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Pressure-induced ordering in mixed-lipid bilayers

Andre Brown, Ian Skanes, and Michael R. Morrow
Department of Physics and Physical Oceanography, Memorial University of Newfoundland, St. John’s, Newfoundland, Canada A

~Received 16 July 2003; published 30 January 2004!

Isothermal application of hydrostatic pressure to liquid crystalline phospholipid bilayers increases chain
segment orientational order and thus chain extension. By using pressure to perturb chain order in single-
component bilayers and bilayers comprising a binary mixture of lipids, it is possible to compare the relative
influences of intrinsic lipid properties and collective bilayer properties on chain orientational order. Deuterium
nuclear magnetic resonance was used to investigate the response of saturated chain orientational order to
pressure in single-component and two-component liquid crystal bilayers of lipids having saturated chains of
different lengths~dipalmitoyl phosphatidylcholine and dimyristoyl phosphatidylcholine! or having one satu-
rated chain and one unsaturated chain~1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine!. For bilayers con-
taining a single lipid species, the isothermal response of average chain orientational order to pressure decreased
with increasing difference between measurement temperature and that lipid’s ambient-pressure gel-to-liquid-
crystalline phase transition temperature. For all of the lipids observed, the range of orientational order dis-
played by the saturated chain methylene groups was approximately conserved as pressure was applied. In
binary mixtures, the difference between the average saturated chain orientational orders of the two bilayer
components was approximately conserved as pressure was increased. These observations provide some insight
into how the response of the bilayer to pressure is distributed over interacting components with different
intrinsic properties and illustrate the sensitivity of the effective chain ordering potential in the bilayer interior
to bilayer composition.

DOI: 10.1103/PhysRevE.69.011913 PACS number~s!: 82.56.Pp, 87.14.Cc, 87.16.Dg
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I. INTRODUCTION

Phospholipids dispersed in water form bilayers that
important models for biological membranes and interest
anisotropic soft materials. At high temperature and amb
pressure, lipid bilayers exist in the liquid crystalline sta
which is characterized by fast, axially symmetric reorien
tion of acyl chain segments. At lower temperatures or hig
pressures, bilayers can undergo a transition into a more
dered phase. For bilayers containing a single lipid com
nent, the transition between the more ordered gel phase
the less ordered liquid crystalline phase is sharp and the t
sition temperature depends on molecular properties includ
lipid acyl chain length and the degree of chain unsaturat

The effect of pressure on lipid bilayers can provide insig
into the way in which bilayer collective properties are det
mined by interactions between bilayer components. Kno
edge of the response of bilayer properties to pressure
also be relevant to the understanding of how bilayer com
sition is related to the ability of marine organisms to adap
large variations in hydrostatic pressure. The application
hydrostatic pressure generally stabilizes the more orde
phases of lipid bilayers. The temperatures for the main g
to-liquid crystal transitions of disaturated phosphatidylch
lines like dimyristoyl phosphatidylcholine~DMAC! and di-
palmitoyl phosphatidylcholine~DPPC! rise by about 0.2 °C
per MPa@1–4#. Transitions between ordered phases shif
different rates with increasing pressure so that application
pressure can stabilize ordered phases that are not acce
at ambient pressure@1,3–5#.

Lipid bilayers are soft, anisotropic materials, and the
plication of hydrostatic pressure can modify the prop
ties of a particular phase. If bilayers in the liquid crysta
line phase are cooled at constant pressure, chain orie
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tional order increases until the transition to a more orde
phase intervenes. The ordering that can be accommod
by the liquid crystalline phase before the transition int
venes decreases with increasing pressure. As a result
jump in chain orientational order at the liquid crystal to g
transition of a given lipid bilayer increases with increasi
pressure@2#.

If temperature is held constant, application of pressure
liquid crystalline bilayers increases chain segment orien
tional order and thus chain extension@2,4,6,7#. Driscoll et al.
@7# noted that the effect of pressure on orientational orde
the DPPC methyl group decreased with increasing temp
ture. The effect of pressure on average DMPC chain or
has also been found to decrease with increasing separ
between the measurement temperature and the amb
pressure transition temperature for that lipid@2#. A self-
consistent field theory calculation showed a similar dep
dence, on temperature, of the slope of orientational or
versus pressure for dipalmitoyl phosphatidylethanolam
~DPPE! @8#.

