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The pressure effects on the stability and energetics of lipid phases indhdioleoyl phosphatidyl ethano-
lamine (DOPE—water system are presented. Using synchrotron diffraction experiments, performed at a wide
range of concentrations, pressure-induced transitions from the inverse hexagpntd the lamellal , phase
and from theL , to the lamellarL ; phase are demonstrated. Moreover, in the most dehydrated samples an
intermediate phase is found between Hhg and theL , phases, confirming that the lamellar-to-nonlamellar
phase transition occurs through key intermediate structures. Simple molecular packing arguments lead to an
interpretation of the phase behavior: in fact, pressure induces a progressive stiffening of the DOPE hydrocar-
bon chains and a reduction of the cross-sectional area. Because pressure is more effective in reducing the
cross-sectional area near the terminal methyl groups than at the water-lipid interface, the curvature of that
interface in theH, phase is reduced during compression. The work of isothermal compression was then
obtained and analyzed in terms of the elastic energetic contributions that should stabilize the DOPE phases
during compression. As a result, we observe that the isothermal lateral compression modulus is almost inde-
pendent of concentration, but it increases as a function of pressure, suggesting that the DOPE repulsion
becomes very strong while the whole lipid shape becomes more cylindrical. On the other hand, the bending
rigidity is observed to decrease with increasing pressure, while the spontaneous curvature becomes less nega-
tive. This suggests that the chain repulsion becomes relatively weaker, and thus less efficient in balancing the
torque of head-group repulsion, as the order parameter increases.
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INTRODUCTION change in the hydration level should be associated with a
variation of the basic geometrical shape of the lipid molecule
In addition to the obvious biotechnologicé.g., food [7,8,10. As a consequence, the pressure-induced phase be-
processing1]) and physiologicale.g., marine biotopel]) havior appears strongly dependent on hydration: in mo-
interest in analyzing the biological properties of lipid sys-noolein, thePn3m bicontinuous cubic phase transforms into
tems at high pressure, there is general physicochemical intea lamellar phase during compression in excess of water,
est in using pressure as a thermodynamic variable for detewhile a bicontinuouda3d cubic structure forms from the
mining the structural properties and stability of lipidic Pn3m phase in less hydrated conditiof0]. This finding
mesophase@ncluding model membrang$3,4]. Several(in  further confirms the general hypothesis that th8d phase
some cases unuslidleatures have in fact been observed.never forms as an equilibrium excess water phase for any
During compression, lipids adapt to volume restriction bysingle-component system, and also underlines that the pres-
changing their conformation and packing: since a delicateence of water in excess makes an interesting and complex
balance of competing energetic contributions is involved insystem in a lyotropic dispersion.
stabilization of lipidic phases, such small changes in confor- As recently demonstrated, the energetics and stability of
mation determine large structural transformations. It hagipidic phases can also be derived from high-pressure mea-
been observed that pressure induces lamellar-to-gel phasarement$9—11]. In particular, in the monoolein-water sys-
transitions in pure phosphatidylcholine-water dispers[@hs tem, the absence of a pivotal surface in Bvé3m bicontinu-
an inverse hexagonal-to-lamellar phase transition in dioleylous cubic phase was considered to be an indication that the
phosphatidylethanolamine—water dispersiof6,7], and lipid-water interface is bending and stretching simulta-
cubic-to-cubic and cubic-to-lamellar phase transitions in theneously as a function of pressur0]. Using a simple free
monoolein-water systerf8—10]. Moreover, it has also been energy model based on curvature elastic contributions, it was
observed that transition temperatures related to nonlamellahown that in monoolein the spontaneous curvaltlyeéends
phases are very sensitive to presqiéd,7-11. to zero when the pressure increases, while the ratio between
Concerning the structural parameters, a striking featuré¢he monolayer saddle splay modulus and the monolayer
seems to characterize inverse nonlamellar phases: the umsiplay modulukg/k increases up to unity. Moreover, it was
cell compressibility is usually negatiee., under compres- derived that the curvature elastic energy is reduced progres-
sion, the unit cell dimension increa$¢g—12]. Moreover, in  sively as a function of pressure, indicating that in these con-
excess water, the increase in the lattice constant is larger thalitions the curvature elasticity does not dominate the total
that observed in less hydrated conditions, suggesting that faee energy. Therefore, analysis of the concentration-pressure
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phase behavior can help to disentangle different free energy chloroform and then the solvent was removed under
contributions in the theoretical model for lipidic phases.  vacuum. The lipid was then hydrated in 2 mM TES buffer
Phosphatidylethanolamines have been the object of exterfpH 7.3) in different concentrations and equilibrated for 24 h
sive studies, both at ambient and at high pressure, mainlgit 25 °C[14]. The final sample concentration ranges from
because they exhibit stable or metastable lamellar-to=0.67 to 0.9,c being the weight fraction of lipid in the
nonlamellar phase transitior$,7,13—15. In particular, at mixture. No water loss was detected before the hydrated lip-
ambient pressure and room temperatlrey-dioleoyl phos-  ids were mounted into the pressure cell. Moreover, after the
phatidyl ethanolaminéDOPE forms an inverse hexagonal x-ray scattering experiments, the water composition of each
H, phase, which is stable at all concentrations. On coolingsample was checked again by gravimetric analysis. The dif-
DOPE in excess of water forms a lamella; phase aff;,  ference between the nominal concentration and the one mea-
~10°C and a lamellatL ; phase atT,~—6°C [14,15. sured after the pressure cycle was detected to be within the
Under mechanical pressure, both transitions occur at highdimit of the experimental errors.
temperatures[7]: in particular, pressure dependencies From the nominal composition, the sample lipid volume
dT,/dP=0.14°C/MPa (significantly lower than the fraction ¢y, was determined using
0.22 °C/MPa observed for saturated phospholigil$ and
dT,,/dP=0.44°C/MPa have been reported. Accordingly,
structural studies on DOPE dispersed in excess of water ¢"p:C+(1—C)(Vwat/Vnp)’ @
showed that pressure forces a closer packing of the lipid
Chains, Wh|Ch reSUItS.in a decreased numb&}amfchebo.n.ds Where Vlip and Vwat are the Specific V0|umes Of DOPE and
and kinks in the chainf3]. At the H;-L, phase transition, water, respectively. For high-pressure data, the volume con-
high-pressure dilatometry also reveals changes in the specifigntrations were corrected considering the pressure depen-
volume[7]. In particular, the transition volume decreases ajence of the densities reported in RgH0] for water and by
the pressure is increased: the volume changes involved iruner and co-workers for DOPEH].
this topological transition are at least an order of magnitude piffraction experiments were performed at the 1D02
smaller than the changes observed at the chain melting trafeamline at the European Synchrotron Radiation Facility,
sition, suggesting that under compression large structuratSRF, GrenoblgFrance, using a small-angle—wide-angle
transformations follow small changes in overall voluf7é x-ray scattering SAXS-WAXS) setup[21]. The wavelength
Motivated by the fascinating structural properties of in- of the incident beam was=0.1 nm and the investigateQ
verse lipidic phases under press{i8e9] and by the absence range was from 0.25 to 5.5 nth (Q= 4 sin f/\, where 2
of information on the pressure effects in dehydrated DOPEis the scattering angl®n the SAXS detector and from 4.5 to
we decided to investigate by x-ray diffraction the DOPE-21 nn ! on the WAXS detector. For high-pressure measure-
water system over a large concentration range. The resulifents, a NovaSwiss pressure-control system was used. The
confirmed a general finding for inverse pha$é8,9: the  nressure cell has two diamond window&0 mm diameter
unit cell dimension increases during compression at all hyxnd 1 mm thicknegsand allows one to measure diffraction
drations, even though the increase in the lattice size is I'atterns at hydrostatic pressures up to 300 MPa.
markably smaller than that observed in excess water condi- X-ray diffraction measurements were performed at 25 °C
tions [7]. In the less hydrated samples, we observed theor different pressures, from 0.1 to about 220 MPa, with
occurrence of an intermediate phase at ltheto-L, phase  steps of about 10 MPa. To avoid radiation damage, the ex-
transition. Even though the phase identification was not POsposure time was 0.2—1 s/frame, and a fast beam shutter was
sible, this observation is remarkable, because it confirms thgjseqd to protect the sample from irradiation when data were
the lamellar-to-nonlamellar phase transition occurs throughot acquired. Particular attention has been devoted to check-
key intermediate structures: in metastable conditions, aCUbiﬁE]g for equilibrium conditions and to monitoring radiation
structure has been suggested to arise from topological defeqygmage; measurements were repeated several tupeto
of the membrane surfadg,16,17; in stable conditions, a ten) at the same constant pressure to account for the stability
stalk structure, similar to the commonly postulated interbi-in position and intensity of the Bragg peaks. Accordingly, a
layer state that is crucial to membrane fusion, has recentlgenﬂe compression of the sample, at a rate of 0.05-0.2
been describeffl8,19. A basic model for lipid compression \pa/s, was sufficient to establish equilibrium conditions, in-
was then derived: pressure increases the lipid chain ordeiyding in the regions of phase coexistence. In all cases, once
parameter, modifying the overall shape of the molecule anghe pressure is stabilizeh a few minutey measurements
hence producing a decrease of the curvature of the polajyere repeated at least twice, with an interval of about 5 min.
apolar interface. We also show that information on the energecause the scattering was isotropic, data corrected for back-
getics of the system can be obtained by modeling the work ofyround, detector inhomogeneities, and sample transmission
is_oth(_armal compression through different elastic energy congere radially averaged.
tributions. In each experiment, a number of sharp reflections and a
diffuse band were detected in the low- and wide-angle re-
gions, respectively, and their spacings measured following
the usual procedur@2]. SAXS profiles were indexed con-
L-a-dioleoylphosphatidylethanolamine was obtained fromsidering the different symmetry systems commonly observed
Sigma Chemical Cd99% purity). The DOPE was dissolved in lipid phases[22,23: the indexing problem was easy to
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FIG. 1. Selected small-angle x-ray diffraction patterns measured at different pressures from DOPE samples at three concentrations.
Pressures and concentrations and the peak indexing are reported. In the case of the intermediate phase, the symmetry is uisgetermined
text).

