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Direct Detection of Domains in Phospholipid Bilayers by Grazing
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ABSTRACT The geometry of domains in phospholipid bilayers of binary (1:1) mixtures of synthetic lecithins with a difference
in chain length of four methylene groups has been studied by two independent, direct and complementary methods. Grazing
incidence diffraction of neutrons provided gel domain sizes of less than 10 nm in both the gel and the coexistence phase of
the mixture, while no domains were detected for the fluid phase. For the coexistence region, the neutron data suggest that
domains grow in number rather than in size with decreasing temperature. Atomic force microscopy was used to study gel
phase size and shape of the domains. The domains imaged by atomic force microscopy exhibit a rather irregular shape with
an average size of 10 nm, thus confirming the neutron results for this phase. The good agreement between atomic force
microscopy and neutron results, despite the completely different nature of their observables, has potential for the future
development of refined models for the interpretation of neutron data from heterogeneous membranes in terms of regularly
spaced and spatially extended scatterers.

INTRODUCTION

Natural membranes consist essentially of proteins and liplimits (Almeida et al., 1992; Dolainsky et al., 1997; Men-
ids. Their unique bilayer structure serves as a matrix fodelsohn et al., 1995; Sankaram et al., 1992). Even the
proteins and is made up of a wide variety of lipids that differ presence of such tiny domains in natural membranes may
significantly in size and structure. Understanding the physhave significant consequences for their macroscopic and
ical properties of membranes such as their dynamics anghicroscopic properties (Loidl-Stahlhofen et al., 1996; Tate
micromechanics requires knowledge about the interactioet al., 1991) as well as for the function of membranes (Knoll
between different lipids within the bilayer at a molecular et al., 1991). Thus, new methods are required in order to
scale. Microcalorimetric studies of model membranes condetermine geometry and distribution of domains in bilayers.
sisting solely of lipids have shown that the thermodynamicsHere, we describe a new experimental approach that pro-
of their mixing can be well described by regular solutionvides the most direct measurement so far of domains in
theory (Lee, 1977; Lee, 1978). Together with computerilayers. It is based on the application of coherent scattering
simulations (Mouritsen, 1991; Pedersen et al., 1996), thigf evanescent neutrons together with atomic force micros-
suggests that clusters (domains) of lipids of the same kin@opy (AFM).

form in the bilayer under conditions that may be relevantfor \ye selected binary phospholipid mixtures that are well
biological systems. characterized by previous work (Jorgensen et al., 1993;
_ Domains in lipid monolayers have been extensively studknol| et al., 1981b; Knoll et al., 1983) and that belong to a
ied experimentally with optical methods {sche et al., ¢jass of phospholipids (the lecithins) that are abundant in
1983; McConnell, 1991; McConnell et al.,, 1984 Muald,  any natural membranes. An equimolar mixture of dimyr-
1990). Recently, a micropartitioning of supported lipid bi- istoyl phosphatidylcholine (DMPC) and distearoyl phos-
layers into micrometer size mobile and immobile regions’phatidylcholine (DSPC-d83) was used for neutron scatter-
induced by a litographically patterned solid support, wasi,g iy \yhich the DSPC-d83 was perdeuterated except for
demonstrated by epifluorescence ftechr_ﬂques (G_rove_zs efc a{he five protons on the glycerol backbone. Dipalmitoyl-
199_7). However, all attempts to V|suaI|_ze domains in b'o'phosphatidylcholine (DPPC) and diarachinoyl phosphati-
logically more relevant bilayers by optical methods havedylcholine (DAPC) were used for AFM experiments. In
failed; consistently, a few studies_ usi_ng indirect metho‘?‘ oth mixtures, the length difference between the two leci-
have suggested a range of domain sizes below the Opmﬁkins caused by the different acyl chains is about 5 A. This
causes nonideal mixing leading to domain formation for the
gel-fluid coexistence region and below the solidus line of
Received for publication 2 December 1997 and in final form 21 Januarythe phase diagram (KnoII et al., 1981b: Lee, 1977; Mourit-
1998. sen, 1991).
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validate the neutron approach for domain studies, we have,0, giving fully hydrated monolayers {dgens et al., 1983). For neutron
also investigated domain structure in the gel phase usin@faﬁe”ﬂg e’fpe”t’;”e”tsl tthte dsaAflT‘P'? was p'acledh ﬂgder f’;‘h Satt“@@’d tD
. . . mosphere In a thermostate! uminum sample holaer with a temperature
AFM, which has evolved as the most direct technique forf‘eprod‘fjcibimy pieissnumeponly P P
studying the structure of biological surfaces on a molecular The neutron scattering experiment was done at the EVA reflectodifrac-
scale (Shao and Yang, 1995). tometer (Dosch et al., 1992) located at the ILL (Grenoble). Fig. 1 shows the
The combination of both methods is particularly interest-setup of this instrument schematically. The angle of the incident beam with
ing because they give complementary information. Al-fesfetdI toffhet_sam'l:)'e ISU”‘aEe Wg_‘F 0.3, close tt? thebCftitica' a’t‘ﬁ'@c o
. . Otal reflection. For Iow absorping, nonmagnetic substances the critical
though neutrpn scgtterlng measuremepts are most' dlrgctf glea, is given by (Russell, 1990)9 9
represented in reciprocal space and involve contributions
from a large number of domains, the AFM provides real
space data and yields the geometry of single or compara-
tively few domains. An additional significant difference is
that the AFM tip is in direct mechanical contact with the
sample, thereby exerting Ioading forces in the range Of-lere,)\ is the neutron_ wave lengtiN, is the Avqga}dro’s nqmber, ar@
several hundred piconewtons. This reduces the usefulne&aN® neutron scattering length of component i with dengignd atomic
. ... weightA,. A position sensitive detector (PSD) ai 2 O (i.e., in forward
of AFM in the study of ultrasoft surfaces. Although it is direction, cf. Fig. 1) detects three different contributions relevant for this
possible to reduce the lateral forces acting on the samplgxperiment: 1) the specular reflectionat= «; 2) the transmitted signal
significantly by using a dynamic imaging mode (Hansma etata; # «, which is evanescent far;, = «; and 3) the primary beam below
al., 1994), the remaining vertical forces are still comparabIe,me_d%"“P'e hOVbiIZO”tff = e POSi“?”irf‘g thet PSD o of the plane of t
. . . Inciaence enapbles € measurement ol neutrons unaergoing evanescen
with the loading forces in contact mOde (Radm.aCher et al'écattering from structures in the sample surface with acorr?alati?)n length
1994). Therefore, the measured height can be influenced bf’he bulk signal from neutrons that enter and leave the sample via side
the mechanical properties of the sample (Do&eet al., edges and thus appearat= —aq, is screened by a cadmium slit.
1997; Raller et al., 1994). This complicates the interpreta-
tion of AFM data obtained from ultrasoft samples like lipid
membranes in the fluid phase. For this reason, we have
restricted our AFM experiments to the mechanically stable
gel phase while neutron experiments were performed addi- A
tionally in the coexistence and fluid phase of the bilayer.

