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study of biomolecular soft interfaces
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Abstract

We present a review of the combined use of computer simulations and scatter-
ing techniques with x-rays and neutrons for the investigation of soft interfaces,
whose importance in the fields of biology as well as wet- and biotechnology
is nowadays well recognized. Various scattering and simulation methods are
introduced and recent examples of their combined or synergistic use are pre-
sented. To this end, the added insights generated through the combination are
highlighted.

Keywords: 1lipid membranes, polymer brushes, x-ray and neutron
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1. Introduction

The past decades have witnessed substantial progress in the methodologies of
both computer simulations and scattering techniques with x-rays and neutrons.
Scattering experiments and computer simulations are complementary; they can
both access the length scales of atoms, molecules, and supra-molecular systems,
suggesting that they "naturally belong together". In fact, molecular simulations
since their emergence have been bench-marked with structural data from scat-

tering experiments [1, 2]. Bio- and soft-matter systems in particular lend them-
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selves towards combined scattering/simulation approaches, because equilibrium
structures on the nanometer scale are typically formed on computationally-
accessible time scales. For bulk soft-matter systems, combining scattering and
simulations has a long tradition [3, 4, 5, 6, 7, 8, 9, 10, 11]. When it comes to
planar interfaces, even more detailed insight can be obtained because structural
information in in-plane and out-of-plane directions can be disentangled (see
Fig. 1). To this end, scattering and simulations were combined, for instance, to
investigate the configuration of water near hydrophilic [12] and hydrophobic [13]
solid surfaces.

For biomolecular soft interfaces the potential of combined scattering/simulation
approaches has been exploited only more recently. Soft interfaces in the form
of interfacial molecular layers are a major component of all biological matter
and also centrally involved in numerous wet- and biotechnological applications.
For example, the architecture of functional biomolecular assemblies like biomem-
branes, the performance of bio-compatible functionalization, or the performance
of lubricants depend on the way molecules and ions self-organize at the interface
between two extended media. Processes of interest often involve the spatial or-
ganization and dynamics of interfacial molecules, interfacial adsorption of ions
or molecules, and the response of molecular conformations to external stimuli,
among many others.

In the following, we discuss combinations of scattering experiments and com-
puter simulations for the study of biomolecular interfaces. In the first section
we review methodology, state-of-art, and fields of application of scattering and
simulation techniques on their own. Then we review the more-or-less recent de-
velopments in the combination of the two. Examples include studies involving
soft interfaces of biological relevance but also related studies from other fields
of soft matter interface science. The largest part is concerned with membranes
and simplified mimics thereof, because they are the most important and most
intensely studied biological interfaces. Finally we give an outlook to promising
future directions exploiting the complementarity of scattering and simulation

techniques.
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2. Methodological background

2.1. X-ray and neutron scattering from soft and biomolecular interfaces

X-ray and neutron scattering probe soft interfaces with the sub-nanometer
spatial resolution required to determine molecular-level details. These scatter-
ing techniques can be applied in a wide pressure and temperature range and
provide sample-averaged structural information. While x-ray scattering typi-
cally offers higher spatial resolution, neutron scattering, apart from being truly
non-destructive, has the unique advantage of contrast variation: chemical com-
ponents of interest can be highlighted by isotopic substitution (e.g., by replacing
hydrogen with deuterium) without changing their chemistry. Small-angle x-ray
and neutron scattering as well as wide-angle x-ray scattering, SAXS, SANS,
and WAXS, respectively, have been used to investigate randomly-oriented in-
terfaces in bulk oil/water emulsions or in dispersions of multilamellar vesi-
cles [4, 5, 6, 8 9, 11]. Such measurements yield insights into short-range
molecular ordering, the size distribution and shape of colloidal objects, and
under certain conditions also into the matter distributions across their inter-
faces. However, scattering techniques for the study of interfaces unfold their
full potential only when samples possess planar geometry, allowing the specific
probing of structures perpendicular and parallel to the interface (see Fig. 1).
While grazing-incidence small-angle scattering with x-rays (GISAXS) or neu-
trons (GISANS), and as well as grazing-incidence x-ray diffraction (GIXD) yield
information on the in-plane structure of an interface (Fig. 1B), specular x-ray
reflectometry (XRR) and neutron reflectometry (NR) reveal matter density pro-
files perpendicular to the interface in terms of interfacial scattering length den-
sity (SLD) profiles p(z) (Fig. 1A left) [14, 15]. On the other hand, off-specular
scattering with x-rays and neutrons, termed OSXS and OSNS in the following,
are means to characterize the interface topography (h(z), see Fig. 1C top) in
terms of height-height correlation functions (C(r), see Fig. 1C bottom) [14, 15].
X-ray fluorescence techniques are suited to determine element-specific density

