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Dehydration Induces Lateral Expansion of Polyunsaturated 18:0-22:6
Phosphatidylcholine in a New Lamellar Phase
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ABSTRACT To gain a better understanding of the biological role of polyunsaturated phospholipids, infrared (IR) linear
dichroism, NMR, and x-ray diffraction studies have been conducted on the lyotropic phase behavior and bilayer dimensions
of sn-1 chain perdeuterated 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine (SDPC-d35), a mixed-chain satu-
rated (18:0)-polyunsaturated (22:6w3) lipid. SDPC films were hydrated at definite values of temperature (T) and relative
humidity (RH). In excess water, the lipid forms exclusively lamellar phases in the temperature range 0-50°C. Upon
dehydration the lipid undergoes the main phase transition between the liquid-crystalline (L,) and gel (L) phase at T < 15°C.
Both the saturated and polyunsaturated chains adopt a stretched conformation in the L; phase, presumably the all-trans
(stearoyl) and angle iron or helical (docosahexaenoyl) one. A new fluid lamellar phase (L,’) was found in partially hydrated
samples at T > 15°C. SDPC membranes expand laterally and contract vertically in the L’ phase when water was removed.
This tendency is in sharp contrast to typical dehydration-induced changes of membrane dimensions. The slope of the phase
transition lines in the RH-T phase diagram reveal that the lyotropic L,'-L,, and L-L,, transitions are driven by enthalpy and
entropy, respectively The possible molecular origin of the phase transitions is discussed. The properties of SDPC are
compared with that of membranes of monounsaturated 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC-d31).

INTRODUCTION

Phospholipids, with saturated acyl chains in 8rel and  polyunsaturated chains in membranes. Investigations were
unsaturated acyl chains in tlse-2 glycerol backbone posi- considerably intensified over the last few years to find out
tion, represent the most abundant membrane lipid classow such oxidation-prone, exotic lipids affect membrane
(White, 1973). Physico-chemical studies have largely dealolecular architecture and dynamics (Everts and Dauvis,
with lipids composed of either symmetric saturated chain®000; Holte et al., 1995; Separovic and Gawrisch, 1996) as
or those withsn-2 chains containing only a single double well as mechanical properties such as lateral compressibility
bond. Polyunsaturated lipids with multiple double bonds in(Huster et al., 1999; Koenig et al., 1997; Rawicz et al.,

the sn-2 chain, however, constitute a considerable fractio2000) and water permeability (Huster et al., 1997; Olbrich
of lipids in neuronal tissues and the retina. Particularly.et al., 2000).

near-native levels of 50% of docosahexaenoyl (DHA, 22: An essential outcome of these studies has been that

6w3) chains in retinal rod outer segment disk membranegolyunsaturation loosens chain packing and decreases the
are required for proper function of the visual receptor rho-strength of cohesive interactions in the membranes. As a
dopsin (see Mitchell et al., 1998, and references thereinkonsequence, bending stiffness is decreased (Rawicz et al.,
The content of DHA in gray brain tissue is consistently 2000) and water permeability increased in comparison with
20-30% in 45 animal species (Crawford et al., 1977). Thénempranes of saturated and monounsaturated lipids (Huster
fact that DHA accumulates at high concentration in neuraly al., 1997; Olbrich et al., 2000). Moreover, it was proposed
membranes raises the possibility that it may alter membrang,a; polyunsaturated chains, when paired with saturated
biophysical properties important for function. _ ones, cause subtle changes of membrane lateral organiza-
_ There exists an extensive literature concerned W|t_h theon and interfacial properties, which may provide the key to
importance of DHA for human health, but comparatively understanding the effect of multipeis double bonds in
little research has been done on the physical properties (ﬁfpid acyl chains (Holte et al., 1995). It was observed that
this important molecule. Early theoretical (Albrand et al"_chain order parameters of saturated chains are lower when
19.94; Applegate and Glomset, 1986) and speciroscapl aired with polyunsaturated DHA. In particular, order of the
(L'”‘_‘a” etal., 1.991; Paddy Pft al., 1985; Salmon etal, _1987 egments from the second half to the chains near the bilayer
studies deal with conformational and packing properties OLenter was lower, perhaps, indicating an altered profile of
lateral tension across the bilayer. Polyunsaturation results in
, — o _ a thinner bilayer and an increased area per lipid in almost
Received for publication 12 October 2000 and in final form 23 April 2001. fuIIy hydrated membranes (Koenig etal., 1997).
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lamellar and nonlamellar, solid gel or subgel, and liquid-the lipid (see below). The sharpness of the phase transition was tested after
crystalline phases reveal microscopic characteristics such &ach series of Fourier transform_ in_frared (FTIR) measur_ements. X-ray
preferred shape, ﬂexibility/rigidity, and hygroscopicity of measurements were performed within 1 day after preparation.

the molecules and the intermolecular forces acting between

them on a macroscopic level. Infrared measurements
The degree of hydration of amphipathic structures is

. . . . ppropriate amounts of the stock solution were spread on the surface of a
thermodynamically determined by the chemical potential OfQnSe-attenuated total reflection (ATR) crystal for sample preparation

Water_in the Sys_tem- In combination with _temperature, thQangle of incidence, 45°; six active reflections). The solvent evaporates
chemical potential of water represents an independent thetinder a stream of nitrogen within a time of less than 1 min. The amount of
modynamic degree of freedom, and its variation opens unaterial corresponds to an average thickness of the lipid films3fim,
novel opportunities to study physico-chemical properties of’ equivalently, to a stack of500 bilayers in the lamellar phase. Conse-

. . sl . quently, the films represent bulk samples despite their macroscopic orien-
lipids. The degree of hydration of lipid films can be eas"Y tation on the surface of the ATR crystal (vide infra). The ATR crystal was

varie_d by eXPO_Sing the sample to an atmOSPh_ere of definit§nmediately mounted inside a sample chamber that protects the lipid film
relative humidity (RH). Recently we used this method tofrom visible light and from aerobic conditions (Binder et al., 1997). The

study the effect of Conjugated double bonds in |ipid acylsample chamber was placed into a BioRad FTS-60a FTIR spectrometer
chains on phase behavior and membrane architecture &io-Rad, Cambridge, MA) equipped with a wire grid polarizer. Polarized

diene lipids (Binder et al., 1997, 1999a,c, 1998; Binder andi>S0rPtion spectrai(x) and A, (»), were recorded with light polarized
parallel and perpendicular with respect to the plane of incidence (128

l_(ohl_strunk, 1999). _The main purpose (_)f the present inveszccymulations each). Band positions were analyzed by means of their
tigation was to obtain the RH-T phase diagram of SDPC andenter of gravity (COG) in the weighted sum spectrity) = A(v) +

to determine the mean dimensions of lipid bilayers as &-55A,(v) (Binder and Schmiedel, 1999). - _ _
function of hydration. We combined infrared (IR) linear The lipid films were hydrated by blowing a definite RH, high-purity

dichroism x-ray and NMR techniques that are well Suitednitrogen gas through the sample chamber. The temperature (T) and RH
’ ’ were adjusted by means of a flowing water thermostat (Julabo, Seelbach,

to Stl'_'dy Iipiq phases in terms of aggregate mMorphology germany) and a moisture generator (Humivar, Leipzig, Germany) with an
local interactions, and molecular ordering. The monounsataccuracy of+0.05 K and+0.5% RH, respectively. The RH was increased

urated 1-palmitoyl-2-oleoysnglycero-3-phosphocholine in steps ofARH = 3% from 5% to 98% (hydration scan) or decreased in