(1)

MATERIALS AND METHODS
Lipids

The following phospholipids were used: DMPC, DSPC-d83, DPPC, and

DAPC. All lipids were purchased from Avanti Polar Lipids (Alabaster, incident

AL). Highly purified water 18 M(Q/cm) was purchased from Milli-Q- beam7\
Systems (Molsheim, France), and@ was from Sigma. Lipid mixtures N TS
were dissolved in chloroform to achieve thorough mixing. The chloroform

reflected-

evanescent® signal

volume-

was evaporated under nitrogen, and the mixture was then dried in a vacuum sample in
overnight. Afterwards, the lipids were rehydrated in purified water. humidity PSD
chamber detector

Differential scanning calorimetry

O DMPC
® DSPC-d83

The phase diagram of DPPC/DAPC was measured using a Microcal MC-2
differential scanning calorimeter (Northampton, MA) at a scan rate of
30°C/h. The last two of three consecutive scans were used for data
evaluation. The lipids were dissolved in highly purified water (2 mg/ml)
and were kept above the phase transition for moren thah before
measuring.

&

Neutrons

The sample used for in-plane neutron scattering was an equimolar mixture
of DMPC/DSPC-d83, i.e., the higher melting component is perdeuterated. sample

As a reference sample, we used an equimolar (protonated and chain-

perdeuterated) mixture of one component: DMPC/DMPC-d54. Both samFIGURE 1 Experimental setup for measuring Bragg scattering of do-
ples were highly oriented phospholipid multilayers (stacks~&3000 mains in oriented phospholipid multilayers\)(Side view; ) top view.
bilayers) on a polished quartz wafer (thickness 0.6 mm) with a mosaicScattering contrast between domains and surrounding is achieved by using
spread of less than 4° and were prepared as described in detail previoustieuterated DSPC-d83, the situation of complete demixing of the two lipids
(Konig et al., 1992). The water content of the multilayers was 25 wt-% as conveyed by the sketch represents an idealization.

