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Relationship between the unbinding and main transition temperatures
of phospholipid bilayers under pressure
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Using neutron diffraction and a specially constructed high pressure cell suitable for aligned multibilayer
systems, we have studied, as a function of pressure, the much observed anomalous swelling regime in
dimyristoyl- and dilauroyl-phosphatidylcholine bilayers, DMPC and DLPC, respectively. We have also reana-
lyzed data from a number of previously published experiments and have arrived at the following conclusions.
(a) The power law behavior describing anomalous swelling is preserved in all PC bilayers up to a hydrostatic
pressure of 240 MPdb) As a function of increasing pressure there is a concomitant decrease in the anomalous
swelling of DMPC bilayers(c) For PC lipids with hydrocarbon chairs13 carbons the theoretical unbinding
transition temperaturé* is coupled to the main gel-to-liquid crystalline transition temperaliye (d) DLPC
is intrinsically different from the other lipids studied in that T is not coupled tdl'y, . (e) For DLPC bilayers
we predict a hydrostatic pressure 290 MPa) where unbinding may occur.
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I. INTRODUCTION ample, phosphatidylethanolaminesincreases linearly18].
Early on, there was disagreement as to which pad obn-

Over the past three decades, there has been a great deatmbuted to the anomalous swelling, i.e., whether the bilayer
attention paid to the physics of the main gel-to-liquid crys-or water matrices, or both, were increasing anomalously
talline transition of disaturated phosphatidylchol{if) lip- [6,13,15,16,19 After much debate on the proper analysis of
ids. This particular interest is due to the fact that many memdiffraction of aligned lamellae and isotropic multilamellar
brane parameters such as, bilayer permeabllify heat vesicles, it seems that the lipid thickness increases, for the
capacities[ 2], fluorescence label lifetimgs8], NMR order  most part, linearly, while the water layer accounts for the
parameterg4], ultrasound velocitie$5], and multilamellar  majority of the nonlinear, anomalous swellifQ].
repeat distancd$] were found to exhibit pretransitional be- NMR is sensitive to the extension of the hydrocarbon
havior typical for phase transitions of the second order, thichains through orientational order parameters of labeled
despite the fact that the main transition itself is first order. Orchain segments. Data from Bonev and Morr¢20] and
theoretical grounds, this can be understood by considerintyagleet al.[13] show only a small amount of nonlinearity of
that the onset of a second-order transition is being interthe acyl-chain order parameter negy, . For dimyristoyl-
cepted by a first-order transitidi@]. A more recent proposal phosphatidylcholindDMPC) bilayers this contribution ac-
[8], based on ultrasound velocity measurements and Fremounts for about 25% of the anomalous swelljdg]. Most
kel's heterophase fluctuation thedr§], considers the main recently, Pabset al. [10] were further able to attribute the
transition to be weakly first order, far from an unrealizedincrease in interbilayer water to a drop of the bilayer modu-
critical point. However, as noted by Kharakoz and Shlyapnidus of bending rigidityK, in the vicinity of Ty,. This was
kova[8], while this may explain the observation of phenom- earlier suggested, but also doubtedB,21. Moreover, the
ena occurring within the plane of the bilayer, such as hydrofunctional form ofK. seems to follow a power-law depen-
carbon chain packing, there may still be critical momentumdence with temperature upon approaching[8,10,22,23.
out-of-plane fluctuations of the bilayers affecting the interbi- Independent of the observed phase transition phenomena
layer water region to which ultrasound measurements arsn phosphatidylcholines, Lipowsky and Leiblg24] consid-
insensitive. ered the critical unbinding of two interacting membranes due

Neutron and x-ray diffraction measurements are sensitivéo steric repulsion. Presently, the only experimental results of
to changes occurring to both the structure of the bilayer and thermal unbinding transition were reported by Mutz and
the interstitial water. Of particular interest, and noted by dif-Helfrich [25] using digalactosyl diacylglycero[DGDG)
fraction, is the observation of the so called “anomalousmultilamellar vesicles(MLVs), and by Pozo-Navagt al.
swelling” phenomenori6,10—17. In this phenomenon, the [26] using a mixture of phosphoethanolamine and phosphati-
lamellar repeat distanag comprised of lipid bilayer stacks dylglycerol with appropriate amounts of NaCl. One of the
and interstitial water, increases nonlinearly as the temperaeasons mentioned by Lipowsky and Leib@d] that leads
ture of the system is lowered towards the main liquidto unbinding of membranes is a reductiorkig, which, due
crystalline-to-gel transition of, . It should be noted that for to bilayer undulations enhances the steric repulsion of oppos-
a “normal” first-order phase transition exhibited by, for ex- ing bilayers[27].

