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Understanding the physiological role of lipids in cell membranes is strictly coupled to determination of their impact on membrane
structure using well-defined lipid-only model systems. Elastic and inelastic scattering experiments using neutrons or X-rays are
non-invasive, probe-free techniques that provide such insight and have been advanced significantly in the past years. In partic-
ular recent developments allow to study details of structure, elasticity and interactions in phase-separated systems mimicking

membrane rafts. We review the basic concepts underlying these developments.

1 Introduction

Biological membranes are complex, self-assembled compos-
ites of proteins, lipids and carbohydrates, whose hierarchi-
cal organization is fundamental to physiological processes.
In particular, lateral organization of the lipid/protein layer of
plasma membranes has attracted significant scientific inter-
est, but also considerable controversy. The membrane raft
paradigm invokes the existence of functional domains en-
riched in sphingolipids, cholesterol and specific proteins, such
as glycophosphatidylinositol-anchored proteins, that facilitate
diverse cellular signaling and transport processes.. However,
proof of their existence in live cells has been elusive <.

In contrast, domains are well-established in lipid-only
model systems of plasma membranes™°. Such systems of re-
duced complexity allow for close scrutiny of the biophysical
nature of lipid-lipid interactions and their potential in organiz-
ing lateral membrane structure. Over the years, a variety of
experimental techniques have been applied to study the prop-
erties of lipid domains'Z. In this tutorial review we focus on the
ability of x-rays and neutrons to interrogate the properties of
lipid domains, using either elastic or inelastic scattering. The
present work can be seen as a follow-up to one of our previous
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review articles®, which although summarized early scattering
studies on lipid domains, it mainly focused on homogeneous
lipid bilayers. Here we discuss progress in the field that has
taken place over the past five years.

The review article is organized as follows. First, we give
a brief introduction to lipid-only domains in model systems
mimicking the plasma membrane. We then expand on the the-
ory of elastic and inelastic scattering of lipid domains, and
describe some illustrative examples. Finally, we conclude and
give an outlook as to what can be expected in this area of re-
search in the near future.

2 Properties of Membrane Domains

In multi-component mixtures, lipids minimize free energies
arising from their chemical structure, leading to differences,
for example, in membrane structure, hydrocarbon chain pack-
ing and chain order, and hydrogen bond formation, to name
but a few. For example, in a binary mixture of lipids (e.g., A
and B), these interactions can be parameterized by”

wAB:gAB_%(gAA‘FgBB)a (1)
where ga4, gpp and g4p are the interaction free energies be-
tween like (AA and BB) and unlike (AB) pairs. Typical val-
ues for wyp vary between —1 kgT and +0.7 kgT 10 where
phase separation occurs for wyp > +0.55 kgT and random
mixing for wyp = 0. Qualitatively, lipids prone to form gel
phases (those with saturated acyl chains) and lipids prone to
form fluid phases (unsaturated lipid species) will phase sepa-
rate over a broad range of temperatures and compositions (re-
viewed by Marsh©12),
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Fig. 1 Generic compositional phase diagram for a ternary lipid
mixture focusing on the temperature behavior of the L,/Ly
coexistence regime. The dashed line indicates a tie-line, and the
dashed-dotted line describes the critical transitions occurring at T.
T,, is the melting temperature. Other phase coexistence regions are
not shown for purposes of clarity.

When discussing lateral membrane heterogeneity, it is use-
ful to distinguish between four cases: (i) random (ideal) mix-
ing; (ii) non-random mixing or compositional fluctuations
(i.e., unstable domains); (iii) nanoscopic domains; and (iv)
macroscopic domains. Domain stability and size depends on
the line tension 7y, which defines the free energy of the domain
boundary (see e.g. ). That is, critical domain fluctuations
occur at ¥ = 0. At small Y, nanoscopic domains are formed,
whereas at large Y domains may grow to several microns in
size.

Figure [T] shows a typical compositional phase diagram for
raft-like ternary lipid mixtures of low-melting lipids (mainly
di- or monounsaturated lipids), high-melting lipids (long
chain disaturated phosphatidylcholines or sphingomyelin) and
cholesterol.

Cholesterol is highly abundant in mammalian plasma mem-
branes, and is a very peculiar membrane lipid. Although
weakly amphiphilic, it has a finite solubility in phospholipid
membranes, beyond which it precipitates from the bilayer as
cholesterol monohydrate crystals'#. In bilayers composed of
saturated or monounsaturated chains, cholesterol’s solubility
limit depends strongly on the phospholipid headgroup, and
can be understood in terms of the “umbrella model”, where
headgroups of neighboring lipids reorient to cover choles-
terol’s nonpolar surface, preventing its unfavorable exposure
to water™. The ability of different phospholipids to shield
cholesterol should therefore depend, not only on headgroup
size, but also on chain packing considerations. Indeed, a 3-
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Fig. 2 Venn diagram of properties shared between the gel (Lg),
liquid disordered (L;) and liquid ordered (L, ) phases.

to 4-fold reduction in cholesterol solubility has been found
in highly unsaturated PC bilayers composed of arachidonoyl
(C20:4) or docosahexaenoyl (C22:6) chains at both the sn-
1 and sn-2 positionsm, and several studies have shown that
cholesterol preferentially interacts with membrane lipids com-
posed of disaturated acyl chains''.

In binary lipid mixtures, cholesterol is well-known for its
ordering effect on the fluid lamellar phase (L), leading to
the liquid-disordered (L) and liquid-ordered (L,) phases, at
low and high cholesterol contents, respectively. On the other
hand, lamellar gel phases (Lﬁ) are disordered by choles-
terol1®, (Note, that frequently L, is used synonymously with
Lg.) In describing the differences between these phases it is
instructive to consider the two types of order that define the
lamellar phases, namely translational or in-plane positional or-
der (the spatial correlation between one lipid and another), and
the chain configurational order of an individual lipid. These
types of order are related to observables like the diffusion
coefficient (translational order), hydrocarbon chain thickness
and gauche/trans isomerization ratio (chain configurational or-
der), all of which are are strongly coupled in the Ly and Lg
phases. In other words, low translational order is accompa-
nied by low configurational order (fluid phase), and vice versa
in the case of for gel phase bilayers. Cholesterol, however,
has the unique property of decoupling these two types of or-
der: the L, phase has very high chain order, but lacks long-
range positional order. Properties of the lamellar phases are
summarized in Fig.[2]

In raft-like lipid mixtures, as shown in Fig. [I} L, and
L, phases coexist over an extended range of compositions
and temperatures. Since L, and L; are fluid phases, their
7 is isotropic, leading to the formation of circular domains.
Demixing occurs along tielines, and L,/L; composition can
be read off the tieline endpoints, where they cross the phase
coexistence boundary. The fraction of L, or L; changes along
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the tieline, and can be determined using the lever rule®. The
direction of tielines may differ from system to system, but in
general show that L; domains contain most of the low-melting
lipid, whereas L, domains are enriched in the high-melting
lipid and moderately enriched (2- to 3-fold) in cholesterol.

At high temperatures, L, melts into a pure L; phase, giv-
ing the phase coexistence regime a dome-like structure. If this
melting occurs at the peak of the “dome” it passes through a
critical point 7. Similarly, upon increasing cholesterol con-
centration, the L; phase melts into an L, phase. In this case,
the tielines collapse into a single point, and the transition be-
comes second order. Thus, different critical transitions can be
realized in ternary lipid mixtures, as shown in Fig.[T]

In the following section we describe how x-rays and neu-
trons can be used to probe domain size, namely static and dy-
namic domain structures. Understanding domain structure is
needed for understanding how domains couple to protein par-
titioning and function. It is important to note that no bulky
labels, which can potentially influence phase behavior!®*2L,
are needed for the scattering studies described herein.