(POPC) was included in the Study for the sake of Comparlhe opposite direction (dehydration scan) at constant T. The sample was
allowed to equilibrate for 10 min before measurement at a given RH. No

ison between poly- and monounsaturated lipids. I:,erdemeg?gnificant hysteresis effects between hydration and dehydration scans

ated lipid analogs were used to obtain specific signals of th@ere detected, confirming that lipid hydration reached equilibrium. The

acyl chains insn1 andsn2 positions. hydration studies were also conducted as a function of RH 40 b
The most interesting observation of this study has beefmprove the spectral analysis in the=€D stretching region, which over-

the detection of a novel liquid-crystalline lamellar phase oflaps with the HO bending band.

SDPC that expands laterally upon dehydration. This un-

usual behavior contradicts typical phase diagrams of mempetermination of infrared order parameters

branes of disaturated and monounsaturated lipids. A hy-

pothesis that may explain this surprising tendency is'" 'R order parameter of an absorption bafid,= (P,(6,), is defined

as the second-order Legendre polynoni®(6,) = 0.5(3cos6,, — 1), of

presented. the angled,, between the respective transition momeut.and the ATR
normal,n. The angular brackets denote spectroscopic averaging over all
groups in the sample that absorb in the respective frequency range where
MATERIALS AND METHODS the contribution of each group to the mean value is weighted by its integral
. absorption coefficient. The IR order parameter was calculated from the
Materials dichroic ratio of the integral, baseline-corrected polarized absorbances,

= AJA, using Harrick’s thick-film approximation (Harrick, 1967; see

The lipids SDPC and POPC and their perdeuterated analogs (SDPC-d Sso Binder and Schmiedel, 1999, for details):

and POPC-d31) were purchased from Avanti Polar Lipids (Alabaster, AL).
The stearic acid chain i598% d(_auterated (Holte et al., 1995), _ex_ce_pt for Sk = (R _ 2)/(R + 2_55) (1)

the C, methylene segment that is deuterated-#0% only. To minimize

oxidation of SDPC and SDPC-d35, the lipids were stored as methylen&elective deuteration of the saturated acyl chains of the lipids allows
chloride stock solutions with butylated hydroxy toluene (BHT) added at aevaluation of the molecular ordering of the stearoyl (SDPC-d35) and
molar lipid-to-BHT ratio of 250:1. Lipid purity was checked by matrix- palmitoyl (POPC-d31) chains using the IR order parameters of the sym-
assisted laser desorption and ionization time-of-flight mass spectrometryetric and antisymmetric CDstretching bands near 2090 cfand 2195
(MALDI-TOF-MS), which detects lipid peroxidation products with high cm™%, S,(v(CD,)) and Sx(v.{CD,)), respectively. Their transition mo
sensitivity. Concentration of peroxidation products in freshly preparedments are assumed to point perpendicular one to another and perpendicular
samples was lower than the detection limit, corresponding to lipid purity ofto the fiber axis of the polymethylene chain. Consequently, both parame-
better than 98% (Schiller et al., 1998). Lipid samples were studied byters can be combined to yield the apparent longitudinal order parameter of
infrared spectroscopy over a period of up to 2 weeks after preparationthe deuterated acyl chains according to (Binder and Schmiedel, 1999)
Initially sharp lyotropic phase transitions become broad after a few days of

storage in the sample cell of the spectrometer owing to degradation of th&,(stearoyl, palmitoyl)

lipid. We used the sharpness of the gel-to-liquid crystalline phase transition

of freshly prepared SDPC and SDPC-d35 as a criterion of the integrity of = — (Sgr(¥{(CD,)) + Sr(¥.d{CD,))), (2)
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which provides a measure of the mean orientation of the chain axis wittslides (20X 25 mm). Subsequently, the organic solvent was evaporated.
respect to the ATR normal according 8 = (P,(6,)). The angle#, is The slides were positioned into a sealed thermostattédy K) chamber
enclosed between and the interconnecting line between the midpoints of mounted at a conventional Philips PW3020 powder diffractometer (Philips,
two successive C-C bonds. The longitudinal chain order parameter dependdndhoven, The Netherlands). X-ray diffractograms were obtained with
to a high degree on the conformational order of the methylene segments &¢i-filtered Cu K, radiation (20 mA/30 kV) by®, /2 O, ., scans
indicated by a marked drop &, at the chain melting transition of the lipids monitoring thes-ranges = 0.1-1.1 nm?* (s = 2sing/A, A = 0.154 nm).

(see below). Additional effects such as tumbling motions of whole chains,The intensity was detected with a proportional detector system. Nitrogen of
imperfect alignment of the membranes on the ATR surface, fluctuations oflefinite RH was continuously streamed through the sample chamber using
the local director due to undulations of the bilayers, a permanent tilt of thea moisture-regulating unit (see above). The samples were investigated at
chain axes, and also vibrational coupling along the chains can interfereiscrete RH values and equilibrated for at leh$ before measurements.
with conformational ordering in lamellar phases. Moreover, bend mono-Repeat distances of the lamellar phage; ns * (n is an integer), were
layers in nonlamellar phases decrease IR order parameters consideralugtermined with an accuracy df0.1 nm using the Bragg peaks of up to
(Binder et al., 1999a; Binder and Pohle, 2000). All these effects can bdourth order 6 = 1-4). The mean area requirement per lipid in the
considered in terms of a set of nested uniaxial order parameters if they achembrane plane was calculated by means of

independently of each other:

) AL = 2(v. + Ry w)/d, (6)

S II—IS’ with S <P2(9')> (3) where v, and v, denote the molecular volumes of lipid and water,
respectively.
The indices = m, d, n refer to the angles between a set of axesjthef The mean thickness of the water gaps in the multibilayer stacks was
which distributes in a symmetrical fashion about axis 1. For example, estimated assuming nonpenetrating water and lipid layers (Luzzati, 1968):
0, is the angle between the chain arisand the local directod whereas Ao = 2R VoA (7)
6, defines the angles betweerand the ATR normath. w WIL Ywi L
The mean ordering of the proteated unsaturated chains of POPC-d3},q thickness of the hydrophobic core of the bilayer was estimateti by

and SDPC-d35 is also accessible in the IR linear dichroism experiment._ d, — dyyy whered, = d — d,, denotes the thickness of the bilayer and

