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ABSTRACT The hydration pressure between dipalmitoyl phosphatidyl-N, N-dimethylethanolamine (DPPE-Me,) bilayers has been
analyzed by both x-ray diffraction measurements of osmotically stressed liposomes and by differential scanning calorimetry. By the
x-ray method, we obtain a magnitude (P,) and decay length () for the hydration pressure which are both quite similar to those
found for bilayers of other zwitterionic lipids, such as phosphatidylcholines. That is, x-ray analysis of DPPE-Me, in the gel phase
gives A = 1.3 A, the same as that previously measured for the analogous gel phase lipid dipalmitoylphosphatidylcholine (DPPC),
and P, = 3.9 x 10° dyn/cm?, which is in excellent agreement with the value of 3.6 x 10° dyn/cm? calculated from the measured
Volta potential of DPPE-Me, monolayers in equilibrium with liposomes. These results indicate that the removal of one methyl group
to convert DPPC to DPPE-Me, does not markedly alter the range or magnitude of the hydration pressure. Calorimetry shows that
the main gel to liquid-crystalline phase transition temperature of DPPE-Me, is approximately constant for water contents ranging
from 80 to 10 water molecules per lipid molecule, but increases monotonically with decreasing water content below 10 waters per
lipid. A theoretical fit to these temperature vs. water content data predicts A = 6.7 A. The difference in observed values of A for x-ray
and calorimetry measurements can be explained by effects on the thermograms of additional intra- and intermolecular interactions
which occur at low water contents where apposing bilayers are in contact. We conclude that, although calorimetry provides
important data on the energetics of bilayer hydration, it is difficult to obtain quantitative information on the hydration pressure from

this technique.

INTRODUCTION

In many biological processes, such as cell adhesion,
membrane fusion, and hormone (drug)-receptor interac-
tions, interstitial water must be removed so that the
apposing surfaces can come into physical contact. In
several quite different systems, including lipid bilayers
(LeNeveu et al., 1977; McIntosh and Simon, 1986b),
DNA helices (Parsegian et al., 1985), and carbohydrate
molecules (Rau and Parsegian, 1987), it has been shown
that a major barrier to close approach of apposing
surfaces is due to the hydration pressure, P,, which
arises from the polarization of water by the polar
surfaces (Marcelja and Radic, 1976; Rand and Parseg-
ian, 1989).

Although the hydration pressure has been observed
directly for lipid bilayers with a surface force apparatus
(Marra and Israelachvili, 1985), the magnitude and
decay length of P, have been quantitated with only one
technique, x-ray diffraction analysis of osmotically
stressed systems (Parsegian et al., 1979; Mclntosh and
Simon, 1986b). That is, for lipid bilayers subjected to
osmotic stresses, x-ray diffraction data have shown that
P, = P, - exp (—d,/\), where P, is the magnitude of P,, d;
is the distance between bilayers, and A\ is the decay
length, which has been measured to be 1-2 A for a

variety of bilayers in water (McIntosh and Simon, 1986b;
Rand and Parsegian, 1989). Based on these experimen-
tal data, several theoretical models have been forwarded
with the purpose of revealing the physiochemical mech-
anisms underlying the hydration pressure. Since, for
most lipids, measurements of P, and A have been
generated using only the x-ray method, it would be
useful if these important results could be confirmed with
another method based on different physical principles.
Such an alternative experimental approach was taken
by Cevc and Marsh (1985). In their pioneering study,
they used differential scanning calorimetry (DSC) to
analyze the hydration of a series of saturated phosphati-
dylethanolamines (PEs). Using a theoretical analysis of
lipid hydration, Cevc and Marsh (1985) found that a
decay length of A ~ 2.5 A was consistent with the
observed changes as a function of water content of the
temperature, enthalpy, and entropy of the gel to liquid-
crystalline phase transition. They also analyzed x-ray
diffraction data from dilauroyl-phosphatidylethanol-
amine (DLPE) at various water contents (corresponding
to 5-9 waters/lipid) and calculated a decay length A\ =
2.5 A. Thus, there appeared to be general agreement
between the x-ray diffraction and calorimetric methods
of obtaining N\. However, later x-ray diffraction experi-
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ments of osmotically stressed natural and synthetic PEs
gave considerably lower values for A, ranging from 0.8 to
1.3 A (Rand et al., 1988).

