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POPULAR SCIENCE SUMMARY

Drizzle a thin stream of olive oil into water. The oil splashes into tiny little drops
first, and in a fraction of a second, they emerge from bulk to the surface, and
then coalesce to form a thin layer. This phenomenon relates to the molecular
properties of the liquids. Olive oil is composed, in a large extent, of molecules
with a fierce name, triglycerides, which are built by a glycerol group and three
fatty acid chains attached to it. Although glycerol alone dissolves in water, the
fatty acid chains are insoluble which renders the olive oil immiscible in water.

Lecithins are natural molecules very similar to triglycerides, except for one
of the fatty acid groups that is replaced by a water-soluble chain. Thus, when
lecithins are mixed with water, a part of the molecules wants to be hydrated but
their fatty acid chains will force their way to avoid any occasional contact with
the water molecules.® This love/hate duality makes lecithin molecules to adopt
a position that pleases both parties: they self-assemble into a two molecule
thick bilayer film, with the insoluble parts forming an inner core of fat, and the
water soluble parts directing outwards to the aqueous medium.

This thesis concerns how lecithins and other molecules with a similar
love/hate duality towards water, behave within a fluid bilayer. Focus is put
on applying and developing methods to find out how they displace themselves
and how fast they move. The studies were carried out by combining two types
of techniques. One uses an intrinsic property of particles called spin which can
be accessed in a truly ingenious way by nuclear magnetic resonance (NMR)
spectroscopy. The second method dismisses the real molecules, and instead cal-
culates, through the single use of computers, how the molecules should move, in
order to ultimately generate an atomic-detail computer animation of the bilayer.

If one can already watch the molecules in the computer why to worry with
performing experiments then? This thesis delves around this and other related
questions, and represents a little contribution as part of a wide effort to make
the movies better.

IScientific studies indicate that rather water wants to avoid fat but that’s another story.
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CHAPTER 1

INTRODUCTION

If a molecule is amphiphilic, its structure is composed of molecular blocks with
an opposite behavior towards water, parts being water soluble others insolu-
ble. Due to this duality, amphiphilic molecules self aggregate in an aqueous
medium in a number of arrangements, such as spheres, cylinders, vesicles and
liquid crystals to mention a few [1]. These different configurations for the self
assembly have unique properties such as viscosity, light diffraction or rheological
properties and the control of these properties may be useful for technological
purposes [2].

The ultimate realization of amphiphilic nature is the structure of cells [3].
A myriad of bilayer shapes can be found throughout the organelles in the cy-
toplasm and all of these are kept as an agglomerate fenced by another bilayer,
the plasma membrane. Inside the cell, these inner bilayers enclose spatial re-
gions where different cellular processes take place and significant differences are
found experimentally for their compositions [4]. Thus, the bilayer composition
in different organelles should relate to their function. Also the molecular com-
position of plasma membranes varies throughout different cell types and living
organisms [4].

The present view is that cell membranes are mainly composed of two key
players, lipids and proteins. The more traditional perspective has been that
function relates primarily to proteins. However, variations in lipid composi-
tion will affect the permeability of a membrane to different solutes and may
also change the behavior of other molecules embedded in the lipid matrix, e.g.
membrane proteins [5, 6]. Therefore, the structural and dynamical details of
bilayers due to the molecular composition other than proteins is also of inter-
est. This represents in great extent the motivation of the work that is here
presented.
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1.1 NMR and MD studies of bilayers

Nuclear magnetic resonance (NMR) spectroscopy has provided a great number
of details of membrane model systems [7-10]. In terms of bilayer structure,
one approach that has been particularly important, is the measurement of C—H
bond order parameters, denoted Scy, which give precise information on the
orientation of C—H bonds in the bilayer by the definition

Scn = %(3003297 1), (1.1)

where 6 is the angle between the C-H internuclear vector and the principal
axis of symmetry of the bilayer system. Such measurements have been done
mostly by determining ?H quadrupolar couplings from samples with 2H iso-
topically labeled lipids [11, 12]. The first to report this 2H NMR, method on
lipid bilayers were Seelig and Niederberger in 1974 [13] and the method has
become widely used in various laboratories. Later, the development of dipolar
recoupling methodology for magic angle spinning (MAS) NMR [14, 15] made
possible to obtain Scy values from samples with natural abundance of isotopes,
and at present, it is achievable to ascertain complete Scy molecular profiles,
i.e. the Scy values from all the distinct C—H bonds of a given molecule within a
bilayer. These method developments are notable and a great number of exper-
imental studies based on measurements of Scy have been reported. A public
database of such measurements has been made recently available by Leftin and
Brown [16].

The interpretation of Scy molecular profiles is not straightforward due to
the Scu geometrical definition. In the early beginning of these studies, the
interpretation was done using statistical analysis of the molecular conformations
accessible in a bilayer, many times supported by the use of Corey-Pauling-
Koltun (CPK) molecular models made of wood or plastic [17]. At present time,
the plastic models have been replaced by molecular dynamics (MD) computer
simulations, a powerful method for picturing bilayers at the Angstrom level of
detail [18-21]. MD computer simulations provide, not only a static picture of
simple bilayer systems with atomic resolution, but also how molecular structure
evolves with time."

The interplay between MD simulations of bilayers and experiments has enor-
mous potential. On one hand, if the MD simulations predict atomic trajecto-
ries from which correct experimental values may be calculated, there is strong
possibility that these trajectories represent reality. On the other hand, if the
simulated and experimental quantities do not match, it means that either the

L Among the fabricators of plastic, wood and wire frame molecular models manufactured
in the 70’s, there were two which were actually providing battery-operated products to use
as molecular dynamics visualizers, one of them entitled “ The Molecular Dynamics Simulator
”

. [22]
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simulations or the experiments were not correctly performed, which hints for
further work. With respect to NMR, up to date, the most important tests for
validating the structures predicted by simulations have been done by means of
calculation of order parameters Scy [16]. For validation of the time-scales of
motion in the simulations, comparisons of NMR spin-lattice relaxation rates R;
have been employed by the determination of time correlation functions [23, 24].

1.2 Aim and Outline

The aim of the work reported in this thesis is to apply and develop state-of-
the-art methods to study the structure and dynamics of simple bilayer systems
by combining nuclear magnetic resonance (NMR) spectroscopy with molecular
dynamics (MD) simulations. The research presented has been done at the
Physical Chemistry Division of Lund University from 2008 to the present date.
All NMR experiments were conducted on an in-house Bruker Avance AVII-
500 NMR spectrometer operating at a 1H frequency of 500.23 MHz. The MD
simulations were performed in the LUNARC center for scientific and technical
computing at Lund University.

The thesis is divided in two separate parts. The first part gives a basic
description of the systems studied, and of the NMR and MD simulation methods
used, setting the scientific background needed for the second part of the thesis,
where the research is presented in a concise manner as follows.

e Paper I reports a study of the effect of cholesterol on a POPC bilayer. It
is shown that the combined use of the INEPT and CP polarization trans-
fer in R-type Proton Detected Local Field (R-PDLF) NMR spectroscopy
enables to make a stringent comparison of NMR experiments with MD
simulations by means of a large set of order parameters.

e Papers IT and III aim to unravel structural features in nonionic surfactant
bilayers made of pentaethyleneglycol mono n-dodecyl ether combining MD
simulations and R-PDLF NMR experiments. The results and discussion
center on the temperature dependence of the bilayers and on their overall
structure.

e Paper IV presents a NMR protocol suitable for determining an intrin-
sic dynamical quantity of C—H bonds denoted effective correlation time,
which enables to elucidate a very well defined quantity of the auto-
correlation function for C-H bond reorientation in amphiphilic bilayers.
Moreover, it is shown that the method can be extended further to demon-
strate that it is possible to use spin lattice relaxation rates at the rotating
frame R,,, in addition to spin lattice relaxation rates R, to validate MD
simulations of lipid bilayers.






CHAPTER 2

AMPHIPHILIC BILAYERS

Some types of amphiphilic molecules can aggregate in aqueous media into a
fluid bilayer. A bilayer is a film two molecules thick where molecules arrange
themselves with their hydrophilic blocks directed outward to the aqueous en-
vironment, and hydrophobic parts inward forming an inner hydrocarbon core.
As seen at a nm length scale, a bilayer is normally a planar sheet, but at longer
length scales of pm or higher, bilayer films may be found in various morpholo-
gies. Simple examples are planar lamellae stacks, single uni-lamellar vesicles,
or onion-like structures called multi-lamellar vesicles [1, 25, 26]. More complex
bilayer topographies occur in living cells [3]. In this chapter, a description of the
structure and motion of amphiphilic molecules in bilayer systems is presented.

2.1 Self-Assembly

From a thermodynamics point of view, molecules self-assemble in liquid mix-
tures of amphiphiles and water to lower the free energy of mixing [1, 25, 26].
The driving force for self-assembly is the low solubility of the molecular hy-
drophobic moieties, the so-called hydrophobic effect [25], and the aggregation is
counterbalanced by the solubility of the hydrophilic parts. Due to such duality,
rather than attaining complete macroscopic phase separation as in mixtures
of oils and water, an amphiphile-water system reaches equilibrium by means
of self-assembly organization on the nanometer scale. The formation of fluid
bilayers is one of such type of arrangements.

The self-assembly structure adopted by a given amphiphilic system depends
on multiple factors [1, 25-27]. At amphiphile concentrations close to the so-
called critical micellar concentration (CMC), at which the aggregation starts
to occur significantly, it depends mostly on two [1, 26]. A surface free energy
contribution, describing a balance between: an attractive interaction, due to
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Figure 2.1: The self-assembly structures predicted by Israelachvili’s packing param-
eters Ny = v/aolc [27]. Although, in terms of packing requirements, all structures
are allowed at ap < 3v/lc, spherical micelles are formed due to the entropic increase
in free energy. At higher Ny values, less entropically favored structures are preferred
over smaller aggregates due to packing restrictions. The tiny black circle and twisted
line are used to schematically represent the head group and tail of an amphiphilic
molecule, respectively.

the hydrophobic effect, and a repulsive interaction due to repulsions at the
surface e.g. electrostatic or steric repulsions among head groups!. And a second
contribution due to the packing arrangement of the tails in the hydrophobic core
of the aggregate.

To help rationalize why different morphologies are adopted in favor of others,
Israelachvili et al. [27] introduced a dimensionless quantity, the packing param-
eter or shape factor Vg, which relates three physical quantities of an amphiphile
as

Ny= 2, (2.1)

where v is the volume occupied by the amphiphilic molecule in the hydrophobic
core of the aggregate, [ is the maximum length of the amphiphile’s hydrophobic
chain, and ag represents the area per head group of the aggregate. By knowing
Ng, one may exclude the formation of certain aggregate morphologies due to
geometrical packing restrictions. And from the set of possible aggregates left,
one could expect the occurrence of the smallest possible morphologies, i.e. the
aggregates with highest entropy gain. Figure 2.1 illustrates the self-assembly
structures predicted for a number of cases.

IThe terms head group and tail will be used as commonly done to denote the hydrophilic
and hydrophobic parts of an amphiphilic molecule, respectively.
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Although it is possible to roughly estimate /. and v for a given amphiphilic
molecule [1, 25, 26], there is no simple way to determine ag non-empirically since
expressing the interfacial tension as a molecular property is difficult. In prac-
tice, by observing experimentally the structures into which a given amphiphilic
molecule assembles, it is possible to infer about its ag and also to interpret how
ap is affected by changing conditions such as temperature or ionic strength.
Most of biological lipids have a Ng approximately equal to 1, i.e. they never
form spherical micelles or cylinders but readily aggregate as bilayer vesicles at
dilute conditions [4]. Amphiphiles that form micelles or cylinders may also form
bilayers at higher concentrations [2].

The two types of bilayer systems studied in this thesis may be sepa-
rated in terms of N;. One type is made of 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC), a phospholipid abundant in cell membranes, that
readily aggregates into bilayer vesicles in water at concentrations as low as
10~7 M [4]. The second type is a solution of an alkylethylene oxide surfactant
which assembles into micelles, at a CMC of around 107° M but which forms
bilayer structures at higher concentrations [2].

2.2 Cell membranes

While prokaryotic cells lack any membranes other than the ones surrounding
the cells, the higher degree of organization inside eukaryotic cells is achieved
by a number of specialized membranes [3]. These membranes have exquisite
shapes in contrast with the simple self-assembled structures shown above.

The main components of biological membranes are proteins and lipids, and
their molecular composition depends on organelle and cell type as illustrated
in Table 2.1. Although the content of protein in a biological membrane may be
higher than the lipid (in weight %), often large parts of membrane proteins are
hydrophilic and extend outward of the membrane plane. Therefore, it becomes
reasonable to assume that a biological membrane is a lipid bilayer film with
immersed proteins [1]. The composition of the lipid bilayer also depends on
the species, cell and organelle types [3] and may even depend on nutrition
and metabolic activity [29]. For instance, cholesterol is generally a major lipid
in the plasma membranes of mammalian cells, with concentrations up to 45
mol% in total lipid content, although in endoplasmatic reticulum membranes,
the cellular site where cholesterol is naturally synthetized, it amounts to
quantities around 10 mol% [31]. Cholesterol alone is not soluble in water,
nor does it form amphiphilic aggregates (it has a solubility of 10~7 M), but
mixed with phospholipids (another major class of lipids) it readily incorporates
into the bilayers of phospholipid vesicles [31]. The effects of cholesterol in a
lipid bilayer are good examples of how the lipid composition of a lipid bilayer
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Lipid . S
Membrane t — LD S f 3 t
embrane type | Protein Types of Lipid Fatty acids in PC
(% total dry weight) (% total lipid weight) (% total PC weight)
Plasma Membranes:
Myelin (CNS) | p— 797% — 28% Chol  |ee——— 52%  18:1
 18% - 23% GalCer | m— 10% 16:0
mm 16% PE
m 11% PC
Red Blood Cells | mu—— 43% — 31% Chol | e 31% 16:0
—— 49% - 20% PC - 23% 18:2
- 19% SM - 19% 18:1
- 19% PE - 12% 18:0
Mitochondria:
Inner membrane |m—m 24%  33% PC — 27% 16:0
—— 6% - 24% PE - 19% 20:4
- 16% PI - 13% 18:0
- 16% CL mm 16% 18:1
- 16% 18:2
Outer membrane |m—— 48% ——— 46% PC — 27% 16:0
—— 527 — 33% PE - 21% 18:0
m 10% PI - 16% 20:4
- 14% 18:1
- 14% 18:2

Table 2.1: The lipid composition of different membranes. Data abstracted from
references [4, 25, 28-30]. T Lipid abbreviations: cholesterol (Chol), galactocerebroside
(GalCer), phosphatidylethanolamine (PE), phosphatidylcholine (PC), sphingomyelin
(SM), phosphatidylinositol (PI), and cardiolipin (CL). Most of the chemical structures
for these lipids are shown in Figure 2.2. ¥ Composition of PC lipids in terms of acyl
chains n:m with a length of n carbons and with m double bonds as in reference [4].
The compositions shown for myelin refer to myelin sheaths of axons in the central
nervous system (CNS).

may change its properties (see for instance Paper I and references therein).
Its presence orders the phospholipid hydrocarbon chains which increases the
thickness, impermeability and viscosity of the bilayer [32, 33]. It may also
affect membrane proteins by direct binding or indirectly by changing the elastic
properties of the membrane [34]. Furthermore, it has been suggested that
cholesterol induces the formation of lateral heterogeneities in the lipid bilayer,
the so-called lipid rafts [35].
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Glycerophospholipids Sphingophospholipids Cholesterol
o o S
N L R O~ L R
(l)/ ~N O/Y\ O/ 1 |0/ N O/Y
0] HN R
X R, X N
e} HO

PC: X:(CH2)2N+(CH3)5 SM: X:(CH2)2N+(CH3)3
PE: X:(CH2)2N+H3
PI: X=CH(CHOH);0 M

Figure 2.2: Chemical structures of naturally occurring lipids in living cells: Glyc-
erophospholipids: Phosphatidylcholine (PC), Phostidylethanolamine (PE), Phos-
phatidylinositol (PI); Sphingophospholipids: Sphingomyelin (SM); and Cholesterol.
For PI lipids, M is a monovalent cation or H. Ry and R2 may denote alkyl (R) or acyl
(CO-R) chains. Acyl chains are usually represented by the numerical symbol n:m de-
noting the total number of carbons n and number of double bonds m. Glycolipids, the
other type of bilayer-forming lipids present in biological membranes, are not shown.
To find a detailed description of their chemical structure and physical properties see
e.g. reference [4].

Figure 2.2 shows the chemical molecular structures of cholesterol and of
phospholipids that occur naturally in biological membranes. Most of the phos-
pholipids in cellular membranes have two long hydrocarbon tails and are bilayer
forming amphiphiles, i.e. they self-assemble into bilayer vesicles at dilute con-
ditions. There are other phospholipids that occur in nature, albeit in lesser
amounts, that have single or short hydrocarbon chains which form micelles [4].
Usually, most of the phospholipids in cells have at least one unsaturated hydro-
carbon chain, which assures a liquid-like character to the lipid bilayer [25]. Some
exceptions to this rule exist; for instance, alveolar cells are primarily composed
of a phospholipid with two long saturated hydrocarbon tails [36].

The current understanding of cellular membranes in terms of lipid behavior
is strongly supported by studies on simple model bilayer systems. Due to the
extreme complexity of biological membranes, it is invariably difficult to make
any relevant conclusions on the molecular level from investigations performed on
real biological membranes only. Thus, the study of simple models, e.g. systems
formed by a single type of phospholipid, and their behavior with respect to
variables as composition, temperature and so forth, are important to support
the studies on the more intricate biological systems [37-40].

The analogies between the model systems and real membranes need to be
done with special caution. The model systems are most often studied in condi-
tions of thermodynamic equilibrium, while the lipid bilayer state in biological
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membranes is controlled by metabolic processes. For instance, the inner and
outer leaflets of biological bilayers have different compositions that are main-
tained by flipases and flopases that sort distinct lipids between both sides of
the bilayer [41, 42]. Even so, the information from simple models is invaluable
since at present it is the only means of obtaining accurate information on the
molecular level.

2.3 Molecular observables

A number of molecular properties may be experimentally obtained from am-
phiphilic bilayers. Here, emphasis is given to molecular properties that may also
be calculated from molecular dynamics simulations within the current computa-
tion limits. Structural parameters are usually measured by X-ray and neutron
diffraction [43] or NMR [8, 16, 44]. Dynamical observables have been mea-
sured with fluorescence recovery after photobleaching (FRAP) [45], Electron
Spin Resonance (ESR) [46], and NMR techniques [8, 16, 44]. Rather than pre-
senting the experimental methods in detail, a concise definition of the most
relevant observables is given in the following subsections. Static observables,
i.e. quantities which may be defined equally by ensemble or time averages, and
dynamical observables are described separately.

2.3.1 Static
Distances and areas

At appropriate conditions, many amphiphiles form stable multi-layer vesicles
(MLVs) in aqueous media, as illustrated in Figure 2.3, and/or lamellar phase
(La) liquid crystals which are stacks of flat bilayers. Such systems may be sub-
jected to measurements of the average repetition distance (dg) between layers
using X-ray or neutron diffraction techniques [1, 25]. In turn, the average bilayer
thickness (dg) may be estimated using the partial molal volumes of amphiphile
va and water vy, and (dr) in the expression [4]

(dg) = <dR>/<1 4 ow (= C)>, (2.2)

’EL C

where ¢ is the weight fraction of lipid in the multilayer system. (dg) and other
average distances in the bilayer, e.g. the bilayer hydrophobic thickness {d¢),
may also be resolved directly from scattering experiments on uni-lamellar vesi-
cles which are obtained by extrusion of MLVs through microporous filters [47].

The various distances that can be measured are normally used to calculate
interfacial areas (A) of the amphiphilic molecules in the bilayer. This is generally
done by using relations such as (A) = 2Vp/(dp), where Vg is the volume
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Figure 2.3: Repetition distance dr in a multi-lamellar vesicle. For vesicles with two
components, e.g. alternating layers of a given amphiphile and water, the measurement
of (dr) enables the estimation of the amphiphile’s molecular area at the transverse
plane of the bilayer.

that one amphiphilic molecule occupies in the bilayer, or equivalent expressions
relating a given volume with the corresponding distance associated [47].

