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ABSTRACT In the phospholipid 1,2-bis(2,4-octadecadienoyl)-sn-glycero-3-phosphorylcholine (DODPC) in each of the fatty
acid chains, a rigid diene group is inserted in a position near the polar/apolar boundary that is exceptionally sensitive for
membrane stability. DODPC transforms upon gradual dehydration from the liquid-crystalline to a metastable gel state, which
rearranges into two subgel phases at low and intermediate degrees of hydration. The molecular dimensions of the respective
bilayers were determined by means of x-ray diffraction. Infrared linear dichroism of selected vibrations of the phosphate and
trimethylammonium groups and of the v,;(OH) band of water adsorbed onto the lipid was used to study the molecular order
in the polar part of the bilayers in macroscopically oriented samples. The dense packing of the tilted acyl chains in the subgel
causes the in-plane orientation of the phosphatidylcholine headgroups with direct interactions between the phosphate and
trimethylammonium groups, and a strong orientation of adsorbed water molecules. In the more disordered gel, the thickness
of the polar part of the bilayer increases and the lateral interactions between the lipid headgroups weaken. The higher order
in the headgroup region of the subgels correlates with shorter decay lengths of the repulsive forces acting between opposite
membrane surfaces. This result can be understood if the work to dehydrate the lipid is determined to a certain degree by the
work to break up the lipid-water interactions without compensation by adequate lipid-lipid contacts. Almost similar area
compressibility moduli are found in the liquid-crystalline and solid phases. Obviously, the lipid avoids lateral stress by the
structural rearrangement.

INTRODUCTION

Studies of how lipid structure and thermodynamic properknown to be exceptionally sensitive for membrane stability
ties vary as the lipid is varied are important tools for because of its pivotal location (Lewis et al., 1996). Subtle
improving our basic knowledge about membrane stabilitychemical modifications in this region have the potential to
and function (Sun et al., 1996; O’Leary and Mason, 1996)affect the structure and phase behavior of lipid aggregates to
Several strategies can be applied to alter the balance @fn extraordinary extent. For example, one can modify the
interactions within the bilayer. One approach is implicatedlinkage between the polar and apolar parts of the lipid
by the amphiphilic character of the lipid molecule and molecule by using ester- and ether-linked hydrocarbons
suggests varying the number of methylene segments or tH&uocco et al., 1985; Kim et al., 1987; Lewis et al., 1996) or
degree of unsaturation of the hydrocarbon chains on the onk3- and 1,2-linked analogs (Dluhy et al., 1985).

hand (Sun et al., 1996; Snyder et al., 1996; Koenig et al., In the dienic phospholipid 1,Bis(2, 4-octadecadienoyl)-
1997) or the character of the lipid headgroup (e.g., phossnglycero-3-phosphorylcholine (DODPC) in each of the
phatidylcholine or phosphatidylethanolamine, PC or PEfatty acid chains, a rigid 1,4-disubstituté@ns-transbuta-
respectively) on the other. The recent discovery of new getliene (diene) group is inserted between the methylene
phases of hydrated long-chain PCs (Sun et al., 1996; Snydehains and the ester groups, i.e., just in a position near the
et al., 1996) reveals limitations in the understanding of everpolar/apolar boundary. Although dienic PCs have been in-
simple lipid systems. The newly observed hydration-depenvestigated intensively to stabilize bilayer structures by
dent polymorphism of diphytanoyl PC emphasizes the imimeans of polymerization (Hupfer et al., 1983; Blume, 1991,
portance of molecular packing in the headgroup region irand references cited therein; Ohno et al., 1987), little is
modulating membrane structure (Hsieh et al., 1997). Aknown about the details of membrane architecture on a
second approach comes from the idea of modifying thénolecular level. Many studies have been done on the prep-

lipids at a position near the polar/apolar interface that isaration and analysis of polymerized liposomes that can be
used as drug delivery systems (Juliano and Layton, 1980).

Another application would be the preparation of biocom-
, — o patible lipid-water interfaces (Lee et al., 1995). Whatever
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an alternative variable (to, e.g., temperature) to modify the The latter question is also stimulated by the hydration
physicochemical properties of membranes of lipid mono-force concept that has attracted wide interest in experimen-
mers that attract interest as precursors of the polymerizatiotal (Rand, 1981; Rand and Parsegian, 1989; Gawrisch et al.,
reaction. 1992; Mcintosh and Simon, 1993) and theoretical work (see
Our recent study was addressed to the lyotropic phaskeikin et al., 1993, for a review). Several factors are related
behavior of DODPC (Binder et al., 1997). To enhance outto interbilayer forces: water structure (Marcelja and Radic,
understanding of water-specific effects on headgroup/acyl976), local dipolar moments and solvent polarization
chain relationships, we modified the polar interface in a(Kornyshev and Leikin, 1989; Leikin et al., 1993), and the
definite way and investigated lipid’s dependence on thechemical hydration of an extended “interphase” (Cevc,
degree of hydration, using hydration/dehydration equipment991), but so are entropic components arising from several
that allows the continuous variation of the relative humidity types of thermal motions within the membranes (Israelach-
(RH) in a wide range. Upon scans of decreasing RH, thé/lll and Wennerstim, 1992) The prOblem is to determine
lipid undergoes the chain-freezing transition from the lig-distinguishing features and the relative importance of these
uid-crystalline phase to a metastable gel state. After storag@ctors (Rand and Parsegian, 1989). Usually the adsorption
of the sample at low RH, the gel transforms to a crystalline®f Water is accompanied by structural modification of the
subgel (designated as §GSubsequent adsorption of about pplar region of the bilayer and by increasing conformatlonal
one water molecule per lipid induces the conversion to &liSorder in the apolar part and vice versa. These correlations
second subgel (S@ at intermediate RH values. Whereas make it difficult to Fhstmgwsh whether the repulsive forces
the chain melting properties of DODPC closely resemble?'® caused exclusively by the membrane surface or also by
those of 1,2-dimyristoybnglycero-3-phosphorylcholine underlying motions of the lipid molecules. DODPC exists in

(DMPC), the disaturated PC with the identical number ofthree different rigiq stateg qbeying different propertie.s of
methylene units per acyl chain, a quite different phaseIhe heagjgroup region, as |nd|cated by'wav'enumber shifts of
behavior of both lipids was found in the rigid state. Appar- abszrptlon k)Ba}ndds orlg:ne;[;;g? frlom w%ratlons Off tRhfI PC
ent differences were attributed to the influence of the diem%ifa grciup I('dmt etr et i E)ODP)C.Z " awtl) elran%etr? I, two
groups that promote the formation of crystalline subgel erent Sold s'ates o » & Subgel and e gel, can

phases. The subgels are characterized by a denser packiﬁﬁ compared directly at identical external conditions (RH

; . L . d temperature) by using one sample. Thus we expect that
of the octadecadienoyl chains within the hydrophobic “O%he specﬁfication)ofyheadgroup and F:/vater structurepon one
of the bilayer in comparison with the gel.

S . . ._hand and the determination of the repulsive forces between
Although detailed information about acyl chain packing the solid membranes on the other can give some experimen-

modes, water-lipid interactions, and conformational,_, . . : . .
chanaes in the different parts of the lipid were obtained b tal insight into the interrelation between molecular and
g P P ysystems properties.

means of infrared spectroscopy (Binder et al., 1997), the
answer to the original question about the correlation be-
tween the molecular structure of DODPC and the architecMATERIALS AND METHODS
ture of the membrane build from it remains unanswered. IhM .