Phosphatidylethanolamines are not the best lipids to
use for obtaining values of P, and A\ of the hydration
pressure for several reasons. First and foremost, PEs
imbibe relatively few water molecules compared with
other phospholipids so that the fluid spacing between
adjacent PE bilayers in excess water is only ~5
(McIntosh and Simon, 1986a). Second, PE bilayers
crystallize into different phases at low water contents
(Seddon et al., 1984; Xu et al., 1988). This places
additional limits on the range of water contents that can
be analyzed by x-ray diffraction. Therefore, osmotic
stress experiments can only chan‘ic‘:'l the fluid spacing
between PE bilayers by one or two Angstroms, making it
difficult to accurately determine A with the x-ray method
(McIntosh and Simon, 1986a). Thus, Cevc and Marsh
could not directly measure the decay length of the
hydration pressure and had to make several assumptions
to calculate N\ from their x-ray data. Third, PE bilayers
likely contain an additional short range attractive inter-
action (McIntosh and Simon, 1986a; Boggs, 1987; Rand
et al., 1988), which further complicates the analysis of
force vs. distance relationships (McIntosh and Simon,
1986a). An additional potential problem with the calori-
metric method is that A may be different for gel and
liquid-crystalline phases (Mclntosh and Simon, 1986b;
Simon et al., 1988; Rand and Parsegian, 1989).

Because of these problems with PE bilayers, we
decided to reinvestigate the possibility of using calorim-
etry to obtain \ using a lipid where, for comparison, P,
and A could be determined directly using x-ray diffrac-
tion. The optimal lipid for these studies should have the
following characteristics. First, it should be chemically
pure and have homogeneous acyl chain lengths so that
sharp thermal transitions are obtained. Second, it should
be unchanged or have a zwitterionic head group, so that
electrostatic interactions are negligible. Third, it should
imbibe relatively large quantities of water compared
with PEs, so that a range of fluid spacings can be
obtained with osmotic stress experiments. Fourth, it
should exhibit a single gel to liquid-crystalline phase
transition at experimentally accessible temperatures so
that problems involving multiple transitions can be
avoided. Fifth, it should not change its phase over a
relatively wide range of water contents. One lipid that
satisfies all these criteria is dipalmitoyl phosphatidyl-N, N-
dimethylethanolamine (DPPE-Me,). DPPE-Me, has
been characterized previously by both x-ray diffraction
(Mulukutla and Shipley, 1984) and calorimetry (Vaughn
and Keough, 1974; Casal and Mantsch, 1983; Mio et al.,
1984; Chowdhry and Dalziel, 1985; Gagne et al., 1985),

and shown to meet the above criteria. Most importantly,
it imbibes much more water than PE so that A can be
accurately determined by x-ray diffraction.

Another reason for measuring the hydration pressure
for DPPE-Meg, is that it provides another system to test
the hypothesis (Simon and McIntosh, 1989) that there is
a correlation between the magnitude of the hydration
pressure and the Volta potential (V'), which is equivalent
to the dipole potential for uncharged bilayers. Cevc and
Marsh (1985) derived the expression P, = 2x(¥/\)?,
where ¥ is the “hydration potential” at d; = 0, x is the
susceptibility of the interlamellar water and is equal to
€,(e — 1)/e, where e is the bulk dielectric constant of
water and ¢, is the permittivity of free space. For a
variety of phosphatidylcholine (PC) and PC/cholesterol
bilayers, we (Simon and Mclntosh, 1989) showed that
there was a good correlation between the hydration
potential (¥) and the Volta potential (V') measured for
monolayers in equilibrium with liposomes by demonstrat-
ing agreement between P, as measured by x-ray diffrac-
tion and the quantity 2x(V/\)®. We also argued that V
contains contributions from the dipoles (and multipoles)
of the lipid as well as intercalated solvent molecules.
However, in our experimental correlation between P,
and 2x(V/\)?, most of the values of V were between 200
and 500 mV, and we had only one value of V of over 500
mV. Therefore, to further test this correlation, it would
be advantageous to find a lipid with a large Volta
potential. Preliminary results showed that V is over 600
mV for DPPE-Me,, making it a useful lipid to further
test our hypothesis that the magnitude of the hydration
potential can be accurately predicted by the measured
Volta potential.

