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Sterols sense swelling in lipid bilayers
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In the mimetic membrane system of phosphatidylcholine bilayers, thickeffimgecritical behavior,”
“anomalous swelling’) of the bilayers is observed, in the vicinity of the main transition, which is nonlinear
with temperature. The sterols cholesterol and androsten are used as sensors in a time-resolved simultaneous
small- and wide angle x-ray diffraction study to investigate the cause of the thickening. We observe precritical
behavior in the pure lipid system, as well as with sterol concentrations less than 15%. To describe the
precritical behavior, we introduce a theory of precritical phenomena. The good temperature resolution of the
data shows that a theory of the influence of fluctuations needs modification. The main cause of the critical
behavior appears to be a changing hydration of the bildg4063-651X99)10803-1

PACS numbeps): 87.16.Dg, 05.70.Jk, 61.10.Eq, 64.60.Fr

I. INTRODUCTION nessdy , which is part of the bilayer thicknesk, and the
inter-bilayer water layed,y, wheredg+dy=d. The aim is
Our ultimate aim is a fuller description of biological cell to disentangle the contribution of each region to the observed
membranes, via the physics of membrane models. Cell mengritical thickening ind, by examining four physically differ-
branes are mainly in equilibrium, yet obviously must expe-ent models, each of which affect mainly one region; the
rience fluctuating nonequilibrium conditions during cellular models do not necessarily agree-6,11. In brief, model |
events such as membrane fusion and transmembrane signébllowing the description of the models by Nagdl2,40])
ing. An excellent experimental model system for biological attributes the thickening to critical fluctuations, where a soft-
cell membranes is a dispersion of phospholipid in watergening of the bilayer leads to a reduced bending mod(uizs
known as liposomes, which exhibit a variety of interestingenhanced Helfrich undulation§12], and affects mainhd,,
phases as temperature is chang&yi Major changes in [13,14). This model has been tested and supported by neu-
physical properties are seen at the gel to fluid phase transiron scattering analysis,11]. An analysis of x-ray datf4]
tion, the main transition at temperaturg,, which is a first-  did not confirm the reduced bending modulus. Model Il at-
order transition[2,3], occurring over a narrow temperature tributes the thickening to an increasing conformational order
range. However, when approaching the main transition fronin the hydrocarbon chains upon approaching and hence
aboveT,,, structure-sensitive methods reveal a nonlinear into an increase in the lipid bilayer thickness [4]. Both
creasgwith decreasing temperatyref the lattice parameter analyses use mean-field-type liquid crystal theories whose
d in phosphatidylcholindPC) membraneg4—6], which is  application to critical phenomena and phase transitions—
attributed to critical behaviofillustrated in Fig. 3. This in-  according to the Landau theory thg-P, transition has no
crease is here termed “anomalous” behavior. This term haghance of being second ordel5]—is debatable. In model
been used also in other contei®§. The corresponding criti- I, the thickening is attributed to interbilayer hydration and
cal temperaturd . would lie at a temperature just below that van der Waals forces, which increase the water layer thick-
of T,,, and so is “hidden” by the main transition. Critical nessdyy [2]. Reasons for a change in these forces when ap-
behavior is also seen in liposomes by nuclear magnetic res@roaching the transition and their effect on the bilayer are not
nance(NMR) [7] and ultrasonic absorptidi8]. This behav-  well understood, nor is the functional form modeling these
ior in phosphatidylcholine membranes, a major componenforces tested in the neighborhood of the main transition.
of cell membranes, is believed to be of physiological impor-Model IV attributes the thickening to an increased headgroup
tance, because small temperature changes change the thitkyer thicknessl, only, which is, however, not supported by
ness of the membrane drastically and thus can easily affedMMR work [16,40.
protein functions[9,10]. Additional support for biological Sterols are an important constituent of eukaryotic mem-
relevance comes from the fact that the nonlinear behavidbranes. In mammals, cholesterol is essential for the well-
occurs in the neighborhood of a phase transition, a nonequbeing of cells[3]; a concentration-dependent effect on soft-
librium state of matter. ening and stiffening the membrane has been found for
The bilayer thicknesd, measured by x-ray diffraction, is cholestero[11]. Sterols can also play a role in some protein
composed of three regions which are the headgroup thickkunctions coupling lipid dynamics to protein dynamic,
and in the action of an acetylcholine recepid?]. Choles-
terol organizes submicron domains in living cglls8]. Here,

*Electronic address: frichter@embl-hamburg.de in the absence of proteins, sterols serve us as a natural sensor
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changes the lipid phase diagram drastically, whereas small
amounts €10 mol %) do not affect the lipid phase dia-
gram significantly[3]. Note that a phase diagram contains ‘
information about the equilibrium phases, and that it does “

not give direct information about nonequilibrium effects ‘
which may naturally occur at the phase boundaries. It has

\ | /i AN o
been showri11] that smaII. amounts of cholesterol str_ongly 20.5 A‘\\"«—-—q‘ —— \{“xu ;/"" :
affect the structure of the lipid membrane near the main tran- 1 )= AmenseEa
sition s =% o