profiles ¢(z) across an interface at sub-nm resolution [16] (Fig. 1A, right). Fi-
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nally, inelastic neutron scattering provides insights into the dynamics of soft
interfaces [17, 18]. In the following paragraphs we discuss a number of ex-
perimental studies which illustrate the performance of the scattering methods

introduced above for the characterization of soft and biomolecular interfaces.

2.1.1. Out-of-plane structures

Matter distributions. Surfaces displaying grafted polymers in good solvents are
prototypical examples of soft interfaces. NR was used to characterize the con-
formation of polymer brushes and thereby, for the first time, allowed confronting
the predictions of existing brush theories with reality [19, 20, 21, 22, 23]. In the
biological domain, SAXS, SANS, XRR and NR have been intensively used to
characterize models of biomembranes and cell surfaces. Impressive structural
detail has been achieved for lipid bilayers [24, 25]. In fact, the structural param-
eters deduced in these experimental studies are commonly used to benchmark
lipid force fields in computer simulations [26]. XRR and NR revealed also other
aspects of lipid membranes, such as the architecture of floating lipid bilayers [27],
the configuration of membrane-associated proteins [28, 29, 30, 31], and the con-

formation of lipopolysaccharides in models of bacterial outer surfaces [32, 33].

Charges, ions, and element distributions. X-ray fluorescence in a total reflection
configuration (TRXF) was used to determine excesses of counter- and co-ions
at a charged surfactant monolayer at an air water interface, where the mono-
layer charge was quantified as a function of the lateral compression [34]. This
strategy was later extended to bare air/water interfaces, in order to determine
the specific preferential depletion and accumulation of various ion types [35],
and to charged lipopolysaccharide monolayers mimicking bacterial surfaces [36].
More recently, x-ray fluorescence in a standing-wave configuration (SWXF [37])
was optimized for lighter chemical elements in order to localize the biologically
relevant chemical elements S and P in biomolecular layers with atom-scale res-

olution [38].
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2.1.2. In-plane structures

GIXD was used to comprehensively characterize the in-plane structural or-
dering of lipid and surfactant monolayers at air/water interfaces [39, 40] on the
A scale. The obtained information includes the hydrocarbon chain 2D crys-
talline unit cell dimensions (a, and b, see Fig. 1B), the chain tilt angle (0, see
Fig. 1B) with respect to the surface normal (z) and its direction, as well as the
thickness of the crystalline layer. More recently, GIXD enabled the complete re-
construction of the complex unit cell of glycolipid monolayers exhibiting chain
and headgroup crystalline ordering [41]. On a slightly larger in-plane length
scale of several nanometers, the same technique revealed the lateral organiza-
tion of proteins attached to a lipid monolayer with lipid anchors [42] and the

lateral superstructure of lipopolymer monolayers [43].

2.1.3. Interface topography

OSXS was used to characterize the time-averaged interfacial topography
(Fig. 1C) associated with the thermal fluctuations of lipid bilayers floating above
planar solid supports [27]. This allowed reconstructing thermodynamic and
mechanical bilayer properties like tension, bending elasticity, and interaction
modulus with the supporting surface. Based on the same principles, analysis
of the OSXS or OSNS intensities from solid-supported oriented membrane mul-
tilayers provided comprehensive insights into membrane fluctuation self- and

cross-correlation functions and the underlying mechanical properties [44, 45].

2.1.4. Interface dynamics

The undulatory excitations of stacked lipid bilayers were investigated by in-
elastic neutron scattering [46] in a neutron spin echo (NSE) configuration, which
allows probing the small energy changes associated with the comparatively slow
membrane undulations [18]. The dynamics in membranes on smaller length
and time scales, including headgroup and tail mobility [47] and correlated lipid
dynamics [48], has been investigated by the time-of-flight (TOF) and backscat-

tering methods, which are sensitive to the larger energy transfers associated
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Figure 1: Structural information accessible by x-ray and neutron scattering from an interface.
(A) Out-of-plane matter distributions in terms of the interfacial SLD profile p(z) (left) and
the individual distributions ¢(z) of chemical elements (right). (B) In-plane structures in terms
of molecular 2D-periodic arrangements characterized by the unit cell dimensions a and b and
the molecular tilt angle 0. (C) Interface topography in terms of local height variations h(x)

and their in-plane correlation C(r).

with faster processes [17, 18].