MATERIALS AND METHODS

Materials

L-a-dipalmitoyl phosphatidyl-N,N-dimethylethanolamine (Lot
118F8458) was used as purchased from Sigma Chemical Co. (St. Louis,
MO). Polyvinylpyrrolidone (PVP) was obtained from Sigma Chemical
Co. Triply distilled water was used to make PVP-water solutions in the
range of 0-50% wt/wt.

X-Ray diffraction

For x-ray diffraction experiments, osmotic pressures were applied to
DPPE-Me, suspensions by an “osmotic stress” technique (LeNeveu et
al., 1977). An excess amount (>80% by weight) of the appropriate
PVP-water solution was added to dry DPPE-Me,. These suspensions
were incubated, with periodic vortexing, for several hours at 60°C, a
temperature above the lipid gel to liquid-crystalline phase transition
temperature. Because PVP is too large to enter between the lipid
multilayers, it competes for water with the lipid and compresses the
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lipid lattice (Parsegian et al., 1979). For these PVP solutions, we used
values of osmotic pressure as calculated from the virial coefficients of
Vink (1971). These values of osmotic pressure are in close agreement
to measured values (Parsegian et al., 1986; Mclntosh et al., 1989b).
The lipid suspensions were sealed in quartz glass capillary tubes and
mounted in a point collimation x-ray camera containing three or more
sheets of Kodak DEF x-ray film in a flat plate film cassette. Specimen-
to-film distance was 10 cm, and exposure times were on the order of 4
to 8 h. All diffraction patterns were recorded at 20 + 2°C. X-Ray films
were processed by standard techniques and densitometered with a
Joyce-Loebl model MKIIIC microdensitometer. The background curve
was subtracted and integrated intensities, /(h), for each order 4 were
obtained by measuring the area under each diffraction peak. For these
unoriented suspensions the structure amplitude for each order & was
set equal to [h%I(h)]'" (Blaurock and Worthington, 1966). Structure
amplitudes were normalized according to the procedure of Blaurock
(1971) and phase angles for each diffraction order were obtained as
previously described (McIntosh and Holloway, 1987). In brief, contin-
uous transforms were calculated for each possible phase angle combi-
nation by the sampling theorem. The correct phase combination was
taken as the one whose continuous transform most closely matched the
experimental structure factors for all data sets (see Fig. 2).

Volta potential measurements

Volta potentials, V, were measured as described previously (MacDon-
ald and Simon, 1987). Briefly, monolayers of DPPE-Me, were formed
by spreading 10 uL of a 25-mg/ml solution onto a subphase of 1 mM
KCl in a trough having a surface area of ~ 30 cm® at room temperature.
The KCI had been roasted at 650°C for 24 h to remove organic
impurities. Under these conditions it has been shown that the packing
of the lipid molecules in the monolayer is approximately the same as it
is in a bilayer (MacDonald and Simon, 1987). The Volta potential was
measured between an Ag/AgCl electrode in the subphase and a
polonium electrode in air using a Keithley electrometer (model 602;
Keithley Instruments Co., Cleveland, OH). The reported values of V'
represent the difference in potential of the surface in the presence and
absence of the monolayer.

Differential scanning calorimetry

Thermograms were obtained using a Perkin-Elmer DSC7 calorimeter
with the Perkin-Elmer Corp. (Norwalk, CT) data station. Before
preparation of samples for calorimetry, the DPPE-Me, was desiccated
for 40 h at 500 pm Hg to remove absorbed water. The lipid was then
weighed into a stainless steel sample pan and the appropriate amount
of deionized, doubly distilled water was added with a microsyringe.
The sample was then sealed and reweighed. After completion of the
calorimetry run, the sample was reweighed to insure that no water had
evaporated. Samples were preheated at 80°C in the calorimeter for
~5-10 min. and were usually scanned at 5°C/min. The samples were
heated and recooled at least two times or until reproducible thermo-
grams were obtained on consecutive scans. The relatively short times
spent below the transition temperature are insufficient for the gel
phase to be converted into a low temperature “crystalline” phase
(Mulukutla and Shipley, 1984). The protocol outlined above is similar
to the one used by Cevc and Marsh (1985). For the main endothermic
transition, transition temperatures (taken at the peak of the transition)
are reproducible to 0.3°C. The transition enthalpies were calculated by
integrating the area under the endothermic transition peaks using the
data station software.