. 3 2\ ) NS e )
Our first aim in studying the phenomenon of increased ~ /}““""" \.., E'—:—_;: WMQ
swelling is to find out whether it is analytical or indeed Jw \w.._»__.._..w._a Z §§ m§
anomalous. If the latter is found, i.e., tHespacing closetoa 552 N S N
transition can be fit to an expression of the form 0.0 041 199 3.09

[(T=T)/T.]™ ¢ whereT, is the critical temperature and s(nm"

the critical exponent, then we intend to quantify the effect by

determining the critical exponent, and test the theoretical FIG. 1. Small- and wide-angle x-ray diffraction patterns of

predictions. Critically behaving bilayer systems are of inter-dimyristoylphosphatidylcholine vesicles with 10 mol % andros-

est because of their low dimensionality and the implicit pOs_ten. Raw data of th(_e first heating through the main transition are

sibility of long-range ordering effects in fluid phases. shown. The scattering vectas=1/d=(2 sin6)/x, with 26 the
The main goal is to study various membrane interaction'299 angle.

in order to identify the source of the anomalous swelling in

PC membranes. We probe the interactions with two different

sterols, cholesterol, and androsten. In terms of structure, cho- From our x-ray data we directly determine the positions

lesterol resembles androsten prolonged by an extra aliphatif the first- and second-order lamellar reflections, as well as

tail. The relative sizes and position of the two sterols and thehe wide-angle reflections due to the ordering of the aliphatic

PC bilayer are such that the sterols are about half the lengtthains. Typical simultaneous small- and wide-angle x-ray

of a lipid molecule, and they lie towards the water interfacediffraction patterns of vesicles of DMPC with 10 mol %

B. Data

[3]. androsten are shown in Fig. 1.
The swelling is seen by the movement of the layer reflec-
Il. EXPERIMENT tions in the SAX region tow_ards smallgs value_s_(i.e.,
smaller anglesupon approaching the main transition. The
A. Protocol ripple phase is identified by th@O0) reflection, which is seen

Using time-resolved simultaneous small- and wide-angld'€ar the beam stop edge, as well as by the rising reflection
x-ray diffraction (SAX and WAX), we are able to retrieve 10m the ordering chains in the WAX region.
structural information in the region about the main transition We recorded two orders of reflections in order to better
as well as in the neighboring phases. The experiments We,%eter_mme the posmon_ of the reﬂe_ctlons since, espemal!y in
conducted at beam line X13 of EMBL at DESY, Hamburg.the ripple phase and in the coeX|sFence region, there is an
Beam line[19] and data acquisition systefa0] have been oyerlap due to scattering from the m—plang ripple structure.
been described in detail. Here, we report measurements drigure 2 shows the spacingd(T) for the variety of samples
dimyristoylphosphatidylcholingd DMPC), though we have Mmeasured.
performed analogous experiments on dilauroylphosphatidyl-
choline (DLPC) and dipalmitoylphosphatidylcholine lll. RESULTS
(DPPQ. The DMPC and cholesterol were from Avafila-
baster, Al), and androstefandrosten-B-ol) from Steraloids
(Wilton, NH). Sample preparation is described elsewhate If only SAX data are collected for measurifig,, then for
A single experiment consisted of a first heating from 4 °CPC systems the transition temperatig* might be deter-
to 29 °C, i.e., to more than 5 °C above the main transitionmined as a major change in slojel(T)/dT at the low-
temperature. The sample was then cooled to 10 °C, foltemperature end of the swelliig]. In particular, when the
lowed by a second heating up to 29 °C; i.e., each cyclépacing of the two phases participating in the transition is
consisted of three ramps. This procedure was chosen to egontinuously changind ,, cannot be determined with preci-
clude effects from improper mixing of lipids and sterols dur-sion. In combined time-resolved SAX and WAX studies, we
ing sample preparation, to single out phase effects caused Igpuld define a transition temperatufg, at which the inten-
a slow kinetics and/or metastability, and to look at possiblesity of the chain reflection recorded in the ripple phase is
hysteretic behavior. The scan rate was 0.5 °C/min withinreduced to half of its maximum. Instead, taking into account
the phases, and 0.25 °C/min between 19 °C and 26 °dhe coexistence of the ripple phase andlthephase, we here
covering the main transition. This rate was determined in testiefine a transition zon&T;* over which the intensity drops
experiments with the lipid only. A second sample stayedwith increasing temperature. Though the WAX measure-
during the experiment in the same sample holder but was natents describe the chain melting process characterigjng
exposed to the beam. It was always measured as a referen¢end the degree of chain ordering could serve as order
prior to and after the temperature cycle, to check for possiblg@arameter, these measurements depend—to a certain
radiation damage. degree—on long-range periodic order among the chains.

