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ABSTRACT Monolayers of an enantiomeric and a racemic triple-chain phosphatidylcholine (PC) at the air/water interface are
studied by film balance measurements and x-ray diffraction. Although the area per three tails exceeds that per head, we
observe tail ordering dependent on headgroup chirality and chain tilt. This indicates lateral headgroup interactions. The
influence of the chiral carbon is suppressed at higher lateral pressures, and a centered-rectangular unit cell with tails tilted
into the nearest neighbor (NN) direction is observed for both the enantiomer and the racemate. The distortion of the lattice
changes at medium pressures from NN to NNN (next-nearest neighbor direction) with decreasing temperature. The phase
behavior of the racemate at 15°C is compared with that of a triple-chain PC with a branched chain of reduced length. Whereas
the PC with the longer branched chain exhibits only a NN tilted phase at all pressures, the PC with the shorter branched chain
has a rich polymorphism (NNN-NN-upright hexagonal packing) under increased lateral pressure.

INTRODUCTION

Although the richness of mesophases of amphiphiles at the
air/water interface has been sufficiently characterized (Kenn
et al.,, 1991; Bibo et al., 1991), there remain many open
questions regarding the underlying interactions. One of
these questions concerns the interplay between forces in-
volving the headgroup and the tail regions, which is impor-
tant in understanding phospholipid monolayers. These com-
petitive interactions are manifested in a variety of known
facts.

For monolayers of 1,2-dipalmitoyl-phosphatidylcholine
(DPPC) it is known that because of the large head the tails
cannot align vertically, even at the highest lateral pressure
(Brezesinski et al., 1995b).

For enantiomeric DPPC, chiral domains of the ordered
phase have been observed (Weiss and McConnell, 1984).
X-ray diffraction has also revealed a chiral structure of the
aliphatic tails. However, this was observed also for the
racemate (Brezesinski et al., 1995b), although there do-
mains do not display chirality (Moy et al., 1988).

The above finding contrasts with that for 1,2-dipalmitoyl-
phosphatidylethanolamine (DPPE), where a chiral lattice
was observed for the enantiomer, not for the racemate
(Bohm, 1993; Bohm et al., 1993).

Chiral interactions are by themselves an interesting object in
physics and biology (Jaques et al., 1981). Chiral discrimination
was investigated theoretically for chiral molecules forming an
insoluble monolayer at the air/water interface (Andelman,
1989, 1990; Andelman and Orland, 1993). Fluorescence mi-
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croscopy reveals distinct differences in the condensed phase
domain shapes between the enantiomeric and racemic mono-
layers (Weiss and McConnell, 1984; Moy et al., 1988; Stine et
al., 1993; Parazak et al., 1994). Recently a spontaneous chiral
segregation has been found in Langmuir films of a racemic
mixture of myristoyl-alanine by epifluorescence microscopy
and x-ray diffraction (Nassoy et al.,, 1995). However, the
occurrence of an oblique lattice for racemates could also be
due to spontaneous symmetry breaking, which would not re-
quire any phase separation (Viswanathan et al., 1994). This
was observed even for monolayers of nonchiral molecules. Yet
here we are predominantly interested in the fact that slight
chemical changes in both the hydrophobic and hydrophilic
regions as well as at the hydrophobic/hydrophilic interface
(chirality of the glycerol backbone) can have a strong influence
on tail ordering. To gain further information on this we studied
the enantiomer and the racemate of a phosphatidylcholine with
three aliphatic tails. Moreover, hydrated phosphatidylcholines
containing 2-alkyl substituted fatty acyl chains are interesting
systems because they can form nonlamellar phases in bulk at
physiologically relevant temperatures (Nuhn et al., 1986;
Lewis et al., 1994). In monolayers at the air/water interface we
expect the tails of the triple-chain lipid to determine the pack-
ing. We have characterized the phase behavior of the enanti-
omer and the racemate using pressure-area isotherms as well as
x-ray diffraction. By grazing incidence x-ray diffraction one
can study the microscopic (A-scale) monolayer structure in
considerable detail (Als-Nielsen and Kjaer, 1989; Als-Nielsen
and Mohwald, 1991). To our surprise, chirality is still reflected
in the tail ordering at lower lateral pressures, and a strong
headgroup repulsion is revealed.