The longitudinal order parameter of the polymethylene fragments of thedpm = 2v,/A, is the thickness of the polar part of the bilayey,, is the

oleoyl chains were determined from the IR order parameters of the symy,yme of the nonhydrated polar part of the lipids, which includes the
metric and antisymmetric Cjstretches near 2852 crhand 2922 cm?, glycerol and carbonyl moieties. We used a value,gf = 0.325 nni (see

respectively: (Nagle and Tristam-Nagle, 2000, and references therein). Consequently,
_ the thickness of the hydrophobic core of one-half of the bilayéy,js=
Sioleoyl)= — (Sr(r(CH,)) + Sr(radCH,)) P e

0.50.
4)

The IR order parameter of the C-H bending mode of the vinyl groups of thdNMR experiments
dososahexanoy! chains near 1388 ¢nyields the longitudinal order pa

. NMR samples were prepar removing th Ivent under a stream of
rameter of the polyunsaturated chain: samples were prepared by removing the solvent under a stream o

argon with subsequent brief application of vacuum. SDPC in excess water
DHA) = S(CH 5 was prepared by adding 50 wt % of deuterium-depleted water. The lipid

Se( ) SR( ( )) ( ) was transferred to a 4-mm glass sample tube that was sealed with a ground

This choice was motivated by the fact tf&(5(C-H)) nearly reaches its ~ 912sS joint and cap. An SDPC sample at reduced water content was
maximum possible value of unity in the,Lphase of SDPC-d35 (vide ~Prepared by blowing argon gas with RH of 33% over a thin layer of dried
infra). Consequently, the corresponding transition moments must poinfiPid in @ glass vial. The RH was adjusted by blowing the argon through a

along the chain axis for symmetry reasons. A detailed discussion of th&aturated salt solution of Mggithat was thermostatted at 30°C. The
linear dichroism of SDPC will be given elsewhere. hydrated lipid was collected at the bottom of the tube by centrifugation at

50,000% g. The sample was sealed with a ground glass joint and cap as
above. All preparation procedures were conducted in a glove box (Plas-
Labs, Lansing, MI) that was filled with a 90% nitrogen/10% hydrogen gas
mixture. Oxygen content was reduced to nondetectable levels by catalyti-
The stock solution was spread on the surface of a circular quartz slidéally burning hydrogen. The resulting water vapor was adsorbed in a
(diameter 15 mm) and allowed to dry under a stream of nitrogen. Thecolumn. Samples were immediately investigated after preparation. Lipid
sample was placed into a twin microbalance system (Sartoriittingen,  integrity was verified by hydrolyzing small quantities of the sample and
Germany) that has been equipped with a moisture-regulating device (sd&ansmethylating the fatty acids. The ratio of saturated to polyunsaturated
above and Binder et al., 1997). The RH was adjusted by flowing moistfatty acids was checked by gas chromatography. Any loss of DHA was less
high-purity N, gas through the sample chamber. Before starting the experthan the resolution of GC peak intensities1%).
iments, the lipid was dried for 12-24 h at RH 0% until the mass of the The ®'P and®H NMR spectra were acquired on a Bruker DMX300
sample attained some constant valu@(5 mg). The mass increment due Spectrometer using a high-power probe with a 4-mm solenoid sample coil
to the adsorption of water was recorded in the continuous mode byunable to both*'P and®H resonance frequencies. Proton-decoupfét
scanning RH at a constant rate<of- 10% RH per hour covering the range NMR spectra at a resonance frequency of 121.4 MHz were collected with
of 0-98% RH. The mass increment yields the sorption isotherms presentedi Hahn echo sequence with a 1.8-S palse, a between-pulse delay of 50
as the molar water-to-lipid ratidiyy,, . s, and a repetition rate of one acquisition per second. The spectral width
was 125 kHz. Proton-noise decoupling resulted in sample heating of less
than 1°C. TheéH NMR spectra were acquired at a resonance frequency of
X-ray measurements 46.0 MHz using a quadrupolar echo pulse sequence with .96
pulse, a 50us delay between pulses, and a repetition rate of two acquisi-
For x-ray investigations, oriented multibilayer stacks of the lipids weretions per second. De-Paked spectra (Sternin et al., 1983) were calculated
prepared by spreading appropriate amounts of the stock solution on glassing the algorithm of McCabe and Wassall (1995). Smoothed order

Gravimetric measurements
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L L increased temperatures shift the RH of the phase transition
to smaller RH values.

Fig. 1,b andc, depicts the longitudinal order parameter,
S,, of the acyl chains of POPC-d31. It was calculated from
the IR order parameters of the antisymmetric and symmetric
methylene stretching bands of the deuterated palmitoyl and
the proteated oleoyl chain by means of Egs. 2 and 4,
respectively. Also, the RH dependenceSyfreveals chain
melting by a distinct decrease in the intermediate RH range
(Fig. 1). The significantly smaller values 8f(oleoyl) sug
gest reduced conformational order of the monounsaturated
chain due to two effects: 1) the bent conformation that acy!
chains typically adopt in then2 position of 1,2-diacyl-

) A glycero-lipids near the C2 atom and 2) the disordering effect
— T T of the cis double bond.
palmitoyl We found equal linear dichroism of antisymmetric and
"v,(CD,) _,:."“"‘"’""' symmetric methylene stretching modes at all conditions
(i.e., Sr(v.dCD,)) = Sg(v{(CD,)) for the palmitoyl chains
within the error limits [§Sg| < 0.03). This result indicates
a cylindrical symmetry caused by rotations about the chain
OIS axis and/or the absence of a uniform tilt of the extended
00— s 75 100 chains in contrast to the arrangement of the palmitoyl chains
in the Lg: phase of dipalmitoylphosphatidylcholine (DPPC)
RH / % (Binder, 1999). Probably, the monounsaturated oleoyl

chains prevent transverse ordering and/or tilting of the
FIGURE 1 Center of gravity of the symmetric GBtretching band&) P 9 9

and longitudinal IR order parameterJb) of the deuterated palmitoyl chains in the Iﬁ phase of POPC.
chains of POPC-d31 as a function of RH. The temperature of the hydration

scans was increased from=T 15°C ©) to 25°C @) in steps of 3 K. €) . . .
Longitudinal IR order parameter of the proteated oleoyl chain instie IR evidence of lyotropic phase transitions

position of POPC-d31. of SDPC

S (chain)

