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Effect of pressure on the dimyristoylphosphatidylcholine bilayer main transition
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Deuterium nuclear magnetic resonance was used to study the effect of pressure on the liquid crystal to gel
phase transition in multilamellar vesicles of chain perdeuterated dimyristoylphosphatidylckDhffeC-
dss). The first spectral moment\,), which is proportional to the mean orientational order parameter for the
DMPCs, acyl chain, was measured as a function of temperature at ambient pressure and at 160 MPa and as
a function of pressure at 25 °C, 35 °C, and 45 °C. Application of hydrostatic pressure was found to increase
the magnitude of the jump ik, at the transition and to reduce the sensitivityMbf to temperature just above
the transition. These observations suggest that the separation between the observed first-order transition and the
critical point for phospholipid bilayers increases with increasing presf8i€63-651X97)02005-9

PACS numbgs): 87.22.Bt, 64.60.Fr, 87.64.Hd

[. INTRODUCTION erties including phase behavif23—-25 and headgroup ori-
entation[26,27]. One important effect of applied pressure on
When dispersed in excess water, diacylphosphatidylchadbilayers is an increase in transition temperatig&28—-30Q.
lines form bilayers that are related to biological membranesFor example, the main transition in dimyristoylphosphatidyl-
The high-temperature state of most bilayers is a liquid cryscholine (DMPC) rises by about 20 °C per 100 MPa of ap-
talline phase in which acyl chain segments undergo fasplied pressur¢27]. Part of the interest in pressure as a vari-
trans-gauche isomerization and the ||p|d molecules d|ffus@b|e for b”ayer studies arises from the observation that the
laterally in the plane of the bilayer. Upon cooling or appli- Fesponse of a phospholipid bilayer to the application of hy-
cation of pressure, the bilayer undergoes a transition fronfirostatic pressure is anisotropic. One consequence of this
the chain-melted liquid crystalline phase into a gel phase irhisotropy is that, in the liquid crystalline phase, the appli-
which the chains become more ordered into a nearly all-trangation of pressure increases bilayer thickness and reduces
state. This transition, referred to as the main transition, inarea per lipid28,31. This provides a way in which to iso-
volves changes in both area per lipid and bilayer thicknesghermally vary area per lipi27]. The response of the bi-
The change in mean orientational order of acyl methylenéayer to applied pressure provides an additional rigorous test
groups at the main transition can be examined by using dedor statistical mechanical models of bilayer phase behavior.
terium nuclear magnetic resonance to observe chain perde@s such, knowledge of this response may also contribute to
terated lipid bilayers. Deuterium NMR is less sensitive toOUr understanding of ambient pressure properties.
changes in gel phase molecular tilt which occur at the pre- In the present work, the effect of pressure and temperature
transition temperature. on the mean orientational order parameter for chain perdeu-
The phospholipid bilayer main transition has been studiederated dimyristoylphosphatidylcholiné€DMPC-ds,), par-
extensively using a variety of techniques. Observations of dcularly near the transition, has been examined by deuterium
finite latent heat and a discontinuous change in area per lipiuclear magnetic resonance. The observations are discussed
at the transition provide strong evidence that this is a firstn terms of the possible effect of pressure on the separation
order transitior[1—5]. However, the behavior of properties Of the observed transition from the critical point for the sys-
like the excess heat capacit§] and the ultrasonic velocity tem. The choice of DMP@, for this study allows moderate
[7,8] suggest that phase fluctuations become significant iffressures to be used without having to expose the sample to
the neighborhood of the transition. Discussions of the wealexcessively high temperatures at which sample stability
first order nature of the main transition have referred to anight be a limiting factor.
critical point on the liquid crystal to gel coexistence curve
[9-12 or, alternatively, to the pseudocriticér spinoda)
point on the curve determined by the equation of sfag-
21]. It has been found that, within a family of saturated dia- Perdeuterated myristic acid was prepared using the proce-
cyl phosphatidylcholines, the discontinuity in the acyl chaindure presented by Hsiao, Ottaway, and Wetlayfg2].
mean orientational order at the transition and the separatioRMPC-ds, was then synthesized by acylation of glycero-
between the spinodal points and the transition temperatunghosphocholine using the method of Gupta, Rudhakrishnian,
both decrease with decreasing acyl chain lef@fj. Thisis  and Khorand33]. The final product was purified on a 1.5 m
consistent with an earlier suggestion that the separation b&ephadex LH-2@Pharmacia Biotech, Baie d’'Urfe, P )ig-
tween the transition temperature and the critical point mightiid chromatography column and eluted with 100% ethanol
increase with increasing chain lend@?)]. which was redistilled before use. The lipid was found to
Control of pressure provides a way to separate effects afnigrate as a single spot under thin layer chromatography.
volume and temperature on bilayer properties. NMR studieipids were dried under vaccuum for 5—-8 h before being
of bilayers at high pressure have been used to examine propydrated in a 100 mM phosphate buffeH{ 7.2) to approxi-
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mately 100 water molecules per lipid. Multilamellar vesiclescrystal and gel phases, respectively. Between 4000 and 6000
(MLV ) were prepared by stirring thoroughly with a fine glasstransients were normally averaged to obtain the free induc-
rod at a temperature above the main transition. The resultinion decay.
MLV suspensions were transferred into flexible polyethylene The orientational order parameter for a given acyl chain
tubes which were then heat sealed. deuteron in the liquid crystalline phase is given by
Deuterium NMR was carried out in a 3.5 T superconduct- _1
ing magnet(Nalorac Cryogenics, Martinez, C)Ajsipng a lo- Sco=1(3c0$bcp—1), @
cally built probe capable of operating at applied hydrostatiovhere 6 is the angle between the carbon-deuterium bond
pressures up to 270 MPa and temperatures ranging fromnd the rotational axis of the molecule. The average is over
—20°C to 80°C. The spectrometer was also constructethe accessible chain conformations. The first spectral mo-
locally. The coil and tube containing the MLV suspensionment, calculated over half of the spectrum, is given by
were enclosed within a beryllium-copper cell which was