. . . : aterials
the present paper we studied the bilayer dimensions by
means of x-ray scattering. With decreasing RH, the lipid/1.2bis(2,4-Octadecadienoybr-glycero-3-phosphorylcholine  (DODPC,

water multilayer stacks are exposed to an increasing OSS_cheme 1) was purchased from Nippon Oil and Fats Co. The purity was

. d h | of leadi h .confirmed by thin-layer chromatography (TLC) (eluant: chloroform/meth-
motic pressure due to the removal of water, leading to t eIgnollwater, 65/25/4 vIv) showing a single spot on the TLC plates. Ethanolic

gradual compression (Rand, 1981; Rand and Parsegiagock solution (5 mg/ml, spectroscopic grade ethanol) of DODPC was used
1989). The changes in the bilayer dimensions were analyzeidr sample preparation.

in terms of the repulsive force acting between opposite polar

sgrfaces and the. Iatergl c.ompressmlllty. modL_llus' of thqnfrared dichroism investigations

bilayer. The x-ray investigations are combined with infrared

linear dichroism measurements to obtain information abou$ample preparation and FTIR measurements

the molecular order of the phosphate and trimethykﬂmm_OSampIes were prepared by spreading 200f the stock solution homo-
nium groups, as well as of the adsorbed water, as a functiogeneously on one side of a ZnSe-attenuated total reflection (ATR) crystal
of RH. Note that this method of investigation of lipid (50 % 5 mm; face angle 45°) and evaporating the solvent under a stream
) nitrogen. The lipid arranges spontaneously into layers oriented prefer-

membranes has been established for many years, but it h S -~ . .
entially parallel to the crystal surface, as indicated by strong linear dichro-

Scarcely _beer? applied to the StUdy Pf headgrOUp (Fringe“ism of the IR-absorption bands (see below). The amount of lipid corre-
1977; Fringeli and Gunthard, 1981; biuer and Mantsch, sponds to a number of lipid bilayers (on the order of)1gielding an
1991) and water (Okamura et al., 1990) ordering. Our IRaverage thickness of the lipid film o#4 um.

dichroism measurements are mainly addressed to the issueThe ATR crystal was mounted on a commercial horizontal Benchmark

. . unit (Specac, Belfast, UK), which was modified to realize a definite
of how the properties of the polar part of the b”ayer corre relative humidity (RH) and temperature at the crystal surface coated with

late with the geometry of the bilayers and with the repulsivee jipid (Binder et al., 1997). This equipment allows us to adjust the RH
forces acting between them. continuously to values between 5% and 98% with an accuraey-0f%.
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Scheme 1

The ATR unit was placed into a BioRad FTS-60a Fourier transform X-ray measurements
infrared spectrometer (Digilab, MA) equipped with a wire grid polarizer
(efficiency of >98%), which was placed between the ATR unit and the For x-ray investigations a lipid film was spread on glass platesX(226
deuterated triglycine sulfate detector. Each single-channel spectrum wa®m) and dried. The slides were positioned into a sealed thermostatted
recorded with 128 scans at two perpendicular polarizations of the IR bean{25°C) chamber mounted on a conventional Philips PW3020 powder
which were adjusted by aligning the polarizer either parallel or perpendicdiffractometer (Philips, Eindhofen, the Netherlands). X-ray powder dif-
ular to the surface normal of the ATR crystal. Polarized absorbance spectifactograms were obtained with Ni-filtered Cy, Kadiation (20 mA/30 kV)
of the sampleA(v) and A (v), were calculated with a resolution of 2 by 0,../2 ©,,, scans. Scan rates were between 1 and 10 s, with
cm™ %, using the respective single-channel spectra of the empty ATR crystad.01-0.02° per step. Intensity was detected with a proportional detector
as background. system. Nitrogen of definite RH was continuously streamed through the

The samples were investigated by means of increasing (hydration scaspmple chamber, using the moisture-regulating unit that was also applied to
as well as decreasing (dehydration scan) RH at constant temperhtare ( FTIR measurements. The samples were equilibrated analogously. Repeat
25+ 0.2)°C. The RH was varied in steps of 2%. Before measurement thelistances corresponding to multilamellar stacks of lipid bilayers are deter-
sample was allowed to equilibrate for 10 min after reaching the prescribednined with an accuracy of 0.05-0.1 nm, using Bragg peaks up to the fourth
RH in each step. This period was found to be sufficient for equilibration of order.
the sample, as has been proved by kinetic measurements and by scans withlf the composition of the lamellar stacks is known, the mean cross-
longer equilibration times in which no significant deviations of the spectralsectional area per lipid molecule at the lipid/water interface can be esti-
data could be detected. Note that the average scan rate used amounts tg1ated from the repeat distanak,by
RH change of<5%/h.

Before the hydration scan was started, the sample was stored at RH A= 27\/ (4)
40% for 7-15 h, subsequently dried, and stored for several hours at RH d
8% to transform the sample into the crystalline ,S&ate. Dehydration
scans were started after equilibrating the lipid at RF98% for 2-3 h. whereV = (v, + Ry, * W) is the volume of one DODPC molecule,

= 1.3 nnt, and the volume of the water adsorbed byt & 0.03 nn¥,
molecular volume of water) provided the additivity of the molecular

Determination of the infrared order parameter volumes. The number of adsorbed water molecules per lipid molecule,

) L ) ) Ry, which depended on the relative humidity, was determined previously
If the director of a uniaxial system points perpendicular to the ATR Surface’(Binder et al., 1997)

the dichroic ratio,R, of an absorption band depends on the IR order
parameterSg, of the corresponding IR active transition moment ider
and Mantsch, 1991):

The water layer thickness between opposing bilayeys, and the
thickness of the bilayerd, , were calculated by the simple approach of
nonpenetrating lipid/water layers proposed by Luzzati (1968):

A _A+B-Sq 2Ry -V
AT 1-S5, @) dwz+ and d =d-—d, (5)

polar interfaa,,, and that of the hydrophobic core,
can be estimated analogously by using

R

The polarized absorbance!ﬁ,andAL‘, are evalu_ated from the polarjzed IR The thickness of the
spectraAy(v) andA  (v), after baseline correction and by integration over d,
the spectral range attributed to the absorption band. The congtantg <
andB = 2.55 correspond to a film thickness exceeding the penetration * Vol
depth of the electromagnetic waves and depend on the ratio of the refrac- Ooor = and dp.=d, — dy,, (6)
tive indices of the lipid sample and of the ZnSe crystg (= 1.44/2.4= A

0.6) and the angle of incidence (45°) (Harrick, 1963). is defined as

respectively, where,,, = 0.344 nni denotes the volume of the polar part

1 of the lipid molecule, including the ester groups, the glycerol backbone,
Sk = E <3 - CO<H — 1> (2) and the I_:’C headgroup (Scherer, 1989; see also Rand and Parsegian, 1989,
for a review).

The electron density profile of the lipid bilayg#(z), was calculated b
where 6 is the angle enclosed by unit vectors parallel to an individual yp P yane) Y

transition moment and the optical axis, which points perpendicular to the, gz) — 2 + ay- COS(ZWhZ/d) with a, = ]lh -h (7)
crystal surface. The angular bracket denotes ensemble averaging over Q N N
absorbing transition moments in the sample. After rearrangement of Eq. 1,

the IR order parameter can be calculated from the dichroic ratio by meangnereh is the order and,, the maximum of the Bragg reflection, respec-

of tively (see, e.g., MclIntosh and Simon, 1986, and references cited therein).
R—A The signs ofy, were chosen according to the condition that the amplitudes
Sk = (3) measured at different RH must sample along the continuous Fourier
R+ B transform ofp(2). The z difference of the two scattering density maxima
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that result from the electron-rich phosphate groups yield directly the mean dehydration hydration
phosphate-phosphate distandg, — — i
£ ptatelsle a
= ha

EXPERIMENTAL RESULTS AND DISCUSSION - 5 an

. . . a 0% © |o—pamm
Bilayer dimensions T 4L, gunsn o
Fig. 1,a—d, shows the diffraction pattern of DODPC in the _cé - LA
liquid-crystalline (L), gel, and subgel (S@nd SG) states, - 3t y
measured for decreasing (dehydration scan; phase sequence: ° 7 3 2 1] 116 264
L,—gel) and increasing (hydration scan; S€SG,—L,) © R I B VAR
relative humidity. In all cases, a series of up to five equally 060 - O/O@SG" 1
spaced Bragg peaks indicates multilamellar lipid structures. ~ QCSJ . P
In pure lipid systems of limited hydration, the coexistence £ 055¢ SG, T
of two phases is predicted for a certain water concentration ~ L, . L,
range by the Gibbs phase rule (Marsh, 1990, p. 121, and < 0501 : gel .
references cited therein). Phase coexistence was identified 'Q%Oo b
by the appearance of two sets of equally spaced Bragg 80 40 0 40 80
peaks, which can be unambiguously attributed to the lower RH | ¥

(1]

RH and higher RH phases, respectively (see, e.g., Fig. 1,

e andf)' The two-phase ranges eXtending to RHE7%-— FIGURE 2 Bilayer dimensions of DODPC as a function of the relative

55% (L./gel), 75%-85% (S{L,), and 58%-60% (S(E  humidity. () Repeat distances, (®); thickness of the membrané, (O),

SG,), respectively (see also Binder et al., 1997), are exand of the hydrophobic corel,. (M); and the phosphate-phosphate dis-

cluded from the data analysis. tances,dpp (). (b) The area per lipidA_. The phases of DODPC are
Upon dehydration the repeat distance increases dis- indicated inb in the respective RH ranges. The number of adsorbed water

tinctly in the RH ranae in which the i é ndergoes the molecules per lipid Ry, ) is given at selected RH values at the lower

' yl . _g : W ! . Ipid-u . g coordinate axis ira.