measurements

incident beam o O 26 \reflectivity o I PSD
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As the bilayer planes of our multilayer sample are parallel to the AFM
surface, the only potential that can cause in-plane scattering is associated
with the lateral distribution of domains within each bilayer, provided that The supported lipid bilayers for the AFM experiments were prepared from
there is a scattering contrast between the domain and its surroundings. THige vesicle phase: a suspension of small unilamellar vesicles was prepared
can be achieved by perdeuteration of the component that will get enrichedt 65°C and incubated on freshly cleaved mica. The bilayers were then
in the domain. In our case, the high melting component DSPC is nearlyransferred to the AFM (Nanoscope I, Digital Instrument, Santa Barbara,
fully deuterated except for the protons of the glycerol backbone (DSPCCA.) and imaged in constant force mode in ultrapure water. Before imag-
d83). The minimum penetration depti"™ can be calculated approxi- ing, the AFM was allowed to equilibrate for 60 min to minimize sample
mately usingd™™ = M(2ma,) (Dosch et al., 1992). A reflectivity mea- and cantilever drift. The cantilevers were commercial silicon nitride can-
surement givesy, = 0.3 = 0.1°, independent o between 10-55°C tilevers (DNP-S TT, Digital Instruments, Santa Barbara, CA) with a
within the given error. This leads to a minimum scattering depthd70 ~ nominal spring constant of 30 mN/m. Loading forces were kept below 200
A, which is equivalent to about three bilayers. pN, and scan rates varied from 2 Hz (lines per second) to 8 Hz. To
The maximum scattering dept{™ was estimated by= (Im{Q.}) ~* minimize and correct for friction-induced height artifacts, the fast scan-axis
(Dosch et al., 1986) whe@, is the momentum transfer in normal direction was oriented perpendicular to the cantilevers axis of symmetry, and trace
of the sample, which was calculated using lipid densities at full hydrationand retrace images were compared. All experiments were carried out at
(Knoll, 1981; Nagle and Wilkinson, 1978) ang = 0.3°. This leads to a  room temperature (25°C). The thickness of the single planar bilayer was
value ofdI"®* that corresponds te-80 bilayers. determined at the sites of bilayer defects (holes in the bilayer that expose
For scatterers arranged in a two-dimensional lattice in a plane parallethe bare mica) as 68 2 A and thus agrees well with x ray and neutron data
to the surface (lattice constant expressed in terms of a coherencellgngth (Buldt et al., 1978; Nagle and Wiener, 1988).
the evanescent neutrons will be coherently scattered. Consequently, a
diffraction peak can be observed (cf. Fig. 2) for anglewhich satisfy the
condition

RESULTS

le = M2 sin). 2) Neutron scattering

Data acquisition was performed in 1024 channels of the PSD (10,:Or our oriented muItiIayer sample, domains enriched in

channels/mm), covering a totat;(+ «;) region from 0 to 2.7°. Binning of } . . .
the channels into groups of 150 and using integral intensities from onIyD_SPC d83 will dominate the coherent neutron scattering

those groups that cover angular regions where evanescent scattering WYiNg @ signal aty; = 0. The scattering contrast is caused

expected, gave very similar results but lower signal/noise ratio. Thisby the different degree of deuteration between the DSPC-
independence of domain scattering on the scattering depth is likely to bel83 domains and the surrounding (nondeuterated) DMPC.
caused by the averaging over several bilayers (3—80 bilayers according ®he information obtained from the coherent Scattering is

the above estimate) for all relevant scattering depths. Because interbilayer . - i} P
water decouples adjacent bilayers, the surface contribution to the scatterir?gelated to how the domains with the DSPC-d83 are distrib

expected from the top bilayer of the multilayer stack (i.., at the bilayer/airdted in each bilayer plane and, in particular, to their average

interface) is likely to become negligible as a result of the averaging. ~ center to center distandg Theory (Jorgensen et al., 1993;
Lee, 1977) predicts the onset of DSPC-d83-enriched gel
domain formation just below the liquidus temperatdie
(i.e., in the coexistence region of the DMPC/DSPC-d83

correlation length [A] phase diagram). Consequently, no coherent scattering

1?0 7|° SIO 5,0 4,0 3|5 should occur forT > T,. Furthermore, the existence of a
10000 crystal-like gel phase consisting of separated gel domains
305 being either enriched or depleted in DSPC-d83 is predicted
8000 3 to occur just below the solidus temperatufg For our
¢ 00 sample we hav@, = 43°C andT, = 22°C and thus we can

termp jroamre‘“[’oq expect a coherent signal aft 2 0 (Fig. 1) arising from the
domains for allT < T,.

Fig. 2 shows the results of our EVA measurements (in-
tegral intensity vs. @) obtained at four temperatures corre-
sponding to the fluid T = 55°C), the coexistencerl (=
38°C andTl = 41°C), and to the gell{= 10°C) phase of the
bilayer. The integral intensity in Fig. 2 represents the sum

6000

4000 — v 3BT N

A 55T
o 4T

integrated intensity [counts]

e 10%C ‘ over all 1024 channels for each value @f Beside the large
-~ background Tea- specular peak for@— 0, we observe a second peak in the