RESULTS
X-Ray diffraction

The diffraction pattern of DPPE-Me, in excess water
contained five orders of a lamellar repeat period of 64.6
A and a wide-angle reflection centered at 4.14 A. The
wide-angle reflection was broader than the sharp reflec-
tions obtained from gel phase lipids with untilted chains,
as it extended from ~4.07 to 4.17 A. It was difficult to
determine if this wide-angle pattern consisted of two
reflections, a sharp reflection centered at 4.14 A super-
imposed on a broad band, or a single, somewhat broad
reflection. For either case, the spacing and width of the
broad component of this reflection (or reflections)
indicate that the hydrocarbon chains in DPPE-Me, are
tightly packed in a gel phase and tilted relative to the
hydrocarbon water interface (see below). Using infrared
spectroscopy, Casal and Mantsch (1984) had previously
deduced that the acyl chains of DPPE-Me, are tilted.

For all PVP concentrations, the same wide angle
pattern was recorded. However, the lamellar repeat
period decreased monotonically with increasing PVP
concentration. Fig. 1 shows a plot of the natural loga-
rithm of applied osmotic pressure (In P) vs. lamellar
repeat period for these PVP experiments. A least
squares analysis provides a good straight line fit
(r* = 0.99).

Estimates for the width of the DPPE-Me, bilayer as a
function of PVP concentration in the swelling solution
can be obtained by a Fourier analysis of the lamellar
diffraction data (McIntosh and Simon, 19864, b; McIn-
tosh et al., 1987; Mclntosh et al., 1989a, b). Fig. 2 shows
a plot of structure factors vs. reciprocal spacing for the
diffraction data from DPPE-Me, in water and the
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FIGURE1 Natural logarithm of applied pressure (In P) plotted vs.

lamellar repeat period for DPPE-Me, suspensions. The straight line is
a least squares fit to the data (r*> = 0.99).
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FIGURE2 Structure factors for DPPE-Me, plotted vs. reciprocal
space coordinate. The circles represent structure factors for osmotic
pressure experiments in PVP solutions. The solid line is the continu-
ous Fourier transform calculated using the sampling theorem for one
data set.

various PVP concentrations. The solid curve is the
continuous transform of one data set calculated using
the sampling theorem. Note that all of the structure
factors fall closely to this transform. This indicates that
the bilayer thickness does not appreciably change over
the range of applied osmotic stresses shown in Fig. 1
(Mclntosh and Simon, 1986b; Simon et al., 1988). Fig. 3
shows two representative electron density profiles for
DPPE-Me, at the minimum (P = 0, in excess water) and
maximum (P = 3.2 x 10’ dyn/cm?, in 50% PVP) applied
pressures used in these experiments. In both profiles,
the high density peaks centered at about +22 A corre-
spond to the high density lipid head groups. The
electron density trough in the geometric center of each
profile represents the terminal methyl groups, and the
medium density region between the head group peaks
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FIGURE3 Electron density profiles for DPPE-Me, bilayers in water
and in 50% PVP.

and the terminal methyl trough represents the methyl-
ene groups of the acyl chains. The medium density
regions at the outer edges of each profile correspond to
one-half of the fluid space between adjacent bilayers.
Note that the distance between head group peaks across
the bilayer is nearly the same in the two profiles. In fact,
for all PVP concentrations used, the distance between
head group peaks across the bilayer stayed nearly
constant, as the mean head group separation was
437 A = 09 A (mean = standard deviation for 10
experiments). This implies that the bilayer thickness and
area per lipid molecule remained approximately con-
stant for this entire range of PVP concentrations. A
similar result has been obtained for phosphatidylcholine
and phosphatidylethanolamine bilayers subjected to sim-
ilar osmotic stresses (McIntosh and Simon, 1986b).
Since the bilayer width remains approximately constant
for all PVP concentrations, the decrease in repeat
period with increasing osmotic stress (Fig. 1) must be the
consequence of a decrease in fluid thickness between
bilayers.