L.-gel phase transition (Fig. 8). This effect is caused

mainly by the freezing of the polymethylene chains, which

transform from a more disordered to an t#ins extended ]

conformation. Evidence of this conformation was obtainedPilayer increases bjid, ~ 0.48 nm, and thus corresponds

previously by the appearance of the methylene-waggind® @ length increment of 0.020 nm per methylene unit in

band progression (Binder et al., 1997). The thickness of th&ach octadecadienoyl chain. The freezing of the hydrocar-
bon chains is accompanied by a reduction of the area per

lipid, A_, from A, ~ 0.55 nnf to 0.50 nM, and by an
increase in the thickness of the polar region of the bilayer,
dpor from dyg ~ 0.62 nm to 0.7 nm.
i SG+L, After the lipid is stored at low RH for several hours (see
, ) above), it undergoes a transition from the gel to thg SG
A R - phase, which is characterized by a drastically reduced repeat
/"\ i SG distance. This effect can be explained by an expansion of
N . Y the surface and by using (in addition to Eq. 6) a reduction of
I bothd,, andd, (cf. Fig. 2,a andb). The adsorption of one
iy additional water molecule per lipid with increasing RH at
i AN \WJWWW/WJ\WSG' the SG-SG, transformation reverses these tendencies
/! slightly.
I | i The phosphorus-phosphorus distart;g, taken from the
‘ gel electron density profiles (Fig. 3), lies in the range between
dn. and d,_. The peaks of the electron density become
\ relatively sharp in the SGand relatively wide in the gel
SRR i ’)\ j L, state, and thus the widths of the maxima correlate with the
I ”Z”“”g’“*gm estimates of the vertical extent of the polar region of the
26 / de bilayer in the subgel and geti,, ~ 0.6 nm and 0.7 nm,
x-ray 9 respectively. Note thad,, is smaller than the headgroup
thickness of 1 nm assumed by Mclntosh and Simon (1986)
: O from space-filled molecular models. We estimate that five
measured at relative humiditiesa) (90% (L), (b) 10% (gel), €) 10% .
(SG), (d) 60% (SG), (€) 80% (SG, + L), () 85% (SG, + L.). (a—) (L) or seven or eight (gel, subqel) Wat'er moleculeg shpuld
Dehydration &, b) and hydration scans{f). The Bragg peaks of higher D€ located “inside” the polar region to increase their thick-
order are amplified by a factor of 3. ness to 1 nm. The latter values at least are unrealistic, in

x3

Intensity /a.u.
o

FIGURE 1 X-ray diffraction pattern of DODPC in the different phases
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FIGURE 4 Schematic representation of the molecular arrangement of
FIGURE 3 Typical electron density profiles of a bilayer in the different DODPC in the different phases. Only one-half of the bilayer is shown. The
phases of DODPC. The intrabilayer peak-to-peak separatis,are  motional freedom of the headgroups is indicated by cones forming the
given in the figure in nanometers. Thzecoordinate denotes the distance boundary of reorientations. The detailed molecular packing in the region of
from the bilayer center. the glycerol, ester, and diene groups is not yet clear, and therefore this
region is symbolized by rectangles.

view of the small number of water molecules adsorbed ontdor a orthorhombic lattice with tilted acyl chains (Tardieu et
the lipid in the rigid state Ry, < 4). Scherer (1989) al., 1973) and thus confirms the results deduced from the
estimated that about three to seven water molecules atew-angle scattering data. Scattering of this nature would
located “inside” the polar region of PC lipids at full hydration. not be expected for interdigitated, nontilted chains that give
Under all conditions the electron density profiles showrise to sharp, symmetrical reflections (see also Ruocco et al.,
the well-defined trough at the bilayer center, which is char-1985). In the gel state the peak sharpens slightly, and its
acteristic for a regular (i.e., noninterdigitated) bilayer struc-maximum shifts to ¢, = d, = 0.42 nm)*. The cross-
ture (Kim et al., 1987; Ruocco et al., 1985). Thus, excludingsectional area occupied by the acyl chains can be calculated
the possibility of interdigitation, the marked changesAjin  from the short spacings .. = d; X d, X (1 — (d,/2 X
andd, in the subgels with respect to the gel state can bal,)?) °®, yielding (0.188+ 0.05) nnt for the subgels and
explained by the appearance of or increase in the tilting 0{0.203 = 0.05) nnf for the gel. The estimation of the tilt

the acyl chain axes (cf. Fig. 4 for an illustration). angles using cogy; = 2 X A,JA_ gives rise to apparent
The length of the CK(CH,),,-CH=CH-CH=CH-frag-  values of~50° (subgels) and 45° (gel).
ment of the octadecadienoyl chain in the tadlns extended We conclude that in the subgels, the acyl chains of

conformation amounts tb, ., = 2.16 nm, assuming 1.67 DODPC are strongly tilted, realizing in this way a denser
nm for the CH-(CH,), »-fragment (Tanford, 1973) and 0.49 packing within the hydrophobic core of the bilayer (cf. Fig.
nm for the diene group, using bond lengths of 0.146 nn4). Evidence of crystalline chain packing modes in the
(CH-CH) and 0.135 nm (CH=CH) and a standard bond subgels was obtained spectroscopically by splitting the
angle of 120° (Good et al., 1981). Note that,, overesti- methylene bending and rocking vibrations (Binder et al.,
mates the real length of the acyl chains in the membrane, ndt997). The tilt of the chain axes is usually induced by the
due least to three effects: 1) librotorsional motions aboutmismatch between the cross section of the lipid headgroup
C-C single bonds, 2) the bent configuration of the chains irand that of the acyl chains in the extendedtedias config-

the sn2 position, and 3) tumbling motions of the whole uration (Mcintosh, 1980). In disaturated PCs this situation
chain. We will take these effects into account and use deads to the formation of tilted gel and subgel phasgs, (P
scaling factor of 0.9. Then one can estimate the mean tilt 5, and L) with typical tilt angles of 30°-35° at full
angle, v, included between the acyl chain axes and thehydration, which decrease considerably, howeve2@®), if

bilayer normal fromd,. using the relation cosy,, = one dehydrates the lipids (Tardieu et al., 1973; Marsh, 1990,
dnd(2 X 0.9X L. Inthe gel and subgels of DODPC, one pp. 166-167, and references cited therein). In contrast to
obtains values of 20-25° and 38-41°, respectively. DODPC, no significant difference between the bilayer

The wide-angle region of the x-ray diffractograms of thickness and, thus, a similar chain tilt were reported by
DODPC measured in the subgels yields a reflectiodlat  MciIntosh and Simon (1993) for 1,2-dipalmitosi+glycero-
0.41 nmy %, with a shoulder of about half-maximum inten- 3-phosphorylcholine (DPPC) membranes in the gel and
sity at @, = 0.39 nm) * (not shown). This pattern is typical subgel phases at reduced hydration.
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The reason for the significantly enhanced tilt angles thabge between the chains and the headgroups is chemically
adopt the acyl chain axes of DODPC in the subgels shouldhodified compared with PCs, namely by a sphingosyl res-
be sought in the properties of the diene moieties. Obviouslydue instead of the glycerol moiety (Pascher et al., 1992).
these rigid groups cause steric restrictions in the vicinity of
the polar/apolar interface that increase the effective are
requirement per molecule within the pivotal plane of the
lipid layer. Upon chain freezing, DODPC first forms a Information on PC headgroup orientation (and conforma-
metastable gel state. The strong van der Waals attractivion) is available from a number of characteristic IR absorp-
forces acting between the dilns extended chains induce tion bands assigned to vibrations of the phosphate and
lateral stress at the polar/apolar interface, where the reputrimethylammonium groups (Table 1; see Fringeli and
sion between the PC headgroups as well as an unspecifiglunthard, 1981, for a review). The PO stretching vibrations
influence of the diene groups prevent a further approach oforrespond to the free and esterified oxygens and split into
the lipid molecules and thus an optimal packing of the acyla symmetrical and antisymmetrical mode each. In the
chains. In the subgels thermodynamic equilibrium isC-N*-(CH,); unit of phosphocholines, at least four basic
reached by the denser molecular packing within the hydromodes of the C-N stretching vibration are reported, two
phobic core, accompanied by the increased tilting of thesymmetrical (with respect to the N-(GH fragment, with
hydrocarbon chains and the lateral expansion of the bilay€-N in phase and in antiphase, respectively) and two anti-
ers. This effect is correlated with a more favorable arrangesymmetrical ones. In addition, the wavenumbers of the
ment of the diene groups, and possibly of the PC heads arresponding absorption bands depend on the conforma-
well. tion of the O-C-C-N fragmentgaucheor trans) (Akutsu,

Note that at a low hydration level the headgroup layer 0f1981; Fringeli and Gunthard, 1981). Some controversy has
the corresponding disaturated PC, DMPC, folds into a “sawappeared concerning the assignment of the band at 875
tooth” arrangement to increase the packing density of them *, which was attributed either to the(C-N), mode of
acyl chains (Pearson and Pascher, 1979). In this case tliee gauche conformation (Akutsu, 1981; Fringeli and
chain axes remain almost nontilted. Interestingly, relativeGunthard, 1981) or to a CHocking vibration in the choline
big tilt angles of the hydrocarbon chains40°) are found moiety, in analogy to acetylcholine (Derreumaux et al.,
in crystalline double-chained sphingosines, where the link1989).