3 General Scattering Theory

Even though x-rays are electromagnetic waves and neutrons
particle waves, a single scattering theory is used to address
both types of experiments. However, there are some im-
portant differences that must be first considered. To begin,
x-rays interact with electrons, while neutrons interact with
the nuclei. Although not immediately obvious, x-ray scatter-
ing varies predictably with atomic number-heavy atoms scat-
ter more strongly than lighter ones—while neutron scattering
power varies erratically with atomic number. Importantly,
however, is that neutrons are differentially sensitive to an ele-
ment and its isotope(s). For example, hydrogen, which is ubiq-
uitous in biological samples, has a coherent neutron scattering
length bfi”h = —3.7423 fm, while its stable isotope, deuterium,
has b%¢" = 6.674 fm. This difference between the two nuclei
forms the basis of neutron contrast variation studies of bio-
logical materials. Therefore, by changing either the external
contrast (by varying the H,O/D,O composition of the aque-
ous buffer), or by selectively deuterating specific parts of the
biomolecule of interest?Z, one can highlight or suppress static
and dynamic structural features.

Another important difference between x-rays and neutrons
scattering relates to instrumental resolution. The wavelength
spread AA /A at third generation synchrotron small-angle x-
ray scattering (SAXS) beamlines is of the order of 0.01%,
approximately 2 orders of magnitude tighter than what is en-
countered at neutron beamlines. The main reason for this dif-
ference is the relatively low flux of neutron instruments, com-
pared to x-rays, requiring monochromators capable of accept-
ing broader range of neutron wavelengths (i.e., less monochro-

matic beams). An obvious consequence of this, is that SAXS
peaks are significantly sharper than peaks from small-angle
neutron scattering (SANS) instruments. This offers the possi-
bility to perform line-shape analysis, resulting in the bilayer’s
elastic constant (see below). A less obvious result of tighter
collimation and increased monochromicity relates to the beam
coherence volume V,,;, which is described in terms of partial
coherence in the theory for optics %*. V,,, has a longitudinal
component, i.e. parallel to the propagating wave train,

A2 2E

AL = El» 2

Leon =
where AE /E is the energy resolution of either the neutron or
x-ray beam, and two transverse components Tgoh which vary
inversely with the source aperture size“*>>. Typical values
for L ' at synchrotron beamlines are on the order of 1 pm,
while LZ{‘;Z’"’” < 0.05 um. The coherence volume is of par-
ticular importance when detecting membrane domains, as will
be discussed later on.

There is a third important difference between neutrons and
x-rays. Neutron energies are typically on the order of meV,
which are well within the range of thermally excited molecular
motions, while x-rays are usually on the order of keV. Thus,
while coherent inelastic x-ray scattering experiments on lipid
membranes are feasible2?2Z neutrons are better suited2s,

3.1 Elastic X-ray and Neutron Scattering

In the case of elastic scattering there is no transfer of energy.
It is therefore sufficient to consider the change in scattered
intensity as a function of the wave vector transfer, g. The vec-
tor q is proportional to the angle between the incoming and
outgoing beams (i.e., the scattering angle, 26). The scatter-
ing vector, g, is then given by g = 4msin(0)/A, where A is
the x-ray or neutron wavelength. Coherent elastic scattering
of neutrons or X-rays provides information regarding spatial
correlations of nuclei or electrons, respectively. However, un-
like in a crystal, where atoms are restricted to small thermal
vibrations around well-defined positions, the inherent disor-
der of fluid lipid membranes prevents structure determination
at atomic resolution. Thus it has proven useful to sum up the
electrons or neutron scattering lengths per unit volume, and
introduce the concept of the electron density profile (EDP) or
neutron scattering length density (NSLD) profile (see sec.[3).

Spatial correlations are contained in the amplitudes of the
scattered wave or form factor F(q). F(q) is the sum of the
coherent scattering length (b°°") of all atoms in the sample
(Eq. 3), and is proportional to the observed intensity of the
scattered wave (Eq. ).

atoms

F(q) _ Z b[qoheiq-ri (3)
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1(q) < |F (q)[*S,(q) )

The real-space distribution of the scattering lengths (the
scattering length density, p) is the Fourier transform of the
form factor,

p(r) = [ Fla)e "dq s)

From the real-space distribution of p, membrane structural pa-
rameters can be determined as discussed in sec.

The second term in I(q) is the inter-particle structure factor
S, (q) describing the relative positions of particles, which can
be formulated by a variety of theories®” and is often approxi-
mated by S, (q) = 1 for dilute systems. Positional correlations
in multibilayer systems give rise to an additional structure fac-
tor S;(q) accounting for interactions between the sheets that
give rise to long-range order, and hence the Bragg peaks. In
the case of lipid multibilayers in the fluid L, phase, true long-
range order breaks down due to pronounced bilayer bending
fluctuations resulting in quasi long-range order—power law de-
cay describing positional correlations®?. This leads to a char-
acteristic cusp-like peak shape that can be described by Caillé
theory?132. For multilamellar vesicles (MLVs) the structure
factor is given by=>

N—1
Si(q)=N+2 Z (N—k) cos(kqd)e*(d/zn)zn[Y+1n(7fk)]’ (©6)
k=1

where N is the number of layers per scattering domain, d the
lamellar repeat distance, and ¥ is Euler’s constant. (We note
that the modulus of the scattering vector g can be used due to
orientational averaging in MLVs.) Of particular importance is
the Caillé or fluctuation parameter,

B ﬂkBT
n= 2d%+/BK.

which is a function of the bulk modulus of compression B and
the bilayer bending rigidity=? (kg is Boltzmann’s constant and
T temperature).

N

3.2 Inelastic Scattering

In contrast to the elastic scattering experiments described
above, inelastic scattering approaches are defined by the trans-
fer of energy and momentum between the incident and outgo-
ing beams. The inelastic scattering of neutrons is ideal for
studies of molecular motion in lipid bilayers—though its po-
tential is relatively unexploited to date. The incident energy of
neutrons typically used in inelastic scattering experiments is,
as mentioned, on the order of meV and comparable to the time
regimes commonly observed in many processes taking place
in soft materials, such as diffusion, vibrations, methyl rota-
tion and other molecular reorientations, lipid rotation, bilayer

undulation, and bilayer thickness fluctuations. The goal of
inelastic scattering experiments is to measure two quantities,
namely the momentum transfer, g = ks — k;, and the energy
transfer, i@ = Ey — E;. Here, k; and k¢ are the wave vectors,
and E; and Ey are the energies of the incident and scattered
neutrons, respectively. Through these two quantities, one can
extract detailed information with respect to the frequency and
geometry of atomic motions within a lipid bilayer, and be-
tween it and its local environment.

The earliest inelastic scattering experiments were per-
formed in the 1950s by Bertram Brockhouse®* at the then
Chalk River Nuclear Laboratories using his newly developed
triple-axis spectrometer. This novel way of measuring inelas-
tic scattering enabled the measurement of scattered intensity
at specific points in ¢ and . However, this approach is not
convenient for studies of lipid bilayers. A range of specialized
spectrometers have subsequently been designed to optimize
observation of scattered intensity simultaneously at multiple
points in phase space, including time-of-flight %, backscat-
tering®® and neutron-spin-echo (NSE) spectrometers=Z. This
modern suite of instruments is able to probe motions on
timescales ranging from 10™'% s to 10~ s, and over length
scales from 10~7 m to less than 1010 m.