Order parameter Scy

Order parameters can be accurately measured with atomic detail by a number
of NMR techniques [12, 16, 44]. The order parameters measured for a given
C-H bond may be expressed as the time average

Se1 = (Ps(cosfa)), (2.3)

where Ps(cosfc1) = 3(3cos6% — 1), is the second Legendre polynomial of the
cosine of 6 that is the angle between the C—H bond vector ¢ and the laboratory
frame axis 1 defined by the direction of the external magnetic field Bg used in
the NMR setup. The average is taken over time lengths around 100 us or less
depending on the NMR method used. As it will be shown below, during such
a short time interval, an amphiphilic molecule diffuses laterally in a bilayer no
more than a distance of 10-100 nm. Thus, with respect to the time average in
Equation 2.3, a phospholipid MLV or a L, liquid crystal, can both be considered
as a set of liquid crystallite sites with dimensions below or approximately equal
to 100 nm. Most of the macroscopic samples studied contain a distribution of
crystallite sites with different alignments. For a given liquid crystallite, S¢ is
given by

Scl(edl) = SCHP2 (COS Gdl), (2.4)

where fq; is the angle between the symmetry axis director d of the crystallite
and the external magnetic field, and where the C—H bond order parameter Scy
is as defined in Equation 2.3 but in terms of the angle .4 between the C-H

11
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A. O

Figure 2.4: Illustration of the three angles that may be used to describe the orien-
tation of C—H bonds in respect to a given laboratory frame axis 1. (A) 6a1 denotes
the angle between the symmetry director axis d of a liquid crystallite site and the
fixed laboratory axis frame 1 defined by the direction of the external magnetic field
Bo. (B) na denotes the angle between a molecular frame axis with the direction of
the bilayer normal n and the symmetry director axis d. (C) fcn represents the angle
between the chemical bond principal axis of a given C—H pair and the bilayer normal
n. NMR order parameters Se; are time averages taken at short time intervals below
100 ps through which molecules diffuse slowly at restricted sites. During short times,
around 10-100 ns, C-H bond reorientation is exclusively due to the variation of the
angle Ocn by means of fluctuations in C—C torsion angles and overall wobbling of the
molecular segments. At longer time scales, variations of 0nha due to lateral diffusion
can also contribute to the time averaging of order parameters.

bond vector ¢ and the director axis d. It is possible to experimentally determine
Scu, by using liquid crystals composed of crystallites oriented at a single angle
041, or by using liquid crystals composed of randomly oriented crystallites as in
e.g. MLVs. [48].
For the purpose of interpreting Scy, it is useful to further decompose it in
the product
SCH = ScnSnd, (25)

where S¢, denotes an order parameter with respect to the angle ., between
the C—H bond vector and the instantaneous local bilayer normal n, and Syq is
defined by the angle 6,4 between n and the director d of the liquid crystallite.
Secn depends on the internal motions in the amphiphilic molecules and the overall
molecular wobbling, while Spq accounts for contributions from fluctuations of
the instantaneous bilayer normal due to e.g. lateral diffusion of the amphiphilic
molecules. The angles 04, 6hq and 0., are illustrated in Figure 2.4.

The angle 6,4 may be equal to zero over the time interval for averaging, as
illustrated in Figure 2.4B, or may change as exemplified in Figure 2.5. Scg val-
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ues can therefore be interpreted as consequence of conformation effects, thermal
wobbling of the molecules, and due to the geometry of the bilayer surface. It is
not possible to measure Sc, and Spq separately, nevertheless, Equation 2.5 is
useful as a conceptual framework for analyzing Scy values.

»

»

1 Sw

o+

Figure 2.5: Illustration of the effect of perforations to the Sha value in Equation 2.5.
In the case of rough or perforated bilayer surfaces, also molecular diffusion may con-
tribute to the averaging by changes of 4. For a given liquid crystallite, ,q4 depends
on the angle between a molecular frame axis n, defined as the direction of the local
bilayer normal, and the symmetry director axis d of the liquid crystallite. Redrawn
from reference [44] with permission.

2.3.2 Dynamics

Information about the time-scale of translational displacements of molecules in
a bilayer as illustrated in Figure 2.6A can also be obtained. The time-scale
of lateral displacements can be determined by measuring the lateral diffusion

A. Lateral diffusion B. Flip-flop

Figure 2.6: Illustration of lateral diffusion displacements (left) and of flip flop dy-
namics (right). Mean square displacements for phospholipids in bilayers are on the
order of yum? per second. Flip-flop diffusion is an extremely slow process on the order
of hours or days.

13
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coefficient D, which relates to the two-dimensional mean square displacement
(r?) as (r?) = 4Drtt, where tt is the time step of the lateral displacement.
Flip flop or transverse diffusion rates from one leaflet of the bilayer to the
opposite can also be measured. Flip flop processes are extremely slow, and a
phospholipid molecule remains on average around hours or even days without
changing leaflet [4].

In addition to lateral and transverse diffusion, rotational diffusion of am-
phiphilic molecules also occurs. The reorientation of C—H bonds in a phospho-
lipid bilayer may be analyzed in terms of the auto-correlation function

9(t) = (Pa[n(m)n(r + 1)]), (2.6)

where n(7)n(7 + t) is equal to the cosine of the angle between the C—H inter-
nuclear vector at time 7 with itself at a time 7 + ¢. The expected behavior of
g(t) for a given C-H bond of an amphiphilic molecule in a bilayer, according
to MD simulations, is shown in Figure 2.7. In Paper IV a solid-state NMR
method is presented to measure the so-called C—H bond effective correlation
time 7, from bilayer systems. The 7, definition for a given C—H bond is also
depicted in Figure 2.7. The advantage of measuring 7. in comparison to other
rotational diffusion related C—H bond observables, is its simple (visual) defini-
tion and its model-free dependence. All other observables measured so far, have
a more complicated interpretation in terms of correlation times, that generally
depends on data fitting by the use of C-H bond motional models.

2
SCH

L L |
100 150 200
t / ns

Figure 2.7: Example of an auto-correlation function for C—H bond reorientation in a
lipid bilayer as predicted by a lipid bilayer MD simulation (Paper IV). The plateau at
200 ns is equal to the square of the C—H bond order parameter Scu. The magnitude
of the gray area reflects the time scale for reorientation and is usually defined as
(1—S2};) e with the parameter 7. being normally called the effective correlation time.
In a real system, for longer time scales of ms to s, g(t) would decay to zero due to
lateral and flip-flop diffusion processes.
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2.4 Phospholipids

As shown in Table 2.1, phospholipids represent a large portion of the total
lipids present in a cellular membrane. This section presents some factual data
on their general properties and molecular observables. Phosphatidylcholines are
emphasized in connection to the original results reported in Papers I and IV.
At room temperature all phospholipids form solid crystals and most types
have high melting points, e.g long chain phosphatidylcholine (PC) lipids melt at
temperatures around 235 °C [4]. Upon addition of water and depending on the
phospholipid type, concentration and temperature, phospholipid molecules may
assemble into micellar, hexagonal, lamellar, cubic and reverse hexagonal fluid
phases [4, 49]. Long double chained PC lipids normally display lamellar phases
only. Single chain PC lipids, termed lyso-PC, show a more complex lyotropic
behavior and form micellar, hexagonal, cubic and lamellar phases [50].

2.4.1 Phosphatidylcholines

The chemical structure of phosphatidylcholines is shown in Figure 2.2. The
molecular properties introduced above are here discussed for PC lipids with
different fatty acid chains, giving quantitative examples for POPC (R1=16:0
and R=18:1), DPPC (R;=18:0 and R2=18:0), DMPC (R;=14:0 and Ry=14:0),
and DOPC (R;=18:1 and Ry=18:1) bilayers. Such type of comparison enables
to illustrate effects such as adding double bonds to the acyl chains or increasing
the acyl chain length while keeping the polar region of the bilayer fixed. The
distribution of fatty acid tails in PC lipids found in nature varies for different
organelles and cells as illustrated in Table 2.1.

Structure

Upon hydration, phosphatidylcholines may form MLVs as in Figure 2.3. The
sizes observed for uni-lamellar vesicles are around 30 nm to 1 pum, thus the size
range of MLV shells should be within these limits or higher [51]. The average dis-
tance (dr) between shells depends on hydration. For fully hydrated PC MLVs,
(dr) is around 7 nm and depends on the hydration procedure adopted [52].
Recently reported values of molecular distances and areas, show for fully
hydrated uni-lamellar vesicles of POPC, an area of approximately 64 A2, an
overall bilayer thickness of 39 A, and a hydrophobic thickness of 29 A, at a
temperature of 30 °C [47]. DPPC shows a gel phase at 30 °C reflecting the
more efficient packing between linear saturated chains. At 50 °C, fluid bilayers
are observed for both DPPC and POPC, and the hydrocarbon and bilayer
lengths are equal for both systems, with the main contrast being the higher
molecular area of POPC around 67 A? in comparison to 63 A2 for DPPC. The
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slightly higher molecular area of POPC is most likely due to the kink induced
by the double bond in the unsaturated POPC acyl chain.

A large number of investigations based on order parameters Scy of phos-
pholipid bilayers have been reported, and a database for such measurements
have been published recently [16]. A detailed description of the complete Scp
profile of POPC bilayers is given in Paper I. The Scy values from the choline
headgroup, glycerol backbone are very similar for different phosphatidylcholine
systems. On the other hand, the acyl chain Scy profiles vary strongly with
acyl chain composition. This indicates the possibility of building phosphatidyl-
choline bilayers with very distinct hydrocarbon cores while maintaining the
same structural properties of the polar region.

Since the beginning of NMR, order parameter studies on bilayers, models
have been proposed to convert order parameter profiles of saturated chains into
projected overall lengths (L¢) (reference [53] and references therein). In Paper I
the application of the mean torque model [53] to POPC order parameters yields
a total projected length for its sn-1 chain of approximately 11.5 A from the
second acyl methylene to the methyl at the tip of the acyl chain. If a maximum
length from the carbonyl carbon to the second methylene is assumed, for a non-
interdigitated bilayer, a hydrophobic length of approximately 25.5 A is obtained,
which is 3.5 A smaller than the value determined with scattering experiments.
Such small difference might be attributed to both the gap between leaflets
and the thermal motions of phospholipids in the direction perpendicular to the
bilayer plane.

Dynamics

The lateral diffusion Dt is around 1-10 pm? /s in phospholipid bilayers. Since
the radius of phospholipid MLVs of phospholipids generally range from 0.1-10
pm, depending on the MLVs preparation and phospholipid type [51], a phos-
pholipid molecule in a MLV layer with such dimensions takes around 0.1-1 s
to diffuse from an initial point in the vesicle to its antipode. Filippov et al.
[54] measured the lateral diffusion coefficients of 5.7, 8.87 and 9.32 um?/s for
DMPC, POPC and DOPC bilayers, respectively, at 25 °C. The differences in Dt
indicate that the unsaturation of phospholipid acyl chains makes phospholipids
diffuse faster along the plane of the bilayer. In respect to transverse diffusion,
flip flop half times of 3 to 15 days have been measured for fluorescent analogs
of phosphatidylcholine in POPC bilayers at 25 °C.

Model dependent values of rotational diffusion in lipid bilayers have been
reported previously for DMPC bilayers in terms of three correlation times: 7
and Tr1 describing the overall rotation of the phospholipid molecules, and 73
representing jumps between discrete conformations. Within this model, the val-
ues found for 7y and 7+ in the lamellar phase at 25 °C were 20 ns and 40 ns
respectively and the values of 75 was around 0.1 ns. Using the new method sug-



Amphiphilic Bilayers

gested in Paper IV the first estimations of model-free effective correlation times
in a phospholipid bilayer range from 0.1 to 3 ns in a POPC bilayer depending
on the C—H bond location in the phospholipid molecule. Such measurement
confirms a previous suggestion that the glycerol backbone and carbonyl groups
form a rigid pivot of the phospholipids [55].

2.4.2 Cholesterol effect

If cholesterol is inserted into a phospholipid membrane, the phospholipid acyl
chains become more stretched and the cross-sectional area of the phospholipid
molecules in the bilayer plane decreases. Such observation is often referred to as
the condensing effect. The cholesterol effect on phospholipid bilayers is highly
dependent on the chemical structure of the phospholipid acyl chains. In bilayers
of lipids with fully saturated acyl chains, e.g DPPC, DMPC, or sphingomyelin,
inclusion of cholesterol to concentrations above 10 mol% induces a formation
of two distinct liquid phases, the so-called liquid disordered and liquid ordered
phases [54, 56, 57]. The disordered phase has a low concentration of choles-
terol and has properties analogous to the pure phospholipid phase while the
liquid ordered phase is cholesterol rich and displays highly stretched phospho-
lipid hydrocarbon chains. These effects can be observed by measuring NMR,
order parameters since the different phases yield distinct order parameters and
phase domains are big enough in respect to the time length for Scy averaging.
Such clear-cut NMR observations of two distinct phases are not achieved for
unsaturated PC lipids, and at present, there is some controversy if whether any
type of heterogeneities are also induced by cholesterol or not in unsaturated
PC bilayers as discussed in Paper I. With respect to two-component systems,
it has been clearly demonstrated that the inclusion of cholesterol in mixtures
of DOPC/DPPC induces a phase separation into a liquid ordered phase rich
in DPPC and a liquid disordered phase rich in DOPC [58]. More complex
mixtures e.g. PC(18:0-22:6)/PE(18:0-22:6)/PI(18:0-22:6)/Chol, have also been
investigated by means of NMR, from which it was suggested that cholesterol
can form micro-domains with PC molecules and that it interacts more favorably
with saturated chains [39].

In general, the variation of the C—H order parameters in respect to the choles-
terol concentration in a POPC bilayer, show two clear trends. One is that the
acyl chains become more ordered with the increase of cholesterol concentration
in the bilayer. Second, that the glycerol and choline head group conformational
structure is rather unaffected. On the other hand, it is shown in Chapter 5
(section 5.5.1) that while the rotational diffusion dynamics of the choline head
group in a bilayer with 50 mol% of cholesterol are approximately the same as
in a bilayer without cholesterol, the motions of C—H bond reorientations in the
glycerol backbone become considerably slower.
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Figure 2.8: Representation of various grades of oligo(ethylene oxide) monoalkyl
ether surfactants. All the original results from oligo(ethylene oxide) monoalkyl ether
systems presented in this thesis reduce to Ci2E5. The carbon and oxygen atoms are
normally numbered with respect to the origin defined at the oxygen labelled 0, with
positive numbers denoting the alkyl chain and negative numbers labeling atoms in the
hydrophilic part. Redrawn from reference [44] with permission.

2.5 Nonionic surfactants

The main difference between nonionic surfactants and phospholipids is the
weaker strength of the interaction between water and the hydrophilic moiety,
since by definition nonionic surfactants only bear partial localized charges. A
more casual difference is the fact that most nonionic surfactants have only a
single alkyl/acyl chain while most phospholipids are double-tailed amphiphiles.

2.5.1 Polyethyleneoxide-based surfactants

Polyethyleneoxide (PEO) based surfactants represent the class of nonionic sur-
factants that has been more extensively studied [2]. The simplest type of
PEO-based surfactants are oligo(ethylene oxide) monoalkyl ethers with chemical
structures as shown in Figure 2.8. PEO-based amphiphiles have been studied by
multiple NMR methods, X-ray and light scattering techniques [1, 2, 44, 59, 60].
The early physical chemistry studies have focused mostly on phase behavior
and its systematic dependence on the hydrophobic and hydrophilic sizes of the
surfactants, or on intensive variables such as temperature and surfactant concen-
tration [61]. PEO surfactants present a complex phase behavior and a particular
CLEn grade may adopt a number of structures, some of which are illustrated in
Figure 2.9. Temperature anomalies are specially exquisite [62]. One particular
aspect of interest is the instability at high temperatures where a cloud point is
reached, i.e. the amphiphile-water mixtures separate into a surfactant rich and
a water rich phases. Controlling such effects by fine tuning of intensive variables
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cubic micellar 2D hexagonal lamellar cubic gyroid

<2

Figure 2.9: Illustration of some of the aggregation structures adopted by
oligo(ethylene oxide) monoalkyl ether surfactants in aqueous media. Changes from
one phase to another may be induced by variations of temperature or by varying the
composition of surfactant and water. Increasing temperature leads to the sequence:
spherical micelles, micellar cubic phase, elongated micelles, hexagonal phase, lamellar
phase, bicontinuous cubic phase, sponge phase, and reversed micellar solution [61].
A given C, Eysurfactant displays such sequence but often with some phases missing.
Redrawn from reference [44] with permission.

or molecular size is of interest for a number of technological applications, e.g.
in detergency methods or pharmaceutical formulations [2, 62].

Temperature effect

The temperature anomalies in PEO-based surfactants are normally attributed
to the behavior of the hydrophilic ethyleneoxide groups. PEO molecules show
a reversed solubility in water, i.e. at higher temperatures the solubility of PEO
molecules decreases [62, 63]. From a thermodynamic view point, since the en-
tropic contribution to the free energy of mixing increases with temperature,
such decrease in solubility must be consequence of a temperature dependence
of the enthalpy of mixing [1, 2, 62]. Three different underlying mechanisms to
elucidate this behavior have been proposed [62]. Here, the suggestion of Karl-
strom is adopted in order to interpret experimental results. Based on theoretical
calculations and on solubility measurements of PEO in various solvents, Karl-
strom suggested that the effect of a temperature increase on the distribution of
PEO conformational states is to induce a decrease on the average polarity of
EO groups [64, 65]. As consequence, in a PEO-based surfactant-water system
there is a buildup of the hydrophobic effect with increasing temperature leading
to the phase separation.

Bilayer permeability

The model proposed by Karlstrém and described above, can be used to interpret
the temperature dependence of Scy profiles from bilayers made of Ci3Es5.
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Figure 2.10: Temperature dependence of the complete |Scu| profile of C12E5 in
a lamellar phase. Two values are shown for each temperature, one was measured
while heating ant other while cooling down the sample. The labels on the top of each
plot denote the distinct carbons in Ci2Es according to Figure 2.8. Addapted from
Paper II.

Such temperature dependence is rather striking. From the definition of Scy
in Equation 2.5, it is usually expected that an increase of temperature will
induce a decrease on the order parameters by means of: an increase of the
gauche configurations in the alkyl chain, which would induce a decrease on S¢p;
or due to an increase on the fluctuations of the instantaneous bilayer normal
n which would in turn decrease Spq. It is however observed that in a Ci3E;5
lamellar phase, the order parameter magnitude of C; (Figure 2.8 for labels)
increases continuously throughout a temperature interval of 30-55°C to reach
a maximum plateau value at approximately 55°C [66, 67]. From 55 °C on,
towards the upper temperature boundary of the lamellar phase, the magnitude
of Scpg then starts to decrease as normally expected. The temperature at which
the |Scu| plateau value is reached was first interpreted as a boundary separating
two distinct phases, a classic flat bilayer and the so-called random mesh phase
where the bilayer displays porous defects [66, 67]. With the formation of pores,
and due to an increase of pore size or density towards lower temperatures, Spq
would then decrease as observed due to the diffusion of molecules along pores.
The possibility for pore formation in similar systems had already been suggested
previously [48, 68-70].

Such observation motivated part of the work presented in this thesis (Pa-
pers IT and III). By accessing further experimental information on the |Scy|
profile from all the remaining carbon sites, a more complete picture emerges as
shown in Figure 2.10. EO groups show generally an increase of |Scy| in respect
to an increase of temperature, similarly to what had been previously observed
for Cq, albeit with a shift of the plateau towards higher temperatures. On the
other hand, the Scy magnitudes of the remaining alkyl chain segments show a
decrease, from the lower to the upper temperature limit of the lamellar phase,
as it would be normally expected for a classical lamellar phase system. These
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results strongly support the hypothesis suggested by Karlstrém described in the
previous section, since the redistribution of PEO conformational states induced
by temperature will cause a higher average extension or stretch of the PEO
chains with subsequent increase of |Sen|. The question has been then posed, if
the |Sch| temperature dependence of the C; should be interpreted by means
of |Snd|, due to the occurrence of two types of lamellar phases, a porous and
a non-porous structure, or by |Scnl, due to the opposite trends induced by the
conformational changes of the head group and tails.

To further understand the temperature effects, MD simulations were carried
out using a recently reported force-field to describe PEO chains (Paper III for
details about the MD simulations). The bilayers obtained in these simulations
(Figure 2 in Paper III) have order parameters very close to the experimen-
tally measured ones and therefore they may be taken as reasonable structural
models. A number of perforations are indeed observed in these MD models at
all temperatures investigated from 25 to 55 °C. Moreover, at low temperatures
the pores become more extended. Thus, the dependence of |Scy| on tempera-
ture is most likely originated by a combination of variations in S¢y, due to the
conformational changes, and in S,q due to a change in pore surface area.

