer
center does not occur.

Recently, studies of DPPC analogues [e.g., 1,3-DPPC
(Serrallach et al., 1983)] and DPPC in the presence of solvents
other than water [e.g., ethanol (Simon & Mclntosh, 1984),
glycerol or ethylene glycol (McDaniel et al., 1983)] or surface
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FIGURE 4: Bilayer structural parameters of DHPC as a function of
water content at 22 °C (A) and 65 °C (B). (A) Bilayer periodicity,
d (A); (@) bilayer thickness, d; (A); (A) water thickness, 4, (A); (O)
surface area per DHPC molecule at the lipid-water interface, S (A2);
(O) phosphadte~phosphate separation, d,, (A), from electron density
profiles (see Figure 6).

active molecules [e.g., chlorpromazine (Mclntosh et al., 1983)]
have shown that alterations in the molecular geometry
(1,3-DPPC) or “solvent” result in chain interdigitation in the
gel phase, signaled by a marked reduction in the bilayer
thickness. More recently, Braganza and Worcester (1986)
have shown by neutron diffraction that the gel phase of DPPC
is converted to an interdigitated bilayer gel phase at high
pressures. Perhaps the most surprising observation is that of
Ruocco et al. (1985a), who showed that DHPC at full hy-
dration adopts exclusively chain-interdigitated gel and subgel

KIM ET AL.

STRUCTURE AMPLITUDE F(s)

s(1/A)

FIGURE 5: Structure amplitude of DHPC bilayers at 22 °C [low
hydration (A) and high hydration (B)] and 65 °C (C). (A) (0) 9.5%;
(V) 13.6%; (A) 17.3%; (Q) 20.3% water. (B) (®) 34.6%; (A) 37.4%;
(m) 40.2% water. (C) (V) 13.6%; (A) 17.3%; (D) 20.3%; (¢) 25.4%;
(¥) 31.6%; (A) 37.4%; (@) 40.2%. The solid curves are calculated
by using the Shannon sampling theory (see text): (A) 13.6% water;
(B) 37.4% water; (C) 13.6% water.

phases. Thus, the relatively modest change in structure (ether
vs. ester chain linkage) drastically influences the structure of
the gel phases formed by DHPC and DPPC.

Here we have extended the studies of Ruocco et al. (1985a),
focusing particularly on the hydration dependence of the
structures of the gel and liquid-crystalline phases of DHPC.
At low hydration (<30% water), DHPC exhibits a bilayer gel
structure for which the bilayer parameters (d, @, S, d,,, and
the electron density profiles; see Figures 4A and 6A) indicate
the usual bilayer structure (i.e., noninterdigitated). In fact,
over this hydration range (10-30% water), the structural
parameters of DHPC are almost identical with those of DPPC
(Ruocco & Shipley, 1982b), and a similar, perhaps tilted-
chain, bilayer structure is indicated (see Figure 7). This
bilayer structure is the stable phase below the chain melting
transition, and no other gel phases are observed at <30% water.
This bilayer phase undergoes a hydration-dependent chain-
melting transition directly to the usual liquid-crystalline bilayer
phase (see Figures 1, 2, and 7).

However, as the hydration is increased, at >30% water
DHPC forms a different bilayer phase (see Figures 3B and
4A). This phase is characterized by marked changes in the
bilayer parameters: d, 4}, and d, ; all decrease by 15-18 A,
whereas S increases by ~30 A? (see Figure 4A). In addition,
the electron density profile (see Figure 6A) changes from that
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characteristic of a regular bilayer structure (well-defined
trough at X = 0 A) to that of an interdigitated bilayer (no
well-defined trough at the bilayer center).

Thus, hydration alone promotes a gel — gel transition of
DHPC in which the chains in apposing monolayers slide past
each other to form the chain-interdigitated phase of reduced
bilayer thickness and increased area per DHPC molecule (see
Figure 7). Although the mechanism of this hydration-de-
pendent gel — gel transition is unclear, presumably hydration
effects at the polar group (e.g., altered polar group confor-
mation, increased head-group area) trigger the bilayer con-
version to the interdigitated chain packing arrangement. To
improve on the structural description by Ruocco et al. (1985a),
we had hoped to study the hydration dependence of the in-
terdigitated phase but, as is clear from Figure 4A, at 22 °C
its swelling range is limited to ~30-37.5% water. At 37.5%
water, the DHPC phase is fully hydrated, and no further
changes in structure occur at higher hydrations. The presence
of a single, sharp wide-angle reflection at 1/4.08 A~ suggests
that the chains are arranged perpendicular to the bilayer plane
in this interdigitated phase of DHPC (shown schematically
in Figure 7).