Hydrostatic pressure is transmitted uniformly througho
the fluid bilayer structure. If pressure is applied to a liqu
crystalline bilayer containing a mixture of lipids, the cha
orientational order for all lipids will increase but the re
sponse of a given lipid species to pressure may be mod
by interactions with surrounding lipids with a greater
lesser tendency to order in response to applied pressure.
response of a given lipid species to pressure when it is pa
a binary mixture compared to its response within a sing
component bilayer is expected to provide some indication
the extent to which chain order in a given lipid is coupled
that of other bilayer components.

In the work reported here, deuterium nuclear magne
©2004 The American Physical Society13-1
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resonance~NMR! was used to observe the isothermal pr
sure dependence of chain orientational order for three l
species in single-component bilayers and in binary mixtu
with the saturated chain or chains of one or the other co
ponent fully deuterated. The phospholipid species used w
1-palmitoyl-2-oleoyl-sn-3-glycero-phosphocholine~POPC!,
DMPC, and DPPC. The binary mixtures investigated w
equimolar mixtures of lipids with ambient-pressure gel-
liquid-crystal transition temperatures differing by about 2
~POPC/DMPC and DMPC/DPPC! or by about 40°~POPC/
DPPC!. Observations were carried out at 20°–25° above
ambient-pressure transition temperature of the compo
with the highest transition temperature. For each pair of
ids, the pressure dependence of average saturated chai
entational order was determined for each lipid in a sing
component bilayer and separately for each lipid compon
in the equimolar mixed bilayer. The results provide insig
into the way in which the response to pressure is distribu
over different lipid components in a mixture of lipids wit
different apparent susceptibilities to pressure-induced or
ing.

II. MATERIALS AND EXPERIMENTAL METHODS

For deuterium NMR observations, POPC was fully de
terated on its saturated chain~POPC-d31), and the disatu-
rated phosphatidylcholines were fully deuterated on b
saturated chains~DMPC-d54 and DPPC-d62). The three deu-
terated lipids were purchased from Avanti Polar Lipids. N
mal DMPC and DPPC were purchased from Sigma. Sam
of normal POPC were obtained from both suppliers. All li
ids were used without further purification.

The ambient-pressure main transition temperatures
single-component bilayers of POPC, DMPC, and DPPC
approximately23 °C, 24 °C, and 41 °C, respectively. Th
set of lipids comprises two disaturated phosphatidylcholi
with differing chain lengths~DMPC and DPPC! and a phos-
phatidylcholine with one saturated and one unsaturated c
~POPC!. For the four samples containing POPC-d31, POPC-
d31/DMPC ~1:1!, POPC/DMPC-d54 ~1:1!, or DMPC-d54 bi-
layers, spectra were obtained over a series of pressures
the sample temperature fixed at 45 °C. For the four sam
containing DMPC-d54, DMPC-d54/DPPC ~1:1!, DMPC/
DPPC-d62 ~1:1!, or DPPC-d62 bilayers, spectra for differen
pressures were obtained at 65 °C. Samples contai
POPC-d31, POPC-d31/DPPC ~1:1!, POPC/DPPC-d62 ~1:1!,
or DPPC-d62 bilayers were also studied at 65 °C.

Samples contained 30–50 mg of lipid. All binary lipi
mixtures were approximately equimolar~63 mol %!. For bi-
nary mixture samples, lipids were weighed and then d
solved in redistilled ethanol. The solvent was then remo
by rotary evaporation at a temperature above the expe
hydrated bilayer main transition temperature. Binary m
tures were then further dried by pumping overnight usin
system equipped with a liquid nitrogen trap. Sing
component samples were not dissolved but were evacu
overnight to ensure dryness. Dried samples were hydrate
adding;200 ml of potassium phosphate monobasic buf
~pH56.9–7! to the flask containing dried lipid and rotatin
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the flask for approximately 30 min in a bath warmed
above the main transition temperature for the sample bi
ers. Following suspension, samples were gently centrifu
for no more than 45 s to reduce the suspension volu
slightly and then transferred to a flexible polyethylene co
tainer which was closed by heat sealing.

Deuterium NMR spectra were obtained using a 3.5 T
perconducting magnet in conjunction with a locally bu
spectrometer and variable pressure probe@9#. The coil and
tube containing a given sample suspension were enclo
within a beryllium-copper cell which was pressurized wi
hydraulic oil ~AW ISO grade 32!. A Bourdon tube gauge
calibrated against a dead weight gauge was used to mea
pressure in the cell.

Spectra were acquired using a quadrupole echo sequ
@10#. The p/2 pulses were 2.5–4ms long. The separation
betweenp/2 pulses in the quadrupole echo sequence w
35 ms. Oversampling@11# was used to obtain effective dwe
times of 4ms. For most samples, between 7000 and 10 0
transients were averaged to obtain the free induction dec
that were Fourier transformed to obtain sample spectra.