A. Determination of T, from x-ray measurements
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FIG. 3. Contour plot of the intensities recorded in the
FIG. 2. Effects of cholesterol and of androsten on the bilayert0 Mol % androstetiin dimyristoylphosphatidylcholine vesicles
thicknessd of dimyristoylphosphatidylcholine vesicles: results of €XPeriment as a function of the scattering vectand temperature

the first heatingsee text are shown. The experimental points are | Peginning at 10.4 °C. Smallfirst two orders segnand wide-
connected by lines to aid the eye. angle(chaing x-ray diffraction patterns are showhy, is defined in

the text at Table I.

Moreover, it is by no means obvious that the interactiongogarithmic divergence, a cusplike behavior, or a perfectly

responsible for the chain ordering are directly related to theynaytical function with no anomalous behavior worse than a

critical bilayer swellingd. One requires, in addition, a rela- jump discontinuity[23]. The log-log plots(Fig. 4) disclose a

tion between the cooperativity of chain ordering and criticalgritical behavior ofd(T).

behavior. . _ _ . Here we address the problem of determinifig for a
The d spacing—as well as the intensity of the ripple yrecritical system, i.e., whefE, is hidden by the phase tran-

reflection—exhibits a very strong temperature dependencgition. Formally, this problem is implicit to the definition of

near the main transition, as already studied in dd@dl, 5 critical exponenfformula (1)] which implies the knowl-
which is evidence of the nonequilibrium state of the rlppleedge ofT,.

phase at least near the main transition. The formation of the
ripple phase itself might thus be a critical phenomenon, too. 2. Determination of T,
The existence of the ripple phase appears to be linked to the

; ; - ~ When a precritical system is in the swelling region where
processes on the higher temperature side of the main trans, “displays critical behavior, it does not “know" that it will,

tion. We also note that of all the samples being considere pon approaching, , undergo a first-order transition. So we

for ano rga_llf)ustbtﬁhawo_r, ?nly t_?ose ﬂlsplaylr;g a Ioc_:al Imax"can treat the precritical system over the swelling region as a
m:mtl_n (th) ?f € main Irtan5| |onlsdovv_actﬁelr0) r!ppte _critical system[7,8]. The fact that the system does not
refiection that forms simultaneously during the main tranStwy gy 3 priori the order of the transition it will undergo

tion (Fig. 3). when it swells critically is the base for the theory of critical
) - unbinding of membranegl4], which means thel spacing
B. Is the swelling critical? can diverge. Therefore, we can reduce forn{aao the case
1. Critical behavior a>0 [22].
Any singular behavior (power-law- or logarithmic- 70F" T

T,=21.93°C

| o DMPC
® DMPC:Androsten 5%
A DMPC:Androsten 10%

divergent, as well as a finite pealif a quantityf(T) about a
critical temperaturd ., can be embraced in one single func- y
tional formula[22]: I T,=21.95°C

1 |(T-T,
f(T)NEH(T—)

d (nm)

_a—l), M

wherea is the critical exponent. We preserve the namto T,;=23.90°C

point out the similarity of the lattice swelling to the increas-
ing specific heatwith decreasing temperatyrim the transi- . . A
tion. In a log-log representation &{T), a fit then yields the 0.01 T (C) 0.1
critical parametersa and T.. If a nonlinear—yet well ¢
behaved—graph of the log-log data is obtained, the function FiG. 4. Anomalous swelling: log-log plot of the bilayer thick-
f(T) can be described analytically. Therefore, the represemessd (of vesicles of dimyristoylphosphatidylcholine with 0, 5, or
tation of formula(l) serves as a test to distinguish between10 mol % of androsteris fitted to expressiof). Linear fits yield
analytical and critical behavior. A critical exponent of zero «=0.011 75, 0.027 15 and 0.030 74, respectivéilpt heating, see
needs some further investigation, since it either indicates gxt and Table)lL The last point on the line is labeléd, .
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Py L L, critical exponenta, along with the transition temperatures
T ' 10 T obtained from thel(T) plot, andAT; ™, as well as the
—a,, [ Lowerbow of AT," amount of anomalous swelling observedd(Ty)
7.0 | AAAA“““_:T;_T: |8 —d(28 °C)]. These temperatures are |IIust.rated in F|.g. 5.
ﬁ\mwﬂo& A 8 The critical behavior is observedFig. 4) in the region
B \ \ [ Upper bound of AT, ®_ closest to the critical point over at least a full decadeTin (
= ‘i 2&& N | EE —T.)/T., where data have been collected. For all of the
a < i 5 E samples listed, the single value ®f itself is to be inter-
| Al e preted with caution. We remind ourselves that we do not
esr & X ‘t..““ 1k directly look at the critical behavior about a second-order
° A aa | transition pointT.. Instead, the first-order transition inter-
O cedes, and thus eliminates from observation the region in the
. immediate vicinity of T.. This region is the most important