1063-651X/2004/66)/0319068)/$22.50 69 031906-1 ©2004 The American Physical Society



HARROUN et al. PHYSICAL REVIEW E 69, 031906 (2004

It therefore seems that thermal unbinding and anomalouson of temperature, at ambient pressure, and showing that

swelling, both suggested as being caused by a decrease time amount of anomalous swelling is greatly reduced.

K¢, may be linked. Moreover, both of these phenomena ex-

hibit mean membrant_a separations that_ _divergedas(y Il. MATERIALS AND EXPERIMENTAL METHODS

—y.) ¥ [15,24. Lemmichet al. take the critical exponenk

to be unity because this is consistent with the theoretical To determine the effect of pressure on the anomalous
treatment of the thermal unbinding of membranes and beswelling behavior of phospholipids, we constructed a special
cause the accuracy of the data could not support an indepepressure cell capable of withstanding 370 MPa of hydrostatic
dent determination ofy [24]. In addition,y is any modulus pressure at room temperature and reasonably transparent to
of a mechanical property contributing to the system’s totalneutrons[31]. Made of high yield strength 7075 aluminum
free energy(e.g.,K. or the Hamaker constagntandy. is the  alloy, the sample cell uniquely accommodates oriented lipid
corresponding critical field value for that property. Changessamples on a flat substrate. The cell uses less than 2 ml of
iny as a function of temperature could drive the system intovater, such that the total stored energy under pressure is less
an unbound state at a temperatiife than 100 J. Transmission of neutrons was measured to be

From theory which predicts the unbinding of lamellar slightly better than 70%. The cell, however, had a limited
stacks with the softening of the bilaygt2,24], we infer that  duty cycle before failure at combined high temperatures
although the mean value df, changes as a function of (>343 K) and high pressures>240 MPa)[31].
acyl-chain length 28], its functional form, with temperature, Sample temperature was controlled using a circulating
is always reflected in the functional form of the anomalouswater bath and water jackets affixed to the sample cell block,
swelling. Therefore, as long &, follows the same tempera- to an accuracy of-0.2 K. High resolution neutron diffrac-
ture dependent power-law form in the vicinity f,, while ~ tion was carried out at the NRU react@@halk River Labo-
varying either hydrocarbon chain length or hydrostatic presfatories, using the N5 and E3 triple-axis spectrometers.
sure, we do not expect a relative difference betwégrand ~ Monochromatic neutrons of suitable wavelengthg (
T*. More explicitly, t.= (Ty—T*)/Ty should remain con- ~1-3.5 A) were obtained using either a pyrolitic graphite
stant. or germanium single crystal monochromators.