04+ .
palmitoyl

2094

T

2092

COG/ cm™

The graphs of the center of gravity of the symmetric meth-

ylene stretching band of the deuterated stearoyl chain of
parameter profiles of the stearic acid chain were computed according to th8 DPC-d35 (COG((CD,))) as a function of RH show the
method of Lafleur et al. (1989). characteristics of a lyotropic gel g)-to-liquid-crystalline

(L,) chain melting transition at temperatures<I 15°C

(Fig. 2 a). The positive values of the longitudinal IR order
RESULTS parameterS,(stearoyl)> 0.3 indicate that the lipid mem
. - . - branes preferentially align parallel with the ATR surface
Lyotropic gel/liquid-crystalline phase transition (Fig. 2b). The relationSa(v,{CD,)) ~ Sx(»(CD,)) indi-
of POPC :

cates the absence of transverse ordering of the stearoyl
For comparison with SDPC-d35, we first studied the lyo-chains, i.e., rotational symmetry about the chain long axis
tropic phase behavior and molecular order of monounsatuand/or nontilted chain axes with respect to the bilayer nor-
rated POPC-d31. The choice of POPC-d31 is motivated bynal as was observed also for the palmitoyl chains in the L
the similar main transition temperatures of fully hydratedphase of POPC. The existence of the G¥hgging progres
SDPC (T,, = —3.8 = 1.8°C) and POPC (J = —2.5 = sion of fully proteated SDPC at small RH unequivocally
2.4°C) (see (Koynova and Caffrey, 1998, and referencegives evidence of the attans conformation of a predomi-
therein) that enables comparison of phase behavior withoutant fraction of the stearoyl chains in the gel phase (not
introducing a reduced temperature scale. shown).

Fig. 1 a depicts the center of gravity of the symmetric Also at higher temperatures, * 15°C, both spectral
methylene stretching band of the deuterated palmitoyl chaiparametersSy(stearoyl) and COG{(CD.)), change in a
(COG(@{(CD,))) as a function of RH at different tempera sigmoidal fashion, however, into the opposite direction
tures. The graphs show the characteristics of a lyotropievhen compared with the changes akT15°C (Fig. 2). A
chain melting transition between the lamellar geg)land  similar behavior was observed at the transition from a
liquid crystalline (L,) phase. This event is characterized by nonlamellar phase of inversely curved aggregates (water
a sigmoidal increase of COG by 1-3 ¢ RH scans at inside) into the lamellar | phase (Binder et al., 1999a). In
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FIGURE 2 Center of gravity of the symmetric GDtretching band FIGURE 3 Center of gravity (COG(CH)): a) and IR order parameter

(COG(v(CD,)); a) and longitudinal IR order parameter () of the . . .
. ) . Sir(8(CH)); b) of the G—H deformation mode of the vinyl groups of the
deuterated stearoyl chains of SDPC-d35 as a function of RH. The tempe HA chains of SDPC-d35 as a function of RH. Conditions were as in Fig.

ature of the hydration scans was increased from 0°C (O) to 45°C @) 5
in steps of 5 K. '

lipids on the ATR crystal remains virtually unchanged, and

this case the increase §f reflects a change in the degree of thus the decrease of chain order parameters cannot be ex-
membrane alignment at the solid surface, perhaps triggergalained by formation of a nonlamellar phase. The observed
by changes in aggregate morphology (see, e.g., Binder angariation of the IR order parameter of the methylene and
Pohle, 2000). For example, the order parameter of aggregatényl groups predominantly originates from changes of the
morphology S, (see Eqg. 3) is expected to increase by thechain conformation. We suggest that a new lamellar phase
factor 4 when the system transforms from the(S(H,) =  with highly disordered chains forms at low RH and>T
0.25) into the lamellar phas&{lam) ~ 1) (Binder et al., 15°C. It will be designated as L
1999a; Binder and Pohle, 2000). It is important to note that The latter conclusion is confirmed by the center of grav-
S scales the IR order parameters of all vibrational modes oity of the v(CH,) and 8(CH) bands, which change in a
the lipid, and thus the formation of nonlamellar structures issimilar fashion as the respective IR order parameters (Figs.
expected to reduce absoluig values of other IR bands of 1a, 24a, and 3a). The mean frequencies of these modes are
SDPC-d35 as well. sensitive to the conformation of the saturated and polyun-

Fig. 3 depicts the chain order parameter of the DHAsaturated chains, respectively. The slightly higher mean
chains,S,(DHA), and Fig. 4the IR order parameter of the frequency of thev(CH,) mode at small RH is compatible
carbonyl and phosphate groups of SDPC-d35 as a functiowith a more disordered conformation of the polymethylene
of RH. On the one hand,(DHA) suggests that the cen chains when compared with their conformation in the L
formation and molecular order of the DHA chains vary in aphase. Direct proportionality between the(CH,) fre-
similar fashion as the conformation and order of the satuguency and the respective IR afid-NMR order parame
rated chains (Fig. ). The phase transitions obviously ters was previously reported for fluid lipid membranes
involve the conformation and molecular order of the (Kodati and Lafleur, 1993; Le Bihan and Pezolet, 1998).
stearoyl and of the DHA chain. Recently we found that CO@{CHy,)) is directly related to

In contrast, theSg values of thev,{PG,) and the the mean area that the chain occupies in the membrane
»(C=0) bands of SDPC-d35 remain nearly constant undeplane (Binder et al., 1999b). Hence, the IR frequencies are
all conditions studied (Fig. 4). This result is important expected to reflect changes of the lateral packing of the acyl
because it indicates that the macroscopic orientation of thehains.
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SDPC-d35 POPC-d31
-0.1 -0.1

L Vas(PoZ-)

RH / %

FIGURE 4 IR order parameters of the antisymmetric;R@oove and P-(OC) (middle stretching modes near 1230 cfhand 820 cm?, respectively,
and of the =0 stretching bandbglow) near 1735 cm?* of SDPC-d35 left) and POPC-d31right) as a function of RH at different temperatures.

