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Abstract: For the past 100 years, X-ray diffraction has been a powerful and in-
dispensable tool to study the structure of matter. The challenge when studying
molecular ordering in biological materials is their inherent disorder and strong
fluctuations, which often suppress the formation of Bragg peaks. In the case
of membranes, X-rays can detect molecules inside and confined between mem-
branes. In this articlewe review examples to highlight the capabilities and accom-
plishments of X-ray scattering for the determination ofmembrane structure. X-ray
diffraction gives quantitative information about partitioning of a small molecule,
ethanol, in lipid bilayers. By taking amyloid-𝛽 peptides as examples, it is demon-
strated that the position of peptides in lipid membranes can be determined with
high precision. Confinement between membranes can organize molecules, as is
the case for amono-nucleotide, adenosinemonophosphate, and the resultingpat-
tern might be important to understand the formation of short RNA strands. With
new approaches and techniques, and the increasingly powerful and capable de-
vices, X-ray diffractionwill continue to be the work horse for the determination of
molecular structure in biological materials.
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1 Introduction
The ongoing success of X-ray scattering to determine molecular and atomic struc-
ture is celebrated in 2014 by the 100 Years of X-ray Crystallography. Starting with
the seminal work by the Braggs, 28 Nobel Prizes related to structure by X-ray (and
neutron) scattering were awarded. X-ray crystallography is most useful and pro-
vides the highest resolution structures when themolecules are organized in a reg-
ular, crystalline environment. However, biological materials, in particular under
physiological conditions, are inherently disordered andhighly dynamic in nature.
Fluctuations of different coherence lengths may lead to the formation of static or
dynamic patches, so-called rafts [1–7]. The challenge that we are facing today is
to get the most amount of structural information out of this disordered, dynamic
state of matter.

Membranes are the most important biological interface. Their interaction
with molecules plays a key role in the pathology of many diseases [8]. The deter-
mination of molecular structure and dynamics of biological membranes is one of
the greatest challenges in modern biophysics. Few experimental techniques can
access structural and dynamical properties on the nanometer scale and resolve
dynamics of lipids, membrane-active molecules, and proteins and peptides [9–
15]. Advanced X-ray and neutron scattering techniques have proven to be power-
ful tools to study structure, dynamics and interactions in synthetic and biological
membranes down to nanometer length scales and nanosecond time scales.

Modern researchalso addressesmore fundamental aspects of the interactions
betweenX-rays, neutrons andbiologicalmaterials in order to developnewways to
determine structure in semi-disorderedandfluctuatingmaterials. Thesematerials
are at the interface between crystals with infinite order and completely disordered
materials with solely nearest neighbor correlations, which has a distinct effect on
the pattern of Bragg peaks and extinction rules [16–18].

In this articlewe review examples to highlight the capabilities of X-ray diffrac-
tion in determining the molecular structure of lipid membranes, the interaction
of small molecules with lipid membranes and their location and organization in
the bilayers. X-ray diffraction is capable of determining molecular structure and
ordering with sub nanometer resolution. Because the X-rays used in these studies
onlyweakly interactwith the so-called CHNOPS (the sixmost abundant biological
elements), they are capable of penetrating the bilayers and detecting molecules
insidemembranes, as well asmolecules confined between bilayers. In the first ex-
ample inSection 2, thepartitioningof ethanol in lipidmembraneswasdetermined
frommeasuring electron density profiles. X-ray diffractionwas used to determine
the position of the molecule in the membranes and, in particular, determining
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quantitative partitioning coefficients. High resolution X-ray diffraction can also
be used to determine the precise location of peptides in lipid bilayers. Compari-
son between the experimentally determined electron profile with electron density
calculations provides unprecedented resolution, as demonstrated by determining
the position of amyloid-𝛽peptides in anionic lipidmembranes in Section 3.While
hydrophilicmoleculesmaynot partition in the hydrocarbonmembrane core, they
may still interact with the lipid bilayer. The third example (Section 4) shows that
adenosine monophosphate nucleotides form ordered arrays when confined be-
tween stacked bilayers, and demonstrates how X-ray diffraction can be used to
study ordering of these molecules.