Here we report on several small-angle neutron scattering The disaturated lipids 1,2-dilauroghglycero-3-
(SANS) experiments, carried out as a function of hydrostaticohosphocholinéDLPC, 12:0, 1,2-dimyristoylsn-glycero-3-
pressure and temperature, using aligned, fully hydrate@hosphocholine (DMPC, 14:0, and 1,2-dibehenoyds
multibilayer stacks of dimyristoyl- and dilauroyl- glycero-3-phosphocholingDBPC, 22:0 were purchased
phosphatidylcholing14:0 PC, DMPC and 12:0 PC, DLPC, from Avanti Polar Lipids(Alabaster, Al and used without
respectively [29,30. We are able to observe that the powerany further purification. DLPC and DMPC samples were de-
law form of anomalous swelling in PC bilayers is preservedposited on a clean Si substrate from a concentrated methanol
under conditions of high hydrostatic pressure, up to 24Gsolution, forming highly aligned bilayers in a standard man-
MPa. Moreover, we observed, as a function of pressure, theer. DBPC was dissolved in water and sonicated above the
systematic suppression of anomalous swelling in DMPC bi-Ty to form unilamellar vesicles before being deposited on
layers. We interpret this to mean that although the functionalhe Si substrate. After initial evaporation of the solvent, the
form of K is preserved, the function’s amplitude is decreas-samples were kept under vacuum for several hours. The
ing with increasing pressure. The extrapolated point of therDBPC samples were then annealed in a humid environment,
mal unbindingT* is coupled taT ), for lipids with hydrocar-  above theirTy,, for several hours to help in better aligning
bon chains longer than those in DMRi@., > 14), including  them, and then were dehydrated. The dry samples were then
DMPC. We also observe that DLPC is intrinsically different placed into the sample cell, slowly immersed in heavy water,
from the other lipids studiedT* for DLPC bilayers is no and the pressure cell purged of air as described in [3&f.
longer coupled to its transition into the gel state, but rathePressure was applied by a manually operated piston.
the transition into thd.y phase, and predict a point of high
hydrostatic pressure where complete unbinding may occur. IIl. RESULTS AND DISCUSSION
Finally, we have reanalyzed the work of Korreman and Pos-
selt[11] and discovered that the same rules apply to bilayers The open symbols in Fig.(4) depict thed spacing of
of different hydrocarbon chain lengths at ambient pressurd)MPC multibilayers as a function of temperature while
leading to the observation that the effect of pressure is analaooling from thelL , phase at ambient pressui@1 MP3.
gous to extending the hydrocarbon chains by the addition ofhe measured’,, occurs at 297 K, in agreement with the
methylene groups. The approximate relationship determinekinown main transition. The inset to Figal shows a rocking
by applying pressure to DMPC is that, 100 MPa of hydro-curve, taken al =320 K, which measures the sample’s mo-
static pressure is analogous to extending the fatty acyl chaisaicity. A full width at half maximum o0f<0.2° is indicative
by 2 carbons. From the DMPC data we predict that for a P®f a sample that is highly aligned with respect to the Si
lipid composed of two saturated 21 carbon acyl chains, angubstrate. The anomalous swelling is very clear, occurring in
anomalous change of the bending rigidity with temperaturehe vicinity of Ty, and resulting in~5 A increase ird spac-
will be completely suppressed. This result is qualitativelying. Figures 1b) and Xc) contain data from independent
confirmed, by measurind of dibehenoyl phosphorylcholine experiments performed at 100 MPa and 200 MPa pressure,
(DBPQ bilayers (two 22:0 hydrocarbon chaipss a func-  respectively. The rocking curve shown in the inset of Fig.
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FIG. 1. DMPC lamellar repeat spacings as a function of tem-

perature for(@ ambient pressuréd.1 MP3, (b) 100 MPa, andc)
200 MPa. The open symbols indicate cooling from thephase,
while the closed symbols represemtspacings obtained during a
heating cycle. The solid lines are the best fits of &g. The insets
show the# rocking curve of the first Bragg reflection, takenTat
=320 K (@) andT=350 K (c).

1(c) indicates that even at this high pressure the sample r
mained highly aligned. The effect of pressure is that the mai
transition temperature has increased to 316 K at 100 MP
and 335 K at 200 MPa, while the amount of swelling at 200

MPa has been reduced te2 A.

Figure 2 shows similar data for the shorter chain DLPC,
at ambient, 120 MPa and 240 MPa hydrostatic pressures. I

these samples, there is an ordeted phase occurring be-
tween the transition from the -to-gel phasd32], and ob-
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FIG. 2. DLPC lamellar repeat spacings as a function of tempera-
ture for (@) ambient pressuré.1 MP3, (b) 120 MPa, andc) 240
MPa. The open symbols indicate cooling from the phase, while

the closed symbols ifa) represent a heating cycle. The solid lines
are the best fits of Ed1). It is interesting to note that the tempera-
ture range occupied by they phase decreases as a function of
hydrostatic pressure. The insets show theocking curve of the
first Bragg reflection, taken &t=295 K (a) andT=325 K (c).

1& an analysis of the critical exponent. Only by havirg

xed to 1 it is possible to determinE* accurately.

Richter et al. [34] have attempted to determing from
similar data at ambient pressures. However, for reasons
which we will outline, we do not believe that their analysis is
correct. First, for the same homogeneous composition, swell-
ing is expected to be caused by the same mechanism at all
pressures, therefore there isag@riori reason for the critical
exponent to be a function of pressure. In other words, we

servable by a change in the slope of the anomalous swelling, 4 expect the universality class to be presefi&. Sec-
At the highest pressure the swelling is arrested and revers%d, as we have mentioned, their data suffer from not having
before the sudden onset of the gel phase and the Concomé'nough ordinate data in the criticédsymptoti¢ region to

tant, discontinuous drop id.
The functional form of the swelling occurring in, bi-
layers has been proposed to be a power[l&5 of the form

d—dox(T-T*) ", ()

wheredy is thed spacing well into the. , phase, and/, the

justify a fit capable of accurately obtaining. Third, and
perhaps most importantly, the power-law behavior in the
critical region is applicable only to the nonanalytical part of
d(T) [i.e.,d(T)—dg] and not tod(T) as a whole. However,
in Ref.[34] the critical exponent has been obtained by fitting
the power-law model to thd(T) data, without subtracting
an analytical part. Finally, they erroneously discredit the