MATERIALS AND METHODS

Both the racemic mixture and one of the enantiomers have been prepared
using well-known procedures described in the literature (Paltauf and Her-
metter, 1994). The synthesis of the racemate starts from commercially
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available racemic 1,2-isopropyliden-glycerol, which was converted to 1-O-
hexadecylglycerol (1). Tritylation of 1 followed by benzylation, removal of
the trityl residue, phosphorylation, and conversion to the phosphatidylcho-
line resulted in racemic 1-O-hexadecyl-2-benzyl-glycero-3-phosphocho-
line. After catalytic removal of the benzylether, acylation with the 2-hexa-
decylstearic acid anhydride in the presence of catalytic amounts of 4,4'-
dimethylaminopyridine led to the racemic triple-chain 1-O-hexadecyl-2-
(2'-hexadecylstearoyl)-glycero-3-phosphocholine (rac. 'H-2-(2C,¢-18:0)-
PC). Starting the synthesis from 1,2-isopropylidene-sn-glycerol (Aldrich,
Germany), which was converted to 3-O-hexadecyl-sn-glycerol, the corre-
sponding enantiomeric 3-O-hexadecyl-2-(2'-hexadecylstearoyl)-sn-glyc-
ero-1-phosphocholine (3H-2-(2C,4-18:0)-sn-1-PC) could be obtained by
using the same procedures as described previously for the racemates
(Rattay et al., 1995). All final compounds have been purified by column
chromatography. The characterization has been performed by analytical
high-performance liquid chromatography (HPLC) and electrospray mass
Spectroscopy.

Selected analytical data

(*H-2-(2C,¢-18:0)-PC): rac. 1-O-hexadecyl-2-(2’-hexadecylstearoyl)-glyc-
ero-3-phosphocholine, CsgH, sN,0,P;; M = 972.5 gmol~!; [M+H]* =
973.0; [M+Na]* = 995.1; HPLC: #; = 9.30 min; micro analysis (%) P
(calc/obt.): 3.19/3.05.

(3H-2-(2C,(-18:0)-sn-1-PC): 3-O-hexadecyl-2-(2’-hexadecylstearoyl)-
glycero-sn-1-phospho-choline, CsgH,;3N,0,P;; M = 972.5 gmol™};
[M+H]* = 973.1; [M+Na]* = 995.2; HPLC: fr = 9.34 min; micro
analysis (%) P (calc/obt.): 3.19/3.09; op®” = —9.42° (0.01 molL,
CHCl,).

The HPLC measurements of the lipids prepared were performed with a
JASCO chromatograph fitted with a 250 X 4.6 mm Kromasil Si 100
column (100-5 pm) (JASCO) equipped with an evaporative light-scatter-
ing detector (ELSD IIA). Chloroform/methanol/water (60/40/4, v/v/v) was
used as the mobile phase. The flow rate was 0.5 ml/min for 10 min and then
1 ml/min until the end of the analysis. The column temperature was
maintained at 20°C. The lipids were diluted in sufficient quantities of
standard mixtures of chloroform/methanol (80/20, v/v), and 20 ul of the
solution was injected. Chromatograms and integrated data were recorded
with a JASCO Chromatopac.

Calorimetric studies were performed with the DSC-2 apparatus (Perkin-
Elmer) using bulk lipid in a water (50 wt%) saturated state (Nuhn et al.,
1986).

Pressure/area isotherms were recorded by a home-built film balance
with a continuous Wilhelmy-type pressure-measuring system (Dietrich et
al., 1991) in a temperature range between 5°C and 40°C. The compression
speed was 3.1 X 1072 nm?*/(min‘molecule). The subphase was ultrapure
water with a specific resistance above 18 MQcm, and was purified using
a Millipore desktop unit.