According to the MD simulations, at a temperature of 55 °C, the plateau
value at which the classical lamellar phase should occur, the bilayers still display
various perforations as illustrated in Figure 2.11. Thus, rather than two types
of lamellar phase regions, most likely only one composed of bilayers with a high
density of pores, occurs.

All the alkyl chain |Scy| profiles that have been obtained from other C,E,,
bilayer systems, have very low magnitudes, normally half or less of those in bi-
layers e.g. of phospholipids or ionic surfactants [48, 66, 67]. Based on the above
discussion, it is reasonable to assume that all C,E,, bilayer systems will then
be porous. Such generalization needs however to be well tested by performing
both more experiments and MD simulations on different C,E,, lamellar phases.
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Figure 2.11: Side and top views of the structure of a C12E5 bilayer with 30 wt% of
water at a temperature of 55°C predicted by a MD simulation as in Paper III. The
left views show a van der Waals representation of all atoms and united-atoms used in
the MD simulation with colors: red for the EO CHz united-atom groups and oxygen
atoms, white for hydrogens and blue for alkyl chain CH2 united-atoms groups. The
right view shows only the hydrophobic core of the bilayer in order to depict the bilayer
pores in the structure.



CHAPTER

BAasic NMR

3

NMR techniques enable to access molecular information by means of nuclear
spins. In modern NMR spectrometers the general scheme can be summarized in
the following way. First, the sample under study is plunged into a region with a
strong, static and homogeneous magnetic field. A perturbation is then applied
by means of an electronic apparatus that generates pulses of radio frequency
(RF) currents through a coil that surrounds the sample. The type of pertur-
bation applied, i. e. the sequence of RF pulses used, depends on the molecular
information desired. Directly after this perturbation, the evolution of the spin
state of the system induces a Faraday induction in the coil. The frequency of
the induced current generated is then downshifted through a quadrature de-
tector, and the resulting complex analogue signal is digitally recorded. The
information reported by the spins is posteriorly processed by Fourier transform
analysis.

This chapter introduces the basic quantum theory for understanding a
number of NMR experiments. The description is based on the textbooks of
Levitt [71], Sakurai and Napolitano [72], Keeler [73], Duer [74], Kowalewski
and Maler [75], and Harris [76].

3.1 Spin

Spin is an intrinsic property of particles which was first postulated by Uhlen-
beck and Goudsmidt in 1925. Although spin is a form of angular momentum,
it cannot be understood as the more familiar concept of rotational angular mo-
mentum. A particle has an intrinsic spin S and its total spin angular momentum
is constant and equal to fi\/S(S + 1) [71]. Spin-1/2 particles have a total spin
angular momentum of h\/g/ 2. The spin angular momentum is a vector, but
unlike rotational angular momentum, this vector does not represent an axis of
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rotation [71]. Magnetism is closely related to spin by the relation [71, 72]
=78 (3.1)

which states that the magnetic moment of a particle is also a vector and is
proportional to its spin angular momentum by a constant ~, the so-called gy-
romagnetic ratio of the particle.

3.2 Microscopic magnetization

The magnetic interaction of a macroscopic object which possesses a magnetic
moment g with a magnetic field B is characterized by the energy [71]

E=—p-B, (3.2)

given by the dot product of the two vectors. A magnet, such as a compass
needle, orients with the Earth’s magnetic field to minimize energy. The effect
of a magnetic field on the magnetic moment of a particle is however different
because it has spin angular momentum. If the magnetic moment is tilted at a
certain angle in respect to the external magnetic field, it remains at such angle
but precessing around the field [71]. These two distinct behaviors are illustrated
in Figure 3.1.

A. Macroscopic magnet B. Spin-1/2 particle
B *

~
\\IJ,
\

.

Figure 3.1: The effect of a strong magnetic field B on a macroscopic magnet and on
a spin-1/2 particle. The precession of vector p is not to be confused with a rotation of
the particle. A detailed description of the vector representation p used in (B) is given
in section 3.3, and the frequency at which it precesses is introduced in section 3.4.

3.3 Spin representation

According to the quantum theory of angular momentum, the spin state of a spin-
1/2 particle may be represented in a complex vector space in Dirac notation
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by [72-74]
) = cala) + cs]B), (3.3)

using the Zeeman basis eigenvectors defined by the eigenequations of the z—
component of spin angular momentum:

h
Lla) = 5la),

L18)=—218). (3.4)

It is convenient to introduce a few rules from quantum mechanics [72]. The
spin-1/2 particle will only have a well defined z—component of spin angular
momentum if its spin state is either of the form |¢) = cola) or [¢) = cs|B)
which will be —#/2 and //2, respectively. If this is not the case, and the
spin state is described by two non-zero coefficients ¢, and cg, the particle does
not have a precise or sharp z-component of spin angular momentum [71], i.e
if the particle is manipulated to be in such a state, a single measurement of
the z-component of its magnetic moment, ji, = ”yhf ., may give one of two
possible outcomes: —hvy/2 or fiy/2. It is possible however to know the average
measured throughout a series of single measurements for any spin state |¢)) by
the equation [72, 73]

= (calal+c5(BDa:(cala) + c5]B))

- ’éh(c Ca — Eicp). (3.5)
The same applies to the x— and y— components of spin angular momentum but
in terms of their own eigenvectors. An illustration of these rules is given in
Figure 3.2.

Another observation is that if a spin is manipulated to be say in a spin
state |a), although a single measurement of [i, performed to that state always
yields —hv/2, if the z—component of the magnetic moment is measured before
measuring fi., the spin state will change and the average outcome for such a
mesurement of [i, becomes zero. The simultaneous measurement of more than
one component of spin magnetic momentum is not possible, and the simulta-
neous definition of these components is forbidden by the quantum theory of
angular momentum since the angular momentum operators I, I and I, do
not commute.

Thus the magnetic moment vector p represented in Figure 3.1B is to be
interpreted as a schematic picture of the spin polarization axis of a given spin
state |1}, by defining p as a vector with components equal to the average out-
comes {fiz), (fly) and (fi,), respectively, if only single measurements, i.e. not
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single measurements

Figure 3.2: Illustration of single measurements performed to spin-1/2 particles ma-
nipulated to be in three distinct spin states. Such experiments are possible by e.g.
performing Stern-Gerlach experiments [72]. Each point represents a single measure-
ment after the particle has been manipulated to be in the state denoted on top. The
states |¢) = |a@) and [¢) = |a) + |8) yield sharp values of p. = hvy/2 and . = hvy/2,
respectively. The state 1)) = 2i|a) — |8) does not give rise to any sharp expectation
values in the used laboratory axis frame coordinate system. The vector representation
p of the spin states is also shown.

as a sequence, are performed to a spin manipulated to be in such a state. Such
vector representation is of extreme usefulness in NMR spectroscopy and is fre-
quently used in most modern NMR textbooks [71, 73-75]. Note also that the
vectors p and i, used above, are not equal, one denotes a vectorial represen-
tation of a spin state and other the quantum operator of magnetic moment,
respectively.

3.4 Spin precession

The evolution of the spin state of a given particle can be predicted by solving
the equation of motion [73]

L d -
— i 1) = HlY), (3.6)
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where H is the Hamiltonian operator which represents the energy of the particle.
The eigenstates of H are equal to the eigenstates of the z-component of angular
momentum in a laboratory frame defined such that its z axis coincides with
the magnetic field B. This choice of laboratory frame is recurrent in NMR
spectroscopy and is also adopted here. For a single spin under the effect of a
constant magnetic field B, H can be expressed as the Zeeman Hamiltonian [71,
73] . .

HZ = —’)/B()IZ (37)

where By is the magnetic field strength. The solution of Equation 3.6 for the
Zeeman Hamiltonian is [73]

() = cal(0)e 2" |a) + c5(0)e3"?|B), (3.8)

with the coefficients ¢, (0) and c5(0) defining the spin state at the time instant
t = 0, and wY, in units of radians per second, as the frequency of spin precession

W° = (Bj — Ba)/h = —yBo/h, (3.9)

which is the frequency at which the vector p would precess in Figure 3.1B, re-
ferred to as the Larmor angular frequency and defined by the energy eigenvalues
E, = —hyBy/2 and Eg = hyBy/2.

3.5 Magnetization

The frequency of spin precession w® depends linearly on the magnetic field
strength. In NMR experiments, samples which contain a very large number of
spins, on the order of 1023, are plunged into a strong, static and homogeneous
magnetic field B, the inner part of the NMR magnet. When the sample is put
in place, the spins instantaneously start to precess much more rapidly due to
the increase in magnetic field strength.! Not as instantaneously, the net or bulk
magnetization

M=) p, (3.10)

where the sum is over the number of spins in the sample, starts to develop in
the direction of the external magnetic field.

Such net magnetization buildup happens because in practice spins that are
surrounded by other spins with thermal motions, never experience only a static
magnetic field. Spins themselves generate a magnetic field due to their magnetic
moments, and their thermal motions generates fluctuating magnetic fields in
the surroundings. Because of these fluctuations, in a region with a very weak

IThe difference depends on both the place where the experiment is done and the strength
of the magnet used.
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Figure 3.3: Net magnetization buildup by plunging a sample into a a region with
a strong magnetic field. On average, the magnetic moments become slightly aligned
along the field. The magnetic field strengths currently used in NMR spectrometers are
around 1 to 20 T. Comparatively to the Earth’s magnetic field of around 25 to 65 uT,
the magnetization buildup becomes 10° times higher. The orientation distribution
used in (B) is overly exaggerated for the purpose of a clear illustration of the biased
orientations of spin vectors p.

external magnetic field, the spin polarization axes are always randomly changing
direction over time without a preferential orientation. When placed in a strong
magnetic field, because the energy of the spins depends on the direction of their
spin polarization axis, this wandering motion of the magnetic moments becomes
biased; after some time there will be more spins pointing along the static field
than opposite to it. Such process is illustrated in Figure 3.3. The magnetic
field fluctuations, which depend on the thermal motion of spin particles, are
the subject of relaxation NMR and will be discussed in Chapter 5.

3.6 RF pulses

The common way of manipulating spin states in NMR experiments is by ap-
plying RF fields which are perpendicular to the main magnetic field By. For an
effective perturbation of spin states, the applied RF fields need to oscillate in
resonance with the individual spin state precessions, and in experiments using
nuclei with different gyromagnetic ratios, multiple coils and channels are needed
performing at the Larmor frequencies of the distinct nuclei under investigation.
The oscillation of RF pulses makes the Hamiltonian during a pulse to be time
dependent which is undesirable in terms of calculating the pulse effect on the
spin states. This can be circumvented by expressing the spin states and the
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Figure 3.4: The effect of a 90° RF pulse to an ensemble of spins as observed using
a rotating frame. Usually RF pulses with time lengths around 1-10 us are used.

Hamiltonian in respect to a rotating frame at the Larmor frequency of spins.
In this frame the magnetic moments are thus observed as static vectors in the
absence of pulses (ignoring relaxation and offset effects), and the application of
an RF pulse induces a counterclockwise rotation of magnetic moment vectors
around the axis in which the pulse is applied. This is illustrated in Figure 3.4
for a RF pulse applied in the x direction. In experiments involving two nuclear
species a double rotating laboratory frame is needed [74].

3.7 NMR signal and spectra

When the net magnetization vector is tilted from equilibrium e.g as in Figure
3.4, a coherent precession of individual magnetic moments will occur which
generates an electromagnetic induction in the coil. In this condition, the tran-
sition frequency can be recorded using an analogue-to-digital converter (ADC)
coupled to a quadrature receiver performing with a carrier frequency w™ close
to the Larmor frequency of spins. Such measurement gives rise to the free
induction decay (FID)

s(t) x ei(ﬂot)e_(th_‘br“), (3.11)
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A. Precession B. Signal acquisition C. Spectrum

z

Figure 3.5: Illustration of the procedure to obtain a NMR spectrum (a single fre-
quency is used for simplicity). After placing the magnetization vector at —y with a RF
pulse as in Figure 3.4, the magnetization starts to precess around z, the direction of
the external magnetic field, with consequent oscillation of the M, and M, components
at the Larmor frequency w® and a decay due to Ra relaxation. This generates an elec-
tromagnetic induction in the NMR coil with an alternating voltage at the frequency of
precession. The NMR spectrum is then obtained by digitally recording such voltage in
time and subsequently performing a Fourier transform to the recorded signal yielding
a Lorentzian peak centered at w®. The linewidth of the peak depends on Ry which in
turn depends on the motion of the spins.

where QU is called the offset frequency from which the precession frequency can
be estimated by the expression

W = Q0 4 et (3.12)

The other constants in Equation 3.11 are defined as follows. The decay rate
of the signal is determined by Ry referred to as the spin-spin relaxation rate
constant. Ry is connected to relaxation phenomena and will be described in
more detail in Chapter 5. ¢ is a user-defined receiver phase and from here
on it will be assumed that it has been set equal to zero.

The analysis of such NMR signals is normally done by performing the Fourier
transform

S(w) = / s(t)e=tdt, (3.13)

to get the NMR spectrum, which is the real component of S(w) and that can
be expressed as
R+ (w—wY)?’

after a normalization procedure. This is illustrated in Figure 3.5. In practice,
since the spins are seldom independent of their surroundings, rather than be-
ing composed by a single frequency component, the signal is a sum of various

I(w) (3.14)
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contributions with different frequencies, and accordingly the spectrum contains
a number of Lorentzian peaks and may be expressed as

R2i
I(w) = Zai—Rgi prrart (3.15)

0

where the sum goes through all the distinct Lorentzian peaks centered at w;

and a; are their corresponding amplitudes.
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4

One aspect that makes NMR a precious tool for molecular structure determi-
nation is the fact that the precession frequencies in Equation 3.15 depend on
the orientation of molecules in respect to the external magnetic field. Since
the macroscopic samples of amphiphilic bilayers often contain multiple sites
with distinct alignments of the bilayer symmetry axis in respect to Bg (Figure
2.4), information about the order parameters S¢ in those sites (Equation 2.3)
becomes readily accessible by NMR. Due to the local anisotropy of the sys-
tems, complex NMR spectra can be recorded, yielding various multiplets with
splittings that are proportional to the order parameters.

4.1 BC NMR spectra of bilayer systems

The '3C spins in phospholipid or surfactant bilayers cannot be normally treated
as single independent spins due to couplings with other particles which also have
an intrinsic magnetic moment e.g. protons or electrons. Thus, the Hamiltonian
describing the energy of a *C spin is in practice more complex than the Zeeman
Hamiltonian in Equation 3.7. Since the interactions between spins depend on
their orientations, such Hamiltonian is time-dependent due to the motion of
particles, which complicates solving Equation 3.6. However, according to a
secular and motional average approximation procedure for independent '3C—'H
spin pairs, it is possible to express the 3C transition frequencies of fluid bilayers
in respect to their orientation (see Appendix).
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Figure 4.1: The influence of different bilayer arrangements on the '*C NMR spectra
of a given *C-'H spin pair by means of the **C~'H dipolar coupling. (A and B)
Macroscopic samples with oriented lamellar phases exhibit doublets with splittings
which depend on the bilayer alignment by Aw(fa1) = (3 cos? a1 — 1)dcuScu where 041
is the angle between the bilayer symmetry axis d with the external magnetic field Bg.
(C) Random distributions of liquid crystallites originate a Pake or powder pattern
line shape which is a sum of the doublets from domains with different alignments.
The horns in powder patterns correspond to the most probable angle of the director
fa1 = 90°. (D) Small multi-lamellar vesicles give rise to broad multi-Lorentzian line
shapes. As the number of shells increase, the spectra will become a superposition of
line shapes from smaller vesicles with powder patterns from the shells with higher
radius similarly to the case (E). Redrawn from reference [44] with permission.

At a site of a bilayer system with an alignment in respect to the magnetic
field given by fq; as described in Figure 2.4, a given *C-'H spin pair in a lipid
or surfactant molecule will give rise to the >C precession frequencies

wE (Ba1) = wl + mJcn + Pa(cos far) |wis® (Py(cos Hgd)> +dceaScul|, (4.1)

where w% is the isotropically shifted Larmor frequency, Joy is the scalar cou-
pling constant of the "*C-1H spin pair on the order of 100-200 Hz, w@"*° is the
maximum value possible for the chemical shift anisotropy (CSA) which depends
on the orientation of the CSA principal axis frame in respect to the director
d given by ng, Scy is as defined in Equation 2.5, and dcg/27 is the 3C-1H
dipolar coupling which is approximately equal to -22 kHz (see Appendix for a
thorough description of all the constants).
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According to Equation 3.15, the >C NMR absorption spectrum will depend
on the transition frequencies as

I(w) / P(edl){ i Rz }ded,, (4.2)

+
R% + [w - wg(ﬂdl)P R% + [UJ — wa (Qd])]Q

where P(0q;) is the probability distribution of the distinct bilayer alignments
in the macroscopic sample under study. Figure 4.1 illustrates how the possible
microstructural arrangements in a macroscopic phase of liquid crystals would
affect the 13C NMR spectrum in terms of the dipolar coupling average only -
neglecting the CSA interaction. The various pictures suggest that 3C NMR
spectrum is a potential source of structural information since distinct aggregate
arrangements have characteristic line shapes and splittings.

In practice however, complications invariably arise that make the experimen-
tal measurement of such line shapes directly. The effect of the CSA contribution
will distort the spectra most often asymmetrically. Additionally, when study-
ing relatively large molecules, such as lipid or surfactant molecules, a number
of peaks from magnetically inequivalent carbon sites will be distributed over
the '3C spectrum, separated by frequency intervals which are smaller than the
dipolar splittings around 1-10 kHz, i.e. the spectrum will contain large over-
laps between different carbons. Thus, although the dipolar line shapes contain
precious structural details, the information is blurred out with a concomitant
loss of the high spectral resolution that is e.g. attained in isotropic liquids.
Fortunately, it is possible to emulate the spectral features of isotropic liquids
by spinning the samples around a so-called magic angle spinning (MAS) axis
and performing NMR experiments simultaneously [77].

4.1.1 Resolution enhancement

If during the NMR acquisition the sample is spun around an axis r that makes
an angle 6y with the direction of the main magnetic field, the alignment of
the liquid crystal domains will change periodically over time and the factor
P5(cosfar) in Equation 4.1 will be on average [74]

(Pao(cosfar)) = Pa(cos 0r1) Pa(cos Oay), (4.3)

where 604, is the angle between the director d of the liquid crystal and the
rotation axis r. If the rotation frequency in cycles per second is much faster
than 2dcpScy, the time average in Equation 4.3 can be included in the motional
average approximation. For the so-called magic angle 6,1 = arccos(1/v/3) the
13C transition frequencies become

wE = wd + mJon 4.4
C C ’

which are the same as in an isotropic liquid.
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Magic angle spinning greatly enhances the *C NMR spectral resolution,
however, since samples are seldom composed of independent 3C-'H spin sys-
tems, in practice other contributions, namely the effect of 'H homonuclear
dipolar couplings with neighboring protons, render the MAS averaging less
effective [74]. In order to increase resolution, the acquisition of a 3C signal
under MAS is usually accompanied by an additional averaging by means of RF
pulse sequences in the 'H channel referred to as heteronuclear decoupling se-
quences [78]. The performance of a given decoupling sequence usually depends
on the MAS spinning rate used. In general, best performance means achieving
narrower NMR peaks at the expense of the least RF power possible to avoid
heating up samples. While performing heteronuclear decoupling, the J-coupling
interaction is also averaged out, thus the '3C transition frequencies wg become
both equal to the isotropic chemical shift w%. All results presented in this thesis
were obtained by signal acquisitions using the TPPM decoupling sequence [79]
which is presently the most used decoupling sequence at moderate spinning
rates.

4.1.2 Intensity enhancement

The simplest of all MAS NMR experiments to measure 3C spectra is the so-
called direct polarization (DP) method, by application of a single 90° hard
pulse with subsequent detection of the '3C signal with heteronuclear decoupling.
The DP experiment can be used to determine quantitatively the composition
of the sample under study, e.g. in multi-component systems, since the area of
each distinct Lorentzian in the 13C spectrum depends solely on the quantity of
carbons involved. Except for this feature, because of the low gyromagnetic ratio
vc of 13C (about 1/4 of vy for protons), rather than using the raw magnetization
of 13C it is often more useful to transfer magnetization from protons to 2C
nuclei before signal acquisition. This procedure renders the amplitude of peaks
non-quantitative.