4 6 8 10 region 3°= 20 = 6° forall T < T, (i.e., at 41°C, 38°C, and

20 [deg] 10°C) but not a = 55°C> T,. We found that this behavior

was reversible and independent of whether the measurement
FIGURE 2 Neutron Bragg scattering under grazing angle of 1:1 DMPC/was performed under conditions of increasing or decreasing
DSPC-d83 oriented multilayers at three temperatures corresponding to themperature.
fluid- (55°C), gel- (10°C), and coexistence- (38°C, 41°C) region of the  grong evidence that coherent scattering from domains is
mixture’s phase diagram. Thiesetin the upper right corner shows the . h igin of th k ob d forRlk T
percentage of gel phase (domain) areagdoversus temperature in the indeed the origin orthe peax observed, for ! comes
coexistence region as calculated from the phase diagram (Knoll et alffom the DMPC/DMPC-d52 control sample (Fig. 3). For

1981a) of this mixture. this mixture we havd, = 19.6°C andl, = 19.2°C (Bayerl
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cotrelation length [A] studying the DMPC/DSPC-d83 mixture whose solidus line
. 100 70 60 50 40 35 is at T, = 22°C. We found the AFM results obtained under
20x10" A control experiment such conditions T = T are ambiguous because of the
periment: . . i~ )
DMPC / DMPC-d52 restricted mechanical stability of the bilayer for tempera-
154 —e-T=10%C tures in the vicinity of T, Therefore, we used a binary
——T=38°C

mixture of DPPC/DAPC (1:1) having a more elevated value
of Ty = 42°C for the AFM experiments. This mixture
exhibits the same chain mismatch (four methylene groups)
as the DMPC/DSPC mixture, but the fatty acyl chains of
each component is longer by two methylene groups. Con-
sequently, the phase diagram of this mixture is very similar
to that of DMPC/DSPC when compared at reduced temper-
atures (Fig. 4). We assume that the results obtained with this

integrated intensity [counts]

6 8 10 mixture are indicative of those expected for DMPC/DSPC
26 [deg] at the same reduced temperature.
FIGURE 3 Neutron Bragg scattering under grazing angle of 1:1 DMPC/, Fig' SAandB shows AFM data obtained at temperatures
DMPC-d54 oriented multi?agyers at twg tempe?atureéJ cor?esponding to thyge” below Ts n the. ge' phase (_.)f. th? eqUIm0|ar DPPC/
fluid (38°C) and to the gel phase (10°C) of this mixture. APC mixture at different magnifications. Geometrically
not well defined but clearly separated plateau regions of
. o essentially two different heights are observed with average
et al., 1988), and no domain formation is expected at anyaiera| extensions (real space diameter) ranging from 4—60
temperature because of its nearly |de§1I mixing behaviornm, The height difference between the regions is0.@.1
Indeed, a measurement &t= 10°C, which is in the gel oy This is very close to the theoretical all-trans-length
phase well belowl, gives no peak in the region 32 26 = jigtarence of 0.5 nm between the two lipid components.
6°, and the result is similar to that obtainedlat 38°C > Furthermore, both regions occupy roughly the same area.

T, (fluid phase), indicating a homogeneous distribution 0frege findings indicate that the two regions correspond to a
protonated and deuterated DMPC in both phase states. Thigjyyre of gel phase domains either enriched in DAPC and

strongly suggests that the peak observed for DMPC/DSPCyepjeted in DPPC and vice versa. A control sample of pure

ds3 for allT < T, was caused by a heterogeneous distribupapc at the same temperature shows a completely differ-
tion of both lipids, i.e., by the domains. ent and much smoother height scan structure (F@).3 he
For the peaks measured for DMPC/DSPC-d83 &t T\, aximum height difference observed here over distances

we can use eq. 2 to calculate the coherence lehgt®-  .,mnaraple with those studied for the mixture was only
tween the domains. The results are listed in Table 1 for th%.l—o.z nm, and no plateau regions characteristic of do-

limiting values of the peaks shown in Fig. 26(2", 2™
giving 1" andI™®9 and for the peak center position (giving
12Y). We interpret the coherence lendf}f as the average
center to center distance between two adjacent domains.

s 4

mains were observed. Nevertheless, pure DAPC gel phase

%-mol DAPC
0 50 100

Atomic force microscopy
The AFM used in our study was restricted to room temper-
ature use only. For this reason, it was not appropriate for
7 5

TABLE 1 Minimum, maximum and average coherence length o 104 §
I, between the domains of DMPC/DSPC-d83 calculated from % 3
the neutron data in Fig. 2 for the gel phase (10°C) and the § -
coexistence region (38 and 41°C) = ko]

Temperature | min |max |av
Method (°C) Phase state (nm) (nm) (nm)
Neutron 10 Gel 6.2 9.1 7.4 A
Neutron 38 Coexistence 5.1 7.5 6.0 204, T T
Neutron a1 Coexistence 5.3 7.8 6.3 0 y 5|°DSPC 100
AFM 25 Gel 4.0 50.0  10.1 ormo