For deuterons attached to bonds undergoing fast, axi
symmetric reorientation, the orientational order paramete

SCD5 1
2 ^3 cos2uCD21&, ~1!

whereuCD is the angle between the carbon-deuterium bo
and the rotational axis of the molecule. The average is o
accessible chain conformations. For multilamellar vesic
the bilayer normal can assume all orientations and the res
ing spectrum is a Pake double with prominent edges aris
from lipids reorienting about bilayer normals perpendicu
to the applied magnetic field. For deuterons with a giv
orientational order parameter, the prominent edges of
Pake doublet are split by

Dn5
3

4

e2qQ

h
SCD , ~2!

where e2qQ/h5167 kHz is the quadrupole coupling con
stant for carbon-deuterium bonds.

For deuterons with fully deuterated chains, the obser
spectrum is a superposition of Pake doublets. In the liq
crystalline phase, order parameters are highest for deute
at the headgroup end of the chain and decrease with incr
ing proximity to the bilayer center where the amplitude
reorientation is greater. The resulting dependence of orie
tional order parameter on position along the chain gives
to an orientational order parameter profile characterized b
plateau region corresponding to deuterons near the h
group end of the chain with similar order parameters.

Quadrupole splittings for specific positions along t
chain can be extracted from the unoriented sample spec
by transforming it to the oriented sample spectrum. Metho
that have been developed to facilitate this transformation
referred to as ‘‘de-Pake-ing’’ algorithms@12–15#. For this
work, spectra corresponding to the oriented sample were
tained using an algorithm based on the method describe
McCabe and Wassal@16#. The average orientational orde
3-2
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PRESSURE-INDUCED ORDERING IN MIXED-LIPID BILAYERS PHYSICAL REVIEW E69, 011913 ~2004!
parameter for all methylene deuterons on a chain was
tained from the average splitting

^n&5

E n f D~n! dn

E f D~n! dn

, ~3!

where f D(n) is the spectrum corresponding to a single o
entation obtained by applying the de-Pake-ing transform
tion to the unoriented spectrum. The integral covers that p
tion of the spectrum containing signal from methylene ch
deuterons. The approximate dependence of orientationa
der on position along a perdeuterated acyl chain, known
smoothed orientational order parameter profile, can also
extracted from the spectrum corresponding to an orien
sample@17,18#. For the work reported here, orientational o
der parameter profiles were approximated from spectra
responding to oriented samples by integrating over the s
tral features corresponding to the methylene deuterons
then plotting frequency versus normalized, integrated int
sity. Each profile was calculated from oriented-sample sp
tra obtained using both the Wassal and McCabe fast Fou
transform algorithm@16# and the non-negative least squar
de-Pake-ing algorithm described by Whittal and co-work
@15#. Differences in the baselines produced by the two
Pake-ing algorithms were reflected in details for result
profiles. As long as comparisons were based on profiles
tained in the same way, however, the effect of pressure
the approximate profile for a given mixture component w
not sensitive to the choice of de-Pake-ing algorithm.

III. RESULTS AND DISCUSSION

The lipid pairs and specific observation temperatures w
chosen to facilitate particular comparisons. The main tra
tion temperatures for POPC and DMPC differ by appro
mately 26 °C. Complete deuteration of saturated acyl cha
lowers the main transition temperatures by 2–4 °C. The
servation temperature for this system, 45 °C, was chose
ensure that samples remained in the liquid crystalline ph
up to pressures of at least 140 MPa. In this pair of lipids,
component with the higher melting temperature was a ph
phatidylcholine with two 14-carbon saturated chains, DMP
The component with the lower transition temperature, PO
had one 16-carbon saturated chain and one 18-carbon c
with one double bond.