critical exponent, is 1 regardless of the number of interactingalue of 4=1, by using an incorrect value af, (our T*),
layers[33]. This is a crucial point for our analysis since the since a different exponent would necessarily yield a different
data available in the asymptotic region are too few to allowcritical temperature.
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Regardless of the value @f, the amplitude of the diver- ' ' ' " DIPC ®m
gence ofd was theoretically found to scale with the number
of layers, decreasing progressively the range where critical
swelling can be observd@®3]. For a stack of many interact-
ing membranes the unbinding transition would then appear
discontinuous. One possible reason why we observe continu-
ous swelling, even though our samples are made up of hun-
dreds of layers, may be that the amplitude of the critical
swelling may also depend on the cause of the swellag.,
reduction in the bending rigidi}y Thus, critical swelling in-
duced by a reduction df. may depend less on the number
of interacting layers than believed previously on the basis of
theoretical arguments.

In applying Eq.(1) to the DMPC data, we start the fit
from the highest measuret] just before the transition, to the 0 50 100 150 200 250 300 350
lowestd in theL , phase, using a total of three variabldsg; Pressure (MPa)

T*, and a proportionality constant. The transition from the

L, phase in DLPC is less clear, and in this case we continue FIG. 3. The amount of anomalous swellidg, as a function
to take points in the upward swelliryuntil the fit no longer ~ of pressure, as determined by Edj), for DLPC (), DMPC (@),
improves. The solid lines in Figs. 1 and 2 are the fits to thetnd DBPC @&). The solid line is a linear fit. The error bars are
data and show that E¢l) describes, more than adequately, contained within the solid symbols.

the entire region of interest in the, phase. ~ The uncertainty in the changing bilayer thickness led us to
The variabled, has been described as the repeat spacingttempt to account for it by reanalyzing the data. This was
well into the fluid phas¢11]. The fit is reasonably sensitive done by fitting and subtracting a linear component to the data
to the value ofdg, however, it is difficult to assign it a (j.e., nonanomalous contribution t@). From T,,+ 10 to
physical meaning since thiespacing in the , phase begins T, + 3 the change il was found to be directly related to the
to increase at higheT [Fig. 1(b)], as noted in Ref[36].  change in bilayer thickness at ambient pres$afe12. The
Nevertheless, we take, to represent an ideal bilayer with pest fit line in this region, however, was never very satisfac-
homogeneous melting of the acyl chains and with minimalkory, but it was still possible to proceed by subtracting it from
density fluctuations and thermal undulations. The swelling abur data before subsequently fitting with Ed). Most im-
higherT values is likely caused by a similar softeningktf  portantly for our current study, the results between the two
as is the anomalous swelling ne&y; [36]. However, for the  fitting procedures yielded only small differencesTih. Ulti-
purposes of this discussion we restrict ourselves to the regiomately, this method proved unsatisfactory because we cannot
in the vicinity of T, . The standard error in the measurementdifferentiate, with confidence, the bilayer and water matrices,
of Ty is determined from the size of the temperature stemor is it clear that we should. The following discussion does
during scanning or-0.5 K. The fitted parametér* is sen-  not assume anything about the thickness of the bilayer. In-
sitive to the fitting with an accuracy of 0.2 K. Ford, the  stead, the values reported here are from the application of
standard error is-1 A and for the proportionality constant Eq. (1) only.
less than 1%. Figure 3 shows the amount of swelling, as determined
Using only Eq.(1), the relative change in the swelling of from Eg. (1), for DLPC and DMPC bilayers as a function of
the d spacing is defined ads e = dmax—do, Whered,.xis  pressure. The data for DMPC show that the amount of
the maximumd spacing just before the main transition. anomalous swelling decreases monotonically with pressure
However, this method of fitting cannot distinguish the thick- at a rate of- 1.6 A/100 MPa. On the other hand, the trend is
ening of the lipid bilayer only—due to a decreasetians-  less pronounced for DLPC, occurring at a rate of
gaucheisomerizations—from the intake of water between —0.4 A/100 MPa. The data therefore indicate that anoma-
the bilayers as both contributions to thepacing are folded lous swelling will be eliminated in DMPC at a pressure of
into Eq.(1). On the other hand, neutron diffraction of DMPC 340 MPa. By definition, this means there will no longer be
unilamellar vesicles at ambient pressures is sensitive only tany changes either to the water or bilayer thickness. The
the bilayer thicknes§12]. From such measurements Mason amount of swelling in DLPC is only slightly less than previ-
et al. [12] determined the contribution of bilayer thickening ously reported13,14.
to the totaldg,e to be ~2.3 A. Interestingly, we have in- Bonev and Morrow20] have studied the phase behavior
spected the data presented by Masbal.[12] and find that of DLPC and DMPC under pressure using NMR, a tech-
the increase also follows the power-law form of H@).  nique, however, that cannot measure drepacing of bilayer
Since we cannot distinguish between the bilayer and watestacks. Their method of measurement obtains an order pa-
contributions and since Eql) is the correct theoretical de- rameter from the splitting of the deuterium resonance that
scription of the separation of bilayers, there is @2 A can then be related to a projection of the acyl-chain segment
overestimate in oudg,e values and will be discussed in to the bilayer normal. The measured sudden jump of this
detall later on. order parameter at the main transition was attributed to the