The measured head group peak separation of 43.7 A
is consistent with the hydrocarbon chains in DPPE-Me,
being tilted relative to the plane of the bilayer. That is,
head group peak separations of 42 and 49 A have been
previously measured for dipalmitoylphosphatidylcholine
(DPPC) bilayers with tilted and untilted chains, respec-
tively (McIntosh, 1980). From these values, we calculate
the chain tilt of DPPE-Me, to be ~ 27°.

To estimate the fluid thickness between apposing
bilayers it is necessary to determine the bilayer width
and subtract its value from the repeat period. The
definition of bilayer width is somewhat arbitrary, as
there is not a sharp boundary between water and lipid.
That is, the lipid/water interface is not molecularly
smooth and water penetrates into the head group region
of the bilayer. Previously we (Mclntosh et al., 1986a, b;
Mclntosh et al., 1987; Mclntosh et al., 19894, b; Simon
and MclIntosh, 1989) have operationally defined the
bilayer width as the total geometric thickness of the lipid
bilayer. We use that same procedure here to compare
our previous results to those from DPPE-Me,. At the
resolution of the profiles in Fig. 3, the head group peaks
correspond to the center of the lipid head group,
between the phosphate moiety and the glycerol back-
bone. Single crystal data (Hauser et al., 1988) have
previously been used to estimate the distance from the
center of the head group to the physical edge of the
bilayer. For phosphatidylethanolamine (PE) and phos-
phatidylcholine (PC) bilayers this distance has been
estimated as 4 and 5 A, respectively (McIntosh and
Simon, 1986a, b). The DPPE-Me, head group is interme-
diate in size between that of PE and PC. Therefore, if we
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assume that the orientation of the head group is the
same in hydrated DPPE-Me, as it is in hydrated PE and
PC bilayers (that is the phosphoro-dimethylethanol-
amine moiety lies parallel to the plane of the bilayer),
then the distance between the head group peak in the
electron density profile (Fig. 3) and the edge of the
bilayer is between 4 and 5 A. Several lines of evidence
indicate that the head group orientation is similar for
DPPE-Me,, PC, and PE bilayers. First, in electron
density profiles at comparable resolutions, the total
widths at half height of the head group peaks are similar
for gel phase bilayers of PE, DPPE-Me,, and PC, being
7.6 + 0.2 A for DLPE (McIntosh and Simon, 1986a),
7.9 + 0.5 A for DPPE-Me,, and 8.5 = 0.7 A for DPPC
(MclIntosh and Simon, 1986b). Second, the magnitude of
the Volta potential is more positive for DPPE-Me, than
for DPPC (see below). If the large dipole between the
phosphate and dimethylamine were oriented perpendic-
ular to the plane of the bilayer, then it would be
expected that the Volta potential would be significantly
lower for DPPE-Me, than for DPPC (Tocanne and
Tessie, 1990). Third, Dorset and Zhang (1990) have
recently shown that epitaxially grown crystals of DPPE-
Me, have the same head group orientation as crystals of
PC and PE and that the lipid thickness depends on the
size of the head group. They found that the distance
from the lipid phosphate group to the edge of the unit
cell (equivalent to the edge of the bilayer) is ~0.2 A
smaller for DPPE-Me, than for PC. We use this result to
estimate that for DPPE-Me, the distance from each
peak in the electron density profile to the outer edge of
the bilayer is 5 — 0.2 A = 4.8 A. Therefore we estimate
the thickness of DPPE-Me, bilayers to be 43.7 A +
9.6A =533A

Fig. 4 shows a plot of the natural logarithm of pressure
(In P) vs. the distance between bilayers, calculated

20

18

In P (dyn/cm 2)
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Distance Between Bilayers (A)

FIGURE4 Natural logarithm of applied pressure (In P) plotted vs.
lamellar repeat period for DPPE-Me, (solid circles) and DPPC (open
circles) suspensions. The DPPC data were taken from Mclntosh and
Simon (1986b). The straight lines are least squares fit to the two data
sets (r* =A 0.99 for DPPE-Me, and r* = 0.97 for DPPC). For both lipids
A=13A

assuming a constant bilayer thickness of 53.3 A for
DPPE-Me,. The straight line is a least squares fit
(r* = 0.99) to the data points. The decay length for this
line is A = 1.3 A and extrapolation to zero fluid space
gives P, = 3.6 x 10° dyn/cm’. For comparison, data
points for DPPC (McIntosh and Simon, 1986b) are also
shown in Fig. 4. As can be seen, the pressure-distance
relationships are quite similar for the two lipids.