2 Partitioning of ethanol in lipid membranes
When partitioning into the bilayer, ethanol has been found to reside predom-
inately at the membrane/water interface [19, 20]. The ethanol molecules can
form hydrogen bonds with the lipid head groups with bond lifetimes of about
1 nanosecond [20, 21]. Ethanol has numerous effects on the lipid bilayer: it de-
creases the gel-to-fluid transition temperature [22, 23], it has a weak effect on the
area per lipid, and it increases membrane fluidity and disorder [20]. Finally, and
perhaps most importantly, ethanol has been found to increase membrane perme-
ability [20, 24, 25]. Experiments using X-ray or neutron scattering to probe molec-
ular dynamics and structure are scarce [26–29], most likely due to experimental
challenges.

Toppozini et al. have recently demonstrated [29] that X-ray diffraction canpro-
vide quantitative information about the partitioning of small molecules in mem-
branes. Due to the volatility of ethanol, it is necessary that the bilayers are in
direct contact with a water/ethanol solution to ensure a well defined ethanol
concentration in the membranes. For this reason, highly concentrated suspen-
sions of 1,2-dimyristoyl-sn-glycero-3-phoshatidylcholine (DMPC) were prepared
by hydrating the lipid powder using a 5 wt% ethanol solution, as shown in Fig-
ure 1a. This concentration is significantly larger than alcohol concentrations of
∼0.092 wt% (∼0.036 mol%) found in human blood [30]. However, 5 wt% can be
considered a moderate alcohol concentration to which skin and mucous mem-
branes in mouth and digestive system can be exposed.

X-ray scans were measured for pure DMPC bilayers and DMPC/ethanol at
two temperatures, namely 𝑇 =293 K, in the gel phase for DMPC bilayers, and
𝑇 =303 K, in their fluid phase, as shown in Figure 1b). The pronounced Bragg
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Figure 1: a) Schematic of the lipid powder hydrated withH
2
O and ethanol. Non-oriented

bilayers are formed. b) As the randomly oriented membranes act as a powder sample, lamellar
and in-plane Bragg peaks are observed in the same scan, however on different length scales.
𝑄 is the total scattering vector defined by 𝑄 = 4𝜋 sin(𝜃)/𝜆. Phases were selected based on the
𝑇(𝑞

𝑧
) function (inset). c) Electron density for the DMPC and DMPC/ethanol membranes in their

gel phase. d) Electron density for the membranes in the fluid phase. An increase in electron
density in the samples with ethanol in both c) and d) points to ethanol molecules residing in the
head group region and ethanol and/or water amongst the hydrophobic tails. Figure adapted
from [29].

peaks at 𝑄 values up to ∼0.75 Å−1 are the result of a multi-lamellar membrane
structure in the powder.

Theadditional correlationpeaks athigher𝑄 values are causedby the in-plane
structure of the membranes. The lipid tails form a densely packed structure with
hexagonal symmetry (planar group p6) [3] and the distance between two acyl tails
is calculated to be𝑎

𝑇
= 4𝜋/(√3𝑞

𝑇
). The corresponding correlation peakswere ob-

servedat𝑞
𝑇
∼1.49 Å−1 in both theDMPCandDMPC/ethanol systemsat𝑇 =293 K,

corresponding to a distance between neighbouring acyl chains of ∼4.87 Å in the
gel phase. In the fluid phase, the lipid tail positional correlation peaks occur at
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1.39 Å−1 in the DMPC and DMPC/ethanol samples at𝑇 =303 K, corresponding to
an increased distance between neighbouring acyl chains of ∼5.22 Å.

The lamellar Bragg peaks were fit using Lorentzian peak profiles. Up to eight
peaks could be fit and were used to reconstruct the electron density. The inset
to Figure 1b) shows the bilayer form factor, 𝑇(𝑞

𝑧
), for DMPC in its gel phase as

example, which was used to assess the corresponding array of phases out of the
28 combinations, assuming a phase of +1 or −1.