A quantitative description of inelastic scattering=4Y re-
quires us to consider the basic quantity measured by neutron
scattering experiments, namely the double differential cross-
section, which can be written as follows:

oKy - s b)?s, 8
FIC ]71 ((< ) — (D)7)Sinc(q, @) + (b) coh(%w)) 3

When this quantity is multiplied by the number of incident
neutrons, it ends up describing the number of neutrons scat-
tered into a solid angle element dQ with an energy transfer
h@. The variable b describes the scatting length of the sam-
ple, and S(g, ®) is the dynamic structure factor. This relation
brings to the fore the other major difference between neutron
and X-ray scattering, specifically the presence of both incoher-
ent, Sinc(g, ®) and coherent, S.,;(g, ®) scattering in the case
of neutrons.

Separate dynamic structure factors, Scon(g,®) and
Sinc(q, ®), describe these two classes of scattering. Each
is connected to the microscopic motions of the atoms in
the sample, but in different ways. Coherent scattering is
related to the double Fourier transform in space and time
of the density-density correlation function. This is typically
expressed in terms of atom positions, r; and 7; at time, t, and
time, O as follows:

1 (el () (0))
Seon(d, @) = 3 / dr(y ealr=r0)=en) (g
2y

4| Journal Name, 2010, [voI]‘1

This journal is © The Royal Society of Chemistry [year]



As a result, S.,;(g, ) is interpreted as a representation of
the probability of finding an atom at time, ¢, at a distance, r,
from another atom at time 0. On the other hand, the inco-
herent scattering function, Siu.(q, ®), reflects the probability
of finding an atom at a time, ¢, within a distance, r, from its
initial position at time 0. Explicitly this is the double Fourier
transform in space and time of the self-correlation function:

1 (A () —
Sinc (¢, ®) = T /dl<z la-Ari(t) a)t)> (10)
i,

This relates the scattering to motions of individual atoms,
and is thus more straightforward to interpret than S, (g, @),
especially in the case of single potential well motions. (This
is a special case where a mean square displacement can be
directly extracted*! from the elastic intensity for a given tem-
poral instrumental resolution.)

The most common type of inelastic scattering measurement
for biological materials focuses on the incoherent scattering
from hydrogen. Hydrogen ('H) has an incoherent scattering
cross-section of 80.27 barns, 40 times greater than 2H, and
more than 100 times larger than the other elements in lipid
bilayers: C (~0.001 barns); N (0.5 barns); O (0.0008 barns);
and P (0.005 barns). Because of this high incoherent scat-
tering from hydrogen, incoherent scattering experiments of-
ten use hydrogenated or partially deuterated lipids, hydrated
with DO in order to isolate the scattered signal from the lipid
component of interest within the sample*>*#%. Naturally, this
situation can be reversed to study the dynamics of hydration
water using a deuterated bilayer#3=U 1,

The scattered intensity is customarily reduced to a function
of  for a set of g values. Analysis of inelastic incoherent
scattering data yields information about the geometry and re-
laxation times of atomic motions within the sample®%). The
geometric information for a given dynamic process is usually
extracted from the ratio of elastic intensity to total scattered
intensity, and is represented as a phenomenological quantity
called the Elastic Incoherent Structure Factor or EISF(q, ®).
Numerous functional forms of the EISF have been put for-
ward in order to accurately model the various atomic motions
probed by scattering experiments®?. The inelastic scattering
term is modeled with a Lorentzian function I'(¢, ®) that re-
sults in a relaxation time as a function of g. When the inelastic
contribution of each process is combined with the EISF, and
a delta function, 8(w), to account for elastic scattering, this
then allows us to write the theoretical scattering function,

n

Stheo(q, ©) = Y P(EISFi(q,®)8(0) +
i=1

which can be fit against experimental data,

SEXF(qa (D) = DWF(Q) * [STheo(% (D) ®R(q7 w)] (12)

Here, DWF(q) represents the Debye-Waller Factor and
R(g, ®) is the instrumental resolution function that defines the
time and length scales probed by the experiment, and is an
important consideration for both the design of the experiment
and analysis of the data®,

Deuterated molecules are also used to study inelastic coher-
ent scattering by reducing the overwhelming incoherent signal
from hydrogen. This class of experiment excels in studies of
lattice dynamics™>°, but can also be useful in the study of
collective motions of soft matter>2"°. Treatment of coherent
scattering data is somewhat more complicated due to sensi-
tivity to pair-correlations. On the other hand, this sensitivity
leads to the key feature of inelastic coherent scattering mea-
surements, namely the ability to observe which atomic spac-
ings are preserved during a particular collective motion. This
information can be accessed by plotting the scattered intensity
as a function of ¢, for a set of ®s, and comparing to the static
structure factor, S(g,0). When a set of atoms move collec-
tively, maintaining their relative spacing, they will give rise to
excess intensity written as follows:

S(q,0) =A(w)*S(q,0) *q> + B(w) x¢* +C (13)

Here the first term represents the excess scattering from pair
correlations that are preserved during a motion at a given @,
the second term represents incoherent and out of phase mo-
tions, which follow a q2 dependence, and the third term covers
any g independent multiple scattering. This relation does not
hold for atomic spacings in S(g,0) which are violated during
a particular motion, clearly illustrating which atom pairs are
moving together and which are not.

The NSE technique is different in terms of data analysis.
The primary distinction of NSE, compared to the other inelas-
tic techniques, is that it measures the intermediate scattering
function, ISF or I(g,?), rather than the dynamic structure fac-
tor, S(g, ). Itis typically reported as I(g,¢)/I(g,0) so that the
quantity is normalized to 1. I(g,t) is simply the Fourier trans-
form of the dynamic structure factor in the time domain. The
other difference is that fitting of the data is typically performed
in the time domain, so rather than using peak functions to fit
the data, decay functions are used instead. Although NSE is
capable of probing slow diffusive motions of lipids and fluc-
tuations of bilayer thickness, the most common spin-echo ex-
periments on lipid bilayers are direct measurements of bilayer
undulation, enabling one to access the bilayer’s bending mod-
ulus®? 90 Observations of the coherent scattering from the
bilayer in the range of 0.05 to 0.2 A~! are made and data are
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analyzed using a modified®°%” Zilman and Granek analy-
sis®. In the time domain, the first step is to fit the ISF using
the following relation:

[g.1) _ , ()03 (14)

1(¢,0)

Here a stretched exponential decay is used with, A, as a nor-
malization constant (typically set to 1) and I'(g) as the relax-
ation rate, which is a function of the scattering wave vector, q.
The relaxation rate is related to the bilayer bending modulus
Kk through,

kT

1
2 kgT
I'(q) = 0.0058 <K> BLP

n

where, 1], is the solvent viscosity, kp is Boltzmanns con-
stant, and T is the temperature. This relation implies that a
plot of I'(¢) /q* as a function of ¢ will exhibit a constant value
that is inversely proportional to the square root of the bending
modulus.

15)

4 Sample Geometries

As discussed, lipid domains can be studied using a variety
of scattering techniques, however, some of which demand
unique sample preparations, conditions and geometries. From
the standpoint of biological relevance, unilamellar vesicles
(ULV5s) are the most desirable mimics of a cellular membrane.
Diffuse scattering from a dilute ULV suspension affords the
possibility to extract the bilayer’s continuous F(q) (Eqn. [),
and often offers extended ranges for the scattering vector’s
transverse component (qy).