ﬁeadgroup orientation

TABLE 1 Assignments of selected absorption bands of DODPC originating from the PC-headgroup, their position, and the
direction of the corresponding transition moments*

Position
Group vibrations Assignment Symbol (cm™ No. Transition moment
Phosphate PO, antisymmetrical V6 (PO ) 1255-1239 1
stretching <L, @'@
P-(OC), antisymmetrical  v,{P-(OC),) 826-800 2 @ @
stretching a G @
P-(OC), symmetrical vy(P-(OC)) 768-763 3 @
stretching @ 4—%" 2
Choline C-N"-(CHy), ,dN-C),, 970-969 4 3
(trimethylammonium) antisymmetrical 4
stretching 6’7
C-N"-(CHy)s 1,dN-C),p 956-953 5 S
antisymmetrical
stretching
C-N*-(CHg); symmetrical v(N-C), 927-923 6
stretching 5
C-N*-(CHy); symmetrical  1(N-C), 875-873 7 gauche
stretching
CHj, antisymmetrical VadCH3)chol 3030-3021
stretching

*The assignments and directions are taken from Fringeli and Gunthard (1981) and Akutsu (1981), and the wavenumbers are partially from Binder et al.
(1997).

#The v(PQ,) vibration at~1090 cni* was not analyzed because it overlaps with a strong absorption band (107#Bariginating probably from a €C

mode in the conjugatedC-C=C-C=0 fragment (not shown).

$Trans conformation of @C-C-N.

TGaucheconformation of @C-C-N, assignment of(N-C), under question, second band appears 200 cni . The second mode of, (N-C) (totally
symmetrical) is expected at 720 ci(gauchg, but to be of weak intensity and overlapped by the,@étking band.

IThe arrows illustrate the direction of the transition moment of the vibration listed in column No. Isolated group frequencies are assumedagmal vibrati
mixing with adjacent bonds).
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The directions of the transition moments of the PC-of the multilamellar stacks on the ATR surface. Curved
headgroup modes are given schematically in Table 1, asnembrane areas and packing defects are expected to dimin-
suming isolated group vibrations. However, this assumptionish the absolute value djg. Consequently, the apparent
fails to some degree for the P-(OQjodes, in which C-O inclination angle of the transition moment with respect to
single bond stretching is significantly involved (Fringeli, the membrane normad), (cf. Eq. 2 andright scalein Figs.
1977). Couplings oi(C-N) with other vibrations also occur 6 and 7), is expected to underestimétor Sz < 0 and to
in the gaucheconformation of the choline group (Fringeli overestimate) for Sz > O.
and Gunthard, 1981). Despite these uncertainties, we as- The IR order parameters of all headgroup vibrations
sume that changes in the dichroism of these bands indicatavestigated vary with RH and show marked jumps upon
variations in headgroup orientations that can be qualitatransformation in the subgel phases. e of the C-N'-
tively analyzed by using the assumptions made. (CH3); modes also changes markedly at the-S8&3, tran-

The mean band positions of the PC headgroup vibrationsition, in contrast to the order parameter of the phosphate
shift markedly when DODPC transforms between the dif-bands (cf. Figs. 6 and 7). This parallel behavior of all modes
ferent states (Binder et al., 1997). These effects are attribef the ammonium group on the one hand and that of the
uted qualitatively to conformational changes of the C-O-Pphosphate group on the other hand can be interpreted as an
O-C and O-C-C-N fragments and/or to modifications ofindication of correct band assignments.
phosphate-water and/or phosphate-trimethylammonium in- Interpreting the IR order parameters shown in Fig. 6 in
teractions. The polarized absorbance spectra of DODP@&rms of the apparent inclination anglg,one obtains the
shown in Fig. 5 indicate that the changes in bandshape arfdllowing picture for the average phosphate group orienta-
position are accompanied by dichroic effects, suggestingion (see Figs. 4 and 8 for illustrations). In thg phase the
PC-headgroup reorientations. connecting axis of the ester oxygens includes an apparent

The IR order parameters of the respective transition moangle of6 ~ 45° with the director. The line connecting the
ments are obtained by integrating the polarized spectra itwo nonesterified oxygens is directed preferentially parallel
the ranges shown in Fig. 5. Hence we obtained the dichroito the bilayer surface. Consequently, the plane made by
ratio data without applying band separation by means of£O-P-OC cuts the membrane surface nearly perpendicu-
curve fitting. This approach is justified because the precidarly on the average. Upon dehydration (gel state) the CO-
sion of the analysis in terms of headgroup orientation iSP-OC axis reorients slightly toward the membrane plane. At
limited by the model assumptions concerning the directionshe gel-SG transformation, this tendency is drastically
of the transition moments and not by uncertainties of datatrengthened. The drop Bk (v,{P-(CO))) and the rising
analysis. Note thafy is determined by the orientation of Sg(v{(P-(CO))) indicate that the CO-P-OC axis aligns al-
the respective transition moment with respect to the memmost parallel to the membrane surface. Note that both
brane normal and by the degree of macroscopic alignmentonesterified oxygens seem to point upward, as before,

vaolPOS)  ValCN) v (C-N) VasP-(OC),) v, (P-(OC),) L, gel SG, SGL,
rzzzzZ | @ oz R | v (F-{OC),) CT 0
iphop t g? _ la - of
- L, Rwp=7 o ad—45°
0.2 m 3
: 2]
[ ¥ - 50°
gel Ry, =0.8 o By :
00L 5 1~ B5°
o Vas(POy) © 9 |-60°
0 02f s 5
\-——_/ - 70°
SG; Ry, =2.6 a :
1280 1240 960 920 880 840 800 760 oo mﬁ@ 1
: D0 - °
wavenumber / cm ! 02000 4~ 60
P o
i ° -70°
FIGURE 5 Polarized absorbance spectg(y) (), and 2X A, (v) 04 _bEl SToadR, v (P-(0C),)
(—), of selected PC-headgroup vibrations of DODPC in different X | i ., |-80°
phases, which are indicated on the right together with the respective 80 40 0 40 80
number of adsorbed water molecules per lip|, (). Note that the RH / %

weighting factor ofA, (v) allows direct comparison between> A (v)

and A(v), which are equal forlS; = 0 (cf. Egs. 1 and 3). The band FIGURE 6 Infrared order paramete§£) of phosphate group vibrations
assignments are given at the top of the figure, together with the wavenumas a function of relative humidity.af v,{P-(OC)) and v,{PG,). (b)

ber ranges of integration for determination @f #; see text). Absorbance v(P-(OC),). The phases are indicated at the top, and the apparent inclina-
units are arbitrary. tion angles,f, (cf. Equation 2) are at the right axis.
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modes obtained in the whole RH range. The decrease in the
Sk upon dehydration (gel) and its drop at the gel;SG
transformation can be attributed to the increased tendency
of the C-N bond to align parallel to the membrane surface
and to the reduced mobility of the choline moiety at low
hydration, in accordance with the behavior of the CO-P-OC
- 70° axis. At the SGSG, transition, the negativeg of all
0.4 v, (C-N) &W a- C-N"-(CH,); modes increases markedly, in contrast to the
order parameters of the phosphate group. Hence this tran-
A% t sition seems to affect the mean orientation and mobility of
% @g‘é"’ - 60° the terminal trimethylammonium group, whereas the rigid
0.2 % Lo packing of the phosphate moiety is maintained. The almost
: . similar behavior of the§g of the in-plane and out-of plane
& 1-70° v,{C-N) bands in the |, and gel states can be explained by
0.4] v, (CN) M b nearly free rotations about the C-N bond (Figa) The
L L increased difference between the two order parameters in
80 40 0 40 380 the subgels possibly indicates that this type of motion is
RH /% reduced to a high degree, leading to an almost fixed orien-
FIGURE 7 Infrared order parameteg) of C-N vibrations of the tri- tation of the trimethylammonium _group. The relation b_e-
methylammonium group as a function of relative humidit) [n-plane  tWeen theSg, values of the absorption bands that are attrib-
and out-of plane mode af,{C-N). (b) v(C-N) assigned t@aucheand  uted to thegaucheand trans conformations Sg(v4(C-N),)
trans conformations of the O-C-C-N fragment (see text). The phases are< Sr(v{C-N); (Fig. 7 b), becomes plausible if one imag-
indicate_d at th_e top, and the apparent inclination angl€sf. Eq. 2), are ines that thegaucheconformation of the O-C-C-N fragment
at the right axis. L .
inclines the terminal C-N bond toward the membrane plane.
Taking into consideration that the band-a875 cmi * may

because the mean orientation of the(PO;) transition alternatively originate from the methylene rocking modes of
moment is virtually unchanged. The slight decrease irf€ choline moiety (Derreumaux et al., 1989), the srgll