The integrated intensities of the lamellar Bragg peaks were used in a Fourier
transform to calculate the electron density profiles perpendicular to the bilayers,
as shown in Figure 1c and d. In order to put𝜌(𝑧) on an absolute scale, the electron
densities were scaled to fulfil the condition 𝜌(0)=0.22 e/Å3 (the electron den-
sity of a CH

3
group at the end of a lipid tail) in the centre of the bilayer, and

𝜌(𝑑
𝑧
/2)=0.330 e/Å3, the electron density for water/5 wt % ethanol outside the

bilayers. The normalized electron density profiles for DMPC and DMPC/ethanol
in gel phase are shown in Figure 1c). The profile corresponds to a DMPCmolecule
in the well ordered gel state with both chains in all-trans configuration [31–33].
The electron rich phosphorous group in the head group region can be identified
by the peak in the electron density at ∼22 Å. 𝜌(𝑧) monotonically decreases to-
wards the bilayer centre at 𝑧 = 0; only CH

3
group at the end of the lipid tails are

found in the centre.
The presence of ethanol leads to an increase in electron density in the head

group region of the bilayers. 𝜌(𝑧) is also increased around 𝑧 values of ∼9 Å,
indicating the presence of molecules that have permeated the membrane. The
dip in the electron densities at 𝑧 values of ∼27 Å is most likely related to a re-
duced density of the hydration water and solvent at the lipid/solvent interface.
The position of the ethanol molecules in the bilayers was determined under the
assumption that small amounts of added molecules do not change the struc-
ture of the bilayers significantly, such that the change in electron density can
be attributed to ethanol molecules. The addition of two Gaussian peak profiles
(𝜌(𝑧) = 𝜌

0
exp [−(𝑧 − 𝑧

0
)2/2𝜎2]) to the electron density profiles of pure DMPC in

Figure 1c and d results in the dashed black lines, which show excellent agree-
ment to the DMPC/ethanol data. In the gel phase, Gauss 1 is centred at 19.35 Å
and Gauss 2 is centred at 9.6 Å, whereas for the fluid phase we obtain the Gauss 1
centred at 16.25 Å and Gauss 2 centred at 9.1 Å.

The number of ethanol molecules in the head group region can be deter-
mined by further analysis of the areas of the Gaussian peaks. The number of
electrons related to the electron density in the Gaussian peaks is calculated by
𝑒− = 𝐴

𝐿
∫Gauss 𝜌(𝑧)𝑑𝑧. By dividing this number by the number of electrons of an

ethanol or water molecule, the number of ethanol or equivalent water molecules
per lipid molecule can be determined. As the X-ray experiment is averaging over
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a large number of unit cells, a non-integer occupancy means that ethanol (or wa-
ter) molecules can be shared between lipids. The increase in electron density cor-
responds to∼ 1.6 ethanol molecules per lipidmolecule in the gel phase. The num-
ber of ethanol molecules assigned to Gaussian 1 in the fluid phase is slightly less,
∼ 1.2 ethanol molecules per lipid molecule.

Gaussian 2 can not be unambiguously assigned to the presence of either
ethanol or water molecules solely based on the electron density. If Gaussian 2 is
related to the presence of additional ethanol molecules in the membrane core,
the increase in electron density corresponds to 0.55 ethanol molecules per lipid
molecule in the gel phase and 0.85 ethanol molecules per lipid molecule in the
fluid phase. It is believed that general anaesthetics, such as ethanol, dissolve in
membranes thereby changing their physical properties and altering membrane
function [34]. Changes in lateral pressure are speculated to be relevant for pro-
tein function and binding sites, and in particular functioning of ion channels [35].
The potential presence of ethanol molecules in the hydrophobic core is likely to
be important to distinguish between different theories [35–38]. The presence and
solubility of ethanol molecules in the hydrophobic core might also be relevant to
model ethanol crossing events [20, 39, 40].

When Gaussian 2 is assigned to the presence of water molecules in the hy-
drophobic membrane core, the increase in electron density corresponds to 1.42
water molecules per lipid molecule in the gel state of the phospholipid mem-
branes. In the fluid phase at𝑇 =303 K (Figure 1 d), 2.22 water molecules per lipid
molecule is dissolved in the hydrophobic membrane core.