solve, because samples showed two different series of low>0.85. As a function of pressure, phase transitions are indi-
angle Bragg reflections, which were indexed according to theated by changes in the diffraction pattern. The pressure-
one-dimensional lamellar symmet(gpacing ratios 1:2:3).. concentration phase diagram derived from the diffraction
and to the two-dimensional hexagonal space gr@macing data is then shown in Fig. 2.
ratios 1¥3:/4:/7...). However, in the less hydrated condi-  The phase behavior can be described considering different
tions, a few extra peaks were observed at moderate presencentration regimes. At high hydratioo<0.8), compres-
sures, indicating the presence of at least an intermediatgon was observed first to determine the displacement of the
phase: because of the small number of pedsr, in the H, characteristic peaks to low&) values(see Fig. 1 and
best casesits symmetry remained undetermined. A possiblethen, at about 60—20 MRghe value depends on concentra-
indexing was obtained by considering the3d cubic sym-  tion; see Fig. 2 to induce the decrease of their intensity and
metry (spacing ratios/6:1/8:1/20:1/22[22]), but it has to be  the appearance of a series of reflections that are characteristic
considered only tentative. of a lamellar phase. The hexagonal diffraction peaks were
The dimension of the unit cell was then calculated fromobserved to completely disappear at 160—100 Nl in
the peak positions. In the following indicates the dimen- dependence on concentration; see Fig. Because no
sion of the unit cell in the hexagoné&lnd cubi¢ phase andl  changes were detected in the WAXS profile, the lamellar
that of the lamellar phase. In the wide-angle region, the difphase was inferred to be,. On further compressing the
fuse band detected at all concentrations for pressures lowsamples, no more changes in thg peak intensity were
than about 200 MPa indicating the disorde(gge o) nature  detected, even if their spacing moves toward lo@eralues.
of the lipid short-range conformation. However, at higher
pressures, the WAXS profile showed the presence of a nar-
rower band, which proved the occurrence of a fluid-gel tran-
sition (i.e., orderedB conformations of the DOPE chains
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The DOPE-water system was investigated at 25°C on a
range of concentrations frow= 0.65 to 0.90. At each con-
centration, diffraction patterns were recorded from atmo-
spheric pressure to 220 MPa. A few low-angle x-ray diffrac-
tion profiles obtained at different pressures for three different
concentrations are reported in Fig. 1. At ambient pressure,
the x-ray data confirm the presence of tig phase in the FIG. 2. Pressure- and concentration-dependent phase diagram of
concentration range from full hydration @~0.75. As al-  DOPE. Bars account for the experimentally measured extension of
ready reported14], a lamellar phase forms at this concen- the two-phase regions. The intermediate phase is indicated as I.P.,
tration, while a pure hexagonal phase occurs agairt at as its symmetry remains undetermin@see text
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At about 210 MPa, the formation of a lamellag phase was 9
detected, as demonstrated by the presence of a narrow band
in the WAXS profile and by the appearance in the low-angle 8
region of a second series of reflections that can be indexed
considering a one-dimensional symmetry. 7