For the bilayers containing DMPC and/or DPPC, whi
has two 16-carbon saturated chains, the observation temp
ture was 65 °C. This was chosen to be well above the m
transition temperature 41 °C for DPPC bilayers at ambi
pressure. In this lipid pair, DMPC was the shorter compon
as well as the component with the lower single-compon
main transition temperature. The third lipid pair was PO
and DPPC. The observation temperature for this set
samples was also 65 °C. For all of the binary mixtures st
ied, the upper boundary of gel/liquid crystal coexistence
mained below the measurement temperature for all press
used.
01191
b-

-
-

r-
n
r-
a

be
d

r-
c-
nd
-

c-
er

s
-

g
b-
n

s

re
i-
-
s
-
to
se
e
s-
.
,

ain

ra-
in
t
t
t

of
-
-

res

Figure 1 shows spectra of POPC-d31, POPC-d31/DMPC,
POPC/DMPC-d54 and DMPC-d54 at 45 °C and selected pres
sures. Similar series of spectra were obtained at 65 °C
bilayers of DMPC-d54, DPPC-d62, and 1:1 mixtures of
DMPC with DPPC, with each component deuterated in tu
and for bilayers of POPC-d31, DPPC-d62, and 1:1 mixtures
of POPC with DPPC, with each component deuterated
turn. For each of the samples studied, the increase of q
rupole splittings with pressure reflects the increase, w
pressure, of orientational order for all saturated chain s
ments in a sample.

To facilitate comparison of the chain order pressure
pendences, all of the powder spectra obtained were tr
formed to yield the corresponding oriented sample spect
from which individual quadrupole splittings could be mo
easily extracted. Representative de-Paked spectra for PO
d31, POPC-d31/DMPC, POPC/DMPC-d54 and DMPC-d54
at 45 °C are shown in Fig. 2. The distribution of splittings
the de-Paked spectra are characteristic of the dependen
orientational order on position along unsaturated chains
phospholipid bilayers. The prominent doublet having t
largest splitting arises from deuterons near the headgr
end of the chain where motions are most constrained. Or
tational order changes slowly with position along this porti
of the chain. In a plot of orientational order versus positi
along the chain, this gives rise to a characteristic plat
region. Orientational order, and thus doublet splitting, d

FIG. 1. Deuterium NMR spectra of~a! POPC-d31 ~b! POPC-
d31/DMPC ~1:1!, ~c! POPC/DMPC-d54 ~1:1!, and~d! DMPC-d54 at
45 °C and selected pressures up to;145 MPa. Spectra are labele
by pressure in MPa.
3-3
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creases with increasing proximity to the bilayer center wh
chain motion amplitudes are greater. For this region of
spectrum, doublets from individual chain segments can
resolved. For the disaturated lipids DMPC-d54 and DPPC-
d62, the splittings for some corresponding segments on
sn-1 and sn-2 chains can be slightly different and may b
resolvable. The doublet with the smallest splitting aris
from the methyl group at the chain end. The splitting for th
doublet reflects additional averaging of the quadrupole in
action by fast rotation about the methyl group symme
axis.

Weighted average splittings for the deuterated chains
each sample were extracted from the de-Paked spectra u
Eq. ~3!. The relationship described by Eq.~2! was then used
to obtain the average orientational order parameter for
deuterated chains in each sample at each measurement
sure. Figure 3 shows the pressure dependence of ave
saturated chain orientational order for observations
samples containing POPC and/or DMPC at 45 °C. The li
show linear fits to each set of observations. Observations
samples containing DMPC and/or DPPC and for samp
containing POPC and/or DPPC at 65 °C were similarly a
lyzed. For all of the samples studied, average orientatio
order of the deuterium-labeled saturated chains increased
early with applied hydrostatic pressure. The scatter in
POPC-d31/DMPC data reflects noise apparent in the cor

FIG. 2. Spectra corresponding to oriented samples obtaine
de-Pake-ing of powder spectra for~a! POPC-d31 ~b! POPC-
d31/DMPC ~1:1!, ~c! POPC/DMPC-d54 ~1:1!, and~d! DMPC-d54 at
45 °C and selected pressures up to;145 Mpa. Spectra are labele
by pressure in MPa.
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sponding spectra@Fig. 2~b!# due to the small size of this
particular sample. Scatter for other samples was reduce
the averaging of larger numbers of transients during spec
acquisition.

Figure 4 summarizes slopes of the fits to average or
parameter versus pressure for the four samples observe
45 °C and the eight samples observed at 65 °C. For all of

by

FIG. 3. Pressure dependence of average saturated chain or
tional order for~s! POPC-d31, ~d! POPC-d31/DMPC ~1:1!, ~j!
POPC/DMPC-d54 ~1:1!, and~h! DMPC-d54 at 45 °C.

