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High-pressure small-angle neutron scattering (SANS) study
of 1,2-dielardoyl-sn-glycero-3-phosphocholine bilayers
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Small-angle neutron scattenng of the rrans-umsaturated DEPC has been investigated as a function of pressure at 12,
18 6 and 35 °C, A pressura-induced structural phase transition from a liqud-crystalline state to a gel state is observed at
the temperatures studied. The critical pressure of this transition increases with increasing temperature with a AP/AT
value of 51 bar/C”. The small-angle neutron scattering results indicate that the effect of the 1rans double bonds in
DEPC is to enkance the conformational disorder in the hydrocarbon chamns In DEPC bilayers, a pressume-induced
conformational ordering process is observed not only in the liquid-crystalline phase but also in the gel phase, which
indicates that conformational diserder exists in the hquid-crystalhne phase as well as 1n the gel phase,

Introduction

The mcreased mterest 1n membrane structure and
biological transport has sumulated ntensive 1nvesitpa-
uons m the chemustry and physics of model membranes
— in particular, the phosphatidylcholine systems {1] A
common feature of these membrane phospholipids ts
the exstence of a temperature- and pressure-dependent
reversivic gel to hquid-urystalhine phase transition Be-
low a certam phase transtion temperature, the hipid
bilayer 1s an crdered gel, charactenized by a ngd pack-
mg of uts hydrocarbon chams Above the phase-transi-
tion temperature, the lipid bilayer forms a disordered
flwid-like phase with disordered hydrocarbon chamns [1]
At temperatures below tlus first-order phase transiion,
a broad pretransition has also been observed m several
phosphatidylcholine systems [1-3}, corresponding to an
ordered structure which conssts of Liped lamellae dis-
torted by a peniodic ipple In addition to these therma-
tropic phase transitions, pressure-nduced phase trans-
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tions have been cobserved using high-pressure nfrared
and Raman spectroscopy [4—7], hght transmussion tech-
mques [8]. adiabauc compression [9], fluorescence
polanzation [10.11], X-ray [12] and neutron scattemnmg
[13,14], volumetr:c measurements 15,16], ESK [17], hght
scattering [18], calonimetry [19] and NMR speciroscopy
[20] These pressure-induced structural phase transi-
tions, which have been studied mamnly n the saturated
phosphaudylcholines, are related to the relative nus-
match between the atea of the choline headgroup and
the cross-section of the acyl chains in the bilayer [4-7]
Small mochfications i the hipid molecule, Like the varia-
tion of the headgroup, a change m the hydrocarbon
chain-length or  the degree of umsaturation 1n the
cnawms caun diastically _hange the transitton temperature
and pressure [1,2,4-7] The effect of unsaturaiion on the
structure and packing oi the hpids 15 of special interest,
because most bactenal and mammaltan cell membranes
contain a hogh percentage of unsaturated acyl chans
The man pownt of mnterest 15 what modifications take
place 1n the structural arrangement of the hprd bilayer
to accommodate the geometrical requirements due to
double bonds i the acyl chams

In order to understand the mfluence of the unsatura-
tion on the structural conformation mn detail m the
different thermotropie and barotropic phases, 2H-NMR
[21,22] and gh-pressure infrared spectroscopie studies
[23] have beer. performed on trans- and cis-unsaturated
model membranes However, m chuaidating the dimen-
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sions and the packing arrangement ot hpid bilayers 1n
different phases, diffraction expeniments are very much
needed, but they have pot been performed until now
The small-angle ncutron scattering (SANS) te.hnique
has proved to be a very powerful methed for the
analysis of high-pressure phase transitions [13,14] The
conformational changes m the lipid bilayers can be
monitored from changes of the bilayer repeat (d-spac-
ing) which 15 determuned by analyzing the small angle
part of the neutron diffraction paitern By measuring
the d-spacing as a function of temperature and pressure,
1ts temperature and pressure dependence within vanous
phases can be evaivated and, by recording abrupt
changes of the d-spacing, phase transitions can be de-
tecied and a phase diagram can be constructed In this
study we present the expenmental results of SANS of
DEPC mulu-lamellar vesicles as a function of pressure
up to 2 5 kbar at three different temperatures 12, 18 6
and 35°C

Experimental

High-punty DEPC was obtamned from Avanti Polar
Lipids (Birmungham, AL) A fully hydrated (50 wi% n
D,0) hp:d dispersion was prepared by vertexang the
hpid /D, mixture 1n a closed vial at room tempera-
tre After immediate freezng of the sample 1 solid
CO,. the vortex/freeze cycle was then repeated twace,
leadng to a homogeneous lipid dispersion

