VOLUME 79, NUMBER 20 PHYSICAL REVIEW LETTERS 17 NVEMBER 1997

Critical Swelling of Phospholipid Bilayers
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We reexamine a critical phenomenon of phospholipids in lamellar phases. The question is, Is the
anomalous divergence in the repeat spacing near the main transition the result of a divergence of the
water layer or of the lipid bilayer? X-ray diffraction of DLPC lamellae was measured in partially de-
hydrated conditions. Its critical behavior is much more pronounced than the previously studied DMPC.
The bilayer thickness was calculated from dehydrated conditions and then extrapolated to full hydra-
tion. The results show that the anomalous divergence is primarily due to the water layer expansion.
[S0031-9007(97)04513-4]

PACS numbers: 87.22.Bt, 05.70.Jk, 64.60.Fr, 87.64.Bx

There has been a great deal of interest in the physproportional to the bending rigidity) [6] is enhanced,
cal properties of phospholipid bilayers because of theihence a divergent water layer. Mouritsen’s group pro-
relevance to biological membranes. One important charposed that this mechanism is the dominant cause of
acteristic of lipid bilayers is the main (phase) transitionthe D spacing divergence [4]. But the experiment by
where “melt,” fluidlike hydrocarbon chains discontinu- Nagle’s group found no evidence of bilayer softening, so
ously change to “stiff,” extended forms upon cooling. they concluded that it is the intrinsic nature of the main
A consensus based on both theoretical and experimentahnsition that lipids gradually extend their chains as the
studies is that the main transition is in the vicinity of a critical point is approached from higher temperatures [5].
critical point [1]. This critical point7, was estimated The system studied by these two groups is dimyristoyl
to be about 260 K [2,3]. On the other hand, the mainphosphatidylcholine or DMPQn. = 14). Its T, at
transition temperatur,, depends on the chain length of 297 K is about 37 aboveT.. Thus its pretransitional
the lipid n., the longer the chain, the higher the transi-critical phenomena are relatively weak. Another problem
tion point. Evidence shows thd}, approached. when of the previous investigations was that their analyses
the chain lengtte, ~ 9-10 [2]. For n. > 10 this criti-  were based on intrinsically low resolution data. They
cal point is preempted by the first-order main transitionperformed diffraction from hyperswollen lamellar phases
Nonetheless, some pretransitional critical behaviors arthat produced only a few very broad Bragg peaks. It
evident. Particularly in the lamellar phase, where roughlyis difficult to extract structural information (e.g., the
parallel lipid bilayers are separated by water layers, the rebilayer thickness) from such data. Here we reexamine
peat distanc® increases anomalously as the temperatur¢he problem with dilauroyl phosphatidylcholine or DLPC
lowers towardT,,. What is the cause of th® spacing (n. = 12) which has aT,, = 272 K just below the ice
divergence? Is it the result of a divergence of the watepoint, and its pretransitional critical behavior is much
layer thickness or that of the lipid bilayer? On the surfacemore pronounced than DMPC. In order to obtain high
this seems to be a simple question. However, undulatioresolution data, we performed diffraction experiments in
fluctuations of lipid bilayers make the measurement of thepartially dehydrated states. We will then extrapolate the
bilayer or the water layer thickness a nontrivial problem.structural analysis to the state of full hydration. The re-
This problem was recently investigated by Mouritsen’s [4]sults unambiguously show that the anomalous divergence
and Nagle’s [5] groups, but they reached conflicting conin D spacing is due mainly to the water layer expansion.
clusions: one favored a divergence by the water layers, X-ray diffraction of aligned lamellae was measured on
another by the lipid bilayers. a conventional diffractometer bg-26 scan. DLPC was

These two interpretations underline two differentpurchased from Avanti Polar Lipids (Alabaster, AL), and
mechanisms of critical fluctuations. Let the bilayerused as delivered. Lamellar phases consisting of large
thickness be the order parameter of the critical transitionmonodomains were prepared on a clean glass slide [7] and
(A more or less equivalent choice for the order parametewere equilibrated inside a temperature/humidity chamber
is the in-plane cross sectional area per lipid moleculenclosing the goniometer head. The temperature of the
because the area is roughly proportional to the inverse djlass slide was controlled t&0.025°C. The chamber
the thickness.) As the temperature approaches the criticalas connected to a water source whose temperature was
point, increasing fluctuations of the lipid area soften theadjusted to vary the relative humidity in the immediate
bilayer and reduce its bending rigidity. Consequently vicinity of the lipid sample. A combined thermometer and
Helfrich’s steric repulsion between bilayers (inverselyhygrometer (accuracy 0°C and 0.1% RH, respectively)
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was positioned next to the sample. The measured va-
por temperatureT, and relative humidity RE were | 2nd Peak
used to calculate the relative humidity for the sample