Sr(r.{PG>)) probably indicates the reduction of reorien- values would indicate an almost perpendicular orientation
tations around the CO-P-OC axis. of the O-C-C and the C-C-N planes with respect to the

A similar analysis of the C-N-(CHs); modes gives rise bilayer surface, because the corresponding transition mo-

to the following results (Figs. 7 and 8 for illustrations). The Ment points along the line connecting the methylene

C-N bond is only slightly inclined from the bilayer surface hydrogens. _ o
(6 > 60°), as indicated by the negati&, values of all This alternative interpretation, as well as the uncertainties

concerning the directions of some of the transition mo-
ments, would not alter the basic conclusions about the
headgroup orientation derived from the dichroism of phos-
phate and trimethylammonium vibrations. In general, the
dichroic data are in qualitative agreement with the widely
accepted concept of PC headgroup properties (see Cevc and
Marsh, 1987, and references cited therein). In particular, the
phosphocholine group orients nearly parallel to the mem-
brane surface, making a small angle of the-lR" dipole

with it (17°-27° for DMPC dihydrate; Pearson and Pascher,
1979). The free phosphate oxygens point upward at an angle
of ~50° between the membrane surface and the O-P-O
plane (Yeagle, 1978). Dehydration inclines the headgroup
toward the membrane surface (Buet al., 1979). The
flexibility and disorder increase toward the trimethylammo-
nium group (Browning, 1981), and headgroup ordering
decreases with progressive hydration (Bechinger and
FIGURE 8 Schematic illustration of the headgroup orientation of Seelig, 1991; Ulrich and Watts, 1994). Moreover, our data
DODPC in the gel and SGhases. The orientations of selected IR active are in good agreement with previous IR dichroism data on
transition moments corresponding to headgroup vibrations are ShOWPC-headgroup orientation (Fringeli and Gunthard, 1981;

by double arrows (see Table 1 for assignments). The inset gives th . . . )
directions of the transition moments of theandv; modes in the isolated %kUtsu et al, 1981, Ter-Minassian-Sara et al.,, 1988;

water molecule, and defines the principal axes 1, 2, and 3. See text fdfiolmgren et al., 1987; Okamura et al., 1990;hbrer and
explanations. Mantsch, 1991).

SIR
=a!

headgroup

Vi(P-(0C),)
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Besides these general properties, our results show subttesto DODPC, in terms of the binding strength of H-bonds
modifications of headgroup orientation of DODPC, corre-formed with the PC headgroup. In particular, the sharpening
lating with changes in the bilayer dimensions. With pro-of this band in the SGphase was attributed to an almost
gressive dehydration the area requirement per lipid as wellniform population of water molecules interacting with a
as the disorder of the PC headgroup orientation decreassmall number of binding sites at the lipid. Figc9ndicates
After transformation from the gel into the $@hase, the that this effect is accompanied by a marked perpendicular
raisedA, , decreased,, and the sharpening of the maxima dichroism of thev,;;(OH) band. The apparent IR order
of the electron density profile are accompanied by an almogbarameterSg(v,5(OH)), was obtained by integration of the
parallel alignment of the PC moiety along the membranepolarizedr,5(OH) bands in the spectral range between 3200
plane. Obviously, a larger surface area makes it easier fand 3600 cm' (cf. Eq. 1). The nonzero value of
the trimethylammonium group to move closer to the hydro-Sg(v,5(OH)) (Fig. 10b, v,5) observed at low RH in the SG
carbon boundary and to displace water from the headgrougphase indicates a high degree of molecular ordering, which
This tendency implies a close approach between the phoss correlated with the narrow,(OH)-bandshape (Fig. 10
phate and ammonium groups of neighboring molecules at). With increasing RH, the increase of the bandwidth,
low hydration levels to minimize the distance between theAv,(OH), indicates a more heterogeneous distribution of
groups of opposite charge. The antisymmetrical stretchingnteraction strengths of the water, leading to a marked
mode of the ammonium methyl groups,{CHs)cho» Was  decrease in the absolute value $§(v,5(OH)). Hence, in
found to be sensitive to direct phosphate-ammonium interthe subgels the IR order parameter behaves in a manner that
actions (Grdadolnik et al., 1991). In DODPC the is very similar to that of the width of the, ;(OH) band with
,d CH3)cno band shifts, from~3029 cm * measured inthe  increasing RH. In the . and gel stated v, J(OH) decreases
gel state, down te~3026 cm * in the subgels (see Fig. 8). with dehydration, but in contrast to the subgels, only low
We conclude that this change is caused by the appearancewéter ordering was detected in the whole RH range by
relatively strong interactions between the phosphate oxy-
gens and the methyl hydrogens, in analogy to the interpre-
tation of similar effects in phosphocholine reversed micelles
and multilayers (Grdadolnik et al., 1991). The strong per-
pendicular dichroism (i.e., X A, > A) of the v,{ CHz)cno
band observed in the SGtate indicates, in agreement with
the behavior of the dichroism of the C-N modes, the im-
mobilization of the terminal trimethylammonium group.
This effect weakens in the $G@hase and disappears com-
pletely upon transformation of the lipid into the, Iphase.

The drastic shift of the centers of gravity of the phosphate
vibrations in the subgels (Binder et al., 1997) (cf. also Fig.

5) can also be assumed to reflect direct phosphate-ammo-
nium interactions, which stabilize a rigid arrangement of the-<~
PC headgroups upon the removal of waty( < 4). E

Frequency shifts of the,{C-N) andv(C-N) bands sug-
gest conformational changes in the choline group in the
subgels of DODPC (Binder et al., 1997). Similar results are
obtained upon crystallization of DMPC at low RH values by
means of Raman spectroscopy (Kint et al., 1992). X-ray
investigations showed that in PC crystals, the ammonium
group folds back toward the phosphate group, thus realizing
a close intramolecular approach between both moieties
(Pearson and Pascher, 1979). Although it is well established : L
that thetrans-gauchesquilibrium of O-C-C-N can be con- 3600
trolled in the crystalline state by RH, the fraction of the
respective conformers cannot be extracted from the IR
SPeCtra at present, b_ecause of unkno,wn ,eXthtlon CoefflIEIGURE 9 Polarized absorbance specigy) (dotted curvg and 2X
cients of the respective IR bands (Fringeli and Guntharda () (solid curve$, and spectra of the corresponding dichroic ratio,

1981). R(v) = A(v)/A, (v) (scatter curvel of the v,4(OH) stretching region of
water adsorbed to DODPC in different phade@;) is quantified at the left
coordinate axes. The vertical dotted lines indicate the central positions of

Ordering of adsorbed water the wavenumber ranges used for the calculation Spf(vs,s9 and

. . o Sk(v3460- The position of the antisymmetrical C-H stretching mode of the

In the previous paper (Binder et al., 1997) we qualitativelygimethylammonium groups is indicated at the top. The absorption spectra

analyzed thev,5(OH) absorption band of water adsorbed of the rigid states are amplified by the factors given in the figure.