Measuringmembrane/ethanol andmembrane/water partition coefficients in
the presence of ethanol has proven to be difficult due to experimental challenges,
mainly related to the small volumes and the volatility of the ethanol molecule.
Partition coefficients must be measured in-situ, directly on lipid bilayers [30, 40–
45]. X-ray diffraction can quantitatively determine partition coefficients of small
molecules in membranes in their physiologically relevant fluid phase. While the
presence of water in the hydrophobicmembrane core is indicative of an increased
permeability, additional ethanol molecules in the core emphasize ethanol’s func-
tion as an anesthetic. However, water and ethanol molecules cannot easily be dis-
tinguished in X-ray experiments. This is the domain of neutron diffraction using
membranes with deuterium labeled ethanol or water molecules.
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3 Position of amyloid-𝛽 peptides in lipid
membranes

The interactions of proteins with lipid membranes play a large role in maintain-
ing the integrity and functionality of the cell membrane, and significant changes
in these interactions are involved in the pathology of many diseases [8]. Mis-
folding and aggregation of A𝛽 peptides, specifically, is involved in the develop-
ment of Alzheimer’s disease, although the exact relationship between the pro-
tein structure and the pathology of Alzheimer’s is still unclear [46]. A𝛽 consists
of a polypeptide with 42 amino acids, 10 of which (segment 25-35) comprise the
transmembrane segment of the amyloid precursor protein (APP) and also com-
prise part of the full length A𝛽 peptide. As such, this short transmembrane seg-
ment is often used in studies of the protein interactions and partitioning in the
membrane [47, 48].

While A𝛽peptides are frequently reported in an extracellular location, A𝛽
1–40

and A𝛽
1–42 molecules were found to strongly interact with negatively charged

lipids and to bind to anionic, negatively charged membranes [49–55], orienting
parallel to the membrane surface. Through X-ray and neutron diffraction, Ma-
son et al. [56] and Dante, Hauẞ and Dencher [47] observed an embedded state
for the A𝛽

25–35 segment and the full-length A𝛽
1–42 peptide in anionic lipid mem-

branes [57].
X-ray diffraction is a prime tool to study the interaction between amyloid pep-

tides and lipid membranes, and their location in the bilayers. The preparation
of highly oriented, multi lamellar membranes offers (1) a good signal by using
several thousands of stacked membranes and (2) the advantage that the lateral
(in-plane) and transverse (out-of-plane)membrane structure canbe studied sepa-
rately, however simultaneously. Atomic resolution protein structures are routinely
determined by protein X-ray-crystallography from protein crystals. This approach
fails when proteins are embedded in membranes as the resulting structure is in-
herently disordered. The absence of higher order Bragg reflections prevents an
atomic resolution structure determination. However, when high resolution elec-
tron densities are compared with electron densities calculated for protein struc-
tures determined by protein crystallography or NMR, the location of the peptide
in the bilayer can be determined with sub-nanometer resolution.

In a recent study by Dies et al. [58], anionic lipid membranes were pre-
pared with 97mol% 1,2-dimyristol-sn-glycero-3-phosphatidylcholine (DMPC),
a 14 chain saturated phospholipid with an overall zwitterionic nature, and
3mol% 1,2-dimyristol-sn-glycero-3-phospho-L-serine (DMPS), a 14 chain satu-
rated anionic phospholipid, as sketched in Figure 2a. Figure 2b shows a sketch of
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Figure 2: a) Schematic representations of DMPC, DMPS, amyloid-𝛽
25–35 and amyloid-𝛽1–42

molecules. b) Diagram of the solid supported, multi-lamellar membranes used for the X-ray
diffraction measurements. Two-dimensional data sets were collected to study molecular
structure perpendicular to the solid supported membranes (out-of-plane, 𝑞

𝑧
) and parallel to the

membranes (in-plane, 𝑞
||
). c) Reflectivity measurement for samples containing 3 mol% A𝛽

25–35.
Fourier transforms of the reflectivity data using the shown phases (inset) provides the electron
density perpendicular to the membrane. d) 2-dimensional X-ray diffraction measurements for
a membrane sample containing 3 mol% A𝛽