The most commonly used polarization transfer pulse sequences in NMR are
the INEPT (insensitive nuclei enhanced by polarization transfer) method [80,
81], usually applied to liquids, and the CP (cross polarization) transfer, widely
used in solids [82]. While INEPT uses the J-coupling between nuclei to induce
the magnetization transfer, CP uses direct dipole-dipole couplings. The pulse
sequences of the DP, INEPT and CP sequences are shown in Figure 4.2 along
with a basic description of their principles.
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Figure 4.2: (A, B and C) NMR pulse sequences used for acquiring **C spectra
from amphiphilic bilayer systems. All sequences use TPPM decoupling in the proton
channel during '*C signal acquisition. (A) Direct polarization - A single 90° pulse is
used to flip the carbon magnetization to the transverse plane, followed by acquisition.
(B)The proton magnetization is flipped to the transverse plane and evolves under
J-coupling generating transverse proton magnetization coupled with *C longitudinal
magnetization, these are then manipulated to refocus as '*C transverse magnetization.
(C) Cross polarization from a hot reservoir of magnetization (*H) to a cold one (**C).
The spins are both subjected to a double rotating frame using long RF pulses at
resonance with their Larmor frequencies. At the rotating frame the only effective
magnetic fields are due to the RF pulses. Since the magnetic field exerted in the *C
channel is 4 times higher than for protons, the effective energy levels of the **C and
'H spins become equal at the rotating frame. Since the *C and 'H upper energy
levels are under- and over- populated, respectively, energy flows from 'H to '3C.
A more rigorous description of INEPT and CP may be found in the textbooks of
Levitt [71] and Duer [74], respectively. (D) Theoretical predictions for the CP and

INEPT enhancement as in Nowacka et. al [83]
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In respect to NMR, spectroscopy, anisotropic liquid crystals lie somewhere
between a solid and a liquid. Thus, choosing between INEPT and CP usually
depends on the system under study. The '3C signal enhancement of an INEPT
sequence relatively to a DP experiment can be approximately written as [83]

Ivepr QW—Hex < Ry RS )

Inp 4 Y  4Jom  8Jom

(4.5)

using the optimized time delays 7 = Jéﬁ /4 and T = Jaé /8. The relaxation
rate constants R and RS relate to structure by Scy as described in the next
Chapter. The buildup of the CP transfer is frequently approximated as [83]

Icp  yu exp(—Rij,7cp) — exp(—Rentep)
Ipp e 1- lep/RCH '

(4.6)

where 7cp is the contact time as shown in Figure 4.2C and lep and Rcy are

also relaxation rates again dependent on Scy and dynamical properties.

Figure 4.2D illustrates how the *C intensity enhancements of INEPT and
CP are affected by Scu according to a theoretical model in reference [83]. The
general trend of the dependency shown is observed in the experimental spectra
of lipid bilayers as illustrated in Figure 4.3 through a collection of *C INEPT,
CP and DP peaks from cholesterol.

Lamellar liquid crystals with fluid lamellar phases composed of phospho-
lipids and cholesterol contain both CH bonds with low Scpy magnitudes around
0-0.2 and CH bonds with higher Scy magnitudes around 0.2-0.4. For instance,
the restricted intramolecular motions of CH bonds in the cholesterol ring and its

0 0.23 0.32 0.4 0.44

Figure 4.3: A collection of cholesterol *C peaks ordered by their order parame-
ter magnitudes. The spectrum was measured from POPC/cholesterol MLVs at full
hydration, using a MAS rate of 5 kHz and the DP (black), INEPT (gray) and CP
(dashed) sequences. Note the CP buildup and the decrease of INEPT intensity with
the increase of |Scu|.
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overall orientation, with its long axis pointed perpendicular to the bilayer plane,
impose order parameters of around 0.4 to a number of C—H bonds. Therefore,
CP performs considerably better than INEPT in order to measure 2C signals
from the cholesterol ring structure. With respect to the '3C signals from phos-
pholipids the choice is two-fold. In the absence of cholesterol, INEPT generally
performs better. With the inclusion of cholesterol, there is a strong buildup
of CP signal from carbons of the phospholipids because of the ordering of acyl
chains. Thus, when performing studies which require the measurement of *C
signals from lipid MLVs containing cholesterol it is recommendable to combine
both INEPT and CP experiments.

4.2 Dipolar recoupling NMR

The spectral resolution of anisotropic liquid crystals is achieved with MAS at
the expense of the precious information contained in the CSA and dipolar cou-
plings. Since the anisotropic interactions have such a well defined orientation
dependence, they could be used for structural investigations. Indeed, several
methods for bringing back the anisotropic interactions under MAS have been
reported [84].

A successful method to measure these interactions is by performing 2D
NMR. The idea is to introduce a recoupling step in the pulse sequence, prior
to acquisition, which modulates the amplitude of the signals measured accord-
ing to the anisotropic interaction recoupled. If a collection of acquisitions at
different recoupling times (the indirect dimension) is recorded, it is possible to
obtain a 2D spectrum which contains the isotropic chemical shift site specificity
in one dimension, and the structural information in the second dimension [85].
The procedure is usually called Separate Local Field (SLF) since effectively the
spin states evolve under the local field of the interaction recoupled during the
indirect dimension time step, while during acquisition they evolve under the
field due to the Zeeman interaction and the isotropic interactions only.

In this thesis, a type of SLF spectroscopy, denoted R-type Proton Detected
Local Field (R-PDLF) spectroscopy, was used to measure 1*C—'H dipolar cou-
plings. These couplings are of great interest for structural studies of bilayers
since they are linearly proportional to the order parameter Scy. The R-PDLF
pulse sequence scheme can be seen in Figure 4.4. A heteronuclear recoupling
symmetry block R187 is used to reactive the dipolar coupling between protons
and 3C nucleus. It has been shown that the R18] block yields clear modula-
tion frequencies for IS spin systems but less well defined modulations in 15.S
and I3S groups. In the first SLF methods using the R18 recoupling sequence,
reported by Zhao et al. [86], the dipolar field was recoupled in order to directly
induce a modulation of 13C transverse magnetization which was then recorded
at different recoupling time lengths ¢;.
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Figure 4.4: (A) During each R18] block in indirect dimension ¢; the proton CSA
and the dipolar field from '3C are reactivated inducing a modulation of the proton
longitudinal magnetization. The phase shift of the recoupling block mirrors the evo-
lution for both the CSA and dipolar coupling but if a 180° pulse is applied in the **C
channel only the effect of the CSA is refocused at the end of the second recoupling
block as illustrated in (B). (C) The data is processed by 2D Fourier transform yielding
a NMR spectrum with splittings proportional to Sci. Samples with liquid crystallites
aligned at a single angle with the magnetic field give rise to doublets, while samples
composed of randomly oriented crystallites give rise to a powder pattern.
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Rather than using this approach, the R-PDLF scheme [87] uses the R18 blocks
to modulate the proton magnetization through the reactivation of the dipolar
field from the dilute '>C nuclei, and then transfers the proton magnetization to
13C i.e. modulates the acquired '3C signals also but by means of the proton
magnetization.

The advantage of R-PDLF over the previous method is both due to resolu-
tion and specificity enhancements. In terms of resolution, if the '3C transverse
magnetization is modulated by the proton local fields directly, there are con-
tributions from a large network of protons, each with a characteristic dipolar
coupling. On the other hand, the proton magnetization under R18] recoupling
of protons is only modulated by the dipolar field of '3C since just 1.1% of carbon
sites are 13C isotopes. In addition to this, it is known that the R18 recoupling
is not effective to induce clear modulations of I5S or I3S spin systems [88];
R-PDLF circumvents this problem also since the proton magnetization under
recoupling evolves on a .S spin system basis, thus conferring the resolution of
the two distinct C-H bond couplings in a CHy group.

Selectivity in R-PDLF is readily achieved by choosing an INEPT transfer,
since only the magnetization of the covalently bonded protons is transferred.
However, for C-H bonds with higher order parameters, the INEPT sequence
may require a high number of transients which makes the CP transfer more
suitable. Using CP is done at the expense of selectivity though, since also the
non-covalently bonded protons participate in the polarization transfer. When
using R-PDLF with a CP transfer it is thus recommendable to use short contact
times in order to remove the contributions from the more distant protons. In
Papers LIT and III, a number of bilayers systems have been studied by means
of R-PDLF spectroscopy and complete profiles for Scy magnitudes have been
determined. One example of an experimental R-PDLF spectrum is shown in
Figure 4.5.
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Figure 4.5: Sections of a CP R-PDLF spectrum obtained from a sample of liquid
crystals with POPC/cholesterol bilayers (50:50 mol%) at a hydration of 40 wt%. (A)
INEPT and CP 1D '3C spectrum showing POPC and cholesterol peaks. Peak as-
signments are given in Paper I. (B) CP R-PDLF spectrum section at the crowded
spectral region. (C) Cross-sections of the spectrum in (B) showing dipolar recoupling
line shapes at different *C chemical shift frequencies. The size of the splittings, Av,
at the different chemical shifts is proportional to Scy by Av = %dCHSCH.
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D

In addition to structural information, NMR spectroscopy may also be used to
determine observables related with the time scale of various motions [23, 54, 89].
The free induction decay itself relates to molecular motion by the constant
Ry (Equation 3.11), as well as the intensities of INEPT and CP experiments
by other relaxation constants. Such relaxation rates always depend on some
form of rearrangement of the nuclear spin magnetic moments towards a thermal
equilibrium state similarly to what as been shown in Figure 3.3.

Establishing a theoretical framework to analyze Relaxation NMR phenom-
ena is more complicated than to analyze solely structural parameters from spec-
tral features, since the secular and motional approximations cannot be used.
Instead, non-secular terms of the several Hamiltonian interactions need also to
be taken into account, and solving Equation 3.6 is more intricate due to the use
of a time-dependent Hamiltonian. A proper description of how one may tackle
this problem in various ways can be found in the textbooks of Kowalewski and
Maler [75], and Abragam [90].

Within the scope of this thesis, it suffices to introduce the '*C relaxation
rates studied and to describe their dependence on the reorientation motions of
C-H bonds. It is assumed that the '>C NMR relaxation in all systems depends
exclusively on the C-H dipolar coupling. Relaxation effects due to couplings
between electrons and nuclei are not considered since they are seldom important
when treating *C—1H spin pairs [75]. It is also assumed that the motion of the
C-H bonds studied is axially symmetric.
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5.1 Dipolar relaxation of *C magnetization

The relaxation of '3C magnetization towards a thermal equilibrium state is gen-
erated by local fluctuating magnetic fields acting on the 13C nuclear sites [73].
For '3C nuclei in CH, CH, and CHj; groups, the local fields are originated by the
magnetic moments of the covalent protons. Therefore the fluctuations originate
mostly due to C-H bond rotational diffusion as illustrated in Figure 5.1. The
relaxation of the longitudinal magnetization, M, (Equation 3.10), is caused by
the fluctuations of the transverse components of the local fields, which induce
variations in the polar angles of the '3C magnetic moments. Relaxation of the
net magnetization in the transverse plane, is caused by both fluctuations of the
z-components and transverse components of the local fields. The time taken
for magnetization to relax to equilibrium depends on the rates of the local field
fluctuations and therefore on the time scales for C-H bond reorientation.
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Figure 5.1: A cross section of the symmetric magnetic field induced by the magnetic
dipole of a proton (center) to a '*C nuclear site. The dependence with distance was
scaled for clarity of the field lines, although in reality it should decay more steeply [75].
Rotational diffusion of the C—H bond induces a fluctuating magnetic field on the **C
nuclei.

5.2 Relaxation rates

The fluctuation of the transverse magnetic field in a carbon site due to the
rotational diffusion of the C—H chemical bond can be analyzed by means of the
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auto-correlation function [76]

9(t) = (Ba[n(T)n(T + 1)]), (5.1)

with n(7) as the unitary vector with the direction of the chemical bond axis at
time 7, and where the average is taken over an infinite number of time instants.
The Fourier transform of g(¢), denoted the spectral density J(w), and can be
expressed as

J(w) =2 /0 ~ cos(wh)g(t)dt. (5.2)

NMR relaxation rates are, in general, expressed as linear combinations of spec-
tral density terms J(w;), at frequencies w; which depend on the involved re-
laxation mechanisms [75, 76]. The coefficients for the linear combinations are
derived from appropriate quantum theoretical treatments [75, 90]. The most
typical 1¥C NMR relaxation rates measured are the following [76].

o The spin-lattice relaxation rate R, defining the time scale of 3C longi-
tudinal magnetization equilibration, and usually expressed as

_ @2y N

Rl 20

J(wg — we) + 3J(we) + 6J(we + wn) |, (5.3)

in which wg and wy are the Larmor angular frequencies of *¥C and 'H
respectively, Ny is the number of bound protons, and the dipolar coupling
constant is given by
~ Hohymc

Am(ry)
where pg is the magnetic constant or vacuum permeability, & is the re-
duced Planck constant, yc and g are the gyromagnetic constants of 13C
and 'H respectively, and <r?éH> is the average cubic distance of the C-H
chemical bond. dcy /27 is approximately equal to -22 kHz for a methylene
C-H bond [15, 91].

dcu =

o The spin-spin relaxation rate Ry, defining the equilibration of '2C trans-
verse magnetization on the absence of pulses and normally approximated
as

_ 2y Nu

R 40

4J(0) + J(wh — we)
+3J(we) + 6J(wn) + 6J (we +wn)|, (5.4)

where wy, we, Ny and dey are as described above.
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o The spin-lattice relaxation rate at the rotating frame R;,, defining the
equilibration of '*C transverse magnetization under a spin lock pulse and
expressed as

d2; Ny
40

Rlp(wl) = 4J(w1) + J(wH — wc)

+3J(we) + 6J(wn) + 6J(we +wn)|, (5.5)

where w; is the nutation frequency used during the spin lock pulse, and
where wy, wc and dcy are as in Equation 5.3.

5.3 Auto-correlation function

The interpretation of above relaxation rates is usually complicated and normally
depends on the choice of a guess auto-correlation function g(¢). If the motion
of the C—H bond were to be completely isotropic at every possible time-scale,
g(t) could be expressed as an exponential decay [75]

g(t) = e /e (5.6)

described by a single correlation time 7.. In practice, for most molecules whether
with isotropic or anisotropic tumbling, this form of auto-correlation function for
C—H bond reorientation seldom occurs. It may happen for special cases in which
molecules are rigid and highly symmetric but not in general.

Assuming a two-step model [68, 92, 93] the auto-correlation function of
molecules within bilayers, can be expressed in terms of two independent regimes,
one representing the fast rotational anisotropic diffusion of molecules and an-
other describing the slower isotropic motions. Within this framework, one may
express ¢(t) as

g(t) = (1 = S2,)g¢(t) + SZngs(t), (5.7)
where Scy, is the order parameter introduced in Equation 2.5, g¢(t) describes
the anisotropic fast motions of the C-H bond within a time scale during which
the angle between the local bilayer normal n and the external magnetic field is
constant, and gs(t) is a correlation function that represents the rotation of the
C—H bond at long time scales due to flip-flops and diffusion along the interfacial
surface with the subsequent averaging of the bilayer normal vector in respect to
the magnetic field. At the limits ¢ — 0 and t — o0, g¢(0) and g5(0) are equal to
1 and g¢(c0) and gs(co) are equal to 0. According to Equation 2.5, for systems
with Shq = 1, Equation 5.7 can also be written as

g(t) = (1 — SZx)gs(t) + SZugs(t), (5.8)

since Scy is equal to Sep.
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5.4 Spectral density

If the two step model assumption in Equation 5.7 is valid, whenever the time-
scales of g¢(t) and gs(t) are completely separable, the spectral density J(w)
shows an approximately constant value at frequencies w; around 10-100 kHz
(Paper IV for the explicit proof). From the properties of Fourier transforms, it
can be shown that such plateau value is equal to the integral

J(wr) = 2(1 — SZy) /O " gyt (5.9)

which only depends on the area of g¢(t), irrespectively of its shape, and on the
order parameter Scy. The auto-correlation function gr(t) describes all the fast
motions occurring at time scales within a time length for complete averaging
of Scu equal or below 100 ns. Assuming that g¢(t) can be expressed as a
distribution of exponential functions [94], it may be written as

gi(t) = / P(r)e” % dn, (5.10)

where P(7¢) denotes a distribution of correlation times 7. The total area of g¢(t)
is equal to the average of the correlation times used in the multi-exponential
description

Te=/ P(re)Tedrs (5.11)

and is referred to as the effective correlation time 7, [94]. By using the multi-
exponential description in Equation 5.9, one obtains the simple expression

J(w1) = 2(1 — S%)7e. (5.12)

The determination of 7, would enable to access a well defined quantity from
the reorientation of a C—H bond, which is easily interpreted e.g. by its visual
inspection as illustrated in Figure 5.2. The relaxation rates alone are more diffi-
cult to interpret since they have a more intricate dependence on the C—H bond
reorientation motions (see e.g. the discussion about the interpretation of Ry
and 7, given in paper Paper I'V). In the next section, a method is described for
the purpose of measuring 7, values from the distinct C—H bonds of amphiphilic
molecules within a fluid bilayer, and an example of a practical application is
given for studying the effect of cholesterol on the molecular dynamics of a phos-
pholipid bilayer. Note that, as shown in section 2.3.2, 7, is a quantity accessible
by means of all-atom MD simulations of bilayers. Thus, it may be used for
validating the time-scales of motions predicted in such simulations.
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Figure 5.2: Schematic diagram for the concept of C—H bond effective correlation
time 7. in a bilayer system. (Left) Simulacrum of an auto-correlation function g(t)
for C—H bond reorientation in a bilayer system, assuming two separable time scales
of reorientation motion, a fast anisotropic motion and a slower isotropic motion. The
effective correlation time 7. corresponds to the area in blue scaled by (1 — Say) ™.
(Right) The Fourier transform of g(t), normally referred to as the spectral density
J(w), is a sum of contributions from the fast and slow motions. At very low (1-1000
Hz) and very high frequencies (> 50 kHz), J(w) depends solely on the slow and fast
motions, respectively. At the intermediate range, as shown in the inset, J(w) depends
on both contributions. The value of J(w) at around 50-100 kHz is approximately equal
to twice the area in blue in g(t).

5.5 Measurement of the effective correlation time

According to Equation 5.5, the spin-lattice relaxation rate at the rotating frame
R, depends on J(w), at the frequency used for the spin-lock of the magnetiza-
tion, usually around 20-100 kHz, and at frequencies around 10° Hz with respect
to the currently used magnetic field strengths in NMR experiments. Thus for
w1 frequencies at which J(w;) is approximately equal to the plateau value as
shown in Figure 5.2, R1, depends solely on the fast correlation function g (t)
and on the order parameter Scy.

The spin-lattice relaxation rate R; also depends exclusively on fast motions,
albeit through only the fastest motions described in g¢(¢) with time scales on
the order of 1079 s or lower. '3C relaxation rates can be measured by various
techniques [75]. The *C Ry and R;, values obtained in this thesis were mea-
sured by acquiring 2D data sets using the methodology described in Figure 5.3.
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Figure 5.3: (A and B) Pulse sequences used to measure the relaxation rate constants
R: and R, from amphiphilic bilayers. (A) 13C magnetization R; relaxation during
the indirect dimension t1 after INEPT enhancement of the **C transverse magnetiza-
tion. A phase cycling scheme for the obtaining the R;i decay was used as suggested
by Torchia [95]. (B) Spin lock of the '*C INEPT enhanced transverse magnetization
during ¢1. (C) Data processing for both A and B. The FID signals acquired through
the indirect dimension are first subjected to Fourer transform in order to yield pure
absorption Lorentzian peaks. The amplitude of the peaks in then fitted by a single
exponential decay from which the relaxation rate is determined.

As shown in Paper IV the R; and R, relaxation rates can be combined to
determine 7, within a reasonable approximation as

_ . BRi, ~33T5R,

~ , 5.13
N1 = 53 o)

with the requirement that the magnetic field strength used for measuring Ry
and R;, is the same, and that the spin lock nutation frequency w; used to
obtain R, is around 50-100 kHz.

As discussed in the previous chapter, to achieve proper spectral resolution
from anisotropic liquid crystalline samples, it is necessary to spin the samples.
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This has also an effect on the spectral density as illustrated in Figure 5.4 and
described in Paper I'V. Since the MAS rates used are usually around 5-10 kHz
this effect is not important in the use of Equation 5.13, assuring the requirements
described previously.

10° 10° 10* 10
w / Hz

Figure 5.4: The effect of magic angle spinning of the sample on the spectral density
J(w). Two sharp peaks appear at frequencies corresponding to the spinning rate
and to twice of the spinning rate, and J(0) is shifted towards lower values. In the
currently used NMR magnets, the most common NMR relaxation rates depend on
J(w) at particular frequencies in the range(s): 10° Hz (R:), 10* — 10* and 10° Hz
(R1p), and at 0 and 10° Hz (Rz).