Arguably the easiest method of sample preparation is that of
MLVs, whereby a dry lipid mixture film is hydrated with wa-
ter. Measurement of MLV results in the presence of a F(q)
and a S;(q) as a convolution of both the radial and in-plane
heterogeneities of the bilayer structure. A great deal of infor-
mation can be extracted from MLV samples, including (but
not limited to) the “stiffness” of the bilayer and the presence
of domains (sec. [6).

Supported samples can be generated as a single bilayer typ-
ically examined with reflectometry, or as multilamellar stacks
interrogated by diffraction techniques. Although MLV sam-
ples are aligned bilayers, alignment on a solid substrate allows
for the transverse and lateral structures to be examined inde-
pendently. The separation of q. and qj| (the lateral scattering
vector component) allows for the unambiguous assignment of
scattering features arising from the different orientations. Like
all systems, solid-supported bilayers suffer from some draw-
backs. Supported lipid bilayers have proven difficult to fully
hydrate (Katsaras 1997 and 1998 BJ REFERENCES), though

kil k|

Fig. 3 Schematic diagram of an aligned bilayer setup. a) A “white”
beam of incident radiation, b) monochromator selects a single
wavelength of neutrons or X-rays. |k;| is the incident vector of
monochromatic beam and |k| is the scattered wave vector of same
energy (|k;|=|ks|)—the case for elastic scattering. ¢) is the model
membrane sample oriented such that the scattering vector (q;) is
perpendicular to the bilayer surface and d) is the detector. The lower
schematic has the same spectrometer setup, the only difference is
e),where the bilayer is oriented such that the scattering vector (qj)) is
parallel to the bilayer surface

recent advances in sample environments have achieved hydra-
tion levels of better than 99.6% as determined by the lamellar
repeat spacing®®. The effects attributed to bilayer—substrate
interactions are limited to the first few bilayers, although much
effort has been expended into functionalizing the substrate sur-
face with a polymer cushion for use in single bilayer studies’’.

The aforementioned sample conditions are characterized by
low-resolution data, however, improved structural data can be
achieved by utilizing the neutron scattering method of contrast
variation. One clear advantage elastic neutron scattering has
over other biophysical techniques, including X-ray scattering,
is the ability to change contrast conditions without resorting to
bulky and unnatural probes that can alter the bilayer’s physical
properties”. The ability to manipulate contrast is particularly
important since the scattering intensity is proportional to the
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Fig. 4 Schematic of possible neutron contrast variation experiments
for a lipid bilayer. A represents the system with minimal contrast
matching. B) Contrast between lipid species can be generated by
substituting the protiated species (grey) with a deuterated analogue
(pink). C) Matching the solvent to a one lipid species, rendering it
“silent”.

square of the SLD difference between the sample and solvent
(medium). Contrast can be systematically manipulated by
substituting one isotope of an element with another(discussed
previously). In the case of biological samples, the substitution
of hydrogen for deuterium is commonly used to manipulate
contrast, as shown in Figure Eln- Scattering from individual
components of the system, such as phase separated regions of
a vesicle, can be suppressed through contrast matching with
the solvent, allowing for the determination of lateral structure
and composition. Discussion of contrast variation in a SANS
experiment is discussed below (Section [6.1)).

5 Homogeneously mixed bilayers: a brief up-
date

Although homogeneously mixed fluid bilayers lack long range
in-plane atomic correlations, they do possess one-dimensional
out-of-plane correlations. The structure of a homogeneous
fluid bilayer can therefore be thought of as the time-averaged
distribution of matter projected onto the bilayer normal. A
scattering experiment provides a distorted reflection of this
matter distribution, where similar to a distorted mirror, fea-
tures are reshaped by the relative interaction strength of the
probe (neutrons or X-rays) with the lipid’s chemical makeup.
In this sense, the real-space scattering length density profiles
obtained from different types of scattering experiments (i.e.,
X-ray data, or different contrast neutron data) are simply dif-

ferent representations of the bilayer’s structure. While tradi-
tional bilayer structural analyses models SLD profiles of stan-
dalone scattering data“3*"7Z, a model based on matter den-
sity distribution can easily combine differently contrast data
sets (i.e., X-ray and neutron) into a single global analysis, re-
sulting in a more robust structure of the bilayer.

White and coworkers were the first to exploit this fun-
damental link between the bilayer’s different chemical moi-
eties, in their development of the so-called composition space
model”. Because individual atoms are not well-localized in a
thermally disordered bilayer, they are best described by broad
statistical averages. King and White”® proposed a coarse-
grained lipid structure, where neighboring atoms are grouped
into quasi-molecular distributions whose atomic number den-
sity profiles are described by simple functional forms (e.g.,
uniform or Gaussian distributions). A fully resolved fluid bi-
layer structure consists of a handful of such quasi-molecular
distributions, typically 2-3 such distributions are used to de-
scribe the lipid headgroup, while 3-4 distributions are used for
the hydrocarbon chain region. Scattering length density pro-
files for different contrast data sets are then obtained by scal-
ing the component number density distributions with an ap-
propriate scattering length (i.e., the sum of individual atomic
scattering lengths making up the distribution). Through the
joint refinement of neutron and X-ray diffraction data, Wiener
and White determined the fully resolved structure of a par-
tially dehydrated fluid DOPC bilayerZ?53,

Kucerka et al. extended this approach with their Scatter-
ing Density Profile (SDP) analysis (Fig. [3)), which leverages
the atomistic detail of MD simulations to guide the choice of
atomic groupings, thereby maximizing the model’s compati-
bility with different contrast X-ray and neutron data®. For
this model, which uses ULVs, Eq. (E[) becomes

d .
Flg)=2 /O Ap()edz, (16)

with

Ap(z) = Y (i — pw)Pi(2). 17)
L

Here P,(z) represent the volume distribution functions of given
molecular fragments, each described by a Gaussian or error
function. A typical parsing scheme for a phosphatidylcholine
bilayer would be, for example, the choline methyl (CholCH3),
phosphate + CH,N (PCN), carbonyl + glycerol (CG), hy-
drocarbon methylene (CH;) and terminal acyl chain methyl
(CH3) groups. The P;’s are scaled by the contrast of their
given scattering length densities p; to water py = 0.33 e/A3
(X-rays)/ py = —5.6 x 1077 A=2 (neutrons).

By combining SANS data at several D,O/H;O ratios (“ex-
ternal” contrasts) with SAXS data, the authors obtained
the first fully resolved bilayer structure from a vesicle sus-
pension at full hydration. The SDP approach has since
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Fig. 5 Description of membrane structure in terms of the SDP
model. Panel A shows a schematic of a stack of membranes with the
corresponding structural parameters: d...lamellar repeat distance;
dp...bilayer thickness; dy . .. bilayer separation; dc. .. hydrocarbon
chain length; dyg. . . headgroup-to-headgroup distance; and
A...area per lipid. Panel B shows the volume distribution functions
of quasimolecular distributions in term of the SDP model. Figure
adapted from®2.

been used to determine structures for a wide range of bio-
logically relevant lipids using fully hydrated fluid bilayers,
including phosphatidylcholine®%, phosphatidylglycerol®Z,
phosphatidylserine®®, phosphatidylethanolamine®”, and car-
diolipin®. A major achievement of the SDP model is the ro-
bust determination of bilayer thickness, defined as

d/2
dp=d—2 A Py (2)dz, (18)
and area per lipid
2Vy,
== 19
4 19)

quantities that are crucial for the validation of MD force fields
(reviewed ingo). Here, d is the lamellar repeat distance, Py
the volume distribution function of water, and V;, the lipid’s
molecular volume, which is obtained by separate experiments.