At intermediate concentrations (0:8%=0.80), the hex-
agonal and lamellar phases were observed to coexist in equi-
librium already at atmospheric pressure. Under compression,
the hexagonal phase was detected to disappear at about 80
MPa (see Fig. 2 while thel ; phase formed at 210 MPa. —

At low hydration (€=0.85), the structural behavior was [ ¢=0.687
different. At low pressure, a reentrant hexagonal phase was .
detected. At about 20-50 MR#he value depends on con- r n
centration; see Fig.)2a few additional reflections, which
indicate the presence of at least an intermediate phase, were 7
observed: the intermediate phase appeared to coexist with L
the hexagonal phase at the lower pressures, and with the
lamellar L, phase at the higher pressures. The system was
biphasic up to about 180 MPa, and then only the laméljar
phase was detected. It should be noticed that the lattice sym-
metry of the intermediate phase cannot be assigned, as only
four peaks have been observed in the best cases. Even if their 3
spacing could indicate the presence of a cubic phasa3d r o
symmetry, a stalk structure of rhombohedral symmetry 7
(space groupgR3 [24]) has recently been described at the
lamellar-to-nonlamellar phase transitid8]. Because no ap-
parent relation between the two lattice constants in the stalk r 0.9 nm GPa™
structure has been fourjd8,24|, we cannot prove its pres- r Le  goooeeee—8

. . o . L pOooos e

ence by peak indexing, but it is highly possible that a similar 14 _
structure also forms in the present case. [ c=0.38 L3d 1