1–42. e) Electron distribution for the A𝛽25–35 (top) and
A𝛽

1–42 (bottom) peptides obtained frommodelling of PDB structural information. f) Comparison
between electronic structure predictions obtained from analysis of PDB structural information
and the measured distributions obtained from X-ray reflectivity measurements, for both the
A𝛽

25–35 (top), and the A𝛽1–42 (bottom) peptides. Adapted from [58]
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the solid supported membrane stacks prepared. While fully hydrated liquid crys-
talline samples are generally assumed to best mimic physiologically relevant con-
ditions, these disordered bilayers do not diffractwell, i.e. they give rise to a limited
number of Bragg peaks, and as such do not lend themselves ideally to traditional
crystallographic analysis. As high resolution structural data are needed, which
involves the collection of high order Bragg peaks, these studies were conducted
in a dehydrated state of the membranes [59]. This situation is similar to protein
crystallography, where protein crystals are investigated at liquid nitrogen temper-
atures.While it is generally assumed thatpeptidepositions and conformations are
preserved under physiological conditions, the experimental findings are strictly
valid only under the conditions data were obtained.

A large map of the reciprocal space is shown in Figure 2d and indicates that
homogeneous andwell oriented and defect-free membranes form for this system.
A reflectivity scan of a DMPC/DMPS membrane containing 3mol% A𝛽

1–42 is de-
picted in Figure 2c and shows a series of pronounced and equally spaced lamellar
Bragg peaks due to the multi-lamellar structure of the membranes [10, 11]. The
corresponding phases were assessed from the corresponding bilayer form factor
in the inset. The electron densities were then determined from the integrated peak
intensities of the lamellar peaks.

In order to obtain absolute electron densities, 𝜌
𝑧
for the pure lipid

DMPC/DMPS bilayers was scaled to fulfil the condition 𝜌(0)=0.22 e/Å3 (the elec-
tron density of a CH

3
group) in the center of the bilayer. The electron density be-

tween two stacked bilayers, 𝜌(𝑑
𝑧
/2), is often scaled to the electron density of bulk

water, which is a good approximation in single component model membranes.
The addition of DMPS to the DMPC bilayers, a phospholipid whose net +1 charge
may result in a nonuniform distribution of head groups at the head group-water
interface. In addition, membrane embedded or surface bound peptides are likely
to change the structure at the water/bilayer interface. The electron densities were,
therefore, scaled such that the integral of the electron density across the bilayer,
multiplied by the area per lipid yielded the required number of electrons.

The average electron density of an amino acid is calculated to be
𝜌(0)=0.33 e/Å3. The electron densities at the bilayer center, 𝜌(0), for the peptide
samples were scaled to values 0.22 e/Å3 < 𝜌(0) <0.33 e/Å3 until a good agree-
ment with the peptide structure calculations was achieved. Best agreement for
the A𝛽

1–42 peptide in Figure 2f was obtained for a value of 𝜌(0)=0.33 e/Å3, in-
dicative that mainly amino acids reside in the bilayer center, in agreement with
the proposed position. A value of 𝜌(0)=0.22 e/Å3 provided good agreement be-
tween experiment and calculation for the A𝛽

25–35 fragment, indicating that this
peptide does not take a trans-membrane position.
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The in-solution structures of the A𝛽
25–35 fragment (sequence

25G-S-N-K-G-A-I-
I-G-L-35M)and the full lengthA𝛽

1–42 peptidewere reportedbyD’Ursi et al. [60] and
Crescenzi et al. [61] from nuclear magnetic resonance (NMR). The corresponding
structure files are deposited in the Protein Database (PDB) as 1QWP (A𝛽

25–35) and
1IYT (A𝛽

1–42). X-ray diffraction is sensitive to the electronic structure of bilayers
and peptides. In order to compare the experimentally determined electronic pro-
files, the PDB structures were used to calculate 1-dimensional projections of the
electron distributions along the long 𝑧-axis of the peptides. To take into account
thermal motions of atoms and electrons, each atom was modeled by a Gaussian
distribution with a width (FWHM) of 4 Å, and the corresponding electron distri-
butions were summed. The results are plotted in Figure 2e. In both peptides, the
methionine at position 35 is discernable because of its electron rich sulphur atom.