Water sorption characteristics The interaction of water with the polar moieties of the
- . .. lipid can be characterized by means of IR spectroscopy.
The Ilp!ds POPC ‘T’md_ SDPC progrt_asswely_ hydrate with or example, the mean frequency of the=0O stretching
Increasing RH as mt_ju_:ated by_ the increasing number c)Eibration of the carbonyl groupy(C=0), can serve as a
water_ mo_Iecm;]Ies per |f'pt')d?¥]wT (":c;g- 5%_ Czlgtncparlﬁon of Lhe sensitive marker band that characterizes the hydration of
sorption isotherms of both lipids ( ) shows that the carbonyl groups in lipid assemblies (Binder et al.,
SDPC |m_b|bes slightly more water_at RH 60% than 1999a; Blume et al., 1988; Pohle et al., 1998). The center
POPC (Fig. 5). The step_qf the sorption |s_otherrr_1 of POPCOf gravity of the G=O band, COGKC—0)), shifts
at the.Lﬁ'L“ phase transmo_n reflects a slightly IIrlcre"’ls‘e‘jtypicalIy toward smaller wave numbers upon hydration
hydration potency of the fluid phase (Binder et al., 1999e)'due to the formation of H bonds between the water and
No change of hydration behavior was observed at th(?h bonvl ieti Fio. 6). The break of th
L, '-L, phase transition of SDPC. e carbonyl moieties (Fig. 6). e break o ©

1738 OPC-d31
- - POPC-
12 SDPC e
o [T
2 8r \ ; 1734 |
e | b S S
L' \ o
4 o E
-~ L, POPC 8 1732
0 L4 By &
0 20 40 60 80 100
0
RH / % 25 50 75 25 50 75
FIGURE 5 Molar water-to-lipid ratioR,, , of SDPC and POPC as RH / %

function of RH at T= 25°C. The vertical dotted line marks the,-L,,
phase transition of POPC and thg'iL , transition of SDPC, which occur FIGURE 6 Center of gravity of the=50 stretching band of SDPC-d35
in both lipids at virtually equal RH. (left) and POPC-d31right) at two temperatures as a function of RH.

Biophysical Journal 81(2) 969-982



Polyunsaturation and Lipid Phase Behavior 975

Lo+l SDPC: SDPC: POPC:
10°C 25°C 25°C

L‘L e 68508 | - L
= 10% E 7l L]
) R
I AL L*Njk\w 500/0 o I
4+
ULJLL '
- A A - 85%

£

[~
n . 25°C ~ | _
« 10% 15 oo 0 y

Intensity / a.u.

M 90% %0 %0 %0
S ° RH / %
0.2 0.4 0.6 0.8 1.0

-1
s /| nm

FIGURE 8 Dimensions of the SDPC and POPC bilayers as a function of
RH at T= 10°C (SDPC) and 25°C (SDPC and POP@)Repeat distance

) ) ) . d; O, thickness of the bilayed, ; ®, area per lipidA_ (Eq. 6); O, L. =
FIGURE 7 Representative x-ray diffraction patt(_ern of SDPC-d35, Wh'ChO.whc, thickness of the hydrophobic core of one-half of the bilayer.
was measured at 5°@lfovg and 25°C pelow) at different RHs.

COG@(C=O0)) graph at the onset of the chain melting Small-angle x-ray diffraction characteristics
transition of POPC was attributed to the increased Watef"f SDPC
uptake of the carbonyl groups in the fluid,lphase (Fig. X-ray diffractograms of SDPC show a strong first-order
6 and Binder et al., 1999e). The mea(€—=O0) frequency  Bragg peak and a series of weak, equally spaced peaks up to
of SDPC shows the same behavior akT15°C (see Fig. fifth order (see Fig. 7). This result confirms the existence of
6 for T = 10°C). The break of the COG(C=0)) graph  multibilayer stacks at all conditions studied. The lamellar
of SDPC disappears at ¥ 15°C (see Fig. 6 for =  gel phase (};) in most cases coexists with a second lamellar
20°C). The carbonyl groups obviously dehydrate morephase that shows the characteristics gf (see below). The
strongly in the RH range that has been attributed to thentensity of the respective Bragg peaks decreases distinctly
L, phase when compared with the; Iphase. In other after equilibration of the samples for 12 h. We conclude that
words, the progressively bigger COGC=0)) values of the gel corresponds to thermodynamic equilibrium whereas
SDPC indicate that the carbonyls are more effectivelyl ' is metastable at RH< 50% and T< 15°C. Only
screened from the water than in POPC membranes whewdiffractograms that were measured within 10 h after prep-
a certain amount of water remains trapped near tseGC  aration of the lipid films were considered for further anal-
groups. ysis because of potential degradation of the DHA chains at
Interestingly, the IR absorption bands of the phosphate longer time.
group of SDPC and POPC give no indication of different The repeat distance of SDPC-d35 in thg phase is
water binding characteristics of this moiety in the differentnearly independent of RH (Fig. 8). However, it decreases
phases (not shown). The strongly hygroscopic character afonsiderably with hydration in the L phase. The gel phase
the phosphate group obviously prevents significant modifi-of the lipids is characterized by distinctly bigggvalues in
cations of its hydration by changes of chain ordering in thecomparison with those of the fluid systems owing to the
investigated systems. stretched conformation of the chains (vide infra).
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Bilayer dimensions a

The mean dimensions of the membranes were estimated by
means of the simple approach of nonpenetrating lipid/water La'
layers proposed by Luzzati (1968) (Fig. 8). Removal of
water from the lipid layers decreases the mean area per
lipid, A, in the L, and in the g phase. That means the lipid
bilayers contract laterally upon dehydration. The nearly
constant repeat distance shows that the reduction of the
interbilayer water gap is almost entirely compensated by the L B B
thickening of the bilayers.

In sharp contrast to this behavior, the bilayers expand
laterally and contract vertically in the L phase upon fur b
ther dehydration. This result seems to be quite atypical. In
the discussion section we propose a molecular interpretation
for this behavior. Comparison of the dimensions of SDPC Mﬁ‘\
and POPC membranes shows that at identical hydration , /
levels in the L, phase, area per lipid increases with the La L
number of double bonds in then2 chain. The same be-
havior was observed when comparing stearoyloleoylphos-
phatidylcholine (SOPC) with SDPC (Koenig et al., 1997).

Characterization of the L' phase using *'P and
2H NMR

The **P NMR spectra of SDPC were recorded over the
temperature range 0-50°C. The sample containing excess C
water was in the | phase, characterized by an anisotropy of 028
chemical shift of—45 ppm at the temperature of 40°C (see
Fig. 9a). The sample prepared at RH of 33% had a phase
transition into the |’ phase at T= 15°C, in good agree
ment with the IR measurements. TR& anisotropy of
chemical shift of L,” is considerably smaller than the value
of L, just—34 ppm at 40°C. The small peak to higher field
from the 9@ orientation shoulder is most likely caused by 0051
the presence of a few percent of ap phase (Fig. %).