Volta potential

The Volta potential, V, for DPPE-Me, monolayers in
equilibrium with liposomes was measured to be 612 + 2
mV (N = 3). Using the relationship P, = 2x(V/\)* (see
Introduction) and the measured values of V and A, we
calculated a value of P, = 3.9 x 10° dyn/cm’ for the
magnitude of the hydration pressure. This value is in
excellent agreement with the value of P, = 3.6 x 10°
dyn/cm’® obtained from x-ray diffraction measurements
(see above). Fig. 5 shows values of P, as obtained from
x-ray diffraction and from the relation P, = 2x(V/\)* for
DPPE-Meg, as well as a variety of PC and PC/cholesterol
bilayer systems in water and other solvents..

Differential scanning calorimetry

Fig. 6 shows the thermograms of DPPE-ME, vacuum
dried, fully hydrated, and with 10 wt% water. In the
absence of water, two endothermic transitions were
observed. The temperatures and enthalpies of these two
transitions were 66.4°C, 0.24 kcal/mol and 111.9°C, 16.5
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FIGURES A plot of the magnitude of the hydration pressure (P,) vs.
the quantity 2x (V/A)>. The open square represents data from DPPE-
Me, and the open circles represent data for PC and PC/cholesterol
bilayers taken from Simon and McIntosh (1989). The solid line is a plot
of the theoretical prediction P, = 2x (V/\ )%
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FIGURE 6 Differential calorimetric scans of DPPE-Me, at full hydra-
tion (left trace), at 10 wt% water (middle trace) and after vacuum drying
(right trace). The weights of the three samples were different. The
enthalpies are given in the text.

kcal/mol, respectively. The addition of 10 wt% water
reduces 7,, and AH, to 67.3°C and 6.67 kcal/mol,
respectively. These measurements show that the vacuum
dried sample imbibed a little water. For fully hydrated
DPPE-Me, one endothermic peak was observed over
the range 10-80°C, with a transition temperature of
T,, = 50.8°C and an enthalpy of AH_, = 9.6 kcal/mol. The
peak width at half height, T, was 1.4°C and the specific
heat was C, max = 10.1 cal/’K gm. The values of T, and
AH,, for fully hydrated DPPE-Me, are in good agree-
ment with several previous calorimetric measurements
(Vaughn and Keough, 1974; Casal and Mantsch, 1983;
Mio et al., 1984; Gagne et al., 1985). However, Chowd-
hry and Dalziel (1985), using extremely pure samples
and scanning at much slower rates, obtained smaller
values of T, and larger values of C, max then we or
other investigators have measured.

The values of T, for DPPE-Me, obtained at various
states of hydration are presented in Fig. 7. We omit the
point at zero water content, as the structure of DPPE-
Me, may be different under these conditions (Seddon et
al., 1984; Pascher and Sundell, 1986). The values of T, of
the main endothermic transition decrease with increas-
ing water content. For the first several waters of hydra-
tion, T, decreases abruptly with increasing water con-
tent. However, after ~ 10 water molecules per lipid are
added, the decrease in T, with water content becomes
more gradual and finally asymptotically approaches the
limiting value of 50.8°C.