By subtracting the electron density of the anionic lipid matrix and the elec-
tron density in the presence of the peptides, the electronic distribution of the
membrane-embedded peptides was obtained and compared to the calculation.
Best agreement between calculationand experimentwas obtained for the peptide
location and orientation in Figure 2f. We note that this approach is strictly correct
only under the assumption that the lipid matrix is not altered upon introduction
of the peptide. Buchsteiner et al. [62] and Buchsteiner, Hauẞ and Dencher [63]
have shown that the structure of the membranes is unaffected at a low peptide
concentration of 3mol%.

The exact locations of the peptides are prerequisites for understanding the
interactions of the peptide with the membrane. They are of particular impor-
tance as the interaction between membrane-embedded peptides is a membrane-
mediated elastic interaction with strong dependence on the membrane environ-
ment [12, 64, 65], rather than a direct peptide-peptide interaction. The interaction
between peptides andmembranes is oftenmodelled by the two-stage or two state-
model [66–68]. In a first step, the peptide makes contact with the membrane and
aligns parallel to the membrane, before stronger bonds form and the peptide is
embedded into the hydrocarbon core. The penetration of peptides into the mem-
brane is believed to be a crucial step in oligomerization or fibrillation, and thus
important to understand the pathology of amyloidogenic disease.

4 Adenosine monophosphate forms ordered
arrays when confined between lipid bilayers

While the above examples demonstrate that X-ray diffraction is a prime tool to de-
tect molecules inside membranes, lipid bilayers can also serve to confine and or-
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ganize molecules. There is a consensus that a form of life based primarily on RNA
likely preceded the RNA-DNA-protein world of the ancestral cell. However, in the
absence of enzymes and metabolism there has been no obvious way for RNA-like
molecules to be produced [69] and then encapsulated in cellular compartments,
an essential first step in the origin of cellular life. Cycles of hydration and dehy-
dration at elevated temperatures can be used to simulate conditions in the neigh-
borhood of volcanic hydrothermal springs. Rajamani et al. [70] showed that such
conditions activate condensation reactions that can polymerizemononucleotides
organized in a lipid matrix.

Toppozini et al. recently investigated 5’-adenosine monophosphate (AMP)
molecules captured in a multilamellar phospholipid matrix composed of 1,2-
dimyristoyl-sn-glycero-3-phoshatidylcholine (DMPC) and observed Bragg peaks
corresponding to the lateral organization of the confined AMP molecules [73]. In-
stead of forming a random array or its free-form crystal structure [71], the AMP
molecules were found to be highly entangled, with the phosphate and ribose
groups in close proximity. This structure may facilitate polymerization of the nu-
cleotides into RNA-like polymers.

Membrane complexes with different molar ratios of AMP molecules were
studied. By preparing highly oriented, solid-supported lipid bilayers, the in-plane
(𝑞
||
) and out-of-plane (𝑞

𝑧
) structure of the membranes could be determined si-

multaneously. The experimental setup is sketched in Figure 3a and the molecular
structure resulting from this analysis is shown in Figure 3b.

Figure 3c shows a 2-dimensional X-ray intensity map for AMP :DMPC in amo-
lar ratio of 3 : 1. The lamellar spacing, 𝑑

𝑧
, of the membrane AMP complexes was

determined from the specular reflectivity. Up to 24 Bragg peaks could be identified
for a given sample and assigned to different𝑑

𝑧
-spacings andphases. To assign the

peaks to different phases, Braggs lawwas re-written as 𝑛 = 2𝑑
𝑧
/𝜆 sin(𝜃). By plot-

ting theorder of thedifferentBragg reflections against the sineof theBraggangles,
𝑛 vs. sin(𝜃(𝑛)), peaks which belong to the same 𝑑