20 T(C) ' for determining the critical exponent for critical phenomena,
because there the accompanying long-wavelength fluctua-
FIG. 5. lllustration of transition-related temperatures: latticetions govern the physical properties of a critical system and
spacingd versus temperatur@ipper graph, closed symbplsea-  have to be taken into account, e.g., by means of RG theory
sured for dimyristoylphosphatidylcholine vesicles with 10 mol % [24].
androsten during the first heating. The dashed line is a fit to expres- The advantages of our approach to investigate the critical-
sion (2). The lower graph shows the_maxir_num intensity of the ity of a system are manifold: nab initio model needs to be
chain reflection (normalized to the intensity measured &  555med, which is a valuable asset especially for critical phe-
=10 °C). The drop in intensity indicates the melting of the chainyomeng and phase transitions: no fitting of experimental data
lattice during the main transition. other than the linear fitto the log-log plotsto determine the
B exponent is needed; and no adjustable parameters are used.
n d(T)~In((T_T°)> or d(T)~((T_TC)) a_ (2  The breakdown temperatuf, replacing the nonobservable
T T critical temperaturd; when one applies the theory of criti-
cal phenomena, is not very sensitive to the fit. On the other
In the following, we use Fig. 4DMPC, first heatingas an  hand, T, and « are more sensitive to the fit, also due to the
example. To obtaiT, we employ a least-squares minimiza- relatively small temperature range where data have been col-
tion technique while varying . . If the system behaves criti- lected. However, the exact value of the critical temperature
cally, then all data pointéstarting from the highest tempera- T, and hence the obtained value of the exponent, is not
ture data poinfl;) will follow a linear function in the log-log  crucial for the interpretation of precritical phenomena. We
plot, upon appropriate choice df,. The advantage of this stress that it is the breakdown temperatlife and not the
method is that, beginning at the highest temperatiiyg$or critical temperaturel, that is characteristic for precritical
this exampleT;=28.05 °C), it first finds the maximum phenomena. For critical phenomefig=T.. In our experi-
number of data pointb that could follow a linear function, ments we find in all caseg,>T,.
by comparing the measuretispacings under the constraint
d(T;) —d(Ti4+1) <d(Ti41) —d(Ti4),i={1b}. The tem-
perature recorded at the data point at the low-temperature
end (T,=23.90 °C) of the thus-defined region of anoma- The exponents derived are all close to zero, and in light of
lous swelling gives the starting temperature of Thevaria-  the theory of critical phenomena, a small magnitude of an
tion. The system behaves critically if all the data points inexponent implies a sharp divergeri@3]. The exponent is
the anomalous swelling region indeed make a linear functiothe quantity that allows us to rank precritical phenomena.
in the log-log-representation; if not, the swelling is not criti- With one exception is always smaller for the pure lipid
cal. In the next step, if the data follow a linear function, thethan for the sterol sampledable ). Following the theory
slope of this linear functior(i.e., the critical exponeitis  for critical phenomena, this implies that th{T) depen-
found by minimizing the sum of squares of deviations fromdence for the pure lipid is the closest to criticality, i.e., the
the line. All of the data points enter with the same weight.pure lipid would display a singularity of a relatively higher
The first data point outside the purely critical regirtee  order atT. than would the sterol samples. Indeed, looking at
23.60 °C) is easily distinguished, even by visual inspectionthe d(T) plots obtained from the layer reflectiofBig. 2),
by its large deviation off the linear fit in the log-log repre- the pure lipid shows the flattest region between 28 °C and
sentation(Fig. 4). The preceding nondeviating point, defin- Ty (at ~23.5 °C). We conclude that the higher the con-
ing the “breakdown temperatureT,,, where the critical be- centration of sterolfor those samples that display critical
havior breaks down, is at 23.90 °C in Fig. 4. The existencébehavioy, the higher isa, i.e., the less critical is the behav-
of such a data point follows from the observation of precriti-ior. This is related to the breakdown of criticality further
cal phenomena. The procedure finds the global minimumaway fromT..

3. The precritical parameters

because raising or lowering df. yields a systematic con- It is further noticed, for samples showing the strongest
cave or convex distortion, respectively, of the string of dataswelling effect in Fig. 2[i.e., d(T,)—d(28 °C) for
points from a straight line. 5 mol % cholesterol and 10 mol % androsfethat the

Table | givesT., the temperaturd@, of the last nondevi- two temperatures obtained in our analysis of the precritical
ating data point in the critical regime closestTg, and the behavior T, and T,) are relatively closgTable l). Then,
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TABLE I. Critical parametersT (critical temperaturg T}, (breakdown temperatureanda (exponen,
for dimyristoylphosphatidylcholine vesicles with two sterols at various concentrations). Also given are
the main transition temperatures from small- and wide-angle x-ray diffra@iphA T, and the anoma-
lous swellingd(Ty)—d(28 °C) (illustrated in Fig. 5.