For comparison, the domain distances obtained by the Fourier-transformeell GURE 4 Comparison of the phase diagram of DMPC/DS@4a3iied
AFM data of gel phase DPPC/DAPC are given. The error of the neutroriine) taken from (Knoll et al., 1981a) with that determined by DSC for
data was estimated as0.5 nm on the basis of the residual mean square DPPC/DAPC ¢pen circle$. Note the offset in the temperature axis for
deviation of fitting the peaks in Fig. 2 to gaussians. For AFM, the error isboth mixtures. Théull line represents a fit to the DSC data to facilitate the
+2 nm (["" and Y and =20 nm for ["® comparison.
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FIGURE 5 @) AFM micrograph of a 1:1
DPPC/DAPC bilayer on a solid support
(mica) at 25°C (gel phase) and its two-dimen-
sional Fourier transformright inserf). (B)
High resolution image of the same bilayer as
in A. (C) AFM micrograph of a DAPC bilayer
on a solid support (mica) at 25°C (gel phase)
with the gray scales height encoding identical
to that in Fig. 5,A andB. Imaging parameters
for A to C: raw data baseline corrected, con-
stant force £0.2 nN), silicon-nitride-tip (30
mN/m), 1.8um/s (A), 0.8 um/s B), 1.3 um/s
(C) scan speed. The z-range extends from 0.0
nm (lack to 0.9 nm hite) for all three
images. Scale bars, 50 nnD)(The average
radial intensity of the two-dimensional Fou-
rier transform of Fig. 5A. A gaussian distri-
bution full line) can be fitted to the data
(crosseyto compare it with neutron scattering
results.

0.1 0.2 0.3 0.4
Spatial Frequency [1/nm]

[ 0.9 nm

surfaces seem to exhibit a certain wave-like character. Igraphic contribution of the single component AFM data to
may arise from the formation of the gel phase of a pure lipidthose of the binary sample for comparison with the neutron
under lateral tension because of the presence of the migasults, we subtracted the Fourier transform of the single
solid support. It has been demonstrated that under suatomponent AFM control experiment from that of the mixed
conditions the formation of a ripple structur@s(-phase) is  system. This approach gave the Fourier transforms shown in
prevented (Johnson et al., 1991) in favor of aless wgyy  Fig. 5,A andD. The circular pattern in the two-dimensional
phase. Fourier transform at 0.099 nm corresponding to a wave-
The regular spacing of the domain pattern of the DPPClength of 10.1+ 2 nm (Fig. 5A) clearly reflects the regular
DAPC mixtures can be expressed quantitatively by thespacing and the isotropic distribution of the domains in the
two-dimensional Fourier transform of the AFM data, which bilayer. A one-dimensional cross section of this two-dimen-
is shown in Fig. 5A (inser). However, one has to keep in sional Fourier transform as shown in FigDsallows now a
mind that the AFM does not directly visualize the two direct comparison between AFM and neutron scattering
different components of the bilayer but only the resultingdata. Because of the limited lateral extension of the bilayer
surface topography. As mentioned above, even pure DAPCovered by the AFM, the low frequency limit of the distri-
bilayers show some height variation, particularly in the lowbution can only be estimated a€.02 nm *, corresponding
frequency regime. Consequently, this background heighto a wavelength of 50 nm. On the other side, the high
variation of a single lipid component will be superimposedfrequency cut-off is at 0.254 nnt (inflection point of the
with the height signal caused by lipid demixing in the fitted gaussian), corresponding to a wavelength of 3.94 nm.
topographic image of the DPPC/DAPC mixture. In contrast,
neutrons get in-plane diffracted at the regions of highest
scattering contrast g.radlents_ e§tabllshed l.)y' the demIXIngISCUSSION
caused by the isotopic substitution of one lipid componen
and do not show any coherent signals for ideal mixingThe gel phaseT(< T, AFM results obtained for a DPPC/
samples (Fig. 3). Thus, in order to account for the topo-DAPC mixture of a very similar phase behavior to that of
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DMPC/DSPC provide evidence that the average domaircorrelation distances between gel phase domains embedded
size is~10 nm. This result of unsurpassed directness irin a fluid.