°

dswell (A)

o

dswell (A)
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FIG. 5. The measured and calculated transition temperatures for
DLPC (H), DMPC (@), and DBPC Q). (a) The measured ther-
modynamic transition temperatures include the main transition tem-
peratureT, (closed symbolsand thelL ,— Ly transition tempera-

ptyre Ty (open symbols (b) The calculated unbinding temperature

FIG. 4. The baseline value af, as a function of pressure for
DLPC (M), DMPC (@), and DBPC Q). The solid line is a linear
fit. The error bars are contained within the solid symbols.

expected thickening of the bilayer as the acyl chains ado
the gel state or nearly altans configuration. The validity of
measuring the bilayer thickness from this order parameter
was discussed by Bonev and Morrow, nevertheless, their datséinding may take place at a hydrostatic pressure above 290
indicated that under pressure, there is a 0.96 A/100 MPMPa.
change in the thickness df, DMPC bilayers. This is in Besides the recent attempts of explaining pretransitional
agreement with the present data, where there was an increasffects in terms of a weak first-order transitip8), it has
in thed, of DMPC bilayers of 1.0 A/100 MPé&hown in Fig.  long been supposed in the literature that there is a critical
4). point of chain melting in the phase diagram of PC lipids near
DLPC, on the other hand, shows little trend above ambi-T,,. One clue as to its existence is the prediction that for
ent pressures with respectdg. Further, the DLPC data of phosphocholines at ambient pressure and hydrocarbon chains
Bonev and Morrow indicate that the change in bilayer thick-< 8 carbons, the thermodynamic discontinuity of chain or-
ness across the temperature range oflthephase closely dering disappeafs9]. It is believed that for a bilayer of that
resembles that of the changednseen in Fig. 2. This may thickness, there is little “freezing” of the hydrocarbon chains
indicate the cessation of swelling in the water regime and thecross the main transition. Concomitantly, the latent heat re-
change ind is entirely due to changes in thg bilayers. leased is negligible. At this point, the pseudocritical charac-
The main transition temperature of both lipids increaseger of the phase transition is expected to be more pronounced
with pressure and can clearly be seen from Fi@).5The  due to the overlap of the critical point and the main transi-
slope of the straight line fit is 16:71.4 K/100 MPa for tion. However, the main transition of such short chain phos-
DLPC and 20.50.8 K/100 MPa for DMPC. Using optical pholipds is<233 K[40], and difficult to observe experimen-
methods, Ichimoret al. report 20.0 and 21.2 K/100 MPa for tally. As such, it may be that either the application of
DLPC and DMPC, respectivel{37], although Bonev and pressure, or additional acyl-chain carbons, can separate the
Morrow reported values of 15.0 and 19.1 K/100 MPa, re-main transition from this first critical poiri20].
spectively[20,38. In addition, the intermediate transition to  In our data for DMPC we see no indication of approach-
theLy phase in DLPC also changes with pressure at a similaing a critical point or unbinding with the application of pres-
rate of 15.8-1.1 K/100 MPa. This was also present in the sure. As shown in Fig. 6, the relative distance betw&én
data of Bonev and Morroy38], although it is difficult to be and Ty, is, within experimental error, a constant, and aver-
guantitative about the rate from their data. aged across all pressures we obtay=(Ty—T*)/Ty
Here, we make the observation that the fitted transition=0.0084+0.004. Previously, the relation df* to T\, has
point T* also changes with pressure at a rate similar to thaonly been reported as a function of the acyl-chain length
of Ty; 16.7+1.0K/100 MPa for DLPC and 19.7 using two different species of lipid. Lemmida al. [15] re-
+0.7 K/100 MPa for DMPJFig. 5b)]. It therefore seems ported that the difference between these temperatures nor-
thatT* andT,, for DMPC bilayers are coupled as a function malized toT,, was 0.008 for DMPC and 0.01 for 16:0 PC
of pressure, indicating that there is no possibility of pressurédDPPQ. As the authors were not capable of distinguishing
facilitated unbinding of the DMPC multilamellar stacks. For between these two values they claimed thatight in fact
DLPC bilayers, on the other hand, the fitted unbinding tran-be the same. This result by Lemmiehal. seems to be sup-
sition temperatureT* approaches thé ,-to-Ly transition ported by our reexamination of the data of Korreman and
temperature, holding out the possibility that membrane unPossel{11]. Although they did not determing, from their
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FIG. 6. The relative distance between the thermodynamic and ) ] -
unbinding transition temperatures for DLR®p) and DMPC(bot- _FlG. 7. (@) The relative difference between transition a_nd un-
tom). For DLPC, the differences betwedi and bothT,, and Ty blnd[ng temperatures ar(h) thg amount of anomalous. swelling at
are plotted. ambient pressure as a function of hydrocarbon chain lehgth