pressurized with hydraulic olAW SO grade 32 A Bour- f o f(w) do
don tube guage calibrated against a dead weight guage was M. — 0 @
used to measure pressure in the cell. 1 o '

The pressure cell within the NMR probe was connected to fo f(w) do

an external vessel containing approximately twice the vol-

ume. By controlling the temperature of the external vessel, ivheref(w) is the spectrum. For a chain-perdeuterated spec-
was possible to compensate for changes in probe cell tentrum, M, within the liquid crystalline phase is related to the
perature and thus to maintain isobaric conditions over theénean orientational order parameter of the chain deuterons,
course of an experiment in which sample temperature wasz, by

varied.
Spectra were acquired using a quadrupole echo sequence _m e’qQ__
[34]. Then/2 pulse was 2.9.s long. The separation between Ma=-— ﬁ h Sco» ©)

/2 pulses in the quadrupole echo sequence was typically 40
us. Oversamplind35] was used to obtain effective dwell where e?qQ/h=167 kHz is the quadrupole coupling con-
times of 4us and 2us for acquisition of spectra in the liquid stant for a deuterium nucleus in a carbon-deuterium bond.
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FIG. 1. ?H NMR spectra of DMPQds, at selected temperatures for ambient pressure and for 160 MPa.
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. RESULTS the liquid crystalline phase before the gel phase becomes
. more stable. They also indicate that, just above the transition,
Figure 1 shows the temperature dependenc&bNMR

spectra for DMPQis, at ambient pressure and at an applieolthe sensitivity of the acyl chain orientational order to tem-
hydrostatic pressure of 160 MPa. Isobaric conditions durin e “’?}tufte d?ctrﬁaSﬁs hW'th mcreasmc? apEI_|ed pressure. Tr:e
the high pressure temperature scan were maintained by sepa @ty of the high-pressure and ambient pressure ge
rately controlling the temperature of the connected highPnase spectra, at corresponding temperatures just below the