𝑧
-spacing fall on a straight line

through the origin, whose slope is proportional to 𝑑
𝑧
, as shown in Figure 3d. The

increase in lamellar spacing in the presence of AMP molecules can be compared
to the spacing of a pure DMPC bilayer, 𝑑

𝑧
− 𝑑𝑙𝑖𝑝𝑖𝑑
𝑧
= 𝑚𝛥𝑑, where𝑚 is an integer

number. The data points for all concentrations were well fit by an increment of
𝛥𝑑 of 𝛥𝑑=2.67 Å. This value is in agreement to the thickness of an interstitial
single layer of AMP molecules and indicative that the quasi 2-dimensional AMP
molecules take a flat position between the stacked bilayers.

The lateral arrangement of lipid and AMP lead to the occurrence of in-plane
diffractionpeaks, as shown in Figure 3 e). The corresponding unit cell is rectangu-
lar with lattice parameters 𝑎=6.25 Å and 𝑏=4.8 Å. This 2-dimensional structure
of the confined AMPmolecules is significantly different from the structure of crys-
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Figure 3: Schematic representations of the experimental setup, analysis and results AMP-DMPC
confinement experiments [73]. a) Schematic of experimental X-ray setup. AMPmolecules
confined by lipid bilayers on BLADE sample stage from the Laboratory of Membrane and Protein
Dynamics at McMaster University. An example 2D X-ray scan is shown. b) Molecular structure of
one layer of AMP sandwiched between two lipid leaflets. c) 2D scan of a sample containing
3 parts AMP to 1 part lipid (molar) showing additional lamellar and in-plane reflections.
d) Out-of-plane analysis of part c). Each line represents a 𝑑

𝑧
-spacing. Multiple 𝑑

𝑧
-spacings were

observed in the presence of AMP between the bilayers. e) Schematic top-view of the confined
AMPmolecules. The plot shows the the agreement between theoretical (black) and
experimental (blue) diffraction patterns. Figure adapted from [73].

tallineAMP,which crystallizes in a less densely packed 3-dimensionalmonoclinic
structure 𝑃2

1
with unit cell dimensions of 𝑎=12.77 Å, 𝑏=11.82 Å, 𝑐 =4.882 Å

and 𝛽= 92.24∘ [72]. The corresponding molecular arrangement (see Figure 3 e))
brings the phosphate group of AMP in close proximity to the 3’ position of the
ribose. The distance between the two groups can be estimated from the molec-
ular structure to be 2.1 Å. The observed pattern of the confined AMP molecules
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may thus favor the formation of RNA-like polymers when the chemical potential
provided by anhydrous conditions drives the synthesis of phosphodiester bonds
between nucleoside monophosphates.

5 Conclusion
We highlighted three examples of how X-ray diffraction can provide quantitative
information about the position and organization of small molecules in lipid bilay-
ers. Because X-rays penetrate into the membranes, partition coefficients of small,
volatile molecules in bilayers can be determined. This was demonstrated using
ethanol as an example in Section 2 [29].

Protein crystallography provides atomic resolution protein and peptide struc-
tures. Themissing crystal lattice prevents this approach formembrane embedded
peptides. However, by comparing high resolution electron densities with atomic
resolution peptide structures, position and orientation of peptides in lipid mem-
branes can be determined with very high precision. The position of A𝛽

1–42 and
A𝛽
25–35 peptides in anionic lipidmembraneswas determined using this approach

in Section 3 [58].
Small molecules can also be confined between membranes. Layers of nu-

cleotide molecules embedded between stacked membranes were observed when
mixingmononucleotideswith lipidmolecules. The lipidmatrixhelped toorganize
the molecules into a pattern, which may facilitate fusion of the nucleotides into
short RNA strands. High resolution X-ray diffraction is the perfect tool to detect
ordering of these molecules and can give unprecedented information that cannot
easily be obtained by other techniques [73].

These examples demonstrate the unique capabilities and importance of X-ray
diffraction in systems, which are intrinsically disordered. With new approaches
and techniques and the increasingly powerful and capable devices, X-ray diffrac-
tion will continue to be the work horse for the determination of molecular struc-
ture. Happy Birthday, X-ray diffraction.
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