Not only the®'P anisotropy of chemical shift was smaller O T e & 1o T
in the L’ phase but also thd NMR quadrupolar splittings
of the stearic acid hydrocarbon chains. The spectra and the
corresponding smoothed chain order parameter profiles ai§Gure 9 NMR characteristics a1 chain perdeuterated SDPC-d35.
shown in Fig. 9p andc. Hydrocarbon chains in both the,L  Proton-decoupledP NMR (a) and?H NMR (b) powder spectra in the L
and L’ phases have an order parameter plateau in the firgpelow hydrated with 50 wt % water, F 40°C) and L," phase gbove

H . — - o 31 . . .
half of the chain near the glycerol. Order in the second halff? = 33% T = 40°C). P NMR line shapes are characteristic for

. : . liquid-crystalline lamellar phases. The anisotropy of chemical shift in the
‘?f the Cham_dec,reases rapldly toward the bllaye,r Cent_er' Irlla phase {45 ppm) is larger than the anisotropy of chemical shift of the
first approximation both order parameter profiles differ |+ phase ¢34 ppm).2H NMR quadrupolar splittings of stearic acid
from each other by a constant factor of 1.33 with lowermethylene segments is considerably smaller in the phase compared
order in the L, phase (see Fig. ). with the L, phase. ¢) Respective smoothe,, order parameter profiles
in the L, (®) and L’ (O) phases calculated frofH NMR quadrupolar
splittings of the stearic acid chains. The solid linecirepresents }/order

parameters multiplied by a factor of 1.33.

T T v T
2e+04 Det+00 -2e+04 Hz

0.20 4

0.15 9

0.10

order parameter

C-atom number

DISCUSSION

RH-T phase diagrams substitution of HO by D,O does not significantly affect the
On the basis of the phase transition data of the FTIR anghase transitions. Deuteration of tee1 chain in SDPC-
x-ray diffraction experiments, we are able to construct thed35 shifted the k-L, phase transition by 2—4 K to lower
RH-T phase diagrams of SDPC and POPC (Fig. 10). Théemperature. Both lipids have a lyotropic chain melting
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FIGURE 10 RH-T phase diagram of SDPC-d®&lpw) and POPC-d31

(abovg. The solid and open circles are obtained from the center points oFIGURE 11 Ap-T phase diagram of SDPC-d3bglow) and POPC-d31
the sigmoidal changes of the IR spectral parameters at the Land (abové.

L.'-L. phase transitions, respectively. The larger symbols correspond to

hydration experiments with 0 and the smaller ones to,D. Hydration

and dehydration scans show no significant hysteresis. The transition data %f : : .
i stingly, a lyotropic phase transition between two lamellar
SDPC-d35 in excess water were taken from Holte et al. (1995) W, gy y pIC P

Le-L, phase transitions of the proteated species, SDPC and PQPC; liquid-crystalline phases was found for 1,2-diphytanoyl-3-
transition data of temperature scans at constant RH. glycero PC (DPhPC), which possesses branched methylene
groups in each of the hydrocarbon chains (Hsieh et al.,
1997). Also, DPhPC membranes expand laterally at low RH
transition between the J.and L, phases. Its temperature (He et al., 1996). This similarity with SDPC suggests exis-
increases almost ”nearly with deCfeaSing RH. LyOtrOpiCtence of a common under|ying molecular mechanism.
chain melting transitions of |Ip|dS with PC headgroups have The LB-L(X’ transition temperature is Virtua”y indepen
been well studied previously (Binder et al., 1999e; Janiak efjent of water chemical potential at RE 30%. This was
al., 1979; Juens et al., 1983; Pohle et al., 1998), and theirmeasured by means of temperature scans at constant RH
existence in SDPC and POPC water dispersions is nqtriangles; IR data are not shown). Hydration/dehydration

surprising. scans at constant temperature do not detect this phase tran-
In contrast to the monounsaturated POPC, polyunsatusition.

rated SDPC converts to a liquid-crystalline lamellar phase,

L., at higher temperatures and/or lower hydration. The

existence of a second lamellar phase at these conditions wa$ermodynamics of the lyotropic

not expected. Because dehydration causes a reduction of tRéase transitions

headgroup volume, phosphatidylcholines typically for.m-|-he RH-T phase diagram can be transformed thyg,-T
nonlamellar phases of inverse symmetry at low hydrationepresentation (see Fig. 11) where

and higher temperatures with a high degree of negative

curvature strain in their monolayers. For example, mono- Apw = pw(RH) — pi™ = RT X In(RH/100%
and dihydrates of disaturated PCs (di-C14, di-C16, and ®)
di-C18) transform from the gel state to nonlamellar phases

of ribbon-like (R,), cubic (Q,), and/or inverse hexagonal is the difference of the chemical potential of water adsorbed
(H,) symmetry at T> 60°C (Dafler and Brezesinski, to the lipid at a given RH and bulk watey,, ¥ =
1983; Janiak et al., 1979;'ens et al., 1983). A |-to-  u,(RH = 100%).R denotes the gas constant. The chemical
nonlamellar transition of nearly dry POPC (RH15%) was  potential is defined as the partial molar Gibbs free energy of
found at T> 30°C (Binder, unpublished results). Dioleoyl water in the two-component mixture (water plus lipid),
PC (DOPC) exhibits this event upon dehydration at roomu,,=0G/dR,, (G is the Gibbs free energy per mole of
temperature near R 40% (Binder et al., 1999d). Inter- lipid). The slope of the transition lines in theu,,-T phase
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TABLE 1 Partial molar values of the thermodynamic properties of the water and lipid. This tendency appears
functions at the phase transitions plausible because the interaction strength of water with the
POPC SDPC PC moieties is expected to increase with dehydration (Bind-
Phase —Apy, .
transition range*  TAs, Ah, TAs, A, er et al., 1999e; Rand and Parsegian, 1989).

4) Ah,,, and TAs,, of SDPC are significantly bigger than

Ll 0-1.7 23+3  24+3 31+3 32+3 g
B 1730 52-10 54+ 10 67+ 10 69+ 10 those of POPC. That means thgt_ adsorption of a water
Ll 1-25 17+10 —15<+ 10 molecule to the polyunsaturated lipid more strongly affects
o 2.5-3.0 —47+10 —44+10 the enthalpy and entropy of the system than adsorption of
Lo/l 3.0-4.0 320£50 330+ 50 the same amount of water to the monounsaturated lipid. In
All data are given in units of kJ/mol. a more general context, this result shows that perturbing a