Synchrotron grazing incidence x-ray diffraction (GID) experiments
were performed at 5°C, 15°C, and 25°C using the liquid-surface diffrac-
tometer at the undulator beamline BW1 (Kjaer et al., 1992; Als-Nielsen et
al., 1994) at HASYLAB, DESY (Hamburg, Germany). The x-ray beam
was made monochromatic and kept below the critical angle for total
external reflection. This limits the penetration depth of the beam to that of
the evanescent wave (~100 A). A linear position-sensitive detector (OED-
100-M; Braun, Garching, Germany) measured the diffraction intensity as a
function of the vertical scattering angle ;. The horizontal scattering angle
20,, was varied by rotating the PSD together with a horizontally collimat-
ing Soller slit, mounted in front of the PSD, around a vertical axis through
the center of the sample. The lattice parameters, tilt angle, and tilt direction
can be calculated from the horizontal (Q,, = (4n/A)sin(26,,/2)) and
vertical (Q, = (27/A)sin ag) components of the scattering vector Q (Als-
Nielsen and Kjaer, 1989; Als-Nielsen and Méhwald, 1991; Jacquemain et
al,, 1992; Als-Nielsen et al., 1994; Kjaer, 1994; Struth et al., 1994;
Brezesinski et al., 1995b).
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RESULTS
Pressure/area isotherms

Both the pure enantiomeric 3H-2-(2C,4-18:0)-sn-1-PC and
the corresponding racemate 'H-2-(2C,-18:0)-PC form sta-
ble monolayers at the air-water interface. Fig. 1 shows the
surface pressure as a function of molecular area at three
different temperatures. At lower temperatures the isotherms
are fully condensed. Above a certain temperature T, the
first-order transition from a liquid-expanded state to a con-
densed phase can be observed. The corresponding transition
pressure 7, does not depend on chirality. Above 26°C 7, is
a linear function of temperature, and the slope gradually
decreases on going to lower temperatures. The extrapolation
of the transition pressure 7, toward zero yields the T
values, which amount to (23 * 0.5)°C. The transition en-
thalpy AH can be calculated, using a Clausius-Clapeyron
equation, from the area change AA involved in this transi-
tion (Albrecht et al., 1978; Dietrich et al., 1991). At 26°C
AH is about 88 kJ/mol and decreases with increasing tem-
perature. AH versus temperature (see Fig. 2) is character-
ized by two linear ranges with a drastic change in slope. An
extrapolation of AA or AH toward zero yields a critical
temperature T, = 72 (% 3)°C. The isotherms measured for
the racemate and the enantiomer exhibit one important
difference: there is a very small additional change in area or
a pronounced change in slope (indicated by a dotted arrow)
at pressures 7, (above 7r.) for the enantiomer but not for the
racemate. This could be an indication of a transition be-
tween two condensed states in the film of the enantiomer.
Inspecting the isotherms in Fig. 1 one observes a 7, value of
about 6 mN/m at 5°C and about 15 mN/m at 25°C. In the
isotherm at 15°C this transition is not detectable. From these
data we could conclude that m is slightly increasing with
increasing temperature.

X-ray diffraction

Fig. 3 depicts the diffracted intensity as a function of the
in-plane scattering vector component Q,, of the enantio-
meric 3H-2-(2C,4-18:0)-sn-1-PC at 25°C and 7 mN/m.
The diffracted intensity is plotted in Q, intervals (0.08
A~1y with increasing Q, from bottom to top. The width of
the maximum for @, > 0 A" indicates that two peaks
contribute. The fitted maximum positions of these dif-
fraction peaks are marked by bars. There is a large
overlap between the peaks with higher Q,. Fig. 4 shows
the diffraction intensity along the plane normal (z)
(Bragg rod), integrated over small Q,, intervals (indicat-
ed), around the maximum positions of the three peaks
observed for 7 mN/m. In this case we can clearly distin-
guish three different Bragg rods and therefore prove the
existence of three diffraction peaks. Between 13 mN/m
and 30 mN/m the two peaks at higher Q, merge, indicat-
ing a transition from an oblique to a centered-rectangular
unit cell. Further increase of the lateral pressure moves
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the twofold degenerate peak to lower Q, and higher Q,,
values, and at 40 mN/m as well as at 45 mN/m the same
O,y value is observed for the two peaks. At 15°C the
contour plots of the corrected x-ray intensities as a func-
tion of in-plane scattering vector component Q,, and
out-of-plane scattering vector component Q, show at the
lowest surface pressure of 4 mN/m that the enantiomer
displays three distinct diffraction peaks, indicating again
molecular tilt in a nonsymmetry direction and hence the
absence of mirror symmetry. This is concluded from the
asymmetry of the contour at higher Q,, although the two
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v