Included are data from the literature; Korreman and Po$d&alt
reported data our calculations indicate-0.0086+ 0.002 for ~ (CJ), Lemmichet al.[15] (O), and the current dataX). All the
phosphocholines with chain lengths 13 through 16 carbonglata were treated with Egl) for consistency. The solid lines are
This is in excellent agreement with our result for linear fits to(a) all of the data andb) the data of Korreman and

The data of Korreman and Posgdlt] indicate thatlg,.;,  POSSelt
increases with decreasing chain length, while the authors
point out that they believe the trend ffis to increase with  phase just below the, phase, as shown by the appearance
longer chain lipids. This seems to lend support to the ide@f the Ly phase in the DLPC data. The solid symbols in Fig.
that shorter chain lipids should have greater anomaloug are from heating the DLPC sample through the various
swelling, an idea that has been proposed in the it transitions where ndy phase occur§41]. The amount of
However, our data on DLPC support the observation of dif-anomalous swelling is the same, regardless. This observation
ferential scanning calorimetry measurements which show aonfirms the result of Masoet al. [18] where anomalous
fundamental shift in thermodynamic behavior scaling withswelling is seen regardless of the nature of the Isylphase
chain length<12 carbong41]. in methylated phosphatidylethanolamines.

For DLPC bilayers the relative difference betwe€p The present data seem to indicate that the main transition
andT” is a constant with value of 0.05. However, it is in fact becomes increasingly characteristic of a first-order transition
the Ly phase which interrupts thke, phase, and.=(Tyx  with longer chain length PCs or higher hydrostatic pressures.
—T*)/Ty is no longer constant with pressuigee Fig. 6. It It has been argued that the excess compressibility, measured
should be noted thaty is the transition temperature between as a change in molecular volume across the main transition,
L, andLy bilayers, whileTy, is the transition temperature is proportional to the temperature and the excess heat capac-
between thé.y and gel phase. The fact that DLPC breaks theity [22]. Our data suggest that this is no longer the case at
trend toward unbinding can be seen in Fig. 7, which com-high pressures or for very long chain lipidise., =21 car-
bines the data at ambient pressures from the literature and tl®ng, since the amount of swelling—which we have argued
current data. In Fig. (8), the trend of the difference between is proportional to the compressibility—is being suppressed.
Ty andT* as a function of chain length shows that at am-It could be inferred that as a result, the modulus of bending
bient pressures there may be complete unbinding for PCsgidity is maximized across the transition and shows no
with hydrocarbon chains of 9 carbons or fewer, if the valuecritical behavior. This may be due, in part, to suppressed
of Ty, is considered for DLPC. This is true in as much Eq.density fluctuations and thermal undulations, and indicates
(1) remains a predictor of the swelling of the water matrix, thatK, may be decoupled from changes in the total enthalpy
and the effect of acyl-chain thickness changes are small. Thiat high pressures, a concept not previously explored.
is completely analogous to the hypothesis of a critical point Further to the DMPC data, the similarity between increas-
occurring in short chain length lipids. However, if instead ofing chain length and pressure dry, Ty, as well asdg,