domain detection can now be compared with the gel phase From theinsertin Fig. 2, we obtain a gel domain contri-
neutron results. Although the neutrons are the less diredwution to the total bilayer area of 19 and 30% at 41 and
technique and the results expressed in terms of reciproc@8°C, respectively, as determined from the phase diagram
rather than real space, they offer one major advantage ovéKnoll et al., 1981a) and the known molecular area of the
the AFM. This is the fact that the neutrons can also probdipids in both phase states (Nagle and Wiener, 1988). How-
the sample in the coexistence and in the fluid phase wheréver, despite this considerable change of total gel 4f&a,

the nonnegligible contact interaction force between AFMand thus the domain spacing is similar at both temperatures
tip and lipid surface may alter the object under study or may(Table 1). On the other hand, the intensity difference be-
prevent its detection at all. To appreciate the neutron resuli@veen the peaks at 41 and 38°C agrees well with the 11%
in terms of a domain size, we have to distinguish between 1§hange of gel phase area between the two temperatures. For
the case of two immiscible gel domains (denoted as ge|_1his estimate, the intensity obtained at 10°C was assumed to
and gel-2 in Knoll et al., 1981a) fof < T, and 2) the case represent 100% gel phase area. This indicates that domain

of a DSPC-d83 enriched gel domain embedded in a fluicPacing did not change significantly upon increase of the
phase forT, < T < T,. total gel phase area. Hence, individual domains do not grow

Case 1: From the similarity of the molecular area ofat the expense of the fluid between them but rather an
DMPC and DSPC and from consideration of the phasé'ncrease in gel area is established via the formation of new

diagram of this mixture we can assume that gel-1 and gel-ﬁel domains out of the bulk fluid. As a result, a superstruc-

domains each occupy roughly 50% of the total bilayer arealUr® consisting of equally spaced domains of sigesur-

This is supported by FT-IR results (Brumm et al., 1996).founded by a constant amount of fluid phase may be formed
Assuming hexagonal packing of circularly shaped gel do{Fig. 6) until the interdomain fluid freezes out at= T,

mains (diameted,), we can estimate a maximum value for leading to a mixture of gel-1 and gel-2 domains as seen by

d. = 2133 = 50 %\ I 2: Here the d in di - the AFM. Thg interdomain fluid may.explain why fluores-
d=d = ase 2: Here the domain diametigis cence (Almeida et al., 1992) and spin label methods (San-
f— Y9 — 'c-

karam et al., 1992) observe a disconnection (percolation) for
his mixture in the coexistence region that is not observed
y NMR methods (Dolainsky et al., 1997). For geometrical

Hence, the upper limit of, at T < T, (gel phase) as
estimated from the neutron results is smaller than th

obtained by the AFM Fourier transform, most likely owing reasons, the bulky fluorescence and spin labels may be

t;:grengrt'tﬁg tgg:tgﬁy%:rfswﬁvﬁgssbg;getﬁ‘eﬂ\;vr:;a'enriched in the fluid bulk phase between the superstructures
' ’ %ut depleted in the fluid separating the domains. In contrast,
coherence length agree well for both methods (Table 1). W e label-free NMR methods sample the average mobility of

conclude that the Fourier transform of the AFM data 'Sall fluid molecules over a shorter experimental length scale,

indeed the most suitable base for a comparison with th(ff'hus detecting diffusion even under conditions when the
neutron results. However, as the AFM clearlyshowsthatth%ulk fluid becomes disconnected by the growth of the
gel domains are not circular but of a rather complex Shapesuperstructures (Fig. B).

our estimates fod, (case 1) fall inevitably short compared
with the AFM (real space) domain diameters. Furthermorey it those values obtained by far less direct methods. A
there is a number of other intrinsic methodological differ- .anter to center distance of 19—-23 nm was concluded from
ences that may require consideration. One is that the bound;, esr study of this mixture at 40°C (Sankaram et al.,
aries in scattering contrast between domains and their SUf992), whereas a domain sizef 80 nm was suggested
roundings, as seen by the neutrons, may not coincidgom fluorescence experiments (Almeida et al., 1992). Both
exactly with the plateau boundaries detected by AFM.gy,dies were done at temperatufiem which T, < T < T,
Moreover, our data analysis in terms of eq. 2 assumes poir,q they invoked a number of model assumptions for the
scatterers in a lattice and does not consider their spatiglstimation of these values. Moreover, both relied on the
extension. Furthermore, there might be some broadening gheasurement of a dynamical parameter like the diffusion
the plateau edges seen by AFM because of the shape and tggefficient and thus were associated with a certain charac-
lateral extension of the AFM tip. Finally, there might still be teristic time and length scale. In contrast, our neutron ex-
some difference in the size of the domains for the twoperiment averaged over very long measuring times com-
binary mixtures studied by either method despite the simipared with all types of motions in the bilayer. This
larity of their phase diagrams. difference may explain why our neutron results give smaller

Nevertheless, we conclude that AFM and neutrons proer, in the case of fluorescence experiments, substantially
vide complementary data on domain size and periodicitysmallerl. values in the coexistence region. No valueslfor
that agree very well, considering the differences in thebelow T, have been reported for DMPC/DSPC, but an
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Itis interesting to compare our results for domain spacing



Gliss et al. Direct Domain Detection 2449

pology of the solid-phase domains in-plane and across the lipid bilayer.
Biochemistry31:7198-7210.