Vas(CH3)chol

Ll e SG; Ry, =2.6
3400 3200 3000

wavenumber / cm !
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An unambiguous assignment of the different spectral
regions of thev, ,(OH) band seems to be impossible, owing

00 = - to its complicated structure, consisting of overlapping,
01z highly coupled symmetricalif) and antisymmetricalig)
OH-stretching vibrations, originating from free and hydro-
o 0.0 gen-bound water molecules, as well as from a Fermi reso-
o 011 nance band that is induced by the coupling between OH-
stretching and the second overtone of theOFbending
0-21 mode, v,(H,0), at~1650 cm * (Zundel, 1969; Wong and
0.3- Whalley, 1975; McGraw et al., 1978; Sceats et al., 1979).
Assuming that the OH-absorption frequency is exclusively
400 related to the binding strength of the respective water mol-
T 350 ecules, the wavelength-dependent dichroism ofitheOH)
5 300.] band simply reflects different orientations of the water
Py ] molecules interacting with different sites on the lipid.
S 2504 T However, this treatment ignores the spectral smearing
:2 200 a _ between the coupled, and v modes, and therefore it can
< 1 . distort the interpretation of the basic dichroic features of the

80 40 0 43 80 v15(OH) band in terms of water ordering. At a low level of
RH /% hydration, the few water molecules adsorbed onto DODPC
FIGURE 10 Full width at half-maximum intensityyv, J(OH) (a), and !nteraCt pr.Edommantly with the. lipid, and therefore the
infrared order parameteS, of the OH stretching, bandy (b), andS,  INterpretation of the spectrum in terms of free molecule
of the bending bandy, (c), of water adsorbed to DODPC as a function of parentage seems to be appropriate. The two clearly resolved
relative_ humidity. Inb the curves denoted ag,g,(small solid sque}re)sand maxima evident in the paraIIeI polarizeq3(OH) band in
V3460 (lin€) are infrared c_)rder parameters calculate_d at the rlg_ht a_nd Ieftthe SG phase are separated by 90 Tf‘rnwhich amounts
flank of v, 5(OH), respectively (centered around thertical dotted linesn .
Fig. 9; see text). Selectdd,, values are shown at the top axis. Vertical roughly to the freque”C}/ shift expected betweenithand
dotted lines indicate phase boundaries. v; modes (100-150 cnt; Zundel, 1969). Note that the
OH-stretching band of water is known to become structured
upon interaction of the water with polyatomic ions, because
means of the IR order parameter, which adopts values neaf their (water-) structure-breaking ability (Walrafen, 1971).
zero. At a higher degree of hydration we can use the results of IR
Inspection of the polarized IR spectra clearly indicatesand Raman studies on amorphous “glassy” water and poly-
that in all cases the dichroism changes across the wavenurorystalline ice (Wong and Whalley, 1975; McGraw et al.,
ber range of the, ,(OH) band (Fig. 9). This effectis filtered 1978; Bergren et al., 1978). These detailed analyses show
out in the spectrum of the dichroic rati®(v) = A(»)/  thatthe low- and high-frequency edges of thg(OH) band
A (v), which indicates several populations of transitioncorrespond to mixed OH-stretching fundamentals with a
moments with different mean orientations. It turns out thathigh fraction of symmetrical intramolecular vibrations, in
in the L,, gel, and, to some extent, in the $Gtates, the which thev, modes of neighboring molecules are either in
v15(OH) band is slightly parallel polarizedR(> 2, Sg > 0)  or out of phase, respectively. This assignment is confirmed
at its left flank and slightly perpendicularly polarized € by the polarized Raman spectrum of films of glassy water
2,Sg < 0) at its right flank. In the SGphase at a very low (Li and Devlin, 1973).
level of hydration, the band is clearly perpendicularly po- In view of these results, we assume for a rough estimation
larized at wavenumbers greater than 3350 &ifFig. 9¢).  that the low wavenumber flank of thg ,(OH) band refers
A less polarized shoulder appears, however,~&8300 to a “v,-like” mode, the dichroism of which reflects the
cm L. At hydration on the order dR,,, = 2-3 (SG), the  average orientation of the symmetry axis of the water mol-
additionally adsorbed water molecules obviously decreasecules. This assignment is supported by the observation that
the perpendicular polarization at both flanks. in the whole RH range, and specifically in the S@hase
To quantify these tendencies, we calculate the IR ordeand at the S{SG, transition, the order parameter
parameters in restricted spectral ranges at higher ((3460 Sg(vs.50 behaves likeSg(v,), the IR order parameter of
40) cm ) and lower ((3280+ 20) cm ') wavenumbers, the v,(H,O) mode (cf. Fig. 9,b and c), the transition
yielding Sg(v3460 andSg(vss50, respectively (Figs. 8 and moment of which can be assumed to point parallel to that of
9). The two order parameters show parallel courses in the,. However, a detailed quantitative comparison of
L., gel, and SG states. In the SGhase it turns out thatthe Si(vs,g) and Sg(v,) is not appropriate, because the
increase in the mean val$x(v,5(OH)) is caused solely by v,(H,O) band is strongly distorted by overlapping bands
the apparent dichroism of the central and high wavenumbefC=0 and G=C stretching; Binder et al., 1997).
region of v, 5(OH), whereas the dichroism of the right flank  On the basis of these assignments, the neg&ivealues
remains nearly constant or even decreases slightly. measured in the S@hase across thg ;(OH) band and, in
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particular, at its right flank Qg(v;) = Sr(vs250 = —0.1)  decreases with progressive hydration (FighL(Moreover,
indicate that the permanent dipole moment of the few wathe quadrupolar splitting of deuterated water determined by
ters adsorbed onto the lipid preferentially orients parallel taneans of NMR ends up with a tiny order parametefqfix
the bilayer surface. With progressive hydration, the only=~ 0.01-0.02 when compared with the value of completely
small increase in th§(v5,50 andSg(v,) gives rise to the  immobile water, even for the first hydration shell of PC
hypothesis that the mean dipole orientation remains nearlijpids (Klose et al., 1985; Gawrisch et al., 1992; Volke et al.,
constant, except for a slight inclination away from the 1994). The smalS s values were attributed to the dy-
bilayer plane parallel to the reorientation of the PC groupnamic averaging over flipping motions of the water mole-
(Fig. 9,b andc, and Fig. 8 for illustration). Thus the infrared cules around their symmetry axis (1 in Fig. 8), which are
dichroism of the OH-stretching region indicates a strongrapid in the NMR time scale~10 ° s) (Gawrisch et al.,
cooperation between the PC headgroup orientation and wd992). This type of reorientation was already detected in
ter ordering, in agreement with recent IR dichroism mea-molecular dynamics simulations of water rotational diffu-
surements of the, band of water bound to DPPC at various sion in the vicinity of lipid headgroups (Binder and Peinel,
degrees of hydration (Okamura et al., 1990). The negativdé985). In the time scale of infrared absorptieniQ **s),
values ofSg(v5,50 and Sg(v,) suggest that the permanent the averaging of water orientations possesses a preferen-
water dipole is oriented, with respect to the membrandially static character in comparison with the correlation
surface, like the headgroup dipole (see previous paragraphjme for water reorientation of 10~ *? s (Binder and Peinel,
and thus both dipoles can be assumed to point antiparalldl985). Hence a mechanism considering only flipping mo-
on the average. Computer studies have given evidence thbns about the dipole axes of the water molecules is suffi-
in the vicinity of phospholipid headgroups, water builds cient to explain small values of the IR order parameter
highly structured regions that tend to compensate the hea®r(v3,50, Only in the case in which this axis includes nearly
group dipole moment (Klose et al., 1985; Binder and Peinelthe magic angle with the membrane normal. Otherwise,
1985; Peinel et al., 1983; Zhou and Schulten, 1995). reorientations about all principal axes of the water molecule
However, the interpretation of the IR order parameters irshould be assumed to be in accordance with theoretical
terms of mean orientations without considering the distri-results (Binder and Peinel, 1985).
bution of water orientations yields an incomplete picture of
the properties of water adsorbed onto surfaces. Fixed rela- o
tions between the order parameters of thand v, modes ~Area compressibility

hold for the limiting case of free rotations about one of theThe Iyotropic phase behavior of DODPC can be understood
three principal axes of an isolated water molecule, namelyi, terms of the osmotic pressurEl, acting on the lipid

Sr(r) = —2 Sg(vs) (axis 1 in Fig. 8), Sg(v) =  pilayers at a given RH:

—0.55x(v3) (axis 2, i.e.,|Sg(vs)| > [Sk(v1)|, see below),

andSg(v,) = Sg(vs) (axis 3). If one attributes the left flank = _E. n<RH) (8)
of the v,5(OH) band to a ¥;-like” mode, the negative Vi 100