5.5.1 Application to POPC/cholesterol bilayers

The use of Equation 5.13 is exemplified in Figure 5.5.1, showing the effect of
cholesterol on the C-H reorientation dynamics of the glycerol backbone and
choline headgroup of POPC molecules in a lipid bilayer. The origin of the con-
densing effect introduced in section 2.4.2, is not yet very well understood [96].
Different suggestions for the origin of the strong phospholipid-cholesterol inter-
action have been given, such as: being caused by van der Waals forces between
the cholesterol ring and the phospholipid alkyl/acyl chains [97]; by hydrogen
bonding of the OH group of cholesterol with the polar part of the phospho-
lipids [98]; or due to the possible existence of a so-called umbrella effect [99]. The
latter concept is based on the hypothesis of cholesterol being shielded against
water by means of the head groups of phospholipids, and often the term re-
orientation of the head groups is used to describe the effect. The results in
Figure 5.5, together with Paper I, strongly suggest that cholesterol does not
induce a reorientation of the choline headgroup, nor by means of a structural
change, nor by a biased rotation of the choline of any kind. Cholesterol does
induce a dramatic slow down on the dynamics of the glycerol backbone. This
suggests that the rotational diffusion of the choline group is not coupled to the
rotational diffusion of the glycerol backbone.
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Figure 5.5: Application of the protocol described in Paper IV for determining 7,
to elucidate the effect of cholesterol on the C—H bond rotational diffusion occurring
in the polar region of a POPC fluid bilayer. The samples used are composed of (o)
bilayers of POPC, and (O) bilayers with POPC and cholesterol at 50:50 mol%. (Top)
R: and Ri, decays from the different segments in the polar part of POPC, labeled
as in the chemical structure shown at the lower left corner. By performing the data
processing scheme described in Figure 5.3 to determine R; and R1,, and the procedure
described in the previous Chapter to determine Scu, one may estimate the effective
correlation time by Equation 5.13 for both samples. The profile of 7, values determined
is shown at the lower left corner using units of ns. With the inclusion of cholesterol
in the bilayer, the dynamics of C—H bond reorientation are significantly slower in the
glycerol backbone, albeit the rotational diffusion motion of the choline seems to be
completely unaffected.
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CHAPTER 0O

MD SIMULATIONS OF BILAYER
SYSTEMS

Molecular dynamics (MD) simulation methods enable to predict atomic trajec-
tories in lipid bilayers by using deterministic mathematical models [18]. The
application of these methods enhances the interpretation of experiments since, if
an experimental observable is predicted by the simulations, other quantities may
be also inferred upon from the atomic trajectories. Reciprocally, experimental
observables are indispensable to validate force-fields and MD simulation algo-
rithms. With respect to NMR observables, MD simulations of bilayers have been
validated by comparisons of Scy order parameters [16] and relaxation times
R; [16, 100], and have been used to test models for translating NMR observ-
ables into other quantities e.g. molecular areas or projection lengths [53, 101].
This chapter presents a brief description of the MD models used in this thesis,
and introduces a new procedure for testing the C—H bond reorientation dy-
namics predicted in MD simulations of amphiphilic bilayers by means of Ry,
relaxation rates.

6.1 Force-fields and MD Algorithms

A MD simulation of a lipid bilayer consists on implementing a given force-
field [102-105] describing the interactions between and within molecules in the
bilayer, i.e. the potential energy surface, into an MD algorithm [106] that inte-
grates the differential equations of Newton, enabling to record the trajectories
of particles from an initial state throughout the course of time.

Since the computational resources are limited, simulating a macroscopic
system of bilayers is not possible. Instead, the system is reduced to a simulation
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box - with presently a few hundreds of lipid or surfactant molecules and a few
thousands of water molecules - and periodic boundary conditions are used, i.e.
the outside of the box is represented by replications of the original box through
a periodic arrangement. Thus, the amphiphilic bilayer systems simulated are
always perfect liquid crystals with a single symmetry director axis.

Several MD software packages are nowadays available; the most popular for
lipid bilayer simulations have been GROMACS [20] and NAMD [21], and they
may implement a number of available lipid force-fields [105]. In general, the
force-fields used comprise a number of parameters that define two major types
of interactions between atoms: bonded and non-bonded interactions. Atoms
that are bonded are usually treated like spheres connected by springs: Covalent
bonds and bending angles are described by harmonic potentials with an associ-
ated spring constant and equilibrium distance (or angle) length [107]; Torsional
angles are described by Ryckart-Bellemans potentials [108]. The interactions
of non-bonded atoms are normally described by electrostatic potentials accord-
ing to their defined point charges, and as Lennard-Jones spheres [20]. Also
tabulated user-defined potentials may be used which are then computed by
interpolation procedures.

6.2 Limitations

In order to use MD simulations to interpret lipid bilayer phenomena it is im-
portant to know at which degree the trajectories obtained represent the real
systems. Excellent reviews on this topic may be found in a number of publica-
tions [102-104]. Here, only a few relevant aspects are discussed.

It may be argued that the major limitation is the use of a classical descrip-
tion of atoms rather than of a proper use of a modern quantum description. An
accurate quantum mechanical description of a lipid bilayer is at present not pos-
sible - due to the number of atoms involved and the limited computer resources
presently available - which is the main reason to use the deterministic models
instead. Neglecting quantum effects imposes from the start the exclusion of any
possible description of chemical reactions that may occur in membranes.

Although the evolution in time during the course of a MD simulation is clas-
sical, the potential energy parameters are calculated by using ab initio quantum
chemistry methods [104]. In practice, the calculation of force-field parameters
is never accomplished from first principles only. Invariably, the force-field pa-
rameters are determined so that a specific experimental quantity is predicted
e.g. molecular density; a proper validation should then be determined by its
ability to predict other quantities than the used for parametrization. One force-
field limitation that has been under discussion, is the use of spheres with point
charges neglecting polarizability effects and the common force-field description
given in the preceding section may in this respect change in the future [109].
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Another restriction is the time length of the simulation. This depends on
both hardware and software and new methods based on optimizing both of these
two aspects are presently under development [110, 111]. Since many observables
of interest are time averages, it is important to achieve trajectories which are
long enough such that convergent averages are calculated. The time length
required for a given trajectory will depend on the mechanism under study. For
instance, for a reasonable calculation of the C—H bond reorientation correlation
function introduced in section 2.3.2, a time length of between 100 ns and 1 us
is needed. Lateral diffusion processes require longer times since the diffusion of
a lipid molecule is very slow on the order of 1um?/s [54].

The size of the simulation box also matters, i.e. the number of molecules used
to describe the system. In this case, a converged average is reached when the
quantity calculated does not vary by increasing the size of the system further.
For instance, the nonionic surfactant bilayer structures presented in this thesis
(section 2.5.1 and Paper IITI) had to be extended to 500 surfactant molecules to
achieve equilibrium due to the size of the pores formed. Otherwise, in smaller
systems the pores stretch over periodic boundary conditions and an artifact
infinite pore size is obtained. Another example is that phospholipid bilayer
systems may phase separate laterally, as discussed in section 2.4.2. In such
cases the simulation box should be large enough for achieving the size of the
separated domains and thus thermodynamic equilibrium.

6.3 Force-field validation by NMR

NMR spectroscopy has been one the main sources of accurate experimental
data to validate MD simulations of amphiphilic bilayers both in respect to
structural [16, 24, 100, 104, 105, 112] and dynamical [16, 23, 24, 55] features.

6.3.1 C—H bond order parameters

In terms of structure, since the early stage of all-atom simulations of bilay-
ers, whenever an atomic trajectory of a system is reported, usually a detailed
comparison of experimental and simulated order parameters Scy as defined in
Equation 2.5 is included [16]. Experimental NMR schemes to determine Scy
values usually involved complicated deuteration procedures which made the
range of systems studied limited [12]. At the present state-of-the art of NMR,
as described in section 4.2, it is possible to acquire complete Scy profiles from
nearly every distinct bond in simple lipid bilayers without recursion to isotopi-
cally modified compounds, e.g. in two component bilayers of phospholipid and
cholesterol as shown in Paper I. Such new NMR methods will probably be of
extreme importance in the near future for force-field optimization since they
can virtually apply to all the relevant model systems.
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6.3.2 C—H bond reorientation dynamics

Validation of rotational diffusion processes has been done exclusively by com-
parison with spin-lattice relaxation rates Ry from different nuclei e.g. 2H, 3'P,
15N and 3C at a range of magnetic field strengths [16, 23, 55, 113-118]. 13C
Ry values may be calculated by equation 5.3. The other nuclei have relax-
ation rates with similar expressions. The comparison of R; rates probes the
validity of rotational diffusion occurring at short time scales around 0.1 to 10
ns. Such comparisons may originate spurious interpretations. The agreement
between experiments and simulations using a set of R; values measured at a
single magnetic field strength do not necessarily validate a MD model since
e.g. motions with differences of about 1 order of magnitude may have the same
R; value at a given magnetic field strength (see for instance Paper IV). A
comparison of Ry values measured at various magnetic field strengths is more
appropriate [23, 55, 113]. This presents a technical problem since most NMR
laboratories have only a few number of magnets, each with a characteristic mag-
netic field strength, and thus just a few R; studies performed at various field
strengths have been published until date [16].

The '3C R; values are determined by using the MD simulated trajectories
(which at present may extend to 100 ns or even time scales around 1us) to
calculate auto-correlation functions g(t) as defined in Equation 2.6, and by
using then Equations 5.2 and 5.3 to calculate J(w) and R;. Distinct numerical
methods can be used to find J(w). A possible procedure is by fitting g(¢) with
a discrete version of the multi-exponential decay function in Equation 5.10 as

g(t) = (1= 5%)ge(t) + S2u (6.1)

and obtaining J(w) from the analytical Fourier transform of the multi-
exponential function

T

N
i=1

K3
s (62)
assuming w values higher than 1 MHz, and where a; are the coeflicients found
by performing a multi-exponential fit using N different correlation times 7;.
Since Ry depends on J(w) at frequencies near the precession rates of spins
i.e. around 50-1000 MHz in the most common NMR spectrometer systems used
nowadays, and since there are characteristic motions of lipid bilayers occurring
at time-scales around ns, the contributions of slower motions with correlation
times above ns will not contribute to Ry values. Thus, the comparison of the
Ry values predicted by MD simulations with experimental values, is sensitive
to the faster motions or, in other words, to the shape of g(¢) determined by the
time length of a few ns of simulation.
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Figure 6.1: Auto-correlation function g(t) for C-H bond reorientation as calculated
from a MD simulation of a POPC bilayer. The C-H bond used for the calculation
shown was from the g1 segment in the glycerol backbone of POPC which is the segment
with slowest dynamics. The figure depicts the time intervals of g(t) that determine
R; relaxation rates, around 1 to 10 ns, and 7. values (or similarly R1,) around 200
ns. Comparison of the predicted 7. values in such MD model with experimental
values (details in Paper IV) indicate that the model underestimates the C-H bond
dynamics in the polar and interfacial regions of the phospholipid bilayer e.g. of the
shown carbon, but reproduces reasonably well the dynamics in the hydrophobic liquid
core. In this case, the comparison of *C R; values calculated for wc = 125 MHz, is
misleading since e.g. a perfect match for the C—H bond shown is predicted while 7 is
around 4 times slower.

As the time length of the simulation increases other motional processes are
described within larger time windows of 10-1000 ns which determine g(¢) before
it reaches the plateau value equal to S3y as shown in Figure 6.1. Contrarily to
Ry, 7 is independent of the shape of g(t) and depends on the full time interval
from 0 to 1000 ns. Therefore, the calculation of 7, in addition to R;, and
the subsequent comparison with experimental values, measured by the method
described in Paper IV, enables a more trustworthy validation than from using
Ry values alone.

The calculation of 7, from ¢(t) is trivial. For C-H bond trajectories that
are long enough, i.e. if g(¢) decays to the plateau S%H, one may calculate 7,
by numerical integration of the area in gray shown in Figure 6.1. For cases in
which ¢(t) does not reach the plateau completely, an approximation for 7. may
be obtained by fitting a multi-exponential decay to ¢(t), as described above,
and by calculating the average correlation time used in the fit as in Equation
5.11.

Note that a comparison of 7, is similar to a comparison of R;, obtained by
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the expression (Equation 19 in Paper IV)

2
Ri)i)ateau _ % 2(1—S%H)TC+J(wH—wc)+3J(wc)+6J(wH)+6J(wc+wH)}.
(6.3)
Therefore, if the separation of time scales in Equation 5.8 is valid, additionally
to Ry rates, also Ri, values can be calculated from MD simulations. In fact,
for the purpose of testing MD simulations, the comparison between NMR, ex-
periments and MD simulations by means of R;, rates is more accurate than
a comparison of 7, values, since it does not involve the approximation used to
obtain Equation 5.13.



CHAPTER

CONCLUDING REMARKS

7

NMR spectroscopy and MD simulations are two well established methods to ob-
tain molecular scale information from a broad range of materials. The work here
presented concerns the application of these methods to the study of molecular
structure and dynamics in amphiphilic bilayer systems. The main conclusions
of the research conducted are here summarized:

¢ Molecular structure

Dipolar recoupling NMR, spectroscopy is a valuable means to determine
C-H bond order parameters in amphiphilic bilayers. Using INEPT and
CP polarization transfer methods in a R-PDLF pulse sequence allows
to measure complete or nearly complete C—H bond order parameter
profiles from single- and two-component bilayers. The profiles are useful
to validate structural predictions from MD simulations and to interpret
structural bilayer properties.

¢ Molecular dynamics

The correlation time function for C—H bond reorientation in lipid bilayers
can be efficiently described by a two-step model from which the fast
component can be fully calculated from MD simulations. This enables
to derive an experimental procedure for determining effective correlation
times in lipid bilayers, and allows to calculate R;, rates from MD
simulations, additionally to Rj, that are directly comparable with NMR,
experiments.
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o Bilayer structure

The two types of amphiphilic bilayers studied have rather different order
parameter profiles in their hydrophobic tails, ranging from 0-0.2 to 0-0.4
in various POPC/cholesterol bilayers, and within 0-0.1 in the nonionic
surfactant bilayers. This suggests that while the POPC/cholesterol
bilayers are, at the nm scale, flat extended films impenetrable by wa-
ter, the bilayers of C15E5 surfactants have a high density of aqueous pores.

Phosphatydilcholine/cholesterol bilayers

POPC bilayers show C-H bond effective correlation times from 0.1 ns
to 3 ns with the glycerol backbone and acyl chain carbons close to
the hydrophilic/hydrophobic interface having much slower dynamics
comparatively to the dynamics of C—H bonds located in the choline chain
or in the remaining acyl chain segments. The structure of acyl chains
in phosphatidylcholine bilayers is strongly disturbed by the inclusion
of cholesterol. The structure of the polar groups are rather unaffected,
albeit the dynamics of the glycerol backbone becomes considerably
slower. The dynamics of C—H bond reorientation in the choline chain are
not affected.

ChE, bilayers

Poly(ethyleneoxide)-based surfactants generally form bilayers with overall
order parameter magnitudes below 0.1. In connection to the MD simu-
lations presented here, this indicates that in general the lamellar phase
region of these systems is porous. The exquisite temperature dependence
of CH order parameter profiles of poly(ethyleneoxide)surfactant bilayers
reflects the contraction of alkyl chains and extension of PEO chains
induced by a temperature increase.
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APPENDIX

Secular and motional average approximation of the *C
frequencies

The interactions of an individual '3C-'H spin pair in a molecule under a strong
and homogeneous magnetic field Bg may be described by the spin Hamiltonian

H = Hy + Hes + Hp + Hjy, (1)

where the Zeeman term (Z) represents interactions between the two nuclear
spins and the main external field Bg, the chemical shift term (CS) denotes
the interaction of the two nuclei with their electronic surroundings, and the
remaining terms describe the spin interactions between the two nuclei, one by
a dipolar coupling through space (D), plus a weaker coupling by means of the
electrons in the C-H chemical bond denoted scalar coupling (J).

The Zeeman Hamiltonian, describes the coupling between each spin and a
main external field of magnitude By as [71]

Hy = —Bo(yul. —vcS.), (1a)

whith vz and y¢ being the gyromagnetic ratios of the 'H and '3C nuclei, and
where I, and S, are the z components of the 'H and '3C spin angular momenta
in a laboratory frame with a z axis pointing in the same direction of Bg. The
products yg By and ¢ By are the Larmor frequencies of the 'H and C nuclei
respectively and correspond to the frequencies of precession of 'H and '3C
isolated spins.

Since the Zeeman interaction is much stronger than any of the other nuclear
spin couplings, the spin state of a '3C-1H spin pair is usually represented as a
linear combination of ket products: |a)®[a)C, [a)?[8)C, |3)H|a)C and |B)H|B)C;
which are products between the individual Zeeman eigenstates of the 'H and
13C spins. Any spin state 1) of a 13C-1H spin pair can thus be expressed as [74]

1)) = Caalaa) + caplaB) + cgalBa) + ¢l B0),
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where the coefficients ¢;; are complex numbers and |aa) = |a)H|a)C, |aB) =
|a)H|3)€ and so on. Within this basis, the other interactions are then expressed
as a first order perturbation to the main Zeeman Hamiltonian. Such procedure
is referred to as the secular approximation and the resulting Hamiltonian ex-
pressions as secular Hamiltonians.

In addition, also a motional average approximation can be used in the case
of liquids because of the fast tumbling motions of molecules [71]. Within such
approximation, the geometrical dependence of each secular Hamiltonian term is
accounted as an average factor rather than as an explicit function of time. This
removes the time dependence in the Hamiltonian, which greatly simplifies the
NMR theoretical framework, and enables to find relations between the NMR
observables and the structural parameters of the systems under study.

The application of the secular and motional average approximations yields
the following Hamiltonian forms for a molecule in a liquid sample:

e The chemical shift Hamiltonian
Hes = —vyuduBol. — vcdcBoS:, (1b)
where each of the chemical shift parameters dy and éc may be split as
§ = §° + 52150 Py (cos Op1)), (2)

using one parameter independent of molecular orientation 6'°, and a sec-
ond term which contains the molecular orientation dependence through
the time averaged second Legendre polynomial (Ps(cosfp1)), in which 6
is the angle that the principal symmetry axis of the chemical shift interac-
tion makes with the z axis of the laboratory frame. Like for the Zeeman
hamiltonian, the strength of the chemical shift hamiltonian depends on
the magnitude of the applied magnetic field Byg.

e The scalar or J- coupling Hamiltonian
I:[J = 727TJCH]CZSVZ, (1C)

where Jcy is the isotropic component of the J-coupling tensor. The
anisotropic component of the J-coupling tensor is not considered here
since its very small and usually neglected.

e The heteronuclear dipolar Hamiltonian
Hp = 2dcn(Ps(cos 0cr)) LS., (1d)

which depends on the possible angles 6. formed by the C-H chemical
bond axis and the z axis of the laboratory frame, and where the dipolar
coupling constant is defined as

 Hohyac
Am(riy)

den =



Appendix

where g is the vacuum permeability, & is the reduced Planck constant,
and (rdy) is the average cubic distance between '3C and 'H.

By substituting all of these secular Hamiltonians in Equation 1, and after some
rearrangements, the obtained time-independent Hamiltonian may be expressed
as

H =AY + i

1s0 aniso?’ (3)

where the first term represents a secular Hamiltonian independent of orientation

Hlobo - quIfZ =+ w%‘gz - 27TJCHfz‘§’za
which contains the isotropic chemically shifted Larmor frequencies of the 'H
and 3C spins wH ¢ = —y,cBo(1+ 5‘“0 ) and the J-coupling interaction, and
the second term reprebentmg the orlentatlonal dependent contributions
HO . = wSSA (Py(cos GEI)HAZ + wSESA (Py(cos 91?1)>§z + 2dcn (Pa(cos ) .S,

aniso

with Wifd = —yu,cBodifs® denoting the maximum chemical shift anisotropies

of the 1H and '3C spins.
Within the secular and motional approximations, the allowed 3C nuclear
spin transition frequencies in a liquid sample are

wé[ = w% + WSSA<P2 (cos 950) + [dCH<P2(cos Oa1)) + WJCH}, (4)

where wd and wg are the frequencies of the transitions |a)f|a)C < a)H|3)¢
and |8)%]a)€ < |B8)1]B)C respectively.