pressure reservoir outside of the magnet. Spectra at boff@nsition, suggests that the gel phase is somewhat less sen-
pressures display a sharp transition from the liquid crystalSitiVe to pressure.
line phase at higher temperature to the gel phase at lower The first spectral moment\;) provides a way in which
temperature. The liquid crystalline phase spectra are supef0 compare quadrupole splittings and chain order more quan-
positions of Pake doublets characteristic of fast axially symfitatively. Figure 2 shows the temperature dependence of
metric reorientation. The distribution of doublet quadrupoleM; for DMPC-ds, spectra at ambient pressure and 160 MPa.
splittings reflects the dependence of the orientational ordeffor all temperaturesyl, is higher at 160 MPa than at ambi-
parameter on the position along the chain in the liquid crysent pressure. At ambient pressure, the sensitivityvigf to
talline phas€g1,36—3§. Spectra at temperatures below the temperature increases substantially as the temperature ap-
transition reflect the slower, axially asymmetric chain motionproaches that of the transition. This sensitivity is reduced at
characteristic of the gel phase. The spectrum of a deuteron ithe higher pressure. The liquid crystalline phase, just above
a static carbon-deuterium bond is an axially symmetric Pakéhe respective transitions, is significantly more ordered at
doublet with prominent edges at63 kHz which are associ- ambient pressure than at 160 MPa. While the gel phase or-
ated with bonds oriented perpendicular to the applied magder, just below the transition, is also reduced at the higher
netic field[38]. The appearance of intensity at this splitting pressure, the effect is less pronounced. As a result, the mag-
in the lowest temperature spectra indicates the onset of theitude of the jump inM, at the transition is greater at the
transition into the highly ordereld: phase. Formation of the higher pressure.
Lc phase is slow and the cooling rates used in the present Spectra were also collected while changing pressure at
work did not allow complete transformation of the samplethree fixed temperatures. Figure 3 shows the pressure depen-
into this phase. dence of spectra collected at 25°C, 35°C, and 45°C.
Comparison of the ambient pressure and 160 MPa liquidhgain, characteristic liquid crystal and gel phase spectra are
crystal spectra shown in Fig. 1 illustrates two interesting ef-observed. Figure 4 shows correspondiig values as a
fects of pressure on the behavior of DMRG,. At corre-  function of pressure for the three temperatures. These iso-
sponding temperatures above the transition, the ambietihermal experiments show that the effect of pressure on the
pressure spectra display larger quadrupole splittings than tHeguid crystalline phase orientational order decreases with in-
higher-pressure spectra. It can also be seen that, just abogeeasing temperature. This indicates that the lateral com-
the transitions, the splittings for the ambient pressure spectraressibility of the bilayer decreases with increasing tempera-
increase more rapidly with decreasing temperature than thogare. Figure 5 shows the isobaric and isotherivgl results
of the corresponding 160 MPa spectra. These observatioriegether in order to illustrate the combined effects of tem-
indicate that increased pressure reduces the degree of ag@grature and pressure on the DMHEg;-chain order.
chain orientational ordering that can be accommodated by The observation that applied pressure reduces the sensi-
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FIG. 3. 2H NMR spectra of DMPQis, at selected pressures f@ 25 °C, (b) 35 °C, and(c) 45 °C. Individual spectra are labeled by
pressure in MPa.
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tivity of M, to temperature, just above the transition, andwherel,=0.125 nm is the component of a carbon-carbon
increases the jump iM, at the transition, is consistent with bond perpendicular to the methylene ¢Dplane and

an increase in the first order character of the transition witte?’qQ/h~167 kHz is the quadrupole coupling constant for
increasing applied pressure. One way in which to comparan acyl chain CD bond. While calculation of the chain ex-
the ambient pressure and 160 MPa observations is to fit eat¢bnsion in this way does not take account of conformations in
set of observations to the equation of state corresponding which a chain bends back upon itself near the methyl end
a particular phenomenological model and compare the sepf41-43, small angle neutron scattering measurements have
rations of the transition temperature and spinodal points improvided some support for this form of relationshd].

plied by the two fits. The calculation of chain extension froM; can be for-

In an earlier study, the main transitions of DMRig;, mally extended across the transition into the gel phase. The
chain perdeuterated dipalmitoylphosphatidylcholiB®PC-  resulting discontinuity in apparent extension is found to be
de») , and chain perdeuterated distearoylphosphatidylcholineonsistent with reported changes in bilayer thickness at the
(DSPCd,,) were compared in this way by fittingH NMR  transition[12] despite the fact that the gel phase spectra are
observations to an equation of state obtained by expandingharacteristic of axially asymmetric motion. This may reflect
the free energy in terms of an order parameter given by a relatively weak dependence bf; on asymmetry param-

eter (Kilfoil [53)).
==t Figure 6 shows the temperature dependendg)of* from
= T (4) spectra obtained in the liquid crystalline phase and slightly
below the transition at ambient pressure and at 160 MPa. To

where (1) is the mean extension per segment of the acyfonvert(l)~* to the thermodynamic order parametera
chain and(l) is its value at the critical point12). Mean  Value of(l)¢ is chosen so that=0 falls close to the center
extension per segment was estimated from first moments & the jump at the transition. _ ,

the perdeuterated chafi! NMR spectra as discussed below.  1he temperature dependence of the inverse chain exten-
The initial motivation for using an order parameter based orfion is fit using a phenomenological free energy given by
an inverse chain extension was the expectation that its terh 2]
perature dependence should approximate that of area per
lipid [12]. For the purpose of characterizing the temperature
dependence oM, near the transition, this identification is

not essential.