Recently, Heftberger et al.*!' combined the SDP model with
a Caillé structure factor (Eq. [6), allowing them to analyze
MLVs in the Ly phase (Fig. [6). In this case, the scattered
intensity is given by

2
I(q) = IFéz)l

where F(q) is given by Eq. and Si(q) by Eq. (€)-the
scalar Ny;rr accounts for the presence of positionally uncor-
related bilayers. An advantage of this hybrid model is that
membrane structure can be studied at SDP resolution without
the need of extruded ULVs. Further, by using the structure fac-
tor an experimental window on membrane fluctuations (Eq.
becomes accessible, opening new opportunities to study bi-
layer interactions and membrane mechanical properties (see

sec.[6.3).

[(1 = Nairs)Si(q) + Naisr] » (20
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Fig. 6 Joint analysis of SAXS (inset) and SANS data of POPC
MLVs and ULVs. Panel A shows SANS data of POPC (circles) and
chain deutrated POPC-d31 (triangles) MLVs. Panel B shows
corresponding data for ULVs (same symbols). Figure is adapted

from©L.

6 Phase separated bilayers

The importance of coherence volume V,,, was discussed for
phase separated systems. In particular, the dimensions of the
domain size, or more precisely, the domain volume Vp with
respect to V., need to be considered. If V,,, > Vp scattering
contributions of domains add up coherently, that is for ULVs
exhibiting two-phase coexistence, then

1(q) o< |paFa + (1 — ¢a) F|?, (21)

where @y is the fraction of phase A, and F4 and Fp are the form
factors of phases A and B, respectively. If in turn V,,, < Vp,
the form factors add up incoherently. Thus, for the same phase
separated system we now get

1(q) =< $alFal* + (1 — 9a) |Fs* + (), (22)

where I(q) accounts for the coherent addition of form fac-
tors in the domain boundary regime, and where both phases
exist within single V.., element. The latter contribution is
typically neglected in the analysis of transverse domain struc-
ture2. Note also that both equations assume an infinitesimally
sharp domain boundary, which if it were not the case would
result in an additional contribution.
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The effect of V.., has been demonstrated by Armstrong
et al.”? on single-component dipalmitoyl phosphatidylcholine
(DPPC) in the vicinity of the main-phase transition regime.
Cooling from the liquid disordered Lo phase, small gel-like
domains begin to nucleate. Using neutron diffraction and
oriented multibilayers, and by selectively detuning the py-
rolytic graphite monochromator, Armstrong and co-workers
were able to decrease L., from 242 A to 30 A. Only for
Leon < 103 A was phase coexistence observed.

With regard to domain size, another factor to consider is the
overall ULV size. For 50 - 100 nm diameter ULVs, as studied
by SANS (see section , Veon > Vp for L,/L; phase coex-
istence, allowing for domains to be detected (see sec. @ In
multibilayers, domains may grow up to several microns. In
such cases, V,,, < Vp. This gives rise to two lamellar lattices
from which one can measure each domain’s transverse struc-
ture (see sec. [6.3). However, things may differ for lipid mix-
tures exhibiting nanoscopic domains®*, where domain size is
of the order of V.

6.1 Elastic neutron scattering - SANS

6.1.1 Detecting domains. As discussed in Section 5, the
combination of SAXS and SANS provides detailed informa-
tion about the distribution of matter in the direction of the bi-
layer normal, allowing for the robust determination of lipid
areas and thicknesses in homogeneous bilayers. Such studies
rely on SLD differences between the solvent and bilayer—for
SANS, atypical experiment uses fully protiated lipids in 100%
D,0. Though optimal for studying transverse bilayer struc-
ture, these conditions largely mask the scattering signatures of
lateral phase separation. As shown schematically in the upper
panel of Fig. |7} a large solvent/bilayer contrast easily over-
whelms any contrast generated by lipid segregation within the
bilayer plane. Clearly, standard experimental conditions must
be modified to suppress scattering arising from transverse con-
trast, and enhance scattering arising from lateral contrast.

Pencer et al. systematically addressed this problem by con-
sidering how the various SLD contrasts in a phase separated
vesicle contribute to its total scattering signal”>. Approximat-
ing the vesicle structure as a series of concentric shells cor-
responding to the inner headgroups, hydrocarbon, and outer
headgroups, the following SLDs are calculated:

Y Xibn,i
== A0 23)
P YiXiVni (
Y Xibac,i
e = o 5 (24
P Zi XiVac,i

where the subscripts 4 and ac refer, respectively, to the head-
group and acyl chain shells, b is the coherent neutron scatter-
ing length, V is the molecular volume, and J; is the bilayer

HC

uniform separated

NSLD

™M

Fig. 7 Detecting domains with neutron scattering requires
optimizing contrast conditions. Neutron scattering length density
(NSLD) is depicted as a continuous gradient between dark gray and
yellow (left). The upper panel demonstrates a typical SANS
experiment performed in 100% D, O solvent, using protiated lipids.
In this “high contrast” (HC) scenario, a large NSLD difference
exists between solvent and the lipid hydrocarbon region (with a
smaller contrast between the lipid headgroup and hydrocarbon
chains), and as such, lateral segregation of lipids (i.e., phase
separation) results in no apparent change in contrast or scattered
intensity (upper right). Through the use of chain perdeuterated lipids
and solvent contrast variation, it is often possible to simultaneously
match the SLD of the lipid headgroup, hydrocarbon chains, and
water, as shown in the lower panel. In such a “contrast matched”
(CM) sample, uniform lipid mixing results in a null scattering
condition (lower left), but lateral segregation of chain protiated and
chain perdeuterated species generates a lateral contrast (lower right),
and hence an increase in scattering.

mole fraction of lipid species i. Similarly, the average total
bilayer SLD is given by:

Zi Xi(bh,i + bac,i)

== 25
Yi Xi(Vii+ Vac,i) =

p=
For ULVs, the total scattering Q = [1(q)q*dq (also called
the Porod invariant) can be decomposed into three additive
contributions related to: (1) the SLD contrast between the av-
erage vesicle composition and the solvent; (2) the radial SLD
contrast between the lipid headgroups and acyl chains; and (3)
the lateral SLD contrast arising from domains having a differ-
ent average acyl chain composition. Defining these three re-
spective contributions as Qp, Q,, and Q; (i.e., Q=Qp+Q,+0Q;),
Pencer et al.”>' showed that:

Qo= (p—pm)* (26)
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Oy o< tf(l - tf) (Pac — ph)2 27

Q1 o< tyar(1—as)(pra — pro)’ (28)

where p,, is the solvent SLD, p;,; and py, are the respective
acyl chain SLDs of the L, and L, phases, t; = tac/(tac +2tp) is
the ratio of the average acyl chain thickness to the total bilayer
thickness, and ay is the vesicle surface area fraction occupied
by domains. Importantly, the total homogeneous scattering
contribution Qj,,=00+Q; depends only on the solvent and av-
eraged lipid SLDs, and not on the lateral distribution of lipids
within the bilayer. In this sense, the homogeneous scattering is
an undesirable background signal—for detecting domains, the
optimal experimental condition corresponds to enhancing Q;
and minimizing Qp,,, through contrast matching.