2.2. Computer simulations of soft and biomolecular interfaces

Computer simulations have proven to be powerful tools for the study of
soft interfaces on various length and time scales. Large-scale aspects like sur-
face shapes on the micrometer scale have traditionally been described with
continuum-theoretical simulations (see Fig. 2A) in terms of interfacial tensions,
bending rigidities, and interaction potentials [49, 50, 51]. A considerable level of
molecular detail is represented in coarse-grained (CG) simulations (see Fig. 2B)
in which molecular moieties interact via effective pair potentials. In CG simu-
lations the solvents can either be implicit [52, 53] or represented by groups of
solvent molecules [54]. Length scales of up to hundred nanometers are accessi-
ble at time scales of up to milliseconds. Higher spatial resolution is accessible
with atomistic molecular dynamics (MD) simulations (see Fig. 2C), which cap-
ture atom-level chemical details including all solvent molecules. However, they
are computationally more demanding and therefore today usually limited to

length scales of up to several tens of nanometers and time scales of up to several
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microseconds. In the following paragraphs we discuss a number of simulation
studies which illustrate the state-of-art of the simulation techniques introduced
above for the investigation of soft and biomolecular interfaces. We leave ab-
initio simulations [55] aside, because their combination with x-ray or neutron

scattering from soft matter and interfaces is not very common.

Continuum-theoretical simulations. Continuum-theoretical simulations based on
finite volume methods have been employed to describe droplet coalescence in
water-in-oil emulsions, depending on various parameters including the interfacial
tension [51]. With the help of Monte-Carlo (MC) simulations, Hu et al. investi-
gated the morphologies of vesicles comprising multiple membrane domains [50],
see Fig. 2A (top). The vesicle surfaces were discretized and bending and in-
teraction energies were associated to each configuration. In another study, the
dynamic topography of lipid bilayers thermally fluctuating near a planar surface
and displaying specific adhesion molecules was characterized in MC simulations

of discretized yet interconnected membrane segments [49].

Coarse-grained (CG) simulations. CG simulations of surface-grafted polymer
brushes [56, 57, 58, 59] were used to test the predictions of analytical brush
theories such as the Alexander-de-Gennes (AdG) and self-consistent field (SCF)
models. The simulation studies used implicit or explicit solvents and various
bead-spring models of the polymer chains, differing in the treatment of non-
bonded interactions. For suitable parameters the resulting brush profiles exhib-
ited satisfactory agreement with those obtained in NR experiments [19, 20, 21,
22]. CG simulations have also contributed to our knowledge of the behavior of
biological interfaces. By using CG representations of lipids [54] (see Fig. 2B),
various aspects of biological membranes have been investigated, ranging from
the distribution of lipid species in multi-component bilayers [60] to the estima-
tion of membrane bending rigidities [61] and the budding and fusion of lipid
vesicles [62]. The effect of divalent cations on the interaction of antimicrobial
peptides with Gram-negative bacteria was studied with the help of MC simula-

tions based on a CG representation of the bacterial surface featuring negatively
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A: Continuum simulations B: Coarse-grained simulations C: Atomistic simulations

DPPC C12E2

Figure 2: Schematic illustration of various types of computer simulations. (A) Continuum-
theoretical simulations based on discretized interface or layer elements. Top: lipid vesicle.
From Hu et al. [50]. Bottom: a stack of interacting molecular layers. (B) Coarse-grained
simulations in which chemical moieties are represented as particles interacting via effective
potentials. From Marrink et al. [54]. (C) Atomistic simulations featuring atom-scale chemical

detail. From Chanda et al. [63].

charged oligo- and polysaccharides [52].