Twu we considefTy, then the trend is broken and unbinding indicates that they have a similar effect on bilayer “soft-
will in fact not be seerfFig. 7(b)] in shorter chain lipids at ness.” We hypothesize that hydrostatic pressure has a com-
ambient pressure. parable effect on the order and disorder of the hydrocarbon

The amount of the anomalous swelling is unrelated to thenmatrix as the addition of methylene groups to the acyl
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similar to the ambient pressure data for DLRCFig. 2) and
_TAr DPPC (inspection of data from Refl5]) bilayers. As dis-
< cussed earlier, the overestimationdaf, ¢, for DMPC due to
o0 72 | acyl-chain extension alone is2 A [12]. This being the
g case, the swelling observed for DBPC and DLPC can possi-
2 bly be solely attributed to swelling of the bilayer only. The
s 0r T expansion of the water layer, being the major contribution to
Lo @ anomalous swelling in all of the other lipid bilayers studied,
68 B0 L ' . is essentially abolished.
340 345 350 355 360 365 In this report we describe the anomalous behavior of

T (K) aligned, fully hydrated multilamellar stacks of DLPC,
DMPC, and DBPC in the vicinity ofly,. For DLPC and
3DMPC bilayers, experiments were also carried out as a func-
tion of applied hydrostatic pressure. The major findings of
this report can be summarized as followa) For DMPC
atPiIayers the main transition temperaturg as a function of
increasing hydrostatic pressure, changes in step with the
itical unbinding temperatur€*. That is, for every pressure
%M —T™)/Ty is a constant of value 0.08) The amount of

FIG. 8. DBPC lamellar repeat spacings as a function of temper
ture for ambient pressuf@.1 MP3. The solid lines are the best fits
of Eq. ().

chains. From the DMPC data, we derive the relationship th
the addition of two carbons is equivalent 46100 MPa of

hydrostatic pressure. From the present data, the anomalo
swelling in DMPC bilayers is predicted to be eliminated

around 340 MPa. We were not able to reach that pressure nomalous _swellint_glswe.. in DMP.C bilayers is re.duced asa.
this experiment, however, we are continuing those efforts unction of increasing hydrostatic pressure. This decrease is

Nevertheless, using this relationship between pressure ar{iawear and from it, we extrapollate tha.'rspeJ,:O A should
additional carbons, the data predict that PCs with chai ceur at hydrostatic pressures in the vicinity of 340 M.
lengths of~21 carbons the anomalous behavior should b roml the pfressuFr)eC ?aFg W'(tah azlif)o %reéhct tdbg,t,e” ih(.)UId Al
eliminated. Comparisons between high-pressure DMPC an qua hzerot tort e}I blpl tW[IDBP .Z_Oybflocar ontc alt?s. i )
ambient pressure DBPC are complicated by the fact that hig ough not totaly absent, (22:0 bilayers at ambien

pressure causes an extension of DMPC acyl chains throu esl‘lslure did Shoc\th m[l;,\(;lflla r(zdlched allmqunttsh of ano;nalous
fewer trans-gaucheisomerizations. For DBPC at ambient Welling compared 1o Gd) Reanalyzing the recent re-

pressured,,.;; might come to be dominated by more acyl- sults of Korreman and qusélll] shows that their data of
chain isomerizations, and an increasedimvill result in an 13:0-16:0 PCs_are consusten_t with our conclua(ﬂ)&qnd
overestimate in the amount of swelling. Figure 8 showsdthe (b). (¢) We predict a hydrostatic pressure for DLPC bilayers

spacing with respect to temperature for DBPC bilayers a£~290 MPa) where unbinding may occur.

ambient pressure. Despite the large linear increask ime ACKNOWLEDGMENT

find only a small amount of anomalous swelling n&gy of

345 K. The fitted curve, using E¢l), is depicted by a solid We would like to thank John F. Nagle for many informa-
line and shows a total swelling of 2.4 A. This is remarkablytive discussions.

[1] J. Nagle and H. Scott, Biochim. Biophys. Ac&l3 236 [12] P.C. Mason, B.D. Gaulin, R.M. Epand, and J. Katsaras, Phys.