Sterol Conc. T  ATH¥ T T, Tp—T¢ a d(Tp)—d(28 °C)
(mol %) (C) (C) (¢ (O (0 (nm)

1st Heating:

None 0 23.3 23.3-239 2255 239 14 0.02175 0.24
Androsten 5 21.2 21.0-223 2151 219 0.4 0.02715 0.47
Androsten 10 21.3 20.5-22.2 21.47 219 0.4 0.03074 0.54
Cholesterol 5 22.6 23.03 233 0.3 0.01771 0.39
Cholesterol 10 224 21.9-23.0 2124 224 1.2 0.03827 0.42
1st Cooling:

None 0 23.0 23.6-228 2245 237 1.3 0.02512 0.27
Androsten 5 21.0 22.0-199 2090 221 1.2 0.03796 0.42
Androsten 10 21.0 21.8-21.0 21.06 221 1.0 0.03409 0.39
Cholesterol 5 22.2 21.86 225 0.6 0.02714 0.44
Cholesterol 10 221 22.4-220 19.72 222 25 0.05164 0.40
2nd Heating:

None 0 23.2 23.2-237 2289 239 1.0 0.02264 0.30
Androsten 5 20.0-22.0 21.28 221 0.8 0.03445 0.46
Androsten 10 21.3 21.2-223 2140 219 0.5 0.03329 0.55
Cholesterol 5 23.0 22.8-234 2272 230 0.3 0.02453 0.40
Cholesterol 10 22.3 21.8-229 2090 227 1.8 0.04173 0.37

both temperatures have a qualitatively similar dependence dmplies that the systems continue to swell beldybut not
the sterol concentration pointing towards a relationshipin a critical manner. This noncritical swelling, accompanied

among each other. by the continued chain orderindr, is always larger than
both T;® and the lower end of the transition zoderl }**
C. Transition-related temperature correlations (Table )], is evidence that the chain ordering does not obey

Table | shows that the lowering & depends on the critical dynamics in the immediate neighborhood of the
sterol, since androsten loweF&*more than cholesterol. For Maximum swelling. On heating, a decreasing chain ordering,
both sterols the two concentrations test&ff* and AT, compmed W|t_h_a_ noncr_ltlcal re_ductlon_ of the Iatyce param-
do not differ significantly. However, the number of concen-€ter in the vicinity of its maximum, is seefl, is again
trations measured is not enough to conclude that these terdlways larger thaf 7 and the lower end of the transition
peratures are only weakly dependent on the sterol concentrdone AT;® (Table . Therefore, only at temperaturds,
tion, as long as the system shows the anomalous swellingigher thanT;>* does the system move into the critical re-
[11]. There is only a small temperature hysteresis. kowe  gime (Table |). For all samples, we generally fifd® on the
see a similar behavior with the exception that there is amower temperature side of the transition zoh&!'® (Table
obvious dependence on the cholesterol concentration. Thg, Thus, on heating, the spacing does not start to decrease
dependence of, on the sterol concentration is analogous topefore there is a decrease in the chain ordering. On cooling,
that of T3, but the lowering is not as pronouncefiTy™  the swelling does not stop before there is already periodic
features the same tendency s chain ordering established. This relationship between the
The samples displaying the largest swelling efféa., chain ordering and the entire swelling—critical and

d(Tp)—d(28 °C)], which are the 5 mol % cholesterol noncritical—seems to be independent of the sterol used and
and the 5 and 10 mol % androsten samplese Table), also of its concentration.

yield a lower Ty thanT.. Of course, this does not mean

that these samples show a real continuous transition with an D. Effect of sterols
observable critical point, since we always fifgf*<T,, i.e., 1 Memb i
on cooling, the swelling remains precritical and the system - viembrane swetiing

never reaches the maximum swelling before it leaves the We see(Table ) that the more pronounced a sample
critical regime. On the other hand, the breakdown of criticalshows the swelling effe¢t.e.,d(T,) —d(28 °C)], the more
behavior at sub-maximal swellinge.g., for 5 mol % an- T. moves towards the high-temperature end of the transition
drostend(T,)=6.86 nm<d(T;*)=6.95 nm] (cf. Fig. 5  region AT®. The 10 mol % cholesterol appears not to
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match this rule because the sterol concentration is obviously 6.8 T
high enough to diminish the critical swellifd1]. Only the
androsten samples actually haveTa inside the transition

region AT)?. Since the sterols, as basically hydrophobic
entities incorporated into the lipid bilayer, interact in the first

place with the aliphatic chains, they decrease the tilt angle of &rr T, =24.49°C
the ripple phasé¢25] upon incorporation. As a consequence _.

they also increase the headgroup hydration by increasing theg
headgroup-headgroup spaciftyl], accompanied bycriti- °
cal) fluctuations resulting in a possible softening of the bi-
layer which in turn could cause an increased water l&ger
model ). One might argue that the sterols overpower the
origin of the anomalous swelling, a PC property, by decreas- : .
ing the chain and/or headgroup tilt. This is not the case since 0.5 (T-T)" C)” 1.0
the swelling remains critical for smaller amounts of sterols as ’

shown above. A measure of the impaired periodic chain or- FIG. 6. Critical bilayer thicknessof vesicles of dimyris-
dering(due to the presence of the stejaksthe width of the  toylphosphatidylcholine, first cooling, scan rate 0.1 °C/miliy,
chain reflection dependent on the sterol concentration during: 22.55-0.05 °C); a predictiofi13] gives a straight line.