Atomistic simulations. Atomistic MD simulations were used to investigate the
configuration of surfactants at air/water and oil/water interfaces [63], see Fig. 2C.
This technique also provided insight into ion-specificity in the interaction of
ions with the hydrophobic air/water interface, since, in contrast to CG simula-
tions, atomistic simulations capture the details of the hydration shell of each ion
type [64]. Over the last decade, atomistic MD simulations have been extensively
employed for the study of lipid membranes and are now able to reproduce, for in-
stance, the structure of both fluid and gel phase lipid bilayers [26], the behavior
of lipid mixtures [60], and the difference in the interaction between phospholipid
glycolipid membranes [65]. Recent studies also addressed the configuration of
membrane proteins and their interaction with multi-component membranes [60]

and the adsorption of peptides onto membranes [66].
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3. Combination of scattering and simulation methods

Motivations to combine scattering, like all experimental techniques [67], with
computer simulations can be diverse. At first, experimental results can be used
to verify simulations or to adjust simulation parameters like inter-particle po-
tentials or conformational degrees of freedom [68]. Once the simulations re-
produce a sufficient number of experimental observables, like the average area
per molecule or the layer thickness, they will likely also correctly capture as-
pects which are not experimentally accessible. Second, experiments can provide
initial configurations for simulations, which would not have been obtained by
the simulations alone, due to the slow timescales of the emergence of these
configurations/structures, i.e., due to high free-energy barriers between vari-
ous (meta-)stable configurations. Finally, simulations can be used to exclude,
on physical grounds, certain lines of interpretation of ambiguous experimental
data.

A straight-forward approach to combine scattering and simulation data is to
compute the time-averaged scattering intensity S(gq) corresponding to the con-
tent of the simulation box, based on pre-defined scattering form factors of the
individual particles. This strategy was used, for example, to test the quality
of various water models for atomistic MD simulations [69]. Good qualitative
agreement with SAXS/WAXS from bulk water was found for all water mod-
els investigated, and it was concluded that the scattering features at low ¢ are
mainly correlated to the spatial density correlation of the water model. In a
recent review on combined SAXS/MD studies of biomolecular assemblies [70] it
was concluded that MD simulations are suited to extract the maximum infor-
mation content from high-resolution SAXS data. The highest level of synergy
between scattering and simulations is today probably reached with the help of
so-called empirical potential structural refinement (EPSR) [71]. In this method,
S(q) as computed from the simulations is compared to the experimental data
and refined via addition of empirical inter-particle potentials until optimal agree-

ment is achieved. EPSR has been successfully applied to determine structural
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features of liquids [71] and amorphous materials [72].

3.1. Soft interfaces

Scattering and simulations have been combined for the study of soft in-
terfaces of both biological and technological relevance. Before we turn to the
biomolecular interfaces, we give a brief overview of important work on non-
biological systems, to which the same methodological concepts apply.

Fukuto et al. investigated the interface between water and alkane oil, two im-
miscible liquids, by combining XRR and atomistic MD simulations [73]. Tra-
ditionally, the laterally averaged electron density profile has been considered
to vary monotonically between those of the two bulk media over a width ocow
solely dictated by the thermal capillary waves (CW). However, previous XRR
measurements suggested the existence of a depletion layer of highly-debated
origin. In the study by Fukuto et al., XRR measurements yielded the exact
interfacial roughness, while complementary MD simulations revealed an align-
ment of alkane molecules at the interface and, in turn, an enrichment of methyl
groups with low electron density. The corresponding equivalent depletion layer
was found to be at the order of 0.5 A. With this notion, CW model and XRR
results were finally reconciled.

Ferru et al. used a combination of SAXS/WAXS and MD simulations to in-
vestigate the molecular and supra-molecular ordering of extractant molecules in
the organic phase of a liquid/liquid extraction system [11]. For one extractant
type, the S(q) predicted by the MD simulations was in good agreement with
the experimental SAXS data and allowed interpreting them in an unambigu-
ous manner. For another type, comparison of SAXS with the simulated S(q)
allowed attributing a distinct intensity maximum to the correlation distance
between alcohol OH groups.

In a study by Schoéttl et al., SAXS and atomistic MD were combined to in-
vestigate octanol/ethanol/water ternary solutions [74]. S(q) from experiment
and simulation exhibited excellent agreement including a pronounced shift, of an

intermolecular correlation peak upon increasing the water content. The simula-

10
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tions revealed the sub-structure of octanol-rich domains, in which ethanol was
found to be enriched at the surface.