RH = RH, X (saturated vapor pressure Ej/saturated =
vapor pressure at the sample temperatfije The os- g
motic pressurdl is defined adl = —(kgT/v,,) In(RH), 2
where kg is the Boltzmann constant and, is the vol- »5
ume of a single water molecule. The sample was mea- - .

sured above the main transition, along isothermal lines as -0.01 . 0.01
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a function ofIl. The range ofll was limited and varied

with temperature (see figures). Hidh's were limited by 0.006 . i .
a dehydration induced liquid-to-gel phase transition [8]. 2nd Peak —v—36C (b)
The closer theT to T,,, the smaller the higHI limit. _ \\ ——_a
Low IT's were limited by practical reasons: (1) Near ™ \.\

the full hydration, the sample had a tendency to flow off ““'30-004g\\.v — 104
the substrate and had long equilibration tinfesl day). ~ \\. \.‘v\ —+—150
(2) The RH measurement became difficult and inaccu- E, ‘\}..\'ligi —a—200
rate. (3) Diffraction peaks became very broad, even the 0.002 ) -4
D spacings were difficult to determine. All of these limi- 0 1 2 3 4
tations diminished the range of asT approached,. I (10 sdyne/cmz)

For DLPC in low hydrations (higHI) the diffraction
pattern consists of eight discernible sharp Bragg peaksG. 1. (a) The line shape of the second Bragg peak at 3.6 and
Within the resolution, the peak width was the same in10.4°C (normalized to the same height). See the corresponding
all orders. AslIl approaches 0, the increasing distancepoints in (b)—open symbols. The solid lines are Gaussian fits.
between bilayers weakens the forces between them. TH&) The Gaussian whole widito of the second Bragg peak.
consequence is an increase in the undulation fluctuations
of the bilayers, which damp the higher order diffractionform factor. In other words, the damping effect in the
peaks and broaden the remaining ones. Furthermorstructure factor is ignored. While this assumption in-
the peak broadening increases with the Bragg ordewolves errors, it has negligible effect on the peak-to-peak
Such damping and broadening also occurred wifen distance. This is seen as follows [10]. Suppose that
approachedr,, at constantll. Figure 1(a) shows the the diffraction amplituded, of order’ is modified by a
broadening of the second Bragg peak taken at°8.6 Debye—Waller-type factor ekp(e/2) (27h/D)?], where
compared with the same peak taken at P@4at the ¢ is a constant indicating the strength of damping. Then
same value ofl, as well as at a highdl. Figure 1(b) the electron density profile along the bilayer normal is
shows that the broadening by hydratidih — 0) is much  p(z,e) = >, A, exd —(g/2) 2wh/D)*]cos2mhz /D).
more severe ad approachesl,,. Such temperature- The peak positions *z, are the solution of
dependent broadening was not seen in DMPC. Zhanp/dz),—,, = dp/dz, =0 as a function ofe. It
et al. [5] observed no broadening in DMPC (in exces-is straightforward to show that the fluctuation correction
sive water) at 24.3C (only 0.3°C above T,) com- for the peak-to-peak distancB; is given by 6D; =
pared with the same sample at ®3 despite the 26z, = —[(0°p/0z;)/(9%p/dz})]6e. Since the peaks
difference of 3.6 A inD spacing. This indicates that of the profile are in general approximately symmetric,
there are no significant pretransitional anomalous fluctua93p/azf, ~ 0, the damping due to fluctuations does not
tions in DMPC. affect the peak-to-peak distand®,. Nagle et al.[11]