DISCUSSION

Hydration pressure as obtained from
x-ray diffraction data

Methylated phosphatidylethanolamines imbibe consider-
ably more water than do phosphatidylethanolamines,

T, (C)

0 20 40 60 80
n (mol/mol)

FIGURE7 Transition temperature (T,) vs. the number () of water
molecules per DPPE-Me,. The circles represent experimental values.
The solid line is a fit to the data points using Eq. 1, which yields a value
of A = 6.7 A. The dotted line represents a plot of Eq. 1 using A = 1.3 4,
the value obtained from x-ray diffraction experiments. See text for
details.

making them more amenable for analysis of hydration
pressures (Rand and Parsegian, 1989). As shown in Fig.
4, the total pressure between DPPE-Me, bilayers decays
exponentially with increasing interbilayer separation.
Over this range of applied pressures it has been previ-
ously shown that the major repulsive pressure is the
hydration pressure (Parsegian et al., 1979). Therefore,
P, decays exponentially with increasing separation be-
tween bilayers, as it does for a variety of other lipids
(LeNeveu et al., 1977; Mclntosh et al., 1986b; Rand and
Parsegian, 1989; McIntosh et al., 1989, c¢). The mea-
sured decay length of 1.3 A for DPPE-Me, is the same as
the decay length for DPPC (see Fig. 4). This is somewhat
smaller than the decay length of 1.8 A obtained for
liquid-crystalline phase egg PE-Me, bilayers (Rand et
al., 1988). The reason for the observed difference in
decay lengths between gel and liquid-crystalline di-
methyl PEs is not known, although it is interesting to
note that there is a similar difference in decay lengths
between gel and liquid-crystalline phase PC bilayers
(McIntosh and Simon, 1986b).

The equilibrium fluid spacing (the bilayer separation
at zero applied pressure and full hydration) is 11.3 A for
DPPE-Me, bilayers, which is similar to the value of 11.7
A obtained for DPPC bilayers (McIntosh and Simon,
1986b), but considerably larger than the equilibrium
fluid spacing of 5 A obtained for saturated PE bilayers
(McIntosh and Simon, 1986a). Thus, in agreement with
previous studies (Rand et al., 1988), we find that
methylation of the PE head group increases the fluid
spacing between apposing bilayers.

The data in Fig. 4 show that the hydration pressure is
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very similar in both magnitude and decay length for
DPPE-Me, and DPPC bilayers. This demonstrates that
substitution of a methyl group in DPPC for a proton in
DPPE-Me, has a very small effect on the magnitude and
range of P,.

As shown in Fig. 5, there is good quantitative agree-
ment between P, as obtained by x-ray diffraction and the
quantity 2x(V/\)? calculated from measurements of
Volta potential for both PC bilayers and for DPPE-Me,
bilayers. It should be noted that, because of the exponen-
tial dependence of P, on bilayer separation, the value of
P, obtained by x-ray diffraction depends critically on the
choice of the plane of origin of the hydration pressure
(Simon and Mclntosh, 1989). For all of the bilayer
systems represented in Fig. 5 we chose the plane of
origin to be at the physical edge of the bilayer. As
described in Simon and McIntosh (1989), this choice for
the plane of origin was made for several reasons. One of
the most important reasons is that all of the perpendicu-
lar components of the oriented dipoles, including those
of both the lipid and water molecules in the head group
region, contribute to the measured Volta potential. The
location of the plane of origin at the physical edge of the
bilayer takes into account the contributions of all of
these dipoles. Our determination of the position of the
edge of the bilayer makes the assumption that the
DPPE-Me, head group is oriented parallel to the plane
of the bilayer in hydrated liposomes. Although this
assumption cannot be rigorously proven, we argue that
the Volta potential data and the structural analysis of
Dorset and Zhang (1990) make this the most probable
head group orientation (see Results).

Analysis of calorimetry data

In their analysis of hydration-induced transition temper-
ature shifts, Cevc and Marsh (1985) derived expressions
for the hydration free energy, enthalpy, entropy, and
transition temperature as a function of water content.
They used each of these relations to calculate a value for
the decay length, A, of the hydration pressure, and
obtained similar values of A from each expression. In this
paper, we consider only the observed change in transi-
tion temperature for several reasons. First, the transi-
tion temperature is the most accurately measured param-
eter from the calorimetry data. Second, the theoretical
expression derived by Cevc and Marsh (1985) for the
change in transition temperature with hydration con-
tains only one unknown parameter, A (see below),
whereas the expressions for the change in free energy,
enthalpy, and entropy contain other nonmeasurable
parameters. Third, there are other potential problems
encountered in analyzing the enthalpy of hydration,
such as the presence of multiple peaks in the thermo-

grams at low water contents. Although all of these peaks
may contribute to the free energy of hydration, not all
may be associated with the main gel to liquid-crystalline
phase transition (Kodama et al., 1982) that was consid-
ered by Cevc and Marsh in their derivation of the
expression relating enthalpy and water content. More-
over, some of these transitions, especially for PEs, may
represent metastable or nonequilibrium states (Seddon
et al., 1983; Xu et al., 1988).