Hiotelis et al. combined NR at the solid/liquid interface with bond-fluctuation
coarse-grained Monte-Carlo (BFMC) simulations to study surface-end-grafted
polymer brushes formed by centrally adsorbed star polymers [23], see Fig. 3A.
Experiments and simulations yielded consistent polymer volume fraction pro-
files, which are shown in Fig. 3B and 3C, respectively. With that, the exper-
iments served for the validation of the BFMC simulation technique, which in
turn, provided qualitative insight into the adsorption kinetics. The presence
of multiple arms in each star-shaped macromolecule resulted in a significant
decrease of the surface binding and an increase of the mean distance (S, see
Fig. 3A) between anchoring points due to intermolecular repulsive interactions.
A review article about the simulation-assisted interpretation of experimental
data on polymer brushes has been provided by Binder and Milchev [75].

In two independent experimental and simulation-based studies, Padmanabhan
et al. [35] and Horinek et al. [64], respectively, investigated the distributions of
ions at air/water interfaces. The experimental study employed XRR and TRXF
to quantify the interfacial depletion or accumulation of various ion species,
while the simulation study employed atomistic MD. Both approaches consis-
tently found that iodine exhibits preferential interactions with the interface,
and that lithium exhibits anomalous behavior. Although the two studies were
independent, together they clearly demonstrate the complementarity of scat-
tering and simulation techniques and the great potential of their combined use

when it comes to ion-specific effects.

3.2. Biomolecular interfaces

As pointed out in the Introduction, the by far largest body of work on
biomolecular interfaces has been concerned with lipid layers and biological mem-
branes. Peters et al. combined GIXD experiments with atomistic MD simula-
tions to determine the structural ordering of dipalmitoylglycerol monolayers at

air/water interfaces depending on the area per molecule A,, [76]. Experiments

11
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Figure 3: From a combined NR and CGMC study on surface-grafted polymer brushes: (A)
Schematic illustration of centrally surface-adsorbed star polymers with average distance S
forming a brush with extension Lg. (B) and (C) Polymer volume fraction profiles obtained in

experiments and simulations, respectively. From Hiotelis et al. [23].

and simulations consistently revealed two phase transitions at A,, — 38.3 A2
and A,, = 39.8 A2, respectively, see Fig. 4A. The intensity profiles of various
diffraction peaks in experiments (Fig. 4B) and simulations (Fig. 4C) were found
to be in good agreement and demonstrated that the transition at A,, — 39.8 A2
is due a change in the alkyl chain tilt angle (see 6 in Fig. 1B). Simulation analy-
sis further revealed that the transition A,, = 38.3 A2 involves a reorientation of
the headgroups. The same GIXD/MD combined approach would be desirable
also to elucidate more complex monolayer structures like the subgel structures
of glycolipids reported by Stefaniu et al [41]. However, since crystal formation
may be too slow to be observed on the time scales covered by MD simulations
today, pre-arranged initial configurations based on the GIXD data may be re-

quired (see further below).

By using XRR on solid-supported phospholipid multi-bilayers, Salditt et al.
determined the electron density profile across the bilayers [77] and found good
agreement with the corresponding profiles obtained in MD simulations. Later
on, neutron diffraction and MD simulations were combined to scrutinize the
orientation of cholesterol molecules in lipid bilayers depending on the fraction
of lipids with saturated (DMPC), unsaturated (POPC), and poly-unsaturated
(PUFA) fatty acids [78]. Cholesterol was found lying parallel in the center of

12
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Figure 4: From a combined GIXD and MD study on dipalmitoylglycerol monolayers at
air/water interfaces: (A) Pressure-area isotherms as obtained in the simulations (left ordi-
nate) and as obtained in the experiment (right ordinate). (B) and (C) Diffraction intensities
from experiments and simulations, respectively, at A, = 39.6 A2 (top) and A, = 40.5 Az
(bottom). From Peters et al. [76].

a PUFA bilayer at low POPC concentrations. Above a critical POPC concen-
tration it reorients to an upright configuration. This critical concentration is
lower when POPC is replaced with DMPC. The simulations revealed (i) the
formation of DMPC-rich domains where cholesterol is located preferentially in
its upright orientation and (ii) domains depleted of DMPC where cholesterol is
found mostly in the bilayer center. More recently, Jimbeck et al. developed
an all-atom MD force field for saturated phospholipids in both fluid and gel
membranes [26]. The performance of the force field in reproducing x-ray scat-
tering form factors |F'(¢)| (in analogy to S(¢) introduced further above) was an
important validation criterion. A combination of atomistic MD simulations and
neutron diffraction was later exploited by Kanduc et al. to investigate hydration
forces between phospholipid and glycolipid membranes [65]. The simulations
allowed precisely determining the partial molecular volume of water which, in
turn, can be used to reinterpret the strength of the equivalent pressure for a
given water chemical potential in the scattering experiments.