The SANS expenments were performed on the SAD
imstrument at the Intense Pulsed Neutron Source at the
Argonne National Laboratory The nentron beam was
generated 1 pulses by spallaton due to the deposttion
of 450 MeV protons on a depleted uramum target,
followed by moderation using a sold methane modera-
tor (12 K) The neutron beam had a wavelength of 0.5
to 14 A The beam diameter at the sample position was
about 1 cm and the integrated mtensity was about
4 10* neutrons/cm’ per s The total fhght path was 9
m and the sample-to-detector distance was 1.5 m The
scattenng ntenméy was detected by a 64 X 64 array
area-sensiiive, gas-filled proportional counter, while the
wavelengths & of the beam were determined by their
time-of-fight The @ range (Q = (@7 /A) sin 8/2, 8 15
the scattering angle) covered 1n these experrments was
from 0005 10 035 A™",

Two pressure oclls were used for the diffraction
experiments, one made from an aluminum alloy of ligh
tensile strength for the lower pressures (P < 1500 bar)
and another from molybdenum for the haghes pressures
The mner diameter of the cylimdrical pressure cells was
1 cm and 0 5 cm, respectively. Details of the apparatus
will pe descmibed elsewhere The pressure-transmutting
fluid was DO, the pressure was apphed by ineans of a
hand pump and recorded by a Budenberg gauge Tem-
perature control was achieved by circulating water from

a thermostat through two outside jackets, located above
and below the neutron beam window The temperature
was measured with a thermocouple to within 02 C°
accuracy,

The lamellar structure of membranes produces Bragg
diffraction The low angle dsffraction region oi our
multilamellar vesicles of DEPC features one peak corre-
sponding to the lamellar penncdicity, d This repeat unit,
d, 15 made up of the bilayer thickness and the D,0O
regon around 1ts headgroup The d-spucings were
calculated according to the Bragg eguation nA =24
sm f,, where n refers to the duffrachion order, A 1s the
neutron wavelength, and #, 15 the Bragg angle of the
nth order, which s half of the scattenng angle

Results and Discussion

The multdamellar dispersions of DEPC 1n D,O wield
one imntense firse-order Bragg difiraction peak Fig. 1
shows the pressure dependence of the ¢hifraction pat-
tern at 7'=12°C The diffraction peak shifis uts post-
tion as the pressure changes, and thiz shft n the
diffraction peak reflects changes in the i mellar ilayer
repeat The d-spacing, which 15 the lamellar thickness
mcluding the water region around the headgroups, 1s
calculated irom the Bragg equation and shown as a
funcion of pressure mn Fig 2 Inflections n the d
curves are observed at about 30 bar for T=12°C, 350
bar for T=186°C and at 1230 bar for T=35°C At
these temperatures and pressures, the main phase tran-
sttion Trom the liquid-crystalline (LC) state to an ordered
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Fig. 1 Examples of scattering patterns 7{Q} vs @ for DEPC at
T =12°C and different pressures (12300 bar)
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Fig 2 The d-spacings of DEPC for differsnt temperatures (12 136
357 ) as a function of prassure

gel state occurs [21-25] At 12°C an addiional drastic
change in d-spacing oceurs at P = 1750 + 250 bar, which
indicates a second phase transition at these coadiiions
This second transition may correspond to :he G, /G,
transition observed at 5 kbar at 28°C 1n the hegh-pres-
sure mfrared study [23]

From the inflection pomnts, a phase diagram can be
constructed, and the result 15 shown in Fig 3 Data
obtamned by other expermental techmques [21,23-25]
for the LC-gel transiion ine are included m tius phase
diagram Within the expenmental errors, these data are
n good mutual agreement The expentmental data show
that the transition temperature, T, increases hneacely
with 1ncreasing pressure i accordance to the Clausius-
Clapeyron equation, giving a value of AT, /AP of 19 +
1C° /kbar A hinear pressure dependence of T, has also
been observed in saturated hpid bilayers, and the
AT, /AP values for DMPC and DPPC have been found
to be 201 and 208C°/kbar respectively [26-28]
AT, /AP for the ers-unsaturated DOPC bilayers, how-
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ever, has been reported very small, the upper hmut being
83C" skbar [23]