FIGURE 2 Enthalpy AH of the transition from a
liquid expanded to a condensed phase as a function
of temperature for monolayers of the racemic (A)
and the enantiomeric (V) triple-chain phospholipid
(left). (Right) Chemical structure of 3-O-hexadecyl-
2-(2-hexadecylstearoyl)-glycero-sn-1-phosphocho-
line. The * marks the asymmetric carbon atom
(chiral center).
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peaks are barely resolved (Fig. 5). With increasing pres-
sure these two peaks merge again into one, and the third
peak occurs at Q, = 0 A~1, Further increase of the lateral
pressure shifts the twofold degenerate peak to lower Q,
values and to Q,, values closer to those of the nonde-
generate peak. At a certain pressure the two peaks exhibit
the same Q,, value. At still higher pressures the Q,,
positions of the degenerate and the nondegenerate peaks
are changed. At 5°C the transition from the oblique to the
rectangular unit cell occurs between 5 mN/m and 20
mN/m. In contrast to the measurement at higher temper-
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FIGURE 3 Scattering intensity as a function of in-plane scattering vector
component Q,, for different Q, intervals (0.08 A~! with increasing Q,
from bottom to top) for monolayers of the enantiomeric 3H-2-(2C,¢-18:
0)-sn-1-PC at 25°C and 7 mN/m.

atures, the twofold degenerate peak occurs at higher
Q,, values compared to those of the nondegenerate peak
(Fig. 5).

At all temperatures and pressures investigated the race-
mate exhibits only two diffraction peaks. At 5°C the two-
fold degenerate peak occurs at higher Q,, values than the
nondegenerate peak. A reverse situation is observed at
15°C, and at higher pressures the two peaks exhibit the
same Q,, value.

The lattice parameters deduced from the diffraction data
are summarized in Table 1. One deduces from Table 1 that
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FIGURE 4 Diffraction intensity as a function of out-of-plane scattering
vector component Q, integrated over small Q,, intervals (indicated) for
monolayers of the enantiomeric 3H-2-(2C,4-18:0)-sn-1-PC at 25°C and 7
mN/m.

the cross sections A, per aliphatic tail are as expected for
alkane rotator phases. A, is reduced with decreasing tem-
perature (from 20.6 A? at 25°C to 19.8 AZ at 5°C). How-
ever, within experimental error there are no differences
between enantiomer and racemate. Also as expected, the tilt

TABLE 1 Racemic 1-hexadecyl-2-(2’-hexadecylistearoyl)-glycero-3-phosphocholine at T = 15°C and 5°C

T a b ¥ t Axy Ao
{mN/m] (A" (A1 (] (] £ (A% {A%
T = 15°C
2 5.12 5.03 120.6 234 0.0224 222 204
14 5.05 498 120.4 20.5 0.0184 21.7 20.3
27 4.98 496 120.1 18.8 0.0046 214 20.2
34 4.94 494 120.0 17.3 0 21.1 20.2
40 4.89 4.89 120.0 12.8 0 20.7 20.2
44 4.87 4.87 120.0 114 0 20.6 20.2
48 4.84 4.84 120.0 78 0 204 20.2
T = 5°C
1 4.97 5.06 1194 25.7 0.0249 21.9 19.8
20 4.81 5.03 118.6 220 0.0578 21.2 19.7
40 4.67 4,96 118.1 16.7 0.0770 20.5 19.6
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angle is reduced with increasing pressure. This reduction is
nearly linear, as displayed in Fig. 6.