By combining CGMC simulations with a reflectometry-equivalent x-ray scat-

tering technique (termed GIXOS), Oliveira et al. studied lipopolysaccharide

13
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Figure 5: From combined XRR and CGMC simulation studies on planar lipopolysaccharide
(LPS) monolayers as mimics of bacterial outer surfaces: (A) Schematic illustration of the
computer model of the L.LPS molecules. O-side chains (see main text) are not shown. (B)
Electron density profile (proportional to the SLD profile discussed above and schematically
illustrated in Fig. 1A left) of a solid-supported LPS monolayer bearing negatively charged O-
side chains in the absence and presence of calcium ions. (C) and (D) Simulation snapshots in
the absence and presence, respectively, of calcium ions. From Oliveira et al. [79] and Schneck

et al. [33].

(LPS) monolayers at air /water interfaces as mimics of the outer surface of Gram-
negative bacterial membranes in the absence and presence of divalent cations
and antimicrobial peptides [79, 40]. In the simulation model (Fig. 5A), saccha-
rides and peptide amino acids were represented as electrically neutral or charged
spheres connected via stretchable bonds, water was implicit, and ions were rep-
resented by small, charged spheres. Both experiments and simulations revealed
that divalent cations induce a compaction of the LPS headgroups and render
the monolayer impermeable to the peptides. XRR and CGMC simulations also
consistently showed that the conformation of more complex LPS molecules fea-
turing long, negatively charged polysaccharides (termed O-side chains), is even
more sensitive to the presence of divalent cations [33], see Fig. 5 B-D. The same
type of simulations later served to interpret ion-specific TRXF data evidencing
the near-complete displacement of monovalent cations by divalent cations from
the negatively charged LPS core saccharides [36].

Synergistic use of SAXS/SANS and implicit-solvent CG simulations was

made by Midtgaard et al. in order to investigate the self assembly and struc-

14
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ture of lipid /peptide nanodiscs in aqueous dispersion [53]. The structural model
for the analysis of the scattering data was refined based on the information ob-
tained in the simulations, which predicted polydispersity in the disc size and
the presence of peptide trimers, consistently with the experimental data. In a
study by Constantin et al., it was a continuum model of solid-supported lipid
multi-bilayers (see schematic illustration in Fig. 2A bottom) that helped the
authors interpreting their XRR experimental data [80]. Focus of their study
were the correlated thermal fluctuations in lipid membrane stacks. Taking an
inverse strategy, Coppock et al. used x-ray scattering data as basis for the
initial configuration of ordered lipids in atomistic MD simulations of gel-phase
membranes [81].

Klauda et al. proposed the analysis of bilayer x-ray diffraction data with the
help of atomistic MD simulations [82]. By systematically varying in the simu-
lations the area per lipid molecule A,,, which is the observable most sensitive
to the force field, a spectrum of physically meaningful and self-consistent bi-
layer structures can be generated. The resulting electron density profiles are
shown in Fig. 6A. The associated form factor |F'(¢)| can then be computed (see
Fig. 6B) and compared to the experimental data (Fig. 6C). The bilayer struc-
ture corresponding to the best-matching A,, can be considered a high-quality
representation of the experimental system, because the simulation model im-
poses meaningful physical constraints. With a similar motivation, Fogarty et
al. later on developed an atomic density profile (ADP) model for the analysis
of scattering data from lipid bilayers [83], along the line introduced earlier for
the distributions of multiatomic molecule fragments by Wiener and White [24].
In the model by Fogarty et al., which is readily adaptable also to other soft
or biological interfaces, the ADPs are subject to physical constraints like bond
lengths, the volumes of molecular moieties, and others, some of which are im-
posed by penalty terms. A review article on the co-refinement of phospholipid
membrane structures based on simulations and experimental data was recently

published by Ollila and Pabst [84].
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Figure 6: From a combined x-ray diffraction and MD simulation study on lipid bilayers:
(A) Electron density profiles along the bilayer normal (z) obtained in the simulations for
Am =55 A2 A, = 60.7 A2 and A, = 65 A2. (B) Corresponding form factors |F(g)|. (C)
Comparison of the experimental and simulated form factors at A, ~ 61 A2. From Klauda et

al. [82].