FIG. 4. Slopes of average methylene deuteron orientationa
der parameter vs pressure for~a! POPC-d31, POPC-d31/DMPC
~1:1!, POPC/DMPC-d54 ~1:1!, and DMPC-d54 at 45 °C;~b! DMPC-
d54, DMPC-d54/DPPC~1:1!, DMPC/DPPC-d62 ~1:1!, and DPPC-
d62 at 65 °C; and~c! POPC-d31, POPC-d31/DPPC ~1:1!, POPC/
DPPC-d62 ~1:1!, and DPPC-d62 at 65 °C.
3-4
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PRESSURE-INDUCED ORDERING IN MIXED-LIPID BILAYERS PHYSICAL REVIEW E69, 011913 ~2004!
samples studied, the slopes fall between 131024 MPa21

and 231024 MPa21. Whitmore and Whitehead@8# reported
similar slopes from a self-consistent mean field calculat
of DPPE average orientational order parameter versus p
sure.

The observations for single-component bilayers shown
Fig. 4 illustrate the way in which the response of chain o
entational order to pressure depends on the separation
tween measurement temperature and the ambient-pre
main transition temperature for bilayers of a given lipid. Ta
ing into account the effect of chain deuteration on the m
transition temperature for single-component bilayers, b
POPC-d31 at 45 °C and DMPC-d54 at 65 °C are about 45°
above their ambient-pressure transition temperatures. B
display a similarly small response of orientational order
pressure at these temperatures. At 65 °C, POPC-d31 is fur-
thest from its ambient pressure transition temperature
displays the smallest sensitivity to pressure. Alternat
DMPC-d54 at 45 °C and DPPC-d62 at 65 °C are about 25°
and 28°, respectively, above their ambient-pressure m
transition temperatures. For both lipids, the closer proxim
to the corresponding ambient-pressure transition tempera
increases the sensitivity of orientational order to appl
pressure. The difference between the DMPC-d54 responses a
45 °C and 65 °C is particularly striking but it is interestin
that the DMPC-d54 response is similar to those of bo
DPPC, with two longer saturated chains, and POPC, w
one longer saturated and one longer unsaturated chain
corresponding differences between the measurement
perature and the ambient-pressure transition. As noted ab
Driscoll et al. @7# found that the slope of order paramet
versus pressure for the DPPC methyl group decreased
increasing temperature and self-consistent mean field ca
lations of DPPE chain order showed a similar decrease in
slope of average orientational order parameter versus p
sure with increasing temperature@8#.

Figure 4 also shows the rate at which pressure orders
saturated chains of the deuterated components in the
binary mixtures at 45 °C and the four binary mixtures
65 °C. Mixing with DMPC significantly amplifies the re
sponse of POPC-d31 to pressure at 45 °C and significant
reduces the response of DPPC-d62 to pressure at 65 °C. Th
response of DMPC-d54 to pressure is more modestly reduc
by mixing with POPC at 45 °C and more modestly increas
by mixing with DPPC at 65 °C. The response of DPPC-d62 to
pressure at 65 °C is substantially reduced by mixing w
POPC. The response of POPC-d31 to pressure at 65 °C is
slightly increased by mixing with DPPC.

The response of chain orientational order to applied
drostatic pressure in the liquid crystalline phase reflects
soft and anisotropic nature of the bilayer. In effect, the
layer is slightly more susceptible to a reduction in area
lipid than to a reduction in bilayer thickness. The reducti
in overall bilayer volume in response to the application
pressure is thus dominated by a reduction in chain a
which, in turn, is reflected by an increase in chain order.

In a mixture of two lipids with very different ambient
pressure main transition temperatures, the responses o
two components must be consistent both with the uniform
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of pressure throughout the bilayer and with interactions
tween the chains of a given lipid species and its surround
bilayer environment. One factor that might influence avera
orientational order of a particular chain is the difference b
tween its average extension and the average extensio
chains surrounding it. A number of authors have argued
the contribution to chain extension away from the bilay
surface by a given segment of saturated chain takes the
^ l &5a1buSCDu where a and b are constants@19–23#. For
the purposes of this discussion, it is sufficient to consider
simple model introduced by Schindler and Seelig@19# which
assumes that rotations about carbon-carbon bonds of the
chain allow each segment to assume one of three pos
orientations with respect to the bilayer normal. In this a
proximation, the extension of a chain consisting ofn seg-
ments is

^L&' l 0Fn

2
1( uSCDuG , ~4!

where l 050.125 nm and the sum is over then segments.
This can be rewritten in terms of the average orientatio
order parameter for chain segments as

^L&'nl0@ 1
2 1^uSCDu&#. ~5!