Bayerl, T. M., C. F. Schmidt, and E. Sackmann. 1988. Kinetics of sym-
metric and asymmetric phospholipid transfer between small sonicated
vesicles studied by high-sensitivity differential scanning calorimetry,
NMR, electron microscopy, and dynamic light scatteriBgpchemistry
27:6078-6085.

Brumm, T., K. Jorgensen, O. G. Mouritsen, and T. M. Bayerl. 1996. The
effect of increasing membrane curvature on the phase transition and
mixing behavior of a dimyristoyl-sn-glycero-3-phosphatidylcholine/
distearoyl-sn-glycero-3-phosphatidylcholine lipid mixture as studied by
Fourier transform infrared spectroscopy and differential scanning calo-
rimetry. Biophys. J.70:1373-1379.

Buldt, G., H. U. Galley, A. Seelig, J. Seelig, and G. Zacci. 1978. Neutron
diffraction studies on selectively deuterated phospholipid bilaykas.
ture. 271:182-184.

Dolainsky, C., P. Karakatsanis, and T. M. Bayerl. 1997. Lipid domains as
obstacles for lateral diffusion in supported bilayers probed at different
time and length scales by two-dimensional exchange and field gradient
solid state NMRPhys. Rev. E55:4512—-4521.

Dosch, H., K. AlUsta, A. Lied, W. Drexel, and J. Peisl. 1992. The
evanescent neutron wave diffractometer: on the way to surface sensitive
neutron scatteringRev. Sci. Instrum63:5533-5542.

Dosch, H., W. Battermann, and D. C. Wack. 1986. Depth-controlled graz-
ing-incidence diffraction of synchrotron X radiatioRhys. Rev. Lett.
11:1144-1148.

Dufréne, Y. F., W. R. Barger, J. D. Green, and G. U. Lee. 1997. Nanom-
eter-scale surface properties of mixed phospholipid monolayers and
bilayers.Langmuir.13:4779—-4784.

Groves, J. T., N. Ulman, and S. G. Boxer. 1997. Micropatterning fluid lipid
bilayers on solid supportScience275:651—-653.

Hansma, P. K., J. P. Cleveland, M. Radmacher, D. A. Walters, P. E. Hill-
ner, M. Bezanilla, M. Fritz, D. Vie, H. G. Hansma, C. B. Prater, J.
Massie, L. Fukunaga, J. Gurley, and V. Elings. 1994. Tapping mode
atomic force microscopy in liquid#Appl. Phys. Lett64:1738-1740.

FIGURE 6 Schematic depiction of the growth of superstructures con-He, K., S.J. Ludtke, D. L. Worcester, and H. W. Huang. 1996. Neutron

sisting of equally spaced gel domains (assumed circular in shape) with Scattering in the plane of membranes: structure of alamethicin pores.

decreasing temperature within the coexistence region of the phase diagram.Biophys. J.70:2659—-2666. _

After the initial formation of very few gel domains just beldiy(A) their ~ Johnson, S. J., T. M. Bayerl, D. C. McDermott, G. W. Adam, A. R. Rennie,

number increases in accordance with the increase in the total gel phase ared: K.I Thhomﬁsv_snld E-I_Sacg_rlnann- 1991 StéUCt_urr]e of an Iadso;lbed_ dlmyfr-

(B andC show the situation at 19 and 30% gel phase) until all bulk fluid  'StoYIPhosphatidylcholine bilayer measured with specular reflection o

is gone and the fluid spaces between the gel domains freeze du(@). neutrons Biophys. J.59:289-294. )
Jorgensen, K., M. M. Sperotto, O. G. Mouritsen, J. H. Ipsen, and M. J.
Zuckermann. 1993. Phase equilibria and local structure in binary lipid
the solid phase (Mendelsohn et al., 1995). This is close to bilayers.Biochim. Biophys. Actal152:135-145.
our results folT < T, taking into account that we used a 1:1 Jirgens, E., G. Hone, and E. Sackmann. 1983. Calorimetric study of the
dipalmitoylphosphatidylcholin/water phasediagraBer. Bunsenges.

mixture. Phys. Chem87:95-104.
Knoll, W. 1981. Volume determination of deuterated dimyristoyllecithin
CONCLUSION by mass and scattering length densiome@yem. Phys. Lipids28:

337-345.
We have shown using two independent, complementary ankinoll, W., J. Haas, H. B. Stuhrmann, H. H.'Baer, H. Vogel, and E.
direct methods that domains in lipid bilayers are three Sackmann. 1981a. SANS of aqueous dispersions of lipids and lipid

- . ixtures: a contrast variation study. Appl. Cryst.14:191-202.
rders of magni maller than th rved in lipid, ™
orders o ag tude smaller than those observed P C;<noll, W., K. Ibel, and E. Sackmann. 1981b. SANS study of lipid phase

monolayers. The' good agreement b_etween AFM and NEU- diagrams by the contrast variation methoBliochemistry. 20:
tron results despite the completely different nature of their 6379-6383.
observables (AFM sees real space whereas neutron scatt&noll, W., G. Schmidt, H. Rotzer, T. Henkel, W. Pfeiffer, E. Sackmann, S.