the main transition. The chain reflection widttmeasured in

detector channelsare 49(no stero), 52 (5 mol % andros-
ten), 58 (10 mol % androsten56 (5 mol % cholesternl ~ undulations and fluctuations are basic to model I, we first

and 63 (10 mol % cholestedol Because the chains are discuss critical fluctuations and the correlation of fluctuations
bound to the headgroups, the disorder induced in the chairith swelling. The effect of chain ordering on the breakdown
should be transferred to the headgroups as well. Apparentl@f criticality is connected with model II, and hydration is
the impaired chain ordering, due to the sterols, yields a largegonnected with models Il and 1V. The advent of a ripple
exponentx indicating a weakened criticalitgTable ) but is phase appears to be connected with the main transition and
not a monotonic function of the sterol concentration. In otherPrecriticality. Finally, thermodynamic and nonequilibrium
words, the impaired periodic chain orderifgidth) mirrors  €ffects are discussed, and the importance of low scan rates is
the degree of criticalityr, but is not the origin of the anoma- Stressed.

lous swelling.

66
T,=23.30°C

B. Critical fluctuations
2. Cholesterol versus androsten 1. Fluctuations in membranes

For the cholesterol samples our data do not confirm the Lipowsky and Leibler{14] predict, on the basis of Hel-
mutual exclusion of critical behavior and chain ordering be-frich undulations, that the bilayer thicknedsshould be lin-
causeT), falls into the transition rangAT/}?*. However, the ear in 1/T—T.) (model |), i.e., = 1. Our resultgTable |
tentative statement made above—that the chain ordering @give exponentsy that differ significantly from 1, whereas
not the origin of the critical behavior—remains valid, last butearlier experiments on lipid membrangg] and other soft
not least because increased chain ordering does break thendensed matter systeni26] supported the predictions
criticality in the cholesterol samples, too, as evidenced by 14]. The magnitude of our precritical exponenis reason-

Ty within the transition rangeA T} (cf. Table ). Thus, able, since an exponent of the order of 1 would yield a much
swelling in the presence of cholesterol can exist with limitedlarger swelling effect over the entire experimental critical
periodicity in chain ordering. Possible explanations for theregime of 28 °C down td,,. Experimentally, even the larg-
differing amount of chain ordering, required to break theest amounts of critical swelling observg@iable I, d(T,)
critical behavior observed between the two sterols,(a@r@a  —d(28 °C)] do not reach a tenth of the unit cell sidéof
sterol-specific interaction with the lipid molecules aiian  around 7 nmh When plotting our datéFig. 6) against 1/T
active domain-boundary seeking of sterols in the coexistence T.), we observe clear deviations from the predicted linear
region. Sterols, as sensors, have revealed an imperfect cobehavior[14]; a single linear fit is not reasonable.
pling of the chain ordering processes with the layer dynam- Thermal fluctuations trigger the main transition. To inves-
ics, i.e., the swelling, pointing towards a phenomenon affecttigate the role of enhanced fluctuatiotal model3 on the
ing the hydrophilic-hydrophobic interface. Since none of theswelling we consider the transition-related temperature de-
four models excludes changes in the headgroup-headgroujved from the layer reflection$;2%, since it marks the tem-
interaction, we now discuss the effects of critical fluctuationsperature at the end of the swelling, critical plus noncritical.
and hydration on these interactions. Our data(Table ) show that the addition of sterol shifts this
transition temperatur@;>*. This means that only a partial
periodic chain ordering is required to obtain the maximdim
IV. DISCUSSION spacing in the transition region. Even more, for the samples
showing the strongest swelling effect yielding a local maxi-
mum ind(T) (Fig. 2, 5 and 10 mol % androstgrihe con-

In the remainder of this paper, we associate the experitinued ordering upon lowering temperature reduckd)

ments with the four models discussed ear[i2l. Because slightly. A more pronounced local maximum in the transition

A. Testing the four models
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Maximum Intensity Integral Width crease of static defecf&7], whereas the decreasing ratio of
a 172" order 2"1* order b the maximum intensities with decreasing temperature when
sk ] approachingTy, (i.e., with increasing swellingindicates a
L fﬁuj 1o reduction of fluctuationgakin to a reduction in the Debye-
e Waller factop. Since the reduction is relatively stronger in
A the sterol samples than in the pure DMPC, it follows that
3.o-fN — ] f”‘&qf\a—q sterols reduce fluctuations. In consequence, we have to ex-

clude a significant fluctuation-driven contribution to the criti-

§ Fﬂ&‘f ;/f i T° cal swelling, i.e., model | is not supporteddowever, they
xvfé /\\ /JA\ increase the criticality of the system as expressedaby
ok R fo f‘\f T \ / (Table )]. The observed fluctuations are therefore not critical
;M MjﬁiA e ‘b}é . h quctuaFions ar_1d can be des_cribed in terms of the clas_sical
o, f YL m%%ﬂ; 8 Ornstein-Zernicke theor}28]; in other words, the system is
N R B ‘ sufficiently far away from a critical point that a Landau-type
s T-T°(°c) s 5 T_T"b(oc) § theory is appropriate for the description of the fluctuations.