An instructive example of contrast matching is found in
Heberle et al.2* where the authors examined domain forma-
tion in a series of lipid mixtures including DSPC/DOPC/Chol
in a 39/39/22 ratio. At 20 °C, this mixture separates into co-
existing L; and L, phases, strongly enriched in DOPC and
DSPC, respectively?. Though DOPC and DSPC have similar
acyl chain NSLDs (Table [I), a large contrast between L, and
L, domains can nevertheless be generated by replacing DSPC
with its chain perdeuterated counterpart, DSPC-d70. Intro-
ducing DSPC-d70 into the bilayer results in a large increase
in pr, but only a small increase in p;,, thereby enhancing the
lateral scattering contribution Q; according to Eq. 28] At the
same time, the background homogeneous scattering Qjop, 1S
also affected, through changes in average acyl chain and bi-
layer SLDs (p,. and p, respectively).

Figure [§] shows a contour plot of Qp,, vs the fraction
of DSPC-d70 (to total DSPC), and the solvent fraction of
DO calculated using Egs. 23}28] and data from Table [} A
sharp minimum in Qp,,, is observed at 34.6% D,0O and 65.9%

Table 1 Neutron scattering lengths, molecular volumes at 60 °C,
and scattering length densities of various lipid species.

Molecule Chemical b({fm) V NSLD
Formula (A3) (fm/A3)
PC headgroup CioH;gNOgP 60.1 3314 0.181
DSPC chains Cs4H7o -35.8 1017 -0.035
DSPCd70 chains  C34D7g 692.9 1017° 0.681
DOPC chains C34Hgg -20.8 1003¢ -0.021
POPC chains CsyHgs 266 953%  -0.028
cholesterol Cy7Hy60 133 6307  0.021
water H,O -1.68 304 -0.055
heavy water D,0 19.15 30.5 0.628
34.6% heavy water Hj 31Dg.600 553 304 0.181

areference 4; Preference 5; ‘reference 6; reference 7

1.0 Qo+ Q

D0 fraction

0.0 0.2 04
DSPC-d70/total DSPC

Fig. 8 Optimizing experimental conditions for detecting domains in
DSPC/DOPC/Chol. The relative homogeneous background
scattering Qj,,,=0Q0+0;, calculated from lipid NSLDs (Table |I|)
using Egs. 23]28] is plotted vs. fraction of DSPC-d70 (to total
DSPC) and the solvent fraction of D>O. A global contrast match
point is observed at 34.6% D, 0 and 65.9% DSPC-d70 (“CM”,
expanded in inset). Close to the contrast match point, Qy,,, is
attenuated by > 6 orders of magnitude relative to a fully protiated
bilayer in 100% D,O solvent (“HC”).

DSPC-d70, precisely the point where the solvent and average
bilayer NSLDs are matched to the PC headgroup. Using these
experimental conditions, p, = p = pj, = pae =2 0.181fm/A3,
and if the lipids are randomly mixed within the bilayer plane
(e.g., at high temperature), a null scattering condition exists
(Fig. [/} lower left). However, demixing of saturated and un-
saturated lipids causes lateral NSLD fluctuations that generate
in-plane contrast (Fig. [7} lower right), resulting in increased
scattering according to Eq. [28]

Figure [0 shows total scattering for several 4-component
lipid mixtures studied at bilayer contrast matching condi-
tions®*. For mixtures containing DSPC and low-melting lipid
(either POPC or DOPC) in a 1:1 ratio, in addition to 22 mol%
cholesterol, a marked increase in total scattering was observed
with decreasing temperature, indicating domain formation.
At fixed temperature, the magnitude of the Porod invariant
showed a systematic decrease as POPC replaced DOPC, con-
sistent with a reduction in domain area fraction, and weaker
DSPC partitioning between the L, and L, phases®>“. In con-
trast, single phase mixtures showed low total scattering and
little variation over the temperature range studied.

As a model-free method, the Porod invariant is a robust di-
agnostic tool for probing lateral bilayer inhomogeneities®+°7.
However, this strength is at the same time a weakness—by col-
lapsing the g-dependence of the scattering signal, any poten-
tial information regarding the size, shape, and spatial distri-
bution of domains is lost. Elucidating these details requires
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Fig. 9 Total scattering reveals domain formation in 4-component
lipid mixtures. Shown is the Porod invariant Q plotted vs.
temperature for DSPC/(DOPC+POPC)/Chol mixtures in a
0.39/0.39/0.22 molar ratio. Colors correspond to different values of

the composition parameter p = ¥popc/(Xpopc + XpopC) as
indicated in the legend. Also shown are two single-phase control
samples: DSPC/POPC/Chol 0.325/0.325/0.35 (gray diamond) and
POPC/Chol 0.65/0.35 (gray square).

modeling /(g), as will be discussed in the next section.

6.1.2 Analytical form factor. An analytical solution for
domain scattering was first provided by Anghel et al.”®, in
which the authors used a spherical harmonic expansion of the
scattering amplitude to derive the form factor of a vesicle con-
taining a single round domain. However, this model proved
inadequate for describing experimental SANS data in the well-
studied domain forming mixtures DPPC/DOPC/Chol®® and
DSPC/(DOPC+POPC)/Chol®*. In both studies, Monte Carlo
analyses instead suggested the presence of multiple domains
in ULVs. To facilitate the study of such systems, the analyt-
ical form factor was recently generalized to static configura-
tions of multiple, arbitrarily sized domains, with the ability to
accommodate distributions of domain sizes or configurations
through appropriate averaging (Heberle et al. 2015 J. Appl.
Cryst. (submitted)). To illustrate the general model, we now
consider the solution for uniformly sized round domains.

The scattered intensity of a vesicle containing multiple do-
mains can be expressed as:

I(CI) = Thom (Q) + Iintra(CI) + Iinter(Q) (29)

The first term in Eq. [29)comprises the homogeneous contribu-
tion to the total scattering, arising from radial SLD contrasts
of each phase:

2

Mwo(q) (30)

honla) = o) + 2

Mola) = [ lpe(r) = pulolar)dr 31)

Wola) = [ lpulr) = peln)Polarydr (32

Here, subscripts d and c refer, respectively, to the domain and
continuous phases, Ny is the number of domains, ¢ is the an-
gle formed by vectors pointing from the vesicle center to the
domain center and edge, and jj is the zeroth order Bessel func-
tion. Equation [31]is recognized as the core/shell (i.e., vesicle)
form factor for the continuous phase, and is calculated as the
Fourier transform of its radial SLD profile, while Eq. [32] rep-
resents the Fourier transform of the radial SLD difference be-
tween the domain and continuous phases. The second term in
Eq. [29] describes intra-domain scattering arising from domain
self-correlation:

Tnuralg) = Na Y 199 () PIWi(g) P (33)
=1
Wila) = [ lpa) —p(Piandr G4
W?(ad) = 7”(21—H) [cos Py (cos(aty) — Pri1(cosay)] (35)

21

where P, is the Legendre polynomial of degree /. Finally, the
third term in Eq.[29)accounts for inter-domain scattering, aris-
ing from coherent interference between different domains:

8

)2 IWi(q)|* P (cos 0y ) (36)

liner(9) = Y, Z

JZKI=1

where 0, is the angle between the vesicle center and the cen-
ters of domains J and K. Equation 36| reveals that the inter-
domain scattering contribution depends solely on the relative
spatial configuration of domain pairs.