Some examples of the pressure dependence of the unit 12 L P22 4 h
cell dimensions, measured in the different phases, are re- C sssee 1
ported in Fig. 3(for the sake of completeness, the unit cell 10 [ ]
dimensions shown for the intermediate phase have been cal- - ]
culated assuming thea3d cubic symmetry. As a general 8 b
result, it can be observed that the lattice dimension increases : N L
as a function of pressure at all the investigated concentra- 6 cwfgg 00 oomoooo O
tions. The dependence is rather linear in the range where P AN T T T g
only one phase_exsts,_whlle_ a q_uadr_atl_c dep_endence is 0 50 100 150 200 250
clearly detected in the biphasic regiofikis is particularly
evident in theH, phasé. This behavior suggests that in the
biphasic region a continuous compositional change occurs, FIG. 3. Pressure dependence of the unit cell dimension of the
perhaps due to changes in the DOPE hydration level. BehexagonaH, and lamellar, phases in DOPE samples at different
cause of the constant sample composition, the large variatiospmpositions. For the sake of completeness, the pressure depen-
detected in the hexagonal unit cell could be indicative of adence of the cell dimension of the intermediate phase, calculated
larger water uptake in this phase. assuminga3d cubic symmetry, is also reported. The lattice param-

A linear fit to the lattice dimensions measured on single-eter variations per unit pressurég/dP) are also indicated.
phase domains has been used to calculate the unit cell pres-
sure dependenaka/dP. From the results reported in Fig. 4, reported for the monoolein systef0], this effect can be
it can be observed that in the, phase thela/dP parameter primarily ascribed to the transfer of water from the coexist-
is independent of concentration. Remarkably, the averagig excess bulk water to the lipidic phase, due to pressure-
value of 1.3 0.2 nm GPa! (i.e., 1.3 Akbar?) is very simi-  induced changes in the lipid hydration level.
lar to that observed in the lamellar phase of monoolein, 1.0 The pressure effects on the DOPE molecule were then
+0.1 nmGPa! [9]. In theH, phase, the average unit cell derived by calculating the structural parametéesy., the
pressure dependence is £.6.5 nm GPa?, but a value of lipid length, the area per molecule, and the interface curva-
3.4+0.2nmGPa' was detected in the most hydrated ture) in the hexagonal and lamellar phases. Following the
sample €=0.678). Note that an increase afoy about 10 original method introduced by Luzza{i23], the DOPE
nm GPa?! was previously reported in excess of waf@b]. phases were divided into lipid and agueous compartments. It
As suggested by Gruner and co-workg25] and as already is evident that the calculated dimensions depend both on the
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6 , . . T however, be defined for an equivalent cylindef inner ra-
: O H dius Ry, in which the total lipid volume is equal to that in
sl —&—La | the H, phase:
'@ Tt i
5 |
Z‘ a
E 3F {) 7] leq: —— Ruar- (5
g N2mIV3
3 &
< 15¢ — B @ [ In the lamellar phase, the molecular parameters can be
s o obtained by using23]
0 | | | |
065 070 075 080 0385 090 Sip=2Viip/(dyip) (6)
weight of lipid per weight of mixture, ¢
and
FIG. 4. Concentration dependence of the lattice parameter varia-
tion per unit pressurda/d P measured in the single-phase domains | = (d¢>"p)/2_ (7
of the hexagonaH, and lamellarL , phases of DOPE. Lines are
guides to the eye. Figure 5 shows the pressure dependence of the molecular

parameters for two DOPE samples, one at low 0.88) and

densities of the components and on the assumption of lineahe other at high ¢=0.687) hydration levels. Note that in
addition of their bulk specific volumes. In the present calcu-the calculation the phase composition in the biphasic region
lations, we used specific volumes determined at differenhas been considered equal to the sample nominal composi-
pressures: in particular, water densities were taken from Refion. From the results, it can be easily deduced that the in-
[20], while DOPE specific volumes refer to data measurecrease of the unit cell during compression clearly involves a
by high-pressure dilatometify’]. change in the DOPE molecular conformation. As a function

In the hexagonal phase, the radius of the water cylinderpf pressure, the lipid chain length increases, while the mo-
Ruai, the curvature of the monolayer at the lipid/water inter-lecular area at the lipid-water interface decreases. As a con-
face,H, and the area occupied by one DOPE molecule at theequence, in the hexagonal phase the curvature of the lipid-

same interfaceS;,, can be determined as follows: water interface is reduced as a function of pressure, while in
the lamellar phase the lipid layer thickness increases.
Rwar= Va(1— ¢y,)v3/(2m), 2 In the hexagonal phase, two points have been carefully
examined:(i) the lateral DOPE compressibility and) the
H=1/—Rya), (3) presence of a pivotal surface. As previously repof@8dthe

pressure derivative of the molecular cross-sectional &ea,
calculated at different positions along the lipid molecular
axis [see Eq.(4)], gives a sort of lateral compressibility of
the molecule as a function of the distance from the water-

4) lipid interface. ThedS /dP have been calculated at different
concentrations and the results for three different samples are
reported in Fig. 6. It can be clearly seen that, at all concen-