Aspects of membrane dynamics were investigated by Hub et al. [85]. They
combined MD simulations and scattering methods including inelastic neutron
scattering to characterize the dynamics of lipids in bilayers as contained in the
so-called intermediate scattering function S(g,w). Satisfactory agreement be-
tween simulations and experiments was found on the larger length scales (lower
q), while deviations at shorter length scales (higher ¢) were attributed to the
united-atom representation of CHs and CHjs groups in the simulation force
field used. Nickels et al. combined SANS, inelastic neutron scattering, and
atomistic MD simulations to characterize nanodomains in unilamellar vesicles,
whose lipid composition mimics that of mammalian plasma membranes [86].
SANS with contrast matching and the simulations consistently showed that the
domains are in-register across the bilayer leaflets. Inelastic neutron scattering
further revealed that the bending modulus of the nanoscopic domains differs
from that of the surrounding continuous phase. Interestingly, the motion of the
nanodomains is enhanced due to a flexible region between the two phases, as
consistently found in experiments and simulations.

A comparatively complex biology-related system was studied by Shenoy et
al. [28, 29], who investigated the configuration of a protein (PTEN phosphatase)
associated with a negatively-charged lipid bilayer, see Fig. 7TA. NR was used to

obtain information about the protein density on the bilayer surface as well as the
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Figure 7: From a combined NR and MD simulation study on membrane-associated proteins
(PTEN phosphatase): (A) Simulation snapshot the protein configuration on the membrane.
(B) Comparison between experimental SLD profile (blue line surrounded by confidence inter-
val) and the contribution of various chemical components as obtained in the simulations. (C)
Mean-square displacement of various lipid subgroups as obtained in the simulations. From

Shenoy et al. [29].

neutron SLD profile across the interface (see Fig. 7B). MD simulations, on the
other hand, served to interpret the SLD profile in terms of the distributions and
contributions of various protein subunits and membrane components. Moreover,
the simulations provided insights into the dynamics of the protein and of vari-
ous lipid subgroups (see Fig. 7C). More recently, Tietjen et al. interpreted XRR
experiments on membrane-bound proteins (Tim: T cell immunoglobulin mucin-
domain) by using a-priori protein structural knowledge from crystallography
and/or NMR [30, 31]. In the course of the data analysis, the protein structure
and conformation with respect to the membrane was refined with the help of
MD simulations. Indeed, the refined structure yielded significantly improved fits
to the XRR data. Moreover it provided a detailed model of membrane-bound
Tim, comprising two distinct states with different insertion depths and positions

of a calcium ion pocket.

4. Concluding Remarks

Concerning work on soft and biomolecular interfaces, scattering and sim-
ulation methods have so far been combined mostly on a comparative level,
revealing consistencies and/or deviations between experiments and simulations.

Fewer studies have made more synergistic use of the combination, by either feed-
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ing information from scattering experiments into simulations or by interpreting
scattering data with the help of computer models. Scattering and simulation
methods become truly complementary when the phenomena under investigation
involve molecular exchange between interfaces and bulk media. Namely, the sim-
ulations alone are essentially unable to handle this manifold-Grand-Canonical
problem to work out the molecular composition at an interface. But the latter
can be solved in a straight-forward manner with scattering experiments like NR
with contrast variation. With the correct interfacial molecular stoichiometry at
hand, the simulations can then provide structural and mechanistic details with
a resolution far beyond that of the experiments.

Another very promising direction for future studies is the "EPSR-like" model-
ing of scattering signals from soft or biomolecular interfaces based on adjustable
bonded and non-bonded interactions in CG or atomistic simulations. Such ap-
proaches will likely find broader use with the advent of ever more powerful
computing infrastructure available to the scientific community.

One of the authors of this review article was once advised by a scientific mentor:
"Don’t fit structure. Fit physics!" (or words to that effect). In a nutshell this is

what the combination of scattering and simulation methods ultimately offers.
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