Sr(V3460 and Sg(vseg9 data measured in the $@hase
indicate that the HOH plane of the first membrane-boundVheréks, T, andv,, denote the Boltzmann constant, the
water molecules aligns parallel, on the average, to thé\bsolutg temperaturg, and the molecular volume of water,
membrane surface. The marked difference between both IFESPectively (Parsegian et al.,, 1979; Rand, 1981; Rand and
order parameters Wil (vs1e0 ~ Sr(va)| > [Sr(Vassd ~ Parsegian, 1989). .Hence, with decreasing RH the multila-
Sk(v)| can be explained by a broad distribution of waterMellar stacks of bilayers are exposed to an increalng
orientations about the axis parallel to H-H (axis 2). In this/€ading to their compression, i.e., the gradual changg of
case a considerable fraction of water dipoles can be agk, anddy. Because the Luzzati formalism assumes volu-
sumed to deviate from their antiparallel alignment with metr!cally .mcompres.smle lipids (and water), only two geo-
respect to the headgroup dipole. A molecular dynamicdnetric variables are independent, namajyandd,y,.
simulation of water ordering on lipid headgroups (Peinel et Fi9- 11 @ shows the area per DODPC molecul,,
al., 1983) showed that the orientations of the first wateMhich depends on the isotropic lateral pressure,
molecules Ry, < 4) bound to the headgroups are deter- | =TI-d,, 9)
mined only partially by the direction of the headgroup
dipole, but still more so by the position of the water binding applied to the bilayer (Rand, 1981; Rand and Parsegian,
sites on the lipid, i.e., the phosphate and the possibly of th&989; Koenig et al., 1997). Upon dehydration the lateral
carbonyl group as well. Water bridges between the phospressure|r, increases monotonously up to values-e35
phate groups and/or highly oriented H-bonds to the carbonyinN/m in the low hydrated gel state. Within the error limits
groups of DODPC were suggested previously (Binder et al.the relation betweefr| andA, remains nearly linear in the
1997). whole A, range, i.e., there is no significant rise in the slope,
The drastic increase B (3460, from Sg(vs460 < —0.2  and thus no bilayer elasticity limit for compression is de-
(SG) up to small positive values0.09) in the SG, gel, tected, as is typically found in the case of the compression
and L, states, indicates that the ordering of the waterof lipid monolayers at the air/water interface. The transfor-
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one obtains the mean isothermal elastic area compressibility
modulus of the membran&,, as well as an estimation of
the area per lipid in the relaxed (i.e. fully hydrated) staig,
by linear regression of ther| values measured in the re-
spective phases verség (Table 2). In the SEGphase it is
not appropriate, however, to apply Eqg. 10, because of the
scattering of the few data and the narréy range.
Membrane compressibility may be translated into the free
volume available in the membrane. Polyunsaturation of
lipid acyl chains is known to increase lateral compressibility
(i.e., to decreask,) by means of the free volume created by
the double bonds (Koenig et al., 1997; Straume and Litman,
1987). The compressibility modulus of DODPC in thg L
phase adopts values in the order of those typically observed
in liquid-crystalline PCs (Table 2). Hence the diene groups
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have almost no effect on the packing density in the liquid-
crystalline bilayers of DODPC compared with disaturated
lipids. Obviously, thetrans-butadiene units fit well within
the bilayer at a position near the polar/apolar interface.

The lateral compressibility modulus of the bilayéq,,
can be assumed to be caused by the resistance of the bilayer
against compression in the region of the headgroups and of

_ . the hydrophobic core. In the Lphase the methylene chains
FIGURE 11 Lateral pressurgg, as a function of the area per lipig, d the head lativelv | | ked b f
(a), and osmotic pressurH, as a function of the distance between opposite an e headgroups are relauvely loosely packed because o

bilayers,d (b). Symbols denote the experimental data obtained from theth€ high degree of disorder. The gradual lateral compression
x-ray measurements for the different phases(l), gel ©), SG (A), and  of the bilayer will progressively restrict the conformational

S_G\, (Y). The Iine_s represent linear regressions. Slopes and intercepts afgeedom of the polar and apolar parts of the molecules (cf.
given in Table 2 in terms oK, andA, (a) and A andIl, (b) (see text). Fig 4) Consequentlyﬁ can be thought to reflect predom-
.4). a
inantly entropic effects, which refer to the work needed to

mation into the subgels reduclesfrom ~30 mN/m to~15  diminish the free volume in the bilayer.

mN/m. The almost linear changes in the IR order parameters At the L,-gel transition, the freezing of the polymethyl-

of the PC moiety of DODPC upon dehydration indicate a€ne chains is expected to change fundamentally the situation

continuous increase in the molecular order in the region ofn the hydrophobic core. Now the methylene segments are

the headgroups in the Land gel states, and thus correlate in the extended allrans conformation with a reduced cross

with the almost linear dependence|af versusA, . section, in which a further response by means of segmental
Using a first-order approximation, ordering is nearly impossible. The area requirement of the

PC headgroup can be assumed to be the limiting factor
. (A~ Ad) acting against lateral compression of the membranes. Hence
Ao

71 =—K
g : the steric repulsion between the headgroups is expected to

(10)

TABLE 2 Area compressibility modulus of the membranes, K, and decay length, A, of the repulsive force between opposite
bilayers of DODPC in different phases

Phase [ gel SG SG, L /Ref. gel/Ref.
Ka (MN - m™%) 160 180 — 300 145 171 855*
A, (nm?) 0.64 0.59 — 0.60 0.62-0.68 0.47-0.53
A (nm) 0.23 0.19 0.10 0.12 0.20-0%2 0.12-0.18
11, (GPa) 0.35 0.52 0.42 0.67 0.80-0'11
Wyenya (kJ - mol™) 13 14 7 13

KgandA are obtained from the slopes of regression lines shown in Figa afdb, respectively. The intercepts yield a rough estimate of the area per lipid
in the relaxed stated,, and the osmotic pressurd,, at close contacit(, = 0) between the bilayers. Some reference data are given for comparigqp.
denotes the work of complete dehydration of the lipid (see text).

*DMPC at 29°C (L,) and 8°C (gel) (area expansion modulus measured by means of micromechanical manipulation) (Evans and Needham, 1987).
*DMPC-d54 (L,) at 30°C (area compression modulus) (Koenig et al., 1997).

SDisaturated PCs in excess water (Rand and Parsegian, 1989), and references cited therein).

Disaturated PCs (Rand and Parsegian, 1989; Mclntosh and Simon, 1993).

IPE-lipids (Rand and Parsegian, 1989).

*»*SE: +60 (K, +0.03 (), and +0.2 (1) in the units indicated in the first row.
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increase the compressibility modulus markedly. Howeverppen question, as it has not been measured directly (MclIn-
K, remains almost unchanged after transformation otosh et al., 1987). The moderate changes in the headgroup
DODPC into the gel state. order parameters observed in each single phase range of
A comparison of the lyotropic phase behavior of DODPCDODPC give rise, however, to the conclusion that within
and disaturated PCs as, e.g., DMPC shows that the diertbese boundaries the density remains constant to a good
groups promote the formation of subgels that are characteapproximation. We analyzed the x-ray diffraction data for
ized by a paraffin-like arrangement of tilted polymethyleneeach phase separately, assuming a standard density of 1
chains with strongly damped reorientations about their longy/cn®. Thus our basic results are related to well-pronounced
axes, as indicated by the appearance of the correlation fielstructural differences between the different phases of
splitting of the CH bending and rocking vibrations (Binder DODPC that may possibly be modified but not altered on
et al.,, 1997). In the metastable gel state preceding therinciple by a refinement of the treatment.
subgels, no correlation field splitting was detected. This
finding indicates that the atkansacyl chains are disordered
with respect to rotations about their long axes, and conseRepulsive forces between the bilayers

quently their cross section perpendicular to the chain X€3he functional dependence between the osmotic pressure
increases slightly, as observed by wide-angle x-ray mea-

and the thickness of the water layer between opposite bi-

surements. POSS'b.Iy these cﬁfferent arrange.ments of thI%\yers in multilamellar lipid samples is usually well fitted
all-trans octadecadienoyl chains cause the different com;

pressibility moduli measured in the gel and subgel states.gy the _exponennal decay law (Rand, 1981; Rand and
. : e arsegian, 1989),

Note that even in the subgel&, remains significantly
smaller than that obtained in the gel state of DMPG, (L II = IT, exp(—d,/A). (11)
phase) by means of micromechanical manipulation (Evans
and Needham, 1987; see Table 2). Although the frozerrig. 11b shows that this dependence can also be applied to
chains cannot approach one another much more closelyhe respective DODPC data, yielding decay lengths ef
they can change tilt on compression to decrease their suf.20-0.23 nm in the gel and,Lstates and = 0.10-0.12
face area. This degree of freedom is possibly responsible farm in the subgels (Table 2). The data of the subgels reflect
the small lateral pressurés|, observed in the SGohase, the reduced hydration, a typical property of solid PC lamel-
which possibly indicates the almost relaxed molecular packlae and of lipids with PE headgroups (Rand and Parsegian,
ing within the membrane plane. The correspondingly highl989; Mcintosh and Simon, 1993). This decrease in the
area requirememd, ~ 0.57—0.59 nrfi enables the nearly decay length, can be explained by an increase in the
flat alignment of the PC group parallel to the bilayer sur-lateral order in the headgroup region preventing water ad-
face, with direct interactions between the phosphate andorption. The headgroup structure is distinctly enhanced in
trimethylammonium groups, as indicated by the IR mea-PE bilayers by lateral hydrogen bonds formed between the
surements. Hence effectively neighboring headgroups d®E groups. However, in PEs and crystalline disaturated
not repel each another, and thus this lateral interaction giveBCs, the smaller capacity of water adsorption is accompa-
no or even a negative (attractive) contributionkg We  nied by a reduced area requirement of the headgroups, in
suggest that this headgroup arrangement is caused by tleentrast to DODPC, wher®, even increases.
dense packing of the tilted acyl chains in the subgels. The small decay length in the subgels means that a