Figure 5 shows the pressure dependence of chain ex
sions calculated in this way for samples containing PO
and DMPC at 45 °C and the samples containing DMPC a
DPPC at 65 °C. The difference between the average ex
sions of the saturated chains for DMPC-d54 and DPPC-d62 in
the mixture at 65 °C is about 0.16 nm at ambient pressure
the mixture, DMPC orders more easily with pressure th
DPPC but that ordering is applied to 12 segments in DM
as opposed to 14 segments for DPPC. The result is tha
extensions of DMPC and DPPC tend to track each other
even converge as pressure is increased. The respons
DMPC and DPPC to pressure appear to adjust so as to m
tain their difference in chain orientational order as pressur
increased.

The situation for the mixture of POPC and DMPC a
pears to be rather different and its interpretation is somew
complicated by the lack of order parameter data for the
saturated chain. For this mixture, the component with
lower ambient-temperature main transition temperature
longer chains, one of which contains a double bond. T
average extension of the POPC saturated chain in the m
ture at ambient pressure is about 0.14 nm longer than tha
the DMPC chains. The POPC saturated chain is two s
ments longer than the DMPC chains so its higher rate
ordering with increasing pressure in the mixture implies t
the difference in extension between the POPC satura
chain and the DMPC saturated chains grows slightly w
increasing pressure. Taken together, the two sets of
shown in Fig. 5 indicate that the differences in satura
chain extension for the two components of these binary m
tures are dominated by the numbers of segments in e
saturated chain and that the relative responses of chain o
to pressure for the two components in a binary mixture
3-5
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BROWN, SKANES, AND MORROW PHYSICAL REVIEW E69, 011913 ~2004!
not related in a simple way to the mismatch in their ch
extensions.

While the observations summarized in Figs. 4 and 5 de
onstrate that mixing with another lipid component modifi
the response of chain order to pressure for a given lipid c
ponent, they do not provide a clear indication of how t
responses of the two components in binary mixture migh
coupled. In order to investigate how the response to pres
is distributed along the chain, and thus hopefully to g
some more insight into the coupling of component respon
in the binary mixture, spectra corresponding to orien
samples, obtained by the de-Pake-ing transformation, w
compared for ambient pressure and high pressure.

De-Paked spectra for different pressures were first c
pared by scaling splittings for high-pressure spectra such
their maximum splittings matched those of the correspond
ambient-pressure spectra. This comparison of ambi
pressure and scaled high-pressure spectra~not shown! dem-
onstrated that orientational order parameters for different
sitions along the acyl chains did not scale uniformly.
general, the relative increase in order parameter with incr
ing pressure was greater for methylene deuterons ha
smaller splittings than for those corresponding to the plat
portion of the orientational order parameter profile. As a
sult, the difference between the highest and lowest met

FIG. 5. ~a! Pressure dependence of saturated chain extensio
~s! POPC-d31, ~d! POPC-d31/DMPC ~1:1!, ~j! POPC/DMPC-
d54 ~1:1!, and ~h! DMPC-d54 at 45 °C. Pressure dependence
saturated chain extension for~s! DMPC-d54, ~d! DMPC-
d54/DPPC~1:1!, ~j! DMPC/DPPC-d62 ~1:1!, and~h! DPPC-d62 at
65 °C.
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ene orientational order parameters along the chain
roughly conserved as pressure was raised.

Because spittings were not found to scale in a simple w
with pressure, alternate comparisons were considered. Fi
6 shows right halves of de-Paked spectra at ambient pres
and roughly equivalent high pressures for POPC-d31, POPC-
d31/DMPC ~1:1!, POPC/DMPC-d54 ~1:1!, and DMPC-d54
at 45 °C. High-pressure spectra have been shifted to the
so as to align the upper edges of the spectral features ar
from plateau deuterons at each pressure. As pointed ou
Nagle @21#, orientational order in the plateau region of th
chain is more reliably correlated with area per lipid, and th
with overall chain packing, than is the average orientatio
order over the entire chain. The amount by which the hig
pressure spectrum must be shifted to align the upper edg
the plateau with the corresponding feature at ambient p
sure is thus an indication of the extent to which the area
saturated chain has been reduced by the application of p
sure. In Fig. 6, the shifts for single-component bilayers
POPC-d31 and DMPC-d54 are the smallest and largest, r
spectively, for that lipid pair. This is consistent with the me
surement temperature being further from the ambie
pressure transition temperature of POPC than from tha
DMPC. The shifts for each deuterated component in the
nary mixture fall between the shifts for the single-compon
bilayers and are similar in magnitude.