In Eq. (4), Vjp is the DOPE molecular volumeV(, trations, pressure iS more e_ffective. in reducing the Iater'c_ll

=1.21 nn? at ambient pressurelt should be noticed that 0SS section of. D_O!DE near its terminal methyl group than it

just adjusting the value of the radial distance in E@s.and IS at the water/lipid interface. o _

(4) (R; instead ofR,,,), the curvature and the cross-sectional The second F_’O'm concerns the thermlnatlon of the piv-

area can be determined at any position along the lipid chaift@ Surface, which defines that position along the phospho-

(H; and$; instead ofH andS;, in the equations Note also lipid mole(_:ule at which t_here is I|_ttle change in mo_lecular

that the sign of the curvature is taken to be negative when thg0SS-sectional area during swellifig3]. On the basis of

lipid head-group surface bends toward the aqueous phasgc?omgtrlcal mc_)dels, Tem_pler and co-work¢iZ] derived

this means that the cross-sectional area per lipid increas&duations relating the lattice parameter to the water volume

from the head to the tail, reducing to zero at the center of th action in termg of the- pivotal surface characteristics. In the

water channel. According to Mard}26], no unique length H|_| phase, the interfacial geometry .has been set to be cylin-

for the lipid molecule in theH, phase exists, due to the drical and the corresponding equations read

packing constraints of the hexagonal lattice which alter the

cylindrical symmetry of the hydrocarbon chain region. The a= 2

lipid length ranges from a minimum valug,,=(a/2) Diip(Sn/Viip)

—Ryat» measured along the direction joining the centers of

the cylinders, to a maximum valug,,=(a/V3)—Rya, Which  and

is measured along a line at an angle 30° to the intercylinder

axis (see Fig. 1 ir{26]). A characteristic lipid lengthq can, Ry=V(V,/S,)2+v3a22m—V,IS,, 9

and

2V|ip

Sip=27TRyar5— = -
P Waaz¢>|ip‘/§

V@7IV3)[1=(ValVip) dip]l (8
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s L
2 0.6 H FIG. 6. Variation of the cross-sectional area per unit pressure
g I change,dS /dP, measured in the DOPE hexagond), phase at
g 660 La - . ; o
N 0.5 [y different distances from the water-lipid interface. Data refer to three
2, different concentrations, as indicated.
< - -
® 04 [ H,
« *—o-0-0 i ) X .
A A A factory, suggesting that at high pressures the interface is
bending and stretching simultaneously.
~ ' ' ' Figure 8 shows the pressure dependence of the fgted
g H in the same figure, the correspondiRg, calculated at dif-
= 02 n ] .
< h-oo-6—6—0-0-0 ferent(constant pressures using EQ), are also reported as
3 03 - | a function of composition. It can be clearly seen that the
g ' molecular area at the pivotal plane decreases during com-
3 04 _ pression. Moreover, the distance of the pivotal plane from
) the center of the water channel decreases as a function of
S .05 | Hy _ pressure, while the radius of the water channel incredkes
5 | A curvature of the lipid/water interface is reduced; see Fig. 5
= 06 ! ! ! Even though the data at atmospheric pressure are in full
0 50 100 150 200 agreement with those reported by Rand and co-workars

fully hydrated conditions they foundR,=3.0 nm andS,
=0.75 nn?) [13], during dehydration by osmotic stress both
FIG. 5. Pressure dependence of the structural parameters calci;, andR,,,; were observed to decrease. This suggests that on
lated for the hexagondd,, and lamellai , phases of DOPE attwo compression the DOPE molecules undergo a complex shape
different concentrations. From the top: lipid monolayer thicknessdeformation. To visualize all the changes occurring as a
[leqin the case of the hexagonal phase, &0 and! for the lamel-  function of pressure, a schematic, scaled representation of
lar phase, Eq(7)]; area per molecule at the lipid-water interface the dimensions of the structural elements is reported in Fig.

[Sip: see Egs(4) and (6) for the hexagonal and lamellar phases, 9. This aspect is further discussed below.
respectively; monolayer curvature. Open and filled symbols refer

to c=0.687 and 0.88, respectively.

pressure (MPa)

. . . DISCUSSION
whereS, is the molecular area at the pivotal plaig,is the

molecular volume between the pivotal plane and the end of Pressure strongly affects the DOPE-water phase stability,
the lipid chain, andR, is the radial distance from the pivotal inducing a number of phase transitions. In close relation to
surface to the center of the water chanrigien H,= the concentration-temperature phase diagram, which shows a
-1/R,). reentrant hexagonal phase at high concentrations, the