Cevc and Marsh (1985) derived the following equa-
tion relating the decrease in transition temperature
(AT,) to the decay length, A, of the hydration pressure:

AT, =T, = Tye = AT, (0) - tan h(nV,/\A), (1)

where n is the number of water molecules per lipid
molecule, V, is the molar volume of water (30 A%), 4 is
the area per lipid molecule (which we assume is 45 A?),
AT, (0) is the difference in transition temperature at full
hydration, and T, is the transition temperature for the
anhydrous lipid. Because DPPE-Me, is in a different
phase in the complete absence of water, we use an
extrapolated value for T,,,, = 75.3°C. As seen in Fig. 7,
our observed transition temperatures as a function of
water content can be fit quite closely with the expression
given in Eq. 1. However, the best fit is obtained with a
value of A = 6.7 A. Thus, the value of A calculated using
the calorimetry data and the formalism of Eq. 1 is
considerably higher than the value of A = 1.3 A obtained
from x-ray diffraction measurements. For comparison,
the dotted line in Fig. 7 shows a plot of Eq. 1 using the
value of A = 1.3 A obtained from the x-ray diffraction.
For high water contents (n > 15), the two curves ob-
tained with A = 1.3and 6.7 A are quite similar. However,
they are significantly different at lower water contents.
There are several possible reasons why A obtained
from x-ray diffraction and calorimetry are not in agree-
ment. The most important factor is that most of the
decrease in T, shown in Fig. 7 occurs for low water
contents. Approximately the first 10 water molecules
added to the anhydrous bilayer partition into the polar
head group region of the bilayer (McIntosh et al., 1987).
The addition of this water increases the volume of the
polar head group, wedging apart the acyl chains and
thereby decreasing T,. Because these first water mole-
cules are located primarily in the head group region of
the bilayer, and not between adjacent bilayers, the
dominant interbilayer interaction for these low water
contents is not the hydration pressure, but rather interac-
tions that occur when polar groups from apposing
bilayers are in contact, such as steric repulsion and
attractive interactions between headgroups (Mclntosh
and Simon, 1986a; Mclntosh et al., 1987; McIntosh et
al., 1989a). In addition, there are several other impor-
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tant intra- and intermolecular contributions to the
transition enthalpy, such as rotational isomerism of the
hydrocarbon chains, excluded volume interactions in the
plane of the bilayer, and van der Waals interactions
between hydrocarbon chains (Nagle and Wilkinson,
1978; Nagle, 1980). These in-plane interactions would
be expected to be sensitive to the area per lipid mole-
cule, and thus to the number of water molecules in the
lipid head group region. Corrections for these additional
pressures cannot easily be made when analyzing calori-
metric thermograms. At higher water contents (n > 10),
where the water partitions primarily between apposing
head groups, the hydration pressure is the dominant
repulsive interbilayer pressure. For n > 10, T, would
not be expected to change markedly with increasing
water content, since both the area per lipid molecule
(Mclntosh et al., 1987) and AH,, remain approximately
constant. Thus, fits to the transition temperature versus
water content relationships (Fig. 7) using Eq. 1 are most
sensitive to the low water content region where there is
the greatest change in the packing of the acyl chains and
where short range steric and attractive interactions
dominate. In contrast, in the high water content regions,
where hydration repulsion dominates, the wide-angle
x-ray diffraction data and the electron density profiles
(Fig. 3) show that there is no measureable change in acyl
chain packing, and therefore very small measured
changes in T, (Fig. 7).

Therefore, although Eq. 1 correctly predicts the form
of the T, vs. n relation (Fig. 7) for DPPE-Me,, it is
difficult to use this expression to obtain the decay length
of the hydration pressure.
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