For a a given site in a bilayer with an orientation described by 64; as de-
scribed in Figure 2.4, the following trigonometric relations can be used:

(Pa(cosOp1)) = Pa(cosba1){Pa(cosbpa)), (5)

(P2(cosfcr)) = P2(cos 0a1)Sc, (6)

with 64 as the angle between the chemical shift principal symmetry axis p and
symmetry axis d, and where Scy = (Pa(cosfcq)) appears, which is the order
parameter in Equation 2.5 and Figure 2.4. The '3C precession frequencies can
thus be written as

wg(ﬂdl) = w¢ + mJon + Pa(cos bay) a“‘”(Pg(cosQ a)) £denScu|, (7)
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Introduction

Cholesterol and POPC segmental order parameters in
lipid membranes: solid state "H-"3C NMR and MD
simulation studiest

Tiago Mendes Ferreira,*? Filipe Coreta-Gomes, O. H. Samuli Ollila,?
Maria Jodo Moreno,® Winchil L. C. Vaz® and Daniel Topgaard?

The concentration of cholesterol in cell membranes affects membrane fluidity and thickness, and might
regulate different processes such as the formation of lipid rafts. Since interpreting experimental data
from biological membranes is rather intricate, investigations on simple models with biological relevance
are necessary to understand the natural systems. We study the effect of cholesterol on the molecular
structure  of multi-lamellar  vesicles (MLVs) composed of  1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC), a phospholipid ubiquitous in cell membranes, with compositions in the range
0-60 mol% cholesterol. Order parameters, |Sc.|, are experimentally determined by using 'H-'3C solid-
state nuclear magnetic resonance (NMR) spectroscopy with segmental detail for all parts of both the
cholesterol and POPC molecules, namely the ring system and alkyl chain of the sterol, as well as the
glycerol backbone, choline headgroup and the sn-1 and sn-2 acyl chains of POPC. With increasing
cholesterol concentration the acyl chains gradually adopt a more extended conformation while the
orientation and dynamics of the polar groups are rather unaffected. Additionally, we perform classical
molecular dynamics simulations on virtual bilayers mimicking the POPC—cholesterol MLVs investigated
by NMR. Good agreement between experiments and simulations is found for the cholesterol alignment
in the bilayer and for the [Scy| profiles of acyl chains below 15 mol% cholesterol. Deviations occur for
the choline headgroup and glycerol backbone parts of POPC, as well as for the phospholipid and
cholesterol alkyl chains at higher cholesterol concentrations. The unprecedented detail of the NMR data
enables a more complete comparison between simulations and experiments on POPC-cholesterol
bilayers and may aid in developing more realistic model descriptions of biological membranes.

higher probability for heart attacks.”® Cholesterol levels depend
on cell and organelle type, being for instance around 17.5% of

The preferred synthesis of cholesterol in mammalian cells over
other sterols has been argued as an evolutionary step linked to
the optimization of membrane cellular processes.'™ Mammals
have an intricate homeostasis mechanism allowing precise
control of cholesterol levels in their membranes.” Failure of
these homeostatic processes may lead to severe disease, e.g. in
humans with the genetic disease familial hypercholesterolemia,
cholesterol levels rise manyfold above normal, leading to a
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total dry weight in myelin but almost absent in mitochondrial
membranes,”® and ranging from 30-50 mol% of the total lipid
fraction in plasma membranes.’ The composition of biological
membranes in terms of other lipid molecules than cholesterol
and of membrane proteins also varies between cell and organelle
types. Such differences are most likely related to the optimiza-
tion of distinct functions on different membranes but a clear
understanding of the reason for varying concentrations has not
yet been established.

One aspect which is not fully rationalized is the dependence
of membrane protein functionality on membrane lipid compo-
sition.' In some cases it may be understood by specific
interactions between lipids and proteins while in other cases
also the physical properties of the lipid bilayer might play a
significant role."®"! The presence of cholesterol in biological
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membranes is probably relevant in both cases. First of all, it
increases the order of the lipid molecules as well as the
thickness and stiffness of the bilayer. One consequence directly
related to this effect is the decrease of the membrane’s perme-
ability to small molecules or ions. It has also been suggested,
for instance, that the elastic properties of the bilayer may affect
rhodopsin function'? and that the increase in thickness of the
endoplasmic reticulum membrane leads to the loss of activity
of sarco(endo)plasmic reticulum ATPase.’® On the other hand,
the analysis of membrane protein extracts from cells indicates
that cholesterol, or lipid molecules affected by cholesterol,
might bind directly to specific proteins (ref. 10 and references
therein). Furthermore, cholesterol is believed to play an impor-
tant role in the formation of lipid rafts, i.e. postulated micro-
domains involved in the cell membrane biosynthetic and
endocytic traffic."*'* Aside from the importance of cholesterol
on the structural properties of membranes, it is also a precursor
in the biological synthesis of a number of vital compounds
such as bile salts, steroid hormones or vitamin D, to name a
few.'®

A detailed understanding of lipid bilayer properties is
necessary to fully understand the biophysical issues discussed
above. Here we report a study on bilayers consisting of mixtures
with varying compositions of two biologically ubiquitous
molecules,  1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and cholesterol. Even though real biological membranes
are substantially more complex, with several different kinds of
molecules, these model systems are useful to understand basic
effects of cholesterol on a cell membrane-like environment. We
perform united-atom MD simulations of POPC-cholesterol
bilayers, by using a commonly used united-atom model,"”
together with R-type proton-detected local field (R-PDLF) NMR
experiments'® on POPC-cholesterol multi-lamellar vesicles
(MLVs). Atomistic (or nearly atomistic) MD simulation techniques
currently provide the most detailed molecular descriptions
available on model membrane systems, and NMR is a powerful
and non-invasive technique to determine detailed properties of
model membranes with atomic resolution. These two techniques
complement each other since MD simulations enable the inter-
pretation of NMR data to be more comprehensive while, on the
other hand, quantitative comparisons between MD and NMR
observables help to optimize the force-fields used in the
simulations.

R-PDLF NMR spectroscopy is a recent alternative over the
more conventional *H NMR methods to measure order
parameters, Scy, for individual C-H bonds,

Scn = 3(3c0s” 0 — 1),

@

where 0 is the angle between the direction of the C-H bond and
the bilayer normal. In this work we show that by performing
R-PDLF NMR on samples with natural abundance of isotopes it
is possible to determine |[Scy| values for almost all C-H
segments in POPC-cholesterol bilayers, both from POPC
and cholesterol molecules simultaneously. These experimental
measurements show that while the phospholipid acyl chain
tails reorient towards having more trans conformations,
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the orientation and dynamics of the polar groups are rather
unaffected through cholesterol concentrations in the range of
0-60 mol%. The highly selective and detailed information from
R-PDLF NMR experiments enables a significantly better
comparison between the simulation model and experimental
results than previously.'*”* Our results show that the ordering
of acyl chains induced by cholesterol is very well described
by the MD model at low cholesterol concentration. On the
other hand, the choline headgroup, glycerol backbone, and
acyl chains at higher concentrations, give different C-H order
parameters than the NMR experiments; and the indepen-
dence of the polar headgroup structure of POPC on cholesterol
concentration is not captured. Moreover, a comparison
of experimental and MD simulation cholesterol order
parameters shows that while the ring structure is well described
by simulations, this is not the case for the flexible alkyl chain of the
sterol.

We expect that the results and discussion given here —
pointing out a number of molecular details on the
POPC-cholesterol bilayer structure and confronting the
simulations to the new collection of NMR data - will aid
in the development of more realistic model descriptions of
biological membranes.

Materials and methods

Preparation of POPC—cholesterol MLVs

Cholesterol, 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC)
and POPC deuterated at the sn-1 chain (POPC-d31) was from
Avanti Polar Lipids (Alabaster, AL). Chloroform and methanol
were purchased from Sigma. All reagents used were of the
highest commercially available purity. Aqueous suspensions
of lipids were prepared as described previously in ref. 24. The
multi-lamellar dispersions were then centrifuged, the supernatants
were discarded and the pellets were transferred to Bruker 4 mm
HR-MAS rotors with a sample volume of 12 pl. Phospholipid
concentrations were determined through a modified version of
the Bartlett phosphate assay*” and cholesterol concentrations were
determined by the Lieberman-Burchard method as described in
ref. 26. Absorption spectra were recorded on a Unicam UV530UV/
Vis spectrophotometer. For samples with higher cholesterol
content, the cholesterol/POPC ratio was calculated from **C direct
polarization experiments (90° pulse and acquisition with TPPM
decoupling”” on the 'H channel, details below). The quantification
was done by integrating the peaks at 13.9 ppm and 12.2 ppm in
the °C spectrum, corresponding to the methyl groups of the acyl
chains of POPC and to one of the methyl groups in the cholesterol
ring structure respectively. The concentrations studied were as
follows: 0%, 7%, 15%, 34%, 50% and 60% of cholesterol (mol%)
in the total amount of POPC + cholesterol lipid moles. Two
independent samples were used for measurements at each
concentration.

R-PDLF, INEPT and CP "H-"*C NMR experiments

The measurements were performed using a Bruker Avance
AVII-500 NMR spectrometer operating at a 'H frequency of
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500.23 MHz equipped with a standard bore 4 mm CP-MAS HX
probe. All experiments were done with the sample under magic
angle spinning (MAS) at the spinning frequency of 5 kHz. The
separated local field (SLF) experiment R-PDLF (ref. 18 and 28
for more details) was used with refocused INEPT>**° or CP*! as
the polarization transfer method. The following setup was
used: spectral width of 149.5 ppm; refocused INEPT with 7,
and 7, of 1.79 ms and 1.19 ms respectively; CP contact time
equal to 700 ps; radiofrequency pulses set to give the nutation
frequencies: 45.00 kHz (R18] pulses), 63.45 kHz (**C 90°
and 180° pulses), 63.45 kHz (‘H INEPT pulses), 50 kHz
(*H decoupling pulses), 50.76-63.45 kHz (*H CP ramp pulse
during contact time), 53.66 kHz (**C CP pulse during contact
time); ¢; with increments equal to 399.6 ps (0% colesterol, 7%
and 15% cholesterol) and 132.2 ps (34% colesterol, 50% and
60% cholesterol); for each ¢, value, 256 scans were recorded
during an acquisition time of 100 ms using 5 s recycle
delay. MAS and RF heating effects were checked by using a
rotor with methanol.’® A difference of 1.55 ppm between the
two peaks of the "H NMR spectrum of methanol was measured
before and immediately after performing the longest of all
R-PDLF experiments, giving a constant effective temperature
of 300 K.

After performing a 2D spectral processing scheme to the
time domain results as described in ref. 28, one gets a 2D
spectrum with a number of splittings at different positions.
The two dimensions of the spectrum correspond to the
3C chemical shift that gives resolution for the different
segments (direct dimension) and to the dipolar field recoupled
during ¢; from which the order parameters may be calculated
(indirect dimension). The size of the splittings, Avcy, at the
different chemical shifts is proportional to the effective dipolar
coupling, dcy, by Avey = 0.315 dcy, which in turn is propor-
tional to the order parameter magnitude, |Scu| (eqn (1)),
through,

den =5 Secwls (2

Y et
with p, being the vacuum permittivity, yi; and yc the gyro-
magnetic constants for the 'H and the *C nuclei and ()
the average inverse cubic length for a CH chemical bond.
We assume a 'H-"C rigid lattice value d&if* = 21.5 kHz
(for |Scu] = 1)

MD simulation setup of the POPC-cholesterol bilayers

Molecular dynamics simulations were run by using the GRO-
MACS 4.5.3 simulation package.*” For POPC we used the
same force-field as in ref. 38 which is based on the Berger
parametrization for lipids,*® except that dihedrals next to
double bonds are described as in ref. 40. A GROMOS based
force-field for cholesterol was taken from ref. 41. The use of
these force-fields is a common procedure in several previous
simulations (ref. 17 and references therein). The molecule types
in the cholesterol force-field were changed from CH,/CH; to
LP,/LP; to avoid overcondensation of the bilayer as suggested
in ref. 42. All the initial structures were bilayers - consisting of
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Fig. 1 MD simulation snapshots of a POPC bilayer and a POPC-cholesterol
bilayer after 20 ns of equilibration. The colors identify different atoms/molecules:
red is used for oxygen, white for hydrogens, blue for nitrogen, and grey and
yellow denote the carbons from POPC and cholesterol respectively. The view scale
used to generate the pictures was the same. Periodic boundary conditions were
used in all directions.

two leaflets, each with 64 lipid molecules, and both having the
same composition - hydrated with at least 3000 water mole-
cules. Snapshots for two of the systems simulated are shown in
Fig. 1. Energy minimization via the steepest descent method
was done for all initial structures.

All simulations were carried out with the Berendsen thermo-
stat and barostat"® with pressure and temperature coupling
constants of 1.0 ps and 0.1 ps respectively. The phospholipid,
cholesterol and water molecules were separately coupled to a
heat bath at 300 K, and the semi-isotropic pressure coupling
was applied separately in the xy-direction (bilayer plane) and
the z-direction (bilayer normal) with a coupling constant of
1 bar. Cutoff radius for van der Waals interactions was set to
1.0 nm. Particle mesh Ewald (PME) summations** were applied
for long-range electrostatic interactions with a grid spacing of
0.12 nm and a cutoff radius of 1.0 nm was employed for real
space summation. The time step was 2 fs, using LINCS* to
constrain all bond lengths of lipids, whereas the SETTLE"
algorithm was used for the SPC water.*” The atoms coordinates
were saved each 10 ps. The total time for simulations was
100 ns for each system from which only the last 80 ns were used
for calculating averages.
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C-H order parameters were calculated by first generating the
hydrogen locations for all molecules in each time configu-
ration. Then we use the equation

1>~ ®3)

where 7, is the C—H vector of the C-H bond at molecule
m and time frame n, with coordinates relative to an axis
coordinate frame which has the z-axis parallel to the bilayer
normal. The sum goes through all M molecules and N time
frames. Note that in some cases the order parameter can be
different for the different hydrogens connected to the same
carbon. We calculate and report order parameters separately for
all hydrogens. This discrimination is important since the two
separate values can often be measured from experiments
as well.
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Results

Assignment of the *C chemical shifts and pl
profile of the phospholipid bilayer

[Scul

A R-PDLF spectrum of POPC MLVs at full hydration is shown in
Fig. 2 (for an explanation of the spectrum see the last paragraph
of NMR experiments in Materials and Methods). Assignments
for the glycerol, choline and some of the acyl chain **C peaks
can be found in the literature,"® but there is no previous
detailed assignment of the several peaks in the crowded
spectral region between 29 and 31 ppm. To determine the
complete |Scy| profile from 2D (chemical shift-dipolar
coupling) NMR spectroscopy such '*C assignments must also
be performed. In order to identify the previously unassigned
3G peaks, we first distinguish the sn-1 (palmitoyl) peaks from
the sn-2 (oleoyl) peaks. This distinction is done by performing
R-PDLF experiments for two different samples of POPC MLVs in
excess water: one having natural abundance of isotopes and
another where the phospholipids have a fully deuterated
sn-1 chain (POPC-d31). At the bottom of Fig. 2 we show

sn-1 (palmitoyl)
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- 16,14 \ / /
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Fig.2 2D 'H-"3C R-PDLF spectrum of fully hydrated POPC multi-lamellar vesicles recorded at 300 K and By = 11.74 T with INEPT polarization transfer, 5 kHz
magic-angle spinning, 50 kHz TPPM "H decoupling during '*C acquisition, and 45 kHz R187 "H-"C dipolar recoupling in the indirect dimension. The peak for the CHs
carbons Cyg and Cye is used as chemical shift reference at 13.9 ppm. Peak assignments as reported by Volke et al.*® (*) Previously unassigned crowded spectral region
around 30 ppm shown in detail for POPC (bottom, left) and POPC-d31 (bottom, right) multi-lamellar vesicles. Peaks from the sn-1 (palmitoyl) and sn-2 (oleoyl) chains
are labeled with blue and red triangles respectively. The order parameters of the distinct carbons can be calculated from their splittings, Avcy.
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magnifications of the R-PDLF spectra for POPC and POPC-d31
at the crowded spectral regions. The sn-1 chain '*C signals in
the deuterated sample are not present since the source of
magnetization transfer from protons to carbons was removed.
Likewise, the bottom right spectra in Fig. 2 only shows peaks
from the sn-2 chain. By comparing these spectra it is then
possible to identify which peaks belong to the sn-1 and
sn-2 chains. The next step is performing the peak assignment
for each of these sets of palmitoyl and oleoyl segments.
Our choice here is made such that, for these previously
unassigned *C peaks, the |Scy| profile mimics the profile
predicted from the MD simulation. This identification based
on MD is done exclusively for the previously unassigned >C
peaks and solely for the sample without cholesterol. The initial
3C NMR assignment is then kept consistently throughout
the study.

The complete order parameter profiles obtained from both
experiments and simulations are shown in Fig. 3. For
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Fig. 3 Order parameter magnitude |Scy| vs. carbon segment number for the
sn-1 and sn-2 acyl chains of POPC (A and B respectively); and for the choline and
glycerol backbone of the POPC headgroup (C). Data from fully hydrated POPC at
300 K obtained with "H-"3C solid-state NMR (black dots) and MD simulations
(red dots), as well as literature data (blue triangles) from ?H NMR (sn-14° and
sn-29%° at 300 K) and "H-"*C NMR (headgroup in samples of egg yolk lecithin
at 305 K°')
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comparison we also show previously measured order
parameters for sn-1 chain,” sn-2 chain®>* and for the polar
headgroup region.”" Note that, when it comes to simulations,
we always show the individual order parameters from the two
distinct hydrogens in a CH, group, while from the NMR
experiments we can often only measure one order parameter
from each methylene. If only one point is visible from simulations
(red dots) it means that the two points overlap.

Cholesterol |Scy| profile

At higher concentrations of cholesterol it is also possible to
determine a large number of cholesterol 'H-">C dipolar
splittings from CP based R-PDLF experiments as shown in
Fig. 4. The efficiency of the CP polarization transfer depends
on both the order parameter and correlation time, ., for C-H
reorientation.” Since 7. is most likely the same for both
hydrogens in the same CH, group, the C-H pair with a higher
|Scu| value will have a higher CP signal,”® hence obscuring the
signal of its complementary C-H pair. Thus, although two
distinet *C-"H dipolar couplings are expected for each CH,
segment at the cholesterol ring structure, due to their rigid
nature, it is only possible to measure directly the dipolar
coupling corresponding to the highest |Scy| value. We resolve
unambiguously order parameters for all the CH,, CH; and C-H

1
N

! |w?| e
.'

Wi

N

70

1H-13C dipolar coupling (kHz)
o

60, 50 40 30 20
3C chemical shift (ppm)

Fig.4 2D 'H-">C R-PDLF spectrum of fully hydrated POPC—cholesterol
multi-lamellar vesicles with 60 mol% cholesterol at 300 K and Bg = 11.74 T with
CP polarization transfer, 5 kHz magic-angle spinning, 50 kHz TPPM "H decoupling
during ">C acquisition, and 45 kHz R18] "H-'3C dipolar recoupling in the indirect
dimension. The contact time for the CP transfer was 700 ps. A ">C CP 1D spectrum
is also shown with assignments of the cholesterol peaks. The assignment was
based on the publication by Soubias et al.>*
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segments of cholesterol, with the exception of Cs, from samples
with natural abundance of isotopes. The assignment of the
sterol peaks was based on a previous report by Soubias et al.*®
Previous measurements for cholesterol order parameters were
restricted to C-H segments that may be selectively deuterated,
such as C,-C5, C,, and Cpy—Cp6.> ™7

Cholesterol effect on the pk pid order p S

To measure the cholesterol effect on the C-H order parameters of
POPC, a combination of R-PDLF experiments with CP and INEPT
as polarization transfer methods was used. The molecular
dynamics and molecular structure in the membrane determine
the intensities obtained from INEPT and CP experiments. While
INEPT gives higher signal intensities than CP for spin systems with
faster dynamics and low order parameters, as the dynamics slow
down and/or the order parameters increase, there is a buildup of
the CP intensities and concomitant decrease of the INEPT
efficiency. A theoretical analysis of this effect may be found
elsewhere.”® To determine |Scy| for the different C-H segments

PCCP

one may then choose to use two R-PDLF versions to measure order
parameters from more dynamical segments (INEPT version) and
from more rigid segments (CP version).

The effect of cholesterol on the C-H order parameters of the sn-1
(palmitoyl), sn-2 (oleoyl) and headgroup segments is shown in Fig. 5,
as well as cholesterol C-H order parameters for the ring and tail
parts of the sterol, from both MD simulations and NMR experi-
ments. Note that again, individual values for the separate C-H
bonds in CH, groups are always shown for simulations (red dots).
Experimental values show only one order parameter value from the
methylene groups (with exception of the segments g, and C, at
the sn-2 chain of POPC). This observation results from the fact that
the two distinct C-H pairs in the CH, group have the same motional
average, (cos” 0), which is the case for phospholipid acyl chains, or
that only one of the C-H pairs have appreciable efficiency of
polarization transfer, which applies to the cholesterol ring structure.