DISCUSSION

The present experiments have demonstrated that the asym-
metric carbon of the glycerol backbone has an influence on
the monolayer structure that is detected at low surface
pressures. Fig. 5 compares the contour plots of the enanti-
omer at lower and higher surface pressures and at three
different temperatures. The two peaks at high Q, are very
close, and the maximum of the third peak is close to O, =
0 A™!. This indicates that the deviation from the rectangular
unit cell due to the chiral carbon of the glycerol is not very
pronounced. The increase in the lateral pressure suppresses
this influence completely, and a centered-rectangular unit
cell is found at higher pressures. Whereas the enantiomer
forms a chiral (oblique) lattice structure, the racemate ex-

18 1

tilt (°)
2

© (mN/m)

FIGURE 6 Tilt angle + as a function of lateral pressure 7 for the
monolayer of the enantiomeric 3H-2-(2C,4-18:0)-sn-1-PC at two different
temperatures.

0.0 02 0.4 0.6 0.8 0.0 0.2 04 0.6 08

hibits only two diffraction peaks leading to a centered-
rectangular unit cell. In the case of the double-chain phos-
phatidylcholine DPPC an oblique phase was observed for
both the enantiomer and the racemate (Brezesinski et al.,
1995b). A possible explanation of this observation was the
orientational ordering of the glycerol backbones linking the
two hydrocarbon chains at an oblique angle. This could be
established irrespective of chirality. On the other hand, in
the case of the 1,2-dipaimitoyl-phosphatidylethanolamine
(DPPE) only the enantiomer exhibits a chiral structure
(Bohm et al., 1993). Therefore, for the enantiomer a hydro-
gen bonding network between neighboring headgroups par-
allel to the b axis of the unit cell was assumed, whereas the
racemate forms a two-dimensional network of hydrogen
bonds (Béhm, 1993).

In the present case the PC headgroup is bulky, but the
three chains require more space and therefore determine the
area at dense packing. The observed influence of the chiral
carbon atom indicates that it is not sufficient to consider
area requirements; the extension of the headgroup in spe-
cific directions must also be considered. For example, in-
spection of the molecular structure reveals that the distance
between the chiral carbon and the trimethylammonium
group is about 10 A, i.e., larger than two lattice spacings.
Therefore, if this group is oriented parallel to the surface, a
local interaction with the adjacent headgroup is still possi-
ble. Such an interaction is also suggested by the fact that
even at the highest pressure the chains are tilted. This
contrasts with the finding that the aliphatic tails at high
pressure form a hexagonal lattice with vertical alignment if
the tail interaction determines the structure. Hence we con-
clude that the headgroups are not decoupled in this system,
because they align predominantly parallel to the surface.

The aqueous (50 wt% water) bulk systems also show only
a small influence of chirality on the parameters of the
transition between the gel and liquid-crystalline states. The
transition temperatures 7,, amount to 53.9°C for the race-
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mate and to 52.4°C for the enantiomer. The corresponding
transition enthalpies are 49.3 kJ/mol and 47.7 kJ/mol, re-
spectively. The hydration value at 0°C, determined from the
ice-peak evaluation, amounts to 24 mol water/mol lipid and
is surprisingly large. For both the enantiomer and the race-
mate the critical temperature T, of the monolayer is more
than 20°C higher than the main transition temperatures 7,
of the bulk lipid dispersions. The same behavior was already
found for the positional isomers 1-O-hexadecyl-2-(2-tetra-
decylpalmitoyl)-glycero-3-phosphocholine (‘H-2-(2C,,-16:
0)-PC) and 1-(2-tetradecylpalmi-toyl)-2-O-hexadecyl-glyc-
ero-3-phosphocholine (Dietrich et al., 1991) and explained
by a model on head/head interactions between opposing
monolayers in a bilayer arrangement.