(1978. Rev. E61, 5634(2000.
[2] I. Hatta, K. Suzuki, and S. Imaizumi, J. Phys. Soc. Jp#).  [13] J. Nagle, H. Petrache, N. Gouliaev, S. Tristram-Nagle, Y. Liu,
2790(1983. R. Suter, and K. Gawrisch, Phys. Rev5B, 7769(1998.
[3] A. Ruggerio and B. Hudson, Biophys. 55, 1111(1989. [14] F.Y. Chen, W.C. Hung, and H.W. Huang, Phys. Rev. L&%.
[4] M.R. Morrow, J.P. Whitehead, and D. Lu, Biophys.68 18 4026 (1997).
(1992. [15] J. Lemmich, K. Mortensen, J.H. Ipsen, T/hier, R. Bauer,
[5] D.P. Kharakoz, A. Colotto, K. Lohner, and P. Laggner, J. Phys. and O.G. Mouritsen, Phys. Rev. LeTt5, 3958(1995.
Chem.97, 9844(1993. [16] R. Zhang, W. Sun, S. Tristam-Nagle, R.L. Headrick, R.M.
[6] T. Hénger, K. Mortensen, J.H. Ipsen, J. Lemmich, R. Bauer, Suter, and J.F. Nagle, Phys. Rev. L&d, 2832(1995.
and O.G. Mouritsen, Phys. Rev. Lef2, 3911(1994). [17] S. Kirchner and G. Cevc, Europhys. Le2B8, 229 (1993.
[7] J. Nagle, Proc. Natl. Acad. Sci. U.S.R0, 3443(1973. [18] P.C. Mason, J.F. Nagle, R.M. Epand, and J. Katsaras, Phys.
[8] D. Kharakoz and E. Shlyapnikova, J. Phys. Cheml1@® Rev. E63, 030902(2001).
10 368(2000. [19] J. Lemmich, K. Mortensen, J.H. Ipsen, T/hier, R. Bauer,
[9] J. Frenkel, Kinetic Theory of Liquids(Dover, New York, and O.G. Mouritsen, Phys. Rev. 33, 5169(1996.
1946. [20] B.B. Bonev and M.R. Morrow, Phys. Rev. 35, 5825(1997).
[10] G. Pabst, J. Katsaras, V.A. Raghunathan, and M. Rappolf21] L. Fernandez-Puente, |. Bivas, M. Mitov, and PI&d, Eu-
Langmuir19, 1716(2002. rophys. Lett.28, 181 (1994).
[11] S.S. Korreman and D. Posselt, Eur. Phys. 1, B7 (2000. [22] T. Heimburg, Biochim. Biophys. Acta415 147 (1998.

031906-7



HARROUN et al. PHYSICAL REVIEW E 69, 031906 (2004

[23] C.-H. Lee, W.-C. Lin, and J. Wang, Phys. Rev6E 020901 [34] F. Richter, L. Finegold, and G. Rapp, Phys. Re\6% 3483

(2001. (1999.
[24] R. Lipowsky and S. Leibler, Phys. Rev. Lefi6, 2541(1986.  [35] P. M. Chaikin and T. M. LubenskyPrinciples of Condensed
[25] M. Mutz and W. Helfrich, Phys. Rev. Let62, 2881(1989. Matter Physics (Cambridge University Press, Cambridge,
[26] B. Pozo-Navas, V.A. Raghunathan, J. Katsaras, M. Rappolt, K. 1995,
Lohner, and G. Pabst, Phys. Rev. L&, 028101(2003. [36] G. Pabst, J. Katsaras, and V.A. Raghunathan, Phys. Rev. Lett.
[27] W. Helfrich, Z. Naturforsch. A33A, 305(1978. 88, 128101(2002.
[28] W. Rawi(?z, K. Olbrich, T. Mclntosh, D. Needham, and E. [37] 4. |chimori, T. Hata, T. Yoshioka, H. Matsuki, and S.
Evans, Biophys. J79, 328 (2000. Kaneshina, Chem. Phys. Lipid@9, 97 (1997.

[29] J. Katsaras, Biophys. J3, 2924(1997).

[30] J. Katsaras, Biophys. J5, 2157(1998.

[31] M.J. Watson, M.-P. Nieh, T.A. Harroun, and J. Katsaras, Rev.
Sci. Instrum.74, 2778(2003.

[32] I. Hatta, S. Matouka, M.A. Singer, and L. Finegold, Chem.
Phys. Lipids69, 129 (1994).

[33] R. Lipowsky, Z. Phys. B: Condens. Matté7, 193(1995.

[38] B.B. Bonev and M.R. Morrow, Biophys. J0, 2727(1996.

[39] D.C. Wack and W.W. Webb, Phys. Rev.48, 2712(1989.

140] C. Huang, Biochemistr0, 26 (199J).

[41] R.N.A.H. Lewis, N. Mak, and R.N. McElhaney, Biochemistry
26, 6118(1987.

[42] S.S. Korreman and D. Posselt, Eur. Biophys@).121(2000.

031906-8