Figure [I0] illustrates the analytical model given typical
experimental conditions, in this case corresponding to the
DSPC/DOPC/Chol mixture described above. For all curves,
the total bilayer NSLD is identical, and differences in scat-
tered intensity are due either to differences in solvent SLD, or
the presence (or absence) of domains. At 100% DO, there is
little apparent difference between uniform (black dashed) and
phase-separated (red dashed) vesicles. However, consistent
with the prediction of Fig. |8} the differences are greatly mag-
nified near the contrast match point (solid curves). While scat-
tering from a uniformly mixed vesicle exhibits the same rela-
tive g-dependence at 100% and 34.6% D,O (black dashed and
solid curves, respectively), the total homogeneous intensity is
attenuated by a factor of nearly 10° near the contrast match
point. Now, phase separation results in a 10*-fold increase in
scattered intensity (colored solid curves), with a distinct peak
evident in the low-g regime (¢ < 0.1 A~!). Upon increasing

This journal is © The Royal Society of Chemistry [year]
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Fig. 10 Analytically calculated scattered intensity for multiple
round domains. For all curves shown, the total bilayer NSLD is
identical—differences in scattered intensity are due to differences in
solvent NSLD and/or the lateral NSLD distribution, as indicated by
the figure legend and color-coded vesicle images (right). At 100%
D, 0, the homogeneous scattering dominates and little difference is
apparent between a uniform (black dashed) and phase-separated (red
dashed) vesicle. At 34.6% D;O, the mean and radial scattering
contributions are minimized, resulting in a reduction in the
homogeneous scattering component by 6 orders of magnitude (black
solid line). Phase separation now results in a dramatic increase in
coherent scattered intensity, which depends on the size and
configuration of domains (colored solid lines).

the number of domains, at a fixed total domain area fraction
of 0.5 (i.e., decreasing the domain size), this peak steadily
shifts to higher ¢ (yellow, blue, and green curves), an ef-
fect that was previously observed experimentally®*1%0, In the
high-¢ regime (¢ > 0.1 A=), substantially increased intensity
or “liftoff” is observed near the minima between scattering
lobes, which increases with increasing number of domains.
Such liftoff is typically interpreted as evidence for transbilayer
asymmetryZ®10L but clearly can also originate from lateral
SLD fluctuations, especially in SANS experiments utilizing
mixtures of protiated and deuterated lipids.

6.2 Inelastic neutron scattering

Inelastic neutron scattering offers an experimental approach
for the determination of bilayer mechanical properties (see
sec. [3.2). Recent studies have used bilayer dynamics to probe
the bending modulus of different homogenously mixed lipid
bilayers©20493  This technique has also been used to show
how the bending modulus is affected by a number of param-
eters including charge densityl%2, cholesterol content®?, and
the presence of pore forming peptides®®, to name a few. In or-
der to investigate the mechanical properties of phase separated

lipid bilayers in situ, a forthcoming work'%3 has employed in-
elastic neutron scattering to study the mechanical properties
of nanoscopic domains. Building on the demonstrated abil-
ity to induce neutron contrast in phase separated ULVs®?, the
SLD of an individual phase (L,) was matched to that of the
solvent. In this way, it is possible to isolate the scattering of
the non-contrast matched phase (L;), enabling the study of
nanoscopic lipid domains. This scheme enabled a series of
SANS, diffraction, and inelastic scattering experiments that
revealed nanoscopic domains to be in registry, and that the
bending modulus of nanoscopic lipid domains in situ closely
matches that of the pure L; phase. From these measurements,
Nickels et al.1% were also able to observe important inter-
facial phenomena at the domain boundary, and the profound
role that bending energy has on the thermodynamics of phase
separation.

6.3 Elastic X-ray scattering

6.3.1 SAXS. In the case of x-rays, there is no appreciable
lateral contrast enabling them to detect domains. However, x-
rays are highly sensitive to electron density variations across
the bilayer, and consequently to the internal structure of do-
mains. In order to probe domain structure in situ, it is best
done using multibilayer stacks. In this sample preparation,
like-domains are in registry and can be detected as two sepa-
rated lamellar lattices if V,, < D (Fig.[[I). This is typically
the case for macroscopic domains on the order of a few yum.

For MLVs Heftberger et al.?? demonstrated that the scat-
tered intensity of such systems can be modeled as:

1(q) = (1 —cra)Io(q) +cralra(q), (37)

where ¢y accounts for the L; phase fraction, and 1, and I;4
are the scattered intensities of the liquid ordered and liquid dis-
ordered phases, respectively, and are given by Eq. (20). Thus,
every phase is described by a separate structure factor (Eq. [6)
and form factor (Eq.[I6). Due to the presence of a high-T,,
lipid and the condensing effect of cholesterol L, phases are
considerably more rigid than L; domains. Thus, their Caillé
parameter is about 65% smaller (Tab. [2) and the number of
Bragg peaks is almost double that of those associated with the
L, phase (Fig.[TT).

Having established the SDP analysis for MLVs! (see also
above), it is more or less straight forward to extend this model
to coexisting domains. However, since each domain has a
characteristic lipid composition (in the case of ternary mix-
tures, a high-7,, lipid, a low-T7,, lipid and cholesterol) the un-
derlying parsing scheme of quasi-molecular fragments needs
to average over the contributions of each lipid, as illustrated in
Fig.

In order to establish this analysis, results from tieline end-
point samples were compared with tieline midpoint samples
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Fig. 11 L,/L; phase coexistence as detected by SAXS. Like
domains exhibit long-range alignment and consequently display two
distinct lamellar lattices. Here o’s indicate peaks associated with L,
domains and x’s peaks associated with L; domains. The inset to the
scattering pattern of DSPC/DOPC/Chol in the phase coexistence
regime shows the EDP of the two domains resulting from a global fit
(red solid line). Figure taken from[104

and yielded — within experimental uncertainty — good agree-
ment®2. Results of the in-sifu study of DOPC/DPPC/Chol and
DOPC/DSPC/Chol showed that L, domains are about 9-10 A
thicker than L; phases, and that their area per lipid is about 20
A? smaller (Tab.. Further increase to the overall cholesterol
concentration decreased the differences between L, and L.
This suggests that the L, phase is saturated with cholesterol,
and that additional cholesterol incorporates itself into the L,
phase.

Heftberger and co- -workers?2 additionally studied the tem-
perature behavior of phase separated systems across the tran-
sition to a homogeneous phase (Fig. [T). In SAXS, this event
is observed as a merging of the lamellar diffraction peaks
(Fig. [13). Analysis of the corresponding diffraction patterns
showed that melting of the L, phase is associated with a de-
crease in bilayer thickness, and an increase in area per lipid
and bending fluctuations. This is typical of fluid phase bilay-
ers®3103, 1 contrast, L, show an exact opposite behavior (i.e.,
increased dp, and a decrease in A and n). The most likely
explanation for these reported findings is that cholesterol dif-
fuses at temperatures below T, from the L, to the L; phase.
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Fig. 12 Parsing scheme of ternary lipid mixtures based on MD
simulations of an L, phase (panel A, DPPC lipids are drawn in blue,
DOPC in red, and cholesterol in yellow). Panel B shows the electron
density profile calculated from simulations, and panel C the electron
densities of individual molecular groups. The left side panel shows
the individual contributions of DPPC (solid lines) and DOPC
(dashed lines) for the CholCH3, PCN, CG, CH; and CH3 groups.
The contribution of cholesterol is shown as a separate yellow line.
The panel on the right shows the condensed parsing scheme after
merging individual contributions. Figure taken from®2 with
permission.

This process is accelerated as 7 is approached from below, in
agreement with a previous NMR observation16,

The in-situ analysis of coexisting phases detailed above re-
lies on long-range positional correlations of like-domains in
multibilayers. Such order has been directly observed using
depth-resolved confocal microscopy This poses a chal-
lenging scientific question: “Why are the observed domains in
registry?”