Additional changes in the properties of DHPC occur as the
hydration exceeds 30% water. Notably, DHPC now exhibits
the additional pre- and subtransitions previously described by
Ruocco et al. (1985a). Thus, as with the pretransition of
DPPC (Janiak et al., 1976), a certain hydration level is re-
quired for DHPC to exhibit the pre- and subtransitions. We
note that the gel — gel transition occurs at the hydration at
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FIGURE 7: Structural representation of the hydration- and temper-
ature-dependent transitions of DHPC. At low hydrations (<30%
water), the reversible Ly — L, transition is observed; at high hydrations
(>30% water), the reversible Ls — Py — L, transitions are observed.
At the bottom, the hydration-dependent noninterdigitated bilayer —
interdigitated bilayer, gel — gel transition is emphasized.

which the chain melting transition has decreased to its limiting
value (44.2 °C; see Figure 2A). Thus, at a point at which the
increase in hydration apparently no longer changes the ther-
modynamic properties of hydrated DHPC (i.e., effective
head-group hydration has been achieved), additional hydration
induces the gel — gel transition. It is interesting that the
hydration limit of the regular gel phase is identical with that
of DPPC (30% water), corresponding to 19 water molecules
per PC molecule [see Figure 4A and Ruocco and Shipley
(1982b)]. For DPPC, this represents the absolute hydration
limit, and no further change in structure is observed (Ruocco
& Shipley, 1982b), whereas for DHPC additional hydration
triggers the conversion to the interdigitated gel phase and
allows the formation of additional gel (presumably Pg) and
subgel phases.? We note that the transition enthalpies and
entropies of Ty and Tp of DHPC (see Figure 2B) are similar
to those of the corresponding transitions of DPPC. In contrast,
AHg and ASjy are significantly lower than those of DPPC,

2 Preliminary X-ray diffraction experiments have been performed at
T < Tgand Tp < T < Ty. Below Tg, DHPC exhibits a bilayer phase
of periodicity d = 47.4 A, suggesting that DHPC remains in a chain-
interdigitated phase. Two diffraction lines at 4.23 and 3.82 A are ob-
served in the wide-angle region indicating changes in the lateral chain
packing mode. Similar observations were reported previously by Ruocco
et al. (1985a). Between Tp and Ty, DHPC gives a complex diffraction
pattern in the low-angle region similar to but not identical with that
exhibited by the two-dimensional, rippled Py phase of DPPC [see Tardieu
et al. (1973) and Janiak et al. (1976, 1979)]. Preliminary analyses
suggest that the bilayer periodicity of DHPC increases markedly at T,
indicating that both interdigitated — noninterdigitated chain packing
changes and flat — rippled bilayer surface changes occur at Tp. Fur-
thermore, the DHPC/DPPC phase diagram described in the following
paper (Kim et al., 1987) indicates “solid solution” behavior between Tp
and Ty. This, in turn, requires that the gel phase of DHPC be struc-
turally related to that of DPPC which is known to be a noninterdigitated,
rippled Py phase.
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suggesting that chain crystallization may not accompany the
formation of the subgel phase of DHPC.

In contrast to these differences in structure and behavior
of the gel phases of DHPC and DPPC, their structures above
the chain melting transition appear identical. Their swelling
curves appear superimposable, with identical hydration limits
(35% water, 25 water molecules per PC molecule) and similar
bilayer periodicities [see Figure 4B and Ruocco and Shipley
(1982b)]. Thus, the conformational differences between
DHPC and DPPC at the interfacial or polar group region
responsible for the different gel phase behavior are no longer
effective in the L, phase following chain melting. In spite of
recognizable conformational and dynamic differences between
DHPC and DPPC revealed by NMR methods [see Simino-
vitch et al. (1983) and Ruocco et al. (1985b)], the bilayer
structures formed and presumably the interbilayer forces are
indistinguishable in the liquid-crystalline phases of DHPC and
DPPC.

Finally, we have shown recently that fully hydrated mixtures
of DHPC and DPPC can form both noninterdigitated and
interdigitated gel bilayers depending on the DHPC:DPPC
molar ratio (Kim et al., 1987). Interestingly, DHPC can be
incorporated into a DPPC-rich noninterdigitated bilayer phase,
and DPPC can be incorporated into a DHPC-rich interdigi-
tated bilayer. Again, the structural “flexibility” of these PC
molecules is apparent.
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