The pivotal surface characteristics were obtained at differpressure-induced phase behavior at high and low DOPE hy-
ent pressures by fitting the concentration dependence of thdrations is distinctly different. At high hydration, the hexago-
hexagonal unit cell by Eq8). A few examples of the fitting nal phase transforms into a lamellag phase: the transition
procedure are reported in Fig. 7: it appears that the pivotgbressure is reduced on increasing the DOPE concentration,
surface exists at each considered pressure, but the worsenigsg that at intermediate concentration, 5-10 MPa are suffi-
of the fit as the pressure increases suggest the relevance @ént to induce theH-L, phase transition. On the other
the contribution of packing stresses at high pressures. This isand, by compressing the reentrant hexagonal phase, which
an important point, because in monoolein the existence of accurs at=0.85, an intermediate phase forms atkhelL,
pivotal surface has been proved only in t#&3d phase at phase transition. The range of existence of this intermediate
ambient pressure and low hydration ley&0]. In that case, phase depends on concentration, being more stable at low
the fit to high-pressure data was very far from being satishydration. It is interesting to note that the transition tolthe
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FIG. 8. Upper frame: pressure dependence of the molecular area
72 E . at pivotal plane,S,, in the DOPE hexagondl, phase. Lower
frame: concentration dependence of the radial distance from the
71 , , , 30 MPa pivotal surface to the center of the water chani®g|, determined
0510 0315 0.320 0.325 0.330 :zdtikclzteDdOPE hexagonaH, phase at three different pressures, as

water volume fraction, ¢
w

FIG. 7. Typical best fit curves obtained by fitting to E6) the hydration of polar surfaces makes a negative contribution to
hexagonaH, unit cell data. The corresponding? are 0.12(0.1  the total sample volumg5]. Therefore, the reduced hydra-
MPa) (0.09, if data referring to the reentrant hexagonal phase ar0n level could be the primary effect that determines the
also considered in the fitting procedure; see the jnget4 (20  Observed structural behavior.

MPa), and 0.1830 MP3. Experimental pressures are indicated in ~ Because the stability of the different phases is controlled
each frame. by a balance of competing different energetic contributions,

it can be interesting to analyze the energetics of the DOPE-

phase is found only above 210 MPa for all concentrationswater system under pressure. In particular, the changes in
suggesting a low stability of the DOPE liquid conformation free energy of a sample at concentratincan be derived by
against pressur@n monoolein, the transition to the gel phase considering the work produced by isothermal compression.
was detected at pressures higher than 400 MPj. The compression work per lipid molecule is directly ob-

The main molecular results are reported in Figs. 5-9. Asained by numerical integration of the pressure over the total
can be deduced from the pressure dependence of the lipghmple volumé/,,,. By definition,
length and of the area per molecule at the lipid-water inter-
face, pressure increases the chain order parameter. Then, un-
der compression, the b_asic geometrical shape of the_DOPE AGeomp=9(P,C) —go(C) = _bf P dVio (10)
molecule changes continuously from wedgelike to cylinder-
like. In the hexagonal phase, this leads to a progressive de-
crease of the lipid layer curvature and to an enlargement oivhere P is the external pressure aruis a normalization
the unit cell. After theH,-L, phase transition, the DOPE factor (b=M/cN,, M being the DOPE molecular weight
assumes a cylindrical shape: however, the unit cell still enandN, Avogadro’s number The volume variation is imme-
larges as a function of pressure because the chain order pdiately obtained from the sample composition and the spe-
rameter still increases. The decrease of the cross-sectiorgific volumes of water and DOPE[Vy=cyjp+ (1
area at the lipid-water interface also means that pressure in=C) vy,]. The results of the calculation are shown in Fig.
duces a reduction of the exposed polar surfaces. According0, where the changes in free energy per unit areg*(
to the axiom that volume changes govern the behavior of anyAgeomp/ Siip), determined at different concentrations and in
system under pressure, it is worthwhile to note that a reduceldoth the hexagonal and lamellar phases, are reported as a
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FIG. 10. Changes in free energy per unit area, calculated at
different concentrations using Eq10), as a function of DOPE
cross-sectional area. In particular, in the lamellgr phaseAg*
=Agcomp/ Sip is reported versus;, , while in the hexagonaH,
phaseAg* =Agcomp/ S, is reported versus, .

—— ¢=0.678; 40 MPa wherekg is the lateral compression modulus, aBglis the
optimum area per molecule at the water/lipid interface that
—— ¢=0.693; 40 MPa minimizes the sum of the head-group and chain contributions

to the free energy. According {@9], the kg can be directly
obtained from the second derivative of the free energy func-
tion with respect to the area per molecule:

FIG. 9. (Color) Scaled representation of the structural elements dZAgcom
in the DOPE hexagondH, phase at different pressures and con- ks= SHPTD. (13
centrations: outer and inner circles represent the section of the ip

equivalent cylinder where the methyl terminal groups are located

and the section of the water cylinder, respectively; the position ofTypical values fokg are around 0.1 N m' [29]. The isother-

the pivotal plane is represented by pale colors. The section of thenal lateral compression moduli calculated in the present case

wedge-like DOPE molecule is also represented. as a function of pressure by E(.3) are reported in Fig. 11
(note that in the hexagonal phakg has been calculated at

function of the DOPE cross-sectional area. Note that in thenhe pivotal surfac&;,=S,). It is noteworthy thaks shows a

hexagonal phasAg* is defined at the pivotal surfac&f,  constant value up to moderate pressures, while it strongly