Recently the osmotic stress technique was shown to yieldmaller osmotic pressure should be applied than in the gel
reasonable lateral compressibility data, using x-ray meastate, to keep the bilayer surfaces at a constigpt This
surements in the intermediate range of lipid hydration, withfinding correlates with the small lateral tension observed in
Ry =~ 10-20 (Koenig et al., 1997). The water directly the subgels, and gives rise to the conclusion that the bilayers
bound to the lipid must be viewed as an inherent constituerdre obviously less stressed in the subgels, laterally as well as
of the membrane, and consequently, at low hydratiorperpendicularly with respect to the surface, than in the gel
(Rw < 4), the implicit assumptions of nonpenetrating lipid state.
and water layers are expected to introduce systematic errors Several factors potentially contribute to the repulsion
of the geometric parametefs andd,, and thus to affedk,. ~ between lipid bilayers: 1) water structure in the vicinity of
Furthermore, the molecular arrangement of the acyl chainthe lipid headgroups, 2) headgroup conformation and mo-
and of the lipid headgroup changes distinctly with progres-bility, and 3) individual and collective motions of the whole
sive dehydration, and consequently the assumption of inkipid molecules (see Leikin et al., 1993, for a review). The
compressible molecules implicit in Eq. 9 does not hold. Foratter effects give rise to undulation, protrusion, and peri-
example, the density of lipids in the,Land gel phases staltic forces, which typically arise between fluid bilayers at
differs by more than 5% (Rand and Parsegian, 1989). Th&arger separationglf, > 2 nm) (Helfrich, 1978; Israelach-
corresponding change in the volume per lipie0(04 nn)  vili and Wennerstim, 1992). It can be assumed that the
is on the same order as the volume of the water adsorbdipid multilayers are constrained by the underlying solid
onto the lipid atR,,, < 2 (<0.06 nn). In addition, at low substrate, which suppresses these forces in the gel and
RH the precise value of the molar volume of water is still ansubgel states. The almost equal decay lengths measured in
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the L, and gel states of DODPC suggest that this assumpdehydration of the |, and SG states, and thus it extrapo-
tion also applies to the liquid-crystalline phase at lowlates the work necessary to remove water down to complete
hydration. dehydration, preserving at the same time the structural prop-
Solvation models of lipid hydration, 1), predict that water erties of the respective phase. For thg bel, and SG
ordering near the membrane surface (Marcelja and Raditates, one obtaingye,,q = 13-14 kJ/mol, but only about
1976), as well as an ordered arrangement of the lipid polaone-half of this value for the SGhase (cf. Table 2). This
groups (Kornyshev and Leikin, 1989), can induce strondinding correlates with the degree of water and headgroup
repulsive forces. An important consequence of the latteordering, which is low in the |, gel, and, to some extent,
model is that the more orderly the in-plane packing of thethe SG, states, but is relatively high in the $@hase. Note
polar heads, the shorter the decay length. In DODPC wéhatw,.qequals the free energy of dehydration, represent-
found indeed that in the subgels where the IR order paraming a measure of the thermodynamic costs to remove the
eters indicate a higher degree of water and headgroup owater from the lipid+ water system. The preference of the
dering (and in particular their flat in-plane alignment), the polar region of the bilayer to be hydrated is indicated by the
decay length), is shorter than in the gel state. relatively high values ofy,,qmeasured in the }, gel, and
An alternative model, 2), concentrates on a sort of “chem-SG, states. These costs of free energy are compensated
ical” hydration of the membrane surface (Cevc, 1991). Itpartially in the SG state by a gain of free energy, which is
assumes that the interfacial repulsion depends much moaused by the favorable arrangement of the headgroups, of
on the interfacial characteristics and dynamics than on solwater structuring, but also by the dense packing of the acyl
vent properties (see also Israelachvili and Wennémstro chains with a maximum of attractive van der Waals con-
1992). Within the frame of this model, the largevalues of  tacts. It can be suggested that the water-lipid interactions
DODPC in the gel and J_states reflect the higher orienta- that are broken up upon desorption of water are partially
tional freedom of the PC headgroup when compared with itseplaced by direct interactions between the lipid head-
highly ordered packing in the subgels, especially in the SGgroups. From a thermodynamic point of view, the approach
phase. Cevc (1991) derived an exponential decay lal¥ of of two bilayers in the SGphase is less expensive and thus
in which the preexponential factof],, is proportional to  results in a weaker repulsion (shorter decay lengttoe-
(a'p/dp)2 (cf. Eqg. 7; in Cevc, 19914, is the interfacial tween opposite bilayers as the approach of the membranes
thickness). For the surface charge density, one can in the L,, gel, or SG states.
assume that, = AL andd, ~ d,. One obtains‘,(tp/dp)2 o The present paper deals with PC headgroup properties
(dpor X A) 2~ ,;Ozl, wherev,,, is the molecular volume of and ignores the carbonyl groups representing a potential
the polar part of the bilayer. For incompressible headgroupdjydration site of DODPC (Binder et al., 1997). Gawrisch et
i.e., Voo = coONstant, one expects a constahy, as really al. (1992) found that the influence of carbonyls on lipid
found in the rigid states of DODPC within the experimental hydration is minor in comparison with the influence of the
error (Table 2). other parts of the polar group. The position of the=O
Mclintosh and Simon (1993) decomposed the repulsivestretching band of DODPC changes drastically in the subgel
forces between DPPC bilayers in the subgel phase into phases, either because of close contact interactions between
very-short-range and short-range component with decathe lipids or because of the existence of well-oriented H-
lengths of 0.007 nm and 0.14 nm, respectively. The formerbonds with water (Binder et al., 1997). Even in the latter
acting atd,, < 0.4 nm, was attributed to steric repulsion case, i.e., if the carbonyl groups participate in primary
between opposing headgroups, which are suggested to elydration, our conclusions about the interrelation between
tend slightly farther into the water layer for subgel than forand headgroup and water orderings are not affected on
gel bilayers. A similar steep increase of the repulsive interprinciple.
action was not detected in the DODPC samples, possibly
owing to the smaller interfacial thickness of the DODPC
bllayer'W|th in-plane orlentgq PC groups. SUMMARY AND CONCLUSIONS
The integrated work of lipid dehydration per monolayer
can be roughly estimated on the basis of the empirical decayhe combination of x-ray diffraction and infrared linear
law of the hydration force bygen g~ 0.5X N,y X Il X dichroism data gives insight into the interrelation between
A X Anin (Rand and Parsegian, 1989), whég,, denotes the structure of the polar region of the bilayer and the
the area per lipid at low water content. The factor 0.50verall dimensions of the membrane. The area requirement
accounts for the fact that the force (Eq. 11) acts between twper DODPC within the membrane plang,, is determined
opposite surfaces. Using typical values of the area per lipidmainly by the packing properties of the octadecadienoyl
Anin = 0.55 nnf (L), 0.47 nnf (gel), and 0.57 nm chains in the different states that adopt DODPC, depending
(subgels), and the contact pressurbls, and the decay on RH.
lengths,A, given in Table 2, one obtains an estimate of the In the subgel phase, $Ghe DODPC molecules occupy
(hypothetical) work that would be necessary to dehydrate relatively high area, probably because of conformational
DODPC bilayers existing in the different states. Note thatrestrictions in the vicinity of the dienic groups, which in-
this treatment ignores the phase transitions appearing upatuce a permanent tilt of the acyl chains to become densely
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packed. As a result, the PC headgroups adopt an almoBtnder, H., A. Anikin, B. Kohistrunk, and G. Klose. 1997. Hydration

in-plane orientation owing to intermolecular interactions induced gel states of the dienic lipid 1,2-bis(2,4-octadecadienoyl)-sn-
glycero-3-phosphorylcholine and their characterization using infrared

that involve the trimethylammonium and phosphate groups, spectroscopyd. Phys. Chem. RL01:6618—6628.
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and, to a great extent, dehydrated membrane surfaces repets—a molecular dynamics study. Mol. Struct. (Theochem.}123:
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ti In thi th . t linid i f Phys. Lipids57:253-273.
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because of the relatively loose packing of the frozen acyBiidt, G., H. U. Gally, J. Seelig, and G. J. Zaccai. 1979. Neutron diffrac-
chains tion studies on phosphatidylcholine model membranes. |I. Head group
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