The answer to this question is intimately coupled to the
forces present between the domains. In the case of neutral
membranes, the fundamental interactions are van der Waals,
hydration, and undulation repulsion. The fact that SAXS
is able to differentiate between coexisting L, and L; domains
offers the possibility to distinguish between these interaction
using osmotic stress experiments. In such experiments, os-
motic pressure is induced by large neutral polymers, such as
polyethylene glycol. Due to their size, the polymers are ex-
cluded from the interbilayer water layer creating osmotic pres-
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Fig. 13 Melting of L, domains in DOPC/DSPC/Chol. Panel A
shows a contour plot of second order Bragg reflections associated
with L, and L; phases. Above T, only a single lamellar lattice is
observed. Panel B shows Bragg scattering from L, (dashes) and L,
(crosses) domains at 22°C. Panel C is the same system at 50°C. Best
fits are shown as solid lines. Inserts to both panels show the
resulting ED profiles for L, and L, phases. Figure taken from®2
with permission.

sure that decreases bilayer separation. Bilayer separation as a
function of osmotic pressure is then measured using SAXS
(see e.g. ULy “and the data is fitted using functional forms
of interaction potentials, which then yield the underlying inter-
membrane forces. However, when entropically driven bend-
ing undulations are present, the standard Derjaguin-Landau-
Verwey-Overbeek (DLVO) paradigm, which allows for the

treatment of solvent-mediated interactions, is not applicable
108

This, however, can be addressed by mean-field/additivity
approximations, where conformational fluctuation effects on
the bare interaction potentials are included in a self-consistent
manner 12413 Moreover, through measurements of the Caillé

Table 2 Structural results and bending fluctuations for coexisting
Ly/L, domains®Z, Parameter uncertainties are <2 %

dg(A) AAY  n

DOPC/DPPC/Chol¢-L; 379 649 0.074
DOPC/DPPC/Chol*-L,  47.2 444  0.021
DOPC/DSPC/Chol’-L,;  38.5 63.1  0.091
DOPC/DSPC/Chol’-L,  49.8 432 0.030

“Molar fractions: DOPC (0.37), DPPC (0.47), Chol (0.16), T = 15°C
bMolar fractions: DOPC (0.42), DSPC (0.37), Chol (0.21), T = 22°C
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Fig. 14 Real-space snapshots of equilibrium L; simulations at a
given osmotic pressure. Figure taken from112 with permission.

parameter the mean square fluctuations of the bilayer separa-
tion

AZ_Ldz
=

(38)
can be derived as a function of osmotic pressure by SAXS,
allowing one to separate fluctuation contributions from bare
interactions 1,

A different approach from the above is Monte Carlo (MC)
simulations 7118, Recently, Kollmitzer et al. 1 explored this
approach for coexisting L,/L; domains, by coupling MC sim-
ulations (Fig.[T4) to an optimization routine that jointly fits os-
motic pressure dependencies of dy and A. This allowed for the
disentanglement of the different force contributions. Results
(Fig. [T4) for this analysis show only small differences in the
van der Waals interactions between L, and L;. However, the
other two interactions differed significantly. L, phases show a
rapid decay of undulation repulsion (i.e., reduced fluctuations
compared to L; phases), but a much slower decay in hydration
repulsion. It is therefore clear that in the case of L; domains
fluctuation forces dominate domain interactions over a broad
range of distances, while hydration forces are most prominent
in the L, phase. Thus, there seems to be a delicate balance be-
tween hydration and fluctuation interactions which underlies
domain alignment, and this needs to be considered in future
theoretical considerations on this subject.

A further benefit from the above analysis is that the do-
main bilayer bending rigidity, K., can be derived from the
fluctuation contributions. This is an important parameter
with regard to the partitioning of proteins in either L, or L,
domains!2Y2ll  For DOPC/DSPC/Chol, Kollmitzer and co-
workers'H? reported K. = 120 zJ for L, and 44 zJ for L, do-
mains. In other words, L; domains are about three times softer
than their L, counterparts.

6.3.2 WAXS. Wide-angle x-ray scattering (WAXS) re-
ports on chain-chain positional correlations — peak position re-
flects the average distance between chains, while peak width is
inversely related to in-plane positional correlations. The con-
densing effect of cholesterol shifts and broadens the WAXS
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Fig. 15 Deconstruction of the total osmotic pressure, P, into
contributions of hydration, P4, van der Waals, P, and
undulation interactions, P, , for coexisting L; (upper) and L,
(lower) domains. Open black circles show the dy values at which
the hgation and undulation pressures are equal. Figure taken
from11% with permission.

peaks of PC bilayers, but even at high cholesterol concen-
tration (> 30 mol%) they resemble fluid bilayersm. Im-
portantly, however, is that phase coexistence may be present
even if only a single lamellar phase is seen in SAXS (e.g.,
this is because the d spacings of both phases are the same, or
Vo, > D, see above). WAXS from oriented samples offers
distinct advantages for examining phase separation. In such
systems, off-axis scattering intensity is related to the distribu-
tion of acyl chain tilt angles, and the width of this distribution
gives rise to an x-ray order parameter

1
Se-ray = 5 (3<cos’B>—1), (39)

where B is the average tilt angle. Sy_qy is markedly different
for L; and L, phases. It should be pointed out that the abso-
lute magnitude of Sy_,qy is different from the NMR carbon-
deuterium order parameter Scp obtained from NMR123 Mills
and coworkers 124 applied this analysis to DOPC/DPPC/Chol
mixtures (Fig.[T6). In the phase coexistence regime they found
that two tilt distributions were required to model the data
(Fig. @B) resulting in Sy_,qy ~ 0.7 for L, and Sy_,4y ~ 0.4
for L; domains, while only single order parameter was needed
at temperatures 7 > T, and for binary DOPC/DPPC mixtures

(Fig.[I6A and C).

15

increasing

o
1

Intensity (a.u.)

075 1 125 15 175 075 1 125 15 175 075 1 125 15 175
q (A q (A q (A

Fig. 16 WAXS scattering from: (A) 1:1 DOPC/DPPC; and (B and
C) 1:1 DOPC/DPPC/Chol (15 mol%), T = 25°C and 45°C

(T ~ 30°C). The bottom row shows the corresponding /(g) plots
with different ¢-ranges (¢ is the angle measured from the in-plane
axis on the detector). Figure taken from"<* with permission (need
to get it).

7 Conclusions

Over the past 50 years, or so, neutron and x-ray scattering
have contributed significantly to our knowledge on lipid mem-
brane structure. With the advent of full g-range models — cul-
minating in the SDP model — high-resolution structural data
have been the result. In the past few years, ULVs have been
extensively used to study phase separated systems, enabling
new approaches for the study of static and dynamic structures.
Importantly, inelastic scattering has developed to the point
where one can measure, in situ, the mechanical properties of
nanoscopic domains populating ULVs. SANS on similar sam-
ples has provided unprecedented resolution of static domain
structure and how domain size correlates with bilayer thick-
ness mismatch between L, and L, domains®¥. Recently, the
effect of cholesterol and temperature on domain structure and
bilayer elasticitym, as well as inter-domain forces™® have
provided us with further insights into how are domains stabi-
lized.

It is hoped that future studies will explore questions such as:
the effect of membrane proteins on domains, ion-specific in-
teractions, membrane asymmetry on domain structure and dy-
namics, etc. In particular, membrane asymmetry may change
our current views on the role of lipids in plasma membranes
23, Ultimately, all of these efforts will fully be put to use to
study the static and dynamic structure of live cells.
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