Cholesterol induces an increase of the population of trans
conformers in the sn-1 and sn-2 acyl chains of the phospho-
lipid, and hence induces an increase of the |Scy| values from
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Fig. 5 Order parameter magnitude |Scy| vs. carbon segment number for the POPC sn-1 (palmitoyl), sn-2 (oleoyl) and headgroup chains (A, B and C respectively); as
well as for the cholesterol ring and alkyl chain (D); in fully hydrated POPC—cholesterol bilayers at 300 K and a series of cholesterol concentrations. The |Scy| values were
determined by "H-"2C solid-state NMR spectroscopy (black) and MD simulations (red). The solid lines in (A) and (B) follow the average values for each CH, segment
Note that, when it comes to simulations, we always show the individual order parameters from the different C-H bonds in a CH, group, while the NMR experiments
often only yield the largest of the two values.
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the hydrophobic region. This effect is seen from both MD
simulations and experiments. On the other hand, the experimental
|Scu| values for the polar headgroup are rather unaffected by
cholesterol. This experimental observation is not captured in the
MD simulations that predict |Scy| values for the g, g5, g3, @ and
segments which generally vary with respect to the cholesterol
concentration. Moreover, all the experimental order parameters
from the polar part of POPC are single valued for each carbon, with
the exception of segment g;, while the MD simulations predict two
distinct order parameters for carbons g;, g; and o.

Discussion
The pure phospholipid bilayer structure: MD vs. NMR

Hydrophobic region. Order parameters for acyl chains in
pure phospholipid bilayers have been extensively studied by
means of NMR experiments and simulations. The first >H NMR
measurements were done in the 70’s and since then the
techniques have been widely used on these systems. Less
publications exist with order parameters determined by
"H-">C NMR. A NMR database for both these types of measure-
ments in lipid bilayers has been reported recently.”® Generally,
the |Scy| values obtained in different experimental studies are
in good agreement and MD simulations reproduce these results
well. This observation applies also to our experimental and
NMR results as seen in Fig. 3. Slight deviations between our
experimental |Scu| values and the previous *H NMR |Scp|
values might be due to experimental imperfections, such as
amplitude missettings and inhomogeneities in the 'H rf field
that may lead to 5-10% error in the R-PDLF NMR measure-
ments.>® The good agreement between our experimental order
parameter profiles and previous experimental measurements
indicates that our ">C peak assignment is reasonable.

Only the simulated order parameters for carbon C, of the sn-2
chain deviate considerably from the experimentally measured
ones (Fig. 3B). R-PDLF NMR gives two distinct C-H order
parameters for C, with lower values than the single order
parameter value from the C,' methylene at the sn-1 chain (triple
splitting pattern around 34 ppm in Fig. 2). This feature has also
been systematically observed from phospholipids other than
POPC with *H NMR experiments.® It has previously been shown
that the Berger force-field, which is used in this work, gives equal
order parameters for C, and C,/°* but that other force-fields such
as GAFF®' and CHARMM C36°* predict different values. How-
ever, these last force-fields also do not give distinct values for the
different C-H bonds of the C, carbon in the sn-2 chain. It is
known that the separate order parameters for C, are due to
different motional averaging of the two C-H bonds,* i.e. the
different bonds point on average in different directions with
respect to the bilayer normal. Moreover, this difference is most
likely due to different orientations of the C,-C, bonds at the sn-1
(perpendicular to the membrane plane) and the sn-2 (parallel to
the membrane plane) chains according to X-ray studies.®**> A
correct prediction of these distinct C-H bond alignments by
simulation models is most likely important for a proper descrip-
tion of the intermolecular interactions with the sn-2-carbonyl.
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Table 1 Comparison between headgroup order parameters from different
phospholipid bilayers

Carbon label  |Scu|* POPC Sy’ DMPC  |Scp|® DPPC | Scp|? E. coli
g1 0.00 0.00 0.00 —
0.15 0.13 —
IS 0.21 0.20 —
g3 0.23 0.23 0.20
— — 0.21 0.21
o 0.06 +0.04 0.05 0.08
B 0.04 —0.03 0.04 0.03
0.00 0.00 0.01 0.00

@ |Scu| from POPC MLVs at 300 K. ? S¢y measured by Gross et al.®” for
DMPC at 303 K. “ |Scp| from *H NMR on DPPC bilayers at 322 K
published by Seelig and co-workers.®® ¢ |Scp| from H NMR on E. coli
phospholipids at 310 K by Gally et al.®® Note that all columns show the
absolute values of the order parameters except one, from Gross et al.,”’
who also measured the sign of the order parameters.

Choline headgroup and glycerol backbone. The order para-
meters of the headgroup and the glycerol backbone in other
phospholipids than POPC have been investigated by means of
*H NMR.®*"*® previously published order parameters are shown
in Table 1 together with our results. From the table we see that
our results are very similar to the ones measured from phos-
pholipid membranes containing dipalmitoylphosphatidyl-
choline (DPPC), dimyristoylphosphatidylcholine (DMPC) and
lipids extracted from E. coli. As previously suggested by Gally
et al,*® the similarity of the polar headgroup and glycerol
backbone configuration in the four systems indicates that the
general behavior of these groups is independent of the mole-
cular structure in the hydrophobic region.

Table 1 shows that the two CH, segments in the glycerol
backbone, Cg; and Cgs, have two distinct order parameters
each. These differences are due to a motional non-equivalence
of the individual C-H bonds of these segments. For Cy;, the
difference between the two distinct C-H order parameters is
large, with one of the C-H bonds retaining an angle close to the
magic angle relative to the motional axis, and thus giving an
order parameter very close to zero.””

On the other hand, the difference between the distinct |Scy|
values from Cg; is very small. Although we could not measure
such a slight difference because of insufficient resolution in the
"H-"*C dipolar coupling dimension of the R-PDLF experiment,
it has been detected in previous *H NMR studies.**®®

Other types of anisotropic NMR interactions have been
measured for the glycerol and choline moieties, e.g., the *'P
chemical shift anisotropy (CSA) and a number of *'P-'H and
3'p-13C dipolar couplings.®® A large set of NMR observables
available may be used as constraints to find an average struc-
ture for the polar group. The first detailed model for the
structure of the choline headgroup and glycerol backbone
was built based on H and *'P NMR results from DPPC bilayers
and crystalography studies.®®’® This model assumes rapid
transitions between two enantiomeric choline states, a free
rotation around the Cg;-Cgy~Cg3-O dihedral, and the assump-
tion that the Cg,~-Cy; bond is on average perpendicular to the
plane of the bilayer.®® Such description captures almost all
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NMR parameters; however, the last two assumptions are not
compatible with the two distinct order parameters for Cg3, and
thus other models were proposed e.g. in which the angle of the
Cgy~Cgr~Cy3-O dihedral was completely fixed.*” In general, all
the different models proposed share a strong similarity with the
glycerol-choline headgroup structure of the DMPC-B conformer
identified in DMPC solid crystals by Pearson and Pascher,”® and
a common feature in all the NMR-based descriptions is that the
P-N electric dipole is oriented almost parallel to the plane of the
membrane.

MD simulations would be a reasonable method for trying to
find the more realistic description over the set of different
models. However, the order parameters of the polar part of
POPC calculated from our MD simulation model are rather
different than the experimental values as seen in Fig. 3C,
indicating that the used simulation model cannot describe
the structure of the glycerol and choline groups with a high
level of detail. Despite the experimental values available, this
kind of comparisons to MD simulations have been rare. Only
recently it was shown that the careful refinement of torsional
parameters improved the all-atom CHARMM model for the
polar headgroups.®” Correct modeling of the choline head-
group and glycerol backbone orientation is highly important.
For instance, a different orientation of the P-N dipole may lead
to a different electrostatic potential around the membrane.

Cholesterol effect on the bilayer structure

Ordering of the acyl chains. In Fig. 5A and B we see a
systematic increase in the acyl chain order parameters for both
sn-1 and sn-2 chains when the cholesterol concentration
increases. This effect, linked to condensation upon addition
of cholesterol,”"”> has been investigated by MD simulations
and *H NMR for a large number of systems due to its possible
implications on lipid raft formation and/or protein function
regulation.*"® Also a "H-'C recoupling NMR study on the
effect of cholesterol on DOPC bilayers has been reported
previously.”> However, systematic and quantitative comparison
between simulations and experiments has not been presented
for the dependency of the complete acyl chain order parameter
profile on cholesterol concentration.

At cholesterol molar fractions below 15%, Fig. 5A and B
show a good agreement between measured and simulated acyl
chain order parameters for both chains. The agreement is not
as good for higher cholesterol concentrations, where the
simulation model gives an overestimate of the ordering, mostly
to the methylenes towards the center of the bilayer. Conversely,
the order of carbons closer to the headgroup is underestimated
at the highest concentrations. The most obvious reason for this
discrepancy would be an inaccurate force-field description.
Especially inter-molecular van der Waals interactions are
difficult to parametrize and would be a plausible reason,
although we removed one common feature that leads to over-
condensation (we have changed CH,/CH; groups in cholesterol
to LP,/LP; groups to make it more consistent with the Berger
parameters).”* Several other reasons related to the simulation
force-field could explain the differences, such as the incorrect
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orientation of the C,;-C, bond at the sn-2 chain or a wrong
positioning of cholesterol molecules in the bilayer. Moreover,
we cannot exclude also that the simulation might be too small
in number of lipid molecules (128) and/or too short in time
length (100 ns), since it is not clear from experimental studies
if a change in phase morphology occurs above 15 mol%
cholesterol. This possibility is discussed in more detail in a
separate section.

The acyl chain ordering is related to the number of gauche
and trans configurations along the chain, which in turn relates
to how much the chain is stretched, e.g. the maximum stretch
of the chain corresponds to an all-trans conformation.
A number of models based on statistical mechanics have been
proposed to describe this feature quantitatively. Such models
provide relations between Sy values of saturated acyl chains
and methylene travel values,

(D) = (2i-1)—(Zi1), (4)

where (D;) is the average distance between two carbons, C;y
and C; ; bonded to carbon C; projected onto the bilayer
normal.”*7¢

Fig. 6A shows how well two of these models, namely the
diamond lattice (DL)” and the mean torque (MT)”* models,
reproduce our MD data. The explicit equations for the relations
Scu— (D;) can both be found in ref. 74. Since the MT relation
seems to give a better prediction of the values (D;) for our MD
simulations, we use this model to convert the "H-"*C NMR

+ MT/NMR
* MD

0 7 15 34 50 60
cholesterol % (molar)

Fig. 6 (A) Acyl chain order parameter |Scy| vs. methylene travel (D;) calculated
with the mean torque (MT, solid line) and diamond lattice (DL, dashed line)
models, as well as estimated directly from the MD simulations (red dots) for the
sn-1 (palmitoyl) chains of all simulated systems. (B) Projected length in the bilayer
normal of the sn-1 chain from MD simulations and by using the MT model”*
on "H-">C NMR order parameters from fully hydrated POPC~cholesterol mixtures
at 300 K.

-16

maximum length (17.78 A)
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order parameters of the POPC sn-1 chain to (D;) values. Here,
the projected length from carbon 2 to carbon n is defined as

(Lay=1/2 Zw» ~ Dy/2, ®)

Fig. 6B shows how the projected lengths of the sn-1 (palmitoyl)
chain change as function of cholesterol concentration. The
NMR data together with the MT model suggest that the sn-1
chain will stretch, with increasing cholesterol concentration,
until it reaches a plateau value at around 50 mol% cholesterol.
The directly simulated distance (zi4)—(z;) and the total
projected length determined using the experimental order
parameters and the MT model of Petrache et al.”* agree within
an error of 1 A. This indicates that even though a discrepancy
between the |Scy| values from MD simulations and NMR
experiments is found above 15 mol% of cholesterol, the length
of the extension of the acyl chains in the MD simulations might
be very close to the real one.

Effect on the structure and dynamics of the glycerol back-
bone and choline headgroup. A very small increase of the order
parameters for segment Cg, and a more significant decrease for
segment Cg; are seen with increasing cholesterol concen-
tration, particularly at 50 and 60 mol% cholesterol, whereas
segment Cg; maintains a constant order parameter through the
entire range of cholesterol concentrations studied. It is also
evident from the data presented in Fig. 5C that while the values
for the order parameters for Cg and Cyz; maintain a fixed
pattern relative to each other up to 34 mol% cholesterol, this
trend changes at and above 50 mol% cholesterol. Equal order
parameters for these segments would be expected to result
from a parallel orientation of the Cg,-Cgs bond with respect to
the bilayer normal.

Thus, we may interpret the unequal trends on Cg, and Cg;
order parameters as a slight change of either the gauche/trans
conformational distribution around the Cg;-Cg, bond, that may
change the Cg,-Cg; bond orientation, and/or due to a possible
change of the gauche/trans conformational distribution around
the Cg-Cgs bond. The variations in the |Scy| values of Cy, and
Cgz may be a consequence of an increase in conformational
entropy of the polar headgroup at the higher (50 and 60 mol%)
cholesterol concentrations, ie. an increase in free space
available at the hydrophilic region.

For the choline group, a very modest decrease is seen for the
C,, and Cg order parameters. This observation is in agreement
with previous ’H NMR studies on DPPC-cholesterol bilayers.””
These changes can be explained by a slight change of 2.5° in the
average dihedral angle N-C-C-0.”” Moreover, a redistribution
of conformational states usually leads to a variation of the **C
chemical shifts (ref. 78 and references therein). The chemical
shifts from the choline and glycerol carbons are essentially
unchanged with the highest variation being 0.1 ppm for g,
which is quite small compared to variations of about 1.5 ppm
observed in the acyl chain groups. This indicates that unlike
the sn-1 and sn-2 chains, the conformations of the glycerol and
choline groups are rather unchanged.

This journal is © the Owner Societies 2012
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Fig. 7 Comparison of '>C CP (blue) and refocused INEPT (red) spectra of fully
hydrated multi-lamellar vesicles with different POPC—cholesterol compositions
recorded at 300 K and By = 11.74 T with 5 kHz magic-angle spinning and 50 kHz
TPPM 'H decoupling. The CP contact time was 700 ps. All four spectra were
recorded with accumulation of 256 transients.

Qualitative information about C-H bond reorientation
dynamics can be obtained from the ratios between the CP
and INEPT peak intensities, which depend on both the order
parameter and correlation time for reorientation.”? CP and
INEPT spectras are shown in Fig. 7 where ">C peaks can be
seen for the choline headgroup and glycerol backbone mea-
sured from POPC membranes with and without cholesterol. For
choline headgroup carbons (54.1, 59.6 and 66.1 ppm) the CP/
INEPT peak intensity ratio is low and does not change, but for
the glycerol backbone carbons (63.1, 63.7 and 70.7 ppm) the CP
signal is slightly enhanced when cholesterol is added. Since the
order parameters are essentially unchanged for all the polar
groups, we interpret the different CP/INEPT peak intensities as
a slight slow down of the glycerol backbone dynamics due to
incorporation of cholesterol and a high flexibility of the choline
group which is not affected by cholesterol concentration.

Altogether, the present NMR results suggest that the choline
headgroup order and dynamics are not significantly affected by
cholesterol, while a very small effect is observed in the glycerol
backbone. This observation is in good agreement with previous
*H-NMR data on DPPC”’ and T;(*N) NMR relaxation studies.”®
Such small variations in the order parameters and dynamics of
the glycerol backbone obtained in this work are not reproduced
by the MD simulations. Therefore, models for the effect of
cholesterol on the headgroup structure based on the MD
simulations using the present GROMOS and Berger force-fields
or other force-fields lacking previous comparison with NMR
experiments, as e.g. in ref. 80 and 81, may be misleading since
the MD simulation outcome is unrealistic at this level of detail.
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Cholesterol orientation in the bilayer

There is good agreement between simulations and experiments
for the ring structure of cholesterol, except for Cy4 as shown in
Fig. 5D. The discrepancy for Cy, is surprising since all the other
values in the rigid ring seem rather reasonable. In respect to the
cholesterol alkyl chain, we observe clearly lower |Scy| values
from simulations compared to the experimental ones for three
carbons, C,,-C,3-C,,. Based on these observations, we suggest
that while the behavior of the sterol rigid structure is well
described by the simulation model, the cholesterol tail is either
too flexible or incorrectly oriented. Just recently, Lim and
coworkers have proposed a new CHARMM force-field for
cholesterol which gives perfect agreement with C-D order
parameters for the C,, and C,4—Csye cholesterol segments in
DMPC bilayers.*

Since the rigid structure of the cholesterol ring system is
known, a single value measured from any of the rings is enough
to determine the average angle between the director axis of the
cholesterol molecule and the membrane normal.”*® The
precise orientation distribution of cholesterol is however not
possible to be determined from these data alone, i.e. the same
order parameters can be measured from a molecular axis vector
fixed to a certain angle or fluctuating around it.** Below, we
show how to determine the different possible orientation
distributions from our NMR results and how MD simulations
are specially useful to interpret the NMR measurements in
this case.

In the traditional NMR approach, the order parameter for
the director axis of the cholesterol molecule with respect to the
bilayer normal, S, = 1 (3cos®x—1), where « stands for the angle
between the molecular director and the bilayer normal, is
determined by using the equation

Scrr = 1 (3cos’a—1) 1 (3cos’f—1) = S, (6)

where Scy is the order parameter measured by NMR and S is
the order parameter of the C-H bond relative to the molecular
director which may be determined by knowing the rigid
cholesterol structure.” This equation applies for any C-H bond
in the rigid cholesterol ring. S, can arise from several possible
angle distributions, f{o), which satisfy the equation

~ Jo S (@)3(3cos? x — 1)du
B Jof (o)dor ’

and the average angles for the different distributions may then
be determined by

S, (7

_ Jy f(@)de
Jo S (e)der”

Generally, normal distribution functions are assumed,

() (8)

F(a) = sinoe ©)

where sin « accounts for the equal probability of the different
orientations in a sphere. The gaussian term can be interpreted
such that the cholesterol fluctuates around an angle «, with
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respect to the membrane normal, and an amplitude of fluctua-
tions determined by ¢. The assumption that these fluctuations
have a gaussian form has also been used to analyze data from
other rigid molecules such as pyrene or WALP23.%%° Since by
using eqn (6) we may calculate S,, it is possible then to
determine which o, and ¢ values satisfy eqn (7).** Note that
with the analysis above we get only a set of possible values for
%o, o and (). On the other hand, the distribution for « can also
be directly calculated numerically from molecular dynamics
simulations.

‘We show in Fig. 8 such type of analysis for the cholesterol tilt
in POPC-cholesterol bilayers containing 34 mol% cholesterol
(see the ESIT for the explicit procedure). Fig. 8A shows that the
average angle can be determined relatively unambiguously but
the distribution can be something between two extreme cases: a
tilt angle fixed at 17° or fluctuating in the range 0°-40°.
By comparing the possible gaussian distributions, from the
set of solutions of eqn (7), with the numerical distribution
obtained from the MD simulation (Fig. 8B, red), we find that
the best analytical function to describe that the orientation
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Fig. 8 (A) Possible gaussian distributions of the orientation of cholesterol in

POPC—cholesterol MLVs (34 mol% cholesterol) at 300 K, based on the 'H-'>C
NMR dipolar coupling of the carbon bound to the hydroxyl group (Cs). For a
particular distribution (¢ and oo, black), the standard deviation ¢ defines the
range of angles that the molecular director of cholesterol (C;7—Cs) may adopt
relative to the bilayer normal and o4 stands for the most energetically favorable
angle. The average tilt angle for each possible distribution is also shown (red), as
well as spheres mapping the probability of different orientations (dark to white is
from lower to higher probability) for three distinct gaussian distributions.
(B) Cholesterol tilt angle distributions in POPC—cholesterol bilayers (34 mol% choles-
terol, 300 K) from MD simulations (red) and the gaussian distribution (black) which
best fits the MD simulation: o5 = 0° with a standard deviation of ¢ = 16'
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distribution has o, = 0° with standard deviation of ¢ = 16° and
average angle (x) = 17°, ie. the tilt angle fluctuates between
0°-40° and the most energetically favorable orientation is when
cholesterol is parallel to the bilayer normal.

Is there phase heterogeneity in the POPC-cholesterol system?