FIG. 7. Ratio of maximum intensitig€g) and integral widthgb)
of first- and second-order reflections as a function of temperdture
(Ty,: breakdown temperaturefor vesicles containing up to When comparing the breakdown temperatiiigto the
10 mol % sterol; symbols as in Fig. 2. main transition zonA T (Table ), we observe thal,
virtually coincides with the upper bound @&TY® for the
pure lipid and the androsten samples on heating and cooling.
range is seen in the pure DMPC as well, but here it covers &or the cholesterol samples this is clearly no(Eable I): A
broader temperature range compared to the two ster@lertain degree of chain ordering appears to be permitted as
samples. This peculiar relationship between chain orderings Mmoves into the transition zon®T ™. This ordering ef-
and d spacing leading to the local maximum might be ex-fect must be related to the difference between the two sterols
plained by the changing contributions of in-plane and out-of-2nd their interaction with DMPC. The fact that for the pure
plane fluctuations. Whereas the in-plane fluctuations affeciPid Ty coincides with the upper bond of periodic chain
the periodic ordering of the chains, the out-of-plane-Ordering (given by AT:™) is persuasive evidence for the
fluctuations in first place deteriorate the periodicity of thefollowing scenario. On the one hand, marks (by defini-
layer order. The lower energetic in-plane fluctuations are extion) the observed lower-temperature limit of the critical be-
pected to contribute more at the lower temperature end of thBavior [as defined by formul2)] mathe L, phase. On the
swelling when the interlayer spacing becomes larger an@ther hand, the upper bound AfT* denotes the higher-
larger and neighboring membranes are basically decouplefgmperature limit of the periodic chain ordering of the ripple-
However, when the chains start to order due to increasing s’ Phase. Hence, on cooling, the onset of chain ordering
chain-chain coupling, these fluctuations will then be sup? reaks Crltlcz_illty(as is illustrated in Fig. 3, where tfg, Ilne_
pressed. In the theory of liquid crystalépid model mem- intersects with the e.dg(_a of a Qetectgblg WAX refleotlon.
branes can be considered as udamplane fluctuations af- Therefore, changt_es In mteracyons W'th'n the hydrophobic
fect the bending modulusk, and the out-of-plane membrgne core, ie., the steric repulsion and the.van der
fluctuations affect the compression moduBg15]. Here, Waals interaction between them, coupled to the chain order-

: ; . ing cannot directly control the critical swelling, so model I
fluctuations broaden the width of the x-ray reflections as g.~, supported(Models I, 11, and IV are indifferent to-

function of the order caused by the decreasing correlatio o -qs chain ordering effecisNeither the steric repulsion
length of the scattering units. Fluctuations, or defects of the,, the van der Waals interaction among the chains is ex-
first kind, also reduce the maximum intensity with increasingpected to change drastically when entering the coexistence

C. Effect of chain ordering on the breakdown

diffraction order{27]. region, because both do not depend on the degree of periodic
order. This is supported by the fact that one only observes
2. Fluctuations: Correlation with swelling critical swelling in PC but not, e.g., in phosphatidylethano-

lamine (PE) membranes(Additional data taken on mono-

The intensities of the x-ray reflections give information methylated and dimethylated PE do show the swelling.

about membrane fluctuations. Our data sHé4g. 7(a)] a
decrease in the ratio of the maximum intensity of the first-
order to the second-order reflections, with increasing sterol
concentration and with decreasing temperature, in the swell- The magnitude of the critical swellingd(Ty)

ing region (of 28 °C down toT,). Similarly, Fig. 1b) —d(28 °C) is increased in the samples containing a small
shows that the ratios of the respective integral widthte-  amount of sterol £10 mol %) (Fig. 2 and Table)| com-
grated intensity/maximum intensjthave approximately the pared to that of the pure lipid. The adding of small amounts
sameT variation for all sterol concentrations far>T,. In  of sterol does not significantly decrease the area per head-
light of the theory of x-ray diffraction, the similarity of the group[29], so that the difference in area per molecule in the
dependence of both integral width and maximum intensityneighboring phases remains lar@bout 15%-20% [1]). In
ratios on sterol concentration is to be interpreted as an inturn we expect an increased amount of water in the head-

D. Hydration
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group region possibly leading to a change in headgroup corterms of the theory of critical phenomena—observed for the
formation, as is proposed by model IV. NMR measurementgure lipid and various sterol concentrations in the neighbor-
indicate that water molecules might penetrate past the hydrdiood of T, we were able to link the anomalous swelling to
philic headgroup towards the hydrophobic membrane cor@ changing headgroup hydration.