As noted above, the high-pressure spectra for a given l
component in Fig. 6 cannot be related to the correspond
ambient-pressure spectrum through a uniform scaling of
splittings. Indeed, it is apparent from Fig. 6 that the range
methylene splittings is approximately conserved as pres
is raised and chain order increases. The methyl group s
ting, on the other hand, does not increase by a correspon
amount. Comparisons of the high- and low-pressure spe

for

FIG. 6. Right halves of de-Paked spectra for ambient press
and;110 MPa for~a! POPC-d31, ~b! POPC-d31/DMPC ~1:1!, ~c!
POPC/DMPC-d54 ~1:1!, and ~d! DMPC-d54 at 45 °C. The high-
pressure spectra have been shifted to the left by~a! 0.5 kHz,~b! 0.8
kHz, ~c! 0.9 kHz, and~d! 1.1 kHz in order to align the upper edge
of the spectral features arising from the saturated chain pla
deuterons.
3-6
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in Fig. 6 show that even though the smallest and larg
methylene splittings are increased by similar amounts w
the application of pressure, the splittings corresponding
methylene groups near the center of the chain increase m
with pressure than those at either end of the chain. Thi
most apparent in the DMPC-d54 spectra@Figs. 6~c! and 6~d!#
but can also be seen in the POPC-d31 spectra. In terms of the
orientational order parameter profile, this corresponds t
slight flattening of the plateau with increasing pressure.

The relationships between the ambient-pressure and h
pressure spectra for the POPC/DPPC and DMPC/DPPC
tems at 65 °C are similar to those seen in Fig. 6. For PO
d31 and DPPC-d62, the upper edges of the plateau featu
for ;140 MPa can be aligned with the corresponding am
ent pressure features by shifts of 0.7 kHz and 1.3 kHz,
spectively. In both of the POPC/DPPC mixtures, the hig
pressure spectrum for the deuterated component in the bi
mixture must be shifted by 1.0 kHz in order to align the ed
of the plateau feature with the corresponding ambie
pressure feature. For DMPC-d54 and DPPC-d62, the upper
edges of the plateau features for;140 MPa can be aligned
with the corresponding ambient-pressure features by shift
0.8 kHz and 1.3 kHz, respectively. The high-pressure spe
for DMPC-d54 and DPPC-d62 in the DMPC/DPPC mixtures
must be shifted by 1.1 kHz and 1.0 kHz, respectively,
align the edge of the plateau feature with the correspond
ambient-pressure feature. The ranges of methylene splitt
for a given component are still approximately conserved
pressure is raised but the alignment is not quite as close
seen in Fig. 6 for the POPC/DMPC system at 45 °C. Exa
nation of data presented Driscollet al. @7# shows that the
range of DPPC methylene order parameters observed in
work also remained roughly constant up to;150 MPa.

Orientational order parameter profiles provide a con
nient way in which to compare the responses to pressur
the lipid components in these systems. Driscollet al. @7# con-
structed orientational order parameter profiles for resolva
doublets using DPPC-d62 powder spectra at 75 °C for amb
ent pressure, 60 MPa and 120 MPa. Methylene deute
beyond the plateau showed similar increases in order w
applied pressure. Because all plateau deuterons were
signed the same order, this approach would not be expe
to show small changes in the shape of the order param
profile with pressure.

Because the pressure-induced changes in splitting
small, we chose to extract approximations of the order
rameter profiles from de-Paked spectra using a transfor
tion that did not depend on detailed assignment of spec
intensity to specific chain segments. This approach is sim
to other methods for extraction of smoothed orientatio
order parameter profiles@17,18# but yields a continuous plo
of splitting versus normalized position along the chain. T
de-Paked spectra were transformed by first integrating f
the lower edge of the methylene doublet having the sma
splitting to the upper edge of the plateau feature. The res
ing integral was then normalized and inverted to yield a p
of frequency versus normalized integrated intensity along
methylene region of the chain. Because the normalized i
gral of intensity can be directly related to position along t
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chain, the shape of the resulting continuous curve clos
approximates the discrete smoothed order parameter pr
that would be extracted from the corresponding spectru
The methyl group is excluded from this analysis because
its different intensity per segment.

Figures 7, 8, and 9 show ambient-pressure and h
pressure plots of frequency versus normalized integrated
tensity for deuterated chains in the POPC/DMPC system
45 °C, the DMPC/DPPC system at 65 °C, and the POP
DPPC system at 65 °C, respectively. These approximate
entational order parameter profiles were obtained from sp

FIG. 7. Frequency vs normalized integrated intensity acr
the methylene region of the de-Paked spectra at ambient pres
~solid symbol! and;110 MPa~open symbol! for ~a! POPC-d31, ~b!
POPC-d31/DMPC ~1:1!, ~c! POPC/DMPC-d54 ~1:1!, and ~d!
DMPC-d54 at 45 °C.