*Slopes are obtained by regression lines in the respective rangg.of membrane of polyunsaturated lipids affects a wider range of
entropic and energetic (i.e., enthalpic) states than a similar
) o , _perturbation of lipids with monounsaturated and/or satu-
diagram is directly relatgd to the difference of the partlalrated chains. This difference between the mono- and poly-
molar entropy (and partial molar enthalpy) of water at the, nsavrated lipids becomes clearly evident at smaller RH at
phase transition and thg molar entropy (and enthalpy) of hich SDPC transforms from thelinto the L.’ phase with
bulk water (see Appendix and Binder et al., 2000): increasing T. The virtually horizontal transition line be-
dApt, Apl, — AL, tween the l; and L,” phase is equivalent to relatively big
aT - —As}, = T (9) absolute values of &s,, andAh,, (Table 1). The change of
systems enthalpy upon transformation between the solid and
with Asl, = s (RH") — 5,°"™ (sy = 099Ry, ) andAhl,  fluid phases is given in a first-order approximation by the
= hy(RH") — hbY¥ (h, = dH/OR,,; SandH are the endothermic heat of chain melting, and thus it can be
entropy and enthalpy per mole of lipid, respectively; seeassumed to be virtually similar for both melting transitions,
also Binder et al., 1999e). In other words, the,,-T phase AH-P~"* ~ AH“F~L«_ Consequently, the considerably
diagram yields information about the change of Gibbs freedigger partial molar enthalpy of water at thg/L,," transt
energy, entropy, and enthalpy that accompanies the adsorfion, AhGP " = AH-F=L/ARE R > ApGP e =
tion of water at the respective phase transition. The resultdHL S—L /ARy "% > 0, must be attributed to a consid
of this analysis for two hydration ranges can be summarizeérably smaller increase of hydratiakiR5 - << ARG .
as follows (see Table 1): Indeed, the mean frequency of the=© stretching band,

1) The different sign of the slopes of the /tL, and COG@¥(C=0)) (Fig. 6), indicates a relatively weak degree
Lg-L, transition lines clearly indicate that the hydration- of hydration of the carbonyl region in the,Lphase com
induced chain melting transition is driven by entropy pared with that in the | phase.
whereas the transition between theg'land L, phase is Solid membranes of SDPC seem to be less stable than
driven by enthalpy. Chain melting is endothermic becausenembranes of disaturated and monounsaturated lipids under
the system loses energy owing to weaker dispersion forcaslentical conditions. Information on phase transition tem-
between the acyl chains and/or because of energetically legeratures of fully hydrated lipids supports this view. The
favorable conformations of the acyl chains in the fluid phasesubstitution of cis monounsaturated C18y® chain for
(vide infra). Contrarily, at the [/-L, transition the inter- stearoyl chain in then-2 position of di-C18:0 PC brings the
chain interaction energy obviously gains due to densedepression of main phase transition temperatuge by 58
lateral packing and increased chain ordering jprhem K (Holte et al., 1995; Ichimori et al., 1998). An additional
branes. cis double bond in thecis-di-unsaturated chain of C18:0/

2) The enthalpy and entropy changes compensate ead®il8:206-PC decreases,Ifurther by ~13 K. A third dou
other nearly completely. For example, the weakening oble bond in C18:0/C18:@3-PC has nearly no additional
molecular interactions of the gel phase at the chain meltingffect on T,,. Also, longer polyunsaturated chains such as
transition transforms into molecular disorder in the fluid the DHA chain in SDPC (C18:8/C22:i3-PC) leave T,
state to a high degree. Note that the alteration of composirearly unchanged when compared with C18:0/C&8:PC.
tion owing to the adsorption of water is accompanied by thelThese facts seem to indicate that the conditions of chain
change of Gibbs free energy, and thus enthalpy-entropynelting/freezing of saturated-polyunsaturated mixed-chain
compensation is not required in the thermodynamic procesipids are mainly determined by the saturated chains. With
studied (Binder et al., 1999e) respect to chain melting, the polyunsaturated chains appear

3) The partial molar quantities are defined as the changé weaken the mean field dispersion energy in the hydro-
of enthalpy/entropy upon differential adsorption of water.phobic core of the bilayer. A similar conclusion was previ-
Their absolute values increase considerably with decreasingusly drawn on the basis of an analysis of chain ordering in
water activity. In other words, the more direct a waterpolyunsaturated C16/C236 PC (Salmon et al., 1987). On
molecule interacts with the lipid, the stronger it affects thethe other hand, the transition temperature also remains vir-
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tended conformation (see also Fig. 12 for illustration). The
appearance of the methylene wagging band progression in
the spectra of proteated POPC and SDPC in the gel phase
provides unambiguous evidence that thetahs confor-
mation of saturated chains is predominant (data not shown).
The half-width of the hydrophobic core of POPC and SDPC
bilayers,L,. =~ 2.0 nm and 2.3 nm, respectively, slightly
exceeds the length of the corresponding saturated chains in
the alltransconformationl ., =~ 1.91 nm (palmitoyl) and
2.16 nm (stearoyl), calculated Hy;,.x = Ncpz0.127 Nm
(Nchz is the number of methylene groups per chain). Note
LB that the length of extended conformations of the DHA
) chain, such as the angle iron (2.26 nm) and helical (2.27 nm)
) conformation (Jandacek and Broering, 1989), are compara-
hydratlon ble with L, of SDPC in Lg phase.
FIGURE 12 Schematic illustration of the different phases of SDPC. The Upon transmrmatlor.] into the gel Stat.e’ the mean thick-
arrows across the phase boundaries point in the direction of increasing ness of the hydrophoblc_core of SDPC bilayers mcreases_by
chain ordering. Saturated and polyunsaturated chains are indicated by thick 25%0 whereas the thickness of POPC membranes in-
and thin lines, respectively. Only one monolayer of the bilayer is shown.creases only by~12% (Fig. 8). Hence, membranes of
See text for details. polyunsaturated SDPC deform more drastically at this event
compared with bilayers of monounsaturated POPC. Pre-
sumably these differences are a reflection of the differences
tually unchanged after substituting the stearoyl chain by an conformational degrees of freedom between saturated,
palmitoyl one in C16:0/C18@6 PC (T,, ~ —3°C (Litman  monounsaturated, and polyunsaturated chains
et al., 1991)). Hence, the polyunsaturated chains also to
some degree contribute to the stability of the lamellae.

temperature

Possible molecular interpretation of the
L, phase
Molecular origin of the lyotropically induced

gel phase A new lamellar phase called,L forms upon dehydration of

SDPC at T> 15°C. It is characterized by a larger area per
The cohesive interfacial tension at the hydrocarbon/watelipid molecule compared with the preceding phase. The
interface tends to contract the membrane area. Repulsidamellae expand laterally with dehydration in this novel
forces between neighboring lipids due to steric and entropitamellar phase. Hence, the removal of water effectively
effects in the polar and apolar parts of the bilayer counterdecreases the absolute value of lateral tension. That means
balance the attractive forces at the interface. Desorption ahe decrease of volume of the polar region must be over-
water from the lipid assemblies results in an additionalcompensated by a considerable change of membrane archi-
lateral tension that compresses lipid bilayers (Koenig et al.tecture that increases the cross section of the lipid mole-
1997). In a simplified view, this effect can be rationalized cules.