=S,). increases at higher pressures; in particular, the cost for lateral
Changes in the molecular volume of both DOPE and wa-
ter reflect on changes in structural properties and energetic- 0.15 | |
of the whole system. In a first approximation, the calculated
free energy can be analyzed considering a simple model 01 B )
which describes the energy of the hexagonal and lamella g U
phases in terms of various elastic contributions, namely, a 05 ©
lateral expansiorfor compressiongs and a curvatur@cy, 5 o o g ;. . .
term[27-30: 4 LD 8:2;8 0 10 2 30
X 0.687
Ge=09st Jeurvs (11 o~ | A 0.693 9 % i
g 3 o X o
wheregg, is the elastic energy. The lateral expansion contri- & _ | og |§|:||>:|< ° D':‘ i
bution is generally assumed to be much larger than the cur ~* %0 £ OA °o
vature term, i.e., deformations involving stretching are ex- 1k 9“% i
pected to be more costly energetically than those involving ab, & 2
bending. oupmeel | ° | ' '
The energetic cost to expalor contract a hydrated lipid 0 50 100 150 200 250
monolayer from its equilibrium area is given ($8,29 pressure (MPa)
1 S, 2 FIG. 11. Pressure dependence of the lateral compression modu-
Agsz_ks<_'p_ 1], (12 lus calculated at different concentrations. The inset shows the de-
2 So pendence at low pressure.
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compression appears very large after the formation of the 1 , , , ,
lamellar phase, suggesting that the DOPE repulsion is very
strong as long as the whole lipid shape becomes cylindrical. ¢.8 L _|
The energetic cost of bending a hydrated lipid monolayer«™ , 7 ,’A4° Mpa
is described to first approximation by the quadratic function & 0.6 ) RO
- U.0 - , -
[2713(] @ /' ,// //
[=] L7
1 (1 1)2 < 04 | Y L 30MPs
Agcurvzikc(ﬁ_ R_) ) (14) “20 V0 A
° 0.2 ¥ 20 mpa .
which gives the energgper unit areaof bending a surface DWEO MPa
from a minimum radiusR, (the radius of spontaneous, in- 0 ' '
trinsic curvature of the lipid in an unstressed stdtea ra- 0.3 031 032 033 034 035
diusR against a bendingigidity) modulusk. . Accordingly, 1/R (nm'l)

the flattening of a hexagonal-phase monolayer into a planai

bilayer c;onformatl_on Increases_the_ associated free energy by FIG. 12. Variation of the elastic free energies with the curvature
ke/(2Ro%), even if other contributions are expected t0 beqt e pivotal surface in the DOPE hexagohs) phase. Filled and
involved in the hexagonal-to-lamellar phase transitiongpen symbols refer to scaled and unscaled energies determined at
[14,31). In the case of DOPE, the energy gain associateghe different indicated pressures, as reported in the text. Free ener-
with the removal of intersticeéthe so-called interstitial en- gies at ambient pressure, calculated as a function of concentration
ergy) has indeed been observed to critically determine theising Eq.(14) with Ry=3.5 nm andk,=3x 1015 Jm 2 [13], are
temperature at which the hexagonal-to-lamellar phase transindicated by cross symbols. Continuous lines are best fit curves
tion occurs and the temperature range of the reentrant trambtained by fitting Eq(14) to the scaled energies at each constant
sition [31]. pressure; dashed lines join data at the same concentration. Note that
It should be noticed that the area per molecule and th¢he curvature of the pivotal surface increases when both pressure
radius of curvature in Eq$12) and(14) can be conveniently and DOPE concentration increa®m bottom to top and from left
defined by considering the pivotal positifsee Eq.(8)]: by  to right, respectively
definition, the elastic energy calculated at such a surface in-
volves only the energy of bending the hydrated DOPE monosame figurg Third, the quadratic form of the bending energy
layer to a different radiu§l3]. Our data indicate the pres- [Eg. (14)] was used to fit the free energy data at eémin-
ence of a pivotal surface in the hexagonal phase at eadtani pressure. The fitting parametéesandH,,  (the spon-
pressure consideredee Fig. 7. Therefore, Eq(14) can be  taneous curvature of the pivotal surfacee reported as a
used to account for free energy changes during DOPE dehyunction of pressure in Fig. 13. It is evident that the bending
dration at constant pressure and to evaluate the propensity fifjidity decreases with increasing pressure, suggesting that
the DOPE-water system to form a lamellar rather then a hexthe DOPE chain repulsion becomes weaker as the order pa-
agonal phase. On the other hand, changes in the pivot surfacameter increases. Moreover, the spontaneous curvature be-
characteristics have been observed during compreg¢ses comes less negative, i.e., the monolayer tends to bend less
Fig. 8), so that the pressure dependence of the DOPE frewward the water medium, indicating that under compression
energy needs to be described considering both the laterghe torque associated with chain repulsion is less efficient in
expansior(compressionand curvature energy contributions. balancing the torque of head-group repulsion. This result
The free energy changes of the hydrated DOPE layer ionfirms the data on lateral compressibility reported in Fig.
the hexagonal phase were then analyzed as follows. First, w& which show that, at all concentrations, pressure is more
calculated as a function of concentration the values at atmeeffective in reducing the lateral cross section of the lipid near
spheric pressure of the integration consgy{t) in Eq. (10). its terminal methyl group than it is at the water/lipid inter-
At the pivotal surface, thggy(c) corresponds to the bending face. Note also that in excess of water thg phase is ex-
energy, which can be determined by Ed4) using R, pected to assume a curvature close to the intrinsic curvature
=3.5nm andk.=0.3x10 ®*Jm 2 as reported by Rand [13,14,26,3], thereby explaining the increase in the lattice
and co-workerg13], and assuming the free energy in fully constant detected by compressing DOPE samples in excess
hydrated conditions equal to zero. Second, dh€c) values  water[3].
were used to scale the free energy curves obtained by Eq. Using the fittedk, and H,, , parameters, the free energy
(10). The scaleay(P,c) values, interpolated at some selectedcost to unbend at constant pressure the lipid monolayer to
pressures, are shown in Fig. 12 as a function of the curvaturgat was also calculated. The results are reported in Fig. 14:
of the pivotal surfacéwhich in turn depends on concentra- considering the free energy data reported in Fig. 10, it ap-
tion and pressure; see Fig. &onfirming that deformations pears that the reduction of the negative spontaneous curva-
involving stretching are more costly energetically than thoseure is a sufficient condition for thermodynamic preference
involving bending, the free energy changes induced by pressf the lamellar over the hexagonal phase, which in fact forms
sure at constant concentrati¢see the dashed lines in Fig. under compression. However, the situation is more compli-
12) are larger than those observed at constant pressure asated, in particular when the appearance of the reentrant hex-
function of concentratior(see the continuous lines in the agonal phase is considered: according 3d], it might be
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- FIG. 14. Pressure dependence of the energy cost to unbend the
E 027 - T DOPE monolayer to flatne$a g,.,= k. /(2Ry%)].
=’ 028 | i case, we observe that pressure modifies the DOPE spontane-
ous curvature and then a stalk structure could occur in less
0.29 | hydrated conditions. Nevertheless, it should also be observed
that a bicontinuous cubic phagerobably ofPn3m symme-
03 A A A A try) has been detected forming as an intermediate between
0.1 10 20 30 40 50 thelL, and theH, phases in excess water conditions, even if