The mean chain extension per segm@itwas obtained wherea>0, 8>0, T, is the critical temperature anf, is
from M; by assuming that the chain in the liquid crystalline the transition temperature. The parameBy is a scaling
phase disorders primarily by axially symmetric gauche-trangactor that cannot be determined from these experiments.
isomerization. The extension of the acyl chain can then be The equation of state, found by minimizir@ with re-
approximated by a linear function of the orientational orderspect tos is
parametef36,37,39,4Q The simple expression of Schindler
and Seelig[39], averaged over the chain deuterons, gives S+ a(T—Ty)s+B(T,—T)=0. (7
[12]

s? s?
G=Gy Z"‘OZ(T_TC)E"',B(Tm_T)S , (6)

At the spinodal points, . ,T-), of the model equation of
(=1 }+ \/E hM, (5) state, the second derivative Gf with respect tos is zero.
o2 me?qQ]’ This condition yields

Mj(103s1)
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TABLE I. Parameters used to simulate temperature dependenagf bilayer behavior are developed, the response of bilayer

of (I)~*in Fig. 8. properties to applied pressure should be useful for testing the
: assumptions underlying such models.
Parameter Ambient 160 MPa Comparison of the temperature dependencM gfat am-
T, (°C) 195 505 bient pressure and 160 MPa shows that pressure reduces the

amount of chain ordering that can be accommodated by the

cH(nm™? : 10.98 I , ; .
<|>°_1 (nm,l) 10.53 liquid crystalline phase before it becomes unstable with re-
(H7Y (nm™Y 10.87 11.54 ; .
T o 10.2 48.3 spect to the gel phase. The effect of pressure on the isobaric
- (0O . oé 2'2 temperature dependenceldf,, shown in Fig. 2, also implies
(TT_T+) (7 ) ' : that the application of pressure increases the abruptness of
10748 (°C™Y 2.07 1.17

the transition and the magnitude of the jump in chain order at
the transition. The spinodal points, obtained by fitting to the
. _ , phenomenological equation of state, are separated from the
pressure and 160 MPa. For this pwf»,l has been fixed and o sition temperatures by about 0.3 °C at ambient pressure
s, has been adjusted such that the intercept and slope yielg, 4 by 2.2°C at 160 MPa. While the critical temperature
the same value fof , as per Eq(11). cannot be extracted from the current results without a more

For a fixed value ofl)¢ *, the requirement that values for ,recisely defined onset of the transitifi2], these observa-
T determined from the slope and intercept agree to withinjons suggest that increased pressure increases the separation
about 0.5% fixess, to within about 0.1%. The parameters petween the transition temperature and the critical point.
pressure values fofl);*, (I);*, and (T,—T.) are all  provided a means to compare the temperature dependences
within 1% of the values reported in R¢lL2]. The solid lines  of mean orientational order for two pressures near the re-
in Fig. 8 show model values dfl) ! corresponding to the spective transitions. No attempt has been made to relate pa-
fits shown in Fig. 7. Comparison of the model equations oframeters of the phenomenological model to observable bi-
state obtained by fitting the ambient pressure and 160 MPryer properties. It is interesting to note, however, tgat
observations to the same phenomenological model suggesippears to be sensitive to applied pressure while earlier work
that the separation between the transition temperature anfldicated that it was not sensitive to the acyl chain length
the spinodal points, and thus the first order nature of th€12]. Because the effects of applied pressure and increased
transition, increases with increasing applied pressure. acyl chain length on the transition are otherwise similar, this
difference suggests it could be useful to pursue a more direct
relationship betwee and observable bilayer properties.