In the hquid-crystalhine phase the bilayer thuckness
decreases as the lemperawre 15 raised (Ad/AT)p =
~02A,C® at P=1 bar is esumated from the 35 and
12°C 1suinerms (see Fig 2) On the other hand, the
pressurz deoendence of the lilayer thickness at constant
temperature 15 of opposite sign. (Ad/AP); =15
A/kbar This behavior 15 typical for a polymer with
tughly disordered conformation [29] A nise in tempera-
ture increascs disorder, 1e, increases the number of
kinks and gauche 1somers, and thus decreases 1ts elon-
gaton A similar mechamsm explains the temperature
effects observed i the hquid-crystalline phase of hpuds
An ncrease in the disorder 1 the hydrocarbon chains
upon raising the temperature enlarges the cross-secuon
of the acyl chains and reduces the elongation. Increas-
ing pressure has the opposite effect, the lipid bilayers in
the Liquid-crystalline state are more compressible 1n the
lateral than n the transverse direction, which 1s the
result of reduction in the cross-section occupred per
hvdrocarbon chain due to the pressure-induced confor-
mational ordenng, Barotropic studies of DPPC using
X-ray diffraction [12] show that in the liguid-crystalhne
phase, the lateral compressinhity of the bilayer exceeds
the transverse compression Fhis observation 15 also m
good agreement with the ESR [30] and Muorescence
polapzation measurements (8,11], which demonstrated
that increasing, pressure causes progressive ordenng of
probe molecules located 1n the hydrocarbon chain re-
gion of flwd hipid hilayers and hiological membranes

Similar to the behavior observed 1n the hqud-crystal-
hne phase, the lamellar penodicity of DEPC also 1n-
creases in the pel phase with mcreasmg pressure
(Ad/AP =241 A/kbar at 186°C) This mplies that
a considerable number of gaucke bonds still remain 1
the gel phase of DEPC In contrast, X-ray [12] and
neution [13] scattening expenments on DPPC hilayers
have shown that the lamellar penicsicity in the gel phase
decreases shghtly as a function of pressure Therefore,
the conformationally disordered structure 1 the gel
phase of DEPC must be related to the presence of zrans
double bonds on the hydrocarbon chains The rrans
double bond ntroduces extra kinks 1n the chans and
thus creates more space adjacent to ike double bonds to
accommodate more disordered gauche bonds.

[t 15 of mterest to note m Fig 2 that the lamellar
periodicity of the first gel phase (G ) at 12°C 1s appre-
ciably smaller than that at 35 and 18 6°C From the
temperalure effects on the conformatienal disorder, the
d-spacing at 12°C 1n the gel phase 1s expecied to be
shghtly larger than that of the corresponding phase at
higher temperatures Moreover, the bilayer thickness 1n
the G gel phase at 12°C 15 hardly affected by pressure
up to 1750 bar, where a second transition occurs, which
contrasts with the other two 1sotherms
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The unsaturated stiucture may be responstble for the
relatively small bilayer repeat observed at 12°C As we
discussed earlier, the presence of the trans double bonds
i the hydrocarbon Jhains of DEPC leads to a more
cdisordered conformational structure 1n the gel phase
Consequently, tae cross-section of the two hydrocarbon
chains of each phespholipid molecule 1n the gel phase 1s
larger than that mn equivalent saturated phosphohpid
systems at corresponding temperature and pressure At
186 or 35°C, the temperature 15 lgh enough to mtro-
duce suffictent conformational distoriton 1n the chams
that the cross-section of the two hydrocarbon chains 1s
cotmparable with the headgroup area [31] Under such
circumstances, the tilt configuration of the bilayer, which
usually exists in the pressure-induced gel phase |5,6,31),
does not exist m the G, gel phase of DEPC at 186 or
35°C Ar12°C, though, the degree of disorder may not
be sufficient to prevent the ult configuraton and there-
fore the G, gel phase at 12°C may exist 1 a ult
configuration This il canfiguration results i a smalier
d-spacing

In the G, phase of DEPC at 12°C, lateral compres-
sion leads to a conformational ordenng process which
results 1n an clongation of the hydrocasbon chams
Meanwhile, the confoermational ordermg process prob-
ably leads to a decrease in the effective cross-section of
the hydrocarbon chains and a further tlt of the hydro-
carbon chains with respect to the bilayer surface The
clongation and tit effects compensate each other and
result 1n a small pressure dependence 1 the bilayer
thickness i the Gy phase The small J-spacing and 1ts
relatively irsensitive pressure dependence m the G, gel
phase at 12°C may suggest the emstence of 2 metasta-
ble phase at that tempeialure which 1s not present at
186 or 35°C

In summary, the experimental SANS results on the
DEPC lamellar vesicles show that the presence of the
‘rans double bonds m the hydrocarbon chams intro-
duces more kinks and gaucke conformations 1 ihe
chams The conformational disorder remams at a rela-
tively hugh degree in the gel phase, which 1s 1 the
contrary to the results found for saturated phosphol:i-
pids
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