large kinetic barriersi.e., slow rate of formationhave been
invoked to account for the formation of this phase only in
FIG. 13. Pressure dependencekgfindH, parameters obtained Mmetastable conditioné.e., thermally cycling DOPE across

by fitting DOPE scaled free energies at each constant pressure e L ,-H, phases at ambient press(i83], or waiting for a

Eq. (14) (see Fig. 12 Lines are only guides to the eye. long time under such extreme conditions as 80°C and 175
MPa for more than 1 dal7]). Therefore, the present results
IJ_night indicate that in dehydrating conditions compression
cﬁpeeds up the kinetics, perhaps by promoting the formation

pressure (MPa)

suggested that the interstitial energy should play an impo

tant role in defining the concentration and pressure range " .
g P g f defects that can nucleate a cubic phEa233. If this is

the transitions. Note also that the analyzed free energ . . ; .
changes were calculated by volume compresgem (10)] he case, it should be noticed that the cubic phase occurring
’ at theL ,-H,, phase transition depends on the hydration level:

and thus also includes the compression energy of watef.

therefore, the model used could not be fully adequate to dé':_mlan structure has never been observed as an equilibrium

scribe the energetics of the system. This point merits furthefXCeSS water phase for any single-component sys8&m
In conclusion, this work shows that an appropriate under-

investigation. di £ 1h bil g ; . £ lipid oh
The occurrence of the intermediate phase in the less hyS-tan Ing of the stability and transformation of lipid phases

drated samples should also be noted. It has already beﬁg.n be obtained by analyzing the relationship be_tween the
suggested that the lamellar-to-nonlamellar phase transitio id molecular structure and a few 'thermodyngmlc' param-
occurs through key structures, which can be crucial in underS{ers When pressure and concentration vary. Itis evident that
standing the membrane fusion mechanf&,19,32. In par- the present analysis is not exhaust(\repa_rtlcular,_ the inter-
ticular, there has long been speculation about the intermedfnediate pha{se needs to be analyzed n Jetailt the re-

ate state between tHe, and theH, phases19], and the ported experimental data could help to disentangle different

widely used model for membrane fusion suggests that thergee energy contributions in further theoretical approaches.

is an intermediate state in which the two contacting mono-
layers become continuous via an hourglass-shaped structure
called a stalk. Very recently, a structure similar to the postu- P.M. acknowledges the financial support of INFNaly)
lated model was observed on a hydrated lipid system whicland ESRHFrance in the frame of the Synchrotron Radia-
has a negative spontaneous curvatli8]. In the present tion project.
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