FIG. 8. Frequency vs normalized integrated intensity acr
the methylene region of the de-Paked spectra at ambient pres
~solid symbol! and ;140 MPa~open symbol! for ~a! DMPC-d54,
~b! DMPC-d54/DPPC ~1:1!, ~c! DMPC/DPPC-d62 ~1:1!, and ~d!
DPPC-d62 at 65 °C.
3-7
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tra that were de-Paked using a non-negative least squ
algorithm @15#. Profiles obtained using the Wassall and M
Cabe fast Fourier transform algorithm@16# displayed similar
effects of pressure on approximate orientational order par
eter profile for a given bilayer component.

Figure 7 shows that for single-component bilayers,
application of pressure has a substantially greater effec
the plateau order for DMPC-d54 than for POPC-d31. For
DMPC-d54 and for both deuterated lipids in the binary mi
tures, comparison of the ambient- and high-pressure pro
illustrates the larger effect of pressure on chain order near
midpoint of the chain than at either end. As inferred from t
comparison of the de-Paked spectra, the shift of the pro
for the two deuterated components in the binary mixture
similar to each other and fall between the shifts observed
the two single-component bilayers. Figures 8 and 9 disp
similar trends.

The observation that the plateau regions of both com
nents in a binary mixture display similar increases in orie
tational order on the application of pressure suggests tha
chains respond in such a way as to maintain an appr
mately constant difference in chain order between the
components as pressure is increased. This provides som
sight into the ways in which chains of different compone
couple in mixed-lipid bilayers.

Comparisons with the results of molecular field calcu
tions have contributed significantly to improved understa
ing of how the experimentally observed dependence of
entational order on segment position along bilayer a
chains arises from interactions between neighboring m
ecules. The calculation of bilayer orientational order para
eter profiles from molecular field theory was introduced
Marčelja @24#. Various orientational order parameter calcu
tions, many based on extensions of the molecular field
proach, have since been presented@25–32#. The pressure de

FIG. 9. Frequency vs normalized integrated intensity acr
the methylene region of the de-Paked spectra at ambient pre
~open symbol! and;140 MPa~solid symbol! for ~a! POPC-d31, ~b!
POPC-d31/DPPC~1:1!, ~c! POPC/DPPC-d62 ~1:1!, and~d! DPPC-
d62 at 65 °C.
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pendence of bilayer chain orientational order has rece
been investigated using a self-consistent mean field appro
@8# and the slopes of average order versus pressure a
general agreement with the single-component bilayer ob
vations reported here.

The effect of applied pressure on the orientational or
parameter profile shape provides some information on h
pressure-induced ordering is distributed along the satur
chain and represents an additional aspect of bilayer resp
to applied pressure that could be addressed theoretically.
difference between the response of a given lipid to press
in a single-component bilayer and its response in a bin
mixture and the relationship between the responses to p
sure of the two components in a binary mixture both illu
trate the way in which conformational behavior of a flexib
bilayer component is determined by collective bilayer ch
acteristics. This suggests that pressure dependence of c
order in mixed bilayers might be an interesting direction
which to extend bilayer studies by self-consistent mean fi
calculations.

IV. CONCLUSIONS

By comparing the response of particular lipids alone a
in binary mixtures to perturbation by application of pressu
it has been possible to gain a number of insights into so
factors influencing chain orientational order in singl
component bilayers and binary mixtures of lipids. For bila
ers containing a single lipid species, the isothermal respo
of chain orientational order to pressure decreased with
creasing difference between measurement temperature
that lipid’s ambient-pressure gel-to-liquid-crystalline pha
transition temperature. In equimolar binary mixtures of lipi
with different ambient-pressure transition temperatures,
ordering of each lipid component displayed a distinct dep
dence on pressure. The response to pressure of each lip
the mixture also differed from that displayed in the corr
sponding single-component system. These observations d
onstrate that the response to pressure of a given lipid is
termined by the collective properties of the entire bilay
which effectively determine an ordering potential, and n
just on the intrinsic properties of a given lipid. In th
equimolar mixtures studied here, the ordering in the sa
rated chain plateau region for either component was roug
intermediate between the plateau region ordering displa
by either component individually. Aside from a slightl
greater response near the middle region of the chain,
ordering of a given saturated chain with pressure appear
be approximately uniform over its methylene region. T
behavior described here provides a number of points aga
which theoretical models of pressure-induced bilayer ch
ordering might be tested.
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