In this work and in Ref[12], inverse chain extension

The effects of applied hydrostatic pressure on the mairplays the role of an order parameter. Area per lipid, however,
transition temperatures of DMP{28,31,44,4% and DPPC  would seem to be a more natural variable and some comment
[25,28,31,46—4Bhave been studied extensively. The work on the relationship between these quantities is warranted. It
reported here primarily concerns the effect of pressure on thikas been pointed out that there can exist bilayer states in
temperature dependence of the chain order near the DMP@hich the mean chain extension is not equal to half the hy-
bilayer main transition. As more detailed theoretical modelsdrophobic thickness of the bilayer and that area per lipid is

IV. DISCUSSION

13.0 : .
120 4
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more appropriately associated with the valueSgf, in the  °C, the inverse mean chain extension corresponding to the
plateau region of the orientational order parameter profiladata of Fig. 2 changes by about 15% at the transition, and by
[41]. There is, however, a close correlation between theabout 27% between ambient pressure and 100 MPa. Thus
shape of the smoothed orientational order parameter profilehanges in area per lipid account for between 70% and 80%
and the plateau values of the orientational order parametaf the observed change in inverse chain extension with tem-
[49,5(0 and there may be, in effect, little practical difference perature and pressure. The proportionality is not precise,
between the two ways of characterizing mean chain order ithough, and inverse mean chain extension can only be taken
the liquid crystalline phase. Indeed, it was recently showras a rough indication of how area per lipid varies.

that chain extension estimates derived from data in Ré&.

agree reasonably well with small angle neutron scattering V. CONCLUSIONS

measurments in the liquid crystalline phasd]. The ab- . .
sence of substantial disagreement between direct measure—The main transition of DMP@, at 160 MPa has been

ments of bilayer thickness and estimates frariNMR may studied by isobaric variation of the temperature. The appli-

indicate that the counterexample states cited in Rif] do catipn of pressure i”‘“?‘?‘ses the magnitude_ of the jump_in
not significantly skew the ensemble averaging, which is in_cham order at the transition and appears to increase the first

herent in the estimation of bilayer thickness from NMR- order character of the transition. At ambient pressure, the

derived chain extensions. The fact that the plateau value f(}?ehavior of the spectral first moment can be fit in the liquid

the orientational order parameter is not well defined in theCryStaI and gel phases using an expansion of free energy in

gel state provides some motivation to consider wheMer terms .Of an order parameter based on INVerse mean chain
ension. The temperature dependence of chain order at 160

. ) t
can be used to characterize the state of the bilayer across tlgfp - o
transition. Some encouragement, in this regard, comes fro a can be fit in the same way although _the ability of the
the observation, as was pointed out in Ref2], that the model to reproduce the gel pha;e behavpr appears to be
change in the bilayer extension across the transition, estr—educ.ed at high pressure. The spinodal p0|.n_ts of the model
mated using Eq(5), is consistent with some neutron and equ_atlons of state are farther from the tran3|t|_0n tempera}ture
x-ray diffraction res’ults at high pressure than at ambient pressure. This observation is
If the change in volu.me of the bilayer through the transi-consistent with a pressure-induced enhancement of the first
order nature of the transition. Experiments in which pressure

. . . . 71 .
tion is neglected, the variation df) " with temperature, is varied isothermally indicate that the first order character of

might be expected to approximate that of area per lipid, th e pressure-induced transition increases with increasin
thermodynamic variable conjugate to lateral pressure. Th P ; . i '9
mperature. No evidence of an interdigitated gel phase is

r re and temperatur nden f lipid bilayer if " i
Sofjateﬁag f)egrf aelia?]ﬁsgg Clir? (;e %unat?ekr) eg;e sstﬁgi(ze served under the conditions of the experiments reported

[44,46,51,52 Recently, Bttner et al. [44] reported data
showing that the specific volume of DMPC changes by about
2.5% at the main transition and, in total, by about 6% be-
tween 10 °C and 50 °C. Under the same conditions, the in- The authors thank Maria Kilfoil for sharing her calcula-
verse mean chain extension, shown in Fig. 6, changes byons of M, for axially asymmetric line shapes, William Kie-
about 15% at the transition and by about 30% between 1Qey for his contributions to the construction of the high pres-
°C and 50 °C. The results of Boer et al. [44] also show sure NMR probe, and John Whitehead for helpful
that when pressure is varied at 30 °C, the change in specifidiscussions concerning Landau models. This work was sup-
volume is about 2% at the main transition and, in total, abouported by the Natural Sciences and Engineering Research
8% between ambient pressure and 100 MR4]. At 35 Council of Canada.
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