We analyzed all diffraction patterns of DLPC consist-have shown by an actual data analysis that, even when
ing of five or more discernible Bragg peaks, where thethe damping and broadening effects in the structure factor
peaks are well defined and well separated. The electroare severe, neglecting the structure factor has little effect
density profile of a lipid bilayer consists of two peaks ap-on the peak-to-peak distance.
proximately at the positions of the phosphate in the lipid The phases of the diffraction amplitudes were deter-
headgroup [Fig. 2(a) inset]. We define the bilayer thick-mined by the swelling method [Fig. 2(b) inset] [12,13].
nessD; as the peak-to-peak distance in the profile. Neu-Otherwise the data reduction procedure is straightforward
tron diffraction has shown that water penetrates into th¢13,14]. Let the electron density profile of a bilayer be
headgroup region [9]; therefore, there is no clear definip(z). Then the unnormalized diffraction amplitudes are
tion for the water layer thicknesp,,. We defineD,, Fourier transformed to obtaip’ = bp + ¢, i.e., an un-
asD — D;. To obtain the electron density profile, we normalized electron density profile with two unknown
assume that the (the momentum transfer) dependenceconstantd andc. The peak-to-peak distance is a solution
in the diffraction intensity is entirely due to the bilayer of dp/dz = 0 which is the same agp’/dz = 0. Hence
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FIG. 2. (a)D spacing of DLPC as a function di at five different7T’s [symbols in (c)]. (b)D; is calculated from the electron

density profiles. (c)D,, is D — D, of (a) and (b). The solid curves fap, D,;, and D,, are four-order polynomial fits to the
isotherms. (d)-(f)D, D,, D,, of (a)—(c) plotted as functions df for nine IT values:(1.0,0.8,0.6,0.5,0.4,0.3,0.2,0.1,0.0) X

10® dyn/c?. The open symbols are the extrapolated values as shown by the solid lines in (a)—(c). The filled symbols are the
data points. The insets: (a) schematic of one and one-half lipid bilayers. The black dots represent phosphorylcholine headgroups,
each connects with two acyl chains. The shaded areas represent water. A schematic electron densijty iprplilted along

the coordinate; normal to the plane of the bilayerD, D,;, andD,, are defined as shown. (b) Shows an example of the phasing
diagram (the swelling method). (d)—(f) Show multiple-exponential fits to obtain the high temperature plajedus, and D,

for IT = 0.3 and 0(10°® dyn/cnv).

D, can be determined from the unnormalized diffractionT approached’,, at full hydration (Il = 0) the increase
amplitudes. Figures 2(a)-2(c) show five isotherms foiin D is completely dominated by the swelling of the water
D, D,, andD,. For each temperature the data were fitlayer [Fig. 3(b)].

by a four-order polynomial and extrapolated Iib = 0. As mentioned above, the bilayer thickness is regarded as
This procedure is valid, provided there is no singularitythe order parameter for the main transition [3]. In classical
at IT = 0. From these we constructed i$b-curves as models (phenomenologically described by a Landau the-
a function of temperature [Figs. 2(d)—2(f)]. Note thatory), the order parameter undergoes pretransitional fluctua-
D and D,, have parallelII dependence, that is, both tions, butits average magnitude remains constant above the
increase a$l decreases, whereas thedependence adb;,  critical point. Only the susceptibilities diverge. The weak
is opposite, i.e., it decreases slightly with. However, divergence of the order paramef2r shown in Fig. 2(e) is

all three quantities appear to divergeZaspproacheg,,,  not describable by classical models. It must be an intrinsic
although the degree of divergence by is much less characteristic of the lipid main transition, as suggested by
thanD andD,, (note the scale ab; was magnified). To Zhanget al.[5]. Their model predicts a chain extension
make a quantitative analysis of these divergent behaviorsis the transition is approached from higher temperatures.
we first used multiple-exponential fits to estimate the On the other hand, the concurrence of the anomalous
high temperature plateaus,, D.,,, and D), for D, D,,,  divergence of the water layer and the broadening of
and D,, respectively [Figs. 2(d)—2(f) insets]. We then the diffraction peaks is a clear indication of bilayer
computed the ratios,, = (D,, — Dy,)/(D — D,) and softening ag" lowered toward,,, as proposed by Hanger

r; = (D; — Dy)/(D — D,) for the lowest measuretl et al.[4]. Lipowsky and Leibler [15] predicted that a
(~0.3 x 10® dyn/cn?), as well as the extrapolated values continuous variation of a bilayer property can lead to a
atIl = 0 (Fig. 3). Itis quite obvious that even Bt > 0  critical unbinding transition. It was first pointed out by
the anomalous divergence iR is due primarily to the Goldstein and Leibler [3] that thermal fluctuations of the
anomalous divergence of the water layer [Fig. 3(a)]. Asorder parameter may cause this new critical phenomenon.
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