To compare the corresponding racemic triple-chain PCs it
is useful to introduce a second-order parameter in addition
to the tilt of the chains. This parameter is the unit cell
distortion. Its magnitude £ is defined as & = (I, — L2)/(I,?
+ 1,%), where [, and 1, are, respectively, the major and minor
axes of the ellipse passing through all six nearest neighbors
of a hydrocarbon chain (chain lattice). The distortion azi-
muth o is the azimuth of the major axis of the ellipse
(Kaganer et al., 1993, 1995; Kaganer and Loginov, 1995;
Scalas et al., 1995).

The 'H-2-(2C,,4-16:0)-PC, with three chains of almost the
same length, has been described previously (Dietrich et al.,
1991, 1994; Brezesinski et al., 1994, 1995a). Fig. 7 com-
pares the contour plots of the racemic 'H-2-(2C,¢-18:0)-PC
with those of the racemic 'H-2-(2C,,-16:0)-PC at 15°C. The
difference in length of the branched chain obviously has an
influence on the phase behavior. At all pressures investi-
gated, '"H-2-(2C,4-18:0)-PC exhibits a centered-rectangular
lattice with chains tilted in a symmetry direction toward
nearest neighbors (NN). At lower surface pressures the
lattice is distorted from hexagonal packing in the NN direc-
tion (Q%, > Qﬂy), where Q, is the maximum position of the
nondegenerate peak and Q‘:y is the maximum position of the
twofold degenerate peak (Kaganer et al., 1995). With in-
creasing pressure the distortion decreases, and at 40 mN/m
the lattice is undistorted (see Fig. 7). We observe a hexag-
onal in-plane unit cell in spite of a large tilt angle (¢ = 13°).
In contrast to this behavior, 1H-2-(2C,,-16:0)-PC shows a
very rich polymorphism. At lower surface pressures a cen-
tered-rectangular packing with chains tilted toward next-
nearest neighbors (NNN) was found; both the nondegener-
ate and the twofold degenerate peaks are above the horizon,
with Q2 = 2Q¢. The lattice distortion azimuth is also in the
NNN direction. Between 20 mN/m and 30 mN/m both
directions change to NN. This change is connected with a
very small decrease in the tilt angle. At 40 mN/m only one
diffraction peak at Q, = 0 A™! has been found, indicating
a hexagonal packing of upright chains. It is known that the
influence of an increase in chain length on the phase be-
havior is comparable to that of a decrease in temperature
(Kenn et al., 1991). Comparing the phase behavior of these
two molecules, we could expect that the pressure of the
transition NNN-NN decreases with decreasing temperature
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FIGURE 7 Contour plots of the corrected x-ray intensities as a function
of the in-plane component Q,, and the out-of-plane component Q, of the
scattering vector Q of the racemic 1-O-hexadecyl-2-(2-hexadecylstearoyl)-
glycero-3-phosphocholine (*H-2-(2C,4-18:0)-PC) (left) and the racemic
1-O-hexadecyl-2-(2-tetradecylpalmitoyl)-glycero-3-phosphocholine  ('H-
2-(2C,4-16:0)-PC) (righr) at 15°C and different lateral pressures (indicat-
ed).

(increasing chain length), whereas that of the transition
NN-upright hexagonal packing increases. The temperature
dependence of these transition pressures is so strong that for
'H-2-(2C,4-18:0)-PC only the NN phase can be observed in
the pressure range from O to 50 mN/m. Comparing the
stfuctures of the enantiomeric 'H-2-(2C,-18:0)-PC at me-
ditim pressure and different temperatures, one discovers
within the NN tilted phase a change in distortion from NN
(nearest neighbors) to NNN (next nearest neighbors) with
decreasing temperature: the two diffraction peaks inter-
change continuously. Such a change in distortion was also
observed in the L,, phase of fatty acids (Kaganer et al.,
1995). '

It is interesting to note that the same phase sequence as
for "H-2-(2C,,-16:0)-PC has been observed for DPPC in
contact with hexadecane (Brezesinski et al., 1995¢). In the
system DPPC/hexadecane, the incorporated hexadecane
plays the role of branching. However, at 20°C the NNN-NN
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transition occurs between 7 and 10 mN/m. This means that
the covalent connection of the third chain with the main
chain in the C2 position of the glycerol backbone decreases
the pressure of the NNN-NN transition.
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