[16]. The changing hydration affects the hydrophilic/c We propose that the formation of the ripple phase is the
hydrophobic interface. The dynamics of an interface iscounterpart on the low-temperature side of the transition to
known to depend on the local curvature of the interfi8 the anomalous swel!ing on the high-temperature side. It _is
and can behave critically under certain conditi¢ag]. The  Suggested that the ripple phase and the anomalous swelling
addition of 15% sterol does not provide appropriate condi&€ caused by the hydration dynamics of the headgroups.

tions to observe critical swelling: Due to phase separation W& have found no evidence of critical entropic bilayer

effects expectea miscibility gap[1]) and the relatively low undulations quoted in model I. Model Il suggests a critical

temperature in these experiments, no critical behavior Caﬂmckgnmg of the b|'Iay(.ar. The INCrease n the conformational
develop(cf. Fig. 2). Also, the diffraction technique is insen- ordermg of the c.ham.s in the fluid phase, as thgy approach the
: e ' coexistence region, is not known to obey critical dynamics.

sitive to short-range order. We have studies in progress on o ; -

o X ur sterol experiments show that adding small amounts of
the miscibility gap[32]. A change .Of the hydratlp_n shell |sterol does not break—but reduces—the criticality of the
about the headgroup is thus a candidate for the critical swell:

ing effect. We further remark that a decreased headgrouSyStem’ which seems to be linked to the larger headgroup

area upon adding sterol does increase the amount of swelliq%ea at the interface. This seems to be in agreement with
. . . odel 1, suggesting that a decreased interfacial surface in-
but reduces the criticality of the swellin@able ). One is 99 g

X . . . creases the hydration for¢87], however a decrease in in-
tempted to identify the kink in our resul(gig. 6, at around . terfacial area over the region of anomalous swelling cannot

24.55 OTCh ars1 the bpun?ary _ong cgitical gyd.ration dog"'be supported by our data. This suggests that the hydration
nanpg.( € changes in SIope In Fg. b may be mt_erprete 3Force does not change in a critical manner. The mechanism
a critical slowing dowrj33].) Lipowsky and Leibler imposed proposed by model IV, a conformational change of the head-

a hard confinement scenario in their derivati@d], which is - L

: o groups due to changing hydration, is supported by our ex-
perhaps not valid hergs4], Whefe a char)ge In environment o iments and can explain the critical behavior. However,
can be attributed to a change in hydration. Also, NMR dat he model does not explain the amount of swelligg

[16] indicate a cha_nge in hydration at about this tempe_rature. From our data the following picture emerges: the chang-
More_over, dyn_amlcal _scalmg can break down despl_te tht?ng hydration of the headgroups is responsible for the critical
persistence of |nterfaC|aI_L_mdulat|o[1?,_5]. To clarity th_e dif- behavior and indirectly coupled chain ordering dynamics
ference between the critical behavior of a changing heads,ijes the full magnitude of the swelling. Further, the
group hydration(model IV) and bilayer thickeningmodel similarity of the transition-related temperatures determined

II), we point out that the hydration depends on the headgrouHOm the SAX and WAX reflectiongTable | is evidence for

en;nronment \;vhe:ce;s thre] pllayerf th|ck$n|ngT|hn T]Odzl . ISa relationship of the conformational chain dynamics to the
only a propterydo th ehcdaln ﬁog. orn;]a_mn. € ea: group ystems’ transition from the fluid to the ripple phase, but not
eénvironment an € nhydrophobic chains aré coupled, ang,, y,e yransition from the critical to the coexistence region,

thus headgroup and hydrocarbon chains could be considered.. ., " ) o -
as an integral entitymodel Il). The differences between the ?ﬁ:g};; fg;r?;r;?cge related to the long-range periodic chain

two models arda) the coupling is not stiff, so the behavior Whereas DMPCholine exhibits critical swelling, DM-

of chains and heads can be different and might not b(Tf’EthanoIamine does nf8]. The much larger polar choline

matl_pped_ d|r(TctIy|.o.r(;t0 ea}ch ort]her, aﬁr? ghe:!n-ck(;aln Inter- headgroup, the only structural difference between both lip-
actions invoive lipids only, wheréas hydration dynamics re'ids, is easy to hydrate. The existence of lattice critical swell-
quires solventhere waterand lipid molecules. These differ- .

d ai | hv a lipid Svst tng may well be connected with this difference in changing
ences could give a clue why a fipid System can possess ony,q hydration, and with the differences observed, between

precritical behgwor, but not_ critical beha\”?\,g;( DMPC and DMPE, in differential scanning calorimefi39]
When entering the coexistence regial ™, the head- ¢ iha main transition.

groups feel the ordering of the coupled chains. As shown  \ye emphasize that our precritical exponents describe the
above, the chain ordering correlates with the breakdown ofye|jing behavior over the entire temperature rafgkere

the critical swelling and hence breaks a critical interface dy'swelling is observed, in all of our samplesupporting the
namics. In response, th.e system finds a nevetastable ¢ ptle interface dynamics picture. However, a necessary re-
equilibrium position forming the ripple structure. It has beenqirement for arab initio theoretical description is the inclu-
suggested that the swelling of the hydration shell at &;q of the formation of the ripple phase. This work suggests

hydrophobic/hydrophilic interface is a quite general phenomypat the critical behavior is caused by the hydration dynam-
enon [36]. Also, osmotic pressure experiments on various;cq

PCs seem to show a critical dependence ofdlspacing on
the osmotic pressure4]. ACKNOWLEDGMENTS
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V. SUMMARY AND CONCLUSION
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