by the fact that neighboring lipids can approach each other This unusual behavior may have been caused by substan-
more closely after removing water from the polar region oftial interdigitation of the acyl chains from both leaflets of
the bilayer. As a consequence, the area per lipid moleculthe bilayer. Several arguments strongly contradict this ex-
decreases with dehydration in the, phase (Fig. 8). The planation. 1) The area increase AR < 0.05 nnf is
reduction of the average cross-sectional area of the lipids isonsiderably smaller than the minimum cross section of a
paralleled by an increase of the mean length of their acythain, a,,;, > 0.18 nnf; one would expecA, ~ 2a,
chains, L. (Fig. 8), and an increase of the longitudinal (Pascher et al., 1992). 2) Interdigitation typically appears in
chain order parameterS, (Figs. 1b, 2b, and 3b). Adenser solid lipid phases with increasing hydration and not with
lateral arrangement of acyl chains causes lowering of thelehydration of fluid bilayers (Kim et al., 1987). 3) Last but
mean (negative) dispersion energy between the chains thabt least, the observed decrease of chain order parameters
is roughly proportional to the longitudinal chain ordering. appears to be in conflict with chain interdigitation that is
The shift of the center of gravity of the methylene stretchesexpected to increase order parameters. Also, one would
to smaller wave numbers reflects this tendency (Binder eéxpect a substantial change in the chain order profile. How-
al., 1999b) (Figs. 1a and 2a). At a critical value of the ever, the?H NMR experiments reveal that the shape of the
chemical potential of water, POPC and SDPC (at I5°C)  order parameter profile has not changed in first approxima-
undergo the lyotropic transition from the,linto the L;  tion. All segmental order parameters of th¢ Iphase could
phase. At the transition, the chains convert to a more exbe recalculated into order parameters of thephase by
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multiplication with a constant (see Fig.d. This indicates chains in thesn2 position was predicted in simulations
that order parameters of the entire saturated hydrocarbof\pplegate and Glomset, 1986). However, weaker disper-
chain have decreased, making interdigitation unlikely. sion forces in the hydrophobic core of membranes of poly-
In a previous study we observed a preferential increase innsaturated SDPC are expected to decrease conformational
length of the polyunsaturated DHA chain in the phase restrictions in the region near the glycerol group. The linear
with dehydration (Koenig et al., 1997). One can expect thatichroism of the antisymmetric CO-O-C ester bond stretch-
this results in substantial differences of average chain lengting vibration reveals lower order of this moiety in the'L
between the saturated and polyunsaturated hydrocarbghase (data not shown, manuscript in preparation). Hence,
chains in the bilayer. Such difference may cause unfavorthe higher degree of conformational freedom of this chain
able packing arrangements of the chains in the bilayeregion in SDPC enables lipid packing with larger area per
center including formation of voids that are energeticallymolecule.
unfavorable and thus destabilize thethase. (see Fig. 12). DPhPC forms a lamellar phase that laterally expands
Alternatively, one could imagine that conformational re- upon dehydration, similar to the [ phase of SDPC. It was
strictions within the fluid DHA chains prevent the SDPC argued that the packing geometry near the headgroup region
molecule from occupying a mean area below a critical valuegplays a crucial role in the dehydration-induced expansion of
of A. the membranes (Hsieh et al., 1997). The authors suggested
In addition to restrictions in area reduction, lipid mole- that the relatively large cross-sectional area of DPhPC
cules with polyunsaturated DHA chains must be capable 0f0.76—0.80 nrhat RH = 100%) may enable interdigitation
reorganizing water molecules in their first hydration shell atof the PC headgroups of adjacent bilayers in multibilayer
low values of the chemical potential of water to enable thestacks. We do not believe that this interpretation applies to
sudden increase in area per molecule and the correspondi’PPC membranes, because the phosphate groups, on aver-
decrease in water layer thickness. One could envision thatge, adopt a more in-plane orientation in the phase (vide
the polarizability of double bonds enables these phosphosupra) and because of the relatively small lateral area per
choline molecules to partially expose the polyunsaturatedipid of 0.62—0.64 nrA (see Fig. 8) compared with DPhPC.

chains in the water. A detailed analysis of headgroup orientation using IR linear
Indeed, the IR order parameter of thg(P-(OC),) mode  dichroism data will be given elsewhere.
and the NMR measurements of tHi® anisotropy of chem In summary, unfavorable arrangement of the chains in the

ical shift reveal that the phosphate groups of SDPC andbilayer center and/or restricted conformations of the poly-
POPC (T = 25°C) behave in a different fashion upon unsaturated chains in combination with altered properties of
dehydration at RH< 50% (see Fig. 4), confirming the SDPC at the lipid/water interface enable the transition to a
involvement of the lipid-water interface in the AL ' tran-  novel liquid-crystalline lamellar phase state with larger area
sition of SDPC. The transition moment of the antisymmetricper molecule, shorter effective length of hydrocarbon
stretches of the (CGXP—(OC) fragment orients roughly chains, and, consequently, lower degree of molecular order.
along the interconnecting line between the two esterified

oxygens (Binder et al., 1998). The distinct decrease o

Sr(vo{P-(OC))) in the L," phase indicates that the long EUMMARY AND CONCLUSIONS

axis of the phosphate groups aligns, on average, moré/e studied the lyotropic phase behavior of SDPC to probe
parallel to the membrane plane. Isotropic disordering can béhe specific properties of polyunsaturated lipids in biologi-
excluded as an explanation because other IR order paramal membranes. At full hydration and temperatures above
eters of the phosphate group suchSgv,{PG,)) remain  0°C, SDPC forms a liquid-crystalline Lphase. Dehydra
virtually unaffected (see Fig. 4). Such a change in averagéon induces a gel (}) phase at T< 15°C in analogy to the
headgroup orientation is the likely cause for the reduction irphase behavior of monounsaturated POPC that has been
the effective*'P anisotropy of chemical shift that was investigated for sake of comparison. Dehydration at-T
measured by NMR. The NMR data also indicate that thel5°C causes a phase transition into a novel lamellar liquid-
headgroup maintains a fair amount of motional degrees ofrystalline phase called . The L,'-L , transition is driven
freedom at the low water content, eliminating the possibilityby enthalpy contrary to the jL,, transformation that is

of formation of a rigid headgroup environment. driven by entropy.

A subtle decrease of the absolute values of the IR order L, bilayers exhibit the unusual tendency to expand lat
parameters of the carbonyl grouiSi(»(C=0)), indicates  erally and to contract vertically upon water removal from
a slightly more disordered polar region of SDPC in thg L the polar region of the membranes. We suggest that this
phase (Fig. 4). The tendency of the acyl chains to aligrsurprising behavior of the new lamellar phase reflects spe-
parallel in membranes of diacyl 1,2-glycero-phospholipidscific conformations and/or interactions of polyunsaturated
forces a 90° bend of then-2 chain axis near the C2 position lipid hydrocarbon chains when paired with saturated poly-
whereas thesntl chain adopts an extended conformationmethylene chains. Their phase properties differ consider-
near the glycerol. The existence of a similar bend for DHAably from those of disaturated and monounsaturated lipids.
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