As discussed above, there is excellent agreement between acyl
chain order parameters of POPC measured by NMR and
calculated by MD simulations for concentrations of cholesterol
up to 15 mol%. Above this value the simulated and experimentally
measured order parameters diverge. Possible explanations
regarding force-field issues have been discussed above. Another
possibility is that some kind of lateral heterogeneity occurs for the
POPC-cholesterol mixture above a certain cholesterol content.
Since the initial configurations for our MD simulations were
laterally homogeneous, the simulations of 100 ns may be too short
and/or the size of the simulated systems too small to reach lateral
heterogeneity. A liquid disordered/liquid ordered (L4/L,) phase
coexistence has been suggested from fluorescence studies at
300 K (the temperature at which the present work was done)
between 8 and 40 mol%® or between 12 and 45 mol%®
cholesterol in the bilayers. Macroscopic phase separation into Lg
and L, would be detected in the R-PDLF experiment as the
presence of both lower and higher distinct order parameters for
each C-H bond. Just as in an earlier *H NMR study,” there are no
indications of more than one order parameter per C-H bond for
the fully hydrated POPC-cholesterol MLVs at 300 K. As justified in
the ESIT these observations show that if there is Ly/L, separation,
molecular exchange between the two phases must occur on a time
scale much smaller than 10 ° s, corresponding to a lateral domain
size much smaller than 100 nm.

Although the Lg/L, coexistence’" is generally accepted for
binary mixtures of cholesterol and phospholipids with
saturated acyl chains, such as DPPC**! or sphingomyelin,’*
the existence of a phase separation in bilayers prepared from
binary mixtures of cholesterol with phospholipids that have
one saturated and one unsaturated acyl chain is not universally
accepted and has been contested by various laboratories using
very different methods: on the basis of in-plane translational
diffusion studies without use of invasive probes,”® from
dilatometric studies (also without use of invasive probes),”
from studies on the kinetics and thermodynamics of insertion
of amphiphiles into lipid bilayers,>* from the visualization of
fluorescent membrane domains in giant lipid vesicles,” and
most recently from a combination of several techniques®® and
from spin-label EPR studies.”” Alternatively, 2D micelles
formation in lipid bilayers prepared from binary mixtures of
cholesterol and phospholipids with one saturated and one
cis-unsaturated acyl chain, such as POPC, has been proposed,
in which cholesterol represents the 2D core with the POPC
molecules oriented such that the saturated acyl chain faces the
sterol and the unsaturated point towards the outer part of the
2D micelle.”* Since the components of the putative micelles
would be in rapid equilibrium with the bulk lipid phase of the
bilayers, this would be a case of microscopic heterogeneity,
thermodynamically quite distinct from a phase separation. Due
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to the fast dynamics of micellization, this type of heterogeneity
would not be detectable in our NMR experiments and the
POPC-cholesterol bilayer would appear to be a single
homogeneous phase.

We can neither rule out nor confirm the presence of any type
of lateral heterogeneous domains smaller than 100 nm. Thus, it
is not clear if the deviation between the |Scy| values from
simulations and experiments is related to: (I) the onset of a
certain phase transition, which could not be captured by the
simulations due to the computational restrictions on system
size and/or number of time steps performed; (II) simply
because the force-field parametrization is not accurate enough
to predict the effect of cholesterol on the acyl chains at this level
of detail.

Conclusion

R-PDLF NMR, with CP and INEPT as alternate polarization
transfer methods, is useful to study POPC bilayers which
contain cholesterol since it provides a large set of detailed data
on the molecular structure of both the phospholipid and
cholesterol. The experimental data obtained suggest that, while
acyl chains adopt more trans configurations, the behavior of the
glycerol backbone and the choline headgroup of POPC is rather
independent of the cholesterol concentration.

We have shown that a widely used MD simulation model for
phospholipid-cholesterol mixtures reproduces well the ordering
effect of cholesterol upon the POPC acyl chains at cholesterol
concentrations up to 15 mol% but deviates from the experimentally
observed NMR results above this concentration. The cholesterol ring
structure is also well reproduced at all cholesterol concentrations
examined.

The unprecedented detail of the experimental data allows us
to point out four main deficiencies of the MD simulation
model:

(I) The experimental order parameters for the POPC choline
headgroup and glycerol backbone and their qualitative
behavior as a function of cholesterol are not correctly predicted
by the used simulation model. The development of a more
accurate model of the phospholipid headgroup is most likely
important since such type of models are often used to study
detailed interactions between the phospholipid headgroup and
other molecules, like cholesterol or proteins.'”*®

(I1) Acyl chain order parameters are not well reproduced with
cholesterol concentrations of 34 mol% cholesterol and higher.
It is not clear though if this deviation arises from problems in
the force-field or from lateral heterogeneity in the bilayer which
could not be captured in the present simulations.

(111) The experimental order parameters of the cholesterol
alkyl chain are not reproduced by simulations, meaning an
incorrectly oriented or too flexible alkyl chain. The most likely
reason is that the dihedral angle parameters for the alkyl chain
are not properly defined in this model. A better description of
the cholesterol alkyl chain is important for interactions
between cholesterol and other molecules at the center of the
bilayers.
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(IV) The distinct POPC experimental order parameters for
segment C, for each acyl chain may be interpreted to be due to
a different orientation of the C,-C, bond of the sn-2 chain
(parallel to the bilayer plane) compared to the orientation of the
C,-Cy at the sn-1 chain (parallel to the bilayer normal). This
difference is not captured by the simulation model and may be
important for describing phospholipid-cholesterol interactions.

The main relevance of this work is that it has been possible
to measure a vast number of C-H order parameters, from both
POPC and cholesterol molecules, that had not been previously
measured by >H NMR methods. We believe that the experimental
data presented here may be an important contribution to the
development of more realistic force-fields for MD simulations.
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A lyotropic nonionic lamellar system composed of pentaethyleneglycol mono n-dodecyl ether and
D,0 was studied using natural abundance '>*C NMR under magic-angle spinning. Applying a
two-dimensional recoupling method proposed by Dvinskikh (R-PDLF), 'H-'*C dipolar couplings
were estimated over a range of temperatures (300-335 K), thus enabling analysis of structural
changes in the liquid crystalline system. The results obtained are used to correlate the
conformation and mobility of local sites in the surfactant molecule with overall changes in the

lamellar structure.

I. Introduction

The relationship between the phase transitions of lyotropic
systems such as oligo(oxyethylene) surfactants in aqueous
solutions and the microscopic variations of the molecules,
ie., redistribution between conformational states due to
changes in temperature and/or differences in concentration,
has been the subject of a large number of studies. Over the
last three decades, >H NMR has proven to be a very useful
tool for this purpose.>” The measurement of the >H quadru-
polar couplings provides an insight into the order profiles of
C-D bonds and can reveal information about molecular
orientation and motion in lipid membranes as well as other
liquid crystalline systems.

The drawbacks of 2H NMR spectroscopy methods result
from the need for isotopic enrichment because of the low
natural abundance (0.01%) of deuterium. Although tedious
selective labeling of specific segments can be avoided by using
fully 2H labeled samples, this is at the expense of resolution
due to overlap of the different H Pake patterns in the
spectrum. Various NMR methods have been developed to
obtain the '>C-'H dipolar couplings as an alternative to the
more traditional 2H NMR spectroscopy.'®'® These methods
are less straightforward because the experiments are carried
out under MAS. However, appropriate recoupling pulse
sequences enable measurement of the heteronuclear dipolar
couplings in an orthogonal dimension. This combines the high
resolution of chemical sites provided by MAS with informa-
tion about conformational and dynamical constraints.'”'

In this study, we probe a mixture of pentaethyleneglycol
mono n-dodecyl ether (abbreviated as Cj;Es) and D,O
(57 wt% C),Es), in the temperature range 300-335 K, using

“ Department of Physical Chemistry 1, Lund University, P.O. Box 124,
SE-221 00 Lund, Sweden. E-mail: Tiago.Ferreira@fkem].lu.se;
Daniel. Topgaard@fkem1.hu.se
Departamento de Quimica, Universidade de Coimbra, 3004-535
Coimbra, Portugal

¢ Department of Chemistry, University of California, Irvine, CA
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a recoupling scheme proposed by Dvinskikh, called R-PDLF
(R-type proton detected local field)."® This scheme was
recently used to probe the segmental order of lipid mem-
branes.'” ' Here, we apply the R-PDLF method for the first
time to a surfactant system. According to the phase diagram
reported by Imai et al.?* the temperature range studied is
within the lamellar phase region.

Every 2D NMR experiment is based on assembling 1D free
induction decays from increasing times 7, in the indirect
dimension. The modulation of the signal depends on the
anisotropic interactions chosen during this time period. The
Hamiltonian terms (Hcesa + Hy + His); Hesa, chemical shift
anisotropy, Hy, homonuclear dipolar coupling, Hjs, hetero-
nuclear dipolar coupling; can be activated or deactivated
during #,, depending on the information that one wants to
get from the indirect dimension.>®

When performing MAS NMR the Hcsa, Hyy and Hs terms
of the Hamiltonian are suppressed when the condition,
spinning frequency > interaction frequency is met. This means
achieving high resolution spectra at the expense of valuable
information. A wide range of recoupling methodology under
MAS has been proposed in the last two decades to
selectively restore the information of the heteronuclear dipolar
couplings.!31>18:2428 [ this study we use an R-type proton
detected local field method (R-PDLF).

This experiment (Fig. 1) was proposed by Dvinskikh ez al.'®
and results from the incorporation of an RF scheme, R18],
presented by Zhao ez al.,' into a proton detected local field
(PDLF)!! protocol. The R18] scheme allows the recoupling
of heteronuclear dipolar couplings and chemical shift aniso-
tropies (CSAs) while homonuclear dipole couplings are sup-
pressed under MAS. The "H CSAs can be deactivated by a '*C
180° pulse followed by a 180° shift of the first R18] block
phase. Each R18] block consists of a repeated sequence of
180779180°59, pulses, each one with a length of 1/18 of the
rotor period. Increasing the time length 7;, modulates the effect
of the dipolar field on each proton attached to a '*C atom.
This step is then followed by a polarization transfer from 'H to
13C using a rotor synchronized refocused INEPT (insensitive
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Fig. 1 Pulse sequences in the R-PDLF experiment. The dipolar

couplings are activated during 7, and modulate the amplitude of the
isotropic chemical shifts during 5.

nuclei enhanced by polarization transfer).?>* After this trans-
fer, the free induction decay of the '>C nuclei is recorded while
applying TPPM?!' decoupling of the protons. Performing
Fourier transformation in both the direct and indirect dimen-
sions, a 2D spectrum is obtained that correlates the '*C
chemical shifts and the heteronuclear dipolar couplings.

The advantage of the R-PDLF over other recoupling
schemes is that it enables measurement of the average dipolar
field that the protons of a '*C—H, spin system experience from
the rare '*C nucleus during the time 7,. This is accomplished
because the dipolar field that protons feel is most likely
originated by a single '3C nucleus (natural abundance
of 1%), and due to the selectivity of the INEPT transfer. The
splitting shown by a '*C-"H spin pair in an R-PDLF experi-
ment is given by Avey = 0.315dcy, where 0.315 is an effective
scaling factor and dyy is the '>C-"H dipolar coupling. dcy; can
be written as deyy = bep(3 cos?0 — 1), with bey = —(uo/4m) x
(yuych/r’) as the '*C—"H dipolar coupling constant and 6 as the
angle between the internuclear vector and the magnetic field. In
the case of rapid motion due to conformational changes and/or
diffusion of the molecules, the splitting, Av, is proportional to
the segmental order parameter Scyy = %(3 cos?0 — 1).

Temperature-dependent transitions from classical lamellar
phases to random mesh phases or “porous’ lamellar phases
have been shown to exist in numerous studies.®** It has been
argued that the fluctuations of order parameters with tem-
perature in nonionic surfactant mixtures can be interpreted as
a measure of perforation density. In this paper we interpret the
temperature dependence of the dipolar couplings from a
simple conformational basis.

2. Experimental
2.1 Sample preparation

Pentaethylene glycol dodecyl ether (Ci,Es) with a purity
higher than 99.8% was purchased from Nikko Chemical Co.
(Tokyo, Japan). Deuterium oxide (D,O) was obtained from
Sigma Chemicals (Steinheim, Germany). Samples containing
57 wt% surfactant were prepared by weighing the desired
amounts of surfactant and water into vials, mixing them in a
vortex mixer and centrifuging them in order to remove air
bubbles.

2.2 NMR measurements

The experiments were performed using a Bruker Avance
AVII-500 NMR spectrometer operating at a 'H frequency of
500.23 MHz equipped with a standard bore CP-MAS HX
probe. All experiments were done at the spinning frequency of
5 kHz. The 2D NMR spectra were measured using the pulse
sequence shown in Fig. 1 with the following parameters:
spectral width of 100.4 ppm, 7; = 1.78 ms and 7, = 1.19 ms
(1) :ﬁ and 1, :ﬁ with Jeg = 140 Hz), power levelg
were set to give the following nutation frequencies: R18j
pulses = 45.00 kHz, "*C pulses = 63.45 kHz, 'H INEPT
pulses = 63.45 kHz, 'H decoupling pulses = 25 kHz. 1,
increased up to 51.1488 ms taking values of 11.1 pus x m x
18 x 2 with m = 1....,64, each RlSZ block being composed of
18 x mm pulses of length 11.1 ps. For each 7, value, 32 scans
were measured with a recycle delay of 4 s. With a shorter
delay, RF-heating could be detected via changes in chemical
shift at the longest values of 7;. For each scan 10098 time
domain points were acquired using a spectral width of
100.4 ppm. The experiments were performed at temperatures
335, 330, 326, 323, 320, 317, 314, 310, 305 and 300 K in both
increasing and decreasing directions. The temperature was
calibrated using a methanol sample (see ref. 32 for more
details). A 2D spectral processing scheme was applied. After
Fourier transformation in both dimensions, each frequency
domain signal in the indirect dimension was processed as
follows. The zero frequency component in the indirect dimen-
sion was fixed as the value of the adjacent points. After inverse
Fourier transform, sine-bell apodization and zero filling were
performed on the time signal obtained. The frequency signal
was recalculated and splittings measured. Because small
splittings were obscured by the characteristic middle peak of
the R-PDLF dipolar frequency signal (Fig. 2A), these were
calculated directly from the time domain, using the expression,
Av = 2/tmin, Where ty,;, is the position of the minimum in the
time signal (Fig. 2B).

3. Results

Fig. 3 shows the >C NMR spectrum of a Cj,Es/water mixture
with 57.7 wt% Cj,Es at 300 K using the R-PDLF method. The
peak assignments were made on the basis of previous reports
for Cj,E¢> and C,,Eg.>* In the last one, it is shown that the
highest band at approximately 70 ppm, corresponds to the
interior chain of oxyethylene units (from the penultimate
group to the most inner one) as the intensity of this band
increases with increasing oxyethylene content. With respect to
the assignment of the peaks to the carbons of the alkyl chain,
Cy (Cy), Cy, Cyp, Cyy and Cyy, all of these were assigned as in
the previous publications. The peak at 37 ppm that was
previously assigned as being C, was here assigned as C4. The
new assignment was based on the assumption that the first
derivative, 00/0T, of the chemical shifts as a function of
temperature should decrease from C; to Cy4 (Fig. 4).

Fig. 5 shows a contour plot of the relevant regions of a 2D
spectrum taken at 335 K. The assignment of the partially
overlapping peaks in both oxyethylene and alkyl carbon
highest bands, 70 and 29 ppm, respectively, was based on
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the assumption that the splittings decrease in the direction of
the terminal groups in agreement with previous H NMR
experimental results.>®

The cause of the ordering for C—H bonds in the molecules
can be split into three different classes (Fig. 6).

(I) MAS effects In static experiments, lamellar phases orient
with the normal vector perpendicular to the magnetic field.**
Under MAS, mechanical forces from the spinning dominate,
giving rise to different distributions in the orientation of the
lamellae. Even at equal MAS frequency values, a different
averaging between orientations may be expected depending on
the viscosity of the sample.

(II) Lamellar phase morphology The curvature of the indivi-
dual lamellae will have an effect on the average orientation of
the molecules.

(IIT) Molecular mobility On the single molecule level, the
conformational distribution along the C-C and C-O bonds
will produce different average orientations with respect to each
"H-3C-'H spin system.

The effects described in I and II are unlikely to change much
with temperature, provided the temperature change is not
large enough to cause a phase transition, and they should
produce a similar trend on the order parameters of the
different segments. Therefore, comparison of the change in

This journal is © the Owner Societies 2008
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Fig. 5 2D 'H-'*C R-PDLF spectrum of a C,Es/D,O mixture with 57.7 wt% C,Es at 335 K.

Fig. 6 Sketch illustrating the three types of orientational dependence
of dipolar couplings referred to in the text. 7 represents the normal
vector of the lamellar surface. ¢ is the tilting angle between the
molecular axis and 77. It can be seen that 6, the angle between the
C-H bond and the magnetic field, By, is dependent on the direction of
i, ¢, and the conformation of the molecule. The arrow from left to
right indicates the increase in lamellar undulation amplitude with
temperature.

dipolar couplings with temperature provides information
about conformational changes along the surfactant chain.
These functions can be seen in Fig. 7.

Assuming that the '*C—H bonds of the o carbon (labeled 1
in Fig. 3) have minor deviations with respect to the long axis
direction of the molecule, then one can think of the C,
coupling magnitude as a measure of the lamella curvature.
In fact, this assumption, combined with results obtained using
other techniques,?? has been the basis of a large number of 2H
NMR studies,®**® where the maximum of the C,, quadrupolar
coupling as function of temperature was interpreted as the
transition of the lamellar phase, L,, to a porous lamellar
phase, LY. As the curvature is related to the degree of
hydration, then the C, splitting is mainly dependent on the
fraction of hydrated EO units. Surprisingly, it was shown by
Baciu er al. that the quadrupolar splitting from heavy water in
a Cj,Es/D,0 system, is directly proportional to the splitting
obtained from an a-deuterated surfactant.”

Experimental results®>7> ¢ 4041

as well as theoretical models,
molecular dynamics* and Monte Carlo simulations* pre-
dicted that the lowest energy conformations for the -OCCO—
segments correspond to a gauche conformation around the
C-C bond and anti around the C-O bond. This is the
dominant conformation at low temperature but with a low
statistical weight over the complete set of possible confor-
mations and it has the highest dipole moment of all confor-
mers.***> Also, it has been shown that the fraction of EO units
in the C-C gauche conformation is dependent on the water
content.®*® At higher temperature, conformations with low
dipole moment become more populated as well as zero dipole
moment frans conformations. This results in an increase of the
order in the oxyethylene chains and the solute-solute inter-
action becomes more favorable than the solute—polar solvent

6036 | Phys. Chem. Chem. Phys., 2008, 10, 6033-6038
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Fig. 7 Order parameters of the different C-H bonds in Cj2Es/D,O (lamellar phase with 57 wt% of surfactant) as function of temperature.
Measurements obtained in both increasing and decreasing temperature directions are plotted.

interaction. It is then straightforward to interpret the increase
in the splitting of the oxyethylene carbons (Fig. 7) as being a
consequence of the higher order proportioned by this change
in the conformation distribution.

At higher temperatures, the decrease in splitting of the EO
C-H bonds is expected. The fast motion of the molecules and
the increase in amplitude undulations of the lamellar
phase*’*8 oppose the effect of dehydration (Fig. 6). From a
close inspection of the functions (—10 to 5), in Fig. 7 one can
see that a maximum appears. Also, one can see a shift in the
temperature value of the maximum, which decreases in the
direction of the outer hydrophobic segments. The behavior of
the hydrophobic tails with temperature is opposite to that of
the headgroups, as can be seen in Fig. 7. At higher temperature
the population of gauche conformations increases with the
concomitant decrease of the order parameter. This suggests
that the maximum in the o carbon, previously interpreted as
being a consequence of a mesh phase, may have a simpler
explanation, that is the compromise between the opposite
trends of the EO and tail groups.

The balance between the contraction (trans — gauche)
and extension (gauche — trans) of the tail and headgroup,
respectively, with increasing temperature, agrees with
the observation that the thickness of the lamella remains
nearly constant with temperature.** This conformational
behavior is also observed in the chemical shifts, as, with
increasing temperature, the chemical shifts of the headgroup
carbons decrease while in the tail carbons an increase is
observed (Fig. 4) as already had been pointed out by Ahlnds
et al.™®

4. Conclusion

The R-PDLF method offers a complete Scy analysis of the L,
surfactant liquid crystalline systems. The maximum observed
for the a-labeled C|,Es was previously interpreted as a mesh
phase. A complete Scyy profile suggests that the maximum
observed for the central region may be a consequence of the
opposing trends for the alkyl and oxyethylene parts.
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