- . . . : _ Mittlerneher, and J. Spinke. 1991. Lateral order in binary lipid alloys and
ing is sensitive to reciprocal space) can help in the devel its coupling to membrane function€hem. Phys. Lipid$7:363-374.

opment of refined models for the neutron data interpretation o ., 6. schmidt, E. Sackmann, and K. Ibel. 1983. Critical demixing
in terms of regularly spaced and spatially extended scatterers.in fluid bilayers of phospholipid mixtures: a neutron diffraction study.
J. Chem. Phys79:3439-3442.

We thank Professor Hermann Gaub, in whose laboratory the AFM meat«jmg’ S., W. Pfelf‘_fer, T._Baygrl, D. R'Cmer’ anq E. Sackmann: 1992.'
Molecular dynamics of lipid bilayers studied by incoherent quasi-elastic

surements were conducted, for support and helpful discussions. neutron scatteringl. Phys. Il France2:1589—1615.

Lee, A. G. 1977. Lipid phase transitions and phase diagr&iochim.

REFERENCES Biophys. Acta472:237-344.
Lee, A. G. 1978. Calculation of phase diagrams for non ideal mixtures of
Almeida, P. F. F., W. L. C. Vaz, and T. E. Thompson. 1992. Lateral dif- lipids—and a possible non random distribution of lipids in lipid mixtures
fusion and percolation in two-phase—two-component lipid bilayers: to- in the liquid crystalline phasesiochim. Biophys. Acteéb07:433—-444.



2450 Biophysical Journal Volume 74 May 1998

Loidl-Stahlhofen, A., S. Kaufmann, T. Braunschweig, and T. M. Bayerl. Pedersen, S., K. Jorgensen, T. R. Baekmark, and O. G. Mouritsen. 1996.
1996. The thermodynamic control of protein binding to lipid bilayers for  Indirect evidence for lipid-domain formation in the transition region of
protein chromatographyNature Biotechnol14:999-1002. phospholipid bilayers by two-probe fluorescence energy tranBier.

Loésche, M., E. Sackmann, and H. klwald. 1983. Fluorescence micro- phys. J.71:554-560.
scopic study concerning the phase diagram of phospholiBieis.Bun- Radler, J., M. Radmacher, and H. E. Gaub. 1994. Velocity dependent

senges. Phys. Cher@i7:843-852. R forces in atomic force microscopy imaging of lipid filmsangmuir.
McConnell, H. M. 1991. Structures and transitions in lipid monolayers at  11.3711_3115,.

the air-water interfaceAnnu. Rev. Chem. Phy42:171-195. ) )
McConnell, H. M., L. K. Tamm, and R. M. Weis. 1984. Periodic structures Radmacher, M., M. Fritz, H. G. Hansma, and P. K. Hansma. 1994. Direct

in lipid monolayer transitionsProc. Natl. Acad. Sci. USA81: observation of enzyme activity with the atomic force microscdpa-
3249-3253. ence.265:1577-1579.

Mendelsohn, R., G. L. Liang, H. L. Strauss, and R. G. Snyder. 1995. IRRussell, T. P. 1990. X-ray and neutron reflectivity for the investigation of
spectroscopic determination of gel state miscibility in long-chain phos- polymers.Mat. Sci. Rep5:173-271.

lphatldylchollne mlxturesquphys. 3'69:1987_:,[9,98' . Sankaram, M. B., D. Marsh, and T. E. Thompson. 1992. Determination of
Mohwald, H. 1990. Phospholipid and phospholipid-protein monolayers at - f,iq and gel domain sizes in two component, two-phase lipid bilayers:

the' airfwater interfaceAnnu. Rev. Chem. Phy$1:441—47.6. ~an electron spin resonance spin label stigipphys. J.63:340-349.
Mouritsen, O. G. 1991. Theoretical models of phospholipid phase transi- o . .
tions. Chem. Phys. Lipids57:179-194. Shao, Z. and J. Yang. 1995. Progress in high resolution atomic force

Nagle, J. F. and M. C. Wiener. 1988. Structure of fully hydrated bilayer microscopy in biologyQ. Rev. Biophys28:195-251.
dispersionsBiochim. Biophys. Acteé942:1-10. Tate, M. W., E. F. Eikenberry, D. C. Turner, E. Shyamsunder, and S. M.

Nagle, J. F. and D.A. Wilkinson. 1978. Lecithin bilayeBiophys. J. Gruner. 1991. Nonbilayer Phases of Membrane Lipidsem. Phys.
19:159-175. Lipids. 57:147-164.



